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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL 
PROGRESS REPORT FOR OCTOBER 1386 THROUGH MARCH 1987 

SUMMARY 

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

Significant accomplishments in fabricating ceramic components for the 
Department o f  Energy ( D O E ) ,  National Aeronautics and Space Administration 
(NASA), and Department of Defense (DOD) advanced heat engine programs have 
provided evidence that the operation of ceramic parts in high-temperature 
engine environments is feasible. However, these programs have also demon- 
strated that additional research i s  needed in materi al s and processing 
development, design methodology, and data base and life prediction before 
industry will have a sufficient technologq base from which to produce 
reliable cost-effective ceramic engine components commercially, 

An assessment of needs was completed, and a five-year project plan was 
developed with extensive input from private industry. 
project is to develop the industrial technology base required for reliable 
ceramics for application in advanced automotive heat engines. The project 
approach includes determining the mechani sms control 1 i ng re1 i a b i  1 i ty , 
improving processes for fabricating existing ceramics, developing new 
materials with increased reliability, and testing these materials in 
simulated engine environments to confirm reliability. Although this is a 
generic materials project, the focus is on structural ceramics for advanced 
gas turbine and diesel engines, ceramic bearings and attachments, and 
ceramic coatings for thermal barrier and wear applications in these 
engines. This advanced materials technology i s  being developed in parallel 
and close coordination with the ongoing DOE and industry proof-of-concept 
engine development programs. 
technology to U . S .  industry, the major portion of the work is being done in 

The objective of the 

To facilitate the rapid transfer of this 

the ceramic industry, with- technological support from government 
laboratories, other industrial laboratories, and universities. 

This project i s  managed by ORNL for the Office of Transportation 
Systems, Heat Engine Propulsion Qivision, and is closely coordinated 
complementary ceramics tasks funded by other DOE offices, NASA, DOD, 
industry. A joint DOE and NASA technical plan has been established, 
DOE focus on automotive applications and NASA focus on aerospace app 
tions. A common work breakdown structure (WSS) was developed to fac 
coordination. The work described in this report is organized accord 
the following WBS project elements: 

- 

with 
and 
with 
i ca- 
1 i tate 
ng to 

1 
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0 .0  Management and C o o r d i n a t i o n  

1 . O  Materi a1 s and Processing 

1.1 Monolithics 
1 . 2  Ceramic Composi tes 
1 . 3  Thermal and Wear C o a t i n g s  
1 . 4  J o i n i n g  

2 . 6  M a t e r i a l s  D e s i g n  Methodo logy  

2 . 1  M o d e l i n g  
2 . 2  C o n t a c t  I n t e r f a c e s  
2 .3  New Concepts 

3 . 0  Data  Base and L i f e  P r e d i c t i o n  

3 . 1  S t r u c t u r a l  Q u a l i f i c a t i o n  
3 .2  Time-Dependent B e h a v i o r  
3 .3  Env i ronmen ta l  E f f e c t s  
3 . 4  F r a c t u r e  Mechanics 
3 .5  NDE Development, 

4.0 Techno logy  T r a n s f e r  

T h i s  r e p o r t  i n c l u d e s  c o n t r i b u t i o n s  f r o m  a l l  c u r r e n t l y  a c t i v e  
p r o j e c t  p a r t i c i p a n t s .  
work breakdown s t r u c t u r e  o u t l i n e .  

The c o n t r i b u t i o n s  a r e  a r ranged  a c c o r d i n g  t o  t h e  



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

T h i s  t a s k  i n c l u d e s  t h e  t e c h n i c a l  rnanngement o f  t h e  project in aecor-  
dance w i t h  t h e  p r o j e c t  p l a n s  and management p l a n  approved by t h e  Oepartment 
o f  Energy (DOE) Oak Ridge Operat ions O f f i c e  (ORU) and t h e  O f f i c e  o f  Trans- 
p o r t a t i o n  Systems, T h i s  t a s k  i n c l u d e s  p r e p a r a t i o n  o f  annual f i e l d  t a s k  
proposa 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  ORNL t e c h n i c a l  tasks. Month ly  management 
r e p o r t s  and b i m o n t h l y  r e p o r t s  a r e  providec’  t o  DOE; h i g h l i g h t s  and semj- 
annual t e c h n i c a l  r e p o r t s  are p r o v i d e d  t o  GOE and program p a r t i c i p a n t s .  I n  
a d d i t i o n ,  t h e  program i s  c o o r d i n a t e d  w i th  i n t e r f a c i n g  programs sponsored 
by o t h e r  DOE o f f i c e s  and f e d e r a l  agencies, i n c l u d i n g  t h e  National Aero- 
n a u t i c s  and Space A d m i n i s t r a t i o n  (NASA) and t h e  Department o f  Defense (DOD). 
Th 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 i m o n t h l y  DOE and 
NASA j o i n t  management meetings, annual i n te ragency  h e a t  engine ceramics 
c o o r d i n a t i o n  meet ings,  DOE c o n t r a c t o r  c o o r d i n a t i o n  meet ings,  and DOE Eneryy 
M a t e r i a l s  C o o r d i n a t i n g  Committee (EMaCC) mset ings,  as well as s p e c i a l  
c o o r d i n a t i o n  meet ings.  
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1.0 MATERIALS AND PROCESSING 

INTRODUCTlOM 

This portion o f  the project i s  identiffed a s  project element 1.0 
within the work breakdown structure (WBS). It contains four subelements: 
(1) Monolithics, (2) Ceramic Composites, ( 3 )  Thermal and Wear Coatings, 
and ( 4 )  Joining. Ceramic research conducted within the Monolithics sub- 
element currently includes work activities on green state ceramic fabrica- 
tion, Characterization, and densification and on structural, mxhanical, 
and physical properties o f  these ceramics. Research conducted within the 
Ceramic Composites subelement currently includes silicon carbide and oxide- 
based composites, which, in addition to the work activities cited f o r  
Monolithics, include fiber synthesis and characterization. Research con- 
ducted in the Thermal and Wear Coatings subelement is currently limited to 
oxide-base coatings and involves coating synthesis, characterization, and 
determination o f  the mechanical and physical properties o f  the coatings. 
Research conducted in the Joining subelerrent currently includes studies of  
processes to produce strong stable joints between zirconia ceramics and 
iron-base alloys. 

project element i s  to systematically advance the understanding o f  the 
relationships between ceramic raw materials such as powders and reactant 
g a s e s ,  the processing variables involved in producing the ceramic materials, 
and t he  resultant microstructures and physical and mechanical properties 
o f  the ceramic materials. Success in meeting this objective will provide 
U . S .  companies with new or improved ways for producing economical highly 
reliable ceramic components for advanced heat engines. 

A major objective o f  the research in the Materials and Process ing  

5 





1.1 MONOLITIiICS 

S ~ t h e s i s  o€. P l i ~ h  - P r r r i c y  Sin t e r & . . m i c p g  Carhi.& P Q W ~ E ! ~ : ~  
M. A .  Lawler and B .  L.  Mehosky [Standard Clil Engineered Materials  Company 
(Carborundurn) ] 

The objective of t h i s  program is to develop a volume scaleable 

The progpam is organized i n  two phases. Phase I ,  completed in July, 

e Verify the technical feasibility of the gas phase synthesis r o u t e ,  
a Identify the bes t  s i l i c o n  feedstock on the b a s i s  o f  performance 

and cos t ,  
rs Opt imize  the  production process a t  the bench scale. 
a Fully characterize the powders produced and compare with 

.li Develop a theoretical model to assist in u n d e ~ ~ t a ~ i d ~ ~ ~  the 

Phase 11, authorized i n  August, 1987, will scale  the  process t o  five to 
ten t i m e s  the bench scale quantities in aider t o  perform confirmatory 
experiments, produce process flowsheets arid to perform economic analysis. 

process t o  produce h i g h  purity, high surface area sinterable silicon 
carbide powder - 
1986, included the following elements. 

commercially available a1 ternatives. 

synthesis process, optimization of operating conditions and scale- 
up - 

Given t h e  objective t o  produce a submicron silicon carbide powder o f  
high p u r i t y  and w i t h  DIQW controllable prcperties than c o u l d  be produced 
v i a  the  Aeheson process, Standard Bil-Carborundum evaluated three 
candidate process routes: 

1) Sol-Gel 
2) Polymer Pyrolysis 
3)  Gas Phase Reaction 
A gas phase route utilizing plasma h e a t i n g  was chosen as having the 

most proven technology, the highest product yield and good scaleability 
p a t e n t  i a1 " 

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

7 
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Results o f  Pha$e I A c t i v i t i ? ?  

small sample was submitted to Oak Ridge for their analysis. 
regarding the  conduct o f  t h e  Phase I workscope follow. 

Design, Construct and Test Laboratory Scale Equi 

The Standard Oi 1 Research and Devel opment L a b o r a t o r y  in 

Phase I was concluded successfully with proof o f  sinterability and a 
Specifics 

Warrensville, Ohio  was chosen as the site o f  t h e  laboratory scale gas 
phase synthesis system due t o  the ready availability of applicable 
engineering and techni cal resources. 
compl ete review o f  t h e  p r e l  i r n i  nary conceptual design and specifying 
appropriate subsystem i ri order  to eval uate and control cri t i  cal process 
pararnet,ers. 

P h s  design phase involved a 

A schematic o f  the conceptual design is shown i n  Figure 1. 

6 
Control Console 

Gas Storage 8 Mixing Silicon Feedstock Plasma Torch Particle 
Metering 8 Vaporizer Reactor & Collection Ven!u:i Scrubber & 

Aftercooler Tail Gas Scrubber 

Caustic 
e---- 

'Optional depending 
on Sillcon Feedstock 

Figure 1. Conceptual Design a n d  S i m p 1  i f i e d  Process F1 ow Chart 
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After the plasma system was completed and debugged, a series of 
twenty-three experiments were run to evaluate the three candidate 
feedstocks ( s i  1 i con tetrachl oride , dimeth:{l di chl orosi 7 ane, and methyl 
trichlorosilane). When required, methane was used as a carbon source, 

selected as variables for the screening experiments. 

from the torch anode occurred, run t imes of about an hour were achieved 
w i  th consistent resul t s  a 

Rased on analytical results (focussing on percent S i c ,  percent free 
carbon and percent free s i l i c o n  (methyl trichlorosilane was selected as 
the preferred feedstock. 

To assure that the powder produced was sinterable, a w n  under the 
best known conditions was conducted and a test of sinterability was made. 
Dens i t i es  o f  sintered specimens of 89% and 92% o f  theoretical density 
were achieved. 

Temperature, carbon/silicon ratio, arid reactant concentration were 

Though some plugging of the system dire t o  the growth o f  a stalactite 

In order t o  further evaluate the process parameters o f  the chosen 

In addition, one run with 
feedstock, fifteen further experiments were run in order to identify the 

i t i o n s  for sca l ing  up the process. 
the addition o f  a boron dopant was made. 

Concurrent with the above tasks, a subcontract was let with 
International Plasma Engineering, Inc. (Professor Eoulous, et al). A 
theoretical model was developed t o  describe t h e  f l o w  and temperature 
field i n  the reactor, calculate the thermodynamic equilibrium for the 
H,-Ar-CH,-SiGl, system and study the chemical kinetics o f  possible 
homogenous reactions occurring in the plasma process. A literature 
review o f  nucleation and gro th in an aerosol system was a l s o  conducted. 

A small sample o f  powder and a sintered specimen were submitted to 
t he  ORNL technical monitor as proof of sinterability. Powder chemistry 
and powder s i z e  characteristics are shown .in Table 1 and are compared to 
other SiC powders. For this particular sanple, 86% o f  theoretical 
density was achieved. 
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Although s i n t e r i n g  o f  t h i s  powder has n o t  been op t imized ,  t h e  powder 
carripares f a v o r a b l y  t o  o t h e r  commercially a v a i l a b l e  powders such a s  t h e  
S t a r c k  A10 and 610 and i s  c l o s e  t o  Standard Oi l ' s cypowders  in terms o f  
p u r i t y .  Median p a r t i c l e  s i z e  i s  s m a l l e r  t han  any o f  t h e  o t h e r  compa.ra$le 
powders, b u t  n o t  so f i n e  a s  t o  p r e v e n t  adequa te  compaction. Pr inc ip le  
i m p u r i t i e s  a r e  copper (p i ck -up  from t h e  r e a c t o r )  and c h l o r i n e  (from t h e  
o f f g a s s i n g  o f  H C I ) .  Both  o f  these can be e a s i l i y  removed b u t  w i l l  a l s o  
be IqediAced or e l  imi na t ed  w i t h  fur.ther clevel opnierat d u r i n g  Phase I I .  

Phase H I  Act- iv i t ics 

A breakdown o f  major tasks  and milestones i s  shown i n  F igu re  2 .  

O R N L  g r a n t e d  a no-cost  extension o f  Phase 11 thru December 31,  1987. 
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1. Rrporting Qequiremerits 
?ha=? I I 
+Bimonthly 
- 5 e n i - A n t w a l  
* F i n a l  

v v  

I .............. I____ ............... - 2 Qval i t y  ATsuranc.? 
Phase I 1  

Figure 2 Milestone C h a r t  

-. Task 8 .  Process s 

Speci f ica t ion  and purchase o f  a l l  major components f o r  the Phase I1  
r eac to r  system have been completed. The power s u p p l y  has been t e s t ed  a t  
the vendor 's  shop and i s  i n  t r a n s i t  t o  Warrensville Laboratory. Final 
machining o f  the  to rch  i s  underway, a s  i s  the  f ab r i ca t ion  o f  t he  
high-frequency s t a r t i n g  u n i t .  The r eac to r  has been completely 
f ab r i ca t ed ,  an3 t h e  i n i t i a l  welding s f  the  t a i l  gas  scrubber i s  i n  
progress  = Struc tura l  s teel  t o  s u p p o r t  t he  1 arger  pieces  o f  equipment 
have been spec i f i ed  and ordered,  The s u p p o r t  r a c k s  f o r  instrumentation 
m o u n t i n g  have been p a r t i a l l y  f a b r i c a t e d ,  and wil l  be f in i shed  a f t e r  the  
s t ructural  s t e e l  i s  cvmpletely in p lace .  

u n i t .  The uwlit i s  a s t a i n l e s s  s teel  b a g h o ~ s e  wh ich  must be custom 
f a b r i c a t e d .  Shipment i s  5cheduled for Flay 22 ,  1987. I n i t i a l  
commissioning a c t i v i t i e s  will  proceed with-;lut t he  u n ' l t ,  w h i c h  Hi17 be 
i n s t a l l e d  as. soon a s  i t  a r r i v e s .  

The o n l y  s i g n i f i c a n t  item n o t  on hand i s  the  p a r t i c u l a t e  co l l ec t ion  

The activities o f  ?ask 9 ,  Confirrnator:j Experiments and Limited 
Production, wi l l  ccammence upon the completion o f  Task 8 ,  Process 
Seal e-Up 

Task 10. F'l - Analysis 

The a c t i v i t i e s  o f  Task 16 , F1 owsheet Devel oprtient: and Economic 
Analysis,  a r e  n o t  scheduled u n t i l  Task 9 ,  Confirmatory Experiments and 
Lirn-l t ed  P r s d u c t i  an, i s  we? 1 underway. However , Process F9 ow drawings 
(PFDs) d e t a i l e d  Piping and InstrumentatiQn drawings (PSrIDs) and piping 
s p e c i f i c a t i o n  drawings ex i s t  for  the  bench and p i l o t  scale  facilities. 
An e f f o r t  is cu r ren t ly  underway t o  t r a n s f e r  these  drawings t u  a 
cemputer-aided drawings ( C A D )  system. The process f l  owsheets could  then 
be e a s i l y  e d i t e d  and revised as warranted by l a t e r  i nves t iga t ions .  
r i  gor-otrs d e t a i  1 ed economic ana lys i s  has b w n  performed t o  d a t e  on a 
comrnerci a1 s i  zed Fais i 1 i ty . 

No 
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Task 1. Design, C o n s t r u c t  and Tes t  
L a b o r a t o r y  Sca le  €qu i  piiient 

Task 2.  Develop T h e o r e t i c a l  Model 

Task 3 .  B a s e l i n e  C h a r a c t e r i z a t i o n s  and 
Anal y t i  cal Model Devel opment 

Task 4 .  Screen ing  Exper iments 

. .  S e l e c t i o n  o f  Feedstock 

Task 5 .  Extended Paramet r i c  S t u d i e s  

. .  D e l i v e r y  o f  Sample t o  ORNL 

Task 6. R e p o r t i n g  Requirements 

Phase I I A c t i  v i  t i e s  

Task 7.  Qua l  i t y  Assurance 

Task 8. Process Scale-up 

Task 9. C o n f i r m a t o r y  Exper iments and 
L i m i t e d  P r o d u c t i o n  

Task 10.  F1 owsheet Development arid 
Economic A n a l y s i s  

- Completed 

- Completed 

- Completed 

- Completed 

- Completed 

- Completed 

- Completed 

- Ongoing 

- Ongoing 

- Ongoing 

- Pending 

- Pending 

Pub1 i eati OM 

None d u r i n g  t h e  r e p o r t i n g  p e r i o d .  
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1 I 1.2  Silicon Nitride 

SinteP-.ing of Silicorr ___I_. Ni t r ide  
G .  E.  Gama ( A r m y  Materials Technology Laboratory) 

The prcxpm is concen t r a t ing  on s in te r - ing  ccxnps i t i ons  in. t h e  S i  N - Y 0 +io2 

J h r i n g  tho siriteriri, d i s s o c i a t i o n  

. 3 4  2 3  
system us ing  a t -mstep s i n t e r i n g  method where the N 
7-13 MPa dur inq  the secmd step of  the process. 
r e a c t i o n s  are suppressed b y  the use of h igh  N 2 
s u i t a b l e  composition over t h e  specimens. 
s i n t e r i n g  pr-wess parameters ,  source  of s t x t i n g  powdersl rnilli-ng nmlia arid t ime ,  
and specimen c a q x s i t i o n  
mcxJulus of rup tu re ,  h igh  tempratu:re stress--r-qkuupe, ox ida t ion  resistance I and 
f r a c t u r e  toughness. 
s u i t a b l e  properties w i l l  lead to  d e n s i f i c a t i o n  o f  i n j e c t i o n  molded or s l i p  cast 
wmpr ien t s  far engine t e s t i n g .  

gas p res su re  IS raised to 2 

pres su re  ancl cover powder of 
Variables i n  the prqram inc lude  t h e  

Rcsu l  t.ant properties detemi.ned a m  roan t-einperature 

Successful dens i f  icaticm of selected compositions wi.th 

Technical  P ~ q ~ e s s  

C o w s i t i o n s  of h te res t  i n  t h i s  prcgram lie g e n e m l l y  i n  t h e  
S i  N -Y Si 0 -Si N 0 t r i a n g l e  (subsequently referred t o  as triangle I) and the 
S i  N -Y2Si207- Y:(ziOq-) 3N t r i a n g l e  (subsequently Feferred to as trianq1.e 2) e 

To&$ volume pe rcen t  o f  Y203 and S i 0  a d d i t i v e s  used i n  spc i iwn canpos i t i ons  
range frm 8 ko 14v/o and Y 0 /Si02 ratios range from 0.28 t o  1.11. It has k e n  
previously shown i n  hot pressimq and s inke r inq  s t u d i e s  tha t  coniposit.ions l-cxated 
i n  triangle 1 possess e x c e l l e n t  ox ida t ion  i-esistancc and are no t  susceptible to 
thermal i n s t a b i l i t y  a t  in te rmedia te  temperatures, i .e., 70C-100OC. fJowever, 
l i t t l e  i n f o i m t i o n  i.s avzlilable on the creep r e s i s t a n c e  or s ta t ic  fa t igue 
properties of t h e s e  eqmsitions whi-ch is cf concern due to  the high silica 
con ten t  i n  the c m p x i t i o n  and the p o t e n t i a l  for producing l o w  v i s c o s i t y  or l o w  
rne1tit-x:~ phases. 
composi t ional  range due t o  d i s s w i a t i o n  r e a c t i o n s  involving S i  N 
pr-cducing S i0  and N , 
toward t h e  Y 0 -pic2 end of t h e  phase disgt-am and may cross i n t o  a d i f f e r e n t  phase 
f j.eldr par t i&i?ar ly  i f  weight 1.osse.s are high dur ing  sint:emrirq. Compositional 
g r a d i e n t s  (particul.arly w i t 3  respect to  oxygen) may occur i n  specimens caushg 
different phases to  develop near the s p e c i i - ~ n  surface than  i n  the i n t e r i o r .  
The-t-efore, control of such r e a c t i o n s  is necessaxy for s u c c e s s f u l  d e n s i f i c a t i o n  of 
s i l i c o n  n i t r i d e  where st r ic t  ccxpositional and phase control are. required. 
Although a broad range of cmp-xi.tions m y  be evaluated i n  the o v e r a l l  prcqtrm., 
t h i s  report will f i x u s  on se'l.ected cmpxi:?j.ons loca ted  in Triangle 1 whem the  
total vo1 .m percent of combined a d d i t i v e ,  i.e., Y 0 +Si02, for each composition 
varies frm 8.5-l0,SB and t.he Y203/Si02 ratio ranges fmm 0.42 to 0.50, 

3 . 4  2 . 2  7 

2 
2 3  

Process ing  problems can  also be encountered worki  ng in t h i s  

02 
ancl S i  

3 4  
The evo lu t ion  of tlwse gas specks drives the ccxnpmi.tion 

2 3  

Experimental 

--. Prepar-at-ion of Starting C m p s i t i o n  I- 

I n  formulating the compositions to 'm s t u d i e d  and eva lua ted ,  the scmt-cc of t h e  
s t a r t i n g  powders and t h e i r  c h a r a c t e r i s t i c s  are known to in f luence  the process 
parameters requi red  for s i n t e r i n g  and the resul tant-  miceostxucture and properties. 
Sources of s i l i c o n  n i t r i d e  powder being evaluated inc lude  Toyo-Soda TS--7 pwder ,  
[WE SN-E-10 powder, and KemaNord  Siconide 1246 grade powdew. 
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The powrlers ar-e 9 0 4 5 %  alr>i.ia phase and con ta in  1.0-1.5% oxygen. 
contained 1.ess than 1200 ppm of  Fe and A1 while  t h e  Japanese powders contaj .md 
less than  200 ppn of these impur i t ies .  The s u r f a c e  meas of a l l  of the p~wders 
range fmm 10-14n / g .  Both Japanese powders con ta in  (31 w i t h  UBE: 
than  100 pprn and Toyo-Saki 3.000 ppm imx. The vaei.ous cot-npxitioi-1s s e l e c t e d  for 
s i n t e r i n g  were prepared by mixirig one of t-he S i  N 
S i 0  p;Prticl.es. 
The pw3er.s inixtures were mil l ed  i n  p l a s t i c  jars or WSN jars us inq  e i t h e r  i\n’7 OL 
S i  N4 m i l l i n g  b a l l s  and e thanol .  
m&a i n  owkr to control K pi.cknp i n t o  the powder mi.xture. 
issing S i  N 
at 6OOC ?OF 1-2 hours t o  e1.iminat.e t h e  p l a s t i c  arid yesiduai. carbon. 
were dried arid s ieved  thpough a -325 mesh screen to remove agqI.imes:at-es. 
p w d e r  was u n i a x i a l l y  d i e  p ~ e s s e d  to a disc shape, then  cold i s o s t a t i c a l l y  pressed 
a t  150 MPa to i-ncrease the  “gr;-eei?” dens5.i:y. ComposiI:ioiis focused i I p n  i n  t h i s  
repi- t a ye : 

The KemaNord 

2 

s t a r t i n q  powders w i t h  Y203 and 

Mi.1.lii-q times were usually 12-24 houm us ing  VtC 
Mi l l ing  i f ?  RBSN jars  

Poders rnil.led i n  p l a s t i c  jars were u s u a l l y  f l c e d  

3 4  powderrs also inc luding  t h e  armlint of s u r f a c e  si1.i .m on t.he S i  ’v 
2 3‘ 4 . 

b a l l s  ran 3-4 days. 4 
Tile powders 

The 

2 88.0rn/oSi3N4-4.0n/oY Oa --9* Gny‘oSiO 
85.4m/oSi -N -4. 3n1/oY20a3-l~. 3m/05i o 

Composition 40: 
C m F s i t i o n  33: 
Compos i t ion 39 : 85.8m/oS i 3 4  $J4--4 .I ‘7 c/”?, 0a3-9. 3 4 7rn/oS id., 

S i n t e r  i ng 
_ I . _ I . ~  

with g r a p h i t e  elements.  Specimens w e e  tnncl~sed i n  a iiAScV rmcib le  viLl -1  2 locsse 
f i t t i n g  l i d  and embedded i n  a cover  pol.der of appropr i a t e  canpos i t ion  to  ronirsl 
specimal composition (weight- changes\ dur ing  s i ~ i t e ~ i i i ~ ~ .  A two-st~p sinLe:illy 
w t h o d  was ~iscd  whe-re t h e  g a s  p re s su re  i n  t h e  f i c 5 t  s t m ,  1.5 -2.0 MPa, was held  
Cor 60 minutes,  then raised i n  the second step to 7.0-8.0 MPa and held ~ O L  30 
minutes.  Thp r , in te r iny  i -emperat i r r  used EOL t h e  First s tep ~7a5 1950-196CC. For  
t h e  second s t u p  (h iqhe r  pressure), the  ternpsratuu-e was L Z ~ S C ~  to 1980C. A f t e r  
high ternperatuFe densificaliorl, stxrie specimens w r c s  lieid dt i200C for F,O-- l?O 
minutes to p a t t i a l l y  crystal lize the  specinmi f t x  X W  measurenents 1 o determine 
whether cmpsitioml c o n t r o l  d u r i l q  s i n t e r i n g  was s u f f i c i e n t  to pLoduce the  
desired phase developnient. 3 4  media) is being st u d i d  fo r  porder ptocossinq,  the  inf luence  of mil l i n g  m e d i d  
imputity pickup on s i n k L i n q  the canpos i t ions  of int3ros’c was also exanj ncd. 
Using d i f f e r e n t  starting p w d e t s ,  seveml b i t c h e s  of cmpositions 39 and 40 war-e 
prepared and mi l l ed  wi th  \K bails for cliiferent m i i l i t - q  k i n i c s  to d i r e  vari 0115 

amounts of iK impueity i n  t h e  samples, as shown i n  bJe 1. Mil l inq  t h c s  ranyed 
from 7 to 24 }lours. The KenaNord 1245  powde~ appea r! to pickbp the m i l l i n q  media 
iriipurity a t  a fast-er ratc tiidn ihe  Toyo-Soda or UBl: W ~ ~ C L S .  This apwar relaied 
to  its lower surface area and broader p a r t i c l e  s i e e  distribli ion. S i i i t e r inq  OT 
the samples was accompl ished a t  196QC, 60 m i n . ,  2Wa, t h m  1980C, 30 m i n . ,  8MFa N 2  
gas  pressure .  Jhe samples for each d i f f e rwi t  s ta r  ny pm3t.i were sini-eced i n  
s epa ra t e  r u n s  b u i  u s i i y  ihe same s i n t p t  ing pat-aixet s. For  t h e  q i n t e r i  ng 
paramc-aterS used, t h e  best deiisiiies wet2 obtained when a small aruount oF W wi?b 
presen t  in t he  specimens. In order to detem,ine whether boih tlie W and C 
inf luenced densj  f i c a t i o n ,  some powders vere fired irt a i r  d t  600-7OOc t o  o x i  d i  7e 
the  WC cotitdined i n  the sample p r i o r  to  s i n t e r i n g .  Also, some WC powder w s  
obta ined ,  ox id ized  to WO anti then addei”, to canpositions, k e e i ) j r q  the  mol% of W 
i n  t he  Sainplc the Same as when h’C hrds preseilt. 

Since t h e  m e  of WC m i l l i n g  media ( a s  well as Si N 

3’ 
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A ernhancenient. i n  specinen d e n s i f i c a t i o n  was obsrxved for oxid ized  or iinoxidized 
condi t ions .  S ince  Mo appears to behave chemical.ly similar to W, Mo C a d d i t i o n s  
were made to  va r ious  mmposi t ions  and d e n s i f i c a t i o n  of specimens w a s  also found to 
i m p w e .  
0.365-0.73rto. C~xrpositions (39, 37, b 40) on ly  milled wi th  S i  N ba i l s  and jars, 
and s i n t e r e d  a t  the t.ime/t~~~H.atupe/pPeSsutTF? par;ameters cited a b v e  , d e n s i f i e d  to 
95-"3% of f u l l  dens i ty .  Sint-ered discs 3.5-5.0 an. diameter x 0.6-1.0 cm. t h i c k  
are beinq machined i n t o  bars for mechanical property determi na t ion ,  ox ida t ion  
studies and m i c r o s t r u c t u r a l  e x m i n a t i o n .  

2 

bwest e f f e c t i v e  a m u n t s  of W producing f u l l  d e n s i t y  specimens was 

3 4  

P r o p  P ties 
_I__ 

Specimens are k i n q  machined frm dense, siittepred discs {Ksm. 1246 s t a r t i n g  
powder) for d e t e m i n a t i o n  of  rim temperature rnmdi-11~~ of rupture (RI' IqOR), 
f r a c t u r e  toughness, ox ida t ion  r e s i s t a n c e ,  and stress-rmptute p r o p e r t i e s .  XT MOR 
tests were conducted usinq f o u r  p i n t  hendinq wi th  specimens 1.5 m th ick  x 2.0 m 
wide x 30-40 mn long. EOR va lues  are beinq detemincd for each basic c c m p s i t i o n ,  
i.cer 40, 33, 37, where t h e  c m p o s i t i o n s  niay also inc lude  d i f f e r e n t  amounts of WC 
frm mi l l ing .  
( c o n t a i n i q  lO.ljv/o a d d i t i v e )  is hiqhet than canpos i t i cn  49 ( con ta in ing  8.5v/o 
a d d i t i v e ) .  
canpcxition 39 is 610 Wa. 
fiirtlier MOR nieasirements. 

Data Gbtained thusfar show t h a t  t h e  s t r e n g t h  of c o r n p s i t i o n  39 

Av@r<age s t r e n g t h  for c a y m i t i o n  40 is 545 MPa whi le  t h a t  f o r  
Other- s i n t e r e d  tmdies are c u r r e n t l y  bejn9 tnachined for 

Oxidat ion resistance of compositions 40 and 39 were determined, i n  a i r ,  a t  
temperatu~es of 120GC. A f t e r  120 h rsp. oxidakion ra te cons tan t  va lues  f o r  
ccxripxition. 9 where i n  t h e  l o w  10- range whi.3.e t hose  for canpos i t i on  40 were i n  
t h e  l o w  10- The appearance of the  surface oxide on each canpos i t i on  also 
var ied .  On cornpsition 39, t h e  oxide was t h i n  and coherent wi th  the original 
maekrnir~~ marks still ev iden t  through t h e  oxide  f i lm.  On conlposition 40, t h e  oxide 
appeared beaded wi th  d i f f e r e n t  wet t ing  c h a r a c t e r i s t i c s .  
is shown i n  Figinre 1 (50x magni f ica t ion  under polarized l i g h t ) .  The bands a t  the  
dges of each specim.en are chamfers on t h e  h a s .  
chernktry betiween t h e  barsf o t h e r  than  d i f f e r e n t  Y20 /Si0 ratio, is t h a t  
cor,rrig3osition 40 contained approxirnately 2m/o VC while composition 39 contained only  
half t h a t  anollnt. 

YY 
13 

mnge. 

A ecmparison of specimens 

A s i g n i f i c a n t  d i f f e r e n c e  i n  

3 2 

Specimens machined f ran di.scs of both c a n p s i t i o n s  were t e s t e d  i n  
s t -mss -mptu re  a t  timpwatures of 9QOC and 1200C, i n  a i r ,  imder a stress of 
390 MPa. Specimens w e r e  t e s t e d  as -s in te red  and o x i d a t i o n  i n  a furnace for 120 
houes at. 1201)Ce All bars tested a t  90OC surviv-ed 150 hours without  f a i l u r e .  
These bars w i l l  be t e s t e d  at. rocm tsmpemture to cletermi-ne r e s i d u a l  s t r eng th .  
capos i t i on  40 bars tested a t  12OOC f a i l ed  i n  30-300 seconds. The conrpositj.on 39 
bars generally s u m i v e d  a l l  t es t  cond i t ions  for 150 hours  wi th  t h e  except ion  of a 
bar w h i c h  f a i l e d  i n  19 hout2.s due to  a pre-ex is t ing  f law i n  t h e  specimen. 

pill 

Sarnplples of the  va r ious  s i .n te red  mmposi tiom (wi th  a n d  without  va r ious  m o u n t s  
of \\a@) me be? ~ C J  prepared for microscopic examination by conventional. 
metallap-aphy arid SEM. 
wavelength d i spc~.r; i ve s pet. ~oscopy 

l"zampl.es have also been submi t:.t:.ed for? a n a l y s i s  by 
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XRD analysis on sintemd and oxidized specimens shows the presence of beta 
phase Si N and either gama or beta Y2Si207. 
Y2si20, 3rd cristobalite. 
Status of Milestones 

Oxidation layers appear to be beta 

a) Scale up of canpacts------ --canpacts 1.5-2.0 in. diameter x 3/8 in. 
thick are being produced in order that specimens may be machined fran them for 
property measurements. Properties being determined are RT modulus of rupture, 
fracture toughness, oxidation resistance, and stress-mpture at 9OOC and 120OC. 

b)  Specimens for microstructural analysis have been suhnitted for specimen 
prrucessing by in-house service groups. 

Presentat ions 

“Sintering of Silicon Nitride”, G. E. Gama and D. N. Heichel, presented at 
P~OCeedingS of Contractors’ Coordination Meeting, Dearborn, Michigan ( O c t  26-30, 
1986 1. 

TABLE 1 

Starting Powder 

Kem 1246 
Kem 1246 

Toyo-Soda 
Toyo-Sda 

Kem 1246 
Kem 1246 

canp. No. 

40 
40 

40 
40 

39 
37 

1.26 
0.10 

0.79 
0.47 

None 
None 

Figure 1 

Sintered Density 

3.31 
3.02 

3.29 
3.28 

3.17 
3.23 

Canposition 39 (left) and canposition 40 ox;”;.zed at 1200C for 120 hours 
(50 x under polarized left). 
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Synthesis  o f  Hiqb Purity S i n t e r a b l e  S i 3 4  Powders - -  G. M. Crosbie 
(Research Staff, Ford Motor Company, Dearborn, Michigan) 

Ob.iective/scoDe 

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

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

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

Technical Droqress 

Summary 

A technical report was submitted describing the Sic1 vapor - liquid 
NH3 powder synthesis process (to complete milestones for t x e original two- 
year contract). A draft of a design for a 100 kg/month Si3N4 pilot plant 
was reviewed with a chemical engineering consulting firm. 

In the laboratory, improvements were achieved in yield, laborator 
production rate, cation purity, and alpha/beta ratios over previous work. 
Although variable from batch to batch, a yield of 83% has been achieved in 
one run. By directly adding liquid Sic14 to liquid NH3, we are exceeding 
a 20 g Si3N4 per hour equivalent imide production rate in a 0.5 L reactor 
(and confirming the large exotherm). Cation purity i s  now at the target 
of <0.1% total cations, other than for an intended sintering aid o f  A l .  
An alpha/beta silicon nitride ratio of greater than 20 has been obtained 
with a 3 h decomposition at 148OOC. Oxygen contamination in the form of 
amorphous oxynitrides remains a problem. 

Tests for effectiveness of rinsing out of by-product C1 by 
decantation were carried out in a series of six runs. Various minor 
modifications were made which apparently resulted in a reduction i n  oxygen 
contamination from 12.8 wt.% to 7.4 wt.%. An analytical method was 
developed (by K. R.  Carduner) for quantitatively evaluatint crystalline 
and amorphous contents of silicon nitride powders by S i  MAS-NMR. 
Sintering experiments (up to 180OoC at atmospheric 5ressure) of  commercial 
powders have yielded ceramic densities o f  3.2 g/cm and a baseline time- 
temperature procedure for pressureless sintering. 

Experimental observations and model calculations support a conclusion 
of vapor-1 iquid process scalability. 

r 
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Yield 

High percentage yields are a reflection of larger reacted quantities, 
improved effectiveness of rinsing out of C1 containing by-products, and 
minimization of solids accumulations in the reactor and transfer lines. 
In the case o f  the 83% yield, 76.6 g o f  Sic14 (21.2 g Si3N4 equivalent) 
were loaded and 17.5 g of hot-zone powder were recovered. The imide 
solids were separated from C1 in species dissolved in liquid NH3 by 
decantation (no filtering). Most of the NH4C1 was recovered from the 
wastage tank, as intended. (Chlorine residues carried with the 
intermediate product imide are known to form volatile imidochlorides which 
reduce hot zone yields to below 50%.) 

Lower yield batches are explained by inlet or transfer tube clogging 
and ineffective rinsing. A 41.2% yield was obtained in another case where 
1 ittle or no NH4C1 was found in the wastage vessel. 

Cation Purity 

Cation purity improvements have been brought into the target range of  
less than 0.1% total, except for Al. I n  a 143OOC decomposition batch, 
aluminum is analyzed at 2.03 wt.%. The aluminum content is from the 
decomposition vessel of A1203 and is considered a sintering aid. Other 
elements are reported below in contrast t o  those presented at the October 
1986 ATD-CCM meeting: 

1986 ATD-CCM (recent values) 

Fe 0.16% 0.06% 
Ca 0.06% 0.03% 

0.03% to. 005% Ti 
Total (listed) 0.25% to. 095% 

A1 
co 
Mo 
Sn 

0.6% 2.03% 
0.011% 
0.0075% 
0.0061% 

These improvements are believed due to shorter times o f  contact of liquid 
NH3 and Sic14 with pressure vessels and due to larger batch sizes. 

Alpha Si3N4 Crystallization 

In processes with a silicon diimide (silanediimide) intermediate, 
alpha silicon nitride crystallizes during the thermal decomposition o f  t h e  
intermediate. In this period, we have restored the practice o f  use o f  a 
low temperature hold (250 to 40OoC) to allow residual NH4C1 to sublime 
slowly. Also, with a thermocouple located in the center of the powder 
bed, we have observed a moderate exotherm (20 to 5OoC center-to-muffle 
gradient at 140OoC center) for the onset of crystallization of the 
nominally 20 g batches, as expected. 
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leak tested before routine pressure testing. In a run made without breach 
of system integrity, Leco values of 7.1 and 7.8 wt.% oxygen were obtained. 
(The 7.4 w t . %  value i n  the summary above is the average o f  these two.) 
These values are down from 12.8 wt,% o f  the Dec. 1986 - Jan. 1987 period 
and still represent tests done without the use of NH3 in the decomposition 
carrier gas to provide reducing H2. However, oxygen contamination i s  
considered to remain a problem. 

Chlorine extraction 

In decantation to extract by-product chlorine, supernatant ammonia 
with dissolved NH4C1*3Ntl3 is withdrawn t o  a wastage tank under the system 
pressure. Tests of effectiveness of rinsing by decantation were carried 
out in the format of a process capability test. Me measured the mass of  
NH4C1 recovered in the wastage tank (after depressurization and NH3 
evaporation) at the end o f  each of six runs. Except for minor 
modifications intended to reduce oxygen content, the runs were all 
scheduled t o  the same pattern. In particular, there were a fixed number 
of rinses ( 4 )  and a fixed time (5 min) for each extraction. 

The resulting amounts of NH4C1 recovered were variable with a bimodal 
distribution with modes about 4% and 38% of theoretical. (The theoretical 
value is taken to be all o f  the chlorine in the loaded SiCl4. For four 
rinses at a decant ratio of  3 parts of 4 ,  extracted chlorine would be (1- 
( 0 . 2 ~ 4 ~ )  or 99.6% of input C1, assuming complete dissolutian and t h e  
absence of adsorption.) In all but one case, the lower mode corresponds 
with abnormally law product recovery. These lower mode cases are assigned 
to be "exception cases" o f  inlet clogging with the liquid Sic14 - liquid 
NH3 reaction being used to exclude any possible diluent gas oxygen. 

The higher mode about 38% i s  believed to be more representative 
behavior. This departure from the equilibrium value suggests that t h e  
time for extraction i s  the limiting factor (for the present experimental 
conditions of OOC, 75 psig, and minimal agitation). 

Sintering 

We have carried out a partial factorial design o f  experiments t o  
identify key time-temperature (t-1) factors in the pressureless sintering 
of commercially available si1 icon nitride powders with our equipment. 
Samples were prepared by dry-mixing with oxide aids, die-pressing and 
subsequent isostatic pressing. Under particular (t-T) conditions, we have 
obtained densities of 3.2 g/cm3 (that is, 96-97% T.D.) with a combination 
of 10 wt.% Y20 and 2.25 wt.% A1203 sintering aids in less than o r  equal 

These cer ic densities are slightly higher than those of G. Woettig 
and G. Zieglery for lBQO°C sintering o f  commercial di imide-precipi tation 
powders processed by wet-mill ing. Thus, an experimental base1 ine ( t - T )  
procedure for pressureless sintering of s i 1  icon nitride powders has been 
obtained. 

to 2 h at 1800 d C. 
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Sca'l abi  1 i t y  

Experimental observa t ions  and model c a l c u l a t i o n s  support  a concli u s i o n  
of  vapor- l iqu id  process  s c a l a b i l i t y .  A summary of  t h e s e  p a i n t s  fol lows 
and i s  expanded i n  subsequent paragraphs: Heat and mass t r a n s f e r  
mathematical models a r e  d iscussed  f o r  t w o  sca l e -up  op t ions  t h a t  a r e  
appropr i a t e  t o  semi -continuous processes .  Because of a near ly  heat 
neutral r e a c t i o n ,  heat t r a n s f e r  s ca l e -up  i s  n o t  c r i t i c a l  i n  e i t h e r  op t ion .  
Nass t r a n s f e r  s ca l e -up  i s  v i a  con t ro l  of t h e  g a s - l i q u i d  i n t e r f a c e  a rea  and 
c o n t a c t  t ime,  Economic issues probably favor  the "small r e a c t o r  - -  fast ,er  
batch" op t ion .  Supporting the eva lua t ion  of sca le -up  p o t e n t i a l  a r e  t h e  
o p e r a b i l i t y  as demonstrated i n  the l abora to ry  and t h e  c loseness  of  co r re -  
spondence of l abora to ry  r e a c t i o n  condi t ions  t o  those of  a pro jec t ed  p l a n t .  
A sca le -up  of  g r e a t e r  than l O O X  from l a b  s c a l e  i s  judged t o  be a 
reasonable  next step f o r  a p i l o t  p l a n t .  

The s i l i c o n  t e t r a c h l o r i d e  vapor - l i q u i d  ammonia r e a c t i o n  i s  operated 
i n  a semi-continuous manner. Sic14 vapor f l o  s nea r ly  cont inuously u n t i l  
t h e  batch i s  completed and the next  volume o f  NW3 i s  added. Two opt ions  
( o r  design concepts)  f o r  sca le -up  ( t o  ob ta in  more product per  u n i t  of time 
r e l a t i v e  t o  any given b a s i s )  of a semi-continuous process  a re :  Option 1 )  
l a r g e r  r e a c t o r  volume, p ropor t iona l ly  h igher  gas  flow r a t e ,  with t h e  same 
batch t ime and Option 2 )  a r e a c t g r  volume sma l l e r  than in  t h e  f i r s t  
op t ion ,  a h igher  gas  flow r a t e ,  and a s h o r t e r  batc.h t ime.  These two 
op t ions  are now examined q u a l i t a t i v e l y  in  terms of hea t  and mass t ransfer  
l i m i t a t i o n s  and economics. 

The heat  t r a n s f e r  c a l c u l a t i o n  i s  s impl i f i ed  f o r  bo th  o f  t h e  two 
sca l e -up  op t ions ,  because we p r o j e c t  a nea r ly  hea t  neu t r a l  r e a c t i o n  zone. 
We have observed a small ove ra l l  r e a c t i o n  endotherm a t  O°C w i t h  t he  
1 abora tory  apparatus  * This observa t ion  i s  i n  support  o f  a model 
c a l c u l a t i o n  f o r  a hea t -neu t r a l  r eac t ion  zone near  room temperature .  A1 so,  
because we are on the endotherm s i d e ,  t h e  r i s k  i s  minimized o f  a runaway 
o r  uns t ab le  r e a c t i o n .  A simple geometry v e s s e l ,  wi thout  a hea t ing  o r  
cool ing  j a c k e t ,  can be considered f o r  a commercial p l a n t .  The heat 
n e u t r a l i t y  i s  important as the sol i d s  produced p l ace  add i t iona l  
c o n s t r a i n t s  on t h e  design i f  add i t iona l  hea t  t r a n s f e r  s u r f a c e s  were 
r e q i i i  red  /I 

One i n d i c a t o r  o f  mass t r a n s f e r  s c a l z b i l i t y  i s  t h a t  the r e a c t i o n  of 
Sic1 with NH3 l i q u i d  i s  known t o  be f a s t .  The g a s - l i q u i d  r eac t ion  i s  
l i k e  4 y t o  be absorp t ion  of  Sic14 i n t o  the ammonia with an immediate 
r e a c t i o n  w i t h  NH3. Since the k i n e t i c s  o f  t h e  chemical r e a c t i o n  a r e  f a s t ,  
t h e  o v e r a l l  r e a c t i o n  r a t e  i s  expected t o  be c o n t r o l l e d  by gas  phase mass 
t r a n s f e r .  Using t h i s  a s  a design c r i t e r i o n  for sca l e -up ,  we can address  
means t o  inc rease  the area o f  g a s - l i q u i d  con tac t  and t o  inc rease  t h e  time 
o f  c o n t a c t .  Typica l ly ,  these f a c t o r s  a r e  improved by mechanical 
a g i t a t i o n ,  o f  which we have none i n  t h e  l abora to ry  appara tus .  The 
con tac t ing  t ime can be r e l a t e d  t u  bubble r ise  r a t e  and the he ight  of 
l i q u i d  i n  t h e  r e a c t o r ,  f o r  both Options 1 and 2 .  In p a r t i c u l a r ,  t he  
necessary  he igh t  f o r  an overa l l  r e a c t i o n  r a t e  i s  l e s s  f o r  g r e a t e r  
i n t e r f a c e  a rea  and abso lu te  pressure .  A wide range i s  a v a i l a b l e  beyond 
t h a t  tested in  the l a b o r a t a r y .  

The economics o f  sca l e -up  a r e  cons idewd  i n  terms of raw m a t e r i a l s ,  
u t i l i t i e s ,  c a p i t a l ,  and automation. The raw m a t e r i a l s  a r e  a v a i l a b l e  i n  



l a r g e  q u a n t i t i e s  a t  low cost. Since they  a r e  l i q u i d s ,  e f f i c i e n t  w a n s  a re  
a v a j  ] a b l e  t o  purify them. M i l  i l y  c o s t s  are priiriavily r e f r i g e r a t i o n  f o r  
the  cor id~r iser ,  - s i n c e  1 iquid n i t rogen  and ammonia a r e  dell ivered under 
presrurh.. i he  m t e r i a l s  o f  cons t i uc t i on  kavc n o t  bee9 e x o t i c .  Thp I O N  
icrqxi-at(jre o p e t - ~ t i w  ( w a r  TOOM temperature and bel ow) t h a t  g ives  1 ow 
chlor- idc re sad^ in the s i l i c o n  nitride a l so  l eads  t o  'law C1- cor ros ion .  
The tempcrature sf opera t ion  i s  7i i j t  so low as  t u  produce temperature 
g rad ien t  stresses t h a t  ~ m l d  tsecome a l i m i t a t i o n  a t  l a r g e r  s c a l e .  The 
seitii -continuous operation i s  ~ ~ 1 1  - s u i t e d  Tor automated opera t ion  !di th 
1 i au id -1  i ke flows. A u t m a t i o n  i s  desir-ab?? because o f  increiscd personnel 
hazards w i t h  1 a q p r  volumes o f  1 i q u i d  ammonia and hydrogetm evolved from 

7 smallet- t a n k  has 1r;wcr cap'rtaal coqt. 
Laboratory t e s t i n g  has shi;m the operability o f  the  n o v ~ l  imide route  

procezs i i n d ~ r  condi t ions  siijiil a r  t o  those projec ted  f o r  commercial p l a n t  
opeva t ion .  The i .ea@tion proweds  a t  P c ,  i n  s p i t e  o f  an ove ra l l  r eac t ion  
rndo lhe r~ .  The product i s  p r imar i ly  submicron, a l p h a - p h a s e  s i1  icon 
n i t r i d e .  Since thc l a b  s t u d i e s  a r e  r u n  under pressure, t h e  r e s u l t s  are 
c loser  to  p r o j e c t 4  p l a n t  p rac t i ce  than would be t h e  cas? i f  s t u d i e s  were 
done i ,nder  cryogei:ir: condi t ions  i n  g l a s s  appara tus .  $ 1 ~  have observed 
avoidancE n f  i n l z t  c logging,  which has beer? a problem for d i r e c t  r eac t ion  

l i q u i d  Ntl3. Likewise, t h e  iransFer l i n e s  arid r e a c t o r  i t s e l f  
a f t e r  b d t c h e s  ar? rufi. No foam!nng occsirs a s  i n  some g a s -  

Ififormation on the c h a r a c t e r i s t i c s  o f  the  i m i d e  
intek-inediate has been obta ined f o r  d ~ s i i g n :  p u r i t y ,  s c t t l  i n g  r a t e ,  and 
a p p a r e n t  s l u r r y  v i s c o s i t y .  Fxccpt  f o r  valves ,  t h e  l a b  systeri! has n o  
inoving parts  f o r  synthes is  and t-ransfer o f  t h e  a i r - s e n s i t i v e  raw ma te r i a l s  
and intermcdi a t e  products. 

TRf l  corrcspondcnce o f  t h e  lats work t o  t h e  projec ted  p l a n t  -is c l o s e  i n  
sevei-a1 other ys. Since  t h e  i n t r i n s i c  ( T , P j  cond i t ions  a r e  above t he  
norin61 b o i l i n g  po in t  o f  Nil3, the ? a b  work r-eflects t h e  g r e a t e r  s o l u b i l i t y  
o f  lite c h l o r i d e  by-product and presumably higher r e a c t i o n  ra te  t o  be found 
iil p r a c t i c e  u n  pressure. r rm e a r l y  s t u d i e s  by chciiiists, much i s  known 
o f  t h e  systems involvcd.  Froin o t h e r  imidc-route  n i t r i d e s  on the market, 
t h e  bas i c  q u a l i t i e s  o f  t h e  powders a r e  known which can r e s u l t  f r o m  those 
r e l i k e d  imide routes t o  s i l i c o n  n i t r i d e  pawierq;. In  this work, a 
f e a s i b i l i t y  for- adapta t ion  to a un iq i~c ly  iow carborr powder i s  
deiilo:+is t9-a ted.  

el. LI IP  dtxnmposition. ihe economics of  scale-up probably Favor Option 2 ,  as  

The irii 1 esto i ies for scal abi 1 i t y  and preparat-i  on a f  a technica l  r epor t  
weye cnmplPtec-i i n  t h i s  semiarrniial r epor t ing  p e r i o d .  A d i scuss ion  o f  t h e  
s c a l a h f l i t y  milestorip accotiiplishillent i s  g i v e n  i n  t h e  "Trchnical Progress"  
s c c t i o n  a b o i ; ~ .  rhe technica l  r e p o r t  desc r ib in<  t he .  p r o c e s s  f o r  syn thes i s  
o f  s i l i c o n  n i t rSde  powder was submitted March 18, 1987. Therefore ,  the  
f i l i a l  m i l e s t o n e s  f o r  t h e  o r i g i n a l  two -yea r  program have  been compl ~ t e d  of1 
I, 
L I Me : 

Deinorlstrat iors o f  proof o f  sca l  a b i  1 i ty  November 1986 

Coiiiijl e t e  dt*a?t  t echnica l  r epor t  
desc r ib ing  t i l e  proce5s 

March 1987 
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1 .2  CERAMIC COMPOSITES 

1.2.2 Silicon Nitride M a t r i x .  

~ransPormation-.Tou~~enod Si1 icon N i k r i d e  
H. W .  Carpenter (Rocketdyne Division, Rockwell International) 

Object i vc/ 5 cope 

The o b j e c t i v e  of this program is to develop high toughness, h i g h  
strength refractory ceramic matrix composites that can be made at low 
cost and to near net snape for heat engine applications. 
composite system selected for developlnent i s  based on a silicon 
nitride matrix toughened by dispersions o f  Zr32, or dfi32, or ( H f ,  
2r)a~ modified witn suitable additions of other refractory ceramics 
to control the physical behavior. The desired microstructure and 
opti:num mechanical properties have w e n  developed by expeditious 
laboratory methods including colloidal suspension, press forlniny, 
sintering, and hot pressing. 
microstructures have been demonstrated and parameters are being 
optinifzed. 
demonstrate low-cost, high-volume production. 

The 

Promising compositions and 

Samples have a l s o  been fabricated by injection molding to 

Technical progress 

Si3N4 matrix plus Zr02 dispersoids modified with four 
different alloying agents have been s t u d i e d .  The four dispersoids are 
Zr02 alloyed with either (1) YzO3, ( 2 )  CaO, ( 3 )  IrlgO, or (4) 
H f 0 7  and Ti02. 
appiications h a v e  been developed f r o m  the first three compositions but 
the latter composition was not structurally Stable. 
presently being concentrated on characterizing Si3N4 t Zr02 
alloyed with either Y2O3 or CaO. 
MFa and apparent toughness values to 13 APa ml/Z have Been reported. 

Promising materials with potential structural 

The effort is 

Four-point i49R values to 1103 

ZrQ2-Y203 Dispersions 

Previously reported results on composites composed o f  -5i3N4 
plus 20 or 30 v / o  ZrOZ (stabilized with Y z O 3 )  plus 4 w/o 
A1203 were highly encouraging. 
to a high density and exhioits 4-point 140R strengtns to 110d M a .  
Work performed t h i s  period i s  sulmarized below. 

Degradation at 70OC and  Transformation Toughening - Si3il4 and 
ZrO 

oxidizes at interrnediate temperatures to monoclinic kr3Z. The 
transformation t o  monoclinic Lr02 results in surface Cracking. 
Lange (Ref. 1 )  has shown evidence that the formation of Zr-oxynitride 
can be prevented or retarded and that a transformaole tetragonal 
Zr02 phase can be obtained b y  using ZrO2 alloyed with Y2O3. 
It was shown earlier i n  this study t h a t  at least 8 w / o  Y2O3 alloy 
content in the Zr02 was required to prevent the formation o f  
Ir-oxynitride, and that transformable tetragonal was not present at 
that Y203 alloy content. Nevertheless, the material is still 
attractive f r o m  the stand point o f  high strength and low ther-,nal 
conductivity. 

This composition readily sinters 

react to form Lr-oxynitride, an UndesiraDle compound br3CduSe it 
dep f etes the Zr02 content without increasing toughness and it 
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Current results show t h a t  sintering temperature as well as 
Y203 a l l o y  content o f  the Zr0z influence the intermediate 
~~~~~~~~~~~ (5OOC t o  lO0OC) oxidation problem.  To date, a l l  
Si3N4/Zr02(Y203) compositions sintered at 175OC (with one 
notable exception which is being investigated) exnibited oxidation 
degradation when aged in a i r  at 7OOC, while a17 compositions sintered 
a t  18OOC d i d  n o t  exhibit oxidation degradation. 
sintering temperature (1800C) eliminated t h e  problem i n  t n e  range of 
a l l  ZrOZ-YzB 
evaluated. f he implication to this is that it may still be passible 
t o  use a lower Y203 alloy content and, i f  less Y2O3 alloy can 
be used, it may still be passiole t o  induce transformation toughening 
without t h e  intermediate-temperature degradation. 
this possibility, new compositions o f  Si3N4 plus 20 or 30 v /o  or 
ZrQ2 alloyed w i t h  8.OP 6.9, 4.5, 3.4, and 0.0 w/o Y2O3 are being 
prepared, The major differences in prepav-ing these new samoles is 
that a sintering temperature o f  18OOC or higher will be used, and that 
the 4 w/o A1203 addition used a s  a sintering aid will be replaced 
with 6 d o  Y2O3 + 2 M/O AI203 additions fur c o a p o s i t i a n s  
containing Zr02 powders with l o w  Y2O3 alloy contents. 

Rockwe71 Science Center t o  characterize these materials. Samples 
sintewd at 1 1 5 O C  and aged a t  7dUC (exhiaiting ze ro  s t rength)  a n d  
samples o f  t h e  same cornposition sintered a t  18OOC and aged at 9 O d C  
(exhibiting increased strengtn) are being evaluated., 

axidizing i n  a i r  a t T O m  observed in all samples sintered at 
183OC. 
v/o ZrQ 
( F i g .  1 5 . Strength increases rapidly t o  a maximum betwem I dah  an3 
3OOh, a n d  then gradually decreases. 
for the 20 v/o ZI-02 composition and 26% for t n e  33 v/o Lr-02 
cornp o s i t i on . 
oxidation o f  Z ~ O Z - ~  (grey)  t o  L P O ~  ( w h i t e ) .  
0.25 m thick after 5QQ hours at 70OC a n d  preliminary fracture 
analyses show that fracture originates at the w h i t d g r e y  interface. 
XRD analyses of the white and grey materials are t h e  same. 

temperature- t o  13OOC f a r  selected times so that the  
thickness, wei ht gain, and t h e  nature of t h e  oxide layer  can be 
characterized. d samples have iaot yet been evaluated, 

A 1  03 as a sintering aid art? shown 
in Fig.  2, Yh P t 2 e materials containing 20 w/o Lr02 
corn ositions c 

are slightly higher than those containing 30 v / o  ZrO2 and the 
strength of materials containing more Y2O3 a l loy  content in the 
Zr02 are slightly higher. However, the strength o f  the four 
compositions are  r e l a t i v e l y  close together. Strength decreases N i t h  
increasing temperature t o  approximately 700 14Pa a t  lOOOC and 500 i4Pa 
a t  1200C. Four-point MO2 hda been shown to be aDoiat 18% lower a t  rom 

Thus, a nigner 

alloys ( 9  w/o to 13 w/o Y$3) currently being 

In order to explore 

Transmission electron microscopy studies are in progress at the 

Strength 'Increase 9ue t o  Oxidation - An increase in strength a f t e r  -- 
The data fpom samples composed o f  Si3144 t 213 v/o a n d  30 

( 9  */a YzQ3) + 4 \*b/o A12133 show tnis pnenomcna 

Maximm strength increase # a s  346 

A white casing forms on these samples, presuinaoly due to tne 
The casing i s  d b o u t  

___.-_ Oxidation Kinetics - A series o f  samples were o x i d i z e d  a t  

M-;gh-Pempe - The strengths t o  12OOC o f  f o u r  
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problems or s i n t e r i n g  r e a c t i o n s  migh t  occur. A slurry was p ~ e p w e d  
-d ia ,  d i s c  sa  ples were farmed by pressure filtration. Two 
re s i n t e r e d  a t  15OOC f o r  1h and t h e  sintered d i s c s  were near 
t y  ( d e n s i t i e s  were 4.97 g/cc and 4.98 glcc and puvosities 

, vespestfully). MOR Bars are  b e i n g  diaficnb 

These 
ground. 
Hf82 peaks w h i c h  were i d e n t i c a l  t o  t h e  unmixed powders. 
r e s u l t s  a r ep  therefore, encouraging. 

XRD resu l t s  showed only be ta  Si3N4 and f u l l y  s t a b i l i z e d  

Zr02-CaB Dispersions 

I n i t i a l  results o f  compos i t i ons  S i  144 4- 10, 20, and 30 v /o  

been h i g h l y  encouragin e 

values t o  13.8 MPa m1/9 have been obtained. These n i g h  strerigttis 
were o b t a i n e d  i n  s p i t e  of the f a c t  t h a t  these i n a t e r i a l s  e x h i s i t e d  
agglomerated nicroporosity.  

t h e  micrvpoPosity c o n t e n t  was even higher, Nevertheless flexural 
s t r e n g t h  was s t i l l  Q V W  700 i4Pa. 
m a t e r i a l s  was n o t  as pure nor as  f i n e  grairled as des i red .  

v / o  Si$4 + 30 v /o Zt-02 (Ca0) + 2 1/2 d o  1490 w r e  c o l l o i d a l l y  
prepat-ed and filter-pressed discs  were sintered s t  18s)WC, 186OC, and 
1303C f o r  lh. 2esults are presented i n  Table 3 ,  
temperature of 1860C was required t o  o b t a i n  a h i g h  d e n s i t y  f o r  t h e  
compos i t i on  c o n t a i n i n g  Zp-02 (10 w/ca Cas), a temperature o f  130~1C was 
r e q u i r e d  for  the carnposi t ion c o n t a i n i n g  ZrOZ ( 6  W / G  Caa), while t h z  
compos i t i on  c o n t a i n i n g  h-02 (3.5 w/o CaB) d i d  no t  s i n t e r  t o  near 
theoret ical  density.  
opt ical  microscope showed t h a t  these samples d i d  n o t  exhibit t h e  
agglomerated microporosity as d i d  t h e  sarnpl3s made w i t h  t h e  o l d  drd7 
( 5  w!o Ca8) p ~ d e r .  
i n c l u s i o n  was a l s o  abserv2d- These  black  inclusions increasPd i n  s i z e  
a n d  ii? Treqaewcy w i t h  i n c r e a s i n g  CaO content. 
prepared from the  d i s c s  s i n t e r e d  e t  1860C arid 19COC. 

%rO2 ( 5  W / Q  CaO) -+ 2 l l 2  #/a MgO densi  3 i e d  by h o t  p r e s s i n g  h a ~ e  a l s o  
St reng ths  t o  1100 Wrn and a p p a r e n t  toughness 

D u r i n g  the  l a s t  trrrree reporting periods, 
ere  d e n s i f i e d  by s i n t e r i n g ,  rathef thae? by hot  pressing, ded 

T h e  LTOZ powder used t o  lnake these  

Submicron, h igh  p u r i t y  ZrU p o w d e ~ s ,  c o n t a i n i n g  3.5, 6,  a n d  10 
w/o CaQ  ere o b t a i n e d  a f t e r  a T ong procurement t ime .  Batches of 70 

A s i n t e r i n g  

Fre1 iminary e x a m i n a t i o n  under t h e  high-power 

A secondary phase t h a t  appeared A S  b l a c k  

r1Od bars  drt: b e i n g  

A l l  past. milestones have been completed :in t i m e  and progress 
toward the milestones f u r  t h e  next report p e r i o d  i s  on schrdule, 

None 

Re f p  e r e  nc f? s 
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Sinter I Identity I Sintering 
R u n  I I TemYp,/Tim 

# 38 

# 39 

# 40 

# 42 

# 44 

I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 

I 
41-852-D2 I 1860C/lh 
28-85'2-iIl I 
38-852-31 I 
40-852-DZ I 
37-852-Dl I 

I 
41-852-Ul I 18613/2h 
28-852-DZ I 
38-852-02 I 
40-552-Dl I 
37-852-D3 I 

I 
I 

4.0 
8 - 0  

4 .o 
8.0 

8.0 
8.0 

4.0 
8.0 
8.0 
8.7 

15.5 

4.0 
8.0 
5,o 
8.7 

15.5 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1.1 
3.6 

1 . 7  
3.6 

3.5 
3 . 6  

3 .ca 
3 . 6  
5.0 
3.9 
7.0 

3 , o  
3.6 
5.0 
3 .(a 
7 .o 

2, l a  
2 . 3 5  

3 - 4 2  
3*133 

4.07 
3.d4 

3.44 
3.415 
3.57 

3.87 

3.78 
4 .72  
3.82 
3.96 
3 . 3 3  

3,a1  
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TABLE 2 

4-Pt MOR Rata For Injection i lo lbed  Samples 

Note  # 1 :  I sos ta t ica l ly  pressed a f t e r  binder removal. -- ----.-----I_- ._ - __ ~ 

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

TABLE 3 

“The! density o f  @a3 s tab i l ized  21-02 was no t  adjusted for the three  
different  CaO contents f o r  ba tch  calculations. Therefore t h e  voiu in? 
percent  may vary s l igh t ly .  



AVERAGE 3-PT 
MOR ( M P a )  

1000 ' 

500 

0 
0 500 1000 

HOURS AT 700C 

( 3 0  v / o  Zr02)  I 
I--.- 
0 500 1000 

F i g u r e  1 Room Tempeature S t r e n g t h  v s  Aging  T i m e  a t  700C i n  A i r .  
Compos i t ion :  Si3N4 + ZrOz ( 9  w / o  Y 2 O 3 )  + 4 w / o  A1203 

+ 3.6 w/o S i 0 2  

.-...--.+----. 

1000 
o l -  

0 500 

TEMPERATURE ("C 

F igu re  2 Flexural S t r e n g t h  v s  Temperature f o r  S i 3 N 4  + Zr02 M i x t u r e s  
With A1203 o r  (Y203 4 S i D 2 )  a s  a S i n t e r i n g  A i d .  
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Ceramic Matrix Cornpasites - GTE Laboratories, i nc. 

Bbjective/Scope 

_. -.--.-.-- 

.cl_llasII--c 

The objective of this program is to develop silicon nitride-based composites of im- 
proved toughness, utilizing SIC and Tic as particiJlate or whisker dispersoids, and i o  de- 
velop and  demonstrate a process for near net shape part fabrication. Near net shape 
process development wil l  explore forming by injection rnsldirig and consolidation by hot 
isostatic pressing IX conventional sintering, 

Technical Progress 
.^--.-I -.-. 

Powder Preparation 

‘The systeni chosen for rnnlding studies is AY6‘ 4- 38 voliime percent SIC whisk- 
ers. Farlier research using hot pressed sdmplei highlighted the critical importance of 
high whisker chemical pus i ty  and whisker size control if simultarreous strength and frac- 
tur r  toughness improvurnents are to be  achieved. To date, only the Arc0 SIC whisker 
has met both sire and purity ieqiiirsrnents. Particularly critical to the outcome and t h e  
goal of obtaining hiyii toughness,  high strength composites is the step of powder prepa- 
ration (Figure 1). 

f 
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State-of-the-art processes for whisker fabrication are underdeveloped and yield 
materials with broad size distribution. As-received whiskers contain submicron particles 
and, more importantly, particles and hard whisker aggregates greater than 100 pm. 

These aggregates and particulates, if processed into the composite, may act as 
fracture origin arid reduce the composite strength. Particles of variocrs sizes can be 
separated by sedimentation. A column was devised which allows removal of whisker/ 
particle suspension at three different levels. For a given time of setting, the top portion 
of liquid contains the finest particles and floating debris, the bottom portion, the largest 
particles, which are to be removed, and the middle, a range of sizes between t h s  two. It 
was not anticipated that clean separations of whisker lengths co!rld be made using t h i s  
technique. Whiskers were separated with a minimum of 98.8% of the material being re- 
covered after separation. Table 1 shows the average length and relative amounts in 
each section (top, middle and bottom) for a typical separation, using a settling time 
which would allow particles with a 10 pm radius or larger to settle to the bottom of the 
column. Approximately 70% (middle section) of t h e  starting material was deemed of ap- 
propriate quality for composite fabrication. 

verage Whisker Lengths and X e M w  Amounts 
Obtained from Different Column Levels 

~ -~~ 

Average Whisker Length ( ~ m )  After Separation 

A s - R e ~ e i ~ e d  TOP Middle Bottom 

Arco 17.5 f 12.6 19.0 -f 8.7 17.5 f 9.5 29.31k 14.5 

Arco 29.7 68.3 1.9 

Mechanical properties of composites containing 30 v/o of as-received or separated 
Sic whiskers are given in Table 2. As can be seen, the application of as-received 
whiskers results in a %2Q% reduced MOR, despite up to 40% increased fracture tough- 
ness over that of base AY6 material. Furthermore, a 40% reduction of MOR with respect 
to composites of equivalent fracture toughness containing separated whiskers is ob- 
served. 
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KIC (MPa@rn"*) 

6.0 f 0.1 

6.4 f 0.5 

4.7 f 0.3 

Table 2 Mechanical Properties of SbN4-30 vlo Sic Whisker 
Composites Containing As-Received or Separated Whiskers 

Calculated 
MOR (MPa) Flaw Size (pm) 

597 f 5 80 

975 f 39 35 

773 f 67 30 

I Whisker Source 

As-Received 

Separated 

AY6 Monolith 

Calculations indicate that the critical flaw size in a composite with as-received 
whiskers is of the order of 80 pm. Fractographic examinations of MOR bars broken at 
room temperature reveals a typical flaw size of 60 pm (Figure 2). Within the accuracy of 
assumptions included in calculations, these results are consistent with the premise that 
large particulates or whisker aggregates are the cause of reduced MOR. Examination of 
the separated fraction from the top of the column reveals the presence of large (> 100 
pm) aggregates consisting of Sic whiskers and concentrated metallic impurities (Zn, Mn, 
Mg, K, Ca, P), probably remnants of the whisker precursor (Figure 3). The application of 
the above-described procedure prior to composite powder preparation results in a con- 
sistent attainment of design properties. 

7s Figure 2: Fracture Origin of Si3N4 30 vlo SiC(w) Material Prepar 
with "As-Received" Whisker. MOR = 600 MPa; KIC = 6.0 MPa-m . 
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Figure 3 Particulate Material Contained in Arc0 Sic Whiskers 

Injection Molding 

The injection molding process for ceramic composites can be broken down into six 
major processing steps: 

Mix Preparation - The blending/milling of the desired composite composition which 

Compounding - Mixing the ceramic powder with an organic binder system such 

will give the desired properties in the final part. 

that the mixture behaves like a thermoplastic material. 

Injection Molding - Heating the mixture above its flow point and injecting it into a 
relatively cold metal die, where the mix solidifies. 

Binder Removal - Removal of the organic binder from the part, leaving behind a 
nondisrupted ceramic structure. 

sintering or hot isostatic pressing (HIP). 
Densification - Consolidation of the ceramic structure to a fully dense structure by 

0 Non-Destructive Examination (NDE) - Evaluation of part quality by means of visual, 
dimensional, and weight measurements as well as microfocus projection x-ray ra- 
diograp hy. 

Progress to date in applying injection molding technology to the fabrication of 
whisker-reinforced composites will be reviewed in terms of each major processing step. 
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Mix Preparation 

Batches for injection molding have been prepared by two process routes, preblend 
and compound blend. In the preblend case, whiskers were added to AY6 prior to the 
compounding step. This approach is identical to the process used to produce feed pow- 
ders for hot pressing. The alternate approach was to mix whiskers and AY6 in the com- 
pounder and use the high shear mixing action of the compounder to blend the two com- 
ponents. The latter approach was used for the bulk of the molding experiments. 

Compounding 

The compounding unit used is a Haake torque rheometer mixer. The unit rneas- 
ures the torque required to maintain a fixed mixing rpm as well as an integrated total 
torque for each batch. Information on "mixing viscosity" is thus gained as a function of 
shear rate, solids loading content, mixing procedure and mixing time. 

Initial experiments using 30% Tateho SIC whiskers in AY6 were designed to iden- 
tify the maximum solids loading level in the binder which would give a moldable mix. 
Mixes were compounded from 52 to 58 volume percent solids, finally setting on 53 v/o as 
the best compromise for the current binder and ceramic powder. Variations in powder 
particle size distribution and binder composition which can be used to further increase 
solids loading are currently being evaluated. 

Both the preblend and the compounder blended powders showed comparable be- 
havior. Initial torques were high as the powder was added to the binder in the mixing 
head. After all the powder was added the torque decreased toward a steady level. 

A post-HIP examination of the microstructure of the two powder types indicated a 
presence of numerous aggregates (due to insufficient mixing) of AY6 in the cornpounder- 
blended composites. Increasing the compounding time from one to three hours was not 
sufficient to break down all of these aggregates. Therefore, the final molding experi- 
ments using the Arc0 whiskers will utilize preblended powders. 

Injection Molding 

The injection molding machine used in all molding experiments is a Ton Boy screw 
type injection molder with hydraulic clamping. It has a two-zone barrel heater and inde- 
pendent nozzle temperature control. 

The die used for the majority of molding experiments was used previously in the 
DOE-sponsored CATE (Ceramic Applications in Turbine Engines) program. By altering 
the sprue position, the die can be configured to shoot either a single axial turbine blade, 
two test bars, or simultaneous filling of all three cavities. Figure 4 shows the fill pattern 
of the blade and one of the bar cavities. The gating is designed to minimize jetting and 
achieve smooth, uniform cavity filling. 

Using this die, blades and bars have been molded at 53 v/o solids loading. The 
molding parameters have been defined in terms of desired barrel, nozzle, and mold 
temperatures as well as injection speed and pressure. It was also identified that mini- 
mizing mold release led to enhanced as-molded surface quality. 

SEM photomicrographs of the injection-molded part indicate that good whisker 
aspect ratio is maintained through the molding process (Figure 5). 
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Figure 4: Series of Short Shots Showing Fill Pattern of 
SirNdBinder Mix in CATE Turbine Blade and Test Bar Die. 

Figure 5: Fracture Surface of InjdiOn-MOlded Si&-30 vlo 
Sic (Whisker Composite Material 

Microfocus x-ray examination of the as-molded bars containing Tateho whiskers 
indicated presence of high density '(metallic) contaminants. Examination of the com- 
pounding and molding equipment showed no obvious source of galling and the source of 
the contaminants is still under examination. 
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Binder Removal 

The molded parts, after numbering, were buried in a supporting A1201 setter sand. 
The burnout time/temperature profile used for composite binder removal is identical to 
that used for monolithic silicon nitride. The composite material exhibits a greater toler- 
ance for rapid burnout cycles than monolithic materials. 

Densification 

All parts densified to date have used a single densification procedure. The parts 
are glass encapsulated using the licensed ASEA process and subjected to HIPing. Ma- 
terials are densified to over 99% of theoretical density (TO = 3.236 gmkc). After densi- 
fication, the parts are a dull green in color. As in the case of hot pressed samples, frac- 
ture surfaces of the Tateho-containing composite showed negligible pullouts. Figure 6 
shows a sequence of green, burned out and HlPed CATE blades made using AY6 + 30% 
Tateho S iC whiskers. 

Figure 6 Injection-Molded CATE Blades Prepared from SirN4 - 30 vlo SIC (Whisker) Composite in As-Molded, Dewaxed and Fired State 

The main observation made from the densified samples was that a systematic and 
reproducible warpage occurred in the composite materials during densification. Test 
bars curved toward the injection molding gate during densification. The blades showed 
reproducible areas of distortion in the airfoil trailing edge, platform and dovetail. Efforts 
are now under way to isolate the cause of the distortion. 

In summary, experiments to date have identified compounding, molding, binder re- 
moval and densification parameters capable of producing composites of 30% Sic whisk- 
ers in AY6. The primary outstanding issue is distortion during densification, which is be- 
ing addressed. 

The knowledge gained will be applied to injection molding demonstration of 30% 
Arc0 Sic whiskers in AY6. 
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Microstructure-Mechanical Properties 

The extension of densification time from 90 to 400 minutes at the hot pressing 
temperature has been found to promote grain growth in monolithic AY6 and increase the 
material's fracture toughness and Strength. Figure 7 compares the strength (4 point 
MOR) up to 1400 degrees C of two AY6 materials densified as described above to an 
AY6-30 v/o Sic  whisker (Arco SC9) composite which required 400 minutes to densify. All 
three compositions had densities greater than 99% of theoretical. At 1000 degrees C, 
the AY6 material hot pressed for 400 minutes retains its higher strength compared to 
AY6 produced by standard process. Both monolithic ceramics exhibit lower values of 
strength compared to that reinforced with 30 v/o Sic  whiskers. The data at higher temp- 
eratures (>  1200 degress C) show two monolithic materials to be essentially equivalent 
in strength. In this temperature regime, the softened intergranular glass phase controls 
the mechanical properties. Fractographic analysis has shown that at these higher temp- 
eratures subcritical crack growth related to intergranular glass phase viscosity occurs 
and results in strength degradation. 

1000 

500 

100 

AY6 + 30 v/o SIC WHISKERS (400 min) 

- 

- 

- 

x = 0.05 cm/min 
(xxx min) = Densification time 

AY6 = Si3N4 + 1.5 w/o A1203 + 6 w/o Y203 

1 
100 500 1000 

TEMPERATURE ("C) 

Figure 7: Modulus of Rupture of AY6-SLN4 Ceramics and (a) 
AY6-30 vlo Sic whisker Composite up to 1400°C 

1500 

As shown, the strength improvement by S ic  whisker reinforcement is retained up 
to 1400 degress C under the fast fracture conditions imposed by this MOR test (cross- 
head rate = 0.05 cm/min). The increased strength at the higher temperatures appears 
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to be d a t e d  to an increased resistance to subcritical crack growth of the composite?. 
FracAograpI-iy of controlled flaw samples  broketi ai 12e7OoC has showr: an increase in 
crack depth c?f 82% rand half crack l e r q t h  of 229% prior to fast fracture Inr tl2e AYG ma- 
terial hot pressed for 90 minutes. TRe respective i n c r e a s e s  for thc AY6-30 v/o S ic  
whisker composite under the same conditions were 60% and 15rZ%. 

The results sf creep studies co~diicteci in collakmratiora with North Carolina State 
University have shown that, although the fast f r a c t u r e  slrengfh is increased at 1200°C 
and abcrve by whisker  additiorrs, under conditions of law strain rate, the steady state 
creep resistance of t h e  monolith and cmiposits are essentially the same at 1200°C, 
while the cornpasite creeps faster at 1300 degrees C (Figure El). This behavior has been 
atribceted to an increased stability of the intergranular glass phase  of the composite dtle 
to impurities contained i n  the Ai-ca SC9 whiske;s,* which reduces its t e n d e n c y  to crystal- 
lire. Under t h e  conditicins employed in this testing, a four h w I r  anneal at the test ternp- 
erait.!rE! prior tu test initiation, the monolithic AY6 was shown by TEM to contain a muclr 
larger percentage of devitrified glass phase cornpared to .the composite. Hence, initially 
at 1250°C (1520OK) the composite exhibited a h i g h -  creep rate. However, eventually the 
creep curves of t h e  two materials again bt-?catiia': paralkl. TEM analyses of t p t e d  speci- 
mens have indicated that the glass phase of t h e  csrnposile continues to ilevitrify during 
testing. 

Mechanical proper-ty characterization of silicon nitr ibe-based cerarx-iics has also 
addressed the issue af potential rising R-C~JPE behavior fur composites containing SiC 
whiskers. MOP, bars of rnsr-rolilhic AYG and an AV6 C 30 v/o Si@ whisker (Arco SCY) 
composite were inderited with a Siilg!e Vicke r s  indentation. The indentation load was 
varied from 1 to 50 kg arid the test bar s  anilealed in argon at 1200% for one hour to re- 
lieve t h e  residual strain produced by t h e  indentation process. The bars were broken in 
four p i i r r t  loading at a crosshead rate of 0.02 in.irnin. Fracttire toi.rglsi.sss W B S  calculated 
from the strength of irxkrited spscirnens and crack size data, Figure 9 is a plot of log 
MOR VFCSLJS log indentaticbn laad 80th materials show linear &creases in log MOR as  
log load increases. Linear regression analysis sf the data yields slopes of -0.3334 fur 
AV6 and -0.35'12 for the cornpasite. Materiais wRi:;h exhibit 3 f r x tu re  tauyhriess which is 
indepertderit of crack extension have a slope nf -1/3 for this type of plct. Fracture tough- 
~ E S S  of both inaterials is, within t h e  limits af indentatiori cracks produced, independent 
of erack sire. 
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i o r j  Strecs 
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Status of Milestones 
l_.l____ _-..-. _..--..- 

Milestone 132304, Uemonstratbn of Green CATE Yurbii-re Blade, was completed b y  
December 15, 1985. Overall execution of t h e  program is oi i  schedule. 

Pu b I i cat io n s .& 

S.B. Uuljan ar?d I;. Zilberstein presented "Microstructure Development iiI S I C  
Whisker-Reiitiorced Si3N4 Composites" a i  the M R S  Meeting, Boston, MA, 12/3/86 (in 
print). 

S.T. Buljars, J.G. Baldoni, and M.L. H x k a b e e ,  "SisNq-SiC Composites," Ceram. Bull., 
Vol. 66, No. 2, 1987. 
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~ ~ - ~ b ~ . g e r -  Tpg&gnec.l Silical?_ML'ti- ide 

(Garrett  Tirrbi ne Eng i ne Company) 
a r t i n  and W .  Yeh (A iResearch  Casting Company), and J .  Schienle 

The objective o f  this twenty-four mcnth program is to develop th, 0 tech- 
nolngy base for fabricating a ceramic composi tes consisting of silicon carbide 
whiskers dispersed in a dense silicon nitride matrix. T h i s  i s  to be acrom- 
p l i shed  by using slip casting as the gree.? shape forming nethod, and by using 
HIP'ping or sinter/WIP'ping as the  densification method. 
mental approach i s  used throughout the entire program. 

An iterative experi- 

The goal of the program i s  a twa-fold increase in fracture toughness aver 
the  unreinforced silicon nitride matrix [ 92% GTE Sylvania ( G T E )  94-502 Si3N4 -+ 
6% Y?03 + 2% A1203, designated as Code 21 w i thou t  a d q r a d a t . i o n  of other prap- 
er t ies .  AiResearch Cast ing  Company ( A C C )  is responsible f o r  developing the 
f ab r i ca t ion  techniques and providing specimens to Garrett Turbine Engine 
Company (GTEC). GTEC i s  responsible f o r  dstermining the physical and mechan- 
ical properties, including fracture toughness, and for evaluating the micro-  
structure. 
analytical assistance. 

Allied-Signal Engineered Materials Research Centet- (EMRC) provjdes 

Si3N4/SiC Composites (Encapsulated HIP Stud ies )  

Baseline silicon nitride and silicon nitridw'silican carbide wh iske r  
composite formulations (containing IO%, 20%, 30% and 40 weight % ARC0 SC-9 
silicon carbide whiskers) were prepared at ACC.  
ker cleaning and cornposits slip making process i s  shown in  Figure 1. 

A flow diagram for the whis- 

Powder preparation of the s i l i c o n  nitride involved air classification to 
remove large (>40 micron) p a r t i c l e s  before trilling and t o  maintain a narrow 
particle s i z e  distribution after ball milling. Cleaning of the s i l i c o n  car-  
bide whiskers was performed to remove contamination in the whiskers prior to 
incorporation w i t h  the m i l l e d  silicon nitride m a t r i x  ma te r i a l .  The incor- 
poration of silicon carbide whiskers with the matrix powder was accomplished 
by liquid state blendiny/dispersion rather than m i l l i n g ,  which was the method 
used previously. 
whisker aspect  ratio. 

This is to a v o i d  possible whisker damage and reduction i n  

.... . . . . . . . , _ _  . . . . . . . . . . . . . . . . . - ', . , . . . . . .:. . . . . . . . . . . 
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Figure 1. Flow Diagram for Whisker C l e a n i n g  
and Composite SI ip Making Process 
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Nhisker Loading, 74 

10 
20 
30 
40 

Slip preparation involved mixing silicon nitride slip w i t h  a redispersed 
The silicon nitride/silicon carbide slurries silicon carbide whisker slurry. 

were placed on a hgt plate and constantly stirred (using a Lightning mixer) to 
evaporate water and raise the solids content o f  the slip i o  75% solids or to 
t h e  highest possible % solids level while maintaining 5 stable slip rtieologj, 
(The baseline slip did not require evaporation.) Among the prepared slips, 
three slips (baseline, l o % ,  and 20%) had sGlids contents o f  72 to 75 weight %. 
The 30% and 40% composite slips had lower solids content (approximately 
60 weight % ) .  

-.--I___ ~ 

3.23  
3,23 
3.23 
3.20 

A l l  formulations were slip c a s t  i n t o  cylindrical billets 2'2" in diameter 
and 3%" in length. The cylindrical specimens were dried at 120°F f o r  two days 
and placed i n  a 4 0 0 O C  drying cycle f a r  one day. 

Sixteen composite billets (four each of 10, 20, 30, and 40 weight %) and 
foiir baseline billets were fabricated using t he  procedures described above. 
These twenty billets were fabricated i n  two batches. The f i r s t  batch o f  bil- 
lets was encapsulated in niobium for HIP'ping. A HIP run (1750°C in 28-ksi 
argon) containing f a u r  billets, one o f  each whjsker loading, and one baseline 
billet was aborted due to an equipment problem, 
ing the remaining four  composite billets was aborted due to a niob'lum can 
leak, evidently caused by billet outgassing. 
were intact but further processing of these billets has been postporied. 

A subsequent HIP run contain- 

The billets from bath HIP runs 

The densification procedures for the second batch o f  billets was slightly 
modified. A 10QQ°C/2-hr presintering step in 10-psi argon was added to pre- 
vent outgassing during encapsulated HIP'ping. This step was added since TGA 
analysis of green composite after having been air-dried at 400°C indicated 
that vapor is released between 400'C and 700°C. Four o f  t h e  b'rllets, one o f  
each whisker loading, were processed through presintering, encapsulating, and 
leak checking. These billets were subsequently HIP'ped at 1750°C in 28-ksi 
argon for 4 hr. Near-theoretical densities were achieved f o r  all compositions 
(Table 1). Microstructural analysis (SEM and optical) was perfsrmd 3n small 
samples taken from outer portions of the densified billets, Figure 2 shows 
the optical micrographs of the polished sections o f  the composites containing 
the higher three Sic whisker loadings. 

TABLE 1 

WIQ'ped DENSITIES OF Si3Kq/SiC COMPOSITES 
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Green Density, 
gm/cc 

2.02 

1.91 

1.42 

1.40 

Peak Temperature,OC 
Atmosphere* 
Hold Time 

The results indicated that all microstructures were good and contained 
uniformly-dispersed whiskers with high aspect ratio characteristics. Based on 
the microstructures, the 20, 30, and 40% Sicw composites all have high poten- 
tial for property improvement. Therefore, the optimum whisker loading will be 
selected based solely on mechanical property data which will be generated 
during the next reporting period. Additionally, all remaining composite 
billets (one each at 10, 20, 30, and 40% Sicw loadings) will be processed 
through densification prior to selection of the optimum whisker loading. 

Si,N,/SiC Composites (Unencapsulated Sinter-HIP Studies) 

~ ~~~ ~ ~~~ 

Sintered Density, 
gm/cc 

2.30 2.12 2.31 -- 
2.06 2.26 2.18 -- 2.22 

1.52 1.64 1.51 1.83 1.78 

1.54 1.81 -- 1.52 

1750 1850 1800 1850 1900 
Nitrogen Argon Argon Argon Nitrogen 
4 hr 2 hr 3 hr 2 hr 20 min 

-- 

-- 

Several composite samples for sinter-HIP studies were co-processed at ACC 
with the billets fabricated for HIP'ping studies, as described in the previous 
section. 
Si3Nq/SiC composites (10, 20, 30, and 40 weight % ARC0 SC-9). 
parameters and results are summarized in Table 2. 

Five sinter-HIP runs were experimented to densify unencapsulated 
The sinter-HIP 

TABLE 2 

SUMMARY OF ACC SINTER-HIP RUNS FOR Si3Nq/SiC COMPOSITES 

Composition 

10 wt % Sic 

20 wt % Sic 

30 wt % Sic 

40 wt % Sic 

Sinter-HIP \ 
Parameters 1 

*All runs were with 1500 psi pressure at peak temperature except the 1900°C 
run (200 psi). 

For all runs, the composite sample did not' exhibit any significant densifica- 
tion. 

Additional sinter-HIP runs were performed at EMRC at 5000-psi pressure. 
The sinter-HIP parameters and results are shown in Table 3. 
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Composition 

10 wt % Sic 
20 wt % Sic 
30 wt % Sic 
40 wt % Sic 

TABLE 3 

Green Density, Sintered Density, 
gm/cc gm/cc 

2.02 2.17 2.26 
1.91 2.07 2.09 
1.42 1.41 1.44 
1.40 1.48 1.55 

SUMMARY OF EMRC SINTER-HIP RUNS FOR 
Si3N4/SiC COMPOSITES 

Peak Temperature,oC 
Atmosphere* 
Hold Time 

Sinter-HIP 
Parameters 

1800 1800 
Nitrogen Argon 
4 hr 4 hr 

*All runs were with 5000 psi. 

These results were in agreement with the sinter-HIP results from 1500 psi-runs 
at ACC. No significant densification was observed. 

Sintered Reaction Bonded Silicon Nitride (SRBSN) Composites 

Compositions containing O%, lo%, and 20% silicon carbide whiskers in the 
A1203 and A1203-free formulations were slip cast, dried, and nitrided, Addi- 
tional composite samples previously made in the A1203 and A1203-free forrnula- 
tions, which contained 15% ARCO whiskers, were sinter-HIP'ped in both nitrogen 
and argon. 
Only the baseline Code 7 material densified to near-theoretical density in 
both sinter-HIP runs. The Code 7 composite densified in argon but not in 
nitrogen. All 
specimens exh-ibitedeight loss during sinter-HIP'ping (both runs). Micro- 
structural analyses were conducted on specimens from the 1500-psi nitrogen 
sinter-HIP run. The results are noted in the COMPOSITE ANALYSIS section. All 
the results indicated that the A1203-free SRBSN composites cannot be fabri- 
cated into dense composites. 

The sinter-HIP parameters and results are summarized in Table 4. 

The Code 9 c o r n p o r n i d  not densify in argon or nitrogen. 

Composite Analysis 

Microstructure o f  Si,N, Matrix Composite HIP'ped at 18OOOC 

The microstructure of an ARCO SC-9 whisker-reinforced Code 2 Si3Nq matrix 
composite was characterized by scanning transmission electron microscopy 
(STEM) at the Allied Signal Engineered Materials Research Laboratory. This 
composite was fabricated and tested for strength and toughness during the pre- 
vious semiannual reporting period. This composite was slip cast, presintered 
(1400°C in 10-psi nitrogen for 1 hr), encapsulated in niobium, then HIP'ped to 
full density (1800°C in 28-ksi nitrogen for 4 hr). A summary of the compos- 
ite's properties is shown in Table 5. 
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TABLE 4 

SUMMARY OF SI NTER-H I P DATA FOR SRGSN CQMPOS I TES 

Composi t i on 

Code 7 

Code 7 

Code 7 
Code 7 
Cad@ 7 
Code 7 
Code 7 

Code 9 
Code 9 

Code 9 

Code 9 

6Qde 9 

_I_ ....̂.I- 

_ll_l_ - 
Reinforcement 

1__-.- 

--- 
L-- 

...-- 

15 w t  % ARC0 
15 wt % ARCO 
15 w t  % ARCO 

15 wt % A R C O  

15 w t  % ARCO 
15 w t  % ARCO 
15 w t  % ARC0 
15 w t  % ARCO 
15 w t  % ARCO 

Sin ter-MI P 
Parameters 

N i  trided Densit;y, 
gm/cc 

2.69 
2.69 
2.69 
2.45 
2.45 
2.45 
2.45 
2.33 
2.33 
2-33 
2.33 
2.33 

Peak Temperature,oC 

Atmosphere 

Wold Time 

____ 
Sinter-HIP'ped 
Density, 

(gm/cc 1 
-- 
3.28 
-- 
-- 
-- 

2.60 
2.56 
-- 

2.29 
--  

2.33 
2.30 

1800 

1500 psi 
Nitrogen 
4 hr 

-..__I__ 

3.25 

3.25 
3.21 
3,21 

2.75 

2 .41  

- -  
II 

1800 

1500 psi 
Argon 

2 hr 

*Code 7 contains 6 w t  % Y2Q3 and 2 w t  % A1203 sintering aids. 
Code 9 contains 6 w t  % Y2O3 sintering aid (no  AlzO3). 

TABLE 5 

PROPERTIES OF 20 WEIGHT % Sic COMPOSITE HIP'ped AT 1800°C AND 28 KSI FOR 4 HR 

*4 p t  flexural, 1,5" outer span, 0.75" inner span, 
1/8" x 1/4" cross section 

'k*Chevron Notch bend test w i t h  1/4" x 1 / 4 "  cross section 
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A general view of the composite microstructure is shown in Figure 3. 
The 

The 
STEM results indicate that this composite has a fine-grained matrix. 
average grain size is 0.57 microns. Most grains are equiaxed, but some are 
elongated. 
indicate that the composite's improved toughness (20% greater than 5.37 ksi 

ment rather than to an acicular grained microstructure of the Si3Nq matrix. 
It is interesting to note that this material (2oX SiCw/80% Si3Nq matrix) 
exhibited a significant improvement over the monolithic in both strength and 
toughness, while other investigators observed a decrease in strength and only 
a slight improvement in toughness in a hot-pressed Si3N4 matrix composite con- 
taining the same amount of Sic whisker (20%). 

All grains were fully converted to the beta-phase. These results 

for monolithic Code 2 Si3Nq) is attributed to the Sic whisker reinforce- 

The results of the grain boundary and grain boundary pocket STEM analyses 
suggested that the secondary phases present after presintering reacted during 
HIP'ping to produce a homogeneous second phase. 
are amorphous and have a composition of 13.7 k2.4 at.% Al, 67.8 22.8 at.% Si, 
and 18.5 kl . l  at.% Y (Figure 4 ) .  The composition of the grain boundaries was 
similar (14 at.% A1 and 15 at.% Y) and seemed to be independent of whether a 
grain boundary separated two Si N4 grains or a Si3Nq grain and a Sic whisker. 

thickness, compared to 1 to 2 nm for grain boundaries between Si3Nq grains 
(Figure 5). 

The grain boundary pockets 

However, the film separating Si i! whiskers from Si3Nq grains was 5 to 10 nm in 

0.5 1-11 

Figure 3. General View of 20% ARC0 SC-9 
Whisker-Reinforced Si3Nq Composite 

'Buljan, S. T., Baldone, J. G., and Huckabee, M. L., "Si3Nq-SiC Composites,'' 
Am. Ceram. SOC. Bull., 66 [2] 347-352 (1987). 
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Figure 4. Non-Crystal1 ine Grain Pockets as Demonstrated 
by Tilting the Sample for 20% ARC0 SC-9 Sic 
Whisker-Reinforced S i  1 icon Nitride 

rigure 5. Grain Boundaries Between Sic Whiskers and Si3N4 
Grains are 5 to 19 nm Thick Compared to 1 to 
2 nm for Those Between Si3N4 Grains 
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Density, Strength, 
Mater i a1 gm/cc ksi (MPa) 

20% ARCO SC-S/Si3N4 3.23 69.8 (481) 

30% Tateho SCW #1/Si3N4 3.23 51.4 (354) 

20% Tateho SCW #l-S/Si3N4 3.23 54.6 (377) 

The ARCO SC-9 whisker-toughened Si3N4 composite exhibited a slight degree 
of whisker degradation, 
stalline regions. 
which appear to be ARCO whiskers that have undergone a preliminary stage of 
degradation, are present, Based on this observation, the temperature for sub- 
sequent HIP runs for the program was reduced from 1800°C to 1750°C in order to 
reduce whisker degradation and to further improve the composite properties. 

Throughout the composite were micron-sized microcry- 
In some of these regions very fine striated structures, 

ksi pn;iP"i m) 

5.45 (6.00) 

4.34 (4.77) 

4.15 (4.57) 

Strength, Toughness, and Microstructure o f  Si,N, Matrix Composites HIP'ped 
at 175OOC 

The strength and toughness of three Sic whisker-reinforced matrix compo- 
sites fabricated during the previous reporting period were characterized at 
GTEC. All three composites had Code 2 matrices. One was reinforced with 
20 wt.% ARCO SC-9; one was reinforced with 30 wt.% Tateho SCW #l; and one was 
reinforced with 20 wt.% Tateho SCW #l-S. All were slip cast, then presintered 
(1200°C in 10-psi nitrogen for 1 hr), encapsulated in niobium, then HIP'ped to 
full density (175OOC in 28-ksi nitrogen for 4 hr). The strength was measured 
using four-point bending with outer and inner spans of 1.5 in. and 0.75 in., 
respectively. The test bars were nominally 2 in. long and 0.250 by 0.125 in. 
in cross section. The fracture toughness was measured using Chevron Notched 
bend bars which were nominally 2 in. long and 0.250 by 0.250 in. in cross 
section. The results are shown in Table 6. 

TABLE 6 

PROPERTIES OF SiC-Si3N4 COMPOSITES* HIP'ped AT 1750°C 

All three composite materials exhibited poor strength and no improvement 
in fracture toughness. Fractography results indicated that the poor mechan- 
ical properties were attributed to large, dark inclusions. SEM micrographs of 
typical failure origins in the ARCO composite are illustrated in Figures 6 and 
7. Figure 6 shows an origin in the ARCO composite which is high in iron, 
chrome, and nickel (possibly contamination from a stainless steel). Figure 7 
shows an origin high in yttrium (from the Y2O3 sintering additive) which a l s o  
has a small amount o f  iron present. 

SEM analysis of the ARCO fracture surfaces suggested that the Sic whis- 
kers were not severely degraded during HIP'ping (1750°C for 4 hr at 28 k s i ) .  
Figure 8 shows some Sic whiskers typical of those observed on the fracture 
surf aces. 
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Figure 6. Failure Origins in the ARCO Whisker Composite 
Were Predominantly High in Iron, Chrome, and Nickel. 

Figure 7. The ARCO Whiskers Composite A l s o  Exhibited 
Some Failure Origins Which Were High in  Yttria. 
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Figure 8. The ARC0 Whiskers Observed on 
the Composites Fracture Surfaces 
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- 

Metallography was performed on the ARC0 whisker composite to determine 
The primary emphasis of this analysis was to the composite microstructure. 

identify the whisker distribution and orientation characteristics. 
structures typical of the top, middle, and bottom of billets are shown in Fig- 
ures 9, 10, and 11, respectively. The results suggest that the whiskers were 
relatively well dispersed, although there appears to be some degree of Si3N4 
agglomeration. No whisker settling effects were observed (top, middle, and 
bottom of billet contain the same concentration of Sic whisker). 
inclusions, which were responsible for the poor mechanical properties dis- 
cussed earlier, also appeared to be randomly dispersed. 
orientation was observed in this composite. 

Micro- 

The metallic 

No preferred whisker 

Figure 9, Micrograph from Top Section o f  
Cy1 indrical Composite Bi 1 let 

Sinter Reaction Bonded Si aN,, (SRBSN) Composites 

The microstructures of Code 7 and Code 9 unencapsulated sintered-HIP'ped 
SRBSN composites were characterized. Emphasis was placed on determining the 
effect of sinter/HIP'ping (1750OC in 1500-psi nitrogen for 4 hr) on the SIC 
whiskers. These composites exhibited almost no densification during sinter/ 
HIP'ping (Table 7) relative to co-processed monolithic Code 7, which reached 
near-theoretical density. 
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Figure 10. Micrograph from Middle Section 
o f  Cy1 indrical Composite Bi 1 let 

Figure 11. Macrograph from Bottom Section 
o f  Cy1 indrical Composite Bi 1 let 
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Matrix" 

Code 7 

TABLE 7 

Nitrided Density, HIP'ped Density, Percent 
Reinforcement gm/cc gm/cc Increase 

15% ARC0 2.54 2.67 5.1 

SINTER/HIP RESULTS FOR SRBSN COMPOSITES 

*Code 7 contains 6 wt % Y2O3 and 2 wt % A1203 sintering aids. 
Code 9 contains 6 wt % Y2O3 sintering aid. 

Preliminary SEM analysis of fracture surfaces provided no evidence of  the 
presence of Sic whiskers in any of the composites. 
Sic whisker reacted during sinter/HIP'ping since the whiskers were present 
after nitridation (Figure 12). 
ther using metallography. 
the preliminary SEM results. 
with no detectable whisker. 
tures are most likely the iron catalyst for nitriding the silicon during the 
reaction bonding process. 
tures while the Code 9 matrix composite had a mottled appearance. 

The results suggest the 

These composite specimens were analyzed fur- 

The microstructures are all porous Si3N4 bodies 
The bright specks seen in all of the microstruc- 

The results, shown in Figures 13 and 14, agree with 

The Code 7 composites exhibited uniform microstruc- 

X-ray diffraction (XRD)  was performed on the SRBSN composites to deter- 
mine whether a S i c  phase was still present in the system. No evidence of Sic 
was observed. The major phase present was beta Si3N4 and the minor phase was 
YzSi3N403 (yttrium silicon nitrate). Surprisingly, the peaks for this minor 
phase were quite strong and possibly suggested that 10 to 20 mole percent was 
present . 

The conclusion based on these results is that the Sic whiskers in these 
SRBSN-based composites did react during the sinter/HIP process to form another 
phase, possibly beta Si3N4 and/or YzSi3Nq03. 
powder-based composites, which were densified using encapsulated HIP'ping, 
still contained Sic whiskers. The differences in the whisker stability may be 
attributed to (a) protection of the whiskers by the encapsulant used for the 
Si 3Nq powder-based compos i tes , and/or (b) reaction i nduced by the presence o f  
iron in the SRBSN-based composites (iron i s  used as a nitriding catalyst for 
reaction bonding). Efforts involving unencapsulated sinter/HIP'ping o f  Si3N4 
powder-based composites, will provide additional information as to the cause 
of whisker degradation, since the nitriding catalyst (iron) will not be 
present . 

In contrast, earlier Si3Nq 



Figure 12. ARC0 Whiskers Were Present i n  the Code 7 
Mat r ix  A f t e r  N i t r i d a t i o n  (Reaction Bonding). 



Figure 13. No S i c  Whiskers Were Detected i n  the 15% ARC0 - Code 7 Composite. 
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Whisker A n a l y s i s *  

New batches of Sic whiskers (Tateho SCW #S-105, ARCO, Tokai Tokawhisker, 
and Versar VCl) were characterized by emission spectrography, LECO carbon 
analysis, X-ray photoelectron spectrography (XPS), and scanning transmission 
electron microscopy (STEM). In addition, analysis of Huber whiskers (two 
batches) was initiated. 

Emission analysis results are shown in Table 8. 

TABLE 8 

EMISSION ANALYSIS OF Sic WHISKERS 

El emen t 

Fe 

N i  

Ca 

Mg 

Mn 

Cr 

cu 

Ti 

Na 

co 

A 1  

Zr 

Tateho 

0.053 

0.007 

0.054 

0.005 

0.011 

<O. 003 

0.012 

0.054 

<o. 1 
--- 

0.098 

--- 

(Weight Percent) 

ARCO 

0.014 

<o ,002 
0.11 

0.017 

0.044 

--- 

<0.001 

--- 

<o. 1 

--- 

0.066 

--- 

Tokawhisker 

0.024 

0.003 

~0.04 

<0.001 

<o. 001 
--- 

<o. 001 
0.082 

<o. 1 

0.017 

0.002 

--- 

Versar 

0.047 

0.003 

0.13 

0.018 

0.020 

0.015 

0.040 

co.1 

0.070 

0.011 

- - -  indicates that the test yielded no trace. Tests were made for V ,  Sn, Zn, 
Pb, Mo, Sr, Ba, and B y  but none o f  these was detected in any o f  the whiskers. 

<X indicates trace amount below detection limit o f  X wt.%. 

*Conducted at EMRC 
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34.4 (282.4) 
9.7 (283.7) 

33.6 (100.5) 

The bulk chemistry of each of the new Tateho, ARCO, and Tokai whiskers is 
similar to the bulk chemistry of the earlier whiskers of the respective manu- 
facturer. In each case, the impurity content is lower than the earlier ver- 
sion(s), particularly for the Tokai whiskers. 
Tokamax whiskers was the very high bulk cobalt content which probably led to 
matrix degradation and explosive nitrogen release. 
drastically reduced in the new Tokawhiskers, although the appearance of cobalt 
species in the STEM analysis is still cause for some concern. The bulk impur- 
ity content of the Versar VC1 whiskers does not appear to be very different 
from those of the other whiskers. 

One major drawback for the 

The cobalt level has been 

28.9 (282.4) 28.1 (282.4) 
14 .6  (284.1) 19.7 (284.2) 
29.0 (100.4) 27.3 (100.4) 

The XPS surface chemistry analysis results are shown in Tables 9 through 

This represents dramatic surface chemistry 
12. Clearly, the surface chemistries of all the whiskers all appear to be 
converging toward a common point. 
changes for both ARCO and Tokai. Since the old Tateho whiskers did not slip 
cast as well as the ARCO SC-9 whiskers, these changes may imply significant 
problems for slip-casting any of the new whiskers. Such difficulties would 
require a modification of the process or application of an appropriate coat- 
ing. The new Tateho, ARCO, and Tokai whiskers all have low surface impurity 
content, reducing the chance of degradation during processing. Combining the 
results of the carbon analysis with those of the XPS analysis for the Versar 
whiskers, it appears likely that they contain a great deal of SiO2. The Huber 
whiskers have significant amounts of surface impurities. In particular, the 
presence of Fe species is very disturbing. These impurities should be elimi- 
nated before the Huber whiskers are considered for use in the silicon nitride 
matrices. 

8.2 (101.7) 
1.0 (529.3)  

13.1 (531.4) 

TABLE 9 

XPS SURFACE CHEMISTRY FOR TATEHO WHISKERS 

8.5 (101.8) 8.5 (101.6) 
---- ---- 
17.4 (531.5) 15.0 (531.6) 

Species 

C peak 1 
peak 2 

Si peak 1 

peak 2 
0 peak 1 

peak 2 

Atomic Percent (Binding Energy in eV) I 
SCW #1-S-105 I SCW #1-S 1 SCW #1 1 



6 3  

S i  peak 1 

peak 2 

TABLE 10 

XPS SURFACE CHEMISTRY FOR ARC0 WHISKERS 

34.2 (100.4) 21.4 (108.5) 

8.1 (301.7) 14.7 (103.0) 

S ~ e c  i es 

C peak 1 

peak 2 

peak 3 

S i  peak 1 

peak 2 

0 peak 1 

peak 2 

A t o m i c  Percent (Binding Energy i n  eV) 
..... -_.. .-_--..__I_ ^_ 

324-7 ------I- sc-9 

34.4 (282.4) 

6.1 (284.0) 

16,8 (252.4) 

12.8 ( 2 8 3 3 )  

2 . 7  (286.0) 

35.2 (190.4) 

6.2 (101.9) 

1.3 (529.9) 

14.2 (531.8) 

.. .... _II_.̂ . I-._ --___ll.___-~ ___. ........ 

19.3 (100.3) 

15.3 (102.2) 
........... ..._I- l__.._l 

35.0 (531.5) 
-. ll_---.._m̂ ll-_l_...__I _I. _-^___ 

TABLE 11 

XPS SURFACE CHEMISTRY FOR I ’OKAI WHISKERS 

. ....... ..... ~~ -_ ___ _L__. .........I_ ...... 

Atomic Percent (Binding Energy i n  eV) 

33.7 ( 5 3 2 . 2 )  1 I 12.1 ( 5 3 1 . 4 )  I 0 peak 1 
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TABLE 12 

XPS SURFACE CHEMISTRY FOR VERSAR AND HUBER WHISKERS 

I Atomic Percent (Binding Energy in eV) I 

The STEM morphology studies yielded mixed results. 
(Figure 15) were more consistent and exhibited fewer marphalogical defects 
than all others, although these whiskers were slightly inferior t o  the SC-9  
whiskers examined earlier primarily due to the presence o f  mare debris. The 
morphology o f  the Versar V C 1  (Figure 16) was quite good. Tateho (Figure 17) 
has improved their morphology significantly, although debris and hollow whis- 
kers are still problems. The Takai Tokawhiskers (Figure 18) exhibited the 
greatest morphological variations; the twisted morphology will probably cause 
problems during processing (e.g., clumping) and may lead to lower strengths. 
The Hirber whiskers (Figure 19) appear to be significantly finer than the o t h e r  
whiskers examined. 
cessing (i.ee, difficulty in packing and/or whisker breakage), and i t  may also 
have an effect upon the mechanical properties, 

The ARC0 whiskers 

T h i s  can be expected to cause some problems during pro- 
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Figure 15. Variety of Morphologies for ARC0 Sic Whiskers 

Figure 16. General Morphology of Versar VC1 Sic Whiskers 
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I" 

Figure 17. General Morphology o f  Tateho SCW #l-S, 
Lot T4-4 Sic Whiskers 

c 

Figure 18. General Microstructure o f  Tokawhisker Sic Whiskers 
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Figure 19. Fine Morphology o f  Huber S i c  Whiskers 

S t a t u s  of  Milestones 

Milestones 3 and 4 were completed during this reporting period. 
Milestone 5 is 90% completed. 
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Development of Toughened Si,N, Composites by Glass  Encapsulated Hot 
I sos ta t i c  Pressure 

Normand D. Corbin and Craig A. Willkens (Norton Company) 

O b j  ective/scope 

matrix Sic whisker composites which show enhanced proper- 
ties over monolithic Si,N, materials. Composites will 
be prepared by an RBSN approach followed by high pressure 
HIPing. The emphasis of this study is on utilizing the ASEA 
HIP process which has the potential for producing near-net 
shaped complex geometries. 

mine the role of whisker aspect ratio, coatings on 
whiskers, nitridation environments and HIP parameters on 
composite properties. 

Technical progress 

This one-year effort is to develop fully dense Si3N4 

In addition, evaluations will be conducted to deter- 

1.0 Evaluation Procedures 

Microstructure evaluation - Powder and whisker 
morphology was observed using standard SEM techniques. 
Silicon powder size distributions were determined by a 
sedimentation technique. Surface areas were determined by a 
standard BET nitrogen adsorption method. 

examination by polishing to a 1.0 micron diamond finish. 
Cross-sections and ground exterior surfaces were examined. 
These surfaces were used for microstructural evaluations 
and indentation fracture toughness measurements. 

TEM specimens were prepared by slicing bulk samples 
with a low speed diamond saw to a thickness of -0.5mm. 
slices were ground to 125ym thickness using 20ym diamond 
disks. Three millimeter diameter disks were cut from the 
slices with an ultrasonic disk cutter. The specimens were 
then dimple ground with 3.Oym diamond paste to a thickness 
of -1.5pm in the center of the specimen. The samples were 
ion milled with Argon gas at 6 kev and a 15' tilt. The 
samples were analyzed using a JEOL 200CX. 

Composition Evaluations - Surface composition of 
powders and whiskers were evaluated using Scanning Auger 
Microanalysis ( S A M )  and Electron Spectroscopy for Chemical 
Analysis (ESCA or XPS) .  Analysis by SAM was conducted on 
whiskers to determine near surface composition as a func- 
tion of depth to -100-2001. Samples were coated with a 

Composite samples were prepared for metallographic 

The 
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thin goid coating to alleviate sample charging, Depth pro- 
files w e r e .  determined using an argon ion gun w i t h  succes- 
sive analysis taken after every 30 seconds of sput ter i r ig  
for up to 8.0 rni.n. The gold, carhon, silicon, oxygen, 
nitrogen and boron concentrations were monitored as a func- 
t i o n  of sputtering time. The depth of penetration depends 
on the sputtering rate of the species analyzed. For pure 

carban and S i p ,  the sputtering rates used are 2C)i/min. 

and 50i,/rnin. respectively.  he atomic concentrations 
were determined by normalizing peak heights with their res- 
pective sensitivity factors f o r  a primary beam of 10 K e v .  
Beam diameter was approximately - 3  micron. 

Analysis by X P 5  w a s  conducted to determine the b i n d i n g  
energies of the surface constituents. In many instances 
these energies can be related to chemical species (ex, 
oxide, nitride, carbide) through the use of reference data. 
Semiquantitative chemical analysf-s of the surface ( - 2 0 i  
depth) was obtained by utili.zj.ncy integrated peak heights 
and appropriate sensitivity factors for the elements under 
evaluation. For ESCA,  analysis is taken from a re la t i .ve ly  
large area of the sample (-2mm x 2mm) e 

a combustion technique. Phase analysis was conducted by 
standard x-ray powder diffraction methods using eu K, 
radiation. Bulk chemical impurities were determined by semi- 
quantitative emission spectroscopy. 

Property Evaluations - Composite strengths w e r e  
determined by 4-pt. flexural testing per t h e  recommended 
U . S .  Army Standard'. We use the 3mnx4mm specimen size 
with chamfered edges and a 320 g r i t  surface finish. The 
high temperature fixtures have ana upper span of 2 O ~ r i r n  and a 
lower of 40mm (room t e m p ,  spans are l .9. lm.m: 3 8  = Lmm respec- 
tively). Samples are allowed to equilibrate 10 m i n .  prior 

Bulk oxygen and nitrogen analyses were conducted using 

_.__...._._._....I..___ __ 

at high temperature. 
Two fracture toughness measurement techniques are 

being utilized. ~n indentation rnat~lsr~' i.s used for 
qualitative K,, deterrnhations on small spec.hens 
Five 10 kg Vickers indents are iiISerted with the resulting 
crack lengths measured at 400X. Hardness values taken from 
the 10 kg indent are used to cali-,ul.ate the respective Kit. 
A controlled flaw method3 is use<, f o r  semi.quantitatj.ve 
K,, evaluations on Larger quantities o f  materials- 
For this method we use f l exura l  spec imens  and fixtures per  
the U. s e ~ r m y  flexural test stamlard'. Vickers indenta- 
tions between 10 and 40 kg are used. f o r  inserting t h e  con- 
trolled flaw. Three specimens art; evaluated and averaged 
f o r  K I c 0  

High temperature stress rupture is conducted in air 
with the s a m e  bend bar sizes and fixture spans as used for 
high temperature fast fracture. The testing conditions are 
similar to that described by Quinn.4p5 
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Fig- 1 TATEHO Whiskers w i t h  SiC/BN Coating 

TABLE 2 

WHISKER COATING EFFECTS ON HARDNESS’, AND DENSITY 

Whisker Coating3 Specimen %C H Density 
Code Silicons MPaa GPa g/cc 

Unreinforced (16#14) NO 3.05.1 13.921.5 3.10 

Uncoated (15#13) NO 2.9k.1 17.0k.7 3.16 

Si3N4 over BN4 (12#13) NO 3.1k.l 13.2i1.1 3-04 

S i , N 4  over C (14#13) TR 2.9k.3 16.8k.7 3.09 

- 2.74 

sic over C (13Wb13) NO 2.6k.3 16.8k.5 3.15 

Sic over BN (58#20) NO 3.92.2 14.0k.1 3.19 

sic over c ( U t 1 3  1 - - 

1) I$, by indentation at 10 kg, Anstis method. 
2) Hardness at 10 kg with Vickers indent. 
3) Coatings on Tateho SCW#1 whisker, rec. 12/85. 
4) These were the coatings ordered, what was actually obtained is 

5) 

* ** 

discussed in the text. 
From optical microscopy NO = None Observed, TR = Trace Observed 
(a%) * 
20 v/o whisker loading (except 13W#13 which had a lower % ) .  
3vm jet miJled silicon used except for 58820. 
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Our future plans are to work closely with the coating 
vendor, to optimize coating composition and morphology for 
increasing the toughness of our materials. Further studies 
to minimize coating deterioration during processing will 
also be investigated. 

from Huber and American Matrix have successfully been incor- 
porated into dense Si,N, matrices and are currently 
being evaluated. Fig. 2 compares the resulting micro- 
structures. 

Volume Fraction - Most of the studies to date 
were made using a constant whisker loading level of 20 v/o. 
Full densification was achieved for all systems studied. 
Samples have been made with 30 v/o whisker loading, and 
full densification was again achieved. Properties will be 
measured in the near future. 

Aspect Ratio - Thicker Sic whiskers, available 

3.0 Green Body 

Forming - A detailed evaluation of starting 
materials has been conducted with particular emphasis on 
the surface chemistry and surface charges of the starting 
components. Table 3 lists the basic analytical data on the 
whisker product primarily being utilized in our program. 
The bulk oxygen content of these whiskers is quite low and 
is primarily concentrated at the whisker surface (per 
ESCA). The discrepancy between the ESCA and Auger surface 
oxygen contents is unexplained. One possibility may be the 
desorption of adsorbed oxygen containing species during the 
Auger analysis as a result of electron beam heating. ESCA 
analysis uses x-ray excitation of the electrons which is 
less prone to cause sample heating. ESCA binding energy 
data for the carbon 1s peak and the silicon 2P peak shows 
the surface carbon is bonded to both silicon (Sic) and 
carbon (graphite?) while the silicon is primarily bonded to 
carbon (Sic) with very little bonded to oxygen (SiO,). 
Noting the high concentration of oxygen detected on the 
surface ( 2 4  A/O), it appears much of the oxygen is bonded 
to other chemical species. An evaluation of the oxygen 
binding energy was not successful in determining other 
oxygen bonded species. 

The Auger depth profile into a whisker surface is 
shown in Fig. 3 .  A carbon rich surface is apparent which is 
not fully removed until sputtered for 5 min. at which point 
stoichiometric Sic is obtained. 

Surface Chemical Analysis by ESCA of the silicon 
powders used to date reveal that a significant amount of 
surface oxygen is associated with these materials ( 4 4 - 5 3  
A/O). High resolution bonding energy scans show that Si-0 
bonding, typical of SiO,, are present on all surfaces. 
The carbon content of the Kemanord powder is higher (-20 
A/O vs.  8 A/O) than Elkem. The carbon (1s) peak shows 
carbon is primarily C-C or C-H bonded. 
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TABLE 3 
TATEHO WHISKER+ CHARACTERIZATION 

BULK CHEMICAL ANALYSIS a BULK CHEMICAL ANALYSLS~ ( % )  

Sulfur 27 PPM ZR . 0 0 2  

Nitrogen 0.9 ..02% CA .075 

Free Carbon 0.38% AL .132 

Oxygen 0.4+.02% NA .003 

FE .050 
MG .014 
MN .006 
Ti .004 
Cr .014 
cu .003 
Ni ,003 
K .009 

Morphology (d, e) 
Smooth Surfaces - 0.5pm thick whiskers 
density = 2.95 g/cc 

Phase Analysis' 

Major P-Sic (PDF #29-1129) 
Minor a-sic (PDF #29-1130) 

Surface Chemical Analvsis 

( Oxygen 24.0 atomic % ( Oxygen 7 atomic % 

( Carbon 49.1 atomic % ( Carbon 68 atomic % 
ESCA ( Silicon 26.8 atomic % AUGER ( Silicon 25 atomic % 

(+) SCW#l-S 105, T4-4 Type, Lot #S-178 
(a) Leco Analysis 
(b) Emission Spectroscopy 
(c) X-ray diffraction 
(d) SEM 
(e) Helium pycnometer 

- 
- 
- 
- 

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

FIGURE 3 
Auger Depth Profile Analysis 

of Tateho T44 Whiskers 
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Powder pracessing teckni.ques were incorporated khat 
allow far good microstructural uniformity and uni.form 
sahi.sker distribution ( ~ i g ~  2-middle) e Tiles ( 3 ~ ? ~ 3 ~ ~ x ~ 3 / 8 ~ $ )  
are formed by wet bag, cold  isostatic pressing, 

ated (Table 4 ) ,  processed by jet m i l l i n g ,  wet mil.l.ing and 
dry m i l l i n g .  T h e  packing density of the unrsinforced 
s i l i c o n  foblowed expected trends, wi th  the dry mi.1.led 
having the highest  isapresscd ( 4 5  ksi) green d e n s i t y  due to 
a broader s i z e  d i s t r i b u t i o n .  The isapressed green d e n s i t y  
af the r e i n f o r c e d  (20 V/Q Sic-w as-received) si]. i con  powder 
mix tu res  showed no variation i n  packing density. T h e  
whiskers control the packing d e n s i t y .  

scale m j c r a s t r u c t u r e   he coarse jet mil-l-ed s i l i c o n  causes 
large ( 5 - 1 0 p m l  matrix regions to be presen t  in t he  final 
product. rrhese matrix rich reg ions  are directly related to 

Three s i l i c o n  particle size distributions were eva2.u- 

~hclp, w e t  rnil-led silicon p r e c u r x ~ r  results in t h e  finest 

the cai.drsest f ra&ion  of the StartillCJ Si l iCcPTl  pOWdr?r. 

...... .......... ...... I.......____I__ __ _ __ .- ............. ___ _l__l 

'2'3 Jet: m i l l e d  
(2030)  dsa= 3 m  1.43 1.38 1.07 0.68 E4 a.1 Y2S105 



Severe wh.i.sker damage occurred when isopressing 
whiskers and coarse (3ym) jet millped s i . l i c o n  above 3 0  ksi. 
T h e  d ry  mi l led  powder had less whisker damage. A p p a r e n t l y ,  
t h e  coarse p a r t i c l e s  ac t ed  a s  €ulcrums dur ing  i s ~ p ~ : e ~ s i ~ i g ,  
cailsing the whiskers t o  undergo bending s t r a i n  until t h e y  
f a i l e d  dur ing  high p res su re  CIP. The whisker damage which 
occurs  dur ing  CIP is n o t  r e a d i l y  appa ren t  i n  t h e  MXPed 
rnierost.ructure. T h i s  could e i t h e r  mean a d d i t i o n a l  damage 
occurs  dur ing  HIP which masks e a r l i e r  damage or, inore 
l i k e l y ,  damage is no t  apparent due to the random o r i e n -  
t a t i o n  of t h e  whiskers i n  our  esmpositcs. 

Understanding t h e  d i s p e r s i o n  behavior  oE t h e  whiskers 
i n  d i s t i l l e d  water as  a func t ion  of pB is u s e f u l  f o r  o p t i -  
mizing process ing  procedures and also gi-ves an  i n d i c a t i o n  
of whisker s u r f a c e  chemistry. The acaustmphoretic mabil. ity 
of t w o  grades of Tateho w h i - s k e r s  w a s  determined a s  a Eunc- 
t i o n  of pM. Acous tsphore t ic  mob i l i t y  can he d i r e c t l y  
related t o  e l e c t r o p h o r e t i c  mobi l i ty .  Empir ica l ly ,  G r a d e  T44 
w a s  found t o  di .sperse b e t t e r  t han  a standard SCW#1 grade.  
T h e  I E P  (isoelectric p o i n t )  w a s  cans is ,kentZy l o w e r  i n  p H  
fcjr T44 (Fig.  4 ) .  T h i s  was be l ieved  to be r e l a t e d  to sur-- 
f a c e  S i O , .  As mentioned ear l ie r ,  ESCA data shows a l o t  of 
s u r f a c e  oxygen on t h i s  m a t e r i a l  b u t  very l i t t l e  bonded a s  
SiQ,. A t  low PIP the surface charge ( F i g -  4 )  w a s  shown t o  
be r e l a t i v e l y  high, i n  f a c t ,  h ighe r  t h a n  f o r  t h e  d i s p e r s e d  
cond i t ion ,  b u t  oppos i t e  in charge. 'The high s u r f a c e  charye 
p r e s e n t  a t  low p H  does n o t  agree  with t h e  f l o c c u l a t e d  dis--  
pe r s ion  obtained empi r i ca l ly  under these conditi .ons.  

..-.it Yi , 1 2  1 

F i g u r e  4 - Acoustophoretic Mobility of Tateho T44 Sic IWiiskcrs, 
Acid-Base Titration 
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Skuhmann7 has m~deled nonhafmgeng i t i e~  a, surface and 

tion for t h i s  case of Sic whi.skeis may be t h a t  discrete 
SiO, reg ions  on the  surface are a c t i n g  as surface ~ I I I I O ~ ~ ~ O -  

m i n e d  by .th.e predom i.nan.t backgr-ournd su r face  (e s g . s ic) . 
These S i O ,  s i t e s  a2 lox pH having zero mobili$y/charge 
could flocculate the suspension and cantral. d i spers ion/  
f loccula t ian  behavior. The ia-nfl.\senz:e of t*h%s effect  (211 
dispersian/f29ecul~eion woul d he enham~csd by the large 
aspect r a t i o  morphology sf the whiskers I 

Nit~.&~&l.-~~ - Si]. icon carbide whiskers w e r e  
heated alone in the n i t r i d a t i o n  cyc les ,  The n i t r i d i n g  q c l e  
appears 210 convert  -3-5% of the wh:Lskers ta alpha silicai? 
n i t r i d e .  An i nc rease  in mitrogern content of the whiskers is 
readily observed (0.9 to 3 e I.) O n l y  a small. i-eca*uistion i n  
crxygen cankerat accurs ( . a to * 3 )  . Conrrexsion af t'sae 
o r i g i n a l  siarface oxygen on the S i c  whiskers to S i p ,  
daes no% account. far t h e  t o t a l  amount of S i p ,  
observed. ~hereforc an addi t iona l  react ion mechanism must 

m a j  o r i , t y  of this conversion occurs withifi  an 8-h0w.s c y c l e  
with only  a slight addi.tiona3. increase af ter  the 3 6 - h ~ ~ ~  
cycle. 

 he RBSN mona1,iths and 20 v/a Takeho SiC--w\RBSbJ ( 4 %  
~p,) cornpasites were nitrided us ing  a 36-hour cycle. 
rable 4 lists t h e  resulting sample compositions. Th.e a1ph.a 
content for the matrix of these composites was  h ighes t  for 
the w e t  milled s i l i c o n  ( 9 3 % ) .  The  residual. s i l i c o n  was very 
low i n  all cases (50.1%) Secondary. phases after 
n i t r i d i n g  included Yp,, Y,S16,  and. Y,(SiO,) 3N 
(apat. i te)  . The apatite phase formed pr imar i ly  w i . t k  the 
finer milled silicon. 

A f t e r  n i t r i d a t i o n  and WIPing d i f f e r e n t  0xygcx-i con- 
taining pha.ses and bu3i.k oxygen contents r e s u l t  when the 
different silicon powders are used, T h e  finer silicon 
y i e l d s  a higher oxygen canten%l i.11 the f h a E  prod~ac% (l.8 
vs, 3 . 6 % ) .  Contro l  of the oxyrj.t:n cantent and resu l . t ing  
phases w i l l  be v i t a l  to producing creep resistant 
mat.erials 

Three nitridation processes were investigated; A 
(Standard '3G-hr.), B (Special  36-br.) and C (8-hi-.). Con- 
trolled f l a w  K,, data  revealed that fracture tough- 
ness may be sensitive ta the nitridation p~~cscess, even 
though, a l l  samples are fully densified by HIP a f t e r  the 
n i tEida@ion s t e p ,  KIc after H I P  was :shown to i.mpr9sva 

the nitridation cycle f o r  cyc le s  €3 and A ,  respe@ti.wely 
(Table 5 ) .  The fracture surfaces of these samples ( F i g .  5) 
skilaw dramatic differences. The higher  K,, sample 

t h e i r  discret.eness of charge effects, a PQSBibXE? expl.ana- 

genei@i.es n The average surface charge mcas11red is deter- 

axso be 0ecurri.ng to account f o r  the Si ,N ,  content, 'ji'he 

fr0-s-L 4.0 MFa 4%- to 5 " 2  MPa .Jm--- depending on 

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



(Cycle A> possessed tl s i g n i f i c a n t  amount o f  p i ~ l l o u t  ~ n d  a 
gc21erahly rougher surface i n d i c a t i n g  a more Lorturo17s crack 
path. The lower K,, sanple (Cycle t 3 )  liz5 z ge:?e~-.-ally 
sinsother looking surfat;c,  wi th  no whis:.;er pui l m k .  C3yc;ic H 
differed from Cycle A in t ha t  a hiqkicr  n i t r i d i n q  r e a L t i o n  
temperature was u s e d ,  which resulted i n  a lower oxygen 
content and lower KIc.  A n  8-hour C’ycPc ( e )  W ~ T  ~ v a l u -  
ated for composites made with w& irilleci s i l i cc jn .  A s  
compared to Cycle A ,  (Specilmen 415) t h e  s-;’ilort??P cycle 
rest-ilted in a higher oxygen content ai-d highex- K,, 
v a l u e  (Table  5 ) .  It appears  the n j  t r i da t io i i  cyiyle has a 
larye effect on the properties of t i l e  f u l l y  cLcnsi€ied 
( H I P e c l )  composites. ‘l%e Ifillow! ng t r e n d  was observed: t h ~  
“less s e w e r e l l  n i t r i d i n g  cycles (shorter t i m e  aiid/nr Power 
reaction temperature) r e s u l t  i n  coinpositss 7 . 7 i t h  h igher  
K,, and higher  oxygen c o r ~ t e n t ~  a f t e r  the f inaJ  H I P  
opera t ion .  Yn a d d i t i o n ,  +he pass ib i  lity of w h i s k e r  damage  
du r ing  nitridation ex5 sts. we e p l  arming  to Eiii-tiici- study 
the effect; of n i t r i  dctti on pnviranmcnts nn ccj-inposi’t e 
propert ies .  

TABLE 5 

CFYlXT O F  NiTRIUr, CYCLb ON F I N A L  JUEzd COMPOSITF,/PROPER I 1 B S  

2 $12 

3 #l2 

15 

A W2’c ni i 1 1 e d  3 . G  4 . 7  5 . 7  
Kemanord 

e 

A 

I 1  

I t  

3.0 4 . 0  4 . ( 1  

1 . 8  2.1) 

I I  15X c 7 . 6  3 . 3  

I) 20 v/o iateho/SRRSN (4% Y$%20$%3) 
2 )  Leco Combust ion  Analysis 
3 )  i F T  - I n d e n t a t i o n  rracture ioiirjhness 
4 )  Ct.  - C o n t r o l l e d  Flaw r r a c t u r c  Toughness 
5 )  A - S t a n d a r d  3 6 - h o u r  

B - Specia l  36-hGlll’- 
C - 8 h o u r  
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Fracture Surfaces of HIPed Si,N,/SiC(w) Composites 
wi th  4 w/o Y,O, as  Matrix S i n t e r i n g  Aid 

BOTTOM: K,, = 4 . 0  MPa m, Low Oxygen, (3#12) 
TOP: K,, = 5 . 2  MPa m, High Oxygen, (2#12) 

FIGURE 5 
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4.0 Densification 

HIP Parameters - A parametric study has been 
initiated to evaluate the effect of processing cycle on 
composite properties. Four cycles have been evaluated to 
date. In all cases full density has been obtained (3.21 to 
3.25 g/cc). Table 6 compares the fracture toughnesses of 
these materials. The K,, of composites prepared using 
wet milled Elkem silicon are sensitive to the HIP condi- 
tions used for processing. Best results are obtained using 
Cycle A. Composites prepared using the other silicon 
materials do not show a dependency of K,, and HIP cycle. 
We are continuing to evaluate these materials to determine 
the role of interface composition and microstructure on K I C .  

Sintering Aids - Composite specimens are being 
prepared to evaluate the effects of sintering aids on prop- 
erties, especially KIc.  The sintering aid systems to 
be evaluated are Y,O,-SiO,-A1,0, and Mg0-Si0,-Al20,. Indentation 
fracture toughness data on a composites prepared with a 10% 
Y,O, content in the matrix is 5.3 MPam (Table 6). 
This is the highest value we have obtained by the indenta- 
tion technique to date. Further evaluations are being con- 
ducted on this specimen to determine the mechanism for the 
toughness enhancement. Additional sintering aid studies are 
in process. 

TABLE 6 

FRACTURE TOUGHNESS’VS. HIP CONDITION AND MATRIX COMPOSITION 

Aid (w/o) C Powder Code A B C D 
sintering3 M or4 Silicon Specimen HIP Conditions2 

4% Y,O, M Wet milled (2187) 2.8L.1 2.7k.2 2.8L.4 2.81.4 
Kemanord 

4% Y,O, C Jet milled (1N/2N) 3.7F.3 3.3k.1 3.7k.1 3.7i.l 
Kemanord 

4% Y,O, c Wet milled (Bl) 4.5f.2 - 3.5k.2 4.0k.2 
Elkem 

10% Y,O, C Wet milled (C4) 5.32.3 4.0F.2 4.1F.2 4.9k.1 
Elkem 

10% Y,O, C Dry milled (A2) - 4.5f.l - 4.4k.2 
Kemanord 

1) K,, in MPa f i ,  indentation method per Antis, 10 kg indent. 
2 )  A = 1790°C, 1 hr., 207 MPa. 

B = 1790°C, 1 hr., 207 MPa with proprietary grain growth step. 
c = 1790°C, 1 hr., 207 MPa with proprietary grain growth step. 
D = 179OoC,.25 hr., 207 MPa. 

3) Sintering aid content within matrix. 
4) M = Monolith, C = Composite 
* Composites with 20 v/o Tateho (grade #IS, 12/85) whisker loading. 
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5.0 Miscellaneous 

TXM/STEM Studies - The microstructure of the 
Sip, matrix Sic whisker composite was analyzed using 
the TEN. The microstructure consisted of a Si,N, 
matrix having a broad grain size distribution, crystalline 
and amorphous grain boundary phases, and Sic  whiskers 
randomly oriented in t h e  matrix. A brightfield electron 
mieragraph of the microstructure of the Si,N,/SiC 
composite material is presented in Figure 6-top. The 
average grain s i z e  of the S i , N ,  matrix was 0.40pm in 
diameter and 0.68pm in length. The grain size ranged from 
O.lOym to larger than 1.0pm in diameter. The Sic 
whiskers were randomly oriented in the S i p ,  matrix 
and in some areas they were clustered together. The 
average whisker size was 0.4pm in diameter and 1.0pm in 
length. 

T h e  composite material contained three types of Sic 
whiskers: solid Sic whiskers, whiskers with two subzones, 
and, hollow whiskers. The solid Sic whiskers contain 
stacking faults and partial dislocations. The partial d i s -  
hocations are shaped like a U or V and extend out from the 
core region. A transverse section of a solid Sic whisker 
is presented in Fig. 6-middle. The solid Sic whiskers have 
a small core region that contains small cavities. The 
second type of whisker is composed of t w o  subzones, the 
Sic outer layer and an unknown inner layer that contains 
aluminum. A longitudinal section of a two zone whisker can 
a l s o  be seen in Fig. 6-middle. The sample a l s o  contained 
S Q ~ S  hollow whiskers, 

the whiskers. Two structures were identified p Sic and 
the 4H Sic polytype. Due to the random packing sequence, 
the whiskers are usually composed of a number of poly- 
types. The identity o f  the core phase in the two zone 
whiskers is still under investigatlon. 

The whiskers appear well bonded to the matrix. Dark 
field microscopy was used to deternine the nature of the 
intergranular phase. A continuous thin amorphous film is 
located in the grain boundaries. A whisker matrix inter- 
face is presented in Fig. 6-bottom. It is a very thin 
interface and no voids are present. 

S A D  was used to identify t h e  crystalline inter- 
granular phases, similar to the dark area adjacent to the 
whisker in Fig. 7-bottom. One intergranular phase was 
identified as Y,(SiO,)p, the apatite phase. 

Areas of the future w ~ r k  are to; 1) Investigate 
whiskers more thoroughly, using microchemical analysis, 2) 
perform microchemical analysis on the. intergranular phases 
in the composite samples, and 3 )  ipvestigate ather 
composite samples of interest. 

Selected area diffraction ( S A D )  was used to identify 
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TOP: General Microstructure 
MIDDLE: Two Whisker Types; Solid and Cored 

TEM Micrograpns of Si,NJSiC(w) Composites (Code 2N#10) 

BOTTOM: Whisker/Matrix Interface 
FIGURE 6 
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Best To Date Specimens - Periodically a composite 
material will be fabricated by combining what we consider 
to be optimum processing conditions at that time. Enough 
material will be fabricated to allow for extensive evalua- 
tions. Of particular interest are; high temperature 
strength (137OoC), stress-rupture life, Weibull modulus 
and analysis by STEM. The first set of materials was 
prepared shortly after initiation of our program (October 
1986). Table 7 lists data obtained on composite and mono- 
lith materials. The room temperature failure origins for 
the monolith were clusters of large residual pores 
associated with some large Si,N, grains whereas all 
composite failure origins were large Sic particulates. No 
flaw origins could be identified when these materials were 
tested at high temperature. The high temperature failures 
could most likely result from a different mechanism. The 
fracture toughness of the composite was only slightly 
improved over the monolith. Initial stress-rupture data 
has also been listed. TEM evaluations on the composite 
material are discussed under a seprate section of this 
report. This initial data will be used as a baseline to 
monitor our material improvements. 

significant improvements in microstructural uniformity, 
toughness, and room temperature strength. The new set of 
composites under preparation for this evaluation inclitde 
these improvements. 

Since initiating our program we have been able to make 

6.0 Summary 

Of all the parameters evaluated to date, those which 
most effect fracture toughness appear to be composition 
related. Samples with higher oxygen content also have 
higher KIc, (see Table 5). The nitridation condi- 
tions used also effect Klc. The "less severe" the 
nitridation cycle (shorter time, lower temperature) the 
higher the KIc. This is dramatically shown in Fig. 5 
where the fracture surface of two materials prepared iden- 
tically except for the nitridation cycle are compared. 

Thus far, studies to vary the HIP processing cycle to 
change matrix microstructure have been unsuccessful in 
improving K,, over recommended ASEA procedures. The 
incorporation of coated whiskers did not change fracture 
toughness but this is more likely a result of coating 
deterioration during processing than in effectiveness of 
the coating. We are working closely with the CVD vendor to 
make improvements. 
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TABLE 7 

BEST-TO-DATE SPECIMENS, OCTOBER 1986 

Monolith 

ORT' 532+58 MPa 

a1200° 610+24 MPa 

01370' 505 MPa 

KIC2 (RT) 4.5k.1 MPaa 

K,c3 (RT) 3.5k.5 MPaG 

STRESS RUPTURE 
- 1400QC/100 MPa - 
- 1400°C/200 MPa - 
- 130OQC/2O0 MPa - 

Total Oxygen w / o  2.1 
Yttrium containing phases b-Y,Si,O, 

cl-Y,Si,O, 

Composite 

583+72 MPa 

508+19 MPa 

425+6 MPa 

5.02.1 MPa .Ifii 

3.7k.3 MPa -Jiii 

145 hours 
<.1 hr. 
170 hrs. 

1.8 

6-Y2Si20, 

Ys(SiO'J3 N 

1) Strength per MIL STD-1942 (MR) 

2 )  Controlled flaw, 20 kg indent, Chantikul method 

3) Indentation method, 10 kg indent, Anstis method 

Specimen Codes: Monolith (E ,  3S), Composite (2N, 3N, 301, IO) 

Status of milestones 

The first milestone has been completed. All others are 
on schedule. 
1. Prepare and evaluate composites which utilize the first 

lot of CVD coated whiskers. Determine the effect of 
coatings on toughness - MAR 31, '87. 

2. Determine H I P  and nitridation processing parameters 
(time, temp., pressure) which reuslt in highest strength 
and K,, for uncoated whisker reinforced Si,N, 
- MAY 31, ' 8 7 .  

3. Prepare and evaluate composites which utilize whiskers 
of different aspect ratio, and composites which contain 
the 2nd lot of CVD whiskers. Determine optimum whisker 
l/d and coatings for improved toughness. Optimize Sic 
whisker distribution and green density. - SEP 31, ' 8 7 .  

4. Submit draft of final report to ORNL - NOV 31, ' 8 7 .  

Pub1 ications 

None. 
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1.2.3 Ox ide  M a t r i x  

L5sp.e.rei-on - Toughmn!. Oxide Composites 
T.  N. T i e g s ,  L. A .  H a r r i s ,  and J. W. Geer (Oak Ridge N a t j n n a l  L a b o r a t o r y )  

_. Ob jec t i ve /acope  -- . . .. . 

T h i s  work i n v o l v e s  development and c h a r a c t e r i z a t i o n  o f  S i c -wh iske r -  
r e i n f o r c e d  o x i d e  composites for improved mecha i i i ca l  performance. To date,  
mast o f  t h e  work  has d e a l t  w i t h  alcrrnina a s  t h e  m a t r i x  because i t  was 
deemed a p r o m i s i n g  m a t e r i a l  f o r  i n i t i a l  study. Howw~:* ,  o p t i m i z a t i o n  o f  
m a t r i x  m a t e r i a l s  i s  a l s o  b e i n g  e x p l o r e d .  The dpproach t o  f a b r i c a t i o n  i s  t o  
f i r s t  use h o t  p r e s s i n g  t.o i d e n t i f y  compos i t i ons  f o r  toughenfng avd t h e n  t o  
e x p l o r e  p r e s s u r e l e s s  s i n t e r i n g  f o r  f a b r i c a t i o n  to near n e t  shape. 

Pec h n i ~ c .... a 1 p lnoq re s s 

-____ h i s k e r s  .- The present understandjng o f  toughen ing  i n  whisker- 
r e i n f o r c e d  ce ramic  compos i tes  i n d i c a t e s  t h a t  crack-whisker interaction by 
c r a c k  b r i d g i n g  and d e f l e c t i o n  are  t h e  main wchaxaisrns o p e r a t i n g  i n  h i g h  
toughness m a t e r i a l s .  These mechanisms aye dependent on t he  properties o f  
t h e  w h i s k e r - m a t r i x  i n t e r f a c e ,  t h e  s i z e  o f  the b h i s k e r s ,  and t h e i r  i n h e r e n t  
s t r e n g t h .  To study t h e  e f f e c t s  o f  t h e s e  p r o p e r t i e s ,  w h i s k e r s  from v a r i o u s  
sources  were examined. Results o f  the  Fracture toughness of a lun lna-  
20 vo l  % S i c  w h i s k e r  composites are shewn i n  Table  1. Considerable 
v a r i a t i o n  i n  t h e  toi-ighness values was obse:"wCi from source t o  source 
and even f rom b a t c h  t o  ba tch  f r o m  t h e  same s u p p l i e r .  

T a b l e  1. Fr -ac tc~re  toughness o f  
a lumina -20 vo7 % Si 'C whisker- 

composites i n f l uenced  by 
S I C  w h i s k e r  source 

Whisker F r a c t u r e  toughness 
s 0 u P c e [KT(: (MPads)] 

A r c r ~ ,  l o t  1 
A r c o ,  L o t  2 
I iuber, L o t  1 
Hubet-, b o t  2 
Arneri can h t r S  x 
Tateho,  L o t  1 
Tateho, Lot 2 
Tokai Carbosl 
Versat- 
1-0s A13mos 

8.3 
7.4  
3 . 6  
5 6  
5 . 4  
4 .2  
3 . 4  
4.8 
4 . 3  
3 . 1  

Examinat. ion o f  f r a c t u r e  surfaces w'th a scann ing  electron microscope 
(SEM) showed c o n s i c k r a b l e  d i f f e r e n c e s  among compos i tes  w i t h  low arld h igh  
fracture t a u g h ~ c s s  ( F i g .  1) I*! +-lip I i i ~ h  '-,::qhr?gss compos i tes ,  t h e  



M-203436 

n 
YP-3745 

Fig. 1. SEM shows increased whisker-crack interaction in high-toughness composites. 
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s u r f a c e s  a r e  v e r y  rough and i n d i v i d u a l  wh iske rs  a r e  r e a d i l y  observed. 
These a r e  i n d i c a t i v e  o f  c o n s i d e r a b l e  c rack -wh iske r  i n t e r a c t i o n  and o f  a 
r e l a t i v e l y  weak chemical  bond a t  t h e  w h i s k e r - m a t r i x  i n t e r f a c e .  On t h e  
o t h e r  hand, t h e  l ow  toughness composi tes have r e l a t i v e l y  smooth f r a c t u r e  
s u r f a c e s  resemb l ing  t r a n s g r a n u l a r  f r a c t u r e ,  which i n d i c a t e s  t h a t  c r a c k  
p r o p a g a t i o n  i s  u n i n h i b i t e d  by t h e  wh iske rs  i n  t h e  low-toughness com- 
p o s i t e s .  The w h i s k e r - m a t r i x  bond i s  a p p a r e n t l y  t o o  s t r o n g  and, i n s t e a d  o f  
t h e  c r a c k  p r o p a g a t i n g  a long  t h e  i n t e r f a c e ,  i t  propagates th rough  t h e  
w h i s k e r .  

Observa t i ons  on a lumina-Sic  wh iske r  composi te m a t e r i a l s  w i t h  a 
t r a n s m i s s i o n  e l e c t r o n  microscope r e v e a l e d  t h a t  t h e  w h i s k e r - m a t r i x  
i n t e r f a c e  i s  e x t r e m e l y  t h i n  ( F i g .  2) .  
s u r f a c e  c h e m i s t r y  on t h e  i n t e r f a c e ,  and consequent ly  t h e  f r a c t u r e  
toughness, X-Ray p h o t o e l e c t r o n  spect roscopy ( X P S )  o f  t h e  wh iske rs  was 
used. G e n e r a l l y ,  XPS showed t h a t  wh iske rs  f rom composi tes w i th  low  
f r a c t u r e  toughness were c h a r a c t e r i z e d  by e i t h e r  h i g h - s u r f a c e  oxygen o r  low- 
s u r f a c e  carbon.  The wh iske rs  f rom composi tes w i t h  h i g h - f r a c t u r e  toughness 
were c h a r a c t e r i z e d  by r e l a t i v e l y  l ow-su r face  oxygen and a sugges t ion  o f  
excess carbon on t h e  s u r f a c e .  

F i g .  3. The peak a t  -100 eV b i n d i n g  energy i s  i n d i c a t i v e  o f  S i - C  bonds, 
whereas t h e  peak a t  -103 eV i s  i n d i c a t i v e  o f  Si-0 bonds. 
oxygen, w i t h  i n d i c a t i o n s  o f  s i l i c a  a t  t h e  wh iske r  su r face ,  r e s u l t s  i n  a 
s t r o n g  bond a t  t h e  i n t e r f a c e  and a composi te w i t h  low toughness. 

wh iske rs  i s  shown i n  F i g .  4.  The low-energy peaks a t  282 t o  283 eV a r e  
a t t r i b u t a b l e  t o  S i c ,  whereas t h e  peaks a t  284 t o  285 eV a r e  i n d i c a t i v e  o f  
s u r f a c e  carbon. The wh iske rs  t h a t  went i n t o  t h e  h igh- toughness composi tes 
had excess carbon on t h e  su r face ,  b u t  t h e  wh iske rs  t h a t  went i n t o  t h e  low- 
toughness composi tes had v e r y  l i t t l e  s u r f a c e  carbon. 

m o d i f i e d  t o  decrease t h e  s u r f a c e  oxygen and i n c r e a s e  t h e  s u r f a c e  carbon. 
F r a c t u r e  toughness va lues  f o r  alumina-20 v o l  % S i c  wh iske r  composi tes w i t h  
a s - r e c e i v e d  and s u r f a c e - m o d i f i e d  wh iske rs  a r e  shown i n  Table 2. A l though  
t h e  i n i t i a l  toughness was l ow  f o r  t h e  composi tes w i t h  s u r f a c e - m o d i f i e d  
wh iske rs ,  an i n c r e a s e  was apparent .  The s u r f a c e  m o d i f i c a t i o n s  a r e  though t  
t o  l e a d  t o  decreased bonding a t  t h e  i n t e r f a c e  and r e s u l t  i n  g r e a t e r  c rack -  
wh iske r  i n t e r a c t i o n ,  as i l l u s t r a t e d  i n  F i g .  5. 

f rom a l l  a v a i l a b l e  sources were examined by spark-source mass spec t romet ry  
t o  determine o v e r a l l  c h e m i s t r y .  A n a l y t i c a l  c h e m i s t r y  r e s u l t s  on t h e  
s e l e c t e d  wh iske rs  a r e  g i v e n  i n  Table 3 .  

To determine t h e  e f f e c t s  o f  wh iske r  

The d i f f e r e n c e s  i n  t h e  s u r f a c e  oxygen c o n t e n t s  a r e  i l l u s t r a t e d  i n  

The h i g h - s u r f a c e  

XPS r e s u l t s  showing t h e  d i f f e r e n c e s  i n  s u r f a c e  carbon between S i c  

Recent r e s u l t s  have shown t h a t  t h e  su r faces  o f  S i c  wh iske rs  can be 

I n  a d d i t i o n  t o  s u r f a c e  m o d i f i c a t i o n  and c h a r a c t e r i z a t i o n ,  S i c  wh iske rs  

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

On schedule.  

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

T. N. T iegs  and P .  F. Becher, "Development o f  Alumina- and 
M u l l i t e - S i c  Whisker Composites: High-Temperature P r o p e r t i e s , "  t o  be 
p u b l i s h e d  i n  Proceedings o f  Contractors' Coordination Meeting. 1986. 
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YP-2487 

F ig .  2. TEM shows very thin interface between whiskers and alumina. 
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ORNL-DWG 86C-11173 
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- 

108 106 104 102 100 98 96 

BIND I NG ENERGY (eV) 

BINDING ENERGY AT 100 eV+ SIC 
BINDING ENERGY AT 103 eV-m Si02 
SURFACE SiO2 LAYER MAY RESULT IN STRONG 
BOND BETWEEN AI2O3 MATRIX AND WHISKER 

F ig .  3. XPS o f  S i c  whiskers r e v e a l s  d i f f e r e n c e s  i n  su r face  chemist ry .  
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ORNL-DWG 87-1930 
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F i g .  4. XPS of whiskers used in high-toughness a lumina m a t r i x  com- 
p o s i t e s  suggests excess carban an su r face .  
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T a b l e  2 .  F r a c t u r e  toughness  o f  
a lumina-20 v o l  % S i c  w h i s k e r  
compos i tes  u s i n g  a s - r e c e i v e d  

and s u r f a c e - m o d i f i e d  w h i s k e r s  

Whiskers  F r a c t u r e  toughness  
[ K I ~  ( M P a . ~ n l / ~ ) ]  

A s - r e c e i v e d  

M o d i f i c a t i o n  1 

M o d i f i c a t i o n  2 

M o d i f i c a t i o n  3 

M o d i f i c a t i o n  4 

Modi f i c a t i  on 5 

3.9 

4.5 

5.0 

5.4 

6 . 0  

4 .3  

T a b l e  3.  Chemical a n a l y s i s  o f  s e l e c t e d  
S i c  w h i s k e r s  (ppm) 

American Versa r  Toka i  ARCO Tateho Huber Matrix Gorp. Carbon 

0 ( w t  %) 1.25 
A1 120 
B <1 
Ca 150 
co <10 
C r  15 
Fe 60 
K 10 
Mg 90 
Mn 70 
Na 10 
N i  <10 
Z r  <10 

1 .04  
500 
1 
500 
<10 
50 
300 
25 
120 
50 
15 
<10 
10 

0.22 
30 
<1 
5 
<10 
20 
300 
< 1  
5 
<1 
1 
<10 
<10 

2.85 
200 
11000 
>loo0 
<10 
200 
200 
2 
250 
5 
20 
200 
60 

N.D. 
30 

300 
< 1  
30 
50 
30 
50 
50 
5 
10 
10 

- 

N.D. 
10 

20 
1000 
50 
50 
3 
3 
5 
50 
10 
3 

- 

ARCO Chemical Co., Gree r ,  S . C . ;  Type SC-9. 
Ta teho Chemical Co., Japan; Type SCW-1s.  
Huber Corp. ,  Bo rge r ,  TX; Type 7116. 
American M a t r i x ,  I n c . ,  K n o x v i l l e ,  TN; Exper imen ta l  L o t  
V e r s a r  Corp . ,  S p r i n g f i e l d ,  VA; Type SCW-1.  
Toka i  Carbon Co., Japan; Type Tokamax. 
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Sol - Gel Oxide Powder 
W .  D. Bond, P .  F. Becher, and T. N. T iegs  (Oak Ridge N a t i o n a l  Laboratory)  

Object ive/scope 

So l -ge l  processes can p o t e n t i a l l y  syn thes i ze  m a t e r i a l s  t h a t  can be 
processed a t  modest temperatures;  s imu l taneous ly ,  h i g h l y  u n i f o r m  com- 
p o s i t i o n  i s  ob ta ined  i n  dense, f i n e - g r a i n  ceramics which i n c o r p o r a t e  
d i s p e r s e d  second phases t o  i nc rease  f r a c t u r e  toughness. T h i s  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  s o l - g e l  processes f o r  
(1) s y n t h e s i z i n g  powders o f  p h a s e - s t a b i l i z e d  z i r c o n i a  and alumina and 
(2) s y n t h e s i s  o f  A1203-Si02 g e l s  f o r  convers ion t o  m u l l i t e  (3A1,03.2Si0,) 
by r e a c t i o n  s i n t e r i n g .  So l -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 by 
t h e  s u r f a c e  p r o p e r t i e s  o f  t h e  c o l l o i d a l  p a r t i c l e s .  The e x c e l l e n t  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  v e r y  h i g h  spe- 
c i f i c  su r face  energy. 

Techn ica l  p roq ress  

S tud ies  were con t inued  on t h e  p r e p a r a t i o n  o f  c o l l o i d a l  z i r c o n i a ,  ha f -  
n i a ,  and alumina by thermal h y d r o l y s i s  r e a c t i o n s  i n  an au toc lave  and t h e  
c h a r a c t e r i z a t i o n  o f  t h e  p roduc t  c o l l o i d a l  ox ides .  Work was a l s o  i n i t i a t e d  
on p r e p a r i n g  A1 ,O3-SiO, g e l s  f o r  t h e  syn thes i  s o f  mu1 1 i t e  (3A1 ,03 -2Si0,) 
cerami cs .  

hydrothermal r e a c t i o n  a re  c o n t i n u i n g .  Dur ing  t h i s  r e p o r t  p e r i o d ,  work was 
focused on Al,03 c o l l o i d s .  Oxide morphology i s  determined by t r a n s m i s s i o n  
e l e c t r o n  microscopy. I n  p r e p a r a t i o n s  o f  Al,O, c o l l o i d a l  p a r t i c l e s ,  we a r e  
i n v e s t i g a t i n g  t h e  e f f e c t s  o f  t h e  t y p e  o f  p r e c u r s o r  aluminum s a l t  ( n i t r a t e  
o r  c h l o r i d e ) ,  t h e  s a l t  c o n c e n t r a t i o n ,  and t h e  h y d r o l y s i s  temperature.  I n  
a d d i t i o n ,  we a r e  i n v e s t i g a t i n g  t h e  e f f e c t s  o f  ag ing  t h e  c o l l o i d s  a f t e r  
h y d r o l y s i s  o f  t h e  s a l t  i s  completed. 
n i t r a t e  o r  c h l o r i d e  s a l t ,  complete convers ion t o  l a r g e  A1,03 f i b e r s  
(-1500 nm l e n g t h s )  o f  t h e  boehmite s t r u c t u r e  d i d  n o t  occur  a f t e r  a 60-h 
r e a c t i o n  t i m e  a t  150OC. W i t h  t h e  aluminum c h l o r i d e  p r e c u r s o r  s a l t ,  modest 
amounts o f  s p h e r i c a l  agglomerates (-200 nm diam) o f  t i g h t l y  packed 
s m a l l e r  f i b e r s  (50 nm l e n g t h )  were a l s o  formed. 
shaped agglomerates o f  t h e  s m a l l e r  f i b r i l s  were observed i n  p r o d u c t  ox ides  
f rom t h e  n i t r a t e  s a l t  p r e c u r s o r .  A t  h i g h e r  aluminum s a l t  c o n c e n t r a t i o n s  
(0 .3  t o  0.5 M), we observe o n l y  t h e  l a r g e  f i b e r s  o f  t h e  boehmite s t r u c t u r e  
i n  t h e  h y d r o l y s i s  p roduc ts .  The l e n g t h  and w i d t h  o f  t h e  f i b e r s  o b t a i n e d  
a r e  governed by b o t h  t h e  r e a c t i o n  t i m e  and temperature.  
shown t h a t  temperatures o f  a t  l e a s t  15OOC a r e  r e q u i r e d  t o  promote prac-  
t i c a l  growth r a t e s  o f  t h e  A1203 f i b e r s .  For example, a t  125OC severa l  
days a r e  r e q u i r e d  t o  grow f i b e r s  o f  -30 nm l e n g t h ,  whereas a t  15OOC t h e  
f i b e r s  grow t o  500 nm i n  4 t o  6 h.  

Gel p a r t i c l e s  o f  A1203-Si0, were prepared by chemical  g e l a t i o n  o f  
A1203-Si02 s o l s  which were ob ta ined  by m i x i n g  Al,03 s o l s  and S i O p  s o l s  i n  
r a t i o s  t h a t  a r e  necessary f o r  m u l l i t e  syn thes i s .  S i l i c a  s o l s  a r e  prepared 
by h y d r o l y z i n g  t e t r a e t h y l  o r t h o s i l i c a t e  i n  ammoniated e thano l  s o l u t i o n s  a t  
pH va lues o f  -12. 

I n v e s t i g a t i o n s  o f  t h e  morphology o f  c o l l o i d a l  ox ides  prepared by 

A t  0.02 1 c o n c e n t r a t i o n s  o f  t h e  

Smal ler  and i r r e g u l a r  

Our s t u d i e s  have 

Alumina s o l s  were prepared by ou r  p r e v i o u s l y  r e p o r t e d  
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method, which c o n s i s t s  of the thermal hydro lys is  o f  ac id  def ic ien t .  alumfnum 
n i t r a t e  i n  an autoc lave  a t  1 7 5 O C .  

agglomerated i n  powder p a r t i c l e s  when chemical ge l a t ion  o f  A1203---Si02 occurs  
i n  water-ethanol s o l u t i o n s  o f  ammonium hydroxide in s t ead  o f  i n  aqueous 
so lu t ion  and then washed with dry e thano l .  The d r i e d  gel  p a r t i c l e s  (60"C) 
from alcohol processing were much s o f t e r  aild more e a s i l y  crushed t o  f i n e  
~ ~ w ~ ~ r  than those  processed i n  water .  S imi la r  b e n e f i t s  o f  alcohol  pro- 
cess ing  for ZrO, powder prepara t ion  have been reviewed by Van de Graff and 
Burggraaf. '  In o u r  s t u d i e s ,  we have observed t h a t  the t a p  d e n s i t i e s  o f  
A120,-Si0, or Zra, powders a r e  reduced by about one-half when t h e  oxide 
hydrogels are washed w i t h  dry ethanol p r i o r  t o  drying and c a l c i n a t i o n .  

To d a t e ,  our  s t u d i e s  show t h a t  t h e  c o l l o i d a l  oxides  a r e  l e s s  t i g h t l y  

Progress on A1203-Sj02 gel  powder syn thes i s  v a r i a b l e s  (Milestone 12 
33 04) i s  on schedule .  

Pub l i ca t ions  

None. 
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Processing of Truproved -- Transformat  ion- Toughened Ceramics 
J. E3. Blum and G .  A .  R O S S ~  (Norton Company), and C .  E. Knapp 
(Norton Research Gorp., Canada) 

The objective of this program is the production of 
zirconia toughened ceramics ( Z T C )  which exhibit mechanical 
properties (strength and toughness) superior to those of the  
"state o f  the art" toughened ceramicsl particularly at high 
temperature and after prolonged aging at high temperature. In 
addition, such ceramics should possess low thermal 
conductivity to minimize energy losses i n  heat engine 
applications. 

The scope includes the powder synthesis and characteriza- 
tion, shape forming, pressureless santering, characterization 
of the sintered ceramics, and reporting of results. 

Our research w i l l  concentrate on three classes of zirconia 
toughened ceramics ( Z T C ) ,  i . e .  Mg-PSZ, (MgO-partially 
stabilized zirconia), Y - T Z P  ( Y  0 -tetragonal zirconia 
polycrystals 1, and ZTA (zirconia toughened alumina). Most of 
the work will be done using rapidly solidified ( R / S )  powdersr 
which offer several important advantages ~ v e r  t h e  chemically 
derived (C/D) powders. Howeverp the C/D powders or their 
mixtures w i l l  be used for  testing new compositions, since 
melting/rapid solidification of small batches is expensive and 
impractical. 

The ceramics should be made by pressureless sintering, b u t  
hot isostatic pressing will be used to evaluate the potential 
of each composition, before processing optimieatlon 1s 
complete. 

The qoals of this program are minimum values of strength 
and toughness at WT and at POOO°C; in addition, the ceramics 
should meet the same requirements for RT strength and 
toughness after a q i n g  in air at 1000°C for 1000 hrs. 

2 3  

l..l___... Technical Progress 
During <he last S I X  months work has concentrated o n  the 

following areas: 

1. 

2 .  

Prepration of the ceramics using the R / S  powders. At t,he 
end of 1986 it was decided to use the R / S  powders for the 
rest of the contract period, since these powders have 
shown clear advaxitages over the C/D powders. HoweverI it 
w a s  also decided to use C/D ponders or m i x t u r e s  of them 
for the purpose of quickly evaluating new c o m p ~ ~ i t i o n ~ ,  by 
using hot i s o s t a t i c  pressing after sintering tu close the 
residual p0rosit .y.  

Preparation of new compositions w h a c h  possess the highest 
potential for  meeting the program objectives, especlally 
t i le  m i n i . m u m  requirement f o r  f r a c t u r e  toughness at 
l0OO0C. 
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3. 

4 .  

5.  

1. 

Identification of a reliable method €or the measurement of 
fracture toughness at high temperature, after t h e  
disappointing resu1.t~ obtained with the MCF (multlple 
controlled flaw) method. 

Improvement of our understanding s f  &he properties of the 4 
w/o Y 0 - T Z P  ceramics made with the R / S  powder8 in 
part izu ?ar the relationship between m icrostructure , 
composition, arid mechanical properties. 

Reduction of the critical flaw size i n  the pressureless 
sintered ceramics, obtained by t h e  climination of hard 
agglomerates and foreign inclusions. 

Mq-PSZ ceramics made with the R / S  gowder 
It w a s  previously reported thak a unique microstructure w a s  

obtained in Mg-PSZ ceramics made w!.th R / S  powders, by sintering 
in the two phase ( t  3. c )  field at 1500°C and by aging at 
1400°C. This microstructure contains two types of t-ZrQ 
particles, i .e. intragranular ..-_. (the typical ellipsoids contannej 
i n  the cubic grains) and interoranular. d _I- The intergranular 
t - Z r 8  grains are typically about 3 um in size and their 
volume fraction, although it was not measured, appears to be 
consistent with the one predicted by the lever rule for the 
composition 3 w/o MgO-ZrO . These ceramics, therefore, axe 
different from the NILCRA &-PSZ materials, which exhibit large 

2 ( “ 6 0  u m )  c u b i c  g r a i n s  c o n t a i n i n g  coherent t - Z r Q  
precipitates. 

The presence of the 3 urn intexranular .. ._ .. -__ t-Zr02 grains and 
the srnal-ler size (5-10 um) of the cubic g r a i n s  in our material 
coul.d result in different mechanical properties, far example 
better wear resistance due to decreased grain pullout. How- 
ever, the contribution to fracture toughness of the 3 um 
intergranular t-ZrO g r a i n s  is not known at present. 

Attempts to pro%uce uncracked pressureless sintered billets 
of these ceramics have not been successful. During the first 
experiments the bil.1.ets fired i n  air showed a high percentage 
of m - Z r 0 2  i n  the as-fired surface and it was concluded that 
cracking was the result- of the s t r e s s  induced by the t-m 
transformation, which, in turn, was believed caused by loss of 
MgO from t h e  surface during firing. More recently, the green 
bil.1.ets were fired buried i n  a bed of powder of the same compo- 
sition and also in pure MgO powder. Although no m-ZrQ was 
detected by XRD on t he  as-fired surface, the Sired billets were 
sti.1.l. cracked, but it seems that these cracks are process 
related, rather than induced by the t/n transformation. The 
reason is that a polished interior surface of the billets 
showed no m-%r02 by XRD. 

A sample was also analyzed by T E M ,  but the 3 urn 
intergranular grains were found to be all m-Zr02. It appears 
that t h e  t/m transformation occurred either during the sample 
preparation or under the electran beam. 

~ - _ _ . _ . ~ . . _ _ . _ . _ . I  l__l_ --__l..l.~_._......_.I 

--1_-_1_-_.-- -- 

2 

2 
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Work will continue to try to make uncracked billets and t o  
answer the question of the relative transformability of the 
intergranular vs. intragranular t-ZrO partic1.e~~ which 
affects the fracture toughness. 2 

2. 

2 . 1  

t h e 

Y-TZP ceranics made with the R / S  powders 
I__ I______I_ 

Microstructural studies on the rapidly solidified crude and 
on the sintered ceramics 
-I__ -I-.-I-.- -. -- 

The R / S  crude (4 w/o Y 0 3 )  has shown the presence of 
t ' -ZrO, phase. This tegragonal. phase has been reported 

in other rngterials rapidly cooled. It results from a displa- 
cive (fybic to tetragonal phase transformation in 
Zr02. Fig. 1 shows the twinned structure observed. y2%a, 
twinniny is believed to result from mechanical deformation 
needed to acficjnimodate strains arising from the phase 
transformation 

The sintered sample (4 w/o Y 0 ) had equiaxed, 
predominately tetragonal grains (Fig. 22?. No twinning was 
observed, but some grains d i d  contain a dislocation 
substructure and had low angle boundaries, as s e e n  in Fig. 3 .  
T h e  Trains had rounded edges and a continuous glassy phase was 
observed at 4rain boundaries and three grain junctions. This 
micros t j - y c t u r e  is similar to those reported for other 
Y-TZP's . 
2 - 2  -I.._- Relationsh& between grain size -----i._lllp-- and fracture toshriess 

( R / S ) O  powder was used to press discs, which were singered a$ 
1 4 7 5 0 C  to "99% of TD. The discs were aged at 1500° and 
1 6 0 0  C for dgfferent times, cut, polished and thermally 
etched at 1400 C. The microstruct y5sj was obtained by SEM and 
K I C  with the microindentation method 

Table 1 shows that t h e  fracture toughness increases with 
the average grain s i z e ,  whereas the hardness is virtually 
unchanged. 

A classified (particle size <1 urn) 4.6 w/o Y 03-Zr0 

. 

Table 1 
Relationship Between Aging Conditions, Grain Size, 

Hardness and K-- 
_I_x__ _____ll____l.-___. 

Ag:ng T Aging t 
c! (hrs. ) 

1500 1 
1500 4 
1600 1 
1600 4 
1600 6 

AGS (um) K 
MhS.m ) 
- 

.56 7 .6  

.66 8.3 

. 75  8 .0  

1.60 9.0 
1.24 8.4 

H 
I 

(&?a) 

15.2 
15.0 
15.1 
14.9 
15.0 

Note: AGS = Average Grain Size, 13" = Vickers hardness 



99 

It is interesting to note that: spontaneous cracking on 
cooling did not occur, an indication t h a t  the critical grain 
size f o r  spontaneous transformation to m--Zr02 , s h o u l d  be 
larger @yn 2 urn. This eonc lus io -n  is i n  agreement with Swain's 
results . We has aged samples of Toyo Soda T Z 2 Y  (3.6 w/o 
Y O 3 L  and found that K r e a . c h e s  a value of about 14 

P i 7  ~9a.mz 
paper of spontaneous cracking on cooling, It is known 
that the critical grain size €or spontaneous transformation to 
rn-ZuO increases with the Y 8 content and that, fox the 
samg)grain s i z . e ,  a l ower  + b content g i v e s  a higher 
K . Figures 4, 5 ,  6, 7 8 show the microstructures  
oZCthe aged samples d e s c r i b e d  in Table 1. 

for a grain size o ? C i . g  urn. NO mention is made in 

2 

2.3 Law temperature dilatometry on I-II-- Y-TZP samples 

Five samples of different canpasitions and microstructures 
were sent to P. B e c h e x  o f  ORNL, w h o  tested them in a Low 
temperature dilatometer to t r y  to d e t e c t  the Ns and A s  
temperatures. The samples are described i n  Table 2. 

Fig. 9 shows the results ogtained. T h e  samples, 0.56 crn 
l o n g ,  w e r e  cooled to -170 C at 10°C/min. Samples 
YZl1Q-C-S1475 and YZllO--MG-1500 seem t.o exhibit a. srnal.1 amowit 
of t/m transformation, but no f i r m  conclusion can be drawn from 
these data - These samples, according to P. Becher behave 
similar to other fine grained Y-TZP ceramics containing 2-3 m/o 
Y O  In conclusion, it appears that these materials have 
a$ %* temperature lower than - 1 9 U O C .  Since ISIC increayTs 
when M approaches the use temperature of t h e  material , 
it shat?l.d be possible to improve the  toughness o f  t h e  Y-TZP 
ceramics by careful. manipulation of c o m p o s n t i o n  and 
microstructure, which. both influence M . 

s 

s 

2.4 Y-TZP ceramics made with I- -- 

It was previously reported that h i g h  purity R / S  powc~ers 
contain less Ti, Si, Fe and Al than the regular P/S powders. 
Sintered and s i n t e r e d / H I P e d  billets of the high purity m a t e r i a l  
were made and tested for MOR at RT arid at 100O0C.  The re- 
sults are  shown in Table 3 ,  where the MOR va . Iues  for the low 
purity ceramic are also p r e s e n t e d ,  for the sake of comparison. 
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Table 2 -___- 

Sample - Designation --- d (Mg/m3) 

YZ110-MG-1500 6.02 

YZ110-C-S1475 

YZllO-C-S/H 

YZA-47-Sl600 

6 . 0 3  

6.09 

5.50 

4.98 

~I Designation 

4 w / o  Y 2 O 3 - Z + O 5 .  m,ade  
with rapidly soli ifled, 
m i l l  g r a d e  z o w d e r ,  
sintered at 1500 C 

4 w / o  Y 0 --ZrO2 m a d e  
w i t h  r a p ? d ? y  solidified 
classified (<l sm) powder, 
sintered at 1 4 7 5  C 

4 w / o  Y Z 0 3 - Z r 0  made 
with rapidly solisified, 
classified (<1 urn)* powder, 
5inter:d at 1475 C/HIPed 
at 1550 C 

8 0  w / o  (4 w / o  Y 2 0 3 -  
) - 2 0  w / o  

‘“8 , m a d e  w i t h  
rapid?y solidified, mill 
grade powderl sintered at 
l60O0C 

6 0  W / O  ( 2  m / o  Y 2 0 3 -  
Z r O  ) - 40 w / o  
A 1 2 S 3 ,  T o y o  S o d a  
zirconia and Sumitomo 
a l u m i n a  p o w d e r s ,  
m e c h a n i c a l l %  m i x e d .  
Sintered at 1500 @. 
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A v g  . !.lax . 
MOR 

Wt.$ Avg . Max. 1000 C 1000”c 
MOR 
l.l( --_I 

RT MOR -.-._.L_ RT MOR 52% Mat’ . 
L O W  

Sintered 

~- 

Purity “4.5 970 (5) 1040 311*(3) 345* 

€3 i gh 
Purity “4.5 875 (4) 930 440 (4) 460 
Sintered 

LOW 
Purity “4 .5 1520 ( 6 )  1680 5 3 9  (4) 565 
Sirit. /HIP 

High 

S i n t .  / H I P  
Purity -4.5 1475 (4) 1750 544 (4) 606 

Note: Numbers in paren-thesis are the bars broken. The numbers 
with the asterisk are obtained in 3 pt. bending. The typical 
chemical analysis of the  low purity and high purity powders is 
as follows: 

L , O ~  p u r i t y :  S 1  = 0 . 0 5 % ;  T i  = 0.15%; A 1  = 0.458;; Fe = 0.07% 
High purity: Si = 0 . 0 3 % :  T i  = 0.04%; A 1  = 0.04%; Fe = 0 . 0 3 %  

I t  is n o t  clear a t  present whether the higher strength 
values are due to the higher purity or a l s o  to other reasons 
(i.e. higher K fewer flaws 1 . IC’ 

3 .  Y-TZP ceramics containing A1 0 as d i s E r s e d  phase 
--__I_._ .̂_.I ~ l . . - ~ -  --- 2-3-..-- I__._ ~- ____- 

It w a s  previously reported that the RT MOR (4 pt. ) for t h i s  
illaterial w a s  1096 MPa and 425  MPe a t  1000°C. More work has 
been done a n d  b i l l e t s  w e r e  prepsred by pressure casting to 
reduce the  f laws,  but cracking was frequently experienced. It 
now appears that the cracked billets were too low in yttria and 
underwent transformation f r o m  t--Zr02 to m-ZrO on cooling. 
We were recently able to cast and sinter five goad billets. 
T h e  average MOR ( 4  p t .  w a s  976 M P a  (18 bars) with a m a x i m u m  
of 1 2 9 6  MPa. Fractoqraphy on ten of t h e  samples has shown 
that, in most; cases, large  ( 2 0 - 5 0  urn) voids were t h e  strength 

2 
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limiting flaws, as seen i n  F a g .  10. We believe that these  
flaws resulted from organic inclusions w h i c h  burned out during 
firing. 

T h e  strength values for t h i s  mater ia l  are sumitialrized in 
Table 4. 

Sintered and  s i n t e r e d / H I P e d  billet-s were made u s i n g  the 
Super Z powder from Toyo Soda. The strength w a s  measured at RT 
a n d  at 1 0 Q O O C .  T h e  values are reported i n  Table 4 .  T h e  
sintered ceramics exhibit very respectable strength, but after 
K'IPing t h e  gain is o n l y  marginal and the MUF< v a l u e  is m u c h  
lower than those clalnied by Toyo Soda in a recent US Patent 
(8). A reason could be the f a c t  t h a t  the s i t i t e r i n g  and  I3 IP ing  
temperatures in t h i s  experiment: were h igher  t h a n  those reported 
in t h e  Toyo Soda patent. 

Tayo Soda T Z Z Y  ( 2  mlo Y2O3-ZrO and  Sumit-omo AKP-30 
alumina were ball i i i i l led in e thanol  azter w h i c h  the suspension 
was dried in a vacuum evaporator. The billets were sintered 
and also sintered/HIPed. The MOW VdlhleS at RT and lO0OoC a x e  
shown in Table 4 and are  not as high  as those of the Toyo Soda 
and our R / S  ceramics. The pachable reason seems to be the non 
uniformity of the microstructure, as s e e n  in Fig. 11. Only 
traces of  the n - Z r O 2  were found in the as-fired s u r f d c e  by 
XRD. 

The same powders used in experiment 3 . 3  wese used  and mixed 
according to t h e  procedure described above. Sintered billetrs 
only have been made.  he FTOR values at RT anti ~ O O O O C  a r e  
shown in Table 4. A150 in this case the s t - r e n g t h  is fairly 
low. Less t h a n  5% m-ZrO was found on the as-fired surface 
by XRD. T h e  microstructure is not v e r y  uniform arid i s  shown in 2 

F a g .  12. 
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Tahle 4 

'-TZP Ceramics Containinor  Alumina 

Ma2. 
1000 c Av8 * Avg . Flax * 1000 c 

--11-_- Mat ' 1. RT MOR RT MOR 110 K _I MOR 

YZA-47 976 (18) 1296 427 ( 8 )  5 0 3  
S i n t e r e d  

YZA-47 1 2 2 6  ( 4 )  1.598 510 ( 4 )  517 
S;nt./HIPed 

SUPER z 1171 (43 1357 455 ( 4 )  510 
sintered 

SUPER z 1226 ( 3 )  1440 593 ( 3 )  6-75 
S i n k .  /MPPed 

TzzY./%oa 710 ( 7 )  841 282 ( ' 7 )  324 
Sintered 

T Z Z Y / 4 0 A  661 ( 6 )  7 0 3  2 8 2  ( 6 )  3 8 3  
S i 11 I: e red 

Nate: Numbers i n  parenthesis  are the bars b r o k e n ;  N / A  = r ~ o t  
available. 
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4. Zirconia Toughened Alumina (ZTA) Ceramics -- 

4.1 I_..-_ Z'l'A Ceramics - made with the R/S_1;2owders x 

--- I_.-- I__. 

As previously mentioned, four batches of R / S  powders with the 
compositions reported below have been made and pressureless 
sintered ceramics were obtained: 

Mat'l. -..-__ Wt.% %?t . % Wt.% Wt.% 
Code A l  -2-3 0 - ZrQ2 -2-3 Y O  Y.p3in Y / Z  

AZY-55 78.6 21.4 0 0 

AZY-57 76.5  23.2 0.33 1.4 

AZY-56 76.4 23.0 0.60 2.6 

AZY-54 76.1 22.9 1.02 4.4 

Only material A Z Y - 5 4  (with t h e  highest w/o Y203) has  
given uncracked billets, whose RT MOR (3 pt.), measured on 
minibars (1x1~30 mm) was 1061 MPa. 

Recently, %reen billets of t he  same materials have been 
I-IIPed at 1.300 C and the following results were obtained for 
RT MOR (minibars) and for hardness: 

Mater i a 1 -- 
B (@Pa) 
-V 

I___ Code AVG MOR ( 3  p t . )  I--- MAX. MOR ( 3 ~ t .  -- 

2 AZY-55 Bars could not be made due to high 8 m - Z r 6  

AZY-57 1013 1129 13 

AZY-56 1040 1102 19 

AZY-54 1233 1385 20 

No KIC values are available for these ceramics. 

The reason for using hot isostatic pressing was to keep t h e  
grain size finer and retain a Larger fraction of t-ZrO after 
cooling to room temperature. This goal was achieved, as shown 
by the absence of cracking in all materials except AZY-55, 
which contains no Y Oa. The X R D  patterns of t h e  fou r  

2 ceramics HIPed at 1380 C (Fig. 13) show that t h e  % in-ZrO 
in the polished interior surface decreases with the increase in 
y t t r i a  content. F i g s .  14 and 15 are SEM photomicrographs of 
the microstructures of materials AZY-57 and A Z Y - 5 4 ,  showing a 
fairly good distribution of the Zr02 grains in t h e  A1 0 
matrix. However, a fraction of t h e  zirconia appears trap8ed 
within the A12Q3 grains. The trapping is believed to occur 
when delta alumina, originally present in the powder, 
t ransforms to a l p h a  alumina around 1200°C. Intragranular 

2 
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zirconia particles are not desirable for  maximum uqhness, 
More 

work  will be done to control the delta -- alpha transformation 
and avoid the formation of intragranular ZrOZ grains. 

4.2 ZTA ceramics containing Ce8 

4.2.1 Composition 20 W/Q (16 W / O  C e O  -ZrO ) -80  w/o 
1_1_ --.- 2 ---- 2- .-.--I_ 

since they are more resistant to transformation (bY . . 

-2 _I__ ll____l_ -..___I- 

.-_.I 

a1 0 -2-3 

A powder of this compositicm was prepared by mixing in 
e t h a n o l  t h e  Toyo Soda TZl2CE ( 1 2  m / o  C e O  --Zr02) and the 
Sumitsmo AMP-30 alumina powders. The l iqiai% was then eva- 
porated with a rotary vacuum d r i e r .  Pressureless sintered 
b i l l e t s ,  fired at 15OOoC contained a b o u t  5% porosity and 
they w e r ?  I-IIPed at 155OoC to virtually theoretical density 
( 4 . 3  P.lg/m ) .  The microstructure, shown i n  F i g .  16, is  not 
very uniform and grain pullout is evident after polishing. 
K I  rneasyred with t he  microindentation technique was about 
6.5 P t P a . m F  , but difficulties were e n c o u n t e r e d  in measuring 
the c r a c k  length. The MOR (4 pt.) at RT and 1000°C are 
reported below: 

RT AVG. RT MAX 
MOR MOR 

(fWa 1 ( rIPa ) 

l0OO0C 

(MPa 1 
AVG. MOR 

847 ( 4 )  971 503 ( 4 )  613 

Note.- Numbers in parenthesis are the bars broken. 

Further a t t empt s  were made to produce a uniform aqueous 
s u s p e n s i o n  of the two powdersI by using p H  control and a l s o  by 
using s te r ic  stabilizat-ion (Darvan 821 A ) .  These experiments 
failed t a  g i v e  a stable mixed suspension, due to the 
sedimentation of the ‘I’Zl2CE powder. 

4.2.2 Composition 22 w/o (16 w/o C c O  -Zr02)-78 W/CI- 

Al 0 
-2- _l--____l-l 

-2-3 

A powder of this conposition was prepared by adding 
colloidal so ls  of CeO and ZrO (supplied by NYACOL Corp.)  
to a s u s p e n s i o n  of 2KP-30 a l u m i n a .  The suspensioti was 
freeze-dried to avoid the formation of hard agglomerates and a 
small. sample was pressed and sintered at 1600°C i n  a 
dilasometer. The fired density was about 99% of T D  (TI) = 4 . 3 3  
M g / m  ) .  The microstructure of this sample is shown i n  Fig. 
17. It appears fairly uniform, hut it shows g r a i n  pullouts as 
i n  the o n e  discussed above. Unfortunately, large billets 
could not be made due to an accident which occurred in the  
cold isostatic pressing operation. 

2 
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5 .  83>3...& 100OQC/1000 ~.~ _ _ _ _  _lll_______ h r s .  of Y-TZB ~ ____-_ ceramics with and 
w i t h o u t  A1& 

E i g h t  Y-TZP cerarriics, w i t h  and w i t h o u t  alumina, made with 
khe r a p i d l y  solidified and chemically derived powders, sintered 
or sintered/HTPed, were aged ~ O K  1.000 h r s .  at 1000°C and 
slowly coaled in the furnace. Table 5 shows composition and 
firing conditions for these ceramics. 

--.- ~ -..- 

Table 5 -___....- 
P OtJd e z Sint. T 

-I_ (OC) 

1500 

1600 

1600 

1500 

1500 

1500 

1500 

a500 

Sample 
Code 
_1__ 

Used 
-.-II 

C o m p o s  it I on -- 
R / S  Low 
Purity 

yz - 1 1 o - r - c -  
S15Q0 

Y Z - 46 -MC - 
S 1 6 0 0  

T?/S H i g h  
P u r i t y  

3.2 w/o Y203 
20 w/o A1203 
76.8 w/o ~ r 0 2  

R / S  High 
P u r i t y  

YZA- 47 -- 
S 1 5 0 0  

TZ2Y--S/H C / D  
(Toyo Soda) 

C/D 
(Method I) 

Z4Y20A-I - 
S/H 

3 . 2  W / O  ~ 2 ~ 3  
2 0  w / o  A1203 
76.8 w/oZr02 

C/D 
(Toyo Soda) 

S U P E R  z- 
S l S 0 0  

4.3 w/o Y203 
2 0  w/o A1203 
7 5 . 9  w/o Zr02 

C / D  
(Toyo Soda I- 
Sum i torno ) 

TZ2Y/20A- 
51500 

2.9 w/o Y203 
20 w/o A1203 
7’9.1 w/o Zr02 
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The properties measured before -- and after t h e  aging period 
are: % n - Z r 0 2  by X R D ,  R T  K (microindentation) average RT 
MOR (4 p t . )  and microstructure'%y SEM. Table 6 summarizes the 
r e s u l t s  o b t a i n e d .  

Table 6 -_____ 

YZ-46-MG- ( 5  875(58  5 . 2  7 6  9 0 9 ( 5 )  1 3 . 3  
S1600 

YZA-47-  < S  1 0 9 6 ( 2 )  6.7 8 2  cracked 4.4 
SlS00 

TZ2Y-SlSBO ( 5  1233(6) 5.4 40 1213(5) 11.8 

T z 2 Y-- s / 11 < 5  13'71 ( 8 )  1 0 . 1  69 1 2 4 0 ( 5 )  14-1 

24Y20A--P--S/H < 5 1 6 4 7  ( 4 )  4.0 7 1344(5) 4 . 4 
SUPER z- < 3  1171(4) 3.9 0 1 2 6 8 ( 5 )  4.0 
s1.500 

TZ2Y/20A- < 3  7 1 0 ( 7 )  4 * 4. 3 8 5 4 ( 5 )  6 . 2  
S l 5 0 0  

Note: MOR values are i n  MPa: K y ,  v a l u e s  are i n  P.1Pa.m : 
numbers i n  parenthesis are # of MOR k a r s  broken; MOR bar s i z e  

was m e a s u r e d  on t h e  cross section of t h e  is 3x3x30rnrn; 
billet; % m - Z r 0 2  1s  from a s - f i r e d  surface of bil.1.et. 

K I C  

From t h e  data of Table 6 ,  o n e  can dra.w the following 
pr e I i m i n a r y eonc 1 u s i on s : 

1) all. m a t e r i d l s  containinq 20 w/o A 1  0 showed no increase 
i n  % and t h e i r  strength \vas2 2 e t a i n e d  O F  improved, 
except  m ~ ~ ! % L A - 4 7 - S 1 5 0 0 .  

2 )  the c x a c k i n g y  o f  YZ-LlO-MC-Sl500 a n d  YZA-47-Sl500 is not 
expla inable  at present and more s t u d i e s  a r e  necessary. 

3 )  the drairiatic i n c r e a s e  i n  %m-%rO on the b i l l e t  s u r f a c e  i s  
n o t  accompanied by strencjth degradation i n  three D f  these 
ceramics. 

2 
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4) there appear t o  be n o  c o r r e l a t i o n  b e k w e e r a  change i n  
t o u g h n e s s  and change  i n  s t r e n g t h .  

5 )  the  ceramics made w i t h  the C / D  po!dders have shown be t t e r  
t h e r m a l  s t a b i l i t y .  

The h i g h  % m - Z n 0 2  i n  t h e  Y-TZP samples aft-er a g i n g  c o u l d  
be a sur face  e f f e c t .  P o l i s h e d  cross sectiorns were submi t - ted  
for XHD t o  answer t h i s  q u e s t i o n .  

F i g s .  18 t h r o u g h  25  s h o w  the m i c r o s t r u c t u r e s  o f  the  e i g h t  
cerarnics b e f o r e  and after the  a g i n g  treatment. I n  all cases no 
s i g n i f i c a n t  c h a n g e s  a r e  v i s i b l e ,  However, the g r a i n  s i z e  
d i s t r i b u t i o n  ciirves, i f  a v a i l a b l e ,  could r e v e a l  a n  increase i n  
the f r a c t i o n  of the  coarse g r a i n s  i n  t.he aqed samplesr which 
c o u l d .  e x p l a i n  the c r a c k i n g  o f  ma te r i a l s  Y Z - l l O - M G - S l S O O  and 
YZA-47-SbSDO. 9 k  m u s t  be remeinbexed,  h o w e v e r ,  t h a t  many 
f a c t o r s  may i n f l u e n c e  t h e  t endency  of the mater ia l  t o  crack, 
v i z d  g r a i n  s i z e  d i s t r i b u t i o n ,  y t t r i a  content, y t t r i a  
d i s t r i b u t i o n  among i n d i v i d u a l  g r a i n s ,  p r e s e n c e  of y t t r i a  rich 
ylassy p h a s e s  which may have  depleted y t t r i a  from the a d j a c e n t  
g r a i n s .  Another  reason for the cracking c o u l d  be t.he t/m trans- 
formation induced  by m o i s t u r e  i n  t h e  c P i t i c a l  temperature r a n g e  

--- 

af 200-300°c. 

This p a r t  of the prograiil h a s  received xuch a t t e n t i o n ,  bu-t; 
r e c e n t l y  the main e f f o r t  has f o c u s s e d  on  producing R / S  powdezs 
w i t h  the d e s i r e d  c o m p o s i t i o n  and f r e e  f r o m  f o r e i g n  i rnpux i t - i e s ,  
rather then c h a r a c t e r i z i n g  the s u s p e n s i o n s  and o p t i m i z i n g  t h e i r  
p r o p e r t i e s  f o r  t h e  production of the b e s t  g r e e n  parks  by  
c a s t i n g .  WlPing was e x t e n s i v e l y  used a s  a t oo l  for a quick 
e v a l u a t i o n  of new c o m p o s i t i o n s ,  b u t  the c o l l o i d a l  p r o c e s s i n g  o f  
t h e  powders i s  still c o n s i d e r e d  c r u c i a l  for  o b t a i n i n g  good and 
r e p r o d u c i b l e  mechan ica l  p r o p e r t i e s ,  W e  have  rmw i n  house two 
" s t a t e  of t h e  art" instruments far the c h a r a c t e r i z a t i o n  of 
c o n c e n t r a t e d  s u s p e n s i o n s  and w e  feel that t-k-tey will p r o v i d e  
i n v a l u a b l e  i n f o r m a t i o n  not. a v a i l a b l e  before. 

7 .  Measurement. of K w i t h  the D o u b l e  Torsion Met:hod (BTM) 
~ _.... I c-.-;--L ~ _-.-...-..-_I_____..._____ I .__.._._cI__ 

A s  m e n t i o n e d  p r e v i o u s l y ,  t h e  MCE' ( m u l t i p l e  c o n t r o l l e d  
f l a w )  method f o r  the  measurement of K has p roven  u n r e 3 . i a h l e  
a t  h igh  t e m p e r a t u r e ,  since the cracks end to heal. aiid become 
i n v i s i b l e  a f t e r  %hie test. 

A t t e m p t s  were made to use t h e  Indent S t r e n g t h  i n  k33ending 
( I S B )  method, b u t  the "penny shaped" cracks on the f r a c t u r e  
surface of t h e  MOR b a r s  were n o t  c l e a r l y  v i s i b l e  i n  most 

LChuck,  0 1 . 1 ~  expert i.n mechanical properties of materials, 
p r e v i o u s l y  at N B S ,  h a s  suggested the u s e  o f  the d o u b l e  to r sa .on  
method (DTM)  for  K i C  measurement .  Before t h e  end  of: A p r i l  we 
w i l l  have a h igh  temperature f i x t u r e  and the  first measurements  
on t h e  m o s t  p r o m i s i n g  m a t e r i a l s  w i l . 1 .  be done. 

1g 

salnpl es . 
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8 .  Alternate m e l t i y / r a p i d  s o l i d i f i c a t i o n  technqiies- 
Norton eo. has r e c e n t l y  acquired P l a s m a  Materials, I n c .  o f  

ManchesLer, ( N . H .  1. In this facility we have  s t a r t e d  p r o d u c i n g  
rapidly sslidif ied ceramic materials, but at present only  v e r y  
snail quantities h a v e  been obtained, insufficient for making 
billets. T h e  m a i n  problems e n c o u n t e r e d  h a v e  been the 
c o l l e c t i o n  of t h e  R / S  product a n d  t h e  control o f  t h e  
salidification ra te .  T h e  f i r s t  problem w a s  s o l v e d ,  but the 
second one is s t i l -1  of ma. jor  c o n c e r n  and now h a s  f i r s t  

___I- ---. _I___ ---.--.-.---.-..-----.-- -- --.- 

priority . 
S t a t u s  of Milestones 

A new list of milestones for 1987 has been wri t ten ,  s u b -  
mitted to (and approved  by) the ORNL contract  manager. T h e  
list is shown below: 

__11_-1___- 

1 Identify Ms and A t . e ;npe ra tuxes  of 
Y-TZP ceramic usigg low temperature 
( L x q u i d  N 1 dilatometry. 2 

2 

3 

4 

5 

6 

Final e v a l u a t i o n  of the Mg-PSZ ceramics 
made with the R / S  powders. 

Develop ceramic fixture fox iiieasurernentr 
of hot  E I - ~ C ~ U K ~  toughness wi th  doub1.e 
torsion t e c h n i q u e .  

Eva 1 ua  t e i ri f i 1.1 en ce Q f m i u 10s t a: u c t u r e 
of Y-TZP ceramics made w i t h  the M / S  
powders on MOR and KIc a% RT a n d  HT. 

E v a l . u a t e  MOR and KI. a t  RT and I-IT f o r  
ZTA ceramics made with C/D and R/S 
powders, i .e .  Z K O  / A 1  0 3 ,  Y-TZP/ 
A1203 I @e-TZP (nf6,) /i1203. 
Select final composition and best pro-- 
cessing method for f i n a l  optinization. 

7 Optimize composi t i ~ n ,  processing I firing 
s c h e d u l e  to achieve program objectives. 

8 

9 

Measuxe thermal cor iduc t iv i  t q r  and thermal 
expansion coefficient of  ceramic with 
opt ami zed composition. 

Write f i n a l  report t.o tloturrrent results 
of the research contract. 

D a t e  

Mar. 3 1  

Mar. 31 

A p r .  3 0  

J u n .  30 

Jul. 31 

J u l .  34 

Qct .  3 1  

Oct. 31 

N o v .  3 0  
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P l i l e s t o n e  $1 has b e e n  met. Milestone $2 was n o t  met d u e  t o  
the c r a c k l n g  problems previously mentioned axid f u r t h e r  work 
will be d o n e .  All o k ' n e r  milestones are  o n  s c h e d u l e .  

Pub1  i ca t i ons 

1. G .  A. Rossi, C .  E .  Knapp, J. l3. R l u n  and K. E. Manwil ler :  
" Z i r c o n i a  T o u y h e n e c l  C e r a m i c s  F o r  H e a t  E n g i n e  
A p p l i c a t i o n s " .  Tc? be published i n  t h e  P r o c e e d i n g s  of the 
T w e n t y - F o u r  t h  D e v e  J. oprn e II t 
Contractors '  C o o r d i n a t i o n  EIeeting, Dearborn, MI I 1.0/30/236. 

A u t  o m o t .  i v e  T e  eh n o  1 o g y  

R e  f e r erice s - 
1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9. 

A . H .  Heuer, R .  Chai r r i ,  V .  L a n t e n i ,  " T h e  D i s p l a c i v e  Cubic 7-3 
T e t r a g o n a l  T r a n s f o r m a t i o n  i n  Z r 6  Alloys" , Acta. M e t a l l . ,  

2 - 3 5 ,  661-666, ( 1 9 8 7 ) .  

M. R u h l e ,  N .  C l a u s s e n  a n d  A .  E.  €-leuerz " M i c r o s t r u c t u r a l  
s t u d i e s  o f  Y , O - - C o n t a i n i n g  T e t r a g o n a l  Z r 0 2  
Polycrystals ( Y - r r 4 P j J $ ,  Science and trechrio1oyy of Zirconia 
11, p -  352-370, Advances  i n  Ceramics ,  Vol. 12, Pub .  by t h e  
Amer izan  Ceramic Society. 

G .  R.  Anstis, P .  Chantikul, H .  I?.. Lawn arid D .  B. P ld r sha l l ,  
" A  Critical E v a l u a t i o n  of Indentation Techniques f o r  
N e a s u r n n g  F r a c t u r e  T o u g h n e s s :  1 ,  D i x c c t  C r a c k  
Measurements" . J .  Am. C e r a m .  
SOc.8 I 648 9, 5 3 3 - - 5 3 8 ,  ( 1 9 5 1 ) .  

M. V. Swain, "Grain S i z e  D e p e n d e n c e  of T o u g h n e s s  a n d  
Txansformability of 2 mol'% Y-TZP C e r a m i c s " ,  9. M a t .  S c i .  
L e t t . ,  I 5, 1159-1162, (1986). 

F.  F.  Lange ,  " T r a n s f o r m a t i o n  T o u g h e n i n g " ,  J .  Mat-. S C I . ~  1 7 ,  
240-246, ( 1 9 8 2 ) .  

T .  E , l a s a k i ,  " M e c h a n i c a l  P r o p e r t i e s  of T o u g h e n e d  
ZrO -Y203 C e r a m i c s " ,  J .  Am.  C e r a i n .  Soc., _. 69, . . 638-640, 
(1986) .  

P. F. Recher ,  "Toughening B e h a v i o r  i n  Ceramics Associated 
w i t h  the T r a n s f o r m a t i o n  of Tetragonal Z r O  2 I' ' A e L a .  
- Metall., -_ .. V o l .  34, No. 10, pp. 1885-1031, (1986). 

"High Strength Z i r c o n i a  Type Sintered Body", U. S. P a t e n t  
4 , 5 8 7 , 2 2 5  (Play 6 ,  1986) .  

€3. W. Kibbel a n d  A .  1 1 .  I l e u e r ,  "Ripening of In te r -  ant3 
l n t r a g r a n u l a r  Z r O  P a r t i c l e s  i n  Z r 0 2 - T o u g h e n e d  
A1203", Science a n d  $ethnology of Zirconia 11, Advances 
I n  C e f d l n i c s ,  V o l .  1 2 ,  p .  415-424, Pub .  by the Am. C e r a n i .  
SOC. ( 1 3 8 4 ) .  
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Fig. 1: Twinned tetragonal (t') microstructure of R / S  raw 
material. The twins are believed to result from 
stress accommodation. 
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33 

F i g .  2:  M i c r o s t r u c t u r e  o f  s i n t e r e d  R / S  m a t e r i a l .  Well 
d e f i n e d ,  equiaxed  g r a i n s  abou t  1 urn i n  d i a m e t e r  
a r e  e v i d e n t .  



Fig. 3: 
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Grain in sintered R / S  material showing low angle 
boundary. 
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F i g .  4 :  M i c r o s t r u c t u r e  ( S E M )  of a 4 . 6  w/o Y Og-Zr02 ce ramic  
s i n t e r e d  a t  1475OC and aged a t1500°2 ,  
C l a s s i f i e d  powder ( p a r t i c l e  s i z e < l  u m ) .  

1 h r .  
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r i g .  5 :  M i c r o s t r u c t u r e  ( S E M )  of 8 4 . 6  w/o Y 0 -ZrO . 
ce ramic  s i n t e r e d  a t  1475 C and aged2a? 1 5 0 8 O C  
4 hrs .  C l a s s i f i e d  powder ( p a r t i c l e  s i z e e l  u m ) .  
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F i g .  6: Micros t ruc ture  (SEM) of  8 4 . 6  w/o Y 0 -Zr02 
c e r a g i c  s i n t e r e d  a t  1475 C a n d  a g e d 2 a 8  
1600 C ,  1 h r .  C l a s s i f i e d  powder  ( p a r t i c l e  s i z e <  
1 urn). 
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F i g .  7: M i c r o s t r u c t u r e  (SEM) o f  8 4.6  w/o Y 0 -Zr02 
c e r a 8 i c  s i n t e r e d  a t  1475 C a n d  aged2a? 
1600 C ,  6 hrs. C l a s s i f i e d  powder  ( p a r t i c l e  s i z e <  
1 urn). 
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F i g .  8: M i c r o s t r u c t u r e  ( S E M )  o f  8 4.6 w/o Y 0 -ZrO 
ceramic  s i n t e r e d  a t  1475 C and aged2a? 1 6 0 6 O C  
6 hrs .  C l a s s i f i e d  powder ( p a r t i c l e  s i z e c l  u m ) .  
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F i g .  9 :  R e s u l t s  o f  low t e m p e r a t u r e  d i l a t o m e t r y  e x p e r i m e n t  
on f i v e  Y-TZP c e r a m i c s .  
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F i g .  IO: F r a c t o g r a p h  o f  samp le  o f  Z4Y20A (80% Zr02-4 w t . %  
Y O3 + 20% A 1  0 ) .  
s z r e n g t h  o f  1392 MPa. 
v o i d  l o c a t e d  n e a r  t h e  c e n t e r  o f  t h e  p i c t u r e .  

The s a m p l e  h a d  a f l e x u r a l  
The c r i t i c a l  f l a w  i s  t h e  
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Fig. 1 1 :  M icrostructure (SEM) o f  c e r a m i c  with composition 
80 w/o (2 m/o Y 2 0 3 - Z r 0  1-20 w/o A 1  0 3 ,  made By 
mixing commercial powdgrs. Sintergd at 1500 C. 
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e 

Fig. 12: Microstructure (SEM) o f  ceramic with composition 
60 w/o (2 m/o Y Oj-ZrO )-40 w/o A 1  0 
mixing commercizl po9wgers. Sintezea’at 1500 C. 

made bg  



A Z Y - 5 4  A Z Y - 5 6  A Z Y - 5 7  A Z Y - 5 5  

c 
h) 
W 

F i g .  13: XRD p a t t e r n s  o f  p o l i s h e d  s e c t i o n s  o f  Z T A  
c e r a m i c 8  made w i t h  t h e  R / S  p o w d e r s ,  H I P e d  
a t  1300 C .  
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F i g .  1 4 :  M i c r 8 s t r u c t u r e  (SEM) o f  sample A Z Y - 5 7 ,  HIPed a t  
1300 C. 
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Fig. 15: Micrgstructure (SEMI o f  sample A Z Y - 5 4 ,  HIPed at 
1300 C. 
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839 

Pig. 16: Microstructure (SEM) o f  a ceramic with composition 20 
w/o (12 m/o Ce02-Zr02)-80 w/o A 1  0 
commerchal powders. 
at 1550 C. 

made b y  mixing 
Sintered at21?600C and HIPed 
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F i g .  17: Microstructure (SEM) o f  a ceramic with composition 
22 w/o ( 1 2  m/o CeO -ZrO ) - 7 8  w/o A1203, made b y  
colloidal method. 2Sintgred at 1600 C. 
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F i g .  18A: M i c r o s t r u c t u r e  (SEM) o f  sample YZ110-MG-SI200 
( T a b l e  5 ) ,  b e f o r e  t h e  a g i n g  p e r i o d  a t  1000 C/ 
1000 h r s .  
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r50Rh 
Fig. 188: Microstructure (SEM) o f  sample YZ110-MG-SlZOO 

(Table 51, after the a g i n g  p e r i o d  at 1000 C/ 
1000 hrs. 
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F i g .  19A: M i c r o s t r u c t u r e  (SEMI o f  s a m p l e  YZ-46-MG-SIg00 
( T a b l e  5), b e f o r e  t h e  a g i n g  p e r i o d  a t  1000 C/ 
1000 h r s .  
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Fig. 19B: Microstructure (SEM) o f  sample YZ-46-MG-Sa600 
(Table 51, after t h e  aging period o f  1000 C /  
1000 hrs. 
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Fig. 20A: Microstructure (SEM) o f  sample YZA-47-Sl508 
(Table 51, b e f o r e  t h e  aging period at 1000 C/ 
1000 hrs. 
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Fig. 20B: M i c r o s t r u c t u r e  (SEM) o f  s a m p l e  YZA-47-Sl580 
( T a b l e  51, a f t e r  t h e  aging p e r i o d  a t  1000 C/ 
1000 hrs. 
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F i g .  21A: M i c r o s t r u c t u r e  o f  sample TZ2Y-SJ500 ( T a b l e  5 )  
b e f o r e  t h e  a g i n g  p e r i o d  a t  1000 C/1000 h r s .  
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Fig. 218: Microstructure o f  sample TZ2Y-SJ500 (Table 51, 
after t h e  aging period at 1000 C/1000 h r s .  
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F i g .  22A: M i c r o s t r u c t u r e  (SEM) o f  sample &Z2Y-S /H  ( T a b l e  51, 
b e f o r e  t h e  a g i n g  p e r i o d  a t  1000 C/1000 hrs. 
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__. 

F i g .  228: M i c r o s t r u c t u r e  (SEM) o f  sampleoTZ2Y-S/H ( T a b l e  5 )  
a f t e r  t h e  a g i n g  p e r i o d  a t  1000 C/1009 h r s .  
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Fig. 23A: M i c r o s t r u c t u r e  (SEM) o f  s a m p l e  Z4Y20A-I-S/! 
(T a b l e  51, b e f o r e  t h e  aging period at 1000 C/ 
1000 hrs. 
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F i g .  238: Microstructure (SEM) o f  sample Z4Y20A-I-SdH 
(Table 51, after the aging period at 1000 C /  
1000 h r s .  



140 

F i g .  24A: M i c r o s t r u c t u r e  (SEM) o f  sample S u p e r  Z-SlzOO 
T a b l e  5 ) ,  b e f 0 r . e  t h e  a g i n g  p e r i o d  a t  1000 C /  
1000 h r s .  
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F i g .  2 4 B :  M i c r o s t r u c t u r e  (SEM) o f  sample Super  Z-Sa500 
T a b l e  51,  a f t e r  t h e  a g i n g  p e r i o d  a t  1000 C/ 
1000 h r s .  
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1 

F i g .  25A: M i c r o s t r u c t u r e  (SEM) o f  sample TZ2Y/20A-S1200 
( T a b l e  5 ) ,  b e f o r e  t h e  a g i n g  p e r i o d  a t  1000 C /  
1000 h r s .  
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F i g .  258: M i c r o s t r u c t u r e  (SEM) o f  sample TZ2Y/20A-SJ500 
( T a b l e  51, a f t e r  t h e  a g i n g  p e r i o d  a t  1000 C /  
1000 h r s .  
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Advanced Transformation- Toughened Oxides 
J .  B i e l  and T. Y .  T i e n  (The U n i v e r s i t y  o f  M i c h i g a n )  

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

The goal of the current research is to improve the toughness and strength 

of the subject material. Previous results indicate toughness will be increased by 

increasing the v\o Zr02 if the particle size is closely distributed around the 

critical size for transformation(1). When the Zr02 particles grow too large during 

sintering spontaneous microcracking occurs which seriously degrades the 

mechanical properties. The problem of Zr02 growth in this material becomes 

aggravated as its amount is increased due to particle agglomeration during 

forming and the particle growth mechanism of coalescence during sintering(2). 

Strength will be improved by two mechanisms in this material. First by 

prevention of growth of large monoclinic zirconia particles which spontaneously 

microcrack. Second by elimination or minimization of processing defects and 

porosity in the pressureless sintered bodies. 

All of these goals should be possible by improved processing of the 

material. Fine evenly sized starting powders are important and can be 

produced by co-precipitated methods. A key step during the forming process is 

the prevention of agglomeration by a dispersion agent. Of nearly equal 

importance is the development of powder consolidation methods which 

minimize pore size to allow quick sintering to near theoretical density without 

excessive grain or zirconia particle growth. The formation of dense evenly 

packed green bodies is possible using colloidal filtration methods(3,4,5). 

Dispersion agents adsorb to particle surfaces from solution and create a 

repulsive force between particles. Dispersants are generally of three types, 

small charged molecules or ions which cause electrostatic repulsion between 

particles, adsorbed polymers which cause steric or entropic interference 



between particles and adsorbed polyelectrolytes which are charged polymers 

and have potential to cause bath electrostatic and steric interference between 

parlicles. 

A number of factors arc important in determining the inter-particle 

repulsive forces caused by the adsorption of a dispersion agent. Among them 

are the amount and type of dispersion agent adsorbed as well as the 

suspension or liquid medium. Another factor which is little understood is the 

concentration of particles in suspension . This may become important during 

colloidal or pressure casting met hods as the particle concentratiori becomes 

mucla higher than the particle concentration where most dispersant studies are 

p e rf 8 rm ed 1 

Our current work has focused on these factors of agglomeration 

prevention by use of dispersion agents and or1 green body formation which 

takes advantage of the dispersed state. A brief summary of the experimental 

program is given next, 

Technical proqress 

Experimental Methods: 

Starting powders were produced by precipitation of salts from solution 

similar to methods already used(2 ). AI and Cr nitrate salts were dissolved in 

ethanal. Zr oxy-cl salt was dissolved in distilled water. All solutions were made 

concentration and further diluted to 1\4 M before precipitation. The 

precipitation was done by dripping the mixed salt solution into a rapidly stirred 

bath of ethanol kept at a constant pH=8 by NH4QH addition. The powders were 

given a quick calcination at 1300"~  for 15 mins.. To break up agglomerates the 

~o~~~~~~ were attrition mille 

Samples were formed by using a pressure casting method similar to slip 

. The slurries with a solids content of 10 v/o were suspended in distilled 



wateil aiid aggioineiatinri was prevented by use Df a pdyelectrolyte. A 

plyacrylic acid was used znd it was chosen based O i l  the wsik done by R. 

Cannnn ori sereei-~~i-iy i: je groLip of con7im:'cially available dispeisioli 

q c n t s  (6 ) .  
- 
I o opiimiic the !!se of the PAP, a number of experirricnts were pcriorr-ned. 

P,:korption curves were measurcd using solLition cor-icentration nieasuremcnts 

of poiye!~ctrolyte before arid after equilibration with a known amount of powder 

I I ie effect of adsorption aniouni nn tlispetsion was delermincd by meas~rrrng 

the ayglori~c:ale siTe in suspe;.ns~nn. Par-ticlr: siLe distribution was deterrriined 

using thc change in l i c c i i t  absorb9r-ice with sedimentatinn time. I he rela 

potential was i i - m x r x !  ta clctertmine the level of e!ectrostaiic charge on the 

- 

- 

SUSpt7de i ;  p , 3 r t ! ~ : l ~ ~  a17d how that: was affected by the yPOIyeIeCtroIyte 

adsorpiion 

was also siudied. The solution pH was adjusted by using HCL and NH401 I .  

i tic cffczi of solution pZ1 sn the polyelectrolyte dispersion effects 

Green bndies were produced by pressure casting colloidal dispersions of 

the pnwde:s.  P, simple pfessllre filtration box was constructed using alumnum 

piztc for the inp ami bottom and 2 section of rectangular alurnirrclm tube fot the 

body An inliiai p tesu re  0; 15 psiy was applied to the slurry with the pressure 

incrczsed 5 p i g  cvcry mii-lde. I ypically a 3-5 rnm piece was cast i ~ i  15 mins 

dep(>r:dir-ig on the paflicie size and dispersion(4). Other presstire-time 

schedules for ccls111-q are being investigated 

green bo 

p o ro s i in e trt ry . 

- 

I-he pore size distribution in the 

as affected by t h e  dispersion was measured using mercury 

Pressureless sintering was done in a graphite fiirnace at low oxygen 

potential. l9-essur-e cas! szrriples were sintered at 1 5 0 0 " ~  for 1 hour to near 

t tiecaretical density. 

The fracture taughness measurements were niade using the micro- 



indent crack length methcd(7). ~ C I  r ~ l i b m t s  tire micro-indent method for this 

material a satisple froin tile pseviairs wlark(1) lor which 4 pt berid bar data was 

available was tested. The results of both naetBic8ds to mwasiire fracture 

hness are in close agseerrscnt. Strength maasuremcnts were made using 

2mm by 3n1m cross SeetiQal bars in four point bending. 

R e s u l t s  and D i s c u s s i o n :  

Ccn-precipitated powders were used to form greeas bodies using colloidal 

filtration methsds follcawsd by pressureless sintering Initially a detai?rd study of 

the aptirnurn ccalloi al dispersicmn as rwt made. Green bodies WNC procdimd 

with a. density of 58-55% (measkired frarn external dimensions). Thesc sintered 

to near theoretical density at 150 'C in a graphite fui*nfics. 

Samples without HfQ2 were prodlrced with a tetra m a l  content of El- 

90% after sintering for l Iiour. By caging these samples at 15Q0@c for six I~iours 

the tetragonal content could be In ered to around 50%, Samples with Hf02 

were, also sintered and had a lower tetragonal content depending on their Hf02 

content. The room tenperatrire fracture tcluSliiness of the samples are shown in 

fig.1. 

icates a significant irnprcam-nent in totrghness over previous 

samples(1 ,a) . Similar efforts at p r ~ ~ ~ ~ ~ ~ ~ ~  samples with 17.5 ?Ov\o PrO2 

resulted in samples with a tetragonal ~oi i l tenl  of 3525% which is lower than the 

desired level. 'The paflick size distribution will be growing away from the 

critical size for transformation atid there is greater probability af spontaneous 

microcracking 'Tu make further improvements efforts have been directed at 

better ~nderstanding of the ~ ~ ~ y e , ~ ~ G t r ~ i ~ t ~  -diSp@rSioQ prOCeSS The level Of 

polyelectrolyte adsorption, its effect on inter-particle repulsion in suspension 

and the resulting sintered microstructure are of primary interest. 
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I hc polyelectrolyte chosen for I J S ~  IS tlarvan 821-A an ammoniated 

polyacrylic acid (PAA) which is anionic in nature. I-his choice was based on 

work cui-isiuctcd k9y R. Cannon(6) 

Cr30:3 and r r W  (Lircar) are given in figs. 2,3 

iwr7 materials shtiwn arc very similar The saturation adsorption level increases 

with decreasing p H  for both powders tested. 1 his implies that the 

polyeiectrolyte (?,*,A) inoiecuics arc more extcndcd into solution at lower pi  I 

increasing the potential for steric repulsion and decreasing thc electrostatic 

repulsioii irretweeii pariiclas 1 he opposite behavior should occur at highsr pH. 

Polye;ertrnlytes may can~sc rcpbibiun betwwr i  p ~ i i c i e s  using both electrostatic 

and steric factors arid the relative irnpoi?ance of thess meclwrisms has not 

been firmly establishecl(9 1 0 , l l ) .  

- 
I he adsorpiiorl curves for A1203:I 0 m/o 

The adsorption curves for thc 

- 

1-0 rneastircl! the adsorption effect on agglomeration in dilute suspensions 
- pariiclc: size nieasurcnents were made 

median values. 1 i-ic data shows the best dispersion and least ayg1nmeratior.i at 

the saturation Ievei r?f adsorption. 1 hc e f i sd  of: saturatron adsorption at different 

pH levels on ihc! measured pafi lclr-qgloineratc size was also exarxiiied and 

found io riiako only a small difference for the powders tested The results are 

also sliown in Table 1 . 

I he results shown it1 Table 1 are tire 

Zeta poicntials t ;ae mezsured for 10-0-0 and 10-20-0 ( material 

composition is mqx-essed as m/o Cr203 - v/o Zr62  - mio Hf02 ) powders with 

and without polyelectrolyte adsorption.The data is given in Table 2. The zeta 

poieniial for the 10-0-0 and 10-311-0 (Ovio and 3Ov/o L r 0 2  co-precipitated 

powders respectively) powdcrs without polyelectrolyte are similar and are 

differgrit from that of Jr62. This ~nclirates the / r02  must precipitate from 

solution frrsr foliowed by the .41203:Cr903 which dominates the surface 
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Fig. 2, ca-ppt A1203:Cr203 p~~~~~ PAA 
ad so rpt ion show i n 
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Fig.3, Zr02 (Zircar) powder 
showing high adsorption at p 
adsorption at pH=6.5,8. 
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Fig.4, Density sf p.c. vs d.p. saiwpses 

0 2 0  40 60 8 0  100  

sinter t i m  gmikn.) at 1500"~ 

press. cast 
-e-, dry press 

Fig.5, tetragsr-sa! rantent a; p.c. ws d.p., 
_I________ ..... ~ ......... T-"" 

et- 
+- 

press. cast 
d y  press 

0 20  40 60 80  100 

sintering t h o  at 7500"e (min.) 



157 

.O1 

.02 

.03 

.04 
@ .OS 
f: .06 

.08 

"2.2 

.42 

.53 

.65 
.8 
1 

g .Q7 
I 

E .a95 
.- sd .11 

E! .34 
m 

0 a 

---- 
0.00 0.02 0.04 0 . 0 6  0.08 0.10 

pore wol. m/gm 

.01 

.02 

.Q3 

.64 

.05 
c .OG 
!2 .O68 

.78 
E .695 
.- (rj .1 

.22 

.31 

.41 b 

.53 

.s5 
.8 
1 

"m 

63 
I- 

-a 
Q 

a 

----T--- 
0.00 0.02 0 .0d  0.06 0. os 



158 

Fig. 8, Pore Size Distribution pWd? 
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Fig. 9 ,  Pore Size Distribution pW=7.8 
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Previous l - r o r k [  1 1  h a s  s h o w n  t h a t  i t  i s  p ( : , s s : i . b l n  t o  
i n c r e a s e  t h e  stre::E;th of Al20.3-7~02 ceranl i.es by i n c o r p o r a t i n g  
t r a n sf orni a t i o i?- i n d u  c e d P e 81. cl u al s i n t e r e d 
s p e c i m e n s  c o n s i s t i . n g  o f  t h r e e  l a y e r s .  T h c  o u t w  l a y e r s  
c o r r t a i n e d  A 1 2 0 3  a n d  u n s t a b i J - i z e d  Z r 0 2 ,  a.~hile t h e  c e n t r a l  
l a y e r  c o n t a i n e d .  A I  2 0 3  a n d  p i i r ' i i a l l y  s t a b i l  i z e d  Zr02. 
'.!ken c o o l e d  P r o a  t h e  s . i , n t e r i a g  i ; e m ~ : , e ~ .  L a t . u r e ,  some o f  t h e  
z i r c o n i a  i n  t h e  o u t e r  l a y e r s  t r a n s f  o r n e d  t o  t h e  n o n o c l  i n j .  c 
f o r m  w h i l e  z i r c o n i a  i n  t h e  c e n t r a l  l a y e r  w a s  r e t a i n e d  
in t h e  L e t r a g o t l a 1  p n l . y ~ ~ o ~ p h .  T h e  t r a n s f o  a t i . o n  o f  z i r c o n i a  
i n  t h e  o u t e r  l a y e r s  L e d  t o  t h e  e s t a b l i s h m e n t  o f  s u r f a c e  
c o m p r e s s i v e  s t r e s s e s  ani1 b a l a n c i n g  t e n s i l e  s t r e s s e s  i n  
t h e  b u l k .  I n  t h e o r y ~ ,  t h e  r e s i d u a l  s t ; ~ e s s $ s  w i l l  n o t .  
d e c r e a s e  v i t h  t e n i p s r a t u r e  t x n t i l  ths monocJ_in ic  t o  t e t r a G o n a l  
ti-*aEsf o r u a t i o n  t e u p s r s t u r e  I s  r e a c h e d  s i r i c e  m o n o c l i n i c  
a n d  t e t r a g o n a l  Zr02 p o l y z n o r > p h s  h a v e  n e a r l y  t h e  sane c o e f f i -  
c i c n t s  o f  t h e r n a l .  e x p a n s i o n .  T h e  d e m o n s t r a t i o n  o f  t h e  
r e t e n i i o n  o f  i - e s i d u a l  s t ~ ~ e s s e s  rz i i th  t e m p e r a t u r e  i s  a 
p r i m a r ' y  p u r p o s e  o f  t h i s  p r o j e c t .  

P r e v i o u s  v o r k  112s a c c o i i i p l i a h e I !  u s i n g  d r y  pi.es3ing 
t e c h n i q u e s .  T h e  d e v e l o p m e n t  o f  s l i p  c a s t i n g  t e c h n o l o g y  
f o r  l a y e r e d  c o m p o s i t e s  w i l l  a l l o w  f o r  b e t t e r  d i s p e r s i o n  
o f  z i r c o n i a  i n  a l u i n i n a  a n d  t h e r e b y  f a c i l i t a t e  h i g h e r  
v o l u m e  m o n o c l i n i c  Z r 0 2  i n  o u t e r  l a y e r s  w i C % o u t  s t r e n g t h  
de gra d i  n g rn i c r o c r 3 c k i  n g 91. ri. p ca s ti. n g 
a n d  d r y  p r e s s i n g  t e c h n i q i l e s  w i l l  b e  m a d e  t o  i . d e n t i f y  
h i g h e r  s t r e n g t h  m a t e r i a l s  f o r  inore d e t a i l e d  c h a r a c t e r i z a t i o n  
d u r r i n g  t h e  s e c o n d  y e a r  of: i;he p r o j e c t ,  

s t r e s s e s 1* n 

A c om pa r i s o  ri be ti.! e e 11 

C h a r  a c t  e r i z  a t i  o n  o f  Re si d u a l  S t r  e s s e 3  -. 
5 t, i" e rlgS, 'n [ 2 1 a 14 d t, o ugh n e  s ~1 s ur? em e fit s [ 31 o n lil o rlol i t  h i c 

a n d  thrBt?e layer coinpohj. tees[ 1 1  h a v e  shown t h a t  s u b s t a n t i a l  
i n c r s a s r s  i n  m e c h a n i c a l  p f o p e r t i e s  o c c u r  diic trr t h e  p r e s e n c e  
of r e s i d u a l  s t a r e s s e s .  A t b r c  paw m e t e r  M e l b u l l  d j  s t r i b u t i o f i  
: !as u s e d  p r e v i o u s l y  t o  s h o w  t h a t  i n c r e a s i n g  s t r e n g t h  
a n d  W e i b u l  1 modu l  u s  z r e  p o s s i b l e  u s i n g  t h r e e  3 a y e r  compos-  
i t e e [ 4 ] .  A L h i - n e  p d r a m e t e r  k ! e i b u l l  e x p r e s s i o n ,  
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s t r e s s  f o r  w h i c h  f r a c t u r e  can o c c u r ) ,  O o  i s  a s ca l e  p a r a m e t e r  
a n d  m i s  t h e  W e i b u l l  m o d u l u s ,  was u s e d  t o  e x a m i n e  t h e  
c h a n g e  i n  J u  a s  a f u n c t i o n  o f  c o m p r e s s i v e  s t resses  ( i . e .  
i n n e r  l a y e r  t h i c k n e s s , d 2 ,  d i v i d e d  by t o t a l  s p e c i m e n  t h i c k -  
n e s s , d ) .  T h e  v f t h r e s h o l d  s t ress"  was i n c r e a s e d  f r o m  z e r o  
i n  a n  i t e r a t i v e  p r o c e s s  t o  m a x i m i z e  t h e  c o e f f i c i e n t  of 
d e t e r m i n a t i o n  (r2). T G ~  t h r e s h o l d  s t r e s s  w a s  t a k e n  as 
t h e  s t r e s s  a t  w h i c h  1-2 w a s  a m~xizizuanl[51 ( s e e  ~ i g u r e  1 ) .  
W e i b u l 1  p l o t s  ( F i g u r e  2 )  showed t h a t  t h e  t h r e e  p a r a m e t e r  
f u n c t i o n  g a v e  a b e t t e r  f i t  of t h e  da ta  t h a n  t h e  two p a r a m e t e r  
W e i b u l l  d i s t r i b u t i o n .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
t h e  t h r e s h o l d  s t r e s s  f a r  t h e  m o n o l i t h i c  o u t e r  l a y e r  s p e c i m e n  
w a s  3 7 0  M P a  w h i l e  t h a t  o f  t h e  l a y e r e d  c o m p o s i t e  w i t h  
d l = 3 7 5  m i c r o n  w a s  6 5 0  blPa a s  s h o w n  i n  F i g u r e  1 .  T h i s  
t e n d e n c y  of i n c r e a s i n g  t h r e s h o l d  stress w i t h  i n c r e a s i n g  
c o m p r e s s i v e  s t r e s s  w a s  n o t  o b s e r v e d  f o r  t h e  o t h e r  t h r e e  
l aye l -  composi tes  a n d  l a r g e r  sample p o p u l a t i o n s  a r e  n e c e s s a r y  
b e f o r e  f i r m  c o n c l u s i o n s  can be drawn..  I n c r e a s i n g  t h r e s h o l d  
s t r e s s  i s  c o n s i s t e n t  w i t h  increasing s t r e n g t h  d u e  t o  
t h e  s u r f a c e  c o a p r e s s i v e  s t r e s s e s .  

As f u r t h e r  e v i d e n c e  o f  s u b s 2 a n t i a l  r e s i d u a l  stresses 
i i i  l a y e r e d  c o m p o s i t e s  m a d e  by  t h e  p r s s e n t  t e c h n i q u e ,  
s t , r * a i n  gauges were a t t a c h e d  o n  f rn-actured s t r e n g t h  s p e c i m e n s  
a n d  t h e  o p p o s i t e  o u t e r  f a c e s  were  s u c c e s s i v e l y  r e m o v e d  
by  g r i n d i n g  a s  r e p o r t e d  p r e v i o u s l y [  1 1 .  When t h e  a m o u n t  
of m a t e r i a l  r e m o v e d ,  6 ,  i s  s rua lP  r e l a t i v e  t o  t h e  t o t a l  
t h i c k n e s s  o f  t h e  s a m p l e ,  t h e  m e a s u r e d  s t r a i n ,  &14(6), 
can.  b e  u s e d C 1 1  t o  a p p r o x i m a t e  [l.c0 ( t h e  d i f f e r e n c e  i n  
l e n g t h  b e t w e e n  t h e  u n c o n s t r a i n e d  i n n e r  a n d  o u t e r  l a y e r s )  
by  

The s l o p e s  sf t h e  i n i t i a l  L i n e a r  r e g i o n  sf t h e  d a t a  d i s p l a y e d  
i n  F i g u r e  3 w e r e  u s e d  t o  c a l c u l a t e  A E ~ ,  a s  w e l l  a s  t h e  
r e s i d u a l  c o m p r e s s i v e  s t resses .  A s  e x p e c t e d ,  t h e  n o n o l i t b i c  
o u t e r  a n d  i n n e r  l a y e r  m a t e r i a l s  s h o w e d  no  c h a n g e  i n  s t r a i n  
u p o n  grinding, The t h r e e  l a y e r e d  b a r s  f o r  w h i c h  s t r e n g t h  
w a s  r e p o r t e d  p r e v i o u s l y [  2 , 4 ]  I h o w e v e r ,  s h o w e d  i n c r e a s i n g  
s l o p e s  w i t h  i n c r e a s i n g  r e s i d u a l  s t r e s s e s  a s  s h o w n  i n  
F i g u r e  3 .  T h e  ave rage  c h a n g e  i n  s t r a i n ,  was c a l c u l a t e d  
t o  b e  1 . 4 9 ~ 1 0 ~ 3 ,  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  v a l u e s  
o f  1 .47x10"3 ( c a l c u l a t e d  f rom X 4 D  d a t a C 6 1 )  a n d  1 . 3 9 ~ 1 0 - 3  
( c a l c u l a t e d  P roan  a p p a r e n t  t o u g h n e s s  d a t a L 6 1  1 r e p o r t e d  
p r e v i o u s l y .  The r e s i d u a l  stresses, c a l c u l a t e d  by n u b s t i t a n t i e i g  
E q u a t i o n  ( 2 )  into 

w h e r e  0, i s  t h e  c o m p r e s s i v e  s t ress ,  E i s  Y o u n g ' s  KBO~UIUS,  
a n d v  i s  P o i s s o n ' s  r a t i o  w e r e  5 2 6 ,  3 9 7 ,  a n d  3 1 7  NPa  f o r  
t h e  3 7 5 ,  '750, a n d  1 5 0 0  m i c r o n  d l  ( o u t e r  l a y e r  t h i c k n e s s )  
s p e c i m e n s ,  r e s p e c t i v e l y .  These d a t a  a r e  i n  good a g r e e m e n t  
w i t h  t h e  c h a n g e  i n  s t r e n g t h  r e p o r t e d  y r e v i o u s l y C 6 1 .  



162 

1.0 
P"-. 

r-' L 
C I  
L__II 

1- 

-< 0 . 5  
rn 
0 

>- 

-I 

m 
rli 

!: 0.0 - 

- 0 . 5 -  
n 
111 
cc 
3 

2 -1.0- 
LI. 

- 1 . 5  

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

.-. 
Three lsysr  cornposits (d,=375 microns) 9.. 

I 

- 

- 

- 

- 

Monolithic outer layer 

.. I.& ............. I ...... - .......... -Ap... .I .... 

-100 0 100 200 300 400 500 600 700 

THRtSI-dOLD STRESS (MPa) 
800 

F i g u r e  1 .  Change i n  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  ( r 2 )  
a s  a f u n c t i o n  o f  t h r e s h o l d  stress, O u .  

.................... 
I 

1 . 5 1  M 0 M 0 LIT  w IC 
OUTER 
,._PA 

THREE LAYER 
COMPOSlTE 

2 PARAMETER 
WEIBULC F I T  

3 PARAMETER 
WElBULL F I T  

4 0 0  

F i g u r e  2 -  C o m p a r i s o n  of  two a n d  t h r e e  p a r a m e t e r  Weibu1.L 
d i  s t  r j- b u k  i o n s  . 



16 3 

rD 
0 

X 

K 2  

F 

w 
I w 

300 

250 

200 

150 

1 O Q  

56  

0 

F i g u r e  3 .  S t r a i n  determination i n  outer layers of Al2O3- 
15Zr02 bass a s  obtained u s i n g  s t r a i n  gage 
technique[ 1 3 .  N o t e  t h a t .  m o n o l i t h i c  s p e c i m e n s  
show no i n d i c a t i o n  of r e s i d u a l  stresses. 

Slip and Tape C a s t i n g  

Slip casting was i n v e s t i g a t e d  a s  a means or' i m p s a v i n g  
t h e  uniformity of t h e  o u t e r  l a y e r s  of three l a y e r  c o m p o s i t e s  
and i m p r o v i n g  t h e  d e n s i t y  (minimizing t h e  n e e d  f o r  B I p p i n g )  

film x 1 0 0  nrn x 6 ma) w e r e  made by c u r i n g  t h e  o u t e r  l a y e r  
slip i n t o  t h e  m o l d  f i r s t  f a r  a . s p e c i f i e d  t i .me,  ~ s m o v i n g  
t h e  r e m a i n i n g  s l i p ,  a n d  adding t h e  i n n e r  l a y e r  s l i p  i n t o  
t h e  1r1~3.d u n t i l  t h e  c a v i t y  w a s  f u l l y  cas t ; .  M o n a 3 i t b i c  
i n n e r  a n d  outer l a y e r  p l a t e s  'We2-e a l s o  c a s t .  The p l ~ w d e r s  
a n d  p r 5 c e 3 s i n g  u s e d  i o  make the A l 2 0 3 - 1 5 2 ~ 0 2  conposd  t e s  

t h a t  t h e  s p r a y  d r y i n g  step was e:.iaairtated and s l i p  c a s t i n g  
w a s  s u b s t i tuted F o r  uniaxial a n d  i s o s t a t i c  p x " a , s s i n & .  
T h e  f i n e  p o w d e r s  ( a f t e r  air d r y i n g  far 1 8  d a y s )  required 
h e a t i n g  r a t e s  of less t h a n  Q . 3 Q C / h o u s  to r"euia3ve t he  water 
w i t h o u t  p r o d u c i n g  c r a c k s ,  E v e n  w i t h  t h e  s l a w  h e a t i n g  
P a t e s ,  t e n s i l e  c r a c k s  d e v e l o p e d  w i t h i n  t h e  i n n c ?  l a y e r  
of three l a y e r  composites w h e n  t h o  i ~ n e i -  l a y e r  t h i c k n e s s  
e x c e e d e d  1 / 3  t h e  total t h i c k n s s s .  T h e  t a n s i l e  cracks 
w e r e  a r r e s t e d  i n  the o u t e r  l a y e r s ,  a g a i n  e v i d e n c e  sf 
t h e  c o m p r e s s i v e  s t r e s s e s  p r e s e n f ,  i n  t h e  Q U L ~ P  layers 
of t h e  c o m p o s i t e s .  F u s t h e r  p r o w  s s i n g  e f f ~ ~ t s  w i l l  u t L E i z e  

of t h e  cOiTlpoSilt?S. T h r e e  l a y e r  Slip c a s %  p l a t e s  ( 1 0 0  

were  identical t o  t h a k  r e p o r t e d  > r e v i o u s l y [ l  ,'I , 6 ] ,  e x c e p t  
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n o n a q u e o u s  s l i p s  t o  f a c i l  i t a t e  r e m o v a l  o f  t h e  I ~ q l - z i d  
a f t e r  C z a t i n g .  T h e  s i n t e r e d  p l a t e s  ‘ “ e r e  c u t  i n t o  b a r s  
f o r  f l e x u r a l  i c s t s .  

T h e  d e n s i t y  of  t h e  i u o n o l i t h i c  i n n e r  m a 2 ; e c a . i a l  w?,s 
9 8 . 5  t o  9 9 . 9 %  o f  t h e o p e t i c i l  a f t e r ’  s i n t e r i n k  a s  c o m p a r e a  
Lo 9 7 . 3  t o  9 7 . 6 P  f o r  t h c  ~az i l e  c o u ~ p o s i t ~ o n  mad3 by s p r a y  
d q i n g  a n d  p r e s s i n g .  A f t e r  H l P p i n g  t h e r e  was no a i f ‘ f e r e n c e  
i n  d e n s i t y  b e t w e e n  s l i p  ca s i ;  a n d  p o w d e r  p r c n r , e d  b a i - s  
f o r  m o n o l i t h i c  ot* t h r e e  l a y e r  c o r a p ~ s i t e s  ( s e e  T a b l e  1 ) .  
S t r e n ~ t h  d a t a  ( s e e  T a b l e  1 )  w e r e  o b t a i n e c  nu  m o n o l i t n i c  
c o m p o s i t e s  a n d  2 t h r e e  l a y e r  c o m p o s i t e s  w h e r e  t h e  su te ; - .  
l a y e r  t h i c k n e s s  w a s  I / l O t h  t h e  t o t a l  i i i l r l c i i ~ s s  of‘ t h e  
c o m p o s i t e .  T h e  m o n o l i t h i c  c o m p o s i  ‘ c e s  w e r e  a b o u t  1 0 0  
MPa s t r o n g e r  w h e n  macia by s l i p  c a s t i n g  i n s t e a d  o f  s p r a y  
d r y i n g ,  c o n s i s t e n t .  wi t h  s m a l l e r  c r i t i c a l  f l a w  s i z e .  
T h e  l i m i t e d  a a t a  f o r  t h r e c  l a y e r  c o m p o ~ j i e s  y r e e l u a z  
f i r m  c o n c l  u s i n r i s .  I t  i s  b e l i e v e d  t h a t  ihs u n i f o r m  outer 
l a y e r  L h i c k n e s o ,  o b t a i n e d  by s l i p  c a s h i n &  m a k e s  h i g h  s t r e n g t h  
b a r s ,  s u c h  a s  t h e  1 .6 GPa t h r e e  l i y e r  c o m p o s i t e ,  p u s s i b l e .  
T h e  sLLi’e~:g ths  do show t h a t  b b i p  c a s t i n g  b a s  t h e  p o t e n t j a l  
t o  g i v e  s l n h s t a n t i a l l y  h i g h e r  s t r e n g t h s  i n  three l a y e r  
c o m p o s i ‘ c e s  t h a n  t h o s e  o b t a i n e d  t o  d a t e  using p r e s s i n g  
t e  c h  n i q  ut? s. 

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

0 u t e r 1’ 

T h r e e  
L a y e r  
C o m p o 8 i t e N .  D .  

1 0  E l .  D. 
1 0  
2 0  N .  U. N .  D .  
2 0  N .  D. 
40 t i .  D. N .  D .  

~ . ~ ~ ,  

a .  S l i p  c a s t i n g  t i m r  f o r  o u t e r  l a y e r  (90 m i n .  c a s t  s o l i d  p l a t e ) .  
b. O u t e r  l a y e r  t h i c k n e s s  o f  s l i p  c a s t  p l a t e  ( p l a t e  t h i c k n e s s  

c .  F o u r  p o i n t  b e n d  s t r e n g t h [ 4 , 6 ] .  
d .  S l i p  c a s t .  
e .  S p r a y  a r i e d  a n d  p r e s s e d [ 4 , 6 ] .  
f .  M o n o l i t h i c  o u t e r  l a y e r  specinens[l]. 
g .  S i n t e r e d  ( 1 5 8 5  f o r  3 0  m i n u t e s  i n  a j . r ) .  
h .  N o t  d e t e r m i n e d .  
i .  H o t  i s o s t . a t i c a l l y  p r c s s e d  ( 1 5 2 5 O C  f o r  3 0  m i n . ,  2 0 0  MPa A r ) .  
j .  X o n o l i t h i c  i n n e r  l a y e r  s p e c i m e n s [  1 1 .  
k .  N o t  d c i e i r n i - n e d  d u e  L O  c r a c k i n g  ( c r a c k s  i n i t i a t e d  i n  i n n e r  

w a s  6 . 8  mm)- 

l a y e r  ( t e n s i l e  1ayt.k.)  o r  a s  a r e s u l t  o f  d r y i n g ) .  
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A s t r a i n  gage v a s  att .a@hed to z t h r e e  layer 4 1 2 0 q - 1 5 Z p ~ 2  
slip cast s p e c i m e n  h a v . i n g  a s t r e n g t h  o f  1 .6 GP’a ( s e e  
T a b l e  1 )  a n d  k h e  o p p o s i t e  s i d e  was  g r o u a d  i n  a s imj . lap 
manne-~”  t o  b a r s  n a d e  w i t h  s p r a y  d r i e d  p o w d e r  v i a  p o w d e r  
p r e s s i n g  t e c h n i q u e s [ l l .  T h e  s l i p  c a s t  b a r  s h o w e d  a n  
i n f l e e t i o n  at .  t h e  i i i t ~ e r f a c e  ( s e s  F i g u r e  4 )  a s  p r e d i c t e d  
by  V i r k s - r L 7 1 .  T h e  i l j i p r o v e d  u n i f o r m i t y  of % h e  l a y e r s  
u s i n g  s l i p  casting i s  b e l i e v e d  t o  b e  t h s  reason w h y  the 
i n f l e c t i o n  w a s  o b s e r v e d  u s i n g  t h e  s l i p  c a s t  b a r  and n o t  
w i t h  t h e  s p e c i m e n s  m a d e  by  povde;” p r e s s i n g .  T h e  r e 3 i d u a l  
s t r . a i n  u s i n g  t h e  i n i t i a l  s l o p e  of‘ t h e  d a t a  f o r  t h e  t h r e e  
l a y e r  s l i p  c a s t  bar i n  F i g u r e  4 w a s  c a l c u l a t e d  t o  b e  
1 . ~ x I Q - ~  a n d  r e s u l t i n g  c o m p r e s s i v e  st .ress was 5 2 0  k<Pa.. 

T h r e e  l a y e r  b a . r s  h a v i n g  r 3 u t e r  l a y e r s  w h i c h  w h e r e ,  
1 / 1 2  t h e  t o t a l  t h i c k n e s s  w e r e  m a d e  b y  t a p e  c a s t i n g  a n d  
l a m i n a t i n g  3 2  l a y e r s ,  e a c h  a p p r o x i m a t e l y  2 0 0  m i c r o n s  
t h i c k  a f t e r  s i f i t e r i n g .  T h e  Al203-15Zr02 s p e c i m e n s  h a d  
b e n d  s t r e n g t h s  o f  5 9 2  MPa a s  c o m p a r e d  t o  8QO M P a  f o r  
t h o  same c o m p o s i t i o n  m a d e  b y  u n i a x i a l l y  p r e s s i n g  s p ~ a y  
d r i e d  p o w d e r .  The s t r e n g t h  of b a r s  m.ade v i a  t a p e  c a s t i n g  
i s  q u i t e  g o o d  c o n s i d e r i n g  t h a t  m e s h a n i c a l  mixing, not; 
m i l l i n g ,  ~ a s  u s e d  t o  p r e p a r e  t h e  p o w d e r s .  T h r e e  l a y e r e d  
c o m p o s i t e s  Eade  by t a p e  c a s t i n g  ;showed. n o  d e b o w d i n g  bet.ween 
1 a y e 1 - s  a n d  e x c e l l e n t  l a y e r  u n i f a r i n i t y ,  a s  e x p e c t e d .  
I3oi;h t a p e  a n d  s l i p  c a s t i n g  s h o w  much i m p r o v e d  l a y e r  -ciniforn- 
i t y ,  a s  c a m p a r ’ e d  t o  b a r s  p r e p a r e d  by p o w d e r  p ~ e s s i n g  
t e c h n i q u e  3 ,  

250 ~ --i---T’ ~_i. 

I 

- 

d 
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T o u g h n e s s  a n d  Damage R c s i s L a n c e  

l a ~ e r s d  A 1 2 0 3 - Z ~  V O I ,  Z ~ Q ?  c o ~ y o s i t e s  f iad 
b e n d  s t r e n g t h s  375 MPa  h i g h e r  t h a n  t h e  n o n o l i  t , h P c  o u t e r  
1 a y e r  m a t e r i a l .  a t  room t e n p e r a t u r e i 2 J  - H i g h  teappe;r,atufe 
s t r e n g t h  da t .8 ,  r e p o r t e d  p r e v i o u s l y [ 2  :4], s h o w e d  r e t e n t i o n  
o f  g r e a t e F  t h a n  2 0 0  11Pa a t  7 5 O O C ,  w i t h  r a p i d  b o s s  o f  
r e s i d u a l  s t . r s s a e 8  above tha t  t a e m p s r a t u r e .  ApparcaL tougk1ness 
as 2% f u n c t i o n  of t e m p e k a t u r e  ( s e e  P i g u s e  5 )  was d e k e n a i i i e d  
u s i n g  t h e  m i l l  t i p l e  i n d e n t  t e s . h n i q i i e [  81 w i t h  u o n o l i t h i c  
n o u t . e r  l a y e r ”  2 n d  t h r e e  l a y e r  ( d l = T ? S  m i c r o n s )  c o m p o s i t e  
b a y s .  The t h r e e  J - a y s r  c o m p o s i t e s  s h o w  a o r c  s c a t t e r  t h a n  
n o i l o l i t h i c  b a r s  d u e  L O  %he v a r i a b i l i t y  ( b e ‘ r , i - e e n  b a r s )  
i n  L h s  a m o u n t  o f  a u t e r  l a y e r  r r n l n v e d  b ~ h i l e  p o i i a h . i n g  
o n e  s i d e  n f  t h e  b a r ,  c a u s i n g  a change  i n  r e s i d u a l  s t rc?ssea .  
It i s  b e l i e v e d  tihat renio-sal of a uniform a m o u n t  of m a t e r i , a l  
f r o m  b o t h  o u t e r  l a y e r s  w o u l d  m i n i u l j z e  th i s  v a r i z b i 1 i t . y .  
The a p p a r e n t  toughfiess  d e c r e a s e s  u i  t.h i n c i - e a s i n g  t e m p e r a t u r e  
in a mamIier similsr t o  s tpeng th  d a t a ,  as  expected. 

v s  F e ~ii adia o n  
m o n o l i t h i c  a n d  t h r e e  l a y e r  c a m p a s i  t e s  i n  t h e  “ a s - ~ i n i e r e d ~ ‘  
c o n d i t i  o n  by breaking t h e  i n d e n t e d  bar .9  i n  f o u r  p o i  at. 
b e n d i n g .  T h e  s t r e n g t h  o f  t h r e e  l a y e r  c o f i p o a i t e s  ~ ~ ~ h c r e  
 ne c r a c k  s i z e  c a u s e d  by i n d e n t a t i o n  i s  c o n t a i n e d  w ~ l l  
L J ’ t h i n  t h e  o u t c r  l a y e r  i s  gl’vec; by  

1 n Ge n t a t i o n / s 1; r e ngL h ill e a  s u r  em e n  i s [ 9 1 

I ,  



Figerrc 5 .  A p p a r e n t  t o u g h n e s s  of  i;hp.ee layer A I 2 ” - ?  5 z r a 2  
s p e c i m e n s  a s  a f u n c t i o n  of t e m p e r a t u r e .  
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F i g u r e  6 S t r e n g t h  sf khn-ee laye,-  A1203-I 5 Z r 0 2  s p e c i m e n s  
( i n d e n t e d  at 1 0 0  M p r i o r  to s t r e n g t h  t e s t i n g )  
a s  a f u n c t i o n  of narnza i i zed  i n n e r  l a y e r  t h i c k n e s s .  
A v a l u e  o f  4 . 2 9  t * ~ P a ~ r n 1 ~ ‘ 2  f o r  g I c  uz.s c a l c u l a t e d  
f r o m  t h e  i n t e r c e p t .  
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b e : n i d i n g ,  i n  o r d e r  t o  s h o w  t h e  d a a a g e  r 2 s i s t a n r . e  of t i l e  
three l a y e r  c o m p o b i t e s .  F r a c t o g r r l p h y  c o n f i r m e d  t h a t  
a l l  t h e  i n d e n i e d  s p e c i m e n s  f a i l e a  f r o m  t h e  i r i d e n t c r  f ’ l a ~ s .  
T a b l e  2 shoTca >tiA?lIgt-.h data a n d  c a l c u l a t e C !  a p p a r e n L  t o u g h n e s s  
using t h e  m e t h o d  of Chant. ik!*l.  e t  a l .  [ S I ,  a l o n s  w i t h  z p p a r e n t  
t o u g h n e s s  m e a s u r e m e n t s  b a s e d  o n  c r a c k  l e n g t h  m e a s u s e - -  
m e r i t s [  1 0 1 .  ’L’ild r e s i  cilia1 c o n p r e s s i v e  s t r e s s  g a s  c a l c u l a t e d  
u s i  n g  ~ : c a , u a t i o i i  ( 5 ) .  A p~ a t  ~f Cf v e r s u s  p - 1 1 3  s h o u l d  
y i e l d  a l i n e a r  r c l a t i o n s h i p  )-‘here t h e  i n e e r c e p t  g i v e s  
t h e  r e s i d u . 1  s t r e s s  at id t h e  s l o p e  c a n  b e  u s e d  tc> d e t e r m i n e  
K L c .  F i g u r e  7 s h ( ~ f ?  s u c h  p l a t s  f o r  t h e  t h r e e  l a y e r  composiLe 
s p e c i n t e n s  a n d  t h e  o u t e r  l a y e r  m o n o l i  k h i c  s p e c i m e n s .  
l h e  3 i # n i f i c . ? n t l y  h i g h e r  s t r e n g t h s  o f  t h e  t h r e e  ‘ l a y e r  
s p e c i m e n s  r c l a t S v e  t o  t h e  a o n o l i t h i c  s p e c i m z n s  r e f l e c t  
t h e i r  s u p e r j  o r  aamage r e s i s t a n c e  d u e  t o  t h e  c o m p r e s s i v e  
r e 3 i d u a 3  s t r e s s .  T h e  t ,hree l a y e r  s p e c i m e n s  s h o ~ e d  ar? 
a p p a r e n t  i n s e t r ? s i t i v i t y  of  s t r e a g L h  t o  i n d e n t a t i o n  l o a d  
f o r  l o a d s  g r e a t e r  t h a n  5 0  N .  I t  i s  n o t  c l e a r  y e t  i f  
t h i s  t r e n d  is r e a l  o r  i t z  i s  d u e  t o  t h e  l i m i t e d  s t r e r i g t h  
d a t a  o b t a i n e d  t o  d a t e .  D c t c r m i n a t i o n  o f  c r a c k  s i z e  a n d  
s h a p e ,  a n d  f u r t h e r  s t r e n g t h  t e s t i n g  a r e  u n d e r w a y .  

F i g u r e  [ s h o w s  l i n e a r  r s g F e s s i o n  f i t s  ( d o t t e d  l i n e s )  
of  b o i h  t h e  t h r e e  l a y e r  c o m p o s i t e  a n d  t h e  n o n o l i t h i c  
o u t s r  l a y e r  m a t e r i a l  w i L h  i n t e r c e p t s  o f  5 0 9  a n d  69  MFa, 
r e s p e c k i v e l y .  T h e  f r a c t i l r e  t o u g h n e s s  v a l u e s  c a l c u l a t e d  
f r o m  t h e  s l o p e s  a r e  1 I . 7 0  M P a - m 1 / 2  f o r  t h e  t h r e e  l a y e r  
c o m p o s i t e  a n d  4 . 1 5  M P a - m 1 / 2  f o r  the=  m o n o l i t h i c  o u t e r  
l a y e r  s p e c i m e n s .  if t h e  daLa  f o r  t h e  m o n o l i t h i c  s p 9 c i m e a s  
a r c  f i t t e d  r - a i t h  a s t r a i ~ h t  l i n e  w h i c h  i s  f o r c e d  t o  g o  
t h r o u , y , b  z e ~ o  a n d  t h e  same s l o p e  i s  u s e d  f o r  t h e  t h r e e  
l a y e l ,  c o r j l p o s i t e s  ( s o l i d  l i c e s  i n  F i g t i r e  7 1 ,  t h e  r e s i d u a l  
s t r e s s  f o r  t h e  t h r s e  l a y e r  c o m p o s i t e s  i s  4 7 2  M P a  a n d  
t h e  n a l  c t i l . a t e d  i o u g b n e z s  i s  5 -4 M P a . m 1 / 2 .  The  c o m p r e s s i v e  
s u r f a c e  3 t 1 . e s s e s  h a v e  ther--efcpre m a d e  t h e  t h r e e  l a y e r  
compo3 i t . e s  inore daniake r e s i s k a n t  by o v e r  )EO0 MPa. 

T n  a d d i  t i o n  t o  t h e  i n d a n t a t i o a / s t r ” e n g t b  t c s k ~ n g  
t e c h i i i q u e  d e s c r i b e d  a b o v e ,  a n  i n d e n t a t i o n  t e c h n i q u e  t h a t  
i n i i a l v c s  w e a s u r e a r n t  of  c r a c k  1 e n g t h s [ l O 1  was a l s o  used 
t o  c h a r a c t e r i z ?  t h e  d a u a g c  r e s i s t a n c e  o f  t h e  t h r e e  l a y e r  
co rnpoz j  t e s .  T h e  i n d c n t a t b o n / s t r e n g t h  t e c h n i q u e  i s  p r e f e r r e d :  
ho ;wever ,  b e c a c s e  i t  d o c s  n o t  i n v o l v e  mpnsurenrnent,  cf c r a c k  
l e n g t h s  a n d  n o  s u r f  a c c  p r e p a r a t i o n  i s  r e q u i r e d  p r i o r  
t o  j n d e n t a l i o n .  A p p d r e n l t  t o u g h n e s s :  K c a ,  v a l u e s  g ive t :  
i n  T a b l e  2 w e r e  d e t e r d n i n c d  u s i n g  a c r a c k  m e a s 1 1 ~ e m e n t  
inet .hod p r o p o s e d  by A n s t i s :  e t  al. [ 1 0 1  inhere  

- 

KCa = 0 . 0 1  6 ( E / K )  l j 2 P / c 3 j 2  ( 7 1  
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F i g u r e  7 .  S t r e n g t h  a s  a f u n c L i o n  of e u b c  r o o t  on' i n v e r s e  
i n d e n t a t i o n  l o a d .  K ~ ~ p r * o v e d  s t r e n g t h  o f  t.k:a-ee 
l a y e r  c o m p o s i t e s  is n v i d e f i c e  of damage resistance 
due to r e s i d u a l  c o m p r e s s i v e  s u r f a c e  s t r e s e e s .  



k ' r a c t u r e d  t h r e e  l a y e r  a n d  m o n o l i t h i c  o u t e r ;  l a y e r  
s p e c i r n e f ~ s  i ~ e r a  p o l i s h e d  a n d  i n d e n t e d  a t  i d e n t i c a l  1 a a d s  
a s  t h e  i r n r , r o u n d  bars. l h c  i n d e n t s  a n d  p e s u l t i n g ;  c r a c k  
l e ~ l g t . h s  ~ r ? r e  m e s s u r e d  w i t h  v 3 1 u e s  a s  s h o w n  i n  Tab1.c 2 .  
As e x p c e t c d ,  t i l e  c r a c k  1 c n g t . h  i n c r e a s e s  w i t h  i i i c r - eas i r ig  
l o a d .  No s p a l l i n g  01 a n o n i a 1 0 1 ~  c r a c k  b e h a v i o r  was o b s e r v e d  
@ v e r  t h e  c r ; t i r e  r a n g e  o f  l o a d s ,  T h e  d a t a  i n  T a b l e  2 
show that d e i e r m i . n a L i  o n  o f  a p p a r e n t  t o u g h n e s s  f o r  s p e c i n e n s  

G T ~  t h  r e s i d u a l  s t r e s s e s  is s e n s i b i v e  t o  c r a c k  l e n g t h .  
IZ i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s t r e n g t h / i n d e n t a -  
t . ion[!?] a n d  c r a c k  r n e a s u r e m e l i t [ l O ]  " i c h n i q u e s  f o r  m e a s u r i n g  
fracture t o u g h n e s s  g i v e  e x c e l l e n t  ag reemen t  f o r  m o n o l i t h i c  
s p e c i r n r n s  b u t  a p p a r e n t ,  t o u g h n e s s  v a l u e s  a r e  much h i g h e r  
f o r  t h e  P r  ev i o  u s  w c~r k sl? ow e d 
t;kiaCL a p p a r e a t  k o u g h n e s s  v a l  l i e s  f o r  t h r e e  l a y e r  c o m p o s i t e s  
x e r e  s i m i l a r  when s i f l g l e  i n d e n t i 9 1  a n d  m u l t i p l e  i n d e n L C 8 1  
t e c h n i q u e s  k e ~ e  c o n p a r e d .  T h e  p r e s e n t  d a t a  show t h a t  
a p p a w n t  touz tancss  i s  an a q b i g u o u s  terra t o  u s e  when s p e c P m e n s  
h a v e  r e s i d u a l  s t r e s s e s .  S t r e n g t h  meas iu-eolen ts3  2s s h o w n  
i n  F i g u r e s  E a n d  7 ,  s h o u l d  be  useb. ili p r e f e r e n c e  t o  a p p a r e n t ;  
t o u g h n e s s  m a a s u r e m e n t s  i n  o r d e r  t o  c a l c u l a t e  K I ~ ,  t h e  
matea- i s l  p r o p e r t y ,  for s p e c i m e n s  w i t h  s u b s t a n t i a l  r e s i d u a l  
s t  r e s se 3. 

9 t r e  n g b i i /  in d e  n t a  t i  o ri m c  t h o  d . 

O p t i m i z a t i o n  o f  %rfi? S i z e  D i s t r i b u t i o n  

C h a n g i n g ,  t i l e  Z r O 2  s i z e  d i s t r i b u t i o n  was i n v e s L j  g a t e d  
by u s i n g  a z i r c o n i a  p o w d e r  ( 9 9 0 6  from T a l . e d y n e  YTah C h a n g )  
v i %  a rnediaa p a r t i c l e  s i z e  of 1 . 35  m i c r o n s  ( a l l  p a r t i c l e s  
l e s s  t h a n  3 . 7  b i i c r o n s ,  9 0 %  less t h a n  2 . 2  m i c r o ~ ~ s ,  a n d  
9 0 %  g r c a t e r  t h a n  0 . 6 5  m i c r o n s ) .  S p e c i m e n s  m a d e  w i t h  
t h i s  1 .4 m i c r o n  p o n d e r  were  c o m p a r e d  w i t h  s a ~ p L e s  m a d e  
w i t h  f i n e r  Z r 0 2  PoIoJdeT ( t h e  o u t e r  l a y e r  z i r c o n i a  p o w d e r  
u s e d  t o  o b t a i i i  t h e  d a t a  p r e v i o u 8 3 y  r e p o r t e d [  8 1 ) .  T h e  
f i n e r  Z r 0 2  porzrder c o n t a i n e d  no  p a r t i c l e s  g r e a t e r  t h a n  
1 .8 micrcrns  a n d  h a d  a n  a v e r a g e  p a r t i c l e  s i z e  of  0 . 4  c i l ic rons  
( 9 0 2  l e s s  t h a n  1 .2  i r l i c rons  and  70% g r e a t e r  t h a n  0 . 2  u i i c rons ) .  
F i g u r e  8 s h o w s  t h e  p r c e n t  n o n o c l i n i c  Z r 0 2  ( d a t a  o b t a i n e d  
by Dr. Rfck W i n t e r t o n  ( D o w  C h e E i c a l  C o m p a n y )  u s i n g  e l e v a t e d  
t e k a p e r a t u r e  x - r a y  d i f f r a c t i v n )  i n  t h e  m o n o l i t h i c  ! ? o u t e ~  
l a y e s i s  b a r s  o f  1 5  atrd 20  v o l p  0 . 4  m i c r o n  Z r 0 2 ,  a s  well 
as: 1 5  v 0 1 .  % 1 . 4  m i c r o n  Zr02 8 s  a 2 u n c t i o n  o f  t c i r lyer -  
a t u r e .  T h e  I .l! m i c r o n  Zla02  p o w d e r ,  a l t h o u g h  c o m p a r a b l e  
i n  m o n o c l i n i c  c o n t e n t  LCJ t h e  3.11 ~ i c r o n  Z r O 2  a t  t e rnpera twes  
u p  t o  8 0 O o C ,  h a d  t ~ i c e  a s  ruiich m o n o c l i n i c  z i r c o n i a  a t  
1 Q O O O C .  U h i b  e r o o u  t e m p e r a t u r e  s t r e n ~ t h s  of t h r e e  l a y e r  
c o m p o s i t e s  o f  t h c  t w o  m a t e r i a l s  a r e  c o m p a r a b l e ,  i t  i s  
p r e d i c t e d  t h a t  i i i i Q r o v e d  r e t e n t i o n  i n  S t i a e l l g t h  W i l l  GCCU1" 
by u s i n g  t h e  1 .4 m i c r o n  z i r c o n j a  %!h.i,ch w i l l  n o t  t r a n s f o r m  
t o  t h e  t e t r a g o n a l  p h a s e  u n t i l  h i g h e r  temperatures. A n  
a l t e r n a t e  m e t h o d  f o r  i n c r e a s i  ng  t h e  Zr02 s i z e  i s  to i n c r e a s e  
t h e  vo lume  p e r c e n t ,  a l l  o v i n g  p a r t i c l e  g r o w t h  d u r i n g  sinter-- 
i i i g ,  T h e  d a t a  f o r  2 0  v o l .  % Zr02, u s i n g  t h e  0 . 4  micron 
Z r 0 2 ,  i n  F i g u r e  8 j n d i c a t e s  t h a t  s m a l l e r  Z r O ; ?  p a r t i c l e s  
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F i g u r e  8. X-ray d i f f r a c t i o n  s h o w i n g  g r e a t e y  r e t e n t i o n  
of m o n o c l i n i c  Z r 0 2  by c o a r s e n i n g  t h e  Z r G z  
p a r t i c l e  s i z e .  

c o a r s e n e d  d u r i n g  s i n t e r i n g  l e a d i n g  t o  s u b s t a n t i a l  islapa.ovement 
i n  t h e  r e t e n t i o n  of t h e  m o n o c l i n i a  p o l y t g p e .  

H i g h  tern p e r  at. ur e s t  r engt .h  mea su rem e n t  s were co a d u c t  e d 
t o  s ee  i f  a c o r r e l a t i o n  e x i s t s  b s t w e e n  X R D  d a t a  ( F i g u r e  
8 )  a n d  s t r e n g t h  m e a s u r e m e n t s .  ~ i ~ e  s t r e n g t h  d a t a  f o r  
2 0  v a l .  % Z r 0 2  s p e c i m e n s  a r e  s h o w n  i n  ~ i g u r e  9 .  T ~ I E  
s t r e n g t h s  f a l l  o f f  w i t h  i n c r e a s i n g  t e r n g e r a t ~ ~ ~ " e ,  a s  f a r  
1 5  v o l .  % specimens[2,4], b u t  t h e  three layer c o m p o s i t e s  
a p p e a r  t o  be s l i g h t l y  stronger t h a n  m o n o l i t h i c  s p e c i n e n s  
a t  1 0 0 Q Q C .  T a b l e  3 s h o w s  t h a t  a s i g n i f i c a n t  i m p r o v e m e n t ,  
i n  s t r e n g t h  r e t e n t i o n  w i t h  i n c r e a s i n g ;  t e m p e r a i t  u r e  wa 8 

a c h i e v e d  by g o i n g  t o  t h e  h i g h e r  v o l u r n e  l o a d i n g  o f  Z r O 2 .  
I t  i s  b e l i e v e d  t h a t  a g g l o m e r a t i o n  o f  Z r 0 2  a n d  s u b s e q u e n t  
p a r t i c l e  c o a r s e n i n g  d u r i n g  s i n t s r i n g  i s  t h e  ~ " e a 5 0 n  f o r  
t h e  i n c r e a s e d  m o n o c l i n i c  c o n t e n t  i n  t h e  20% ZrQ2 e a r n p o s i t i o n ,  
a s  c o m p a r e d  t o  & h e  AL203-15Zr02 s p e c i m e n s .  T h e  1.0wer 
s t r e n g t h  of 2 0 %  Zr02 s p e c i m e n s  c o u l d  b e  d u e  ' t o  m i c r o -  
c r a c k i n g ,  a l t h o u g h  l i m i t e d  s c a n n i n g  e l @ c t r o n  m i c r o s c o p y  
s h o w e d  no  e v i d e n c e  of m i c r o c r a c k s .  With improved  d i s p e r s i o n  
t e c h n i q u e s  i t  s h o u l d  be p o s s i b l e  t o  increase t h e  s t r e n g t h  
of 2 0  vol. $ Z r O 2  s p e c i m e n s .  

H f G 2  and Z r 0 2 - 5 0  m o l e  % Hf02 p o s a d e r s  were  S U P P i i e d  
b y  R o g e r  P e t e r s o n  of  T e l e d y n e  Wah C h a w  A l b a n y .  Ab203-2Q 

p o w d e r s  w e r e  s p r a y  d r i e d .  T h e s e  p o w d e r s  w i l l  b e  u s e d  
vel. $ H f O 2  a n d  A1203-20 vel. ;% (HP02-50 m o l -  % Zr02) 
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F i g u r e  9 .  S t r e n g t h  of A l 2 0 3 - 2 0  v o l .  % Z r O ?  s p e c i m e n s  
a s  a f u n c t i o n  of t e m p e r a t u r e .  

a s  t h e  o u t e r  l a y e r s  of t h r e e  l a y e r  c o m p o s i t e s  i n  o r d e s  
‘ t o  e x t e n d  t h e  t e m p e r a t u r e  r a n g e  o v e f  w h i c h  c o m p r e s s i v e  
s t r e s s e s  a r c  o b s e r v e d .  

A l l  m i l e s t o n e s  a r e  o n  s c h e d u l e .  

T a b b e  3 
S t r e n g t h  R e t e n t i o n  of  Three  L a y e r  A1203-=Zr02 C O ~ U ~ O S ~  t e s  

a t  E l e v a t e d  T e m p e r a t u r e s  



17 3 

A p a p e r  e n b i t l  e d  n E T r a n s f o r m a . t . i a n - l r s u g h e n e d  A l u a i n a  
w i t h  I m g r ~ v e d  S t r e n g t h  at E l e ~ a t e d  ' 1 r e m p ~ ) e s a t ~ r l e . s ~ ~  w a s  
s u b m i L t e d  t o  t h e  Am.. C e r a m .  SOC. Far publication. 

A p a p e r  e n t i t l e d  *8SStrength Imgrovennsnt in T r a n s f o r m a t i o n  
T Q u g h  e x1. e d C e r am 1 c s U si. rig C om p r  e s E a i  'I e R e si d u a  1. Sur a" a c e  

B o s t o n ,  MA, 1 was s u b m i t t e d  for publication. 
Stresses" ( p r e s e n t e d  a t  t h e  F a l l  M E 5  Meeting (Dec. 1 - 6 ,  



In jection Mo_I__ded-Compos i t e s  
b?. A .  Janney (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

-. O b j e c t i  __ . .. . . . . . . . . .... ve/scope ... .. .- 

The g o a l s  o f  t h i s  a c t i v i t y  a r e  t w o f o l d :  
i t y  o f  advanced ce ramic -ce ramic  compos i tes  t o  be  i n j e c t i o n  molded and p r o -  
cessed u s i n g  s t a n d a r d  wax- and/or po lymer -based b i n d e r  systems; and (2)  t o  
d e v e l o p  advanced complex-shape- fo rming  t e c h n o l o g i e s  t h a t  w i l l  e l i m i n a t e  
some o f  t h e  prob lems a s s o c i a t e d  w i t h  wax- and po lymer -based b i n d e r  systems 
such as  l o n g  b i n d e r  removal  t i m e s ,  c r a c k i n g ,  and l o w  green s t r e n g t h .  

(1) t o  e v a l u a t e  t h e  a b i l -  

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

Rheology 

I n  t h e  l a s t  semiannual  r e p o r t ,  we p ~ e s e n t e d  work on t h e  e f f e c t s  o f  
w h i s k e r s  on t h e  r h e o l o g y  J f  a lum ina  s l u r r l ' e s  i n  te rms  o f  t h e  t o t a l  s o l i d s  
l o a d i n g  and t h e  w h i s k e r  l o a d i n g  f o r  A l c o a  A16SG a lumina  and Ta teko  SCW- IS  
S i c  w h i s k e r s .  I n  t h i s  r e p o r t ,  we d e s c r i b e  t h e  r o l e  o f  t h e  source  o f  t h e  
a l u m i n a  (Sumitomo AKPSO and Reynolds RC-WP) on the  r h e o l o g y  o f  t h e  
systems.  The a d d i t i v e s ,  m i x i n g  c o n d i t i o n s ,  t e s t  c o n d i t i o n s ,  e t c ,  W F ~  t h e  
same a s  r e p o r t e d  i n  t h e  p r e v i o u s  semiannual r e p o r t . '  

S C W - I S  w h i s k e r s  a t  40 v o l  % s o l i d s  i s  s h o m  i n  F i g -  1. For  compar ison,  a 
s i m i l a r  p l o t  f o r  A l c o a  A 1 6 S G  i s  shown i n  F i g .  2 .  The g e n e r a l  b e h a v i o r  o f  
t h e  Sumitorno s l u r r i e s  i s  s i m i l a r  t o  t h a t  o f  t h e  A l c o a  s l u r r i e s  e x c e p t  that ,  
t h e  shear  s t r e s s e s  a r e  abou t  an o r d e r  o f  magn i tude h i g h e r  f o r  t h e  Sumitorno 
s l u r r i e s .  [ h i s  i n c r e a s e  i n  shear  s t r e s s  i s  n o t  s u r p r i s i n g  c o n s i d e r i n g  
t h a t  t h e  Sumitorno powder has an average p a r t i c l e  s i r e  o f  about. 0 .2  pm 
and t h e  A l c a a  power has an average p a r t i c l e  s i z e  o f  a b o u t  0 . 7  prn. I n  
p a r t i c u l a r ,  t h e  Sumitomo s l u r r i e s  e x h i b i t  a r e d u c t i o n  i n  v i s c o s i t y  when 
sma l l  amounts o f  w h i s k e r s  ( 5  and 10%) a r e  added,  wh ich  i s  s i m i l a r  t o  Lhe 
b e h a v i o r  o f  t h e  A l c o a  s l u r r i e s .  One sma l l  d i f f e r e n c e  that .  was obse rved  
between t h e  b e h a v i o r  o f  t h e  Sumitomo and hlcoa s l u r r i e s  was t h a t  t h e  
Sumitomo s l u r r i e s  showed a r e d u c t i o n  i n  v i s c o s i t y  a t  b o t h  5 and 10% 
w h i s k e r s ,  a s  compared w i t h  t h e  100% a lumina  s l u r r y ,  whereas t h o  Alcoa 
s l u r r i e s  showed a r e d u c t i o n  i n  v i s c o s i t y  o n l y  a t  5% w h i s k e r s  ( F i g .  3 ) .  
The r e d u c t i o n  i n  v i s c o s i t y  o f  t h e  p a r t i c u l a t e  s l u r r i e s  on t h e  a d d i t i o n  o f  
w h i s k e r s  i s  p r o b a b l y  a m a n i f e s t a t i o n  o f  improved p a r t i c l e  p a c k i n g  w i t h  t h e  
w h i s k e r s  f i l l i n g  v o i d s  between t h e  a lum ina  p a v t i c l e s .  e a r e  w o r k i n g  on 
t h e  m o d e l l i n g  o f  t h i s  phenomenon u s i n g  some o f  t h e  c u r r e n t  t h e o r i e s  o f  
w h i s k e r  and p a r t i c l e  p a c k i n g  a s  t h e  s t a r t i n g  p o i n t  f o r  a n a l y s i s .  

A d d i t i o n a l  rheomet ry  was pe r fo rmed  on s l  iirries made w i t h  Reyno lds  
RC-HP powder a t  55 v o l  % s o l i d s  and 0 t o  10% w h i s k e r s  ( F i g .  4 ) .  
c u r v e  f o r  t h e  base Reyno lds  a lum ina  s l u r r y  was s i m i l a r  t o  t h a t  f o r  A l c o a  
A l S S G  a t  55 v o l  %, shown i n  F i g .  5, e x c e p t  t h a t  t h e  shear  s t r e s s e s  f o r  t h e  
Reynolds s l u r r y  was somehnat lower t h a n  t h a t  f o r  t h e  A l c o a  s l u r r y ,  140 vs  
250 dyne/crn2, r e s p e c t i v e l y .  On a d d i t i o n  o f  t h e  S i c  w h i s k e r s ,  however, 
d i f f e r e n c e s  appeared.  The A l c o a  s l u r r i e s  showed a d e f i n i t e  r e d u c t i o n  i n  
v i s c o s i t y  a t  5% w h i s k e r s ,  s i m i l a r  t o  t h e  b e h a v i o r  obse rved  a t  40 v o l  % 
s o l i d s  f o r  t h e  A l m a  s l u r r i e s .  The Reynolds slurry d i d  n o t  e x h i b i t  any 
r e d u c t i o n  i n  v j s c o s i t y  when w h i s k e r s  were  added. F u r t h e r  s t u d i e s  t o  
d e t e r m i n e  t h e  source  o f  t h e s e  d i f f e r e n c e s  a re  c u r r e n t l y  i n  p r o g r e s s .  

A summary o f  t h e  f l o w  curves f o r  Sumitorno AKP50 a lum ina  w i t h  Tateho 

- 

The f l o w  
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F i g .  1. Flow curves f o r  40 vol  % solids s lurr ies  made w i t h  Sumitorno 

OHNL-DWG 87-1918 

F ig .  2.  Flow curves f o r  40 vol % so l ids  slurries made w i t h  Alcoa 
A16SG a lumina .  
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F i g .  3 .  I tie senera1 b e h a v i o r  o f  Suntitofiio AKPSO sl urr ics  was similar 

t o  t h a t  o f  Alcoa  A16SG s l u r r i e s .  

P i g .  4 .  F lo l v  curves f o r  55 v s l  % solids s l u r r i p a  based an f2eyns;ds 
RCdP a1 umi na 
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F i g .  5. Flaw c u r v e s  f o r  55 v o l  % s o l i d s  s l u r r i e s  based an A l c o a  A l S S G  
a1 urnl wa = 

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

A paper  d e s c r i b i n g  a new advanced f a r m i n g  t e c h n o l o g y  has been swb- 
m i t t e d  t o  t h e  Ceramic Technology Program management, t h u s  mee t ing  one o f  
t he  m i l e s t o n e s  (1.2.3.5.2)  a s s o c i a t e d  w i t h  t h i s  t a s k .  Submission t o  an 
open l i t e r a t u r e  j o u r n a l  and genera l  r e l e a s e  of  t h e  document are a w a i t i n g  
p a t e n t  clearance from the p a t e n t  counse l  a t  DOE-ORO. 

None I 

Refe rences  

1. M. A .  Janney, " I n j e c t i o n  o l d e d  Composites," i n  Ceramic 
Technoloqy f o r  Advanced Heat  Enq in  s Pro.ject Semiannual Prosress- 
f o r  Apri 1 Thryuqh S e p x ~ b e -  1986, ORNL/TM- 10308 (March 1987). 
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1 . 2 . 4  S i l i c a t e  ~ a t r i x  ~ . . . . . _ . . . . I . _  _II_ 

Low Expans ion  Ceramics f o r  D i e s c . 7  Fnyine a p p 1  ications 
J ,  ,T, Brown, R. K. Swanson ( V P I  & S U ) ,  and F.  A .  H u m m e l  (Consu l t an t )  

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

Ob jec!,ives/s=e I 

The major o b j e c t i v e  o f  this r e s e a r c h  i s  t o  i n v e s t i g a t e  s e l e c t e d  

ox ide  systems f o r  the development of  a Low expansi.on, h i g h  iiiernial 

shock r e s i s t a n t  ceramic.  S p e c i f i c a l l y ,  i.t is t h e  g o a l  of t h i s  s t u d y  

t o  deve lop  an i s o t r o p i c ,  u l t r a - l o w  expans ion  ceramic which can be  used 

above 1200 C and which i s  r e l a t i v e l y  inexpens ive .  
0 

The need f o r  s t a b l e ,  f a b r i c a b l e ,  low thermal expans ion  ce ramics  

.Cor u s e  i n  advanced h e a t  engines  wa.s f i r s t  r ecogn ized  i n  the 

Department of Energy Advanced G a s  Turb ine  (AGT) t echno logy  programs. 

More r e c e n t l y ,  .LIE need f o r  ceramic rnarierials having l o w  the rma l  

expans ion  f o r  u s e  i.11 coniponent:~ of advanced l o w  h e a t  r e j e c t i o n  d i e s e l  

engines has a l s o  been recognized.  Comp,oiients f o r  the  AGT, i n c l u d i n g  

t h e  Kegenerator  and o t h e r  pa r t s  i n  t h e  hot f l o w  p a t h ,  o p e r a t e  under  

.thermal c y c l i c  or o t h e r  c0ndi.t j.ons which r e q u i r e  low t he rma l  expaas lon  

i n  o r d e r  € o r  t h e  components t o  have s a t i s f a c t o r y  l i f e .  Only t w o  major 

ceramic s y s  tnms----ruagnes?’..a--a’l.ti~lina-silica and l i t h i a - a l u m i n a - s i l i c a - -  

have been e v a l u a t e d  e x t e n s i v e l y  f o r  u s e  i n  f a b i i c a t i n g  these low 

expans ion  ceramic components. Compositions e v a l u a t e d  e x t e r i s i v e l y  in 

t h e  magnesia-alumina-si l ica  s y s t e a  a r e  n e a r  t h e  composi t ion of t h e  

compound c o r d i c r i t e ,  w h e r e a s  conposi t i o n s  e v a l u a i e d  i n  t h e  



l i t h i a - a l u n i n a - s j l i c a  system are near  t h a t  of t h e  compound spodumene, 

Advanced l o w  bea t  r e j e c t i o n  d i e s e l  engines also have demonstrated t h e  

need €or  low thermal expansion ceramics which have r e l a t i v e l y  high 

mechanical s t r e n g t h .  Ceramic materials based upon e i t h e r  spodumene 0't- 

c o r d i e r i t e  have r e l a t i v e l y  low s t r e n g t h  and high thermal expansion 

compared to fused s i l i c a ,  f o r  example. It i s  of cons iderable  

importance t o  determine whether o t h e r  ceramic systems e x i s t  i n  which 

the thermal expansion can be t a i l o r e d  s c  as t o  be very  near zero  over  

a r e l e t i v e l y  wide temperature  range, extending t o  a t  l eas t  I200 C. 0 

The research  program inc ludes  t h e  fol lowing tasks: s y n t h e s i s  

proper ty  c h a r a c t e r i z a t i o n ,  and f a b r i c a t i o n  of candida te  l o w  thermal 

expansion ceramics from f o u r  systems based upon aluminum phosphate, 

s j l i c a ,  mullite, and z i rcon .  I n  t h e  f i r r s t  two systems, the goal  i s  t o  

s t a b i l i z e  l o w  thermal  expansion, high  temperature,  h igh  c r y s t a l  

symmetry phases via  s o l i d  s o l u t i o n  formation. I n  m u l l i t e ,  d e v i a t i o n  

from s to ich iometry  and s o l i d  s o l u t i o n  formation i s  u t i l i z e d  t o  reduce 

t h e  thermal expansion. Tn z i rcon .  t h e  c r y s t a l  an iso t ropy  and thermal 

expansion are reduced v i a  s o l i d  s o l u t i o n  formation, Based upon 

ear l ie r  d a t a  of t h e  i n v e s t i g a t o r s .  composi t ional  ranges are evaluated 

by f a b r i c a t i n g  experimental  specimens and determining phase conten t  

p lus  mic ros t ruc tu re  t h e r m 1  expansion, s o l i d u s  temperature. and 

dens i ty ,  Those compositions which e x h i b i t  acceptab le  s i n t e r i n g ,  phase  

composition, and expansion c h a r a c t e r i s t i c s  are s tud ied  i n  rimre d e t a i l ,  

inc luding  f l e x u r e  s t r e n g t h ,  creep. thermal conduct iv i ty ,  and c r y s t a l  

s t r u c t u r e .  F i n a l l y ,  those  ceramic cornpasitions e x h i b i t i n g  the besr 
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combination of proper t ies  a re  evaluated as to their fabrication behavior 

i n  the f o r m  o f  spec imens h a v i n g  masses up t o  about  0.5 kg,  

Te cl-in i c a 1 pr  ogr e s s 

A 1 urn i num Phc s p h a t e 

. . . . . .. 

A .  Background 

An ultra-low c o e f f i c i e n t  of t he rma l  expans ion  (CTE) co r re sponds  

t o  a ceramic mater ia l  w i t h  h igh  the rma l  shock r e s i s t a n c e .  Most of t h e  

a n a l y t x a l  e q u a t i o n s  f o r  thermal shock r e s i s t a n c e  are basc?d on t h e  

f o 1 1 ow i n  g e qu a t i o n  : 

where Of is  the stress requxred t o  f r a c t u r e ,  1-1 is P o i s s o n ' s  r a t i o ,  E 

i s  t h e  modulus of e l a s t i c i t y ,  and a i s  l:he l i n e a r  expans ion  

I 

coeffzcient, S i n c e  a i s  i n  the denominator,  as i t s  value approache.. 

z e r o ,  t h e  r e s i s t a n c e  t o  t he rma l  shock wi 7.1. t h e o r e t i c a l l y  approach 

infini1.y .. Accord; iig t o  Ktirnnel, i t  has been shown experirnental1y t h a t  
2 

dense., low p o r o s i t y  materials w i t h  t h i s  u l t r a - l o w  CTE do  indeed have 

the b e s t  r e s i s t a n c e  t o  thermal shock. 

The system A l P O  -BPO - 6 - - e i i c r y p t i t e  ( L i  0' AI. 0 3Si02)  has been 

t a z g e t e d  8s a sys t e f i~  that poss ib ly  c o n t a i n s  t he  compos i t ion  of a n  

4 4  2 2 3  

ul ti-a-I ow expsiision cerarnir  I n  o r d e ~  t o  fo rmt i l a t r  d i f f e r e n t  

compoiinds with p o s s h l  e low expans ion ,  a knowledge of t he  phase 

e q u i l i b r i u m  and non-equ i l ib r ium r e l a t i o n s h i p s  hetween Lhe d i f f e r e n t  

eoiiiponenis i s  necessary. Although a diagram with  a l l  t h r w  of  t h e s e  

end m e m b e r s  does n o t  ex i s t ,  a summary o f  work t h a t  has been done on 
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vari ous subsystems of t h i s  group fa1  lows e 

A1P04 has all t h e  

polymorphs of S i 0 2  wi th  similar StKUctUr%S and s i m i l i i r  i nve r s ion  

teiiiperatures. C r y s t a l  s t r u c t u r e s  have been e s t a b l i s h e d  f o r  the a- and 

@-quartz  and a- and 8 -c r i s toba l i te  forms of A1P04. The a-quartz 

2 ’  A1P04 i s  a haIf--brecd d e r i v a t i v e  of S i 0  

form of AlPO called a - b e r l i n i t e ,  lzas been assxgned t h e  

B 1 2 1  i n  the rhornbohedral system with lattice parameters 

4’ 

CJ 0 3  
a=4.937(2)A and c=10.926(3)A. An earl.J.er work l is ts  room 

0 0 4  
parameters of az4.9441A and c=10.9392A. Recent work by 

space group 

a t  283K af 

temperature 

Byrappa et 

5 0 0 
a l .  l i s t s  b e r l i n i t e  as being t r i g o n a l  with a-14.942A and e=10.97Ae They 

also d e s c r i b e  t h e  B --quartz form of A l P O  ca l l ed  P, - b e r l i n i t e ,  as 

being t e t r a g o n a l  w i th  a=7,510A and c=5.8372.. Ng arid Calva f u r t h e r  

descr ibed  t h e  s t r u c t u r e  of 6-berlin-Lt.e as space group P6 22. They 

a s s ign  space group P312 t o  a-ber1ins.t.. and describe i t  as having 

t h r e e  formula u n i t s  p e r  u n i t  cell, t h e  same as quar tz ,  b u t  w i th  t h e  

4’ 
0 6 

4 

c-axis  being doubled b e e m s e  o f  t h e  double s u b s t i t u t i o n  o f  A I  and P 

f o r  s i .  

Wright and Leadbetter have done naucb work. on t h e  a-- and 

&cr i s tobs l i t e  forms of A1P04. They desc r ibe  the  structure of 

a-cristobalite as be ing  orthorhombic wi th four formula u n i t s  per u n i t  

7 -9 

cell. This s t r u c t u r e  i s  pseudo-tetragonal and IS almost Identical to 

t h e  analogous Si0 s t r u c t u r e .  The R - - c r i s t s b a l i t e  form OF AIKJO is  

a lso very  s m i l a r  t o  the analogous Si0 s t r u c t u r e ,  Wright and 

2 4 

2 
7 

L e a d b e t t e r  descr ibed  i t s  structure u s i n g  t h e  space group ?Z&3ma Allaf 

and Kouanet list: u n i t  cell. parameters  f o r  three different phases of 
1 0  
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0 0 
A l P 0 4  as fo l lows:  W c r s s r o b a l i t e  (or thorhombic) ,  a=7.082A, b=l.O38A, 

+ o  a 
and c=6.993A; f 3 - c r i s t o b a l i t e  ( c u b i c ) ,  a=7.08-0.0lA a t  t00°C-7 .27?0.01A 

a t  1240°C; and t r i d y m i t e  (hexagonal) a=5.04A and c=8.27As These 

0 

0 0 

8 
valries are i n  agreement w i t h  t h o s e  r e p o r t e d  by Wright and L e a d b e t t e r .  

Many r e s e a r c h e r s  have worked on mechanisms and tempera tures  of 

t h e  t r a n s f o r m a t i o n s  i n  AlP04 .  Beck in 1949 J.j-sted t h e  following 

scheme : 

1 1  

8 15 r-"Lt 'C: 1 0 2 5 5 0 C Sl60O0C 

4 l ? e r l i n i . t e  -f-)- Tridymite AlPO +* C r i s t o b a l i t e  A l P O  -5) Fused A l P O  

536+2'C 93*3'C 130°C (?) 210k50C 

4 4 

---j 8 2  a 4-4- f3 a t-f p a -t-f B 1  .< ........... 

H e  p o i n t s  o u t  that a l l  f o u r  phases  can s-xist: i n d e f i n i t e l y  at: room 

t empera ture ,  According t o  Beck, b e r l i n i t e  wi 1-1 c o n v e r t  t o  t r i d y m i t e  

and t o  cristobalite by w a y  of t r i d y n i t e .  Amorphous AlPO w i l l  c o n v e r t  

t o  b e - r l i n i t e ,  t r i d y m i t e ,  and c r i s t o b a l i t e ,  a g a i n  w i t h  t r i d y m i t e  b e h g  

4 

an i n t e r m e d i a t e  stage in t h e  convers ion  t o  c r i - s t o b a l i t e .  T r i d y m i t e  

and c r i s t cha l i t e  have r e v e r s i b l e  r e a c t i o n s :  however, b e r l i n i t e  cannot  

b e  formed from either of t h o s e  t w o ,  b u t  from amorphous material ,  

These r e a c t i o n s  are  all s l u g g i s h ,  b u t  occur  more q u i c k l y  than  t h e  

cor responding  S i 0  i n v e r s i o n s .  The CL.$ t r a n s f o r m a t i o n s  are  a l l  r a p i d ,  

as w i t h  Si02. H e  f i n a l l y  s t a t e s  t h a t  the c r i s t o b a l i t e  f o r m  w i l l  

r a p i d l y  c o n v e r t  t o  t h e  t r i d y m i t e  E a i m  upon c o o l i n g  t.o 815°C. However, 

2 

with h e a t i n g  t h e  reverse r e a c t i o n  proceeds  s lowly  and only  occi-srs 

above 1 0 2 5 O C .  

c r i s t o b a l i t e  jnvers ion  was s t r o n g l y  dependent on thermal h i s t o r y .  

1 2  
H u m m e 1  expanded on this work by showing t h a t  t h e  ~1 tog 
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1 3  
Shafer and Roy la te r  showed that the quartz to t r i d p i t e  invers ion  in 

A1POL occurred at 785*7'G. Other sources confirm an a-taf3quarsz 
6,14 1 4  

t r a n s i t i o n  of 5 8 6 " ~ .  Flaerke and Lac.henmayr found an a- t o f !  

0 
t r idy tn i te  mvers lon  a t  90 C and an &-to 6 - c r i s t o b a l i t e  invers ion  at 

22OoC fox: samples annea led  a t  1300°C for a prolonged t i m e ,  w h i c h  agree 

w i t h  inversion t e m p e r a t u r e s  reported b y  Beck. Leadbe t t e r  and Wright 
8 

a l s o  found the cl-to F - c r x s t o b a l i t e  invers ion  to be  f i r s t  order  and i n  

t h e  v i c i n i t y  of 200°C, A U a f  and Kouanet p re sen t  a d i f f e r e n t  view o f  
1 0  

the transformation scheme ips shown in Figure  1. 

1 0  
Figure  3.. Dia.grarn of A1PO , ' s  Transformations. 4 

They state that the a-crxs toba l i te  to I: - - cu i s toba l i t e  

invers ion  occurs at 100 C and that the t w o  e r i s toba l i t e  polymorphs are 

the s t ab le  phases of A t P O  over the whole temperature range up to 

melting. The tridymite t o  c r i s toba l i t e  inversion i s  irreversible and 

tridymite is a metastable intermealate phase 3 eading to the s t a b l e  

c r i s t o b a l i t e  phase when devitsificati on occtws Uevl t r i f lcat ioa will 

only OCCUK above 1055OC. 

0 

4 

A1P04 is known to decompose befclre melting; thus  the exact 
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m e l y i n g  p o i n t  has n o t  beet1 de t r rnmcd .  Ak 1600°Ca a un:form weight  

l o s s  o f  0 . Z  p e r  hour occurs .  T h i s  same reference Pst-hmat-es rhe 

mcl*iiig p o i n l  of AIPO,l t o  be  above 2000°C. were 

able t o  iwlt  a ~ t d  quench s m a l l  samples of A l P 0 4  by  us ing  a solar  

furnace and a s p l a t  c o o l i n g  a p p a r a t u s ,  They a lso obseL-ued The rapid 

decomposi t ion of  AlPO 4 as Eiven by: 

1 6  

1 0  
A l l a f  an3 Rouanet  

1 3  hlPOI+ ( s  1) ( s  a 1) + Pzo5 ( g )  

The thermal expansion of A l P 0 4  i s  s imilar  t o  t h a t  of the 

aaalogoiis silica sti-ucturcs,  as: i l l u s t r a t e d  i n  Pqgures 2-4. 

Figu1-e 2 .  Thermal expansion O T  alurnincm 0 

orthopilosphat-e ca l  c incd  a t  1 5OO0C f o r  
1 h and r e f i r e d  f o r  2 h a t  1500i$ with 
67; aluminum metaphosphate lnond e 

F i g u r e  h ,  TheTina1 expansion o f  
c r l s t o b a l i t e  au $ 2  a1 uminurn 
orrhophosphate. 

F i g ~ ~ r z  3. Thermal e x p a n s i o n  of c r i s -  
t o b a l i t e  p r e p a r e d  by c a l c i n a t l  0 

Davison  s i l i c a  g e l  a t  1500 C f o r  1 h 
and refirrd witl ;126% aluminum rae ta-  
phosphate bond. 

on of 
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UE04 is another compound which is a half-breed derivat ive of 

2' s1.0~. Polymorphs o f  BFQ exis t  which  a r e  analogous t a  those of S i 0  

brit which have not been s tud ied  8s ex tens ive ly  as those a€ S i 0  and 

A1P8 The 6-cristobalite structure o f  BP04 c l o s e l y  resembles t h a t  of 

A l P 0 4 .  BPO w i l l  vaporize beforc melting, according tu H ~ m m e l  and 

Ruproski. begins  to vapor l ze  around 1450°C and 

completely d i sappea r s  w i t h i n  an hour  at 3462 C. They d e t e c t e d  no free 

4 

2 

4' 
7 

4 

They elaim that BPO 
17 

4 
0 

X 17 O K  11 BO a f t e r  p a r t i a l  vapor iza t ion  of BPOg. which l e d  

thmn t o  conclude that t he  comp~und  does n o t  decompose i n t o  its 

component oxides .  Later work by Horn and Humel estimates the melttng 

point ~f EPQ4 to be about 1300'C. This eompound has yet  to be 

success fu l ly  melted arid quenched to a :$ass, Tils CTE f o r  a bar of 

ISPQ~+ s i n t e r e d  at 12600~ f o r  one ho1 c is o = ~o~Io-'/K in the 

temperaturk range 25 to 1000 C, 

p2.05' 2 - 3 "  3 3  

1 8  

0 

f3 . e i i c r y p t i t e  is a stuffed-derLvative o f  5i02 with a high 

q u ~ r t z - l i k e  s t r u c t u r e .  Half o f  the S i  atoms are replnccd by AI. atoms 

and the  charge balance 1s majntained by the a d d i t i o n  of Ci atom%. 

m ~ n g  the f i r s t  t o  s t u d y  t h i s  material. Wi.nkler described j+-eucryptite 

0 Q as belonging to space group @6 2 w i t h  3 ez5.27A and c=11.25~.  This 
2 

3uerger discovered Lbat the a-axis of F e u c r y p t i t @  was also doubled and 

ass igned  to f k u c r y p t i t e  a mormelitiic spsce g-roup o f  the f n m  PZ w i t h  

a=PO.S!jA and c=11.2219. St 2s gcneraf.ly agreed t h a t  the LI. atoms are 

4-ccordinated w i t h  0 and are l o c a t e d  in channels running p a r a l l e l  to 

0 0 
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the c-axis.  *%cherry,  Schulz ,  and L a v e s  est&l i shed  t h e  striicture oE 

freucryptjte i n  a series of pape r s .  *They s t a t P  t h a t  a t  I C O O I ~  

2 1 - 2 9  

t e m p e r a t u r e  $-euc:rypti.te has a structure s imi l a r  t o  that of l o w  

q u a r t z  W J . K ~  an  ordered arrangement  of  L i ,  A I ,  and S i  atoms. I t  has a 

superstructure with s p a c e  group P4 22 that- shows a doubl ing  o f  the 

h i g h  q u a r t z - l i k e  a- and  c-axes. The a v e r a g e  s l r u c t u r e  i.s 

4 

super-imposed on t h ~  superstn7irt :ure and 1s d e s c r i b e d  by space gi011p 

P6 22.. They l i s t  l a t t i c e  c o n s t a n t 5  of a=10.48988 and c-11.1750A f o r  

b-eucrypt i t e  which are comparable t o  those Found by Buerger. Tscher ry  

0 0 

2 

e t  al. descrlbe a t r a n s f o r m a t i o n  f r o m  t he  low-temperature,  o rdered  

form of 8 - euc ryp t j . t e  t o  a Ziigh---teroperature, d i s o r d e r e d  form which 

occiii-s a t  4QO°C. They describe t h i s  as a f i r s t - - o r d e r  t r a n s i t i o n .  

P i l l a r s  and P e a c o r Z 5  d i d  f u r t h e r  wosk on e - e u c r y p t i t e ,  and agreed 

with and expanded on t h e  pre-viousl-y determined c r y s t a l  s t suc t i i re .  

They d i s p r o v e d  any f i r s t - o r d e r  t r a n s i t i o n  o c c u r r i n g  at: 400°C arLd 

showed the transition t o  b e  a combination of  thermal v i b r a t i o n s  and 

inci sas tng  d i so rde  c of  Li. a toms w i t h  i n c r e a s i n g  t empera tu res .  

E u c r y p t i t e  has two polymorphic forms:  a - e u c r y p t i t e  (found i n  

n a t u r e )  and B-eucryptitr (most o f t e n  s y n t h e s i z e d  i n  the  l a b o r a t o r y  

and d e s c r i b e d  above) .  $ -eucryp t . i te  and ~1 - e u s r y p k i t e  undergo a 

r e c o n s t r u c t i v e  invers ion .  Roy e t  al. f i r s t  r e p o r t e d  t h e  a f3 

reaction t;o o c c u r  a t  972f1O0C. A l a t e r  s t u d y  by Isaacs and Roy fixed 

t h e  i n v e r s i o n  t e m p e r a t u r e  at 848'5 C. Cool ing from above t o  below 

2 6  27 

L o  

th ik  inversion t e m p e r a t u r e  w i l l  r e s u l t  i n  a p e r s i s t e n t l y  metasrable 

k u c r y p t i t e  phase Even prolonged h e a t i n g  a t  l o w  tewpera t :ures  tu'3.1.1. 
7 8 - 
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n o t  reslilt in the formation of a - e u c r y p t i t c .  

The c r y s t a l  s t ruc tu re  of ol - euc ryp t i t e  has been determined by 

29 
Hesse. The s t r u c t u r e  is trigonal wi th  space group 6 and with 

0 
l a t t i c e  parameters a=13 (I 47 18 and c=8.998A and w i t h  e igh teen  furmula 

u n i t s  of L i A l S i O  p e r  unit cel l .  The. A I  and Si. atom are disordered.  4 
3 0  

The mel t ing  behavior of k e u c r y p t i t e  is  descr ibed  by Hatch. R e  

found t h a t  i t  melted incongruent ly  arounz 1400°C. 

CTE's f o r  a -euerypt i te  have been measured as 1 1 0 ~ 1 0 - ~ / K  f o r  t h e  

B - euc ryy t i t e  d i sp lays  h ighly  
3 1  a-axis and 84.5~10-~/K f o r  t h e  c -ax~s .  

an i so t rop ic  behavior  wi th  expansion along t h e  a-axis and c o n t r a c t i o n  

along t h e  c-axis,  The overall e f f e c t  1s a s t r o n g  negat ive  expansion. 

Three d i f f e r e n t  groups of  researchers have repor ted  va lues  of 

expansion c o e f f i c i e n t s  f o r  t h e  a- and c-axes of e e u c r y p t i t e .  These 

are given in Table 1. 

Table 1. Expansion of the  a and c prameters of $ -euc ryp t i t e  

along a-axis ( K - ~ )  a long c-axis (K. -~)  - R e  Ee rence 

82. M O - ~  -1 7 6x 1 Oe7 [321 

81 . I ~ P O - ~  -1 69x 1 o-7 

D i f f e r e n t  values have also  been found f o r  the expanslorn o f  s i n t e r e d  

bars. Resul t s  of one experiment are i l l u s t r a t e d  in F i g u r e  5 .  I n  

another  experiment,  Kondrat'ev found a value of a= - ~ O X I O - ~ / K  between 

3 It 

3 5  
20 and 850OC. T h s  value IS more nega t ive  than  tha t  shown in Figure  

3 6  
5 .  Ikeda and Minagawa discovered t h a t  t h e s e  d i sc repanc ie s  are due  t o  

changes in s i n t e r i n g  cond i t ions ,  cooling condi r ions ,  and reheatmg 
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c o n d i t i o n s  which a f f e c t  the rma l  expans ion  p r o p e r t i e s .  

w 3 2  
0 2m 400 a 2  m lQQ0 

Tamp rw 
Figure  5. Thermal c o n t r a c t i o n  o f  e u c r y p t i t c  as compared 
w i t h  expansion of fu sed  s i l i c a .  I' 

Work has been conducted wi.th 6-euc ryp t i t e  t o  reduce t h e  abso lu t e  

v a l u e  o f  t h e  CTE. Increasing t h e  s o l i d  s o l u t i o n  S i 0  c o n t e n t  i n  

6 - e u c r y p t i t r  was s u c c e s s f u l  i n  b r i n g i n g  the coef  f s c i e n t  c loser  t o  

However, s u b s t i t u t i n g  Ge4' f o r  S i 4 +  had no  s i g n i f x a n t  e f f e c t  

Another s t u d y  i n v e s t i g a t e d  t h e  s u b s t i t u t i o n  of 2- €or  

f3--eucryptite. T h i s  s u b s t i t u t i o n  r a i s e d  t h e  overal.1. e x p a r s i o n  

2 

37 
zero .  

on t h e  CTE. 

02- in 

t o  a p o s i t i v e  value, b u t  reduced the  expansion a n i s o t r o p y .  

3 1  

3 8  

Work has been done oil the b i n a r y  diagrams A l P O  - f3  - e u c r y p t i t e  and 

A l P O  -BP04. A diagram for A1PO4--8-cucryptite has riot been completed; 

however, P e r r o t t a  has a p a t e n t  for a series of s o l i d  s o l u t i o n s  

e x t e n d i n g  from 5-65 nmle % A l P O  wi!.h 6 - e u c s y p t i t e .  H e  r e p o r t s  t h a t  

this r ange  of composi t ions,  when sintered into barss has C!!?E from 

- 7 0 ~ 1 0 - ~  to I l l r l O - ' / K  a t  1000°C. The s o l i d  s o l u t i o n  forms when the 

c o m p o s ~ t ~ o n s  are heated for 16 hours  a t  1050 C o r  higher. Huinmel and 

Langensiepen have r e p o r t e d  the format ion  of a s o l i d  s o l u t i o n  betweeu 

50XAIPO /50% & e u c r y p t i t e  (mol%) which  has a thermal expznsion as law 4 

as f u s e d  quartz.  

4 

4 
3 9  

4 

0 

4 0  
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18 
Born and Humme1 investigated t h e  system Alp0 -BWpO4, They 

maintain t ha t  in s p i r e  of a cons iderable  d j f l e r e n c e  i n  t h e  ionlc r a d i i  

o f  B'3 and A I c 3 ,  a cornplere series of s c l i d  solutxons between BPO and 

AlP04 exlists above 1 2 O O 0 C ,  These s o l i d  s o l u t i o n s  have  the 

B c r i s t o h a l i t e  structure and can be quenched metastably to room 

temperature, Tbe s t a b i l i z a t i o n  i s  chenical rather than mechanrcai, 

Below 1200°C, lorig term h e a t  treatments w i l l  cause e x s o l u t i o n  and the 

appearance of A l ( P 0  1 with compositions of 50% o r  greater  AlP04  (mole 

p e r c e n t ) .  T h i s  s t u d y  d i d  not inc lude  work on t h e  r e l a t i o n s h i p s  

bet-ween t h e  quar tz  and t r i d y m i t e  phases  of the t w o  compounds. 'Phe 

exsolu t ion  and appearance of a three-phase region show i-hat bel ow 

120O0C. the  system i s  nsn-binary. Glasses cou ld  be formed between 10 

and 70 mole percent Alp0 Elec t ron  microscope examinat ion showed 110 

phase sepa ra t ion  i n  these glasses. A l l  of the above r e l a t i o n s h i p s  

were determined f o r  composrtions studied In a closed system, 1.e. 

sealed pla t inum tubes. Work was a l s o  done u s i n g  an open system t o  

4 

4 

3 3  

4' 
4 1  

develop a t e n t a t i v e  nan-equili.brium diagrxm, The two A l p 0  -HP04 phsse 
4 

1 8  
diagrsms developed by EIurnmel and Horn are s'nown in Figures  6 and 7 .  

Some discrepancies e x i s t  in the work by Hoxn and Humme1 on 

A I  TJDl+-BPQ Bath diagrams shown have been ex? repola ted  from work done 

at: tempera tures  w e l l  below the l i q u i d u s  s u r f a c e  i n  most cases. The 

non-binary behavior o f  the  system below 1200°C undermines the 

assertion of binary behavior above 1201b°C. 

4' 
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1 8  

4‘ Figure 6 .  The b inary  system BP04-A1PT) 

Figure 7 .  Ten ta t ive  non-equi l ibr ium diagram of the 
system BPU -A1’PO 1 8  

4’ 4 

4 2  
In a later work, Horn and Humme1  exp la in  why the unexpected 

solid s o l u t i o n  between A l P O  and BPO should form. F i r s t  they state 

that A l P O  1s  disordered cubic and isomorphous with BPO when b o t h  are 

4 4 

4 4 
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i n  the j - r  high c r i s t o b a l i t e  forms. They then s t a t e  t h a t  s o l i d  s o l u t i o n  

1 s  poss ib l e  above 12OO0C because a t  t h a t  temperature,  both A1P04 and 

BPO have ordered,  t e t r agona l ,  high c r i s t o b a l i t e  forms. Generally t h e  

s o l i d  s o l u t i o n  would not  be expected because of t h e  d i f f e r e n c e  i n  

atomic s i z e  and bonding c h a r a c t e r i s t i c s  cf and B+3 and because of 

4 

t h e  infrequency t h a t  t h e  s u b s t i t u t i o n  is found i n  na tu re ,  

The appearance of Al(PQ ) below 1200OC i n  the system A1P04-BP04 

shows t h e  system is  non-binary. A bet te r  d e s c r i p t i o n  of t h e  system 

3 3  

may be obtained by cons ider ing  it t o  be a ternary system composed of 

A1 203-B203 -P205 . Some work has been done on the bounding b ina ry  

systems of t h i s  t e r n a r y  system. 

4 3  
K i m  and Humme1 have developed t e n t a t i v e  phase r e l a t i o n s  for t h e  

system B 0 -azo3 .  They confirmed t h e  existence of two binary 

compounds. The compound 2AI2O3 *B2Q3 melts incongruent ly  a t  1030k70C t o  

9A1203 - 2B203 and l i q u i d .  The compound 9A1203 *2B203 mel t s  

incongruent ly  a t  144OOC t o  A1203 and l i q u i d .  Although i t  i s  a 

n a t u r a l l y  occurr ing  compound. A 1  Q ' €4  0 could no t  be synthesized and 

w a s  no t  observed. 

2 3  

2 3  2 3  

The only  well-documented compound occurring i n  the system 

* P  0 is BPO Most work on t h i s  sytem ha5 been done at, low 

temperatures  wi th  hydrated systems. A compound B(f03)3 may be 

poss ib l e ,  b u t  has y e t  t o  be v e r i f i e d .  

* P 3  2 5 4' 

I n i t i a l  work on t h e  system Al2O3-P2O5 has been done by Stone, 

E g a n ,  and Lel i r .  The t e n t a t i v e  diagram determined by them 1 s  shown i n  
16 

Figure  8. The system seems t o  behave as a true b ina ry  system. 
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Three compounds have been i d e n t i f i e d  3.n the A I  2 3  0 -P 2 5  0 system. 

These are A1 0 *3P205 (A1(P03)3, 2hl 0 *3P205. and A I  2 3  0 * P  2 5  0 ( A 1 P 0 4 ) .  

Stiane e t  a l .  found 2 A 1  8 ' 3 P  0 to have an u p p e r  temperature  limit of 

stability in the range of 200 to 300°C. They expressed surne d a i h t  as 

2 3  2 3  

2 3  2 5  

to whether this w a s  indeed a. compound. It decomposes t o  S l ( P 0  ) and 

A1PQ4. Pawlowski a l s o  no ted  the existence of 2 R I 2 O 3 ' 3 P  2 0 5' b u t  

stated that  it decomposes to A l P O  wi.th a l o s s  o f  yhosphoriis. He 
4 

l i - s t e d  the melting p o i n t  of R1(P03)3 as 1290 C whereas Stone et a l .  

listed it as 1498-5 C from extrapolation. Tanaaaev e t  a l .  l i s t  a 

compound 3 A l 2 O 3 * P  0 that melts c o n g r u e n t l y  a t  203Q°C and has t w o  

e u t e c t i c s  occurr ing,  a t  27A1 0 - 1 3 P  0 

3 3  
l r 4  

0 

-t- ' E  5 

2 5  

(186Q°C) and at 173Al 0 -27P  0 2 3  2 5  2 3  2 5  

( 1 8 3 0 O C ) .  
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C r y s t a l  s t r u c t u r e  ana lyses  have been done for A1(P03)3. 

Paul ing 
4 6  

Chistyskova e t  a l .  found a phase t r a n s i t i o n  a t  900 t o  1000°C. 
47 

and Sherman found the  low temperature  s t r u c t u r e  of Al(PQ ) t o  be 
3 3  

6 -  0 
cubic wi th  space group T d-143d and a=13.63A. I t  has 16 formula u n i t s  

4 8  
p e r  u n i t  c e l l .  Van d e r  Fleer d e s c r i b e s  t h e  h igh  temperature  form of 

Al(P0 as c r y s t a l l i z i n g  w i t h  monoclinic: space  group IC. The l a t t i c e  
3 3  

0 0 0 
parameters are given as a=10.423A, b=18.687A, and c=9,222A and R 

~81.53~. There are 1 2  formula u n i t s  p e r  u n i t  c e l l .  

No diagrams have y e t  been found tha t  d e s c r i b e  a b i n a r y  

r e l a t i o n s h i p  between e-eucrypt i te  and A1203 B203, o r  P205. No 

j o i n  seem t o  ex i s t  between A 1  0 and P -eue ryp t i t e  in the t e r n a r y  

system L i  0-A1 0 - S O 2 ,  which i m p l i e s  t h a t  these two compounds may not 

form a b ina ry  system, 

2 3  

2 2 3  
49 

A good deal of work has been done on the ternary system 

A I  0 -B 0 -P 0 bu t  most of  this work has  d e a l t  w i t h  e s t a b l i s h i n g  the 

e x t e n t  o f  regions with glass-forming a b i l i t y .  Stanwarth and Turner 

2 3  2 3  2 5 ’  
5 0  

were a b l e  t o  form same glass, bu t  doubted t h a t  t h e  extent of the 
51 

region w a s  large. Klein e t  a l .  found two reg ions  of glass-forming 

a b i l i t y  as w e l l  as a small range near B 0 shown i n  F igure  9. 
2 3” 

’2% 

(Areas bounded by s o l i d  line 
are ba tch  compositioras; shaded 
areas are analyzed  composi t ions * )  

Figure 9. Regions of g lasa  formatinn i n  tliz A 1  0 B 0 -P 0 system, 51 2 3 2 3  2 5  
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They d e f i n e d  t h e i r  glass-forming reg ions  3s being only those  

reg<-ons where a t r a n s p a r e n t  g l a s s  formed. Thermal expansion 

coefficients for g l a s s e s  i n  these regions varied between 30 and 

65x101'/K, Some o f  the gl.asses, notably those high i n  B203 were 

phase separated. Hurimel and I l o m  give a good summary of work done on 

t h e  glass-forming reg ions  of  tiiis system. The i r  summary diagram is  
't 1 

reproduced i n  Figure 10. 

F igure  10. F i e l d s  of g l a s s  formation in the 
system B 0 -A1 0 -P 0 41 

2 3  2 3  2 5 '  

Humme1 and Horn a l s o  d i d  work on the subso l idus  compa t ib i l i t y  

41 
r e l a t i o n s  i n  t h e  system A 1  0 -B 0 -P 0 Figure  11 shows t h e  

probable  compa t ib i l i t y  t r i a n g l e s  they  found. A j o i n  w i t h  complete 

s o l i d  s o l u t i o n  e x i s t s  above 1200 C between A1170 The j o i n  

9A1203 2B 0 -A1P04 exists above 12OO0C and shows l imi t ed  s o l i d  

s o l u t i o n .  'rhe j o i n  9A1  0 *2B 0 -3PO a l s o  exists above 1200 C but has 

no s o l i d  s o l u t i o n .  i n  c o n t r a s t ,  the join 2A1 0 '3 0 -3PO e x i s t s  only 

4 ' below 47OoC.  Work was not completed i n  t h e  region bounded by BP0 

Al-PO and P 0 and c o n t a i n i n g  Al(P0 ) 

2 3  2 3  2 5 '  

0 
and BP04. 

4 

2 3  
0 

2 3  2 3  4 

2 3  2 3  4 

4' 2 5  3 3' 
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8 

F i g u r e  11. Probable  compatibility triangles i n  t h e  system 
B 0 -A1 0 -P 0 below 47OoC and above 1200°C.41 2 3  2 3  2 5  

A summary of the information known on the system AS 2 3  0 -B 2 3  0 -P 2 5  0 - 

6-eucrypt i te  IS given by the  proposed quaternary diagram i l l u s t r a t e d  

in Figure 12. Lid3 A 1 ~ 0 ~ 2 S i 0 ,  

FFgure 12.  The e x t e n t  o f  information on the quaternary system 
A1203-B203-P205-P-eucryptite. 

The most satisfactory way o f  expressing the relatzonships between 

A1P04, BP04, and B-eucryptite seems to be a quaternary  diagram 

composed of Al 0 -B 0 -P 0 - p - e u c r y p t i t e .  However. 8 - e u c r y p t i t e  2 3  2 3  2 5  

decomposes at 1400'C. Below 1400°C, the assumption of a quaternary 

system may be val id ,  b u t  i f  work i s  t o  be done above this temperature. 

the system may need t o  be expanded t o  a f i f t h - o r d e r  system composed of 
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2. 
A 1  0 -B. 0 -E’ 0 -Li20-Si0 

2 3  2 3  2 5  

B ,  Procedure 

Processes  have been developed f o r  t h e  catis2.stent format ion  of 

AlP04, BP04, and 8 - e u c r y p t i t e  i n  the l a b o r a t o r y .  The s t a r t i n g  

materials f o r  t h e  A1PO are aluminum hydroxide,  A1(OH)3.nHZ0. and 

d i b a s i c  ammonium phosphate  (NH ) HPO weighed t o  g i v e  a 1:l A1 0 t o  

P 0 r a t i o  a f t e r  account ing  f o r  weight lass.  The s t a r t i n g  m a t e v i a l s  

f o r  BPO are b o r i c  a c i d ,  H3Bi13, and d i b a s i c  ammonium phosphate ,  

weighed t o  g i v e  a B 0 The s t a r t i n g  

4 

4 2 4’ 2 3  

2 5  

4 

t o  P205 r a t i o  after weight  boss.  
2 3  

mat.eri.als f o r  t h e  6 - e u c r y p t i t e  are t i th iurn  c a r b o n a t e ,  Li CO alumina,  
2 3; 

A1203; and s i l i c a  gels SiO2* which are weighed t o  give a r a t i o  of 

1:1:2 L i . , O / A 1  0 /S iO,  a f t e r  weight  l o s s .  I n  the  case of t h e  
L 2 3  

8 - e u c s y p t i t e ,  the  raw materials were c a l c i n e d  a t  2OO0C f o r  24 hours  

before weighing, and i n  the case of t he  AlPO a weight  fzctox- f o r  t h e  

A1 (011) . o H 2 0  was determined.  

4’ 

The beat t r e a t m e n t s  and c o n t a i n e r s  used f o r  a l l  s a m p l e s  are  shown 

i n  Table  2. The raw m a t e r i a l s  € o r  each b a t c h  a r e  mixed under  a c e t o n e  

u s i n g  a mor ta r  and p e s t l e .  The p r o c e s s  IS r e p e a t e d  between each  

f i r i n g .  

A f t e r  t h e  f i n a l  f i r i n g ,  samples are removed and reground d r y  with 

a m o r t a r  and pesl:le if t h e y  powder easily. Fused samples a r e  reground 

under  a c e t o n e  o r  d i s t i l l e d  water ,  t h e n  d r i e d  i n  a 200 C: d r y i n g  oven, 
0 

The samples are analyzed  by  x-ray d i f f r a c t i o n  t o  de te rmine  whether  t h e  

r e a c t i o n  1s complete.  

Samples have been prepared  f o r  differentid thermal  a n a l y s i s  
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Table 2. Sample Compositions and Processing. 
.-.._I ~ ___I ___ 

First Firing Second F i r i n g  Third Firing 
Sample Compound Trnp lT ime  Tem$/Tune ?rmp/lime 

('Cfh) 
_._II_ 

( O C / l l )  
I_---- _I_.._ PcfIr) __- 
KE-A1 
KE-A2 
KE-A3 
KE-A11 
KE-A5 
KLA6 
KE-81 
KE-82 
KE-B3 
KE-BQ 
KE-A7 
KE-A7 
KE-A7 
KE-B5 
KE-B5 
KE-B5 
KS-A8 
KE-A9 
KE-B6 
KE-A10 
KE-B? 
KE-E1 
KE-A 1 1 
KE-BB 
KE-E4A 
KE-EUB 
KE-A 12 
KE-R9 
KE-E5 
KF-A 13 
KE-A 14 
XE-E4 
KE-A15 
KE-BlO 

A l P O  

A1P04 
AlP04  

A1P0: 
BPO 
BPO' 

A I P O ~  

A I P O ~  

B P O ~  
B P O ~  
Alp8 
AIPO' 
AlPO;  
R?O 
BPO' 
B?O4 
a lp8  

apo 

BP04 

AIPO: 

A l P 8 ,  

E-eucryptite 
A1POU 
BPO,, 
F-eucryptlte 
: -eucryptlte 
A l P O , ,  

6-eucryptlte 
A l P O  
AlP0: 
F-eucryptlte 
Alp0 

BP04 

wo,,' 

, 
,1200/8 
,1200/8 
,1200/8 
,1200/8 , R2Wb , R25/6 , 80015 , B00/5 , 82516 

825/6 
+ 400112 

400/12 
400/12 
400/12 : 400/12 
400/12 

+ 400/18 z 400/12.5 
400/12.5 
400/17 , U O O / 1 7  
120124 

400/12 - 300/10.5 
8001'67 

400/9 
800/12 

; 400/12 

, 4 0 0 / 9  

, 400112 , uoo/a 

, 400/12 , 800/12 

400/12 

, 
,1300/4 
,1300/4 +1300/34.5 
,1300/4 

1300/4 
1100/54 

, , 1 150.V .5 
,I 15W7.5 

1 100/5i! 

;1300/72 
,1300/72 

1090/7? 
;1090/72 
,1090/72 

1090172 
c1080/70 
;1090/73 

1090i73 
:lQ80/7 2 

1080/72 
'1 3 0 0 / 4 8  +1300/36 
:1080/80 

1080/80 
+ 800/20 +1300/49,+1300/24.5 
+1300/50 +1300/27 
:1085/72 

1085/72 
:1300/S8 +1300/38 
*1100/72 

1 100/72 
:1300/49 +13G0/43 , 1 100/72 

1100/72 

I) 
Alumina crucible. 

Pt tube. 
;Pt crucible. 

*Graphite crucible. 
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(DTA) and have been run,  A l l  samples are weighed on a mole perceri-t 

b a s i s  t h e n  sea led  i n  a p la t inum tube, Ah 0 is used as R r e f e r e n c e  

and a h e a t i n g  ra te  of S°C/min 3.5 used. The composi t ions t e s t e d .  heat 

t r e a t m e n t ,  source of p ~ ~ d e j f ,  and r e s u l t s  a r e  g i v e n  i n  T a b l e  3 ,  For  

cornposit ions between 10-70% A l P O  /9Q-30%BP04. t h e  format ion  o f  a 
4 

g l a s s y  phase  1s d e s i r e d .  X-ray diffraction p a t t e r n s  were r u n  on a few 

of t h e s e  samples t o  a s s u r e  t h a t  a g l a s s y  phase had formed. 

2 3  

Some d i f f i c u l t i e s  have been encountered i n  e v a l u a t i n g  systems 

c o n t a i n i n g  A l P O  and BPOq. The v o l a t i l i t y  of B 0 and P 0 r e q u i r e s  
4 2 3  2 5  

t h a t  composi t ions c o n t a m i n g  t h e s e  compounds b e  s e a l e d  i n  plat inum. 

The seals  sometimes f a i l  due to e i t h e r  t h e  i n t e r n a l  p r e s s u r e  from '8 0 2 3  

or P205 o r  f rom t h e  d e l e t e r i o u s  r e a c t i o n  of P 0 with t h e  p la t inum 

tube.  

2 5  
5 2  

A sample o f  AlPO w i t h  a h i g h  irnpur.i.t.y c o n t e n t  of A1(P03)3 was 

fired i n  an open alumina b o a t  a t  13OOoC €GP s i x  days t o  de te rmine  the 

s t a b i l i t y  of A l ( P 6  ) 

4 

3 3 '  

B a r  samples were made t o  de te rmine  t h e  CTE o f  d i f f e r e n t  

composi t ions,  Bars were pressed i n  ei ther  5O-mm o r  100-m stainl-ess 

s tee l  d i e s  u s i n g  a methylce l lu lose-water  solution a s  a b i n d e r ,  B a r s  

were s i n t e r e d  on an aliiiiiina p l a t e .  Bar conposi t i -ons and h e a t  

t r e a t m e n t s  are shown i n  T a b l e  4 .  The mixed powders had no J o i n t  h e a t  

treatment prior t o  s i n t e r i n g .  A f u s e d  s i l i c a  d i l a t o m e t e r  w i t h  a dial. 

guage r e a d i n g  'to 0.00254mm was used.  I n i t i a l  and f i n a l  l e n g t h  

ineasr?rements are made to t h e  n e a r e s t  0.00254-3m. Adding 1.n a 

correction f o r  the  expansion o f  t h e  fused  s i l i c a  p u s h  rod, t h e  formula 
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Table 3 .  DTA Coswsitiona, Heat Treatments. Ponder Sourcca .  and Rewlts. 

_-_- I.._____ 1-1_.-. -.-_- __ 
Comwaltlon Dole% 

_.__ -.-._.I Haxiam 

AIPOl QPO,, +%cryptltc Treatment Sources with DTA (OC) Reaulta 

100 - none Aldrlch: 1240 reSultS not  c l e w  

Meat  Powder Temp. reeched 

~.___..-._-.I__ l____l ._ --11__.--- ___ ___ 
212OC( mdo) .83Q°C .99OoC, 1 180°C 90 10 I Aldrlch, 1220 

SO 50 B Aldrich' 1220 212°C(~ndo),g280C,Y~~ t.1136 C 

10 90 0 Aldrich, Sample containad h a t e r  Irou quenching - 100 none AlArlch I220 results not  clear 

33.3 33.3 33.3 none C 1200 209°C(endo); 1071°C,~1P9 C(chang. i s  alopol 

70  - 30 none c 1170 2IO0C(en4o) ;461°C,8480C(change i n  n l n p c ) .  

70 30 0 Aldrich, 1220 21zoc( coda),  835"~. iozgoi. I 1 q O c  
30 70 - B Aldrich,  1220 15b0C(em) ,not c l c s r  

- - 100 n o m  C 11JO 84c°C (both endo and E x g  char8ct@ristlca) 

50 - 50 none c 1140 20~DC(eodo);8b20C,90boC(~~~~~~ i n  slope) 1 1  14°C(czo) 

70 10 20 none C 1200 Z06°C(cnd0) ;862'C. 1166°CL~han&t ln slope) 
lo3Q°C(ero), 1 16l0C( e r o )  

A i praFlrcd a t  13OO0C for 48 hra. then furnace cooled. 

0 i heRtcd t o  1650°C (3s determlned by optlcal pyrometer) for I( hrs. Lhen water quenched. 

* i Aldrlch Chemical Company - dlPOI pouder is amorphous, BPO,, is crystalline. 

C i lahorntory s y n t h e s i z e d  - aee Table 2 

T a b l e  4. Bar  Sample Compositions, Heat Treatments, and Results. 

--.......I__ .-.__.._.___ I___ I....._.I_ ____ 
Permanent 

Conposltlon mole% Thermal Bar l e n g t h  Sintering 
~ . _ _ _ _ - _ _ _ _  erpan Lon length onange temp./time 

Bar A1P04 BP04 6-eucryptite (K-') (inch) (inch1 "C/hr. Mctes 
_II_--.. ___-.-_ll-..-.--lll__I__ I_ ̂.... __.._l ___ 

KE- 1 

KE- 2 

KE- 3 

KE- 5 

KE- 5 

KE- 7 

KE- 8 

KE- 9 

KE- 10 

100 

- 

50 

7 0  

33.3 

- 
50 

70 

33.3 

- - 1 7 8 . 5 ~  1 Oe7 

I O 0  - 74.9~ I 0-7 

50 

30 

- 
- - 
33.3 33.3 - 
- 100 -1 I 1 

I 50 - 2 5 . 7 ~ 1 0 - ~  

30 - 1 0 . 6 ~ 1 0 - ~  

33.3 33.3 - 

3.983 

3 * 8917 

- 
- 
- 
2.2:s 

2.054 

1.948 

- 

40.015 

40.003 

- 
- 
- 

+0.004 

+ O . O G I  

-0.001 

- 

1550113 

1 I R O /  16.5 

1300/18 melted 

1300/18 melted 

1180/16.5 melted 

1300/ 18 

1100/45 

1 100/YS 

1100/h5 me1 ted 
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used t o  c a l c u l a t e  t h e  thermal- expansion is: 

I n i t i a l  work on t h e  t e r n a r y  diagram A 1  0 --B 0 --P 0 used the same raw 

m a t e r i a l s  as used  €or A l P O  and BP04. F i r i n g s  followed the same 
4 

s c h e d u l e  as used f o r  t h e  f i r s t  firings of t h e s e  materials,  

2 3  2 3  2 5  

C. R e s u l t s  and D i s c u s s i o n  

P u r e  A l P O  and $PO4 were n o t  formed us]-ng t h e  h e a t  t r e a t i n e n t s  

l i s t e d  f o r  composi t ions KE-A1 through KE-AS and RE-B1 through KE-D4 

l i s t e d  i n  Tab le  2. Varying amounts of c o n s t i t u e n t  oxi-des were 

i d e n t i f i e d  u s i n g  x-ray d i f f r a c t i o n .  The s u c c e s s f u l  h e a t  t r e a t m e n t s  

f o r  bo th  A l P O  and BP04 were I -dent ica l .  For  t h e  i n i - t i a l  f i r i n g ,  

s a m p l e s  were h e l d  at 125, 155, 175. 300, and 400°C w i t h  t h e  

tempera ture  be ing  raj-sed a t  approximate ly  Two-hour intervals. Thi.s 

treatment allowed f o r  slow r e a c t i o n s  a round  c r i t i . c a 1  tempera tures  f o r  

t h s  raw m a t e r i a l s  and prevented t h e  v i o l e n t  m p u l s i o n  of gases  t h a t  

could cause  l o s s  of sample.  HoJ-ding the  s a q l e s  at; 400 C allowed t h e  

r e a c t i o n s  t o  i n i t i a t e  be low t h e  melting p o m t  of B 0 and w e l l  be low 

ths! range o f  any a p p r e c m t l e  v o l a t i z a t i o n  o f  P 0 Subsequent f i r i n g  

a t  1080 t o  llOO°C a l lowed f o r  comp1et:iun of t h e  reac t ions  y e t  

T h i s  h e a t  treatment mlnirnized v o l a t i z a t i o n  of B 0 and 

c o n s i s t e n t l y  gives A1P04 and BP04. as  confirmed by x--ray d i f f r a c t i o n .  

4 

4 

0 

2 3  

2 5 "  

p2°.5 ' 2 3  

0 0 
8 - e u c r y p t i t e  formed b e s t  when f i r e d  a t  800 C. i n s t e a d  of 120 C, 

b e f o r e  f i r i n g  a t  13OO0C, Bet t e r  i n i t i a t i - o n  o f  t h e  react:ion occurred  

and t h e  f i n a l  product  w a s  easier t o  g r i n d .  T h i s  t r e a t m e n t ,  shown f o r  
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samples  KE-E4 through KE-E6 i n  Table 2, gave a material which c o n t a i n s  

small  amounts o f  impurities. 

DTA r e s u l t s  are shown i n  Table 3. The most s t r i k i n g  r e s u l t  is 

t h a t  a l l  samples having grea te r  than 33.3% by mole A1PQ4. show a n  

endothermic peak i n  t h e  vicinity sf 210°C. These peaks co r re spond  t o  

the  01- B c r i s toba l i - t e  inversion ~n A1FU4. These r e s u l t s  a l s o  stipport 

the concept o f  higher  processing t empera ture  r e s u l t i n g  in a higher 

t e m p e r a t u r e  inversion. A l l  of the samples  t r e a t e d  at 1650°C have 

invers ions  a t  2 1 2 O C  while t h e  samples  syntLesxzed a t  llOQ°C in t h e  

l abora to ry  have i n v e r s i o n s  from 206 t o  210 C. 0 

0 The presence of t h e  peaks a t  21.2 C and o t h e r  temperatures  i n  t h e  

DTA r e s u l t s  f o r  the b i n a r y  AlPO /BPO compounds may indicate comple t e  
4 4  

s o l i d  solution d i d  n o t  form. However, the materials that formed have 

similar characteristics, as shown by s imi la r  teruperature peaks  e 

Glass w a s  d i f f i c u l t  t o  form w i t h  t h e  b i n a r y  AlP04/BPQ4 

compositions, even us ing  the 1650 C heat  t r e a t m e n t s .  A t  1650OC. BP04 

io comple te ly  volatized, wh11.e A1PO remains as a solid, The r e a c t i o n  
4 

time may bave been inadequate to allow reaction between these two 

0 

pbas es 

Probl ems were encountered when heat:ing p l a t i n u m  sample t u b e s  t u  

165O*C followed by quenching, A number of tubes developed quench 

c r a c k s .  T h i s  allowed water t o  e n t e r  the sample.  The w a l l s  of t he  

tubes were likely embr i t t l ed  by t h e  attack of P 0 on t h e  p l a t i n u m  OF 

t h e  vapor p r e s s u r e  o f  t h e  P 0 and B203. 

2 5  

2 5  

T e r n a r y  c o m p o s i t i o n s  and s a m p l e s  c o n t a i n i n g  A1POLk a n d  
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f3-eucryptite were e v a l u a t e d  by DTA t o  p r e d i c t  t h e  tempera ture  a t  

whish m e l t i n g  begins .  No conclusxve tempera ture  could be determined,  

b u t  a range was e s t a b l i s h e d .  G e n e r a l l y ,  samples c o n t a i n i n g  small  

amounts of BPO could be € i r e d  at l l O O o @  o r  lower,  and samples 

c o n t a i n i n g  mostly AlPO 

4 

could b e  fired a t  o r  s l i g h t l y  above llOOo@. 4 

Bar sample composi t lons  are l i s t e d  i n  Table  4 a long  w i t h  t h e i r  

heat t r e a t m e n t s  and thermal  expansion resu l t s .  The c o e f f i c i e n t  l i s t e d  

i s  the s t r a i g h t  l i n e  result between room tempera ture  and 92S°C. 

Expansion o v e r  t h e  whole range i.s shown i n  F i g u r e  13. The bes t  r e s u l t  

is f o r  b a r  KE-9, whi.ch had an initial composi t ion o f  70% A1P04/30% 

6 - e u c r y p t i t e .  Thi.s b a r  e x h j b i t e d  negative expansion.  B a r  KE-8, 

which had an i n i t i . a l  composi t ion of 5O%A.LPB /50X 6 - e u c r y p t i t e ,  

s imi la r ly  had a l o w  negative expansion,  

4 

X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e s e  two samples following thermal  

e x p a n s i o n  measurement  showed t h a t  b o t h  hod n o n - e q u i l i b r i . u m  

compositions. Both  conta ined  mlirtures of A l P O .  and 6-eucrypt i te  

s o l i d  s o l u t i o n s  as w e l l  as some A 1  0 From F i g u r e  12, 

t h i s  mixture of phases  IS m e t a s t a b l e .  The p ~ e s e i i ~ e  o f  A I  0 i n  b o t h  

samples i r i d i c a t e s  the volatization o f  P 0 producing a f m a l  r a t i o  

The thermal expansion r e s u l t s  co r robora t e  this d e p l e t e d  i.n ALP0 

change o f  composi t ion.  KE-9 has  a s l i g h t l y  less n e g a t i v e  expansion 

than  Hununel and Langensiepen show for a b a r  c o n t a i n i n g  20XAlPo4 /80~  

6 - e u c r y p t i t e .  KE-8 l i k e w i s e  has  an expansion s imilar  t o  Humme1 and 

Langensiepen 's  10XAlPO /90% @ - e u c r y p t i t e .  While t h e  composi t ion may 

n o t  have s h i f t e d  t h i s  fa r ,  a l o s s  of A l P O  d i d  occur .  

4 

and A'L(P03)3. 
2 3  

2 3  

2 s a  

4 * 

4 

4 
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F i g u r e  13. Thermal. Expansion of A1320 -BP04-8-Eucryptite Samples 
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Four b a r s  mel ted at: t e m p e r a t u r e s  lower  than expec ted .  These 

i n c l u d e :  KE-3, KE-5, KE--6, and KE-10. Cons ide r ing  t h e  m e l t i n g  p o i n t s  

of t h e  three ma te r i a l s -T  7 180O0C f o r  A l P O  Td = l 4 O O 0 C  for 

6 - e u c r y p t i t e ,  and T -1300 C €or  BP04--the t e m p e r a t u r e s  used would n o t  

b e  expec ted  to c a u s e  me l t ing .  The compounds may f l u x  e a c h  o t h e r  o r  

f o r m  l o w  m e l t i n g  e u t e c t i c s  o r  p e r i t e c t i c s .  Te rna ry  bars KE-6 and 

KE-10 c o n t a i n e d  some c r y s t a l l i n e  A1PO4 and very  small amounts of 

c r y s t a l l i n e  BPO and P e u c r y p t i t e ,  t h e  b a l a n c e  b e i n g  a g l a s s  phase.  

Bars KE-3 and KE-5 s o f t e n e d  and slumped more t h a n  melted a c c o r d i n g  t o  

x-ray d i f f r a c t i o n  r e s u l t s .  S m a l l  amounts of glass  were d e t e c t e d .  Both 

c o n t a i n e d  a phase  t h a t  p r o b a b l y  was a s o l i d  s o l u t i o n  of  6 - e u c r y p t i t e  

arid Alp0 o r  A1203.  B a r  KE-5 a l s o  c o n t a i n e d  A l P O  Some P 0 itmy have 4 4' 2 5  

e i t h e r  vo la t i - zed  from t:hese bars o r  e l se  come o u t  of s o l u t i o n  arid 

mel ted t o  promote slumping. 

m 4' 
0 

Kn 

4 

Non-equilibrium compos i t ions  i n  b a r s  and snel t ing or slumpme, o f  

b a r s  a t  t empera tu res  lower  t h a n  expec ted  i n d i c a t e  the need for- a 

series of phase diagrams.  DTP, does  n o t  seem t o  be s u f f i . c i e n t  to 

e s t a b l i s h  p r o c e s s i n g  times and t empera tu res  needed t o  a c h i e v e  

e q u i l i b r i u m  w i t h o u t  s lumping .  Phase diagrams w i l l  show what t o  e x p e c t  

a t  eqii i- l ibriurn and p o i n t  o u t  regions o f  so1i.d s o l u t i o n ,  which i s  

d e s i r a b l e  f o r  t h i s  p r o j e c t .  

Recommendations : 

E x p l o r a t o r y  work w a s  begun on t h e  t e r n a r y  system A I  0 -B 0 -P 0 

C o n c e n t r a t i o n  was on t h e  hi-gh P 0 c o r n e r  e s p e c i a l l y  near  Al(PO ) 

2 3  2 3  2 5 '  

2 5  3 3 '  
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Silica 

A .  Background 

The thermal expansion behavior of Ermcwork s i l i c a t e s  and s i l i c a  

creates i n t  e r e s t i n g  problems s ince  for e s s e n t i a l ]  y coval rn t ly  

bonded s o l i d s ,  Lheir  thermal expansion can be expected t o  be r a t h e r  

low d u e  to the r i g l d l t y  of the s t r u c t u r a l  u n i t s ,  t e t r a h e d r a ,  Tl-rrs 

s t r u c t u r e  does n o t ,  however, l e a d  t o  l o w  thermal  expansion.  l n  the 

three-d1mensionzI frsmework s t r u c t u r e ,  a l l  the t e t r a h d r a  are joined 

together through the  b r i d g i n g  oxygen aLoms. Although the tetrahealon 

i t s e l f  is  strongly banded, t he  f r a m e ~ o r k  is n o t .  The  farces that hold 

the srIentatiun of t h e  t e t r a h e d r a  through the b r i d g i n g  atoms are  

relatJ-vcly we&, Therefore. rt IS i he  r o t a t i o n  o r  t i l t i n g  of the 

t e t r a h e d r a  that causes the s t r u c t u r e  t o  expand. The change o f  bond 

length  W I  t h  tempera ture  i s  much smaller. Nonethelsss,  f o r  s t n i c t u r c s  

such as simple c u b i c ,  t h e  changes of bond l e n g t h  w111 be dominanL 

rather than t i 3  t m g  bond angl es.  FOE. example, good coxre la t ions  have 

been found between thermal  expansion 2 and Paul ing  valence (ionic 

charge  d i v i d e d  by coord ina t ion  number)  f o r  s rmple  cubic  s t r u c t u r e s  

- 

This s i m p l e  2 5 3  
such  as a l k a l i  halides and f l u o r s t e ,  i.e. a =  P . 
r e l a t i o n  Can also be spplied t o  complex s t r u c t u r e s  such as spinel and 

olivine where o c t a h e d r a  share edges to form a three-dimensi-onal 

framework s t r u c t u r e .  Since i n  t h i s  case the o c t a h e d r a  are  unable  t o  

tilt freely. thermal expansion w i l l  be governed by changes in shape 

and s i z e  of ind iv idua l  tetrahedra, i.c. changes sn bond length .  ‘&IS 
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1s a l s o  true f o r  Sx N where t h e  three-dunenszonal framework s t r u c t u r e  

was formed by SIN t e t r ahedra ,  The n i t r o g e n  atoms are in three-fold 

coord ina t ion  with s i l i c o n  atonis, forming a more r i g i d  s t r u c t u r e .  

Rota t ion  along t h e  n i t rogen  atom w i l l  be  more d i f f i c u l t  due t o  t h e  

3 4  

4 

t h r e e f o l d  coord ina t ion .  As a r e s u l t ,  t h e  thermal expansion of SI N 
3 4  

18 due mainly t o  anharmonic s t r e t c h i n g  v i b r a t i o n s  between bonded 

atoms. 
54 

I n  genera l ,  t h e  thermal e irpansion of s t r u c t u r e s  w i t h  a framework 

of l i n k e d  polyhedra can be d iv ided  i n t o  two parrs: (1) changes i n  

size and shape of t h e  polyhedra,  and (2) rotating nr t i l t i n g  of bond 

angles  of the polyhedra. Of the t w 0 ,  t h e  e f f e c t  of changes; i n  bond. 

angles  ( t i l t m g )  is u s u a l l y  much l a r g e r .  For example, t h e  s tudy  of 

a l k a l i  n ioba tes  (Fib0 -octahedra framework structure) showed t h a t  the 

average thermal expansion 1s 16x20 C in NaNb03 where t i l t  can 

occur,  and 4x10 xn KmO3 where it cannot.  For t e t r a h e d r a  

Ewamework s t r u c t u r e s ,  expansion due t o  the n o n - t i l t i n g  e f f e c t  can be 

much smaller because of s t r o n g e r  bonds ( s h o r t e r  bond l eng th ) .  

6 
-6 -1 

--6c-l 5 5  

Change of bond angle  o f t e n  culminates i n  a phase transition. as 

was found f o r  most a l k a l i  aluminum s l l l ca t e s  and a l l  s i l i c a ,  

Accordmg t o  Taylor ,  the thermal expansion of framework 

s t r u c t u r e s  ran he cha rac t e r i zed  by t h r e e  s t a g e s ,  G ta r t ing  from a 

p a r t  *al ly--col lapsed s ta te  t o  a fully-expanded s ta te .  The f i r s t  stage 

takes place  from room temperature  to the t r a n s i t i o n  temperature.  The 

t r a n s i t i o n  IS dxsplacive,  such as f o r  t h e  high-low transition i n  

l euc i te ,  quartz, t r idymrte ,  and c r i s t o b a l i t e .  Expansion eo r re spond~ng  

56-56 



t o  this s t a g e  1s t h e  l a r g e s t  and t h e  bond angles Si-0-Si or 

( S i , A l - ) - - O - ( S i s A l )  show t h e  g r e a t e s t  i n c r e a s e .  The second s t a g e  starts 

a t  t h e  t rans i t i .on  t e n p e r a t x r e  and e n d s  at a t e m p e r a t u r e  where t h e  bond 

arigles cease t o  change, 1.e.  t h e  s t r u c t u r e  has reached the 

ful.ly-expanded state at t h e  end o f  this stage. In t h i s  s t a g e ,  even 

though the hi.gh t e m p e r a t u r e  form has  h e e n  reached,  t h e  s t r u c t u r e  s t i l l  

shuws a moderate expansion.  Dur.-liig . the f mal. s tage  the  s t r u c t u r e  

shows Z ~ - L - Q  expansion.  and sometimes even c o n t r a c t s  a t  t h e  h i g h  

tencperi 'iure end. The near z e r o  eapa.nss.on IS a r e s u l t  of n e g l . ~ - g i b l e  

c-hanges of bond l e n g t h ,  whi1.e tSe contraction i s  p robab ly  due t o  an 

increase i n  the a n i s o t r o p i c  the rma l  v i b r a t i o n  of oxygen atoms,  

r e s u l t i n g  in an a p p a r e n t  s h o r t e n i n g  of t h e  Si-0 bonds .  
58,59 

Data from t h e  s t r u c t u r a l  a n a l y s e s  of c r i s t o b a l i t e  proved t o  

support:  the aforementioned tlierrnal expansion b e h a v i o r .  T h e  change 

from t h e  p a r . t i a l l y - - e o l l a p s e d  t o  ful ly-expanded state w a s  b~ougE11: abou t  

by r o t a t i o n  about t h e  4 a i s .  Although t h e  r o t a t i o n  a n g l e  wi?s n o t  

e x p l i c i t l y  shown from the d a t a ,  i-ts i n f l u e n c e  on t h e  Si-0-Si a n g l e  is 

a p p a r e n t .  The Si-O-Si- angle  of  l o w  c r i s t o b a l i t e  quoted by Smi th  and 

F a b l e  showed a l a r g e  increase  from 144.67 at - 2 6 3 O C  to 148.45O a t  

200°C. Above t h e  high-low i.nvlersion t e m p e r a t u r e  of c r i s t o b a l i t e ,  the 

Si-O-Si angle still showed a s l i g h t  i n c r e a s e  from 147.90° a t  22P°C t o  

148.9' a t  31OoC according t o  P e a c o r t s  s i n g l e  c r y s t a l  s tudi .es ,  o r  

146.?O at 3OO0C t o  148./-roC at 500°@. based on Wright and teadb2tter's 

r e f inemen t .  Beyond 5 Q O o @ ,  Che Si-0-SI a n g l e  W R S  changed on ly  

slightly- Although the a n g l e s  measured by d i - f f e ren t :  investigators are  

6 0 - 6  2 

- 

6 0  0 

6 1  

6 2  
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not  i d e n t i c a l ,  t he  t rend remains, 

Therefore.  t o  develop an  ul t ra- low thermal  expansion material 

u s ing  c r i s t o b a l i t e ,  two problems need t o  be addressed. One is t h e  

l a r g e  expansion a s soc ia t ed  wi th  t h e  high-low t r a n s i t i o n ,  and t h e  o t h e r  

is  the  moderate expansion a f t e r  t h e  phase t r a n s i t i o n  ( t h e  second 

s t a g e ) .  The former i s  i n  genera l  much g r e a t e r  than t h e  l a t t e r .  The 

main goa l  i s ,  the re fo re ,  t o  suppress  t h e  polymorphic inve r s ion  of 

c r i s t o b a l i t e  by s t a b i l i z i n g  i ts  h igh  temperature  phase. The high-low 

inve r s ion  involves  changes of bond angles  f xoru a pa r t i a l ly -co l l apsed  

s ta te  t o  a nea r ly  fully-expanded s t a t e  upon h e a t m g ,  o r  t h e  reverse 

upon cool ing.  Therefore ,  i n  s t a b i l i z i n g  h igh  c r i s t o b a l i t e .  t h e  

s t r u c t u r e  has t o  be kep t  open and f r e e  from r o t a t i o n  as temperature  

changes. There are two ways t h a t  t h i s  can poss ib ly  be achleved. One 

i s  t o  s u b s t i t u t e  h ighly  charged c a t i o n s ,  such as phosphorous and 

tungs ten ,  f o r  s i l i c o n  s o  as t o  inc rease  t h e  r epu l s ive  forces between 

c a t i o n s ,  keeping  t h e  s t r u c t u r e  from co l l aps ing .  The o t h e r  way is  t o  

f i t  l a r g e  i o n s  i n t o  t h e  l a r g e  holes ,  W s i tes,  of t h e  s t r u c t u r e .  The 

open h igh  c r i s t o b a l i t e  s t r u c t u r e  conta ins  two i n t e r s t i t i a l  s i tes.  One 

has 12-coordination ( W  s i t e s )  and t h e  o t h e r  has 6-coordination (S 

s i t e s ) .  The equ iva len t  r ad ius  of t h e  W sites, ca lcu la t ed  by Takahashi, 

e t  al. and ex t r apo la t ed  by Taylor  and Henderfion, w a s  given by 

1,562 and 1.59i. r e spec t ive ly .  It 1s because of t h e  l a r g e  holes  t h a t  

l a r g e  ions  are required t o  keep t h e  s t r u c t u r e  open. This  can be shown 

from the  l e u c i t e  group of compounds, l e u c i t e ,  Rb-leucite,  and 

Cs- leuc i te  ( o r  p o l l u c r t e ) .  These a r e  a l l  i s o s t r u c t u r a l  w i t h  

6 3  5 7  
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c r i s t o b a l i t e ,  but o n l y  C s - b e u c ~  te showed a cubic s t r u c t u r e  wxthout 

inversion. The o t h e r  two inverted to t h e  l o w  tempera ture  form upon 

cool ing,  The s i z e  cffect of  i o n s  IIP m a i n t a i n i n g  an open s t r u c t u r e  IS 

obvious a 

It 1s also known t h a t  h igh  c r i s t o b a l i t e  can be r e t a m e d  at room 

tempe ( f i t u r r  by high dose neut ron  bomba~dment,  and by mechanical 

constraint, Hc)wevfzr~, wbcn t h e  energy or the constram; 1s released, 

inversion occurs  e 

6 4  

T h e  cursren? work i n  stabilizing high c r i s t o b a l i t e  is based on the 

coneepl of retaining a n  open s t r u c t u r e .  The high-low ?.nver.Sion of 

c r i s t o b a l i t e  was studied by react-ing S i 0  with Ti0 AIPOI+, BP04, 

CsLiWO and CsLIMoOL+. These compounds were chosen based on t h e  

consideration of c r y s t a l .  chemistry. With the  exception of T i 0  t h e  

compounds are i sos t l ruc t r i ra l  with silica. An ultra--Iow expansinn g l a s s  

(1ower than f u s e d  silica) can be p repa red  from the Si0 2 2  -Ti0 system. 

2 2’ 

4 ’ 

2”  

6 5  

B. Experimental Procedure 

The r a w  materials used i n  making compounds and preparing 

compos i t ions  are: A l ( O H ) ,  ‘nH 0 ,  ( N H . )  HP04, H3B03, Cs2C03,  Li2C03 ,  
2 4 2  

Moog. WQ3, TiOZ, and s i l i c i c  a c i d .  

A l Y O  and BPO ~ e i e  p r e p a r e d  by mxxing Al(ON) -nII 0 or 1-1 BO with 4 4 3 2  3 3  

(~~4)211P:’u4.  and f i r i n g  in platinum crucibles at 1200°C f o r  7 2  hours 

and 1O5O0C for 40 hoiirs, respectively. 

CsLi.Pn3 and CsTai140CT4 w e r e  p r e p a r e d  by m~.xing: @s2COg Li2C03,  

and either WO or MOO a c c o r d i n g  t o  t h e  1:1:2 molar r a t i o .  The 

4 

3 3 
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0 mxxtures were f i r ed  in platinum crucibles at 900 C for 3 hours. 

Ti02 and the clampounds descr ibed  above were mlxed w i t h  s i l i c i c  

acid according to the compositions shown in Table 5 *  A l l .  sa 

ground an acetone for one hour. Gonipositioxis f o r  TS-39 to TS-44 were 

fo rmula t ed  by mol% and then converted t3 w t X .  

Table 5 .  Compositions Studied ( w t x )  

Sample SiOp Tx02 &PO4 BP04 csLlwo4 CSLL1.MOO4 

-- No * 

TS-15 
TS-16 
TS--I7 
TS-18 
TS-19 
TS-20 
TS-21 
TS-22 
TS--23 
TS-24 
TS-25 
TS-26 
TS-27 
TS-28 
TS-29 
TS-30 
TS-3 1 
TS-3 2 
TS-33 
TS-34 
TS-3 5 
TS-36 
TS-37 
TS-3 8 
1"s-3 9 
TS-40 
TS-41 
TS-42 
TS-43 
TS-44 

97 3 
92 8 
90.5 9.5 
89.5 10,s 
87 13 
82 18 
78 22 
99 
98 
97 
96 
95 
93 
90 
85 
95 
92 
88 
95 
90 
80 
95 
90 
80 
83.18 3 .69  
84.27 6.23 
85.39 8.83 
83.14 4.3 
84.21 5.6 
84.76 6.89 

-- 
-- 
---_ 
-- 
_I 

-- 
-I 

I- 

_ _  
-- 
-- 
-- 
-- 

-- 
_. __ 

After  calcining, samples were e i ther  made i n t o  bars (IxlxlO cm) 
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or  sealed i n  p l a t in i im  ( t u b e s  o r  c r u c i b l e s )  and t h e n  h e a t - t r e a t e d  a s  

l i s t e d  i n  Table  6 .  Samples w e r e  furnace-cooled and tempera tures  

dropped below 1000°C i n  less t han  15 minutes  for samples f i r e d  above 

l0OO0C. 

Table 6 .  Heat Treatment  

Calcing 
Temp/Time 

Sample No. Form ( O C / h >  

F i n a l  F i r l n g  
Temp / Time 
( OC/ h) 

l_____l_-__l-__l_-__------------------------ 

TS-15 TS-31 Powder -__I - -- I 1630 /40  i n  P t  c i u c i b l  e 
TS-22 ‘1’s-29 B a r  1 0 0 ~ 2  15 00/ 2 4 
TS-30 TS-32 Powder 8 0 0 / 2  1 O O O / 7 2  in P t  t u b e  
TS-33 TS-38 Powder I _--_--- 1000 /12  i n  P t  c r u c i b l e  
TS-39 TS-41 Powder m o m  1500/72 m P t  t u b e  
TS-42 TS--44 Powder 8 0 0 / 2  1000//2 I n  P t  t u b e s  

Phase i d e n t i f i c a t i o n  was performed u s i n g  XRD and p o l a r i z e d  

macroscopy. The high-low i n v e r s i o n  tempera tures  were measured by 

thermal  expansion c u r v e s ,  DTA. o r  DSC Temperatures were c a l i b r a t e d  

by t h e  m e l t i n g  tempera ture  of  indi.um and tilil metals. 

C .  Results and D i s c u s s i o n  

A l l  i n v e r s i o n  tempera tures  are compared t o  t h a t  of p u r e  

a t  252 C a f t e r  f i r i n g  a t  150OoC f o r  24  
0 

c r l s toba l i t e ,  

hours. 

which i n v e r t s  

(1) Si02-Ti0  System 
2 

Publ i shed  i n f o r m a t i o n  cover ing  t h e  phase r e l a t i o n s  i n  t h e  

S i 0 2 - T i 0  system p r e s e n t s  v a r y i n g  e x p e r i m e n t a l  o b s e r v a t i o n s .  
6 6 - 5 8  

2 
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Uncertainties in this systein are  the s o l u b i l i t y  l i m i t s  a t  b o t h  ends of 

t he  phase diagram and the  e u t e c t i c  composi t ion.  However, only t h e  

h i g h  s i l i c a  portion of the system Ln: cf concerti i n  o u r  s t u d y .  

Phase a n a l y s e s  of composi t ions  TS-15 through TS-21 are l i s t e d  i n  

Table  7 .  The e u t e c t i c  composition is a t  about 10% T i 0 2 ,  and t h e  

s o l u b i l i t y  o f  T i 0  Our p r e v i o u s  

results (shown i n  Table  8 )  i n d i c a t e  t h a t  t h e  i n v e r s i o n  temperature 

does n o t  change a t  T i 0 2  contents h i g h e r  t h a n  5%.  The i n v e r s i o n  

in S i O 2  appears  to be less t h a n  5 % .  2 

temperature of  c r i s t o b a l i t e  can be lowered by approximate ly  60°C where 

T i 0  i s  in t roduced ,  p o s s i b l y  due t o  the  large s i z e  of t i t a n i u m  ions.  
2 

Table 7 .  Phase Analyses of SiC)2-Ti0 Mixtures  a t  1 6 3 O O C  2 

Compos it ion  ( w t% ) 

2 Sample No. S i 0  Ti02 Phase P r e s e n t  

TS-15 
TS-16 
TS-1.7 
TS-18 
TS-19 
TS-20 
TS-2 1 

97 3 a - c r i s t o b n l i t e ( s s )  + g las s  
9 2  8 a-cris t o b a l i t e ( s s )  + glass  
90.5 9.5 glass 
89.5 10.5 glass 
87 13 
82 18 
78  22 

Ti0 ( s s )  + glass 
T i 0  (ss) + glass 
T i 0  ( 5 s )  + glass  

2 
2 
2 

- ~~ 

Table 8. I n v e r s i o n  Temperatures of C r i s t o b a l i t e  

Composition (wt%> I n v e r s i o n  Temperature 
Sample No. S i o  2 Ti02 ( O C )  

TS-Q 100 25 2 
TS-1 95 5 191 
TS-2 90 10 190 
TS-3 85 15 190 
TS-4 80 20 190 

. . . . . . . . . . . 
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(21 Si 02-A1P0 System 
4 

Phase a n a l y s e s  and the inversion temperature i n  the  S i 0  -A1P04 

system arc sham i n  Tab le  9. A discont ini icd change in t h e  j-nversion 

2. 

temperature was noted f o r  t h e  ba r  samples vhi ch were f i n e l y  d iv ided .  

It  w a s  s u s p e c t e d  t h a t  AkPU w a s  l o s t  d u r i n g  f i r i n g .  Therefore,  

composi t ions 'TS-26, TS-28, and TS-29 were p r e p a r e d ,  and &lien seaJ ed Ln 

4 

p l a t i n u m  tubes f o l l o w i n g  t h e  same heat t r e a t n w n t  as f o r  the  p r e s s e d  

bars (1500°C f o r  72 h r ) ,  Results from x - r a y  and DSC showed the  

presencc of A l P O  i n  a d d i t i o n  t o  low c r i s t o b a l i t e  ( S i 0  1 f o i  TS-28 a i d  4 2 

TS-29, as showii i n  Table  10. The invers ion  temperature of  

c r i s t a b a l i t e  can be lowered by approx jma te ly  10 C when AIPOL d i s s o l v e s  0 

2' 
i n  Si0 

4 
Table 3. Phase Aoalyses and . inversion Temperatures  f o r  S i 0  -AlPO 2 

Mixtu res  (Bar Sampl c s )  

TS-22 
TS-23 
TS-24 
TS-25 
TS-24 
TS- 27 
TS-28 
TS-29 

99 1 
98 2 
97 3 
96 4 
95 5 
93 7 
90 10 
85 15 

a-eris t o b a l i t e  255  
a-cris t-obaliicb 25 3 
a-eris t o b a l i t  e 25 2 
a-cristobal ite 25 0 
a-crist  o b a l i t p  253 
a--c î  i s  t ob ab it e 25 1 
CY.-CTLS t ob dit.. ( S S )  235 
a-c z is t ob a1 it e ( s s 1 23 7 
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Table 10, Phase Analyses am! Invers ion Teaperatures for SiQ2--A1PO4 
Nixtuxes  (sealed in Pt tubes) 

Sample Composition ( w a  Phase P;ret;ent Inve KS i o n  
S i 0  A1P04 Temperature( 0 C9 

2 Si02 A1P04 
No. 

1_1__ -- ... 

TS-26 95 5 Ci-cris t CJbd ite ( s S >  237 
TS-28 90 10 a-cris c e h a l  i t e  ( s  s )  236 217 

+ A3P04(ss) 

f ALPQ4(ss) 
TS-29 85 15 a --c r is ir zb a1 it e (E; 6 3 236 214 

I n  t h i s  s y s t e m  the i nve r i son  temperature showed. a conti.nuoPzs 

decrease w i t h  i nc reas ing  BPOLt, as shown in Table 11, Since glass was 

formed, compos i t ion  TS-32 d o e s  riot represenr. the t rue  s o l u b i l i t y  o f  

BPO i n  S i02 .  Therefore, more cornposit ions  or d i f f e r e n t  heat trreatbient 

temperatures w l l l  be needed t o  test the s o l u b i l i t y  and inversion 

4 

terrtperature. 

Tab3.e 11, Pliase Analyses and Inversion Temperatures for Si0 -BPO 
2 4  Mixtures 

TS-3 0 95 5 a-c r is t s h a l  it e ( s s) 2 15 
T s---? 1 92 8 a- c r Ls t ob a1 i t  e ( s  s 1 189 

TS--3 2 88 12 a-c r ist. obal  i t e (s s ) 184 
4- glas 6 

-I- & l a s e  
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( 4 )  S i 0  -CsLiWO and Si0 -CsZf i%oO System 2 4 2 4 

C s L i W Q  and C s L i M o O q  are i s o t r u c t u r a l  with h i g h  ( B 1 4 

c r i s t u b a l i t e ,  and do  not  show polyniorghic inversions, H O W ~ V ~ C ,  s ince  

they are known as mine ra l i ze r s ,  t r i d y m i t e  was formed f o r  some 

coiiipos~.tions as shown in Table  12.  Inversion temperature was not  

measured f o r  t r i d y m i t e .  

Table  12 .  Phase Analyses and I n v e r s i o n  Temperatures  for 

2 4 2 4 S i 0  - C s t i W O  and S i 0  --CsT.,iNoO M i x t u r e s  

Sample Composition(wt%) ___ Phase Present 
No. Si02 CsLikJ04 CsLIMoQq 

Inve rs i o n  
‘remy (OC) 

T s -3 3 95 5 -- a - c r i s t o b a l i t e  + 255 
S -tridymite(tr) -t- 1. glass 

glass 

g las s  

glass  

TS-34 90 10 S - t r r d y m r t e  + 

TS-35 80 20 S -tridymite c 

TS-36 95 5 6-cr i s toba l i te  ( s s )  2 47 

T s-3 7 90 __ 10 a-cristobalite(ss1 + 250 

- .- 

TS-3 8 80 20 S - t r i d y m i t e  J. 
g l a s s  

( 5 )  S i 0  -TIO~-A~PO System 2 4 

I n  t h i s  sysfein, the invsrs ion  temperatures of b o t h  c r i s t o b a l i t e  

( S i O z )  and A‘LP04 do n o t  seem t o  change f o r  TS-39 and TS-40, as shown 

in T a b l e  13. However, an anomaly appeared in TS-41. If the  solubility 

l i r n i k  w a s  reached f o r  bo th  AlPO and S i O 2 =  as shown from the  

r e l a t i v e l y  rillchanged inversion t empera tures  Eon TS-39 and TS-48,  t h e  

drastic change o f  ~ I W ~ K S I O ~  temperature for TS-41 IS difficult to 

4 
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expla in .  More exper iments  on this system ?ill be conducted. 

Table 13. Phase  Analyses  and Inversion Temperatures f o r  
Si0 - T i 0  -ALP0 Nixtures 

2 2 4 

~ m p l e  Compos i t  i o n  ( w t X  1 Phase Present rnve rs %.on 
No. S i O z  Ti02 A1PQ4 Temp 

S i 0  A1P04 2 

TS-39 83.18 3.69 13.13 a - c r i s t o b n l i t e ( s s ) +  194 135 
A l P O  (SI;:) + g l a s s  

195 131 TS-40 84.27 6.23 9.5 a - c r i s t o b a l i t e ( s s )  + 
A1P04(sr:) + 
T i 0  + g l a s s  

A1P04(ss:) c 
T i 0  + g l a s s  

4 

TS-41 85.39 8.83 5.78 a-cr is tobal i te(ss)+ 118 88 
2 

2 

( 6 )  SiO2-TiO -Alp0 -BPO System 
2 4 4  

I n  this system, t h e  o n l y  c r y s t a l l i n e  phases present are Ti0 and 

a - c r i s t o b a l i t e .  T h e r e f o r e ,  only t h e  i n v e r s i o n  t e m p e r a t u r e  of 

c r i s t o b a l i t e  i s  l i s t e d  i n  Table  14. Sixice t he  i n v e r s i o n  tempera tures  

showed a cont inuous decrease, h e a t  treatments at lower temperatures 

are necessary. 

2 

Table  14. Phase Analyses and Invers ion  Tempera tu res  for 
Si.0 -Ti0 -Alp0  -BPO Mixtures 2 2 4 4  

Sample -- Composition(wtX1 P h a s e  P r e s e n t  I n v e r s i o n  
S i 0  Ti02 A1P04 BP04 Temp ( OCI 

2 
No * 

TS-42  84.13 4.3 10.93 1.63 a-cris t o b a l i t e  (ss )  196 

TS-43 84.21 5.6 8.55 1.64 a-cr is t o b a l  it e (s  s )  180 

TS--44 84.76 6.89 6.69 1.66 a-cris t o b a l  i t e  (ss)  15 0 

t- glass 

+ Ti02 + glass 

+ Ti0 + g las s  2 __.......I_ -......I_ __ ~ II ____ 
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The high-low invers ion  of c r i s t o b a l i t e  1 s  a c a m p l e ~  phenomenon 

which reamins unclear ,  However, i t  is known that i t s  I ~ V F " P S I O ~  

depends on t ~ o  factors: irrrpursty conten t  ( so lu te  at oms) and formme, 

temperature,  Smce  the boxid lengths (Si-0,  0-01 do not show an 

apprec iab le  change, i t  is belreved that t h e  inversion 16 r e l a t e d  t o  

the changes of hond angles  with temperature.  E i t h e r  impuri ty  atoiiis o r  

heat ereaeiixeat temperatures  w a l l 1  play  an important  r o l e  i n  t h e  

Sehaviors of t h e  bond angles, and thus t h e  iriversI.on temperature.  

It can be concluded from the above results that each compound may 

have d i s t i n c t  e f f ec t s  on the inversrou temperature .  When more than 

one compound reacted w t h  SiQ-, t h c  effects do t i s t  appear  t o  be 

additive. inslead, the c f f e c t s  are  more l l k e l y  to he synerg~stlc, 

depending on complex crystal. chemistry. Key f a c t o r s  in t h e  

sZabr l1za t ion  o f  high e r i s t o b a l i t e  include the means and extent o f  

s u b s t i t u t i o n  o f  silicon atoms end t h e  mechanism by which l a r g e  a t o m  

can f i l l  t h e  l a rge  holes i n  t h e  framework s t r u c t u r e s  without  forming a 

new phase. 

L 

Mullite 

A .  Background 

Milllite IS a p o t e n t i a l  candida te  f o r  r egene ra to r  disks oi t u r b i n e  

crigiiies and has h igh  rnechar,ieal s t r e n g t h ,  high chemical. s t a b i l i t y ,  and 

moderate Lherillal shock resi.stancc, Because the CTE, cy. , i s  a malar 

v a r i a b l e  IU thermal shock r e s i s t a n c e ,  t h e  goal of t h i s  s t u d y  i s  'the 
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development o f  very  low expansion mullite t o  improve its thermal shock 

r e s i s t a n c e .  

Altho~gh some l o w  expansion eermic famllies have been repor ted  

such as c o r d i e r i t e ,  s i l i c a  g l a s s ,  l i t h i u m  a l u m m o s i l i c a t e s ,  and 

semi-refractory phosphates,  etc.,  few studies have been conducted t o  

lower t h e  thermal  expansion of mul l i t e .  Fensterrnacher repor ted  

(3:Z) m u l l i t e  t o  have slightly lower  thermal. expansmn than (2: l )  

m u l l i t e ;  Lepold developed law expansioia m u l l i t e  bodies, but notably 

they all conta ined  s u b s t a n t i a l  amounts o f  silica glass phase; Kino 

confirmed t h a t  t he  s o l i d  s o l u t i o n  of a l l  compositzons lying on o r  n e a r  

the join 9A1 0 '2B203-3A1203'25z02 had l i n e a r  CTE o f  approximately 

41x10 / C. 

5 9  

70 

71 

2 3  
-7 0 

The present s tudy  focusses on t h e  development of s u b s t i t u t i o n a l  

s o l i d  s o l u t i o n s  o f  m u l l i t e  by s o l i d - s t a t e  r e a c t i o n ,  Previous work 

done on e i t h e r  o x i d e  systems has shown that extended solid solution 

t e n d s  to lower the.mal expansmn.  IC addxtaon. s o l i d  solution 

non-cubic oxides  tend t o  reduce thermal ex:pans:wn an i so t ropy  w h x h  is 

s i g n i f i c a n t  since i n t e r n a l  mierocrackrng from a m  expansion an i so t ropy  

can lowes its s t r eng th .  and a more i s o t r o p i c  s r n g l e  phase gives lower 

localized stresses between g r a m s  in golyc r y s t a l l i n e  bodies .  

N t a l l j t e  bas a s o l i d  solutior- range w i t h  average s t r u c t u r e  

Al;'(Al IV SI ) o  where IV and VI: r ep resen t  t h e  coord ina t ion  

number o f  t h e  po lyhedra  and x is the numker of oxygen atoms missing 

p e r  u a r t  c e l l  (0.2 < xc' 0.6). Mullite is now generally considered as a 

defect s t r u c t u r e  based on the snlllmanlte (AI SIO ) polymorph?2 The 

7 7  
2+2x 2-2x 10-x' 

2 5  
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4t 
composi t iona l  v a r i a t i o n  of x i s  achieved  by s i s b s t i t u t i o n  o f  S i  i ons  

by A13+ i o n s  i n  the t e t r a h e d r a l  c h a i n s  of a l t e r n a t i n g  A 1  and Si 

sequence. 2 ~ 1 ~ ~  + 13 = 2si 4* c 02- is  t h e  charge-balancing 

s u b s t i t u t i o n .  A random d i s t r i b u t i o n  o f  A13' and si''+ i n  t h e  

t e t r a h e d r a  c h a i n  is g e n e r a l l y  observed. However, m u l l i t e  deve lops  

t h e  rncornmensurate ordered  s t r u c t u r e  ( s u p e r  s t r u c t u r e )  which gives  a 

remarkable  range o f  composi t ions,  refleclectnmg t h e  f l e x i b i l i t y  of  

incommensurate o r d e r i n g  r e s u l t i n g  from t h e  v a r i a t i o n  i n  s t o i c h i o m e t r y  

by changing t h e  r e p e a t  d i s t a n c e  of  t h e  a r d e r m g  p e r i o d i c i . t y .  

73 

I n  t h e  above s t r u c t u r a l  and chemical  e x p r e s s i o n  of m u l l i t e ( s s 1 :  

A I 2  (A12~2xSi2-2x)010-x(0.2 < x <  0.6) , n o t e  that a t  x 2 0 . 2  and x = 

0.6, f r e e  s i l i c a  and corundum, r e s p e c t i v e l y ,  a re  u s u a l l y  found s.n t h e  

s y n t h e s i z e d  m u l l i t e  b o d i e s .  So, i n  t h i s  s t u d y ,  a more r e s t r i - c t e d  

s t o i c h i o m e t r i c  range was used: 0.25 5 x 5  0.4. Compositions x = 0.25 

and x = 0.4 correspond r e s p e c t i v e l y  t o  ( 3 : 2 )  and ( 2 : l )  rnu l l i t e (ss ! .  

W I  IV I V  

The connec t ion  of  o c t a h e d r a l  and t e t r a h e d r a l  unit-6 g i v e s  

r e l a t i v e l y  wide channels  running parall e l  t o  t h e  c-axis This  

c o n f i g u r a t i o n  1s s u i t a b l e  f o r  t h e  i n c o r p o r a t i o n  of i o n i c  s u b s t i t u t i o n .  

B e f o r e  t h e  substitutional c a t i o n s  w e r e  c h o s e n ,  s e v e r a l  

c rys ta l -chemica l  f a c t o r s  were t a k e n  i n t o  c o n s i d e r a t i o n :  

7 4  

(1) I o n i c  s i z e :  E m p i r i c a l l y ,  i o n s  o f  t w o  e lements  can r e a d i l y  

s u b s t i t u t e  f o r  each  o t h e r  o n l y  i f  t h e i r  i on ic  r a d i i  d i f f e r  by less 

than  15%. If t h e  r a d i i  o f  two i o n s  d i f f e r  by 15 t o  30%, only  l i o l i ~ e d  

s u b s t i  t u t i o n  can occur .  

(2)  Tempe rature-dependent  s o l u b i l i t y :  Higher  t e m p  r a t u r e s  
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increase the amount of thermal disorder, and t~r1-1, the space 

requxrements of the s t rueture  become less r i g o r o u s  Mullite growxi at 

a h lgh  temperature nay d i s p l a y  extensiwe ionic s u h s t x t u t i a n  t h a t  would 

be  p o s s i b l e  a t  a lower temperature .  

(3) Electrical n m t r a l i t y  of t h e  structure. 

Additional factors which were eonsrrdered 1.n the  se lec t inn  o f  t he  

 compound.^ con ta in ing  des i r ed  substitutional. cations mc1ude.d a crys ta l  

s t r u c t u r e  srm:dar to t-hat of mullite and a high m e l t m g  p ~ n t .  

Overall, the s e l e c t i o n  of s u b s t i t u t i o n a l  cati-ons m u s t  include 

consideration of increasing bond s t r e n g t h  between c a t m n s  and their 

s u r r o u n d i n g  a n i o n s  i n  t he  s t r u c t u r e  of I m l l i t e .  A cation-oxygen bond 

w i t h  low c o o r d i n a t i o n  should expand less than t h e  same bond i n  a high 

coord ina tmn  site because t h e  total. e1nctrastat:i.e energy associated 

w i t h  a p a r t i c u l a ~  ca t inx i  i s  d i s t r i b u t e d  among fewer bonds when 

coord ina t ion  is  l o w .  The Paul ing e l e c t r o s t a t i c  band strength i s  given 

as : 

Z 
CN 

boald strength - 

where %. is the cation charge and CN refers to the c a t i o n  coordination 

number. I t  IS reasonable to expect t h a t  the s t ~ u c t u r e  w:i . th  s t r o n g  

bonds expands less than t ha t  with w e a k  bonds. Therefore, it 1 s  

reasonable ta expect that the expansiclri of a tetrahedral s i t e  IS less 

than t h a t  of an octahedral s i t e  in tizul.lite. T h i s  can also be 

descr ibed by Pauling 9 s  third r u l e  whi-ch s t a t e s  that edge-sharing of 

t w o  polyhedra decreases the stability of ionic structures a T h e  



222 

edgc-sharing of t he  LA10 I c h a i n  a long  c-axis i n  m u l l i t e  ohvlous ly  i s  

less  stable t h a n  the [ S i 0  ] and [A10  ] of corner -shar ing .  Fuct i iCr ,  the  

c o r n e r  --sharing t e t r a h e d r a  correspond t o  the frarnewrk s t r u c L i i L e b  which 

6 

4 4 

i s  more open and would r e a d i l y  allow t h e  [Si0 J and [ A l O . ]  t o  tilt i n  

o r d e r  t o  minimize  the f r e e  energy i n c r e a s e  caused by i n c r e m m g  

4 4 

t empera ture .  

I t  is almost  impossible t o  f i n d  such a coinpound s a t i s f y i n g  a11 

above c o n s i d e r a t i o n s .  Three compounds chosen were t i t a o i  i.im oxide,  

aluminuiii o r thophosphate ,  and boron or thophosphate ,  

(11 Ti02 

The h i g h  tempera ture  polymorph of Ti02 i s  r i l t i l e ,  having a 

m e l t i n g  p o i n t  o f  1840-10 C. T i 4 +  has s l x f o l d  c o o r d i n a t i o n  in 4 - 0  

edge-shared oc tahedra .  Txio edges of every oc tahedron  a re  snared .  R . 4 +  

= 0.64 A. 

T i  
0 

(23 A1P04 

T1is-s compound i s  a s t r u c t u r a l  d e r i v a t i v e  o f  s i l i c a  ~ s t l i  A 1  and 

P5' ions i n  t h e  t e t r a h e d r a l - s i t e s  in the framework s t r u c i u r e .  i t .  

m e l t s  at about  185OoC, b u t  a s i g n i f i c a n t  deconposs t ion  begins  a t  

around 1600'C. 

RA13+ = 0.57 2 and Xl,,5t = 8.35 2. 

3-k 

( 3 )  srs4 

B p a 4  is also a s t r u c t u r a l  d e r i v a t i v e  of s i l i c a  w i t h  B~~ and P 5i 

ions  i n  t h e  t e t r a h e d r a l  s 3 t e s  i n  t h e  framework s t r u c t u r e .  its m e l t i n g  

p o i n t  IS about  1300 C0 and ~t a lso  dccomposes b e f o r e  m e l t i n g  a t  around 
0 

iioaoc. ~ 3 - t  - 0.20 2. 
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75 
According t o  Horn and Hummel, Alp0 and BPQ form a cont inuous 4 4 

s o l i d  s o l u t i o n  above 12OOoC. One d i f f e r e n c e  between AIPO and BP04 
4 

is t h a t  AkF04 has a phase t ransformat ions  comparable t o  t h a r  of 

s i l i c a ,  whereas BPO has no such conversion. 4 

€3. Exper imen ta l  Procedure 

The s y n t h e s i s  of various mullite s c l i d  solutions was carried out 

mainly hy  sOlid-6tate r e a c t i o n s .  Starting materials were 

reagent-grade s i l i c a  ( Si02), alumina (Al2O3) , t i t a n s u n  oxide (Ti0 ) a 

s z l i c i c  a c i d  ( S i 0 2  nW20) aluminum hydroxide (A1(OH)3 nH20) dibasic 

~ I I U D Q ~ ~ U I I I  phosphate ((NH ) HPO ),  boric acid (H3BO3) .  and magnesia 

(MgO) ,  The weight factors of Si02. nH20 and Al(OH1, nH 0 were 

c a r e f u l l y  determined. The samples  were weighed i n  t h e  d e s i r e d  

2 

4 2  4 

2 

composi t ion  r a t i o  of t h e s e  r a w  materials, mixed and homogenized i n  

acetone by hard mixing, a i r  d r i e d ,  and f i n a l l y  p1ac.d i n  a d ry ing  oven 

(100 t o  2 0 0 ~ ~ 3  overnight: t o  remove v o l a t i l e s .  

A l P O  and LIP@ were synthes ized  by s i n t e r i n g  powder mxxtures of 

(NX ) HP04 w i t h  A1(OH)3 *nH20 and H BO r e s p e c t i v e l y ,  in d e s i r e d  

s to i cho ime t r i c  ratios. Both compositions were f r red i n  covered 

alumina crucibles a t  160°C t o r  2 hours,  4Q0°C f o r  14 hours,  and 1080' 

f o r  7 2  hours I 

4 4 

4 2  3 3' 

X-ray di . f f rac t ion  (XRD) phase i d e n t i f i c a t i o n  was made on t h e  

sintered material usi-ng Cfl.& radiation. The d i f f r a c t i o n  p a t t e r n s  w e r e  

measured in a 28 range of 15' t o  7%' wi th  a s c a n n m g  rate of lo 

28/min. 



2 2 4  

According t o  XRI) ana lys i s ,  t h e  above haat  t r e a t m e n t  produced 

AlPO[+ with a minor amount of AlCPO ) (aluminum nctaphosphate C 5  

4 w t Z ) ,  

weie used  in Eorming t h e  m u 1  3 i t e  s o l  i d  s o l u t ~ o n .  The d r c o r n p o s i t ~ o n  

ra te  of A I P O  W ~ S  d e t e r m i n e d  t o  be 2 wt% p e r  hour at 1600 C, This  was 

done i n  a platinclrii crucible f i r e d  i n  a i i .  

3 3  

and a r a the r  p u r e  RP04 phase. The powders o€ AIPOI; and EPO 

0 

4 

t o r  t h e  system A 1  0 S i 0  -Ti0 (-MgO) , t h e  sample numbers ,  

c o m p o s i t i o n s ,  p r o c e s s i n g  heal trearments, CTE, and the  phase(s) 

p r e s e n t  are  shown i n  Table 1 5 .  

2 3  2 2 

F o r  the  system A 1  0 S i 0  -BPO -AlPO,, the sample nunherb, 

compos i t ions ,  s i n t e r i n g  t i m e ,  C'I'E, and t h e  phases p r e s e n t  are shown i n  

Table 16. 

2 3  2 4  

i n  o rde r  t o  determine t h e  bulk l i n e a r  expansion of m u l l i t e  based 

b o d i e s ,  b a r  specimens (100 by 10 by 10 tmn> we-e prcssed  in a sipel 

mold a t  69 MPa. A f t e r  the bar  specimens w e r e  sintered, tbcir l inear  

expansions w e r e  measured by means o f  a f u s e d - s r l l c a  d i l a t o m e t e r .  The 

rate of  heating was c o n t r o l l e d  manually a t  100 C p e r  15 minu tes .  

Thermal expansion l-esz results a l e  prescnced in F i g u r e s  14 through 1 7 .  

The unit  cell parameters of mullite(ss) from sainpl-es 5-009 

I hrough J-012 were de te rmined  by t h e  multiple regression method. The 

reflection p l a n e s  used are (110). (120). (210). (001). (220). (Ill), 

(1301, (4Q11, (141),  ( 2 3 0 ) .  ( 3 2 0 ; .  (041)  I (331). and ( 0 0 2 ) .  The 

resu l t s  could o n l y  be  compared r e l a t 7 v e  t o  each other s ince  t h e  20  

(Lheta) inst r r rmrn?al  e i m r  7dP.S c o r r e c t e d ,  b u t  t h e  internal s t anda rd  

w8s not. used.  Table  18 gives the cell parmeters  end r r l l  volrrmes of 

0 
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Table 15. Ti02 I n  Mullite-Based Composltlons. 

Mullite Processinn Heat Treatnents Thermal 
composition (ut$) Al2O3/SiO2 expansion 

Formation Sintering coefficient P'nasecs) 
(I 10 /"c) Present Temp/ rime 

Sample _- 
No. Mullite T102 MgO w l a r  ratio TrmplTl ine  

( O C / h )  PCIh) 

5-006 
5-007 
5-005 
J-009 
5-010 
5-011 
J-012 
5-013 
5-014 
5-015 
J-0 16 
5-017 
J-0 18 
J-019 
J-020 
5-021 
5-035 
J-031 

89.75 
87.33 
83.70 
99.00 
98.00 
97.00 
96.00 
95.00 
94.00 
94.50 
92.99 
83.70 
83.70 
81.00 
78.00 
03.70 
70.00 
60.00 

10.25 
12.67 
16.30 
1 .oo 
2.00 
3.00 
4.00 
5.00 
6.00 
5.00 
6.00 
16.30 
16.30 
19.00 
22.00 
16.30 
30.00 
40.00 

3/1.76 
312 
311.76 
312 
312 
312 
3/2 
312 
312 

0.50 312 
1.01 312 

3/2 
311.5 
311.76 
311 -76 
311.76 
2/1 
2.2/1 

1600/6 + 1200/5 
1600/6+1?00/8 
1600/1-1200/8 
160018 
1600/8 
1600/8 
1600/5 
1600/1?+1200/19 
16001 I ? +  1200/ 19 
1~00/1~+1200/19 
1600/1?+1200/19 
1400/2Li 
1600/2C 
1600/2( 
1600/2C 
1600/?0 

1600/8+1200/11 
1600/0+1200/11 
1600/8+1200/11 
1600/6+1200/8 

1600/12+1200/19 
1600/12+1200/19 
1600/6+1400/38 
1600/6+1400/38 
1600/6+1400/38 
1600/6+1400/38 
1600/12+1400/38 
1600/12+1400/38 
1600/12+1400/38 
1600/12+1400/38 
1600/12+1400/38 
1100/9+1500/56 
1100/4+1500/56 

i600/6+1200/a 

5.2 
3.5 
2.9 
4.8 
4.9 
4.5 
5.0 
5.4 
5.6 
5.3 
5.6 
3.2 
3.9 
2.5 
2.3 
3.0 
2 -0 - 

'M + *A 
M + A  
M + A  

M 
M 
M 

M + R  
M + R  

n 

n + 'R 

n t R  
n + r  
n + ~  
M + A  
M + A  
H + A  
M + A  
A + M + A  

M = Mullite Solid solution 

R = Rutile 
;A = Alumlnus titanate solid salution 

Table 16. A1P04 and BPO,, Additives in Mullite-Eased Compositions. 

composition (uti) M u  1 1 i t e Sintering 
... ............ AI20 j / S i O z  

Sample 
No. Muilbfe A1P04 BPO,, Molar Ratio ("C/h) 

J-022 
J-023 
J-02U 
5-025 
5-026 
J-0?7a 
J-028a 
J.-02ga 
J.430: 
J-03 l b  
J-032b 
J-033 
J-!134b 

93.00 
F8.00 
83.00 
70.00 
88.00 
93.00 
R R . 0  
90.00 
9.00 
9.00 

95.00 
95.90 
90.00 

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

7.00 
12.00 
17.00 
22.00 
12.00 

7.00 
12.00 

2.70 7.22 
5.36 2.64 
7.76 2.24 
5.00 

5.00 
5.00 5.00 

.. 

5.3 
5.4 - - 
5.4 
5.0 
5.5 
- 
- - 
- 
- 

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

M' + AP+ + C" 
H + A P + C  
M + A P + C  
M + A P + C  
M + A P + C  
H + Ab' .t C 
M + A B + C  
H + A B + C  
M + A B + C  
M t A B + C  
M i A P r C  

M + A B + i  
n + n B . c  

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

:Samples sintered with synthesized mullite (3:2). 

.temperature. 

iAP I AlPO 

Samples sintered with pure  silica an5 alumina powders in sealed pt-tube, t h e n  q k e n c h e d  i n  water at room 

M = Mullite s o l l d  solutton 

AB = (Al,$)PO, 
C i Corundum ++ 



Figure  14. Thermal expansion of m u l l i t e  solid 
s o l u t i o n  cnntai-ning T14-b. 
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F i g u r e  15. Thermal expansion of selected mullite- 
based cer -mic  compositions. 
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Figure 16. Tlzeranal elrpqnsior. of mullite (ss) -based 
bodies  containing A l  T i 0  ( s s ) .  

2 5  

F i g u r e  17 
w i t h  A l P O  rind BPO 

4 

T h e r m a l  expansion o f  rnul.f.ite-baaed ceramics 

4‘ 
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t h e s e  f o u r  samples ,  

Table  17. C e l l  Dimensions o f  M u l l i t e  a t  Room Temperature 

Samp1.e 
0 

C O W  

5-009 7.539 7.684 2 883 167.81 
J-0 10 7.551 7.b90 2.893 167.93 
J-81 I 7.549 7.692 2 - 888 167.70 
5-012 -k 7.555 7.639 2.890 168.10 

3 . 2  m u l l i t e  7.548 7.691 2 e 886 167.54 

* 
Referenced f rom Ribbe7 

C. R e s u l t s  and D i s c u s s i o n  

1. M u l l i t e  system with Ti0 a d d i t i v e  

The s o l i d  s o l u b i l i t y  l i m i t  of T i 0  i n  rud l i t e  IS about  3 - 4% at 

160OOC.  Samples 5-809 through 5-012 w e r e  s y n t h e s i z e d  t o  de te rmine  

2 

2 
8 

the e f fec t  of 2ncreased T i 0  s o l . u b i l i t y  on t h e  CTE of m u l l i t e  

(5.3~10 / C f o r  3 : 2  mull i - te) .  Overall. t h e  results showed a s l i g h t  

2 
-6 0 

d e c r e a s e  i n  CTE of m u l l i t e  w i t h  the format ion  o f  a s o l i d  s o l u t i o n  

c o n t a i n i n g  Ti'4. as s e e n  i n  Fig.  14,  This IS a t t i i b u t e d  t o  t w o  

inechanxsms. F i r s t .  t he  diffcarence in r a d i i  between Ti" and AI3'  1s 

only  12-32,; however, f-he d i f f e r e n c e  between Ti and Si4' 1 s  64.1%. 

4-4- making i t  u n l i k e l y  f o r  Ti4'" i o n s  t o  s u b s t i t u t e  f o r  S i  i n  t h e  

s t r o n g l y  bonded [Si0 ] s i t e .  I n  t u r n ,  T i  would r e a d i l y  substitute 

f o r  A13' in t h e  r e l a t i v e l y  weakly bonded [A10 ] s i t e .  A s  s e e n  1.n 

Tab le  17 ,  cel l  dimensions changed upon s u b s t i t u t i o n .  As c e l l  edges a 

4+ 

4c- 
4 

6 

and c v a r y  n o n l i n e a r l y  (might be seen as a s l i g h t  i n c r e a s e ) .  c e l l  edge 

b i n c r e a s e s .  This gives an overall s l i g h t  increase i n  c e l l  volume 
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cornpared t o  the c e l l  volume in s t o x h i o m e t r i c  mullite. T h i s  may be 

caused by d i s t o r t i o n  of t h e  [A10 J c h i c  by forming a [ T i 0  s i t e .  The 

distorted [ A l Q  ] sites tend t o  reduce the d i s t o r t i o n  upon h e a t m g  and 

thus  equa l i ze  bond lengths, l ead ing  to lower thermal expans ion .  

Secondly, t h e  T i -0  bond I n  Ti06 i s  stro.nger than t h e  AI-0 1x1 A 1 0 6 ,  by 

Paii lmg's bond s t r e n g t h  equat ion  (STxp0 = 4/6>SA1-0 T= 3/61 .  The 

stronger bond obviously r e s u l t s  i n  a more rigid polyhedra. The 

oc tahedra l  edge-shared c h a i n  containing [ T i 0  ] w i l l  be  more s t a b l e  and 

s t ronge r .  T h i s  will also c o n t r i b u t e  t o  a lower CTE. 

5 6 

6 

6 

The low s o l u b i l i t y  l i m i t  of T i 0  2-n m u l l i t e  i s  probably due t o  
2 

t h e  d i f f i c u l t y  m balanc ing  t h e  e l e c t r i c a l  n e u t r a l i t y  requi red  f o r  

such a s u b s t i t u t i o n :  2Ti4* f 02- 2 2A1 +U. This  r e q u i r e s  t h e  

i n t r o d u c t i o n  of oxygen ions i n t o  the  structure. The o n l y  s i t e  

available for t h e  0 ion  is the  oxygen vacancy site between two u n i t  

34- 

2- 

ce l l s ,  and t h e  number of vacancies IS very  linited, 

Samples 5-013 through 5-016 w e r e  made t o  examine whether 

s o l u b i l i t y  of Ti0 i n  m u l l i t e  could be extended by adding MgO. The 

i o n i c  radius of Hg2' is Q.748, which 1s larger than RTr4+. It was 

expected that t h i s  would compensate for a dif ference  nn charge when 

the s u b s t i t u t i o n  of T i  for A i 3 *  In an oc tahedra l  s i t e  occurs.  

However, the r e s u l t s  shown i n  Table  15 and Figure 15 rndzca te  t h a t  

s u c h  an exchange of c a t i o n s  does not exkend the s o l u b i l i t y  l i m i t  of 

'ria2 in n u l l i t e  s i g n i f i c a n t l y  even though x-ray analysis  showed tha t  

a d d l t n o n  o f  MgO reduced the r u t i l e  (110) peak m t e n s i t y .  Because of 

t h e  presence. of minor amounts o f  high expansion second phase rutile, 

2 

4+ 
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the CT-E co11l.d not be lovered. 

3ecak1s0 t he  excess T i0  during s i n t e r i n g  p r o c e s s  formed aluminum 

t i taca te ,  an orthorhordnre compound h a v i n g  hxgli a n i s o t r o p i c  axial  CTE 

atid very low bulk CTE, t he  bulk  GTE vas s i g n i f i c a n t l y  l.owered, B u t  i t  

i s  k n o w  t h a t  AI- "1.0 microcracks due t o  its high anisotropic acral 

s x p a n s ~ o n ,  Microcracking in the p o l y c r y s t a l l i n e  body . v e r y  o f t e n  gives 

anomalously low CY%. F o r  ,this reason, the thermal. expaasion of bar  

specimens f m i i i  t w ~  d i f f e r e n t  b a t c h e s  wi th  i d e n t i c a l .  composition b u t  

d i f f e r e n t  heat t reatments  W ~ F  measured. as in Sanples 3-008 and J-821. 

G T E  values were compared and showed remarkable agreement. 

2 

2 5  

'i'b-e e f f e c t  of molar  ri3ki.o of AI. 0 /SiO.  on the 1,ul.k CTE was also 

studied. Samples 3--OC8,  J-4317, and J-018 were con~pared t o  show that 

2 3  2 

AI 0, to S i 0  ra t ios  u f  311.76 result; in lower CTE values than ra.t:r.os 

of 312 a r d  311.5. This may b e  a t t r i b u t e d  t o  the consumption of Bl 0 

when Eorms.ng A12TiQ 

2 
c o n p o s ~ t i o n  dur ing  the  reac t ion ,  a small aiimvnt o f  free Si0 

(a-crlstobslite) WBS expected. However, .free S1.0 w a s  n o t  d e t e c t e d  by 

XKD aaa1ysi.s. A t t e n t i o n  -then w a s  p a i d  to the p o s s i b i l i t y  of forming a 

s o l i d .  solution o f  AL2Ti..0 . According to Ishi.tsuka, the 

l i m j t x d  s o l i d  s o l u t i o n  of A?., TIV can be formed  hen Si4' substitutes 
2 5  

for AI3-'.  i n  the s ~ r u c t u r e .  'l"he subs t i t u t i -on  is effective III reducing 

the thermal decornposxtiori ra te  of A 1 2 T i 0 5 .  F~ir- ibemo.-e~ high 

thermal-expansion anisot ropy of A I 2  (Ti? SJ.) 0 so1.i.d s o l u t i . o n  would 

p o s s i b l y  be reduced, and a l s o  expl-ain the reproducrb le  bulk CTE 

results The except ion should  be mentioned on 5;arrrple .J-004 whi.ch 

2 3  2 

2 3  

Based an s l w p l e  c a l c u l a t i o n s  of change I~I 
5 "  

2 

4.t 7 7  
containing Si 

5 

5 
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A very low s o l u b i l i t y  l ~ r n i t  may be e x p l a i n e d  a s  fcr~1owe: (1) It  

is  v e r y  d i f f i c u l t  f o r  b o t h  AI3' and P- t o  s u b s t i t u t e  f o ~  SI in 
5+ 4 4- 

t e t r a h e d r a  si.tes because of t h e  s t a b i l i t y  of t h e  [PO ] u n i t .  Bonding 

energy  o f  t h e  P--0 bond i s  more n e g a t i v e  t.Pian t h a t  o f  t h e  Si-0 bond 

accordi-ng t o  O'Keefe, making t h e  i n d i v i d u a l  P--0 bonds v e r y  d i - f f x u l t  

t o  s e p a r a t e .  (2) It 1s less d i f f i c u l t  t o  form f r e e  AI 0 a t  I ~ O Q ' C  

t h a n  t o  form Al - - r i ch  m u l l i t e ( s s ) .  

4 

7 8  

3 . 3  

Si i r i i l a r  t o  AlPO BPO was a l s o  expected t o  forin a l i m r t e d  s o l i d  

s o l u t i o n  of m u l l i t e .  The d i f f e r e n c e s  between BPO and A l P O  ai-e: (1) 

t h e  m e l t m g  tempera ture  o f  BPO i s  lower  thari trhe tesriperatbre needed 

t o  form r i iul l i te ,  t h e r e f o r e  m u l l i t e  (3:2) was s y n t h e s i z e d  first t h e n  

(2)  r ( B  ) i s  s m a l l  and t e n d s  t o  e n t e r  used t o  react with RPO 

small  c o o r d i n a t i o n  s i tes  to form u n i t s  such  as [BO4], b u t  at h i g h  

te inpcratures .  [BOll] is  less  s t a b l e  t h a n  [ S i 0  1 .  Samples 5-827 and 

5-028 were prepared  as shown i n  Table  16, The s t e p - s m t e r m g  s c h e d u l e  

4 4 

4 4 

4 

3+ 
4' 

4 

was used t o  g i v e  t h e  s tow h e a t i n g  ra te .  a d  t h e  l o n g e r  p e r i o d  of  f i iu l t? 

at lower t empera ture  t o  a l l o w  complete  r e a c t i o n .  A l so ,  s imilar  t o  

5-032. samples 5-033 and 5-031 were s e a l e d  i n  P t  t u b e s  and quenched. 

These szrnples were examined. by XRD and r e s u l t s  are given in Table 16 .  

The phase ( A I , B ) P O  w a s  assumed because o f  t h e  l a r g e  d-spacing change 

compared w i t h  t h a t  of p u r e  AlPO and BPOq phases. A14 p h a s e s  present a, 
a r e  t h e  same as mall.it:e w i t h  A l P O  

4 

4' 

A more s i g n i f i c a n t  change i.n d-spacing of mull i te(ss)  i n  samples 

5-033 and 5-434 may suggest: an extended solubility of BP04 a i d  

(A1,B)PO i n  m u l l i t e  upon quenching. The smallest amount of corundum 
4 
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w a s  found in J - 0 3 4 .  To evaluate t h i s  result, thermal expansson o f  

samples 5-027 and 5-028 was measured 3s seen i n  Fig.  17 .  5-027 w i t h  

7 w t X  $PO4 was found t o  have a lower CTE than J-022. The es t imated  

solubility limit f o r  BPO in mullite LE: t hus  about 3 t o  5wt%. 
4 

D Conclusions 

(1) Wrthin the  solubility o f  Ti0 i n  r r u i i l l i t e ,  t h e  CTE o f  
2 

2 mull i te(ss)  is lowered w i t h  mcl-easmg Ti0 c o n t e n t ,  

( 2 )  With the formation of a minor phase of A 1  ( T i , S i ) O  (ss) i n  a 

m u l l i t e  matrix, t h e  bulk expansion of nnlltte-based eeramzc 1s lowered 

significantly, 

2 5 

( 3 )  MgO a d d i t s v e  w i l l  n e i t h e r  incLease t h e  so lubs . l i ty  of Ti0 in 2 

m u l l i t e ,  nor w i l l  it lawer the CTE o f  mullite. 

( 4 )  AlPO,+ is  I n e f f e c t i v e  i n  3.owering t h e  GTE o f  mullite due to 

t h e  l o w  s o l i d  s o l u b i l i t y .  

4 
( 5 )  BPO i s  i n e f f e c t i v e  i n  l ~ ~ e r i n p ,  the CITE of mullite, although 

a 3 t o  5wt% s o l i d  s o l u b i l i t y  may e 'x~s t : .  

(6) The relative amounts of the  phases p r e s e n t  a f t e r  s i n t e r i n g  

the uivrtures o f  A l P O  and BPB i n  the m u l l i t e  composition appear to be 

simrlar to those when only AlPO w a s  f i r e d  in t h e  m u l l i t e  composition. 

However. w h e n  quenched, t h e  relative amounts of phases  p re sen t  are 

c lose  to those  when only BPO was f i r e d  r n  t h e  mullite compositnon. 

4 4 

4 

4 



Z i r c o n i a  e - x h i b i t b  three crystalline f o rms  between room 

tempcrstnrc and its m e l t i n g  t e m p e r a t u r e ,  I t  has monoc l in i c  s t r u c t u r e  

up t o  1170 C, where it t r a n s f o r m  t o  teeragfinal system, followed by a 

fmaJ transformalion t o  t h e  cubic  system a t  237 C. 

0 

o 7 9  

8 0 - 8 2  8 3  8 4 - 8 7  
By a d d i t i o n  of a s t a b i l i z e r  such as CaO, MgO. y p 3 .  or 

8 8 - 9  c 
many o t h e r  rare  ear th  oxides, t h e  s t r u c t u r e  i s  s t a b i l i z e d  t o  the 

c u b i c  .forla. A disadvantage of ths.s f u l l y  s t a b i l i z e d  z i r c o n i a ,  

however, i s  1 . t : ~  h i g h  CY% of 100x110 K . The h igh  CTE's  of these 

cubic-s trabils.zed stmcti.ires can be expla ined  by a p p l y i n g  t h e  e m p i r i c a l  

equat ion by Hazen et 21. 

-7 -1 91 

9 3  

M L E C ! ~  e f f o r t  t o  s t a b i l i z e  t h e  tetragonal phase in z i r con i - a  has 

been based on the c r y s t a l l i t e  size and p r e s s u r e  e f f e c t .  Another  

method t o  s t a b i l i z e  the tetragonal phase inc luded  the adda t ion  o f  a 

p r e v ~ m u s l y  kilown s t a b i l i z e r  (GaO, N s O ,  o r  Y 0 ) p l u s  ZnB. A ~ c o ~ d i n g  

t o  t h a t  s t u d y ,  a t  l a a s t  5% and up to 100% tetragonal structure can be 

obtained a t  m o a  t empera tu re .  

9 3 - 9  6 

2 3  

9 7  

Although publi .shed mformatzon  covers  the  presence  of t e t ragonal  

phase in zirconia, t he  literature was found to c o n t a i n  very J i ~ ~ l e  

da r s  on t h e  zii-eooia t e t r a g o n a l  solid S O l I i t l o n .  Thcrefore, two 

Z r O  -CaO-f4g0 t e r n a i y  sys'iems were sel ected t o  i n v e s t i g a t e  ?lie e f f e c t s  

of zrG2 t e t r a g o n a l  s o l i d  so l l i t ion  on CTK, 

2 

B. Expeximental  P iocedures  

Sample compos7 i s.ons used  IIP t h e s e  expermenis are given in Table 
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18. The compositions of pure systems are shown i n  Table 19, Pure 

ZrQZ, TiOZs and CeQ specimens were evaluated f o r  reference purposes. 2 

Table 18. Composition of Specimens 

Specimens Composition (mol%) Specimens Cori~posztion ( m o l % >  

n - 0 0  1 pure ZrO 2 a-011 95Zr02-5 CeQ2 

JK-eo2 95Zr0 2 -5T102 JK-012 90Zr02-10Ce02 

SK-003 90Zr02-1QTi0 2 JK-0 13 87 .5%rO2--12.5CeCl2 

JK-004 8 5 Z ~ 0 ~ - - 1 5 T i O ~  JK-014 85Zr02-15CeQ2 

JK--oo5 80ZrQ2-20T102 JK-015 8QZr02-20Ce02 

JK-006 75Zr02-25Tr02 JK-01.6 pure Ce02 

dE=-uo7 702~0~-30TiO~ JK-0 17 90ZKI2-5Y2O3-5Mg0 

JK-008 65Zr0 2 -35Ti02 JK-818 93ZrQ2-3. 5Y203-3 I 5Mg0 

JK-eo9 SOZrO2-4OTrO2 JK-0 19 90Zr02-3 CaO-7MgQ 

JK-010 pure  "IO JK-020 9 0 Z rQ 2- 5 G a0-5 MgO 

90 2 r02-7 CaO- 3Mg0 

2 

x-021 
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Tab le  19. Cornposl-tion of  Pure System 

To give t h e  r e f e r e n c e ,  pure % r O  Ti0 and Ce02 spec imens  were 2' 2 '  
e v a l u a t e d .  

sys t em Pur i 1: y 

2 
2 

ZKQ 
TI0 

9 9% 
A s :  0.0002%, Pb: 0.008%, Zn: O.OlX, Fe: 0.01% 

Water S o l u b l e  S a l t s :  0.15% 
99.9% 
99.92 
F:O.O04Z 

Ba, Fe,  M a ,  K ,  Na, Sr, Pb, Ca, SO CJ., NOg, 
Ammonium Hydroxide: 0.0729% e ta  

Sample c o n s t i t u e n t s  w ~ r e  weighed t o  an accuracy  of  O.OOIg, and 

m a g n e t i c a l l y  s t i r r e d  i n  a c e t o n e  f o r  1 h r  t o  e n s u r e  homogeneity. After 

d r y i n g ,  the powders were co ld  p r e s s e d  into bar  specimens us ing  a small 

amount of bmder. All bars were s i n t e r e d  a t  1600OC f o r  12 hr ,  a d  

allowed to furnace  COO^ t o  room tempera ture .  

XRD p a t t e r n s  were obtai.ned t o  determme t h e  phases p r e s e n t  after 

s i n t e r i n g .  A dilatometer w a s  used t o  measure CTE a t  a h e a t i n g  rate of 

5 o r  I O ~ C / ~ I ~  from room teiiiperature to IOOO'C. ~ h e r l u a ~  expans ion  

values w e r e  corrected by adding the thermal  expansion (5.0 x 10 K 9 

o f  fused  s i l i c a .  

-1 -I 
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C. Results and Di scuss ion  

1, ZrO2-TiQ2 system 

Phase a n a l y s i s  results a r e  shown in T a b l e  20- 

Spec ime l is Sin te red  phases 

slr,-co1 
JK-002 
X-003 
JK-O 0 4 
JK-005 
JK-006 
SK-087 
JK-008 
x - 0 0 9  
JK -0 1 0 

2 

2 

Momcclinic ZrO 
Pfanoclinie ZrO ( s s )  
M o n o c l h i c  Zr-0 2 (ss) 

Monoclinic ZrO ( s s ]  + Z r T l Q  2 .  4 
Xonocl inic  Z r O  (ss2 -t- %r"SiQ 2 4 

4 
Monoclinic Z r O ,  Iss)  1- Z r T i O  

E 
4 

Monoclinic Z r O  (ss) t Z r T i O  2 Monoclinic ZrO ( 3 s )  + Z r T i 0 4  2 
4 

Monocl inic  Z r O  ( s s ]  -C Z t T i O  
R U Z i l t 2  

Specimens w i t h  up to 15 mol% Ti0 d i d  n o t  show Z r T i O  p e a k s  i.n 
2 4 

2 
their XRD p a t t e r n .  Two d i f f e r e n t  structures such as monocl-inic ZrO 

s o l i d  s o l u t i o n  and ZrTi.04 were detec te l  i n  t h e  samples of JK-005 

In F i g u r e s  18 th rough 21. trheima?.. expansion d a t a  of X-001 

through JK-010 are shown. Fur p u r e  Z r O  anad Ti0 the va2u.c.s of 

76x10 K and 78x10 k were obtained.  r e spec t ive ly .  These values 

2 2 "  
-7 -1 -7 --I 

were found to be  i n  g o ~ d  agreement with the  d a t a  of o the r  reported 

98,99 
values e In specimens of JK-002 and 3EC-OU3. the  thema1 expansion 

~7.785 slightly increased with inc reas ing  Ti02. 

8 anaples showed phase transformation 

, ~ - ~ 0 4  through J K - Q Q ~  

Table 21  shows the thermal expansion r e s u l t s  hefo re  phase 

transformation and after phase t r a n s f o r m a t i o n ,  



; i!, 
I a ,  

b.  

a ,  
7. E ,  

Figure 18. Thetmal. expaarision o f  JK-001, JK-002 E 

and JK-003. 

TEWPFLLTURE, 'C 

Figure  19. Thermal expansion of JK-004 and JK-005, 
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Frgvre 2 0 .  Thermal expansfon of JR-006 and 
,JK-OO 7 e 

Figure 21. T h e r m a l  expansion. of JK-008, JK-009, 
and JK-010 ~ 



240 

Table 21. E f f e c t  of Phase Traasfor inataon on Expansion 

iy Before  u; Following 
s p a -  1.mens phase t r a n s f o r m a t i o n  phase transformation 

JK  -004 
.JK-005 
51(--006 
.xi-007 
JK---OOS 
si-083 

5 8  x 

-7  63 x 1 0  . 

66 x lo-' 

77 x lo-/  
74 x 10-7 

-7 

- I  59 Y 10 

In S M - - G O 5  rand JK-006, C T E i s  were lowered a f t e r  phase 

t ransformation.  Pram t h e  phase  diagram, l o w  GTE's are r e l a t e d  t o  

the Z r O  tetragonal.  s o l i d  s o l u t i o n .  Microcracking due t o  phase 

t ransformat ion  may explain t h e  low C'I'E. klowever, in t he  salnp3.es 

JK-007 through JK-009, the values o f  thezrnal expans ion  art? higher  than 

those of JM-004 and J . - O O S .  I n  cosnposi.i:ions JI(-007 through 9K-009. 

phases a f t e r  t r a n s  f o r m a t i o n  might b e  cor i s idered  as %r02 t e t r a g o n a l  

In  X-003 through JK-009, lrliftrmal 

~ x p a n s i o n  w a s  sI.1.ghtl.y n c r e a s e d  i n  t h e  temperacure range from 300 1.0 

400OC. T h i s  t e m p e r a t u r e  range might be  re la ted  t o  t h e  t r a n s i t i o n  i..uto 

ZrCr t e t r a g o n a l  solid s o 1 u t : ~ o n  w ~ t h  Z r 0 2  monoclinic so l . i d  s o l u t i o n  

from t h e  already known phase i n f o r m a t i o n .  

1 0 0  

2 

4' 
sol1.d solut-ion PIUS Z r T i O  

2 
1 c o  

Thermal  expans ion  da t a  of: Z r D  t e t r a g o n a l  sys tem were r e p o r t e d  hy 

Lsng . Axsa.l t h c r m a l  expans ions  of 123 . ~ x I O - - ~ K - '  i n  t h e  a-axxs and 

143 , ~ x I O - ~ K - '  i n  t h e  C - - ~ L S  r e p o r t e d  by u s i n g  h i g h  t e m p e r a t u r e  

XRD. Even i f  "Lie ahove r e s u l t s  were based on ou-i:-of-date l a t - t i c e  

parsmeters (a=.3.43&, c=5.275.i), which 1s d i f f e r e n t  f rom r e c e n t l y  

2 
1 0 1  
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0 0 1 0 2  
reported l a t t i c e  parameters (a=5.094A, c=5.1778), thermal expansion 

r e s u l t s  of t h e  Z r O  t e t r a g o n a l  solid s o l u t m n  were remarkably reduced 

by t h e  a d d i t i o n  of Ti0 

2 

2 '  

2.  Z r O  -Ce02 System 2 

Table 22 l i s ts  s i n t e r e d  phases of s e l e c t e d  samples in the 

Z r O  -CeQ system, and Fig. 22 through 24 show thermal expansion da ta .  2 2  

Table 22. Sxntered phases of ZrO -CeO system 2 2  

P 

Specimens S in te red  phases 

ZrO rnonoclinxc(ss) 2 JK-Q1.1 
JK-012 
JK-013 
x-014 
JK-0 15 
JK-0 I6 

ZrO monoclmic(ss )  i Zro2 t e t r a g o n a l ( s s )  
Z r O  monoclmie(ss)  + Z r O  t e t r agona l ( s s1  

2 
2 

Z r O  t e t r a g o n a l ( s s )  
Z r O  t e t r a g o n a l ( s s )  C e  Zr 8 

CeO cubic 

2 
2 3 10 

2 

The 15 mol% CeO -ZrO sample d i d  no t  show expansion due t o  phase 

t ransformat ion  of Z r O  On t h e  other hand, s p e c i m e n s  with  up t o  12.5 

mol% Cleoz  showed expansion c h a r a c t e r i s t l c  of a phase t ransformat ion .  

There are d i f f e r e n t  r epor t s  about t h e  composition at which phase 

t ransformat ion  from monoclinic t o  tetragonal t akes  place.  From 

2 2 

2' 

103,104 

our r e s u l t s ,  il composition having more than  12.5 m o l %  C e 8  IS expected 

t o  have complete Z K O  tetragonal s o l i d  so lu .b i l i t y  a t  room temperature.  

I n  specimen JK-015. s i n t e r e d  phases were ciomposed of Z r O  tetragonal 

2 

2 

2 
1 0 5  

s o l i d  s o l u t i o n  wi th  Ce Zr 5 2 3 10' 

Before phase t ransformat ion  w i t h  rnonoclmlc Z K O  s o l i d  s o l u t i o n ,  2 
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TMPFRATURE, 'C 
CJK-dll-JK-912 

F i g .  22, Thermal expansion of  JK-011 and SK-012- 

TEHPERATURE, 'C 
CJK-EI3 _bJK-'214 

F ig .  23. Thermal expansion of J K - 0 1 3  and JK-014.  

I 2 5  

TEMPERATURE, 'C 
c+eis -wait  

F i g .  2 4 ,  Thermal expansion of J K - 0 1 5  and JK-U1.b. 
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-7 -1 Fm's were 66 to 76x10 K . But after t h i s  t ransEormat ian9  i n  t he  

r e g i o n  of tetragonal ZrO s o l i d  soluti-on, the  CYEls were measured as 

116 t o  117x10 K . For  p u r e  @e02, t h e  value of 122x10 K w a s  

o b t a i n e d  e A l a r g e  difference i n  thermal expansion between ZrOZ-TiQZ 

and %PO -Ce02 in spite of some metal l ic  bonding c h a r a c t e r i s t i c  might 

be explained as follows. Ti (Q.64x) has a smaller i o n i c  radius than 

Zr4*(0.82i),  b u t  Ce4+(0.88k has l a r g e r  ionic r a d i u s  than that of 

Zr4'(0. 821) b u t  Ce4+(0.  88& has la rger  i o n i c  r a d i u s  than that of 

Zr . 

2 
-7 -1 -7 -1. 

2 
4+ 

44- 1 0 6  

4+ 
2 

The s u b s t i t u t i o n  of a l a r g e  i o n ,  s u c h  as Ce into the i : rO 

s t r u c t u r e  t o  form a s o l i d  s o l u t i o n  results i n  a large. s t r a i n ,  I n  the 

2 
temperature range for the t e t r a g o n a l  s o l i d  s o l u t i o n  ( i n  t h e  ZrQ -Ti0  

and ZrO -Ce02 s y s t e m s ) ,  TIQZ (alone) Inas t e t r a g o n a l  r u t i l e  s t ructure .  

but CeOZ ( a l o n e )  has t h e  cubic s t r u c t u r e .  The above mentioned 

c h a r a c t e r i s t i c s  of TiQ r e s u l t  i n  less s t r a i n - i n d u c e d  Z r O  t e t r a g o n a l  

s o l i d  s o l u t i o n ,  and consequent ly  l o w  CTE. On t h e  o t h e r  hand, the  

2 

2 

2 2 

a d d i t i o n  o f  CeO i n t o  ZrO r e s u l t s  i n  goad lliechanieal s t r e n g t h  due to 
2 2 

1 arge 6 t rain- i nduced s o l  i d  s o l u  t i o n  t raris f o m a  t i on. 

3 .  Z r O  -Y 0 -MgO and Z r Q  -CaO-MgO Systems 

Many b i n a r y  systems based on Z r Q  and doping a d d i t i o n s  of Y 0 

2 2 3  2 

2 2 3' 

CaO, and MgO have been s t u d i e d ,  and t h ~ ? i ~  CTE's are i n  the  rnnge Q €  

60 to 100~10 K . 8 0 - 8 7 , 1 * 2 , 1 0 9 , 1 * 8 H ~ ~ ~ ~ ~ ~ ,  t he  Z r 0 2  t e rna ry  :;ystems 

have no t  been e x t e n s i v e l y  investigated X-ray d i f f r a c t i o n  r e s u l t s  f o r  

the selected systems are shown i n  Table 23.  F o r  s p e c i ~ e n s  JK-017 and 

-7 -I 

JK-021, t h e  ZKO raonocl inic  peaks were n o t  detected. Zr02 tet.ragonal 2 
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solid s o l u t i o n  was s t a b i l i z e d  i n  t h e s e  t iqo composi t ions  a t  room 

tempera ture .  

Table  23. Ssii tered Fhases of  X-017--021 

Specimens S i n t e r e d  Phases 

ZrD t e t r a g o n a l ( s s )  

2 2 
2 2 

2 ZrO t e t ragonal  (ss] 
2 

2 SK-017 
JK-018 
n - 0  19 
JK-020 
J-K -0 2 1 

ZrO tetragonal(ss) + Z r 6  monocl inrc(ss )  
ZrO t e r r a g s n a l ( s s 2  + Z r O  monoclinic(ss) 
Zri )  tetragonaI(ss) + ZrO m o n o c l i n i c ( s s )  

2 
-.- -___ -sl---------- 

Thermal expansion d a t a  f o r  LK-017 th rough JK-021 are p l o t t e d  i n  

Fig. 25 and 26. 

A l l  samples except JK-018 d i d  n o t  show thermal  expansion behavxor 

d u e  to  phase t ransformation.  Thermal  expzns ior i  results o f  JK-017 and 

JK--021 (104x10 K ) which were composed of Z r O  t e t r a g o n a l  s o l i d  

soluti .ons were h i g h e r  t h a n  those o f  of JK-018 through JK-020 (82  to 

94x10 K made of Z r O  t e t r a g o n a l  and monocl inic  s o l i d  s o l u t i o n s .  

With the  e x c e p t i o n  o f  Mg, a d d r t i v s  e lements  s e l e c t e d  111 t h e s e  t e r n a r y  

-7 
2 

-7 --I 
2 

A f t e r  assembl i n g  a l l  exper imenta l  r e s u l t s  from JK-001 through 

021, J-t may be concluded t h a i  t h e  CTE of the Z r O  tetragonal solid 

~ o l u t i o s l  can be expected to b e  lowered in t he  c a s e  of doping e lements  

s u c h  as T i  whrch have a smaller i o m c  radius than Z P  . T h i s  

2 

4 .?. 44 

expianation can be extended t o  Z r O  b i n a r y  systems which have CaO. 
2 
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Ff.gure 25. Thermal expansion of JR-017 and  JK-018. 

Figure 26 e Thermal expansion of .TK-019, JK-020, 
and SK-021. 
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MgO, Y 0 as an alloy ~ y ~ t e m .  if we compare previously pi-iblishcd 

the thermal pxpansion of  Z rQ -MgQ is  the lowest among t-esul tw * 

thesc th ree  binary systems. 

2 3  
1 0 7 - 1 0 6  

2 

13 . Sunlrllary 

i. E a r  the compositTons of 20 and 25 mol2 Tx02 with Z r Q  low 

CTE’s (17xI.O-’, 24x10 K j were cncasuied a f t e r  p h a s e  t r a n s f o r m a t i o n ,  

which might incl ude microezack formation. 

29 
-7 - 1  

TI. Specimens w i t h  up t o  12.5 m o l X  CeO in Z r O  system showed 2 2 

expansion characLc:zis:lc o f  phase transformation, 

111. % T O  t e t r a g o n a l  s o l i d  s o l u t i o n s  vcre  a b t a i n r d  i n  

%rO, -3Y 0 -5MgO and %KO --7CaO -3Mg0 t e r n a r y  systems a t  room cernperaturc 

a f t t ?  L s zn t e r  i n g  t L ea tmen t . 

2 

2 2 3  2 

IV. khen  mahing Z r O  i~tragnnsl s o l i d  s o l u t i o n ,  i o n s  s m a l l e r  
2 

gt. 
than Zr might be more u s e f u l  i n  achiev ing  l o w  thezmal cxpas?slon. 

Status af milestones ....- 

Status of cnilesiones is p r e s e n t e d  i n  Table 24 and F i g u r e  27. 

An automat ic  thermal  e x p a n s i o n  measurement system has b e e n  ordered. 

Task VPI 3.1 w i l l  be complete and on-schedule upon its installat~on 

and c,a7 i S r a t i o n ,  expected t o  occur  by mid-June, 

Pilbl icat ions ~~-~ 

None t h i s  p e r i o d .  
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Tek~J-e 24. Key ta major toilertones 

VPI 1.1 

VPI 1.2 

VPZ 2.1 

VPI 3 . 1  

VPI 3.2 

VBI 4.1 

VPl 4,2 

WPL 4 , 3  

VPI 4 . 4  

VPI S . 1  

VPI 5 * 2  

VPE 5.3 

VPI 5.4 

VPI 6.0 

Process s e l e c t i o n  for pbosplmte- and silicate-based systems 
(Oct. 34, 162l6) 

Process selectson f o r  rr~rnllit E!- and zircon-based systeus 
(Oet. 31 ,  19861 

Complete 1.iterature r e v i e w  [act. 31, 1986) 

Complete upgrade of character-hzata.on Sseihity (Deer 31, 
1986) 

Complete in.i.txa1 screenmg oE phosphate-based systems 
(Dec. 31, 1987) 

C o m p l e t e  l lnlt lal  screening of ZI Tcon-hased systems 
(Dec. 31,  1987) 

Ccamplsre i n s t i d  screeanimng of mullite-based systems 
(Dee- 31, 1987) 'c . . . .. . * .  . . .  

Complete sscoad-stage property and characterization 
evaluat1ona of s1 t1care-based system ( O c t *  31, 19883 

Complete sec ond-s tage p r o p e r t y  and charsr ter m a t  i o n  
e v a l u a t i o n  of zircon-based a p t e m s  (Dec. 3 'I, 1D88) 

Complete scal e - u ~  specimen f a b r i c a t i o n  of mzsst promising 
law- expansion ceramics (Feb, 28, 1989) 



2
4

8
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1 . 4  JOINING 

1.4.1 G e m m i  c-Metal... J o  i n t s 

Joi@dng of Cerm:wc.s f o r  Heggt--Ex.ine Applicat ionq 
M. I. S a n t e l l a  (Oak Ridge N a t i o n a l  Laboratory)  

-. Ob jgc t i ve /scose  

The o b j e c t i v e  o f  t h i s  t a s k  i s  t o  develop s t rong ,  r e l i a b l e  j o i n t s  con- 
t a i n i n g  ceramic components f o r  a p p l i c a t i o n s  i n  advanced h e a t  engines. 
C u r r e n t l y ,  t h i s  work i s  focused on t h e  j o i n i n g  o f  p a r t i a l l y  s t a b i l i z e d  
z i r c o n i a  t a  nodu la r  c a s t  i r o n  by b r a z i n g .  
be r e q u i r e d  Tor a t t a c h i n g  m o n o l i t h i c  p ieces  o f  p a r t i a l l y  s t a b i l i z e d  
z i r c o n i a  t o  c a s t  i r o n  p i s t o n  caps i n  o r d e r  f o r  t h e  ceramic t o  p r o v i d e  the 
i n s u l a t i o n  necessary f o r  use i n  l o w - h e a t - r e j e c t i o n  d i e s e l  engines. A 
novel  method f o r  b r a z i n g  z i r c o n i a  t o  c a s t  i r o n  has a l r e a d y  been 
e s t a b l i s h e d .  
t i n g  (1) t h e  e f f e c t  o f  thermal  ag ing  and t e s t i n g  temperature on t he  
s t r e n g t h  o f  j o i n t s  between z i r c o n i a  and c a s t  i r o n ,  (2) t h e  p o s s i b i l i t i e s  
f o r  u s i n g  a l t e r n a t e  ceramic and m e t a l l i c  m a t e r i a l s  i n  brazed components, 
and (3)  r e s i d u a l  s t r e s s  p a t t e r n s  i n  ceramic- to-meta l  b raze  j o i n t s  u s i n g  
i n d e n t a t i o n  techniques.  

J o i n t s  o f  t h i s  arrangement w i l l  

The emphasis o f  t h i s  a c t i v i t y  f o r  FY 1987 w i l l  be i n v e s t i g a -  

I__ Techn ica l  p roq rxxs  

There was s i g n i f i c a n t  a c t i v i t y  i n  t h r e e  t e c h n i c a l  areas d u r i n g  t h i s  

shear t e s t i n g  o f  braze j o i n t s  between MS-ZrO, and nodu la r  c a s t  i r o n  

s t u d y i n g  t h e  e f f e c t  o f  b raze  thermal  c y c l e s  on t h e  m i c r o s t r u c t u r e  

r e p o r t i n g  p e r i o d :  
(1) 
and MS-ZrO, and A286 s t e e l ;  
( 2 )  
and hardness o f  grade 8003 nodu la r  c a s t  i r o n ;  and 
(3 )  b r a z i n g  s i l i c o n  n i t r i d e .  

Shear t e s t i n g  o f  MS-ZrQ, J o i n t s  

The f o l l o w i n g  z i r c o n i a - t o - m e t a l  j o i n t s  were shear t e s t e d  a t  room 

a c t i v e  s u b s t r a t e  b raze  j o i n t s  between MS-ZrO, and nodu la r  c a s t  i r o n  
temperature:  
(1) 
t h a t  were aged i n  a i r  a t  4 O O O C  f o r  100 h, 
(2) a c t i v e  f i l l e r  meta l  b raze  j o i n t s  between MS-ZrO, and nodu la r  c a s t  
i r o n  t h a t  were aged i n  a i r  a t  4 O O O C  f o r  100 h ,  
( 3 )  
brazed w i t h  L i thoBT a t  790aC, and 
(4 )  a c t i v e  f i l l e r  metal  j o i n t s  between MS-ZrO, and A286 s t e e l  t h a t  were 
b razed  w i th  I n c u s i l - 1 5  ABA. 

t o  c a s t  i r o n  show c o n s i d e r a b l e  s c a t t e r  f o r  b o t h  b r a z i n g  approaches b u t  
i n d i c a t e  t h a t  j o i n t s  made by b o t h  processes may be s t r o n g e r  than  t h e  
o r i g i n a l  d a t a  suggested. A d d i t i o n a l  t e s t i n g  o f  b o t h  t y p e s  o f  j o i n t s  i s  i n  
progress so t h a t  some l e v e l  o f  con f i dence  i n  t h e  d a t a  can be e s t a b l i s h e d .  

a c t i v e  s u b s t r a t e  j o i n t s  between MS-ZrO, and A286 s t e e l  t h a t  were 

The t e s t  r e s u l t s  a r e  g i ven  i n  Table 1. The d a t a  f o r  t h e  joints made 

The measured s t r e n g t h s  of t h e  a c t i v e  s u b s t r a t e  j o i n t s  between 
S-ZrO, and A286 s t e e l  were low. Examinat ion o f  t h e  f r a c t u r e  su r faces  
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Table 1. Room-temperature shear strength of 
joints between z i r c o n i a  and metal alloys 

Proce s s/ Shear 

metal (MPa) 
Specimen Interface P,gi ng filler s t r e  n g t. k 

NCB-72* 
MCB- I78 
MCB- 179 

WCB-9!iX 
MCB- 182 
MCB- 183 

MCB-211 
MCB- 2 12 

WCB- 199 
MCR-200 

Zrii2-A286 
Z rO, -A286 

ZrO,-AZ86 
ZrO, -A286 

400°C/100h 
400°C/100h 
40O0C/lO0h 

None 
None 

None 
None 

AS/6Q4 
A S  /6 0 4 
AS/604 

AF/ Incus i  1 
AF/Incusi 1 
AF/Incusi 1 

ASdLi thoRT 
AS/bi thoBT 

AF/Incusi 1 
AF/lneusil 

114 
202 

43 

61 
180 
150 

517 
62 

254 
348 

Note  S : 

1. All brazing was done i n  vacuum. 
2. B r a z i n g  temperatures were: 604 to 73!j0C, LithoBT - ?90°C, 

3 .  Aging  treatments were done in air. 
4 .  A l l  testing was done a t  room temperature. 
5.  Materials used wept? MS-ZrO,, grade 8003 cast iron, A286 steel. 
6. Fcr the active substrate j ~ i n t s  t h e  Z r O ,  was vapor  coated 

*Data obtained i n  previous tests. 

Incusil-15 ABA - 7 7 0 O C .  

with 0 .6  pm titanium. 

indicated that w e t t i n g  and flow o f  the LithoST filler metal on the 
titanium-coated zirconia was goad but that bonding t o  the A286 was poor. 
Selection of a different filler metal alloy is indicated for this b r a z i n g  
approach. On the other hand, bonding o f  the Incusil-15 ABA filler metal 
to the MS--ZrO, and A286 steel was excellent a s  indicated by the high 
measured shear strengths o f  these joints. Testing and evaluation o f  
t h e s e  joints are continuing. 

Thermal cycling o f  cast. iron 

The effect of braze thermal cycles on the microstructure and hardness 
o f  grade 8003 nodular cast iron was studied. Specimens o f  the as-recieved 
cast i r o n  were h e a t  treated with the thermal cycles used for making braze 
jodnts w i t h  b raze  alloy 604, which requires a peak temperature of 7 3 5 O C ,  
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and Incusil-15 ABA, which requires a peak teinperature o f  775OC.  T 
h e a t i n g  and c o o l i n g  ra tes  used for these specimens were r e l a t i v e l y  
because the mass of t h e  specimens was small. A l s o  ~x~~~~~~ 
men of I r a n  f rom the P12-rnm-diam ~ ~ ~ o ~ ~ ~ ~ ~ a ~ ~ o ~  piece brazed 
alloy 604 and a specimen h e a t  t r e a t e d  t o  simulate the  thermal cycle t h a t  
would be used to braze a similarly ime$ piece w i t h  IRcusil. In this  
t h e  heating and ~ ~ 0 1 i n g  rates uch lower t han  those sised f o r  the  
specfmen heat treatments, 

Figure 1 compares the  microstructures o f  t he  heat t reate  
icrostructure o f  the as-received i r a n .  
phy indfcaked t h a t  the Switial mdcrostructure o f  the %ran was 

~ x a ~ ~ ~ a t i ~ ~  by opt ical  

not significantly changed by any o f  t h e  heat  t rea tments  except f o r  the 
speclmera subjected t o  t h e  simulated d e ~ o ~ ~ ~ ~ ~ ~ ~ ~ n  piece braze cycle,  In 
t h i s  case,  the s l o w  heat ing and chlol lng ra te  coupled w i t h  the T7f ibC peak 
temperature have changed the micrsstructu-e f r o m  one with a pearlitic 

determined, and these resul ts  are given i n  Table 2. 
suffer a loss a f  hardness was the same one t h a t  ~~~~~w~~~ a s i  
-hang@ o f  microstructure, 87- 080, and the lass of hardness i s  

lowest poss ib le  b r a r i n g  temperature f o r  the zfrcon a-eo-casl; 1 
the overaging o f  the component mate r i a l s  1 s  t o  be avoided arsd In 
t h a t  the a c t i v e  subs t ra te  process has a clear a  ant^^^ i n  t h i s  regard. 

a t r i x  t o  one w i t h  a f e r r i t i c  m a t r i x  i n  which only ~ $ ~ n a ~ ~ ~  a f  the o r l g l -  
a1 pearalite a r e  retained. The Rockwell G hardness o f  each specimen was 

The only 

pearlitic rr-atrjx to a ferritic i t h  t he  t ransformation f rom 
T h l s  experiment serves to reemphasize the nee t o  maintain the 

Table 2 .  Rockwell 6 hardness o f  grade 64003 

w i t h  brazing thermal cycles 
nodu lar  c a s t  i ron  specimeris hea t  t reated 

86- 1563. NA 3 2 . 4  J- 1.8 NA* 
86- 1562 735 3 2 . 3  ~t 0 . 3  7/10 
86- 1563 735 31.9 I- 0.8 9 5/40 
86- 1564 775 32.6 -t- 1.8 70/40 

795 9.5 * 0.9 13/13" 

* S imu la ted  demonstration braze t h e r  

Brazing silicon nitride 

Specimens o f  S i 3 N L ,  (Kyocera SN-220) were brazed t o  three different 
a l l o y s :  (1) A286, a p r e c i p i t a t i o n  hardened,  hea t  r e s i s t a n t  s t e e l ;  (2) ASTM 
8265 grade 1, commercially pure t i t an i ian i ;  and ( 3 )  TZ ~ an  alloy of  

were vapor coated with a 1.0-pm-thick layer o f  titanium by vacuum 
Ma-O,STi0.89Zr-0.02C wt %. A17 of  t h e  SI,NI, surfaces used f o r  braz-a'flg 
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F i g .  1. Optical  microstructure o f  grade 8003 cast  i r o n  a f t e r  
experiencing brazing thermal cycles: (a) as-received i ron;  braze 604 
thermal cycle w i t h  f a s t  (b), and slow (c) heating and cool ing ra tes ;  
I n c u s i l  thermal cycle w i t h  f a s t  ( d ] ,  and slow (e) heating and cooling r a t e s .  
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evapora t i on .  
t h e  b r a z i n g  was done i n  vacuum a t  790OC. 
good. 

ceramic component upon c o o l i n g  f rom t h e  b r a z i n g  temperature o f  790OC. 
photograph o f  t h e  j o i n t s  between S i 3 N 4  and t h e  t i t a n i u m  and t h e  A286 
s t e e l ,  F i g .  2, shows t h e  o v e r a l l  c h a r a c t e r i s t i c s  o f  t h e  c r a c k i n g .  
d i s t a n c e  (0.5-1 mm) f rom t h e  bond zone c r a c k s  formed and propagated 
th rough  t h e  S i a N 4 ,  l e a v i n g  o n l y  a t h i n  somewhat hemispher i ca l  f ragment o f  
t h e  Si,N, a t t a c h e d  t o  t h e  meta l  component o f  t h e  j o i n t .  
Si,N, and t i t a n i u m  cracked s i m i l a r l y  t o  t h e  j o i n t  made w i t h  t h e  A286. 
j o i n t  between t h e  Si,N, and t h e  TZM a c t u a l l y  remained i n t a c t ,  even a f t e r  
s e c t i o n i n g  f o r  m e t a l l o g r a p h i c  examinat ion,  b u t  c r a c k s  o f  t h e  same n a t u r e  
were e v i d e n t  i n  t h i s  specimen a l s o .  

An obv ious e x p l a n a t i o n  f o r  t h e  c r a c k i n g  i s  t h a t  i t  r e s u l t e d  f rom t h e  
s t r a i n  t h a t  developed i n  t h e  j o i n e d  components because o f  t h e  mismatch i n  
thermal  expansion c o e f f i c i e n t s  between t h e  me ta l s  and t h e  S i 3 N 4 .  
macroscopic mismatch s t r a i n ,  em, can be es t ima ted  u s i n g  t h e  exp ress ion  

The b raze  a l l o y  used was BAg-8a (Ag-28.OCu-0.3Li w t  %), and 
The d u c t i l i t y  o f  BAg-8a i s  v e r y  

Each o f  t h e  t h r e e  j o i n t s  between Si,N, and t h e  me ta l s  cracked i n  t h e  
A 

A s h o r t  

The j o i n t  between 
The 

The 

where AT = 735OC f o r  t h e  BAg-8a b raze  a l l o y  and Au i s  t h e  d i f f e r e n c e  i n  
l i n e a r  thermal  expansion c o e f f i c i e n t  f o r  t h e  m a t e r i a l s  used t o  form t h e  
j o i n t .  
s t r e s s  due t o  t h e  thermal  expansion mismatch can a l s o  be c a l c u l a t e d .  
Handbook va lues  f o r  t h e  thermal  expansion c o e f f i c i e n t s  and t h e  es t ima ted  
s t r a i n  and s t r e s s  va lues a r e  g i v e n  i n  Table 3. 

Using a va lue  o f  304 GPa f o r  t h e  Young's modulus f o r  S i 3 N 4 ,  a 

Table 3. Est imated mismatch s t r a i n  and s t r e s s  
f o r  j o i n t s  between Si,N4 and me ta l s  

M a t e r i a  1 a (p in. / in. /OC) em a (MPa) 

S i  ,N4 3 . 1  

TZM 5.6 0.0018 

T i  8.4 0.0039 1186 

A286 16.5 0,0099 3010 

The f r a c t u r e  s t r e n g t h  o f  t h e  Si,N, was n o t  determined e x p e r i m e n t a l l y  
b u t  i s  r e p o r t e d  t o  be 590 MPa i n  f l e x u r e .  
mismatch s t r e s s  va lues i n d i c a t e s  t h a t  bonding S i 3 N 4  t o  e i t h e r  t h e  t i t a n i u m  
o r  t h e  A286 s t e e l  would undoubtedly generate s t resses  h i g h  enough t o  cause 
c r a c k i n g  i n  t h e  ceramic,  w h i l e  t h e  s t r e s s  generated by bonding Si,N, t o  
t h e  TZM would be on t h e  o r d e r  o f  t h e  f r a c t u r e  s t r e n g t h  o f  t h e  ceramic.  

Comparison w i t h  t h e  es t ima ted  
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F ig .  2. Cross-sectioned braze j o i n t s  o f  Si3N,,-Ti ( l e f t )  and 
S i  3N4-A286 s tee l  ( r i g h t )  t h a t  cracked spontaneously i n  t h e  ceramic upon 
coo l i ng  from the  braz ing  temperature o f  790OC. 

Th is  experiment shows several impor tant  po in ts :  (1) t h e  a c t i v e  
subst rate b raz ing  approach can be used f o r  b raz ing  Si3N,, t o  metals; 
(2) having a d u c t i l e  braze f i l l e r  metal i s  n o t  s u f f i c i e n t  cond i t i on  f o r  
prevent ing crack ing o f  Si3NI, because o f  thermal expansion mismatch 
s t r a i n s ;  (3) some means of accommodating o r  reducing t h e  thermal expansion 
mismatch s t r a i n s  w i l l  probably be requ i red  f o r  forming brazed b u t t  j o i n t s  
o f  Si3N,, t o  metals. 

Status o f  milestones 

None 

Pub l ica t ions  

None 

Presentat ions 

A. J. Moorhead was presented a t  t he  ASM Mate r ia l s  Week, Orlando, F lo r tda ,  
October 9, 1986. 

Braze Jo in ts , "  by M. L. Sante l la  and A. J. Moorhead was presented a t  t h e  
18th I n t e r n a t i o n a l  AWS Brazing Conference, Chicago, March 25, 1987. 

1. "Character izat ion o f  Ceramic Braze Jo ints , "  by M. L. Sante l la  and 

2. "Character izat ion of I n t e r f a c i a l  Reaction Products i n  Ceramic 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

This portion of the project is identified as project element 2 within 

The subelements include macromodeling and micromodeling of 

the work breakdown structure (WBS). It contains three subelements: 
(1) Three-Dimensional Modeling, (2) Contact Interfaces, and ( 3 )  New 
Concepts. 
ceramic microstructures, properties of static and dynamic interfaces 
between ceramics and between ceramics and alloys, and advanced statistical 
and design approaches for describing mechanical behavior and for employing 
ceramics in structural design. 

The major objectives of research in Materials Design Methodology ele- 
ments include determining analytical techniques for predicting structural 
ceramic mechanical behavior from mechanical properties and microstructure, 
tribological behavior at high temperatures, and improved methods for 
describing the fracture statistics of structural ceramics. Success in 
meeting these objectives will provide U.S.  companies with methods for 
optimizing mechanical properties through microstructural control, for pre- 
dicting and controlling interfacial bonding and minimizing interfacial 
friction, and for developing a properly descriptive statistical data base 
for their structural ceramics. 
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2.2 CONTACT INTERFACES 

2.2.2 Dynamic I n t e r f a c e s  

Studies of Dynamic Contact of Ceramics and AZZoys f o r  Advanced Heat Engines 
K. F. Dufrane and W. A .  Glaeser ( B a t t e l l e  Columbus D i v i s i o n )  

Object ive/scope 

The o b j e c t i v e  o f  t h e  s tudy i s  t o  develop mathematical  models o f  t h e  
f r i c t i o n  and wear processes o f  ceramic i n t e r f a c e s  based on exper imenta l  
data.  The suppor t i ng  exper iments a r e  t o  be conducted a t  temperatures t o  
650 C under r e c i p r o c a t i n g  s l i d i n g  c o n d i t i o n s  rep roduc ing  t h e  loads,  speeds, 
and environment o f  t h e  r i n g / c y l  i n d e r  i n t e r f a c e  o f  advanced engines. The 
t e s t  specimens a r e  t o  be c a r e f u l l y  c h a r a c t e r i z e d  b e f o r e  and a f t e r  t e s t i n g  
t o  p r o v i d e  d e t a i l e d  i n p u t  t o  t h e  model. The r e s u l t s  a re  in tended t o  p r o v i d e  
t h e  b a s i s  f o r  i d e n t i f y i n g  s o l u t i o n s  t o  t h e  t r i b o l o g y  problems l i m i t i n g  t h e  
development o f  these engines. 

Technica l  proqress 

Apparatus 

The apparatus developed f o r  t h i s  program uses specimens o f  a s imple 
f l a t - o n - f l a t  geometry, which f a c i l i t a t e s  specimen procurement, f i n i s h i n g ,  
and t e s t i n g .  The apparatus reproduces t h e  impor tan t  o p e r a t i n g  c o n d i t i o n s  
o f t h e  p i s t o n / r i n g  i n t e r f a c e  o f  advanced engines. The specimen c o n f i g u r a t i o n  
and l o a d i n g  i s  shown i n  F igu re  1. The c o n t a c t  su r face  o f  t h e  r i n g  specimen 
i s  3.2 x 19 mm. A crown w i t h  a 32 mm r a d i u s  i s  ground on t h e  r i n g  specimen 
t o  i n s u r e  u n i f o r m  c o n t a c t .  The r i n g  specimen h o l d e r s  a re  p i v o t e d  a t  t h e i r  
c e n t e r s  t o  p r o v i d e  s e l f - a l i g n m e n t .  A chamber su r round ing  t h e  specimens i s  
used t o  c o n t r o l  t h e  atmosphere and c o n t a i n s  h e a t i n g  elements t o  c o n t r o l  
t h e  temperature.  The exhaust f rom a 4500 w a t t  d i e s e l  engine i s  heated t o  
t h e  specimen temperature and passed through t h e  chamber t o  p r o v i d e  an atmos- 
phere s i m i l a r  t o  t h a t  o f  a c t u a l  d i e s e l  engine s e r v i c e .  A summary o f  t h e  
t e s t i n g  c o n d i t i o n s  i s  presented i n  Table 1. 

M a t e r i a l  s 

M o n o l i t h i c  a lpha s i l i c o n  ca rb ide ,  s i l i c o n  n i t r i d e ,  and t h r e e  z i r c o n i a  
compounds were  s e l e c t e d  f o r  t h e  c y l i n d e r  specimens. The composi t ions of  
t h e  m a t e r i a l s  a re  presented i n  Table 2. 

Plasma-sprayed c o a t i n g s  o f  chromium c a r b i d e  and chromium ox ide  were 
a p p l i e d  on m i l d  s t e e l  base meta l  f o r  b o t h  r i n g  and c y l i n d e r  specimens. 
Chromium p l a t e d  r i n g  specimens and g ray  c a s t  i r o n  c y l i n d e r  specimens were 
used f o r  b a s e l i n e  data.  M o n o l i t h i c  r i n g  specimens were c u t  from t h e  s ides  
o f  t h e  c y l i n d e r  specimens. 
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t 

/“ 

i i g i ~ t ’ c  1. Test specimen configurat ion and loading 

Wear r a t e  s tud ie s  

Earl icr  experiments in t h e  prqr-am showed t h a t  ceramics i n  s1 i d i n g  
contact  will requi re  lubr ica t ion  f o r  long-term sl iding a p p l  i c a t - i o n s ,  s u c h  
as the  r ing /cy l inde r  i n t e r f ace  o f  advanced eng.ines. All attempts t o  run 
the  f i v e  mono1 i t h i c  ceramics and several  plasma-sprayed c o a t i n g s  o f  ceramics 
a n d  mel..als resul ted i n  h i g h  f r i c t i o n  c o e f f i c i e n t s  and h igh  w e a r  r a t e s .  
Several o f  t h e  miiterial combinations responded well b o t h  to the  l iqu id  l u b r i -  
c a t i o n  and t o  lub r i ca t ion  with powdered niolybdenun d i s u l f i d e .  S ince  1ubr . i -  
c a t  ion provided by sel f -1  u b r i c a t , i n g  processes typ ica l ly  have unacceptable 
wear r a t e s  and d r y  l ub r i can t s  a r e  extremely d i  f f i c u l t  t o  r e s u p p l y  r e l i a b l y ,  
1 i q u i d  l ub r i can t s  are  o f  m o r e  i n t e r e s t  for p rac t i ca l  engines,  However, 
the operat ing temperature ~ i t h  l i qu ids  - is  l imited a t  l e a s t  t o  some e x t e n t  
by  t he  inherent thermal s t a b i l i t y  o f  t h e  l i qu id  i t s e l f .  Ea r l i e r  e x p e r i m e n t s  
es tab l i shed  t h a t  310 C was t o o  h igh  for SD1.-1, a polyalphanlefin s y n t h e t i c  
l u b r i c a n t  with r e l a t i v e l y  h i g h  temperature c a p a b i l i t i e s ,  Experiments a t  
260 C were more s a t i s f a c t o r y .  Wter-efore, a s e r i e s  o f  experiments was con- 
ducted w i t h  various material  combindtions a t  260  C u s i n g  the polyalphaolefin 
t o  measure khe r eaa t ive  Near- performance o f  various inater ia l  combinations. 
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Table 1. Summary o f  t e s t i n g  c o n d i t i o n s  
_ _ _ _ _ l _ _ . . ~  .______ ____._____. -11 .--- -...-.-- ____L_____.._________ _I______ __-I.- 

S1 ii l ing Cantact :  Dual f l a t - o n - f l a t  
"Cyl inder"  Specimens: 
I' R i n g I' Spp c i men s : 
"Ring" crown r a d i u s :  32 mm 
!4 o t i on : Reciproca t ing ,  108 msn s t r o k e  
Speed : 
Load: t o  950 N 
Ring Loading: t o  50 N/mm 
Atmosphere: 
Measurements: 

12 .7  x 3 1  x 127 mm 
3.2 x 19 x 1 9  m 

500 t o  1500 rpm 

Diesel exhaust  o r  o t h e r  g a s e s  
F r i c t i o n  and wear ( a f t e r  t e s t )  

-_--. I____. 

Table 2.  Current c y l i n d e r  and r i n g  specimens 
-.-- ____-..-. __l_._ll_ .___ _I_p-.-sIc-.-LI-I-I ---- =:::p-.* --__ -..--- 

Nominal Composition 
Weight  Percent  Mater ia l  Ab b r ev i a t  i on 

I_.CI ----- l-_._l_____l__..-_l.._.-.-. .--- 

Magnesia P a r t i a l l y  S t a b i l -  MPS7. 3 .3  % MgO 
i z e d  Z i r c o n i s  3 % Hf02,  bal Zr02 

Y t t r i a  P a r t i a l l y  S t a b i l i z e d  YPSZ 5 . 4  % Y2O3, bal Zr02 
Z i r c o n i a  (Z-191)  

Alumina Transformation 
To u g h e t i  ed Z i r con i a 

Sintered Alpha Si l ico i i  
Carbide 

Si1 icon N i t r i d e  

Chromium Carbide 
(plasma sprayed)  

Chromium Oxide 
(p1 a m a  sprayed)  

ATTZ 3.6 % Y203, 20 % 
A1303, bal Zr02 

Si C S i  C 

2 % k l ,  6 . 5  % My, 
0.25  % A l ,  bal Si3N4 

s i  $4 

20 % Cr3C2, 12  % Ni, 
9 % W ,  bal  Cr 

5 % Cr, bal Cr203 Cr203 

Chroini urn PI a t e  Cr Cr 
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The f r i c t i o n  and wear r e s u l t s  of severa l  experiments a r e  presented in 
Table 3. The wear c o e f f i c i e n t s  were ca l cu la t ed  from the  Archard wear 
equat ion:  

k = ? f l ,  
Lx 

where: k = wear c o e f f i c i e n t  (d imens ionless ) ,  
p = hardness of wearing member, 
V = wear volurne, 
L = appl ied load,  and 
x = s l i d i n g  d i s t ance .  

A s  a b a s i s  of comparison, t he  wear c o e f f i c i e n t  f o r  an over-the-road d i e s e l  
t ruck  engine was ca lcu la t ed  t o  be 5 x 10-9 ,  assuming an average loading o f  
17.5 N / m m  (100 l b s / i n c h )  and a r a d i a l  chromium wear of 0 .25  mni (0 .01  inch) 
i n  308,000 miles  of opera t ion ,  The wear c o e f f i c i e n t  o f  8 x 10-8 f o r  the  
chromium on c a s t  i ron  in the  t e s t  apparatus  compares f a i r l y  well w i t h  t h a t  
o f  ac tua l  s e r v i c e  i n  t h a t  s i n g l e  order-of-magnitude v a r i a t i o n s  i n  wear 
c o e f f i c i e n t s  a r e  n o t  unusual. Fur ther ,  the  assumed average r i n g  loading 
for  t h e  t ruck engine may be high and the  higher  opera t ing  speed of a truck 
engine WOLJI~ enhance t h e  f o r m t i o n  of hydrodynamic l u b r i c a n t  5 ilrns, On 
this b a s i s ,  the apparatus  appears t o  be s imulat ing the wear condi t ions  o f  
ac tua l  s e r v i c e  i n  a s a t i s f a c t o r y  manner f o r  a comparison b a s i s .  

[he  decrease i n  the l u b r i c a n t  c a p a b i l i t y  a t  260 C i s  r e f l e c t e d  in the  
much higher  wear c o e f f i c i e n t  of 1 x measured with the  chromium p l a t e d  
r ing  and a c a s t  i ron  cy l inde r  1 i n e r .  The wear c o e f f i c i e n t  is  c l e a r l y  sens i -  
t i v e  t o  t h e  l u b r i c a t i o n  condi t ions  f o r  a given icrdterial combination. She 
bes t  wear performance a t  260 C has been obtained w i t h  self-mated Cr$3 
r ings  and Cy203 cy l inde r  l i n e r s ,  which had wear c o e f f i c i e n t s  of 1 x 10-6 -  
S imi la r  ring wear performance was observed with both plasma sprayed and 
SCA-1000 dra in  c a s t  Cr703 cy1 inder  1 i n e r  specimens. The performance o f  
self-mated Si3M4 was somewhat higher a t  3 x 10-6. While c l e a r l y  higher than 
the wear c o e f f i c i e n t  values  measured a t  100 C, wear c o e f f i c i e n t s  o f  10-6 
a r e  i n d i c a t i v e  o f  good s l  iding performance w i t h  t h e  l ub r i can t /mdte r i a l s  
systems. Wear c o e f f i c i e n t s  of 10-5 and 10 -4 ,  nrellsured on the  remaining 
examples i n  Table 3 ,  a r e  well beyond t h e  sccep tab le  rdnge f o r  pr.actica1 
p is ton  r ing  a p p l i c a t i o n s ,  

l h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  repor ted  low-heat-reject ion 
engine r e s u l t s  i n  t h a t  plasma-sprayed coa t ings  o f  Cr-203 have shown good 
performance a t  e leva ted  opeyating temperatures  re1 a t i v e  t o  t h d t  of chromium 
plated rings o r  monoli thic  YPSZ r ings .  'Ihe r e s u l t s  a l s o  ind ica t e  the need 
f o r  l u b r i c a n t s  w i t h  h igher  temperature c a p a b i l i t i e s  t o  permit r a i s i n g  t h e  
opera t ing  temperature ,  

- 

- 

Inspect ion -I_ O F  Worn Rig  Surfaces  

lhe worn r ing  su r faces  of CrzO3 and Si3N4 were examined by scanning 
e l ec t ron  microscopy (SEM) t o  r s l a t r  t h e  wear process  t o  thr measured w a r  
r a t e s .  As shown in Figure 2 ,  the  sur faces  o f  t h e  Cr2O3 r ing  specimens were 
q u i t e  rouqh on a microsca le ,  even though they displayed t h e  lowest wear 
c o e f f i c i e n t  of a l l  t he  m a t e r i a l s  a t  260 C .  The slrrface f e a t u r e s  had a 

- 
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Tab 1 e 3 .  Compari son of Approxi mate Ri ng Wear Coeffi c i  en ts 
_I__. 

~ -----..--- 

Ring Ring 
Ring Cy1 inder Temperature , Loading , Friction We at- 

Material Material Lubricant C N/mm Coefficient Coefficient 

Cr Cast I r o n  SAE 30 100 17.5 -- 5 x io+* 

Cr Cast Iron SDL-1 260 15.7 0.07 - 0.1 1 10-5 

Cr Si 3N4 SDL-1 260 12 .3  0.14 1 x 10-4  
Cr YPSZ SOL-1 260 12.3 0.2 - 0.3 1 x 10-4 

Cr Cast Iron SOL-1 100 12.3 0.03 - 0.04 8 x 1 0 ' 8  
Cy203 Cr203 SDL-1 260 13.4 0.05 - 0.08 1 x 

SOL-1 260 12.3 0.05 - 0.06 3 x S13N4 S i3N4  

Cr3C2 Cr2O3 snL-1 260 14.0 0.13 2 x 10-5 

YPS2 YPSZ SAE 10 20 12.3 0.13 - 0.16 2 x 
YPSZ YPSZ None 540 12.3 0.3 - 0.6 8 x 

..--- 
._I 

* Typical actual diesel truck engine experience 

general o r i en ta t ion  in the  d i r ec t ion  of s l i d i n g  and showed widespread ev i -  
dence o f  local  smearing, Figure 2a. A t  higher magnification, Figure 2b,  
the surface t ex tu re  i s  suggestive o f  build-ups,  possibly o f  wear debr i s  
and l ub r i can t  decomposition products. Local chemical a t tack  may a l s o  be 
playing a ro l e  i n  forming the depressed areas .  Fine abrasive scra tches  
a re  v i s i b l e  l o c a l l y ,  as would be expected. In view of the  very low w a r  
r a t e s  experienced by the Cr2O3, the  surface t ex tu re  would represent  an equi- 
l ibrium condition a f t e r  h i g h  s l i d ing  d is tances .  A t  t he  measured average 
wear r a t e ,  the  s l i d ing  associated w i t h  four revolut ions o f  the  engine would 
be required t o  remove one atom layer  from the  sur face .  The surface t ex tu re  
observed was therefore  the r e s u ? t  of thousands o f  s l id ing  cycles .  

I n  cont ras t  w i t h  the  Cr3O3 sur faces ,  the  Si3N4 ring surface consisted 
o f  bands o f  very smooth and 'roughened regions general ly  aligned with the  
s l i d ing  d i r e c t i o n ,  Figure 3. A t  higher magnif icat ion,  Figure 4a, the  rough- 
ened bands consis ted of widespread local  f r ac tu res ,  which apparently released 
the near-surface mater ia l .  Between the  rough bands, the  surface was highly 
pol ished, Figure 4b .  
b u t  the  general surface was ind ica t ive  of a very mild pol ishing +/ear process. 

The striking d i f fe rences  in surface t ex tu re  between the  Si3N4 and 
Cr2O3 r i n g  sur faces  suggest t h a t  the material  chemistry mag be playing an 
important ro le  i n  the  wear process. Both ma te r i a l s  had r e l a t i v e l y  low 
wear r a t e s ,  b u t  d i f f e r e n t  wear mechanisms w e r e  apparent.  The h i g h l y  polished 
areas  on the  Si3N4 a re  expected i n  low-wear-rate conpanents. The roughened, 
micrafractured areas a re  undesirable and a probable source of abrasive 
debr i s .  The i r r egu la r  surface on the  Cr2O3 suggests t h a t  a smooth polished 
sur face  i s  not a requirement f o r  low-wear-rate performance. Further e x a n i -  
nat ions wi l l  be performed t o  provide more de t a i l ed  information on the associ-  
ated wear mechanisms. 

Shallow abrasion scratches were present ,  ar  expected 
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71 327 2500X 
a .  Varying general roughness 

77 348 20, ooox 
b. Details of  relatively smooth area 

Figure 2. Worn surface of Cr2O3 r i n g  specimen after 12 hours 
of running 
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1 ooox 71 31 8 

Figure 3. Varying bands o f  smooth and roughened a r e a s  on worn 
Si3N4 r i n g  s u r f a c e  
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a .  lghened a rea  
2500X 

a a 

71321 
I u 

25 0 3 
Smooth a r e a  

Figure 4. Deta i l  o f  worn Si3N4 r ing  s u r f a c e  
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S t a t u s  o f  Milestones 

The program i s  progressing in accordance with the milestone schedule. 

Pub1 i cati  ons 

K .  F. Dufrane and W .  A .  Glaeser, "Dynamic Contact of Ceramics", pre- 
sented a t  the Contractor's Coordination Meeting in Dearborn, Michigan on 
October 30, 1986. Submitted to  SAE f o r  publication. 

K .  F .  Dufrane and W .  A.  Glaeser, "Performance of Ceramics in Ring/Cyl- 
inder Applications", SAE paper 870426, 2987. 
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2 

AdvJ?nced S t a t i s t i c s  
W .  P. E a t h e r l y  (Oak Ridge Hat  

Objec:ive/scope 

3 NEW CONCEPTS 

on a 1 Labora tory  ) 

The f a i l u r e  o f  b r i t t l e  m a t e r i a l s  caused by f l a w  f i e l d s  i s  g e n e r a l l y  
t r e a t e d  q u i t e  s a t i s f a c t o r i l y  by t h e  use o f  Weibu l l  s t a t i s t i c s .  The 
a p p l i c a t i o n  ~f Weibu l l  s t a t i s t i c s  i s  1 i m i t e d  by l a c k  o f  d i s t r i b u t i o n s  
f o r  r e l a t e d  f u n c t i o n s  such as t o l e r a n c e  l i m i t s  and i s  g e n e r a l l y  r e s t r i c -  
t e d  Lo low values o f  t h e  Weibu l l  exponent, 
t h i s  program has been d i r e c t e d  toward de termin ing  t h e  h i g h e r  moments o f  

o f - f i  t t e s t s  

The present  e f f o r t  under 

e i b u l l  d i s t r i b u t i o n  f o r  any nr-value and e x p l o r i n g  these f o r  gsodness- 

_sl____-_ Tech n i ca 1 p r  os r e  s s 

TWO r e p o r t s  a r e  b e i n g  prepared f o r  p u b l i c a t i o n .  The f i r s t  o f  these, 
the c a l c u l a t i o n  o f  i n t e r p o l a t i o n  formulas f o r  the l ' - funct ion t o  t e n  
s i g n i f i c a n t  f i g u r e s ,  i s  r e l a t i v e l y  s imple.  The second represents  t h e  
computat ion o f  t h e  h i g h e r  moments o f  t h e  Weibu l l  d i s t r i b u t i o n  i n  asymp- 
t o t i c  form. 

Extended t a b l e  o f  t h e  gamma f u n c t i o n  

The importance o f  t h e  I ' - func t ion  t o  t h e  s t a t i s t i c s  o f  b r i t t l e  
t e r i a l s  l i e s  i n  t h e  f a c t  t h a t ,  t o  t h e  e x t e n t  Weibu l l  s t a t i s t i c s  app ly ,  
e i r  c h a r a c t e r i s t i c s  a r e  expressed as f u n c t i o n s  o f  t h e  r - f u n c t i o n .  

These f u n c t i o n s  depend on d i f f e r e n c e s  between r - f u n c t i o n s  t h a t ,  
a t  l e a s t  f o r  t h e  moments o f  t h e  d i s t r i b u t i o n ,  r a p i d l y  approach zero. A 
ten-p lace  t a b l e  o f  r - f u n c t i o n s  appears t o  he s u f f i c i e n t  t o  g i v e  good 
values o f  skewness up t o  a Weibul l  exponent. va lue  o f  m s 50, b u t  it w i l l  
g i v e  good va lues  o f  k u r t o s i s  o n l y  up t o  m =: 20. 

Bureau o f  Standards compilation. T h i s  ten-p lace  t a b l e  s u f f e r s ,  
however, f rom t o o  coarse a g r i d  f o r  t h e  independent v a r i a b l e  [ i . e . ,  an 
i n t e r v a l  o f  0.005 i n  x f o r  I ' ( x ) ] .  The t a b l e  may be t e s t e d  f o r  i n t e r n a l  
cons i  stency by means o f  successive d i  f fe rences ,  and these become "roughf8 
at. the f o u r t h  d i f f e r e n c e .  T h i s  roughness presumably ar i ses  f rom round- 
i n g  the values o f  r ( x )  back t o  t e n  p laces .  
the t a b l e  i s  performed d i r e c t l y  f rom t h e  t a b u l a t e d  va lues  o f  l'(x), e r r o r s  
q u i c k l y  move i n t o  the n i n t h  p lace ,  and propagate i n t o  t h e  t h i r d  p l a c e  
when the f o u r t h  moment i s  c a l c u l a t e d  a t  m = 20. 

I ier  t a b l e s  f o r  t h e  f i r s t  f o u r  moments c a l c u l a t e d  d i r e c t l y  from r ( x )  
has been overs ta ted .  

I n t e r p o l a t e d  va lues  o f  r(x) can be brought  back t o  an accuracy o f  
m l  i n  t h e  t e n t h  p l a c e  by smoothing t h e  f o u r t h  d i f f e r e n c e .  I n  p r a c t i c a l  
terms, t h i s  s i m p l y  means t he  interpolation formula5 need n o t  pass th rough 
the  t a b u l a t e d  va lues but o n l y  pass i n  t h e i r  neighborhood, t h a t  ne ighbor-  
hood be ing  d e f i n e d  by t h e  requfrement  t h a t  the t a b u l a t e d  va lue  i s  rounded 
back t o  t e n  p laces.  

The c a l c u l a t i o n  o f  t h e  i n t e r p o l a t i o n  formulas .Is e s s e n t d a l l y  
complete and w i l l  be i ssued soon as a document. R e c a l c u l a t i o n  o f  t h e  
moments i s  t r i v i a l  b u t  ha5 n o t  y e t  been done. 

The b e s t  t a b l e  o f  r - f u n c t i o n s  I have found i s  i n  the  N a t i o n a l  

I f  t h e  i n t e r p o l a t i o n  o f  

Thus, t h e  accuracy o f  our  
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Asymptotic equat ions f a r  the higher moments of the Weibull distribdtlsn 

As has been previously reported,  equations f o r  t h e  moments o f  t he  
Sleibull distribution have been developed in asymptotic form t o  pep.mn?t 
accurate calculation of t h e  skewness and kurtosis far  H values greater  
than 20. These eqma"tows take t he  form 

where 

- 
and 0 i s  the Wetbull scale  parameter.  he coefficients cni are: rather 
csmpllcated f i n f t e  series i n v o l v i n g  the  Riemann z e t a  f u n c t i o n  and have 
been evaluated up t o  i = 8 .  A conparison o f  the numerical v a l u e s  from 
t h e  asymptotic formulas and the direct calculation f r om t h e  T-Funct ions 
yielded a s imp le  remainder formula: 

where t h e  remainder t e rm i s  given by 

W l t h  k = 8, the remainder term becomes negligible ( l e s s  than one p a i n t  
in lo6) at m = 25 f o r  thhe second moment and a t  m z 50 for the t h i r d  and 
fourth moments. 

tence o f  t h i s  remainder f o rmu la .  T h l s  is due t s  t h e  complexity o f  the 
coefficients cni and the lack o f  a b i l i t y  t o  find any provab ly  dominant 
ternis within t h e i r  F - i n i t e  ser ies  expressions. 
abandoned t h e  attempt" and will r epor t  the results o f  the calculations 
justifying t h e  use o f  the remainder t e n t  on the b a s i s  o f  inspection only. 

We have been totally frustrated in our  a t t e m p t s  t o  derlve the  ex is -  

We: have terngorapily 

_.___ S t a t u s  ._... o f  _I_____ milestones .... - 

The technical work f o r  milestone 1.a ( t a b l e  o f  r - f u n c t i o n )  has 
been completed, and t h e  t a b l e  will be issued in July 1981. 

None. 
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.4dv-snced SL-acistPcal Coircey&s of Fracture  in H i - i L t  le Materials  ... I__^ 

C .  A .  Johnson and 5.;'. T .  Tuckes (General E l e c t r i c  Corporate Resezrcb and 
-.-..,. __ .____....--__..I__ ...... 

The design and application 0 2  r e l i a b l e  1 oad-bearing structural. 
cemponents from ceramics requlres a dekai led  lindcrstanding o f  the 
stat3stical nature of fracture in brittle naLLerials. 'r'nt? overall 
sbjcct:ive of th is  program I s  to advance che cur ren t  understanding o f  
fracture s t a t i s t l c s ,  especially in the Z o l  lovi ng r-dhree arcas : 

e Opcirnun testing piaiis ai-nd data analysis techniques 

e Consequences o f  t it i is deprndent  crack groxth on the cvelutlon 
of i n i t i a l  s t r e n g t h  distributions. 

a! Confidence and tolerance 1xxmds on pradictlons that i ise the 
Weibull disLrihution functhx-i. 

The s t u d i e s  are 3cf.119 carried out l a r g p l y  by atralyt ical  and compater 
sirnulati  on techmiques . Actual f t-zcture d2 ta  a r c  then used as appropr ia te  
to canfirm and d ~ i i i o n s t t . a + ~  the i-esiiltjtig dxtz analysis tcc:mlgues. 

'Fe c h i  c a 1 pr og i- e s s . . . . ,__ 

Dur: ng this repoLtimg pe r iod  t uo  mi 1 2 S t G i I C S  were complcted and 
threc others i n i t i a t e d .  Resul t s  r e l a t - d  t o  the completed n~iPsstsnes w a ' l l  
be emphasized i n  this re2arr.  The firsi- inilestone (231303) studied thc 
effprts s f  sub-critical crack growc4 O i l  ~che o ~ o l ~ t i s t a  of i n i t  :a1 s t rengt  11 
distributions, p r i 1 ~ 3 r i l y  using models such as powr <--law crack growth and 
Vsibull  strength distributions. The second milestone (231304) invol.vc.2. 
the dprPvaiio11 of coiifidence and tolerance bounds on p red ic t ed  sC:P-engths 
us ing  tlxe Ueibul l  d i s t r i b u t r o n .  The followi-ng two sections dcscr-ibs work 
relai  ed P O  t hese  t w o  milestones. 

1. Evolution of S t r e n g t h  Distributions Dur ing S l u g  Crack Gt-owtk 

n v = A K  

and a WTeibull distributbon for *ehe i n i l i a 1  s"trc?ngth dSsir€Sut€on. I t  
W;PS shown that progxcssivelg s l u w ~ r  loading r a ~ ~ s  (longer times to 
fajlurr) wollld not  only r e s - i l t r .  i n  1 o w n . r  fallurc s t r e n g t h s  but vould  a l s o  
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r e s u l t  i n  less v a r i n b t l i t y  i n  strengLh (hfgher m value)  than that of the  
i n i t i a l  ( i n e r t )  d i s t r iAu t ion  o f  s t r eng ths .  
r a t e s  t he  i n i t i a l l y  Weibull. distribution of s t r eng ths  was found to 
asymptot ical ly  r e t u r n  to a Weibu’hl d i s t r i b u t i o n ,  but with a higher  rn 
value of: 

A t  extremely slow loading 

Since the  pre-vislns semi-annual r e p o r t ,  the study h a s  been extexldsd to 
include s t a t i c  f a t fgue  (constant  stress) t e s t i n g  and some prel iminary 
cons1derat:ion of exponent ia l  crack growth models. 

Figure 1 w a s  generated using power law crack growth according t o  
Eqifation 1, arid i l l u s t r a t e s  the  r e l a t i v e  behavkoz of s t a t i c  and dynamic 
f a t i g u e  on a material. with an inert  s t r eng th  of approximately 650 MPa and 
a s t r e n g t h  degradat ion exponent, n ,  o f  5 .  The r e l a t i o n s h i p  descr ib ing  
time ta f a i l u r e  i n  static fa t lgue as a func t ion  o f  appl ied  stress can be 
derived by i n t e g r a t i n g  Equation 1 i n  a similar manner t o  the t n t eg ra t ion  
o f  t he  dynamllc f a t igue  loading schedule shown i n  e a r l i e r  reports;. 
r e s u l t i n g  t l m e  t o  failinre fan s t a t i c  fatigue i s :  

The 

and can be r e l a t e d  t o  the  time t o  f a i l u r e  in dynamic fatigue by the 
following simple r e l a t i o n s h i p :  

The two curves on Figure l a r e  thex-efore iden t i ca l  i n  shape and simply 
s h i f t e d  i n  time by a fac tor  of n+ l .  As kn t h e  case of dynami.~ fatigue, 
the  statltc Eatigue behavior asymptot ical ly  approaches a s t r a i g h t  l i n e  
r e l a t i o n s h i p  a t  low s t r e s s e s  and long times t o  f a i l u r e ,  where the slope 
of the  s t r a i g h t  l i n e  I s  - l / n .  

Figure 2 i l l u s t r a t e s  the e f f e c t s  of screngeh v a r i a b i l i t y  on s t a t i c  
f a t i g u e  behavior by using a family of nine C U K V ~ S  represent ing  the  1.8, 
20, through 98 p e r c e n t i l e  behaviors of (3. Weibull d l s t r i b u t i o n  (where the 
initial s t r eng ths  have a WeSbull modulus of 5 ) .  T h e  lowest cuxve, fo r  
in s t ance ,  Z - ~ ~ K ~ S ~ I I ~ S  rhe behavlor o f  spec?-mens with an initial s t r e n g t h  
equal t o  t he  10 p e r c e n t i l e  behavior of the d i s t r i b u t i o n  (approximately 
450 MPs f a r  t h l s  choice of parameters).  As f o r  the  case of dylaan.11-c 
fatkgue, the  family of curves on Figure 2 are i d e n t i c a l  i n  shape but  
d i sp laced  r e l a t i v e  to each o t h e r .  The displacement i s  not  ~ t r e ~ t i c d  but ,  
r a t h e r ,  i s  along a I l n e  w i t h  a s lope ot -1/2. 

In s t a t i c  f a t i g u e  t e s t i n g ,  t he re  i s  no v a r F a h i l i t y  i n  f a f l u r e  stress 
since the stress is h e l d  constant thrazlghout each t e s t  and constant from 
specimen t o  specimen w i t h i n  a s e r i e s  o f  tests, Instead, the spt?eimeri t o  
specimen s t r eng th  var iabi l  l t y  is transformed into v a r i a b i l i t y  of the 
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For the  case of craek growth according to Eqnratian 1 w % t B  small  
a p p l i e d  stresses (such t h a t  f a i l v r s  occurs In the, asymptstie, region for 
each specimen) and with a dlssributlon o f  i ne r t  strengths that f s  
Waibull, it can be shorn bot& grdnghica1l.y and by derivation t:ltaett ehe 

form. The Weibubl niodulus of times to failure at low stresses and long 
failure timer; I s  re la ted  to the WelbuEP. nodulus of che Inert  strengths as 
follows 2 

dl.StribUj:%On O f  t h X ? S  tB f a f l u r e  S ' k a t J C  fatigue i S  a l s o  iJe%bUtl 

En addition to power-law crack growtrh according to Eqtoatlon I., some 
prel Cm2na1-y consideration was glaren to the modif kat-Lon of i n i t i a l  
strength d l s t r i b u t i o n s  by exponential. crack growth relatlonshlps uf the 
fn9lcsuiany t:Enrea forms : 

v = A K /'K e x g  (nK/Kc)  c 

.. - ....... . .. ......,.......... ,,....,..,..,.... __ .................... 



'These three forms p lus  power-law crack growr-h were cornpared by Trant ina 
i n  the analysis of  high t empera tu re  s t x a 2 c  and dynamic f a l igue  ef 
hot-pressed s i l i c o n  n- i t r ide  ( 2 ) .  ii; :hat study, Traiitinti found t h a t  the 
rsrpoiieneial foims w e r z  superior  to power- l a w  i n  fittlng the  obsevved 
behavior I and tha t  the thc ee exponent i a1 forms were vlxtually 
ind is t inguishable  f r a m  each other  wi th ln  the range O T  observed times to 
f a i l u r e  . 

Cons2denation of the expormitiwl crack growth re lzt - ionships  of 
Equation 6 i n  the curren t  study has revealed a disturbing characteristic 
coimoii t o  a l l  t h r e e .  When p lo t eed  as Figure 2 for e ikher  dynamic o r  
sta t  IC fatfgu.5 ~ the expa ien t i a l  fornn do not asymptotically approach a 
st<.raight l i n e  but: rakher are always concave diplrullvard. When a family of 
curves r ep rese i l t hg  a d t s t r i b u t i o n  of i n i t i a l  strellgths a r e  superimposed 
0 6 1  one Eigure, the curves i n t e r s a c t  a t  long Limes to fallu~e. The ne t  
e f f e c t  of the i n t e r sec t ions  i s  t o  invest the  population of s t reng; ths .  
That is, thp_ specimen w i t h  t h e  highest. i n e s k  s t r eng th  w t l L  have the 
lowest s t re i ig th  at l s n g  tlmes to f a i l u r e ,  and vice versa. This inversion 
Is pczmlssible i n  a mathematical s e n s ~ ,  but i n t u i t i v e l y  seems t o  v i o l a t e  
some physical c o n s t r a i n t s .  IC is hoped tha t  work can continue to further 
irttdrrntand th ls  characeeristk of exponential  crack g r o w t h  relaelonships. 

2. Confidence and Tolerance Wounds 

Problems involving eonf%dence and zolerance bounds on estimates of 
strengths can he categorized according t o  the type  of loading and the 
~ K ~ S ~ I I C ~  or absence of size sca l ing .  The following four cases w i l - 1  be 
eotls 1 asred : 

Q Uniform te;isile s t r e s s  and s h g l e  specimen s i z e  

Q Uniform t-ensila s t r e s s  and multiple specimen s i z e s  

B Cofimon loa3 f a c t o r  (k) and m u l t l p l c  specimen s l z e s  

in each of thcsn cases i t  is  assumed t h a t  the W~i 'bu l l  distrtbutian with a 
size or voliirne t e r m  adequately describes the stnrr?ngtlr to failure: 

where P i s  zhe cumulative protablllty o f  f a i l u r e ,  dV I s  the differential 
volume aande-; R cons tan^ stress state, ~i is the magnf.tude of t;har.. 
stress (at f a f l u r e ) ,  m I s  the ae ib i i l l  modulus, and u is a 
norna l j z ins  parameLer. 
Equation 7 can 5;: evaluated t o  the form: 

~urthzxmsre, i t  is assumed &at the integral in 

1 -  
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The next four sub-sections discuss Each of  the four categories o f  
eonfldenee/ t~lcrance problems X i s t e d  above I 

2 " 1 U i r n l f a r m  Tensile Stress and Singla  Specialen Size 

Thin; is the most s t ra ight forward  sf  the four czses bec.ause ehere axe  no 
complications e i t h e r  f ~ ~ n t  non-uniform stresses or ~ P L % I R  s h e  scaling ~ 

Cozzverse1.y. t h i s  i s  [:he leasl: useful af the fonr  because very few psa.ct ical  
problems in des ign  w l t h  b r t t t l e  materials f i c  within  the cons t r a in t s  of p r e  
teras5.m and no s i z e  scaklng . fbwever, these cuxnstraines reduce the p~ohl.em 
to  ne t-f-rat has been t r e a t e d  in t:he s t a t i s t i c a l  1 I . t e r a t u ~ e  f o r  other probl.ems 
that u s e  the We5.bual dl.stribastS.csn. 
Nann, %chafer ,  and Sisngpurwalla ( 4 ) ,  and Nakson (51,  as we1.X as the anmtsni:ed 
b tb l iog ixphy of stakistical c-,c.mfi.dencc prcicedt~res for iife data given Ln art 

Ve r e fe r  to the books by Lawless ( 3 ) ,  

e a r l i e r  semiannual. r epor t  (6). 

P - 1 -  ( l -  

- ~ .............. ................................... 
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L a w h ~ s s  ( 7 )  can be employed to ovexcome theso d i fSPcu l t i e s .  (Be do not 
advocate use o f  the usual asyiizptotic norma?. theory methods since it is 
w e l l  knmm chat: thesc methods may requi re  large sample s i z e s  o f  the order 
of 100 or more.) The Lawless approach is a condi t iona l  one and requi res  
tn?egraL5on of a conditional likeli-hood function i n  order  t o  obtain t he  
desii-ed CoixEidence l i m i t s .  A s  a cesult of t h i s ,  the Lavless method has 
not received wide usage. B u t ,  t h e o r e t i c a l  r e s u l t s  on l ike l ihood 
ififerenee (see,  f o r  exampbe, BirzkLey ( 8 ) )  show, at l e a s t  for Pocation- 
s ca l e  f a n i l b i e s ,  an e x a c t  re lac ionship  between the l ike l ihood ~ a i t i ~  method 
and zEie kerne l  of the l ike l ihood function. Thus, the likelihood r a t i o  
me~lmod j u s t  gfves a numerical a p p ~ o ~ i m a t i ~ n  t o  the Lawless approach and 
it appears t h a ~  the reluctance I S  employ the Lawless method i s  somewhat 
imfounded. Investigation o f  t h i s  methodology i s  s t i l l  underway and 
speciflc conclusions 2nd recommendations w ! l l  be made concs?rning the  use 
arid propexties of any proposed methGdOiogy developed. 

2 . 3  tomrnon Load Eactor and Mnltiple Specimen S i z e s  

If  the load f a c t o r .  k ,  i s  the  same [or the  t e s t  specTmens and 
cornpona-tt- structuics then Equation 9 can s t i l l  be employed t o  transform 

cancel out  i n  the  er;pii.rLent i n  der iving Equa~ion 9 . )  'Thus any methodology 
developed for use w l t h  ;?- arniforw load an& mult ip le  s i z e s  i s  a l s o  
applicable with common load f a c t o r s  and mul t ip le  s i z e s .  

qUak'I.tileS At OpC?rar"lg CO-hlditfconS to those 2 C  t e s t  CO-ildit:OKlS. (The k"S 

2 . 4  D i f f e r k g  Load Factors  and Multiple S izes  

'this s i t u a t j o n  is the MOSL d i f f i c u l t  of the four  to treat s ince  thn, 
k ' s  i n  t h e  exponent SF Eqiiation 9 do not cancel  out If the  Veibull 
i n t e g r a l  can be evaluated and the imp l i c i t  €allure model t h a t  this 
i n t e g f a l  implies i s  v a l i d ,  r:.ben, i r i  princlp: e a l ike l ihood bmfcrence 
me:hods can be appl ied .  li0biEver, due TO the poss ib le  complex way i n  
which the k's may be func t ions  of the Vefbull  wodulus ,  convergence 
proS1e;ns nay e x i s t .  In any event,  tf one wants t o  estPana.te quan t i l e s  at 
t-ompi-ia-n:: conditions the fi i t ict ional depcndence ~f the k's on the unknown 
m must be h o r n  ai?d a successful es t imat ion scheme devised.  Thus, 

rilure models a r e  inzportaizt as vel!. as the e f f e c t s  o f  multPaxLal s t r e s s  
s ta te ,?  in determining 2 romplete estimation scheme. 

statzis o f  ni lestones 

The three nrilns'iones dm? to be cclrnpletad at the end sf the t h i r d  
year of the  prograin are  QPI schedule.  

Publ ica t ions  -....--__.--I-- 
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October 29 and 30 ,  1 9 8 6 ,  nearborn, Michigan. 
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fhe objec t ive  of t h i s  p a r t  o f   lie Frogram i s  Lo i d e n t i f y  rnechanisini o f  
fa i  l u re  i n  s t r u c t u r a l  ceramics subject-ed i o  rnzchanical loads i l l  var ious 
envlronmentq O f  p a r t i c u l a r  i n t t x r s t  i s  the  darnage t h a t  accumiilatcs i n  
strclctural  ccramics as a consequence o f  high temperature exposure t o  the  
environmenis at13 s t r e s s e s  normally presenl i n  heat enzine? 

intended f u r  use ill he.3t e~ig ines  jnd icd t r  thai f o r  lorig t e r m  iisagp, damage 
accumula t io i i  w i l l  be the  primary cause of  specimer, r a i l u r e .  IlzcLanical 
defPcL3, cven i f  present ill Lliese ma te r i a l s ,  ace healed o r  re'twvcd by 'nig11 
temperature exposure so t h a t  the o r i g i n a l  defec ts  have 1 i t t  Le influPiicc on 
l o n g  tenit l i f e t i m e  a t  e l ~ v a i e d  i ts ipcrature .  Sm h i s  s i t i i a t io l l ,  1 i fel ine can 
bc detrlrinined by cl idracter iz ing the naiurc  of the damage and r a t e  of damage 
accuiilulation i n  the materia 1 a t  e levated teknpei.atures. I n  n m s L  s t r u c t u r a l  
ceramics o f  cu r ren t  i nteses  i ,  the f i n e  g ra in  s i z ?  and cheinLra 1 co~nplcxi ty  o f  
t he  mi croqt ruc ture  p rec l i i des  ihe use o f  rou t ine  charac te r i  zaLion methods. 
Hence, the? e i s  a c l e a r  nccd for aii ; i lylical  transmission c l e c t r o n  iliicroscopy 
s tud ie s  as an adjunct  t o  thc xcchnical L e s t i n q  OE these  mater ia l s  E u r  high 
Lmperature  a p p l j  ca t ions .  

III  t h i s  p r o j  E C C ,  thc creep and c reep- rap iure  behavior o f  severa l  cerawic 
naLerials  w i  I1 be co r re l a tpd  wirh microstrrictaidP damage t h a t  occurs a s  a 
func t ion  ok creep s t r a i n  and rupLure time Mater ia ls  t o  L P  s tud ied  inc lude .  
s i a l o n s ;  ho t -pressed  s i l i c o n  n i t r i d e ;  and s i n t e r e d  s i l i c o n  carbidc T 1 1 7  s 

projec t  w f l l  be coordinated b r i t 1 1  VES 3 , b . l  . 3 ,  T e i i s i l e  Creep iescing, with  the 
111 t imate  goal o f  d e v e l  oping a test rncthodology f o r  assuring the  reltability o f  
s tLuctura1 ceramics f o r  h i &  tenrperature zpp 1 i r a t i o n s  . 

cxpcrjmental batches o f  stractural ccramics and composites w i l l  be conducwd 
on a se rv i ce  h a s i s  f o r  other  p ro jec t s  included i n  the hea t  engine p~ogram.  
Chal-acter i /a t ion ..ill be conducted by  use o:  scanning and i 1 dnsiilission 
inicroscopy I o iden t i fy  i I w  phases present  and the  miclres t rw ic l r a l  
charac te r i  s t icc ,  o f  these  mater ia l s .  

Recent s t u d i e s  of high temperature f a i l u r e  o f  ;he non-oxide ceLarnics 

L ^  

In  addicion t o  the above, inges t iga t ions  o f  thc  micros! 

During i5ie pas t  > i x  morlt:,s ihe microstructure  o f  a s - r c r r i v e d  s i l i con izcd  
s i l i c o n  carbide ( S O H 1 0  KXO1) u7a4 compared with the  microsirucitLre of mater ia l  
that had bcpn defcrmsd a t  high LnnperaL\li-es i n  z i t h e r  f l exure  o r  tensisin. In 
f l exura l  specimens, f l p r e  1 ,  the  microstruci ure  o f  the compressive s ide  of 
the bend spccimenc, was very s i r n i l a ~  t o  t h a t  of LLh? as - rece ived  specimen. ltie 
inaierial corksisred o f  a:> interronnzcted ncLvrk  of si l i  c o n  apparent ly  wet t ing 
LIP sur faces  of a l l  Z r a i t t s  o f  s i l i c o n  carb ide .  This microstructure  coiif 1 as t s  
sharply with that  from the t r n s i l c  si irface o f  the samc s p e c i m e i ~ s ,  f i g u r e  2 ,  i n  
which cavii  l e s  have operisci i n  the  a i l i co l l  phase of  the  coniposiLe mater iz l  
Near the  tensile siirfac? f i p r p  2a, thc c a v i t i e s  appear as small  crack-Like 
Fealures w i t 1 1  iii the naYr3 ai gra in  boundaries As these ~ J O ~ J ,  they a r r e a t  
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at the I-arge poo l s  of s i l i c o n  that: surround tihe carbide. g r a i n s ,  
the material ~ f igure  2b, the cavities are isolated, randomly d i s t r i b u t e d ,  artd 
are much larger  than those at the srarfaca. T1i.i.s difference in the appearance 
o f  the cavities ear\ be attributed i n  p a r t  to the t r iaxinl .  nature of  the 
stresses deeper w i . t : h i n  che flexure bar .  Near t:he surface,  plain stress 
cond i t ions  are p r i m a r i l y  responsible f o r  the g r o w h  o f  tile c.avities, whereas 
below the surface, where cons t ra i -n ts  on the flow are greater  be.eause of t h e  
absence Q E  a free surface t o  r e l ax  stresses normal to t h e  surface,  p l a in .  
s t r e s s  cond i t ions  &Lve cav-lty growth. In the I . a t t e r  s t a t e  of stress 
cavities tend to open wider and to be more rout-tded i n  shape,  as can be s 

Deeper w i - t h i n  

figure 2h. 
The o r i g i n  of  these cavi t ies  can be viewed i.n much great:cr detatl by 

viewing the narrow in t c rphases  of silicon by transmission el cctx'on nicmscopy , 
Figure 3 shows a phot.omicrograph o f  a w i d e  in.( phase boundayy of si.lj.con 
aeparat:Png two grains of  s i l i c o n  carbide i n  material that ha:; been cleformed i n  
tension to approx.i.nnate1.y 0 . 5  p ~ r c e r i c  s t r a l n .  Despi.i:e this s t r a i n ,  and d e s p i t e  
the fact that  deformacion occurs only thr t~ i~ tg l~  the . s i l i ca~- i  phase, there  i s  
li%tle evidence of  BLslocation generat ion w i l h i . - c l  the  s i l i c o n  phase. This 
absence o f  s i g n i f i c a n t  dislocation densi t tes  is probably the resu1.t of 
recrystal, kization and migration. of t he  dislocat.i.nns -b.eSpOlis,:ibLe f o r  
def~rmat? .on  t:o the sB~.b@sna/silicon carbide intc?rface. A fixrther ohserva t ions  
is the  cLemLi.ness of the interface.  In zl1 our stetdi-es , chere was l i t t l o  
evi.denca of impurities or p r e e t p i t a t e s  at ltbese w. ide  'rsnundari.es. 
silicon phase formed relatively large single crystals that, bonded the silicon 
carbide gra;iais togetlar:~. 
apparent: in &e s i l . i eon  phase, tzhe remainder of  the  i.ntergranular- s i l i c o n  i n  
f i gu re  3 is a s ingle  c rys ta l  of s i . l i con .  

interplias e hrmdar  i. e s I t:he najc~x~we I- bouida-r i R 6 f o m d  be tween many of t:he 
silicon carbi.de grains (usually located in agglomerates F i g .  1) conta in  a wide 
variety of i.mpuriti.es and inclusj-ons.  In figure? 4 for example ~ b o t h  iron-rich 
and calcium- rich i.n~:.lus.ions are  present  in t:he silicon phase aLozlg t h i s  n a r r o ~  
gratn boundary reg ion ,  More genera l ly ,  T i  - V - r i c h  impxci ty  inc lus tons  are aLso 
found wf.t:h.in gr2i.n bsundari.es of simil-ar width,  
lower t:he m e l t i n g  point: of the silic.on and P ~ ~ U C E ?  the surface terision o f  ths? 
silicon/s l l icon carbide i n t e r f a c e  ~ t h e y  pnE.sibly provide a choice I .ocation 
w i c h i n  the s o l i d  f a r  cavi ty  nucl.eat2.m. In add.i.tion, p r e - e x i s t i n g  cavities 
are  o:ft:eii Found near or within t hese  narrow- boundari .es.  
e x m i n a t i o n  o f  these boundar ies  show them t o  be si.t:es f o r  cavity nucleati.on 
and growth f i g u r e  5 ~ A p p i l r e ~ ~ t l y  c a v 5 t i . e ~  generaired wj. thin these Foundciries 
are s u f f i c i e n t l y  narrow as t u  p r e c l u d e  t he i r  observation by opt.ica1. 
microscopy, It i s  n o t  un t i . 1  the cav i ty  has spread apart as a coi~sequence 
further deformation that  r;hey become v i s ib l z  optic:a.lly. 
a model for: the nucleati.on and grnwt:h o f  thzse c a v i t i e s  wi1.1. be developsd, to 
further explain the e f f ec t  of these c.avi.ties on. bo th  the creep r a t e  and the 
failure precess. 

Final i.y, the 

Aside f rom the t w i n  boundary that: i.s readFly 

In contrast  t o  the m~rpho logy  , j u s t  disciisseal %or t he  w i & ? r  s ili.c.on 

A s  CIraese impurities b o t h  

As expected, 

In the coining months , 

S t a t u s  of milestones .-_-- 

To da t e ,  all rnjlestoties have b e e n  met or are on t a rge t .  We a re  i n  the 
process o f  analyzing tlse damage t h a t  accumulates i n  s t l i c o n i  : t ~ f l  si l i c o n  
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carbide as a consequence of creep (Milestone 311101) and will be presenting a 
talk on the subject at the Annual Meeting of the American Ceramic Society on 
April 28 .  

Pub 1 ic a t ions 

None 
/ 

Fig. 1. Optical micrograph from compressive region of sample deformed in 
bending at 1300°C. 
areas) and intergranular silicon phase (lighter areas), is identical 
to that of as-received material. 

Microstructure, consisting of Sic grains (dark 
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Pig. 3 .  Intergranular silicon phase located between widely separated Sic 
grains. Sample deformed in tension at 1300°C. With exception of 
twin and minor dislocation content, the silicon phase within such 
large regions is relatively unchanged after high temperature 
deformation. 



Fig. 4. Narrow interface region separating adjacent Sic grains. Impurities 
within intergranular Si phase are typically segregated to similar, 
narrow grain boundary regions. In this case, both Ca-rich and 
Fe-rich inclusions are present. 
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L . . 

Fig. 5. Cavitated grain boundary region in sample deformed in tension at 
1300°C. 
appears to represent initial stage in formation of creep cracks. 

Depletion of Si phase from narrow grain boundary regions 
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Phvsical Proper t ies  of Structural Ceramics 
R. K. W i l l i a m s  and R. S. Graves (Oak Ridge N a t i o n a l  Laboratory)  

Object ive/scope 

The s t r u c t u r a l  ceramics p r e s e n t l y  cons idered f o r  use i n  advanced heat  
engine a p p l i c a t i o n s  u s u a l l y  c o n t a i n  more than one phase and severa l  com- 
ponents. The thermal c o n d u c t i v i t i e s  o f  these m a t e r i a l s  a r e  low r e l a t i v e  
t o  meta ls ,  and t h i s ,  a long w i t h  thermal expansion p l u s  f r a c t u r e  s t r e n g t h  
and toughness, i s  a pr ime f a c t o r  i n  de termin ing  s u i t a b i l i t y  o f  a g i v e n  
ceramic f o r  a p a r t i c u l a r  advanced engine component. The purpose o f  t h i s  
research  i s  t o  develop an improved understanding o f  t h e  f a c t o r s  t h a t  
determine t h e  thermal c o n d u c t i v i t i e s  o f  these complex s t r u c t u r a l  m a t e r i a l s  
a t  h i g h  temperatures.  

Technica l  proqress 

The r e s u l t s  o f  a study'  of t h e  e f f e c t  of Cr,O, c o n t e n t  on t h e  
thermal c o n d u c t i v i t y  o f  Al,O, have been e x t r a p o l a t e d  t o  h i g h e r  
temperatures and compared w i t h  l i t e r a t u r e  values. The Callaway equat ion  

dx + 

dx 
T N  (ex - 1), 

was used t o  e x t r a p o l a t e  t h e  d a t a  t o  h i g h e r  Cr203 c o n t e n t s  and 
temperatures.2 
constants ,  vs  i s  t h e  v e l o c i t y  o f  sound, which can be c a l c u l a t e d  f rom t h e  
Oebye temperature,  OD, and ' I ~  i s  the combined r e l a x a t i o n  t i m e  f o r  t h e  
v a r i o u s  s c a t t e r i n g  processes, TI: 

I n  t h i s  equat ion  (1) kB and h a r e  Bol tzmann's and P l a n c k ' s  

The parameter T N  i s  t h e  r e l a x a t i o n  t i m e  f o r  normal t h r e e  phonon processes 
t h a t  do n o t  d i r e c t l y  generate thermal r e s i s t a n c e  b u t  a r e  i n c l u d e d  because 
t h e y  enhance t h e  s t r e n g t h  o f  phonon-point  d e f e c t  s c a t t e r i n g ,  T ~ .  The 
c a l c u l a t i o n  assumes t h a t  t h e  phonon-phonon s c a t t e r i n g ,  TU, depends on 
composi t ion and t h a t  g r a i n  boundary s c a t t e r i n g  a n t i c i p a t e d  f o r  a g r a i n  
s i z e  o f  2 p m  i s  p resent .  
t h a t  t h e  p o i n t  d e f e c t  s c a t t e r i n g  c o u l d  be ob ta ined f rom an equat ion  based 
o n l y  on mass-di f ference, and t h a t  a heavy atom i n  a l i g h t  m a t r i x  s c a t t e r s  
l e s s  e f f e c t i v e l y  than a l i g h t  atom i n  a heavy m a t r i x .  In concent ra ted  
s o l u t i o n s ,  such a s  A1,0,-30 mol % Cr203, both e f f e c t s  must be i n c l u d e d  
because b o t h  A120, and Cr,O, d i f f e r  cons iderab ly  f r o m  t h e  average, v i r t u a l  
c r y s t a l  masses. 

The lower- temperature da ta  and e x t r a p o l a t i o n s  were compared w i t h  t h e  
r e s u l t s  o f  T i e n  e t  a l . ,  

A n a l y s i s  o f  t h e  lower-temperature da ta  showed 

These r e s u l t s ,  which were ob ta ined by a 



29 4 

comparat ive method, a r e  f o r  dense samples c o n t a i n i n g  15 v o l  % o f  a 
Zr0,-based toughening phase. 
Al,O, - Cr203  m a t r i x  phase, t h e  d a t a  were a d j u s t e d  v i a  Maxwe l l ' s  equa t ion  4 .  

To o b t a i n  t h e  thermal c o n d u c t i v i t y  o f  t h e  

I n  t h i s  equat ion,  Xc i s  t h e  measured the rma l  c o n d u c t i v i t y  o f  t h e  com- 
p o s i t e ,  X and V a r e  t h e  thermal c o n d u c t i v i t y  and volume f r a c t i o n  o f  
t h e  d ispepsed phgse, and t h e  d i s p e r s e d  phase was assumed t o  have a thermal  
c o n d u c t i v i t y  o f  2 .5 W-m- '  K - l .  The r e s u l t s  a re  shown i n  F i g .  1. A t  
lower  temperatures,  t h e  t h e o r y  i s  i n  good agreement w i t h  t h e  ORNL d a t a  and 
t h e  T i e n  da ta3  f o r  t h e  h i g h e s t  Cr203 c o n t e n t .  
e x t r a p o l a t i o n  g r e a t l y  exceeds t h e  exper imenta l  va lues  f o r  low Cr,O, con- 
t e n t s ;  and t h e  f a c t  t h a t  t h e  exper imenta l  va lue  f o r  pu re  Al,03 i s  about a 
f a c t o r  of 2 t o o  low5 suggests t h a t  t h e  measurements may have been s u b j e c t  
t o  some sys temat i c  exper imenta l  e r r o r .  

I n  a l a t e r  phase o f  t h i s  s tudy,  t h e  r o l e  o f  photon energy t r a n s p o r t  
i s  b e i n g  i n v e s t i g a t e d .  The purpose o f  t h i s  s tudy i s  t o  determine whether 
thermal  d i f f u s i v i t y  d a t a  adequate ly  d e s c r i b e  s teady -s ta te  energy t r a n s p o r t  
i n  p a r t i a l l y  t r a n s p a r e n t  s o l i d s .  Thermal d i f f u s i v i t y ,  s p e c i f i c  heat ,  
thermal c o n d u c t i v i t y ,  and o p t i c a l  p r o p e r t y  da ta  w i l l  be compared t o  answer 
t h i s  ques t i on .  
because i t  i s  commerc ia l ly  a v a i l a b l e ,  has a l o w  thermal  c o n d u c t i v i t y ,  and 
i s  p a r t i a l l y  t r a n s p a r e n t .  
c h a r a c t e r i z e d  and samples f o r  a r a d i a l  hea t  f l o w  thermal  c o n d u c t i v j t y  
exper iment  have been machined. 

A t  4OOOC t h e  t h e o r e t i c a l  

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  was chosen f o r  t h i s  s tudy 

A s tock  o f  t h e  m a t e r i a l  has been o b t a i n e d  and 

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

311201 On schedule September 30, 1987 

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

R. K .  W i l l i a m s ,  R. S.  Graves, M. A .  Janney, T.  N. T iegs,  and 
D. W. Yarbrough, "The E f f e c t s  o f  Cr,03 and Fe,O, A d d i t i o n s  on t h e  Thermal 
C o n d u c t i v i t y  o f  Al,O,," accepted f o r  p u b l i c a t i o n  (May) i n  J. Appl. Phys. 
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F i g .  1. Comparison o f  the e f f e c t  s f  C.p,B, a d d i t i o n s  os7 the! t he rma l  
conductivity o f  N. ,O ,  as ( A )  obtained 4y extrapolatfng lower t e  
da ta  v i a  C a l l w a y ’ s  equation and (Bp measured by Tien,  Brog and L i .  



Objective/scope ___-- 

Ceramic materials are being used as therm1 b a r r i e r  inaterial s 
separating the engine metal substructure from the  convective and radia- 
t i v e  heat f luxes or iginat ing i n  the combustion gases. The heat t ransfer  
through the ceramic layer t o  t h e  substructure will  be increased by any 
translucense,  which would allow a part of the radiat ion heat f l u x  t o  
pass through the b a r r i e r  material .  To quantify the e f f e c t  o f  trans- 
lucense o f  engineering ceramics on the heat t r a n s f e r  i n  diesel  engines, 
Integral  Technologies has conducted analyt ical  s tudies  us ing  detai led 
computer codes which describe a real i s t i c  engine thermal envi ronment. 
i ncl udi ng gas-to-wal 1 heat fluxes as we1 1 as the combined radiation/ 
conduction heat t r a n s f e r  t h r o u g h  a thermal b a r r i e r  layer.  A deta i led  
parametric study was car r ied  out  i n  which the following parameters were 
varied,  and t h e i r  e f f e c t  on heat b a r r i e r  effectiveness was studied: 
1) material absorption coef f ic ien t ,  2) material conductivity,  and 
3)  material thickness. An analysis  of the results yielded bounds on 
c r i t i c a l  propert ies ,  beyond which there  is  a reason f o r  concern about 
t h i s  e f f e c t .  Also,  suggestions weye made f o r  methods t o  control any 
adverse e f fec ts .  

Techn i ca 1 proare s s 
x I _ I  

The calculat ion of time-averaged heat f luxes and temperatures 
requires a time dependent heat t ransfer  analysis o f  the heat t r a n s f e r  
t h r o u g h  the wall. Consequently, the present computational study was 
carr ied o u t  u s i n g  a one-dimensional coupled conduction-radiatisn heat 
t r a n s f e r  model which describes the time-dependent heat f l u x  through a 
p a r t i a l l y  t ranslucent  ceramic layer backed by an opaque metal l ic  layer. 

To ca lcu la te  the e f f e c t s  of translucence i n  a r e a l i s t i c  manner, one 
has t o  represent a l l  o f  the key physical processes involved. These 
include the t r a n s i e n t  heat conduction i n  the ceramic and in the sub- 
s t r a t e  layer s u p p o r t i n g  i t ,  and the heat radiation within the ceramic. 
The boundary conditions from the gas s ide describing the convection and 
radiation f r o m  the gases t a  the wall must come from a simulation o f  an 
engine operating under r e a l i s t i c  conditions. 

In the present work, the boundary canditions were supplied by the 
engine desjgn analysis code IRIS, described by Morel e t  a1 . l  T h i s  code 
sinsul a t e s  the  operati  on of m u 1  ti-cy1 inder engi  ncs I incl  udi ng the detai  1 s 
o f  combustion and in-cylinder heat t ransfer .  The convective heat 
t ransfer  i s  calculated using a flo\rr based model, which predicts  the 
evol u t i  on of i n-cy7 i nder motions (swi r l  , squi  s h ,  t u r b u l  ence) as a 
function of crank angle i n  a spatially-resolved manner. The r ad ia t ion  
heat t ransfer  i s  calculated us ing  a zonal radiation model employirig a 
kinetics-based soot formation and burnup submodel. Both the  convective 
and radiat ion heat t ransfer  model s have been Val idated by experiments 
(Morel e t  a1 ,2 bhhidurzaman e t  a13) .  
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6 .  

7. 

properties of proposed ceramic materials shou ld  be among the  
pi-opert.ies t h a t  art? easured and reported.  

It i s  s u g g s t e d  t h a t  these  may be a need t o  consider  tailoring o f  
ceramic properties t o  achieve opaqueness as we1 1 as 1 QW csnducti v- 
i t y  and high temperature capability. Alternately,  a layered 
approach may be considered where a three la ye^ o f  opaqiie material 
i s  deposited on the surface t o  reduce the t ranslucence o f  the 
ceramic 1 ayer. 

The present resu l t s  a1 so provide guidance f a r  the experimental 
portion o f  t h i s  wo.r.k. They indicate the  sens i t iv i ty  o f  the heat 
f l u x  t o  various rad l 'a t i ve  properties o f  the materials and thus 
suggest the degree s f  accuracy needed for. t he i r  determinat ion.  The 
w s t  sensit ive are the  absoryjtion and scaktering coefficients, 
while the  back-scattering fraction and t h e  refractive index are  
much less s t rong  parameters in t h e  range of values expected t o  
cover  the ceramics of ir-iterest.. 11me re f lec t iv i ty  of the ceramic/ 
substi-ate interface i s  important only i f  the optical thii;kness i s  
very small and the  ceramic i s  close t o  transparent.  T h i s  kcowledge 
is important in sel t ing up the praposed experiments, and t h e  data  
rcdesctjon scheme that  wl'1.1 be used t o  deduce the radiative 
properlies from t he  exper iments.  

- 

No pub1 i c a t i  012s concerning ih i  s work 'n~5i-e prepared driri ng th i s  
period, A f i n a l  repor.% was submitted t o  ORNL on March 31, 1987. 
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The t rans ien t  heat conduction riiodel used in t h i s  study i s  a modi- 
f ied  version o f  a procedure described i n  More l  et, a l . $  The model of 
heat radiation within translucent ceramic layers i s  based on a iiiodified 
two-flux method, and i s  described i n  de ta i l  in the f ina l  report s u b -  
mitted recently t o  ORNL. Fer the purpose o f  the analysis ,  these models 
were coupled together and integrated in  time i n  a simultaneous fashion. 

Conclusions 

a. 

2 

3 

4 

5 

A time-dependent coupled radiation/conduction model o f  a s t r i x t u r a l  
wall l ined w i t h  a ceramic was developed, describing the radiat ion 
from gases penetrating i n t o  the s t ruc ture ,  and acting there as 
d is t r ibu ted  heat source. Then, a detai led parametric analysis  was 
made i n  which the following parameters were varied: 

1) material rad ia t ive  p r o p e r t i e s ,  i . e ,  absorption coeffi  - 
c i e n t ,  sca t te r ing  coef f ic ien t ,  re f rac t ive  index, back 
sca t te r ing  fract ion and substrate  ref 1 e c t i v i  t y ;  

2) material thickness;  and. 
3)  material conductivity. 

T h e  time dependent analysis  was found t o  be important because o f  
the need t o  represent the surface temperature s w i n g s ,  $35 well a s  t o  
represent the correct  phase re1 a t i  onships between the radiat ion 
heat f l u x  penetrating i n t o  the ceramic and the conduction heat f l u x  
propagating a t  a much slower speed from the surface in to  the 
i n te r i  o r .  

Translucence was found  t o  have a s ign i f icant  detrimental e f f e c t  on 
the  heat b a r r i e r  effect iveness  under r e a l i s t i c  diesel  engine csndi- 
t i o n s .  I t  allows the radiat ion heat. f l u x  t o  pass t h r o u g h  the 
ceramic and be d i r e c t l y  deposited on the substrate .  T h i s  increases 
the convective heat t r a n s f e r  and t h u s  the t o t a l  heat f lux ,  w h i c h  
can increase by 50 percent and more over the opaque case. 

The e f f e c t s  o f  translucence depend strongly on the material 
absorption and sca t te r ing  coef f ic ien ts .  Signif icant  e f f e c t s  begin 
t o  be f e l t  f o r  absorption coef f ic ien ts  smaller than 10,000 m - I ,  and 
sca t te r ing  coef f ic ien ts  m a l  l e r  than 20,000 ‘ r n - l .  Above these 
values the ceramic i s  almost opaque from the point of view of the 
t o t a l  heat f lux.  ‘the above values are well w i t h i n  the range of 
expected properties of engineering ceramics. 

An important quantity i s  a l s o  the  b a r r i e r  thermal effect iveness  
K/L. The lower i t s  value, the larger  t h e  e f f e c t s  o f  translucence. 
I t  was determined, by a simplified ana lys i s ,  t h a t  t h i s  dependence 
scales  w i t h  a parameter defined as K/b k 

Si  gni f icant  trans1 licence e f f e c t s  were found t o  occur wi t h i n  the 
range o f  rad ia t ive  propert ies  considered possible f o r  engineering 
ceramics. T h i s  means t h a t  translucense i s  an e f f e c t  that, cannot be 
ignored i n  consideration o f  ceramic materials especial ly  for  
cer-a~!cs t h a t  have very low conductivity. Thus the  rad ia t ive  

4’ 
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3.2 TIME-DEPENDENT BEMVIL)X 

Characterization of Transformation Toughened Ceramics 
Jeffrey J. Swab (Army Materials Technology Laboratory) 

Objectivelscope 

Because of their unusual cambination of properties, transformkion toughened 
z i r c o n i a s  (TrZ), s p e c i f i c a l l y  yttria te t ragonal .  z i r c o n i a  plycryst-a1 (Y-TZP) are 
l ead ing  candidates for c y l i n d e r  l i n e r s ,  p i s t o n  caps, head plates, va lve  seats atid 
other ccrirrponents for t h e  adiabatic d i e s e l  engirle.  These materials are 
age-hardened ceramic alloy systems and as  such, t hey  are l i k e l y  to be s u s c e p t i b l e  
to overagitx. and loss of s t rength after long t imes  a t  high temperatures  (i.e., 
close t o  t h e  age-hadening  tempera tures) .  
define tkae e x t e n t  and 5 g n i t u d e  of t h e  overaging ( i f  any) a t  engine operating 
temperatures  (1000-1200 C) and t h e  r e s u l t i n g  impact on material performance, 

Accordingly,  a t a sk  w a s  i n i t i a t e d  to 

It i8 also w e l l  known t h e  Y-TZP's undergo a phenomenon a t  l o w  t-empe~atures 
(200-400 C )  which leads to decreases i n  s t rength and fracture. toughness and t h a t  
this phetmmenon is accelerated by the  plresence of water. 
pre l iminary  study to t ry  and detemnine the  effects of t h i s  phenmmon has k e n  
included i n  t h i s  t a sk ,  

As a ~esult, a 

Technic a 1 pr ug r e s s 

As i nd ica t ed  i n  prev ious  Feports the Hi tach i  (HIT) and Komnsha "Hipped" ( K H )  

&As a r e su l t ,  a d d i t i o n a l  heat t r e a t m n t s  a t  1100 and 1200*C for 500 hrs  
have t h e  best as-received room temperature  s t r e n g t h  arid a b i l i t y  t o  r e t a i n  that  
s t r eng th .  
were done to  determine i f  s t r e n g t h  loss occurs  a t  higher. temperatures .  
m a t e r i a l s  showed no furthemr s t r e n g t h  loss a f t e r  t hese  t r ea tmen t s ,  'Table 1. 

Eoth 

Table  1 
S t reng th  Data foe NIT and KH after Addi t iona l  Neat T r e a h e n t s  

Materia 1 

Condition 

As-Received MOR (ma) 
S t U  

500 hrs @ 1100 C MOR (ma)" 
S t D  

500 RES @ 1200 C MOR (MPa)" 
StD 

HIT __ 

1169 
26 5 

1062 
215 

1170 
130 

1098 
74 

1261 
140 

1045 
89 

1135 
102 

11.83 
116 
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The r e s u l t s  of t h e  preliminary study of t h e  e f f e c t s  of t h e  l o w  tmperratuEe 

The treatments a t  200, 300 and 400 C wr0.8 IWa 
treatments on these  Y-TZP's i nd ica t e s  t h a t  t h i s  phencanenon is a pgoblem i n  sme 
but not a l l  of t h e  materials. 
water vapor pressure  have been cmple ted .  
temperature s t r eng th  with treatment tire. 
NGK-Lock@ (NGK) showed no s t r eng th  loss a f t e r  these treatments and no decrrease i n  
dens i ty  and MOE, Figum?s 2 & 3. This ind ica t e s  t h a t  these ccsnpanies have learned 
to overrcme t h i s  l o w  temperature ppoblem. 
s l i g h t  degradation due to  these  conditions. 

Figure 1 shows t h e  change i n  m a n  
The Kovransha "Sinteped ( K S )  and 

The Koransha "Hippedg* ( K H )  showed 

The Hitachi (HIT) which showed excelAent s t r eng th  r e t en t ion  a f t e r  long tiine 
exposure a t  highotmp€?i?atum?s (1000-1200 C) had a 68% s t r eng th  loss a f t e r  t h e  
tregtment a t  200 C. 
400 C treatments. 
The dens i ty  and MBE also showed corresponding changes i n  values with treatment 
tempeFature. 

It  also had s t r eng th  losses a f t e P  exposulre to  300 and 
However, these  losses weve not a severe as t h e  loss a t  200 C. 

The Kyocera (KY) and Toshiba (TOSH) wgre included i n  t hese  tests but none of 
the KY bend bars survived t h e  300 and 400 C treatments. 
bars  survived arny of t h e  treatments. 
macrocracking of t h e  bend bar sur face ,  F igme  4. 

None of the TOSH k n d  
These TZP's d id  not sur.xive due to excessive 

Due to  a lack of material t h e  AC Sparkplug (AC) TZP was not included i n  a l l  
t he  tests. 

Status of milestones 

The f i n a l  d r a f t  of the in-house technica l  ~ e p r t ,  authomd by Lise Schisl-er, 
on the work done :or t h e  f i p s t  t h ree  years  has been ed i t ed  and corrections made. 
It  is now i n  t h e  Technical Reports s e c t i o n  of iWL. 

R m  temperature f l e x u r a l  strength (MOR) on as-received and hea t  t r e a t e d  bend 
bars has h e n  cmple t ed ,  but fracture toughness ( K l c )  w i l l  be delayed. 

Publicat ions 

N O A ~  . 
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Fracture Behavior of Touphened Ceramics 
P. F. Becher and W. H. Warwick (Oak R idge N a t i o n a l  L a b o r a t o r y )  

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

Because o f  t h e i r  e x c 2 l l e n t  toughness, o x i d e  ce ramics  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  ( P S Z ) ,  d i s p e r s i o n - t o u g h e n e d  a lum ina  
(DTA), and w h i s k e r - r e i n f o r c e d  ce ramics  a r e  p r ime  c a n d i d a t e s  f o r  many 
d i e s e l  eng ine  components. The enhanced toughness o f  t h e  PSZ and DTA 
m a t e r i a l s  i s  t h o u g h t  t o  be  due t o  a s t r e s s - i n d u c e d  t r a n s f o r m a t i o n  ( o f  
t h e  d i s p e r s e d  t e t r a g o n a l  ZrO, phase) t h a t  r e q u i r e s  a d d i t i o n a l  energy  
f o r  c a t a s t r o p h i c  f r a c t u r e  t o  o c c u r .  However, t h e s e  m a t e r i a l s  a r e  
s t i l l  s u s c e p t i b l e  t o  s low  c r a c k  g rowth  and t h u s  s t r e n g t h  d e g r a d a t i o n .  
A l s o  t h e r e  i s  l i m i t e d  ev idence  t h a t  a t  t empera tu res  above 7 O O 0 C ,  t i m e -  
dependent a g i n g  e f f e c t s  can reduce t h e  c o n c e n t r a t i o n  o f  t h e  phase 
i n v o l v e d  i n  t h e  t r a n s f o r m a t i o n  process ,  l e a d i n g  t o  s i g n i f i c a n t  l o s s e s  
i n  toughness  and s t r e n g t h .  I t  i s  e s s e n t i a l  t h a t  mechanisms r e s p o n s i b l e  
f o r  b o t h  t h e  s low  c r a c k  g rowth  and a g i n g  b e h a v i o r  be w e l l  unders tood .  
S i m i  l a r l y  t h e  toughen ing  b e h a v i o r  i n  whi s k e r - r e i n f o r c e d  ce ramics  and 
t h e i r  h i g h - t e m p e r a t u r e  per fo rmance must be e v a l u a t e d  i n  o r d e r  t o  deve lop  
m a t e r i a l s  f o r  p a r t i c u l a r  a p p l i c a t i o n s .  

t oughen ing  and f a t i g u e  p r o p e r t i e s  o f  t r a n s f o r m a t i o n - t o u g h e n e d  and w h i s k e r  
r e i n f o r c e d  m a t e r i a l s .  
s t a n d i n g  t h e  e f f e c t  o f  m i c r o s t r u c t u r e  on processes  r e s p o n s i b l e  f o r  
t ime-dependent  v a r i a t i o n s  i n  toughness and h i g h - t e m p e r a t u r e  s t r e n g t h .  
I n  a d d i t i o n ,  fundamental  i n s i g h t  i n t o  t h e  s low  c r a c k  g r o w t h  b e h a v i o r  
a s s o c i a t e d  w i t h  t h e s e  m a t e r i a l s  i s  b e i n g  o b t a i n e d .  

I n  response t o  t h e s e  needs, s t u d i e s  have been i n i t i a t e d  t o  examine 

P a r t i c u l a r  emphasis has been p l a c e d  on under-  

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

The o x i d a t i o n  o f  S i c  t o  Si02, t h e  S iO2-A l20 ,  r e a c t i o n  c o u p l e  can 
r e s u l t  i n  t h e  f o r m a t i o n  o f  a l u m i n o - s i l i c a t e  g l a s s e s  a t  -125OOC and a t  
s u f f i c i e n t  t i m e  and tempera tu re  t o  t h e  f o r m a t i o n  o f  The 
f o r m a t i o n  o f  such g l a s s e s  d u r i n g  the  o x i d a t i o n  o f  S i c  w h i s k e r - r e i n f o r c e d  
a lum inas  a t  e l e v a t e d  temL2ra tu res  can be  expec ted  t o  i n f l u e n c e  t h e  
mechan ica l  b e h a v i o r  o f  such compos i tes .  For example, Jakus  e t  a l . 3  have 
shown t h a t  a lum ina  c o n t a i n i n g  e x t e n s i v e  (-8 v o l  %) g l a s s  phase e x h i b i t s  
c reep-genera ted  damage i n  t h e  f o r m  o f  c r a c k s  a t  t empera tu res  as  l o w  as  
1000°C. On t h e  o t h e r  hand, r e c e n t  s t u d i e s  i n d i c a t e  t h a t  t h e  S i c  w h i s k e r -  
r e i n f o r c e d  a lum ina  compos i tes  e x h i b i t  much l o w e r  c reep  r a t e s  a t  155OOC 
i n  a i r  t h a n  do comparable a lum inas  w i t h o u t  t h e  w h i s k e r s . "  
p resence o f  even l o c a l i z e d  i m p u r i t i e s  and g l a s s  phase can p r e c i p i t a t e  
c reep- induced  damage i n  a lum ina  and i n f l u e n c e  s t r e n g t h s  a t  e l e v a t e d  
tempera tu res . '  As d i s c u s s e d  by Wiederhorn,  ceramics ,  e s p e c i a l l y  S i c  and 
Si,N,, can e x h i b i t  a range  o f  response t o  h i g h - t e m p e r a t u r e  exposure  i n  
a i r  under  an a p p l i e d  s t r e s s . 6  
o c c u r  due t o  c r a c k  h e a l i n g  o r  b l u n t i n g ,  w h i l e  i n  t h e  l a t e r  s tages ,  
s t r e n g t h  d e g r a d a t i o n  v i a  s low c r a c k  g rowth  o r  c r e e p  damage g e n e r a t i o n  can 
be observed.  

However, t h e  

I n  t h e  e a r l y  s tages ,  s t r e n g t h e n i n g  may 
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Hot-pressed samples, 99+% of  t h e o r e t i c a l  d e n s i t y ,  were machined 
The f l e x u r e  bars  were prepared by sur face  t o  produce f l e x u r e  bars .  

g r i n d i n g  i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  l e n g t h  o f  t h e  b a r s  u s i n g  a 280-2213 
g r i t  diamond r e s i n o i d  bonded wheel. 
chamfered u s i n g  a 6-micron p o l i s h i n g  l a p .  
>20 nm) were f r a c t u r e d  u s i n g  f o u r - p o i n t  l o a d i n g  w i t h  i n n e r  and o u t e r  span 
l e n g t h s  o f  6.35 and 19.05 mm a t  a s t r e s s i n g  r a t e  o f  50 MPa/s. I n  these 
t e s t s  ( t h e  i n t e r r u p t e d  f a t i g u e  t e s t s ) ,  f l e x u r e  samples were heated t o  t h e  
d e s i r e d  temperature,  a f i x e d  s t r e s s  a p p l i e d  (2/3 o r  1/2 t h e  f r a c t u r e  
stress a t  t h e  d e s i r e d  temperature) f o r  a s e l e c t e d  t i m e  p e r i o d ,  and then 
t h e  sample was f r a c t u r e  a t  t h a t  temperature.  

a t  temperatures o f  800, 1Q00, and 1 l O Q " G  ( F i g .  1). A t  llOOQC, t h e  re- 
t a i n e d  s t r e n g t h s  inc rease i n i t i a l l y  and then appear t o  remain more or 
l e s s  cons tan t  w i t h  i n c r e a s i n g  exposure t ime.  
t h e  r e t a i n e d  s t r e n g t h s  c o n t i n u o u s l y  inc rease w i t h  exposure t ime. These 
observa t ions  a r e  c o n s i s t e n t  w i t h  s t rengthen ing  by crack  b l u n t i n g .  

w i th  i n c r e a s i n g  exposure t i m e  whether sub jec ted  t o  an a p p l i e d  s t r e s s  o f  
1/2 o r  2/3 of t h e  f r a c t u r e  s t r e n g t h  a t  t h i s  temperature (F ig .  2). 
microscopy a n a l y s i s  o f  t h e  t e s t  samples r e b e a l s  t h a t  c rack  n u c l e a t i o n  and 
growth had occur red  d u r i n g  t h e  1200OC t e s t i n g  w i t h i n  t h e  maximum t e n s l l e  
s t r e s s  r e g i o n  on t h e  t e n s i l e  surfaces. 
growth increased w i t h  exposure t ime when t h e  a p p l i e d  s t r e s s  equaled 1/2 
t h e  f r a c t u r e  s t r e s s ,  
t h e y  had p l a s t i c a l l y  deformed. A subsequent sample t h a t  was loaded t o  
1/2 t h e  f r a c t u r e  s t r e s s  f o r  192 h a t  1200"C i n  a i r  and then unloaded and 
coo led  t o  22°C e x h i b i t e d  a maximum permanent s t r a i n  o f  0.57%, based on 
i t s  r a d i u s  o f  curva ture ,  and a creep s t r a i n  r a t e  o f  -8 x s - l .  A s  i n  
t h e  case o f  t h e  f r a c t u r e d  samples, t h e  t e n s i l e  surface o f  t h i s  sample con- 
t a i n e d  numerous l a r g e  c racks  w i t h i n  t h e  cons tan t  (maximum) t e n s i l e  s t r e s s  
reg ion .  S i m i l a r  c r a c k  genera t ion  was a l s o  observed i n  those samp?es sub- 
j e c t e d  t o  an a p p l i e d  s t r e s s  equal t o  2/3 t h e  f r a c t u r e  s t r e s s  a t  1200OC. 
These observa t ions  a r e  comparable t o  t h e  creep damage observed i n  alumina 
ceramics c o n t a i n i n g  8 v o l  % g l a s s  phase.' The composite thus  e x h i b i t s  
s t r e n g t h  degradat ion  at 1200QC w i t h  and w i t h o u t  an a p p l i e d  s t r e s s  as a 
r e s u l t  o f  c rack  n u c l e a t i o n  and growth induced by creep. 

r e i n f o r c e d  composites, as determined by weight  change as a f u n c t i o n  of  
t ime,  r e v e a l  a s u b s t a n t i a l  increase i n  o x i d a t i o n  r a t e s  w i t h  inc rease i n  
temperature.  For example, f o r  exposure t imes o f  under 100 hours, t h e  
o x i d a t i o n  r a t e  a t  1200'C i s  10- t o  1 5 - f o l d  g r e a t e r  than t h a t  a t  100OQC, 
which 
inc rease i n  o x i d a t i o n  r a t e s  (due t o  t h e  SiC-oxygen r e a c t i o n )  a t  1200QC 
c o i n c i d e s  w i t h  t h e  loss  i n  f r a c t u r e  s t r e n g t h  i n  t h e  composites, 

As seen by the  l a c k  o f  creep e f f e c t s  at, 1100°C and below, one 
concludes t h a t  t h e  v i s c o s i t y  of t h e  g l a s s y  phase must be s u f f i c i e n t l y  
decreased a t  12OOOC and above t o  a l l o w  t h e  glassy phase t o  p e n e t r a t e  
a long t h e  m a t r l x  g r a i n  boundar ies and promote g r a i n  boundary creep, which 
leads  then t o  c r a c k  genera t ion .  
samples t e s t e d  a t  21200"C suppor t  t h i s  conclus ion.  These s t u d i e s  revea led  
t h a t  t r a n s g r a n u l a r  f r a c t u r e  i s  t h e  predominant f r a c t u r e  mode a long t h e  
o r i g i n a l  i n d e n t  crack i n  t h e  composi tes t e s t e d  a t  1280OC. 

The edges o f  a l l  f l e x u r e  b a r s  were 
The f l e x u r e  b a r s  (2.5 x 2.9 x 

The r e t a i n e d  s t r e n g t h s  increase. w i t h  exposure for t i m e s  up t o  1000 h 

However, a t  1000 and 800°C, 

A t  1280aC, t h e  composites e x h i b i t  cons iderab le  s t r e n g t h  degradat ion  

O p t i c a l  

The e x t e n t  o f  c r a c k  genera t ion  and 

I n s p e c t i o n  o f  a l l  t h e  12OOOC t e s t  b a r s  r e v e a l e d  t h a t  

S tud ies  o f  t h e  r a t e  o f  o x i d a t i o n  o f  t h e  alumina-20 v o l  % SIC whisker-  

i s  2- t o  4 - f o l d  g r e a t e r  than t h a t  a t  800°C.7 The s u b s t a n t i a l  

Observat ions o f  t h e  f r a c t u r e  toughness 
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F i g .  1. 'The r e t a i n e d  s t r e n g t h  at. tempepature increases a f t e r  
exposure f a r  v a r i o u s  t i m e s  f o r  samples s u b j e c t e d  t o  an a p p l i e d  s t ress  a t  
800, 1000, and 110OoC. 
s t ress  l e v e l  i s  2/3 o f  t he  fslacture strength a t  t h a t  t empera tu re .  

Notx t h a t  a t  each tes t .  t empera tu re  the applied 
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HOWF?VSV, w i t h i n  the  crack  t i p  region o f  t he  a r r e s t e d  indent  cracks a f t e r  
f r a c t u r e ,  one observer  numerous in t e rg ranu la r  s epa ra t ions  c o n s i s t e n t  
with g ra in  boundary creep i n  t h e  presence of a g l a s sy  phase. 

composites in a i r  remained cons tan t  (8.1-8.3 MPa in'/') a t  22'C t o  
a t  l e a s t  1000°C a s  determined by t he  mul t ip le  indent  and f r a c t u r e  
technique'  ( F i g .  3 ) .  These toughness values  yere obtained w i t h  long 
precracks and a r e  in  agreement with precracked, applied-moment, double- 
c a n t i l e v e r  beam t e s t s  a t  room temperature ,  A s  a r e s u l t  o f  t he  introduc-  
t i o n  o f  long precracks ,  t he  toughness values  a r e  expected t o ' b e  repre- 
s e n t a t i v e  o f  t he  maximum toughness f o r  ma te r i a l s  t h a t  appear t o  exh- ib i t  
R-curve behavior .  Thl's i n s e n s i t i v i t y  o f  the Fracture  toughness t o  tern- 
pe ra tu re  i s  i n  c o n t r a s t  w i t h  t he  s t rong temperature dependence observed 
i n  t ransformation-&oughened z i rconfa  ceramics .9  

A t  1200 and 14OO"C,  t h e r e  i s  a marked increase  in the apparent  
toughness t o  values  o f  10 t o  11 MPa inr/ ' .  
t e n s i l e  su r faces  o f  the samples t e s t e d  a t  1 4 0 0 O C  r evea l s  t h a t  t he  indent  
crack$ e x h i b i t  s i g n i f i c a n t  crack opening displacements and t h a t  con- 
s ide rab le  add i t iona l  crack formation has occurred.  P,?though t h e  
indented samples were held a t  1 4 0 0 O C  f o r  only  15-20 m i n ,  they were sub- 
j e c t e d  t o  an appl ied  s t r e s s  o f  150 MFa ( o r  about half  t h e  s t ress  
requi red  f o r  f r a c t u r e )  dbr ing  the e n t i r e  heat ing (-60 m i n )  and e q u i l i -  
b ra t ion  (15-20 min) cyc le .  -l"'hjs was done in  an a t t e m p t  t o  avoid c rack  
b lun t ing .  
observed h e r e  a r e  sirrrilar t o  those f e a t u r e s  observed a s  a r e s u l t  o f  
creep deformation in  alumina ceram-ics.5,6 A s  noted by Jankus e t  a l ,  t h e  
growth  o f  creep-damage cracks  from an indent  c rack  under s t ress  i s  much 
more rap id  than t h a t  assoc ia ted  with na tura l  f laws ,3  which could exp'l lain 
t h e  r a t h e r  dramatic e f f e c t s  observed in  the cu r ren t  short-term t e s t i n g .  

A1 t h o u g h  sirni 1 ar" 1 arge open l  ng di  spl acernents of t h e  i ndent c racks  
and add i t iona l  crack generat ion were n o t  de tec ted  in  the  indented f r ac -  
t u r e  samples t e s t e d  at. 1208"C, one does d e t e c t  numerous gra in  boundary 
sepa ra t ions  wi th in  the  i . e g i ~ n  o f  the  f i n a l  p o s i t i o n  o f  the crack t i p  
a f t e r  f r a c t u r e .  
obtained a r e  i d e n t i c a l  t o  t h a t  determined a t  1400OC i n d i c a t e  t h a t  sub- 
sequent generated damage has occurred during toughness measurements Q f  
t he  composites a t  both 1200 and 140Oo@ in  a i r .  

The f r a c t u r e  toughness of the  alurnina-28 vol  % S i c  whisker 

However examination o f  the 

The crack opening displacements and the nurner~~ls c racks  

T h i s  and the  f a c t  t h a t  t he  apparent  toughness values  

None. 
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The objective o f  this task  activity is t5 develop, design, fabricate, 
and d ~ ~ ~ n ~ t ~ ~ t ~  the capability t n  perforra tension-tension dynamic fat- igue 
testing on a uniaxially loaded cera i c  specimen a t  elevated temperatures. 

Three ayeas of research have been identified as the main thrust o f  
this task: (1) design, fabrication, and demonstration o f  a load train column 
that truly aligns with the line o f  specimen loading; (2) ~ ~ v e l ~ ~ ~ ~ n ~  o f  
a simple specimen grip that can effectively link the load train and test 
speclmen without complicating the specimen geometry and, hence, minimize 
the c o s t  o f  the test specimen; and ( 3 )  dssign and analysis o f  a specimen 
f a r  t e n s i l e  cyclic fatigue testing. 

~ i ~ h - t $ ~ p ~ r a ~ ~ r e  test,ing of  ce~alrefc materials i s  bein accompli shed 
by two heating methods: inductance and resistance. 
inductIan power was successfully demonstrated and discussed 
report .  S-ince then, a series o f  tensile t.ests were perfarme 

inum oxide a t  10 Oo&, 
erature extensometer c a p  l e  o f  10-microst~ain ( 1 W 6 - i  ./in.) resslu- 

tim. The specimens were loa ed with a stress r a t e  o f  50 Pa/s (7.25 ksi /s) .  
Results o f  tensile tests and a preliminary fatSgue t e s t  aye s ~ ~ ~ a r i ~ ~ ~  

in Table 1. To facilitate ~ ~ ~ ~ ~ ~ r i ~ ~ ~ ~  Coars' test data a r e  included in the 
same table, TWQ grades o f  aluminum o x i d e  were tes ted - C O O P S '  AD-94 with 

temperature using nickel-base metal pullro s ,  and others using ceramic 
gripping f i x t u r e s  (high-temperature pullrod assemblies) were similarly 
tested f o r  exploratory purposes, The cerrm4c gripping fixtures a r e  made 
from ~~~~~~~~~ high-performance silicon ni t r f 'de  SN-250, capable o f  high- 

perature  service to a e ax^^^^ ~ , @ ~ ~ ~ ~ ~ t ~ ~ r ~  of P40Q°C. Details o f  the 

The heating method by 

I n  some t e s t s ,  strain was measured wa'th a hlgh- 

94% A 1 2 0 3  and AD-998 with 99.8% A 1 2 0 , .  SO e specimens were tested a t  high 

fixtures were i 1 lue;t.rate?ic% and d4scussed previously I n  t h i s  s e r i e s  
res5 ~ e p o r t s .  
e values o f  the elastic moduli show -3n Table 1 were ~ ~ ~ ~ r ~ ~ ~ ~ d  

The room temperatwr-e values are essentially the 
f rom t h e  stress-stradn curves plotted f rom the outputs o f  the load cell 
asld the exten 
same f o r  ba th  NL and Coors. The average value o f  the three elastlc 
moduli at 100 is 167 GPa (24.3 x la6 psi). Rla informatdon is available 

Table 1 shows t h a t  all 0 si le  data obtained f o r  AD-94 a t  3.OQO'C 

e ter .  

Coors f o r  cornpar1 son. 

have strength values above! those o f  the C Q O ~ S  d a t a ,  Specimen 33 clearly 
d the others in this series. A comparison shows t h a t  the t e n -  
t h  o f  specimen 33 exceeds Coors' tensile and flexural strength 

by about 80 and 3 6 x ,  respectively. 
being investigated. Two possible reasons far these d i f f e r e n c e s  
c l t e d :  (1) inconsistency in technique in u s i n g  t h e  monochromatic ~ ~ ~ ~ ~ ~ t e r  

eratbsre specimen measurement, and (2) dif ference in soak time 

Reasons f o r  the  higher stren 
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a t  h igh  temperature before actual testing. First, it should be no ted  
that high-temperature measurement by the monochromatic pyrometer is a 
subjective technique. Inevitably, some readout error may occur a t  the 
threshold temperature where a sharp drop-off i n  m a t e r i a l  properties may 
exist. As t o  th t l  second possible c a u s e ,  our investigation remains 
inconclusive at this time because of the limjted test results. We anticipate 
that some o f  these possible problems will be minimized when 5 recently 
r e c e i v e d  tvo-color pyrometer i s  incorporated in follow-up testing. 

also included in Table 1. Both specimens were tested with the  ceramic 
gripping fixtures and heated by an induction coil and suscept~r. Both 
specimens show a tensile streDgth slightly h-igher than the Flexural 
strength reported by Coors Company. 
Coors' literature for direct comparison. 

been completed. 
capatale o f  achieving temperature as h igh  as 1 6 5 0 O C .  Two exploratory 
tensile t e s t s  were performed for specimens 28 and 32 heated by t he  furnace. 
Results o f  the t e s t s  were somewhat disappointing because? both specimens 
ruptured at the shank outside the reduced gage section. Examinations 
indicate that the fracture failure was initiated a t  the sharp point contact 
produced by the sharp edges on the tapeTed collars. 
subsequently corrected by removing the sharp edges on the t ape red  collars. 
7 e s t  results of the  two specimens are included i n  Table 1. The tensile 
s t reng th  data are calculated based on the area o f  the reduced gage section. 

Results of two tensile t e s t s  on Coors' AO-998 alumina at l0OOOC a r e  

No tensile data are available f rom 

Installation of the new resistance furnace and furnace bakeout have 
It contains six molybdenum disilicide heating elements 

The situation was 

Status o f  milestones 

None dile during t h i s  reporting per iod .  

_I_ Pub1 ications ...... ____ 

A paper entitled "Tensile Cyclic Fatigue o f  Alumina a t  Room and 
Elevated Temperatures," by K.  C. Liu and C .  R .  Br inkman,  was  presented a t  
the 24th Automotive Technology !Jevelopment Contractors' C o o r d i n a t i o n  Meet- 
ing held on October 27-30, 1986, at Dearborn, Michigan. The final manu- 
script has  been sLit)mitted f o r  publication in the conference proceedings. 
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S t a t i c  F& igue Behavior of Toughened -._. Cerainina’cs 
M. I(. Fcrber and T. Him (University of Illinois) 
_l__l..____ 

The objective of t h i s  program is to study the long-term 
acchanieaJ stability of toughened ceramics for diesell engine 
applications. Haterials under current; investigation include (1) 2 
varieties of an MgO partially stabilized zirconia (Mg-PSZ), (2) a 
yttr ia  partially stabilized zirconia (Y-PSZ), and ( 3 )  a Si@ whisker 
reinforced al.umina. 1 . e  work is divided into two tasks. The first 
i-nvolves the measurement of the time- dependent strength behavior of 
ceramic f l e ~ ~ ~ e - b a r  samples as a function of temperature and applied 
stress using the Interrupted Fatigue (1.F.) method. In the second 
task ,  the microstructures of selected 1 ° F .  specimens are 
characterized using SEM and TEM. In the case of the zirconia samples, 
x-ray diffraction and dilatometry studies are conducted to examins 
changes in t h e i r  transformation behavior resulting Crom the high- 
temperature exposure ” 

Technical progress 

(a> Interrupted Fatigue Testing 

The fat.igue behavior was determined using an interrupted fatigue 
(1 .F.)  technique in which the four-point bend strength S, was 
measured as a flnnmctiori of time (t> temperature (T) ,  and applied 
stress (0,). This method has several advantages over conventional 
static fatigue %esting. First, since time is a controllable 
quantity, problems associated with  an unpredictable fatigue l i f e  

(as in the case of static. fatigue) are avoided. In the present 
study, this feature allowed for periodic  examination of test 
specimens so Lhat changes in both the microstructure and phase 
assemblage could be ascertained. A second advantage i s  that 
processes responsible for both strength degradation and strength 
enhancement can be readily distinguished.’ 

System (F.T.S.) capzble of holding up to three bend samples. The 

general layout of the F.T.S.  is shown in Fig. 1. ’The Test Frame 
contains the hardware for applying mechanical forces to each of 
three samples ral-nLch are supported by A1,0,  four-point bend 

All testing w a s  conducted in a specially designed Flexure Test 



SPEC1 ALLY DESIGNED FLEXURE TEST SYSTEMS WERE 
ULTILlZED IN I.F. STUDY 

I b B C t L L  
EXCITATION 

\ 

\----.I 
* .  

. ... 

dY 
LOA0 CELLS 

- LVQT 

- F U R W E  

FOUR-POINT - BEND FIXTURf 

Figure 1. I.F. testing w a s  conducted in specially designed 
Flexure Test System ir, which loads were applied pneumatically. 
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a f i x t u r e s .  The l o a d s  are g e n e r a t e d  by p n e u m a t i c a l 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  top of t h e  s u p p o r t  f rame.  These loads are  
t r a n s m i - t t e d  i n t o  t h e  h o t  zone of t h e  f u r n a c e  th rough  alumii?i.lm o x i d e  
( A 1 2 0 3 )  r o d s  . Kach of the bot tom t h r e e  A1203 r o d s  are  also 
a t t a c h e d  t o  a l o a d  c e l l  which m o n i t o r s  t h e  a p p l i e d  €o rce  a s  a 
f u n c t i o n  of t . i m e .  Water-cooled adapters connec t  t h e  aluminum o x i d e  
rams t o  b o t h  t h e  load ce l l s  a n d  t h e  a i r  c y l i n d e r s .  The computer 
m o n i t o r s  t h e  l o a d  on each specimen a n d  p r o v i d e s  n e c e s s a r y  
a d j u s t m e n t s  i n  t h e  a i r  p r e s s u r e  ( v i a  t h e  e lec t ro-pneumat  ic' 

t r a n s d u c e r )  such  t h a t  t h e  desi-red stress l e v e l  i s  m a i n t a i n e d .  
Fo l lowing  t h e  d e s i g n a t e d  exposure  time, t h e  samples  are f r a c t u r e d  
u s i n g  a prescribed l o a d i n g  ra te  (345 KPa/s i n  t h e  p r e s e n t  s t u d y ) .  

(b)  MgO PSZ C e r a m i c s  

I . F .  s t u d i e s  i n v o l v i n g  t h e  MgO-PSZ materials w e r e  corrrple ed k 
d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  Two conmerej.al  Mg-PSZ ceramics 

d e s i g n a t e d  TS-PSZ ( t h e r m a l  shock g r a d e )  and  MS-PSZ (maximim 
s t r e n g t h  grade /1983)  were examined i n  t h i s  p o r t i o n  of t h e  program. 
Both 1983 and  1 9 8 4  v i n t a g e s  of the TS PSZ ( d e s i y n a t e d  T S ( 8 3 )  and 
TS (84 )  ) were examined. S t a r t i n g  materials were o b t a i n e d  i n  t h e  form 
of e i t h e r  c i r c u l a r  discs 1 0 0  iim i i i  diameter and  7 . 6  r m  t h i c k  or 
r e c t a n g u l a r  p la tes  ( 1 0 1 . 6  x 1 0 1 . 6  x 6 . 3 5  m) . Rectang-iilar bend 
specimens (25 .4  x 2 .82  x 2 . 5  rm) were t h e n  machined Erom t h e s e  
s h a p e s  for subsequent  mechan ica l  p r o p e r t y  s t u d i e s .  The t e n s i l e  
s u r f a c e  of each  sample was p o l i s h e d  t o  a 0 . 2 5  pm f i n i s h  and  t h e  
edges b e v e l e d  u s i n g  a 6 p diamond wheel ,  

for t h e  TS  PSZ tes ted a t  800  and 1000°C e x h i b i t e d  a s t r o n g  
dependence upon t h e  appl-ied stress.  I n  p a r t i c u l . a r ,  t h e  a p p l i c a t i o n  
of  s t r e s s  promoted b o t h  s t r e n g t h e n i n g  a n d  weakening p r o c e s s e s  
depending  upon time and  temperature. The s t r e n g t h e n i n g  t endency  was 
most prominent  a t  1000°C.  X-ray data gave e v i d e n c e  tha t ;  t h i s  e f f e c t  
was related t o  a p r e f e r e n t i a l  g e n e r a t  i o n  of t h e  e u t e c t o i d  
decompos i t ion  p h a s e  a l o n g  t h e  t e n s i l e  s u r f a c e .  I n  order t o  examine 
t h i s  p o s s i b i l i t y ,  a d d i t i o n a l  x- ray  a n a l y s e s  w e r e  u sed  t o  measure the 

A s  d i s c u s s e d  p r e v i o u s l y ,  * t h e  t ime-dependent  s t r e n g t h  behav io r  

a 
The F . T . S .  d e s i g n  i s  based on a s i m i l a r  sys t em o r i g i n a l l y  

deve loped  by S .  M .  Wiederhorn and  N .  J .  Tighe  of t h e  N a t i o n a l  
Bureau of S t a n d a r d s .  

Manufac tured  by Nilcra  C e r a m i c s ,  USA O f f i c e ,  G lenda le  He igh t s ,  

I.1.1inoj.s. 



317 

depth dependence of t h e  volume f r a c t i o n  (V,") o f  t h e  monocl in ic  (ni) 
phase g e n e r a t e d  i n  TS PSZ ( 8 4 )  samples exposed a t  100OOC. I n  
par t icular ,  Vfm was determi.ncid as a f m c t i o n  of distaace from t h e  

t e n s i l e  surface (y/H where H i s  t h e  specimen thickness). 

exposed a t  336 and 1008 h i n  Figs .  2 (a) and (b) , r e s p e c t i v e l y .  A t  

b o t h  t imes ,  t h e  (in) f r a c t i o n  decreased t o  a constant m1.ue within 
t h e  bulk  mater ia l .  As i n d i c a t e d  i n  F i g .  3 ,  which provides a 
comparison o f  the average bulk Qfm v a l u e s  w i t h  t h e  cor responding  

surface q u a n t i t i e s ,  t h i s  behavior was t y p i c a l  f o r  the e n t i r e  24  t o  
1008 h exposure period. how eve^, as skown in Fig. 2, the depth 
prof i.les a t  a g iven  t i m e  were not s i g n i f i c a n t l y  dependent upon the 
stress .I.evel.. The re fo re ,  t h e  enhanced s u r f a c e  (m)  f o r m t i o n ,  was not- 
s e n s i t i v e  to t h e  applied s t r e s s .  F i n a l l y ,  n o t e  t h a t  t h e  h igh  V," 

val.ues observed along t h e  compressive surface (y/W=l) p a r t i c u l a r l y  
f o r  t -336 h were due t o  ground c o n d i t i o n  of t h a t  silrEa.ce. 

A major  problem wi th  t h e  depth p ~ 0 f i l . e  exper-iment w a s  that  
mater ia l  removal rates cou ld  no t  he p r e c i s e l y  c o n t r o l l e d  ~ 

Consequent ly ,  Vfm could n o t  be a c c u r a t e l y  rrteasured i n  the nea r  

surface r e g i o n s .  T o  overcome t h i s  limitation, a d d i t i o n a l  R m a n  
microprobe studies were conducted .in whiich t h e  ratio Vfm/Vf t  was 
measured across the polished s ide  of TS (84)  specimens which had 
been exposed a t  1.OOO"C for 336 h. The ~ . e ~ u l t s  i n d i c a t e d  t h a t  Vfm/Vft 

was approxirnat.ely constant .  t o  w i t h i n  50 pm of t h e  tension and 
compression s u r f a c e s  - Therefore, t h e  enhanced rite of (In) f o r m t i . o n  
was l..j:mi.ted t o  t h e  m a r  s u r f a c e  r e g i o n s  as i n d i c a t e d  by t h e  solid 
l i n e s  i n  Fig. 2 .  

crack growth p r o c e s s e s  were a c t i v a t e d  at, the higher applied stress 
l e v e l s .  Th i s  s u b c r i t i c a l  @sack growth i s  g e n e r a l l y  cl-iaracter.'*zed b y  a 
v e l o c i t y  V which can be described by  the expressions, 

The r e s u l t i n g  dep th  prof i les  are ill.ustrated fox: t h e  TS ( 8 4 )  PSZ 

T h e  I.F. data .€or the TS PSZ tested a t  8OOOC ind ica t .cd  t h a t  sltm 

where 

I n  t h e s e  equations, R i s  t h e  gas constant ,V,  is a pre-exponential 
c o n s t a n t ,  q i s  t h e  stress free a c t i v a t i o n  ~ ~ W K C J Y ,  b accounts for the 
Ki depe~ldency (related t o  t h e  a c t i v a t i o n  volime) , and L describes 
t h e  threshold.3p4 The c r a c k  growth paranetexs (Vo, q, b, L, and K,,,) 
w i l l  be a f u n c t i o n  of material., temperat:.ure, and i n  some cases 
environment:. I 
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m l e a 

(t-i) 
..I. 

6.6 0.8 1. 0.0 0.2 0.4 

F i g u r e  2 .  V o l u m e  fraction of t h e  (m) phase i n  the b u l k  is 
c o n s i s t e n t l y  lower t h a n  tha t ;  along t h e  t e n s i l e  surface f o r  TS (84) 
samples exposed a t  1000°C f o r  ( a )  336 h and (b)  1 0 0 8  h .  
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F i g u r e  3 ,  For a g i v e n  exposure t i m e ,  t h e  f r a c t i o n  of (m) p h a s e  
g e n e r a t e d  i n  t h e  b u l k  i s  independen t  of stress Level. 

S u b c r i t i c a l  c r a c k  e x t e n s i o n  can  u l t i m a t e L y  promote a t i m e -  
dependent ,  loss i n  s t r e n g t h  S f .  I n  p a r t i c u l a r ,  when a c o n s t a n t  
stress cr i s  applied t o  a test  sample s c c h  t h a t  
t h r e s h o l d  f o r  c r a c k  g rowth ) ,  t h e n  

K,>K,, ( t h e  
S w i l l  decrease w i t h  time i n  

acco rdance  w i t h  t h e  r e l a t i o n ,  f 

where t i s  t h e  exposure  t i m e ,  C is a c o n s t a n t ,  CT i s  t h e  appl ied 

stress, Si i s  t h e  i n e r t  s t r e n g t h ,  a n d  V i s  t h e  subcritical c r a c k  
v e l o c i t y  ( g i v e n  by E q .  1). 
b e h a v i o r  f o r  some t y p i c a l  c r a c k  growth  parameters. The a c t u a l  

Fig, .  4 i l l u s t r a t e s  t h e  predicted I . F .  
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c a l c u l a t i . o n s  were made us iny  a 1,OTUS 1-23 s p r e a d s h e e t .  The gene ra l .  
t r e n d s  i n  E’iq. 4 are simi.lar t o  those i n  t h e  s h o r t - t e r m  P.F. data 
observed for t h e  T S ( 8 4 )  PSZ saTp1es tested a t  300°C.2  Such 
s i m i l a r i t y  s u g g e s t s  t h a t  sl_ors crack growth p r o c e s s e s  were operat  i ve  
i n  t h i s  PSZ cerzmic. Although t h e  F i g .  4 c u r v e s  i n d i c a t e  td-ie 
p o s s i b i l i t y  of t ime-dcpendant  fracture (when S, = o-), sample f a i l u r e  

d id  no t  o c c u r  Lroz t h e  T S ( 8 4 )  mater ia l  due .to t h e  long-term 
s t r eng t hen i n g  m e  c ha n i s m  . 

approach o u t i i n e d  above  i s  t h a t  it d o e s  not accoun t  f o r  potential 
s t r e n g t h e n i n y  mechanisms. For example i f  c r a c k  b l u r l t i n g  occur.s, t h e n  
t h e  equat j .on for ‘J must be modified I n  the presenL 

s t u d y ,  c r a c k  b l u n t i n g  e f f e c t s  were cxamined by a s s u n i n y  t h a t  a n  
i - n e r e a s e  i i ?  t h e  c r a c k  t i p  radi.us p r e s u l t e d  i n  a c o r r e s p o n d i n g  

decrease i n  t h e  e f f e c t i v e  stress i n t e n s i t y  f a c t o r  i.n a c c o r d a n c e  with 

: I : t  is apparent t h a t  the major  problem w i t h  -the m a t h e m a t i c a l  

...- ...-.-_~~ .--I ___..... r- 

BNDYCATES FRACTURE 

F i g u r e  4 .  I . F .  b e h a v i o r  predi.cted froi-ft V-IC, a n a l y s i s  r e v e a l s  a T 
rapid,  s h o r t - t e r m  d e g r a d a t i o n  i n  s t r e n g t h  at. t h e  h i g h e r  st-ress 
levels.  
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t h e  e x p r e s s i o n ,  

where po is  the crack t i p  r a d i u s  a t  time=O. S e v e r a l  d i f f e r e n t  

k h e t i c  l a w s  d e s c r i b i n g  t h e  b l u n t i n g  process w e r e  i n c o r p o r a t e d  i n t o  
t h e  computer  s p r e a d s h e e t .  The r e s u l t i n g  s t r e n g t h - t i m e  p lo t s  d id  n o t  
ref lect  t h e  g e n e r a l  t r e n d s  observed e x p e r i m e n t a l l y  fo r  t h e  T S ( 8 4 )  
PSZ. Reasons f o r  t h i s  d i s c r e p a n c y  are c u r r e n t l y  unde r  i n v e s t i g a t i o n .  

I . F .  t e s t i n g  of a S i c  whisker  r e i n f o r c e d  a luminaC was i n i t i a t e d  

t h i s  r e p o r t i n g  p e r i o d .  Based upon i n p u t  f rom t h e  mater ia l  s u p p l i e r  
a n d  contract moni to r ,  a d e c i s i o n  w a s  made t o  f o c u s  t h e  1°F. tes t  
m a t r i x  i n  t h e  t e m p e r a t u r e  r a n g e  1000 t o  l l O O ° C  . 
r e s u l t s  f o r  tests a t  1000°C are shown i n  F i g .  5 .  T h e  s t r eng th  S, of 

The p r e l i m i n a r y  

f 

0 208 400 600 800 1000 1200 
TIME (h) 

0 208 400 600 800 1000 1200 
TIME (h) 

F i g u r e  5 .  S t r e n g t h  f o r  t h e  SiC/alumina compos i t e  samples h e l d  
unde r  stress a t  l O O Q O C  i s  h i g h e r  t h a n  t h a t  f o r  u n s t r e s s e d  
specimens e 

C 
S u p p l i e d  by T e r r y  Tiegs, Oak R i d g e  N a t i o n a l  Laboratory, Oak 

Ri-dge ,  TN, 
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t h e  stressed samples was s i g n i f i c a n t l y  larger t h a n  t h a t  f o r  t h e  
u n s t r e s s e d  samples  th roughou t  t h e  exposure  d u r a t i o n  t . . I n  
a d d i t i o n ,  S ,  for b o t h  stressed and  u n s t r e s s e d  c o n d i t i o n s  e x h i b i t e d  a 
sho r t - - t e rm maximum f o r  t =136 h and  t h e n  i n c r e a s e d  a g a i n  a t  t =lo08 
h .  P r e l i m i n a r y  SEM s t u d i e s  of f r a c t u r e d  s u r f a c e s  i n d i c a t e d  t h a t  a 
whisker p u l l o u t  mechanism w a s  o p e r a t i v e  for all exposure  times 
c o n s i d e r e d .  Phase  a n a l y s i s  s t u d i e s  are now underway. 

A f i n a l  r e p o r t  efititled, "Time-Dependent Behavior  of MgO-PSZ 
C e r a m i c s "  was s u b m i t t e d  t o  ORNL on March 27 ,  1987 i n  acco rdance  with 
M i l e s t o n e  331203. T h i s  r e p o r t  describes t h e  the I.F. and 
m i c r o s t r u c t u r a l  results o b t a i n e d  f o r  t h e  TS and  MS PSZ ceramics. 
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Environmental Effec- ts  in Ton~gherz-ed C e r a m i c s  
Norman L. Hecht ( U n i v e r s i t y  o f  Dayton) 

The U n i v e r s i t y  o f  Dayton Research I n s t i t u t e  ( U D R I )  conducted 
and completed a s tudy o f  "The E f f e c t  o f  Envirunment Upon t h e  
Mechanical Behavior o f  S t r u c t u r a l  Ceramics f o r  A p p l i c a t i o n  i n  t h e  
DOE Ceramic Technology f o r  Advanced Heat Engines Program," 
e f f o r t  was i n i t i a t e d  i n  January 1985 through a subcont rac t  w i t h  
M a r t i n  M a r i e t t a  Energy Systems Inc. The pr imary  goal  o f  t h i s  s tudy 
was t o  determine t h e  e f f e c t  o f  environment upon toughening and 
s t r e n g t h  i n  commerc ia l ly  a v a i l a b l e  t r a n s f o r m a t i o n  toughened ceramics 
[ p a r t i a l l y  s t a b i l i z e d  ZrO, (PSZ) and d i s p e r s i o n  toughened AI,O, 
(DTA) 1. Ernphasi s was p laced on understandi  ng t h e  mechanism ( s )  
r e s p o n s i b l e  f o r  env i ronmenta l l y  induced s t r e n g t h  degradat ion  i n  t h e  
temperature range o f  25°C t o  1050°C. 
i n f o r m a t i o n  and i n s i g h t s  ob ta ined from t h i s  program cou ld  be used t o  
determine t h e  long- term a p p l i c a b i l i t y  of  toughened ceramics f o r  
heavy d u t y  d i  ese l  engi ne components. 

of  s t r e s s i n g  r a t e )  were used i n  a three-phase program t o  i n v e s t i g a t e  
s t r e n g t h  and slow crack growth i n  environments c o n t a i n i n g  c o n t r o l l e d  
amounts o f  water vapor. S i m i l a r  t e s t s  wine a l s o  conducted i n  i n e r t  
atmospheres ( d r y  N,) t o  d i s t i n g u i s h  i n t r i n s i c  e f f e c t s  f r o m  envi  ron-  
m e n t a l l y  induced c o n d i t i o n s .  
(extended exposure a t  temperature and atmosphere) on t h e  cand ida te  
m a t e r i a l s  a t  low temperatures ( 150"C-300°C) were s tud ied,  A 
d e s c r i p t i o n  o f  t h e  a c t i v i t i e s  pursued and t h e  r e s u ? t s  ob ta ined a r e  
presented i n  t h i s  semi annual r e p o r t  

I n  January 1987, t h e  c o n t r a c t  was extended f o r  s i x  months t o  
i n v e s t i g a t e  t h r e e  a d d i t i o n a l  m a t e r i a l s  ( two S i 3 N 4  and one S i @ )  
accord ing t o  an e v a l u a t i o n  p r o t o c o l  developed i n  coopera t ion  w i t h  
t h e  p r o j e c t  moni tor .  M i c r o s t r u c t u r e ,  chemist ry ,  thermal expansion 
behavior ,  and mechanical p r o p e r t i e s  a t  25°C and 1500°C w i l l  be 
eva lua ted  f o r  t h e  t h r e e  m a t e r i a l s  suggested by t h e  p r o j e c t  moni tor .  
Research r e s u l t s  w i l l  be summarized i n  a f i n a l  r e p o r t  submi t ted t o  
QRNL. 

This  

It was a n t i c i p a t e d  t h a t  t h e  

Dynamic f a t i g u e  methods ( 4  p o i n t  bend s t r e n g t h  as a f u n c t i o n  

I n  a d d i t i o n ,  t h e  e f f e c t s  of  ag ing 

Work p l a n  

major  tasks ,  An o u t l i n e  o f  these t a s k s  i s  conta ined i n  Table 1. 
E i g h t  commercial t r a n s f o r m a t i o n  toughened cerami 6s (Tab1 e 2) were 
i d e n t i f i e d  f o r  screening and i n i t i a l  eva lua t ion .  From t h e  e i g h t  
cand ida te  m a t e r i a l s  screened, f i v e  were s e l e c t e d  f o r  f u r t h e r  s tudy 
i n  t h e  second 

f i n a l i s t  m a t e r i a l s  t o  be eva lua ted  more e x t e n s i v e l y  i n  Task 111. 

_ 1 _ - 1 1  

The work scope f o r  t h i s  program i n i t . i a l l y  c o n s i s t e d  o f  t h r e e  

hase o f  the  program. 
The r e s u y t s  of Task I1  were used f o r  t h e  s e l e c t i o n  o f  t h e  two 

..... 
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ZTA-XS121 

DTA-AZ3Ql 

T a b l e  1 .  Work Scope 

Zd, Dispersion Toughened A1 2 Q 3  

D i s p e r s i o n  Toughened A I  ,03 (19% ErO,) 

TASK I 

PSZ-Z201 

CTEP 

Evaluation o f  Potential 
C a n el i d a t e T r a n s f o m~ a t i o ~1 
Toughened Ceramics (TTC ) 

a I d e n t i f i c a t i o n  o f  TTC 
S u p p l  iers 

o f  Potential Candidate 
TTC Materials 

e Analysis o f  TTC 

o Screening Evaluation 

Screening 0at.a 

5.4 w t .  % Y,O, Stabilized Zt-0, 

CeO, Stabil ized ZrO, ( w i t h  10% A 1  ,Q3 
a d d i t i o n )  

-- 
TASK I 1 1  

tailed Investigation 

-I_ 

o f  the Two. Finalist 
Materials TTC Materials 

Selection o f  the 

Ma t e r i  a 1 5 

S e l e c t i o n  far TWQ Finalist 
M a t r i x  Testing Plac  
(four tenperatdres, 
two  atmospheres, e Finalization o f  an 
and  two s t r e s s i n g  Expanded M a t r i x  

Conduct Candidate o Imp lementa t ion  o f  
Matrix T e s t  Program 

Test ing Plan 

MOR Testing Plan 

Q Conduct Aging 
Studies 

Table 2. Transfotmatian Ts~ghened Ceramic Materfals 
I d e n t i f  id for Eva1 uation. 

_I__- 

Mater-; a 1 
Supp l  i e r  

Ceramatec I F I C ?  

Nilcra Ceramdc 
(USA) Inc.  

Nilcra Cerairfc 
( U S A )  I n c .  

Cerainatec Inc.  

NSK Locke Inc .  

Ky~ciara I n t ' l .  

Ceramatec Inc. 

-_ 
Matet-i a1 

Desigqation Descrj p t i  on 
.... 

FiS-PSZ 

'f s "' P s z 

YTZP- XS241 

z19i 

3 w e .  % Mg6 Stabilized ZrQ, (heat 
treated for h i g h  s t r e n g t h )  

3 w t .  % NgQ S t a b i l i z e d  Zi.0, (hea t  t r ea t ed  
f o r  h i g h  " L e n a 1  shack res i s tance)  

-5 w t .  % Y20, Stabilized 2 1 - 0 ~  ( w i t h  
10% Ail,B, a d d i t i o n )  

5 w t .  % Y203 Stabilized ZrQ, 
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The detailed matrix tes t  plan used f o r  evaluating the two f inal is t  
materials in Task 111 i s  presented in Table 3. The major objective 
o f  Task 111 was a more detailed investigation o f  slow crack growth 
f o r  these materials. The MOR tes t  resu7ts obtained in Task I11 were 
also s ta t is t ical ly  evaluated following t h e  same fonnat used in the 
analysis o f  the MOR d a t a  generated i n  Tesk 11. 

In compliance w i t h  our extended program, the t h ree  aciditional 
materials selected f a r  evaluation (see Table 4) were ordered from 
the manufacturers. The protocol for  evaluation i s  outlined in Table 
5. In addition, a l i terature survey o f  S1'C and Si3N4 has been 
init iated.  

Table 3 .  Finalist MOR M a t r i x  Test P l a n .  

Tempera t u  re 

25°C 

250°C 

saooc' 
800 O c 

Env i  ronrnent* 

A tm9 
A tm2 

A tm, 
A t m 2  

A t r n 2  

A t m ,  

A t m 2  

MOR Crosshead Speed (cm/sec)  
0.08804 0.0021 0.0064 

* Environmental Conditions: A t m ,  - Dry N,; Atm2 - 90% N,/lO% N,O, 

Only the  MS-PSZ material was tes ted a t  500°C + 
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Table 4.  Additional Structural  Ceramics t o  be Evaluated. 

Ma t e  r i a 1 Manufacturer Designation 
~ 

Silicon Nitride Norton Co. XL144H Hi pped and Sintered 

Sil icon Nitride GTE Labs. PYQ, Injection Molded 

Silicon Carbide Sohio Eng. Matls,  Hexol oy Sintered A1 p h a  

Table 5. Experimental Protocol. 

Measuremen 1; Technique/Gondi t i  oils Number o f  Specimens 

Microstructure SEMIOptical/PEM 3 

Ctiemi s t r y  X R D /  EDAX 3 

Dens i t y  Immersion a t  25°C 5 

Hardness Microhardness a t  25°C 5 

5 Thermal Expans i on Temp. Range 25-1500°C 

Flexure Strength  

4- 

* 
Fracture Toughness Microindent and  DCB a t  25°C 10  

A t  25 a n d  1500°C 10/10 X 

E l  as t i c  Modul us Sonic Velocity and Sonic 
Vibration Methods 

3 

+ 
Thermal expansion will  be measured on a t  l e a s t  three o f  the specimens no 

l e s s  t h a n  t i g o  times from 25 t o  1500°C in order t o  determine i f  expansion 
hysteresis e f f e c t s  a re  present. 
* 

Fracture toughness wi l l  be measured by microindentation and double 
canti  lever beam Lechniques and a comparison of t h e  toughness Val i ies 
c;ompl eted - 

Flexure strength w i  11 be measured i n  f o u r - p a i n t  flexure with an  oiitcr 
span o f  1 .50  i n . ,  an inner span o f  0 .75  i n . ,  and  a specimen cross section 
o f  0.125 x 0.250 i n . ,  with specimens loaded a t  a r a t e  of 0.020 in .  per 
minute. 

X 
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Technical  progress 

Resul ts  ob ta ined i n  Task I11 (The r e s u l t s  ob ta ined f o r  Tasks I and 
I1 were presented i n  our  l a s t  semiannual r e p o r t  - October 1986) 

The N i l c r a  MS-PSZ and t h e  Kyocera A2301 m a t e r i a l s  were 
s e l e c t e d  f o r  more d e t a i l e d  i n v e s t i g a t i o n  i n  Task 111. The r e s u l t s  
o f  t h e  MOR values ob ta ined f o r  the s e l e c t e d  m a t r i x  t e s t  c o n d i t i o n s  
a r e  presented i n  Table 6. Inc luded i n  Table 6 a r e  t h e  NOR va lues 
ob ta ined f o r  t h e  MS-PSZ and AZ301 m a t e r i a l s  f rom Tasks I and I 1  
s tud ies .  The r e s u l t s  of t h e  s t a t i s t i c a l  a n a l y s i s  of t h e  da ta  ob- 
t a i n e d  i s  presented i n  Table 7. An e v a l u a t i o n  of  t h e  dynamic 
f a t i g u e  a n a l y s i s  i s  presented i n  Table g 3  and t h e  computer generated 
graphs ob ta ined from t h e  da ta  a r e  presented i n  F igures  1 t o  13, 

__-_I ._.I.- l___l 

Discussions o f  r e s u l t s  

Ana lys is  o f  Resu l ts  from Task I11 

The AZ301 m a t e r i a l  was s e l e c t e d  f o r  f u r t h e r  t e s t i n g  because i t  
had f l e x u r e  s tengths  s i g n i f i c a n t l y  h ighe-  than any o f  t h e  o t h e r  
candidate m a t e r i a l s  a t  a l l  o f  t h e  t e s t  temperatures and 
env i  ronmerats, The MS-PSZ n a t e r i  a1 was s e l e c t e d  because, o f  t h e  
m a t e r i a l s  tes ted ,  i t  was t h e  most c o n s i s t a n t  and r e p r o d u c i b l e  
m a t e r i a l  and had moderate s t r e n g t h  values a t  a l l  o f  t h e  t e s t  
temperatures. 

In general ,  t h e  MOR and dynamic fa t . igue da ta  (Tables 6 and 7 )  
ob ta ined i n  Task 111 fo r  t h e  AZ301 and MS-PSZ m a t e r i a l s  r e i n f o r c e d  
t h e  r e s u l t s  ob ta ined and t h e  b a s i c  t rends  observed i n  Task 11. The 

which dropped t o  -240 Pa a t  b o t h  800" acd 1050'C. 
m a t e r i a l  had an average room temperature s t r e n g t h  of 1000 FiPa which 
dropped t o  about SQQ MPa a t  1050aC. 
m a t e r i a l s  t h e  h i g h e s t  average s t r e n g t h s  were measured i n  the d r y  N 2  
environment f o r  most o f  t h e  t e s t  c o n d i t i o n s  stlgdieck. Based t h e  
research shown i n  Table 8, t h e  l o a d i n g  r a t e  was n o t  a f a c t o r  wha'ch 
e f f e c t e d  t h e  measured MOR va lues  f o r  t h e  AZ301 m a t e r i a l  a t  any o f  
t h e  t e s t  temperatures o r  t h e  MS m a t e r i a l  a t  500°C and 80OoC, The 
l o a d i n g  r a t e  was a f a c t o r  i n  the MS m a t e r i a l  a t  25"C, 250"C, and 
1050Y. For t h e  MS m a t e r i a l  MOR values increased w i t h  i n c r e a s i n g  
l o a d i n g  ra tes ,  The Task I T  MQR va lues  were found t o  be s l i g h t l y  
h i g h e r  than t h e  Task I11 MOR values for  both  t h e  AZ301 and F9S 
mater3 a1 s . 

S m a t e r i a l  had an average f l exu re  s t r e n y t h  o f  600 MPa a t  2 5 O C  
The AZ301 

For bo th  t h e  MS and AZ3111 
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1 0 %  H,O -- -- 

1 0 %  H,O t 5 2  6 3 5  

Dry N, + 6 6  5 7 7  

T a b l e  8.  Summary of Dynamic Fatigue T e s t  Results €or T a s k  111. 

+ 6 1 2  3 6 1  

- 5 7  2 3 8  

1-1446 2 4 7  

5 0 0  

8 0 0  

1 0 5 0  

6 0 0  1 - 4 3 *  2 4 8  
..... ___..- . . . .. 

10% :9,0 L - 4 7  
.... .... 

1 0 5 0  ]_ -_ __-.. ___. 

N = .... I 1 
Slope 

A = Intercept. 

* = S u f f i c i e n t  s a m p l e  population to dctermlne that the calculated 
slope value was statistically different from zero at the 9 5 %  
confidence l i m i t .  Those values of n n o t  starred are considered 
to not be statistically d i f f e r e n t  from 0 (not subject to slow 
crack growth). 

2 

7.4 5 

7 28 4 

F i g u r e  1.  nynamic F a t i g u e  Results f o r  AZ301 Material  a t  25°C i n  Dry N,. 
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.Q 0 
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Figure 2. Dynamic F a t i g u e  Results for AZCiOl Material at 1050°C in Dry N,. 

@ 
e 

4 2 
2 

2 

- .5 

Figure 3. Dynamic 

2.3 3.7 

F d t i g u e  Results f o r  AZ3G1 Material a t  25°C i n  10% H,O. 
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e 2 

Figure 4. Dynamic F a t i g u e  Results for AZ301 Material a t  250°C i n  10% H,O. 

2 2 
2 

Figure 5.  Dynamic Fatigue Results for Ai1301 Material a t  8DO”C i n  13% H,O. 
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F i g u r e  6. Dynamic F a t i g u e  Results for  AZ301 Material a t  1050°C. i n  10% H,O. 

6 .?e9 
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2 
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2 

F i g u r e  7 ,  Dynaniic F a t i g u e  Results for  MS-PSZ M a t s r i a l  a t  25°C i n  Dry N,. 
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Q 

Figure 8. Dynamic Fatigue Resul ts  .for MS-PSZ Material  a t  1050°C in  Dry N,. 

2 

6.20 

Figure 9.  Dynamic Fatigue Resul ts  f u r  MS-PSZ M a t e r i a l  a t  25°C in  10% II,O. 
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Figure 10. Dynamic Fatigue Results f o r  MS-FSZ Material a t  250°C i n  10% H,O. 

6.12 

5.98 0 

0 n =  + 612 4, e 
2 

e 2 
CR 

a 
5. 

A =  361 

5 -7 

Figure 1 1 .  Dynamic F a t i g u e  Results for MS-PSZ Material a t  500°C i n  10% H,O. 
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2 

I M s- PSZ 

Figure 1 2 .  Dynamic FaLigue  Resul ts  for  MS-PSZ M a t e r i a l  a t  800°C i n  10% K,9. 

Figure 13,  Dynamic F a t i g u e  Resul ts  i o r  MS-PSZ M a l e r i z l  a t  1050°C in 
1 0 %  H,O. 
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As shewn i n  Table 8, t h e  measured slopes and c a l c u l a t e d  n 
values f o r  t h e  AX301 m a t e r i a l  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  fram 
zero  a t  any of the temperatures evaluated. It can be concluded from 
these r e s u l t s  t h a t  t h e  AZ301 m a t e r i a l  i s  q o t  s u b j e c t  t o  slow crack 
growth. For t he  MS-PSZ m a t e r i a l  t h e  dynamic f a t i g u e  a n a l y s i s  s h ~ w s  
t h a t  t h e  measured slopes and c a l c u l a t e d  n values a t  room temperature 
and 25OoC were s i g n i f i c a n t l y  d i f f e r e n t  f rom zero i n d i c a t i n g  t h e  
occurrence of s low crack growth, A t  5 0 O O C  and 800°C t h e  s lope and n 
values a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  f rom zero suggest ing t h a t  
s low crack growth does n o t  occur a t  these temperatures f o r  t h e  MS 
m a t e r i a l .  A t  1050°C t h e  s lope becomes negat ive  and i s  S i g n i f i c a n t l y  
d i f f e r e n t  f rom zero suggest ing t h a t  a mechn ism o t h e r  than slow 
crack growth i s  opera t ive .  Th is  e f f e c t  may be due t o  t h e  very  l a r g e  
inc rease i n  monoc l in ic  phase a t  t h i s  temperature, 

I t  should a l s o  be noted t h a t  t h e  use of t h e  t h i r d  loading r a t e  
added conf idence t o  the r e s u l t s  o f  t h e  dynamic f a t i g u e  a n a l y s i s .  
The da ta  ob ta ined conf i rmed t h a t  no slow crack growth occur red  i n  
t h e  A2301 m a t e r l a l  a t  any o f  t h e  t e s t i n g  temperatures and t h a t  s low 
crack growth d i d  not occur f o r  t h e  MS m a t e r i a l  a t  500 and 800OC. 

Concl us ions  

The f lexure s t r e n g t h  o f  t h e  t r a n s f o r m a t i o n  toughened ceramics 
evaluated decreased 1 i n e a r l y  w i t h  i n c r e a s i n g  temperature.  A t  1050°C 

a t i o n  toughened z i  r c o n i a  ceran ics  eva lua ted  showed a 60 
t o  80% decrease from room temperature f l e x u r e  s t rengths .  
t i o n ,  i t  was found t h a t  t h e  f i n e  gra ined TZP m a t e r i a l s  were s u b j e c t  
t o  deformat ion,  c o n s i s t e n t  w i t h  t h e i r  repor ted  creep behavior  a t  
l0OO"C. I t  was a l s o  observed t h a t  t h e  specimens t e s t e d  i n  d r y  N 2  
tended t o  have h i g h e r  average MOR values than t h e  MOR values f o r  

ecimens t e s t e d  i n  10% H20 a t  t h e  same temperature. I n  a d d i t i o n  i t  
s noted t h a t  a m a j o r i t y  o f  t h e  specimens t e s t e d  a t  f a s t  l o a d i n g  

r a t e s  had h i g h e r  MOR values than those t e s t e d  a t  slow l o a d i n g  rates.  
These r e s u l t s  i n d i c a t e  t h e  s u s c e p t i b i l i t y  o f  t h e  commercial 
m a t e r i a l s  t o  env i  ronmental cor ros ion .  The a n a l y s i s  o f  t h e  dynamic 
f a t i g u e  c a l c u l a t i o n s  showed t h a t  t h e  MS-PSI and CTZP m a t e r i a l s  a r e  
d e f i n i t e l y  s u b j e c t  t o  slow crack growth a t  room temperature and 
250°C * 

Except f o r  t h e  CeOz s t a b i l i z e d  Zr02, a l l  of t h e  evaluated 
t r a n s f o r m a t i o n  toughened ceramics e x h i b i t e d  some degree o f  sen- 
s i t i v i t y  t o  low temperature (l!iO-3OO5G) ag ing  t rea tments  i n  10% H20. 
These aging t rea tments  r e s u l t e d  i n  premature t + m ~ r a n ~ f o r m a t ~ ~ ~  and 
changes i n  MOR values. It was also observed that. several of t h e  
candidate rnater i  a1 s a r e  s u b j e c t  t o  premature t r a n s f o r m a t i o n  i n ag ing  
t rea tments  c a r r i e d  ou t  i n  mois tu re  f r e e  environments. 

The c u r r e n t  research program has served t o  f a c i l i t a t e  t h e  
s t a b 1  i shnent o f  a d a t a  base f o r  commerci a l  ly avai  1 ab? e t ransforma- 
t i o n  ~ ~ ~ ~ g ~ ~ ~ ~ d  ceramics. Unfor tunate ly ,  i t  i s  apparent t h a t  the 

I n  add i -  
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comrTierci a1 ly  avai 1 ab1 e t r a n s f o r m a t i o n  toughened ceriami cs  s t u d i e d  do 
n o t  have s u f f i c i e n t l y  h i g h  e l e v a t e d  temperature s t r e n g t h  and resis-  
t ance  to environmental  degradat lon r e q u i r e d  f o r  h i g h  temperature 
s t r u c t u r a l  appl  i c a t i  ons i n  advanced heat  engi  ne systems e 

t h e  composi t ions and process ing procedures o f  these m a t e r i a l s  are 
be ing  m o d i f i e d  by t h e  manufacturers,  and i t  i s  a n t i c i p a t e d  t h a t  a 
numh9r  of new products w i l l  soon be a v a i l a b l e .  

Honever , 

Future p l a n s  

A program t o  i n v e s t i g a t e  m i  c r o s t r n c t u s e  chemist ry ,  thermal  
expansion, and mechanical p r o p e r t i e s  a t  25°C and 1500°C fo r -  two 
S i  3N4 m a t e r i a l s  and one S ic  m a t e r i a l  t h a t  has been i n i t i a t e d  w i l l  
con t inue  d u r i n g  the next r e p o r t i n g  per iod,  

Status o f  mi 1 estsnes 

Milestone 331406 i s  i n  progress;  a l l  o f  t h e  p r e v i o u s  mile- 
stones have been completed. 
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Ceranies  
R .  G .  Bradt and A .  S .  Kobayashi (University of Washington) 

'The long-term goals  of this study are to develop and demonstrate a 
technique comprising a single measurement, or a technique comprising a 
set of correlative measurements f o r  structural ceramics including mono- 
lithic and composite materials whi.ch will allow for the reliable and 
accurate determination of their resistancs to fracture (crack propaga- 
tion) over a broad temperature range from 20°C to 1400%- 

Technical progress 

The laser interfercmetric strain gage (LISG) has been used success- 
fully for fracture testing of a l l  the materials studied in this program. 
Tneluded are three manolithie ceramics: s',licon carbide (Hexolsy S A ) ,  
silicon nitride (GTE A2Y6)  and a magnesium aluminate s p i n e l  (Coors hot  
pressed); and two composites: Sic whisker/alumina matrix ( A R C Q )  Advanced 
Materials, m%) and SiC/SiC continuous fibre composite (Refractory 
Composites). 
flawed, single-edge-notched, three-point Lend bars.  

Testing has heen completed through 1400°C. , 11s itig macro- 

Crack growth resistance curves (R-curves) were generat:ed for  a l l  
materials through 14(3OoC, Figure 1 shows an example of the trend o f  the 
KR-curve behavior for the continuous fibre composite at various temper- 
at.ures through 14OOoC. 
temperature using the chevron-notched specimens for all of the material.:;. 

Figure 2 is the relationship between KIC and 

The continuaus f i b e r  SiC/SiC composite was used to represent the 
brief mechanistic study into the observed rising R-curve behavior, skiown 
in Figure 3. Here, the test was interrupted at a predetermined crack 
length and removed from the machine f o r  re-sawing of the wake area 
behind the crack tip. On continuation of the test, the fracture energy 
was observed to return to its original value  folrnd at the beginning of 
the test, for a=a This  indicates a signlficant contributian from t h e  
developing p t ~ ~ e s s  zone wake to the noted rise in crack resistance. as 
the crack extends.  

0 '  

Figures 4a and 4b illustrate the f racture  toughness behavior of the 
Sic whisker/Al283 matrix composite and the S i 9 4  mono1it:hic 
the chevron-notched and straight-notched bend bars. Note that f o r  the 
composite, the chevron-notched specimen always shows 3 higher  fracture 
toughness, whereas the reverse is true for the case of t h e  Si3N4 mono- 
l i t h i c  material, It has been found that all of the materials in this 
study that exhibit R-curve behavior show a similar trend to the S i c  
whisker8A1203 matrix composite. This is consistent with the wake anode1 
in that the chevron notch allows for a significant amount o f  crack. growth 
p r i o r  t o  calculation of Krc at the maximum load, Pmax, and the develop- 
ment of a wake zone behind the crack tip. If no wake develops, as in 
the case of materials, such as the Si3N4 which exhibit flat R-curves, 

f o r  both 
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t h e  eft'ecl of the s h a r p  c r a c k  at. E',,, i n  t h e  chevron-notched specimen 
vi11 r e p r e s e n t  a closer approximation of KIC than t h e  r e l a l i v e  b l u n t n e s s  
of the n o t c h  t i p  i n  t h e  s t r a i g h t - n o t c h e d  specimen. 

The r e s u l t s  of t h e  f i n i t e  e lement  a n a l y s i s  and a p r e v i o u s l y  developed 
coiiiputer program were used t o  c a l c u l a t e  t h e  R -  c u r v e s  from the d i g i t i z e d  
load/CMOD d a t a .  
a luminate  specimen Lo v a r i f y  t h e  c r a c k  l e n g t h  de te rminrd  through t h e  
n u i i e r i c a l l y  e v a l u a t e d  compliance c a l i b r a t i o n  curve .  

A s t a b l e  c r a c k  was grown i n t o  a t r a n s p a r e n t  magnesium 

Sts t r i s  __..- of mi1es.gse.s 

Although t h e  p r e s e n t  s t a t u s  i s  s t i l l  l a g g i n g  t h e  p ro jec t ed  m i l e -  
s t o n e s ,  e l e v a t e d  tcrrnperaturc f r a c t u r e  t e s t i n g  i s  now complete ,  and t h e  
micro-f law and MOR tests have begun, and are expec ted  t o  move r a p i d l y  
w i t h  the well e s t a b l i s h e d  test  methods. 

Publ ica t i .ons  _..--_ 

The following p a p e r s  have been submi t ted  f o r  p u b l i c a t i o n :  

F r a c t u r e  Toughqess T e s t i n g  of_*.'kramics Using a Laser I n t e r f  e r o m e t r A  
____I-. Strain. Gage, (American C e r a m i c .  S o c i e t y )  

-_ Crack i n i t i a t i o n  and Arrest i n  a.. S i c  Whisker/A1203Ceramic-Ce~amic 
Composite, ( h i e r i c a n  Ceramic S o c i e t y )  

A -..._CI 3-D F i n i t e  Element -...._ Analysi-s.. of a Chevron,-,Notched, Thres-Point. B 3  
F r a c t u r e  Speci-ms, ( T n t e r n a t i o n a l  Journal of F r a c t u r e )  

The f o l l o w i n g  papers  are be ing  f i n a l i z e d  f o r  submission f o r  p u b l i -  
cat  ion :  

1. Eleva ted  Tenpcrature- F r a c t u r e  X e s i s t s g _ o f  a S i c  ____-.. Gdhisker/AL203 
Matr ix  -I- Composite 

EIP-vated T e m p r a t u r e  F r a c t u r e  R e s i s t a n c e - g f  a S i l i c o n  Carbide 2. 
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Testiny-,?nd Eva1 ua!;ion of ,4dvanced Csramic:; ~t H.ig!i Y & ~ s u r u - ~  
Uniaxial Tensiof2 
J. Sankar,  V. S .  Avua, and R.  Vaidyanathan (North C a r o l i n a  A & T 
S t a t e  U n i v e r s i t y )  

..LII_------_-_.-.L------_I 

" 
f o l l o w i n g  t a s k s :  

Task 1. 

Task 2. 

Task 3. 
Task 4. 

'[ask 5. 

Task 6. 
Task 7. 
Task 8. 
Task 9. 

The purpose of  t h i s  c f ' f o r t  w i l l  be t u  t e s t  and evaluate advanced 
cerarnic ma te r i a l s  a t  t empera tu res  up  t o  1500°C i n  ldniaxial  t e n s i o n .  
T e s t i n g  may i n c l u d e  f a s t  f r a c t u r e  s t r e n g t h ,  s t epped  s t a t i c  f a t i g u e  
st rength,  and c y c l i c  f a t i g u e  s t r e n g t h ,  a l o n g  w i t h  a n a l y s i s  o f  fr-acti-ire 
su r facps  bv rcinnjng e l e c t r o n  microscopy. This  e f f o r t  w i l l  compvise t h e  

Spec? T i  c,a t i  ons 
( P roc u reme n t ) 
I dent  i f i c a t  i on 
o f  Specimens) 
I d e n t i f i c a t i o n  
S p e c i f i c a t i o n s  
(Procurement)  
S p e c i f i c a t i o n s  
( Pro c u r e m  ii t ) 

f o r  T e s t i n g  Flachine arid Controls t- 

o f  T e s t  Matet.? a l  ( s )  i- (PrucuremPnt. 

o f  T e s t  Speeinien Couff igurat ion 
for- Testing Grips arid Extensornetcr + 
f o r  T e s t i n g  Furnace and Controls  + 
Test Plan 

I t  i s  a n t i c i p a t e d  t h a i  t h i s  two ' (2)  y e a r  proqrani w i l l  help i n  
~.rndricstanding t h e  behavior- o f  ceraiiiic minLerials a t  very h igh  t e m p e r a t u r e s  
in  u n i a x i a l  tension. 

During .the r e p o r t i n g  per iod ,  t h e  e v a l u a t i o n  o f  t he  a1 iynment 
chau.ac%eris t ics  o f  the t e s t  equipment; and the h y d r a u l i c  s e l ? - a l i g n i n g  
g r i p  systems con t inued ,  As mentioned i n  -tile p r e v i o u s  Semiannual progress 
r e p o r t ,  t h e  u n i a x d a l i t y  o f  the self al.igni'ncj h y d r a u l i c  g r i p  mechanism 
was t e s t e d  w i t h  the  h e l p  of a s p e c i a l  "Spider  arm" load a p p l i c a t o r  
inst.r-cimen.tecl w i t h  s t r a i n  gages .  The load q ~ p l  i c a t o r  c o n s i s t s  o f  a r a d i a l  
"Spider arm" w i t h  e i g h t  r a d i a l  cantilever arms made o f  a h igh  s t r e r i g t h  
aluminicrm alloy, w i t h  i n d e n t a t i o n s  t o  s e a t  the h y d r a u l i c  p i s t o n s .  

a p a r t .  Iii each arm, a stritin gage was iiiocinted on top and bot tom t o  
rnoriit.nr t he  d i s t r i b u t i o n  o f  the r e s u l t i n g  t e n s i l e  arid compressive s t ra l 'ns  
on t h e  arms a f t e r  a p p l i c a t i o n  o f  the load. A quar te r  bridge c i r c u i - t  
W ~ S  c l~ed  for- the s t r a i n  wasurernent. The S t T d j n : j  were monitored 
c o n t i n u o u s l y  us ing  a s w i t c h i n g  and b a l a n c i q g  u n i t  and a. d i g i t a l  s t r a i n  
i n d i c a t o r ,  wh i l e  a t e n s i l e  load was being a p p l i e d .  A load range o f  17.79 

S t r a i n  gages  were bonded on f o u r  cant;ileveu, arms which were 98 deg. 



34 4 

kN (4 K i p s )  was used  and the  s t r a i n s  were nieasured while the l o a d  was 
v a r i e d  u s i n g  the se t  p o i n t  c o i i t r o l ,  the  maximum l o a d  b e i n g  1 4 . 2 3  kN 
( 3 . 2  K i p s ) .  lo c o u n t e r  the  t r a n s v e r s e  s n n s i t i v i t y  o f  the f a i l  s t r a i n  
g a g e s ,  the s t r a i n s  were iiieasi.ired bo th  d u r i n g  t he  loadi r ig  and u n l o a d i n g  
c y c l e s .  AFter cot l ip le t ion  o f  t h i s  t e s t  i n  p o s i t i o n  f; 1 ,  -the l o a d  
a p p l i c a t o r  ( s p i d e r  arm) was r o t a t e d  by $5 deg.  ( p o s i t i o n  # 2 )  and the 
s t r a i n s  were a g a i n  measured  i n  each  ariii, under  i n c r e m e n t a l  l o a d i n g  
c o n d i t i o n s .  E i g h t  such t e s t s  were per fo rmed  ( p o s i t i o n  # 1 t o  x . 8 )  t h u s  
c o m p l e t i n g  t h e  c y c l e .  lables 1 and 2 a r e  t y p i c a l  d a t a  o b t a i n e d  f o r  
p o s i t i o n s  1 and 2 ,  4 5  deg .  a p a r t  from e a c h  o t h e r  f o r  g r i p  # 1 .  S i m i l a r  
tes ts  were conduc ted  f o r  g r i p  # 2 a l s o .  

1 i n  T a b l e  1 .  S i n c e  the s p i d e r  arrn used  f o r  i i ieasiir ing t h e  s t r a i n  i s  
a luminium,  t he  r e s u l t s  produced  a s l i g h t l y  n o w l i n e a r  curve. In  o r d e r  t o  
make c o m p a r i s o n s  e a s i e r ,  a l e a s t  s q u a r e  f i t  0-f t he  d a t a  was p l o t t e d ,  
assuming a s t r a i g h t  l i n e  e q u a t i o n  f o r  these d a t a  p o i n t s .  From F ig .  1 ,  i t  
can  be  o b s e r v e d  t h a t  b o t h  t h e  n o n - l i n e a r  curve and the l e a r t .  s q u a r e  
f i t t e d  s t r a i g h t  l i n e  a l m o s t  o v e r l a p p e d  each  o t h e r ,  v a l i d a t i n g  t h e  
a s s u m p t i o n  as a r e a s o n a b l e  one .  The o b t a i n e d  slopes ( ' m '  v a l u e s )  of  the  
l e a s t  s q u a r e  s t r a i g h t  l i n e s  on t h e  compress ion  s i d e  i s  a lways  h i g h e r  
t h a n  t h a t  0-f the  t e n s i o n  s i d e .  T h i s  i s  most  l i k e l y  due  t o  membrane 
( s t r e t c h i n g )  e f f e c t s ,  r e s u l t i n g  i n  h i g h e r  s t r a i n  v a l u e s  i n  t e n s i o n  t h a n  
i n  compress ion  f o r  a p a r t i c u l a r  load. Ihe d i f f e r e n c e  between these two 
f u r t h e r  i n c r e a s e s  as the  load  i s  i n c r e a s e d .  Further, i t  can  be  o b s e r v e d  
t h a t  there i s  a s l i g h t ,  d i F f e r e n c e  i n  the s l o p e s  between t he  l o a d i n g  and 
u n l o a d i n g  l e g  of the t e n s i o n  o r  compress ion  s i d e .  The v i s c o u s  e f f e c t  o f  
the a d h e s i v e  used  i n m o u n t i n g  -the s t r a i n  g a g e s  i s  t h o u g h t  t o  be  t he  
r e a s o n  f o r  th i s  d i s c r e p a n c y .  

l ines  l i n e s  for  t he  d a t a  o b t a i n e d  o f  p i s t o n s  3 , 5 , . 1 , 2 , 4 , 6  and 8 r e s p e c t i v e l y  
( T a b l e s  1 and 2 ) .  A ? 1  the  s l o p e s  o b t a i n e d  i n  t h i s  way f o r  a l l  the  p i s t o n s  
i n  the  8 t e s t s  conduc ted  f o r  the g r i p  # 1 d u r i n g  the t e n s i l e  l o a d i n g  
and u n l o a d i n g  are  t a b u l a t e d  i n  'Tables 3 and 4. I t  c a n  be s e w  t h a t  the 
a v e r a g e  s l o p e  f o r  the  i n d i v i d u a l  p i s t o n s  v a r i e s  s l i g h t l y  from t h e  g r a n d  
a v e r a g e .  P o s s i b l e  r e a s o n s  f o r  t h i s  d e v i a t i o n  a r e :  
1 .  Misa l ignmen t  i n  the p o s i t i o n s  o f  s t r a i n  g a g e s .  
2. R e l a t i v e  v i s c o u s  d e f o r m a t i o n  o f  t h e  a d h e s i v e  l a y e r s  o f  the s t r a i n  

3. P o s s i b l e  d i f f e r e n c e  i n  p i s t o l ?  movements. 
4 .  P o s s i b l e  d i f f e r e n c e  between the a c t u a t o r  and l o a d  c e l l  a l i g n m e n t .  
T a b l e s  5 and 6 r e p r e s e n t  the s l o p e s  of  a l l  t h e  p i s t o n s  i n  compress ion  
d u r i n g  l o a d i n g  arid u n l o a d i n g .  

a l i g n i n g  h y d r a u l i c  mechanism i n s t a l l e d  was t e s t e d  w i t h  t he  h e l p  of  two 
dummy a luminium spec imens  ( F i g s .  9-10),  w h i c h  a l m o s t  r e sembled  t h e  
a c t  ii a 1 s p e c  i iiie n con f i gu r a t  i on 

wfis used .  The spec imen was bonded x i t h  4 s t r a i n  g a g e s  (CEA-O6---250U!b35O 
t y p e )  90 d q .  a p a r t  a l o n g  the c i r c u m f e r e n c e  o f  t he  gage  sect . ion t o  
m o n i t o r  t h e  d i s t r i b u t i o n  o f  the r e s u l t i n g  terisi l e  s t r a i n s  a l o n g  t h e  
circumference a f t c v  a p p l i c a t i o n  o f  t h e  l o a d .  A l o a d  r a n g e  o f  44 .48  k N  

- 

- 

Fig .  1 shows the g r a p h i c a l  p l o t  o f  the r e s u l t s  o b t a i n e d  f o r  p i s t o n  

- 

F i g u r e s  2 t h r o u g h  8 show t h e  l o a d - s t r a i n  l e a s t  s q u a r e  f i t t e d  s t r a i g h t  

g a g e s .  

T h e  a l i g n m e n t  between the  a c t u a t o r  and l o a d  c e l l  w i t h  the s e l f  

For  a rough c a l i b r a t i o n  check, the a luminium spec imen i n  F i g .  9 
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Tab le  I .  Calibration results f o r  G r i p  # 1, 0 deg. r o t a t i o n  
from o r i g i n a l  position : Position # 1. 

Load i n  kN ‘3.0 1.78 3.56 5.34 7.12 8.98 10 .7  12,5 14,2 

laad i n  Kips @,@ 0.4 O a f ?  1.2 1.6 2.8 2 - 4  2.8 3.2 

--...-_ ... 1_-_11_.- 

L + 0 -+El57 S106 -+I57 +2@8 +257 +389 4-359 +41$T- 
Ten. U i- 0 +057 +111 +164 1-215 +265 +314 +363 +410 

 ist ton 
a 3  L - 0 -049 -Gig6 -142 -18% -234 -288 -326 -371 

C m .  U - 0 -853 -104 -152 - 1 9 3  -243 -257 -33@ -372 

l_____l-~-l_ 

E + B +(2r67 +I22 +17Z1t22GI + 2 6 c x 7  4-360 +4’1.@- 
Ten. U i- 27 +091 S3.45 +I97 1-243 -1-287 +329 +372 4-413 

P i  stsn 
$ 5  L - 0 -016Q -114 -162 -286 -248 -2363 -332 -375 

erni. IJ - OI -PIC3 -1.18 -178 -215 -258 -297 -338 -377 

Note .” Ten. denotes  S t ra in  gage measuring Tensile s t r a ins  
Cmi. denotes S t r a i n  gage measwing Conpressive s t r a i n s  
I; : Readings in  loading 1 . q  
U : Readings i n  unloading leg 

___ - .~ ......... . ...................... 
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Table 2. Calibration resul ts  f o r  G r i p  rf" 1, 45 deg .  rotation 
From o r i g i n a l  p o s i t i o n  : Position # 2. 

LO& i n  K i p s  0.0 0.4 8.8 1.2 1.6 2 - 0  2.4 2 , 8  3.2 

STRAIN I N  MICROSTRAIN wm (IN/IN) 
. . l _ _ . . . ~  . . ~ ~ . . - ~  .... 1_1 

L c- 0 +(a61 +111 +IS0 +2@9 +259 +308 +358 4-408- 
Ten, U - 0 i-065 +122 +I75 4-225 +27@ +316 +363 4 0 9  

Pi  skon 
# 2  L - (B -(?552 -096 -137 -181 -223 -266 -310 -353 

C a t .  U - 0 4 5 5  -1g7 -155 -197 --238 -276 -316 -355 

Note : Ten. denotes S t r a i n  gage nrcasuriwj T s r z s i l e  s t r a i n s  
Corn. danotes S t r a i n  gage measuring mmpressivtl s t r a i n s  
L : kadinc js  i n  loading l e g  
I1 : Keadings in  ui loadiny leg 
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r I -. 

% C R P  # 1 
ROTATION FROM ORIGINAL POSXTIGN 0 
POSITION # i a i  a x  PISTON tr 1 

. .  !$ .-.I 

-_. 

F ig.  1. Load-Strain response results o f  Piston 1 from T a b l e  1. 
Observe the non-linear behav io r  o f  the curves and t h e  
l e a s t  square linear f i t  of t h e  d a t a  points. 

FROM ORIGINAL POSlTION 0 

------- 
Unloading leg - - - -  

F ig .  2. Least square fitted s t r a i g h t  line response of Load-Strain 
results o f  Piston # 3 (Table 1.). 
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F ig .  3. Leask square f i t t e d  s t r a i g h t  l i n e  response o f  Load-S t ra in  
r e s u l t s  of P i s t o n  # 5 (Tab le  1 . ) .  

F i g .  4. Leas t  square f i t t e d  s t r a i g h t  l i n e  response o f  /Load-Strain 
r e s u l t s  of P i s t o n  # 7 (Tab le  1 . ) .  
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Fig. 5. Least square f i t t e d  s t r a i g h t  l i n e  response o f  Load-Strain 
results o f  P i s t o n  # 2 (Tab le  2 " ) .  

Fig.  6. Least square  f i t t e d  s t r a i g h t  l i n e  response o f  Load-St ra in  
r e s u l t s  o f  P i s t o n  # 4 (Tab le  Zn). 
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F ig .  7. L e a s t  squar:! f i t t e d  s t r a i g h t  l i n e  response o f  Load-S.train 
r e s u l t s  of P i s t o n  # 6 (Table 2 . ) .  
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Table 3. Slopes of t h e  l o a d - s t r a i n  r e sponse  curves f o r  G r i p  
# 1 f o r  t h e  l o a d i n g  l e g  on Tension s i d e .  

lll_ -I_ 

T e s t  # Pis ton  # 
1 2 3 4 5 6 7 8 

- 
1 0.8077 0.7863 0.7992 0. a126 
2 FI. 7953 0.7993 0 8335 0.8321 
3 0,8281 0.7828 0.7933 0.8197 
4 0.8390 0,7732 0,7898 0.8259 
5 8.8412 0.8187 0.7656 0.7971. 
6 0,8528 0.81.1.5 0.7903 0.8108 
7 0.7542 0.8132 (ZI, 8115 0.7855 
8 0.8072 0.7892 8. 7446 0.7973 

Avy a F1,8878 0.8236 0.80133 0.7933 0.7924 c1.7896 r(ri.aQ37 0.816s 
I 

G r a d  AvC- := 0.8034 

Tab le  4. S l o p e s  o f  t h e  l o a d - s t r a i n  resgonse c u r v e s  f o r  G r i p  
# 1 f o r  t h e  un load ing  l eg  on Tension s i d e .  

I__-- 

T e s t  # P i s t o n  # 
1 2 3 4 5 6 7 8 

1 PI. 7978 0.7824 0.8393 @. 7916 
2 0.7938 0.7965 0,8459 0.82ML 

4 0.8365 0.7987 0,7860 0.8372 
3 pl.8258 0.7823 0.7531 0.8621 

5 0.8451 0.8148 0.7482 0.7950 
6 Q.8474 0.8115 0,7834 0.7997 
7 0.7525 0.8258 0.8856 a-7743 
8 0.7935 0.7734 . 0.7940 0.7737 

Avg, 0.8@53 0,8178 0.8013 0.7950- 0.7941 0.89123 0.8058 11.887 
.-- -I 

Grand Avg. := 0.8037 
- --- ..... 
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Table 5, Slopes of  t he  l o a d - - s t r a i n  response c u r v e s  for  G r i p  
# 1 f o r  the loading leg on compression s ide .  

T e s t  # Piston # 
1 2 3 4 5 5 7 8 

_ _ _ _ _ _ ~ ~  ..._- ~ I _ ~ _ l _ _ . l _ - - - - - - l l l _ - - . . . - ~ - - . - ~ - . -  
1 0.91.87 0.8648 0.8620 0.8800 
2 0.9184 0.8883 0.8950 €3.91'72 

4 0.9312 a. 9024 0.8797 0.8986 
5 0.9110 0.9107 0.9730 Ca. 8934 

0.8364 0.8781 8.8997 0.9083 
8 0.8810 0.8376 0.9035 0.8928 

3 0.91.74 0.9863 0.8723 a .  8809 

6 0.9122 0.8933 0.9137 la. 9220 

~ ______ _,_-- _s_ I ____1_1.... - 
Atrg, 0.8959 0.9110 Q.8898 0.8806 0.8575 0.8986 0.8907 0.9027 

Tab le  6. Slopes o f  t h e  l o a d - s t r a i n  response c u r v e s  f o r  Grip 
# l f o r  the  unloading leg  on compression s i d e .  

. ~ ____ F__I ~ . _ _ _ _  ..... ____ ___ ....-. 
T e s t  # Piston # 

1. 2 3 4 5 6 7 8 
_.____ ....._... 

1 
2 
3 
4 
5 
6 
7 
8 

. - ~ _ _ _ I _ _ _ I  ...-I___ 
0.9197 0.8632 0.8576 0.8668 

0.911?4 0.9032 0.8587 0.8710 
0.9241 0.8941 kJ. 8731 0.5786 

9.8983 0.9014 0. 8586 0.8871 
0.8995 0.8935 0.9042 M.8824 

8.8747 0.8898 0.8948 0.8305 
0.8744 0.8182 0.8909 0.8875 

0.9105 0.8805 0.8890 a.8993 

- ... .... . 
Avg 0.889'7 0 . 9 0 2 1 8 6 . 4 . - 8 ~ 8 ~ 0 , 8 8 9 3  0 .8799-mc% 

. .. ...... ____ ........- -.....-... ____ _____ _...._... ____ .~ 

G r a d  Avq. := 0.8838 
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Fig. 9. Close up view o f  Aluminium Sample # 1 
(A & T Sample) 

r 

Fig. 10. Close up view o f  Aluminium Sample # 2 
(ORNL Sample) 
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Table 7. Load-Strain response da ta  ob ta ined f o r  Aluminium 
Sample on t e n s i l e  load ing .  us ing  t h e  S e l f  a l i g n i n g  
H y d r a u l i c  Gr ips,  Sample # 1. ( A  & T sample) 

Load in k N  0.0 4.45 8.90 13.34 22.24 31.14 

Load i n  Kips 0.0 1.0 2.0 3.0 5.0 7.0 

Strain i n  Micro Stra in  cm/m ( I N / I N )  

Gage L + 0 + 511 +1007 +1515 +2559 +3619 
+ 0 + 484 + 998 +1518 +2551 +3625 # 1  U 

Gage L + 0 + 494 +1037 +1582 +2666 +3749 
u + 65 + 513 +1068 +1612 +2673 +3752 # 2  

L + 0 + 520 +1050 +1562 +2594 +3620 
+ 0 + 534 +lo46 +1562 +2594 +3622 

Gage 
# 3  U 

L + 0 + 541 +1037 +1537 +2559 +3603 Gage 
- 52 + 518 +1010 +1515 +2557 +3602 # 4  U 

Note : 1. L denotes readings i n  Loading cycle. 
2. U denotes readings i n  Unloading cycle. 
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Table 8. Load-Strain response data obtained for .4luminium 
Sample on tensile loading,  us ing  the Self  a l i g n i n g  
Hydraulic Grips, Sample # 2.  (ORNL sample) 

-1 

Laad i n  kN 0.0 0.89 1,78 2.67 4.45 6.23 
I_ ._I - 

Load in Kips 0. B 8.2 0.4 0.6 1*0 1.4 
_c 

S t r a i n  in Micro S t r a i n  cm/m ( I N / I N )  
---I 

Gage L -+ 0 I- 429 i- 812 1-1205 +28QQ t.27'72 
U - 134 + 405 I- 7'72 -I-1149 t1945 i 2756  # 1  

i- 0 i 382 + 788 +1200 c28D4 4-2816 
- 314 f 428 + 845 +1247 + % O X  +2811 

Gage L 
# 2  U 

Gage L 4- 0 + 352 t 754 +I146 -I-1944 4-2752 
# 3  U + 1Q7 + 309 I- 42'7 ,41140 +1348 t 2 7 5 1  

Note : 1. L denotes readings i n  Loading cycle. 
2. U denates readings i n  Unloading cycle. 
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Fig.  11. Load-Strain r e sponse  c u r v e s  f o r  D u m m y  A 
Sample # 1 

m i  n i  u m  Sample, 

Gage #i Gage t 2  Gage #3  Gage W4 

Fig. 12 .  Load-Strain r e sponse  c u r v e s  f o r  Durnrny .41~111i niLim Sample, 
Sample # 2 
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(10 Kips) was used and t h e  strains were measured while the load was 
varied using a set point control, the miiximum load being 31.14 kN 
(7Kips). Table 7 shows the typical data obtained for this specimen. 
Fig. 11 shows the load strain least square fitted straight lines for the 
data obtained i n  Table 7. To check the calibration further, an aluminium 
sample (Fig. 10) with a g i g e  section almost matching that o f  the actual 
ceramic test specimen configuration was used. The sample was supplied by 
Ken Liu of the QRNL. 

The test was similar 1;o the test f o r  the specimen in Fig..9 except 
that the load range was 8.90 kN (2 Kips), the maximum load applied being 
6.23 kM (1.4 Kips) and the strain gages used were EA-13-031DE-350 type. 
The typical data obtained f D i -  this specimen is given in Table 8. Fig. 12 
shows the load strain least square fitted straight lines f o r  the data 
obtained in Table 8. From F i g s  11-12, it can be observed that the 
average slopes of the load strain response curves are almost identical, 
the possible deviations due to the misalignment in the positions of the 
strain gages. It must be sa-id here that a great amount o f  care should be 
exercised while mounting t h e  specimen in the grips. The strain measurement 
techniques used in the tests are extremely sensitive and even the 
slightest variation in the sample mountinq technique can produce a big 
change in the strain values. 

accuracy o f  this self-aligning hydraulic grip system used looks 
promising for conducting the uniaxial tension test of ceramics. 

It i s  concluded from these results that t h e  operation and the 

Status of Milestones 
II.- 

Tasks 1-4 are complete. High temperature grips have already arrived 
and furnace specifications and extensometry are being discussed with 
the furnace manufacturers. Test plan for the program (Task 6) is ready 
and the testing will start as soon as the samples arrive. 

Publications 

1. J. Sankar, R. Vaidyanathan, V. S. Avva, A. D. Kelkar and 
K. C. Liu, "A New approach for Testing Ceramics in Uniaxial Tension'r, 
paper submi tted to "Test, Measurement and Inspection for Quality 
Control" conference, Detroit, Michigan, September 1987. 

- ..,.. ..................... ............ . .... ....... 



S t a r i d a r d  Ilens.iJ&..Tes L Deve Lopment 
S .  H. Wiederhorn, T,, Chuck, T .  -J. Chuang and I). E .  Roberts 
(National Bureau of  Standards) 

This p r o j e c t  i s  rrpncexned with the  devr1opmer:t o f  t e s t  equipment and 
t e s t  procndures f o r  measuring the  t e n s i l e  s t r eng th  and creep r e s i s t ance  
o f  ceramic ma te r i a l s  a t  e leva ted  iemperatures.  Inexpensive techniques of 
measuring the  creep an3 s t r eng th  o f  ceramics a t  e levated temperatures a r e  
being developed and will be used t o  cha rac t e r i ze  the  niechani c a l  behavior 
of  s t r u c t u r a l  ceramics.  The t e s t  methods use s e l f  a l ign ing  f i x t u r e s ,  and 
sirnpl e gr inding t echniqucs T o r  specimen prepara t ion .  Creep da ta  ohtaj  ned 
with t e n s i l e  t e s t  techniques w i l l  be compared w i t h  da ta  obtdincd using 
f l exure  and compressive creep rechniques. 
p ro j ec t  i s  t o  ass i s t -  i n  the  development o f  a r e l i a b l e  da t a  base t h a t  can 
be used f o r  s t r u c t u r a l  design of hea t  Pizgiines i n  vehicu lar  app l i ca t ions .  

The ultiiiiat-e g o a l  of the  

Technical .._ 

Tensi l e  Test ing o f  Sil i-conized S i l i c o n  Carbide. 

During the  pas t  6 months, a p in  and cLevis f i x t u r e  has been used to 
obta in  creep da ta  on s i l i c o n i z e d  s i l i -con  carb ide .  The t e s t  specimen 
configurati .on i s  ind ica ted  i n  Figure 1. 
apparatus by an a - S i c  p in  through each end of the  s p e c h e n .  A s  with 
specimens f o r  the  c lo thespin  design,  each specimen i s  made by simple 
grindi-ng operat ions using a shaped grillding wheel. 
specimen i s  approximately the  same a s  that f o r  the  c lo thespin  design 
f i x t u r e  - $ 7 5 .  Creep i.s nieasured f r o m  the  gauge sec t ion  o f  the  specimen 
using f l a g s  o f  the same design as t h a t  used e a r l i e r  i n  t h i s  s tudy .  Creep 
da ta  obtained at: 75 MPa and 1300°C ind ica t e  a s imi l a r  behavior t o  t h a t  
a l ready obtained i n  t h i s  sistldy, a r e l a t i v e l y  shoj:t t r a n s i e n t  creep per iod 
followed by a lengthy s teady s t -a te  creep p e s i o d ,  f i gu re  2 .  
da ta  obtained by the  p in  and c l e v i s  device i s  cons i s t en t  with t h a t  
obtained by the  c lo thespin  apparatus used e a r l i e r .  
Ti-gure 3 ,  the creep da ta  p l c t  on  a s ing le  curve; both sets o f  daca 
suggest a change i n  creep mecharii.sm f o r  s t r e s s e s  exceeding =lo0 MPa. 
discussed e a r l i e r ,  t h i s  change i n  mechanisiii can be a t t r i b u t e d  t u  
c a v i t a t i o n  wi th in  the  gauge sec t ion  a t  f:he higher s ~ : x n , s s e s .  This 
observat ion supports the  da ta  obtained by Caxrol~l and Tres s l e r  on the 
same mater ia l  a t  1100°C. Since c a v i t a t i o n  eventual1.y r e s u l t s  i n  
componei?t f a i l -u re ,  mor6 recent  eXFerhen'sS on trhe p ro jec t  a r e  being 
d i r ec t ed  towards the  col- lect ion of creep rupture  da ta  and the c o r r e l a t i o n  
o f  such da ta  with the  creep r a t e  a t  e leva ted  cemperatures. Spec i f i ca l ly ,  
we a r e  ccpl.oring the  p o s s i b i  l i t y  t h a t  the  f a i l u r e  mechanism ol: thi.s 
mater ia l  cain be descr ibed by a Monkman-Grant type o f  plot. TJe 5xpec.L t o  
have r e l evan t  information t o  report. on thi.s subjec t  by the  next  semi- 
annual report. 

The specimen i s  he ld  i n  the  t e s t  

The c o s t  of the 

T h s  creep 

A s  can be seen i n  

A s  
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1. Test specimen configuration: the specimen is held to the test 
apparatus by an a-SIC pin through each end of the specimen; as with 
specimens €or the clothespin design, each specimen is made by simple 
grinding operations using a shaped grinding wheel. 
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KXO 1 
Tension 1 300°C, 75MPa "E Gaugo Length 13.8mm 

60 

50 

4 0  - 
30 - 

i = 3 . 1 7 ~ 1 6 '  

20  4 0  60 80 100 1 2 0  140  160 180  200 2 2 0  

Time, hr 
2. Creep data obtained at 75 MPa and 1300°C using the pin and clevis 
design. 
study: a short transient creep period is followed by a lengthy steady 
state creep period. 

The creep behavior is similar to that already obtained in this 
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press 

Stress, 

3 .  
with similar data obtained using the clothespin design shows t h a t  the 
creep data plot: on a singla curve, both s e t s  of data suggesting a change 
in creep mechanism at a s t ress  exceeding ~ 1 0 0  MPa. A comparison of cam- 
pressive creep data obtained to date with the tensile creep data sug- 
gests that siliconized silicon carbide is fax roore resis tant  to creep 
in compression than it i s  in tension. 

A comparison of creep data obtained by the pin and clevis device e 

__ -. . . . . . . ....... ~ . . ........ ...,... .~ .................. 
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Compressive r e s t i n g  o f  S i l i con ized  S i l i c o n  Carbide 

Although compressive t e s t i n g  has  proven more d i f f i c u l t  t han  f i r s t  
imagined, we iiave f i n a l l y  overcome these  d i f f i c u l t i e s  ( sp rc ihen  alignment 
and s t i -ck ing  of  specimens) 2nd now have a conf igu ra t ion  that: works. 
t e s t  g3ometry adopted f o r  t he  s tudy i s  i l l u s t r a t e d  i n  f i g u r e  4 .  
Specimens =8x3x3 aim were mounted between two pedes t a l s  made o f  t he  same 
grade o f  s i l i , con ized  s i l i c o n  carbide,  Creep w a s  measured from the  edge 
o f  t he  pedes t a l  us ing  a tzraveling o p t i c a l  t e l e scope .  
pedestal . ,  j . t  w a s  necessary t o  remove some of t he  i n s u l a t i o n  i n  the  wall 
of  t he  furnace  ly ing  j u s t  behind the specimen. 
background s o  t h a t  t:he edge of tihe pedes t a l  coii1.d be sha rp ly  imaged i n  
the eyepi.ece of  t he  microscope. 
i s  es t imated  t o  he rt3 pm. To improve specimen ali.grunent, t h e  upper 
p e d e s t a l  was rounded b y  gen t ly  hand po l i sh ing  with diamond p a s t e  (15 pm) 
on a soft c l o t h  l a p .  Hand hold ing  the  pedes t a l  during poli.shi.ng assured  
the  c e n t e r  t o  be r a i s e d  above the edges o f  the p e d e s t a l .  To support  the  
load ,  2x2x1 c m  blocks of creep r e s i s t a n t  a - S i c  were used on each end of 
the loading t r a i n .  F i n a l l y ,  t o  3revei7t s t i c k i n g  o f  t h e  a-Sic blocks t o  
the  s i l i c o n  ca rb ide  push rods ,  t h i n  d i s c s  of aluminum oxide ( V i s t a l )  were 
used as space r s .  By followj.ng th i s  procedure,  creep measurements were 
e a s i l y  obtained and s t i c k i n g  o f  t he  specimen t o  t h e  load t r a i n  w a s  
avoided. 

Cur ren t ly ,  compressive creep d a t a  are be ing  c o l l e c t i n g  a t  1300°C i n  
the  stress range 100 t o  270  MPa. An exarnp1.e of compressive c reep  d a t a  on 
s i l i c o n i z e d  s i l i c o n  carb ide  i s  shown i n  f i g u r e  5 .  Within t h e  s c a t t e r  of  
t he  d a t a ,  we s e e  evidence f o r  a very  s h o r t  t r a n s i e n t  creep s tage.  A s  i n  
t he  case  o f  the t e n s i l e  c reep  d a t a ,  the t r a n s i e n t  stage i s  over 
r e l a t i v e l y  qiuickly f o r  t h i s  material 

t e n s i l e  c reep  d a t a .  AS can he seen ,  s i l i c o n i z e d  s i l i c o n  carb ide  i s  f a r  
more r e s i s t a n t  t-o creep  i n  compression than  i n  t ens ion .  A t  150 MPa f o r  
example, t h e  c reep  r a t e  i n  tens ion  i s  approximately 400 t imes t h a t  
ob ta ined  i n  t ens ion .  A s  a t e n t a t i v e  explana t ion  f o r  t he  lower creep r a t e  
i n  cornpression, we suggest  t h a t  creep i n  compression is  due t:o con tac t  
between S i c  g r a i n s ,  so chat  deformation o f  the  S i c  s k e l e t a l  network 
c o n t r o l ~ s  the creep  r a t e .  Since s i l i c o n  carb ide  i s  more d i f f i c u L t  t o  
deform than s i l i c o n ,  t he  creep ra te  a t  a gi.vcn s t r e s s  i.s expected t o  be 
much g r e a t e r  i n  t ens ion  than  i n  compressi.on, Addi t iona l  creep s t u d i e s  
and microsi;ri.ictural ana lyses  o f  the  deformed specimens will be needed t o  
confirm t h i s  v l e w .  The type o f  behavior di.scussed above does ,  however, 
Lead t o  s t r e s s  r e d i s t r i b u t i a r i s  and t o  the  s h i f t s  i n  t h e  n e u t r a l  axes  t h a t  
have been r epor t ed  e a r l i e r  on c h i s  project: .  

The 

To view Ihe 

This c r e a t e d  a dark 

The accuracy of gauge length  measurement 

The creep  da ta  obta ined  .to d a t e  i . s  compared i n  f i g u r e  3 wi.th t he  

Theore t i ca l  Anal.ysis of Creep i n  Flexure 

Wich the developmerit o f  a method t o  o b t a i n  compressive c reep  d a t a ,  
i t  i.s now poss ib l e  t o  p r e d i c t  c-ceep behavior i n  f l e x u r e  from more 
elementary c reep  daix.  I n  p a r t i c u l a r  i t  i s  possi-ble 1:o sliow t h a t  
anomalous behavior  o f  creep b a r s  i.n f l e x u r a l  loading i s  due to the 
differences i n  behavior  i n  t ens ion  and cornpression. 
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T 

-4- P 

4 .  Test geometry adopted for the study of compressive creep i n  high 
temperature structural ceramics. Displacement measurements are made 
d i r e c t l y  from each pedestal by di-rect observation with a travelling 
telescope. 

. - . . . . . . . .--. . . . . . .. . ., . . . . . . . . .3’i.. . , . . . , . . . . . . , . . . . . . . . . . . 
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Exposure T'ime, hr 

5 .  An example o f  compressive creep daia  obtained on s i l i con ized  s i L i c o n  
carb ide .  lJi thin  he scatt-er of the data, w e  see little evidence of a 
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Comparison o f  creep d a t a  obta ined  i n  t e n s i l e  kes t ing  wi th  t h a t  
ob ta ined  i n  compression and bending: 
ahead of  schedule .  Creep d a t a  has a l ready  been obta ined  i n  t ens ion  and 
i n  bending; coinpressive creep equipment have been cons t ruc t ed ,  and d a t a  
a r e  being c o l l e c t e d  on both s i l i c o n i z e d  s i l i c o n  ca rb ide  and SIALON. Data 
co l l . ee t ion  on thi.s p o r t i o n  o f  the  program i.s expected t o  be completed f o r  
 he s i l i . con iz rd  s i l i c o n  carb ide  as o f  7 /87 .  Two l e c t u r e s  on thi-s  subjeci: 
w i l l  be presented  a t  the  Annual Meeting o f  t he  American Ceramic Socie ty  
i.il May. A p a p e r  on t h i s  subject has been w r i t t e n  and w i l l  be  su3mi.tted 
f o r  p u b l i c a t i o n  by 8/87.  

mi les tones  f o r  t h i s  p o r t i o n  of the  program l i e  i n  the  f u t u r e ,  a 
comparison i s  being made between our d a t a  and t h a t  c o l l e c t e d  a t  
Pennsylvania S t a t e  Univers i ty  on the  same mater ia l .  We view f h i s  
comparison as a pre lude  t o  a int:er-  laboratory comparison o n  t e n s i l e  i e s t  
techniques f o r  ceramic materials a t  e l eva ted  temperatures .  I n  a d d i t i o n ,  
tAe p o s s i b i l i t y  of  c o l l a b o r a t i v e  work wi th  Mr. Leon Chuck o f  the Norton 
co . 

This  p o r t i o n  o f  the program i s  

I n t e r - l a b o r a t o r y  comparison o f  t e n s i l e  t e s t  method: Although the  

Pub l i ca t ions  -._________L_ 

"High Temperature Mechanical P rope r t i e s  of SJALON Cerainic : Creep 
Charac te r i za t ion , "  C . F .  Chen and T . - J .  Chuang: Ceramic Engineering and 
Science Proceedings,  i n  p r e s s .  

" f r a n s i e n t  Behavior of  S t r u c t u r a l  C e r a r n h c s  under k1Pnural Creep,"  'I?.-J. 
Chuang, S.M. Wjedcrhorn and C .F .  Chen, Third I n t e r n a t i o n a l  Conference on 
Creep and F rac tu re  of  Engineering Materials and S t r u c t u r e s ,  Swansea, UK,  
A p r i l  5 ,  1981. 

"Standard Tens i l e  T e s t  Development, I' S .M. Wiedcrhorn, Leon Chuck, T .  -3 
Chuang and Karl .Jakus, 24th Automotive Technology Ileve1 opmer~t 
Contraceors '  Coosdination Meeting, October 2 9 ,  1986. 
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flemdestt-yc t .ive Charm t ariza tion 
idge National Laboratory) 

@xJxtive/scope 

The p u ~ ” p o s e  o f  this program is to conduct nondestructive evaluation 
ent directed at identifying approaches far quantitative deter- 

ination o f  conditions (including both properties and f l a w s )  i n  ceramics 
t h a t  affect the structural performance. Those materials that have been 
seriously c ~ n s i d e r ~ d  for application in advanced heat engines are a l l  
brittle materials whose fracture is affected by structural features with 
dimensions on the order  of the dimensions o f  their microstructures. This 
work seeks to characterlze those features using high-frequency ultrasonics 
and radiography t o ,deLec t ,  size, and locate critical f l a w s  and to measure 
nendestructively the elastic properties o f  t h e  h o s t  material. 

any o f  the variations in cera i s  properties ( e . g . ,  density, e la s t j c  
wave velcaclty, attenuation, etc.) t at we routinely measure involve 

often produce large changes i n  the ultrasonic amplitude.) 
these small v riations, we previously developed m gray-scale presentation 
technique j n  h i c h  the value o f  a digitally acquired ultrasonic variable 
i s  represente by varying shades o f  gray on an e:ectrostatic 
plotter/printer. We a l s o  wrote a routine which permits any range of  the 
raw pixel values LO be expanded t o  cover the f u l l  range o f  gray levels, 
thus enhancing the contrast between regions o f  similar p i x e l  values on the 
sample. A ~ ~ ~ o u g h  this package has been extremely useful i n  displaying 
sub t l e  variations in ultrasonic properties, it. suffers from t w o  s h o r t -  
comm‘ngs. 
discernible, because the  eye is f a r  more sensitive to co lo r  changes than 
to amplitude changes,  
t h e  plstter/printer cannot be varied, it i s  necessary t o  average several 
adjacent p i x e l s  o f  the image to generate the  gray-scale display, 
averaging,  which is s i m i l a r  to the use of a half-tone screen in printing, 
reduce; the o b t a i n a b l e  resolution. 

To address  the  problems of gray-scale i q a g i n g ,  we have written a 

O F  as little a s  0.03 dB may be depicted in easily discernible hues, In 
addition, since each pixel o f  the d i s p l a y  i s  assigned a color, the full 
resolution o f  the orlginal data i s  preserved 
have a l ready  located several areas on our zirconia modulus o f  rupture 

that was not  noticed in gray  scale. 

ulrtrassnic transmission for two polycrystalline silicon samples being 

i n  the value o f  the ultrasonic quantity being measured. 
l y  not. true for the detection o f  f l a w s ,  however, whish 

To display 

First, the contrast between adjacent gray levels i s  n o t  readily 

Second, because the intensity o f  a s lngle  dot on 

T h i s  

package that permits the ultrasonic data to be d i s p l a y e d  in color 
Since the colors may be selected by the user, variations PC-AT. 

Us ing  this new package, we 

OR> standards where there i s  enhanced scattering from the microstructure 

To Illustrate the use o f  this package, Fig. 1 shows the variation in 

_. - . . . . . . . . . . . ~~~. ..._............,.._I ~ ...... ........... .- 
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examined f o r  smal l  v a r i a t i o n s  i n  a t t e n u a t i o n .  (A l though t h e  o r i g i n a l  
f i g u r e s  a r e  i n  c o l o r ,  t h e  major  s a l i e n t  f e a t u r e s  a r e  d i s c e r n a b l e  i n  t h i s  
r e p r o d u c t i o n . )  For b o t h  samples t h e  t ransmiss ion  appears t o  be very  u n i -  
form, v a r y i n g  by o n l y  a s i n g l e  c o l o r  l e v e l  i n  t h e  sample on t h e  l e f t .  The 
w h i t e  f i d u c i a l  marks t o  t h e  l e f t  o f  t h e  c o l o r  b a r  d e l i n e a t e  t h e  d i g i t i z e r  
range b e i n g  d i s p l a y e d  ( 0  t o  254 i n  t h i s  case). 
da ta  b u t  w i t h  a narrow range o f  p i x e l  va lues,  again i n d i c a t e d  by t h e  f i d u -  
c i a l  marks, expanded t o  cover  t h e  f u l l  range o f  c o l o r s .  Considerable 
v a r i a t i o n  i n  t h e  t ransmiss ion  can now be seen, w i th  ad jacent  c o l o r  va lues  
r e p r e s e n t i n g  v a r i a t i o n s  o f  about 0.04 dB. 

F igure  3 shows t h e  t ransmiss ion  c o l o r  r e s u l t s  ob ta ined on a s i l i c o n  
c a r b i d e  wh isker - re in fo rced alumina. 
s t r u c t u r e  can be d iscerned.  
the t ransmiss ion  caused most l i k e l y  by changes i n  t h e  e l a s t i c  p r o p e r t i e s  
o r  t h e  m i c r o s t r u c t u r e .  
v a r i a t i o n s  i n  t h e  t ransmiss ion  ampl i tude caused by s c a t t e r i n g  f rom t h e  
whisker  clumps i n  t h e  alumina m a t r i x .  Last ,  t h e r e  a r e  p e r i o d i c  s t r i a t i o n s  
i n  t h e  r e s u l t s  caused by forming o r  machining marks on t h e  sur faces  o f  t h e  
sample which were n o t  seen i n  t h e  gray-sca le  r e s u l t s .  Expansion o f  t h e  
a p p r o p r i a t e  p i x e l  range y i e l d e d  an image o f  t h e  wh isker  clumps i d e n t i c a l  
t o  t h e  gray-sca le  r e s u l t s ,  except  t h a t  t h e  r e l a t i v e  ampl i tudes o f  scat -  
t e r i n g  f rom t h e  clumps c o u l d  now be d i f f e r e n t i a t e d .  

We have improved our  system f o r  i n s p e c t i o n  o f  I n t e r n a t i o n a l  Energy 
Agency ( I E A )  s i l i c o n  n i t r i d e  MOR bars .  
f requency / foca l  l e n g t h  combinat ion b e t t e r  s u i t e d  t o  t h e  e v a l u a t i o n  o f  
these b a r s  has been obta ined.  With t h i s  t ransducer ,  125-pm f l a w  standards 
a t  2-mm depth  can be de tec ted  i n  t h e  b a r  a t  f u l l - s c a l e  d i g i t i z e r  ampl i tude 
and w i t h  a g a i n  reserve  of 30 dB. The system has a l s o  been reprogrammed 
f o r  a f o u r f o l d  inc rease i n  i n s p e c t i o n  speed w i t h  no l o s s  i n  s e n s i t i v i t y ,  
These changes i n d i c a t e  t h a t  a much f a s t e r  t e s t  i s  now p o s s i b l e  w i t h  s i g n i -  
f i c a n t  inc reases  i n  b o t h  s e n s i t i v i t y  and d e t e c t i o n  depth.  

We have now completed v o l u m e t r i c  u l t r a s o n i c  i n s p e c t i o n  o f  a number o f  
t h e  I E A  s i l i c o n  n i t r i d e  MOR bars .  Several  i n d i c a t i o n s  whose ampl i tude 
equals  o r  exceeds t h a t  f rom a 125-pm re fe rence s tandard have been found. 
A f e w  o f  these i n d i c a t i o n s  c o u l d  be d e t e c t e d  f r o m  e i t h e r  s i d e  o f  t h e  bar ,  
even though f o r  a t  l e a s t  one o f  these o r i e n t a t i o n s  t h e  source c o u l d  n o t  be 
l o c a t e d  near t h e  f o c a l  p lane o f  t h e  t ransducer .  I n  genera l  t h e  r e s u l t s  
a r e  s i m i l a r  t o  those ob ta ined e a r l i e r  on s i n t e r e d  s i l i c o n  n i t r i d e ,  
a l though t h e  c u r r e n t  samples appear t o  be somewhat " q u i e t e r "  
u l t r a s o n i c a l l y  than e a r l i e r  specimens. 

standards have been f a b r i c a t e d  w i th  very  smal l  (125 pm) d iamond-t ipped 
d r i l l s  and inspec ted  u s i n g  50-MHz sur face  waves. 
standards have been f a b r i c a t e d ,  and, as expected, a l l  were e a s i l y  
de tec ted .  
width of  t h e  n o t c h  (125 vm) makes t h i s  a r a t h e r  poor s i m u l a t i o n .  
Accord ing ly ,  we a r e  p r e p a r i n g  a c t u a l  c racks  i n  s i l i c o n  n i t r i d e  b a r s  by 
Knoop i n d e n t a t i o n  o f  t h e  sur face .  
by v a r y i n g  t h e  load,  t h i s  approach should p r o v i d e  near i d e a l  standards.  

The so f tware  i s  now i n  p l a c e  t o  generate c o l o r  maps o f  d i s t r i b u t i o n  
of sur face f l a w s  i n  a ceramic sample as determined by sur face  wave 
i n s p e c t i o n .  
sur face  wave s c a t t e r e d  by a crack,  which g e n e r a l l y  c o r r e l a t e s  w i t h  c r a c k  
s i z e ,  For sur face-break ing c racks ,  t h e  s c a t t e r e d  s i g n a l  o f t e n  c o n s i s t s  o f  

F i g u r e  2 shows t h e  same 

Three d i s t i n c t  f e a t u r e s  o f  t h e  sample 
F i r s t ,  t h e r e  i s  a random g l o b a l  v a r i a t i o n  i n  

Second, t h e r e  a r e  v e r y  l o c a l i z e d  h igh-ampl i tude 

A new t ransducer  hav ing  a 

We cont inued work on sur face  wave i n s p e c t i o n  o f  ceramics.  Machined 

Both no tch  and h o l e  

The n o t c h  standards were designed t o  s imu la te  a crack,  but t h e  

Since t h e  c r a c k  depth  can be c o n t r o l l e d  

I n  these maps, c o l o r  corresponds t o  t h e  ampl i tude o f  t h e  
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capabi  1 i ty  f o r  d i s p l a y i n g  t h e  f requency c o n t e n t  o f  
f rom which t h e  separa t i on  may be o b t a i n e d  e a s i l y .  

Three ceramic b i l l e t s  have been o b t a i n e d  f rom 
Chemical Company. These b i l l e t s  c o n s i s t  o f  two s i  
one a m o n o l i t h i c  m a t e r i a l  and t h e  o t h e r  r e i n f o r c e d  
whiskers,  and an alumina sample c o n t a i n i n g  s i l i c o n  
b i l l e t  i s  about 76 x 76 x 9.5 mm ( 3  x 3 x 3/8 i n . )  

two waves, one of  which i s  r e f l e c t e d  a t  t h e  subsur face t i p  o f  t h e  c rack .  
When p resen t ,  t h i s  c o n d i t i o n  p r o v i d e s  an independent measure o f  t h e  c r a c k  
depth,  s i n c e  t h e  temporal  separa t i on  between these s i g n a l s  depends on t h e  
s u r f a c e  wave v e l o c i t y  and t h e  c r a c k  depth.  

t h e  s c a t t e r e d  wave, 
We have t h e r e f o r e  p r o v i d e d  t h e  

Stephen Dahar a t  Dow 
i c o n  n i t r i d e  samples, 
w i t h  s i l i c o n  c a r b i d e  
c a r b i d e  whiskers.  Each 

We have agreed t o  
c h a r a c t e r i z e  t h e  b i l l e t s  (examinat ion f o r  f l a w s  and d e t e r m i n a t i o n  o f  
e l a s t i c  p r o p e r t i e s  and 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 s )  u l t r a s o n i c a l l y .  
samples w i l l  t hen  be c u t  i n t o  MOR b a r s  and t e s t e d  d e s t r u c t i v e l y .  

The 

Radiography - B. E. F o s t e r  

V i s i t s  were made t o  f i v e  s u p p l i e r s  o f  r e a l - t i m e  imaging and/or 
computed tomography equipment t o  determine t h e  s e n s i t i v i t y  t h a t  c o u l d  be 
o b t a i n e d  w i t h  ceramic MOR ba rs .  
f l a t - b o t t o m  h o l e s  w i t h  d iameters o f  75, 100, 125, and 250 p m  and depths 
f rom 10 t o  70 pm r e p r e s e n t i n g  e q u i v a l e n t  penetrameter  s e n s i t i v i t i e s  of 1.0 
t o  3.4%. 

S e n s i t i v i t i e s  o b t a i n e d  v a r i e d  f rom 1 .9  t o  over  3.4% ( z e r o  ho les  
imaged) w i t h  t h e  d i f f e r e n t  equipment i n  b o t h  t h e  r e a l - t i m e  and CT mode o f  
o p e r a t i o n .  
o f  equipment m a l f u n c t i o n .  
f l a t - b o t t o m  h o l e  w i t h  a d iamete r  and dep th  o f  375 p m  ( r e p r e s e n t i n g  an 
e q u i v a l e n t  penetrameter s e n s i t i v i t y  o f  0.26%) was a l s o  used on t h i s  second 
v i s i t .  The h o l e  i n  t h e  P l e x i g l a s  was imaged b u t  none o f  t h e  ho les  i n  t h e  
MOR b a r s  were de tec ted .  Apparen t l y  s p a t i a l  r e s o l u t i o n  was t h e  l i m i t i n g  
f a c t o r  and i t  i s  though t  t h a t  a s m a l l e r  beam s l i c e  t h i c k n e s s  o f  0.25 mm 
( i n s t e a d  o f  t h e  1.0 mm used) would p e r m i t  d e t e c t i o n  o f  most o f  t h e  h o l e s  
i n  t h e  MOR b a r s .  A d d i t i o n a l  c o n t a c t s  and v i s i t s  a r e  planned. 

e v a l u a t i o n  o f  t h e  I E A  MOR b a r s .  A penetrameter (image q u a l i t y  i n d i c a t o r )  
was f a b r i c a t e d  f o r  use on each rad iograph.  The penetrameter i s  a s e c t i o n  
o f  an MOR b a r  w i t h  two f l a t - b o t t o m  ho les  t h a t  a r e  0.25 mm (0.010 i n . )  i n  
d iamete r  by 0.025 mm (0.001 i n . )  deep and 0.13 mm (0.005 i n . )  i n  d iameter  
by 0.05 mm (0.002 i n . )  deep. 
each rad iograph,  t h u s  a s s u r i n g  a penetrameter s e n s i t i v i t y  o f  a t  l e a s t  
1.6%. A t o t a l  o f  817 MOR b a r s  have been rad iographed and measured 
d i m e n s i o n a l l y  ( w i d t h  and h e i g h t ) .  

We used f o u r  MOR b a r s  c o n t a i n i n g  

A second v i s i t  was necessary t o  one o f  t h e  s u p p l i e r s  because 
A 10-cm cube o f  P l e x i g l a s  c o n t a i n i n g  a 

A r a d i o g r a p h i c  techn ique  u s i n g  50-kV X r a y s  has been developed f o r  

We r e q u i r e  t h a t  b o t h  h o l e s  be v i s i b l e  on 

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

No m i l e s t o n e s  were due i n  t h i s  p e r i o d .  

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

None. 
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Crimpu t ed ~~~~~~a~~ 
W. A .  Ellingsun, M. W. Vannier, and. H. C. Ye11 (Argcnne Nat:ional 
Laboratory) 

The purpose of t h i s  program is to deve lop  X-ray computed 
tomographic (CT) imaging f o r  app1Lcation t u  s t ruc tu ra l  ceramic 
materials 
d i s t r ibu t ions  ~ detecting and s i z ing  high- and low-densi ty  inclusions 
and detecting cracks i n  green- s t a t e  and densif ied ceramics. CT imagi.ng 
i s  capable of interrogat ing the f u l l  vo l~mie  of  a compvrient, and i s  noti- 
contacting, 
earl be used t o  inspect camponeiits with compllex shapes S U G ~  as 
turbrxharger r o t o r s ,  r o t o r  shrouds, and large turbine blades I 

T h i s  tzechnique has the potent ia l  f o r  mapping densi ty  

It  is a l so  relatively insensiti.ve t o  par t .  shape axid thus 

Technical progress 

In our previous work on. t h i s  project ' -",  we have discussed the 
advantages of  X - r a y  computed tomography and. poin ted  o u t  some of  the 
problems t h a t  need to  be considered in a lq ly ing  CT scantiers t o  
ceramics" 
source s and p o 1 y ch r onla t i. c s o UT c. e s ' r - 9 a t Ive t o  be am - ha I: den i ng 
corrections. 
correct ion methods which, i n  theory, could he put i n t o  the CT scanner 
reconstruction algorithm a5 a polynomial o r  a look-up tab1.e. The 
problem with t h i s  correct ion is  tha t  it is time-consuming and r e l a t ive ly  
d i f f i c u l t  t o  implement. 

O f  par t i cu la r  concern a e the differences betwem isotope 

We p-eviously evaluated' l i nea r i za t ion  beam-hardening 

During t h i s  reporting per iod ,  we have expl-ored a secund sofrware 
so lu t ion  to the beam-hardening problem: 
correct ion method. 

a so-called dual-energy 
6 - 9  

A baskc assumption undcrlyit-rg dual-energy reconstruction is that  
over ata X-ray energy range of  ihterest  ~ the e x p l i c i t l y  energy-dependent: 
m a s s  attenuati.on coefficient. ( p / p )  ( E )  of a11 mater ia ls  can IN! exprcsscd 
with s u f f i c i e n t  riccuracy as a li.near cambinatl.oti o f  the Conptxm and the 
photoelectr ic  coef f ic ien ts  8 ' 3 .  Thus, it can be shown that: the mass 
at tenuat ion coefficient of any material. can be expressed a s  a linear 
comb.inatio8 o f  the coeffic%ents of two so-cal led bas is  or tal-ibration 
materials :  

where subscripts 1 and 2 r e fe r  t o  reference materials 1 and 2 ,  
respect ively.  
i n  the3.r atomic nt-mber z ,  and thereby i n  their Cmnptsn and p h o t o e l e c t r i c  
a t tenuat ion characteristkcs, t o  give satisfactory r e s u l t s  (this i s  
determined empcrically) . In CT imaging, the l i n e  in tegra l  over the 
linear at tenuat ion coefficlent, Jp(r, E)ds ~ i s  determi-ned f o r  each focus 
posi t ion and detector element. This in tegra l  can be expressed as 

The two basis ina te r ia l s  should be su f f i c i en t ly  d i f f e r e n t  
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p ( r , E ) d s  = (Ic\ ( E ) - b l  + (:)? (E)-&:! , 
p i  1 J 

T h e  symbols Si and p i ( r )  r eprcsent  the "area dens i ty"  i n  g/cmL and t h e  
loca l  mass dens i ty  i n  g/cm , r e spec t ive ly ,  o f  b a s i s  material  i .  Lh?n 
m i t e r i a l s  o ther  than the b a s i s  materials a r e  p r e s e n t ,  the  d e n s i t i e s  a re  
r e f e r r e d  t o  as equivalent  b a s i s  mater ia l  d c n s i t i e s ,  a l i n e a r  combination 
of  which r e f l e c t s  the  physical  dens i ty  01 the attentrat i ng ma te r i a l .  

3 

The equivalent  "area d e n s i t i e s "  S1 and S 2  o f  the two b a s i s  
ma te r i a l s  ( E q .  3) have t o  be dctcrrnined f o r  each ray pa th .  By measuring 
the  a t t enua t ion  w i  th t w o  d i f f e r e n t  spectra, we obta in  two nonlinear  
equations f o r  each ray path:  

where I and Io a r e  the  attenuated and primary i n t e n s i t i e s  and Clie 
subsc r ip t s  h atid R r e f e r  t o  the high-  and low-kVp X-ray Eleat1 voltages, 
r e spec t ive ly .  Equations ( 4 )  and ( 5 )  can be solved f o r  the  equivalent  
"area  d e n s i t i e s "  61 and ,5?, whirh charac te r ize  zhe unkmovn m a t e r i a l .  

The b a s i s  rnaLerial Jecoinposition i s  thus accomplished by 
caPcul.atLng the  6,- and 6? values  from the  ineasured p ro jec t ion  va lucs .  
Mater ia ls  with an atoii i ic iTuinbe:c Z d i f f s r e n t  from those o f  Che tivro b a s i s  
materia1.s w i l l  con t r ibu te  t o  both S1 and 6 ?  i n  3 s p e c i f i c  fashion. '  
val-~ies 61 can be in t e rp re t ed  as components i n  a two-dimensional vec tor  
space w i t h  thc b a s i s  materials definLng *Lhe b a s i s  V ~ C ~ O K S .  

The 

'The dual-energy co r rec t ion  is  usua l ly  accomplished by use o f  t ab l e  
look-up procedures ; the  L a s i c  procedure i s O U T  l i n e d  i n  F i g .  1. 

A dual-energy packagc wac: implemented on a medical CT imaging 
scanner during ;his r epor t ine  per iod .  
l i q u i d  Freon CF and a grecn -  state i n j  ecLion-molded Si3N,,  turkscharger 
roLor (see Fig.  2 ) .  The psrLicular  turbocharger r o t o r  se lcc te3  Tor 
testing had aL leas?. one known d e f e c t ,  a circiimferFnt;al Crack, w h i c h  i s  
v i s i b l e  i n  Fig. 3 .  

Thr package was evaluated o n  both 
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Fig. 2. 

ONE SCAN UWNQ 
RAPiD kV-SWITCHWQ 
VIELDS: 

DUAL ENERQY DATA FIE 1 
MONO EWE ROE TIC 
DkTA FILE 1.1 

DATA PROCEsSmQ HIQH-hV DATA F&E NIW-2 DATA FlLE LOW-Z DATA FILE LOW-LV DATA FILE 

Fig. 1. Processing Scheme for Dual-Energy Data Evaluation. 
(From Ref. 6) 

Green-State Turbocharger Rotor Used in Experimental Dual- 
Energy CT Scan Tests. 
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r'ig. 3 .  Close-up Photograph of Turbocharger Rotor, Showing Circum- 
fenential Surface-breaking Crack. 

An axial CT section of the entire rotor, with a slice thickness of 
2 mm, was taken using the dual-energy beam-hardening correction. 
Figure 4 shows the image produced from the "Hi-kV" image reconstruction 
data file. The crack is detected at "A" in the figure. The streak 
labeled "Btl in Fig. 4 may be a second crack, or an artifact in the 
image. 
feature. 

We plan to cut the rotor open to establish the nature of this 

Transaxial CT sections were also obtained. Figure 5, a section 
through the vanes, shows edge artifacts (the star pattern in the hub) 
but also shows an apparent low-density region near the core of the 
shaft. In order to obtain better information on the shaft, we obtained 
transaxial sections just upstream of the vanes, as shown in Fig. 6 .  
Again, the "Hi-kV" reconstruction data were used to reconstruct the 
image. A 
densitometer trace through these regions (Fig. 7) reveals the wide 
variation in density across the two regions. 

Figure 6 clearly shows regions of high and low density. 



377 

Fig. 4. Axial CT Image of Rotor Shown in Figs. 3 and 4, Obtained With 
the Dual-Energy Beam-hardening Correction. 

Fig. 5. Transaxial CT Image of Same Rotor, Taken through the Vanes. 
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Fig. 6 .  Transaxial CT Image of Same Rotor, Taken Upstream of the 
Vanes. 

S C A N  

St e 

Fig. 7. CT Image of Same Rotor Section Seen in Fig. 6, with 
Densitometer Trace. 
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Status of milestones 

All milestones are on schedule. 
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Methodology for I n t e l l i g e n t  Processing of Rel iab le  Engineering Ceramics 
T. M. Resetar, G. E. Schaefer, J. W. McCauley (U.S. Army Materials 
Technology Laboratory) 

Obiective/scoDe 

Any engineering system requires certain material properties for 
performance. 
function of its intrinsic characteristics. Therefore, by identifying the 
unique characteristics of the material the properties are also defined in an 
unambiguous way. 
not uniquely define a material. 
materials. 
only consists of chemistry and physical structure of its constitutive 
canpnents, but also includes defects. 

Academy of Sciences Materials Advisory Board report. 
describes those features of the canposition and structure (including defects) 
of a material that are significant for a particular preparation, study of 
properties, or use, and suffice for reproduction of the material." 
signature of any material therefore is: 

In an ideal world, any extrinsic property of a material is a 

The converse is not true. Identification of a property does 
This is the fundamental ambiguity of advanced 

In the real world the unique characteristics of any material not 

Materials characterization has been very succinctly defined by a National 
"Characterization 

The unique 

P = equals f(c,M,PD) 
C = equals chemistry, phases 
M = equals microstructure (physical structure) 
PD = equals processing defects 

Therefore, any property of a material can be unambiguously defined by its 
unique signature. 
final ceramic products is the overall goal of this project. 

Quantification of this unique signature for powder and 

Technical progress 

Our approach is to start with the unique signature concept and to evolve 
this into ccmputer interrogatable data base framework for a selected variety 
of advanced ceramic materials - powders and final products. 
particularly difficult aspect of the program and will require several 
iterations before a satisfactory data base is achieved. 

characteristics appears on Table I. 
draft of a report (Ref. 2) authored by Resetar and McCauley on the powder 
characterization subtask of the IEA program. 
U.S. participants in the IEA ANNEX I1 and was accepted as the framework for a 
data base format. 
analyzing, canparing and retrieving powder characterization information. 

An important aspect of the data base is that certain characteristics may 
be determined by two or more ccmpletely different and independent measurement 
techniques. 
certain chemistry requirements like oxygen content. 
are broad enough to enccmpass a variety of classic powder characterization 

This is a 

The first attempt to define an acceptable basic set of powder 
They were derived frcxn the preliminary 

This chart was distributed to 

This data base will be used for recording, storing, 

This is especially true for particle size distribution and 
The headings in Table I 
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techn$yues to inc lude  varioGs proLwi-ty informalion s,uecific to  each different 
inaterial .i 

Mteer undertaking Lhe t a s k  of c rea t ing  a usable I i n t e r r a p t a b l e  data base 
frmewor-k for material. c h a r a c t e r i s t i c s ,  it w a s  r e a l i z e d  t h a t  many i t e r a t i o n s  
~ia0uPcl be necessay as o u r  data base knowledge and e x p e r t i s e  grew. Even though 
the foimt may change, t h s  basic set of q u a n t i f i a b l e  p d e r  characteristics 
wxil.d not .  (Table I) Therefore ,  t h i s  basic set was and w i l - l  be the keystone i.n 

w i t h  t h i s  i n  mind, t h e  next t a s k  was to t r a n s c r i b e  the pre1.i.ninary powder 
c h a r a c t e r i z a t i o n  c h a r t s  (Ref. 2 )  o n t o  computer d i s k s  for use  w i t h  the Rainbow 
personal cmputer ( Diy i ta l ,  Inc * ) and Symphony ( v e r s  ion  I .  0 1 ) sof tmre . These 
charts con ta in  the reemencled prel i ininasy formst  for- t h e  dat-a base and were 
mended, then  approved at. var iQis  IJZA Annex I1 meetings.  

Table 11 shows the particle s i z e  and d i s t r i b u t i o n  c h a r t .  
fomiat inc ludes  the geometric median diameter (d 
(standard.  d e v i a t i o n )  c a l c u l a t e d  from d 
p a r t i c u l a r  chart is the n l d r  of r d e s  w i th in  a p~wder sample and hod to  
record n n u l t i d a l  pwders. 
numixr of data p i n t s ,  other stat.i.st.ical descript.ors) m y  be added a t  a later 
date as the  s i t u a t i o n  warran ts .  

pme~metry number 
can also be easily r ev i sed  to  inc lude  o t h e r  parameters. 

The next  three tables (IV, V, VI and 1111) wil.1 con ta in  the chemical 
characteristics of the pwders to be s tud ied .  
(Table 1V) which condenses t h e  information presented  on Tables V and VI. 
‘ ab le  VHI con ta ins  phase informat-ion. 
n n d i f i e i i  to fit specific materials, and also be able t o  contail-1 similar 
in fo rna t ion  f r m  independent so~irces (i .e.  oxygen a n a l y s i s  by neutron 
ac t iva t - ion  and LECO n i e t l i o d ) .  

prior to the a r r i v a l  05 t h e  Program powder, the cca~plet-e unique 
s i g n a t u r e  chimir-acterizationacterimtion of Z r  metal powder has k ~ e n  cmpleted and includes 
m p l e t e  independsnt oxygen ana1ysi.s by t h e  MCO method and tieirtron a c t i v a t i o n  
analysis. P a r t i . d e  s i z e  d i s t r i b u t i o n  has been mmsured by sedb ien ta t ion ,  SEM 
image analysk , e lec t rozone  sens ing ,  arid turbi.dimet.ric techniques.  This data 
is T’IOFP k i n g  i n s e r t e d  i n t o  trial. data  bases which w i l l  be able t-o be ~ised on 
an expert system s i n c e  burr) rate data ( d i r e c t  powder property) has k e n  
msasured on a l l  of t h e  pwders. The a i r r e n t  collection of d a t a  for zirconium 
@en_- appears on ‘I’ab1.e VT.11. This format closely tallows the proposed 
f rmewark for q u a n t i f i a b l e  pwder c h a r a c t e r i s t i c s .  

d i s t r i b u t i o n  is i l l u s t r a t e d  for Z r  metal. pwder  011 Table rx. This i l l u s t r a t e s  
the problem very  n i ce ly .  
I?m-evet-, t h e  phys ica l  n d e h  used i n  the t e c h n i ( p e  far determining t h e  p a r t i c l e  
s i z e  d i f fe rs  for a l l  of these rrpethds. I f  t h e  va r ious  m3as~i~nents are 
n o m l . i z e d  to each o t h e r  by u.sing t h e  Hatch-Choate e q i a t i o ~  one can see t h a t  
the actual ( t r u e )  d i f f e r e n c e s  are small, ’This problem m u s t  ke resolved i n  the 

developent  of the caata bases, 

This  p a r t i c u l a r  
) and t h e  cJ%stri beitiori 

and d 
8 4  1 G  ’‘’ one concern on t h i s  

Other  p e r t i n e n t  information ( i .e., air increased 

Table 111 inc ludes  nu rpho lq ica . l  descriptors such as surface area, 
aspect ratio and o t h e r  cal.cu1.abl.e quan t i  ties. mis chart 

Tricluded is a s tmary  chart 

Thsse chemical c h a r t s  rray have to t-r: 

The prnb1.m of m u l t i p l e  nethods for d e t e m i n i n y  p a r t i c l e  s ize 

A l l  of the .methods are p e r f e c t l y  acceptable, 

data base met.hodology. 

Status of milestones 
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351402. - Preliinina Data Base Foqat September 30 1986. 
351403. - Zr Metal gwder  Characterization/Data Base June 30 1987. 
351404. - Zr Oz Powder/SiC Ceramic Characterization October 31 1987. 
351405. - Other IEA Powder and Ceramics June 30 1988. 
351406. - Total Data I3ase Incoqmration/Analysis January 31 1988. 

Publications 

None 

1. J.W. McCauley, "The Role of Characterization in Emerging High Performance 
Ceramic Materials, ''Am. Ceram. Soc .  Bul l . ,  6 3 ( 2 ) ,  263-265 (1984) .  

2. "'sunsnary Report for International Energy Agency (IEA) Annex I1 -" 
Cooperative Program on Ceramics for Advanced Engines and Other 
Conservation Applications: Suhtask 2: Powder Characterization Studies," 
J.W. McCauley and T.M. Resetar; January 1986 (revised April 1986) (16 
PP.) 



T a b l e  1. 8 a s i c  Set o f  Quantif iable  
Powder Charac te r i s t i c s  

1) Par t ic le  Size ( d g ,  dv)  
2 )  Parz ic le  Size Distribution ( 6 g )  
3) Surface  B r a  (Swf  
4 )  Pemearnetry # ( F i s h e r  Sub-Sieve S i z e )  
5 )  Matzrial Density (PymomeTer, etc.) 
6 )  Aspecr Rat io  (Long/Short) 

1) Major Elements 
2) Minor Elements 
3)  Trace Elements 
4 )  Vola t i l e  Analysis 
5 )  Weight Lass in Air tG 110°C 
6 )  Phase Analysis (X-ray Diffraction) 

D. OTHER CEIARACTERYSTICS: -I_ 
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T a b l e  0 .  P r e l i m i n a r y  D a t a  Bass Fcsrm.at f c l r  
Mi nor E l  enrien t B D f Powder 5 
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T a b l e  V I .  P r e l i m i n a r y  D a t a  Base Format f o r  
Trace E l e m e n t s  o f  P o w d e r s  
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T a t l l e  V I  I I . 
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Table T X .  

COMPARXSON OF OBSERVED AND CALCULATED* Zr 
POWDER DIAMETER FROM VARIOUS TECHNIQUES. 
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4 . 0  TECHNOLOGY TRANSFER 

4.. 1.1 Technoloqy..Transfex 

g"eGhXi0d Og'...rrL7nSft?i7 
0. R .  Johnson (Oak Ridge N a t i o n a l  Laborakory) 

-- 
Technology t r a n s f e r  i n  t h e  Ceramic iechnolsgy P r o j e c t  i s  accarnpllshe 

by a number o f  mechanisms i n c l u d i n g  t h e  fo l low' ing:  
s .  A portable 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  seve ra l  t r a d e  shows and t e c h n i c a l  meet ings,  mos t  
r e c e n t l y  a t  t h e  Annual Meet ing of  t h e  American Ceramic Soc ie ty ,  A p r i l  25-38, 
1987, i n  C i n c i n n a t i ,  Ohio .  

Newsletter. A Ceramic Technology Ne sl etter i s pub1 .i shed r e g u l a r l y  
and sen t  t o  a l a r g e  d i s t r i b u t i o n .  

Reports.  Semiannual t e c h n i c  1 r e p o r t s ,  which i n c l u d e  c o n t r i b u t i o n s  
by a l l  p a r t i c i p a n t s  i n  t h e  p rog ra  are pub1 1 shed and sent  t o  a l a ~ g e  
d i s t r i b u t i o n .  I n f o r m a l  b i m o n t h l y  ~ a ~ a g ~ ~ ~ ~ ~ ~  and t e c h n i c a l  r e p o r t s  are 
d i s t r i b u t e d  to t h e  par t1c ipant .s  i n  t h e  program. O p e n - l i t e r a t u r e  reports 
a re  r e q u i r e d  o f  a l l  r esea rch  and development p a r t i c i p a n t s ,  

D i r e c t  Ass is tance.  D i r e c t  a s s i s t a n c e  i s  p r o v i d e d  t o  subcon t rac to rs  
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 N a t i o n a l  l a b o r a t o r y .  

Workshops. Top ica l  workshops a r e  h e l d  an s u b j e c t s  o f  v i t a l  concea"$i 
t o  ou r  community. 

I n t e r n a t i o n a l  Coopera t ion ,  Our program i s  a c t i v e l y  i n v o l v e d  in and 
s u p p o r t i v e  o f  t h e  c o o p e r a t i v e  work be ing  done by researchers  i n  West 
Germany, Sweden, arid t h e  U n i t e d  S t a t e s  under an agreement w i t h  the 
I n t e r n a t i o n a l  Energy Ageuscy. That  w o r k ,  u l t i m a t e l y  aimed a t  development 
o f  i n t e r n a t i o n a l  standards, i n c l u d e s  p h y s i c a l ,  morpho log ica l ,  and mic ro -  
s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  ceramic powders and dense ceramic bodies, 
and mechanical c h a r a c t e r i z a t i o n  of  dense ceramics,  D e t a i l e d  p l a n n i n g  and 
procurement o f  ceramfc powders and f l e x u r a l  t e s t  bars  have been accam- 
p l i s h e d .  
teriration r e s u l t s  has been s t a r t e d  by those l a b o r a t o r i e s  p a r t i c i p a t i n g .  

Exchange o f  p r e l i m i n a r y  d a t a  on ceramic and powder eharac- 
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TEA Annex If  13fanaj33n1nnJ 
V .  J. Tennery (Oak R idge N a t i o n a l  L a b o r a t o r y )  

-. Qb&ctive/scope ..__ ...... 

The I E A  Annex I 1  agreement between t h e  U n i t e d  S t a t e s ,  t h e  Federa l  
R e p u b l i c  o f  Germany, and Sweden on s t r u c t u r a l  ce ramics  i s  d i r e c t e d  t o w a r d  
c o o p e r a t i v e  r e s e a r c h  and development o r i e n t e d  t o  t h e  i d e n t i f i c a t i o n  and 
a d o p t i o n  o f  s t a n d a r d i z e d  methods f o r  c h a r a c t e r i z i n g  t h e s e  m a t e r i a l s .  
agreement i n c l u d e s  f o u r  subtasks :  (1) i n f o r m a t i o n  exchange, (2 )  ce ramic  
powder c h a r a c t e r i z a t i o n ,  ( 3 )  ce ramic  c h e m i s t r y  and s t r u c t u r a l  c h a r a c t e r -  
i z a t i o n ,  and ( 4 )  ceramic  mechan ica l  p r o p e r t y  c h a r a c t e r i z a t i o n .  Each , 
c o u n t r y  i s  p r o v i d i n g  s e l e c t e d  ceramic  powders and s i n t e r e d  s t r u c t u r a l  
ce ramics  f o r  use i n  the r e s e a r c h  work  Subtasks 2 ,  3, and 4 i n  all t h r e e  
p a r t i c i p a t i n g  c o u n t r i e s .  P a r t i c i p a t i n g  l a b o r a t o r i e s  i n  t h e s e  c o u n t r i e s  
have agreed t o  share  a l l  r e s u l t i n g  d a t a  w i t h  t h e  purpose o f  u s i n g  t h e  
knowledge g a i n e d  f r o m  t h e  work  f o r  d e v e l o p i n g  s t a n d a r d  measurement methods 
f o r  c h a r a c t e r i z i n g  ceramic  powders and s i n t e r e d  s t r u c t u r a l  ce ramics .  

t o  t h e  e v o l u t i o n  and development o f  s t r u c t u r a l  ceramics ,  f r o m  t h e  p o i n t  o f  
v iew  o f  b o t h  t h e  manu fac tu re r  and t h e  u s e r .  
conce ived  t o  a c c e l e r a t e  t h e  development o f  s t a n d a r d  methods f o r  d e t e r -  
m i n i n g  i m p o r t a n t  p r o p e r t i e s  o f  t hese  e v o l v i n g  m a t e r i a l s .  

agreed t o  c o n t r i b u t e  s i g n i f i c a n t  resources  i n  p e r f o r m i n g  t h e  r e q u i r e d  
measurements. Fo r  example, i n  Subtask  2 ,  12 l a b o r a t o r i e s  a r e  p a r -  
t i c i p a t i n g ;  i n  Subtask  3, 7 l a b o r a t o r i e s  a r e  p a r t i c i p a t i n g ;  and i n  
Subtask. 4 ,  3 l a b o r a t o r i e s  a r e  p a r t i c i p a t i n g .  

'The r e s e a r c h  i n  Subtask  2 i n c l u d e s  f i v e  ceramic  powders t h a t  a r e  
b e i n g  s t u d i e d  i n  t h e  i n i t i a l  phase o f  t h i s  sub task .  Fo r  Subtasks 3 and 4 ,  
t h r e e  s i n t e r e d  ce ramics  a r e  b e i n g  s t u d i e d ,  one f r o m  each o f  t h e  t h r e e  
c o u n t r i e s .  The ceramlc  f r o m  the  U n i t e d  S t a t e s  i s  a s i l i c o n  n i t r i d e ,  
SNW-1000 f rom GTE-Wesgo; t h a t  f r o m  Germany i s  a h i p p e d  S i c  f rom ESK 
Kempton; and t h a t  f r o m  Sweden i s  a s i l i c o n  n i t r i d e  f rom ASEA Cerama, 

T h i s  

The l a c k  o f  such s t a n d a r d  measurement methods has been an impediment 

T h i s  Annex I1 agreement was 

I n  t h e  U n i t e d  S t a t e s ,  many companies and t h e j r  r e s e a r c h  s t a f f s  have 

~.. . ._-_I. T e c h n i c a l  p r o q r e s s  

The m a j o r  t e c h n i c a l  s t a t u s  changes s i n c e  t h e  l a s t  semiannual r e p o r t  
i s  rev iewed  b r i e f l y  as f o l l o w s :  

Subtask 2 

- Ceramic P o ~ d e r  C h a r - a c t e r i z a t i o n  

The U.S.  N a t i o n a l  Bureau o f  S tandards  (NBS) i s  d i s t r i b u t i n g  a l l  ce- 
ram ic  powders f o r  Annex XI; t h e  f i r s t  was a z i r c o n i a  from Toyosoda i n  Japan, 
and specimens were d i s t r i b u t e d  t o  a l l  p a r t i c i p a t i n g  l a b o r a t o r i e s  i n  a l l  
t h r e e  c o u n t r i e s  i n  January .  The second t u  be  d i s t r i b u t e d  i s  t h e  " r e f e r e n c e  
powder," w h i c h  i s  t h e  LC-10 s i l i c o n  puwder f r o m  H C.  S t a r k  i n  Germany. 
F i n a l  r i f f l i n g  has been completed, and n e a r l y  a l l  o f  t h e  2400 v i a l s  
r e q u i r e d  for  t h i s  m a t e r i a l  have been prepared .  Flame sealing i s  p l a n n e d  
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by the  end o f  May. I t  i s  a n t i c i p a t e d  t h a t  t h i s  powder wi l l  be dist i - ibut .ed 
by th NBS by t h e  end o f  June. 
p a r t i c i p a t i n g  U.S .  l a b o r a t o r i e s  p e r f o r m i n g  w y k  i n  t h i s  sub task ,  

Nu r e s u l t s  have kern received from t h e  

.......... Subtasks ... . 3 a n d  4 :  

The S i c  b a r s  f ~ o m  Germany t o  be studied i n  t h e  U n i t e d  S t a t e s  w,.e 
received a t  ORNL i n  October  1985. 

I n  suppor t  o f  t h e  w c . * k  i n  Subtask  3, r e t s  o f  t e n  bars each wwe s e n t  
by ORNL t o  t h e  t e n  participating 1abora t .a r i es  i n  t h e  U n i t e d  S t a t e s  
i n v o l v e d  i n  the chemica l  and structural c h a r a c t e r i z a t i o n  research i n  t h i s  
subtask.  I n  a d d i t i o n ,  LOTUS t e m p l a t e s  were p r e p a r e d  2nd ai-istributd by 
ORNL for use by the partjcipating l a b o r a t o r i e s  i n  subrrifttfs'ng an1: 
exchanging t h e i r  r e s u l t s  frons t h i  s v~ork. Prel i T i  nary r e s i l l  t s  f r c ~  t h e w  
measurements arc a n t i c i p a t e d  by t h e  end o f  May. 

Subtask 4 Resul ts  

I n  s u p p o r t  s f  t h e  work i n  Subtask 4 ,  400 f lexure  b a r s  
uted  by ORNL i n  November to thhe f i v e  U . S .  p a r t i c i p a t i n g  l a b  
a d d i t i o n a l  208 b a r s ,  wh ich  a r e  t h e  intcrnalional archive f o r  t h - i s  
m t e r i a l  , are b e i n g  held a t  ORNL. She 4014 f lex ! i r .e  bars  habe heen f r a c -  
t u r e d  by t h e  p a r t i c i p a t i n g  l a b o r a t o r i e s  t o  p r o v i d e  a t o t a l  d a t a  53% f o r  
395 specimens (measurements on 5 specimens weye i n v a l i d a t e d  hecause o f  
t e s t  machine prob lems a t  t h e  p a r t i c i p a t i n g  l a b o r a t o r i e s ) .  'These dd ia  have 
been re turned t o  ORMI. i n  t he  form o f  LO'IUS 1-2-3 t m p l a t e s  g e 2 c ; a t . d  and 
fu rn i shed  e a r l i e r  by ORNL and t h e  University o f  I l l i n o i s .  S t a t i q t i r a l  
ana lyses  of t hese  data s e t s  have beeq co l r ip le td ,  arid a p r e l i m i n a r y  y e p o r t  
has been w r i t t c n  and d i s t r i b u t e d  f o r  cemmeplt. I n  addi t l 'on,  a f i n a l  
repsr-t " A n a l y s i s  o f  Flexiiral S t r e n g t h  WaTa f o r  CSK S i  1 i c o n  C a r b f d ~  
Measured I n  the  United S t a t e s ,  I E A  Annex T I ,  Subtask 4 , "  has isccn w u . ' t t e n  
and d j s t r i b u t e d  t o  a l l  Subtask 4 p a r t i c i p a n t s  i t h e  IJn i ted S t a t e s .  The 
resil l ts  o f  t h i s  work c l e a r l y  show t h a t  measui-em t, o f  the f o e r - p a i r r i  
flexure s t r e n g t h  o f  a c a r e f \ ~ I l y  p r g p a w d  st t -vctural  ceramic i n  a nimbet- o f  
exper ienced l a b o r a t o r i e s  r e su l t s  i n  a s i g n i f i e a o t  s p w 3  i n  the  c r i t i c a ' k  
We"1al1 d i  s t r i b u t . i o n  parameter a1 pha ( o r  m). The value o f  t h i  5 parameter 
i s  particularly c r i t i c a l  i n  p r e d i c t i n g  and d e t e r m i n i n g  Lhe r e l i a b i l i t y  n f  
str*ucts~ral ceramic  mater,dl s c i d e r  mcchsn-ical s%resz.  Ihe irlaximm 1 i kc- 
l i h o o d  a n a l y s i s "  t e c h n i q u e  has been demonstrzteb t o  ke \(pry s u p e v i o r  i n  

squares o r  1in;ar regression technique ofteri  used i n  t h e  U n i t e d  S t a t e s .  

I 

determining t h e  W e i b u l l  modsllitis (a lpha  or  m) comrjat-rd i v i t h  t he  l m a s i  
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Furthermore, t h e  Kolmogorav-Smirnov g o s d n e s s - o f - f i t  t e s t  was demonstrated 
as be ing  ve ry  usefu l  i n  t e s t i n g  these f l e x u r a l  s t r e n g t h  d a t a  s e t s  f o r  
de te rm in ing  t h e i r  ' ' f i t" w i t h  t h e  We ibu l l  d i s t r i b u t i o n  f u n c t i o n .  I n  su 
mary, t h e  r e s u l t s  show t h a t  t h e  f l e x u r e  s t r e n g t h  o f  t h e  ESK s i l i c o n  c a r -  
b i d e  eva lua ted  i n  t h e  U n i t e d  S t a t e s  c l e a r l y  came f rom a Weibu l l  
d i s t r i b u t i o n ,  w i t h  s i g n i f i c a n c e  va lues  f o r  t h e  g o o d n e s s - o f - f i t  t e s t s  
g e n e r a l l y  be ing  w e l l  above 0.99. Only one i n d i v i d u a l  d a t a  se t ,  t h a t  f rom 
Sohio Engineered M a t e r i a l s ,  had a s i g n i f i c a n c e  1eeJ below 0.99; i t  had a 
va lue  o f  0.415, which was s t i l l  s u b s t a n t i a l l y  h i g h e r  than  t h i s  s t a t i s t i c  
when t h e  d a t a  s e t  was t e s t e d  a g a i n s t  a GaGssian d i s t r i b u t i o n .  The r e s u l t s  
f o r  t h e  d a t a  se ts  f rom each o f  t h e  f i v e  l a b o r a t o r i e s  (app rox ima te l y  88 
specimens p e r  se t )  and t h e  a n a l y s i s  r e s u l t s  o b t a i n e d  when d a t a  f o r  a l l  395 
specimens a r e  combined, i n c l u d i n g  t h e  Kolmogorov-Smirnov s t a t i s t i c s ,  ae 
g i v e n  i n  Tables 1 and 2 .  I n  a d d i t i o n  t o  t h e  shape and sca le  parametem 
(a lpha  o r  rn and beta)  t h a t  b e s t  d e s c r i b e  t h e  We ibu l l  d i s t r i b u t i o n  f u n c t i o n  
f o r  each o f  these s i x  d a t a  s e t s ,  ot.her i m p o r t a n t  We ibu l l  d i s t r i b u t i o n  prnp- 
e r t i e s  i n c l u d i n g  t h e  mean, var iance,  and mode were c a l c u l a t e d  and a r e  
g i ven  i n  Table 3.  I n  a d d i t i o n  t o  these measurements, each p a r t i c i p a t i n g  
l a b o r a t o r y  i s  pe r fo rm ing  f r a c t o g r a p h y  a n a l y s i s  on s e l e c t e d  specimens from 
t h e  weakest, medium s t r e i . j t h ,  and s t r o n g e s t  specimens from t h a t  l abo ra -  
t o r y ' s  80-bar s e t .  These r e s u l t s  a re  expected t o  be sent  t o  6 R N l  by the  
end o f  May. A complementary summary r e p o r t  an t h e  f r a c t o g r a p h y  r e s u l t s  
w i l l  be w r i t t e n  and d i s t r i b u t e d  a f t e r  a l l  o f  t h e  f r a c t o g r a p h y  r e s u l t s  a r e  
rece ived .  

Subtasks 3 and 4. 

GTE Wesqo- SNW-1000 S i 1  i c o n  Nitr ide.-f .r .g.yAe Uni ted  S t a t e s  

As o f  A p r i l  30, a t o t a l  o f  1122 machined b a r s  o f  t h e  German metrlc 
standard s i z e  o f  t h e  SNW-1000 ceramic had been r e c e i v e d  by ORNL, and t h e  
rema in ing  318 a r e  expected by t h e  end o f  May. A t  t h a t  t i m e ,  the r e q u i r e d  
NDE measurements w i l l  be concluded, and i t  i s  a n t i c i p a t e d  t h a t  t h e  d i s t r i -  
b u t i o n  o f  these b a r s  f o r  Subtasks 3 and 4 w i l l  beg in  by t h e  m i d d l e  o f  
J u l y .  F o l l o w i n g  comp le t i on  o f  t h e  1440 German m e t r i c  ba rs  by GTE, t h e  
r e q u i r e d  640 b a r s  o f  t h e  AGT s i z e  w i l l  be d e l i v e r e d  t o  ORNL and aubse- 
q u e n t l y  d i s t r i b u t e d .  Some a d d i t i o n a l  b a r s  w i l l  a l s o  be r e c e i v e d  by ORNL 
and h e l d  i n  an a r c h i v e .  The AGT s i z e  b a r s  a r e  expected t o  be ready fo r  
d i s t r i b u t i o n  t o  t h e  t h r e e  U . S .  coopera t i ng  l a b o r a t o r i e s  by t h e  end o f  
August. 

Subtasks 3 and 4 

ASEA Cerama Hipped S-i.1-icon N i t r i d e  f rom Swede! 

The b a r s  o f  s i l i c o n  n i t r i d e  f rom ASEA Cerama i n  Sweden a r e  expected 
t o  be r e c e i v e d  a t  ORNL by t h e  m idd le  o f  May. Depending upon t h e  a ~ o u n t  o f  
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Meibull parameters  and goadness-of-fit statistics 

o f  E$%( hipped s i l i c o n  carbide 
fo r  six flexure strength d a t a  s e t s  

NASA Gary. 
Participant W E  Labs Sohio A1 I i sori Lewi s TUPb. 

Weibull d i s t r i b u t i o n  f u n c t i o n  parametw-s- 

Wei blll 1 parameters 
Alpha (func.fit) 7.16 6.82 4.91 6.59 
in by cnax. likelihood 7.16 5,82 4.91 6.59 
Be ta  (func. f i t )  541.17 517.01 503.88 556.72 

(#Pa) 

D+ 0.848534 0.071237 8,073603 0.063649 
B 23 Q;Q98843 0.068261 a e 047503 
D 23 0.098843 0,079603 0 D 063649 
Sign.level 1.000060 0.415088 0,999792 a. 999999 

S t a t  i s t  i c-s.. 5 o f  silicon carwbj& 
Wei bull paramete.w-s 

Maw. likelihood 6.0 
B e t a  (HPa) 535.82 

A I  p l  6.09 

Kolmoqqtwy-Smirnov Goodness-of-fit s t a t i s t i a - -  

6 " 6 0  
6,QO 

5 5 4 - 0 1  

0 080716 
0 065303 
0.6807 1s 
0 e 999760 
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Gaussian distribution parameters and Meiblrll modulus 
determined by t CI methods f o r  ESK sil icon carbide 

(us ing l o t u s  temp1 ate) 

NASA Garr. 
Participant GTE Labs SOH10 Allison Lewis Turb .  

Avg. s t r e n g t h  (MPa) 5 0 6 - 9 1  482.11 468.69 519.23 516.50 
Std. d e v i  at ion (MPa) 81.81 88.09 9 9 * 4 %  90.28 90.54 

Leas t  squares 7.332 6,043 5 , 6 9 9  6.783 6.750 
Max. 1 i ke l  i hood 7.160 6.816 4.914 6.587 6.601 
No.. o f  specs. 75 80 80 80 et0 

eibull modulus 

Results for combined....gtrength yja1 ues from a1 1 f i v e  1 a b o r a t o r i e s  

P.vg 0 s t reng th  (MPa) 498 I O %  

Std-. deviation (MPa) 92 " 43 

Least squares 6.410 
Max. l i k e l i h o d  6 " 035 
Number o f  specs. 395 
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Meibull parameters and d i s t r i b u t i o n  c h a r a c t e r i s t i c s  
for s i x  flexure strength d a t a  sets  

o f  ESK hipped silicon ca rb ide  

NASA Garr . 
P a r t i c i p a n t  G T E  Labs Sohio A I  1 i son Lewis Turb. 

bk i  b u l l  parameters 
A I  pha 7.16 6.82 4.91 6 - 5 9  6.68 
B e t a  541.17 517.01 588.88 556,72 554.61 
Mean 506 * 82 483.06 466.75 519.12 516,64 
Var iance  6953 6912 11,828 8509 8404 
Mode 529.92 505.13 485 82 542.99 548 e 39 

Resu? t s  f o r  combined-strensth va? ues f r o m  a l l  f i v e  labg-mtories  

Mei b u l l  Paraimeters 
A1 pha 6 0 095 
B e t a  535 82 
Fleati 497.52 
Var iance 9029 
Mode 520 - 38 
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repackag ing ,  randomizjng, e t c .  r e q u i r e d  f o r  these bars before d i s t r i b u -  
t i o n ,  it i.s a n t i c i p a t e d  that t hese  specimens w i l l  be distributed by about 
the middle o f  dune. 

On schedule. 

_ll__l Publications 

1. A summary r e p o r t ,  " A n a l y s i s  o f  F l e x u r a l  Strength Data for ESK S i l i c o n  
Carbide Measured i n  the United States, I E A  ANNEX 11, Subtask 4," by 
V .  I .  Tennery was written and d i s t r i b u t e d  to all U . S .  p a r t i c i p a n t s  i n  
Subtask 4 I n  the Uni ted  States at the end o f  A p r i l .  T h i s  report w d l l  
$e the primary basis f o r  information exchange w i t h  Germany and Sweden 
concerning Subtask 4 research on t h e  ESK S i c  ceramic from Germany. 
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S tazzdard Reference Materials 
A .  L. Dragoo, D. B .  Minor, C .  R. Kobbins, J .  F. Kelly, J. P .  Cline 
(National Bureau of Standards) 

Objective/scope 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of ceramics in 
advanced engines depends on the developmeTt of reliable materials that 
will withstand high, rapidly varying thermal stress loads. Improvement 
in the Characterization of ceramic starting powders is a critical 
factor in achieving reliable ceramic materials for engine applications. 
The production and utilization of  such powders require characterization 
methods and property standards for quality assiirance. 

division and distribution of five ceramic starting powders for an 
international round-robin on powder characterization; (2 )  to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics of  two silicon nitride powders: a reference and a test 
powder; and ( 3 )  to conduct statistical assessment and modeling of  
round-robin data. 
assessment of powder characterization methodology and toward 
establishment of a basis for the evaluation of fine powder precursors 
for ceramic processing. This work will examlne and compare by a 
variety of  stati.stica1 means the various measurement methodologies 
employed in the round-robin and the correlations among the various 
parameters and characteristics evaluated. The results of the round- 
robin are expected to provide the basis for identifying measurements 
for which Standard Reference Materials are needed and to provide 
property and stat.istica1 data which will serve the development of 
internationally accepted standards. 

'The objectives o f  the NBS program are (1) to assist with the 

This program is directed toward a critical 

Technical progress 

The technical progress covered in this report includes descriptions of  
work on the preparation of  powder samples for the IEA/ANNEX I1 round- 
robin and of the development of  a data template for electronic 
reporting of  the round-robin data. 

Division, Distribution and_C-grtification o f  Ceramic Starting. 
Powders. 
TSK-ZK-3Ya,) which was described i.n the previous report, vials of 
powder were randomly selected for certification analyses. 

During the final riffling of the zirconia powder (Toyo Soda 

In addition, 

a Certain commercial equipment, instruments, or materials are 
identified in this report in order to adequately specify the 
experimental procedure. Such identification does not imply 
recommendation or endorsement by the National Bureau of 
Standards, nor does it impl-y that t h e  materials or equipment 
identified are necessarily the best: available for the purpose. 
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saiuples ; thc usual condi ts'ons for r e j e c t i o n  of a vi a1 were p a r t i  a1 
sp i l lage  or f rac ture  of a v i a l .  Eight randomly selected vials ,  plus 1 
o r  2 preliminary v i a l s  were suibmittrd f o r  each c e r t i f i c a t i o n  ana lys i s .  
lhe follo~cikig charact e r i s t i c s  arid methoclc; were used t o  e s t a b l i s h  the 
uniforrni t y  of r-he powder samples : 

Bulk dens i cy - he1 iim ( H e  j pycnometry 

P a r t i c l e  s i z e  - phoi:on cor re la t ion  spectroscopy (PCSj 

c'n erni c a 1 c o mi) o s i t :  i o n : 

S P C C ~ .  EL<: surfae9 - B . E T . 

( q u a s i - e l a s t i c  l i g h t  sca t te r ing)  

ZI:, Y, Pi1 - X-ray flUOreSCelXs (XRF) 
T o t a l  elemental - neutron ac t iva t ion  analysts  

(NM) 
Phase coimposition. - x- ray  d i f f r a c t i o n  (XRDj 

The procedures adopted f o r  each analysis  and r e s u l t s  a r e  described 
here f o r  each of %he methods listed ahove, with the exception NAA which 
~crFL1 be described in the next repor t .  

(a> Procedures 

(1) Eulk Density. Bi.ilk dens i t ies  were determined with an 
automatic I-Ie pycnometer (Micromeritics 1320) .  The hs t rument  w a s  
allowed t o  warm up for 3 to 4 hours lrtz reach thermal equi l ibr i im.  I t  
was mil led  wi.t'n cup and cover i n  place,  and the c a l i b r a t i o n  was 
ver i f l ed  against  a standard s t e e l  ball of  known volume. 

The e n t i r e  contenes of  a sample v i a l  were t ransferred t o  the cup 'to 
ma.xi.inize the amount of sample? used €or analys is .  The cup was dr i ed  i n  
a- -aacuum oven air 90-100 " C  for 12 h. T h e  o-gen then was backfil-led with 
A r ,  the sealable  cove>r was placed on the cup, and the cup was placed i n  
a destcc-ator and allowed to cool t o  room temperature. Once the sa.mp1.e 
w q s  thermally equil.ibrahxJ, i.t wa.s weighed and t ransfer red  t o  the 
pyciiome?:el:. 

F ive  determlnations of density were made on each sample. Samples w e r e  
evacuated f o r  3 m i i i u t . e s  before commencing a determination. 
the 5 determinations was taken as the density of  t h e  sample. 

The mean of 

I t  was found th.it exposure. o f  a sample t o  room air f o r  more than 5 
minutes r e s u l t r d  in determinations which showed a successive decrease 
towsnrd an asymptotic value.  
maintaining samples under dry conditions 

Reproducible values were obtained by 

( 2 )  Specific Surface A r e a  

Surfdce are,? analyses were carried cut  0x1 8 samples, Each sample was 
outgassed i n  niizrsgen at 250 " C  f u r  2 h p r i o r  t o  ana lys i s .  The 
.analysis was performed with h e l i u m  as the c a r r i e r  gas and nitrogen as 
the a1jsorbat.e; the u l t r a  pure gases blended and then dr ied by passage 
through a l i q i i i r l  nitrogen co ld  t r a p .  Three point R . E . T .  analysis  WRS 

used. 
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( 3 )  Particle Size. The mean particle s i z e  and spread of the s i z e  
distribi.it:ion wer" measured by photox, correlatioxi spectroscopy (FCS) 
using a Cou- l te r  N4 particle size analyzer, Part:i"cLe s i z e  i.s determimd 
f r o m  the di-ffusion coefficient associated with the Brownian raot.ion oE 
particles suspended i.n a liquid, The instrument measures the 
correlated flicker of laser light scat txred by the moving particles. 
Onby  a f e w  milligrams o f  sample are required f o r  the measurement, 
analytical range of  the instrument i s  3 to 3000 nm. The instpment 
used in our work uses a single reflectance di . rec t ion  - i.ee, 90" to the 
inci.dent; beam, and appears to be subject to some. measurement bias and 
variability when used f o r  p a r ~ i . c l e  s i z e  measuremen?:s of  particle size 
distributfon wtth a signi.ficant breadth. 

The 

The fol.l.owing list gives sources of expected variability and procedures 
f o r  determining their effects 

1. Sample-to-sample variability. Analyze replicate samples. 
2. Within sample variability. Since a small amount o f  powder i s  

required f o r  the analytical. sample the amount wi thdra rm f rom 
the larger  sample  may not  ha representative, Blend total. 
sample before taken analytical sample. halyze replicztx 
a1 i q u o t s  of susperision and r e p 1  icate suspensions. 

3 .  Instrumental variability. Analyze monosl.ze standards t o  -ve r i fy  
performance I 7Jse two standards which bracket the analytical 
range of  interest. 

Ultrasonic dispersion of  a powder resu l t s  in some heat:i.xig o f  
the suspension. Pleating of  the suspension reduces the 
viscosity of the liquid 2nd yields a larger particle diffu!;ion 
coefficient, with the result that the observed size appears  
finer than the tsrue value. A delay of  5 nij-xi, o r  longer may be 
required to allow liquid in cuvette to equilibrate with the 
spec t rometer .  

5. Settl-ing of coarser particles f rom the suspension. This may be 
a problem if a long delay time is required t x i  reach tlner~nal 
equilibrium. Settling of coarser particles will shift the 
distribution to finer particles Particles rnay be resuspended 
by agitating the suspension by :vithdrawi.ng it into a pipette 
and expelling the liquid back into the cuvette. Repeat this 
operation several. times. T h e  shearing action of  the liquid 
pass ing  through the orifice of the pil.petr(x may a l s o  teiid to 
break up any loosely bound agglomerates which may have recormed 
foll.owing u1trasoni.c agitation. 

agitated for sufficient time ~ OP if agglofilerates have re fo~nied  
a f t e r  agitation was stopped, the zgglsmerates wJ.11 I 

the partic'le s i z e  distribution to Lhc: 1.nrgetr sizes, Varying 
amount of agglomerate's w5L1 cause valrimt::i.on i n  the observed 
i n e a n .  ThPs effect can be investigated by increasi.ng tihe 
agitation timr: ;~nd  by trying several different dispersants. 
Agglomeration i s  expected to he a probI.ein in the messurement of 
the s i z e  o f  particles below I@@ nm. 

measurement ~ 

4 .  Failure to attai .n thermal equilibrium in analyzed si.ispension. 

6 .  Agglomeration. L E  the susyerisiori has not been u l t rasonica l ly  

7 .  O p e r a t o r  effect. Have two o r  more ~ p e r a t o ~ s  conduct the 
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Based on the above considerations, the following procedures were 
developed for the analysis o f  the zirconia powder samples: 

a. 

b .  

C .  

d. 

e. 

f. 

g. 

h. 

i. 

Pour sample onto a fresh weighing pager. 
blend the powder, then transfer about 3 mg o f  powder to a weighing 
paper. Verify that the mass of powder is in the range of  2 - 4  mg. 
Always use the full amount of powder on the tip of the spatula 
since tapping off a portion may introduce a bias in t he  size of 
the particLes taken €or analysis. 

With a small spatula 

Add the 3 mg sample to 20 ml fi-ltered, distilled water. Add 
dispersant (One drop of 10 percent Darvan C solution was used in 
this study. Solution was  prepared by diluting Darvan C 1:10 with 
filtered, distilled water). Ultrasonicate the suspension for a t  
Least 15 minutes. 

Verify instrument performance by measuring the particle size o f  2 
standards - e.g., aqueous suspensions of monosized latex spheres - 
with mean sizes that bracket size range to be analyzed, 

Withdraw about 1.5 ml of the suspension with a disposable pipette, 
squeeze the fluid in and out: of  the pipette several times to 
obtain a good mix in the sample. Add the 1.5 ml aliquot to 1.5 m L  
water in a cuvette, Mix the 3 ml o f  liquid well using the pipette 
as before. Place the cuvette in the spectrometer. 

Wait 5 min. for sample to equilibrate thermally and for convection 
currents to die out. 

Operate the spectrometer in Manual Mode analysis; the default 
settings of  the Automatic Mode may not yield optimized measurernenc 
of the autocorrelation function. Three xuns of 300 s were used in 
the present work. Output was set for printout of  tables and 
distributions plots f o r  each run. 

Mix the suspension in the cuvette by agitating with a pipette. 
Repeat the analysis without a delay time. The results of '*f. " and 
I'g." should agree if settling o r  agglomeration have not occurred. 

Re-ultrasonicate the remaining 20 wl suspension for 2-5 min, and 
repeat the analysis. Three replicate analyses are to be run. 

Repeat measurement with a replicate sample, 

Eight samples and 1 preliminary sample  w e r e  analyzed. N o  significant 
diffei:ence was observed with respect to the preliminary sample. 

( 4 )  X-Ray Fluorescence (XKF). XRF was used to determine 
fluorescence intensities associated with ZK, Y and A1 in 8 selected 
samples and 2 preliminary samples. Two 4 g samples were taken f rom 
each vial and pressed in spec caps in a hydraulic press at 16 tons 
pressure, using 1.5 g of  lithium tetraborate powder as a backing to 
ensure complete filling of  the caps. The samples were measured once i.n 
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a PW 1400 x-ray spectrometer using a Cr t a r g e t  x-ray tube operated a t  
40 kkV, 10 TA f o r  zirconitim and yttrium, and 60 kV, 50 mA for aluiiiiriurn. 
The HOMTST computer program was used f o r  t e s t i n g  of elemental 
inhomogeneity I 
Chemistry, National Bureau of Standards, 

T1ii.s work was performed by the Center f o r  Analytical  

( 5 )  X - R a y  Di f f rac t ion  (XRD). XRD was used t o  detemirie the phase 
composition of  8 se lec ted  samples and 2 preliminary samples. 
Di€fraction pa t te rns  were measured on a P h i l i p s  diffractometer equipped 
with a sample spinner and graphite d i f f r a c t e d  beam monochromator. 
diffractometer was mounted on :m XBG 3100 generator which u t i l i z e d  a 
long f ine- focus ,  Cu t a r g e t  x-ray tube. The generatar was operated a t  
40 kV, 35 mA. Samples were run a t  a scan r a t e  o f  2 degrees p e r  min, 
and output was recorded on an analog s t r i p - c h a r t  recordcr. 

The 

(b) Results 

The r e s u l t s  are summarized i n  Table 1 €or the 5 methods described 
above. The r e s u l t s  are presented i n  te rns  o f  the standard deviat ion,  
s ,  and the c o e f f i c i e n t  o f  v a r i a t i o n ,  

whcre X is  the m e a n .  The results-  f o r  the  c o e f f i c i e n t  of v a r i a t i o n  Tor 
thc d i f f e r e n t  methods may be compared with the coef f ic ien t  o f  variation 
of  the weights o f  the samples p r i o r  to the f inal  riffling ( S p l i t t i n g  
Yield) as a measure o f  the r e l a t i v e  bot t le -Lo-bot t le  v a r i a t l n n .  Khan 
obtained a v o f  0.00125 and an estimated r e l a t i v e  sample e r r o r  of  

v = six , (1) 

Table 1 ~ Surnrnary of Cert: LEication Tests 

.- Is.._. -I__- ._II I__ 

No. o f  Std.  Coef. of  
Charac te r i s t ic  Unlt Method Sainples Dev. Variation 

Rulk Dens i t y  g / c d  He pyc. 9 0.02 0.003 

s .  s - 4 .  in2,$ 3 p t .  BET 3 0 . 4  0.02 

Partic1.e S i z e  m PCS 9 10 0 . 0 5  

Composition: 

P I  / [ %r I - -  XRF 10 0.0006 0 002 

[ A l  I / [ Zr I - -  XKF 10 0.0003 0.06 

[monocl] % XRB 10 0 . h 0.05  

S p l i t t i n g  Yield 
( S t a g e  3 )  96 0.017 
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0.0042 f o r  rtffling of  6 0 : 4 0 ,  coarse : f ine ,  sand mixtures. Since t h e  
s p l i t t i n g  process used here involved one manual s p l i t t i n g s ,  t w o  
sp l - i t t ings  with a spinning r i f f l e ,  and t ransfers  o f  powder from 
container Lo r i f f l e r  and vice-versa ,  v = 0.017 i s  considered reasonab1.e 
f o r  the overa l l  process. Taking r e l a t i v e  maximum estimated error, e ,  
as 

where n i s  the number of  samples, II = 9 ,  the estimated error  i s  seen to 
he 2pproximnt:el.y equal. t o  the coef f ic ien t  o f  variat:i.on. 

e == 3v/Jn , ( 2 )  

The estimat:eti measurement e r r o r s  Listed i n  Table 2 are based o n  
rep l ica ted  measurements f o r  a each of  the samples. Wich the exception 
o f  the p 2 r t i c . h  s i z e  measurements, the coe€ffcien.t:s of  v a r i a t i o n  are 
l e s s  than the estimated measurement errors whi.ch implies that no 
sample- to-sample variati-on can be inferred from the measurements. Only 
the bulk densi ty  measurements and the [ Y ] /  [ Z r ]  measurements had 
estimated e r r o r s  o f  measurement which allow .agreemen.t to  estimated 
e r r o r  of 0.017 t o  be tes ted .  Both o f  these measurements y i e lded  values 
of  v well below 0 . 0 1 7 ,  i n  agreement with the expectation t h a t  these 
propert ies  would be un2fL"ected by var ia t ions  i n  the spl- i t t ing process. 

Tlw r e s u l t s  :for the measurement o f  the particle si.zc d i s t r i b u t i o n  
suggest t h a t  a small amount o f  sample-to-sample variation i s  present .  
A plot of  the residues versus sample niimber i s  shown i n  Figure 1. 
Using the sample numbers showing the l a r g e s t  deviations froin the norni; 
possible groups of sampl-es have been flagged which may show significani: 
deviat ions.  However, due t o  .the large measurement errar which i s  
present ,  t h i s  tdent i f icn t ion  is  t e n t a t i v e .  

Table 2 "  Estim-ated Measuremilt E r r o r  

.lllll^~................_______I_____ ~ ..... 
Coef,  0% Esttaated 

Charac ter i s t ic  Var i. a t  i on Measurement 
(Table 1.) E r r o r  

Bulk Density 

S.S.A. 

P a r t i c l e  Size 

Composition: 

[Yl/[Zrl 

[ A 1  ] ,/ [ Zr] 

[ n10 no c 1. J 

0.003 

0.02 

0 .05  

0 .002  

0 .06  

0 .05  

8 .809  

0.05 

0 . 0 3  

0 .003 

0 . 1  

0 . 1  
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'Two effects w e r e  noted whj.cir i-rif luenced tlhe p2 r f i c l . e  s i z e  measurement. 
Fir -s t :  
to establish theraal  equi l ibr ium.  
delay 2:i.m and  t:hen remixed wLth p r p e t t e  agitation and Irlmediately 
reanal.yzed yielded a siltall. inc:rease i n  mean part:j>cle si.se ( 2 - 5  nm) and 
Larger s p r e a d  o f  t l>e  g;lrci.clo size. distribution. Allawing a cxvette t o  
s tatid nve in ight  between first. and seeorid ana1ysi.s r e s ~ l .  t;ed i.n ahntut- - 20 
im change and cuiisiderilbl e mi-rowing of t:Ple particle s i z e  d i s t r i b u t i o n .  
Fur they  irrvestigat.? UTi of  tile p a r t i c l e  s i z e  msa-surements v i t h  other 
d i spe r san t s  w L 1 1  be carried out I n  attempt to improve the s t a b i l i t y  of 
the suspensions . 

coa r se  particles were apparently lost duri.ng txhe delay t h e  used 
Samples whj.ch were anal.yzect wit11 

l'iie s r ? ~ a x d  e f fec t  involved occasional thermal drifts of abauc 0 . 5  " C  of 
the  q p e c t r o m c t c r .  During a f u l l  optr .ratin5 day, tAie later; r e f ~ r e n c p  
suspensions should 19e run at. l e n s i  i w i c z ,  and more frcqucni-ly if 
changes i n  the s p e c  troineter 'i her  uaL condi t- ion is kndicatod 
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Although the resid ts of the XrCF characterization indicated 
statistically significant differences in absolute fluorescence 
intensities due to zirconium and yttrium, the rationalized intensities 
were within acceptable limits of variation. N o  significant differences 
€ O K  A 1  were found; however, the analytical sensitivity for A1 was poor  
so that smaL1 differences ( e . g . ,  Less than 1 percent) were not 
ascertained for this element, A 1  was the major impurity reported by 
the manufacturer of  the powder and is the principal contaminate 
expec Led from tlic riff Ping process I 

The XKD characterization indicated that the powders consisted of  
identical mixtures o f  two phases: cubic yttrfiirn zirconium oxide 
(yttxia- stabilized zirconia) , PDF #30-1468" ; and monoclinic zirconium 
oxide (baddeleyike, syn), PDF # 3 6 - 4 2 0 .  Neasurements of peak heights 
were used t o  calculate ratio T(baddeleyite)/I(cubic) Ear assessment 01 
the relative amounts of the two phases. Variations in ratio from 
sample t o  sample were considered to be within experimental error. 

(c )  Division of  Powders 

At the present time 2000 vials oE the silicon nitride reference powder 
have been prepared. 
performed under dry Ar, as was the case with the zirconia powder. 
Riffling o f  this powder is expected to be completed during the week o f  
April 20 to 24. The vials are scheduled to be flame-sealed at 
Construction Techno1.ogy Laboratories, Inc., o n  May 11. Packaging and 
rnaiLi.ng of  the flame-sealed vials is scheduled fo r  May 20-22, 

The final stage riffling of this powder is being 

Blending and manual splitting of  the three remaining powders is 
scheduled to be carried out the treek of May 18.  Riffling. of  the GTE- 
Ube Silicon Nitride powder is projected to begin June 1. 

Data T e m p l a b .  A template for recording and performing f i r s t -  
s t q e  processing of particle s i z e  distribution data is being prepared 
f o r  Lotus 1 - 2 - 3  Version 2. An initial form of the template which w a s  
prepared in October 1986 is being extensively revised to provide menu- 
gui-ded data entry, data analysis and data presentation. The template 
extends the number of data fields to provide f o r  input of distribution 
data. A portion of the table of contents for the particle s i z e  
distribution template j s  given in Figure 2. 

Re Eerence 

1. Khan, A .  A .  M.Se,  Thesis, Bradford University; 1 9 6 8 .  

a JCPDS- International Centre for Diffraceion Data Powder 
Diffraction File (PDF). Numbers refer t o  data cards in the 
PDF. 



. .  . . .  I - . . . . 

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

$::'i, .!. b,:i... p'...~~'f', [pq .I_ (7 ...- .- .... .I.. : 
I \ I  ... ._.. I- i..i 1 ! 1.. .;. l i  I! c a 

Figure  2.  Tab le  o f  Contents  for  Lotus  templa te  .Eor p a r t i c l e  
s i z e  d i s t r i b u t i o n  d a t a .  





1-2.  
3 .  

4-5 .  
6 ,  
7 .  
8 ,  
9 ,  

10 1 
11. 
12"  
13. 
14. 
15 ~ 

16 * 
17.  
18" 
19. 
20 
21"  
22 I 
23.  
24. 
25 ,  
26 m 
27. 
28 I 

29. 
30 I 

31 .  
32 
33 0 

41 1 

INTERNAL D ISTRIBUTIQN 

C e n t r a l  Research L ibrary  
Document Reference S e c t i o n  
L a b o r a t o r y  Records Department 
L a b o r a t o r y  Records, Q R N L  RC 
ORE41 P a t e n t  S e c t i o n  
S .  Ba ik  
R. L. Beatty 
P.  F. Becher 
J .  Bentley 
P. M. Besniann 
A .  Bleier 
E. E .  Bloom 
K. W .  B o l i n g  
W .  D. Bond 
W. A .  Bradley 
C.  R. Brinkman 
V .  R. Bullington 
A .  J .  Caputo  
8 .  S .  C a r l s m i t h  
P. T.  Carlson 
J. A .  C a r p e n t e r ,  J r .  
J .  V .  C a t h c a r t  
R. H. Cooper 
S. A .  D a v i d  
J .  H. OeVala 
W .  P .  E a t h e r l y  
J .  I. Federer 
W .  Fulkerson 
R .  L. Graves 
0. L. Greene 
M. A. Janney 

94. Donald F. Adcams 
U n i v e r s i t y  o f  Wyoming 
Laramie, WY 82071 

Corn ing  G l a s s  Works 
Corning,  NY 14831 

34-38 .  D. W. Johnson 
39. R .  R .  J u d k i n s  
40. M .  A .  K a r n i t z  
41. M. P. Kertesz 
42, T. B. Linde 
43 .  M. c .  t i u  

46. R .  W .  McClung 
47. D. I. McElrey 
48. A .  J .  Msorhead 
49 .  J .  L. R i c h  
50. C.  R .  Richmond 
51. J M Robbins 
52. 8 9 .  kl.  Rosenthal 
53. M. L. Santella 

54-77. A .  c .  Schaffhauser 
78. J. H. Schne ibe l  
79. J .  L. S c o t t  
80. G, M. S l a u g h t e r  
81. E. J .  Soderstrom 
82. 0. P .  S t i n t o n  
83. R. W .  Swindemaw 
84. V .  J .  Tmnery 

85-87. P. T.  Tho rn ton  
88. 1'. N. T i e g s  
89. J .  8. Wei r ,  d r .  

911. R. K .  W i l l i a m s  
92. c .  s.  Yust 
93. A .  Zucker 

96. Donald J. A d r i a n  
H i g h  V e l o c i t y  Tool  Corp 
2015 I n d i a n a  Street 
Rac ine ,  WI 53405 



97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

Bruce J .  Agle 
Sundstrand Corporation 
4400 Ruffin Road 
Post Of f i ce  Sox 85757 
San Diego, CA 92138-5757 

Richard T .  Alpaugh 
U.S. Department o f  Energy 
Fo rr e s t a 1 Bu i 1 d i ng C E - 1 5 1 
1000 Independence Avenue 
Washington, DC 20585 

W .  Arbabi 
Brunel Univers i ty  
Uxbridge Middlesex UB8 3PH 
UNITED KINGDOM 

James P.  Arnold 
U.S. Army S e l v o i r  
R&Q Center 

Fort  Belvoir ,  VA 22060 
ATTN: FTRBE-EMP 

V .  S. Avva 
North Carol ina Agr icu l tura l  
Technical S t a t e  Univers i ty  
Greensboro, NC 27411 

41 2 

106. 

107. 

108. 

109. 

110, 

and 

111. 

John M. Bailey 
C a t e r p i l l a r  T rac to r  Company 
100 N E  Adam 
Peor ia ,  I1 61629 

Murray Bai 1 ey 
NASA Lewis Research Center 
21000 Brookpark Road, MS 77-6 
Cleveland, OH 44135 

R.  R. Baker 
Ceradyne Advanced Products,  Tnc. 
3169 Red Hi l l  Avenue 
Costa Mesa, CA 92626 

112. 

113. 

J ,  Gary Baldoni 
GTE Labora tor ies ,  Inc.  
40 Sylvan Road 
Waltharn, MA 02254 

A. L .  Bement, Jr. 
TRW, Inc.  
23555 Euclid Avenue 
Cleveland, OH 44317 

M. Bentele  
Xarnag, Inc.  
259 Melv i l le  Avenue 
F a i r f i e l d ,  CT 06430 

C1 i f t o n  G .  Bergeron 
Univers i ty  o f  I l l i n o i s  
204 Ceramics Building 
Urbana, IL 61801 

M i  11 i am Q. Bjoradahl 
TRW, Inc.  
One Space Park 
Building 01, Room 2060 
Redondo Beach, CA 90278 

James A .  B l  ack 
American Matrix,  Inc.  
118 Sherlake D r i v e  
Knoxville,  TN 37322 

John B l u m  
Norton Company 
High Performance Ceramics 
Goddard Road 
Northboro, MA 01532-1545 

Paul N. Blumberg 
In t eg ra l  Pechnsl og ies  Inc.  
415 E, Plaza Drive 
Westrnont, IL 60559 

Wol fgang D. G. Boecker 
Standard Oil Engineered 

Post Of f i ce  Box 832 
Ni agara Fa1 1 s NY 14382 



41 3 

114. 

115- 

116, 

117. 

118. 

119. 

120 I 

121 * 

122 1 

123 

Waynaond J Brattori 
esti nghouse Electric 

Pittsburgh PA 15235 

Catherine E. Brown 
E. 1. D u P o n t  de 

Wilmington, DE 19898 
& ~ ~ ~ ~ a ~ y  

J .  J .  Brown 

124. Jere G. Castor 
Garrett Turbine Engine Co. 
111 s. 34th Street 
Post O f f i c e  Box 5217 
Phoenix, AZ 85090 

125. Se-Tak Chan 

126. R. d.  C h a r l e s  
General E l  ectri c Company 
Post O f f i c e  Box 8 
Schenectady, NY 1230% 

127. En-shenal Chen 
Virginia Polytechnic Institute 

B1 acksburg, VA 24361 

U.S. Army Tank Automotive 

and State University 

W .  Brynik 128 

S. T. SulJan 
GPE Laboratories, In@. 129 
40 Sylvan Road 
Waltham, MA 02254 

John H. Byrure, Jr. 

B&C Engineering Research 
13986 D W T ~ W K ~  Drive 
Hauston, TX 77014 

A l b e r t  A .  Chesnes 
U.S. Department o f  Energy 
F~rrestal  Building CE-151 
1096 Independence Avenue 
Washi rigton DC 20555 

Frank C k i l d s  
EG&G, Ins. 
Pos t  O f f i c e  Box 1625 
Idaho Fal l s ,  I D  83415 

PPG Industries, ~ n c .  130. G i l b e r t  Y .  Chin 
One PPG Place 
Pittsburgh, PA 15272 Hurray Hill, NJ 07974 

B e l  T Pel ephone L a b o r a t o r i e s  

e-! 1 131. klelvin H. C h i s g i o j i  
t Aeronaut i cai 

Laboratory 
A ~ ~ A ~ ~ ~ ~ X  
Wrigkt-Patterson AFB, OH 45433 

u.S. Departmenit o f  ~ n e r g y  
For-restal  Building CE-15 
1000 Independence Avenue, SM 
Washington BC 29585 

Harry Id, Carpenter 132 
Rockwe1 1 International 
6633 Canoga Avenue 
Canoga Park, CA 91304 

David Carruthers 133 
Garrett Turbine Engine Company 
111 South 34 Street 
Post O f f i c e  Box 5217 
Phoenix, AT. 85018 

59 F i e l d  Street 
Tarrington, Connecticut 06998 

Fugene v. C l a r k  
lurbine Metal Technology, Inc,  
7327 E l m o  Street 
Tujunga, CA 91842-2284 



41 4 

134. 

135 I 

136. 

137. 

138. 

139. 

140. 

141. 

142. 

W i l l i a m  L. C leary  143. 
O R I ,  Inc .  
1375 P i c c a r d  D r i v e  
Rockvi 11 e, MD 20850 

Jack L. Clem 
J. M. Huber Corpora t ion  144. 
Post O f f i c e  Box 2831 
Sorger, TX 7980 

P h i l i p  R. Compton 
Nat i onal Aeronaut ics  and 145. 

Washington, DC 20546 
Space A d m i n i s t r a t i o n  

H a r r y  E. Cook 
C h r y s l e r  Motors Corpora t ion  146. 
1200 C h r y s l e r  D r i v e  
Highland Park, M I  48288-1118 

Stephen Cop1 ey 147. 
U n i v e r s i t y  o f  Southern 

Cal i f o r n i  a 
LOS AngeleS, CA 90089-0241 

John A. Coppola 148. 
Standard O i  1 Engineered 

M a t e r i  a1 s Company 
Post O f f i c e  Box 105 

Bldg. 91-2 149. 
Niagara F a l l s ,  NY 14302 

Normand 0. Corbin 
Nor ton Company 
High Performance Ceramics 
Goddard Road 150. 
Northboro,  MA 01532-01545 

Charles H. C r a i g  
Defense Technology S e c u r i t y  

400 Army-Navy Dr ive ,  S u i t e  400 
A r ?  ing ton ,  VA 22202 

W i l l i a m  J .  C r a f t  152. 
U,S.  Army M a t e r i a l s  Technology 

Labora tory  
Arsenal  S t r e e t  
Watertown, MA 02172 

A d m i n i s t r a t i o n  151. 

153. 

Gary M. Crosbie 
Ford Hotor  Company 

Room 5-2079 
Dearborn, M I  48121 

P Q S t  O f f i c e  BQX %053 

F loyd  W .  Crouse, Jr. 
U.S, Department o f  Energy 
Post O f f i c e  Box 880 
Morgantown, WV 26505 

Raymond Cut1 er 
Ceramatec, Inc .  
163 W .  1700 South 
S a l t  Lake City, UT 84115 

David A .  Dalman 

Midland, MI 48640 
Chemical C Q ~ ~ ~ ~ Y  

Stephen C.  Danfor th  
Rutgers U n i v e r s i t y  

P i  scataway, NJ 08854 
Post O f f i c e  Box 989 

Stan ley  J. Dapkunas 
N a t i o n a l  Bureau o f  Standards 
Gai thersburg,  M 

Robert  F. Davis  
N o r t h  C a r o l i n a  Stsate U n i v e r s i t y  
232 R i d d i c k  Laboratory  
Box 7907 
Raleigh, NC 27695 

Evelyn M. DeLiso 
Rutgers U n i v e r s i t y  
Post O f f i c e  Box 909 
P i  scataway, NJ 08854 

Alan L. Dragao 
N a t i o n a l  Bureau o f  Standards 
Gai thersburg,  MD 29899 

K e i t h  F.  Dufrane 
B a t t e l l e  Columbus L a b o r a t o r i e s  
505 King Avenue 
Columbus, OH 43201 

Paul Dyer 
A i r  Products atad Chemicals, Inc. 
Post O f f i c e  Sox 538 



154. 

155. 

156. 

157. 

158. 

159, 

160 .. 

161. 

162. 

163 * 

164. 

Robert J ,  Eagan 
Sandja Nat iona l  Laborator ies 

uquerque, MM 87185 

Chr is topher  A. &bel 
Norton Company 
High Performance Ceramics 
Goddard Road 
Horthboro, MA 02532-1545 

J .  J ,  Eberhardt 

Washington, DC 20585 

E ,  E ,  Ecklund 
l J . S .  Department o f  Energy 
Fo r res ta l  B u i l d i n g  CE-151 
1000 Independence Avenue 
Washington, DC 20585 

i l l i a rm A.  El l i ngsan  
Argonne Nat ional  Laboratory 
9760 South Cass Avenue 
Argonne, I L  60439 

41 5 

165 * 

166, 

167. 

168. 

169. 

178. 
Graydon A .  E l l i o t t  

F o r t  Eus t is ,  VA 23684 

y Research and 
Technalagy Laboratory (AVSCOM) 

A .  Erdely 171. 

1208 Geneva 
SWITZERLAND 

es  Eaux-Vives 

Charles 0. Estes 
U.S. Senate 172. 
Washington, DC 20510 

Peggy Evani ch 
Nat iona l  Aeronaut ics and Space 173. 

m i n i s t r a t i o n  
Washington, 06 20546 

Anthony I;. Evans 
U n i v e r s i t y  o f  C a l i f o r n i a  174. 
Santa Barbara, CA 93106 

~ ~ b ~ r ~  C, Evans 

Cleveland, OH 44135 

Kather ine T. Faber 
Ohio S ta te  U n i v e r s i t y  
2041 College! Road 
Columbus, OH 43210 

John M. Fairbanks 
en t  o f  Energy 

Fo r res ta l  B u i l d i n g  CE-151 
1000 Independence Avenue 
Washington, DC 20585 

La r ry  F a r r e l l  
Babcock and Wilcox 
Old For res t  Road 
Lynchburg, VA 24505 

Dow Corning Co 
3901 S ,  Sagina 
Midland, M I  48640 

Thomas F .  Fol tz  
Avco 

Lowel l ,  MA 01851 
I n d u s t r i a l  Avenue 

Robert G. Frank 
General E l e c t r i c  Company 
One Neumann Way, M a i l  Drop M-87 
Post O f f i c e  Box 156301 
C inc inna t i ,  OH 45215-6301 

George E .  Gazza 
U.S. Army Mate r ia l s  Technology 

Laboratory 
Arsenal S t ree t  
Watertown, MA 02172 

Charles 61. Gilrnore 
The George Washington U n i v e r s i t y  
Washi ngton, DC 20052 

Paul Glance 
Concept Analys is  
950 Stephenson High 
Troy, M I  48007-7013 

Fred M. Glaser 
U . S .  Department o f  Energy 
Washington, DC 20545 



175, 

156. 

177 * 

178. 

179. 

180. 

181. 

182. 

183. 

184. 

185. 

41 6 

Joseph W .  Glatz  186" 
Naval Air Propulsion Test  Center 
Box 7176, PE 34 
Trenton, N3 88628 

Stephen ? .  Gonczy 
A1 1 ied S igna l  Research Center 
50 UOP Plaza 
Des Pla ines ,  IL 60015-6189 

Robert J .  Gattschal 1 
U.S .  Departiiient of Energy 
Washington, DC 20545 

Kenneth Green 
Coors Psrcel a i  n Company 
17750 N .  32 Street  
Golden, CO 8040% 

Lance E .  Groseclose 
General Mctors Corporation 
Post O f f i c e  Box 420 
1nel.i anapol i s ,  IN 46206-0420 

T. D. Gulden 
GA Technologies, Inc. 

San Diega, CA 92138 
Post O f f i c e  BOX 81608 

M. D. GurPiey 
N I PER 

Bartlesville, OK 74065 

3 .  J .  Habeeb 
Esso Petroleum Canada 
P o s t  Off ice  Box 3022 
Sar ina ,  Ontario 
-. CANADA N78 jVlJ 

H .  T .  Hahn 

227 Mammsnd Building 
Universi ty  Park, PA 16862 

Pennsylvania S ta te  Universi ty  

Nabil S .  Hakim 
General Motors Corporation 
36880 Ecorse Road 
W O ~ U ~ L I S ,  MI 48174 

John W .  Malloran 
Ceramic Process Systems 
840 Memor-ial Drive 
Cambridge, MA 02139-3758 

187. 

188. 

189. 

190 1 

191. * 

192 * 

193. 

194. 

135. 

W. A .  Harmon 
25 Schalrein Drive 
Latham, N Y  12110 

Stephen 8. Hast l ine  
Norton Company 
High Performance Cera 
Gcaridard Road 
Northbaro, MA 01532-1545, 

Mil lard E, Hauth 
Daw Corning Corporation 
Midland, MI 4864 

Kevin L .  Haynes 
McDcsnnel 1 Doug1 as Astronaut ics  

Box 516 E456/HQ/3N/MS329 
Sa in t  Louis ,  Missouri 63166 

Company 

Norman I_. Hecht 
Universi ty  of Dayton Research 

390 College Park 
Dayton, OH 45469-8801 

I n s t i t u t e  

s. s ,  Hecker 
Los A1 amos National Laboratory 
Post Off ice  BOX 1663 
Los Alamos, N 

Peter M a  Meitman 
General Motors Corporati  on 
Pos t  Off ice  Box 420, W-5 
I n d i  anapal i s ,  IN 46206-0420 

Richard L .  He1 fer i  ch 
The Duri ron Company 

Incorporated 
P o s t  Off ice  Box 1145 
Dayton, OH 45401 

H. E. Helms 
General Motors Corporati  on 
Post  Off ice  Sox 420 
Indianapol i s ,  I N  46206-0420 

Thomas I_. Henson 
GI€ Products Corporation 

Towanda, PA 18848-0504 



196. 

197. 

198. 

199. 

200. 

201. 

282. 

203. 

204. 

205. 

206 * 

Thomas P. Herbell 
NASA Lewis Research Center 

0 Brookpark Road, 
Cleveland, OH 44135 

Menidri k Heystek 
Bureau of Mines 
Tuscaloosa Research Center 

University, Ah 354 

Robert V .  Hillery 
General El eetri e Company 
Cincinnati, OH 45215 

Standard Oi 1 Engineered 
Materi a1 s Company 

Post Office Box 1054 
Niagara Falls, NY 14302 

Stephen M. Hsu 
National Bureau o f  Standards 
Gaithersburg, M 

Harold A.  Huckins 
Princeton Advanced 
Technol sgy, Inc. 

56 Finley Road 
Princeton, NJ 08540 

0. Richard Hrighes 
Celanese Research Company 
86 Morris Avenue 

mit, NJ 07901 

General Motors Corporation 
12 Mile and Mound Roads 
Warren, MI 4 ~ 0 ~ ~ - 9 0 5 5  

Louis C. Ianniello 
U.S .  Department o f  Energy 
Washington, DC 20545 

Robert ti. Insley 
Champion Spark Plug Company 

Detroit, MI 48234 
0 Conner Avenue 

Curt A.  Johnson 
General El ectri  c Company 
Post  O f f i c e  Box 8 
Schenectady, NY 12301 

41 7 

207. 

208. 

209. 

210. 

211. 

212. 

213. 

214. 

215. 

216. 

Douglas C. Johnson 
Sundstrand Corporation 
4400 Ruffin Road 
Post Office Box 85757 
San Diego, CA 92138-5757 

Larry Johnson 
Argonne National Laboratory 
9700 S .  Cass Avenue 

Building 362 
Argonne, IL 60439 

R. A .  Johnson 
General Motors Corporation 
Post Office Box 420 
Indianapolis, IN 46206-0420 

L. A. JQO 
Great Lakes Research Corporation 
Post Office Box 1031 
Elizabethton, TN 37643 

A.  David Joseph 
Sealed Power Corporat i on 
100 Terrace Plaza 
Muskegon, M I  49443 

Roy Kamo 
Adiabatics, Inc. 
630 S .  Mapleton 
Columbus, IN 47201 

Allan Katm 
Air Force Wight Aeronautical 

Material s Laboratory, AFWAL/MLLM 
Wright-Patterson AF 

Laboratory 

R. N. Kats 
U. S Army Materi a1 s Technol ogy 

Laboratory 
Arsenal Street 
Watertown, MA 02172 

P. Victor Kelsey 
Aluminum Company o f  America 
Alcoa Technical Center B 
Alcoa Center, PA 15061 

Frederick L. Kennard, I11 
General Motors Corporation 
1300 N. Dort Highway 
Flint, MI 48556 



41 8 

217. 

218. 

219. 

220" 

221 a 

222. 

223. 

224. 

225 a 

226. 

227 * 

J .  89. Kidwell 
Garrett Turbine Engine Company 
111 S. 34th Street 
Post Office Box 5217 
Phoenix, AZ 85010 

Max Klein 
Gas Research Insti tlate 

Chicago, IL 60631 

Norton ~~~~a~~ 
8001 Daly Street 
Niagara Falls, Ontario 
CANADA 238 

228" 

ryn Mawr Avenue 

C. E. Knapp 229. 

A .  S .  Kobayashi 
University of Washington 
Seattle, MA 98195 

David 14. Kotchick 
Ai Research Manufacturing Company 

Torrance, CA 90589 

231. 

190th Street 

Bruce Kramer 
George Washington University 
Washington DC 20052 

Saunders B. Kramer 
U.S .  Department o f  Energy 
Forrestal Building CE-151 
1000 Independence Avenue 
Washington, DC 20585 

0. M. Kreiner 
Garrett Turbine Engine Company 
111 S. 34th Street 
Post Office Box 5217 
Phoenix, A2 850110 

Pieter Kri jgsman 
Ceramic Design Int. H o l d . ,  Ltd.  
Post Office Box 68 
8050 AB Hattem 
THE NETHERLANDS 

W. J. Lackey 
Georgia Tech Research Institute 
Atlanta, 6A 38332 

Everett A. Lake 

232. 

233. 

234. 

235. 

236. 

Air Force Wright Aeronaut i ea1 

Wright-Patterson WFB, OH 45433 

Laboratory 

James Lankford 

John G. Laming 
Corning Glass Works 
Corning, NY 14831 

David C. Larsen 
Corning GI a s s  
Sull ivan Park, FR-51 
Corning, NY 14831 

Patrick Lauzon 
Nat i onal Research Counci 1 Canada 
1411 Oxford Street 
Halifax, M.S. 
CANADA B3H 329. 

Harry A.  lawler 
Standard O i  1 Engineered 
Materi a1 s Company 

Post Office Box 1054, Building 91-2 
Niagara Falls, NY 14302 

Alan Lawley 
Drexel Un i vers i ty 
Philadelphia, PA 19104 

Daniel Lee 
Ternescon 
2850 7 th  Street 
Berkeley, CA 94710 

June-Gunn Lee 
Korea Advanced Institute o f  
Science and Techno1 ogy 

Post Office Box 131 
Dong Dac Nun, Seoul 
KOREA 

E .  M. Lenoe 
Air Force Office of S c i e n t i f i c  
Research 

APO San Francisco, CA 96563-0110 



237.  

238 e 

239. 

240. 

241 .  

242.  

243. 

2 4 4 .  

245. 

246 e 

Stanley 8. Levine 

Cleveland, OH 44135 

David Lewis 

~ ~ ~ h ~ ~ ~ ~ o ~ ,  DC 20375 

a1 Research Laboratory 
5 Overlook Avenue, SW 

RCBM, Incorporated 
8928 F u l  lb r igh t  Avenue 
Chatsworth, CA 91311 

Bill  bong 

Post O f f i c e  Box 1260 
lynchburg, VA 24505 

L ,  A .  k o t t  4 

EG&G, Inc. 
Post  Office Bax 1625 
Idaho Fa l l s ,  ID 83415 

Bryan K, Luftglass 
CRem Systems, Inc. 
303 S. ~ ~ ~ a d w a ~  

Michael J, Lynch 
General Elec t r ic  Company 
Post O f f i c e  Box 414, 78-36 

41 9 

247.  

248. 

249. 

250. 

254. * 

252"  

253 1 

Vincent L. Magnotta 
Air Products and Chemicals, I n c ,  
Post Office Box 538 254 .  
Allentcawn, PA 18105 

Ta i - i l  Mah 
Universal Energy Systems 
4401 Daytsn-Xenia Roa 255 * 

L .  Manes 
s i o n  o f  t h e  European 

Isgra Establ ishment 256 * 
1-21020 Ispra (Varese) 
ITALY 

Cookeville, TN 38588. 

John Mason 
The Garrett  Cor 
9851 Sepul Veda 

Los Angeles, CA ~~~~~ 

P o s t  o f f i c e  BOK 92248 

J .  WcCauley 
U . S Army Nateri a1 s Techno'$ ogy 

Laboratory 

Boride Products * Incorporated 
2875s Aero Park 5rive 
Traverse City, MI 496%4 

U . S ,  ~ ~ ~ a ~ t ~ ~ ~ t  o f  Energy 
F o r r e s t a l  Building CE-151 
1000 Independence Avenue 
Washington, DC 28585 

Thomas D. McGeG! 

Ames, I A  50011 
Sta t e  University 

Rutgers University 
Bawser Road, Box 909 
Pi scataway, NJ 08854 

Qearborn, MI 48121 

Brian L, Mehosky 
Standard  O i  1 Engineered 

Flateri a1 s ~ ~ ~ ~ a ~ y  

C 1  eve1 and OH 44.128 
arrensvi 11 e Center Road 

B. K .  Mehrotra 
Kennarnetal, In@. 
P o s t  Office Box 639 
Greensburg, P 



257. Joseph J. Meindl 
Reynolds International, I nc .  
Post Office Box 270 
6603 W .  Broad Street 
Richmond, VA 23261 

258. D. Messier 
U. S Army Materi a1 s Techno1 ogy 

La borat. o ry 
DRXMR - MC 
Arsenal Street 
Watertown, MA 02172 

259. Arthur G. Metcalfe 
So1 ar Turbines, Inc 
2200 Pacific Highway 
Post  Office Box 80966 
San Diego, CA 92138 

260, Thomas N. Meyer 
A1 um.i num Company o f  America 
A1 coa Technical Center 
Alcoa Center, PA 15069 

251. . Miloscia 
Standard Oi 1 Engineered 
Materi a1 s Company 

4440 Warrensville Center Road 
Cleveland, OH 44128 

262. Bill Moehle 
Ethyl Corporation 
451 Florida Boulevard 

Baton Rouge, LA 70801 
Ethyl Tower 

263. Helen Moeller 
Babcock and Wilcox 
Post  Office Box 11165 
Lynchburg, VA 24506-1165 

264.  Frederick E .  Moreno 
Turbo Energy Systems, Inc. 
350 Second Street, Suite 5 
Los Altos, CA 94022 

255. Peter E. D. Morgan 
Rockwell International 
1049 Camino Dos R i o s  
Post  Office Box 1085 
Thousand Oaks, CA 91360 

420 

266. 

267. 

268. 

259 

270. 

271. 

272. 

273. 

274. 

275 2 

Sol ornon Musi kant  
General Electric Company 
Post Office Box 8555 
Mail Stop U-1219 
Philadelphia, P 

Pero Nannell i 
Pennwalt Corporation 
900 First Avenue 
Post Office Box 
King o f  Prussia, PA 19406-0818 

Robert M. Neilson, Jr. 
EG&G Idaho, Inc. 
Pos t  Office BQX 1625 
Idaho Falls, IO 83415 

Dale E .  Niesr 
Battelle Columbus Laboratories 
505 King Avenue 
Columbus, OH 43201 

William D. N i x  
Stanford University 
Stanford, CA 94305 

Richard D. Nixdorf 
American M a t r i x ,  Inc. 
118 Sherlake Drive 
Knoxville, TN 37922 

Norton Company 
HPC Li brary/D# Jacques 
Goddard Road 
Northboro, MA 01532-1545 

Brian M. O’Connor 
The Lubrizol Corporation 
2r3400 Lake1 and Soul evard 
Wickliffe, OH 44092 

W .  Richard Ott 
A7 f red Un i vers i t y  
A1 fred, NY 14802 

Muktesh Pal iwal 
GTE Products Corporation 
Hawes Street 
Pawanda, PA 18848 



276 a 

277. 

238. 

279. 

288. 

281 I 

282 I 

283 s 

284. 

285, 

421 

Wayne Palmour 111 286 4 

North Caro l ina  S t a t e  Univers i ty  

Goddard Road 
Nortkbaro, biA 01532-1545 

Bel 1 eyri no Papa 
Corning Glass Works 
Corning, NY 14831 

James 6. Paschal 

At l an ta ,  GA 30358 

Arwid E. Pasto 
GTE Labora tor ies ,  Inc.  
40 Sylvan Road 

Cummins Engine Compan 
Box 3005, Mail Code 5 
Columbus, IN 47202-3005 

Robert A .  Penty 
Eastman Kodak Company 
901 Elmgrove Road 
Rochester,  NY 14650 

Gary R .  Peterson 
U.S. ~ ~ ~ ~ ~ t ~ ~ n ~  o f  Energy 
785 DOE Place 
Idaho F a l l s ,  ID 83402 

R .  Byron Pipes 
Univers i ty  o f  Del aware 

Newark, DE 99716 
4. Spencer Laboratory 

Robert C. Pohanka 
O f f i c e  o f  Naval  Research 
800 Id. Quincy S t r e e t ,  Code 431 
Arlington,  VA 22217 

287 

288 * 

289. 

296 

2’31. 

2 9 2 .  

293. 

294. 

295.  

Stepkern &. Pred 
ICD Group, Inc.  
1180 Valley Brook Avenue 
Lyndhurst, NJ 07671 

K a r l  M. Prewo 
i e s  Corporation 

Hubert B. Probst 
NASA Lewis Research Center 

Brookpark Road 
Cleveland, OH 44135 

Carr Lane Quackenbush 

High Performance Ceramics 
Goddard Road 
NorthbQrO, MA 01532-1545 

Brian Quigy 
National Aeronautics and Space 

Washington, DG 20546 
Adminis t ra t ion 

Ge~rge Quinn 

Laboratory 
r sena l  S t r e e t  

a t e r i  a1 s kd3fld ogy 

Dennis T.  Quin to  
Kennarnetal , Inc e 
Post O f f i c e  Box 639 
Greensburg, PA 15601 

S o  Veinkat Raman 
Air Products and Chemicals, Ine.  
Post O f f i c e  Box 538 
Allentown, PA 18105 

Denni s Readey 
Ohio S t a t e  Univers i ty  
2041 College Road 
Columbus, OH 43210 

Robert K .  Reeber 
U . S .  Army Research O f f i c e  
Post O f f i c e  Box 12211 
Research Tri  an l e  Park, NC 27709 



422 

296 

297. 

295 *) 

299 * 

300 * 

301. 

302. 

383. 

304. 

305 I 

K. L .  Reifsnider 306 * 
Virginia Polytechnic Institute 

81 acksburg, VA 24061 
and State University 

Paul Rempes 387 1 

Champion Spark Pl ug C~mpany 
20800 Conner Avenue 
Detroit, MI 48234 

T. M. Resetar 308. 
U. S. Army Materi a1 s Techno1 ogy 

L abo r a t ory 

Arsenal Stree t  
Watertown, MA 02172. 309. 

K. T. Rhee 
Rutgers University 
Post Office Box 909 

318. 

Roy w .  Rjce 
kl. R. Grace and Company 
7399 Route 32 

Ravid od. Richersan 
Ceramatect Inc. 
163 West 1700 South 
Salt Lake City, UP 84115 

311 

Paul R i e t h  
Ferrs Corporation 
661 Willet Road 
Buffalo, NY 14218 

312. 

Michael A .  Wigdon 313 e 
Institute for Oefense Analyses 
1801 Beauregard Street 
Alexandria, VA 22311 

John E. Witter, J r ,  314 .  
University o f  Massachusetts 
Amherst, MA 01003 

Giulio A.  Rassi 
Norton Company 
High Performance Ceramics 315. 
Goddard Road 
Northboro, MA 81532-1545 

Barry W. Wossirag 
Aluminum  corn^^^^ o f  A 
AI coa Pechni cal Center 
Alcoa Center, PA 15069 

David J. Rowcliffe 
SWB International 
333 Ravenswaad Avenue 
Menlo Park, CA 94025 

Donald 1. Roy 
Coors Porcelain ~~~~~~~ 

19950 Iw. 32 Street 
Golden, CQ 80401 

Bruce Rubingler 
Gobal 
50 Milk Street, 15th Floor 
Boston, MA 82109 

Robert  Ruh 
Air Force Wright Aeronautical 

Materi a1 s Laboratory, A ~ ~ A L / ~ L ~ ~  
r igh t -Pa t t e r son  AFB, OW 45433 

laboratory 

Robert, J. Russell, Sr. 

High Performance Ceramics 
Goddard Street 

NQrtOn Company 

Nsrthbora, MA 01532-1545 

George P. Safol 
Westinghouse El ectrie 

Corporation 
Pittsburgh, PA 15235 

J .  Sankar 
North Carol i na Agr i  cul tural and 

Greensboro, NC 27411 
Technical State University 

Maxine Savitz 
Garrett Ceramic Components 
Qivi sion 

19880 South Venice 
Torrance, CA 90509 

K i  chard Schapery 
Texas A&M University 
College Station, TX 77843 



423 

316* 

317. 

318. 

319, 

328. 

3 2 1 .  

322-342, 

343 .  

344.  

345 

J .  I.. Schienle 346 
Garrett Turbine Engine Company 
111 s. 3 4 t h  Street 
Phoenix, AT: 85034 

L. J. Schioler 
A e r o j e t  Tech Systems Company 347 
Post. Office Box 13222 

Sacramenta, CW 95813 

Richard A. Schmidt 34% I 
Rattelle Columbus D i v i s i o n  

Arnie Schneck 
Deere & c o .  349. 
Pos t  O f f i c e  Box 128 
Woad-Ridge, fdJ 07075 

Hatthew Schreiner 
Gas Research Institute 
8600 tl. Bryn Mawr Avenue 358 
Chicago, 14. 60631 

John Schuldies 
Indbastri a1 Cera i c rechnoi OCJY 

141 Enterpr ise  Drive 
Ann Arbor, M I  48103 

I n c .  

R.  8. Schulz 
artmen% o f  Energy 

Forrestal Building C E - 1 5 4  
1000 Independence Avenlje 
Mashington, DC 20585 

Wesley J. C .  Schuster 
Therm E l  ectran Carporat i on 
115 Eames Street 
Post  Office Box 340 
iilmington, MA 09887 

52 Building 
Midland, M I  4 

351. 

352 a 

3 5 3 .  

354 s 

355 I 

Thoinas M. Sebestysra 
U . S ,  Army Tank Automotive 

AMSTA-RGRP 
Warren, MI 4 ~ ~ ~ ~ - ~ ~ ~ ~  

Bri an Seegmi 1 1  e r  
C o w s  Porcelain Company 
17750 North 32 S t r e e t  
Golden, CO $0401 

S ,  G, Seshadri 

Mateeri a1 s Company 
Pos t  O f f i c e  Box 832 
Niagara Falls, N Y  14302 

Peter I. 8. S h a f f e r  
Advanced Ref rac to ry  

Technologies Inc.  
699 Hertel Avenue 
B u f f a l o ,  NY 14207 

Standard O i  1 Engi neklred 

Maur ice E .  Shank 
United Technologies 

Corporati  on 
E a s t  Hartford,  CT C6LO8 

Laurel M. Skeppard 
Advanced Mater: a1 s and 

Route 87 
P r O C e S S e s  

Is Park, OW 44873 

Dinesh K. Shet ty  
The u n i v e r s i t y  o f  U t a h  
Salt Lake Ci ty ,  UT 84112 

Jack D. S i b o l d  
Coorrs Porcel ai n company 
19750 Nor th  32 Street 
Golden, co 80461 

Weal Sigmlrors 
U S e Hause o f  Wepresentat i  ves 
Rayburn Building, Roo 

6849 Old Dominion D r i v e  

McLean, VA 22161 
S u i t e  228 



424 

356 e 

357. 

358, 

359. 

360 D 

361. 

362 

363 * 

364. 

365 

Maurice J. Sinnott 366. 
University o f  Michigan 
438 W ,  Engineering Building 
Ann Arbor, M'I 48109 

S .  R. Skaggs 367. 
Los A I  amos National Laboratory 
Post Office Bcx 1663 
Los Alamtss, N 

J .  Thomas Smith 

40 Sylvan Road 
Maltham, MA 02254 

GTE Laboratories, Inc. 36 

Jay R. Smyth 
Garrett Turbine Engine Company 
Pos t  Office Box 5217 

Phoenix, AZ 85010 
EIS 93-172/1302-2K 369. 

Rafal Sobotawski 
Standard Oil Engineered 

3092 Broadway Avenue 
Cleveland, OM 44115 

Materi a1 s Campany 370. 

Thomas M. Sopko 
Lubri mol Enterpri ses, Inc. 371 
29400 Lake? and Boul ward 
Wick1 i ffe, OH 44092 

E .  I .  DuPont de Nesnours & 372 

Wilmington, DE 29898 
Company 

National Research Council 
2101 Constitution Avenue 373. 
Washington, DC 20418 

M. Srinivasan 
Standard Oil Engineered 

Post Office Box 832 374. 
Miagara Fa l l s ,  MY 14302 

Material s Company 

Gordon L .  Starr 

Box 31005, f la i l  Code 50183 
ins Engine Cs 

Co1 urnbus, I N  47202-3005 

Harold L. Stocker 
General Motors Corporation 
Post Office Box 420, T-23 
Indinapolis, IN 45206-0420 

Roger Storm 
Standard Oil Engineered 
Materials Company 

Post Office Box 832 
Niagara Falls ,  b1'8 14302 

E. E .  Strain 
Garrett Turbine Engine Company 
111 S. 34th Street 
Post Office BQX 5217 
Mail Stop 301-2N 
Phoenix, AZ 85010 

Thomas N. Strom 
NASA Lewis Research Center 

C 1  eve1 and, 014 44135 
21000 Brookpark Road, 17-6  

Richard Suddeth 
Boeing Motor Airplane Company 
Post Office Box 7730, MS K-76-67 
Wichita, KS 67277 

Paul S u t o r  
Midwest Research Institute 
425 Val ker Boul ward 
Kansas City, MO 64116 

J .  J. Swab 
U. S , Army Mater i a1 s Techno1 ogy 

Laboratory 
Arsenal Street 
Watertown, MA 02192 

Lewis Swank 
Ford Motor Company 
Post Office Box 2053 
Building SRL, Roam E3172 
Dearborn, HI 48121 

Stephen W. Tan 
ICI Advanced Matei r i  al  s 
Pos t  Office Box I 1  
The Heath, Runcorn 
Cheshire MA7 4QE 
j N X 4 N D  



425 

375.  

376. 

377.  

378, 

379 a 

380 * 

381 a 

382 1 

383 d 

384 II 

Anthony C. Taylor 
U. S. House o f  Represent a t  i ves 
Rayburn Building, Room 2321 
ashington, DC 20515 

H. Thielbahr 
U.S.  Department u f  Energy 
550 2nd Street  
Idaho Falls, ID 83481 

John K. lien 
Columbia University 

T. Y .  Tien 
University o f  Michigan 
Row 5uilding 
Ann Arbor, MI 48109-2136 

Jul l a n  M. lishkoff 
Air Force O f f i c e  o f  S c i e n t i f i c  
Research 

Lou is  E .  Toth 
National Science Foundation 
1800 G street, NW 
Washington, DC 20550 

Richard E .  Pressler 
The Pennsylvania S t a t e  

201 Steidle Building 
University Park, PA 168 

Idn i v e r s  i t y  

Donald R.  Uhlmann 
Massachusetts Institute o f  

Cambridge, MA 02139 
Techno1 sgy 

Technology Strategies 
Incorporated 

10722 Shingle  Oak Court 
Burke, VA 22015 

Thomas Vas i 1 os 
Avco Corporation 

385. 

386. 

387. 

388 B 

389 - 

398. 

391. 

392. 

393 3 

394 L 

395 e 

V .  Yenkateswaran 
Standard Oi 1 Ersgi neered 

aterials Company 
Post Off ice  Box 832 
Niagara Falls, NY 14302 

John B. Wachtma 
Rutgers university 
Pos t  O f f i c e  BOX 909 
Piscataway, NJ 08854 

Richard id1 1 ace 
General Motors Corporation 
36888 Ecorse Road 
Womulus, MI 48174 

Harlan L. Matson 
U.S. House o f  Representatives 
Wayburn Building, Suite 2321 
ashingtoss, DC 28535 

Albert R.  C. West 
Martin M a r i e t t a  L 
1450 Smith Rollin 
B a l t i m o r e ,  MD 21227 

Thomas J .  Whai’len 

Dearbarn, M I  48121 

N a t i o n a l  Bureau o f  S t a n d a r d s  
Gai t h e n b u r g ,  W B  20899 

Cleveland, OH 44110 

Garrett Turbine Engine Company 
111 s. 34 th  street 
Post O f f i c e  Box 5217 
Phoenix, AZ 85010 

D a v i d  Mirth 
Coors P ~ r c e l  a i  n Company 

Golden, CO 80481 
rth 32 Street 



426 

396. 

397. 

39% I 

399 * 

400 

401.. 

482. 

403. 

404. 

405. 

Thomas J. Missing 
Eaton Corporation 
2620% Northwestern Highway 
P o s t  Office Box '166 
Southfield, MI 48037 

Corporation 
699 Fdenston Road 
Vhitehall , MI 49461 

James C. Wood 
NASA Lewis Research Center 
21080 Brookpark Road 

Cleveland, OH 44135 
MS 500-210 

Hun &.  Yek 
A i  Research Casting Company 
19800 Van Ness Avenue 
Torrance, CA 90509 

Thomas M .  Yonushonis 
Cummins Engine Company, Inc.  
Box 3005, Mail Code 50183 
@01 UKII~US IN 47202-3005 

Don Zabierek 
Air Force Wright Aeronautical 

Laboratory 
AFWAL/PQTC 
Wright-Patterson A F B ,  OH 45433 

Charles Zeh 
II S .  Departnient o f  Energy 
Post Office BQX 880 
Morgantown, WV 26585 

Anne Marie Zerega 
U . S .  Department o f  Ener 
Forrestal Building CE-15 
1000 Independence Avenue 
Washington, DC 20585 

Martin Zlotnick 
Nichols Reseaych Corporation 
1764 Old Meadow bane, Suite 156 
Mckean, VA 22102-4307 

Klaus M. Zwilsky 
N a t  i m a l  Research Counci 1 

486. Department o f  Energy 
Oak Ridge Operations 

O f  fi ce 
Assistant Manager far 

Energy Research and 
Devel opwent 

PO Rox E 
Oak Ridge, TN 37831 

408-437. Department of  Energy 
Technical Information 
Center 

Office o f  Information 
Services 

PO Box 62 
Oak Ridge, TN 37831 

For distribution by 
microfiche as shown in 

Distribution Category UC-95. 
DOE/TIC -4500, 

2101 Constitution Avenue 
Washington, DC 28418 *U.S. G O V E R N M E N T  P R i N T l N G  OFF ICE 1987--740-168/6@093 


