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CERAMIC TECHNOLOGY FOR ADVANCED HEAT ENGINES PROJECT SEMIANNUAL 
PROGRESS REPORT FOR OCTOBER 1988 THROUGH MARCH 1989 

SUMMARY 

The Ceramic Technology For Advanced Heat Engines Project was 
developed by the Department of Energy‘s Office of Transportation Systems 
(OTS) in Conservation and Renewable Energy. This project, part o f  the 
BTS’ s Advanced Materi a1 s Devel opment Program, was devel oped to meet the 
ceramic technology requirements of the QTS’s automotive technology 
programs. 

the Department of Energy ( D O E ) ,  National Aeronautics and Space 
Administration (NASA), and Department o f  Defense (DoD) advanced heat 

ine programs have provided evidence that the operation of ceramic 
p a r t s  in high-temperature engine env~ronments is feasible. ~ o w ~ v e r ~  

e programs have also demonstrated that additional research is needed 
aterials and processing development, design methodology, and data 

technology base from which ta produce reliable cost-effective ceramic 
engine components commercially. 

was developed with extensive input from private industry. 
of t h e  project i s  to develop the industrial technology base required for 
reliable ceramics for application in -advanced automotive heat engines. 
The project approach includes determining the mechanisms control 1 ing 
reliability, improving processes for fabricating existing ceramics, 
devel opi ng new materi a1 s with increased re8 i abi 1 i ty, and testing these 
materials in simulated engine environments t o  confirm reliability. 
Although this is a generic materials project, the focus is on the 
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. 
is being developed in parallel and close coordination with the ongoing 
DOE and industry proaf-of-concept engine development programs. To 
facilitate the rapid transfer o f  this technology to U.S .  industry, the 
major portion of the work is being done in the ceramic industry, with 
technological support from government laboratories, other industrial 
laboratories, and universities. 

Systems, Heat Engine Propulsion Division, and is closely coordinated 
with complementary ceramics tasks funded by other DOE offices, NASA, 
DoD, and industry. A joint DOE and NASA technical plan has been 
established, with DOE focus on automotive applications and NASA f ocus  on 
aerospace applications. A common work breakdown structure (WBS) was 
developed to facilitate coordination. The work described in this report 
is organized according t o  the following WBS project elements: 

Significant accomplishments in fabricating ceramic components for 

and life prediction before industry will have a sufficient 

An assessment of needs was completed, and a five-year project plan 
T 

This advanced materials technology 

This project is managed by ORNL for the Office o f  Transportation 
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This report includes contributions from all currently active 
project participants. 
work breakdown structure outline. 

The contributions are arranged according t o  the 
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0.0 PROJECT MANAGEMENT AND ~ ~ Q ~ Q ~ N A ~ I ~ ~  

0. R. Johnson 
Oak Ridge N a t i o n a l  Laboratory 

T h i s  t ask  includes the  technical mana 
accordance w i t h  the pro.ject. p lans  an 

annua l  f i e l d  t a s k  proposals, i i s i t i a t  t s f  subcontracts 

highlights an semi annua l  t x c  nical r e p o r t s  a 

anageanent plan ~ ~ ~ r ~ ~ e d  by the  

t a s k  includes ~~~~~~~t~~~ o f  

 vi^^^ t o  DOE; 

ent o f  Energy (DOE) Oak Ri @rations Off ice  (QRO) and the  
o f  Transportatian Systems 

nd interagency agreements, and mam chnical tasks ,  
orathly ~ a ~ ~ a ~ ~ m @ ~ ~  reports and biwon 

t i c ipan t s .  In  addition, t h e  p 
rams sponsored by o the r  14 

the Depa~tmemt< o f  Defens ~ ~ ~ d ~ ~ ~ a t ~ ~ ~  i s  
d by par t ic ipa t ion  i n  b i  

atilanal Aeronautics and Space A ~ ~ j ~ i ~ t ~ a ~ j ~ ~  

ASA j o i n t  mamge- 
ment neet ings ,  annual interayen y heat engine ceramics coordination 

Coordinating Committee (EMaCC) meetings, as we71 as  special coordination 
eetings, DOE contractor  cosrdi antion meetings, a n  

meetings. 
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1 .Q IALS AND PROCESS1 

T h i s  psrtion o f  project i s  ident  i f i e  as project element 1.0 
w i t h i n  t h e  work break la structure (WBS). It contains f o u r  
subelements: (1) BL”lG0 thics ,  ( 2 )  Ceramic ~ o ~ ~ o s ~ t e ~ ,  ( 3 )  Thermal and 
Wear C ~ a t  i ngs 
Yono1 i t b i  cs subel ement cwi-~ntly i wcl ude 
cerama’c f a b r i  c a t i  onir? chasracte 

Research con?ucte3 YJS t h i  n t h e  Cerami e co  
includes s i l i c o n  carbide and ax id  
t o  t h e  work activities cited for  

araclerjzation. Research c 
gs S Q b 1  emnent i s  currently 

i n v o l v e s  coz-irag syn thes i s ,  chara 
mechan i cal an 1 properties o f  the coatings. Research condiected 
in t h e  Jajnin ent currently includes sttrdies o f  p r ~ c e ~ s e i . ~  t o  
produce strasl joints between zirconia ceramics and jron-base 
a1 1 oys * 

A major objective o f  the  research i n  the 
ent i s  t o  systematically advance t e understandin 

relationships betwee ceramic raw materials such as powders a 
gases, the processing variables involved in producing the ceramic 
materials, and the 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 
engines . 

and { i ? )  Joi t; i ng . Ceramic research conducted w i t h  i ri the 
rk activit-les on green s t a t e  

chanixal ,  and p 

ateri a l  s and Processing 

highly re1 iable ceramic components for advanced heat 
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1.1 MOMOLITHICS 

1.1.1 Silicon Carbide 

Turbomi77inq o f  Sic Whiskers and S i [ :  Whisker/A7umina Composites 
D. E. Wittmer (Southern I l l i n o i s  University) 

Objective/Scope 

T h e  purpose of t h i s  work i s  t o  invest igate  the turbomilling process 
as  a means of improved processing f o r  S i c  whisker-ceramic matrix 
composites, a n d  t o  design and fabr ica te  prototype turbomilling un i t s .  

Technical Progress 

During t h i s  reporting period the three prototype turbomi 11 s were 
completed, and  two of the turbomills were delivered t o  O R N L .  I n s t a l l a t ion  
a n d  ca l ibra t ion  of the torque/h.p./r.p.m. sensors will be completed w h e n  
the proper e l ec t r i ca l  services are  in s t a l l ed  a t  ORNL. 

As reported previously, the turbomilling t r i a l s  o f  s i l i con  carbide 
whiskers i n  alumina and  s i l i con  n i t r ide  matrices were competed ahead of 
schedule and the r e su l t s  reported in the l a s t  semi-annual report .  Delay 
i n  the preparation o f  the final report. was approved by the project  monitor 
t o  a l l o w  f o r  the addition of t e s t  d a t a  detained by equipment problems a t  
O R N L .  

Due to  the success of t h i s  program,  additional funding was requested 
t o  s u p p o r t  Phase 11 of t h i s  work .  Contract negotiations are  in progress 
a n d  the award i s  anticipated t o  be f ina l ized  in April .  Phase I 1  i s  
divided into 3 major tasks:  

Task 1. Beneficiation of S i c  whiskers. 

Task 2 .  Development of aspect r a t i o  reduction parameters. 

Task 3 .  Improved dispersior! of par t icu la te  matrices. 

Task 1. Beneficiation of S i c  Whiskers 

During t h i s  phase of the project ,  S i c  whiskers will  be processed in 
the turbomill t o  develop improved beneficiation techniques. I t  intended 
i n  t h i s  task t o  study the influence o f  the density of the mill ing media 
on the beneficiation process a n d  f rac ture  behavior of the whiskers by 
using dense s i l i con  n i t r i d e  o r  PSZ beads for  h i g h  density media and a 
polymer bead (such as  de l r in ,  t e f lon ,  or other t o u g h  polymer) foip low 
dens i ty  medi a .  

Several small batches of Sic whiskers will  be processed by 
turbomilling with the sol ids  loading, f rac t ion  of mill ing media and 
turbomil 1 ing speed determined t h r o u g h  the use of an experimental design 
m a t r i x .  Sedimentation techniques will be u t i l i zed  t o  separate the longer 
whiskers from whisker fragments a n d  impurit ies a n d  remove the soluble 
impurit ies.  

The as-received S i c  whiskers will  be analyzed for’ f r ee  carbon, f r ee  
S i ,  presence of unreacted s i l i c a ,  a n d  chemical composition by standard 
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a n a l y t i c a l  techniques t o  produce a base l i ne  chemical composi t ion.  
Se lec ted  produc ts  f rom the  sedimentat;an process w i l l  a1 so be analyzed, 
i e .  t h e  supernatant  1 i q u i d  for- d i s s o l v e d  and u l  t r a - f i n e  sa tu ra ted  
i m p u r i t i e s ,  t h e  r e s u l t a n t  coarse whisker  f r a c t i o n  and f i n e  f r a c t i o n  
chemical composit ion, su r face  area and p a r t i c l e  s i z e s  f o r  coarse and f i n e  
f r a c t i o n s ,  and morphology. A p o r t i o n  o f  t h e  b e n e f i c i a t e d  S i c  whiskers 
w i l l  t hen  be heat  t r e a t e d  i n  vacuum o r  o t h e r  app rop r ia te  atmosphere f o r  
comparison w i t h  t h e  un t rea ted  v i r g i n  whiskers,  and t h e  un t rea ted  
b e n e f i c i a t e d  whiskers.  The i n f o r m a t i o n  and produc ts  o f  t h i s  task  w i l l  
a l s o  be u t i l i z e d  i n  the  development of  o ther  tasks  as d iscussed i n  the  
a d d i t i o n a l  tasks .  

Task 2.  Development o f  Aspect R a t i o  Reduct ion Parameters 

The S i c  aspect r a t i o  w i l l  be determined as a f u n c t i o n  o f  
t u rbomi l  1 i n g  parameters f rom t h e  i n f o r m a t i o n  generated du r ing  Task 1. 
Dur ing  t h i s  task  a model w i l l  be developed, based on t h e  mathematical 
r e l a t i o n s h i p  between average sur face  area, average p a r t i c l e  s i z e  and 
measured wh isker  diameters, t o  determine t h e  average aspect r a t i o  f o r  t h e  
S i c  p roduc ts  produced i n  Task 1. Th is  c a l c u l a t e d  da ta  w i l l  then be 
compared t o  t h e  aspect r a t i o  as viewed by SEM and o p t i c a l  methods. 

The e f f e c t  o f  t u rbomi l  1 i ng on the  whi skers/ceramic m a t r i x  composites 
w i l l  a l s o  be determined d u r i n g  t h i s  task .  Whiskers developed as produc ts  
o f  Task 1 w i l l  be d ispersed i n  t h e  m a t r i x  m a t e r i a l  se lec ted  by  the  
Company. The wh isker  volume l o a d i n g  w i l l  be v a r i e d  f rom 15 v o l . %  t o  40 
v o l . %  f o r  t h e  m a t r i x  m a t e r i a l ( s )  t o  be s p e c i f i e d  l a t e r  by t h e  company. 
I t  i s  a n t i c i p a t e d  t h a t  s i l i c o n  n i t r i d e  w i l l  be one o f  t h e  s p e c i f i e d  m a t r i x  
m a t e r i a l s .  Dur ing  t u r b o m i l l i n g  process ing,  samples w i l l  be p u l l e d  by 
syphon a t  s e l e c t e d  t ime  i n t e r v a l s  and measured f o r  p a r t i c l e  s i z e  
d i s t r i b u t i o n ,  su r face  area and aspect r a t i o .  The r e s u l t s  s h a l l  be 
mon i to red  by d e n s i t y  and f r a c t u r e  r e s u l t s  f o r  hot -pressed and/or HIPed 
and/or s i n t e r e d  samples. 

Task 3 .  Improved D ispe rs ion  o f  P a r t i c u l a t e  Ma t r i ces .  

I n  c o n j u n c t i o n  w i t h  Task 2, Task 3 w i l l  i n v e s t i g a t e  t h e  d i s p e r s i o n  
o f  t h e  m a t r i x  m a t e r i a l ( s )  s p e c i f i e d  by t h e  Company by  t h e  t u r b o m i l l i n g  
process, p r i o r  t o  t h e  i n t r o d u c t i o n  o f  t he  S i c  whiskers t o  t h e  m a t r i x .  
S l u r r y  pH, s o l i d s  load ing ,  coa rse : f i ne  r a t i o ,  t ype  and amount o f  
d i spe rsan t  and o t h e r  t u r b o m i l l i n g  parameters w i l l  be ad jus ted  and 
moni t o r e d  t o  develop o p t i m i  zed c o n d i t i o n s  f o r  d i s p e r s i n g  t h e  se lec ted  
m a t r i x  m a t e r i a l  ( s ) .  Once these c o n d i t i o n s  have been i d e n t i f i e d ,  S i c  
whiskers f rom Task 1 a t  wh isker  l oad ings  f rom 15  v o l . %  t o  40 v o l . %  w i l l  
be added, f o l l o w i n g  t h e  d i s p e r s i o n  s tep .  Dur ing  t h i s  s tep  i t  w i l l  be 
necessary t o  develop techniques t o  u n i f o r m l y  f l o c c u l a t e  t h e  r e s u l t a n t  
w h i s k e r l p a r t i c u l a t e  d i s p e r s i o n  t o  avo id  separa t ion  upon m i l l  d ischarge.  
The s l u r r i e s  produced i n  t h i s  t a s k  w i l l  then  be vacuum ass is ted ,  p ressure  
c a s t  i n t o  d i s k s  f o r  the p r e p a r a t i o n  o f  t e s t  samples. I sop ress ing  o f  t h e  
d r y  preforms may be r e q u i r e d  t o  enable d e n s i f i c a t i o n .  The r e s u l t s  s h a l l  
aga in  be mon i to red  by d e n s i t y  and f r a c t u r e  r e s u l t s  f o r  hot-pressed and/or 
HIPed and/or s i n t e r e d  samples. 
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During t h i s  reporting period, Task 1 and 2 were i n i t i a t e d  a n d  some 
prel iminary r e su l t s  are  being prepared f o r  presentation a t  the 91st Annual 
American Ceramic Society Meeting, Indianapolis, IN, April 23-27 ,  1985. 
The turbomilling parameters investigated were: 

MILLING M E D I A  
--200 g of 3 mm P l a s t i c  (4200 beads) 
- - Z O O  g of 3 mm PSZ (316 beads) 

M I L L I N G  TIME 
--120 min fo r  P la s t i c  Media 
-- 60 min fo r  PSZ Media 
--Samples Pulled Every 15 min 

M I L L I N G  SPEED--800 r .p .m.  o r  1200 r .p .m,  

WHISKER LOADING LEVEL--200 g o r  300 g 

1 1 i t e r  D i s t i l l ed ,  Deionized Water 

Status o f  Milestones _._. . _--.-____ 

Phase I :  

Design, fabr ica t ion ,  a n d  t es t ing  o f  prototype Nov. 1988 
turbomi 11 s .  Compl e ted.  

Dispersion and homogenization o f  SiCw/alumina N Q V .  1985 
matrix composites. Completed. 

Dispersion and homogenization o f  SiCw/silicon Nov. 1988 
n i t r i de mat r i x compos i t e s  . Compl eted . 

Final report ,  approved new milestone date. June 1989 

Phase 11: 

Milestone chart  t o  be produced a f t e r  contract  negotiations are  
completed. 

Presentations a n d  Publications 

D .  E .  Wittmer and W. Tr i rnb le ,  "Ceramic Composites Processed by 
Turbomilling", Proceedings of the 3rd  International Symposium on Ceramic 
Materials f o r  Engines, Las Vegas, N . V .  November 27-30, 1988, in press. 

l.llllllllllllllll-l ~ 
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Presentations a n d  Publications (continued) 

D. E. Wittmer a n d  W .  Trimble, "Fracture Behavior of SiCw Reinforced 
Ceramic Matrix Composites", Ceramic Engineering and Science Proceedings, 
Vol. 9 ,  1989, in press. 

0. E .  Wittmer, "Processing of Ceramic Whisker Reinforced Ceramic Matrix 
Composites", Proceedings of t h e  Jo in t  Conference on Advanced Cerainic 
Materials, April 4-5,  1989, Materials Technology Center, Southern I l l i n o i s  
University, Carbondale, I L .  
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The product ion  o f  TiB, whiskers; consolidation o f  composites o f  Sic 
m a t r i x  with TiB, whiskers, and testing o f  composite pa-cpei-ties f n  air above 
12BO"C. 

... Technical  g roqress  

The research t o  be carried oaat on this cantract. has three main 
objectives as they are def ined i n  the objective/scope section above. Work 
on the contract u n t i l   no^ has focussed on designing and building the p i l o t  
f a c i l i t y .  Research until now has focussed on the development ai;d 
optimization of TiB, whisker growth. 

The whiskers are produced by the reduction of the metal halides o f  
titanium and boron. Two possible reaction routes were investigated: 

TiC1, t 2BBr, t 5H, - - >  TiB, t GHBr t 4HC1 

TiC1, t 2BC1, t 5H, - - >  TiB, t 10 HC1 

111 

H(1400"K) = t177.457 kJ/mole, G"(1400"K) = -80.317 kJ/mole 

P I  
H(1400"K) = t335.987 kJ/mole, G"(1400"K) = - 29.363 kJ/mole 

The reaction route [2] is the most commonly used in the formation of Ti3 . 
Previous work done yn TiB utilifed the reaction route [2]  f o r  tie 
formation o f  coatings and wfiiskers . From thermodynamic analysis of the 
two reaction routes, the maximum theoretical yield of formation of the TiB, 
is 73.9% from reaction [l] and 46.5% from reactton [ 2 ] .  The production 
of TiB i s  thermodynamically favored by reaction route [l], giving a larger 
theoreiical yield by a factor of 2 .  The reaction route [ l ]  was chosen for 
the research t o  be carried out in this contract and the formation of TiB, 
whiskers. 

The optimum conditions for the formation of Ti8 from reaction route 
[l] was further investigated by thermodynamic equifibrium analysis a s  a 
function of gas composition and temperature. The optimum theoretical 
yield of TiB, was found at a ratio of [B/(B t Ti)] of 2/3. The theoretical 
yield of TiB, was found to increase sharply with decrease in the 
[Halogen/(Halogen t H ) ]  ratio or increasing dilution of the gases with 
excess hydrogen. The concentration o f  products and by-products from the 
reaction as a function of temperature is shown in Figure 1. The mass 
balance for the reaction as obtained from thermodynamic analysis is shown 
in Table 1. 
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Tab le  1. Thermodynamic e q u i l i b r i u m  Composit ion o f  t h e  r e a c t a n t s  and 
produc ts  . 
FURNACE INPUT 

SPEC I ES MOLE FRACTION MASS FRACTION 

TiC1, 0.0769 0.2668 

BBr,(g) 0.1538 0.7048 

H,(g) 0.7692 0.0284 

FURNACE OUTPUT 

SPEC I ES MOLE FRACTION MASS FRACTION 

T i  C13(9) 0.00217 0.0074 

TiC1,(9) 0.00464 0.0195 

BC13(g) 0.01372 0.0355 

HC1(9) 0.18837 0.1518 

H,(g) 0.35210 0.0157 

T i  B, ( s ) 0.05682 0.0873 

VOLUME FRACTION = HOLE FRACTION (ASSUME IDEAL GAS LAW) 

T = 1400'K B/B+Ti = 2/3 HALOGEN/HALOGEN+HYDROGEN = 1/3 

THEORETICAL YIELD = 73.% 

I f  t h e  d e p o s i t i o n  r a t e  o f  T i B  i s  c o n t r o l l e d ,  o t h e r  v a r i a b l e s  can be 
mon i to red  t o  s tudy  t h e  e f f e c t  o f  t 6 e  exper imental  parameters on t h e  growth 
and morphology o f  t h e  whiskers.  Such parameters a re  supersa tu ra t i on ,  gas 
composi t ion,  gas f l o w  v e l o c i t y ,  type o f  subs t ra te ,  fu rnace geometry, e t c .  

The second most impor tan t  parameter f o r  t h e  growth o f  t h e  whiskers we 
b e l i e v e  t o  be t h e  c a t a l y s t  which a t  t h e  l i q u i d  s t a t e  w i l l  grow a needle 
shape s i n  l e  c r y s t a l  o f  TiB, through a Vapor -L iqu id -So l i d  (VLS) growth 
m e ~ h a n i s m ~ ~ .  Previous work a t  Keramont i n d i c a t e d  t h a t  a c a t a l y s t  o f  Au- 
Pd was ab le  t o  produce TiB, whiskers v i a  t h e  YLS growth mechanism. The Au- 
Pd c a t a l y s t  however, becomes an ex t remely  h i g h  c o s t  f a c t o r  f o r  t h e  
p roduc t i on  o f  whiskers.  Other c a t a l y s t  systems a re  be ing  examined t o  
eva lua te  t h e  e f f e c t  o f  t h e  c a t a l y s t  on t h e  growth o f  Ti8, whiskers by t h e  
VLS mechanism. 
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Ex per i n3m t a1 Ap par a t u s 

'The formation o f  Ti3, whiskers i s  being carried out in a quartz tube 
fbrnace 3 inches i n  d i a  eter, 36 inches long. The whisker are grown on 

i c h  i s  resistance heated to about 1280"C, Two t ype  of 
being ~ x ~ ~ i ~ ~ d ~  g r a p h i t e  and quar t z ,  The precursor gases 

o f  titanium c5loride (TiCI,, purity 99. %), and boron bromide (BBr,, purity 
99 e 93%) are transferred from commercial containers into saturation 
vessels. The vesse7s are maintained at a temperature corresponding t o  a 
certain vapor  pressure o f  the liquids. The vapors are then carried i n t o  
the reaction furnace by a saturated hydrogen steam. The feed ga5 
coniposi ti can 5 s emt.rol1 ed by the precursor gas salurat i on temperature and 
the hydrogen f r l o ~ ~ ~  rate. The overall experimental apparatus is shown in 
Figure 2. The exhaust gases composed mainly o f  HBr and HC1 arc3 
neutralized with caustic soda and the remaining hydrogen is burned. The 
reactivity o f  the gases and the efficiency o f  the reaction i s  monitored 
by a mass spectrometer. A series of experiments is being carried o u t  t o  
optimize t h .  quality and increase the yield o f  the whiskers. The 
experiments have begun recently and no conclusive results can be pub1 ished 
at this time. 

Status o f  milestones 

The schedule of the main milestones is as follows: 

i) August 30, 1989: 
i i )  October 30, 1989: Consolidation o f  Sic matrix with TiB, whiskers. 

Production o f  TiB, whiskers. 

i i i )  November 30, 1989: Testing o f  composite properties. 

The schedule of the milestones i s  proceeding as planned. 

Pub1 ications 

None 

References 

1. S .  Motojima et al, "Chemical Vapor Growth of Titanium Diboride 
Whiskers" Bulletin o f  the Chemical Society o f  Japan, Vol 48 (41), 
1975. 

2. T. M. Besmann and K. E. Spear "Analysis of the Chemical Vapor 
Deposition o f  Titanium Diboride" J. Electrochem. SOC. Sol id-State 
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3 .  E. I. Givargizov, Current Topics in Material Science, Volume 1, 
Chapter 3 .  Edited by E. Kaldis. North-Holland Publishing Company, 
1978. 

4 .  R.  S. Wagner, Whisker Technology, Chapter 3 .  
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Figure 1. Equilibrium concentration o f  gases as a function o f  
temperature. Gas input TiCl : BBr,: H, = 0.0769: 0.1538: 0.7692. B / ( B  t 
Ti) = 2/3, Hal/(Hal + H) = f /3 .  
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1.1.2 Silicon Nitride 

Sintered Silicon N i t r i d e  
George Gazza (U .  S Army Mater! a1 s Techno1 ogy Laboratory) 

Wective/scope 

Si,N,-Y,O,-SI0, system using a two-step sintering method where the 
nitrogen gas pressure is raised to 7-8 MPa during the second step o f  
the process. During the sintering, dissociation reactions are 
suppressed by the use o f  high nitrogen pressure and cover powder of 
suitable composition over the specim 
include the sintering process parame rs, source of starting powders, 
milling media, time, and specimen C Q  osition. Resultant properties 
determined are room temperature modulus of rupture, high temperature 
stress-rupture, oxidation resistance, and fracture toughness. 
Successful densification o f  selected compositions with suitable 
properties will lead to densification of injected molded or slip cast 
components for engine testing. 

The program is concentrating on sintering compositions i n  the 

Variables in the program 

Technical Droaress 

An investigation of slip casting methods for composition No. 39 
(85.$m/o silicon nitride-4.73m/o yttria-9,47m/o silica), is being 
carried out in order to minimize "green" body agglomerates to reduce 
pore formation during sintering and develop complex shape forming 
casting process (Fig. 1) to produce disc shaped specimens. The base 

ith and without Mo2C i s  milled in aqueous solution with 
and a 3-5% methocel or XUS 40303.00 binder (Dow Chemical 

CO., Midland, MI). The XUS binder is dissolved in hot ater prior to 
adding to the slip. ll~e slip is placed in a flask and stir blended 
under vacuum to remove entrapped air. 
and subjected to an organics burnout treatment prior to sintering. 
use o f  Darvan C ( R .  T. Vanderbuilt Co., Norwalk, CT), glycerine and 
lignosols as dispersants are also being studied, 

composition No. 39 was produced outside of MTL. 
casting exhibited a low viscosity of approximately 30 cps measured at 
50 rpm with a Brookfield viscometer. Solids loading was 50w/o at a 
ptl of approximately 10.20. 
Thusfar, slip cast "green" body densities have not increased beyond 
density levels produced by cold pressing of powder compacts, Also, 
considerable cracking occurs as the slip casts body size increases. 
It is believed that this is due to the relatively narrow particle 
size distribution o f  the Toyo-Soda powder used for the study. The 
elimination of surface impurities, such as retained Cl from a precursor 
of the synthesis process, will be attempted by prefiring the silicon 
nitride powder in a nitrogen atmosphere at approximately 1200°C prior to 
mixing with other compositional components and slip casting. Although 
"green" densities of the slip cast bodies are similar to those produced 

The slip is pressure cast, dried, 
The 

In addition to in-house slip casting studies, a slip cast body o f  
Slips used to form the 

The slip was deaired prior to casting. 
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by cold pressing, it is not known at this time whether the pores in the 
slip cast material are finer and more uniformly distributed than in the 
cold pressed specimens. Further efforts will concentrate on pressure 
slip casting which appears to produce improved bodies with reduced 
tendency to crack. Sintering of pieces from cracked bodies at 1940- 
1950°C resulted in high density specimens, 3.27-3.29g/cc. 

disc and bars, to study the process and for evaluation of mechanical 
behavior after sintering the "green" bodies. NDE techniques will also 
be used to examine "green" specimens for identification of flaws which 
may be carried into the densified specimens to serve as fracture 
or i  gi ns . 
process where only soft agglomerated are expected to form. A dispersant 
was added to the powder during a preliminary milling process and was n o t  
removed prior to sintering. Higher weight loss values (5%) than usual 
were noted and some surface cracks formed on the compact during 
sintering. Further compacts will be sintered after an initial burnout 
treatment. 

Specimens of composition No. 39 containing Im/o Mo2C in the as- 
sintered condition and after stress-rupture testing (900aC for 150 hours 
under 300 MPa stress, then raised to 1250°C for 162 hours under 400 MPa 
stress) were sent to QRNL for examination by STEM. Results of the 
analytical microscopy by L.  Allard and T. Nolan indicated that the 
specimens were comprised o f  beta s i 1  icon nitride grains w i t h  inter- 
connecting single crystal boundary regions (Figure 2a). Particles o f  
Mo,Si,, as shown in Figure Zb, were dispersed throughout the micro- 
structure. 
structure which developed during stress-rupture testing. The boundary 
regions were found to consist of Y and Si (Fig. 4 ) .  Mo was not detected 
in these areas. Analysis o f  the Mo,Si, particles (Fig. 5) indicated a 
small amount o f  Fe present. 

Specimens will be produced in simple geometric shapes, such a s  

Powder o f  composition No. 39 was also obtained from a spray drying 

Figures 2b and 3 both show cavities formed in the micro- 

Established milestones 

A .  Evaluate slip casting methods for compositions o f  interest. 
Focus on pressure s l i p  casting techniques. 
o f  silicon nitride containing N-apatite as the boundary phase 
(May 1, 1989). 

Re-examine sintering 

5 .  Determine strength and intermediate temperature stability of 
sintered specimens containing the N-apatite. Generate "green" 
bodies of silicon nitride with pyrosilicate or N-apatite grain 
boundary phases using established slip casting procedures 
(July 1, 1989). 

@. Complete data base o f  properties using sintered specimens from 
slip cast bodies. Complete microstructural examination o f  
sintered specimens. Write final report (September 30, 1989). 
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F i g .  1. Flow chart of pressure casting method for 
Si,N,-Y,O,-SiO, composition. 
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c 

AS-SINTERED (a) vs. STRESS RUPTURE TESTED (b) 

Note voids (V) in boundary regions of the tested specimen, 
Results of electron diffraction and x-ray dembntol ~ a l y s i s  of 

inclusions (I) are consistent with a MOSS$ ghase. 

Fig. 2. Stem micrograph o f  (a) as-sintered 
specimen and (b) stress-rupture tested specimen. 

- ._ .. 
. . I. 

Fig. 3. Microstructure o f  stress-rupture 
tested specimen. 
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Fig. 4. EDXA o f  boundary region in 
sintered specimens. 

Fig. 5. EDXA o f  Mo,Si, particle. 
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Svnthesis o f  Hiqh Purity Sinterable Si,N. Powders 
G .  M. Crosbie, J. M. Nicholson, R. L. Predmesky, E. D. Stiles, and 
E. L. Cartwright (Ford Motor Company) 

0b.iect ive/scoDe 

The goal of this task is to achieve major improvements in the 
quantitative understanding o f  how to produce sinterable Si,N, powders 
having highly controlled particle size, shape, surface area, impurity 
content and phase content. Through the availability o f  improved 
powders, new ceramic materials are expected to be developed to provide 
re1 iable and cost-effective structural ceramics for application in 
advanced heat engines. 

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

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

In the "further development" phase begun October 1987, our goal is 
to test for unique properties of the ceramics sintered from the low 
carbon powders, before committing to a pilot plant of the 110 L scale 
designed. In view of powder quantities needed to allow tests of the 
ceramics, the major task is to design and implement a scaled-up version 
o f  the si1 icon nitride synthesis processing equipment to produce greater 
amounts of powders with high cation and anion purity and low carbon 
residue. 

Technical Drouress 

Introduction 

Si1 icon nitride based ceramics are often considered to represent 
the toughest of the high-temperature (above 1000°C) monolithic ceramics 
intended for advanced heat engine use. Also, due to a desirable 
combination of lower temperature properties (wear resistance, low 
density, high hardness, and toughness), the nitride ceramics are already 
finding commercial applications in certain passenger vehicles. 

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

The primary points of reference for the previous process work are the 
1986 and 1987 Automotive Technology Development Contractors' Meeting 
proceedings papers102 and the previous semiannual  report^.^.' 

In the previous lab demonstration work, we prepared a novel process 
flowsheet for preparation of Si N, with a block flow diagram and a mathe- 
matical model of mass and heat balances for the "vapor chloride-liquid 
ammonia" process. We observed that the cooling from latent heat of vapori- 
zation of NH, more than offsets the heat of reaction at O'C and 75 psig. 

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

mediate imide product (from reaction of SiCl, with liquid NH, 0°C and 75 
psig) was principally alpha silicon nitride (as determined by x-ray 
diffraction, which has little sensitivity to amorphous phases) with crys- 
tallite size of 0.2 to 0.3 micron and primarily equiaxed particle shape. 

The process was identified to have features which are important for 
scale-up. 
materials hand1 ing were demonstrated. 

A1 so, improvements were achieved in yield, 1 aboratory production 
rate, cation purity, and alpha/beta ratios. 

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

Specifically, the powder derived by thermal decomposition of an inter- 

Key features of near-neutral heat balance and liquid-like 

Previous pre-pi 1 ot pl ant work 

In the "further development" phase begun in the previous period, we 
increased reactor volume, took steps to improve quality of sealing of 
vessels and piping, and incorporated direct mechanical agitation while 
under pressure. 
powder (by 1 iquid-1 iquid and vapor-1 iquid routes) for sintering tests and 
characterization of the sintered materials. 

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

with the use of agitation. We installed additional subsystems to the 
prepilot plant, found high oxygen contents in initial nitride powders 
produced, and extended transient flow modeling of the saturator. 

By this means, we have equipment to produce 100 g lots of 

We found evidence for rapid rinsing out o f  the chloride by-product 
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Summary o f  current period work 

entirely through the dedicated pre-pilot plant equipment, the quality o f  
x-ray diffraction result for a February 1989 batch justified extensive 
characterization, which we report here. Even with discounting of 5% for 
surface adsorbed oxygen, the powder has 4.5% oxygen contamination. 

The properties o f  Batch 5437-23 (liquid-liquid rxn.) are as follows: 

Although we still have not achieved a powdermaking run processed 

CHEMICAL 

Carbon 
Nitrogen 
Oxygen 
A1 umi num 
Iron 
Calcium 

0.1 
33.3 
9.8 
0.59 
0.21 
0.05 

PHYSICAL 

BET Surface Area 39 m”/g 

Diameter,,,,, 1.9 pal 

Mass finer than 1 pin 41.4% 

XRD: alpha/ (alpha t beta) 92% 

d 
b 

Fig. 1. Scanning electron micrograph of Batch 5437-23. 
Crystallites smaller than 0.1 pm are seen as well as substantial fiber 
content. Dispersion procedure: (1) The powder was mixed into a 
solution of 2-ethyl l-hexanol + 2% sulfonated mineral oil [Twitchell 
8262 Base, Emery Industries, Inc., 4900 Este Ave., Cincinnati, Ohio 
452321; (2) the resulting slurry was dispersed into n-hexanes in an 
ultrasonic bath; (3) a drop.was applied to a carbon planchet with the 
excess hexane-rich suspension wicked out of the observation area with 
lens tissue. Photograph courtesy of W. T. Donlon and Y. T. Lu. 
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Process development 

Due to the large driving force for reaction of water with ammonia 
and for reactions of oxygen and water with the intermediate imide to 
form silica, the strategy we have followed (in the 500 mL scale I 

apparatus) was to do all processing in a closed system of pipes and 
vessels. 

What stands in the way of completing a run with the dedicated 
equipment (with all anaerobic transfers) is the decomposition furnace. 
Although rated for 1800'C use, the heating elements (bars of LaCrO,) 
distorted and showed signs of incipient melting at 1420'C (at the heater 
bars). When contact occurred with the decomposition tube, perforation 
occurred and the amorphous silicon nitride inside turned to sand. 

To further eliminate oxygen and water contamination sources, we 
successfully introduced "sniffing" type helium leak detection in this 
period. This sensitivity to leaks led to several changes: the change 
of material in the decomposition vessel seal, re-orienting a backwards 
pipe section, and change of the material in all VCR fittings from PTFE 
to an elastomer. Leaks in these areas would certainly contribute to Q 
content. 

leak detection with the system cold and full of ammonia. 
which were tight at room temperature became leaky after chilling. The 
line from the reactor to the condenser was rebuilt with an all-welded 
design. 

No runs were made in March 1989 during the delays waiting to put 
new heating elements into the furnace and to rebuild lines. 

Three runs were completed in the December 1988-January 1989 period. 
In the last of the three runs, a 38 g batch (largest yet!) was produced 
with a tap density of 0.4 g/cm3 (promising for subsequent processing) 
with strong alpha-Si,N, signal in XRD pattern, but unfortunately also 
oxynitride and bulk oxygen content. An attempt in the middle run to 
reduce oxygen by use of a N, - 4% H, gas mixture led to reductions of 
both nitrogen and oxygen content (with some visual evidence that the 
imide was reduced to silicon metal around 500'C). 

Infant furnace heater element failures (and uncontrolled room 
temperatures and air-flow rates) have affected peak temperatures, in 
turn, requiring manual transfer to another furnace to complete the 
decomposition (first and third runs). 

In one run in the October-November 1988 period, we produced 67 g of 
the intermediate product. Chemical analysis showed that only about 50% 
of the chloride was removed by rinsing. The loss of ammonia with a leak 
at the bottom valve contributed to the incomplete C1 removal. Also, 
lower ambient temperatures are now seen to lead to lower quantities of 
NH, transferred (at a fixed pressure differential), as evidenced by the 
total NH, actually used falling short by about 40% from that previously 
loaded. 
ambient temperatures. 

In an unusual application of the method, we carried out the helium 
Subsystems 

Reloading NH, by mass, not volume, is suggested for cooler 
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Equipment and process modifications 

Based on a vendor's analysis (and our own analysis) of a few valve 
failures, we specified and installed a new type of valve on the lines 
used for piping solids-containing intermediate imide products. 

Leaks arose in the ram-type valve at the bottom of the reactor. 
The ram was resurfaced, new teflon O-rings installed, and a supporting 
fixture was placed underneath to limit side-loading of the ram upon 
pneumatic actuation. 

Fixes which had been made in previous months to the bottom valve 
and slurry hand1 ing valves continued to perform satisfactorily. 

The cleanout sequence was revised to include a hot water rinse, an 
alcohol rinse, and a 45°C vacuum "bake-out." The run start-up routine 
now includes dumping of the first load of ammonia, as was suggested 
during a site visit. 

Transient flow modeling 

As reported in the previous semi-annual report, a technical report 
was prepared by L.-F. Chen of the Control Systems Department (Ford 
Research) to describe the modeling o f  flow transients for the saturator 
that has been built for use with the pre-pilot plant. In previous 
laboratory demonstration tests of the ''vapor SiC1, - liquid NH," 
process, flow transients have caused clogging when the vapor repeatedly 
supersaturates at the reactor entry during operation. 

Initial modeling results showed that supersaturations can readily 
occur with less than 2 psig drops in system backpressure, when no flow 
restrictions are present. With sharp flow restrictions, the transient 
supersaturation can be suppressed in the initial design. However, the 
sharp restrictions are not desirable as they represent points for clogs 
t o  form. 

additional balanced volume to provide symmetrical flows during pressure 
transients. In this case, no sharp flow restrictions were necessary. 
With the added volume, the response to a pressure drop was a simple 
relaxation, rather than an overshoot. This more complex version was 
used to show that supersaturations could be avoided without sharp flow 
constrictions as 1 ong as appropriate volume parameters were chosen. 
This meets the modeling milestone for the saturator. 

transient flows in the saturator, we have implemented and instrumented 
the balanced flow saturator design adjacent to the process apparatus. 
The flowmeters and other hardware for the balanced flow design have been 
installed and have been electrically connected to the data acquisition 
system. Following discussions, pressure sensors and flow constrictions 
were located at critical points upstream and downstream of the mixing 
point. 
acquisition system. 

A more complex transient flow model was generated with an 

In order to experimentally verify the state-space model of 

The pressure sensor signals were calibrated with the data 
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Status of milestones 

This two-year follow-on contract was initiated October 1, 1987 for 
the "Further Development of Synthesis of High-Purity Sinterable Si1 icon 
Nitride (Si,N,) Powders for Application in Ceramic Technology for 
Advanced Heat Engines Project." Key 1988 milestones were completed on 
schedule: 
saturator transient performance. 

have slowed production of lots of powder for sintering tests. 
month extension has been agreed upon. 

commissioning of scaled-up equipment and the modeling of 

Although the 1989 milestones are on schedule, the furnace problems 
A three- 
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Plicrowave Processinq o f  Silicon Nitride 
H. 0. Kimrey and M. A .  Janney (Oak Ridge National Laboratory) 

Objecti ve/scope 

The objective o f  t h i s  research i s  t o  identify those aspects of 
microwave processing o f  si l icon n i t r ide  t h a t  might (1) accelerate 
densification, ( 2 )  permit sintering o f  high density with much lower 
levels of sintering aids,  (3)  lower the sintering temperature, or 
(4) produce unique microstructures. 

I- Techni sal pro-gress 

An annealing study o f  dense sil icon n i t r ide  was in i t ia ted  in the 
2.45-GHz microwave furnace. 
room-temperature mechanical properties can be enhanced, and ( 2 )  i f  the 
refractoriness of the g r a i n  boundaries can be enhanced by a microwave 
anneal. Samples were obtained from G l E  and were o f  a PY6 composition. 
The samples had a cross-sectional shape o f  a thunderbird and were cut 
into approximately 30-9 pieces. 
piece of the same composition s o  t h a t  the thermocouple would be 
effectively inside the sample, 
year was used with the packing powder containing 2 w t  % y t t r i a  t o  reduce 
y t t r i a  migration. 
period. These are shown in Table 1 along with the annealing conditions. 

The experinients a r e  t o  determine i f  (1) the 

The samples were annealed 

The insulation scheme developed l a s t  

Ten anneals were performed during the reporting 

Table 1. Time and temperature parameters for  
microwave anneal i ng sampl es. 

Sample number Anneal Anneal 
SNA8900X-Y temperature ("C) time ( h )  

5-B 
3-B 
5 - A  
5-c 
2 - c  
1 -B 
3-D 
1 -c  
3 - A  
2 - A  

1629 
1698 
1696 
1680 
1765 
1750 
1748 
1800 
1800 
1800 

2 
2 
5 

10 
1 
2 
5 
2 
5 
6 

The specimens were machined into bars for  flexural strength 
tes t ing.  Figure 1 i s  a Weibull p l o t  of flexure strength using the 
four-point bend method f o r  f ive of the samples. 
spans were 6.35 mm (0.25 i n . )  by 12.7 mm ( 0 , 4  in . )  respectively. The 
load ra te  was 1.27 m m / m i n  (0.05 in./min). The t e s t  b a r s  were nominally 

The inner and outer 
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2 . 7 9  mm (0.110 i n . )  by 3,05 mili (0.120 in . )  i n  cross section by 19.05 iiim 
(0.7'50 i n . )  i n  length. The average strength o f  the as-received material 
was about  930 MPa (106 k s i ) ,  similar t o  quoted values. Inspection s f  
t he  fracture surfaces on a number o f  broken bars under a stereo 
tuicroscope revealed a large number of d a r k  spots.  A spot of t h i s  type 
i s  usually the fracture origin in these samples. I n  a l l  cases the 
microwave annealed samples have reduced strength. Each o f  t h e  samples 
analyzed thus f a r  has been nverfired. The lowest temperature/shortest 
t i m e  sample i s  SNA89002-C. This sample was annealed a t  1765°C for 1 h .  
The strength was reduced by roughly 10% w i t h  the dis t r ibut ion in 
strengths being significantly t igh ter ,  Scanning electron microscope 
examination was done on the as-received material and t h e  1765"C, 
1-11 sample, The microstructure of  the as-received sample consisted o f  
si l icon n i t r ide ,  y t t r ium s i l i c a t e  glass ,  and possibly, s i l icon 
oxynitride. The annealed sample had porosity t h a t  correlated with t h e  
disappearance o f  the yttrium s i l i c a t e  glass phases in the as-received 
sample. One might conclude the migration o f  yttrium from the sample i s  
associated with the formation o f  the porosity. Along with the formation 
o f  porosity, we noted  a 0.5% l inear  expansion o f  the sample and a 1% 
weight loss .  

Pub1 i cat  i ons 

None 

Mi 1 estones 

On schedule 
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A 2-8 as Received 
cI2-C 1765 C. 1 h r  
0 1-8 1 9 5 Q C . 2 h i  
3 1-C 1808 C, 2 hr 

F i g  I 1. Weibull p l o t  o f  microwave-anneal ed 
GTE PY6 silicon nitride. 
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Si I icon Ni tri de Mi I I i ng Charac t e r i z a  t ion 
S .  G .  Malghan 
(National I n s t i t u t e  o f  Standards and Technology) 

Obiective/Scove 

Ceramics have been successfu l ly  employed i n  engines on a 
demonstration b a s i s .  The successfu l  manufacture and use o f  
ceramics i n  advanced engines depends on the  development o f  r e l - i ah le  
rnaterjhhs that wi.1.1 wit.hstaiid h igh ,  rap id ly  varying thermal s t r e s s  
loads.  Improvement i n  the  s t a r t i n g  c:era.mic powders i s  a cr i - t ica l  
f a c t o r  i n  achi~eving r e l i a b l e  ceramic ma te r i a l s  f o r  engine 
app l i ca t ions  ~ K i l l i n g  o f  powders i s  an integral .  u n i t  operation i n  
the  ~riarnifacturr? o f  s i l i c o n  n i t r i d e  components f o r  advanced energy 
appl ica t ions  I The production and use of  these powders require the 
use of eff:icient i i i i l l ing techniques and underst:anding of  
ciiaract;erd.stics o E the mil led  powders i n  a glven environment. High 
energy a t t r i t i o n  mi l l i ng  a p p e a r s  t o  offer  s i g n i f i c a n t  a:hantages 
over conventional tumbling x i . !  attir Liiion m t . l l . s ,  

fundamental understanding of  sur face  chemical changes takir.tg p l a c e  
when si.li.can i l i t l - ide powcitx is a i:tri t i n n  mi.Lled i n  aqueous 
environiisnt,  and ( 2 )  demonstrate  the  use o f  high c:rlergy a.i~t:rit:-ian 
riiill~iiig f o r  s i l i c o n  nit:r-irle powder proc2ssing, by developi i ig  

o n  Che r e s u l t i n g .  p3wder.  T h I s  s t u d y  w i l l  p rovidc  dacz and models 
L o r  2CKect.i.ve app l i ca t ion  o f  h i g h  eiierp?y a t t r i - t io r t  inil1.ing P:O 

i n d u s t r i a l  p rocess ing  o f  si.1 i c o n  riii:ri.de y u w d c r .  I t  a l s o   ill 
provide  reco~mexded procedurcs . fo r  physical  and surface clhshl i  cal 
character:izatiori o f  powders and s l u r r i e s  involved i n  the oti.l.1.in.g 
pY:ucI?Ss . 

The ob jec t ives  o:f i:'nis p r o j e c i i  a r e  t o :  (1) develop 

,:iuement techniques and da ta  on the e f f e c t  o f  mil.l.iltg va r i ab le s  

Technic a 1 ~ P r oxerg ._ 

'I'hc Lechnical progress  covered i n  t h i s  report includes 
descr ip t ions  o f  s e l ec t io r i  c r i t e r i a  of inil l iLtg s y s ~ e u  aad powrtrr, 
characLer i ta t ion  of s t a r t i n g  powdpr,  and procedure f o r  s i z e  
distribution 3ctP:minatiot-i. ( ) 

i n  which a l l  w r t t a d  p a r t s  a r e  c o n s t r a t e d  of  s i l i c o n  r i i i i i d?  wcis 
sc  1 ~ c t c c l ,  based o n  i n i t i a l  c r i i  e i  ir: t liar_ si. 1 icon n i t r i d e  powder 

K i l l i n g  System and Y O W ~ P ~  S p l e r t  iou- A horizontal. cerainic mi 11 

Ceriairi cominrirci-al equipment, instrtiment..; a r i t i  matc:rials nay 
be i d e n t i f i e d  i n  t h i s  r e p o r t  :i.n ordet- t.0 adequately speci.fy 
the experimental. pra(:edure. Such iden t i f i ca t i -on  does not 
imp 1.y recornrnentlatsion o r  endorsement by the Nat:Lona,l 
I t - l s c i L u t e  o f  Standards and T s c h o L o g y ,  nor does i t  imply  
t h a t  the mater ia l s  o r  equi-pmnt  i d e n t i f i e s  a r e  necessar i.1.y 
the  best  avai.l.able f o r  the purpose. 



i i i i l l ing trill.  be conducted i n  a high energy a t t r i t i o n  mi l l i ng  system 
and contamination f r o m  mi l l i ng  will be mtnimized. In t h i s  m i l l ,  
t he  mi l l i ng  media are a g i t a t e d  with d i s c s  t-hac push them aga ins t  
t he  product Sl .ow,  eliminati-ng dead areas i n  the  rnil.1.ing chamber. 
I n  addi-tion, power input  to t h i s  millinq, system i s  expected t o  be 
i.n the  range of  1 - 2  kw pe-r l i t e r  of  m i l l  volume. This m i l l  is 
expected t o  be i n  operat ion i n  the  t h i r d  qua r t e r  1989.  I n  the  mean 
t ime,  search for KIP'd s i l i c o n  n i t r i d e  media of  0 . 5  t o  1 . 0  mm 
diameter is i n  progress .  

u se r s  i n  the  US i nd ica t e  t h a t  the use o f  UBE powder could b e n e f i t  
d i r e c t l y  o r  i n d i r e c t l y  t h e i r  e f f o r t s  i n  processing of these 
powders. Hence UBE powders are being used i n  t h i s  p r o j e c t .  

D i scws ions  with some of the major s i l i c o n  n i - t r i de  powder 

Charac te r iza t lon  o f  .-_Starting P o w d s -  Since i n i t i a l  mi l l i ng  
tes ts  a r e  planned with SN E - 3  powder from UBE, more e f f o r t  has been 
devoted t o  cha rac t e r i ze  the same. Determination of s i z e  
d i s t r i b i i t l o n  of t h i s  powder by X-ray sedimentation using Sedigraph 
(Micromerit ics I n s t .  C o r p s )  showed t h a t  suspension prepara t ion  
procedure had a major e f f e c t  on v a r i a b i l i t y  o f  the s i z e  
d i s t r i b u t i o n  da ta .  Basic sur face  p rope r t i e s  o f  t he  SN E - 3  powder 
i n  aqueous suspensions were deterinined by e l e c t r o k i n e t i c  sonic  
amplitude (ESA) measurements using Matec's ESA system. These da t a  
ind ica t e  t h a t  reproducibi l - i ty  o f  ESA and isoe1ect::ri.c p o i n t  ( I E P )  
measurements a r e  e x c e l l e n t .  The XEP da t a  of 2 t o  10 % (v/v> powder 
i n  aqueous environment were i n  the  range of p1-I = 5 . 0  t o  5 . 2 .  
Ageing of  aqueous suspensi-ons for  four  hours had no e f f e c t  on the  
sur face  p rope r t i e s  o f  t h i s  powder. 

Procedure f o r  Size Distrik-ion Determiriati-on- A s t a t i s t i c a l  
design study f o r  i den t iE ica t ion  of effects of suspension 
prepara t ion  parameters has  been underway using UBE' s SN E- 10 
s i l i c o n  n i t r i d e  powder. Out of  t h ree  r e p l i c a t e  s e r i e s  of  
experiments planned, two  se r ies  ha.ve been completed. These data 
i nd ica t e  thae-. r ep roduc ib i l i t y  of experimental  d a t a  a r e  far  b e t t e r  
a t  short:er u l t r a s o n i c a t i o n  times and lower power i npu t s .  The 
u l t r a s o n i c a t i o n  time and power input  can change the e n t i r e  s i z e  
d i s t r i b u t i o n  curve and s h i f t  d,, from 0 . 5 4  t o  0 .74  micron. 
o f  t h i s  magnitude i s  considered t o  be s ignif icant : .  

A shFEt 

S ta tus  of  Milestone 

Task 5. Subtasks 5 .1 .2  and 5 . 1 . 3  a r e  behind schedule duc: t o  
delay i n  order ing  the  a t t r i t i o n  mill and long lead t i m e  requi red  by 
the  manufacturer o f  t h i s  m i l l .  Once the m i l l  a r r i v e s ,  add i t iona l  
e f f o r t  w i l l  be provided t o  ge t  back on schedule .  
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1 e 1 . 4  Processing o f  1Monol ithics 

InQwolied Processing! 
R. L. Beat ty ,  R. A .  Strehlow, and 0. 0. Omatete (Oak Ridge National 

Objecti ve/scope 

The objective o f  this project i s  t o  determine and develop t he  
Th is  reliability o f  selected advanced ceramic processing methods. 

pro jec t  i s  to be conducted on a scale t h a t  w i l l  permit the potential fur  
manufacturing use o f  candidate processes to be evaluated, 

Gel-casting sf silicon nitride 

Work was begun t a  develop methods o f  g e l - c a s t i n g  5ilican n i l r i d e  
formulations in a d d i t i o n  t o  continlar‘ng smie work w i t h  alumina. Mz 
r~cognize t h d t  several o f  the steps o f  the process for aluinina  ill need 
t o  be altered t o  use silicon nitride. 
development o f  t h e  process for s i l i c o n  nitride i s  t o  dcvclop a 
p)*eeparation a w i t h  a c a s t a b l e  formulation a t  50% v s l m e t i - i c  loading, 

is necessary to pre-m+x the several powders. 
difficult a t  t h e  desired h igh  v o 1 u ~ ~ ~ i r - i ~  loadings o f  iii0Y.e t h a n  53% f o r  
the silicon f l i t r i de ,  a concentration step has been added f a r  thcse 
initial si1 icon nitride s t u d i e s  in order t o  obtain sinterable samples. 
These preparations are being conducted c o n c u w e n t l y  with the stud- ies on 
the d’ssper$;jon and rheology o f  the mixtures. 
delete these s t e p s  subsequently. 

1. wel, milling of t h e  b l e n d ~ d  silicon nitride formulation at, 30-4W 
solids w i t h  monomer, and 

The f i r s t  o b j e c ? i v e  in t h e  

Because a si1 icon nitride formulakioii includes olhs_.r componrnts, it 
Because niixing may be 

We expect to be able to 
The additions t o  t h e  process are: 

2. vacuum concentrating the mixture t o  the desired range o f  greater  
t h a n  50% volumetric loading* 

Several castings having 50 vol  7: loadings have been made and are i n  
vaa-ious s tages  o f  drying a t  this t ine .  
microscope t o  determine the s i z e  distribution as powders are n ixed  and 
dispersant< are increment,ally added. 
t h i s  device (typically l ess  than a mindte per determination) perm i t s  
r ap id  measurement to be made of particle size distribution. This i s  
expected t o  decrease markedly t h e  necessary time for d i s p e r s a n t  studies. 

Gel -casting of a1 umina 

We are us ing  a scanning l a se r  

The speed of s i z e  a n a J y s i s  with 

A milestone specifying the preparation of eight alumina plates arid 
the  writing o f  a l e t t e r  report was met. 
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The technical objectives of this project are t o  develop measures of 
re1 iiabil ity for the processing of structural or engineerin ceramics and 
then to use these measures in an efficiently designed expe 
approach. Both systematic variation of process parameters and incre- 
mental  improvements are to be eval uated .  The mi 1 estone represented a 

i o n  of the ability to prepare a number of plate specinlens, 
ich could provide several tensile samples. Eleven specimens 

were documented. Two of the plate specimens were prepared during t e s t  
and development o f  the final test composition. The other  nine were 
prepared using that composition during subsequent tests, The original 
innovation had used an alumina powder with a mean particle size that 
was larger than that of our chosen silicon nitride material (0,s pin). 
Accordingly, although two plates had been made earlier with the original 
formulation, they were slot suitable for tensile testing. 

The formulation uses an RC-HP fine-grained dry-ball -milled alumina 
and is prepared at a 52 vol % particle loading in the slurry. 
ixing and vacuum de-airing, the material has reached a concen- 

The slip is then cast, gelled, and dried. of 54,356 loading. 
We expect that higher loadings are possible and will yield an improved 
product in subsequent development. The sintered densities of the 
product specimens using an air sintering furnace were 3 . 9 5  g/cm3. 

The dimensional changes were measured for two o f  the parts. The 
linear shrinkage on gelling from the as-cast solids level of 54.3% is 
3.5%, which corresponds t o  a solids loading in the gelled green body o f  
about 61%, It is likely that re-entrant mold designs would require this 
level o f  loading in the cast formulation. The linear shrinkage 
18.2-18.4%. 
specimens and found to be 0.3-0.5%. 

are gratifying results, 
controlled dimensions, including tensile t e s t  specimens. Ongoing 
efforts will be directed toward the preparation o f  silicon nitride 
specimens similar to the alumina ones reported here. 

The values for straightness (rnm/rnm) were determined 

Both the isotropy of the shrinka e and the value f e r  straightness 
The process is capable o f  marking products with 

Drying studies 

Drying is a critical unit operation in the process. P ~ ~ ~ r a m m ~ r ~  
have been acquired for the drying ovens t o  obtain better data and 
control for this operation. 
and with attention t o  humidity and temperature control, because ~ Q O  much 
residual moisture can lead to flaws that Fragment the part during final 
processing steps. Earlier tests showed that a drying rate o f  as much as 
10°C per hour t o  100°C followed by a hold of 1-3 days was satisfactory 
for the 9-mm-thick specimen plates. Because this schedule has not yet 
been optimized, drying studies were begun. Data on readsorption showed 
that, even over periods o f  hundreds ~f hours, dried castings do not 
reabsorb significant amounts o f  moisture, This is taken t o  mean that 
no unusual storage conditions are required for products at this stage o f  
the process. 

The gelled bady is normally dried slo 
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Several large-form alumina castin e i n  the shape of a 
6.35-cm (2.50-in.) cube along with 0th s as part of the drying 

Initial i ng  data were obtained on eight specimens. 
ed two constant rate drying p riods in the early stages o f  
loss of 15% o f  the contained 

Dispersant studies and analysis o f  particulate s ize  i n  casting slips 

The size and nu ber density o f  the largest agglomerates in a 
casting can limit the quality and acceptability of produced parts. 
Studies have begun using a scanning laser microscope to assess the size 
distribution of  particles in the casting slips at different stages in 
the slip preparation as well as t o  assess dispersant activity for the 
powders. 

A1 though the procedure used call s f o r  ball -mi 11 i ng far several 
hours, there remained a significant population o f  larger agglomerates in 
the mix when it was cast. Addition of a small amount o f  additional 
dispersant, in this case Oarvan"-@, significant reduced the popul at ion 
o f  larger particles as shown in Fig.  1. Even ugh the addition of 
dispersant was made at a law shear rate, there was a significant 
decrease in the number of particles in the large size range. 
measured decrease of  these larger particles shows that we have not yet. 
optimized either the quantity o f  dispersant or the milling procedure. 
The use o f  this particle size measurement technique i s  being explored as  
a prospective in-process test method, 

The 

Status of milestones 

January 31,  1988, milestone completed. Others are on schedule. 

Pub1 ications 
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@ AddedDail ran-C: 

Fig.  1. Size  distribution o f  ball-milled gel-casting alumina 
mixture showing the e f f e c t  o f  ad itional dispersant. 
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IC COMPOSITES 

1.2.2 Silicon Nitride Matrix 

SiC-Mhisker-Touqhened Si7icon Nitride 
H .  Yeh, E.  Solidum (Garrett Ceramic Component Division), 
K. Karasek, S .  Bradley (Engineered Materials Research Center), and 
J. Schienle (Garrett Auxiliary Power Division) 

0b.j ect i ve/ scope 

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

The program is  divided into four technical tasks with 
m u 1  ti pl e iterations o f  process devel oprnent and eval uat i on. 
Parametric studies shall be conducted t o  optimize processing steps 
developed i n  the Phase I effort, guided by established analytical 
and NDE techniques. The four technical tasks are: Task 1 - 
Selection of S i c  whiskers, Task 2 - Baseline Casting Process, Task 
3 - Parametric Densification Study, and Task 4 - Effect of 
Specimen Size and Shape. 

The technical effort was initiated in May 1988. During this 
reporting period (Oct. '88-Mar ' S S ) ,  Task 1 effort was completed 
and Task 2 effort was initiated. Task 2 is scheduled to be 
completed a t  the end of June 1989. 

Technical Drogress 

TASK 1 = Selection sf _Whisker 
The purpose o f  this task was t o  select a Sic whisker (Sic,) 

as the reinforcement in GN-10 Si3N4 matrix, prior to the start of 
the process optimization and property evaluation studies to be 
conducted under Tasks 2 through 4 .  

The most direct method to evaluate the effectiveness o f  a 
reinforcing whisker i s  to measure the mechanical properties of a 
composite containing the whiskers. 
(approximately 2 1/2" Dia. x 3" Ht.) containing 20 w t . %  Si@ were 
formed by a baseline slip casting process and densified to hll 
density using the ASEA glass encapsulated HIP technique. 
densified composite billets were subsequently machined into test 

Composite billets 

The 
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bars and other samples for characterization. 

Four types/versions of whiskers were selected for evaluation 
in two stages. Based on the mechanical properties, microstructure 
and processing data, one type/version whiskers was selected for 
use under Tasks 2 - 4  (see Dec. '88-Jan.'89 bi-monthly). 

At the start o f  Phase 11, two types o f  whiskers, Tateho 1 S -  
105 and American Matrix Inc. Sic (designated as AMs) appeared to 
be very promising and were availaEle in commercial production 
quantities. Thus, these two whiskers were initially selected for 
evaluation (referred as Stage 1) under this task, The results 
indicated that the AM5 whisker i s  better; however, the AM5 
composite exhibited a cracking problem during densification. 
was attributed t o  the high surface oxygen content of the as- 
supplied whiskers. 

It 

Consequently, it was decided t o  evaluate the behavior o f  AM5 
whiskers after an acid etching treatment t o  reduce surface oxygen. 
A sufficienG quantity o f  AM5 w tskers was HF-etched for t h i s  
purpose at Allied-Signal using a procedure established by 8 .  Tiege 
( see  B)ct.-Nov. '85 Bi-Monthly Report). T h i s  version o f  whisker is 
dirsignated as AMSF: in the subsequent discussion. 
decided t o  evaluate Advanced Composite Materials Corporation 
( A C K ]  SC-9 Sic whisker in paralle? w i t h  AM5E evaluation. This 
effort is referred as State 2 whisker evaluation. ACNC whiskers 
are not commerci a1 ly ava i  1 ab1 e * Matrix powders were suppl i ed t o  
ACMC for them t o  blend 20wt.% SC-9 whiskers into the matrix 
powder; after blending the composite blend was returned t o  Garrett 
Ceramic Components Division for processing. A sample representing 
the whiskers used in the blend was shipped to us along w i t h  the  
blend as a reference. 
the subsequent discussions. 

I t  was also 

This ACMC whisker i s  designated as  AC3 in 

The results o f  the first stage whisker evaluation (Tateho and 
AMs) were reported in the  last semi-annual report. The following 
is a summary of the 2nd Stage whisker evaluation efforts and the 
justifications for selecting HF-etched American Matrix SiC whisker 
for the remainder o f  this program. 

A.  Whisker and Whisker-Powder Blend Characterization 

1. Whisker MorDholoqv 

The morphology of the AC3 and AM5E whiskers were examined 
by scanning transmission electron microscopy (STEM) 
(Figure I ) .  
straight and had smooth surfaces. 
0.2 um to 1~rn with the average being about 0.5 um. 
Whisker lengths varied from 5 F.rm to over 100 
debris was noted. 

The AC3 Sic whiskers were generally fairly 
Diameters ranged from 

Some 
The HF etched AMSE whiskers appears t o  
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2 .  

3 .  

have s l igh t ly  sharpened surface morphology than those o f  
the AM5 whiskers. 

Surface Chemistry X-ray Photoelectron SDectroscow 

The A C 3 ,  AM5, and AM5E Sic w iskers were analyzed by X -  
ray photoelectron spectroscopy (XPS) . The energy scale 
was calibrated by set t ing the binding energy af the f i r s t  
carbon peak a t  282.40 e! .  

The resul ts  are l i s t ed  in Table I along with thase from a 
previous se t  o f  whiskers from ACMC ( A C 2 ) .  
concern i s  the surface oxygen content - -  which i s  usually 
indicative o f  surface Si0 
the AM5 whiskers. The Si& and Sic can react a t  high 
temperature, yielding Si0 and CO gases. As a P-esult, the 
whiskers degrade, while the sample and encapsulating 
glass can crack. Both  the AM5E and AC3 exhibited surface 
oxygen levels which were low enough to  be acceptable, 
although the AG3 was a l i t t l e  higher t h a n  expected 
(par t icular ly  in comparison with the ea r l i e r  A C Z ) .  

The rnajor 

- -  such as t h a t  exhibited by 

The surface impurity levels do not appear t o  be any 
immediate cause for concern. The F impurity on the AM5E 
whiskers probably resul ts  from the HF acid etch. I t  i s  
n o t  c lear  what e f fec t ,  i f  any, t h i s  would have upon the 
processing o r  properties. Ca, which appears on the A C 3 ,  
AMs, and AM5E, i s  n o t  expected t o  have much e f fec t .  The 
effect  o f  the N o r  A1 impurities i s  also not  known, The 
Fc level on the A C 3  i s  similar t o  the level measured on 
p r i o r  lots o f  ACMC whiskers, and .it has proved t o  be 
acceptable. 

Lcnqth Distributian 

S I C  whisker length dis t r ibut ions were measured for the 
AC3 and AM5 whjskers prior t o  blending and the AC3 and 
AMSE whiskers in whisker-powder blends. The analysis on 
the etched/cleaned American Matrix whiskers (AM5E) prior 
t o  blending was not  conducted, since i t  was assumed t h a t  
t h i s  step would n o t  substantially change the  length 
distribution from t h a t  of the as-received whiskers (AM5) .  

A comparison bet  een AM5 and AC3 whiskers indicated t h a t  
the  AC3 whiskers have more whiskers which are s l igh t ly  
longer t h a n  the AM5 whiskers. The d i f f e  
however, very large. The comparison bet 
S i c  Whisker - G N - I 0  Si3N4 blends for t h e  AH5 and AC3 
whiskers showed even a smaller difference than i n  the as- 
received whiskers. 



4 .  X-ray Diffraction (XRD) of AC3 Blend 

The blending o f  the AC3 whiskers with GN-10 Si3N4 powder 
was performed at ACMC. The blend was analyzed by XRD in 
an effort to spot any impurities that might have been 
introduced. 
amount of &Si N . It was difficult to discern the 
presence o f  @-%it, since the peaks overlapped the Si3N4 
peaks. No impurities were detected. In particular, no 
crystalline A1203 was seen because A1203 media were 
suspected to be used in blending the mixture. 

The powder contained GbSi3N4, Y2O3, a minor 

5. Bulk Carbon Level of Whisker - Si3N4 Powder 51 ends 
The bulk carbon (C) levels of the whisker - powder blends 
were measured as a check o f  Sic levels. These data are 
listed in Table 11. Assuming a 2921 wt.% C level 
in the starting Sic whiskers and t,aking the Si3N4 and 
sintering aid powders into account, this C level can be 
converted into an equivalent Sic whisker content. 
values are also given in Table 11. 
uncertainty level, both composites have whisker levels 
which fall at the nominal 20 wt.% level. 

These 
Considering the 

5.. Comoosite Fabrication 

Composite billets containing 2Q% HF-etched AM whiskers (AM5E) 
and 20% ACMC SC-9 whiskers (AC3), respectively, were slip cast 
using the established procedures. 
blended at ACMC. Table I11 lists some o f  the processing data. 
There was no significant difference between the processing 
behavior o f  the etched AM whiskers ( A  5E) and the as-supplied 
AM whiskers (AM51 which were processed previously. Billets of 
each composite were densified by the g l a s s  encapsulation HIP 
process. The densities were 3.275 g/cc for the AM5E composite 
and 3.279 g/cc for the ACMC composite, respectively. Two 
billets of each composite were HIP'ed in the same run. 
billet of each composite cracked during HIP'ing. 
uncracked ones were machined into test bars f o r  
characterization. 
tendency to cracking than AM5 composite did under first stage 
evaluation. 
levels discussed earlier. 

The later was custom 

One 
The 

The AMSE composite exhi b i  ted a 1 ower 

This is attributed to the reduced surface S i 0 2  

C. Eechani cal ProDerti es 

bars of each composite were tested in four-point 
bending at room temperature. 
are shown in Table IV. The test results for Pateho whisker 
and "as-received" American Matrix whisker (AM51 reinforced GN- 
10 composites, which were reported in the last semi-annual 

The test parameters and results 
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report are also included in Table IV for comparison. 

The composite reinforced with AMSE whiskers exhibited a 
flexural strength of 92.5 ksi compared to 94.9 ksi for the 

not appear to affect cornposite strength. The ACMC whisker 
(A631 composite had an average strength of 89.1 k s i .  
scatter in strength data for the ACMC whisker composite was 
unusually high, ranging from 65.4 ksi to 117.9 k s i .  

The fracture surfaces were examined at 40X using a binocular 
microscope, 
internal fractur origins, which i s  similar t o  that observed 
previously for G -10 reinforced with whiskers. All AC3 
composite fractures originated from the surface. 

osite reinforced with A M .  Since the average strengths 
close, the acid-etching step converting AM5 to AMSE does 

?he 

The AM5E coinposi te exhibited both surface and 

The five K I C  bars of each composite were notched (Chevron) at 
the mid-span and subsequently tested at room temperature in 
three-point bending. The test parameters and toughness 
results are shown in Table V .  
results reported previously are included in Table V for 
comparison. The toughfiess of acid-etched American Natrix and 
AFMC w i .ker cornp sites w r virtually the same, 6.31 
ksi*inPl5 and 6.3 ks i* in f /F,  respectively. The toughness of 
the acid-etched American Matrix whisker (AM5E) composite i s  
slightly higher than that measured previously for “as- 

batch differences since the composites were not co-processed. 

The first stage evaluation test 

American matrix whisker (AM5) reinforced GN-10 (6*02 
ksi*in vf9i ) ,  b u t  the small increase could be due t o  batch-to- 

D. Microstructure 

POP ished cross-sections of composites reinforced w i t h  A W E  and 
AC3 whiskers were prepared to evaluate whisker distribution 
and orientation, 
composites are sko n in Figures 2 through 4 .  
exhi b i  t yood whisker di sper-s i on, a1 though the A 5E composite 
exhibits some preferred orientation along the! test bar length. 
Previously, similar observations were made for GM-10 
composites containing Ai45 whiskers. The AC3 whisker 
composi tes exhibited no evidence o f  preferred orientation. 
Small dark specks are present throughout the AC3 whisker 
composite microstructure. These are believed t o  be associated 
with porosity. 

Representative microstructures for the 
B t h  coq - jos i tes  

Scanning Electron Microscopy (SEM) ana lys i s  was performed on 
the fracture surfaces o f  the above t w o  composite systems. 
Figures 5 and 6 show typical fracture origins fer A W E  whisker 
composite. Figure 5 shows’an agglornerate-typ defect in a 
specimen which exhibited a 97.5 k s i  strength. Figure 6 shows 
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a surface fracture origin in an 89.6 ksi sample. Energy 
Dispersive X-Ray (EDX) analysis revealed no contaminants or 
concentrations of sintering aids at the fracture origins, 
indicating good sintering aids distribution. 

Figures 7 and 8 illustrate typical failure origins in AC3 
whisker composite. In Figure 7, the fracture origin of this 
low strength specimen (62.5 ksi) was a cluster of small pores 
located near the specimen surface. 
failure origin of an 84.6 ksi specimen; the origin appears to 
be finer grained than the surrounding matrix. Again, EDX 
analysis revealed no contaminants or concentrations o f  
sintering aids at the fracture origins. 

Figure 8 shows surface 

The SEM microstructure o f  the fractured AM5E and AC3 whisker 
composites appear similar with respect to toughening. 
fracture surfaces of both composites contain whisker fractures 
below the matrix fracture plane which suggests the whiskers 
may have failed independently of the matrix and bridged the 
crack (Figure 9 ) .  

Scanning transmission electron microscopy (STEFS) revealed some 
similarities and some differences between AC3 and AM5E 
composite. 
ratio were virtually identical. However, the volume fractions 
of Sic whiskers in the areas examined by STEM were 15.0% for 
the AC3 composite compared to 20.677 for the AM5E composite. 
Some whisker degradation products were observed with the AC3 
composi t.e. 
slightly higher for the AC3 composite. 
products were observed in the AC3 composite. 
whiskers tended to be somewhat oriented in the co 
agreement with the optical microscopy results discussed above. 
Grain-boundary-pocket compositions were different for the two 
composites. Grain boundaries were always non-crystalline. In 
both samples there were micron-size areas lacking grain 
boundary phase. 

However the carbon content analysis results presented earlier 
showed that the Sic whisker contents o f  both composites were 
in general agreemen!! with the batched (20%). 
whisker content detected by STEM probably was caused by 
whisker degradation due to surface Si02 content and potential 
uneven distribution of Sic whisker. 

The 

The average matrix grain s i z e  and grain aspect 

The grain-boundary-phase volume fraction 
Some degradation 

The AM5E 

The low S i c  

E. Conclusion 

On comparing the MOR and toughness test results listed in 
Table I V  and Table V ,  respectively, the "as-received" American 
Matrix, (AM5) "etched" American Matrix (AM5E),  and AC 
whisker composites were close with respect to room temperature 
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strength and fracture toughness; the Tateho whisker composite 
exhibited lower strength and toughness. Based on these 
results, the "etched" American Matrix whisker composite 
appears to be the best whisker candidate for the remainder of 
the program. 
KIC than for the "as-r 
composite (6 .31  ksi*infj5 compared to 6.02 ksi*in @;rand 1 ess 
scatter in strength data relative to the ACMC whisker 
composite (92.5 + 9.8 k s i  compared to 89.1 + 18.8 k s i ) .  

From processing point of view, there are additional reasons 
for recommending the etched American Matrix whisker. 
versions o f  American Matrix whiskers are available 
commercially, while the ACMC whiskers are only available as a 
blend. Therefore, using either version o f  the American Matrix 
whiskers allows us more control on processing. Between the 
two versions o f  American Matrix whiskers, the etched one 
exhibited a lower tendency t o  cracking during densification 
than the un-etched. It should be noted that both versions of 
American matrix whisker composites exhibited a tendency o f  
whisker alignment in the casting direction, while the ACMC 
composite did not. 
tendency could be minimized through processing optimization. 

This conclusion i s  based on a slightly higher 
ived" American Matrix wh 

Both 

We believe that the whisker alignment 

TASK 2 = BASELINE CASTING PROCESS 
The objective o f  this task i s  t o  develop a green forming 

process from powder preparation through slip casting, for 
composites containing 10, 20, 30 and 40 Wt % Sic whiskers. The 

formulation and the whisker is HF-etched American Matrix ! i C .  
matrix material is Garrett Ceramic Components' 04-10 S13N 

optimized green composites shall be used for investigation under 
Task 3 Parametric Densification studies. Under this task, 
detailed characterizations shall be performed on the starting 
materials (matrix powders and whiskers), and in-process materials 
(sl ips, castings, etc.) by NDE and destructive techniques. 

The 

To maintain consistency in whisker properties a lot o f  13-kg 
American Matrix Sic whiskers (designated as AM7) has been 
purchased for this program. 
etched and then Argon thermal treated to reduce the surface S i 0 2  
layer (at American Matrix) as recommended by Task 1 results. A 
lot o f  50 kg of Si3N4 powder was also purchased for this program 
in order to minimize potential lot-to-lot variations in Si3N4 
powders. Similarly, a sufficient amount o f  sintering and 
materials were also set aside from the same lot for this program. 

A. Whisker Analysis 

This lot o f  whiskers has been HF- 

A sample was taken from'the lot of HF-etched American Matrix 
Sic whiskers (AM7) f o r  XPS and other analyses. The XPS 
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results are listed in Table V I .  For comparison, the XPS 
results of two other versions o f  American Matrix Sic whiskers 
analyzed under Task 1 (AM5 and AM5E) are also listed in Table 
VI. 
shall be presented in the next report. 

The results o f  other types of analyses on AMT analyses 

Clearly, the HF etch has removed most o f  the surface Si0 . 
that o f  the AM5E; it does not at all resemble that of the un- 
etched AM5 whiskers which is dominated by S i O 2 .  

Considering the surface impurity levels of AM7, the Ca i s  the 
one major surprise. The high level, however, is not expected 
to cause problems, 
concern about it catalyzing degradation. The F level i s  much 
higher than on the AM5E whiskers. It i s  not clear why this i s  
the case, although some of the fluorine may be tied-up with 
the ea. We have not been able to determine any positive or 
negative effects of fluorine: in the composites so far. 

The AM7 major-component-surface chemistry is fairly simi P ar to 

Fe appears to be low enough to avoid 

5. Process i nq 

Due to the HF-etching and washing/infiltration procedures 
performed on the whiskers at American Matrix Inc. prior to 
shipping to Garrett Ceramic Components, it was found that the 
whiskers do not contain any detectable undesired foreign 
substance; therefore, n o t  requiring any further 
washing/cleaning. A series o f  sedimentation experiments were 
performed to determine the feasibility of reducing the whisker 
length distribution with a reasonable yield. 
that the length distribution is already too narrow to be 
further reduced with a good yield. 
the whiskers in the as-received state shall be used under this 
task. 

It was found 

Thus, i t  was decided that 

The composite slips were prepared by blending the matrix GN-10 
Si M4 slip the appropriate amounts of S i c  whiskers, water and 

procedures established under the ATTAQ subcontract at GCCD 
(NASA/DOE DEN3-335 Subcontract 1174888). 
and Sic whisker loading a f  the composite slip i s  controlled by 
the solid contents of the GN-10 and the amounts of S i c  whisker 
and water. 
slips. 

de ! locculant. The GN-10 slip was prepared following the 

The solid contents 

Table V I 1  lists the properties o f  the composite 

The composite slip was then cast under pressure into a mold 
with four ( 4 )  cavities, each measured Z"x3". After casting, 
the composite plates were dried. 
10, 20, 30 and 4077 S i c  have been made. These plates will be 
inspected visually and by X-ray microfocus and will be 
sectioned for microstructural analysis. 

Composite plates containing 
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The rectangular mold i s  selected over the cylindrical one that 
was previously used under Phase I and also Task 1 o f  Phase 11. 
This change in mold geametry is in an attempt to minimire/ 
eliminate whisker re-orientation during casting. 
of the plates are typically 1/2"-3/4", while the height of the 
cylindrical billets are 3"-3 1/2". The casting time for the 
cylindrical billets i s  typically 5 hours, while for the plates 
i s  one hour. 

The thickness 

Status o f  mi 1 estones 

The milestones are on schedule. 

Publications/presentations 

A summary report entitled "Development o f  Silicon Carbide Whisker 
Reinforced Silicon Nitride Formed by Slip Casting", co-authored by 
H.C.  Yeh, J.L. Schienle, K.R. Karasek, and S . A .  Bradley, was 
presented by H.C. Yeh at Contractor's Coordination Meeting, 
October 22-24,  1988. 

K.R. Karasek presented a paper (co-authored by S . A .  Bradley, J.T. 
Dormer, and H.C. Yeh) entitled "Characterization of Recent Sic 
Whiskers," a t  the 13 th  Annual Conference on Composites and 
Advanced Ceramics in Cocoa Beach, FL, on January 17, 1988. 
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Table I 

X-ray Pho toe lec t ron  Spectroscopy Surface Chemistry Data for Sic Whiskers 

Atomic % (Binding Energy in  eV) 

S i  2p 
S i  2p 
S i  2p 

c Is 
c Is 
c Is 

0 Is 
0 Is 

N Is 
N Is 

Ca 2p3 

Fe 2p3 

F Is 

A 1  2p 

AC3* 

29 .6 (100 .6 )  
7 .7 (102 .2 )  

26 .5(282.4)  
11 .2 (783 .8 )  

13 .8 (531 .0 )  
7 .5 (532 .1 )  

2 .2 (397 .1 )  
0 .9 (399 .1 )  

0 .5 (347 .3 )  

0.2(711.0)  

AC2' 

33 .5 (100 .4 )  
6 .0 (101 .9 )  

3 2 , 8  ( 282.4) 
5 .8(284 . O )  
2 .6 (286 .0 )  

1 . 2 ( 5 2 9 . 9 )  
13 .5 (531 .8 )  

4 . 6 (  397.0) '  

AM5E 

29 .4 (100 .4 )  
6 . 0 ( 1 0 1 . 9 )  
3 .2 (103 .1 )  

28.8(28'2 '4) 

9,4(284 8 )  

16 .3 (531 .9 )  

3 . 7 ( 3 9 7 . 5 )  

0 . 9 ( 3 4 8 . 3 )  

1 . 5 ( 6 8 5 . 5 )  

0 . 8 ( 7 3 , 7 )  

AM55 

15,9(1OO. 5) 
17.3( 103.2) 

13.6(282.4) 
2.8(283.9) 
1.9Q85.3) 

8.U531.3) 
37.5(532.4) 

1 .7(  347.9) 

Received from Advanced Composite Mate r i a l s  Co . ,  Greer ,  
SC i n  December 1989. 

Received from Advanced Composite Mate r i a l s  C o . ,  Gree r ,  
SC i n  middle t o  l a t e  1986. 

Received from American Mat r ix ,  I n c . ,  Knoxv i l l e ,  TN i n  
March 1988.  

Value taken from broad energy survey scan r a t h e r  than 
h igh  r e s o l u t i o n  scan ;  t h e r e f o r e ,  the accuracy w i l l  no t  
be a s  h igh  as f o r  t he  o t h e r  values shown. 

Table I1 

Whisker - Si,N, Powder Blend Bulk C Content Data 

Whisker Used i n  Blend C U t . %  i n  Blend Equivalent  Sic W t . %  

ACMC A C 3  5 ,110. 3 1822 

American Matrix AM5 6 .2+_0.3  21?2 
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PH 

9.88 

10 43 

TABLE I 1 1  - COMPOSITE PROCESSING DATA 
. 

COMPOSITE SLIP 
r-- 

Green 
Density 
(g/cc) 

1.95 

1.65 

Sic Loading 
bT % 

20% Acid-etched 
American Matrix 

Viscosity 
(CP)  

127 

1600 
- 

r 

% 
Sol i d s  

69.0 

T a b l e  I V  

Sic Whisker 

--------------________ 
was-receivedM American 
Matrix 

"acid-etched" American 
Matrix 

9 2 . 5  2 9.8 (638 2 6 8 )  

89.1 t 18.1 ( 6 1 4  130) 

7 8 . 2  5 6.3 (539 2 4 3 )  

T e s t  Dimensions (nominal) 
Width: 0.250 inch (6.35 mm) 

Thickness: 0.125 inch (3.175 rmn) 
Length : 2 . 0  inch ( 5 0 . 8  mm) 

Test Parameters ( f o u r  point bending) 
O u t e r  Span: 1.50 inch (38.1 mm) 
Inner Span: 0.75 inch (19.05 nun) 

Crosshead Speed: 0.02 inch/minute (0.51 m m / m i n u t e )  



48 

T a b l e  V 

T e s t  Dimensions (nominal) 
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Table V I  

Atomic % (Binding Energy i n  eV) 

X-ray Photoelectron Spectroscopy Surface Chemistry Data f o r  S i c  
Wh i s kers 

S i  2p 
S i  2p 
S i  2p 

c 1s 
c 1s 
c 1s 

0 1s 
0 1s 

N 1s 

Ca 2p3 

Fe 2p3 

F 1s 

A1 2p 

AM71 

31.7(100.5) 
2.7( 102.2) 

29.2( 282.4) 
4.6(284.4) 
1.1(290.2) 

18.0 (531.7) 

2.2 (397.8) 

5.5(347.5) 

0.3(711.9) 

4.7( 684. 5)3 

AM5E 

29.4( 100.4) 
6.0( 101.9) 
3.2 ( 103.1) 

28.8( 282.4) 
9.4 (284.4) 

16.3(531.9) 

3.7(397.5) 

0.9(348.3) 

1.5(685.5) 

0.8( 73.7) 

AM52 

15.9( 100.5) 
17.3( 103.2) 

13.6(282.4) 
2.8( 283.9) 
1.9(285.3) 

8.1(531.3) 
37.5( 532.4) 

1.7(347.9) 

1- Received from American Matrix, Inc., Knoxvi l le, TN i n  March 
1989 

2- Received from American Matrix, Inc., Knoxvi l le, TN i n  March 
1988 

3- Value taken from broad energy survey scan ra the r  than high 
reso lu t i on  scan; therefore, the accuracy w i l l  not  be as high 
as f o r  the other values shown. 

l o  
20 
30 
40 

74 
70.1 
64.6 
59.2 

363 
69 1 

1068 
2684 

10.38 
10.25 
10.17 
10.28 

2.01 
1.90 
1.76 
1.66 
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Figure 1 - AMC AC3 (left) and American Matrix AM5E (right) Sic 
whi s kers . 

Figure 2 - The American Matrix whiskers (AM5E) are well dispersed in 
the densified composite. 
to test bar length). 

(Polished Section Parallel 
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Figure 3 - Few American matrix whiskers (AM5E) lie in the plane of 
the test bar cross-section suggesting preferred 
orientation ( ~ 0 1  ished section Transterse to test bar 
1 ength) , compared with 

Is 

3 Figure 2. 

Figure 4 - The ACMC (AC3) whiskers 
densified composite showing no preferred orientation. 



52 

Figure 5 - American Matrix whisker reinforced composite which failed 
from sub-surface aggl omorate type defect. 

Figure 6 - Tensile surface fracture origin in American Matrix 
whisker reinforced composite. 



Figure 7 - ACMC whisker reinforced composite which failed at pore 
cluster near specimen surface. 

Figure 8 - Tensile Surface Fracture Origin in ACMC whisker 
reinforced Composite. 
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I - .--r 

Figure 9 - Whisker pullout sockets on American Matrix whisker (left 
and ACMC whisker (right) reinforced composites, suggest 
crack Bridging Toughening Mechanism. 
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Ceramic Matrix Composites - GTE Laboratories Incorporated 

0 biectivelscope 

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

Tech n ica I Progress 

Material Development 

Efforts to microstructurally tailor silicon nitride ceramics have focused on an- 
nealing as a means of modifying the intergranular glass phase through devitrifica- 
tion. Monolithic materials were prepared with 8.8 v/o of Y203, MgO or CeO2 sinter- 
ing aid added to [1.5 w/o AI203 + balance Si3N4 (Ube E-lo)]. Bodies were hot 
pressed in BN-coated graphite dies in an argon atmosphere. Baseline materials 
were hot pressed at 1725OU34.4 MPa for 90 minutes. Annealing was incorporated 
into subsequent runs by cooling to the annealing temperature from the hot pressing 
temperature at 60°C/min: i.e. the ceramic was hot pressed and annealed in a single 
cycle without cooling to room temperature prior to the annealing step. Initial char- 
acterization is reported in Table 1. The applied annealing schedule had no effect on 
the room temperature modulus of rupture of AY6 or AC8, while the MOR of the ann- 
ealed magnesia-containing material, AM4, increased by thirty percent (30%) relative 
to its counterpart produced by the standard 90-minute hot pressing schedule. 
Phase analyses of the MgO-containing materials by XRD of powdered broken MOR 
bars were inconclusive. Beta Si3N4 was the major phase. A secondary crystalline 
phase was indicated by the presence of several reflections, but could not be identi- 
fied. 
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Table 1: Characterization of Si3N4 Ceramics 

Densification Density 
Material Schedule (% Theo.) 

AY6 A 99.6 
B 99.5 

AM4 A 98.6 
B 98.6 

AC8 A 98.4 
B 98.5 

A 1725OC/90 min hot press 

Rm. Temp 
MOR 

(MP4 

1052 f 80 
991 f 9 1  

646 f 97 
838 f 86 

1006f88 
937 f 124 

Linear 
1200°C Response 

MOR To Failure 
(MPa) at 1200°C 

773 f 70 Yes 
652 f 50 Yes 

6 1 7 f l l  No 
5 1 5 f 7  No 

5 0 3 f  12 Yes 
509 f 8 Yes 

B = 1725OC/90 min hot press + cool 60°C/min + anneal 120OoC/240 min. 
AY6 = 6.0 w/o Y203 + 1.5 w/o A1203 + Bal. Si3N4 
AM4 = 4.4 w/o MgO + 1.5 w/o A1203 + Bal. Si3N4 
AC8 = 8.3 w/o CeO2 + 1.5 w/o A1203 + Bal. Si3N4 

Evaluation of the mechanical property data for AY6+30 v/o SiC(w) composite 
materials reflects improvements gained as a result of changes in the silicon nitride 
raw material as well as the hot pressing and hot isostatic pressing (HIP) schedules. 
Modifications of the hot pressing and HlPing schedules of UBE Si3N4-based materi- 
als to higher temperatures were implemented to yield increased matrix grain size, 
leading to improved fracture toughness (Table 2). The observed improvements in 
strength are attributed to the increased fracture toughness. 
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Table 2: Room Temperature Mechanical Property Data for AY6-I-30 vlo 

SIC whisker Composites Prepared with Silar SC-9' Sic Whiskers 
and Different Silicon Nitrides by Hot Pressing (HP) and 
Injection Molding (IM) and Hot Isostatic Pressing (HIP) 

Material 
MOR 

(MPa) (M KIC Pa*m 112) Process 

SN502 Si3N4 Hot Pressed 6.4 f 0.5 975 f 39 
(Temp 1725°C) IM/HIP 4.2 818 f 112 

UBE'" Si3N4 Hot Pressed 7.3 f 0.6 1043 f 50 
(Temp 1800°C IM/HIP 6.9 f 0.4 1143 It 48 

"Advanced Composite Materials Corporation, Greer, SC 
"'AY6 prepared using 80% E-03 and 20% E-IO grades UBE Si3N4 

Strength (four-point MOR) measurements at elevated temperature for the 
Si3N4-SiC(w) composites prepared with UBE Si3N4 show essentially the same behav- 
ior as previously observed for composites prepared with SN502 Si3N4. Table 3 
shows average values measured at 120OOC and 140OOC of both hot pressed and in- 
jection molded-HIPed composite material prepared with UBE Si3N4. These data are 
comparable to those previously obtained for composites prepared from SN502. 

At 12OO0C, there was essentially no difference in the strength of the materials. 
Plastic deformation (nonlinear force-time response) was not observed. At the 
1400°C test temperature, UBE SisNd-based composites exhihit slightly higher 
strength values. At the higher temperatiire, the data shows nonlinear deformation 
of the lJBE Si3N~based samples at approximately 230 MPa, while those prepared 
with SN502 SLNd yield a lower stress level ( ~ 1 4 4  MPa). This behavior appears to 
be related to the lower Si02 content of the UBE powder. The reduced amount of 
Si02 leads to a reduction of the amount and a change in composition of the inter- 
granular glass phase. 
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Table 3: Room and Elevated Temperature MOR Data for Hot-Pressed and 
Injection Molded and HlPed AY6+ 30 v/o SiC(w) Composites 
Prepared with Different Silicon Nitride Materials 

Average MOR (MPa) 
Material Process 25°C 1 000°C 1200°C 

SN-502 Si,N., Hot Pressed 975f39(5)"* 819f64(3) 597 f26(3) 
Silar SC-9 SiC(w) 

UBE' Si,N, Hot Pressed 1043*50(5) 6 1 8 f 27( 3) 
Silar SC-9 SiC(w) IM/HIPed 1195 f71(7) 61 6 f 105(3) 

1400°C 

257 f 25(3) 

407 f 62( 3) 

386 f 58(3) 

"AY6 prepared using 80% E-03 and 20% E-10 graded UBE Si3N4 

" " (  ) number of test specimens 

High Temperature Properties 

Since i t  is known that at 12OO0C subcritical crack growth can contribute to the 
catastrophic failure of Si3N4 ceramics containing Yz03 and A1203 sintering aids, addi- 
tional elevated temperature testing has been performed. A Si3N4-AY6 monolithic 
material was precracked with a Knoop indentation and subjected to static loading at 
12OO0C. Failure was observed within 20 min after the application of a 206.7 MPa 
stress. Examination of the fractured surface of the indented AY6 bend bar revealed 
extensive slow crack growth prior to the onset of fast fracture. A prccracked sam- 
ple of a composite containing 30 v/o Sic  whisker reinforcement responded to the 
imposed stress for over 400 hoiurs in a manner analogous to that observed for stan- 
dard, i.e., unindented, samples of this material. Similar tests conducted with in- 
dented and standard bend bars of composites with whisker additions of 10 v/o and 
20 v/o exhibited the same behavior (Figure 1). At the three volume concentrations 
of S ic  whisker additions examined, the indented samples had approximately the 
same steady state creep rates as standard bend bars, in spite of the presence of 
large surface flaws on the tensile faces (Table 4). The data also show that in bend- 
ing at 12OOOC with an applied stress of 206.7 MPa, the steady state creep rate of the 
AY6-based composites decreased with increasing content of whisker additions. 

Subsequent to these creep tests, the indented composite samples were bro- 
ken in flexure at room temperature and the fracture surfaces examined. The surface 
oxide scale developed during the tests was clearly visible. Subcritical crack growth 
was not observed for any of the AY6-Sic whisker composites. 



59 

Table 4: Steady-State Creep Rates Obtained from Figure 1 

Material 
Sample Normalized Creep 
TY Pe Rate 

AY6 -t 10 vlo SiCW Standard 10.4 
Indented 10.1 

AY6 + 20 vlo SiCW Standard 6.1 
Indented 5.1 

AY6 + 30 vlo SiCW Standard 1 .o 
Indented 1 .o 

AY 6 Indented Fractured in 20 
min 

Subcritical crack growth resistance was evaluated further. Empirical observa- 
tions of fracture data have defined the relationship: 

v = AK': 1 

where: N = crack velocity exponent 
V = crack velocity 
A = const. 
KI ==applied stress intensity 

Based on this relationship, (equation ( l ) ,  fracture mechanics analysis leads to 

where: af = fracture strength 
C = const. 
6 = stress rate 
N = crack velocity exponent 

2 

The exponent N is a measure of a material's resistance to subcritical crack growth, 
a higher N value indicating increased resistance. 

Four materials (Table 5) were evaluated. 
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Table 5: Virtual Sinder Phase Composition of Silicon Nitride-Based 
Ceramics Evaluated in the Present Study 

Material 

Sintering Aid Content 
(W/Q of Composition) 

A1203 Y2Qf SiQ2* SiOdAl203 4- Y203 

AY 6 1.50 6.00 2.60 0.35 
AY6+ 30 v/o S E P  (8 pm) 1.05 4.23 2.00 0.38 
AY6 + 30 v/o Si3N4 1.05 4.25 2.66 0.50 
AY6+30 v/o SiCW 1.05 4.25 2.82 0.53 

*Based on 0 2  analysis of Si3N4 and Sic  powders 

The latter three material powders were prepared by dispersing either SIC or 
a-Si3N4 in the preblended AY6 powder. This results in a change in the amounts of 
sintering aids (i.e. the Y203 and A1203 additives and the Si02 obtained from the sur- 
faces of the S i c  and Si3N4 powders) contained within those bodies. 

Modulus of rupture tests at 1200°C (four-point loading) were conducted at dif- 
ferent applied stressing rates by varying t h e  testing machine crosshead speed. Pre- 
liminary testing of precracked (30N Knoop indentation) monolithic Si3N4 at 12OOOC 
substantiated the fracture mechanics premise and showed that fracture stress in- 
creased, and the bend bars fractured at a constant KI, and the amount of subcritical 
crack growth prior to fast fracture decreased as stressing rate was increased (Table 
6). 
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Table 6: 

Stress 
Rate 

M Pa-see-' 

1.9 
21.2 

208.4 

Strength and Subcritical Crack Growth of Precracked Monolithic 
AY6 at 1200°C 

@a lcula ted* 
1200°C 

302 
320 
350 

Growth of 
Indentation Crack 

109% 
74% 
55% 

(MPa-m Kh2 112) 

5.40 
5.35 
5.40 

- Mo( lra)"2 

*K,c - ~ - -  (I, 

M = 1.03 
a = M O R  
a =crack size 
@-el l ipt ic integral to account for crack shape 

The data for the four materials evaluated are shown in Figure 2, and the crack 
velocity exponents are given in .Table 7. 

Table 7: Crack Velocity Exponent Data at 1200°C 

Material Crack Velocity Exponent, N* 

AY6 
AYS t- 30 v lo  SiCP 
AYG + 30 v lo  SiCw 
AY6 t 30 v lo  SisN4 

5 
14 
18 
21 

The data show that the resistance to subcritical crack growth at 1200OC of the 
monolithic AY6-Si3N4 is substantially less than that of the AY6-30 v lo  S i c  whisker 
composite. However, the value for the reduced sintering aids monolith, i.e. AYS t 30 
v/o Si3N4, is coincident with that for the whisker-containing composite. Add-itionally, 
the crack velocity exponent obtained for the AY6-30 v lo S ic  particulate composite is 
similar to that of both the AYG-Sic whisker and the AY6-Si3N4 materials. These ob- 
servations indicate that the reduction of the glass content of these materials is the 
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primary reason for increasing the subcritical crack growth resistance. Although the 
morphology of the Sic dispersoid has little apparent effect on N at low crack veloc- 
ity, it does strongly influence the fast fracture high crack velocity behavior, i.e. mod- 
ulus of rupture, once the flaw reaches critical size. 

Constant compressive stress creep experiments have been performed at North 
Carolina State University. Stresses were increased in 50 MPa increments over the 
range of 50 to 350 MPa. Experiments to obtain the activation energy of creep were 
performed at constant stresses. The temperature was raised incrementally by 25OC 
over a range of 1470 to 1670K. 

Figure 3 shows the steady-state creep rate as a function of stress for four dif- 
ferent temperatures. At 1200°C the stress exponent, t i ,  is 0.87 over the entire stress 
range tested. Above this temperature, the stress exponents show a marked in- 
crease at stress levels greater than 225 MPa. For example, at 1300°C the stress ex- 
ponent is 0.43 at low stresses but increases to 1.01 above the break. To understand 
the cause of this change in stress dependence, the effect of glass devitrification on 
the kinetics of creep has been studied. Previous work has shown that annealing in- 
creases the relative amount of devitrified glass in the grain boundary phase. 

To deterniine the effect of devitrification on creep behavior, two creep runs 
were performed. The first was performed at 1350T in the stress range of 50 to 350 
MPa following a 4-holJr anneal at the same temperature. The second experiment 
was performed at the same conditions but following a 50-hour anneal at 1350OC. 
The second experiment produced stress exponents very similar to the values of the 
first. However, there was a decrease in creep rate at all conditions. This suggests 
that, while devitrification plays a role in the rate of deformation, it m a y  not be re- 
sponsible for the observed change in stress exponent at high stresses. Measure- 
ments at even longer times of anneal are currently being carried out to determine 
the time necessary to achieve a stable microstructure. Recent data has shown that 
the change in stress exponent occurs at approximately 1% strain in all samples. 
Therefore, the total strain may play a key role in the kinetic behavior of this ma- 
terial. 

Process Development 

Research during this reporting period on injection molding of whisker-rein- 
forced materials concentrated on the binder removal process. This work was based 
on the assumption that silicon nitride-based materials reinforced with whiskers 
would be able to withstand higher stresses encountered during a rapid binder re- 
moval cycle better than monolithic silicon nitride. It should therefore be possible to 
accelerate binder removal cycles for injection-molded, whisker-reinforced materials. 

As an initial evaluation, two accelerated binder removal cycles were evalu- 
ated. Figure 4 shows the time temperature cycles used, normalized against a stan- 
dard binder removal cycle. The first cycle used the same atmosphere as the stan- 



dard cycle but was shortened by 42%. The second cycle used an air atmosphere 
and was 66% shorter than the standard cycle. 

Two injection-molded test bars of AY6 + 30 volume % Sic  whiskers were in- 
cluded in each binder removal cycle for each of the four gate configurations evalu- 
ated previously for injection molding (semiannual report, Oct. 1988). In addition, two 
injection-molded bars of monolithic AY6 were also included as controls. 

After the first binder removal cycle, one of the monolithic control samples had 
fractured in multiple pieces, and the other showed numerous surface cracks. The 
whisker-containing samples all remained intact with only two bars showing signs of 
su rface-con nected damage after the burnout process. 

For the second cycle, examination of the whisker-containing samples by x-ra- 
cliography revealed some internal cracking apparent after binder removal, particu- 
larly in gate types 3 and 4 (semiannual report, Oct. 1988). These gate types tend to 
produce the greatest number of fold lines during the injection process, and it is be- 
lieved that these fold line regions developed into cracks during binder removal. Ex- 
amination of radiographs of sirnilar samples after a standard binder removal show 
the same degree of internal cracks for gate types 3 and 4. 

One of the control samples used in the second cycle also fractured into multi- 
ple pieces, while the second control AY6 bar showed three externally connected 
hairline cracks. 

All the S ic  whisker-containing samples in the second cycle remained intact, 
but 6 of the 8 bars showed surface-connected cracking. As was observed in the first 
cycle, gate types 3 and 4 showed the greatest number of cracks after the second cy- 
cle. These cracks also tended to be associated with fold lines. 

The radiographic results of the second cycle have not yet been determined, 
but it is believed that the results will be similar to those discussed for the first cycle 
with only a slight increase in damage severity. 

The summary of data to date supports the premise that whisker-containing ma- 
terial can withstand severe binder removal schedules. 

Another aspect of the current work includes optimization of forming by injec- 
tion molding. Based on analyses of whisker orientation in injection molded parts, a 
new gating configuration was developed for the fabrication of CATE axial turbine 
blades from whisker-containing composites. The gate modification work concen- 
trates on minimizing distortion in the airfoil section, which typically is not machined 
after densification. 

Test Method Development 

In compliance with the desire to standardize MOR within the DOE heat engine 
program, a new four-point loading fixture has been fabricated. The spans of this fix- 
ture conform to MIL-STD-I942(MK) configuration B (quarter point loading with outer 
span = 40 mm and load point diameter = 4.5 mm). Results using this fixture were 
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compared to MOR values obtained using the standard GTEL fixture (outer span = 

22.0 mm, inner span = 9.8 mm, load point diameter = 6.1 mm). Room temperature 
MOR was conducted at a crosshead speed of 4.95 mm/min, which corresponds to 
calculated strain rates of 5.7 x lO-’min-’ and 7.4 x 10-’min-‘ for the MIL-Std. and 
GTEL Std. fixtures, respectively. Initially, a ceramic with a high Weibull modulus, 
GTE Wesgo AL995 Ah03, (M-22) was used to compare the fixtures. The results 
(Table 8 )  show that both fixtures yield statistically identical results at room tempera- 
ture. Further evaluation employing lower Weibull modulus test materials and high 
temperature testing is in progress. 

Table 8: Comparison of Test Fixtures 

Fixture Room Temperature MOR of AL995‘ 

M I L-STD-8 2 4 4 f 6  MPa 
GTEL-STD 239 f11  MPa 

‘average of ten bend bars 

Status of Milestones 

Program execution is on schedule. 

CommunicationslVisitslTravel 

J.G. Baldoni attended the 3rd International Symposium on Ceramic materials 
and Components for Engines (Las Vegas, NV, 11/27-30/88. A paper titled “Creep and 
Crack Growth Resistance of Silicon Nitride Composites by J.G. Baldoni and S.T. Bul- 
jan was presented and will be published in the conference proceedings. 

H. Kim attended the Conference on Composite Materials at Cocoa Beach, FL, 
1 / 16-20189. 

Problems Encountered 

None. 

Publications 

None. 
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2.0 I 
1200'C 

206.7 UPS 

F i g u r e  1 .  Comparison o f  prec racked  a n d  s t a n d a r d  bend b a r  
s u b j e c t e d  t o  c r e e p  a t  1 2 0 0 ° C  

F i g u r e  2 .  E f f e c t  o f  s t r e s ' s i n g  r a t e  o n  t h e  s t r e n g t h  o f  
f o u r  s i l i c o n  n i t r i d e - b a s e d  ce ramics  
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lop  Slrtr1 
F i g u r e  3 .  Steady-state creep rate v e r s u s  stress tor 30 ~ 0 1 .  % 

S I C  whisker-reinforced Si3N4  
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Figure 4 .  Comparison o f  experimental  b u r n o u t  c y c l e s  w i t h  t h e  
s tandard  c y c l e  f o r  in jec t ion-molded  m a t e r i a l s  
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Materia7 Development in the Si,N,/SiClwl  System Usinq Glass 
Encapsu7ated HIPinq - Phase I I  
Normand D. Corbin, Glenn J. Sundberg, Kerry N. Siebein, 
Vimal K. Pujari, Guilio A.Rossi, Jeffrey S .  Hansen, 
Janet L. Hammarstrom, and Craig A. Willkens. 
(Norton Company) 

0b.i e c t  i ve/scope 

This two year program is to develop fully dense 
Si,N, matrix Sic whisker composites which show 
enhanced properties over monolithic Si,N, materials. 
Materials will be processed using an RBSN approach 
followed by high pressure glass encapsulation HIPing. The 
primary goal is to develop a composite with a fracture 
toughness >10 MPa(m)" and capable of operating up 
to 14OO0C. 

Studies will be conducted to tailor the whisker/matrix 
interface and determine the optimum whisker morphology for 
fracture toughness improvements. The effect of forming on 
whisker orientation, fracture toughness, and shape distor- 
tion will also be addressed. 

Technical proqress 

1.0 EVALUATION PROCEDURES 

Procedures for analytical evaluations and mechanical 
property determinations have previously been described in 
detail. (1) Flexural strength is determined using the 1J.S. 
Army recommended procedures for a cross-section of 3 mm x 
4 mm.(2) Fracture toughness is determined by either an 
indentation method ( 3 ) ,  a controlled flaw method ( 4 ) ,  or 
by a chevron notch method (51 ,  depending- on material 
availability. 

A s  previously detailed (6) a technique was developed 
for determining the surface composition of individual Sic 
whiskers by Scannj-ng Auger Microanalysis (SAM). This 
method was used to evaluate additional whisker materials. 

Chevron Notch Fracture Toughness Testing - Room ____.....___-___.I_ ....- ~ ____I._I 

temperature and high temperature fracture toughness 
~ 

measurements of various composites and monoliths were 
measured using the Chevron Notch technique previously 
described (5). The specimen geometry was a 3 mm x 4 mm x 
50 
= 0.55 and alpha, = 1.0. The test was performed on an 

mm test bar, the chevron notch geometry had an alpha, 
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Instron 4206 testing machine, the loading rate was 0.012 
mm/min. A 5 mm upper span and a 4 0  mm lower span were 
used. Chevron Notch test results were determined using 
both the Straight Through Crack Approximation (STCA) (7) 
and the Bluhm Slice Model (8). There was good agreement 
between the results calculated with both models. The 
results presented were calculated using the Rluhm Slice 
Model. 

Room Temperature Toughness Comparisons - A _--._I_ ...... 
composite arid a monolith material were prepared using a 
HIPed SRBSN approach for evaluation of room temperature 
fracture toughness by several methods. This task was 
initiated to determine the effect of test method on 
fracture toughness. A s  shown in Table 1 there is a 
significant variability in tauyhness dependiny on the test 
method. This data demonstrates that great care should be 
exercised in comparing fracture toughness values from 
different analysis methods. In lieu of a standard testing 
procedure, it is recommended that the fracture toughness 
of a readily available material which has been extensively 
evaluated in the literature (for example NC-132) be tested 
along with composites. This will aid in comparisons 
between different techniques by supplying a normalization 
factor. 

2.0 REINFORCEMENTS 

Dispersion Behavior - The dispersion character -_ 
of American Matrix Sic whiskers ( 9 )  was determined by 
relative acoustophoretic mobility (IUIM) (10) (comparable 
to zeta potential analysis). Of particular interest was 
the effect of trace surface impurities and a silica layer 
on the isoelectric point. Results from four experiments 
are illustrated in Figure 1. Figure la shows that as 
received SiC(w) in deionized water at pH-6  possess a 
negative surface charge. An acid titration decreases the 
negative charge until the isoelectric point ( I E P )  of - 3.2 
is reached. Below this point, the whiskers become 
positively charged. This behavior is similar to that €or 
SiO, which has an IEP of 2.0. The reverse (base) titration 
s h o w  a marked hysteresis when returning to a pH of - 6.0. 
This phenomenon is better illustrated in Figure lb where 
the whiskers were soaked at low p H  overnight. Upon reverse 
titration the surface charge does not change and remains 
positive even at high p H .  This procedure has been shown to 
dissolve many surface impurities from the whiskers. Table 
2 lists the concentration of ions present in the effluent 
from HNO, washing of these Sic whiskers. Our experience 
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TABLE 1 Comparison of Fracture Toughness Values as Determined by 

Different Methods 

Room Temperature 

Material Fracture Toughness -- ___ (MPadR) 

MONOLITH ( A )  3.9k.1 4 . 2 2 . 3  4.65.1 --- 4.9  

COMPOSITE (B) 4.2k.l 5.2k.2 5.42.1 4.6 6.4 

4.3 --- NC-132 3.52.1 4 . 6 2 . 1  --- 
...... 

4 w/o Y,O, in HIPed SRBSN (Norton Product 3x015) 

4 w/o Y,O, in HIPed SRRSN matrix, 30v/o SiC(w) I random 

orientation (Product 7x014) 

Indentation method; Anstis et al, lOkg indent, measured at 

400X magnification 

Controlled flaw method; Chantj.ku1. et al, lOkg indent, 

MIL-STD-1942 bar 

Chevron Notch; Courtesy N.Shaw, NASA Lewis Research Center 

Chevron Notch; determined at Norton Company 

Double Cantilever Beam: Courtesy A.H.Heuer, Case Western 

Reserve 
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with Sic powders has indicated that the presence of Ca"' 
and Mg++ ions (hydroxides having I E P s  - 12.5) result in 
RAM behavior which is characteristic of the data in Figures 
la and lb. Thus, these ionic impurities control the whisker 
dispersion behavior. 

The curves in Figures IC and Id show the effect of a 
surface silica layer on Sic. The whiskers in Figure 3.c were 
oxidized in air at 1 0 0 0 ° C  for 1 hour prior to analysis. 
The resulting IEP in the acid titration has shifted 
downward to - 2.7, closer to the I E P  of silica 
( -  2.0). The curve in Figure Id represents data from an HF 
cleaned AMI whisker.(ll) This process will remove a S i O ,  
layer. The I E P  value of 4.5, is considerably higher than 
"as-received" whiskers suggesting the removal of the silica 
layer. For both traces a marked hysteresis occurs upon 
increasing p H .  A s  with the ltas-received" whiskers ionic 
impurities have a strong influence on their dispersion 
behavior I 

TABLE 2 Concentration of I o n s  Detected by Atomic Absorption 

Spectrophotometry in Effluent from Acid Soak of 

American Matrix Sic Whiskers 

Fe 

C r  

Ni 

4 5ppm 

1Wpm 

10 Oppm 

Ca 

Mg 

A1 

4 2 oppm 

124ppm 

180ppm 
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Whiskers 
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3.0 FORMING 

An extrusion die and an injection mold have been 
prepared to fabricate composites with uniaxially aligned 
whiskers into 3 mm x 4 mm x 50 mm test bars. Prior to this, 
only substandard size bars could be molded or extruded. 
Fully dense extruded material has been successfully 
prepared into 3 rnm x 4 mm x 50 mm bars. This was 
accomplished by extruding oversized rods and machining to 
the required dimensions after HIPing. 

4.0 INTERFACE 

Boron Nitride - Boron nitride coatings are being 
applied to Sic grain (- lOOpm) and Sic whiskers at Norton 
Company. The grain is used to develop the BN coating 
process and determine BN reactivity in Si3N4* During 
this contract period the reactivity of BN coatings in 
S i3N4 was evaluated. In addition, BN coated Sic 
whiskers and composites with BN coated whiskers were 
evaluated. 

were prepared utilizing boron nitride coated 
Sic grain ( -  2pm thick coating). The composition and 
structure of the coatings were previously described.(5) The 
grain was incorporated into both a Si3N4 matrix and an 
SRBSN matrix and then HIPed to full density to compare the 
effect of different processing on the resulting interface 
structure. Evaluation of the interface after HIPing was 
conducted by optical microscopy on polished specimens. The 
results showed that the BN interface was deteriorated as a 
result of the RBSN process. The coating is no longer 
continuous on the grains and appears to migrate into the 
matrix. The cause for this is unclear but may be a result 
of the oxygen content ( -  7 atomic %) of the coating being 
in the form of B203 which would melt and flow at typical 
nitridation temperatures (- 14OO0C) . These results 
demonstrate the need for protective overcoatings to limit 
degradation of BN when the composite undergoes a nitrida- 
tion step. Protective coatings are under development. The 
material prepared with Si,N, powder did not show 
interface deterioration as with RSBN. The coating remained 
on the Sic grain and was of uniform thickness. It should 
be noted that when BN is present at the interface 
debonding occurs when an indentation crack interacts with 
the interface. This is clearly demonstrated in Figure 2 
where cracks interact with coated and uncoated grains. 

Composites 
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Figure 2 Crack interactions with BN coated and uncoated Sic 
grain in Si,N, 

A BN coating was applied to American Matrix Sic 
whiskers. Hexagonal BN (PDF#34-421) was detected by XRD. 
Auger analysis (Figure 3 )  shows the coating to be 
stoichiometric BN and contain 10-15 atomic percent carbon. 
TEM reveals the coating to be - 150-300nm thick, crystal- 
line, and to contain a whiskery (or platey) morphology 
oriented perpendicular to the whisker surface (Figure 4 ) .  
The I1as-coatedt1 whiskers were bonded together by the BN 
coating. Prior to blending with matrix materials the 
whiskers were ground in a mortar and pestle to break up 
the agglomerates. After deagglomeration the material was 
evaluated by optical microscopy. The whisker morphology of 
the Sic was still apparent. 

The coated Sic whiskers were blended ( -  15 wt%) with 
Si3N4 powder ( 4  wt%, Y,O,) and HIPed to determine the 
survivability of thin (- 200 nm) coatings during proces- 
sing. The interface was evaluated by TEM to determine 
morphology and crystallinity. In most cases the BN 
remained at the Sic whisker/matrix interface but it was 
also present in the matrix. Its presence in the matrix is 
attributed to grinding of the whiskers prior to their 
blending 
from the whisker surface. The BN had a layered structure 
ranging from 5-10 nm thick. Figure 5 is a bright field 
transmission electron micrograph of the BN. The structure 

with Si3N, where the coating could break away 
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Figure 5 Bright field transmission electron micrograph of the 
BN coating. The layers of BN are approximately 5-10 nm 
thick and are not densely packed. 

is a mix of microcrystalline and amorphous BN. The 
thickness of the BN interface varied greatly and the 
coating was not continuous, The coating thickness ranges 
from 0 nm to over 3.0 microns. Figure 6 is a bright field 
transmission electron micrograph of the whisker BN 
interface. The BN coating is approximately 50-75 nm thick 
in this area. In most areas the coating did not appear 
well bonded to the whiskers nor was it fully dense; that 
is it contained voids between the layers. 

Figure 7 is a photomicrograph of the interaction of a 
crack with a BN coated whisker in the HIPed material. The 
BN interface allows debonding to occur at the interface. 
This debonding should improve fracture toughness by 
promoting crack bridging and whisker pullout. Materials 
for fracture toughness evaluation are being prepared. 
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Figure 6 

Figur 

1150 nm - 
field n.-xograph of the BN coated a whisker/ 

matrix interface. The coating is approximately 50 nm 
thick in this area. 

osite 
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Carbon - As previously reported (5) Auger 
analysis of Sic whiskers prepared at ACMC (12) shows a 
carbon surface. TEM examination revealed a continuous and 
amorphous surface coating ranging in thickness from - 2-4 
nm. These whiskers were incorporated into a Si,N4/4 wt% 
Y,O, matrix at a 30 volume percent loading, injection 
molded to uniaxially align the whiskers, and HIPed to full 
density using the ASEA glass encapsulation method. The 
controlled flaw fracture toughness for this material was 
6.9 MPam. TEM analysis was conducted to determine 
if the carbon coating on the whiskers remains in the 
processed composite. The carbon layer was not observed. 
The carbon may have dissolved into the glassy phase, 
although the mechanism of carbon loss is unconfirmed. The 
interface thickness between Sic and Sip4 was - 2-4 nm. 
It is expected that a portion of this boundary contains 
the intergranular glassy phase, which typically forms a 
thermodynamically stable, continuous grain boundary 
film. (13) 

A limited number of carbon coated Tokai whiskers 
(Grade 300C) were examined by TEM to determine the 
thickness of the carbon layer on the whiskers. The 
amorphous carbon coating on the as-received whiskers was 
continuous and approximately 3.5 nm thick. The whiskers 
were predominantly alpha Sic and contain many inclusions. 
Metal beads were present at the ends of the whiskers. A 
composite prepared from Si3N4 powder and 4 wt%, Y,O, 
with 30 vol% of these whiskers was examined using TEM to 
determine if the carbon coating was present after 
composite processing. The interface between the Sic 
whisker and the Si,N4 matrix did' contain carbon 
(Figure 8), although the carbon layer appeared to be 
between 30 to 120 nm thick. The discrepancy between carbon 
layer thickness in the composite relative to the 
as-received whiskers is suspected to be due to a variable 
coating thickness between the as-received whiskers. Fewer 
whiskers in the composite were examined than in the 
as-received state and the preliminary TEM analysis must 
not be considered a statistically representative sample. 
The carbon coating had a layered, crystalline appearance 
after processing, similar to graphite. The carbon coating 
was discontinuous around the whiskers and large regions of 
the coating were present within the matrix. The coating 
did not appear well bonded to either the whiskers or the 
matrix. The graphitization of the carbon layer during 
densification had also been observed when these whiskers 
were incorporated into a spinel matrix.(l4) 
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Figure 8 Bright field transmission electron micrograph 
of the carbon coated Tokai Sic whisker/4 wt% 
Y203-Si3N4 interface. 

Oxide - The application of a Norton proprietary 
oxide coating to American Matrix Inc. Sic whiskers was 
accomplished using a solution/reprecipitation method. The 
coating was examined by TEM. A bright field micrograph of 
the coated whisker is presented in Figure 9. The coating 
is microcrystalline, continuous, and ranges from 10 nm to 
20 nm thick. 

A Si,N, (4 wt % Y,O,) matrix was reinforced with 
20 volume % of these whiskers. The composite was injection 
molded to uniaxially align the whiskers and HIPed to full 
density using the ASEA process. The controlled flaw 
fracture toughness for this material is 6.8 MPam. 
The resulting interface between Si,N, and the Sic 
whiskers was evaluated by TEM. The coating is not present 
on the whiskers after densification. It must have 
dissolved into the glassy phase during processing. No 
effect of the coating on increasing the interface 
thickness in the composite was observed. A thin film, 
approximately 1 nm to 2 nm thick, was present between 
adjacent S i , N ,  grains and between Sic whiskers and 
Si,N, grains. The glassy phase appeared to segregate 
to large pockets at multigrain junctions. 
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Figure 9 
hod on a Sic 

The observations of the grain boundary thicknesses 
in the composite specimen agree with values observed 
experimentally in a wide number of ceramics. A previous 
study by D. R. Clark (15) concluded that there is an 
equilibrium thickness for the intergranular film in 
polycrystalline ceramics. The equilibrium thickness for 
siliceous films in hot pressed Si3Np is on the order of 
a few silica tetrahedra, approximately 1 nm to 2 nm.(15) 
The dielectric constants of the grain determine the 
thickness of the intergranular phase, therefore it was 
expected that the grain boundary thicknesses would be 
different between two Si3N4 grains and between a SiN 
grain and Sic. However, in the composite speciman the 
thickness of the grain boundaries between the two were 
similar. 

3 *4 
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Interfacial Stresses 
known to develop residual 
tial thermal expansion 

- Multiphase materials are 
stresses as a result of differ- 
mismatch between the matrix and 

reinforcement phase. The presence of these stresses has 
been used to explain fracture toughness variations in 
Si,N, monoliths with different secondary phases.(l6) 
Experimental qualification of these stresses are difficult 
but have been obtained for the Al,O,/SiC(w) system by 
an x-ray diffraction method.(l7) Different models exist to 
calculate the anticipated residual stresses in various 
composite systems. Recent work by Hsueh et.al. (18) have 
incorporated the presence of an interfacial film between 
the SiC(w) and A1,0, and mullite matrices. A cylinder 
composite model was used to determine the residual stress 
which developed upon cooling. The interfacial stress 
generated during cooling decreased as the thermal expan- 
sion coefficient of the film increased for the case of Sic 
whiskers in Al,O?. In this case the thermal expansion 
of the matrix is greater than Sic. When the thermal 
expansion of the whisker is greater than the matrix (for 
example Mullite/SiCw) the opposite is observed. Inter- 
facial stresses decrease as the thermal expansion 
coefficient of the film decreases. This later case is 
comparable to Sic whisker in Si3N4. 

Similar calculations were performed at Norton Company 
to estimate the residual stresses in the Si,N,/SiC(w) 
system. A composite cylinder model containing an inter- 
granular phase between the Si,N, and Sic (Figure 10) was 
selected. Stresses were calculated by finite element 
analysis methods. End effects were not considered in these 
calculations. The material properties and geometry 
constraints are listed in Table 3 .  The effect of inter- 
granular phase thickness and intergranular phase 
coefficient of thermal expansion (CTE) on the maximum 
principle tensile stress within the system is exhibited in 
Figure 11. Interfacial tensile stresses greater than 800 
MPa can occur within the intergranular phase when the 
intergranular phase has a CTE ~7.0x10-~. It should be 
noted that secondary phases with CTE's above 7.0~10-~ are 
known to appear in Si,N, materials. For example, Y,SiO, 
11.4~10-~ (001 direction (lg)), and Y,(SiO,),N 
8.2~10-~ (bulk (20)). The maximum principle tensile 
stress occurs in the Sic whisker rather than in the inter- 
granular phase at low CTE values for the intergranular 
phase. There was little effect of changing the intergran- 
ular phase thickness from 10 nm to 50 nm. 
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TABLE 3 Material Properties and Geometry Contraints 
Used for the Calculation of the Residual Stresses 

Materials Properties 

Si,N,:  E = 300 GPa, Poisson ratio = 0.3, CTE = 3.5 x 10-~/Oc 

sic: E = 440 GPa, Poisson ratio = 0.3, CTE = 4.5 x 10-~/Oc 

Inter 
Granular 
Phase: E = 186 GPa, Poisson ratio = 0.3, CTE = 3.0 - 12.0 x 10-6/oC 

Geometric Conditions 

30 volume percent Sic 

Sic diameter = 0.5 um 

Change in Temperature = 1000°C 

Intergranular Phase Thickness = 10 nm, 50 nm 

Glass 

Figure 10 The composite cylinder model used to determine 
residual stress from thermal expansion mismatch. 
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5.0 PROPERTY PROGRESS 

High Temperature Strength - Our experience has 
shown that the impurity content of Si,N, materials has 
a significant effect on high temperature (>13OO0C) 
mechanical properties. A s  compared to Si,N, the Sic 
whiskers contain relatively high impurity contents. A 
study was initiated to determine if these impurities are 
affecting high temperature properties. 

Involved were a standard purity and high purity 
matrix; a standard purity Sic whisker (Tateho T44), a 
high purity Sic whisker (Tokai) and a high purity Sic 
particulate (see Table 4). It should be noted that there 
is considerable lot-to-lot variation in the purity of Sic 
whiskers and we have chosen specific lots to conduct this 
evaluation. The particulate possessed a 2pm average 
particle size. 

5. The composite 137OOC fast fracture strength was more 
influenced by the purity of the matrix than the reinforce- 
ment. When the high purity matrix was used a strength of 
544 MPa (-80 ksi) was obtained. The standard matrix 

The mechanical property results are compared in Table 
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produced composites of - 415 MPa ( -  60 ksi) independent 
of reinforcement purity. A similar trend is observed when 
comparing the high purity monolith to the standard grade. 
It has been previously observed in the Tateho product that 
inclusions are concentrated within the whisker core.(21) 
In this location impurities would be less likely to 
diffuse into the matrix and modify the high temperature 
properties. This may be the reason that there were no 
observed differences as a result of the reinforcement 
phase used. The importance of the matrix purity on 
composite properties is most likely a result of its 
prominence (70-80 w/o) in the composite. It should be 
noted that the monolith strengths are higher than the 
composite with the corresponding matrix (634 vs. 544, high 
purity and 517 vs. - 410, Std purity). 
the monolith and composite exceeded 200 hrs at 200-250 
MPa. There were no dramatic differences between composite, 
and monolith, or between purity levels. The fracture 
toughness of the composite made with Sic was 20% higher 
than that of the composites made with Sic particulate (5.3 
vs. 4.4). This is consistent with the work of Faber and 
Evans showing whisker morphologies to being more effective 
than particulates in toughening (22). 

Elevated Temperature Toughness - The fracture 
toughness to 137OOC was determined on selected materials 
using a chevron notch method. (See Table 6) For this 
analysis we included a hot pressed Si,N, with 1 wt%, 
MgO (NC-132) as a reference material. This material is 
reported to have a room temperature toughness of 4.7 
MPaa by a chevron notch method.(23) Our result is 
8.5% lower. The other samples consist of a monolith 
representative of the composite matrix, a composite with 
uncoated Sic whiskers, and a composite with carbon coated 
whiskers. The toughest specimen (2197 # 5 0 )  exhibited 
whisker pullout on the fracture surface as shown in Figure 
12. This sample uses AMI Sic whiskers which were treated 
at Norton Company to produce a thin carbon layer at the 
surface. The room temperature toughness of this sample is 
26% higher than the composites without a carbon surface 
(5.8 vs. 4.6). This improvement in toughness is observed 
to 137OOC. The NT-154 monolith fracture toughness is 
essentially identical to the composite with uncoated Sic 
whiskers (7x014) further demonstrating the need for 
interface modification for toughness improvements. 

Preliminary stress rupture life at 137OOC shows both 
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TABLE 4 

Impurity contents of Sic Whiskers and Matrix Materials* 

(PPW 

Lot Fe Ca A 1  

11/86 340 8 10 3100 Tateho T44 

Tokai 

N i s  sorundum 

High P u r i t y  Matrix* 

Std. Purity Matrix* 

7/87 63 26 46 

1 GMF5H2 17 30 

18 30 90 

260 33 13 0 

*HIP SRBSN ( 4 %  Y,O,) matrix 

TABLE 5 

Properties of Materials Evaluated to Determine 
the Effect of Impurities 

SAMPLE 1370 C 
Strength (b) Code CFT (a) Matrix (c) Reinforcement 

High Purity -- 21541-43 5.4k.2 9255 (634+34) 

Standard 3x015 

2154C-43 

4.2k.2 

5.3k.3 

75k9 (517562) 

79+4 (544+28) High Purity 20% Standard 
(Tateho T44) 

7x014 5.2k.1 Standard 30% Standard 
(Tateho T44) 

Standard 30% High Purity 2206-51 
(Tokai 7/87) 

5.3k.L 5952 (407+14) 

Standard 4.45.2 30% High Purity 2207-51 
(Sic Powder) 

a) control flaw fracture toughness in MPa4ii 

b) 4 point specimen MIL-STD 1942 3X4m in Xsi (MPa) 

c) H I P  SRBSN ( 4 %  Y203) matrix 
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TABLE 6 

Chevron Notch Toughness R e s u l t s  

Material Matrix+ 30 v/o Sic 

Code composition Whisker RT 1000°C 1ZOO'C 137OoC 

NC132 

NT154 

7x014 

Si,N, + 1% MgO 

Si,N, + 4% Y,O, 
SRBSN + 4% Y20, Tateho 

2197850 Si,N, + 4% Y,O, C-Coated 
AMI Sicw' 

4.3 

4.7 

4.6 

5 .8  

3.91 

3.74 

3.9 

5.6 

--- 
4.07 

4.1 

4.7 

specimen cross-section is 3 mm x 4 mm 

* Coating applied at Norton Company 
+ Si3N, = use of Si,N, powder precursor 

SRBSN = use of Si powder precursor followed by nitridation step 

Figure  12 Secondary e1ecr;ron image of t h e  f r a c t u r e  s u r f a c e  
of a 30 vol% AMI Sic whisker  r e i n f o r c e d  4 wt% 
Y,O,-Si,N, chevron notch bar. 
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6.0 SUMMARY 

Stoichiometric BN has been deposited on AMI Sic 
whiskers by CVD. The BN coated SiCw have been incorporated 
into a 4 wt% Y203-Si3N4 matrix and HIP'ed to full density. 
The BN interface was present after densification and 
during crack interaction provided debonding of whiskers 
from the matrix. 

The chevron notch toughness of a carbon coated AMI 
Sic whisker reinforced 4 wt% Y2O3-Si,N, composite was on 
average 30% greater than the unreinforced monolith from 22 

The mean room temperature controlled flaw toughness 
to 120oOc. 

of SiO, and C coated AMI Sic whisker reinforced 4 wt% 
Y20,-Si,N4 composites were 6.8 MPadiii. 

Status o f  milestones 

All Milestones are on schedule. 
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Pressureless Sinterine o f  SiJi,/SiC Whisker C o m o s i t e s  
S .  D. Nunn and T. Y .  Tien (University of Michigan) 

Object i ve/scope 

Compositional evaluation has been continued in an effort to achieve 
the highest possible densities while increasing the Sic whisker content 
in Si,N, matrix composites using yttrium aluminum garnet (YAG) as a 
liquid phase sintering aid. Additionally, preliminary test measurements 
have been made to determine the mechanical properties of the sintered 
ceramic composites. 

Technical prowess 

Sintering aid additions 

Compositions consisting of a 8-Si,N, matrix reinforced with Sic 

The processing procedure is shown in the flow diagram in 
whiskers and containing YAG as a sintering aid were prepared and 
sintered. 
Fig. 1. The individual processing steps have been described in detail 
in an earlier report.' The amount of Sic whisker addition varied from 
0 to 40 wt.% and the YAG addition was also varied. 
evaluated are shown in Tables 1 and 2. 

The compositions 

Four-point bend testing 

Specimens for four-point bend testing were machined from the 
sintered ceramic composite samples. 
bars 2-mm wide by 1.5-mm thick by 19-mm long. All surfaces of the bars 
(except the ends) were ground in a direction parallel t o  the length of 
the bar. 
marks. 
inner span o f  4 mm and an outer span of 13.5 mm: 
and toughness were measured in a mechanical testing machine using a 
crosshead speed o f  0 . 1 3  mm/min (0.005 in/min). 

consisting o f  a Vicker's diamond point indent using a 20 kg load was 
made in the tensile surface of the test bar at the midpoint o f  the inner 
span. 
et a1.2 

The test specimens were rectangular 

The tensile surface was later polished to remove the machining 
The four-point bend test fixture was self-aligning and had an 

The fracture strength 

For the fracture toughness measurements, a control 1 ed fl aw 

K,, was then calculated using the equation reported by Chantikul 

Results and discussion 

Sinterinq aid addition - Some properties o f  the sintered composites 
which are related to the sinterability of the different compositions are 
shown in Table 1. The variation o f  the theoretical density of the 
samples with the whisker content is  shown graphically in Fig. 2. 

For the samples listed in Table 1 as SCWO through SCW30, the 
Si,N,-to-YAG ratio was held constant while the whisker content was 
varied from 0 to 30 wt.%. As a result, the wt.% of YAG sintering aid in 
the overall composition was decreased as the whisker content was 
increased. As shown by the plot of the open circles in Fig. 2, this 
resulted in a sharp drop in density for the samples with greater than 
10 wt.% Sic whiskers. 
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The w t . %  of the YAG addition in samples SCW20-2 and SCW30-2 was 
held constant at the same level in the overall composition as for the 
sample w i t h  0% whiskers. In these samples, the Sic whiskers replaced an 
equivalent w t . %  of the Si,M, x. With the increased amount of 
sintering aid additive (over 0 and SCM30), these samples sintered t o  
higher densities as shown by lased circles in Fig. 2, 

40 resulting in the  densities shown by the open squares in 
figure a 

The amount of sintering aid was increased further in SCW3 

Four-ooint bend testinq - Listed in Table 2 are the fracture 
strength and fracture toughness values for several composite composi- 
tions measured in four-point bending. 
high end of the ran?: of values reported by other workers for hst- 
pressed camposites, The relatively high values may, in part, be due 
to the small size of the test bars. The fracture toughness values 
(except for sample 5 )  lie in the middle of the range of values reparted 
for hot-pressed composites made with commercially available whiskers.4-6 

The fracture strengths are on the 

Summary 

1. Sintering evaluations show that for sintered composites o f  a Si,N, 
matrix reinforced with Sic whiskers, the amount of YAG added as a 
liquid phase sintering aid must be increased as the whisker content 
is increased if high densities are to be obtained. 

Preliminary tests of sintered Si,M,/SiCw composites to determine the 
fracture strength and fracture toughness measured in four-point 
bending show values in the same range as those reported for hot- 
pressed composites. 

2. 
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PROCESSING FLOW DIAGRAM 

Pressure Slip Cast 

Graphite Resistance Furnace 
Static Nitrogen 

Figure 1. Processing flow diagram for the blending and sintering of Sic 
whisker reinforced Si3N4 ceramic composites. 
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76.02 13.98 10.00 
67.5 6 12.44 20.00 
59.12 10.86 30.00 
64.46 15.54 20.00 
54.46 15.54 30.00 
52.50 17.50 30.00 
41 .OO 19.00 40.00 

'Table 1. Composition and sintered density of composite samples. 
I__ 

Composition I Sintered Density ____ 
Si3N4 YAG SCw I Bulk Density Th. Density Open Porosity 

3.21 96 0 
2.88 87 8.6 
2.39 72 25.1 
3.22 96 0 
3.08 92 1.8 
3.17 94 0 
3.02 89 3.5 I 

s c w 0  
scw10 
s c w 2 0  
SCW30 
scw20-2 
scw30-2 
SCW30-3 
s c w 4 0  

(Wt.%) (wt.%) (wt%)  I (gm/ cc) (%) (Val.%) 
84.46 15.54 0.00 I 3.25 97 0 

Si3N4 - H. C. Starck, LC12 Lot S-8584A 
YAG - 3Y203 5A1203 
A1203 - Malakoff Industries, Inc., RC-FIP DBM Lot BM-2194 
Y203 - Morton Thiokol, Inc., 87829 Lot I17G 
Sic Whiskers - 'Tateho Chemical Industries, SCW#l-S Lot 245 

Table 2. Composition and properties of composite samples. 

Si3N4 - H. C. Starck, LC12 Lot S-8584A 
YAG - 3Y203 SA1203 
A1203 - Malakoff hdustries. hc., ,RC-HP DBM Lot BM-2194 
Y203 - Morton Thiokol, Inc.% 87829 Lot I17G 
Sic Whiskers - Tateho Chemical Industries, SCW#1-S Lot 245 
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Figure 2. Sintered density of Sic whisker reinforced Si3N4 ceramic 

composites containing varying amounts of whiskers and liquid phase 

sintering aid (YAG). 
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1.2.3 Oxide Matrix 

Dispersion Touqhened Ceramic Composites 
T. N. Tieus, M. K. Ferber, W .  El. Elliott, Jr., P. A.  Menchhsfer, J .  W .  
Geer, P. b,>Tennis, and Si M. Lealiy (Oak-Ridge National Laboratory) 

Ob.iective/scow 

reinforced ceramic co posites for improved mechanical performance. To 
date, most o f  t h e  work has dealt with alumina as the matrix because it 
was deemed a prtamlisiny material for initial study. However, an effort 
in S i c  whisker reinforced-sialon i s  in progress with emphasis on 
pressureless sintering and control o f  the whisker- a t r i  x interface 
properties. In addition, studies o f  whijsker growth processes were 
initiated which will attempt to improve the mec.hanica1 properties of 
Sic whiskers by reducing their flaw s izes .  

This work involves development and characterization o f  S i c  whisker 

Technical woqress 

Hot-pressed sialan-SiC whisker composites 

Sialon-Si@ whisker composites were fabricated using both pre -  
reacted sialon powder and unrearted starting powders (silicon nitride, 
aluminum nitride and alumina), a t r i  ces, yttri a and 
alumina sintering aids were added a t  a 3:s r a t i o  to fora yttrium 
aluminum garne t  (3Y,O3-5A1,Q, o r  YAG) during f a b r i c a t i o n .  
densification by hot-pressing w i t h  20 vol X S i c  whiskers as a function 
o f  the  YAG content i s  shown i n  Fig. 1. For the pre-reacted powders, 
with no sintering aid present, densification s f  the powder-whisker 
mixtures did not occur t o  any exten t .  
X YAG present, densities >95% T.D. were readily obta ined.  On the other 
hand ,  the composites frcx the unreacted pawders showed densification 
with or without: sintering aid. This indicates that so 
1 iquid phase i s  necessary t o  promate particle-whisker rearrangement 
during fabrication. 
aids added or from transient l i q u i d  phases which result f r o m  the 
reaction O F  the s t a r t i n g  matrix powders. The microstructure of the 
composites showed no apparent ~~j~~~~ degradation. 

The results on t h e  fracture toughness are summarized in Fig, 2 .  
They show good fracture toughness >6 MPah for the sialon composites 
containing 0.5 and 2 w t  X YAG and using pre-reacted sialon po 

inatiori o f  the  fracture surfaces from all the samples reveals two 
1s o f  crack-whisker interaction based on the  relative amounts o f  

liquid phase present daring densification. A t  the high liquid phase 
contents, t h e  fracture surface was relatively smooth, indicatin 
crack-whisker interactions and consequently poor toughening. 
contrast, the composites w i t h  the low levels o f  liquid phase showed 
rough surfaces and easS?y observed whiskers, indicating extensive 
interactions and i nterfac i a1 debondi ng e The f l  exural strength ( F i g  3 )  
also showed a dependence on the liquid phase content analogous t o  the 
one observed with the Fracture toughness. 

For both types o f  

Composite 

Howe~er, w i t h  as little as 6.5 

'The liquid phase can either be from the s i n t e r i n g  

In 
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Methods to increase the crack-whisker interaction, and hence the 
fracture toughness for the sialon matrix composites, include whisker 
coatings and crystallization of the glassy grain boundary phases. 
Carbon has been shown to increase the level of debonding and thus the 
fracture toughness in alumina matrix composites. The effect of a 
whisker carbon coating on the fracture toughness of a sialon matrix 
composite containing a large amount of liquid phase is shown in Fig. 4. 
While the increase is not dramatic, it still indicates that coatings 
may offer a means to improve the interface debonding i n  the sialon 
composites. 
boundary phases, composite materials were heat-treated at 1400°C for 
8 h. 
heat treatment is shown in Fig. 5 .  Evidently, crystallization helps to 
improve the crack-whisker interaction and the fracture toughness. 

To determine the effect of crystallizing the glassy grain 

A comparison of the indent fracture toughnesses before and after 

Sintered sialon-Sic whisker composites 

Like the hot-pressed materials, sialon-Sic whisker composites were 
fabricated using both pre-reacted sialon powder and unreacted starting 
powders. 
Fig. 6. As before, a correlation of increasing density with increasing 
amounts of liquid phase is evident. 

The mechanical properties of the sintered composites with densities 
>95% T.D. is summarized in Fig. 7. The results show decreasing strength 
and toughness with increasing A1:Si ratios. 

Densification as a function of the YAG content i s  shown in 

Hot-pressed silicon nitride-Sic whisker composites 

Previous results reported last reporting period showed that the 
1 iquid phases present during fabrication have more effect at control1 ing 
the whisker-matrix interface bonding than the initial whisker surface 
chemistry. Like the sialon matrix composites discussed above, carbon 
coated whiskers were examined t o  determine their ability t o  increase 
matrix-whisker debonding and improve toughness. 
summarized in Fig. 8, 
modified whiskers for comparison. As shown, no improvement in toughness 
was observed for the composites containing the carbon-coated whiskers. 

Other whisker characteristics o f  interest are effects of diameter 
and aspect r a t i o  on the fracture toughness. A plot of the toughness as 
a function of average whisker diameter shows increasing K,, with 
increasing diameters (Fig, 9). Similar results have been observed in 
a1 umina matrix composites.' To deter ine the effect of aspect ratio on 
toughness, whiskers were milled with Teflon media for various times and 
the reduction in lengths determined by scanning electron microscopy. 
Those results are shown in Fig. 10 and indicate essentially no change in 
fracture toughness for a reduction in aspect ratio from -3O:l for the 
as-received whiskers to -12:1 for milled whiskers. 

The results are 
Also included i s  a composite with surface- 

S i c  whisker analysis 

Research into the mechanisms responsible for the observed 
toughening behavior in the composite materials shows that crack-whisker 
interaction resulting in crack bridging is the major toughening 
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1 process. For this mechanism to operate, debonding a1 
whisker interface must occur during crack propagation 
whiskers to bridge the crack in its wake. 
available experimental evidence indicates that the mposi te toughness 
Mi, (composite), can be described as the sum o f  the 
(matrix), and a contribution due to whisker toughening, AM,, (whisker 
reinforcement}. In other words, 

~icra~echani~al modeling and 

t r i x  toughness, K,, 

K,, (composite) = K,, (matrix) + AM,, (whisker reinforcement). (1) 

The derived relationship for the increase i n  fracture toughness due t o  
whisker  reinforcement, AK,, [whisker reinforcement], is given below: 

AKiC (w.r.) = g r ( Y f  . r/[3 (1 - v ' ) ]  - EJE, ~ J T ~ ) ' ' * ,  

AM,, (w.r.1 = increase in fracture toughness due t o  whisker 

0, = fracture strength o f  whiskers 
V, = volume f r a c t i o n  o f  whiskers 
r = whisker radius 
Y = Poisson's ratio for whiskers 
E = Yaung's odulus  for composite (c) and whiskers ( w )  
7 = Fracture atrix (m) and matrix- 

rei n f orcemen t 

interface (i) 

As given, composite Fracture toughness will increase with 
increasing (1) whisker strength, (2) volume fraction o f  whiskers, 
( 3 )  ratio of Yo~ng's modulus o f  the composite t o  that o f  the whisker, 
( 4 )  whisker diameter and [5) ratio o f  the interfacial energies of  the 
matrix and the matrix- tcrface. In addition, t he  strength a f  
t h e  whiskers is direct t o  the increase in composite fracture 
toughness, whereas the o ameters have a square-raot dependence I 

entially f i xed  i n  a narrow 
range, either by matrix selection (E,), i sker sel e c t  i on (E,, V )  or 
processing considerations (V,), t o  ine p o s i t e  tolaghn@ss by 
whisker reinforcement significantly, i nts i n  whisker strength 
are necessary. 

Using the above relationship and the observed increase i n  fracture 
toughness f o r  hst-pressed alumina and silicon nitride matrix composites, 
the strength o f  some current commercial S i c  whiskers can be calculated. 
A sumrinary o f  the calculations is given in Table 1. It should be noted 
that the whisker strength calculated for  the  Los Alamos National 
Laboratory (LAML) whiskers is essentially the same value obtained by 
direct mechanical ~ ~ ~ ~ u r e ~ ~ ~ ~ s  (8 .6  GPa vs 8.4  GPa).*  T h u s ,  we are 
cor l f ident  that the strengths t h a t  we calculate From composite fracture 
toughness data are reasonable values. However, some error is assuredly 
introduced because o f  whisker orientation, variations in whisker size 
and surface chemistry, and matrix properties, such as grain size. To 
minimize these variations, processing o f  the composites within each o f  

atrix sets was intentionally kept the same. 
1, the observed whisker strengths vary from 4 . 1  t o  8.6 GPa. 

As shown in Table 
It is 
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interesting to note that the vapor-1 iquid-sol id (VLS) growth whiskers 
from LANL exhibited the highest strength in comparison to the other 
whiskers derived from the carbothermic reduction of silica. 

Using the Griffith relationship o f  flaw size as a function of 
strength and fracture toughness, the flaw sizes can be estimated in the 
current commercial Sic whiskers. The fracture toughness o f  the whisker 
was taken from a literature value if K,, = 3 . 2 3  MPafi.' As shown in 
Table 1, the estimated flaw sizes can be quite large in comparison to 
the size of the whiskers themselves. 

Extensive investigations by transmission electron microscopy (TEN) 
of the flaws in Sic whiskers derived from rice-hulls have been described 
in previous  paper^.^-^ The defects were described as small, partially 
crystalline inclusions (approximately 0.01 pm diam) containing calcium, 
manganese and oxygen concentrated in a whisker core region. Similar 
observations have been made on whiskers not derived from rice hulls, 

estimated by-6Eq. (2) and shown in Table 1. 
photographs reveals that, while the inclusions themselves are too 
small, the accumulation of the small inclusions in the core region is 
precisely in the appropriate range. In other words, the core regions 
probably act as the strength-limiting flaws in those S i c  whiskers. 

Other more obvious strength-limiting internal flaws observed in 
commercial S i c  whiskers include voids or holes. Defects of this type 
have been documented by other researchers.'-' Again the size of these 
voids are in the correct range of 0.2-0.3 pm estimated by Eq. (2) for 
this type of whiskers. 

Another strength-limiting defect associated with the whiskers is 
surface roughness which is sometimes referred to as "bamboo structure." 
Previous work on Si, Sic, A1,0, and B4C whiskers showed that surface 
roughness leads t o  stress concentrations and a reduction a f  observed 
strength .lopll The magnitude of the stress concentration factor at the 
surface roughness steps is related to the step height, the step angle, 
and the roo t  radius of the step. Applying the kame methods o f  the 
present S i c  whiskers, we can calculate stress concentration factors as 
high as approximately 1.6  and 1.9 (Table 2 ) .  
present study have step hei hts ~0.011 pm and would not exhibit an 
observed strength decrease. Using these calculated stress 
concentration factors, corrected wh sker strengths and fla 
then be estimated (Table 2 ) .  The w isker strength for the 
Matrix, Inc., material now is in the range o f  strength associated with 
the other whiskers derived from carbothermic reduction o f  si1 ica. 
Interestingly, the corrected strength of the L A M  whiskers are in the 
same strength range observed for VLS growth whiskers from the early 
1970~'~ and observed for the intrinsic strength of LANL whiskers.14 

15 

Obviously, these inclusions are nowhere near the flaw size 
However, examination of TEM 

The other whiskers in the  
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Table 1. Calculated strength o f  selected SIC whiskers" 
and an estimated flaw size' 

Average Alumina matrixc Silicon nitride mxrix" 
Whisker whisker Observed Calculated Observed Calculated Estimated flaw 
source rad i us size range 

(3a) ( M E % )  (Cia) (Pm)  (d 
ARCO" 0.35 5.7 7.9. N.D. N.D. 0.11 -0.20 
ARCO~ 0.35 4.5 6.3 3.3 6.7 0.15-0.31 
AMI' 0.65 4.0 4.1 3.0 4.1 0.39-0 74 
Tatehoh 0.20 3.4 6.3 2.3 6.2 0.17-0.32 
Tokaii 0.25 3.9 6.4 2.8 6.7 0.15-0.30 
LANLJ 0.40 6.6 8.6 N.D. N.D. 0.09-0.17 
Huber' 0.25 3.9 6.4 N.D. N . D .  0.16-0.30 

"Based on Eq. (2) in text. From Appendix B of ref. 1, ( r J y i )  = 5 for alumina 
matrix and ( y J r i )  = 3 for the silicon nitride matrix. Surface chemistry similar 
for all Sic whiskers listed. Young's modulus for alumina composites, E, = 395 GPa, 
for the silicon nitride composites, E, = 320 GPa, and the Sic whiskers, E, = GPa. 

'Using GrLffith relationship correlating flaw size t o  strength and toughness; 
c = (A.K,JAu,) , where c is the flaw s ize ,  A is a geometric constant (0.8--1.1), K,, 
is the whisker fracture toughness from ref. 3 (3.23 FIPafi), and uf i s  the whisker 
strength. 

'Fracture toughness of alumina matrix, K,, = 2.5 MPafi. 

dFractiire toughness o f  silicon nitride matrix, K,,'= 4 .0  MPafi. 

"ARC0 Chemical Co. (present name - Advanced Composites Materials Corp.), 

ARCO Chemical Co. (present name - Advanced Composi tes Materials Corp.), 

'American Matrix Inc., Knoxville, TN; Grade 1, received 6/88. 

Tateho Chemical Industries, Japan; Grade SCW-IS, received 1/86. 

'Tokai Carbon Co., Japan; Grade Tokawhisker, received 3/86. 

'Los Alamos National Laboratory, Los Alamos, NM; Grade 3,4 AtB, 

'Huber Corp., Borger, TX; Grade 7117; received 12/86. 

Greer, SC; Grade SD-9, received 2/84. 

Greer, SC; Grade SC-9, received 9/85. 
f 

h 

received 10/84. 
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Table 2, Corrected s t r e n g t h s  for  S i c  w h i s k e r s  
e x h i b i t i n g  surface roughness  

AMIb 0 - 2  1.5 5.2 

LAN 1." 0.45 1.9 16.3 

"Based on Fig. 6 . 3 0  s f  Ref. 1,  where t h e  r o o t  r a d i u s ,  
r = 30 W and t he  s tep a n g l e ,  8 = 20".  

A m e r i c a n  Matrix,  Inc. ,  Knoxville, TN; Grade 1,  b 

received 6/82. 

"Los Alamos N a t i o n a l  Laboratory,  NM, Grade 3 , 4  A t B ,  
received 10/84. 



108 

Processincr o f  S in te rab le  Transformat ion Toughened Ceramics f o r  
A p p l i c a t i o n  i n  Ceramic Technolaw f o r  Advanced Heat Engine 
P ro jec t  
E. Lilley and G. A.  Rossi (Norton Company) 

Object i ve/scoDe : 

The  objective of Phase IIA is to optimize the 
properties of two classes of transformation toughened 
ceramics, which were already studied in Phase I of this 
contract. These ceramics are Y-TZP (Y203 stabilized 
Tetragonal Zirconia Polycrystals) and C e - Z T A  
(Ce02-Zr0 toughened A12Q3). 

For t?ie Y-TZP materials, one of the main efforts will 
be to study the low temperature degradation and understand 
how it is affected by microstructure and composition. In 
the case of the Ce-ZTA ceramics, the main goal is to 
optimize the high temperature mechanical properties by 
minimizing the flaw size and controlling the micro- 
structures. 

Technical prowess 

1. Y-TZP 

1 1 Mechanical- Properti. Development 

One of the goals of this work is to evaluate the 
mechanical properties o f  Y-TzP materia1.s produced Pram 
melted and rapidly caol.ed powders (. Strength and toughness 
are being measured in the temperature range from room 
temperature to 7 0 0 ° C  which is expected to be the raa-ngc of 
pract i ca! importance f o r  these z ix-conia ceramics. Here we 

measurements  done on double torsion report on t h e  K 
specimens us ing  t ree specimens at- each temperature.  he 

cornmsn1.y studied m a t e r i a l  in this p r o y r a m .  Far 

iY 
results arc plotted Tor MG-008 (4.7 W/O @Ar ia ) ,  O U P ~  l~llost 

comparison, the results on higher  yttria material PIG014 
( 5 . 4  w/o) from the P h a s e  1 of this s t u d y  are also 
presented. The measurements s h o w  respectable toughness at 

Moreover, there is very little di8ference between the MOR 
f o r  the two different y t t r i a  concentrations, which is 
surprising. 

temperatures up to 5 0 0 ° C  (K e: - > 5 )  (see Fig. 1). 
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MOR measurements are being performed at 300, 500, and 
780°C on both the Y-TZP's and the @e/Y-TZP's used in the 
I s w  temperature degradation studies. 

1 - 2  Low Temperature Desradation Studies 

F u r t h e r  studies have been made at 250°C in akm 
nitrogen which had been bubbled through w 
elrature in addition to the ones reported E?arlitx 

on MG-008. M~-024/sintered containing 5.2'7 w / o  yttria and 
Mi;-026/S containing 5.52 w/a yttria were exposed f a r  times 
up to 2400 hours and the r e s u l t s  platted in Fig. 2. There 
is a clear trend showing that higher yttria samples trans- 
farmed from tetragonal to manoclinic m o r e  slowly than the 
lower yttria samples. This same trend has been observed 
in the literature f o r  fine grain size Y-TZPPs made from 
v e r y  fine chemically derived powders. The addition of 
ceria i n  the melt to a materj.ai like MG-008 f u r t h e r  im- 
proves the resistance to low temperature degradation. The 
2 w,/o CeO, addition material only forms 8 8  monocl inic  

shows zero mono- 
clinic a f t e r  1000 hours .  There appears Ceo% o be little effect 
of I i IP ing  over sintering in this set of experiments an 
su r face  zonocl. i E b c  formations. 

All thc samples measured in Fig. 2 except MCOOS/S/XT- 
1308 were polished before any exposl~re at 2 5 0 ° C .  By care- 
Cui prp7.ishi.ng the materials always had zero monoclinic at 
t i m e  %=o, This 0% monoclinic has heen plotted f o r  canveni- 
exice in Fig. 2 at 0 . 1  hours because it i s  a semi-log plat.. 
There i s ,  in f a c t ,  a difference in behavior between 
polished and machined surfaces which is h igh l igh ted  i n  
F i g .  3 ,  The rate of formation of the monoclinic:  phase is 
slower f a r  the machined than f o r  the polished samples.  
T h i s  can bc explained as follows:: When the t e t r a g o n a l  
[;trains t ransform to monoclinic, they undergo a small ( -4%)  
vs l  une change which  puts the transformed surface layer 
u n d e r  compression. in the case of the machined bars 

a l r e a d y  under campressisn with a thickness of abaut 30 
m i c s o n s .  Uixr ing  low temperature degradation the pre- 
existing compressive stress will act ta further constrain 
the transformation so that it proceeds more slowly than  in 
the polished case and it reaches a lower limiting mono- 
clinic % plateau. 

The third l i n e  on Fig. 3 is for a machined MOR bar 
heated at 1300°C f o r  1 hour before testing. The recent 
work af k?haI.an et al. [ a ]  has shown t h a t  Y-TZP ceramics 
can undergo surface recrystallization. At 1300°C a g r a i n  
size of abaut 0.2 m i c r o n  was produced on the surface. 
Since the tetragonal ---> m o n o c l i n i c  t r a n s f s r m a t i a n  is 
strongly grain size dependent it is expected, and con- 
firmed in F i g ,  3 that this treatment would slaw dawn the 
rate of low temperature degradation. 

after I O a - h a u r s ,  whereas a w p o  

(Samud et ale) [l] showed that the deformed surface i s  
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Although the formation of surface monoclinic during 
exposure at different temperatures and its measurements by 
XRD gives us an impression of the degradation, it is the 
depth of the transformation zone which is most revealing. 
The rate of growth of the thickness of the monoclinic 
layer is related to the formation of the monoclinic phase 
on the surface as observed by XRD, i.e. the XRD occurs 
primarily from the first 5 micron regions due to absorp- 
tion. Ideally no monoclinic would form on the surface and 
there would then be no reaction layer. When there is a 
reaction layer it is most easily measured by fracturing a 
bar and looking at the cross section in an optical micro- 
scope. With proper illumination the monoclinic zone can 
often be seen quite clearly as in Fig. 4 .  This particular 
sample of MG-008 was held at 250°C for 2000 hours and has 
formed a layer of about 100 micron thickness. On the 
other hand, it is not always possible to discern the 
reaction zone in some of the fine grain zireonias made 
from chemically derived powders, especially if the reac- 
tion zone thickness is less than 10 microns. The Raman 
microprobe, with resolution less than 5 microns, should 
then be used. Such measurements have been made in this 
work at the Ceramic Center at the University of Rutyers. 

The depth of the transformed monoclinic layers has 
been measured for several different materials f o r  differ- 
ent exposure times at 250°C and the results plots in. F i g .  
5. There appears to be somewhat less degradation in the 
MPPsd bars than in the sintered bars. Most striking is 
the reduction in thickness o f  the transformed layer as the 
I i r con ia s  have increasing yttria coi i tcn ts  i. e. MG-008 4 a ‘7 ,  
MC-824 5.2 and MG-026 5.5 w% yttria. 

The second test that we have employed involves holding 
samples in water in a closed system at 128°C f o r  different 
times, Some of these results are presented in F i g .  6 ,  F o r  
the MG-(SOE) there is a large difference between “ i l k  mono- 
clinic depth formed on sintered samples as opposed ta 
HIPcd ones, The shower growth rate in HIPed ;Raterials also 
shows in the MG-024 € h e r  grain s i . ze  and in t h e  MG-025 
material but only clearly at longer t i m e s .  T h e  acci-%racy of 
our  measurements is, however, limited when the transfsmed 
z m e  is less than 10 microns thick. The best result here 
is far MG-026 which has formed a monoclinic Payer of only 
10 microns after 1000 hours at 120°C in water. 

A n  intriguing question is, what effect do the 
transformed microcracked layers have on the strength of 
the zirconia? At 250°C we have found that MG-008 sintered 
that the strength declined only about lo%, and was still 
-150 ksi, after 4000 hours. The high strength WIPed 
material decreased in strength somewhat faster but tended 
to plateau at about the same strength level as the 
sintered material. The situation at 120°C in water is 
slightly different. The MOR does not dramatically change 
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with time as shown i n  F i g ,  7, except perhaps f o r  MG-QQEI/S 
whEch lases - 2 5 %  of its strength in 250 hours  but then  
levels off. 

Samples s f  camnercial Nilcra material are included i n  
this s t u d y  f o r  compari son .  rI%ese magnesia stabilized 
zirconias appear to unde?-g~ no loss i n  s t r c n g t h  but then 
t h e i r  MOR'S a re  xuch lo.c,aer. 

References 

[I] R .  Samuel, S .  Ckandrasekar, T. N. ParrisI and W. H. 
1 , i ch t  I "Grinding Forces a n d  E n e r g y  f o r  Brittle 
Materials", to be published i.n the  Journal of the 
merican Ceramic Society .  

[23 P. J. Whalan, F. Reidinqer and R. F. A n t r i m ,  Journal 
a f  American C e r a m i c  S o c i e t y ,  '72, 319-321 (1989) .  
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2.1 Crude Characterization 

The R/S crude was characterized for BET area, density 
by He pycnometry and X-ray diffraction. A BET area of 
0.02 m /g was measured, which seems to indicate absence 
of open microporosity The density by He pycnometry was 
found to be 3.68 g/ci3 which is 79% of the theoretical 
density (TD = 4 . 6 7  g/cm ) calculated from the densities 
of t-CeO -ZrO (6.30 g/cm3) and of alpha-A1 O 3  
(3.98 g/cZ3). T%e lower density is due mainly to %he 
fact that A1203 is non crystalline, as shown by XRD; 
another reason might be the possible presence of closed 
porosity. 

The XRD pattern of the crude (Fig. 8 )  shows only the 
peaks of t-Zr02. However, if the crude is calcined at 
high temperature, the lwaxnorphousaf A1203 is transformed 
into crystalline transitional phases and eventually into 
alpha- A1203. 

2.2 Powder Characterization 

I 3  

Two batches of powders were prepared by vibratory 
milling in water, the first batch by milling the as- 
received crude and the second one by milling the crude 
calcined at high temperature. The first billets made with 
the powder obtained from the uncalcined crude cracked upon 
firing, because the powder contained an excessive amount 
of moisture. Therefore the powder was calcined and crack- 
free billets w e r e  fabricated. Most of the billets, 
however, were made using the powder obtained from the 
calcined crude. The particle size distribution (PSD) 
curve ~f this powder, obtained a f t e r  vibratory milling in 
water for 96 hours, is shown in Fig, 9. The powder appears 
to be finer than 2 um, about 65% being submicron. 

2.3 Processinq/Shape Forminq/Firinq 

The Ce-ZTA billets were made by die pressing followed 
by CIPing and also by pressure casting of aqueous 
slurries,. unfiltered or filtered through a 5 um filter. 
Two types of billets were made, either square (5x5 cm) or 
rectangular (8.8x3.8 can) in shape, the latter for the 
double torsion test for MIC.  The billets were fired at 
1600°C f o r  different times i n  order to study the micro- 
structure/property relationship. 
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2.4 Characterization of the C e r a m i c 2  

‘Ishe Ce-ZTA ceramics were characterized for density 
(Archimedes method) , phase content by XRD, microstructure 
by SEM, strength and fracture toughness. Fractography was 
a l so  performed CSIP selected broken MOR bars to identify the 
f r a c t u r e  origin. Table 1 shows the physical properties 
and Table 

5 1  

% F  

31  

3 the mechanical propert ies  f o r  these materials. 

l C ; O O / l  4.71 46 4 
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Table 2 

AVERAGE GRAIN SIZE AS FUNCTION OF FIRING TIME AT 1600°C 

MATERIAL 

1600/1 1.19 1.33 

1600/3 1.55 1.56 

1600/6 1.69 1.93 

It appears that the ratio of .the average grain sizes 
does not change appreciably with annealing time. 

Table 3 shows the strength and toughness values 
obtained for the Ce-ZTA ceramics made with the R / S  
calcined crude, except material #1 which was made with the 
calcined powder from the as-received crude. 

Table 3 shows that the toughness is very good, but 
the value obtained depends, on the technique used. The 
high value of 13.6 MPa.rn5 was obtained by Dr. P. F. 
Becher at QRNL on one sample. A DCB KI measurement 
will be performed at QRNL on the same materia? in order to 
evaluate the R-curve behavior. It is also interesting to 
note that the strength caw be improved by u s i n g  colloidal 
consolidation (pressure casting) using a filtered slurry. 
It is. beli.eved possible to attain strength values oE P GPa 
in pressureless sintered Ce-ZTA ceramics by an optimized 
colloidal consolidation method and by appropriate 
firing/annealing schedules which will optimize the micro- 
structure., 

The results of the fractographic analysis of the bend 
bars machined out of the billets made by pressure casting 
a filtered slurry are not available yet. Fractography of 
the ceramics made by DP/CIP has shown the presence of 
different types of flaws, i.e. pores, agglomerates and 
inclusions. Figs. 15, 16 and 17 display some examples of 
these flaws. Fig. 15 shows an elongated pore probably 
caused by burn out of an organic contaminant (i.e. lint, 
paper fiber). Fig. 16 shows a high porosity region which 
could have resulted from the melting of a foreign inclu- 
sion (i.e. silicate). Fig. 17 shows, instead, a cluster 
of larger grains as fracture origin. 
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2.5 Ce-ZTA Ceramic Made With Moffatt!s Techniaue 

T h e  coacervation technique devel.oped by Dr. W. 
Moffatt at N I T  [I] consists in preparing two stable 
aqueous dispersion of two different powders containing 
some dissolved PVA, mixing them to form a s t ab le  mixed 
slurry and then cause coacervation by adding a water 
miscible liquid (i.e. acetone) in which PVA is insoluble. 
The idea is to prevent phase separation by lRfreezing in9' 
the homogeneous dispersion of the powders, which otherwise 
would tend to segregate due to their different density. 
An additional advantage is the wet processing which 
prevents the formation of hard agglomerates. Techniques 
similar to Moffatt's have been recently developed, i . e .  
the gelling on cooling of ceramic suspensions containing 
agarose [2] and the gel casting of aqueous suspensions 
obtained through aqueous polymerization of vinyl monomers, 
developed at ORNL [ 3 ] .  The composition Z16CE610A was 
chosen for t h e  Moffatt technique. The two powders used 
were R / S ,  mostly submicron, 16 w / o  Ce02-Zr02 and 
Sumitorno AKP-30 A1203 I The suspensions were not 
sedimented to eliminate the large agglomerates, A 7.5 cm 
diameter disc, about 0.6 cm thick, was made by colloid 
pressing of the coacervate, dried, sintered at 15OO0C/3 
hr. and H I P e d  at 15OO0C/.75 hrs, NXPing was done to 
remove the residual.. porosity. Fig. 18 shows the micro- 
structure of this material, which appear very uniform, 
almost as nice as that of the ceramic made with the R/S 
crude shown in Fig. 10. The average RT strength for this 
material was 8 8 9  MPa (8 bars). However, the standard 
deviation was 4 5 % ,  which was explained by fractographic 
analysis. The prevalent fracture origins were found to be 
either A1203 or Zr02-rieh inclusions, probably 
originating from unbroken agglomerates present in the 
mixed slurry before coacervation. Figs. 19 and 20 show 
A1203-rich and ZrO -rich inclusions, respectively, 
as indicated by SEMjED.5 analysis. This result implies 
that considerable strength improvement can be expected 
when such agglomerates are removed either by filtration or 
sedimentation. It is concluded that the Moffatt technique 
has a considerable potential when properly used and 
optimized. 

REFERENCES 

[l] W. C .  Moffatt and H .  K. Bowen, "Composite Ceramic 
Production by Precipitation of Polymer Solutions 
Containing Ceramic PowderB1,  J. Matls. Sci. Letters, 
Val. 6 ,  pp. 383-385, 1987. 
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Table 3 

Z18.5CE62A 
S1600/1 
DP/CIP 

2 1 8 . 5 C E 6 2 A  
S1600/1 
DP/CIP 

218.5CE62A 
51600/3 
DP/CIP 

218.5CE62A 
S1600/6 
DP/CIP 

218.5CE62A 
S1600/1 
PC/UNFIET. 

Z18.5CE62A 
S1600/1 
PC/FILT. 

218.5CE62A 
51600/1 
H1500/. 75 
DP/CIP 

6 9 2  ( 1 0 )  315 (9) 

634  ( 1 0 )  --- 

--- 689 (10) 

--- 565 ( 9 )  

--- 482 ( 9 )  

799 (10) --- 

--- 903 (7) 

7.0 (5)  3.4 (5)  DT 

13 .6  (1) MCF 
9.6 (1) MI 

M I  --- 9.8  (1) 

9.9 (I) --- 

....-- 

M I  

Note: S = sintered; H = HIPed; DP = die pressed at 70 
MPa; CIP = cold isostatically pressed at 210 MPa; FILT. = 
slurry filtered through 5 um filter; UNPILT. = unfiltered; 
D T  = double torsion method f o r  Krc; NI = microindenta- 
tion method for KIC (Palmqvist model); MCF = multiple 
controlled flaw method for Kpc; P@ = pressure cast. 
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A .  J. Fanelli and R .  D .  Silvers, ~~Pprocess f o r  
rnj ection Molding C e r a m i c  Composition Emplaying an 
aroid Gel-Forming Material to Add Green Strength to 

a Preform", U. S .  Patent 4,734,237 (Mar. 29, 1988). 

M. A. Janney and 0 .  0 .  Omatete, "Development of an 
Aqueous Gelcasting Sy5temv1 I prepatent information, 
O W L  " 

All milestones are on schedule. 

Pub1 i c a t i a n s  

A paper titled ttCe02-Zr02 Toughened A1203 
Ceramics of High Strength and Toughness", authors G .  A .  
Rossi and P. J. Pelletier, presented at the Third 
International Conference on Ceramics for Heat Engines i n  
L a s  Vegas, NE, in November, 1988, will appear in the 
Conference Proceedings. Another paper titled 
" C e 0 2 - Z r 0 2  Toughened A120 Ceramics made with 
Chemically Derived and Rapidly Solidified P o w d e r s v 8 ,  author 
G .  A .  Rossi, w a s  presented at the 7th SIMCER in Bologna, 
I t a l y ,  in December, 1988 and will be published in the 
Conference Proceedings. 
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SURFACE MONOCLINIC WITH EXPOSURE TO HUMID NITROGEN AT 250’C 
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Fig. 4: Optical micrograph of corner 
of a fractured MOR bar at lOOx magnification 
showing reaction layer due to low tempera- 
ture degradation at 250°C for 2000 hrs. 
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FLEXURAL STRENGTH WITH EXPOSURE TO WATER AT 120'C 
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1.88’ 
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Fig. 8. XRD pattern of Z18.5CE62A crude. 

EWIVALENS S P H E M W  DIAMETER, LII 

Fig. 9. Particle size distribution of powder 
obtained by vibratory milling of Z18.5CE62A crude 
for 96 hrs, 
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Fig. 10 . Microstructure (SEM) of 218.5CE62A 
ceramic fired at 16OO0C/1 hr. 

Fig. 11. Microstructure (SEM) of 218.5CE62A 
ceramic fired at 16OO0C/3 hrs. 



127 

r- 
Fig. 1 2 .  Microstructure (SEM) of 2 1 8 . 5 C E 6 2 A  

ceramic fired at 16OO0C/6 hrs. 
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Fig. 13. Size distribution of Ce02-Zr0, grains 
in Z18.5CE62A ceramic fired at 1600'C for 1, 3 ,  and 
6 hrs. 
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Fig. 14. Size distribution of A1,0, grains in 
Z18.5CE62A ceramic fired at 1600°C for 1, 3, and 
6 hrs. 
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Fig. 15. Fractograph (SEM) showing elongated 
pore in Z18.5CE62A ceramic fired at 16OO0C/1 hr. 

Fig. 16. Fractograph (SEM) showing high 
porosity region in Z18.5CE62A ceramic fired at 
1600°C/1 hr. 



- -  

Fig. 17. Fractograph (SEM) showing dense 
grain cluster in Z18.5CE62A ceramic fired at 
1600 O C/ 1 hr . 

Fig. 18. Microstructure (SEM) of Z16CE60A 
ceramic made with the Moffatt technique, sintered 
at 15OO0C/3 hrs. and HIPed at 15OO0C/.75 hr. 
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Fig. 19. Fractograph (SEM) of Z16CE60A 
ceramic made with Moffatt technique, showing 
Al,O,-rich inclusion. 

1 

Fig. 20. Fractograph (SEM) of Z16CE60A 
ceramic made with Moffatt technique, showing 
Zr0,-rich inclusion. 
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Processing and Characterization o f  Transformation Toughened 
Ceramics With Strenqth Retention to Elevated Temperatures 

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

Ob,iective/scope 

Previous work[l] has shown that it is possible to 
increase the strength of A1203-Zr02 ceramics by incorporating 
transformation-induced residual stresses in sintered specimens 
consisting of three layers. The outer layers contained A1203 
and unstabilized Zr02, while the central layer contained A1203 
and partially stabilized Zr02. When cooled from the sintering 
temperature, some of the zirconia in the outer layers 
transformed to the monoclinic form while zirconia in the 
central layer was retained in the tetragonal polymorph. The 
transformation of zirconia in the outer layers led to the 
establishment of surface compressive stresses and balancing 
tensile stresses in the bulk. In theory, the residual stress 
will not decrease with temperature until the monoclinic to 
tetragonal transformation temperature is reached since 
monoclinic and tetragonal Zr02.polymorphs have nearly the same 
coefficients of thermal expanslon. 

During the first two years of ORNL funding it was 
demonstrated that 1) three layer composites could be made with 
retention of compressive surface stresses to temperatures of 
750°C[2,3]; 2) residual stresses could be detected by strength 
testing[2,3], strain gauge measurements[4], characterization 
of monoclinic content by x-ray diffraction[2], or 
indentation/strength measurements[5]; 3 )  the three layer 
composites have excellent damage resistance[5]; and 4) 
significant (300-400 MPa) residual compressive stress which is 
not transformation-induced can be introduced by grinding 
monolithic A1203-15 vol. % Zr02(3.0 mol. % Y2O3). 

The objectlves of the present two year subcontract are 1) 
to increase the use temperature of three-layer composites by 
substituting Hf02 for Zr02, 2) develop aqueous and nonaqueous 
slip casting techniques for three layer composites in order to 
obtain better layer uniformity and to maximize residual 
compressive stress by optimizing the outer layer thickness, 3 )  
superimpose temperature stresses on transformation-induced 
stresses in three layer composites, and 4) demonstrate 
improved thermal shock resistance and damage resistance in 
optimized composites. 

Technical proqress 

Slip Casting 

Surface cracks were eliminated during drying of slip cast 
monolithic A 1 2 0 3 - 1 5  vol. % Zr02(3 mol. % Y203) plates by 
increasing the strength of the binder added to the slip. 
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Densities of 98.8% of theoretical were achieved on sintered 
monolithic inner layer plates. The plates were subsequently 
HIPed to greater than 99.8% of theoretical density before 
slicing the plates into bars for strength testing. The bars 
were surface ground before testing since previous work[6] 
showed that substantial residual stresses, which were retained 
to high temperatures, were introduced during grinding. The 
strength at room temperature was 893 MPa with a standard 
deviation of 47 MPa (9 bars tested). The strength at 1 0 0 0 ° C  
was 557 MPa with a standard deviation of 49 MPa ( 5  bars 
tested). The strength of the slip cast bars exceeds the 
strength of the same composition made by dry pressing which 
was measured at 950°C as 528 MPa with a standard deviation of 
21 MPa (3 bars tested) [6]. 

The strength at 1000°C is close to the milestone of 600 
MPa. The retention of 62.4 % of the room temperature strength 
of the slip cast composite is in good agreement with the 
results of Tsukuma and Takahata [ 7 3 which reported room 
temperature strength of 1 GPa decreasing to 700 MPa at 1 0 0 0 ° C  
for a similar composition (Al2O3-20 wt. % ZrO2(2 mol. % 
Y2O3)). The relatively high room temperature strength (893 
MPa) of the slip cast composite is due in part to surface 
grinding. As discussed previously[6], there is no indication 
by x-ray diffraction of tetragonal (t) to monoclinic (m) 
transformation on sintered, ground or fracture surfaces of 
this material. It is postulated that residual compressive 
stress introduced by plastic deformation of the surface during 
grinding is largely responsible for the large strength 
increase experienced after grinding[6]. The fact that the 
strength decreases with increasing temperature suggests that 
either the residual stresses are relaxed during exposure at 
1000°C or that reversible transformation (t-->m-->t) occurs 
during the loading-unloading process. 

Despite the good high temperature strengths achieved for 
the monolithic composites, these materials do not protect 
against surface damage due to the thin region which is 
affected by the grinding stresses. Three-layer composites, on 
the other hand, give protection against surface flaws[5]. 
Slip cast three-layer plates developed minor cracks upon 
drying. A two-layer (A1203-15 vol. % Zr02 outer layer and 
A1203-15 V O ~ .  % ZrO2(Y203) inner layer) cylinder was 
successfully dried and sintered without cracking. The 
cylinder was cast in a new mold and the plates in old molds 
with increased surface roughness. New molds were made to 
improve the surface finish of the slip cast plates. 
Additional monolithic inner layer plates, as well as 
monolithic outer layer and three-layer plates (approximately 
65 mm x 65 mm x 7 mm with varying outer layer thicknesses), 
were cast with improved surface finish. 

Monolithic and three-layer A1203-15 vol. % Zr02 
composites were slip ca.st, sintered and HIPed to greater than 
99% of theoretical density. The monolithic outer layer 
(Al2O3-15 vol. % ZrOa), inner layer (A1203-15 vol. %Zr02(3 
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mol. % Y203)) and three-layer plates were ground and sliced 
into bars for strength testing. The monolithic inner layer 
bars made from the new molds had a mean room temperature 
strength 975 MPa with a standard deviation of 86.2  MPa ( 4  
bars), slightly improved compared to the strength data 
discussed above. The monolithic outer layer bars were not as 
strong, with a mean strength of 732.9  MPa (std. dev. of 78.4 
MPa, 6 bars tested). The strength differential between outer 
and inner layer bars i.s similar to that obtained on dry 
pressed bars (Dry pressed and ground bars had strengths of 650 
MPa, 806 MPa and 879 MPa for outer, inner and three-layer 
bars, respectively[6]). 

The improvement in strength for slip cast bars, as 
compared to dry pressed bars, was most apparent for three- 
layer bars where the uniformity of layers was greatly 
improved. Three-layer bars where the outer layers were 
approximately l./llth the total thickness (thickness of outer 
layers approximately 450 pm) had a mean strength of 984 MPa 
(std. deviation of 144.8 MPa, 8 bars tested). The bars which 
fractured from the tensile surface, as opposed to the chamfer, 
had a mean strength of 1066.7  (std. dev. of 102.5 MPa, 5 
bars). The highest strength in this group was 1213 MPa. 
Three-layer bars with outer layers 1/17th the total thickness 
(thickness of outer layers approximately 300 pm) had a mean 
strength of 1 , 0 2 2 . 7  (std. dev. of 34.1 MPa, ti bars tested). 
This group of bars failed from either inclusions (presumably 
iron contamination) or chamfers. Two three-layer bars where 
the outer layer thickness was approximately 125 pm (thickness 
of outer layer was 1/37th the total thickness), were fractured 
with strengths of 1053 MPa and 1213 MPa. Both of these bars 
failed from the chamfer where the inner layer is exposed. 
While the strength are not a strong function of outer layer 
thickness, due primarily to the tendency of the bars to fail 
from the chamfer region (this may be eliminated by putting the 
bars under triaxial compression), the data show that strength 
above 1200 MPa i s  possible with three-layer A1203-15 vol. % 
Zr02. The strength differential between three-layer and outer 
layer material is between 289 MPa and 400 MPa. The strength 
differential achi-eved with three-layer d r y  pressed bars was up 
to 3'75 MPa. 

Three-layer b a r s  with outer layer thicknesses of 300 pm 
and 1 ~ 2 5  ptn were tested at 1 0 0 0 ° C .  Three bars with an outer 
layer thickness of 300 prn had a mean strength of 561 MPa and a 
standard deviat:i.on of 92 MPa (the highest strength bar failed 
at 667 MPa and the lowest strength bar failed at 499 MPa). 
One of the bars failed from the chamfer while the other two 
failed from the tensile surface. Three bars with an outer 
layer thickness of 125 pm had a mean strength of 584 MPa and a 
standard deviation of 3.0 MPa. The mean of all six bars was 
5 7 7  MPa with a standard deviation of 48 MPa. This clearly 
demonstrates that the milestone of 600 MPa at 1OQO"C is 
feasible. It also s u g g e s t s  that some residual stress has been 
retained at 1 - 0 0 O " C .  'resting of the outer layer monol.ithic 
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specimens is underway to confirm the retention of some of the 
room temperature residual stress. The strength differential 
between three-layer composites and monolithic outer layer bars 
will give an indication of the strength retention achieved, 
since failure generally occurred from the tensile surface at 
1 0 0 0 ° C .  High temperature x-ray diffraction will be used to 
monitor the m-->t trdnsformation which occurs during heating, 
which is responsible f o r  the decreasing residual stress. The 
attainment of strength of approximately 575 MPa at 1000°C is 
significant since the best previous strength of three-layer 
composites at 1000°C was 325 MPa. The improved uniformity of 
the outside layer, surface grinding, and improved dispersion 
of 2r02 are believed to be the principal reasons f o r  the 
significantly improved high temperature strength. 

Slip cast three-layer composites continued to show a 
greater tendency to crack than monolithic plates. The 
variation of solids content between 6 5  and 75 wt. % did not 
affect the tendency to crack or the final density. Controlled 
humidity drying, using H2S04-H20 mixtures, showed improvement 
in limiting cracking during drying. The plates were dried in 
steps of decreasing humidity (i.e., l o o % ,  80%, 6 0 % ,  40%, 2 0 % ,  
3 %  over a 10 day time period). The ability to control 
humidity and temperature simultaneous and ramp at controlled 
humidity rates would be ideal for the three-layer composites. 

Slip casting using pH to control the dispersion was 
investigated f o r  the monolithic outer layer composition, which 
h a s  lower density after sintering and HIPing than the inner 
layer composition. S l i p s  at pH of 2.5 and 11.5 showed no 
improvement in dens1 t y  (after sintering) over the same 
composition cast using the combination of Darvan C (ammonium 
polyelectrolyte dispersant) and citric acid. Low p H  slips 
degrade plaster molds. Alcohols are also incompatible with 
plaster molds and poorly dispersed the outer layer 
composition. 

Temperature Stress 

Strengthening of three-layer composites based solely on 
temperature stresses (compressive surface stresses introduced 
due to differences in thermal expansion mismatch) was made by 
fabricating bars with outer layers of A1203-15 vol. % Zr02(3 
mol. % Y203) and an inner layer of Zr02(3 mol. % Y203)-40 vol. 
% A1203. The powders were dry pressed, sintered and HIPed 
using similar processing techniques as described 
previously[2,3]. The expected difference in thermal expansion 
between the inner and outer layers was 0.9~10-~/ " C  resulting 
in a predicted strength increase of 3 0 0  MPa for composites 
where the outer layers were 1/12 the total thickness. The 
linear therrridl expansion mismatch between 25 and 1 0 0 0 ° C  was 
measured to he 9 . 3 ~ 1 0 - ~ / " C ,  in excellent agreement with the 
desired expansion diffcrential. Monolithic and three-layer 
bars were made with strengths as shown in Table 1. The 
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T a b l e  1 
Room Tempera ture  C h a r a c t e r i z a t i o n  o f  A1203-Zr02 Composi tes  

Made w i t h  Temperature-Induced Stress 
_____.____ 

Ground Dens i ty  S t r e n g t h  (MFa) 
b C 

Outerd  I I  a nd e 4 . 3 2  5 500 4 2  
O u t e r  Machinef 4 . 3 2  5 7 3 '7 66 
Innerg Hand 5 . 2 2  5 704  100 
I n n e r  Machine 5 . 2 2  4 1076 190 
1 / 1 2 - 5 / 6 - 1 / 1 2 h  Hand 5.06 5 777  2 5  
1/ 1 2  -5/ 6-1,' 1 2  Machine 5.06 5 949  62 

Composition 
__ .......... ~ 9.1 cc ) I______ No.& x - - _ s - -  

1/ 6-2/  3 -l/G1 Hand 4 . 9 0  5 703 54 
1 , / 6 - 2 / 3 -  1 /6  Ma_c_hine 4.90 5 781  7 5  
a .  Number of specimens t e s t e d .  
b. Mean v a l u e .  
c .  S t a n d a r d  d e v i a t i o n .  
d .  M o n o l i t h i c  o u t e r  l a y e r  b a r s  of cornpositi-on A 1 2 0 3 - 1 5  v o l .  % 
Z r 0 2 ( 3  mol. % Y 2 0 3 ) .  
e. Hand ground (chamfered) b e f o r e  HIPing w i t h  no o t h e r  
g r i n d i n g .  
f .  Machine ground ( 2 2 0  g r i t  w h e e l  a t  a down feed of 2 . 5  
pm/pass b e f o r e  s p a r k  o u t )  a f t e r  EIIPing. 
y. M o n o l i t h i c  i n n e r  l a y e r  b a r s  of compos i t ion  Z r 0 2 ( 3  mol. % 
Y 2 O 3 ) - 4 0  v o l .  % A l 2 O 3 .  
h .  T h r e e - l a y e r  b a r s  where t h e  o u t e r  l a y e r s  are x1/12 t h e  
t o t a l  t h i c k n e s s .  
i. T h r e e - l a y e r  b a r s  w h e r e  t h e  o u t e r  l a y e r s  a re  z l /6  t h e  t o t a l  
t h i . ckness .  

s t r e n g t h s  of hand ground bars were c o n s i d e r a b l y  l o w e r  t h a n  t h e  
s t r e n g t h s  of  machine ground bars ,  most l i k e l y  due t o  
p l a s t i c i t y  f o r  b a r s  where t h e  o u t e r  l a y e r  w a s  A l 2 0 3 - 1 5  v o l .  % 
Z r 0 2 ( 3  m o l .  % Y 2 O 3 )  and due t o  p l a s t i c i t y  and t r a n s f o r m a t i o n  
toughen ing  for Z r 0 2 ( 3  mol. % Y 2 O 3 ) - 4 O  v o l .  % A 1 2 0 3  bars .  The 
s t r e n g t h  improvement of 2 1 2  G P a ,  due  to t e m p e r a t u r e  stresses, 
f o r  the t h r e e - l a y e r  bars  is  j.n f a i r  agreement  w i t h  p r e d i c t i o n .  
E l e v a t e d  t e m p e r a t u r e  t e s t i n g  o f  t h e  t h r e e - l a y e r  t e m p e r a t u r e  
stress b a r s  hav ing  a room t e m p e r a t u r e  s t r e n g t h  of 949 i -62  MPa 
w a s  performed a t  7 5 0 ° C  and 1 0 0 0 ° C .  The s t r e n g t h  a t  7 5 0 ° C  was 
508 MPa w i t h  a s t a n d a r d  d e v i a t i o n  of 70  MPa ( 3  bar s )  and 
s t r e n g t h  a t  1000°C: was 3 2 9  MPa ( 2  bars  w i t h  i n d i v i d u a l  v a l u e s  
of 366  and 29'7 MPa).  A l l  of t h e  bars  f a i l e d  from t h e  t e n s i l e  
s u r f a c e .  T h i s  d a t a  is d i f f i c u l t  t o  u n d e r s t a n d  based  on t h e  
s t r e n g t h  of t h e  m o n o l i t h i c  o u t e r  l a y e r  o f  t h e s e  ba r s  (A1203-15 
v o l .  % Zr02(3 mol. % Y 2 O 3 ) )  and thermal expans ion  b e h a v i o r ,  a s  
d i s c u s s e d  above. F a i l u r e  from w i t h i n  t h e  t e n s i . l e  r e g i o n  does 
n o t  e x p l a i n  t h e  d a t a  due t o  t h e  low t e n s i l e  stresses p r e d i c t e d  
a t  750 and 1 0 0 0 ° C .  F u r t h e r  work is underway t o  u n d e r s t a n d  
these d a t a .  
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A1203-Hf02 Compositions 

A1203-15 vol. % Hf02, A1203-15 vol. % Hf02(4 mol, % Y2O3) 
and Hf02(4 mol. % Y2O3) compositions were dry pressed, 
sintered and HIPed using hafnia powders received from Teledyne 
Wah Chang Albany. X-ray diffraction showed that the sintering 
temperature of 1600°C was not high enough to fully convert the 
monolithic HfOz(Y203) to tetragonal. Approximately 60 % of 
the Hf02(4 mol. % Y2O3) was monoclinic after holding f o r  2 
hours at 1600°C. The HfO2(Y203) with no alumina added had a 
strength of 329 MPa (std. dev. of 28 MPa). Monolithic outer 
(A1203-15 vol. % Hf02), monolithic inner (A1203-15 vol. % 
HfO2(4 mol. % Y203)) and three-layer composites had strengths 
of 457.7 MPa (std. dev. of 30.2 MPa), 436.7 MPa (std. dev. of 
22.2 MPa) and 492.3 MPa (std. dev. of 31 MPa) . The thermal 
expansion of the monolithic inner and monolithic outer 
materials were both approximately 8.4~10'~/"C over the 
temperature range 25-1000°C. The slightly higher strength of 
three-layer composites is not to likely due to transformation- 
induced stresses since sintering occurred in the monoclinic 
stability range for the unstabilized H f O 2 .  Higher yttria 
content will be used to stabilize the tetragonal polytype in 
the inner layer composition. Rapid heating of dense bars to 
the tetragonal stability range will be used to determine if 
three-layer Hf02 bars can be fabricated with high strength due 
to transformation-induced stress. Alternatively, Hf02-Zr02 
solid solutions will be made to lower the monoclinic --> 
tetragonal transformation temperature. 

S t a t u s  o f  milestones 

Milestone 1 is partly completed. Room temperature 
strength above 1200 MPa have been achieved on aqueous cast 
three-layer bars, but not on large sample sizes. Development 
of parameters for non-aqueous casting has not been achieved. 

J. J. Hansen, R. A .  Cutler, D. K. Shetty and A .  V. 
Virkar, tlTndentation Fracture Response and Damage Resistance 
of A1203-Zr02 Composites Strengthened by Transformation- 
Induced Residual Stresses," J. Am. Ceram. Soc., u [ l 2 ]  C-501-  
C-505 (1988). 
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1.2 .4  Silicate M a t r i x  

Low Expansion Ceramics fur Diesel Enqine Applications 
J. J. Brown, R.  E. Swanson ( V P I  and SU) ,  and F .  A. Hummel (Consultant) 

0 bjective/scope 

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

Technical proaress 

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

AIPO,-P-LiAISiO, System 
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and Mg,. 03sLio ,AIP,. 52Sio. 4804 (Sample 66) have been determined and 
are summarized in Table 1. The retained modulus of rupture (MOR) values 
were previously measured and reported in our last semiannual progress report. 

The density of each of the three compositions was lower than 84% 
theoretical. Specimens of all three cornpositions were sintered at 1 190" C for 
property measurements. Because 1 1 90" C is approaching the melting 
temperatures of the samples (about 1205°C for sample Al5, 1210°C for 
sample C6, and 1246 " C for sample A6), a sample preparation method such as 
heat pressing, should be utilized to increase density. 

Work has continued to investigate the possibilities of ion substitution for 
Li'. Sample composition, processing, and phases present are summarized in 
Table 2. For the starting composition Li,. 48AIP0 52§io 4804, 12-5 mol% of Li' 
was replaced by Cu2+, Fe2+, and Zn2+ to form compositions 

and Zn,. ,3Li, 42AlP0 52Sio 4a0, (Y-l17), respectively. The selection of these 
ions was based an the consideration of the ionic radius ratio, valency, and 
coordination number because they were intentionally introduced to substitute 
for Li+ as the stuffing ion in the structure. However, all three compositions 
were multiphase after heat treatments. 

S a m p l e  Y - 1  1 0  h a s  a n  i n i t i a l  c a m p o s i t i o n  o f  
Lio.48A'~0.52Siq.4803.52N0.32' where N3- was purposely introduced to 
substitute for 8 using Si,N4 as a raw material. The sampie was fired at 
800°C for 12 hours in air, then at 11 80°C for 72 hours in a nitrogen 
atmosphere. The reacted sample had a phase composition of p-LiAISiO, solid 
solution. The bar sintered from the sample powders had an average coefficient 
of thermal expansion (CTE) of -9.9 x 10-7/"C between 30 and 1000°C. This 
CTE value was more negative than that of -6.6 x 1 O-7/o C previously reported 
for the composition Li,, 48AI o.52 Si o . 4 8  o without N ~ -  substitution for 02-. 
More work will be done to investigate the effect of anion exchange on phase 
composition and thermal expansion of the solid solution. 

e'O-  03Li0.42A'P0.52Si0.4804 ('-li59, Fe,.03Li0.,,A'P0.~2S'0.4~04 Ct'-'l6)J 

Mullite System 

Studies have been completed into modifying the thermal expansion 
behavior of the mullite crystal structure. Previous attempts to significantly 
reduce mullite's thermal expansion coefficient by forming various mullite solid 
solutions were unsuccessful. Consequently, the idea of systematically disrupting 
lattice vibrations by introducing additional vacancies was explored as a means 
of altering the expansion behavior of mullite. 
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Table 1. Density and Porosity Data for Selected Solid Solution Compositions. 

Specimen Bulk Theoretical Open 
Sample Sintering Density Density Porosity 
No. Cornposition Temp.("C) (g/cm ) ("h) (W 

A6 LiO. 46A'P0. 54si0. 46'4 1190 2.001 88.7 18.66 

0 1 1 9 0  2.058 83.2 16.0 A' '0. SA", . 46 5 3 . 9  3 

C6 MgO O3SLiO 4 52si0.4804 78.0 21.2 

Table 2. Summary of Sample Composition Processing and Phases Present for 
Composites with Li' Ion Substitution. 

Sample 
No. Composition 

Sample Processing CTE 
Temp.( C)/Tirne(h) Phase (Y (XI o - ~ / o  C) 

Y-115 @ u ~ ~ ~ ~ L ~ ~ ~ ~ ~ A I P ~ ~ ~ ~ S I ~ ~ ~ ~ ~ ~  1 la~/4$,1%0~/!/60,120Q/40 muhiphase N.A." 

Y-116 Fe,. 03Li,. 42AlPo, 52Sio. 4804 1 1 80/48,1200/60,1208/40 rnuitiphass N.A. 

Y-119 Zno- 03Lio. 42AlPo-52Sio. 4804 11 80/4$,120~~/60,12CB~~~lT rndtiphase N.A. 

solid solution -9.9 $€IO/? 2,1180/72 (in N2) '-' ' LiO. 4 52si0. 4 8'3.52 NO. 32  

*N.A. = Not Available 
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Experimental - A sal-gel procedure utilizing tetraethyl orthosilicate (TEQS) 
and aluminum tri-sec butoxide was used for mullite synthesis in this study. The 
Sol-@ procedure is outlined in the flow chart in Figure 1. 

Dilute TEBS with ethanol and five 
drops nitric acid in a 

I-------- 
___l^____.l 

After 12 minutes of partial hydrolysis, immediately 
add aluminum tri-sec butoxide. Cover jar and shake 

until liquid mixture becomes milky white. 

---------I----- 
Heat covered jar at 55°C for 24 hours. Allow the 

resulting transparent liquid to cool to room temperature. 

A''ovv I Uncover jar and slowly stir until gelation occurs. 
gel to harden in air at room temperature. I 

Grind hardened mixture and then heat treat at 658°C for 
1.2 hours to hydro-aluminosiliGate powder. 

Regrind white powder and fire a minimum of 24 hours 
0°C in desired atmosphere. This process results 
in the formation of highly crystalline mullite. 

____ ..__... _..-.. 1. . _..._I_c_ 

specimen bar and sinter under conditions 
identical to those for crystallization conditicsns. 

Figure 1. Sol-gel process tor mullite synthesis. 
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The resulting mullite precursors were fired in oxygen-deficient atmospheres 
generated by CO and CO, mixtures at high temperatures. Crystallization 
conditions for this process in air require a firing temperature of 1400°C and a 
reaction time of about 24 hours. These crystallization conditions were used to 
synthesize a series of mullite samples in atmospheres with oxygen partial 
pressures of 10-” and These atmospheres were also used to 
synthesize another series of saniples fired at 1500°C for 36 hours. The 
selection of oxygen partial pressures was based primarily on the capability to 
maintain consistent CO/CO, mixtures at reaction temperatures of 1 400 and 
1 50OoC. Mullite processing environments are listed in Table 3. 

lo-”’. 

Table 3. CTEa values of mullite samples processed in reducing atmospheres. 

Mean Standard Min. Max. 
CTE CTE Sample Processingb Po2 Temp(’ C)/rime(h) (atm) CTEC Deviation 

K1 -Qd 
K1 -Obd 
K1-1 
K1 -2d 
K1 -2bd 
K1-4 
KB-0 
KB-1 
KB-2 
KB-2Lb 

1400124 
1400/24 
1400/24 
1400124 
1400/24 
1 400124 
1506l36 
1500136 
1500/36 
1500/36 

.21 54.8 1.58 

.21 55.8 1.54 
56.4 1.12 
57.5 0.36 
54.9 2.38 

10-l0 57.4 0.48 
.21 56.4 1.32 
10-l’ 55.6 2.23 

55.9 1.83 
55.3 2.61 

52.0 56.4 
52.3 56.9 
53.2 56.9 
56.7 57.8 
49.8 56.7 
56.6 58.5 
56.3 57.8 
52.0 58.5 
52.3 57.7 
49.8 58.5 

aCTE and Standard Deviation units are x 
bSintering conditions are identical to sample processing conditions except for 
sample K1-4 which was sintered for 72 hours. 

cBased on 10 observations. 
dSarnples previously reported. 

pm/”C. 
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The sample chamber was flushed with the appropriate CO/CO, gas 
mixture for approximately 35 minutes before firing and later allowed to cool to 
room temperature under the same reaction atmosphere. Successfully 
completed samples were then cold-pressed into bars and sintered under 
conditions identical to their respective crystallization conditions. These sintered 
bars were later used to test thermal expansion characteristics. In addition, 
samples from each sol-gel batch were synthesized in normal atmospheric 
conditions (1 408 " C/24h) for comparison to their possible oxygen-deficient 
counterparts. 

Extensive sample characterization was conducted during sample 
development so that possible differences in precursor/sample formation could 
be identified. Differential thermal analysis (DTA) was conducted on samples 
taken from each independent sol-gel batch in the series of mullite samples fired 
at 1400" C for 24h. All DTA runs were conducted from 30°C to 1400 O C at a 
heating rate of 10" C per minute. Following crystallization in oxygen-deficient 
atmospheres, DTA was conducted twice on each sample so that possible re- 
oxidation reactions after heating to 1400°C in air could be identified. In 
addition, sample differences in x-ray diffraction patterns collected from 15 to 70 
degrees 20 were also investigated. 

Finally, repeated dilatometer measurements from 50" C to 1 000' C with a 
heating rate of 10" C per minute were conducted on each samples. Expansion 
testing was conducted 10 times on each sample so that basic statistics could 
be used to test for any significant difference in thermal expansion values. A 
corresponding value for the linear CTE was computed for each run from which 
a sample mean CTE was computed. 

Results and Discwssion - Phase identification was obtained by means of 
X-ray diffraction (XRD) peak analysis. X-ray patterns for all samples fired at 
14QO0C/24h (Series K1) showed the formation of pure, hi hly crystalline mullite 
in all atmospheric conditions tested. X-ray patterns of all samples fired in 
reducing atmospheres showed a positive shift in all 28 values when compared 
to their respective air-fired standards. Average 20 value differences between the 
standard air samples and reduce fired samples ranged from -0.6 to -0.14 
degrees 28. However, because the shifts in ail reflections far a given sample 
are basically the same in magnitude and direction, this shift may be attributed 
to sample processing procedure rather than to the creation of additional 
vacancies in the structure, It is interesting to note that samples x-rayed after 
sintering show a decrease in 28 values toward those found in their respective 
standard. 
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In response to these shifts, phase equilibrium following these processing 
conditions was re-examined. Sample K1-4 was sintered for 72 hours in its 
crystallization atmosphere of 10-l' atm. X-ray peak analysis indicated that 20 
values for K1-4, like other K1 samples fired in reducing atmospheres, shifted 
back toward its air fired standard (Sample K1-0). This similar behavior to 
samples fired for shorter periods reconfirmed probable equilibrium under the 
minimum firing conditions (1 40OoC/24h). The series of samples fired at 
1500" C/36h (Series KB) also showed similar 20 value shifts. These shifts are 
still not understood and would require future study. In addition, all samples 
showed no significant increase in X-ray peak diffuseness which also indicated 
no significant increase in defects, such as vacancies, in the mullite structure. 

DTA examination of the K1 series precursor material following individual 
heat treatments (650°C/l.2h, air) revealed differences only in the extent of 
alcohol removal. These differences can possibly be attributed to small 
differences in the amount of material that underwent heat treatment. Following 
their crystallization in oxygen-deficient atmospheres, DTA runs were conducted 
twice on each K1 sample so that possible re-oxidation reactions after heating 
to 1400°C in air could be identified. Though there were fluctuations in the 
minima of the DTA curves ranging from 790 " C to 976 " C, no correlations could 
be found between DTA curve minima and crystallization atmosphere. DTA runs 
for corresponding K1 standard samples fired in air showed a similar fluctuation 
in DTA curve minima along with no correlation to the sample counterpart fired 
in a reduced atmosphere. DTA was not undertaken for the MB series of 
samples fired at 1 5OO0C/36h in the reducing atmospheres. 

Table 3 includes thermal expansion data for the mullite specimens 
synthesized in reducing atmospheres. A statistical analysis of the data indicated 
that the reducing atmospheres had no effect on the thermal expansion behavior 
of the mullite structure, 

Summary - A simple, reproducible sol-gel method for producing highly 

Highly crystalline mullite samples have been synthesized in normal and 

Attempts to introduce additional vacancies into the mullite structure have 

crystalline mullite has been established. 

reducing atmospheres of 10-l' and 10"' atmospheres. 

been unsuccessful. 
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Silica System 

The chemically stabilized p-cristobalite was modified by various ionic 
substitutions in an attempt to reduce its thermal expansion. Efforts of the 
present studies were concentrated on the substitution of the divalent cation 
which occupies the interstitial site in the p-cristobalite structure. The substitution 
was based on the chemical formula MO*AI,O,exSiO,, where M represents the 
divalent cation. Sol-gel processing was used for all the sample preparations 
since processing techniques to stabilize p-cristobalite by solid state reaction 
were unsuccessful, possibly due to the size effect of the starting oxides. 

Experimental - The starting materials used for sol-gel processing include 
tetraethyl orthosilicate [Si(OC,H,),], aluminum tri-sec butoxide [Al(OC,H,),], 
aluminum nitrate [Al(NO,), .9H,0)], barium acetate [Ba(OH,CO,),), strontium 
chloride [SrC12.6H,0], zinc nitrate [Zn(NQ3),*6H,0)], iron chloride 
[FeCI2*4H,O], copper chloride [CuCI, *2H,O)], nickel nitrate [Ni(NO3),e6H,O], 
lead nitrate [Pb(NB,),], and tin chloride [SnCi, *2H,Q]. Sample compositions 
corresponding to the chemical formula MOO AI,O, exSi0, were prepared. Bath 
[AI(OC,H,),] and [AI(NO3),e9H2O] were used as AI precursors, and M = Ba, 
Sr, Zn, Fe, Cu, Ni, Pb, and Sn. 

The starting materials were weighed and mixed in ethanol followed by the 
addition of deionized water to the solution. The molar ratio of water to the 
framework cations (AI + Si) was kept at 2, 4, and 10 for each composition. 
Hydrolysis and condensation reactions were carried out in both acid and base- 
catalyzed conditions. A gel resulted after the solution was allowed stand at 
ambient temperature for 24 hours. The gel sample was dried at 60 70' C, and 
then gradually heated to 1088" C for 24 hours. 

All samples were characterized by XRD and differential scanning 
calorimetry (DSC). DTA was used to monitor the gel to crystal conversion. 
Samples showing a pure (3-cristobalite phase were pressed into bars and 
sintered for thermal expansion measurements using a dual push rod 
dilatometer. 

Results and Discussion - Phase analyses of the compositions studie 
summarized in Table 4. Although the sample preparation, heat treatment, and 
the precursors of the framework cations were identical to those used previously 
in this study, p-cristobalite was not obtained for most of the compssitisns. p- 
cristabalite with a trace amount of a-cristobalite was found to be present only 
in the samples doped with Sr and Cu. ?he final phases obtained did not 
appear to be influenced by the form of the Al precursor used. 
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Table 4. Summary of the Synthesis Results for MO*AI,O,*xSiO, 
Compounds 

Composition Phase Present 

BaO-Ai20,*30Si0, U-crist,* amorphous 

BaO*AI,O, -4OSi0, a-crist, amorphous 

SrO AI,O, -3OSi0, 

SrO* AI, 0, 40Si0, 

p-crist, a-crist (trace) 

p-crist, u-crist (trace) 

-- 

Zn0*Al2O3-30SiO2 ZnA120,, amorphous 

ZnO*Al,03*40Si02 amorphous, ZnAl,O, (trace) 

NiO AI, 0, 30Si0, 

._I._I 

amorphous, a-crist (trace) 

NiO*A1,0,*40SiO, amorphous, a-crist (trace) 

SnO AI, O,*3OSiO2 SnO,, amorphous 

Sn0*A1,0,~40SiO2 SnO,, amorphous 

PbO Ai, 03-30Si02 m-crist, amorphous 

PbO*AI2O,*40SiQ, a-crist, amorphous 

CuO*AI,O, *3OSiO, p-crist, a-crist (trace) 
.I_ 

Cu0*A1,O,*40SiO2 p-crist, m-crist (trace) 

Fe0*A1,03-30Si0, amorphous, a-crist (trace) 
~~ 

Fe0*AI20,*40Si0, amorphous, a-crist (trace) 

*Crist z cristobaze 
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It was suspected that phase separation may have occurred in the gel, 
resulting in the formation of solute-rich and solvent-rich regions. The presence 
of an amorphous phase and the crystallization of SnO, and ZnAl,O, may be 
attributed to this effect. Therefore, processing of each composition was 
repeated by varying the solution pH from 4 to 8 and the H,Q/(AI + Si) ratio 
from 2 to 10. However, the results obtained were unchanged from those shown 
in Table 4 except for the Cu-doped samples. When the H,O/(AI -t Si) ratio was 
increased to 10 and the pH value was adjusted to 8 prior to the hydrolysis 
reactions, both the Cu0*A1,O3.30SiQ, and CuO*A120,*40Si0, compositions 
showed a pure P-cristobalite phase and or-cristobalite was not detected. 

Based on the preliminary results, the CuO*Al,O,*xSiQ, series of 
compositions was further studied by extending x from 20 to 60 and following 
the preparation procedure described above. After drying at 70°C for 2 days, 
the gel behavior upon heating was characterized by DTA as shown in Figure 
2. The weak endothermic peak is attributed to desorption of physically 
adsorbed water. The exothermic peak corresponds to the combustion of 
carbon. 

O-Al,0,-60Si02 - 

L - A  U ....... 1 . L  ...... J . . d - l I  
40 130 220 310 400 490 580 670 760 850 940 

TEMPERATURE ("C) 

Figure 2. DTR curves o f  dried gel heated a t  10°C/min 
from t h e  CuO. A1 203 xSi O2 composi t i  on.  
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XRD results of the reacted samples are shown in both Figure 3 and Table 
Pure p-cristobalite phase with good crystallinity was observed for the 5. 

CuO*AI,O,*xSiO, series of cornpositions except for CuO*AI,O, *2OSiO,. A 
trace amount of a second phase was precipitated from the Cu0*A120,*20Si0, 
composition as a result of the high (CuO + Al2O3) concentration. 

I A . - . _ I _ _ _ L  I _I-. 1 _J 
40 35 30 25 20 

28 (degrees) 

F i g u r e  3 .  X R D  p a t i e r n s  o f  CuO*A1203.xSi02 composi t ions f i r e d  
a t  1000 C. 

Table 5. Phase Analyses and CTE of the Cu0-AI,0,*xSiQ2 Compositions 
I 

CTE 
30- 1 000 ' C 

Composition Phase Present o l ( x ~  o-~/"c) 

Cab- AI, 0, -2OSi0, p-crist, unknown (trace) 81 
- 

CuO-AI,O 30Si0, (3-crist 75 

Cu0-A1,03 *4QSiO, p-crist 79 

CuO-AI,O, -5OSi0, p-crist 77 

..- 

CuO- AI,O, 6OSi0, p-crist 78 
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Zircon (NZP) Systems 

As previously reported, two compositions have been identified that have 
nearly zero linear thermal expansion up ta 1200°C and also possess low 
expansion anisotropy: Rb,- ,Cs, ,Zr2(PO4), and Ca, ,Mg,. 5Zr4(P04)6. 
During this reporting period, work has focused on further characterization of 
these two compositions. The heat treatments of the compositions have not 
been optimized. 

Bulk Density and Porosity - The percent theoretical density (TD) for both 
compounds exceeded 94% a5 shown in Table 6, and is in close agreement 
with values reported (92-99%) in the literature.’ Open porosities were 
measured as 4.5% and 3.4% for Ca, . ?Mg,. ,Zr,(PO,), and 
Rb, . ,Cs0 5Zr2(P04)3, respectively. Sample shrinkage was larger in 
Rb, ,Cs,. 5Zr2(P04)3 (1 2.5%) than in Ca,, ,My,. ,Zr,(PQ,), (1 8.6%). 
Meanwhile, tnore water was absorbed in Ca,. ,Mg,. 5Zr4(P04)6 (1.41 96) than 
in Rb,~,Cs,~,Zr,(PO,), (1.03%). 

Table 6. Shrinkage, density, and porosity of bulk samples 
,MgO 5Zr4(P04), and RbO .- t jcSO 5zr2(p04)3* 

BUik Open Water 
Shrinkage Density Porosity Absorption 

Compourjd !“A) ... (glcrn ) %TD !“/.\I (99) __-._I_. _-. 

Thermal Shock Resistance - Thermal shock resistance of the sintered bars 
was measured using the water quench method which involves the maximum 
quench temperature difference (ATm) without observable cracking and the 
number of repeated quenchings from 1200°C. As shown in Table 7, the 
maximum quench temperature difference was 1475°C for the compound 
Ca,. ,Mg,. 5Zr4(P04)6; however, the compound Rb, 5Cso 5Zr2 resisted 
fracture up to 1625°C. The sample Ca,~,Mg,~,Zr,(PO,), cracked after 6 
repeated quenches, while the specimen Rb, 5Cso. ,Zr,(PO,), withstood 20 
thermal cycles. 
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Modulus of Rupture, fractography, and Microstructure - MOR data were 
obtained from %point and 4-point bending tests, and their average values are 
surnmarized in Table 8. Average MOR values of Rb,. sCso. 5Zr2(PQQ)3 (49.1 4 
and 52.71 MPa from 4-point and 3-point, respectively) were over twice those of 

tests, respectively). 
(P0J6 (21 -48 and 23.13 MPa from 4-point and 3-point ben 

Table 7. Thermal shock r e s i s t ance  o f  Ca0.5Mg0.5Zr4(P04)6 and 

Rb0.5Cs0.5Zr2(P04)3* 

A1 lowable Repeated guenches 
Compo u n d A T c ( O C )  with A T  = 1200 C 

-__._I ___ * 
No cracking observed up t o  maximum temperature difference 
o f  1625 C used i n  the experiments. 

No cracking observed a f t e r  20 repeated quenches. 
** 

Table 8.  MOR da ta  f o r  Ca0.5Mg0.5Zr4( P04)6 and Rb0.5Cs0.5Zr2( P04)3. 

Ca0.5Mg0.5 Zr 4 (PO4I6 

Sample 3-point 4-point 

(ma) (ma.) 

1 26.44 18.70 

2 2a.12 23.46 

3 20.46 20.67 

4 24.03 21.26 

5 24.59 23.33 

II 

Average 23.13 21.48 

ScSO. 5% ( ''4 3 

1 50.52 46.67 

2 52 -25  46.59 

3 54.57 53.71 

4 50.06 47.57 

5 56.16 51.18 

Average 52.71 49.14 
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Fractography of the two specimens was investigated by scanning electron 
microscopy (SEMI. The fractography of Rb, . ,Cs0. ,Zr2 (P0J3 at low 
magnification shows a relatively rough fracture surface. The overall fracture 
surfaces for Ca,. ,Mg,. ,Zr,(PQJ6 are relatively smooth compared with that of 
Rb,. 5Cso 5Zr2(P04)3. At higher magnification prominent fracture features are 
evident which show that Rb,. 5Cso. 5Zr2(P04)3 had a transgranular fracture path 
and hackle-type ridges, whereas Ca, ,Mg,. ,Zr (P0J6 is characterized by 
more intergranular fracture paths and rib-marks! SEM examination of the 
microstructure of the compounds revealed that the grains in the 
Rb,. ,Cs,. 5Zr2(P04)3 sample are finer and more spherical than those in the 
Ca,. 5Mgo.5Zr4(P04)6 specimen. 

Long Term Thermal Stability - Phase stability of the compounds was 
examined using DTA. Both specimens exhibited phase stability up to 1500°C. 
Long-term thermal stability was then investigated by holding the samples at 
1400 O C for 96h. No changes were detected in Ca, ,Mg,. 5Zr4(P04)6, but XRD 
phase identification results revealed the presence of ZrO,, Rb,O, and Cs,O in 
compound Rb,. 5Cso. ,Zr,(PO,), following thermal exposure. This instability is 
likely due to the decomposition of P,Q,. 

Reproducibility of low expansion samples of Ca,. ,Mg, 5Zr,(PQ,), - Table 
9 summarizes the results of statistical analyses of thermal expansion data for 
multiple samples of @a,. ,Mg,. 5Zr4(P04)6. The mean CY value from 10 lots was 
calculated as -5~10-~ / "C ,  while the average value from 10 replicate tests was 
-4.5~1 K7/" C. 

Table 9 .  S t a t i s t i c a l  a n a l y s i s  o f  thermal expansion da ta  f o r  
CaOa5MgO. 5Zr4( P04)6 sarnpl es. 

Lot - to -1  o t  Rwl i  c a t e  Test 
V a r i a b i l i t y  -~ S t a t i s t i c a l  __-____ Value 

_I Variabi __ - __ 1 i t y  

-7 0 -4.5 x 10 / c 
-7 0 

- 7  0 Average Value (x) -5.0 x 10 / c 

Standard  E r r o r  (s/m 0.228 x l O m 7 / O C  0.74 ~ o - ~ / O C  

S tandard  Deviat ion ( 5 )  0.72 x 10-7/oC 1.78 x 10 / C 

C o e f f i c i e n t  o f  Var ia t ion  (s/K) -0.144 -0.557 
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Even though average values from two different analyses showed similar (Y 

values, differing by lo%, the differences in standard deviation and in coefficient 
of variation were 60% and 80%, respectively. Standard deviation for the lot-to- 
lot variability (0.72~1 V 7 / 0  C) was much smaller than that for the replicate test 
Variability (1.78~1 W7/0 C). In addition, the coefficient of variation for the lot-to- 
lot variability (-0.1 44) was closer to zero than that for the replicate test variability 
(-0.557). A t-value and an F-value4 calculated from the observed values for the 
lot-to-lot variability and the replicate test variability were -3.69 and 0.027, 
respectively. 

Summary of Present Results - All of the compounds considered in this 
study were synthesized by solid-state reaction. P,O, was used directly to make 
NZP cornpounds, with acetone serving as a mineralizer as well as an aid to 
homogenize mixtures. Heat treatments were conducted at 1 1 00 O C for 24h and 
at 1300" C for 4h, followed by furnace cooling to room temperature. Linear 
thermal expansion was measured up to 1000 C, while axial thermal expansion 
was measured up to 1 400 O C. Experimental results for unoptimized samples are 
shown in Table 10. 

Table 10. Summary o f  p r o p e r t i e s  o f  Ca0.5Mg0.5Zr4(P04)6and Rb0.5CaD.5Zr2(P04)3. 

3 
Density (g/crn ) 
% Shrinkage 

5: Theore t i ca l  d e n s i t y  

% Open po ros i ty  

% Water abso rp t ion  

Thermal shock r e s i s t a n c e :  

Max. temp. d i f f e r e n c e  (OC) 

Allowable repe8ted  quenches 
w i t h  A T  = 1200 C 

Modulus o f  rupture (MPa):  
3-poin t  bending 

4-poi n t  bending 

Fractography 

Long-term thermal a t a b i l i  t y  
a f t e r  96 h a t  1400 C 

r l i c ros t ruc tu re  

3.101 

10.6 

94.1 

4.5 

1.41 

1475 

5 times 

23.13 

21 .m 

Trans g ra  n u 1 a r ; 
r e l a t i v e l y  rough; 
hackle-type mark. 

S t a b l e  structure. 

Coarse,  non- 
sphe r i ca l  g r a i n s .  

3.203 

12.5 

95.9 

3 . 4  

1.03  

>1625 

>20 t ines 

52.71 

49.14 

I n t e r g r a n u l a r ;  
r e l a t i v e l y  smooth; 
r i b  mark. 

Decomposed t o  raw 
n a  teri  a 1 s . 
Fine, s p h e r i c a l  
g ra ins .  
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Discussion 

In view of the fact that the program to survey the NZP class of 
compositions has been underway for nearly three years and is nearing 
completion, it is felt appropriate to discuss the overall results at this time. 

Most of the conventional low thermal expansion materials have some 
deficiencies which limit their use and appli~ation.~ Lithium-alumino-silicate (MS) 
has a limited range of use, owing to its low melting temperat~re.~,~ In the 
case of aluminum titanate, it exhibits structural instability (decomposition into 
rutile and corundum) below 1300" C.* Vitreous silica goes through devitrification 
when held at higher temperatures, resulting in cristobalite f~rrnation.~ Recent 
work has identified NaZr,(PO,), (NZP) and its crystal structural analogs as a 
family of materials with a potential for low thermal expansion. 

The purpose of this study was to synthesize new, low thermal expansion 
materials based on the NZP-type structure. The study has screened a large 
number of NZP compositions and recently focused on two compounds, 

1 0 , l l  

Ca, *Mg ,Zr,(PO,), and RbOe5Cs 5Zr2(P04)3, with the linear OL values of - 
5x1 d / O (!?'and -03x1 0-7/ O C, respeckvely . 

Ternary compounds - Among twenty-five different ternary compounds 
synthesized with Na' substitutions by cations with + I  to +5 electron valences, 
only one compound showed a monoclinic structure at room temperature. 
Except for LiZr,(PO,),, all other systems were isostructural with NaZr,(PO,),, 
which has an R3C (hexagonal) structure.12 The compounds showing an NZP 
structure at room temperature but structural instability at elevated temperatures 
included systems substituted by transition elements with electron valences of +2 
(Mn, Ni, Cu, and Zn), + 3 (Y, La, AI, and Cr), +4 (Ti, Zr, Hf, Si, and Ce), and 
+5 (V, Nb, and Ta) electron valences, as well as by Mg (from alkaline-earth 
group) with a very small radius of 0.74i. The structural instability was 
confirmed by high temperature XRD analyses and linear thermal expansion 
behavior. 

All systems with structural instabilities exhibited a diffraction intensity 
change during high temperature XRD analysis, which can be associated with 
the texturingx3 or order-disorder transition. l4 One example showing a phase 
instability at a high temperature, the MnZr,(PO,), system, is shown in Figures 
5 and 6 and given in Tables 11 and 12, in comparison with the RbZr,(PO,), 
compound which is considered to be stable. 
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F i g u r e  5 .  D i f f r a c t i o n  patterns o f  RbZr2(P04)3 a t  room 

temperature (R.T.) and 14QQ°C. 
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CPS 
900 

600. 

(@.at R.T. 

’ 

300 

18 23 28 33 

Figure 6 .  D i f f r a c t i o n  p a t t e r n s  o f  MnZr4(P04)6 a t  room 

tempera ture  (R.T.) and 14OO0C. 
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Temp 8 r D. tu  r e., 

('e) 

Table 11. Comparison o f  diffraction intensities of 
RbZr2(P0 ) 3  f o r  the selected planes at R.T. 
and 1400 C .  8 

(110) (111) (112) (113) (114) (024) (116) (212) (300) 

Diffraction Intensity[CPH(counts p e r  minute ) ]  

1408 I 39399. 25100 7685 9091 45922 12988 

Table 12. Comparison of diffraction intensities of 
MnZr4(P0 ) 6  for the selected planes at R.T. 
and 1400 C, 8 

_I 

Di f f rac t ion Int ensi tyr( CPW 

- 35021 - 29723 11544 25117 23116 

9665 7836 8302 9747 10487 15551 6004 - 7476 



160 

Figures 5 and 6 show the diffraction peaks of RbZr,(PO,), and 
MnZr,(PO,), at room temperature and 1400" C, respectively. Diffraction 
patterns of RbZrJPO,), at room temperature exhibited the five major peaks of 
(110), (113), (024), (116), and (300); however, at 14OO"C, an additional 
diffraction peak (205) was observed along with the diffraction peaks observed 
at room temperature. Although the diffraction peaks observed at room 
temperature were reduced in intensity at 1 400 " C, their relative intensities were 
approximately equal. Detailed comparisons of the diffraction intensities for the 
five major peaks are summarized in Table 11. 

Five major peaks and (212) with strong intensity were observed for 
MnZr,(PO,), at room temperature. At 1 4OO"C, the diffraction intensities of the 
peaks were lowered significantly, and relative intensity ratios changed. 
Furthermore, many other peaks appeared, including (1 1 l ) ,  (1 12), (1 14), while 
the (21 2) peak disappeared. Detailed diffraction intensities are compared in 
Table 12. 

The RgC structure, reviewed in Appendix 1, shows that there exist six 
general positions: 6(a) and (b), 12(c), 18(d) and (e), and 36(f). It is known that 
NaZr,(PO,), occupies 12(c), 18(e), 6(b), and 36(f) in the unit ce11,15 leaving the 
two other general positions as vacancies. Other studies16-19 show extra Na 
cations occupying the site of MI, (shown in Figure 7), which corresponds to 
the position of 1 8(e).,' 

Figure 7. Schematic of alkal i  s i t e s  in NaZr2(P04)3-type 

structures (taken from ref.  1 1 ) .  
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Elements Ionic 

with +3 Radii 

valance (is) 

Elements substituted by +2, +3, or 4-4 create vacancies of one-half, one- 
third, or one-quarter of the Na ion positions, respectively. Also, for the systems 
with +5 cation valence, elements with +5 valence substitute for Zr*' randomly 
and create vacancies in place of Na ions. The complex and open structure of 

might make it possible to locate elements with 4-2 or more valence in the 
MI, or other positions instead of the Na position 6(b). This explanation may 
clarify the change in diffraction intensity swing to the atomic movement 
observed in some sf the systems substituted with transition elements with +2 
valence, elements with +3, +4, +5 valence, and Mg. 

Ionic radii for the elements selected in this study to replace Na are 
summarized in Table 13; the values are based on a coordination number of 6. 

Elements Ion ic  Elements Ionic 

w i t h  +4 Radii with +S Radii 

va lence  (AI  valence  ( I )  

Table 13. Ionic radii of elements selected t o  modify t h e  
NZP-type st ructure  (summarized from ref. 37). 

Elements Ionic  

w i t h  1.1 Radi i  

va lence  ( 8 )  

Li 0.68 

Na 0 . 9 8  

K 1.33 

Rb 1 . 4 9  

CS 1.65 

Elements Ionic 

with +2 R a d i i  

va lence  (A> 

_I_ 

Me: 0.74 

Ca 1.04  

Sr 1 . 2 0  

Ba 1.20 

Mu 0.91 

Ni 0.74 

cu 0.80 

Zn 0 .83  

Y 0.97 

Ln 1 .04  

A1 0.57 

C r  0 .64  

L 

Ti  0 .64  V 0.4 

Zr 0.82  M, 0.66 

Hf 0 .82  Ta 0.66 

Si 0.39 

Ce 0.88  
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Finally, it can be said that the range of possible ionic substitutions for Na 
in ternary NZP-type compounds includes selected elements of valences +1 to 
+5. However, with the exception of Ca (1.04i) only seven elements having 
ionic radii greater than 0.9& formed the stable structure without changing its 
skeletal framework and the atomic positions. 

Quarternary and quinternary compounds - Based on results of the present 
study of the basic ternary systems, seven stable ternary compounds (modified 
by Na,K,Rb,Cs,Ca,Sr,Ba) were selected for substitutional solid solution studies 
using alkali and alkaline earth elements in quarternary systems. Several 
combinations of Ca-Mg-Na were selected for quinternary compound formation, 
From the experimental results of the solid solubility for the quarternary and 
quinternary systems to modify the NZP-type structure, the following results are 
summarized and tabulated in Table 14. 

Table 14. Systems showing s o l i d  solubility among q u a r t e r n a r y  
and q u i n t e r n a r y  compounds cons idered .  

____ _ _  

Ionic S i z e  Ionic Size 

8ys tern Di f E erenc e System Dif fsreace 

of olements of elements 

subs  t i tu tsd substituted 

RbO. 5 ' 0 .  5Zr2(P04) 3 

RbO. 25''O. 7SZr2 "O4'3 

Bb0.SCsQ.5Zr2(P04)3 

Rb0.75ca0.2Szr2'2("4)3 

N'0.25K0.75Zr2(P04)3 

NaO. 5'0. SZr2(m4)3 

Na0.75K0.25Zr2(P04)3 

C. 0.2 Stfa0. SZr2 3 

0. 12SNL0. 75Zr2(m4' 3 C. 

"0. 37sN'0.2SZr2("4)3 

BaO. 2SNa0. 5zr2(p04)3 

10.7% 

9.7% 

9.7% 

9.75 

26.3% 

26.3% 

26.3% 

5.- 

5.8% 

5.- 

29.01 

BaQ.Z5K0.5Zr2(P04)3 

SrO .2SNa0. 5Zr2(P04)3 

" 0  ,25Ca0.2SZr2(P04) 3 

nB0.125C'0. 3 75 '4 ( p'4 3 

'Ig 0.2 5 '0. 25Zr2 ( "4 3 

'' 0.25 2 5 Zr2 ( "4 ) 3 

Ca0.25SrQ.25Zr2(*4)3 

"0.25 25"2( "4' 3 

0.25 '=O .2SZr2 ( "4 3 Ba 

(1/ 16Cal/ 16Mg3/4Na). 

Zr2 ( PO4 ) 

3.6% 

18.3% 

28.8% 

2a.m 

38.3% 

46.4% 

13.3% 

24.6% 

13 .m 

28.8% 
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The systems with substitutions of combined alkali-alkali elements Rb-@s 
and Na-K showed complete solubility, exhibiting ionic sire differences of 9.7% 
and 26.3%, respectively. In systems with substitutions of combined Rb-K, only 
one combination of 1 /2Rb-l/2K exhibited solubility, even though the ionic size 
difference (10.7%) was smaller than that of Na-K (26.3%). 

Among the systems substituted with one-half mole of an alkali element and 
one-quarter mole of an alkaline earth element, the combinations of large alkaline 
earth elements and small alkali elements showed complete solubility. Other 
mole combinations of 1 /86a-3/4Na and 3/8Ca-l/4Na also supported the 
solubility trend observed in this finding. 

Combinations of alkaline earth and other alkaline earth elements with one- 
quarter mole for each component showed solid solubility irrespective of ionic 
size difference, the largest difference being 46.4% (Mg-Ba). Meanwhile, the 
3/8Ca-l/8Mg cornbination showed solubility, but 1 /8Ca-3/8Mg was not 
completely soluble, This might be ex lained from the instability of the ternary 
compound MgZr,(PQ,) because the combination of a higher concentration of 
Mg compared with the concentration of Ca showed a separation into two 
phases. 

Na,O-ZrO,-P,O,. Two phases were obtained for the system with a higher mole 
Mg(l/8Mg,3/16Mg), whereas the  system with the smallest amount of 

g> showed complete solubility. 
Systems showing a single phase had extra diffraction peaks which might 

be coming from the ordering behavior. A relationship has already been 
developed between the static concentration waves generating the atomic 
distribution in an ordered phase and the X-ray diffraction pattern, showing more 
diffraction peaks due to superlattice Therefore, it can be said that 
the trend approaching a solid solution in the NZP-type quarternary and 
quinternary systems is related to the ionic size difference as well as to the 
tendency to make a more ordered structure. 

That result also can be extended to the quinternary system of CaQ-Mg 

Effect of substitution on lattice parameters - Lattice parameter 
measurements have been made for the selected systems using XRD with the 
maximum accuracy of 0.0005nm at room temperature. Lattice parameters for 
the systems considered and ionic size of the elements selected to substitute for 
the Na cation in the NZP-type structure are presented in Table 15. 
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Table 15. L a t t i c e  parameters and i o n i c  r a d i i  o f  
t h e  systems considered. 

Sgs t em Lattice Parametets(i at B.T.) Ionic Radius of 

a-axis c-ax i I El emcn ts Subs ti tutcd(k 

8.65 

8.58 

8.90 

8.78 

8.59 

8.88 

8.42 

8.29 

8.25 

8.31 

8.25 

8.39 

8.62 

8.79 

8.79 

24.43 

24.96 

21.84 

22.69 

23.89 

21.81 

23.15 

24.75 

23 92 

24.75 

23.92 

23.85 

24.69 

22.65 

22 64 

1.49 

1.65 

0.74 

1.04 

1.38 

0.91 

0.74 

0.97 

0.66 

0.88 

0.66 

0.66 

1.49(Rb) 6 1.65(Cs) 

0.74(Mg) 1.04(Ca) 

0.74 (Mg) 

6 1.04(Ca) 
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11,22 it Even though Na' is not included in its structure along the a-axis, 
is well documented that the change in the lattice parameters occurring upon 
replacement of cations for Na occurs in the a-axis as well as in the c-axis, 
experimentally.22-26 In addition, the general trend observed in alkali element- 
modified systems is that the structure expands in the c-direction but contracts 
in the a-direction with the substitution of large cations.26 

In alkali (Rb,Cs) and alkaline earth (Mg,Ca,Ba)-modified systems, the larger 
the cation substituted, the larger the c-axis but the smaller the a-axis. For the 
systems substituted with transition elements (Mn, Ni), the trend is opposite that 
of alkali and alkaline earth-modified systems, Le., the larger the cation, the 
smaller the e-axis but the larger the a-axis. In systems substituted with 
elements with +4 electron valence (Ti,Ce), the large cation substitution 
appeared to contribute to increases of both the a- and c-axes. The systems 
substituted with Nb and Ta (same ionic size and 4-5 electron valence) showed 
slight differences in the lattice parameters of the a- and c-axes. 

Ternary compounds RbZr, (P0J3 and CsZr,(PO,), had lattice parameters 
and 8.58i for the a-axis, and 24.43A and 24,9& for the c-axis, 

respectively. Meanwhile, the lattice parameters of Rho. 5Cso. ,Zr,(PO,), were 
calculated as .62 i  and 24.69A for the a- and c-axes, respectively. Lattice 
parameters for the Ca-Mg modified quarternary compounds likewise fell within 
the values of their respective ternary compounds. 

Figure 8 shows a plot of the? c-axis lattice parameters versus the a-axis 
lattice pararnelers for the ternary systems considered. The dotted zone 
represents the systems having the  phase and structure stabilities 
discussed. Additionally, the lattice parameters for NaZr, (PO,) 3, K 
and SrB4(POJ6, kn wn to be stable phases and cited in other vvo 
are presented in Figure 8 and summarized in Table 16 with other data. The 
lattice parameters of systems showing phase stability in the NZP-type ternary 
compounds range from 8.5$i ta $.$& for the a-axis, and from 22.69i to 
24.96i for the c-axis. 
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24 

n 
u -23-  
ea 
X 
c\l 
I 
0 

.- 

22 

n -  

Ce 
- 

= 

- 

* a  .A" 

8.0 8.2 8.4 8.6 11.8 9.0 

Nb 

N'i 

FSgure 8. P l o t  of la t t ice  parameters c versus a for MZr (PO 1 : 
where M = Na, K, Rb, Cs, 0.5 Mg, 0.5 Cay 0.5 Sr, 3rd 
0.5 Ba [KZr ( P O  ) 3  taken from ref. 24; NaZr ( P O 4 I 3  taken 
from ref. 23; a8d SrZr4(P04)6 taken from ref 27.J 
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Table 16 .  L a t t i c e  parameters for  the systems showing phase 
s t a b i  1 i t y  i n  the  NZP-type ternary compounds. 

System Lattice Parametert(A a t  B.T.) Ionic Rndirnr of 
* a-ax i o c-exi s Elements snbst i tnted ( A )  

?4 8.80 22.76 0.98 

* Q  8 . 9 3  2 3 . 8 9  1.33 

NaZ;r2 ( PO4 1 

KZrZ ( m4 

1.49 RbZr2(P04)j 8 . 5 5  24.43 

1.04 8-78 22.69 

-....- 

*From ref .  2 2  
**From r e f .  24 

+From ref.  27 
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The results of this study correlate well with other reported data in showing 
a decrease of the a-axis and an increase of the c-axis with large cation 
substitutions. Also the lattice parameter of the c-axis including octahedra, 
consisting of substitution elements and oxygen, was found to be dependent on 
the ionic size of substituted elements irrespective of the electron valences of + 1 
and +2. Vacancies formed by the substitution of elements with +2 electron 
valence did not greatly affect the lattice parameter of the c-axis. This means 
that Ca,Sr, and Ba atoms easily replaced half of the positions of the Na cation 
in the NZP structure without changing its skeletal framework, thereby 
maintaining equilibrium. 

Thermal expansion behavior 

Linear thermal expansion behavior of NZP-type compounds - Excluding the 
NZP-type modified systems showing sudden changes in thermal expansion, 
the linear aggregate thermal expansion behavior investigated in this study can 
be classified into three categories: negative, positive, and transition (from 
negative to positive). The substitutional elements are categorized accordingly 
in Table 17. 

Most of the substitutional elements tended to promote positive thermal 
expansion. However, elements such as Li, Na, K, and Ca tended to contract 
their sintered bodies, and combinations of elements including Na,K, or Ca also 
resulted in negative linear expansion. Two exceptions were combinations of 
1 /4Ca-l/4Ba and 1 /4Ca-I/4Sr which promoted positive behavior, probably due 
to the effects of Ba and Sr. Other exceptions were systems with combined Ca- 
Mg (1 /4Ca-1/4Mg and 3/8Ca-1/8Mg) which exhibited a transition from negative 
to positive at around 600°C. 

Substitutions of Rb, Cs, or combinations of Rb and Cs which led to low 
linear CY values also resulted in a transition from negative to positive at around 
500°C. Moreover, the transition elements of Ni and Zn, showing low linear 
aggregate CY values of 10x1 0-7/" C and 5x1 O W 7 / O  C, respectively, exhibited the 
transition at about 588°C. 

The expansion of a three-dimensional framework can be considered the 
sum of a band-length expansion and a tilting The apparent thermal 
expansions of bonds between the individual atoms and oxygen resulted from 
both the stretching of the bond length," which is related to the strength of the 
chemical bond, and the changing of the bond angle with rising temperature. 
The apparent thermal expansion coefficients for several metal-oxygen bonds 
were empirically determined by Hazen et Tilting of polyhedra is restricted 



169 

Table 17 .  E f f e c t  o f  substitution elements on thermal 
expansion. 

- 
Linear  CTE Behavior Substitution Elements 

-- 
ti, Na. K, 1/2Ca. (1/2K-I/2Xb), (1/2K-I/4Ba1, 

Negative (1/2N.-1/4BaS, (1 /2Na-I /4Cd,  (1/8Ca-3/4Na), 

( 3 1  8C1-1/4Na) , (11 8Na-1/ 16C~-l/16Mg) 

_I 

Rb, CS, (1/4Bb-3/4C~), (1/2Rb-1/2C.j). 

Traasi ti on (4 /4Bb- l /4Cs) ,  1/2Ni, 1/22n, ( l /$Ca- l /4Mg) ,  

( 3 1  BCa-11 BYg 1 
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to the direction of  channel^.^' The more restricted the tilt is in the direction 
of the channel, the lower the thermal expansion. 

Correlation between linear CY and axial CY - The axial 01 data and linear CY 

values up to 1000°C are summarized in Table 18, and the ratios of axial CY 

values along a- and c-axes are also included. Except for the NbZr(PO,), and 
TaZr(PO,), systems, the c-axis expanded with increasing temperature while the 
a-axis contracted. As reviewed earlier," 31 32 the positive thermal expansion 
of the c-axis strains the PO, tetrahedra bridge linking the 03Zr0,M03Zr03 
groups (where M represents the substituted cation) in the direction of the c- 
axis, so that the 0-P-0 bond angles spread in the direction of the c-axis. 
Consequently, the PO, tetrahedra contracted in the direction normal to this 
spreading, and the aa actually became negative, which affected the expansion 
of the c-axis. 

Systems substituted by the Rb and Cs having very low anisotropy showed 
good agreement between calculated average CY from axial CY values and linear 
measured a, considering the experimental error and the accuracy of the 
equation (a1 = 2/&, + l/&c) for the hexagonal system.23 

Systems classified as having phase instability] Le., MgZr,(PO,),, 
YZr,(PO,),, TiZr,(P04)12, and CeZr,(PO,),,, exhibited large differences (up to 
29x1 0-7/" C) between the calculated and measured linear a. Evidently, the 
inconsistency of these data is a result of the atomic movement due to phase 
instability and the effect of ZnO added to aid sintering. The powders examined 
by high temperature XRD did not include the zinc oxide sintering aid. 

However, in systems of MnZr,(PO,), and NiZr4(P04)6, also confirmed as 
having an unstable phase, a relatively good correlation was obtained for the 
relationship between the calculated linear CY and the measured linear a. Axial 
thermal expansion measurements revealed phase instabilities in these systems 
above 1000" C. 

System BaZr,(PO,),, showing the largest anisotropy [Aa(ac - a,) = 
346x1 0-7/0 C] and the largest anisotropy ratio (4.1 6), exhibited a large decrease 
in measured linear thermal expansion compared with that calculated. This may 
be attributed to the lowering of the thermal expansion due to the microcracking, 
which can result from the large thermal expansion anisotropy verified in the 

The linear thermal expansion of the CaZr,(PO,), system was measured 
as -1 8x1 0-7/0 C, reflecting a large decrease compared to the calculated linear 
thermal expansion. The only differences between the two different 
polycrystalline bodies of the measured axial 01 and the linear CY are the addition 

literature both the ore tic all^^^-^^ and experimentally. 36-39 
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Table 18. A x i a l  and linear CTE values f o r  selected 
systems w i t h  low thermal expansion. 

k i n 1  CTE Calculated Measured 

2 

2 

5 

1 

45 

3 

18 

a 

-9 

-4 

-4/1.0 

1 3 / 1  

-0-3 

-4/ 6 

-4/18 

2 

5 

16 

-1 8 

I5 

7 

1 0  

14 

20 

11 

4 

11 

-0.3 

-5 

-10 

-~ 

2.54) 

2 . 5 6  

2 .64  

2 .08  

4.16 

2.20 

2.46 

2.30 

1 - 1 3  

1 . 6 3  

2.54/3.16 

0.92 i2 .23  

1.91 

1 . 6 9 1 3 . 3 6  

1 e 7213.72 
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of ZnO and the sintering time applied. To explain this particular behavior, a 
close examination of crystallinity was done and will be presented in the 
subsequent section. 

The systems substituted by +5 electron valence, i.e. NbZr(PO,), and 
TaZr(PO,),, showed fairly good agreement between the calculated and 
measured linear 01 up to 1 OOOOC, even though their axial thermal expansion 
behavior exhibited a transition characteristic at 6QQo C. Their axial thermal 
expansion behavior might be explained by an order-disorder transition. 

Effect of crystallinity om thermal expansion - Table 19 lists the measured 
linear (X values for the sintered bars with ZnO and without ZnO, as well as the 
calculated linear thermal expansion values. The zinc oxide used to promote the 
sinterability, which is based on an ionic exchange mechanism2 due to the 
similar ionic radii of Zn+2 (0.83ii) and Z1-"*(0.82.4,~ significantly affected the 
thermal expansion of CaZr4(P0J6. The linear a! for the sintered bar without 
ZnO was much closer to the calculated value. In addition, the difference 
between the linear CY without ZnO ( -4~10-~/"C)  and the calculated linear 01 

(1 x i  0-7/0 C) is considered within the allowable range of experimental error. 

Table 19. Measured and calculated linear CTE values for the CaZr,(PO,), 
system 

Linear CTE With ZnO 

(xi o-~/ o c) Without ZnO 

-1 8 

-4 

Calculated Linear CTE (from Table 18) 1 

The intensity of the peak/background for the sintered powders with/without 
ZnO are compared in Table 20, and X-ray diffraction patterns are shown in 
Figure 9. Five major peaks with over 1000 counts per seconds (CPS) and one 
minor peak were selected to compare the diffracted intensity ratio of the 
peak/background: (1 04), (1 lo), (1 13), (024), (1 16) for the major peaks, and 
(015) for the minor peak. The relative ratios of intensity for the powder with 
ZnO to that for the powder without ZnO for the major peaks ranged from 0.858 
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Table 20. I n t e n s i t y  r a t i o s  o f  peak/background f o r  the sintered 
CaZr4( P04)6 w i  th/wi t h o u t  ZnO. 

Peak/ Background 

(104) (110) 

.036 2.743 3.173 

Without ZnO 2.120 -2.320 1.234 2.657 2.401 2.757 

c PS 
1600 

fa00 

BOO 

400 

18 

Figure 9 .  XRD patterns f o r  the sintered CaZr4(P04)6 without  ZnO ( a ) ,  
w i t h  ZnO (b)  . 
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[for the (1 10) plane] to 0.876 [for the (1 04) and (824) planes], with the avera 
relative ratio being 0.871 , representing a decrease in crystallinity with the 
addition of ZnO in CaZr,(PO,),. 

In powders without ZnO with better crystallinity, the rninar peaks were 
found to be clearer than powders with ZnO with poorer crystallinity. The 
diffraction intensity of (01 5) for the powders with ZnO was decreased more than 
that of the expected value from the tendency observed in the major peaks; Le., 
a 19.6% decrease compared with the reduction af 12.9% in the major peaks. 
Even for (202) and (205), which exist in samples without ZnO, diffracted peaks 
are not seen clearly in the powdered samples with ZnQ. 

From the above discussion, the crystallinity may be one of the factors 
affecting thermal expansion behavior, especially when considering complex 
systems like NZP structures. The effect of crystahity on  thermal expansion 
may be extended to explain the difference between linear thermal expansion 
results from this study and those reported by others. 

Some of the materials processed by different methods in other 
studies1' l1 23 41 42 showed large disparity in linear CY values compared to 
materials prepared in this study; however, most of the materials showed good 
agreement, as previously described. KZr,(PO,) is representatively included in 
the category which does not show a good correlation with the data determined 
in this study. Its thermal expansion was reported as 4 ~ 1 0 - ~ / ' C  by Oota et 
al., 11r30 whereas in the present study a linear at value of -22~1O"~/"C was 
determined. The difference in linear (X values may be related to crystallinity, 
which is affected by processing techniques. Therefore, for an application 
requiring a temperature close to 14OO"C, it is recommended that 
Ca, . ,Mg,. ,Zr,(PO,), be used. 
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Appendix 1 
Crystal Structure of NZP Compounds 

From the Weissenberg data,12 the space group of NaZr,(PQ,), was 
3C In the space group R3C (hexagonal axes), the following 

point positions exist: 43 

From the calculation of Patterssm projection, section and electron density 
distributions, the positions of the twelve zirconium, the eighteen phosphorus, 
an3 the six sodium atoms were found to be located in 12(c), 18(eI3 and 6(b) 
in the unit cell. %wenty-two oxygen atoms were confirmed to be gositieansd in 
2x3~i(f) points. TII~ structural data and atomic parameters for N~Z~ , (PCI~ )~  are 
listed in Table 21. 

The crystal structure of NaZr,(PO,), has been described in terms of PO, 
tetrahedra and ZrO, octahedra which are linked at the corners forming a three- 
dimensional network, illustrated in Figure 1 O(a). Each oxygen atom 
simultaneously belongs to a PO, group and to a ZrQ, group. Tile sodium 
atoms are in the  o~fahedra formed by the triangular faces of two Zr06 
octahedra, as illustrated in Figure 1 O(o>. The e3,Zr0,Na0,Zr03 groups formed 
may be considered as major structural units of the atomic arrangement. Such 
groups are mutually linked in the c-direction by PO, tetrahedra in such a way 
that empty trigonal prisms of oxygen atoms are formed, The endless columns 
resulting from this linking are also connected normal to the c.direction by the 
PO, tetrahedra.77 

The group Zr,(PCP,)3- is considered to be a major structural unit in the 
atomic arrangement. Two crystallographically different sites far oxygen atoms, 
which are designated as O(1) and 0(2) ,  exist in the skeletal framework in the 

,), structure. Each PO, tetrahedron is ~ ~ r ~ i p o ~ e d  of two O(1) and 
two O(2) sites, and Na cations are positioned in Na(1) sites surrounded 
octahedrally by only O(2) atoms. In NaZr,(PO,),, there is a Na(2) site in 
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addition to a Na(1) site in the interstitial space which can accommodate extra 
Na+.I8 

Table 21. Structural and atomic d a t a  o f  NaZr2(P04)3 com- 
piled from ref. 17 and 22. 

8 )  

Space Groap: n f C  

Unit C a l l  Dimensions: a= 8.8413 f 2 i  

e= 22.758s t 9; 

V= 1517.7 i3 

Cell Constant: 6Na in 6(b):  ( 0 .  0. 0; 0, 0, 111) 

&to, 0,  r; 0 .  0 .  1/2+z)  

k(x, 0 ,  114; 0 .  I, 114; E, f. 114) 

in 2X36(f): * (x,  y ,  2; 5, x-y, r ;  y x ,  

IZ+r; x, 1-7, l / l + z ;  y-x, y ,  l / l + z )  

Atom X Y t 

N8 0 0 0 

zr 0 0 0.14568 

(0.14568*1) 

P 0.2916 0 114 

(0.2909i6.6) 

O ( 1 )  0.1841 -0.0161 0.1956 

( 0.18601tlS) (-0 .Ol44f15 1 (0.1949iS 1 

O(2) 0.1911 0.1675 0.0876 

( 0.1913+15) (0 .1683 i l5 )  ( 0.086 6 i.5 1 
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Figure 10. Schematic draw-lng showing the s t ructure  
o f  NaZr2( P04)3 ( t a k e n  from ref.  2 2 ) .  
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Status o f  milestones 

Status of milestones is presented in Table 22 and Figure 11 which 
reflect a 6-month no-cost time extensian. 

Publications 

None this period. 
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Table 22. Key to major milestones 

YPI 1.1 

VPI 1.2 

MPI 2.5 

‘PI 3.1 

VPI 4.1 

‘PI 4.2 

VP6 4.3 

VPI 4.4 

V H  5.1 

‘E 5.2 

VPG 5.3 

VPI 5.4 

Process selection for phosphate- and silicate-based systems 

Process selection for mullite- and zircon-based systems 
(OCZ. 31, 1986) 

Complete literature review (02;. 31, 1986) 

Gnmplete upgrade of characterization facility 
(Dec. 31, 1986) 

Complete initial screening of: phosphate-based systems 
(Dee. 31, 1987) 

Complete initial screening af silicate-based systems 
(Dee 31, 1987) 

Complete initial screening of zircon-based systems 
(Dee. 31 ~ 1987) 

Cia rn p I ete in it i a! screening of rn u I I i t e -bs sed syste rns 
(Dec. 31 19837) 

Complete second-stage property and characterization 
evaluation of phosphate-based systems (Sept. 30, I 988) 

Complete second-stage prcpe: ty a rd  characterization 
evakation of silicate-based systems (Oci. 39, 1988) 

Cornylete second-stage property and characterization 
eva/uaci3rl of mullite-based sys2ems (Nov. 38, 1 988) 

Complete scale-up specimen fabt-ica?ion 06 most promising 
low-expansian ceramics (Feb, 28, 1989) 
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1.3 THERMAL AND WEAR COATI 

1 . 3  e 1 m.2 5ase Coatinss 
Fabrication and Testing o q  Corrosisn-Resistant Coatings 
5. e d .  Sheldon and 13. P. Stintoon (Oak Ridge National Laboratory) 

Sodium corrosion o f  silicon carbide and silicon nitride components 
in g a s  turbine engines is a potentjally serious problems, 
sinrfaces o f  SIC and S i &  parts oxidize a t  high temperatures t a  forin an 

its fur ther  oxidation. Sodium vh ich  i s  present in 
stisn atmospheres reacts w i t h  the SiO, t o  form a 

low melting glass that i s  no longer protective. a - A l 2 O 3  coat ings can be 
used t o  provide oxidation resistance; however, sodium a l so  attacks these 
coatings, and the a-alumina i s  converted t o  the sodium containing 
B-al umina phase (Na,O . 11 Al,O,) e Unfortunately, the TX t o  B react-ion 
spalls t h e  coat ing from the substrate because o f  the associated volrime 
expansion. The objective o f  this program i s  t o  develop a coating that 
w f 1 - l  protect t h e  underlying S1C or  Si,N, from sodium corrosion and provide 
simultaneous ox ida t i on  protection. A chemical vapor deposition (CVDQ 
process will be developed for t h e  application o f  8-alumina coat ings .  
The ef fec t  of thhe combustion environment upon c o a t i n g  characteristics 
such as microstructure, strength, adherence, and other properties wi 7 1 
then be evaluated. 

The outer 

The GTE Corporation i s  developing a multiple-layer coating t o  
rwhce o r  eliminate contact stress damage t o  the ceramic components in 
gas turbine eng i rles under  a subcontract, with ORNk. 

raded transition 1 ayer (A1 N/WlxOyNz) t h a t  gradual l y  increases t h e  
thermal expansion o f  the coa t ing  from that o f  t h e  s u b s t r a t e  t o  that crf 
the zirconia-toughened alui l i ina contact  stress coat ing.  Ultinately, we 
plan to address ?.he problen? o f  thermal expansion 

ina  and either silicon carbide or silicon n i t r i d e  by making use o f  
existing technology, and depositing our coatings ontx t h i s  inter- 

coa l i ng .  
depos i t i an  by u s i n g  commercially available TiC/PiN toolbits w i t h  a 
ther;i;al expansion c o e f f i c i e n t  close t o  t h a t  o f  a l u  

The successful dwelopmcnt o f  a CVD process t 
requires the proper selection o f  reactants. 
etc.) that are typically used in CVD systems are  impractical because 
sodium salts (NaC1, stc.) re likely t o  for instead o f  the desired 
o x i d e .  Trimethyl aluminra 1 is used for the law-temperature 
deposition o f  Al,O, coat ings  for microelectronic applications, This 
previous work w i t h  TMA provides usefir1 information on using i t  t o  
depos i t  protective coatings. TMA i s  pyrophoric in air; therefore, our 
CVD apparatus was rmdified during this period t o  permit safe handling 
and evaporation of t h i s  reactant. 

Th i s coating consi s t s  

i smatch between 

Currently we are studying the chemistry and cond i t ions  f o r  

Ha l  oyenated species (A1 C1 3 ,  
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R-alumina can conceivably be formed by the simultaneous oxidation 
of TMA and sodium vapor; the latter can be obtained by evaporation from 
a sodium melt. An initial sodium evaporation experiment was performed 
with sodium metal to examine oxide deposition in the absence o f  ?MA. 
This experiment was plagued by the redeposition of sodium metal, which 
poses serious safety and disposal problems. Further experiments with 
this system will not be continued until several alternative chemistries 
are examined, 

NaOH evaporation was investigated as a safer sodium source, and it 
was successfully evaporated in preliminary CVD experiments. 
nately, thermodynamic data on TMA and @-alumina are not available in the 
SOLGASMIX data base which was used to determine the stable phases under 
various processing conditions. 
is considered, calculations show that NaQH redeposition is favored over 
Na,O formation in an oxidizing atmosphere. 
amount of hydrogen to the gas flowing past the NaOH melt leads to a gas 
phase where Na vapor, rather than NaOH, is the dominant sodium-containing 
vapor species. This enhanced evaporation may permit a reduced deposition 
temperature; however, the formation of water vapor during TMA oxidation 
still leads to the thermodynamic stability of NaOH rather than Na,O. 

To obtain conditions which permit the deposition of 8-alumina 
coatings, the NaOH must be hot enough to permit sufficient vaporization 
(probably over 873 K). 
can be complicated by homogeneous nucleation (i.e., powder formation). 
Recently reported results’ do show that alumina can be deposited from 
TMA at temperatures up to at least 893 K (620°C). Powder production was 
simultaneously observed; however, thermal diffusion was believed to 
remove the powder from the substrate surface in this cold-walled system, 
such that a good coating was still obtained. Our initial experiments 
were performed with a hot-wall system [i.e*, without a significant 
amount o f  thermal diffusion) in the absence of sodium. To decrease the 
level o f  supersaturation in the vapor phase, and thus reduce the likeli- 
hood of powder formation, the reactant concentrations were lower than 
those used by Gustin and Gordon; however, powder formation without any 
significant amount of coating was observed in our system at atmospheric 
pressure (0.10 MPa) and 843 K (570’6). This powder formation was 
eliminated by operating at reduced pressure (0.0093 MPa), and a uniform 
coating was obtained. We believe that this coating is alumina; however, 
the sample has not yet been characterized. To further reduce the 
problems associated with powder formation, the current CVD system 
be modified to permit deposition in a cold-wall configuration. 

conditions for high-quality 8-alumina coatings will be a difficult 
process. Therefore, the first set of experiments in the modified system 
will continue our current efforts using only TMA and oxygen t o  obtain 
information about the process conditions which produce good alumina 
coatings at relatively high temperatures (approximately 800-1000 K ) .  
NaOH will then be reintroduced to the process to study the production 
of &alumina coatings. 

Unfortu- 

If the simpler case of Na,O deposition 

The addition of a s 

Alumina deposition from TMA at these temperatures 

Our initial experiments indicate that determining operating 
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Another possible route to R-alumina for ation is to cha 
source. The formation of Na,0 is thermodynamically favored 

deposition from TMA requires an oxidizing atmosphere, 
i sopropoxi de [A1 (OC,H,) 3 1  i s a reasonabl e a1 ternat i ve because it has 
been used for CVQ o f  alumina by pyrolysis in a reducing atmosphere. 
However, the TMA is preferable because it can be adequately vaporized at 
room temperature. The isopropoxide requires vaporization at an elevated 
temperature, similar to Na or NaOH, and the high temperature 
vaporization of these two species independently requires a more 
el aborate GVB system. 
examined if work with the TMA/NaOH system is unsuccessful. 

Because the production o f  B-alumina by CVQ is a complex reaction 
system, we will attempt to verify the anticipated results o f  i rn  
corrosion resistance without waiting for the production o f  good coatings. 
Monolithic a-alumina and B-alumina samples will be hot pressed and 
corrosion tested accordingly. 
cont i nued efforts to produce B-a1 umi na coati ngs . 

formation in a reducing atmosphere. Unfortunately, a1 umina 
Alu 

The a1 umi num i sopropoxide/NaOH system wi 11 be 

These tests should further justify 

Status of milestones 

The February 1989 milestone of identifying a sodium reactant 
has been satisfied with the choice of NaOH. 
adequate is linked to the July 1989 milestone QF producing a high- 
quality R-alumina coating. If there are problems with producing a 
high-quality caating from these reactants, several possible alternatives 
have been identified and are readily available. 

Final proof that NaOH is 

Reference 

1. K. M. Gustin and R.  G. Gordon, J. Electron Mater. 17, 589 (1988). 
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Development of Adherent Ceramic Coatinqs to Reduce Contact Stress Damaqe of Ceramics 
H. E. Rebenne, C. D'Angelo, and J. H. Selverian (GTE Laboratories) 

The objective of this program is to develop oxidation-resistant, high toughness, adherent 
coatings for silicon based ceramics. These coatings will be deposited on reaction bonded 
Si3N4 (RBSN), sintered Sic (SSC), and HIP'ed Si N4 (HSN) and used in an advanced gas 
turbine engine. A chemical vapor deposition ( C b )  process will be used to deposit the 
coatings. These coatings will be designed to provide the best mix of mechanical, thermal and 
chemical properties. 

Technical Highlights 

Flexure Strength Tests 

Measurement of the modulus of rupture (MOR) of coated and uncoated samples was 
completed. These tests were done at room temperature, 1000°C, and 1200°C on as-coated 
bars and bars oxidized for 500 hours in static air at a high temperature (1000" or 1200°C) after 
coating. Dimensions of the bars were 2 in x 1/4 in x 1/8 in, and a standard four-point test was 
used. The schedule of tests is described in Table 1. The average MOR values and one 
standard deviation are listed in Table II. 

Table 1. Number of bars of each substrate strength tested at each 
combination of conditions. Tests were conducted with a standard 
four-point apparatus. Dimenslons of tests bars were 2 In. x 1/4 in. 

x 118 In. - ture of Strenath Test 

25°C 1Doo"c 1200°C 1375°C 

Uncoated 
Unoxidized 20 5 5 5 
Oxidized at 1000°C 5 
Oxidized at 1200°C 5 

Coated 
Unoxidized 10 5 5 
Oxidized at 1000% 5 
Oxidized at 12OO0C 5 

After MOR testing, the unoxidized bars were examined optically and in the SEM to determine 
the failure origin, For the uncoated bars, the majority (47 out of a total of 57 examined) failed 
at a defect in the bulk of the bar (>1 mrn from a corner). This trend was independent of 
substrate and test temperature, with the exception of RBSN tested at 1375°C. A summary of 
failure origin is given in Table Ill. The defect at which failure originated was typically a large 
pore or a large grain. Examples of these two types of failure sites are given in Figs. 1 and 2. 



189 

Table II. ~ ~ ~ r n - ~ ~ ~ ~ @ ~ ~ t ~ r ~  and hlgh-temperature strength of coated and 
uncoated materials as determined by a four- sint bend test. 

Dimensions of test bars were 2 in. IC 1/4 in. x ilk3 in. 

b st ra t e 

HSN 
Uncoated 
Coated 
Uncoated, ox. at 1000°C 
Uncoated, ox. at 1200°C 
Coated, ox. at 1000°C 
Coated, ox. at 1200°C 

RBSN 
Uncoated 
Coated 
Uncoated, ox. at 1000°C 
Uncoated, ox. at 1200°C 
Coated, ox. at 1000°C 
Coated, ox. at 1200°C 

ssc 
Uncoated 
Coated 
Uncoated, ox. at 1000°C 
Uncoated, ox. at 1200OC 
Coated, ox. at 1000°C 
Coated, ox. at 1200°C 

2xs 

822+117 
41 991 05 
679k187 
689+158 
3 1 O M 5  
520k41 

273+37 
134f33 
253*22 
300215 
176t.50 
197240 

40 1 +55 
287rt_l16 
324-1-72 
46 6+64 
173rt62 
328-1-65 

1Q8o"c 

608+22 
557+3 1 

e 

c 

* 
t 

272+13 
245+35 

t 

t 

t 

352k26 
258-t-1 18 

t 

t 

t 

t 

1200"Q 

41 1k37 
393553 

* 
* 
t 

233+40 
224+42 

t 

* 

4 

398+68 
320t77 

t 

* 
t 

1375°C 

121333 
t 

t 

* 
t 

t 

254+16 

t 

t 

t 

4 1 6+&3 
t 

t 

t 

t 

* No tests planned at these conditions. 

After coating the bars, the failure originated at a corner for the majority of bars examined. Of 53 
coated bars examined, 30 failed at a corner (see Table 111). The tendency to fail at a corner 
appeared to be more pronounced in bars tested at high temperatures based on the limited 
number d samples examined. When the failure area was viewed at high magnification in the SEM, 
flaws such as large pores or grains were usually not detected. Also, the coating was usually intact 
and still attached 10 the substrate. This is illustrated in Fig. 3. The lack of a flaw suggested that 
there might be high residual stress in the substrate near the interface which was superimpsed on 
the applied stress from the MOR test. 

Additional MOR testing was done to investigate the large drop in room-temperature strength 
which occurred as a m u t t  of a ~ ~ ~ y j ~  the c5atin . Two aspects of the coating process and eane 
aspect of the substrate preparation process were considered. Firsf, the substrates are heated to 
the CVD process temperature in argon and maintained at this ~ e ~ ~ ~ ~ ~ ~ ~ f ~  for the duration of the 
coaling cycle, which is typically 4 hours. To determine whether this "heat treatment" has any 
effect on MOR, 5 samples of each substrate material were heated in argon at d800°C for 4 hours 
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and then flexure strength tested at room temperature. A comparison between the treated (Table 
IV) and untreated (Table II) samples shows no apparent decline in strength. Small increases in 
average MOR were actually measured for each substrate material. 

Table 111. Summary of evaluation of bars after flexure strength testing to 
determine failure source. 

SamDle 
Descrlbtlon 

Uncoated 
25% MOR 

RBSN 
ssc 
HSN 

1000°C MOR 
RBSN 
ssc 
HSN 

1200°C MOR 
RBSN 
ssc 
HSN 

1375°C MOR 
RBSN 
ssc 
HSN 

Coated 
25% MOR 

RBSN 
ssc 
HSN 

1000°C MOR 
RBSN 
ssc 
HSN 

1200°C MOR 
RBSN 
ssc 
HSN 

r!&dumS 
E.xamlned 

17 
0 
20 

5 
0 
5 

0 
0 
5 

5 
0 
0 

10 
10 
8 

0 
5 
5 

5 
5 
5 

No. 0 f Bars Failed at Loca tlon 
Corner Near Corner" Center 

1 4 12 

4 2 14 

1 0 4 

1 2 2 

0 1 4 

3 2 0 

4 3 3 
2 5 3 
7 1 0 

3 1 1 
5 0 0 

3 2 0 
5 0 0 
1 1 3 

* Failure originated 21 mm from a corner, but not near the center of the bar. 
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Table IV. Room- rateare flexure strength sf uncoated M W recelviw 
ensions of fQ§t bars were 2 I 
118 in. 

RBSN 2 
ssc 2 
HSN 2 

RBSN 
ssc 
HSM 

3 
3 
3 

5 
5 
5 

10 
18 
10 

1 Q  
18 
10 

29lk27.1 
4OQ+EI1.7 
826k69.4 

271f53.2 
387fS3.4 
753k883.9 

* Treatment 1 : 
Treatment 2: 
Treatment 3: 

Heated in flowing argon at 1000°C for 4 hours. 
Heated in flowing argon at 1200°C for 1 hour. 
Heated in flowin argon at 1200°C for 1 hour, then etched in a mixture ob B-12 
and C12 at 100B"C for 20 minuies. 

Another substrats treatment whir;h may affect measured flexure strength is t he  grinding of the 
bars prior to coating (bars were gro~md to a 32Ogrit fmishg. This map induce compressive stresses 
wihicli are thas; relie\ied during the mating process. As a result, the MOR measured on the 
uncoated bars could be artificial8y high, and he actual droop in strength alter coating could be 
smaller than that ineaxured. T s  tcs! +this effect, 10 samples cat each substrate material were 
annealed for 1 hour at 1200°C in argon and then flexure strength tested at room ieanperature. 
The results are reported in Table iV. Relative ts unannealed samples (see Table I!), the average 
MOR remained the same or increased slightly. Hence, if there was a grinding-imposed slress, the 
annealing used did not relieve it. 

Finally, the substrates are exposed to a chemical etch-type treatment during coating. The surface 
of the substrate is no! completely covered with coating nuclei during the early stages of coating 
growth and hence is exposed to the reactive gas mixture. At the coating temperature, etching is 
thermodynamically possible. In addition, the AIN CVD process uses a reducing atmosphere, and 
this could alter the oxide layer which is usually present on the surface of Si3N4- and Sic-based 
ceramics. To test these effects on flexure strength, 10 samples of each substrate were annealed 
as above and then "etched" for 20 minutes in a mixture of H2 and 612 at 1000°C. After this 
treatment, average MOR declined slightly for each substrate material relative to the unetched 
samples (see Table I'd). In particular, the MOR dropped 6.8% for RBSN, 3.4% for SSC, and 8.9% 
for HSN. 

These studies, though only preliminary, suggest that the  large drop in strength measured after 
coating is not related to a particular CVD pr~cess step and may be related to residual stresses 
developed in the coating layer, coating/substrate interface, or near-surface region of the 
substrate. Additional MOR tests will be conducted during Phase Ii to identify the cause(s) of the 
drop in strength. 
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Contact Stress Tests 

The effectiveness of the coating in reducing contact stress damage of each of the substrate 
materials is being assessed by conducting point contact tests. The test involves contacting two 
coated specimens at a point. Since the MOR bars used throughout the program have flat faces, 
pins with a curved edge had to be specially fabricated for each substrate and coated. The 
schedule selected for contact stress testing was to evaluate a total of 20 bar +- pin pairs of each 
substrate - 10 at room temperature, 5 at 1000°C, and 5 at 1200°C. The contact stress tests and 
analysis of results were subcontracted to Garrett Turbine Engine Company, Auxiliary Power 
Division. The required number of bars and pins were coated and sent to Garrett for testing. 
Results are not yet available. 

Final Report 

Phase I of this program was completed at the end of March. All milestones were met, and the Final 
Report was submitted. A Statement of Work for Phase ll was prepared and submitted. 

Status of Milestones 

All of the milestones from Phase I of the contract were met. The milestones for Phase 11 have not 
yet been written. 

CommunicationslVlslts/Travel 

10/24-27/88 - H. J. Kim and D. W. Oblas attended the 26th Automotive Technology Development 
Contractors' Coordination Meeting in Dearborn, MI. D. W. Oblas presented a paper entitled 
"Ceramic Coatings to Reduce Contact Stress Damage of Ceramics - Characterization." 

1 1/11/88 - H. J. Kim and H. E. Rebenne visited Oak Ridge National Laboratory to present a review 
of Phase I and discuss plans for Phase II of the program. 

01/15-18/89 - H. J. Kim attended the 13th Annual Conference on Composites and Advanced 
Ceramics in Cocoa Beach, FL. 

Problems Encountered 

None. 

Publications 

D. W. Oblas, C. DAngelo, H. E. Rebenne, and V. K. Sarin, "Ceramic Coatings to Reduce Contact 
Stress Damage of Ceramics: Performance Testing," to be published in Proc. 26th Automotive 
Technology Development Contractors' Coordination Meeting. 



193 

Figure 1. Fractured surfaces of an uncoated HSN bar showing failure otiginating at a large 
grain. This bar was flexure strength tested at 1200°C. 

Figure 2. Fractured surfaces of an uncoated HSN bar showing failure originating at a large 
pore. This bar was flexure strength tested at mom temperature. 
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I 

Figure 3. Fractured surfaces of a coated HSN bar showing failure originating at a comer. This 
bar was flexure strength tested at 1 OOO°C. 
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Wear Resistant  Coatinas 
C. D. Weiss (Caterpillar, Inc.) 

Ob-iecti ve/scoDe 

The goal of this technical program is to develop wear- 
resistant coatings for piston ring and cylinder liner components 
for low heat-loss diesel engines. 

Wear resistant coatings will be applied to metallic substrates 
utilizing plasma spraying, vapor deposition (CM/PVD),and enameling 
coating processes. First the adherence of each coating for each 
coating process to the metallic substrate will be optimized. Methods 
which can be utilized for improving the adherence of these coatings 
include development of unique substrate preparation methods before 
application of the coating, grading coating compositions to match 
thermal expansion, compositional changes, laser or electron beam 
fusing and/or optimizing coating thickness. Once the adherence of 
each coating system is optimized, each coating will be screened for 
friction and wear at 350 C under lubricated conditions. Coatings 
which show promise after this initial screening will be further 
optimized by adjustments to chemistry and hard particle content 
to meet the friction and wear requirements. Then the optimized 
coating systems will be fully characterized for oxidation resistance, 
adherence, uniformity, thermal shock resistance, friction and wear. 

Selection of the most promising coatings and coating processes 
will be rade after the characterization task. Criteria for selection 
will include not only performance (i.e. wear, adhesion, friction 
coefficient, thermal shock resistance and theraal stability) but 
ranufacturability/cost factors, as well. Utilizing both criteria 
a coating system having acceptable cost/benefit relationships rill 
be selected. 

Technica l  Droqress 

Modification of a tensile pull test was completed and the 
adherence of the plasma sprayed and chemical vapor deposited coatings 
determined. These results are listed in Table 1. All the chemical 
vapor deposited coatings had tensile pull adherence values above 
4000 psi, in shear. (Note- the shear strength of the epoxy is 4000 
psi.) In addition the following plasma spray coatings had tensile 
pull adherence values above 4000 psi when applied t o  either a cast 
on or tool steel substrate: prealloyed Ni, Cr, high Mo powder, 
high carbon iron- Mo composite, self-fluxing high Mo blend, high 
Co, Mo, Cr alloy, Hohman PS212. The self-fluxing Ni-Cr alloy spalled 
front the tool steel after application and disbonded from the surface 
of the cast iron at 2500 psi shear. Slightly poorer adherence values 
on both cast iron and tool steel (1810 psi and 1460 psi, respectively). 
were obtained with the chrome oxide-silica composite plasma sprayed 
coating. 
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(PSI) : 

~ Tool Steel , 

Table 1 
Results of  Tersile Pull Adherence Testinfz-Plasma - Coating 

1 >4000 

Coating: 

1 >4000 

Shear 

Cast Iron 

~ 

1630 
1910 

~ 1730 

Self-Fluxing Ni-Cr Alloy 

Self-Fluxing High Mo Blend 

Prealloyed Ni,Cr, High Mo Powder 

High Co, Mo, Cr Alloy 

Graded Zirconia Coating - 
Bond Coat/Top Coat 
Bond Coat/50-50/Top Coat 
Bond Coat/50-50/25-75/Top Coat 

ZrO -Ti0 -Y 0 Graded Coating - 2 2 3 Bond CoatfTop Coat 
Bond Coat/50-50/Top Coat 

>4000 

>4000 

>4000 

>4000 

2940 
2180 
1890 

>4000 
1570 

Spalled 

>4000 

1870 
2950 

Grading the zirconia coating with bond coat in an attempt to 
reduce the thermal stresses which develop within the coating when 
the coating is heated, adversely affects the coating adherence when 
these coatings are applied t o  cast iron. However, grading the coating 
with bond coat improves the adherence of the coating when the 
coating is applied to tool steel. Grading the Zr02-Ti02-Si02 coating 
with bond coat also adversely affected the coating adherence when 
the coating was applied to cast iron and improved the coating 
adherence when the coating was applied to tool steel. 

The friction and wear screening of the plasma sprayed Falex 
disks processed at Caterpillar, Table 2 ,  illustrated that both the 
high carbon iron-molybdenum and chrome oxide-silica composite powder 
coatings recorded low coefficient of friction values and low-to-medium 
disk and pin wear when these coatings were run against a ceramic pin. 
These coatings also recorded low coefficient of friction values when 
run against a 440C pin, but the 440C pin demonstrated medium-to- 
high pin wear. Low coefficient of friction values as well as low 
disk and pin wear were recorded by the self-fluxing Ni-Cr alloy plasma 
coating when run against the ceramic or 440C pins. 
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Table 2 

Resul.tis-Of Falex F r i c t i o n  and Wear Testina - P l a s m a  Coating 

PI asrna Coati.[q 
on Disk 

High Carbon 
l r o n  Mo Comp 

C r  0 - 
3 s i 6  Comp 

Pow2er 

S e l f -  Fluxi-ng 
Ni-Cr A l l o y  

Preal loyed N i ,  
Cr, High Mo 
Powder 

High C o ,  Mo, 
C r  AI-loy 

Graded 
Zirconia 

Hohman PS 2 1 2  

ZrO - T i 0  - 2 2 Y 0 Comp 
2 3  

44c 

C o e f f  o f  
F r i c t i o n  

0 . 0 2  -0.11 

0 . 0 4 - 0 . 1 6  

0,lO-0.20 

0.02-0.11 

0 . 1 8 - 0 . 7 3  

0 . 1 5 - 0 . 2 4  

0 . 0 9 - 0 . 2 6  

P i n  Ceramic P i n  

Come 11 t s 

l o w  t o  medium 
d i s k  & p i n  
wear 

l o w  d i s k ,  higE 
pin wear 

I.ow d i s k ,  
medium pin  
wear 

medium d i s k  
and p i n  wear 

medium d i sk  
and p in  w e a r  

medium d i s k ,  
low-to-medium 
p i n  wear 

medium tli.sk 
and p i n  wear 

Coeff o f  
F r i c t ion  

0.01-0.13 

0 . 0 9 - 0 . 1 3  

0 . 0 9 - 0 . 1 8  

0.07-0.13 

0 .18 -0 .22  

0.13-0.20 

0 . 0 4 - 0 . 1 5  

0 . 1 3 - 0 . 3 7  

Comments 

l o w  t o  medium 
d i s k  & p i n  w e a r  

l o w  t o  medium 
disk  & p i n  wear 

low t o  medium 
d i s k  ti p i n  wear 

low p i n  and 
d i s k  WF.BK 

nediwn d i sk  
snd p i n  w e a r  

nediinm disk 1) 

Low- to - m e d i  urn 
Din w e a r  

iiediirm d i s k ,  
Low p i n  wear 

ned im d i s k ,  
iigh p i n  wear 

'[he s e !  1 -tluxing h i g h  maPybdenauw blend recorded relatively 
high c o e f f i c i e n t  s f  f r i c t ion  values and Iwediuwto-high p i n  war  w!2en 
~ u i i  against e i ther  t h e  ce r~mic  or 44OC p i n s .  I n  a d d i t i o n ,  t he  h igh  
Mo, Lo,  Cr alloy, graded zirconia coatinz arid Zr02-TiOZ-Si02 
composite coatings a l l  recorded h i g h  coefficient of friction values 
when run against  either the ceramic 81' 4406 p i n s .  F i n a l l y ,  tlrr PS212 
coaLing perfoz'nied significantly better hen r u n  against the ceramic 
pin than t h c  440C p i n .  
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Table 3 

Resul t s  of Falex F r i c t i o n  and Wear Testing-CVD Coatings 

CVD Coating 
on Disk 

Chrome 
Carbide 

'f i N / T  i C  
Layer 
Coating 

Mid-Temp. 
Ti(C, N) 

44 

Coeff of 
F r i c t i o n  

0 . 0 2 4 - 0 . 3 1  

0 . 2 4 - 0 . 2 4  

0.18-0.22 

Pin 

Comments 

medium d i s k ,  
high p i n  wear 

medium d i s k ,  
high p i n  wear 

medium d i s k  
and p i n  wear 

Ceramic Pin 

Coeff of  
F r i c t i o n  

0.09-0.22 

0.07-0.15 

0.08-0.18 

Comments 

medium d i s k ,  
low p i n  weax 

l o w  d i sk  and 
p i n  wear 

l o w  d i sk  and 
p i n  wear 

Table 4 

Resul ts  of  Falex Fri-ct ion and Wear Coating-Enamel Coatinps 

Coating on Disk 

Cr 0 Plasma 
Sprayed Over 
Co-Based Enamel 

2 3  

C r C  Plasma 
Sprayed Over 
Co-Based Enamel 
Go-Based E n a m e l  

3 

440 Pin Cerami 

Zoeff o f  
F r i c t ion  

1 .09 -0 .31  

Comments 

low- to-medium 
d i s k ,  medium 
pin wear 

Coeff of 
F r i c t i o n  

0 .07 -0 .22  

0.07-0.18 

Pin  

Comments 

low- to-medium 
d i s k ,  medium 
pin wear 

medium d i s k ,  
l o w -  t o  -medium 
pin  wear 
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S t a t u s  o f  milestanes 

Publications 
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Deve7oDment o f  Wear Resistant Ceramic Coatinas for Diese7 Enaine 
Components 
M. G. S. Naylor (Cummins Engine Company, Inc.) 

0 b.i e c t i v e/ s co B e 

The objective o f  this program is to develop advanced wear res 
coatings for in-cylinder components for future, low heat rejec%ion 
diesel engines. Coatings and substrates (for piston rings and cy1 
liners) are to be developed to meet the following require 

stant 

ndcr 

1. Low wear (as measured in laboratory rig tests at ambient temperature 
and 350°C). 
mm3/mm/N are targeted (at 350°C). 

Low friction coefficients when tested under boundary lubricated 
conditions (target 0.1) and unlubricated conditions (target 0.2) at 
ambient temperature and 350°C. 

Wear coefficients in the range 5 ~ 1 8 - ~ ~  t o  5x1O-l' 

2. 

3 .  Good thermal shock resistance. 

4 .  High adherence and compatibility with substrate materials up to 
650°C. 

5. High uniformity and reproducibility. 

Technical prowess 

Wear testing 

Wear testing and microstructural characterization o f  air plasma 
sprayed (APS) chromium oxide, high velocity (HV) thermal sprayed 88% WC- 
12% Co and HV chromium carbide-tungsten carbide-nickel -chromi urn "ring" 

coatings have been completed. 
slurry-sprayed si1 ica-chromia-alumina (SCA) "1 iner'l materials. The test 
conditions and results are listed in Tables 1-4 .  

Tests were performed with grey iron and 

~ - -  APS chromium oxide coatinss - Wear data for APS Cr,O, coatings 
tested against grey iron liners are shown in Fig. 1. 
materials have been tested sa far: an 800 pm thick Metco 136 Cr,Q,- 
Ti0,-SiO, material and a 100 1.m thick Union Carbide, Cr,O, with no 
additives. Measurement o f  liner wear coefficients is in progress. 

In c o ~ p a r i  son wi th the basel i ne el ectropl ated (EP) chromi um/grey 
cast iron wear systt? , the Cr,Q, wear systems are shown in Fig. Ib,  
which suggests that the ceramic system offers most advantage at lower 
temperatures. In fact, the difference in activation energies between CY- 
and Cr,O, i s  less than the statistical error in measuring these values. 

Two Cr,O, 
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ear rates and friction coefficients for Air Plasma 
Sprayed Chromjum Oxide ring coatings (Metca powder)- 
Cameron Plfnt tests: load = 225 M; frequency = 21) H m ;  
stroke = 5 mm; t e s t  duration = 369 ma'n (lubricated), , -  

(unlubricated). 

15W40 

Metc0 None 
(3-203 

259 1.03~ 10- 10 1 . 2 3 ~  1 0-l0 0.223 

F o r  APS Cr,O, sliding against SCA ( f i g .  2), the ear  coefficients 
Co 

The low temperature 

displayed little i f  any temperature sensitivity. 
baseline system, SCA liner wear coefficients were lower, but- this was at 
the expense o f  Righer ring (Cr,O,) wear. 
sensitivity suggests a predominantly stress-activated (as  opposed t o  
thermal ly activated) wear process ith this system. A s  a practical in- 
cylinder tribolqy system, this ma eri a1 s combination is probably not 
viable, due t o  the high ring wear coefficients, but the concept o f  a low 
activation energy wear system may be useful j f  this behavior i s  typical 
of other ceramic-on-ceramic wear systems. 

system over the baseline materials when usin 
for the wear tests. The baseline system sho ed a large (approximately 
one order of magnitude) increase i n  wear coe ficients compared to tests 
run with fresh oil, while the Cr20,/SCA combination showed essentially 
no change in wear. Thus, it is important to test candidate coating 

s in used oil in order to g a i n  a true picture of the  performance 
benefits which would be obtained in engine tests. 

Figure 3 illustrates a significant advantage o f  the Cr26,/SCA 
an engine-tested lubricant 
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Table 2 .  Wear rates and friction coefficients for Air Plasma 
Sprayed Chromium Oxide r i n g  coatings (U-Car powder). 
Cameron Plint tes ts :  load = 225 N; frequency = 
20 Hz; stroke = 5 mm; t e s t  duration = 368 min 

(lubricated), 50 min (unlubricated). 

Ring Liner Lubricani 
Material 1 Material 1 

I 

UCAR 
Cr203 

Grey Iron Fresh 
CE/SF 
15W40 

UCAR 
Cr203 

UCAR 
Cr203 

Grey Iron Fresh 

15W40 

Grey Iron Fresh 
CE/SF t 15W40 

CE/SF 

UCAR I GrevIron I Fresh 

I Cr203 I 

I I 

UCAR I SCA 1 Fresh 
( 3 2 0 3  CE/SF 

15W40 

UCAR 
Cr203 

UCAR 
Cr203 

Polished Fresh 
SCA 1 CE/SF 

15W40 

ScA I None 

Temp- 
erature 

196 
("C) 

200 

276 

287 

358 

36 1 

200 

348 

197 

332 

197 

35 1 

1 .65~  10-11 0.174 

2.05~10-11 0.223 

2.25~10-11 0.132 

0.227 

2.77~10-9 0.884 
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Table 3 ,  Wear rates and friction coefficients for high 
velocity thermal s p r a y  88% WC-12% Co ring coating. 

Cameron Plint tests: load = 225 N; frequency = 
20 Mz; stroke = 5 mm; test duration = 360 min. 

Material. 

Grey Iron 1 l;zs;o 1 151 
CE/SF 

15W40 

SCA Fresh 148 
CE f SF 1 15W40 1 

SCA 1 Fresh 1 255 
CE/SF 
15w40 

.̂ 

Kin Wear Linerwear 
(mm$tm$4) (mm3/mtn/N 

3,lh10-12 1 7.88x10-10 

' o"210 

, 

1 0204 

0.169 

0.196 

0.208 

0.172 

0.216 

-I 

0.180 
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Table 4. Wear rates and friction coefficients for high 
velocity thermal spray Cr,C,-WC-Ni-Cr ring coating. 

20 Hz; stroke = 5 mm; test duration = 360 min. 
Cameron Plint tests: load = 225 N; frequency = 
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WEAR OF APS Cr,O, vs GREY IRON 
Fresh CE/SF 15W40 Mineral Oil 

1 
Wear Coeff (rnrn’3/rnrn/N) 

l.OE-O8 c I 

U - UCAR Powder 
M - Melco Powder 

U 

I .... .J 

0 loa 208 300 400 SO0 

TEMPERATURE (C )  

Baseline Cr Ring Baseline Iron Liner - 
’ A P 8  Cr203 Ring + Iron Llnar 

WEAR OF APS Cr,O, vs GREY IRO 
Fresh CE/%F 15W40 ~~~~~~~ Oil 

Wear Coeff (rnm*3/rnm/N) 
......... 

I--- I 1 OE-08 ~. E 500 400 300 200 100 0 de9 C 

1.W-09 t ~ 

E 

l.OE-12jI 

1 

1.OE- 13 1 

1.6E-18 

1.OE-11 L 
E 

10 

+ 
-._ x. 

-. 

- -__ _ _ _  - Baseline Fa 
- . _ _ _  17.0 kJ/rnol 

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

- - _  - . -__ \ ..... 

C r 2 0 0  Ring - Baseline Cr 
28.1 hJ/mfll 

L ..... J .... I l d  1. ............ ....... 

._ 37 9 kJ/i l lol 

Liner 

Ring  

15 20 25 30 35 40 

RE (WK) IE- 

Fig .  1. Wear r a t e  o f  lubricated APS Cr,O, vs grey 
c a s t  iron as a function o f  temperature (da ta  points). 
The solid line represents the wear r a t e  o f  electroplated 

sliding against grey cast i r on ,  and t h e  broken l i ne  
represents wear rates o f  grey iron a g a i n s t  electroplated 
chromium. Cameron P l i n t  data. ( a )  Log (wear coefficient) 
vs temperature; (b)  log (wear coefficient) vs t h e  reciprocal 
o f  absolute temperature (activation energy p l a t ) .  
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Wear Coeff (mm^3/rnm/N) 

1.OE-09 

1.OE-10 

1.OE- 11 

1.OE-12 

1.OE-13 

M - M e t C O  Powder 
P - Poiisnea SCA 

I I 

0 100 200 300 400 500 

TEMPERATURE (C )  
. 

Basellno Cr Rlng Basellne Iron Lfner 

Fig. 2. Wear rate o f  lubricated APS Cr,O, vs 
silica-chroma-alumina as a function o f  temperature 
(data points). The solid line represents the wear 
rate o f  electroplated chromium piston rings sliding 
against grey cast iron, and the broken line represents 
wear rates o f  grey iron against electroplated 
chromium. Cameron Plint data. 

1.OE-08 

1.OE-09 

1.OE- 10 

1.OE- 11 

1.OE-12 

1.OE-13 

Wear Coeff (mrn^3/mm/N) 

0 100 200 300 400 500 

TEMPERATURE (C) 

I Cr203 Rlng - Fresh + SCA Liner - Fresh 

* Cr203 Ring - U s e d  0 SCA Liner - Used 

Fig. 3 .  Wear rate o f  lubricated APS Cr,O, v s  
silica-chromia-alumina as a function o f  temperature 
(data points) in fresh and engine-tested lubricants. 
Cameron Plint data. 
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High velocity WC-Go coatings - Very low ring and liner wear 
coefficients were obtained for the WV WC-Co/grey iron wear couple 
(Table 3 ,  Figs. 4 ) .  TWQ types of grey iron were used for this study, a 
standard low alloy pearlitic grey iron and a low alloy, high phosphorus 
pearlitic iron. Wear coefficients were approximately the same f o r  both 
materials. A t  150°C test t ~ ~ ~ e ~ ~ t u r e ~  liner wear rates were 
than f o r  the baseline syste  
comparable fo r  t he  two syst s .  The activation energy plot (Fig. 4b) 
thus  shows a much higher l i  

while a t  256"C, liner wear rates were 

ear  activation energy for the ba'C-Ca/grey 
bination than fo r  EP Cr/grey iron. 

h increasing temperature for the baC-Co/grey i ron  system i s  

Ring wear activation 
The large increase i n  l iner  weye similar for  bo th  systems. 

thought t o  have resulted from increased ab asive action due t o  cracking 
of  the VG-Co coating at the higher t e s t  te peratures. Thi s cracking i s 
thought t o  be due to high thermal expansio 
stainless steel substrate and poor coating adherence. The coating 

ess was re1 atively 1 arge (250 pm). 
ear performance for the WC-Co/grrey iron s y s t m  was degraded in 

engine-tested lubricant (Fig. 51, although wear rates were still lower 
t h a n  for t h e  baseline system in f r e s h  oil. 

system was obta ined (Fig. 61, with liner ear rates being improved at 
the expense O F  higher ring wear (compared to WC-Calgrey iron). 
rate o f  the SCA was higher than that o f  the HV WC-Co. 

With a SCA wear counterface, behavior similar t 0  the GR,B,/SCA 

The wear 

Hiqh velocity Cr,C,-WC-Ni-Cr coatinqs - Wear data f o r  tests 
t h e  HV Cr,C,-WC-Ni- 
WC-Ni-Cr/grey iron e showed lower liner wear coefficients than 
the baseline syste parable ring wear rates (F ig .  7 ) .  'The wear 
performance was sever aded in engine-tested lubricant ( 
offering 1 i ttl e advantage over the base1 ine system. The @r,C, 
oating cracked at the h igher  test temperatures (258"6), as da 
C-Co coating. Coating thickness fo r  the Cr,C,-WC-Ni-Cr material was 

a l  so around 250 pm, 
The Cr,C,-WC-Ni -Cr/S@A r csuplc! showed slightly higher ring 

wear and slightly lower line ar than the baseline system (Fig. 9 ) .  
The wear rate o f  t h e  SCA as higher than that o f  the Cr,C,-WC-Ni-Cr 
coating, as for the NC-Co SCA wear couple. I t  is interesting t s  note 
t h a t  the Cr,C,-WG-Ni -Cr/ tern had lower ring and liner 
rates than the Cr,C,-VC-- 

ring coating are listed in Table 4 .  The Cr 
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Wear Coeff (rnrn'3/mm/Nl 
1 .OE -08 

1.OE- 

1 .OE - 
1.OE- 

1 .OE - 

1 .OE - 

Wear Coeff (rnrn'3/mm/Nl 
1 .OE -08 

1.OE-09 t. .- 
- 

_ _  _ - - -  - ___ - - - - -. P _ _ - -  _ _ - - -  

1.OE-11 E 

1 . O E - 1 2 ~  

1.OE-13 

- - 

.- 
P * H I Q h - P h O S p h O r U S  Iron 

I _.._.._._I I 1 

s Iron 

100 200 300 400 500 

TEMPERATURE (C) 

I Baseline Cr Ring Ba8eline Iron Llner 

(a) I -  ' HV WC-CO Rlng f Qrey Iron Llner 

Wear Coeff (mrn^3/mm/N) 
------I 

0 d e 9  c 

Basel ine Fe Liner - - -_____ 17.0 kJ/rnOl --. 

-.., -Basel ine C r  R n Q  

-- - _ _  20.1 kJ/mOl 25 8 kJ/mol 

10 15 20 25 30 35 40 

l/TEMPERATURE IVK) 1E-4 

Fig. 4. Wear rates o f  l ub r i ca t ed  HV WC-Co vs 
grey cast iron as a f unc t i on  o f  temperature (data 
p o i n t s ) .  
electroplated chromium sliding against  g 
and the broken line represents 
against electroplated chromium. 
( a >  Wear (war coefficient) vs tempzrature; 
(b) log (wear coefficient) vs t h e  reciprocal o f  
absolute temperature (activation energy plot). 

The solid line represents the 

ear rates of grey iron 
Cameron Plint d a t a .  
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Fig. 6 ,  Wear rate o f  lubricated HV WG-Co vs 
silica-chromia-alumina as  a function o f  temperature 
(data points). 
rate o f  electroplated chromium piston r i n g s  sliding 
against grey cast i r o n ,  and the broken line represents 
wear rates o f  grey iron against electroplated 
chromium. Cameron Pl int data, 

The solid line represents the wear 
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_. __  _____.. ----- 1.OE-09 I 

1.OE-10 I 

1.OE-11 

1.OE-12 

1 .OE- 13 ' 
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Fig. 7.  Wear rates o f  lubricated HV 

Cr,C,-WC-Ni-Cr v s  grey cast iron as a function 
o f  temperature (data points). The solid line 
represents the wear rate o f  electroplated 
chromium piston rings sliding against grey 
cast iron, and the broken line represents wear 
rates o f  grey iron against electroplated 
chromium. Cameron Plint data. 
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Fig. 8, Wear rate o f  lubricated HV 
Cr,C,-WC-Ni-Cr v s  grey cast iron as a function 
o f  temperature (data points) in fresh and 
engine-tested lubricants. Cameron Plint data. 
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- Baoollno Cr Rlng _ _ _ _ _  B8OOltnO Iron Llnor - HV CrSC2 Rlng + SCA Llnor 
L 

Fig. 9. Wear rates of lubricated HV 
Cr,C,-WC-Ni-Cr vs si1 ica-chromia-alumina as a 
function of temperature (data points). The 
solid line represents the wear rate of 
electroplated chromium piston rings sliding 
against grey cast iron, and the broken line 
represents wear rates o f  grey iron against 
electroplated chromium. Cameron P1 int data. 

Microstructural characterization and adherence testing 

- Figures 10 and 11 show the microstructures of 
the APS Cr,O, coatings tested in this program. The initial tests were 
performed with a coating sprayed from Metco 136 powder, having a 
thickness o f  approximately 100 bm. The second coating to be tested was 
sprayed using a Union Carbide Cr,O, powder with no additives. The spray 
parameters for this second coating are listed below (test 3). 

A study of the effect of plasma spray process variables on coating 
adhesion and microstructure has been conducted for APS chromium oxide 
(Cr203). Two powders were used: a commercial Cr,O,-Ti0,-SiO, (Metco 
136) and a pure Cr, material (U-Car). In all cases, a Metco 447 bond 
coat was used. The test parameters are listed in Table 5, key variables 
being powder composition, powder feed gas (argon or oxygen), powder feed 
rate and spray velocity (arc gas flow rate). Two guns were used: an 
Avco gun for lower velocities, and a Plasmadyne SG-100 gun with various 
nozzles for higher velocities (tests 9, 10, 13 and 14 produced Mach 1 
spray velocities). 
around the plasma spray. 

The bond strengths of the coatings were measured by tensile pull 
tests (using fixtures bonded to the coating with epoxy cement). Bond 
strength data are presented in Table 6 and Fig. 12. Light microscopy 
was used to determine the relative porosity levels o f  the coatings 
(listed in Table 7). 

In addition, test 15 used an inert argon shroud 
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100 pm 

Fig. 10. Light micrograph of  Metco 
Crz03 coat i  ng . 

Fig. 11. Light micrograph of U-Car 
Crz03 coating . 
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Test Am 
1 6  
2 s  
3 5  
4 5  
5 6  
6 8  
7 9  
8 9  

8-A 7 
8-8 7 

9 7  
10 7 
11 7 
1 2  7 
13 10 
1 4  18 
15 9 

No 

Tab1 e 5. Chromi urn oxide spray condi ti ons . 
1s Volts Arc Gas Mix Gas hrdr Gas Hopper Gun Nozzle Powder 
10 40 12-He 40% Avco 065 Y-136 
10 40 12-He 40% Avco 065 Y-136 
I0 60 3-Hyd 10 30% Avco 315 Y-136 
I0 60 3-Hyd 10 30% Avco 315 U-Car 
I0 40 12-He 20-Oxy 1% Avco 315 Y-136 
I0 48 12-He 28-Oxy 1% Avco 315 U-Car 
I0 35 58 60-He 1 2  1% SG-18B 165 Y-136 
I0 35 50 60-He 12 1% SG-188 165 U-Car 
1B 34 50 60-He 15 1% SG-18B 165 U-Car 
10 34 50 68-He 15 1% SG-1BB 165 Y-136 
t0 52 270 45-AR,N 18 3 RPH SG-100 360 Y-136 
I0 52 278 45-AR,N 18 3 RPY SG-ill 368 U-Car 
10 34 50 60-He 16 1% SG-18B 165 Y-136 
10 34 50 68-He 15  1% SG-1B8 165 U-Car 
10 45 115 45-AR,N 18 1 . 4  RPY SG-180 360 Y-136 
10 45 115 45-AR,N 10 1 . 4  RPH SG-188 360 U-Car 
10 51 116 83-He 6 1 . 4  RPY SG-10B 165 Y-136 
e: Test 15 used an inert argon shroud w i t h  n i t rogen  coolers  

1 1  

10 

9 

6 

7 

6 

S 

4 

3 

2 

1 

0 

Average V a l w r  and Stmnderd D.v(oEbn 

m 

I 2 . 3  6 6 9 10 1 1  12 13 14 1S 

rest. a Ave PSI D S t n d D e v  

Fig. 12. Tensile bond strength data for APS chromium 
oxide coatings produced by various spray conditions (1 i sted 
i n  Table 5). 
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Test 
1 

2 

3 

9 

10 

11 

12 

13 

14 

15 

Table 6. Tensile bond test results for chromium oxide 
coatings (see Table 5 for spray conditions). 

Force 
6600 
5800 
7 400 
?840 
' l a %  
6650 
8800 
8500 
7700 
4000 
5588 
5200 
5250 
5780 
6300 
2950 
3400 
2880 
3650 
3300 
3250 
8000 
7200 
8000 
7900 
7050 
8175 
7400 
7700 
7125 
5175 
6350 
69SO 
5650 
5025 
7450 
3350 
3008 
3650 

PSI 
8403 
7385 
9422 
9921 
w 4 Q  
8467 

11205 
10823 

9804 
5093 
7883 
8621 
6685 
7257 
8021 
3756 
4329 
3565 
4647 
4202 
4138 

10186 
9167 

10186 
10059 

8976 
10409 

9422 
9804 
9872 
6589 
8085 
8849 
7194 
6398 
9486 
4265 
3820 
4647 

9146 

10610 

6239 

7321 

3883 

4329 

9846 

9815 

9433 

7841 

7692 

4244 

591 Metco 136 

548 

227 

610 Yetco 136 

1309 U-Car 

Ave Deviation Powder Hod e 

Bond 
Ceramlc 

602 Yetco 136 Bnd/Epo 
Bnd/Epo 

E P O X Y  
EPOXY 
EPOXY 
EPOXY 

825 Yetco 136 Bnd/Cer Int 
Bnd/Cer I n  t 
Bnd/Cer Int 

U-Car Bnd/Cer I n t  
Rnd/Cer Int 

I n t  /Cer 
325 Yetco 136 Bnd/Cer Int 

Bnd/Cer I n t  
Int/Bnd 

U-Car Bnd/Cer I n t  
Bnd/Cer Int 

Int /Bnd 
480 Yetco 136 EPOXY 

E P O X Y  
E P O X Y  
E P O X Y  
EPOXY 
EPOXY 

299 U-Car EPOXY 
E P O X Y  
E P O X Y  

939 Yetco 136 Ceramlc 
Ceramic 
Ceramic 

EPOXY 
EPOXY 
EPOXY 

338 Yetco 136 Bnd/Cer Int 
Bnd /Cer In t 
Bnd/Cer I n t  

8 483 832 Yetco 136 Bnd/25%Cer 
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Test 1 2 3 4 5 6 7 8 8A 8B 9 10 11 12 
Porosity 2 3 2 2 1 1 3 1 3 3 5 4 1  

Table 7. Relat ive leve ls  o f  porosity/microcracking o f  
chromium oxide coatings assessed by 1 igh t  microscopy. 

1 = LOWEST; 5 = HIGHEST. 

13 14 15 
2 

The fol lowing conclusions were drawn f rom the above study: 

1. The pure Cr203 had s l i g h t l y  greater adherence than the Metco 136 
(disregarding fa i lu res  i n  the epoxy), but there was no s ign i f i can t  
e f fec t  on density. 

2. The oxygen powder feed gas produced higher densi t ies but lower bond 
strengths than wi th  argon. The lower bond strength may have 
resul ted from oxidation o f  the bond coat. 

3. Reducing the powder feed ra te  resul ted i n  s l i g h t l y  higher bond 
strength, but had no e f fec t  on density. 

4. Higher ve loc i ty  coatings generally had lower bond strengths. There 
was no consistent e f fec t  o f  ve loc i ty  on density f o r  these 
conditions. 

5. The argon shroud wi th  i ne r t  cool ing produced a coating wi th  f a i r l y  
l o w  bond strength and average density. 

Wear t e s t  samples have been prepared using the conditions o f  t e s t  3 
(the optimum combination o f  bond strength and density), f o r  both types 
o f  powder. The coatings were applied t o  an HK40 austeni t ic  stainless 
steel substrate (4 in. diam). 
described above. 

Results f o r  the U-Car coating are 

Hiah ve loc i tv  WC-Co - Although the wear rates f o r  the HV WC-Co 

Light micrographs o f  the pre-test  coating showed 
material were extremely low, the coating was found t o  crack during the 
250°C wear tests. 
almost continuous cracking a t  the substrate interface, ind icat ing poor 
adherence (Fig. 13a). The microstructure was comprised o f  5 pm WC 
par t i c les  i n  a Co matrix w i th  low levels  o f  porosi ty (<lo%). The 
coating hardness was 1050 (+ 60) kgfmm’2 (Knoop, 100 gf) .  
examination revealed 1 i t t l e  solut ioniz ing o f  the carbide par t i c les  
(Fig. 13b). 

SEM 

Hiclh ve loc i tv  Cr,C,-WC-Ni-Cr - The microstructure o f  the HV Cr,C,- 
WC-Ni -Cr  was comprised o f  10 pm par t i c les  o f  YC and mixed Cr/W carbides 
i n  a C r - N i  matr ix (Fig. 14). Porosity was approximately 10-15%. The 
coating hardness was 1000 ( 2  45) kgfnm’2 (Knoop, 100 gf ) .  
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Fig. 13. Micrographs o f  high velocity 
thermal spray 88% WC-12% Co. 
micrograph; (b) SEM micrograph (backscattered 
electron image). 

(a) Light 
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Fig. 14. Micrographs o f  high velocity 
thermal spray Cr,C,-WC-Ni -Cr. 
micrograph; (b) SEM micrograph (backscattered 
electron image). 

(a)  Light 
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Analysis of worn surfaces - Analysis of the Cr203 wear surfaces was 
presented in the previous semiannual report SEM micrographs of wear 
surfaces for the two HV coatings are shown n Figs. 15 and 16, for a 
grey cast iron counterface. In both cases, the carbide particles were 
pol ished smooth and protruded slightly from the softer metal1 ic binder 
phase. The HV Cr203-WC-Ni-Cr surface reveal :d more porosity or inter- 
splat fracture, and also showed possible evidence of fracture within the 
ceramic phases (Fig. 16). It is difficult to determine the 
microstructural features responsible for the difference in wear behavior 
of the two HV materials investigated, but factors may include grain 
size, inter-splat adhesion, porosity and hardness/toughness of the 
ceramic phases. 

Status of mi 1 estones 

Task 1 - Experimental plan and coating deposition 
Task 2 - Characterization 
Task 3 - Selection of coating 
Task 4 - Fabricate components 
Task 5 - Reporting 
Task 6 - Quality assurance 

progress and on schedule. 

Pub1 ications 

Tasks 1 (duration 18 month 

None 

) and 2 (durati 16 mo ths) are in 
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Fig. 15. Wear surface of HV WC-Co 
Counterface: grey cast iron 
Lubricant: CE/SF 15W40 
Temperature: 150°C 
Cameron Plint, 225 N, 20 Hz, 5 mm stroke, 360 min. 

Fig. 16. Wear surface o f  HV Cr,C,-WC-Ni-Cr 
Counterface: grey cast iron 
Lubricant: CE/SF 15W40 
Temperature: 150°C 
Cameron Plint, 250 N, 20 Hz, 5 mm stroke, 360 min. 
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1.4 JOINING 

1 .4 .1  Ceramic-Metal Joints 

Joining o f  Ceramics for Heat Enqine A D P ~  icat  ions 
M. L. Santella (Oak Ridge National Laboratory) 

Ob.jective/scoDe 

The objective of this task is to develop strong reliable joints 
containing ceramic components for applications in advanced heat engines. 
Presently, this work is focused on the joining of partially stabilized 
zirconia and silicon nitride by brazing. The technique of vapor coating 
ceramics to circumvent wetting problems that was developed for brazing 
zirconia at low temperatures will also be applied to brazing silicon 
nitride. The emphasis of this activity during FY 1989 will be on: 
(1) completing the initial assessment of zirconia joint strength, 
( 2 )  high-temperature brazing of titanium-vapor-coated si1 icon nitride, 
(3) correlating braze joint microstructures with strength data to 
identify factors control1 ing joint strength, and ( 4 )  developing a method 
of calibrating the indentation fracture technique t o  determine the 
accuracy of residual stresses measurements in ceramic-to-metal joints. 

Technical Droqress 

Areas in which there was significant technical activity are 
outlined in the following sections. 

Brazing of zirconia 

Microstructure of Ti-vaDor-coated ZrO, braze joints - The results 
of initial microstructure analysis and strength testing of ZrO, braze 
joints were discussed in previous reports. A more thorough micro- 
analysis is continuing, and some general observations obtained for 
Ti-vapor-coated ZrO, braze joints, as well as the results obtained from 
examination of Zr0,-ZrO,, Zr0,-cast iron, and Zr0,-Ti joint strength test 
specimens, are detailed in this report. 

A detailed view o f  a braze joint microstructure, Fig. 1, shows that 
two layers were found at the Ti-vapor-coated ZrO, surface after brazing. 
Microchemical analysis by scanning electron microscopy (SEM) indicated 
that the dark layer directly in contact with the ZrO, was the remnant of 
the original Ti vapor coating. The second layer, which formed between 
the Ti vapor coating and the braze filler metal, had a composition of 
22Ag-30Cu-25Sn-19Ti -4Zr, wt %. The microstructure shown in Fig. 1 
indicates that the Ti vapor coating isolated the ZrO, from direct 
contact with the liquid filler metal, and that wetting resulted from 
reaction o f  the braze filler metal with the Ti coating to form a 
metallic or intermetallic reaction layer. 
two reaction layers was approximately the same as the thickness of the 
Ti vapor coating before brazing, nominally 0.6 pm. These reaction 

The combined thickness of the 
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layers were so thin that accurate chemical analysis was not possible 
because the volume of materi a1 activated by electron probe microanalysis 
is typically of the same width or larger that the width of the layers. 

Visual examination of the braze joints showed that the ZrO, within 
about 1 mm of the brazed surfaces became black due to the depletion of 
oxygen. This discoloration indicates that some reaction between the 
ZrO, and the Ti vapor coating occurred during brazing. One possible 
reaction is the reduction of ZrO, by the solid Ti vapor coating to form 
TiO. However, standard free energy data indicate that the reduction of 
ZrO, by Ti is not favorable at the brazing temperature of 735°C: 

ZrO,(s) + 2 Ti(s) = 2 TiO(s) + Zr(s) A G O  = +6.4 kcal/mol . 
In other words, ZrO, is be more stable because of its lower free energy 
of formation. 

A second possible reaction between the ZrO, and the Ti vapor coating 
is diffusion of oxygen out of the ZrO, into the Ti. 
tively mobile in ZrO, and interstitially soluble in a-Ti up to 34 at. %. 
The thermodynamic property that governs the oxidation-reduction behavior 
of Ti-0 solutions is the partial molar free energy of the oxygen. When 
pure Ti is placed in contact with ZrO, at constant temperature, the Ti 
will extract oxygen until a concentration is reached where the partial 
molar free energy of oxygen in the solution equals the free energy of 
formation o f  ZrO,. 
oxygen in Ti-0 interstitial solutions and the free energies of formation 
of some stoichiometric titanium oxides at 735°C. The solid horizontal 
line indicates the free energy of formation of ZrO, at the same 
temperature. As shown in this free energy diagram, oxygen will diffuse 
out of the ZrO, until the oxygen concentration in the Ti reaches about 
45 at. %. 

This analysis indicates that Ti and ZrO, will react at the brazing 
temperature, and suggests that a possible reaction product might be 
substoichiometric TiO. However, the reaction predicted re1 ies on oxygen 
diffusion out of the ZrO, and in situ transformation of the Ti vapor 
coating rather than on the formation of a new phase at the Zr0,-Ti vapor 
coating interface due to chemical reaction. This difference in reaction 
details is subtle but may be important because interface phases formed 
by chemical reaction are generally thought to promote better adhesion of 
vapor coatings compared to those formed by diffusion alone. 
oxidation of the Ti vapor coating may also explain why it did not react 
completely with the braze filler metal. 

The other features in Fig. 1 are the Ag-rich and Cu-rich braze 
filler metal phases which appear as light and dark regions, respec- 
tively, and the ZrO,. 
pores which were not eliminated during sintering of the oxide. The 
microstructure at the brazed ZrO, surface was the same for joints of 
Zr0,-ZrO,, Zr0,-Fe, and Zr0,-Ti. 

Oxygen is rela- 

Figure 2 shows the partial molar free energy of 

Partial 

The dark particles in the ZrO, are actually 
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Flexure testins of zirconia active substrate braze joints - The 
results of initial flexure testing of the Ti -vapor-coated Zr0,-ZrO,, 
Zr0,-Fe, and Zr0,-Ti braze joints have been discussed previously, and 
are summarized in Table 1 for reference. Optical examination of the 
broken test bars indicated that most of them fractured near one of the 
brazed surfaces regard1 ess of materials and testing temperature. This 
not surprising because the greater strength and stiffness of the ZrO,, 
cast iron, and Ti compared to those of the Ag-30Cu-lOSn braze filler 
metal would cause strain to be concentrated in the braze filler metal 
layer during flexure testing. This observation also suggested that 
adhesion of the Ti vapor csatin to the ZrOz, and bond zone micro- 
structure were important factor for determining joint strength. 

?he fracture characteristics of selected test bars were examined in 
more detail by SEN. The overall fracture surface of one of the high 
strength (af = 571 MPa) ZrO,-ZrO, joints tested at room temperature is 
shown in Fig. 3 ( a ) .  ?he fracture surface was relatively planar. Also, 
large fragments of the braze filler metal adhered to the surface after 
testing and indicate that failure occurred simultaneously along both o f  
the brazed ZrO, surfaces. Examination at higher magnification, Fig. 3(6), 
showed that the appearance of much of the surface similar to the 
fracture appearance of mono1 ithic Zt-O,, and confi that a substantial 
amount o f  fracturing in this joint specimen occu in the ZrO, just 
below the Zr0,-Ti vapor coating interface. The fracture appearance 
of this specimen i s  compared in Fig. 4 t o  that of a lower strength 
(of = 259 MPa) Zr0,-ZrO, joint tested at room temperature. Some 
fracturing occurred in the rQ, in the lower strength joint, but the 
relatively snooth areas sho ~i in F i g .  4(b) indicate that failure in this 
joint was accompanied by a arge amount of debonding between the ZrO, 
and the Ti vapor coating. 

?he general fracture pattern of the Zr0,-ZrO, joints tested at 
208°C was similar to that o f  the joints tested at 25°C. 
the fracture appearance from a test done at 400°C i s  shown in Fig. 5 .  
The fracture surfaces a t  this test temperature were typically smooth and 
contained only isolated fragments o f  metal1 i c  phases. Essentially no 
fracturing o f  the ZrO, was found for the 400°C tests, but failure was 
mainly associated with debonding a t  the ZrO,-Ti vapor coating interface. 
For the tests done at 575°C fracture occurred exclusively through the 
metallic phases. 

The fracture surface shown in Fig .  6 ( a )  is typical of the higher 
strength (354-399 MPa) ZrO,-Fe joints tested at 25°C. 
mens were characterized by regions that were relatively flat and other 
areas where large fragments of the Zr8, was pulled out of the base 
material. This behavior indicates that the joints failed by a eombi- 
nation of debonding a t  the ZrQ,-Ti vapor coating interfaces and 
fracturing of the ZrO, near the brazed surfaces. 
examination o f  the surface s in Fig. 6 ( a )  indicated that fracture 
initiated near the ZrO,-Ti v coating interface and eventually led 
to the pullout o f  a large piece of the ZrO, adjacent to the brazed 

Examination of the fracture surface near the tensile face o f  
en at higher magnification, Fig, 6 ( b ) ,  showed that areas of 

the Ti coating were still adhering to the zirconia after fracture. 

An example o f  

These test speci- 

A more detailed 
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The lower strength (25, 36, 102, and 149 MPa) Zr0,-Fe joints tested 
at 25°C behaved in a completely different manner. In this case, the 
braze filler metal did not adhere to the Ti-vapor-coated ZrO,; and while 
it bonded to the Cu plating, the Cu plating did not adhere to the Fe. 
When the joints were tested, the layer composed of the resolidified 
braze filler metal and the Cu plating simply fell away from the joint. 
Microchemical analysis in the SEM indicated that the filler metal 
fragments, remnants of the Cu plating, and the surface o f  the cast iron 
all contained high levels of phosphorus and potassium. These contami- 
nants apparently were introduced by improper process control or cleaning 
procedures during the Cu-plating operation and were responsible for the 
very low Zr0,-Fe joint strengths recorded at all four test temperatures. 

The uncontaminated Zr0,-Fe joints tested at 200°C and 400°C failed 
in much the same manner as those tested at 25'C, but also had indica- 
tions of ductile failure in the metallic phases, The ZrQ, half of a 
Zr0,-Fe joint tested at 400°C, shown in Fig. 7 ( a ) ,  indicates that 
fracture may have initiated near the Zr0,-Ti vapor coating interface, 
but that its path was mainly through the metallic bond zone layer. 
Failure occurred by ductile void coalesence in the metal layer as shown 
in Fig. 7 ( b ) .  Microchemical analysis showed that the surface in 
Fig. 7 ( b )  was entirely Cu, and confirmed that failure was associated 
primarily with the Cu plating on the cast iron. 
was also limited by the strength of the Cu plating, 

The ZrO, surface of a Zr0,-Ti joint tested at 25°C is shown in 
Fig. 8 .  
large portion o f  surface is covered by the metallic bond zone layer. 
Further examination and microchemical analysis indicated that failure 
initiated near the interface between the Ti half of the joint and a 
Ti-Cu intermetallic layer formed by reaction of the Ag-30Cu-lOSn, wt %, 
filler metal with the Ti metal. Figure 8 also shows that the fracture 
path eventually diverted to the ZrO, just below the Zr0,-Ti vapor 
coating interface. 
fracture characteristics of several of the higher strength joints were 
identical to this one. In the lower strength Zr0,-Ti joints tested at 
25"C,  failure initiation occurred near the ZrO,-Ti vapor coating 
interface, and the fracture paths were along this interface and in the 
ZrO, near the interface. 

The behavior of the Zr0,-Ti joints tested at 200°C was similiar to 
that of the lower strength joints tested at 251°C~ but with slightly more 
debonding at the Zr0,-Ti vapor coating interface and some fracture 
through the Ti-Cu intermetallic phases near the bulk T I  surface. 
Failure in the Zr0,-Ti joints tested at 400°C and 575°C was associated 
with intermetallic and metallic phases in the bond zones of the joints. 

The SEM observations of joints tested at 25°C indicate that for all 
three joint types the highest joint strengths were associated with 
partial or complete fracturing of the IrO, beneath the Ti-vapor-coated 
surfaces. 
through the ZrO,. Considerable fracture through the ZrO, was also 
observed for the higher strength Zr0,-Fe and Zr0,-Ti joints. Similarly, 
the trend for the lower strength joints was that fracture was character- 
ized by a noticeable fraction of debonding at the Zr0,-Ti vapor coating 

Joint strength at 575'C 

The tension face o f  this bend bar is at the top o f  Fig. 8 and a 

The strength of this joint was 470 #Pa, and the 

The high strength Zr0,-ZrO, joints failed almost entirely 
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i i i t e r facss  as i l l u s t r a t e d  by Fig, ,  4 .  Overall, the goad strer~gth of the 
j o i n t s  i n d i c a t e s  t h a t  the adhesion o f  the Ti vapor coat ing wits excellent 
sild was a c r i t i c a l  factor i n  determining j o i n t  s t r e n  th.  The 25°C data 
a l s o  i n d i c a t e  t h a t  %he strength o f  a l l  th ree  types o 
as debonding s f  the. l i  vapor coating from the ZrC, s u r f a c e s  became mor2 
prevalent. 
s t reng th  car1 be i ~ r e z s e d  $3' inipraving t h e  s t rength and uniformity o f  
bonding of  the  T i  vapor coatii-sg t o  the oxide surfaces. 

Even i n  the  Z~O,-ZFB, j o i n t s  that  frassiiired entirely t h rough  t h e  
,!t-02, the j o i n t  strength ;at 25°C W ~ S  belaw t.hat o f  the m n o l i t h i c  Zr.0,. 
T h i s  f a c t  along with t he  observat ion t h a t  fractures i n  the Z P O ~  always 
occirrred near t h e  brazed surfaces i n d i c a t e s  t h a t  near-surface micro- 
cracking iri the HrO,  m y  have con t ro l l ed  j o i n t  strengkh i n  cases where 
adhesion o f  the Ti vapor eraatSng was complete. A31 ZvOZ coupcir-is w f z w  
yroi lnd t a  5 r e l a t i v e l y  f i n e  f l n i s h  (1SO-220 g r i t  diamond) and cat-cfiil1.y 
cleaned b e f o r e  vapor coating w i t h  li and brazing, but no spec ia l  attempt 
was rnade t s  remove surface damage t h a t  may have resulted from gr ind ing  
opcra t iows.  
i c a l l y  prepared surfaces9 but  i t  i s  known t h a t  preexisting surface 

ge c w  reduce j o i n t  st rength,  In add i t ion ,  %.he d i f f e r e n c e  in  
mal expansion coefficients Setw~en the ZPO, and t h ~  braze f i l l e r  

j o i n t s  decreased 
- 
I kese observa t ions  imply t h a t  r ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~  j o i n t  

Na\ microcracks were observed on unstrai~ed nze2al l ogsaph-  

7t-0, surfuce wh i e h  wi 11 conlri bute  t o  the Zr63),-Zrz"r, j o i n t s  having 7 owcr 
s t reng th  t h a n  t he  immslithic. ZrO,. 

The d i f f e r m a  i n  thermal expansion coefficients between the ZrO, 
and t h e  c a s t  i r o n  ( ~ a  = 4 , t m / r n / O C )  undsubtedly was resgonsibie f o r  the 

TrQ,-ZrO, j o i n t s ,  The res-idual stinssses produced i n  t. ceram i c-metal 

fS17er w t a l  l a y e r  o f  a cera ic-ceramic j o i n t .  Furthermore, a tensile 
component o f  res idua l  stress would e x i s t  normal t o  the brazed ZrO, 
surface and i t  w3 reduce t-he level o f  appl  i e b  stress riecessary t o  
cause f a i ' u r e .  

t h e r m 1  expansion c o e f f i c i e n t  i s  approx i i i ia te ly  the same as t h a t  o f  the 
it.0, (a = 10 p x / i ~ i / ' C ) .  ?he higher avc-age and maximu 3 rosrn-temper2t"cre 
strengths of the ZrO,-Ti  j o i n t s  compared t o  t he  n"rO,-Fe j o i n t s  a m  an 
i n d i c a t i o n  t h a t  res idua l  stresses were ~inimized i n  the LrB,-Ti j o i n t s ,  
H o ~ w e r ,  t he  room temperature s t r e n g t h  o f  the PrO,-Ti appeared t o  be 
limited by the s t r eng th  o f  a Ti-Cu i n t e r m e t a l l i c  layer t h a t  formd rasi 
t h e  T i  sur face  during braying,  r a t h e r  thao adhesion o f  the T i  vapar 
coat ing  on the ZPB,. 

The strengl;h of  t h e  7d,-ZrB, j o iP i ts  decreased prsg res s ive ly  a t  
266°C and 4OC"C. A t  2OO"C, debondfirg a t  i l i e  ZrO,-?i vapor coating 
interface appeawd t o  rinci*case, and at. 400°C i t  was the  predominate 
f a i l u r e  mode. Tile Si34 examination o f  fracture surfaces indicated t h a t  
j o i n t  s t r e n g t h  a t  t h e  higher  ternpet-stures w s  roughly an i nve r se  
f u n c t i c x  o f  t h e  deSor?ded area on the ZrO, S L J ~ ~ ~ C R S .  Adhesiot-r of  
coat i ~ C J S  i s p r o ~ ~ ~ t e d  by ~ t > ~ ~ u g  atom- 
region, low 7scal stress 1 elwl s, and the absence of'  time-dependent 
degradation phenomena 

- t e ~ ~ e r a k u ~ ~  st rength  o f  the  Z r 0 2 - F ~  j o i n t s  c ~ n p a ~ e d  t o  the 

j u i i l t  would bt? much l a r g e r  than those produ~ed by the t a l  1 i c braze 

T i t a n i  urn was a1 so se'i ecteeQ for  maklng ZrO,-metaI j o i n t s  because i t s  

h ~ n d  i ~ C J  ~i R,h T the i i l t e r f a c i  $1 

but t h e  r a c t o r ~  that, nay 1 imi t  adnesion are marry 
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and they are not all well understood. The observation that debonding at 
the Zr0,-Ti vapor coating interface became more prevalent at temperatures 
above 25°C may be an indication that chemical bonding or chemical 
reaction between the ZrO, and the T i  coating were never achieved. 
conclusion is consistent with the t ~ ~ r ~ ~ d y n a ~ ~ c  analysis presented 
earlier, and it suggests that adhesion of the Ti vapor coating to the 
ZrO, surfaces was due to a mechanical interlocking 
chemical bonding at an abrupt type of interface. reduced adhesion 
a t  higher test temperatures that is implied by lower joint strengths, 
and the increase in debonded area an the fracture surfaces could both be 
the result of a relaxation of b~~~~~~ a t  the interface between the  ZrO, 
and the Ti coating by either of these s, and could be compounded 
by stresses induced by differential th a1 expansion. 

the Ti-vapor-coated ZrQ, surface could also explain the lower strength 
of the Zr0,-Fe and ZrQ,-Ti joints tested at 200°C. 
Zr0,-Fe joints tested at 200°C was complicated by a component of ductile 
failure through the Cu plating in many specimens which contributed to 
lower joint strengths. 
at the Zr0,-Ti vapor coating interface observed in the ZrQ,-Ti joints 
tested at 200°C undoubtedly contributed to the lower strength of these 
joints as well. 

The strength of the Zr0,-Fe joints tested at 400°C was dominated by 
failure through the Cu plating applied to the cast iron. The Cu plating 
was used to prevent reaction o f  the braze filler metal with graphite i n  
the cast iron. 
apparent solubility in Ag. Therefore, it is possible that Cu plating of  
the cast iron may be unnecessary for obtaining acceptable braze joints 
with the Ag-30Cu-lOSn, wt %, filler metal. Eliminating the Cu plating 
may also result in improved joint strengths and reduced data scatter at 
400°C. 

the main failure mode of the ZrO,-Ti joints tested at 400°C. Titanium 
and copper react vigorously to form several brittle intermetallic phases 
which appeared to limit the strength of the Zr0,-Ti joints at all test 
temperatures. 
a lower-Cu braze filler metal may be one way o f  improving the strength 
o f  these joints. 

The strengths of all three types o f  joints converge to relatively 
low values for testing at 575"C, and in each case failure was associated 
with fracture through the metallic phases. This is not surprising; the 
solidus temperature of the braze filler metal is near 620"C, so 575°C 
represents a very high temperature for joint strength testing. The 
test data presented indicate that the practical limit for obtaining 
reasonably strong joints with Ag-30Cu-10Sn filler metal is in the range 
of 400°C to 575°C. 

way of promoting the brazing of ZrQ, with a Ag-30Cu-10% alloy 
(AWS BVAg-18). 
adhesion of the Ti vapor coating t o  the brazed ZrO, surfaces was 

This 

hanism o r  weak 

Loss of strength due to relaxation o f  mechanical interlocking a t  

Fracture in the 

A mixed failure mode combined with some debonding 

However, carbon has limited solubility in Cu and no 

Fracture through intermetallic layers at the bulk Ti surface was 

Reduction or elimination o f  these phases by brazing with 

This study confirmed that vapor coating with Ti is an effective 

Analysis o f  braze joint test specimens indicated that 
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generally very good. The data further suggested that obtaining good 
coating adherence is a prerequisite to obtaining high strength braze 
joints, and that improvements in adhesion warillc! improve joint strength 
a t  all test temperatures. 

Brazing of silicon nitride 

braze joints were examined far the presence of cracks that may have been 
present before brazing or that may have resulted from brazing. 
were found for the joint made with the 72Ag-28Cu braze filler metal. 
Cracks which intersected the brazed Si,N, surface were found in both of 
the ather joints. For the 82Au-18Ni braze filler metal, cracks up to 95 
pi in length that extended 40 pm below the brazed surface were observed. 
Far the 50Au-25Ni-25Pd braze filler metal, cracks up to 50 pm long 
extending 15 pm below the joint surface were found. The Si,N, surfaces 
o f  these joints were left in the as-fired condition prior to vapor 
coating with Ti. They were not examined for cracks prior to brazing so 
these data do not demonstrate whether the cracks were actually produced 
by brazing. The data do, ho ever, indicate a possible correlation 
between cracking and the behavior o f  the Ti vapor coating because the 
coating remained intact after brazing only for the 72Ag-28Cu alloy. 

In the previous report it was noted that flexure strength data for 
joints made with the ?ZAg-28Cu filler metal had higher average strength 
(326 _C 38 MPa) and lower scatter (m =: 7 . 7 )  than joints made with the 
50Au-25Ni-25Pd filler metal (of = 264 k 102 MPa, m = 2 . 4 ) .  Also, all of 
the flexure bars broke through the Si,hl,, and with only a few exceptions 
the crack paths were within about 56 pm o f  the Si,N,-metal interfaces. 
The joint surfaces o f  these specimens were diamond ground to a 30 pin 
finish before being coated with Ti. These specimens also were not 
examined for cracking before the braze joints were made, or before 
flexure testing, However, all of this data together suggests that 
preexisting surface f l aws  or flaws induced at the Si,N, joint surfaces 
during brazing may have controlled joint strength. Experiments t o  
examine this problem In more detail are progressing. 

The metallographically prepared specimens o f  Ti-vapor-coated Si& 

No cracks 

Status o f  milestones 

141106 Complete microstructural analysis o f  initial zireonia-to- 
zirconia and zirconia-ta- eta1 braze joint flexure test 
specimens. 

Results of this work are complete and are detailed in a publication 
draft entitled “Braaing Titanium-Vapor-Coated Zirconia.” T h i s  
manuscript i s  currently being cleared for journal pub1 ication. Draft 
copies o f  the manuscript ar avai 1 ab1 e on request. 
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Pub1 ications 

The paper entitled "Strength and Microstructure sf Titanium-Vagor- 
Coated Silicon Nitride Braze Joints" was presented a t  the 3rd 
International Symposium on Ceramic Materials and Components for Engines, 
November 28, 1988, in Las Vegas, and was accepted for publication in the 
conference proceedings. 

Unpublished work 

A talk entitled "Ceramic Joining for High Performance Applications" 
was presented at the Sixteenth Annual WATTec Interdiscipl inary Technical 
Conference and Exhibition, February 16, 1989, in Knoxville, TN. 
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Tab1 e 1. Fracture strength o f  T i  -vapor-coated 
ZrO, braze joint flexure test bars 

Joint Test 
Temperature 

('C) 

No. o f  
specimens 

( M W  
Range o f  
strength 

( M W  
Average 
strength 

Zr0,- ZrO, 

Zr0,-Cast Fe 

ZrO, - T i 

25 

200 

400 

575 

25 

200 

400 

575 

25 

200 

400 

575 

14 

7 

9 

9 

9 

4 

6 

7 

9 

8 

9 

7 

269-571 

239-459 

199-370 

48-1 49 

25-399 

58-363 

53-364 

16-101 

307-470 

106-353 

137-2 12 

49-1 28 

421 f 95 

355 f 74 

292 f 55 

101 f 32 

241 f 150 

246 f 118 

203 f 128 

51 f 28 

370 f 52 

266 f 85 

178 f 20 

102 f 23 
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Fig. 1. Microstructure at T i  -vapor-coated 
ZrO, surface after brazing with a Ag-30Cu-lOSn, 
wt X ,  filler metal. 
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Fig. 2. Free energy o f  ZrO,, titanium oxides, 
and Ti-0 solutions. 



23 1 

M27072 - -  

M27076 

Fig.  3. SEM micrographs o f  high strength 
Zr0,-ZrO, specimen tested a t  25’C: ( a )  overal l  
appearance, ( b )  ZrO, appearance beneath Ti-vapor- 
coated surface. 
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M27082 

Fig. 4. SEM micrographs o f  ZrO,-ZrO, 
specimens tested at 25'C: ( a )  of = 571 MPa, 
and (6) of - 269 MPa. 
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br127097 I 

Fig. 5. Fracture surface of Zr0,-ZrO, 
specimen tested at 400'C showed evidence o f  
debonding at Zr0,-Ti vapor coating interface. 
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rn 

M27549 

Fig. 6 .  SEM micrographs of high strength 
Zr0,-Fe specimen tested a t  25'C: ( a )  overall 
appearance, and ( b )  ZrO, surface near tensile 
face of bend test bar. 
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I M26888 

Fig. 7 .  SEM micrographs o f  ZrO, half of 
( a )  overall Zr0,-Fe specimen tested a t  400'C: 

appearance, and (6) fracture appearance in 
Cu plating. 
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3 M27230 

Fig. 8. Overall  f racture  appearance o f  
ZrO, h a l f  o f  Zr0,-Ti specimen tested a t  25.C. 
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Analytical and Experimental Evaluation ______ of Joining Silicon NItriae 
to Metal and Silicon Carbide to Metal for Advanced Heat Engine 
Applications - GTE Laboratories Incorporated 
_ _ _ _ _ ~  

Object  i ve/scoDe 

The goal of this work is to demonstrate analytical tools for use in designing 
ceramic-to-metal joints including the strain response of joints as a function of the 
mechanical and physical properties of the ceramic and metal, the materials used in 
producing the joint, the geometry of the joint, externally imposed stresses both of a 
mechanical and thermal nature, temperature, and the effects of joints exposed for 
long t imes at high temperature in an oxidizing (heat engine) atmosphere. The maxi- 
mum temperature of interest for application of silicon carbide to metal and silicon 
nitride to  metal containing joints is 95OOC. The initial joint fabrication work shall in- 
clude "experimental" joints whose interfacial area is not less than two square centi- 
meters. The work shall also include demonstration of the potential for scale-up of 
the joint size to interfacial areas of commercial significance, applicability of the ana- 
lytical joint modeling tools and the ability to use these tools to design and predict 
the mechanical and thermal stability of the larger joints. These joints, referred to as 
"scale-up" joints, shall have an interfacial area of at least twenty square centirne- 
ters. 

Technical Droqress 

Finite Element Analysis (FEM) addressed the relative effectiveness of M o  vs Ni  
interlayers. Results showed that low yield stress Ni was more effective than low ex- 
pansion coefficient Mo. Experimental results with coupon shear tests confirm this 
prediction. 

The effects of temperature on the mechanical properties of the joint materials 
have been included in the finite element analysis (FEA) of the Task 2 joints. FEA 
has s h o w n  that the low yield stress Ni interlayer is better at reducing residual stress 
in the joint than is the low expansion coefficient Mo interlayer. 

Good wetting was observed for the 95OOC braze alloys, Palni, Palniro 1, Palniro 
4, and Palniro 7, on Zr- and Ti-coated SNW1000. 

An induction furnace was designed, installed, and calibrated for the elevated 
temperature mechanical testing. 

The high temperature strength of brazed joints prepared with Palni and Palniro 
series alloys was measured. Hot shear testing at 500°C in an argon atmosphere in- 
dicated that the performance of the braze joint at 5OOOC is at least equivalent or bet- 
ter than the room temperature strength. 

FEM analyses of proposed joint designs were conducted to determine the opti- 
mum interlayer thickness. In addition, the effect of peripheral groove radius and ta- 



pering the end of the structural alloy were examined. The optimal interlayer thick- 
ness for Ni in the proposed configuration was found to be 1 mm. Grooves were de- 
termined to be beneficial but insensitive to radius. Tapering the structural alloy 
joint end was also beneficial. 

An analytical framework for the evaluation of torsion tests has been proposed. 
In addition, the thermal and mechanical waveforms needed for cyclic testing have 
been generated. 

Braze alloy design work resulted in qualification of Au-Ni-Ti and Au-Pd-Ni-Ti for 
650'C. The Pd-Au system was previously reported as the choice for 95OOC. 

The nature of braze-ceramic interaction has been the subject of continued 
evaluation. TEM was used to document the reaction in the glassy phase. 

DesiqnlCriterialStress Analysis 

Finite element analysis was performed on a Task II type specimen configura- 
tion utilizing an interlayer. The material properties are summarized in Table 1. Of 
particular interest is the use of Nioro braze properties of 62 ksi yield based on re- 
cent tests and a pure nickel interlayer with a yield stress of 8.5 ksi. Results of the 
FEM analysis yielded relative stress values of 2 compared with 9 and 10 in earlier 
cases without interlayers. Additional runs were made to determine the relative ef- 
fect of Mo vs Ni as an interlayer. It was shown that Ni alone is significantly more ef- 
fective than Mo alone. Slight improvements can be had by combining Ni and Mo if 
the NI is in contact with the ceramic. This arrangement is particularly effective, 
since the outer Mo layer reduces the contraction stresses on the ceramic because 
of its low coefficient of expansion. The Ni adjacent to the ceramic deforms to ac- 
commodate any remaining contraction. The constitutive equations used for this 
analysis were based on the room temperature stress-strain curves of each compo- 
nent in the joint. 

Table 1: Materials Properties for FEM 

Ceramic Structural Alloy Braze lnterlayers 
Properties PY6 lncoloy 909 Nioro Mo Ni 

Young's Modulus 43,000 ksi 23,000 ksi 8,150 ksi 46,000 ksi 29.500 ksi 
Poisson's Ratio 0.23 0.24 0.36 0.3 0.31 
Yield Stress 121 ksi 150 ski 62.0 ksi 80 ksi 8.5 ksi 
Coeff. of Linear 3.4 E-6lC 9.0 E-6/C 17.5 €-6/C 6.4 E-6lC 13.4 E-6lC 
Thermal Expan. -18.3 E-6K 

Rm. T-900°C 
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A new FEA of the joint was conducted with modified constitutive equations de- 
rived as a function of temperature; however, the mechanical properties of the braze 
were assumed to be temperature independent. Also, the number of elements was 
increased to highlight the stress distribution around critical crack initiation sites. 
The number of elements used was 1613, 56. 140. and 192 for the ceramic, braze, in- 
tcrlayer, and structural alloy, respectively. While the predictions of the model were 
unchanged from those reported earlier, the accuracy of those predictions has been 
improved. 

Temperature-dependent power law equations were used for the plastic: defor- 
mation of t h e  metal joint components. The following assumptions were made: 

1. The strain hardening exponent, n, is independent of temperature 

2. The strength coefficient, f(T), is a linear function of temperature 

3. The young's modulus €(I), is a linear function of temperature 

(7 = €IT) E in clastic range E q .  1 

0 = f(T) E" in plastic range E q .  2 

E(T) = Eo( 1-0 T/T,) Eq. 3 

where a, E. E(T), n, and f(T), are true stress, true strain, Young's modulus, strain 
hardening exponent. a strength coefficient, respectively. a is a constant that equals 
0.33 and 0.47 for the ceramic and braze, respectively. The ceramic was treated as a 
perfect elastic material. while the braze alloy was treated as an elastic-perfect plas- 
tic material. 

The materials' properties as a function of temperature were used to calculate 
E(T), n ,  and f(T) for the components in t h e  ceramic-metal joint system (Table 2). An 
improved FEA of the joint w a s  performed using these modified constitutive equa- 
tions, Equations 1-3. ABAQUS, version 4-5-138 was used for the FEA. 
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Table 2: The Temperature Dependence of the Elastic Modulus, E(T), 
Strain Hardening Exponent, n, and Strength Coefficient, f(T) 

Material n f(T) 

Ni -0.052T + 215.04 0.235 0.23T + 390.96 

Mo -0.060T + 329.37 0.099 -4.33T + 1136.51 
(2OOC S T 200') 

1.57T + 238.53 
(200OC S T < 300") 

-0.54T + 588.71 
(300OC 2 T < 800') 

-0.15T + 277.53 
(800OC I T < 1000°) 

lncoloy 909 -0.0054T + 158.69 0.0575 -0.35T + 1387.98 

Ceramic -0.049T + 279.52 1.00 N/ A 

Braze (Au-28% Ni) -0.035T + 58.88 0.00 99.5 ksi 

Mises equivalent stress determines the deformation of the metal components. 
while the maximum principal stress will determine cracking of the ceramic compo- 
nents. Therefore, contours of Mises equivalent stress in the metal and of the maxi- 
mum principal stress in the ceramic were used to judge the joint's materials and 
design. For all of the analyses, 8 node biquadratic elements were used for the 
metal components. A fine mesh spacing was used for the interlajer to show the 
nonlinear plastic behavior of that layer. 

The data shows that the Ni interlayer results in a lower principal stress in ce- 
ramic compared to the Mo interlayer. Therefore, Ni will reduce the chance of crack- 
ing in the ceramic. Mises equivalent stress in the Mo interlayer exceeds 2.00E8 Pa, 
whereas in the Ni interlayer this level of stress only occurs in the vicinity of the in- 
terface between the Ni and lncoloy 909. 
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Temperature Dependent Constitutive Equations for Joining Materials 

Constitutive Equations for Ni and lncoloy 989 and PY6 

The materials used in the ceramic-metal braze joint with a low Q interlayer or 
3 low yield stress t7 interlayer are: Y '  

Ceramic PY6 
I nterlayer 
Braze Nioro 
Structural Al loy lncoloy 909 

Ni ( low yield stress, aSy) 

The constitutive equations for Ni, lncoloy 909 and PY6 were derived above. 
The constitutive equdtions for Ni and lncoloy 909 are given by equation 1 and a 
rnodified form of rquat ion  2, given as eqiiation 4 

u = (AT f B)E" in the plastic range (4) 

where for Ni E(T) = -0.05197T + 215.0395 
A := -0.2282 
E3 = 390.9629 
n = 0.235 

and where for lncoloy 909 E(T) = -0.005415T + 158.6933 
A = -0.34775 
B ::= 1387.9768 
n = 0.0575 

The constitutive equation for PY6 is: 

0 279.518(1-0.33T/1900)~ ( 5 )  

Constitutive Equation for Nioxo 

A simple tension test on Nioro foil was carried out at room temperature. Ex- 
perimental data are: 

Elastic M O ~ I J ~ I J S  5,568.00 k s i  
Ultimate tensile strength 103.65 ksi 
Yield strength 84.39 ksi  
Elongation 0.048 
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These data are close to the data in "Data Compilation for Ceramic-Metal Join- 
ing.<!' Because the testing machine was not extremely accurate, the data in "Data 
Compilation for Ceramic-Metal Joining" were used to derive the temperature depen- 
dent constitutive equation for Nioro. 

Basic assumptions are: 

1. Strain hardening coefficient n is independent of temperature. 

2. f(T) is a linear function or piecewise linear function of temperature. 

3. Young's modulus (E(T) is a linear function of temperature. 

4. Ultimate tensile strength and yield strength are linear functions of tempera- 
ture, and they are equal to zero at the melting temperature. 

The equations for Nioro utilized the following coefficients: 

where E(T) = 58.875(1-0.47T/950) (GPa) 
A = -1.2558526 
B = 1235.9366 
n = 0.1289285 

The constitutive equations are shown in Figure 1. 

Optimization of Ceramic-Metal Brazing Joint Geometry 

Finite Element Analysis 

Using the constitutive equations derived in the February Report for Ni, lncoloy 
909 and PY6, the constitute equation derived in the previous section for Nioro, finite 
element analyses were carried out to optimize the geometry of the ceramic-metal 
brazing joint with Ni as the interlayer. The temperature change used was from the 
melting temperature of Nioro (95OOC) to room temperature (2OOC). This work was 
done at the University of Illinois by using ABAQUS Version 4-6-170 on a Covax corn- 
puter. 

The three basic geometries and finite element meshes of the ceramic-metal 
joint are shown in Figures 2 to 4. 
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Thickness of N i  lnterlayer 

For the basic geometry shown in Figure 2a, the thickness of the Ni interlayer 
w a s  varied from 0.7 rnm to 1.1 mm. Contours of the Mises equivalent stress (Figure 
2b)  and the largest principal stress of the ceramic-metal brazing joint after brazirig 
were generated. The Mises equivalent stress and the largest principal stress for in- 
terlayer thicknesses equal to 0.7, 0.8, 0.9, 1.0 and 1.1 mm are shown in Figure 5. 
From the data on Ni in this figure, it can be noted that the joint with a Ni interlayer 
thickness of 1.0 rnrn seemed to be superior. 

Effect of Groove 

The geometry of the cerarnic-metal brazing jDint with a groove is shown in Fig- 
ure 3a. The radius of the groove was varied from 0.3 rnrn to 1.0 mrn. Contours of 
the Mises r?quivalent stress (Figure 3b) and the largest principal stress were gener- 
ated. Comparing these data. it can be noted that the effect of the size of the groove 
is small. However, it is apparent that the von Mises equivalent and the largest prin- 
cipal stresses are reduced by introducing a groove. 

Effect of Tapered End of the Structural Alloy 

The geometry of a ceramic-metal brazing joint with a tapered end is shown in 
Figure 4a. The parameter a of the conic shape was varied from 0.2 mm to 1.0 mrn. 
Contours of the Mises equivalent stress ( f igure 4b) and the largest principal stress 
were calculated. Comparing these data, it can be noted that the effect of the size of 
the groove is small. However, comparing Mises equivalent stress and the largest 
principal stress for various configurations. i t  is obvious that these two stresses are 
reduced by tapering the end of the structural alloy. 

Brazinq Alloy Development 

Alloys were considered for brazing lncoloy 909 to molybdenum because of the 
close thermal expansion match of the latter to silicon nitride. The gold alloys con- 
taining higher gold content than the lowest congruent melting cornpasition will react 
with nickel or iron-based alloys resulting in an eroded braze joint. The resulting 
higher nickel-gold alloy wil l  be much harder and will be a less forgiving joint be- 
tween two dissimilar materials. 
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Four (4) gold alloy systems were studied: 

Gold -Copper-N ickel-Titaniu m 
Go Id-N icke I-Ti ta n i u m 
Gold-Palladiu m-Nickel-Titaniu m 
Go Id- N i c k e I-S i I i co n-T i t a n i u m 

The most promising alloy of the 4 gold alloy systems studied were gold-nickel- 
titanium system with nominal composition of: 

Ni 3 Y o  
Ti 0.6% 

Au Balance 
Liquidus 102OOC 
Solidus 1 ooooc 
Brazing Temperature 1020°C-1040°C 

The a!loy is very ductile, with a Knoop hardness of about 130. 
An alloy with slightly higher melting temperature had a composition of: 

Gold 91.5% 
Nickel 2.0% 
Pallad iu m 5.0% 
Titanium 1.5% 

The liquidus/solidus of 1133°C/1077"C makes this alloy stronger at 65OoC use 
temperature. This alloy with knoop hardness of 170 is less forgiving to plastic flow 
at elevated temperature than the gold-nickel-titanium alloy. 

Gold-Based Alloy 

Gold 
Nickel 
Titanium 
32 alloy compositions evaluated 
Liqu idus 
Solidus 
Excellent system for Molybdenum. 

87 -97 yo 
1 -12% 

.5 -1.5% 

975 - 103OOC 
961 - 10IO°C 
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Gold-Nickel-Silicon Alloy 

Gold 
Nickel 
S iI icon 
Titanium 
L iq 11 id u s 

So I id 11s 

47 alloy compositions studied. 
Exce I I e n t \E/ ett i n g a I Io y . 
Hard alloy. 
Very ductile alloy. 

91 -98% 
1 -9% 

.1 -2 Yo 
1 -2% 
980 - 1070°C 
940 - 1000°C 

Gold-Based Alloy 

Gold 85 -94 '10 

Nickel 2.5 -4.5% 
Copper 2.5 -6.5% 
Liquidus 950 - 1050°C 
Solidus 900 - 950°C 
22 alloy compositions investigated. 
Wetting obtained, but melting temperature is too low. While 
the alloy is ductile. t h e  "good alloys" were too hard. 

Gold-Based Alloy 

Gold 
Palladium 
Nickel 
Titanium 
Liquidus 
Sol  id ri s 

17 alloy compositions studied. 
Excellent wetting alloy systems. 
Excellent ductility and low hardness. 

a9 -94.5% 
5 - 10% 

0.5 -2% 
1109 - 1232°C 
1054 - 1185°C 

0 -3 '10 

Only a few structural alloys are available that can be heated to 950T in oxidiz- 
ing atrnosphere for long periods of time. Recommended precious metals such as 
palladium or platinum can be heated in air and are ductile and soft. These should 
be t h e  principal materials for joining to silicon nitride. 

950°C + 273'C - 1223K - ,7, 
1450°C + 273°C 1723K 

.- I_ - 
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950°C Brazing Alloy 

Wetting tests of possible 950OC braze alloys were conducted on Ti-coated 
SNWl000. The detailed procedure was described in previous reports. Table 3 lists 
the compositions and test temperatures for each of the four brazes studied. The 
test temperatures were llClo/~ of the alloy's liquidus in O K .  All of the braze alloys 
wet t h e  substrate very well. Figure 6 shows the wetting angle as a function of time 
for all four braze alloys. 

Table 3: Braze Compositions and Test Temperatures Used in the Wetting 
Experiments for the 950°C Braze Alloy. All of the Braze Alloys 
are Manufactured by GTE Wesgo. 

Sraze 
Composition (wt. pct.) Test 

Au Ni Pd Temperature ("C) 

Palni -- 40 60 
Palniro 1 50 25 25 
Palniro 4 30 36 34 
Palniro 7 70 22 8 

1389 
1260 
1272 
1168 

During wetting tests between Palni braze and Zr-coated SNW1000, a large 
amount of outgassing occurred. Wetting tests were carried out in a mass spectrom- 
eter/vacuum system to determine the nature and source of this gas. Mass spectros- 
copy showed that a large amount of N2 gas was given off as the Palni braze wet the 
Zr-coated SNW1000. The data suggest that the Pd in the Palni braze reacts with 
si3N.1 to form PdzSi or PdSi and Nz. 
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Table 4 shows the results of other wetting tests of various brazes on  Zr-coated 
and uncoated SNW1000. 

Table 4: Outgassing Results - Braze Material on SNWl000 

Sample 

SNW 1000 
1300°C 

Palni/Zr Film 
1300°C 

Palni w/o Zr 
13OOOC 

Total 
Gas Pressure* 

193 microns 

Major 
Gas Species 

Nz, Hz 

800'* Nz 

75 N2 

(Au-Pd-Ni-Ti)/Zr Film 131 
1 180°C 

(Au-Pd-Ni-Ti) w/o Zr 158 
1 1 80°C 

Nioro w/o Zr 
980°C 

70 

H2, N2 

H2, Nz 

Nz 

'Pressure normalized for values w/o the 3 liter volume. 
"Thero is a n  initial pressure increase in  the first 10 seconds for 

all of the samples, b u t  this specimen showed, in addition, a burst of 
gas some l ime later. 

Cylindrical Specimen NDE 

When t h e  Task II specimens will be brazed, it will be useful  to have informa- 
tion concerning the extent of bonding in  addition to mechanical test results. With 
that goal in mind, some preliminary experiments were performed brazing a 1/16-in. 
thick molybdenum ring to a 0.5-in. diameter SNW1000 (GTE Wesgo silicon nitride -2 
w/o AL03-13 w lo  Yz03) .  The 0.2-in. length of the Mo ring yietds a braze area of 2 
crn' as called for in Task It. Two braze alloys were used: Ciisil ABA GTE Wesgo 63 
w/o Ag-35.25 wIo Cu-1.75 w/o Ti and an experimental alloy 91.75 w/o Au-5 w/o Pd-2 
wlo  Ni-1.25 w lo  Ti. The brazed cylinders were evaluated using microfocus x-ray ra- 
diography. The s a m p l e s  were oriented at a slant with respect to the beam so that 
both the front arid the back of the ring braze joint were exposed. 
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The results of this procedure are given in Figure 7. Large unbonded areas are 
seen with the Au-Pd-Ni-Ti sample in the radiograph given in Figure 7a. The exterior 
portion of the braze shown in Figure 7b at the right has a nonuniform fillet with sig- 
nificant bare patches between beads of braze. In contrast, the Cusil ABA sample 
shows no unborided area in the radiograph and a continuous, uniform fillet in the 
optical photograph. 

Transmission Electron Microscopy of Brazed Joints 

Two pieces of Ti-coated A1203 were brazed with Nioro at 98OOC for 10 minutes. 
The A1203 grain boundaries near the Ti-coated surface had a high density of precipi- 
tates (Figure 8). Figure 9 shows a triple point in the A1203 away from the Ti-coated 
surface. This triple point has a pocket of glass which is precipitate free. These two 
micrographs indicate that the titanium reacts with the glass phase at the grain 
boundaries to produce a precipitate. This reaction between the titanium and the 
grain boundary glass phase may produce tensile stresses which would lower the 
strength of the 

Silicon Nitride-Metal Joint Development 

lnterlayers 

The study of ceramic-metal pairs indicated that additional layers of materials 
are needed to accommodate the residual stress resulting from differential expan- 
sion. lnterlayer materials were screened using rectangular coupon samples and 
shear tests in a fashion analogous to the work already reported. Figure 10 shows a 
brazed coupon sample containing an interlayer. Two general graups of interlayer 
candidates were identified. One set includes relatively low yield strength materials 
such as copper or nickel. The other consists of low coefficient of expansion materi- 
als such as Mo. Table 5 provides a summary of both nitride and silicon carbide 
shear tests data for samples containing interlayers. The results of shear strength 
measurements are the average of 3 and 6 tests. Results to date indicate that ma- 
terials such as Mo and W are useful for their intermediate thermal expansion coeffi- 
cients. it is believed that the low oxidation resistance of these materials can be ad- 
dressed by utilizing designs which do not expose them to oxygen. Cu and Ni were 
also shown to be promising. Additional study is in progress in this area to finalize 
material selection and optimize thickness. This experimental data is consistent with 
the modeling predictions that Ni would outperform Mo. 
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Table 5: 

Materials System 

SNW 1000-Zr coating-Nioro-Nb-lncoloy 
SNW 1000-Zr coating-Nioro-W-lncoloy 
SNWl 000-Zr coating-Nioro-Ni-lncoloy 
SNW 1000-Zr coating-Nioro-Mo-lncoioy 
SNW 1000-Zr coat ing-Nioro-Cu-lncoloy 

S iC-Ta coati ng-Nioro--Cu-l ncoloy 
S iC-Zr coating-Nioro-Cu-l ncoloy 
S i C-Z r coati n g-N ioro-M 0- I ncolo y 

Thickness 
(in.) 

0.04 
0.04 

0.005-0.02 
0.01, 0.04 
0.02, 0.04 

0.01, 0.04 
0.04 
0.04 

Shear 
Strength 

(ksi) 

6.9 
17.4 
15.0 
10.2 
19.2 

0.4 
2.6 
0.3 

Mechanical Testing of Brazed Joints 

Furnace Construction 

An induction furnace w a s  designed and installed on an MTS machine for tor- 
sion testing of brazed joints at 650 and 950°C. The temperature difference between 
the surface of the sample and the brazed joint w a s  measured. This temperature dif- 
ference is significant because, when testing the actual brazed joint, only the surface 
temperature of the sample can be measured. One thermocouple recorded the sur- 
face temperature of the sample, while another thermocouple was placed in the loca- 
tion of the brazed joint (Figure 11). Equation 6 describes the relationship between 
the surface temperature. T,, and the joint temperature, T., both in degrees Celsius. 

I 

Ts = 60.66 + 0.97 T. 
I 

Eq. 6 

The plot of surface temperature versus joint temperature is shown in Figure 
12. The sample temperature was held within 5OC of the desired temperature with lit- 
tle difficulty. 

Shear Testing 

The high temperature joint strength of Palni and Palniro series brazes was 
measured with coupon lap joint samples. The substrate materials chosen for 950°C 
were Zr- (or Ti-) coated SNWl000, Mo, W, Nb and Ni. The Mo, W ,  Nb or Ni wil l  serve 
as interlayer in the final joint design. 
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Palni and Palniro 4 braze alloys on Nb and Mo substrates were used for the 
preliminary tests. The selection of these brazes was based on their relatively high 
solidus temperatures, 1238OC and 1 13SoC, respectively. 

Hot shear testing was performed in an argon atmosphere. The test tempera- 
ture, 5OO0C, was selected due to the temperature limit of fixture. The samples were 
equilibrated at 500°C for 30 min. before being tested at 0.01 inchlmin. crosshead 
speed. Ti was substituted for Zr as a coating for the Nb-SNW1000 coupons. This 
substitution was made because a strong interaction between the Zr coating and 
braze alloys at 1200°C prevented the Nb-SNWl000 system from bonding. 

Table 6 shows the results of hot shear tests. The braze alloys studied did not 
show significant weakening at 5OOOC. For SNW (Zr coated)-Mo system, Palniro 4 re- 
sulted in a high shear strength. However, Palni provided strength equivalent to the 
room temperature strength of the SNW-Nioro-Mo system. Fracture always occurred 
in the braze. This implies that the thermal stresses developed at the ceramic-metal 
interface were not high enough to cause cracking of the ceramic. Overall, results 
from this limited number of tests indicate that the performance of the brazed joints 
at 5OOOC is better than or equivalent to strength levels seen at 2OOC. This is prima- 
rily due to the reduction of the thermal mismatch between the ceramic and metal 
substrates. 

Table 6: R'esults of the Hot Shear Tests 

System 

SNW 1000 (Z r)-Pal n i-Nb 

SNWlOO (Zr)-Palniro 4-Nb 

SNW 1000 (Ti)-Pa I ni-N b 
SNW1000 (Ti)-Palniro 4-Nb 

S NW 1000 (Z r)-Pa I n i-Mo 
S NW 1000 ( Z  r-Pal n i-Mo 

SNW1000 (2r)-Palniro 4-Mo 

SNW1000 (Zr)-Palniro 4-Mo 

Bond 
Area 
(cm2) 

0.96 

0.96 

0.96 
0.95 

0.96 
0.96 

1.10 

1.10 

Testing 
Temp("C) 

- 

525 
525 

525 
525 

525 

526 

Shear 
Strength 
(ks i )  

- 

- 

12.3 
7.4 

6.2 
4.8 

> 15.2 

- 

Comments 

No bonding 
after brazing 
n ,, I ,  

No failure 
at 15.2 ksi 
Failed during 
Prcloading 
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Torsion 7-esting 

In order to establish baseline information for the torsion tests of ceramic-metal 
braze joints, Incoloy 909 and lnconel 718 specimens without braze joints were 
tested dt rooni temperature with the rctational strain rate of 0.00087 radlinchisec. 
The torsion tests were conducted with zero axial load. These curves were con- 
verted to (maximum) shear stress vs shear  sirain, using equations shown below for 
the elastic and plastic regions. This analysis was  taken from Dieter 2 . 

1 ::: 2 M I n r - 3  in the elastic regiori t 

T = 1/2 nr’ (G’dMt/dO’ -t 3 Mt) in the plastic region 

Y = re’  = 8/1, or 8’ = @/I- 

where Mt. r, 8 ,  and L are the applied torque. the radius of the specimen gauqe s m -  
tion, rotational angle and the gauge length, respectively. The maximum shear 
stress occurred at the surface of the specimens, which wil l  eventually cause the 
fracture of the inaterial. 

Further, these shear stress vs shear strain curves were changed into effective 
stress vs effective strain in uniaxial tensile mode using stress and strain invariant 
functions. 

y = 2 q ;  E,’ = -E3‘, 

02’ = 

E2‘ = 0 

Thercfore, 

Eeffect ive = 2/,:’3 E,’. 

since Oeffective- l / \Q [(o,-a2)2 +- (0*-03)* + (03-0,) 2 1 112 

and 

The resulting curves of T vs y and aeffective vs EeTfective are shown in Figures 13 
and 14. 

At high temperature, the residual stress in the ceramic component of the 
brazed structure can be reduced significantly. Therefore, i t  is highly possible to 
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have a failure at the brazed region due to tb.e temperature limit of the braze alloys. 
Since von Mises equivalent stress, i.e. effective stress governs the deformation of 
the braze alloys and interlayer materials, this simple approach given below can be 
used to link the experimental results with the finite element analysis (FEA) which 
can predict the location and level of maximtim von Mises equivalent stress. At 
room temperature, the maximum principal stress in the ceramic will control the fail- 
ure of the joint structure. Also, the direction of maximum principal stress (a,) at the 
ceramic surface is parallel to axial line of the ceramics due to its cylindrical geom- 
etry. Based on this approximation, the equation a s  below is true for the ceramic 
and metal components: 

- 
I 

“fracture aapplied i- aresidualp 

and afracture can be measured from the ceramics with and without where “applied 
brazed joints, while Oresidual = G,, which is from the prediction of FEA. 

Thermal Fatigue Evaluation 

The thermal fatigue experimental cycle has been developed. The maximum 
temperatures were based on contractual requirements. Both of these temperatures 
were taken to be for engines running at maximum power under steady state condi- 
tions. The lower temperatures of each thermal cycle were selected to simulate the 
temperatures experienced at steady state, idle speed. 

Geometry and mass of the rotor play a large part in determining the internal 
temperatures af the rotor/shaft system: therefore, one system was chosen as a 
model. Thermal maps of the ceramic turbine rotor and structural alloy shaft cross 
section of the chosen model were based on work done at General Motors on their 
gas turbine engine.’ 

A ternperature of 65OOC is the lower of the two braze joint service tempera- 
tures for both the SisN4 and the Sic, and this corresponds well to work being done 
at this time. The location of the 650°C isotherm was marked on the thermal map for 
steady state, maximum conditions for both materials. This same area was then ex- 
amined on the thermal maps for steady state, idle conditions. The idle tempera- 
tures were found to be 335°C and 465°C for the Si3N.i and SIC, respectively. The Sic  

4 required approximately 66 seconds to reach 650°C from 465OC and return again. 
while the SisN4 cycle was approximately twice as long. A graphical representation 
of the cycle can be seen in Figure 15. 

The same method was used to develop the thermal cycle for the 950°C cycle. 
The idle temperature is raised as the entire operating temperature of the hot section 
is raised in the gas turbine engine.5 This is the most  efficient way of operating the 
engine because of increased response time when the temperature differences be- 
tween  maximum speed temperature and idle speed temperature are small. The cy- 
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CIE time was therefore left the same as in the previous cycle. Figure 16 sumrna- 
rizes the cycle for a 95QOC maximum temperature. 

M ee h a n ica I Fatigue Eva I u a t i o n 

The ceramic joining program requires demonstration of the ability of the joint 
to withstand 1000 cycles of mechanical fatigue. The state of stress and loading cy- 
cle have been determined. As with the thermal fatigue evaluation, the mechanical 
cycle was developed with the idea of simulating the stresses developed in a gas 
turbine engine, and the model used was the engine currently being tested by G e n -  
eral Motors. 

The braze joint area of a rotor/shaft assembly experiences many stresses, one 
of them being torsional. The torque experienced at maximum and idle speeds is 
185 in-lb and 35 in-lb, respectively. The cycle time was 1/3 seconds from low to 
high. A graph of the proposed cycle is seen in Figlire 17. 

Status of Milestones 

Finite Element Analysis (FEA) of Mo and Ni interlayers was completed. The 
low yield stress Ni interlayer produced lower residual stress levels in the joint than 
did the Mo interlayer. Shear testing of coupon lap joints supported this conclusion. 

Assembly of Task 2 specimen for the performance test has been postponed 
(7/1/89) due to vacuum pump repairs. 

Communications/VisitdTravel 

Meeting on 11/30/88 at GTE Laboratories with Professor K.-S. Kim, University 
of Illinois, to discuss Task 2 and Task 3 geometries. Meeting on 1/11/89 with H. 
Mizuhara of GTE Wesgo about high temperature braze design. 

Frequent phone consultations occurred with H. Mizuhara of G’TE Wesgo and 
Professor K . 6 .  Kim of the University of Illinois. 

Problems Encountered 

None. 

Publications 

E.M. Dunn, S. Kang, H. Miruhara, K.-S. Kim, ”Analytical and Experimental Eval- 
uation of Joining Silicon Nitride to Metal and Silicon Carbide to Metal,” Proceedings 
of the 26th Automotive Technology Development Contractors’ Coordination Meeting, 
Dearborn, MI, Oct. 24-27, 1988, Society of Automotive Engineers, Inc., Warrendale, 
PA, submitted for publication. 
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F i g u r e  4a. Basic  geometry 3. Parameter a of t h e  conic  shape 
changes f r o m  0.2 t o  1.0 mm 
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Figure 4b. Contours of Mises equivalent stress in ceramic-metal brazing j o i n t  
of basic geometry 3 .  Parameter a of conic shape is equal to 1.0 mm. 



L.J 

2.4 - 
2.3 - 
2.2 - 
2.1 - 
2.0 - 
1.9 - 
1.s - 
1.7 - 
1.6 - 
1.5 - 
1.4 - 
1.3 - 
1.2 - 
1.1 - 
1.0 - 
0.9 - 
0.8 - 
0.7 - 
0.6 - 
0.5 I 1 I I 1 

0.7 0.8 0.9 I 1 . 1  1.2 0.6 
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geometry 1 .  t h i c k n e s s  I s  from 0 . 7  mm to 1.1 mm. 
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Figure 6: 

__P- Pa!rli 
-e Pa'ciro 1 
_o_ Pa'r.lro 4 -- Pa'-.,ro 7 
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Plot of contact angle versus time for Palni, Palniro 1, 
Palniro 4 and Palniro 7 on Ti-coated SNW1000 
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(b) 
Figure 7. SNW 1000 silicon nitride cylinders brazed to molybdenum rings. 

Microfocus x-ray radiograph is at upper right o f  each figure. 
(a) Cusil ABA braze and (b )  Au-Pd-Ni-Ti braze.. 
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Figure 8 .  Grain boundary near the Ti3Al layer showing many precipitates in the 
glassy phase. 

F j a ,, re g . Glass phase at a triple-point in A1203. 
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’ INTERLAYER 

Fi g u r e  10. Schematic illustrating shear test samples of ceramic- 
metal joints containing an interlayer 
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Silicon Carbide 

lncoloy 909 

4 3/4" 

F f  g u r e  11 - Schematic of thermocouple placement 
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F i  gure  1 2  - Plot of surface temperature versus joint temperature 
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Figure 13. Incoloy 909 tested at R.T. (a) shear stress 
vs shear strain; ( b )  effective stress vs 
effective strain 
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Figure 14. Inconel 718 tes ted at R.T. ( a )  shear stress vs  shear 

strain; (b )  effective stress vs effective strain 
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F i g u r e  15. Proposed Time vs Temperature P l o t  f o r  Thermal Cyc le  w i t h  Max. Temperature of 650C 



272 

L
 

.E? 
0
 

v
)
v

)
 

.. aJ 
E

 



200 ' 

150 

Torque (in-lb) 

100 

50 

273 

1 2 

Time (sec.) 

Cycle Time: 1 /3  sec 
Max. Torque: 185 in - lb  
Min. Torque: 35 in - lb  

Figure 17. Proposed Time vs Torque Plo t  f o r  Engine Simulation 
Experiment 



274 

Analytical and Experimental Evaluation of Joining 
Ceramic Oxides to Ceramic Oxides and Ceramic 
Oxides to Metal f o r  Advanced H e Z E n g i n a  Appl ications 
A .  T. Hopper, J .  Ahmad, and A .  Rosenfield 
(Battelle Columbus Division) 

Ob.iective/scoDe 

The objective of t h i s  project i s  the development o f  procedures 
necessary for  the design o f  re l iable ,  high strength ceramic oxide-to- 
ceramic oxide and ceramic oxide-to-metal jo in ts .  
consists of analytical and experinenta? tasks employing Zirconia as the 
ceramic. 
j o in t s  i s  being done by Dr. James Cawley and M r .  Eunsung  Park of The 
Ohio State University and by Dr. Daniel Hauser of The Edison Welding 
Ins t i tu te .  The experimental work dealing with ceramic-oxide t o  ceramic- 
oxide jo in t s  i s  being done by 8. s. Majuindar acid s. L. Swartz. 

The goal o f  the analytical work i s  a predictive model that can be 
used in engineering design o f  ceramic jo in ts .  This work consists o f  
several subtasks involving residual s t r e s s  modeling, deterministic 
s t ress  and fracture mechanics illodeling, engineering design modeling, 
probabilist ic modeling, and model validation, I n p u t s  t o  these models 
come from the experimental e f fo r t s ,  

The research program 

The experimental work dealing with cera i c  oxide-tu-metal 

The experimental work involves the fabrication and tes t ing of small 
i n e  the mechanical behavior o f  these scale and scaled u p  j o in t s  t o  dete 

ceramic jo in t s .  
and o f  s t ress -s t ra in  curves as a function o f  temperature, t ens i le  
strength,  shear strength, Mode I and Mode I 1  f racture  toughness, creep 
deformation, time dependent strength, and strength degradation from hot 
oxidizing gases and from thermomechanical cycles. 

Experiments include measurement o f  e la s t i c  constants 

Technical prowess 

1 .O Analytical Efforts 

In  the present reporting period, Finite Element Analyses of the 
Zirconia-Zirconia disk specimen geometry shown in Figure 1. were per- 
formed. 
mechanics experiments. Analyses were performed for  four different  a/R 
ra t ios  and four  different crack angles (0) with respect to  the loading 
l ine.  

This i s  one o f  the specimen types t o  be used in the fracture 

The purpose o f  these analyses was t o  provide accurate Made I and 
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Mode I1 stress intensity factor solutions for toughness determination 
and to develop crack length (a) versus compliance solutions for infer- 
ring crack length during tests. 

The results for 0 = 8 are sum arized in Table 1. For  this case, 
the Mode I1 stress intensity factor (KII) is zero. 
in Table 1 are defined below: 

The quantities g i v e n  

where ap R ,  8 and P are as shown in Figure 1. 
denote nondirnensionalized crack 
defined as: 

The synbtsls SM and SL 
outh and load-point displacements 

where E i s  the Young's Modulus of the material. 
performed assuming the plane stress condition. 

The analyses were 

The results show that t h e  load point displacement (6 ) is relative- 
ly insensitive to crack length. Therefore, the crack mau t: h opening(bM) 
a t  the center o f  the crack may be a better parameter to use in crack 
length determination. 
sponding to each a/R ratio. 
nondimensional crack opening displacement and r is t h e  distance measured 
froin the center of the disk. 

Figure 2 shows the crack opening profile corre- 
In the Figure 2, denotes the 

TABLE 1. Finite element analysis results for 8 = 0 

a/ R FI b L  

0.1 0.9731 5.3766 0 1289 
0.2 1 .OM5 5.3822 0.2697 
0.4 1.1925 5.6499 8.6434 
6 * 667 1.6829 6 3 2 4  1.6145 

Table 2 contains results corresponding the various ~i values consid- 
ered in the analyses. 
solutions for ceramic-cast iron specimens of both the disk and the bend 
bar tyges. 

Currently, work is underway t o  generate s i  
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2.0 Experimental Efforts 

2.1 Ceramic-Ceramic Joints 

At the start o f  this reporting period a large zirconialnircania 
bond had been fabricated by hot pressing using a calcia-titania-silica 
(CTS) inter? ayer that contained approximately 30 weight percent o f  
zirconia powder. 
ducibility of the process were known. 

Neither the strength of the joints nor the repro- 

2.1.1 CTS + Zirconia Interlayer. Four-point bend tests of the 
larae-bond at room-temperature resulted in an averaqe strenqth of 65.6 
MPa: which yields a jojnt efficiency of 11 %. based-on an as-produced 
strength o f  620 MPa for zirconia. However, the heating cycles necessary 
-to join zirconia to itself can reduce the strength of t h e  ceramic by as 
much as a factor o f  two, so that a joint efficiency greater than 50 % i s  
unlikely t o  be achieved. The scatter in bond strength is represented by 
a Weibull wldu lus  of 6.1, which i s  comparable to reported values for 
ceramic-met,Al joints. 

Fracture surface examination showed that the crack propagated 
through the CTS interlayer, which appeared to be porous, possibly due t o  
shrinkage during solidification. 
particles i n  the CTS interlayer material was a lso  observed. 

Uneven distribution of zirconia 

The second large-scale bond proved to be weaker than the first 
(58.3 vs 65.5 MPa), with comparable data scatter. 
suspected during bend-bar machining, as manifest by specimen breakage 
during cutting as we?% as the low strengths of sound specimens. 
Accordingly, two additional large bonds were made in order to evaluate 
improved machining procedures. Prior t o  machining they were subjected 
t o  non-destructive inspection using a C-Scan apparatus to determine 

is an example showing both 'good' and 'bad' local regions. 

Mechanical damage was 

whether pre-existin defects in the bonds can be identified. Figure 3 

An improved machining procedure, which used a non-aqueous solvent 
for the cutting lubricant, did not  reduce the breakage of bend-test 
specimens during machining. A t  this point it was decided that the 
inherent strength o f  CTS is too low and this interlayer system was 
temporarily abandoned. 

2.1.2 Glass-ceramic and Zirconia Interlayers, The glass-ceramic 
(Cornino 96063 was evaluated as a reDlacernent for CTS because it is used 
in aev-&pace applications (strength > 175 MPa a t  room temperature). 
This is a magnes ia -a lumino-s i l i ca te  glass ceramic (which was 
referred t o  as lithium-alumino-si1 icate in the las  

zirconia (13 by 13 mrn in cross section and 13 mm thick) were joined with 
the glass-ceramic + zirconia (GCZ) interlayer at a temperature of 1350 C 
with a maximum pressure of 90 kPa. 

bimonthly report.) and has a tkesmal expansion of approximately 5x10- k /'C. Small blocks o f  

Bend-test specimens were easily 
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machined from these joined blocks. 
these specimens gave strengths t h a t  ranged between 95 MPa and 130 MPa. 
These strengths are larger than joints fabricat.ed using the CPS inter- 
layers. Also, no problems in machining were encountered. The effort 
during the next reporting period will be directed at irproving t he  GCZ 
joint strengths by optimization of the intey’sayer preparation and the 
time-temperature-psess~re cycle, translating this  joining method to the 
large-scale (two-inch diameter) billets, and machining joined billets 
into specimens for the mechanical evaluation. 

Recently completed bend tests on 

2.1.3 Other Interlayer Materials. Several other interlayer 
materials were investigated. These included CTS without zirconia, CaO- 
A1203-Si02 (CAS), sol-gel derived Mg-PSZ powder, and sol-gel derived 
AI2O3/ZrO . None of these systems appeared to be promising for  reasons 
given in $he Bi-Monthly Reports issued during t h i s  reporting period. 

2.2 Ceramic-Metal Brazes 

The ceramic-metal joining work i s  being carried out in a vacuum hot 
press, modified to accept a thermocouple inserted into a hole drilled in 
the cast iron specimen for better control of specimen temperature during 
braz i ng . 

2.2.1 Brazing of Sputter-Coated Zirconia to Vapor-Coated Cast 
Iron. 
with braze alloy 604 filler metal at 735 C for 10 minutes. 
was first sputter coated with 0.3pm titanium a t  NASA Lewis Research 
Center and the cast iron was ground to 220 grit and vapor coated with 
401rm comer. The thickness of 0.3m was chosen because the thickness of 

Partially stabilized zirconia was brazed to nodular cast iron 
The zirconia 

thk titihiurn layer affects the strkngth of the joint and 0.3pm is 
believed to be close to an optimum thickness. The joint had very 
strength such that the specimen could not be machined to fabricate 
specimens. Reasons for poor joint quality were investigated. 

2.2.2 Evaluation of Copper Coatinq Technique for Cast Iron. 
results indicated there might be’a problem with the copper deposit 

ow 
test 

Early 
on 

layer. To investigate thi;, two similar-metal couples-were brazed: (1) 
as-ground nodular cast iron (NCI) to as-ground HCI and (2) copper-coated 
NCI to copper-coated NCI. 
evaporation. 
copper-coated NCI joint was startling. 
copper-coated joint was characterized by the existence of a population 
of large flaws which in some cases were along the interface between the 
filler metal and the NCI and in other cases appeared to completely break 
up the continuity of the filler metal. 
ground N C I  joint, on the other hand, appeared uniform and coherent. The 
disruption of  the filler metal around exposed graphite nodules appeared 
very localized. Apparently some aspects of the as-deposited copper 
layer were very detrimental to the development of a bond. 

The copper coated NCI was produced using 
The difference between the as-ground NCI joint and the 

The microstructure of the 

The microstructure o f  the as- 
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We next attempted to improve the electroplating procedure through 

A strike plate was deposited using a dilute copper-cyanide and 

Because it was noted in the previous experiment that a 

the use o f  a strike plate prior to electrodeposition in the sulfate 
bath. 
sodium-cyanide solution followed by a 3-minute plate form a copper 
sulfate bath. 
very strong bond developed between the as-ground MCI samples, in these 
experiments the as-ground NCI to as ground N C I  experi erst was repeated 
and a joint was attempted between as-ground NCI and a sample of Ti- 
coated PSZ supplied by ORNL. 

Brazing Titanium-Coated Zirconia t o  As-Grourjd Cast Iron. 
Because a particularly sound small-area braze was obtained between as- 
ground N C I  and partially-stabilized zirconia (PSZ)  , which had been Ti 
coated, usin the R F  sputter coating process, lar e-area brazes were 
attempted between ground NCI and Ti-coated PSZ. 

All of the specimens were strongly bonded, 

2.2.3 

Visual examination of the specimen indicated that the filler metal 

The cause of the voids was not known but was thought 

had completely melted but also had wetted and flowed up the sides o f  the 
MCI. Nondestructive ultrasonic examination showed continuous voids in 
the brazed joint. 
to be due to the release of argon that was trapped in the Ti layer 
during the argon sputter mating. 

Three bend-bars were machined from the joined billet The bars were 
tested in 4-point bending, and the strengths are given in Table 3: 

TABLE 3 .  Strength o f  zirconialnodular cast iron bonds. 

Specimen No. Strength, MPa 

MCB-4 
MCB-5 
MCB-6 

162 
76 

161 

All the bend bars showed the presence o f  flaws (as large as 0.5 mm) 
before they were tested. 
measured strengths o f  up to 160 MPa are very encouraging. 

Despite the presence o f  these flaws, the 
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2.2.4 BrazJng Titanium-Coated Z~j-r@agia to Copper-Plated Cast  Iron 
at ORNL. It was then decided t o  investigate whether use o f  couples with 
an electrodeposited copper layer on t h e  M C I  and a NASA sputter-coated Ti 
layer on the PSZ could produce successful bonds u s i n g  3RNL procedures. 
Bonds were made using several thicknesses of Ti and no voids were 
detected by ultrasonic examination. 

The specimens that had been brazed at QRNL were then cut into 
several pieces for SEMI TEN and optical-metallographic examination 
the bonds. For all thicknesses, a Ti layer was visible in the opt 
microscope. In addition, primary Ag and Cu solid solutions plus a 
phase, which appeared to be Ti rich, were evident when thicker Ti 
were used. 

o f  
cal 
third 
ayers 

To better characterize the microstructure a method o f  preparing TEM 
specimens was developed, 
abrasive slurry drill instead o f  an ultrasonic cutter. The disk was 
polished to a thickness of about 70 pm and dimpled to produce a small 
hole, about 0.4 mm diameter. The disk was then ion milled without a 
mask for 30 minutes using only the upper gun, and then for 45 minutes 
using both guns. 
between the zirconia and the filler metal was thin enough for TEM 
examination. 

A three-mm-diameter disk was cut using an 

This method was successful in that the interface 

Milestones 

difficulties we have experienced in manufacturing joints for testing and 
analysis. 
ceramic joints during the next reporting period but are faced with 
uncertainty concerning the ceramic-to-metal joints. We are currently 
working with ORNL to determine the source of our difficulty in making 
good ceramic-to-metal joints. 
schedule because the joint manufacture tasks are behind schedule. 

The program i s  significantly behind schedule because o f  the 

We will complete manufacture and testing of the ceramic-to- 

The analysis is proceeding but is behind 

Publications 

S. L. Swartz, B. S. Majumdar, A. Skidmore, and B. C. Mutsuddy, 
"Joining of Zirconia Ceramics with a CaO-Ti0 -Sic2 Interlayer", Materi- 
als Letters, Volume 7 ,  number 11, February 1689. 
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FIGURE 1. Compression disk specimen geometry. 
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FIGURE 3 .  C-scan showing var ia t ion i n  ul trasonic wave in tens i ty  
from the j o i n t  region. The outer edge o f  the  annular 
white band corresponds t o  the periphery o f  the round 
b i l l e t .  
while a br ight  region would correspond t o  a poor j o i n t .  

Dark region would correspond t o  the  good j o i n t ,  
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0 b.i ect  i ve/ scoDe 

The purpose of this program is to develop techniques 
for producing reliable ceramic-ceramic joints and 
analytical modeling to predict the performance of the 
joints under a variety of environmental and mechanical 
leading conditions including high temperature, oxidizing 
atmospheres. The ceramic materials under consideration 
are silicon nitride and silicon carbide. The joining 
approach for silicon nitride is based on the M E A  hot 
isostatic pressing process while the plan for silicon 
carbide is to co-sinter green forms together. These 
joining methods were selected to produce joints which 
exhibit the minimum possible deviation in properties from 
those of the parent ceramic materials. Analytical models 
will be experimentally verified by measurements on 
experimental size and scale-up joints produced as part of 
this work. 

Backaround 

Because of their strength, oxidation resistance, and 
other desirable high temperature properties, silicon 
nitride and silicon carbide are under extensive study for 
use in advanced gas turbine and internal combustion 
engines. In both engine types there.are requirements for 
joining the ceramics to themselves, other ceramics, and 
various engineering alloys. Existing bonding methods lack 
the high temperature capabilities required for use in 
advanced heat engines. Further, analytical modeling 
techniques to predict joint reliability and performance 
have not been developed. These technical needs have 
prevented consideration of economically fabricating large, 
complex ceramic engine components from smaller, less 
complicated segments. The current program will address 
these issues for silicon nitride to silicon nitride and 
silicon carbide to silicon carbide joints. 
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Technical Droqress 

Joinincr of Silicon Nitride to Silicon Nitride 

At the writing of the last semi-annual report the 
joining of NCX5100 (4wt%Y203-Si3N4) with self- 
bonded and slip interlayers by glass encapsulated HIP 
co-densification was proven effective. The room tempera- 
ture and 1300°C flexure strength data exhibited that 
consistent, reproducible strengths had been achieved with 
slip and bare join interlayers. The flexural fast frac- 
ture strengths of the joins with slip and self-bonded 
interlayers were similar and the time dependent material 
response of the joins at high temperature was required to 
enable selection of the superior join. 

Creep and stress rupture evaluation of the joins 
performed at ORNL/HTML with MKFerber will be presented. 
Progress towards milestones will be discussed. 

Procedure 

The method by which o'ns were fabricated has been 

All mechanical property evaluations were determined in 
flexure using Mil. Std. 1942 B geometry specimens, 3 mm x 
4 mm x 55 mm, with the join, plane in the center of the 
specimen oriented perpendicular to the long axis of the 
specimen. All flexure testing was performed in four 
point-quarter point loading on a 40 mm outer span. 
Flexural strength was measured at a 0:508 mm/min. 
cross-head speed. The number of flexural fast fracture 
specimens tested at 22°C and 1300°C were 12 and 8, 
respectively. 

Stress rupture and creep testing were performed at a 
constant load equivalent to 200, 250 and 300 MPa stress. 
Tests were suspended after an arbitrarily determined 
survival time of 200 hrs. In addition to the real time 
measurement of strain during creep tests, the curvature of 
specimens after stress rupture testing was used to calcu- 
late the strain to failure (or if the sample survived, the 
maximum strain at 200 hrs). Fractography after strength 
testing was performed optically and by SEM. 

explained in prior reports 1 , 3 .  

Mechanical Property Evaluation 

Join integrity of the self-bonded and slip interlayer 
joins was evaluated by flexural strength testing before 
stress rupture and creep testing. Two materials were 
tested, which are designated A and B. Material A was ob- 
tained from mi es 37 and 40, whereas material B was made 
from mix HM4. ' Both materials have the same composi- 
tion, i.e. 4wt%YZ03-Si3N4, but B has a coakser 
grain size distribution than A. 



286 

The mean 22°C flexure strength of the A material 
unjoined control (1030.1 MPa) was greater than the 
self-bonded and slip interlayer joined samples (-881 MPa) 
due to two and one respective low strength (400 to 500 
MPa) fractures initiating within the join (Table 1). The 
remainder of the joined samples failed within the parent 
material. Join fractures of the self-bonded material and 
slip interlayer materials originated at clearance between 
the joined surfaces that was incompletely eliminated 
during densification (Figure 1). Incomplete elimination 
of clearance may be due to inadequate shear at the join 
interface by the isostatically applied stress during 
densification, grinding scratches of greater depth than 
usual, or inadequate filling of the surface topography by 
the slip interlayer during sample preparation. The mean 
22°C flexure strength of the B material with a self-bonded 
interlayer join was marginally less than the unjoined 
control with no fracture originating within the join. All 
of the fractures originating within the parent material 
were subsurface flaws from grinding damage. Absence of 
join failure was related to the low probability of failure 
of the small stressed join volume by the flexure test or a 
finer flaw population within the join relative to the 
parent material. 

The mean 1300°C flexure strength of the A material 
unjoined control was greater than that of the self-bonded 
and slip interlayer joins (Table 2). The self-bonded 
joined material B exhibited the greatest flexural 
strength, 713.6 MPa. None of the 1300°C flexure tests 
exhibited fracture initiating at the join interlayer. 
Fracture originated at the tensile surface, but the cause 
was obscured by oxidation. The absence of join failure 
may be due to a low probability of failure at the small 
stressed join volume, a finer flaw population within the 
join relative to the parent material, or the blunting of 
flaws at the join by viscous flow of the grain boundary 
phase. 

The 2 2 ° C  and 1300°C flexural strengths of the 
self-bonded and the slip interlayer joins of material A 
were similar. Time dependent response of the material by 
stress rupture and creep testing at 1370°C was required 
for selection of the superior join interlayer. 

The strain calculated from the measured curvature of 
flexure specimens after stress rupture at 250 MPa has been 
plotted in Figure 2. An arbitrary survival time of 200 
hrs was selected. All data points at times shorter than 
200 hrs indicate failure. The measured strain at failure 
was plotted as a function of the time to failure for the 
samples that failed under 200 hrs. The points at 200 hrs 
with the corresponding maximum strain were suspended 
tests. 
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The W material unjoined c a n t r o l  exhibit a variable 
t i m e  to fail-urce at 1370°C and 250 NPa. The ress of 2SQ 
M P ~  at a37@r"@ represents a transition in the behavior sf  
the w materia? ~t 200 M P ~  times to f a i l u r e  consistently 
exceeded 200 hrs and at 300 MPa the  times to failure w e r e  
all under 2 hrs. The joined A material acconmodated more 
strain than the unjsined control, but all of the fomer 
failed before 200 hrs  at 250 MPa. Fracture never ~ ~ i g i -  
nated at the Jo in .  T h e  material A with self-bonded and 
s l i p  i n t e r l a y e r s  exhibit s i m i l a r  creep rate. There was an 
apparent loxnqexl time to failure %or t h e  A materials w i t h  
slip interlayer j o i n s  as compared to the self-bonded 
j o i n s .  This time to fa. i lure variability may be due to 
inherent materiai variability or a change sf the parema% 
aterial's creep behavior by t h e  j o i n i n g  process. Causes 
o r  t h e  apparent l i f e t i m e  difference are being 

investigated. 
U n j s i n e d  csntrcr 'ks s f  the E material consistently 

survived to -1-260 hrs at 1370°C under stresses Of 250 and 
300 MPa. Self-banded joined samples of the grade F-s 
material (with cuarsex: m i c r s s t r u c t u r e )  exh ib i t ed  superior 
survival and creep resistance relative to the A material 
j o i n s  (F igure  2). T h e  Ts joins survived a 200 hr exposure 
at 250 MPa and 1370°C with a maximum strain of 0 . 0 0 6 .  The 
mean flexure s t r e n g t h s  of the self-bonded B nateri.al a t  
22°C and 1300°C were 786.8 MPa (std. dev. = 8 4 . 4  MPa) and 
713.4 N P a  ( s t d .  dev. = 36.5 MPa), r e spec t ive ly .  F rac tu re  
never occurred at the  join in the f a s t  fracture t e s t s  of 

aterizl. The joined B material with the slip 
interlayer has not been tested, beat it may have improved 
stress  rupture life compared to t h e  self-banded B 
material. 

Creep of  t h e  silicon nitride j o i n e d  samples vas 
summarized by the r e p r e s e n t a t i v e  deflection vs. t i m e  

data, the A grade aterial w i t h  the self-bonded and s l i p  
interlayers failed before 200 hrs, and had similar creep 
rates, w i t h  the s l i p  i n t e r l a y e r  sample reaching longer 
times to failure. i he B-unjoined control test was 
suspended before 200 hrs due to a heating element failure 
and did not fracture. The B - s e l f  banded material had the 
lowest strain to failure of the j o i n s  and survived the 
exposure at 1370°C and 250 MPa. 

The join ge~metry, interlayer, and material chosen f o r  
the remainder of the contract w e r e  the slip-bonded b u t t  
joins sf mate r i a l  B. 

curves in Figure 3 consistent w i t h  the stress rupture 
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Scaleup Eva.&uation 

EvaluatPlan of scaleup feasibility is ongoing w i . t h  the 
fcsllesw~n~g summary of results to date (Table 111). The 
scaleup phase requires a join cross-section of 20.0 
cm . It. is possible to manu€ cture a dense, rectangular 
joined structure with 2 1 I 8 an' cross-section of insuffi- 
cient length for the tensile specimens for scaleup. A 
cylindrical monolith of greater cross-section than re- 
quired was not densified. Densification of cylindrical 
joins of 20 cm2 cross-section will be attempted soon. 

2 

Manufacture of Characterization Joins 

Large mills of the B material have been used to 
manufacture 35 kg of NCX-5100 powder for the remainder of 
the contract. Joins and unjoined controls for the charac- 
terization phase of the contract have been manufactured. 
Joined rectangular billets of 2.8 cm x 3 . 6  cm x 8 . 4  cm 
final dimensions will be used for the manufacture of 
flexure and tensile (dog bone) specimens. H I P e d  to date 
were 32 rectangular billets, all of theoretical density. 
The dense rectangular billets will be sufficient to 
satisfy the flexure and tensile (dog bone) specimen 
requirements of the characterization phase (Task I) and 
approximately half of the verification phase (Task 11). 

Joined cylindrical samples of 2.03 cm diam. x 16.5 cm 
final dimensions to be used for DOE tensile specimens have 
been most difficult to fabricate. Successful joining of 
shorter, 10.2 cm, specimens used to confirm viability of 
the method did not present the green handling problems 
encountered by the longer and more unstable 16.5 cm 
samples. There has been much loss in green handling 
requiring numerous reworks. In addition. 10 kg of cylin- 
drical stock was l o s t  by thermal shock in a furnace 
control malfunction. Consequently, the outstanding sample 
balance for the characterization phase of 6 cylindrical 
joins will be filled in May, 1989. 

Summary 

The g l a s s  encapsulated H I P i i i g  of silican nitride to 
silicon nit.ride joins w a s  successfully used to obtain high 
strength creey? r e s i s t a n t  joins for use above 1300°C. 
~ e n s e  j o i n s  were fabricated with behavior similar to the 
parent m a t e r i a l .  Seined 4 wt% Y 2 o 3 - S i 3 N q  bodies 
of the U ina te r ia l  exhibited mean 2 2 ° C  and 1 3 0 0 ° C  flexural 
strengths sf 786.8 MP'a and 713.6 MPa, respectively, with 
no f r a r ' cu r r?  initiating w i k h i n  t h e  join. The joined W 
material sasrvived 2 0 0  h r s  at 1 3 9 8 ° C  u n d e r  a cons tan t  
stcress of 250  MPa with a maximum strain of 0.006. 
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The sLip interlayes joins of the B material will be 
used far the remainder of the contract. The joined and un- 
joined control stock for the flexural an6 tensi1.e (dog 
bone) specimens required by the characterization phase 
have been manufactured. Most of the cylindrical joins for  
t‘ne DOE tensile specimens required by the characterization 
phase have been manufactured with six j o i n s  outstanding, 
~gq-a-swirnately half of the s tock  f o r  the verification phase 
has been manufactured. The remainder o f  the charact-esiza- 
t i o n  and verification joins will be made shastly. Scaleup 
feasibility will be performed in parallel. 

Soininq of Silicon Carbide to Silicon Carbide 

~n the previous semi - a n n u a l  reportl two joining 
methods for S i C / S i C  were described, i.e. the s l . i p / C I P  
method for green p a r t s  and the f r i c t i o n  fitt.ing of 
polished surfaces f o r  dense parts. The Patter- method, 
however, did not work for parts with  surface area larger 
than 1.5 em2, the probable  s e a s o n  b e i n g  the lack of 
necessary flatness. An attempt to j o i n  two dense cubes  of 
about 2.5 cm side w i t h  this aetlnod, by first coat ing the 
t w o  friction fitted samples -with a CQD Sic coating and 
t hen  glass encapsulation ASEA HIPing failed. The cubes 
after the H I P  run w e r e  found separated. Due t.s this 
failure and to the lack of polishing equipment capable o f  
creating flat mirror like s u r f a c e s ,  this method was 
abandoned in favor of the s l i p / C I ~ ?  method. 

The slip/CIP method, which had worked satisfactorily 
f o r  joinimig 3 x 3 x 6 cm green parallelepipeds on the 3 x 
3 face as mentioned in the previous reportl presented, 
however, problems when billets with larger dirnensians were 
used. Due to the unavailability of large steel dies, 
green, cold isopressed blocks were made by pressing the 
beta Sic powder in rubber molds. These blocks were then 
cut and carefufly machined. to the dimension o€ 5 . 8  x 5.0 x 
3 . 3  cm. The slip was applied to the 5.8 x 3 . 3  cm face a€ 
one block and the second block was pressed by hand against 
the first one, after which both were cold isostatically 
pressed at. 207 MPa, carefully dried and then fired to 
2100°C in Ar using the firing schedule that had given 
satisfactory results with the 3 x 6 x 6 cm blocks 
mentioned above. Unfortunately no j o i n t  was formed and 
other problems were noticed, i .e.  lack of densification, 
density gradients, cracking mostly in proximity o f  the 
joint area, distortion after firing. For example, the 
typical fired density was about 90% of TIP, lower than that 
measured on thinner billets (95-97% of TD) previously made 
with the same powder and same firing schedule in the same 
furnace. In addition, upon slicing the fired blocks, 
considerable density variations were found between t h e  
outer slices (92-93% of TD) and the inner slices (87-88% 
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of T D ) .  The o u t e r  s l ices  appeared shiny, whereas the 
inner slices had a central dull region clearly containing 
open porosity. It is likely that. the d e n s i t y  difference 
between the inner and outer regions in the fired body is 
the result of similar density variation in the green CIPed 
part. The density (wax method) o f  two green slices were 
found to be 1.92 g/cm3 and1.96 y/cm3 for the inner and 
outer regions, respectively. The density gradients in the 
green billets are believed to have caused the distortion 
noticed in the fired parts, which in general showed convex 
surfaces. Another possible cause for lack of densifica- 
tion in the core of the billet is the degassing which can 
take place at higher temperature after an impervious skin 
has already formed, The gases, mostly Si0 and CO, would 
then create a counterpressure which opposes the sintering 
pressure. The cracking observed especially near the joint 
region may be due to localized stresses arising from 
different densification rates between interlayer and 
material, which in turn may be caused by green density 
differences. 

After the unsuccessful attempts to joining CIPed 5 . 8  x 
5.0 x 3.3 cm billets, billets with different dimensions 
were made by die pressing at 3 MPa in a steel die (12.5 x 
7.6 x 2.9 cm after die pressing). The slip was applied to 
one face (7.6 x 2.9 cm) and the second billet was joined 
to the first with the usual procedure. These long (25 cm) 
samples were then CIPed, dried, and fired with the same 
firing schedule. The result was that no bond was formed, 
but the individual billets were uncracked and free from 
distortion, even though of relatively low density (90% of 
TD) and with density variations as noticed previously. 

Given the repeated failures in bonding large billets, 
two attempts were made to join green billets (2.5 x 6.9 x 
8.0 cm) with the glass encapsulation ASEA technology on 
the 2.5 x 6.0 cm face. With this method a preliminary 
degassing at high temperature is necessary to prevent 
pressure build up by the Si0 and CO or other gases 
released during the HIPing run. Degassing was done at 
1600°C in the first attempt under high vacuum, but the two 
billets came apart and appeared coated by a carbon layer, 
indicating possible thermal decomposition of Sic to Si and 
@. In a second attempt, the degassing was performed at 
1500°C with a moderate vacuum, but also in this case the 
two billets w e r e  found separa ted ,  It was, therefore, 
deci.ded to abandon this route. 

The possibility of can encapsul ation IlHPirnq TITSS S ~ S O  
explored, but the idea was abandoned after contacts  with 
two Massachusetts companies, IMT and NRC? f o r  "Lechnical 
reasons (no si.iitabPe metal caris were availahlt? f o r  f-ISPing 
at 1800 - 1900°C) and f o r  excessive cost, 

After the disappointing results obtained with.  large 
billets, it was decided to order a new s p l i t  mold steel 
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die for pressing blocks of 3 . 8  x 2.9 x 2.1 cm, w h i c h  were 
joined with the S ~ ~ ] P / C I P  method on the 2,9 x 2.1 cm face. 
The fired sample had typical dimensions of 6 . 3  x 2 . 4  x 1.8 
(=HL and could be used f a r  machining 3 x 4 x 58 mm MOR bars 
(MIL 1942 B). Another die was ordered f o r  pressing longer 
and wider blocks, i.e, 5.7 x 3 - 8  x 8 cm, to be joined 
together to make the Dsdog bone9@ (NBS type) tensile speci- 
mens for the characterization task. This die has not been 
received yet. 

To date, 15 joj-ned samples made with the 3 . 8  x 2.9 x 
2.1 blocks have been made which should provide about 150 
MOR bars €or characterization. An improved beta-SiC 
powder has been used, which has consistently given a fire 
density of 97%,  with small density variations (97.5% of TD 
outside, 96% inside), The s l i p  was made with the same 
powder used to press the blocks. Eighteen bars have been 
already tested in 4 pt (20 and 4Qmm spans), 10 at room 
temperature and 8 at 1530°C. Eight control bars (no 
joint) machined out of billets made and fired in the same 
conditions were also tested at room temperature. The re- 
sults are shown below, 

25°C 25°C 1530°C 
(Joined) (Control) (Joined) 

Avg. MOR 309 MPa 
Std. Dev. 98 MPa 

382 MPa 313 MPa 
43 MPa 72 MPa 

Fractographic analysis results are not available yet, 
but optical microscopy suggests that some of the joined 
bars broke at the joint. These results are very encourag- 
ing and indicate that the goal of 138 MPa tensile strength 
can be met. The strength values reported above are better 
than those previously measured on 2 x 3 x 30 mm test bars, 
i.e. 186 MPa for joined bars and 241 MPa f o r  controls. 
The main reasons for such improvement are believed to be 
better powder and optimized slip/CIP method, 

Creep Modelinq 

The preliminary modeling procedure is completed. The 
user creep subroutine is completed and simple verification 
models were used to check the response of the subroutine 
against results from the literature and analytical solu- 
tions. The subroutine basically uses the theta projection 
constants to interpolate and extrapolate the creep strains 
from limited data to finite element models. The theta 
parameters can be calculated from uniaxial experimental 
data by means of a commercially available program called 
f8C!reep Curve Parameter Estimation" by R.W. Evans and B .  
Wilshire at University College, Swansea, IJK [ 4 ] .  All 
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additional subroutines and miscellaneous programs have 
been ccdmpi.led and run with no niajaw problems, The next 
step in the creep modeling milestone is to create simple 
models for which a known solution is available and verify 
their results against the output of the entire model. 
These veriEicatian runs will be done in the near future, 

Oxidation Characterization Plan 

The preliminary characterization experiments to des- 
cribe the thickness of the oxidation layer as a function 
of the oxidation exposure time have been completed. Oxi- 
dized samples were submitted to x-ray diffraction to 
measure the oxidation layer thickness, The decrease in 
intensity of an x-ray beam as it passes through material 
is given by 

1 = Io exl? ( U P )  Peff x XI 

where I is the reflected intensity 
I, is the incident intensity 
(p /p)  is the mass absorption coefficient 

x is the pathlength of the beam 
is the effective density of the material Petf 

Both the reflected and incident intensities are measured 
values. 

In addition, some samples were examined through SEM to 
verify x-ray measurements. Nortorits Sic (NCX-4500) was 
oxidized at 1400°C and 1530°C f o r  up to 200 hours, giving 
oxidation layer thicknesses up to 15 microns as shown in 
Figure 4 .  Similarly, Norton's Si N4 (NCX-5100) was 
oxidized at 1200°C and 1300°C and resuks showed a greater 
resistance to oxidation (3 microns) compared to Sic. Both 
materkls show the same level of scatter which can be asso- 
ciated ta the measuring technique. Nevertheless, these 
curves  provide the oxidation thickness range at these 
temperatures and will be used to determine the specific 
details of tbe oxidation characterization experimental 
plan. 

Cyclic Fatique Modelinq 

Cyclic fatigue experiments will be conducted at room 
temperature. If tests show no significant cyclic effect 
then further cyclic modeling will not be pursued. Cyclic 
fatigue is caused by the accumulation of damage equivalent 
to stepwise integration df static loads and damage due to 
the repetitive action of the loads (cyclic effect). If 
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samples show the same fatigue life independent of fre- 
quency, then there is no action of cyclic effect- A.G. 
Evans from UCLA Santa Barbara [5] has reported in the 
literature a method f o r  quantifying cyclic fatigue damage 

mathematical formulation can be used to check the validity 
of our experimental predictions. Furthermore, a model to 
predict the probability of survival of a ceramic joint 
exposed P;o a static fatigue is being developed and depend- 
ing on experimental results it may be implemented into 
finite eleme~t analysis. It is expected that if no cyclic 
effect is shown then the cyclic fatigue of ceramic joints 
can be predicted from A.G, Evans [2] cyclic-static model, 
our static-fast fracture model- I and fast fracture 
statistical data. 

from static data by a s s u m i n g  no cyclic effect. This 

Sta tus  o f  mi 1 estones 

Due to the problems encountered in joining Sic and to 
the expected difficulties related to the fabrication of 
the joined small cylindrical tensile specimen for both 
characterization and verification tasks, the following 
milestone may not be met. 

1. 

2 .  

3 .  

4 .  

5. 

Complete characterization testing 8/31/89 

If this milestone is not met, the following 
ones, which depend on it, may have to be 
adjusted. 

Complete model development 9/30/89 

Complete testing and model validation on 

Complete testing and model validation on 
20 cm2 joints 1/31/90 

Complete final report 4/30/90 

2 cm2 joints 1 O/ 3 1/8 9 

The status and resolution of the milestones will. be 
discussed during our visit to O W L  the first week of May, 
1989, with the O W L  contract monitor, Dr. M. Santella. 

Pub1 i c a t i o n s  

GJSundberg, MKFerber; gtThe Joining of Silicon N i t r i d e  f o r  
Heat Engine Applications", Proceeding o f  the 13th Annual 
Conference on Composites and Advanced C e r a m i c s ,  Cocoa 
Beach, Florida, January, 1989, to be published in 1989. 
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Table I 

A-self bonded 

A-slip interlayer 

A-unjoined control 

B-self bonded 

B-unjoined control 

22°C Flexure Strength 
(MPa) 

Failure 
Mean Std. Dev. at Join 

881.4 223.4 2 

881.8 202.2 1 

- 1030.1 70.3 

786.8 84.4 0 

- 841.0 68.2 

Table I1 

1300°C Flexure Strength 
(MPa 1 

Failure 
Mean Std. Dev. at Join 

A-self bonded 

A-slip interlayer 

A-unj oined control 

B-self bonded 

610.9 33.8 0 

649.5 35.2 0 

704.8 24.1 - 
713.6 36.5 0 
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Table I11 

HIP Densification Summary 
for Scale-Up Using HM[-4 RwIer 

Unjoined 23.5 x 92.7 x 121.9 21.79 
Plb3nolit.h 

Joined 28.2 x 50.8 x 95.3 14.51 
Slip/Butt 

J O h d  28.2 x 50.8 x 184.1 14.51 
Slip/BUtt 

unjained 63.5 dim. x 142.2 31.67 
Monolith 

Density 
(WCm 1 

3.239 

3.237 

2 (. 939 

2.587 

100% 
Dense 

100% 
r32llse 

98.8% 
Ikx-EX? 

79.9% 
Dense 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

This portion of the project is identified as project element 2 
within the work breakdown structure (WBS). 
subelements: (1 )  Three-Dimensional Modeling, (2) Contact Interfaces, 
and (3)  New Concepts. 
micromodeling of ceramic microstructures, properties of static arid 
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 o f  research in Materials Design Methodology 
elements 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 predicting and control1 ing interfacial bonding and 
minimizing interfacial friction, and for developing a properly 
descriptive statistical data base for their structural ceramics. 

It contains three 

The subelements include macromodel ing and 
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2.1. HODELING 

2.1.1 Modeling 

Microstructura7 Hodelins o f  Cracks 
J .  A .  M.  Boulet (University of Tennessee) 

Object i ve/scope 

The goal of the study is to develop mathematical procedures by 
which existing design methodology for brittle fracture could accurately 
account for the influence of protrusion interference on fracture of 
cracks with realistic geometry under arbitrary stress states. 
predict likelihood of fracture in the presence of protrusion inter- 
ference, a simulation will be developed. The siniulation will be based 
on a three-dimensional model of cracks with realist~ic geometry under 
arbi trary stresses. 

To 

Technical proqress 

We have previously reported plane strain and plane stress salutions 
for the problem o f  a Griffith crack subjected to arbitrary biaxial 
stress at infinity with interference of two wedge-shaped protrusions 
(one on each crack face) at an arbitrary position on the crack. The 
stress fields associ ated with these sol uti ons have been used to 
calculate the stress intensity factors ( S I F ' s )  at both crack tips. 
Using the well-known biaxial form o f  Griffith's fracture criterion, we 
found that the presence o f  a singlet interference site at the middle of 
the crack has little influence on the predicted fracture stress. 

(wedge-shaped protrusion pairs). We have found that the influence of 
interference on the fracture stress increases monotonically with the 
number o f  interference sitxs. The fact that the influence increases 
monotonically with the number of sites i s  not surprising. The greater 
the number o f  sites, the more shear is carried by the protrusions and 
the less by the crack tips. Because o f  this result, one would expect 
the influence of interference to be substantial when it occurs at many 
sites. Given that the influence o f  interference increases with the 
number of interaction sites, it is logical t o  consider extending our 
results to include a large number of sites. But, we have shown that the 
present mode? would not give accurate results in this case. 

Because the influence o f  protrusion interference i s  expected to be 
significant, it is appropriate t o  generalize our method to accomsdate a 
three-dimensional model. Such a model could include, for instance, a 
penny-shaped crack in triaxial stress with interference sites at various 
places on the crack. @evelopment o f  a three-dimensional model has 
begun. 

It is unreasonable t o  expect to know precise protrusion geometries 
and interference locations for a real crack. However, it is reasonable 
to expect to know key parameters o f  statistical distributions of 
protrusion geometries and interference locations For a real crack. 

Our model has been extended to include multiple interference sites 
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Given these, a protrusion interference model like t h a t  being developed 
could be incorporated in a simulat,ion (based, For. instance, on Monte 
Carlo methods) t o  predict the influence o f  interference on the 
likelihood o f  fracture. 

d e ~ e l ~ p  a procedure for incorporating the resiil ts o f  simulation into 
current design practices can be explored, 

Given the abi 1 i t y  t o  simulate interference in real cracks, we can 

Status of milestones 

The milestone schedule i s  as follows: 

21  11003 

21 11004 

21 11005 

21 11006 

21 11007 

2111008 

2111009 

2111010 

21 11011 

2111012 

2111013 

2111014 

07-01 -89 

07- 15-89 

08-15-89 

10-01 -89 

02-01 -90 

04-01 -90 

07-01 -90 

08- 15 -90 

01-01-91 

04-01-91 

07-01 -91 

12-31-91 

Choose method for solving three-dimensional 
protrusion interference elasticity problem. 

Represent crack faces as mathematical 
surfaces embedded in Euclidean space. 

Model protrusion interference kinematics. 

Solve three-dimensional protrusion interference 
elasticity problem. 

Develop computer-based implementation of 
mathematical model . 
Define experiments for verification of 
mathematical model. 

Conduct and evaluate experiments to verify 
mathematical model. 

Define numerical simulation based on previously 
veri f i ed mathematical model . 
Implement previously defined simulation on 
computer. 

Define design procedure based on computer-based 
simul at i on. 

Identify methods for gathering data required for 
design procedure. 

Obtain experimental verification of design 
procedure. 
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2.2 CONTACT INTERFACES 

2.2.1 Static Interfaces 

The Elast ic  Properties and Adherence o f  Thin Films and Coatings on 
Ceramic 5ubstrates 
€I. L e  Joslin (University o f  Tennessee) 

Object i ve/scoDe 

of ion bombardment on the structure o f  thin ceramic films on ceramic 
substrates, The material combinations will include oxide films that 
have (a) no solid solubility, (b)  limited solid solubility, and 
(c) complete solid solubility with the substrate material (also an 
oxide). 
far determination of elastic and plastic properties of thin films or 
coatings on ceramic substrates and for the determination o f  the strength 
of the bond between the film and substrate. This development was 
started during the previous contract period and is continuing. 
techniques will be used to determine the hardness, elastic modulus, and 
adherence o f  each material combination. The main testing techniques 
will be the ultra-low load micro-indentation tester (Nanoindenter) and 
thermal cycling tests. 

The objective of this research is the examination of the effects 

An important part of the task I s  the development of techniques 

These 

Technical Droqress 

In connection with the development of techniques for characterizing 
the mechanical properties of the filrns/coatings and the interface 
adhesion, measurements Rave been made on diamondlike carbon (DLC) films 
deposited an sapphire, AlON, glass, and silicon substrates, and on S i c  
surfaces that were both amorphous and crystalline. This set of samples 
provides a wide range of structures and propertaies for evaluating the 
testing techniques. 

Hardness data taken on the adherent DLC films show that the 
substrate affects the measured hardness, and that the measured hardness 
value approaches that of the substrate alone at increasing indentation 
depths. In contrast, hardness data from the nonadherent DLC films show 
no substrate effects--the measured hardness is virtually the same at 
each of the depths sampled. This i s  because the film/substrate 
interface is perpendicular to the direction of indentation, and i s  
therefore subjected to substantial shear stresses during the indentation 
process. A weak interface cannot support shear stresses, so the shear 
stresses produced during indentation are not effectively transferred 
across the interface. Because of this, the substrate cannot plastically 
deform to the same extent that it would have if the film were adherent, 
and the substrate's effect on the measured hardness would not be as 
great, Similar results were obtained for both substrates that were 
harder arad softer than the DLC films. 
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2.2.2 Dynamic Interfaces 

Studies of Dynamic Contact of Ceramics and Alloys f o r  
Advanced Heat Engines 

K. F. Dufrane and P.A. Gaydos (Battelle Columbus Division) 

Ob.iective/scope 

The objective of the program is to develop an understanding of 
the friction and wear processes of ceramic interfaces based on 
experimental data. The supporting experiments are to be conducted 
at temperatures to 650 C under reciprocating sliding conditions 
reproducing the loads, speeds, and environment of the ring/cyl inder 
interface of advanced engines. 
characterized before and after testing to provide detailed input to 
the model. 
identifying solutions to the tribology problems limiting the 
development o f  these engines. 

The test specimens are to be carefully 

The results are intended t o  provide the basis for 

Technical progress 

Apparatus 

The apparatus developed for this program uses specimens o f  a 
simple flat-on-flat geometry, which facilitates specimen procurement, 
finishing, and testing. The apparatus reproduces the important 
operating conditions of the piston/ring interface o f  advanced engines. 
The specimen configuration and loading is shown in Figure 1. 
contact surface of the ring specimen is 3.2 x 19 mm. 
32 mm radius is ground on the ring specimen to insure uniform contact. 
The ring specimen holders are pivoted at their centers to provide 
self-alignment. A chamber surrounding the specimens is used to control 
the atmosphere and contains heating elements to control the 
temperature. The exhaust from a 4500 watt diesel engine is heated 
to the specimen temperature and passed through the chamber to provide 
an atmosphere similar t o  that o f  actual diesel engine service. A 
summary of the testing conditions i s  presented in Table 1. 

Materi a1 s 

The 
A crown with a 

Ring and Cylinder Materials 

The compositions o f  the various materials used in the study are 
A variety of monolithic and coating materials presented in Table 2. 

were selected to represent various chemical compositions and materials 
with previously demonstrated successful sliding performance. 
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Load 

specimens 

Figure 1. Test  specimen configuration and loading 

TABLE 1. SUMMARY OF TESTING CONDITIONS 

Sliding Contact: Dual flat-on-flat 
"Cylinder" Specimens: 12.7 x 32 x 127 mm 
I' R i ng 'I Spec i me ns : 3.2 x 19 x 19 mm 
"Ring" crown radius: 32 mn 
Mot ion:  Reciprocating, 108 mm stroke 
Reciprocating Speed: 500 to 1500 rpm 
Average Specimen Speed:1.8 t o  5.4 m / s  
Load: to 950 N 
Ring Loading: t o  50 Nlm 
Atmosphere: D i e s e l  exhaust or other gases 
Measurements: Friction and wear (after t e s t )  
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TABLE 2. MATERIALS FOR EVALUATION 

Monolithic Ceramics Coatings 

YPSZ 
MPSZ 
A T T Z  
a Sic 
SiC/A1203 
Sialon 
K162B (Tic 
Si3N4 

N i /m) 

Tribaloy 400 
METCO 130 (13 TiO2, 87 A1203) 
METCO 501 (30 Mo, 12 Cr, bal Ni) 
Plasmalloy 312M (MoSip) 
Cr2O3 (5 Cr, bal Cr203) 
Jet-Kote WC (12 Co, bal WC) 
Cr (Electroplated) 
PS212 (Cr3C2 + BaF2/CaF2 + Ag) 
VR73 (WC/TaC/TiC/Co) 
VA 20 (WC/TaC/TiC/Ni) 
CA 815 (Cr3Cz/Ni) 
Mo 
Duplex (WC and Mo) 
Ion Implanted ( N  i n  Cr203) 



TABLE 3. COMPARISON OF APPROXIMATE R I N G  WEAR COEFFICIENTS 

Hardness Average 
Used in Ring Wear Ring 

Ring Cy 7 i nder Temperature, Loadi rig, Friction Cal cul a t  Jon, Coefficient 
Material Material Lubricant C Nlrnm coefficient kginrn 

Dimension 1 ess mm3/N-m 

SAE 30 
SOL-l 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
SDL-1 
S A E l B  

LB625 
SDL-1 
SDL-1 
SDL-1 
SOL-1 

100 
100 
260 
260 
260 
260 
260 
260 
260 
260 
260 
260 

20 
260 
260 
260 
260 
260 

17.5 -- 975 
12.3 0.03 - 0.04 975 
14.5 0.04 - 0.09 2080 
12.3 0.03 - 0.08 2000 
12.3 0.03 - 0.06 2200 
13.9 0.03 - 0.08 2080 
12.3 0.04 - 0.08 2000 
13.4 0.05 - 0.08 2000 
12.3 0.05 - 0.09 2200 
15.7 0.04 - 0.08 2000 
15.7 0.04 - 0.08 2000 
12.3 0.05 - 0.06 2000 
17 .O 0.04 - 0.08 2700 
12.3 0.02 - 0.16 2000 
12.3 0.04 2000 
15.7 0.07 - 0.1 935 
14.0 0.i3 2650 
12.3 0.14 975 

~~ 

5 2 
a x 3 x lo -g  

3 5 x l o - 9  

5 x l o - '  
6 x lo-'  

6 x lo-' 

8 x EQ" 
9 x lQ-' 
I x 1Q-@ 

1 x 10- 2 x 
1 x 2 x lo -8  

1 x 2 x 10-'9 
1 x 2 x l o -& 

1 x 2 x 90-@ 
3 x 5 x lo-a 

3 x lo -6  4 x 10-o 
5 x lo-6 9 x 
1 x 2 x 10- 
1 x 4 x lo-?  

z 4 x 10- 
2 x 3 x 

(a)  Typical actual diesel truck engine experience (c) Nitrogen-ion inp'lanted 

(b) CC7000 ( d )  Surface modified by Ceraprep process 
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Liquid Lubricants 

T h e  primary lubricant  used i n  the  experiments has been SDL-1, a 
polyolester  synthet ic  o i l .  
temperatures above approximately 250 C and produces tenacious 
decomposition products. W i t h  th i s  l imi ta t ion ,  a l t e r n a t e  lubricants  
were considered t o  permit higher temperature operation. 

a re  t h e i r  res i s tance  t o  high temperatures and t h e i r  a b i l i t y  t o  b u r n  
off  cleanly when  they do decompose. 
polyal kylene glycol f l u i d s  evaluated previously, a siipply of 
experimental high temperature lubricant  was a l s o  obtained from Dow 
Chemical. 
400 C.  
two high temperature l iquid lubricants  f o r  evaluation. 

This o i l  i s  subject t o  rapid oxidation a t  

The benefi ts  o f  spec ia l ly  formulated h i g h  temperature lubricants  

I n  addition t o  the two 

This f l u i d  i s  reported t o  be s t a b l e  a t  temperatures t o  
Lubrizol has a l so  agreed t o  supply a t  l e a s t  one and possibly 

Sol i d  Lubricants 

Three types o f  high temperature so l id  lubricants  have been 
procured. 
up t o  620 C will  be used as s l i d e r s  that  may provide a dry lubricant  
f i lm. 
having a temperature capabi l i ty  of 400 C. 
formed from th is  material and wil l  be evaluated f o r  f r i c t i o n  and 
wear c h a r a c t e r i s t i c s .  A Ga/In/WSe* se l f - lubr ica t ing  compact was 
a l so  fabricpted f o r  evaluation. 
up t o  800 C 
c h a r a c t e r i s t i c s  from room temperature t o  540 C .  Depending on the 
f ina l  strength of t h i s  composite, i t  may be used as a r i n g  specimen 
o r  as  a s l i d e r  t h a t  supplies lubricat ion t o  the ring/cylinder 
in te r face .  

Work began on modifying B a t t e l l e ' s  engine r i g  t o  accept spring- 
loaded so l id  lubricant  samples. These so l id  lubricants  will  be used 
as wipers t o  supply the  s ta t ionary  specimens w i t h  a f i lm of dry 
lubricant .  
f i lms can control the wear on the ring specimens and whether the 
wipers will  have a useful l i f e  a t  the needed t r a n s f e r  r a t e s .  

Two grades of carbon graphites s u i t a b l e  f o r  temperatures 

A second type of so l id  lubricant  i s  a MoS2-impregnated al loy 
Ring specimens will  be 

This compact remains thermally s t a b l e  
and  exhib i t s  good f r i c t i o n  and  f i lm t r a n s f e r  

The experiments a r e  expected t o  determine whether such 

Wear Experiments 

Lubricant Evaluation 

In the f i r s t  phase of the study the  need f o r  lubricat ion a t  the  
r inglcyl inder  in te r face  was established by the  high f r i c t i o n  
coef f ic ien ts  and wear r a t e s  measured during dry s l i d i n g  of monolithic 
ceramics and ceramic coatings.  With lubr ica t ion ,  the wear rates o f  
ceramic coatings such a s  Cr2O3 and WC tes ted a t  260 C were found t o  
approach those measured i n  heavy d u t y  truck engines with conventional 
r ing/cyl inder  mater ia ls .  W i t h  the need f o r  lubr ica t ion ,  the maximum 
operating temperature w i t h  ceramics was found t o  be limited by t h e  
a v a i l a b i l i t y  of s u i t a b l e  lubricants .  
f r i c t i o n  data obtained under a var ie ty  of conditions i s  shown in 
T a b l e  3. 

A summary of the wear and 
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Materi a1 Eva1 uat i on 

During the past six months the last of the material analysis 
was completed. Ion-implanted chromia, silicon carbide whisker- 
reinforced alumina, and the last of the electro spark alloying (ESA) 
coatings were evaluated. The results are presented below as  well as 
in Table 3. 

Nitrogen ion-implanted chromia was run self-mated at 260 C in 
SDL-1 (polyolester). Ion implantation is a surface treatment that is 
reported to greatly increase the wear resistance of materials. Tests 
were conducted t o  see if the ion-implanted chromia ring/cylinder 
pair has substantially better wear performance than non treated chromia 
pairs operated under the same conditions. 
runs are shown below. 
of self-mated chromia specimens. 

Ring Cy1 inder Ion Wear Coefficient Fri ct i on 
Materi a1 Materi a1 Imp1 anted Di mens i on 1 ess d / N m  Coef f i c i en t 

The results of the test 
The ion implantation showed no effect on wear 

Cr203 Cr203 No 1x10- 2x10-e 0.05-0.08 

Cr203 Cr203 Yes 1x10- 2x10-e 0.04-0.08 

Ring specimens of silicon carbide whisker-reinforced alumina run 
against chromia stationary specimens in SDL-1 gave impressive friction 
and wear results. 
test at 260C was 4.9 x 10- (dimensionless) or 8.3 x 10- mm3/Nrn, 
and the friction coefficient averaged 0.038. 
gave the lowest wear of all the monolithic ceramics tested during 
this program and equalled the performance of tungsten carbide-coated 
rings. 

The last two of the ESA coatings were also evaluated during 
this reporting period. 
designated VR73 and a duplex coating composed of a tungsten bond coat 
with a top layer of molybdenum. The coatings were run against chromia 
stationary specimens with SOL-1 at 260 C. The results of these tests 
are shown below along with other 260 C experiments lubricated with 
SDL-1 for comparison. 

The wear coefficient calculated after,a four hour 

This ring material 

The ring coatings were a WC+TiC+TaC+Co coating 

Ring Cy1 i nder Wear Coefficient Friction 
Material Material Dimensionless mm3/Nm Coefficient 

wc SiC/A1203 3 ~ 1 0 - ~  5x10-' 0.04-0.09 

ESA Cr203 6 ~ 1 0 - ~  9x10-' 0.03-0.06 

VR73 Cr203 1x10- 2x10-8 0.05-0.09 

Cr YPSZ 1x10-4 4 ~ 1 0 - ~  0 2-0.3 

Duplex Cr2O3 1x10-4 2x10-6 0.05 
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Envi roninental Testing 

Environmental tes t ing was conducted t o  determine which 
const i tuents  o f  the  diesel  exhaust have the grea tes t  e f f e c t  on the 
f r i c t i o n  and wear of ceramics in r inglcyl inder  appl icat ion.  
and cyl inder  materials were both plasma sprayed Cr2O3; the lubricant  
used was SDL-1 (polyolester) ;  and environments o f  breathing a i r ,  
nitrogen, and steam were used a t  a temperature of 260 C.  
below shows the  r e s u l t s  obtained from t h i s  t e s t i n g .  

Ring 

The t a b l e  

Hear Coefficients Friction Coefficients 

Environment Dimensionless m31 Range Average 

Air 2.2 x 3.7 x 0.02-0.09 0.04 

Nitrogen 1,7 x 2.8 x 0.03-0.10 0.06 

Steam 5.2 x 8.8 x 0.06-0.19 0.12 

The r i n g  wear r a t e  i n  the  i n e r t  nitrogen atmosphere was s l i g h t l y  
lower than measured i n  the  a i r  envirqnment. Perhaps the oxygen in 
the  a i r  environment accelerated the degradation of the lubricant .  
The steam environment resulted in wear r a t e s  and f r i c t i o n  coef f ic ien ts  
over twice as high as those o f  the  nitrogen o r  a i r  environments. 
While the running specimens were a t  260 C ,  portions of the 
environmental chamber were cool enough t o  condense the steam. The 
resu l t ing  water probably di luted the lubricant  and/or washed i t  out 
of the wear zone and thereby reduced i t s  lubr ica t ive  benefi ts .  
Compared with the e f f e c t  o f  temperature alone on lubricant  degradation 
and increased wear r a t e s ,  i t  appears t h a t  the composition of the 
operating atmosphere has r e l a t i v e l y  l i t t l e  e f f e c t  on observed ring 
wear r a t e s .  

Status  o f  m i  1 estones 

The s t u d y  i s  progressing in accordance w i t h  the  overall  milestone 
schedule. 

______._ Pub1 i c a t i  ons 

"Dynamic Contact o f  Ceramics i n  Ring-Cylinder Applications" by 
K . F .  Dufrane a n d  P.A. Gaydos submitted f o r  publication i n  the 
CCM proceedings. 

Gaydos, P.A. I and Dufrane, K.F.  I "Lubrication o f  Ceramics i n  
Ring/Cylinder Applications",  SAE Paper 890999, 1989. 
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I n v e s t i m t i o n  o f  Advanced S t a t i s t i c a l  Concepts o f  Fracture i n  B r i t t l e  
M a t e r i a  7 s 
@. A .  Johnson and W .  T. Tucker (General Electric Company) 

Objecti ve/scope 

The design and application o f  re1 iable load-bearing structural 
components from ceramic materi al s requires a detai 1 ed understanding o f  
the statistical nature o f  fracture in brittle materials. The overall 
objective of this program i s  to advance the current understanding of 
fracture statistics, especially in the following four areas: 

Optimum testing plans and data analysis techniques. 

Consequences o f  time-dependent crack growth on the 
evolution o f  initial flaw distributions. 

Confidence and tolerance bounds on predictions that 
use the Weibull distribution function. 

Strength distributions in multiaxial stress fields, 

The studies are being carried out largely by analytical and computer 
simulation techniques. Actual fracture data are then used as 
appropriate to confirm and demonstrate the resulting data analysis 
techniques. 

Technical Droqress 

Work during this reporting period concentrated on the development 
of bootstrap techniques and associated computer code for estimation o f  
confidence and tolerance bounds on Weibull parameters and strength 
estiiiiates for "Class IV" problems. Class I V  problems are t hose  where 
the fracture data include specimens from multiple specimen sizes and 
loading geometries, while the component of interest may be o f  yet a 
different size and loading configuration. 

by their own bootstraps." That is, they gather information about 
variability in estimates by evaluating only the data available in the 
particular data set o f  interest. 
and their basis can be found in Reference 1. The techniques are readily 
applied to a variety of distributions, but t o  our  knowledge, have not 
yet been applied to the Weibull distribution w i t h  size scaling. 

Bootstrapping techniques characterize a combination o f  the 
intrinsic uncertainty of estimation due to sampling error in t h e  data 
set (error due to testing only a limited sample o f  the material of 
interest) and any additional uncertainty due t o  inefficiencies o f  the 

As the term "bootstrap" imp1 ies, these methods "pull themselves up 

A good review o f  bootstrap techniques 
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estimator. Bootstrap methods are ultimately dependent on an estimator 
t o  digest the experimental measurements o f  fracture strength and 
estimate parameters on the distribution and/or strengths of components 
with other sizes and loading geometries. As reported in earlier semi- 
annual reports, a series o f  estimators based on linear regression and 
maximum likelihood have been deve?ope that allow analysis of Class IV 
d a t a .  These estimators have been used in the  current effort. 

parametric and non- 
parametric. Both  types involve simulation and analysis of  many 
"artificial" data sets that are  derived r ; i t he r  directly or indirectly 
from the experimental data. In non-parametric bootstrapping, no 
assumption o f  t h e  form o f  the strength distribution is macle prior t o  

Two types o f  bootstrap have been developed: 

on of t h e  simulated data sets. The simulate data is created by 
choosing strengths f rom t h e  original data '' 
after a strength is chosen from the  list of 

strengths, it will still be available t o  be chosen again  within that 
same d a t a  set. Therefore, each simulated data set is virtually 
guaranteed to have some rfipeat observations. 
generally have the same number o f  observations within each specimen 
geometry as the original experimental d a t a  se t . )  

distribution parameters that. best describe t h e  experimental data .  
Simeh'B ated strength data i s  then gencsateb by randomly choosing sirnu] ated 
specimens frov the infinite population o f  specimens a l s o  inus'lves t he  
use a f  a random number generatcsr. For each specimen t o  be simulated, a 
randcm nmber i s  chosen within t h e  interval froin zero t o  one+ The 
Wei bull d i  stributicn furtct- ion i s  solved f e r  the fracture z t w n g t h  and 
the random nu;ilber i s  s u b s t i t u t e d  as the  grobab-i'i i 'cy sf faailure fo i -  t h a t  
specirneas A1 1 o t  !lei* parameters such as 'lei bull m d v l  CIS, signa iet-c; and 
speci  s i re /gwmeLry  are  either kncxwrl o r  assumed, t h e r e f o r e ,  the 
strength o f  t h a t  s i i m l a t n d  specjii-ien i s  fully defined, 

l a t e d  d a t a  sets is analyed i i s i n g  a srritablc cstirssator. ( I n  
p a r a m ~ t ~ i c  bootstrapping, it is ~ ~ i o s t  t a t i s n a l  ts L J S ~  the s a i w  estimator 
t h a t  used t o  a n a ? j z c  t t ~ e  exps:-inenta; d a t a  - 1  1Re v a r ;  abil i ts, in 
e s t i m a t e s  fran. the sli.mxus sirnu1 air? d a t a  se t s  P lects t ibe itsirinsic 
variability of  the estimzlor in an31yziilG d a t a  si lar t u  t h e  o r i g i n a l  
exper imenta l  d a t a  set. 
i=#?nta? d a t a  sei t o  s t a t e  zonf idsnce bounds on e s t i m a t e s  o f  distribution 
parametsrs ar;d to le raoce  bounds 8i-i e s t i m k s  of s t r e n g t h s .  

o f f e r s  t h e  i n t r i g u i n g  p o t e n t i  a: of estimating conf idence and tolerance 
on a variety o f  very complex pi-obleins, e w ~  beyond C i a s s  5V (such as 
those involving multiple flat: p o p u l a t i o n s ,  wltiawia: stress~s, s t r e n g t h  
degradat ion due t o  slow crack growth ,  ekc.) .  If an estimator- can be 
designed to estimate all the  adjus tab le  parameters o f  a givecm mode?, 
then t h e  bootstrapping technique should be capable o f  e s t i m a t i n g  
confidence bounds on all the parameters and tolerance bounds on 

(The simulated d a t a  sets 

In parametric bootstrapping, an estimator i s  used t o  estimate t h e  

In both p a r a m e t r i c  and non-parametvic b o o t s t v a p p i n g ,  each o f  t h e  

The r-esalts cat? t h c r  be used w 4 t h  the expep;- 

Ine  bcotstrapying technique is computationally intensive, b u t  i t  



317 

estimated strengths. (It should be pointed out that the better the 
quality of the estimator, the smaller the width of the bounds.) In 
addition, bootstrap techniques offer opportunities to correct for "b ias"  
(the tendency of an estimator to give consistently high or consistently 
low estimates relative to the true value), and to estimate the 
"goodness-of-fit" of the data relative to the assumed model which in 
this case is the size-scaled, two-parameter Weibull distribution 
funct i on I 

bootstrapping of strengths using the Class IV estimators described in 
earlier reports. The code includes one maximum likelihood and two 
linear regression estimators with options of size-scaling the data 
according to volume, surface area or edge length. The strength data can 
be in the form of tensile and/or bend specimens with rectangular and/or 
circular cross-sections. (Other loading geometries will be available in 
the future,) The results are displayed both in table form and 
graphically. The output includes confidence bounds on the Weibull 
modulus (at various levels of confidence) and tolerance bounds ( a l s o  at 
various levels of  confidence) on strength estimates at user chosen 
values for component size and strength quantile. 

The code wa5 used to analyze several sub-groups as well as the 
entire data set of 137 specimens of sintered Sic described in earlier 
bimonthly and semi-annual reports. The data set consisted o f  three 
different specimen sizes (Mil Std 1942 MR specimens A, 8 and C) tested 
in two different testing geometries (three- and four-point bending) for 
a total o f  six different combinations of specimen size and testing 
configuration. Each group contained approximately 18 specimens with the 
exception of the four-point B group which contained 48 specimens. 

Bootstrap analysis of 48 four-point bend specimens of specimen 
s i z e  B resulted in confidence bounds on estimates of the Weibull modulus 
that were compared with previous Monte Carlo studies of such confidence 
bounds in C 1  ass I problems. The comparison showed excel 1 ent agreement. 

The 54 three-point bend specimens (18 each of sizes A ,  B and C) 
were analyzed using parametric and non-parametric analyses and the 
resulting tolerance bounds were compared with those from the Class I11 
analysis of the same data using likelihood ratio and conditional 
integration techniques (reported in earlier bimonthly reports). In this 
case, t h e  parametric bootstrap and 1 i kel i hood results were approximately 
20 percent narrower than the other analyses. 
potential weakness of the non-parametric bootstrap analysis. 
experimental data se t  has uncharacteristically good agreement (or poor 
agreement) with the overall Weibull model, then the non-parametric 
analysis will automatically reproduce that unusual characteristic in the 
simulated data sets. In turn, the estimated tolerance intervals from 
the non-parametric analysis will be narrower (or wider for the case o f  
poor agreement) than that estimated using the parametric bootstrap, 

A computer code was written t o  allow non-parametric and parametric 

This in an example o f  a 
I f  the 
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A graphical comparison o f  parametric vs non-parametric analysis of 
the entire Sic data set i s  included i n  Fig. 1. 
likelihood was used in analyzing the original 137 strengths and all 
subsequent bootstrap-simulated data sets. 
estimates of Weibull modulus and sigma zero are recorded on the upper 
right of each figure. These estimates are dentical an the 
two figures since the original data sets  an the maximum 1 i kel i hood 
analyses are identical in both cases. Also printed on t h e  line with the 
Meibull modulus is the bootstrap estimate of the 95 percent confidence 
interval an the modulus (shown in parentheses). The intervals for the 
two methods are not identical (they should not be expected t o  he so) but  
are in excellent agreement. Similar intervals were available for  sigma 
zero but were not displayed. 

The individual specimen strengths are included on b o t h  figures 
using s i x  different open symbols to identify the s i x  different specimen 
sizes and configurations. 
illustrate the 8.5 (median) and 6.05 quantile behaviors as estimated by 
maximum likelihood as a function o f  specimen s i z e .  
primarily From surface-related d e f e c t s ,  therefore the size ax i s  is 
stressed arraa. Since the estimation o f  quantiles does not iwolve 
boots t rapp ing ,  the s t r a i g h t  lines are identically positioned in t he  two 
figures The two curved 1 i nes (appror imat.ely hyperbs! i c i n  shape) 
baunbiag t h e  0,85 quantile illustrate the 95 percent tolerance baunds on 
that quantile as  estimated by one o f  the  b o o t s t r a p  approaches. ‘ l h u s  t h e  
0.05 quantile line can be used t o  estimate the strcerigib at wh’ch Five 
pe:-cea?t s f  a givew s i z e d  conipsnent should fail ; while t h e  to le rance  
hounds then d e s r r i  be t h e  emxrtai nty in t h a t  e s t - i m t e  + 

remarkably similar as can be seen by the nea~=ly i d w t - i c a l  p 2 2 : + ~ t s  o f  
intersection w i t h  t h e  axes o f  the two figme;. 
howver, t h a t  the non-parametric bootstrap is G ~ T T  

(especially with smaller d a t a  se t s )  and, as m e c t i o i  
Sitivity t,o dzrta sets  that cnntairr sow 

In both cases, maximum 

The maximu 

The two straight lines on each figure 

Failure vas observed 

- 
I he resulting tolerance borrnds fo r  t h e  tw rnetl-wk of  t j~jokstrap at-? 

Results to d a t e  s h w ,  

Confirfiat ien  o f  b o t h  paraiEetric and nofi-parai:lett-ic bootc t i*appfng  
I tocprJ-  I.-.#. done us ing  simuiation techniqhes. i he  s i m l a t i t m  xas  carried clr.rt iiy 
choosing a %ibull mod3 yo foi- I? Iryprrthet i c a i  iilatEi;-.i a1 
t b b t  conforins with the 
d a t a  s e t s   wet^ simulate f o r  t h c  Full i ioots t rzp analysis. 
l h i s  prates: was r e p ~ a t e d  lOOO times. For each b strap, i;,e actual 
Vsi bull m d u ?  us 2nd t h e  actual st” iei igih at sever-zl spcxi f 
sizes were c o y ~ r e d  ui Fsh the  csnf idencc a i d  to1 erance i n t  
by the bootsLrap. Th-is i s  a very c o m p t d a t i o n a l i y  intensive o p e r a t i o n  
bu t  was repeated for parametric and nsn-parametric ar~a’ysis o f  both the 
va-*.imeim 1 ikel ihood and linear regressiw {regressing s i z e   ti s t r m g t h )  
estimators. The  data s e t  for  each c x c  consisted of  s i x  gi-sups o f  t e n  
specisens, three-point and fous-point bending o f  specinliens s i 7 e s  A,  B 
and C (patterned after the S i c  experiments). The results included 
information about all possible intervals, but the following commmts 
will concentrate on the 95 percent interval. In all cases studiedl, 

- 

d i s t r i b u t  i on . .. t xp c :- i --F P- C 
- 



319 

between 92 and 95 percent  o f  the  s imu la t ions  inc luded the  r e a l  Weibul l  
modulus and f r a c t u r e  s t rength  w i t h i n  the  95 percent l i m i t s  est imated by 
t h e  boots t rap  methods. It i s  concluded, there fore ,  t h a t  t he  parametr ic  
and non-parametr ic boots t rap  techniques are both  v a l i d  and useful 
methods f o r  es t ima t ing  conf idence and to le rance bounds on Class I V  
problems o f  s t reng th  ana lys is .  

Status o f  m i  1-estones 

The mi lestone on development o f  parametr ic  and non-parametr ic 
boots t rap  methods f o r  es t ima t ion  o f  conf idence and t o le rance  bounds has 
been compl e ted .. 

Pub1 i c a t  i ons 

1. W .  7'. Tucker and C. A. Johnson, "Canfidence B Q U ~ S  an Strength 
Estimates, I' Proceedings o f  26th Automotive Techno1 ogy Devel opment 
Contractors '  Coord inat ion Meeting, October, 1988, 
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3.0 DATA BASE AND LIFE PREDICTION 

This portion o f  the project i s  identified as project elenient 3 
within the work breakdown structure (WBS). It contains five 
subelements, including (1) Structural Qualification, (2) Time-Dependent 
Behavior, (3)  Environmental Effects, ( 4 )  Fracture Mechanics, and (5) 
Nondestructive Evaluation (NDE) Development. Research conducted during 
this period includes activities in subelements ( I ) ,  ( 2 ) ,  and ( 3 ) .  Work 
in the Structural Qualification subelement includes proof testing, 
correlations with NDE results and microstructure, and application t o  
components, Work in the Time-Dependent Behavior subelement inc? udes 
studies o f  fatigue and creep in structural ceramics at high 
temperatures. Research in the Environmental E f f e c t s  subelement includes 
study of  the long-term effects o f  oxidation, corrosion, and erosion on 
t h e  mechanical properties and microstructures of structural ceram-iics. 

The research content of the Data Base and Life Prediction project 
element includes (1) experimental life testing and microstructural 
analysis of Si,!, and Sic ceramics, ( 2 )  time-temperature strength 
dependence o f  Sl,N, ceramics, and (3)  static fatigue behavior of PSZ 
ceramics e 

Major objectives of research in the Data Base and Life Prediction 
project element are understanding and application o f  predictive models 
for structural ceramic mechanical reliability, measurement techniques 
for long-term mechanical property behavior ins structural ceramics, and 
physical understanding o f  time-dependent mechanical failure. Success in 
meeting these objectives will provide U.S. companies with the tools 
needed for accurately predicting the mechanical reliability of ceramic 
heat engine components, including the effects of applied stress, time, 
temperature, and atmosphere on the critical ceramic properties. 
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3.1 STRUCTURAL QUALIFICATION 

M i c r o s t r u c t u r a l  Annlysis of S t r u c t u r a l  ceramics 
B .  J. Hockey, Jr. and S .  14. Wiederhorn 
(The National Inst.itute of Standards and Technology) 

Obiective/scoDe 

The objective of this part of  the program is to identify the 
mechanisms of failure in structural ceramics subjected to 
mechanical loads in various test temperatures and environments. Of 
particular interest is the damage that accumulates in structural 
ceramics as a consequence of high temperature exposure to 
environments and stresses normally present in heat engines. 

Design criteria for the use of ceramics at Low temperature 
differ from those at high temperature. At low temperature ceramics 
are elastic and brittle; failure is controlled by a distribution of 
flaws arising from processing or machining operations, and the 
largest flaw determines the strength or lifetime of a component. 
By contrast, at high temperature where ceramics are viscoelastic, 
Eailure occurs as a consequence o f  accumulated, o r  distributed 
damage in the form of  small cavities that are generated by the 
creep process. This damage effectively reduces the cross-section 
of  the component and increases the stress that must be supported. 
Such increase in stress is in a sense autocatalytic, since it 
increases the rate o f  damage and eventually leads to failure as a 
consequence of loss in cross section. When this happens, the 
individual flaw loses its importance as a determinant of component 
lifetime. Lifetime n o w  depends on the total amount of damage that 
has occurred as a consequence of the creep process. The total 
damage is now the important factor controlling lifetime. 

ceramics intended for use f o r  heat engines indicates that for long 
term usage, damage accumulation will be the primary cause of 
specimen failure. Mechanical defects, even if present in these 
materials, are healed o r  removed by high temperature exposure SO 
that they have little influence on long term lifetime at elevated 
temperature. In this situation, lifetime can be determined by 
characterizing the nature o f  the damage and rate of damage 
accumulation in the material at elevated temperatures. In ceramic 
materials such as silicon nitride arid the sialons, such 
characterization requires the use of high resolution techniques of 
analysis because of the fine grain size of these materials: hence 
the need for transmission electron microscopy as an adjunct to the 
mechanical testing of ceramics for high temperature applications is 
apparent" 

In this project, the creep and creep-rupture behavior o f  
several ceramic materials will be correlated with microstructural 
damage that occurs as a function o f  creep strain and rupture t i m e .  
Materials to be studied include: sialons; hot-pressed silicon 
nitride; and sintered silicon carbide. This project will be 
coordinated with WRS 3 . 4 . 1 . 3 ,  Tensile Creep Testin,, wit,h the 
ultimatx goal o f  developing a test mt:thodolsgy for assuring the 

Recent studies of high temperature failure of the non-oxide 
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r e l i a b i l i t y  of  s t r u c t u r a l  ceramics f o r  h igh  temperature  
a p p l i c a t i o n s .  

Technical. p rogress  

Over t he  p a s t  s i x  months mic ros t ruc tu ra l  c h a r a c t e r i z a t i o n  
e f f o r t s  were p r imar i ly  d i r e c t e d  t o  the s tudy  of a S i c  Whisker 
r e in fo rced  r e a c t i o n  s i n t e r e d  s i l i c o n  n i t r i d e  obta ined  form GTE.  
The c reep  behavior  o f  t h i s  m a t  ial. as wel l  as i t s  monoli thic  
counterpart:  is c u r r e n t l y  bei-ng investxi-gated under WHS 3 . 4 . 1 . 3  As 
a consequence, t h e  u l t i m a t e  goal  of  t h i s  phase of the  s tudy  w i l l  be  
t o  provide a d e t a i l e d  d e s c r i p t i o n  o f  t h e  e f fec t  o f  mic ros t ruc tu re  
on creep  deformation and damage aecmula t lon  processes  f o r  t h i s  
composite ma te r i a l  and i t s  mono1ithi.c coun te rpa r t .  

r e ln fo rced  mater ia l  i n  t he  as - rece ived  cond i t ion  and a f t e r  t e n s i l e  
c reep  deformation. Speci. f i c a l l y  t:h? I.atter ccridi.tion has  s o  f a r  
included t h r e e  s a m p l e s  tsiiat f a i l e d  i n  t ens ion  a t  1200°C under 
diffenerr t  app l i ed  s t r e s s e s .  For  t h e  most p a r t  t h e  s c a l e  o f  t he  
micros t;ructure necess i  t a t e d  the  use o f  a n a l y t i c a l  t ransmiss ion  
e l e c t r o n  microscopy; however, a comprehensive view of  whisker 
dis t r - i . l : )u~ion ,  cavitat:i.on damage distri .butio-ii ,  and creep  crack  
development w a s  b e s t  obtai.ned by o p t i c a l  examinations of  po l i shed  
s e c t i o n s .  %lit11 th%s i n  mind, F igure  1 - al though i l l u s t r a t i n g  
c a v i t a t i o n  arid creep c rack  developmerit: - provides  a represenf::a.t:i.ve 
view o f  t he  macrostructure  of  this composite material. CZii.ef l y  , 
Sic whiskers ( l i g h t  g r a y ) ,  ranging i n  l eng th  from microns to 
roughly 20  microns,  a r e  seen t o  be randomly d i s t r i b u t e d  wi th in  a 
mat r ix  of  (unresolved)  s i l i c o n  ni.cride g r a i n s  (darker  gray 
r eg ions ) .  Here i t  shou1.d be noted t h a t  while  t h r 3  pl.ane o f  F ig .  1 
con ta ins  the  hot-pressing d i r e c t i o n  and whisker alignment i.s not  
apparent: I a sys ternat. i.c: eva lua t ion  o f  t ex t t i re  devel oprnent has no t: 
been made. 

view o f  t he  as - rece ived  mic ros t ruc tu re ,  and t o  t h i s  end tile s a l i e n t  
a spec t s  are summarized wi th  re€erence t o  Figures  2 - 4 .  Most o f  the  
SLC whiskers had a s l i g h t l y  tapered ,  needle  morphology. Prom edge- 
on views (F ig .  2) and crid-on views ( F i g .  3 ) ,  Sic whiskers lengt 
ranged from microns t o  about 20 ai-crons and t h e i r  diameters  ranged 
f rom about 0 . 2  t o  a maximum o f  1 . 0  microns. On the  b a s i s  of  
l i m i t e d  e l e c t r o n  d i f f r a c t i o n  d a t a ,  t he  whiskers appear t o  he 
predominantly of the  6 H  hexagonal. s t r u c t u r e  wi th  the [ O O O l ]  
d i r e c t i o n  p a r a l l e d  t o  the  whisker a x i s .  The whiskers are t y p i c a l l y  
h igh ly  f a u l t e d  along t h e  b a s a l  p lanes  (F ig .  2 )  and a l s o  inva r i ab ly  
exhibi txt l  a c h a r a c t e r s t i c  "core and rim" s t r u c t u r e ,  w i t h  the core  
be ing  def ined  by d e f e c t  c l u s t e r s  and impuri ty  ( t y p i c a l l y  Fe-and C a -  
r i c h )  p r e c i p i t a t e s  (Fi.g 2 and 3 ) .  Although n o t  r e a d i l y  apparent; i.n 
F ig .  3 ,  end-on views gene ra l ly  showed d i s l o c a t i o n s  extending 
r a d i a l l y  from t h e  core  boundary t o  the  grain s u r f a c e .  I n  c o n t r a s t ,  
t h e  s i l i c o n  n i t r i d e  g r a i n s  were gene ra l ly  equi-axed and d e f e c t  

To dace ,  p re l iminary  r e s u l t s  have bsen  obta.ined on t h e  whisker 

A s  a l r eady  noted ,  TEK examina t:j.on pravided a wore d e t n i . l e d  
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Fig. 1 Optical micrograph of SiC/Si,N, composite crept to 
failure in tensile creep at 1200°C. 
cavitation induced creep crack development by link-up of 
tensile oriented crack segments. 
distribution of individual Sic whiskers (light grey) 
within matrix of unresolved Si,N, grains (darker grey 
areas). 

Illustrates 

Note random 
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Fig. 2. TEM micrograph of as-received microstructure showing 
sections of Sic whiskers (labeled) dispersed within 
Si,N, grains. 
junctions (e.g. at G). Edge-on view of Sic whisker 
illustrates characteristic basal faulting and 
distribution of defects and impurity precipitates within 
axial "core" region. 

Note presence of glass at triple grain 
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I 
Fig. 3. TEM micrograph of as-received microstructure showing 

cluster of nearly parallel SIC whiskers viewed end-on 
(axial cross-sections). 
contains high density of Fe-and Ca-rich impurity 
precipitates. 
intergranular glass surrounding Sic whiskers. 

Axial "core" region of whiskers 

Note relatively high- concentration of 
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free, 
size, a number of abnormally large grains of 10 to 20 micron 
dimensions were found distributed within the material. 
limited electron diffraction data indicated the @-SI,N, hexagonal 
structure. 

contained a glassy phase in the as-received condition. This glass, 
qualitatively determined to be a yttria silicate glass with alumina 
and calcia as minor constituents (Fig. 4), is primarily 
concentrated at triple junctions and along the Sic whiskers. It 
is, however, also found as a thin (1 to 10 nm) interfacial layer 
separating adjacent grains, and thus appears to wet the surfaces of 
both crystalline phases. 

at 1200°C began with optical examination of polished sections 
parallel to the stress axis. 
revealed irregular distributions of isolated cavities and creep 
crack segments in various stages of development (Fig. 1). Although 
the test conditions covered a narrow range of applied stress (75 - 
100 MPa), a definite difference in creep crack development and 
distribution was noted. With increasing stress - and hence 
decreasing strain rate and increasing lifetime - there is an 
increased density of short, relatively wide creep crack segments 
which are uniformly distributed within the gauge section. 
Conversely, with increasing stress - and hence increased strain 
rate and decreased lifetime - cavitation damage is more 
concentrated, resulting ultimately in a few relatively long, narrow 
cracks. 

As might be expected, TEM examination of these tensile crept 
samples confirmed that creep deformation is controlled by the 
continuous glassy matrix and that the development of dilatational 
strains readily results in intergranular cavitation. No evidence 
of deformation induced defects(e.g. dislocations or twins) was 
found within either the Si,N, grains or Sic whiskers. 
cavitation was found to occur at two sites within the 
microstructure: one being at distributed triple grain junctions, 
as seen in Fig. 5 ;  the other being along the interfaces of Sic 
whiskers (usually oriented normal to the applied stress), as seen 
in Fig. 6 .  In the latter case, the cavities tend to be extended 
along the entire whisker interface, effectively forming micron 
sized "cracks" which are considered to act as creep crack nuclei. 
Somewhat complicating the issue of intergranular cavitation, 
however, is the observation that the original intergranular glass 
showed a strong tendency to devitrify during the creep tests at 
12OO0C, Fig. 7 .  In this regard, crystallization appears to occur 
primarily within triple grain junctions and within relatively wide 
two grain interfaces, but not along the relatively narrow (10 n m  or 
less) interfaces separating adjacent Si,N, grains. While the 
crystalline phase has not yet been definitively identified, 
compositional analysis shows it to be nearly pure yttria silicate, 

While most of the silicon nitride grains were sub-micron is 

Again 

In addition to the two crystal phases, the composite also 

Observations on the three samples crept to failure in tension 

In general these observations 

In general, 
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SIBN4/SIC AS RECEIVED 
X.G. GLASS 
SNCJOI 
TIWE- 131LSEC 

1010 

202 

0 

E N  E R C Y CKeVI E O A X  

Fig. 4 .  EDS spectrum from intergranular glass in as-received 
sample showing glass contains yttria and silica as major 
constituents and alumina and calcia as minor 
constituents. 
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Fig. 5. TEM micrograph from sample after tensile creep at 1200°C 
showing cavities produced at triple grain junctions as a 
result of deformation. 
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Fig. 6. TEM micrograph of sample after tensile creep at 1200°C 
showing full facet cavitation along interfaces of 
whiskers oriented normal to applied stress. Rapid 
cavity growth along whisker interfaces effectively 
results in micron size "cracks". 
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Fig. 7. TEM micrograph illustrating occurrence of intergranular 
glass devitrification (crystallization) produced during 
creep test at 1200°C. 
rise to strong contrast within seemingly isolated 
regions distributed over relatively large area. 

Note, single reflection gives 
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i.e. depleted of the minor concentrations of alumina and calcia 
originally present within the glass. 

location of residual glass in crept samples is currently being 
investigated. More generally, microstructural analysis studies 
will be extended to include whisker reinforced samples tested under 
a wider range of conditions (stress and temperature). Also, 
similar studies will be conducted on the monolithic counterpart 
(i.e. reaction sintered silicon nitride without Sic whiskers) to 
better determine the effect of whisker reinforcement on high 
temperature behavior. 

The nature of this crystalline phase as well as the nature and 

Status of milestones 

All milestones are currently on schedule. Microstructural 
analysis by ATEM is being applied to a Sic whisker reinforced Si,N, 
material after tensile creep, and a similar analysis will be 
applied to its monolithic counterpart after completion of creep 
tests (milestone 3 1 1 1 0 1 ) .  The results will be described in a talk 
to be presented at the Ceramic Science and Technology Congress, 
Anaheim CA, Oct. 1 9 8 9 .  Also, a paper on this work will be written 
and subsequently published in the proceedings of the 14th Annual 
Conference on Composites and Advanced Ceramics, Jan. 1990, 
(Milestone 311102) .  

Pub 1 ica t ions 

A paper entitled "Effect of Microstructure on the Creep of 
Siliconized Silicon Carbide" is currently being submitted for 
publication. 
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Phvsica7 Properties o f  Structura7 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  Labora to ry )  

0b.iect i ve/scoDe 

The s t r u c t u r a l  ceramics which w i l l  be used i n  t h e  combustion 
chambers o f  advanced heat  engines must a l s o  t h e r m a l l y  i s o l a t e  t h e  
m e t a l l i c  p a r t s  o f  t h e  engine f rom t h e  h i g h  temperature combustion gases. 
The ceramics b e i n g  considered f o r  t h i s  a p p l i c a t i o n  a re  complex m a t e r i a l s  
which a r e  toughened by t h e  presence o f  a second phase. The purpose o f  
t h i s  t a s k  i s  t o  develop an improved understanding o f  t h e  f a c t o r s  which 
determine t h e  thermal c o n d u c t i v i t i e s  o f  these 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.  T h i s  s tudy i s  r e q u i r e d  because t h e  thermal conduc- 
t i v i t i e s  o f  t h e  ceramics o f  i n t e r e s t  a re  g e n e r a l l y  n o t  known a t  h i g h  
temperatures,  and t h e  t h e o r y  has n o t  y e t  been s u f f i c i e n t l y  developed t o  
y i e l d  r e l i a b l e  p r e d i c t i o n s .  The i n f l u e n c e s  o f  second-phase t ype ,  
c o n t e n t ,  shape, and o f  p a r a l l e l  energy t r a n s p o r t  by photons a re  o f  
p a r t i c u l a r  importance. A t  p resen t  ou r  understanding o f  t hese  v a r i a b l e s  
i s  a t  b e s t  o n l y  q u a l i t a t i v e .  

Techn ica l  Droqress 

Low thermal  c o n d u c t i v i t y  ceramics a re  r e q u i r e d  f o r  i n s u l a t e d  d i e s e l  
engines, and t r a n s f o r m a t i o n  toughened Al,O,-Cr,O,-ZrO, m a t e r i a l s  have 
been proposed' f o r  t h i s  a p p l i c a t i o n .  To a s s i s t  i n  r e s o l v i n g  some d i f f i -  
c u l  t i e s  w i t h  t h e  thermal  c o n d u c t i v i t y  d a t a  repo r ted '  f o r  t hese  m a t e r i a l s ,  
some new exper imenta l  d a t a  have been ob ta ined  and compared t o  t h e  r e s u l t s  
o f  a t h e o r e t i c a l  c a l  c u l  a t  i on. 

The sample was machined f r o m  m a t e r i a l  produced a t  t h e  U n i v e r s i t y  o f  
Michigan.2 The nominal composi t ion was Al,03-20 mol % Cr,O, + 20 v o l  % 
ZrO,, b u t  microprobe a n a l y s i s  showed t h e  Cr,O, and ZrO, c o n t e n t s  were 
7 mol % and 16 v o l  %. The thermal c o n d u c t i v i t y  d a t a  were o b t a i n e d  i n  a 
s t e a d y - s t a t e  comparat ive l o n g i t u d i n a l  heat  f l o w  apparatus which has been 
d e s c r i b e d  elsewhere., The abso lu te  u n c e r t a i n t y  o f  t h e  r e s u l t s  i s  2 t o  3%. 

T h e o r e t i c a l  va lues  were ob ta ined  by u s i n g  Cal laway 's  fo rmu la4  t o  
determine t h e  thermal  c o n d u c t i v i t y  o f  t h e  corundum m a t r i x  and Bruggeman's 
formula5 t o  d e f i n e  t h e  e f f e c t  o f  t h e  ZrO, phase. The s t r e n g t h  o f  t h e  
phonon-point  d e f e c t  s c a t t e r i n g  produced by Cr+, s u b s t i t u t i o n  was e s t i  - 
mated by u s i n g  t h e  r e s u l t s  o f  an exper imenta l  s tudy6 which showed t h a t  
most o f  t h e  e f f e c t  i s  due t o  mass d i f f e r e n c e .  The thermal  c o n d u c t i v i t y  
o f  t h e  ZrO, phase was assumed t o  be independent o f  temperature and equal 
t o  2 Wm-' K - l .  

The exper imenta l  and c a l c u l a t e d  thermal c o n d u c t i v i t y  va lues  a re  
compared i n  F i g .  1. The measured va lues  a r e  about 15% l o w e r  than  
c a l c u l a t e d  and t h i s  d i sc repancy  i s  somewhat l a r g e r  than  expected. 
p o s s i b i l i t y  t h a t  ZrO, may have some s o l u b i l i t y  i n  t h e  corundum m a t r i x  i s  
b e i n g  i n v e s t i g a t e d ,  s i n c e  i t  c o u l d  e x p l a i n  t h e  obse rva t i on .  C a l c u l a t i o n s  
f o r  t h e  nominal composi t ion,  20 mol % Cr,0,-20 v o l  % ZrO,, show t h a t  t h e  
thermal  c o n d u c t i v i t y  should equal about 4 . 5  Wm-I K-' a t  1000 K. 
v a l u e  i s  about t w i c e  as l a r g e  as t h e  thermal c o n d u c t i v i t y  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  ( P S Z ) . 7  

The 

T h i s  
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ORNLDWG 89-2218 

-- ESTIMATED FOR 16 vol % Zr02 

EXPERIMENTAL \ 0 300K 
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\ 
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Cr203 IN A1203 (mol %) 

F ig .  1. Comparison o f  exper imental  and 
ca l  cu l  a ted thermal c o n d u c t i v i t y  values. 

The low expansion ceramics being developed a t  V i r g i n i a  Poly technic  
I n s t i t u t e *  are a l so  p o t e n t i a l l y  use fu l  i n  i n s u l a t e d  d i e s e l  engines 
because thermal s t resses generated across t h e  i n s u l a t i o n  would be 
minimized. To assess the  i n s u l a t i o n  c h a r a c t e r i s t i c s  o f  t.hese ma te r ia l s ,  
t h ree  samples were supp l ied  by V P I  t o  ORNL. 
m a t e r i a l s  are shown i n  Table 1. 

Some p r o p e r t i e s  o f  t he  

Table 1 

Density Crushing 
Composition (Mg/m3) s t rength M ic ros t ruc tu re  

(MPa) 

RbLl.,Cs,.,Zr,(PO4)3 2.29 Sing le phase 

MgO SZr4 (“4) 6 2.12 91 Sing le phase 

Mg0.4Li0 b A 1  p0.52si0.4f104 3.14 168 Two phase, second phase - 10 vol % 



The crushing strength of the Rb/Cs compound was not high enough for 
thermal conductivity measurements in the comparative heat flow apparatus 
but data were obtained on samples of the other two compositions. 

The results are shown in F i g .  2 .  Both materials are good insu- 
lators; the thermal conductivity of the Mg/Li composition is comparable 
to stabilized zirconia, the values for the Mg/Ca compound are in the 
range found for amorphous materials. Additional experiments will be 
required to identify the strong scattering mechanism which produces 
these unusually low thermal conductivities. 
degrades the properties of an insulating ceramic a t  high temperature, 
should a1 so be investigated because examination under the microscope 
shows that these materials are translucent. 

Radiation transport, which 

ORNL-DWG 892219 - 

Mg0.D4Li0.4 A' p0.52si0.4804 !d 2.4 

E W 
- 

r 0 

300 310 320 330 340 350 360 370 

TEMPERATlJRE (K) 

F i g .  2. Thermal conductivity measurements 
o f  Mg/Li and Mg/Ca compounds. 
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Praiect Data  Base 
B. L .  P. Keyes (Oak Ridge National Laboratory) 

Object i ve/scope 

The objective of this task is to develop a comprehensive computer 
data base containing the experimental data on properties of ceramic 
materials generated in the overall program effort. This computer system 
is intended to provide a convenient and efficient mechanism for the 
compilation and dissemination of the large amounts of data involved. 
The database will be made available in electronic form to all project 
participants. In addition, periodic hard copy summaries of the data, 
including graphical representation and tabulation of raw data, will be 
issued to provide convenient information sources for project 
participants. 

Technical prowess 

Two data base summary reports were completed through draft form 
during this semiannual reporting period. (See titles under Publications 
below.) The first summary contains data base information on zirconias 
and zirconia-toughened aluminas and includes material characterization 
information for the materials covered in the previous summary report.' 
The zirconia report has been reviewed, revised, and submitted for 
publication. The second summary, composed of data base information on 
silicon carbides and silicon nitrides, including whisker-reinforced 
silicon nitrides, has been reviewed and is now being revised. Both 
reports should be available sometime during the next semiannual 
reporting period. 

Table 1 shows the present distribution of information in the 
system. The data base now has 30 files covering material characteri- 
zation information, testing information, and test results. A recently 
added bibliography file contains complete references for the source 
documents of the data contained in the system. A file containing the 
glossary information used in the silicon-based ceramic data base summary 
report2 has also been incorporated into the system and will become the 
basis for a help file. 

Recent problems encountered with dBASE IIIt's memo-type text fields 
have been resolved. Much of the data being stored are text describing 
processing methods, microstructures, testing methods, and general informa- 
tion of interest. The memo-type fields were chosen at file creation 
time because they could handle large quantities of text, 
retrieving and copying these fields was taking more time and effort than 
seemed reasonable, and keyword searches were not permitted. In late 
March, the memo fields were broken down into 80 character strings and 
stored separately, with sequence numbers and category titles, in a text 
file where access is simple, copying is quick, and searching for keywords 
i s  possible. 
material name, batch code, and a reference code for traceability. This 
alteration should provide the user with more flexibility and easier access 
to the text. 

However, 

The fields are still linked to the rest of the system by 
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Future plans call for the basic syste software to be upgraded to 
dBASE I V  as soon as that package becomes available. The user interface 
for the data  base will be created ithin the dBASE IY structure because 
of  the more powerful p ~ ~ ~ ~ a ~ m i n ~  features o f  that package, Upgrading 
the system will probably set t h e  completion date o f  the interface back a 
f e w  months to give  the programmer t i m e  to learn the new features and t o  
change the existing work on the interface over t o  the new version. 

and inputting alumina-based ceramic test results and material 
information for the n x t  data base summary which is due for co 

devel opmemt o f  the user interface as time and resources permit. 

Work for the next semiannual period will concentrate ora locating 

September 30, 1989. srk will continue on upgrading the system and 

Status o f  m i l e s t o m  

All milestones are presently on schedule. 

Pub1 ications 

B. L .  P. Booker, Ceramic Technology For Advdnced Meat Engines 
September 1988 Summary Rep rt,  ORNL/M-755, Oak Ridge Project Data Base: 

National Laboratory, Oak Ridge, Tennessee. 

B. L .  P. Keyes, Ceramic Tecbrnsloc~y For Advanced Heat Engines 
Pro jec t  Data Base: Wareh 1989 Su art, work in revie 
National Laboratory, Oak Ridge, Tennessee, 
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3.2 TIME-DEPENDENT BEHAYIOR 

C h a r a c t e r i z a t i o n  o f  Transformat ion o f  Touqhened Ceramics 
J .  J. Swab (U. S .  Army Materi a1 s Techno1 ogy Laboratory) 

Object i ve/scope 

Because of their unusual combination of properties, transformation 
toughened zirconia, specifically yttria tetragonal zirconia polycrystal 
materials (Y-TZP),  are considered candidate materials for components of 
advanced diesel engines. However, Y-TZPs are susceptible to a loss of 
strength and toughness after long times at elevated temperatures. 
Accordingly, two tasks were initiated to define the extent and magnitude 
o f  these potential losses. 

500 hours to determine if room temperature strength and toughness 
changed after exposure. 
performance of these Y-TZPs under a combination of elevated temperature 
and stress. T h i s  was to be completed using stepped-temperature stress- 
rupture and stress-rupture tests. 

The first task exposed a variety o f  Y-TZPs to 1000°C for 100 and 

The second task was to determine the 

Technical prowess 

During a visit to ORAL in early November an agreement was reached 
to phase out characterization of monolithic zirconia materials and begin 
Characterization o f  other types of toughened ceramics, (i.e.p parti- 
culate, whisker and fiber toughened). This transition has begun but 
delays have been encountered in obtaining the materials. Billets of one 
ZTA from Kyocera-Feldrsluhle have been received and are being machined 
into flexure specimens. 

Recognizing that zirconia-based materials will have restricted use 
in advanced engines due to temperature limitations the test matrix has 
been adjusted to include the following: 

Room temperature MOR and Klc; 
Room temperature MOR and Klc after 500 hours at 700-800°C 
Stepped-Temperature Stress-Rupture from 600 t o  1000°C. 

Some TZP and PSZ materials currently on hand will also be included 
for comparison. 
will determine if further testing at elevated temperatures is necessary 
for the new toughened ceramics. 

testing must be modified. These structural modifications are necessary 
due to the projected high loads that the toughened ceramics will be able 
to handle at moderate temperatures. The modifications have been 
completed and testing of the most promising TZP materials has been 
started. However, the results are preliminary and further work is 
needed before meaningful information can be obtained. 

Performance under these moderate temperature conditions 

As a result of this change in program objective the furnaces used 
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A small billet of TOSOH Super Z material was obtained and machined 
This is a sintered/HIP'ed tetragonal zirconia 

The density and MOE were 
into flexure specimens. 
containing 4 . 2  w/o yttria and 20 w/o alumina. 
measured as 5.5 g/cc and 259 GPa. These agreed very well with the 
values reported by the company and did not change after 500 hrs at 
1000°C. However, the as-received strength was well below the company 
reported value of 2400 MPa, see Fig. 1. Also the material showed a 
strength drop from 1812 MPa to 1336 MPa after 500 hrs at 100 
Only two specimens were used to determine the strength at ea 
condition. 

Also during this period, I subjected a sintered and 
sintered/HIP'ed Y-TZP (YZ-110) supplied by Norton, Co, to stepped- 
temperature stress-rupture tests. 
results. 
sintered Y-TZPs which were tested previously. 
Bimonthly Report .) 

The sintered/HIP'ed version performed slightly better than the 
Mitachi hot-pressed material . (See June-July 1988 Bimonthly Report for 
comparison.) 
performed better, in that it did not show t h e  anomalous time-dependent 
failure that has been seen in other HIP'ed Y-TZPs (1). 
color change, except that i t  changed from charcoal grey to burnt orange? 
whereas the other HIP'ed materials changed to off hite. The color 
change is due to the oxidation while the final color i s  a function o f  
the type and amount o f  impurities. 

The technical report entitled "Properties of Yttria-Tetragonal 
Zirconia Polycrystal (Y-TZP) Materials After Long Term Exposure t o  
Elevated Temperatures" has been compl eted and is currently being 
d i s t r i but ed . 

Figures 2 and 3 summarize the 
The sintered version (Fig. 2 )  performed on par with the other 

(See the June-July 1988 

However, when compared to the other HIP'ed materials it 

It did rindergo a 

Ref e re n c e s 
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_I Status of milestones 

Publication o f  the in-house technical report, although delayed, is 

Machining o f  the new toughened ceramics has slipped because of 
now compl ete. 

difficulties that arose in the procurement of the material. 

Pub1 i cat i ons 
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F r a c t u r e  Behavior o f  Toughened Ceramics 
P. F. Becher, P. Angelini, and W .  H. Warwick (Oak Ridge National 
La bora t o ry ) 

0b.iect ive/scolse 

Because of their excel 1 ent toughness, ceramics such as zi rconi a- 

The enhanced toughness of the 
toughened alumina and whisker- and fiber-reinforced ceramics are 
candidates for use in engine components. 
zirconia-toughened materials is due to a stress-induced transformation 
of the tetragonal ZrO, phase. Whisker- and fiber-reinforced ceramics 
utilize crack bridging and deflection processes to obtain increased 
toughness. However, these materials can still be susceptible to slow 
crack growth and thus strength degradation. Also, there is evidence 
that at temperatures above 700"C, time-dependent aging effects can 
reduce the concentration of the phase involved in the transformation 
toughened materials leading to significant losses in toughness and 
strength. Again, it i s  essential that mechanisms responsible for both 
the slow crack growth and aging behavior be well understood. Similarly 
the toughening behavior in whisker-reinforced ceramics and their high- 
temperature performance must be evaluated in order to develop materials 
for the particular applications o f  interest. 

In response to these needs, studies have been initiated t o  examine 
toughening and delayed failure properties o f  transformation toughened 
and whisker-reinforced materials. Particular emphasis has been placed 
on understanding the effect of microstructure upon processes responsible 
for variations in toughness and high-temperature strength. In addition, 
fundamental insight into the creep and slow crack growth behavior 
associated with these materials is being obtained. 

Technical hiqhl iqhts 

Previous studies have shown that whisker-reinforced ceramics 
exhibit high-fracture toughness and 
quite high temperatures6-'), excellent resistance to both thermal 
room temperature slow crack growth,8i10 and fatigue at temperatures o f  up 
to l10Q"C.7 As a result, these materials appear to have excellent 
potential for high-temperature applications. The elevated-temperature 
fatigue studies7 did reveal that creep processes can be initiated during 
very long-term exposures to stress at 1100°C and above in whisker- 
reinforced aluminas. However, this is noted only at applied stresses o f  
450 MPa which are nearly 75% of the fast fracture strength at llOO"C, 
and even then the amount o f  creep deformation is extremely small 
(~ctO.l%) even after 14 weeks. 

Studies of the creep behavior of toughened ceramics which are 
reinforced with whiskers seek to understand how microstructure and 
composition can be used to extend the performance of such materials at 
elevated temperatures. 
of the only means to design toughened strong ceramics at elevated 
temperatures. 

(and maintain these to 

Toughening by whisker reinforcement provides one 

The upper service temperature limit o f  such composites 



347 

w i l l  be de f ined by creep and f a t i g u e  beh 
Therefore, one must determine how t o  des 
res is tance.  

With the  recent  complet ion o f  t he  mod i f i ca t i ons  o f  t h e  one 
f o u r - p o i n t  f l e x u r e  creep r i g ,  s tud ies  o f  the  creep behavior o f  w 
r e i n f o r c e d  ceramics i n  a i r  have been r e i n i t i a t e d .  An a d d i t i o n a l  creep 
frame has been f a b r i c a t e d  and funding f o r  t he  high-temperature 
extensiometer has been requested. The i n i t i a l  s tud ies  i nves t i ga ted  the  
r e l a t i o n s h i p s  between creep r a t e s  and temperature and app l i es  s t ress .  
Th is  work w i l l  be extended t o  inc lude the  e f f e c t s  o f  whisker content  and 
m a t r i x  m ic ros t ruc tu re  on creep behavior.  As seen i n  the  p r e l i m i n a r y  
da ta  i n  Table 1, the  creep res i s tance  does improve, e.g., t he  creep 
r a t e s  decrease w i t h  increase i n  whisker content.  

A s i g n i f i c a n t  p o r t i o n  o f  the  s tud ies  o f  t he  creep i n  f o u r - p o i n t  
f l e x u r e  i n  a i r  o f  S i c  whisker (20 vo l  X) r e i n f o r c e d  alumina composites 
versus unre in fo rced alumina ceramics have been completed. 
p re l im ina ry  r e s u l t s  o f  t he  creep r a t e  generated du r ing  t h e  i n i t i a l  
p o r t i o n  o f  t he  secondary creep regime as a f u n c t i o n  o f  app l ied  s t ress  
and temperature are Shawn i n  F ig .  1. The r e s u l t s  show t h a t  t he  creep 
res i s tance  o f  alumina ceramics a t  1200 and 1300°C i s  s i g n i f i c a n t l y  
improved (1) by ob ta in ing  small increase i n  g r a i n  s i z e  o f  t he  alumina 
du r ing  processing and (2)  by the  a d d i t i o n  o f  S i c  whiskers. 

The 

Status o f  mi lestones 

Completion o f  mi lestone 321307 (submit paper on the creep behavior 
o f  alumina-20 vo l  % S i c  whisker composites) w i l l  be delayed u n t i l  J u l y  
1989 due t o  requ i red  shutdown o f  t h e  e x i s t i n g  creep rig f o r  r e p a i r s  t o  
the  extensiometer and t o  need t o  add a s t a f f  member t o  conduct micro-  
s t r u c t u r a l  ana lys is .  A postgraduate p o s i t i o n  has been f i l l e d  t o  conduct 
creep experiments as w e l l  as the  m i c r o s t r u c t u r a l  ana lys i s  s tud ies  
p rev ious l y  conducted by D r .  P. Ange l in i ,  who moved i n t o  program 
management. 
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Table 1. Creep o f  Sic whisker-reinforced alumina composites 
in air in four-point flexure at 1300°C. In each composite 

the matrix grain s i z e  is -2 pma 

Whisker content Applied stress 
(vol X) ( M P 4  

Creep rate 
1/s 

10 

20 

60 

10 

20 

60 

175 

175 

175 

100 

100 

100 

4 . 5  x 

2.8 x 

4.0 1 0 - ~  

6.3 x lo-’ 

7.0 x lo-’ 

2.0 1 0 - ~  
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Cyclic fatisue of  Touqhened Ceramics 
K. C, Liu and C .  R .  Brinkman (Oak Ridge National Laboratory) 

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

The objective o f  t h i s  t a sk  a c t i v i t y  i s  t u  develop, design, 
fabr ica te ,  and demonstrate the capabi l i ty  t o  per fo rm tension-tension 
dynamic fa t igue t e s t i n g  on a uniaxially loaded ceran:ic specimen a t  
elevated temperatures. 

Three areas o f  research have been ident i f ied  as the main thrust 
o f  t h i s  task:  (1) design, fabr icat ion,  and demonstration o f  a load 
t r a i n  coliinin which t r u l y  al igns w i t h  t h e  l i n e  o f  specjinen l o a d  n g ;  
( 2 )  development US a simple s p c c i m m  p - i p  t h a t  can effectively l i n k  t h e  
1 oad I ra in and t e s t  specimen without compl iza t ing  t he  s p c c i w r j  geometry 
and hence, m i n i m i z e  the cas t  o f  the  tes t  specimen; and  ( 3 )  des gn and 
analysis  of a spccirnen f o r  t e n s i l e  cyc l ic  faL-igue t e s t i n g ,  

A batch o f  45 uniform-gage t e n s i l e  specimens, a s  skcriw in F i g .  I.,  
was received i n  October 198%. l h e  specimens were e from s i 1  icon 
n i t r i d e  developed recent ly  by Norton/TWW f o r  h i g h  strength applications 
a t  h i g h  temperature, designated as N7-154 s i l i c o n  n i t ! - i d e .  Thir ty-f ive 
specimens were ;ad@ by c o l d - i s o s t a t i c  pressure formsFng and the remaining 
ones by sl i p  ca t ing .  
specimens are current ly  being invest.igated. 

cyc l ic  fa t igue l a a d i n y  a t  elevated temperatures. 
experimental d e t a i l s  a re  referred t o  an e a r l i e r  report . '  

t h i s  mater ia l ,  two diversely d i f f e r e n t  stressing rates of 7.5 arid 
2100 MPa/min w e r e  used in t e n s i l e  tes ts  a t  each temperature above 
1200"C, 
cycl ic  fa t igue  t e s t s  so t h a t  each t es t  could be c~mpleted in a 
reasonable time p e r i o d .  

Tensile properties o f  c o l d - i s o s t a t i c  pressured 

Testing was perfornied i n  monotonic tension and i n  tension-tension 
Ta a v o i d  r e p e t i t i o n ,  

In order 
inc? the e f f e c t s  o f  s t ress ing  ra te  on the  tensile st rength o f  

A much higher s t ress ing  r a t e  o f  21,000 NPa/mlin was used in 

Uniaxial t e n s i l e  t e s t i n g  

A l imited number- of uniaxial t e n s i l e  t e s t s  was performed a t  room 
and elevated temperatures. Test r e s u l t s  W C ~ C  summarized i n  7sb le  1 and 
the data were p la t ted  in F ig .  2. 9.0 f a c i l i t . a & e  comparisons, modulus of 
rupture (MOR) d a t a  obtained by Norton/TRM,' Garrett,2 and t h e  University 
o f  Dayton Research I n s t i t u t e  (LJDRT)3 f o r  NP-154 were a l s o  included i n  
Fig. 2 .  On the same temperature basis,  t h e  t e n s i l e  strength was 
generally lower than t h e  MOR st rength,  as expected. However, t h e  
magnitude af the difference i n  strength between t h e  t e n s i l e  and MOR data 
remains uncertain due t o  the data s c a t t e r  i n  the MOR data  obtained by 
three d i f f e r e n t  laborator ies .  

Comparisons showed t h a t  t h e  ORNL t e n s i l e  f a s t  f rac ture  da ta ,  
indicated by closed symbols in Fig.  2 ,  f e l l  below the  Garrett  M 
by about 20% or  l e s s  in the temperature range below 1300°C. The l a rges t  
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d i f f e r e n c e  i n  s t r e n g t h  between t h e  MOR and t e n s i l e  d a t a  a t  1370°C might  
be b iased by t h e  s i n g l e  low t e n s i l e  s t r e n g t h  d a t a  p o i n t .  
t e n s i l e  s t r e n g t h  and t h e  MOR s t r e n g t h s  ob ta ined by Norton/TRW and UDRI 
a t  room temperature were about t h e  same, b u t  lower  than t h a t  o f  G a r r e t t  
by about 15%. S i m i l a r l y ,  t h e  d i f f e r e n c e  between t h e  ORNL t e n s i l e  and 
UDRI  MOR d a t a  was s m a l l e r  compared t o  t h a t  between t h e  ORNL t e n s i l e  and 
G a r r e t t  MOR d a t a  i n  t h e  temperature range below 1200°C. However, t h e  
d i f f e r e n c e  between t h e  ORNL t e n s i l e  and MOR d a t a  widened as temperature 
increased t o  1370°C. 
v a r i a t i o n s  f rom l o t  t o  l o t .  Observat ions f u r t h e r  i n d i c a t e d  t h a t  t h e r e  
was a s t r o n g  i n f l u e n c e  o f  s t r e s s i n g  r a t e  on b o t h  t h e  t e n s i l e  and MOR 
s t r e n g t h s  o f  NT-154 a t  h i g h  temperatures above 1100°C. 
i n  t e n s i l e  s t r e n g t h  due t o  t h e  decrease i n  s t r e s s i n g  r a t e  were about 20, 
45,  and 35% a t  1200, 1300, and 1370"C, r e s p e c t i v e l y ,  based on t h e  
l i m i t e d  t e s t  data.  T h i s  behav io r  i n  MOR s t r e n g t h  due t o  t h e  decrease i n  
s t r e s s i n g  r a t e  was a l s o  r e f l e c t e d  i n  UDRI's MOR data.  
showed t h a t  t h e  t e n s i l e  s t r e n g t h  o f  NT-154 Si,N,, was s u p e r i o r  i n  
comparison t o  t h a t  of  SNW-1000 Si,N, p r e v i o u s l y  t e s t e d  a t  ORNL.,, 

s t r a i n  behav io r  of t h i s  m a t e r i a l  a t  e l e v a t e d  temperatures.  Under t h e  
h i g h  s t r e s s i n g  r a t e  a t  2100 MPa/min, t h i s  m a t e r i a l  behaved v i r t u a l l y  
l i k e  an e l a s t i c  s o l i d .  
CP-8 a t  1370°C was n o t i c e d  s h o r t l y  b e f o r e  r u p t u r e  occur red-  
l o a d i n g  r a t e  decreased t o  7.5 MPa/mlin, t h e  p l a s t i c  de format ion  was more 
p e r c e p t i b l e  i n  t h e  h i g h  s t r e s s  range o f  specimen CP-13 (curve b)  and 
CP-14 (curve c )  as  i n d i c a t e d  i n  F i g . > 3 .  However, as t h e  temperature 
increased t o  1370"C, t h e  i n d i c a t i o n  o f  p l a s t i c  de format ion  was very  
pronounced when t h e  l o a d  exceeded t h e  60% mark o f  t h e  t e n s i l e  s t r e n g t h .  
An a n a l y s i s  o f  t h e  s t r e s s - s t r a i n  curve showed t h a t  specimen CP-12 
(curve f o f  F i g .  3) r u p t u r e d  a t  202.5 MPa w i t h  a p l a s t i c  s t r a i n  o f  
0.155% o u t  o f  a t o t a l  s t r a i n  deformat ion o f  0.252%. 

The ORNL 

T h i s  e r r a t i c  behav io r  migh t  be a t t r i b u t e d  t o  

The d i f f e r e n c e s  

F i g u r e  2 a l s o  

F i g u r e  3 i l l u s t r a t e s  t h e  i n f l u e n c e  o f  s t r e s s i n g  r a t e  on t h e  s t r e s s -  

A h i n t  o f  s l i g h t  p l a s t i c  de format ion  i n  specimen 
As t h e  

C y c l i c  f a t i g u e  t e s t i n g  

Subsequent t o  t h e  b r i e f  e x p l o r a t o r y  t e n s i l e  t e s t i n g  descr ibed 
e a r l i e r ,  t e n s i l e  c y c l i c  f a t i g u e  t e s t s  were i n i t i a t e d  on NT-154 s i 1  i c o n  
n i t r i d e  a t  e l e v a t e d  temperatures. 
were completed t o  date.  As i n  t h e  prev ious  t e s t s ,  two modes o f  c y c l i c  
l o a d i n g  were used: 
t e n s i o n  w i t h  an R - r a t i o  o f  about 0 .1 a t  a s t r e s s i n g  r a t e  o f  21,000 
MPa/rnin, and (b )  c y c l i c  l o a d i n g  from low t o  h i g h  s t r e s s  l e v e l s  i n  
m u l t i p l e  s teps g e n e r a l l y  known as "coaxing".  Tes t  parameters and 
r e s u l t s  were t a b u l a t e d  i n  Table 2 and t h e  t e s t  d a t a  were p l o t t e d  i n  
Fig.  4 .  The c losed symbols i n d i c a t e  t h a t  f a i l u r e  occur red  a t  t h e  t e s t  
c o n d i t i o n  i n d i c a t e d ;  whereas, t h e  open symbols a t tached w i t h  an 
arrowhead i n d i c a t e  t h e  end p o i n t  o f  each i n t e r m e d i a t e  c y c l i c  load ing ,  
and t h a t  specimen f a i l u r e  d i d  n o t  occur  a t  t h e  i n d i c a t e d  t e s t  c o n d i t i o n .  
I n t e r m e d i a t e  l o a d i n g  s teps were in te rconnected  by s h o r t  broken l i n e s ,  
which i n  a l l  cases ended a t  t h e  c losed symbols i n d i c a t i n g  specimen 
f a i  1 ure.  

A t o t a l  o f  seven c y c l i c  f a t i g u e  t e s t s  

( a )  a cons tan t  ampl i tude c y c l i c  l o a d i n g  i n  t e n s i o n -  
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The fatigue behavior of the material depicted in Fig, 4 is somewhat 
speculative due to the limitation in the number of t e s t  data obtained t o  
d a t e .  The fatigue curves were determined visually based on t he  trend 
portrayed by the data points in the temperature group. Therefore, the 
fatigue curves must be regarded only as approximations at" t h i s  time and 
will be sub jec t  t o  revisions as more t e s t  d a t a  become available, 

A low f a t i g u e  performance, i . e . ,  fewer than expected cycles t o  
failure, in specimen CB-15  was caused by surface damage as pits 
i-esul tiny f r o m  t h e  interaction between the speci~sen surface and t h e  
alumica probing rods o f  the  mechanical  strain extensameter. To avoid 
t-he same premature failure due t o  the probe damage on the specimen 
surface at. high temperatures, t h e  x c h a n i c a l  s t r a i n  extewsomcter was 
used i q  the subsequent tests only for a short period t o  plot the initial 
f i f t y  cycles o f  t h e  stress-strain cwves.  The mechanical s t r a i n  
extensometer w a s  then disengaged fi-om the: t e s t  specimen. 
reason , a rimcon t a i t i  ng o p t ?  cal st rain ~ X % Q E S Q W ~ ~ ~  i s desi rabl e in 
1sng-tt.rm high-temperature testing. 

General observations indieate t h a t  t h e  f a t i g u e  behavior assuried in 
F ig .  4 can be approximated by a t ea-term powcr l a w  relationship such a s ,  

For tlii s 

:&ere o i s  the fatigue strength, N, t he  lifetime ( t h e  number o f  cycles 
30 failure), and A ,  B, CY> and 0, are material constants. The first t e r m  
on the righthiand side o f  Eq. (1)  describes the  low-cycles fatigue 
behavior, and the second %em describes the kigh-cycle fatigue. 

Specimen CP-21  was cycled from a low to h i g h  st ress  level in four 
intermittent s teps ,  resulting i n  a considerable increase in f a t i g u e  
strength generally known as coaxing, Howevcs-, t h e  coaxing e f f e c t  was 
less discernable in the  case O F  specimen CP-16 tested at 1200°C. 
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Table 1. Results o f  tensile tests o f  Norton/TRW NT-154 
silicon nitride at room and elevated temperatures 

Plastic 
strain 

Total 
strain 

at failure 
( X I  

Modulus o f  Stress Tensile 

(%I 
Spec i men Temperature el asticity rate strength 

( O C )  [GPa ( l o 6  p s i ) ]  (MPa/min) [MPa (ksi)] 

CP- 18 

CP-5 

CP-10 

CP-14 

CP-6 

CP- 13 

CP-8 

CP-12 

25 

1100 

1200 

1200 

1300 

1300 

1370 

1370 

2100 933 (135.3) 

298.3 (43.3) 2100 642 (93.1) 

292.9 (42.5) 2100 623 (90.4) 

274.6 (39.8) 7.5 503 (72.9) 

281.2 (40.8) 2100 529 (76.7) 

234.4 (34.0) 7.5 288 (41.8) 

261.6 (37.9) 2100 320 (46.5) 

209.4 (30.4) 7.5 203 (29.4) 

0 

0.214 0 

0.212 0 

0.199 0.016 

0.186 0 

0.152 0.029 

0.13 0.007 

0.252 0.155 



Table 2. Summary o f  cyclic fatigue tests o f  Norton/TRW NT-154 
s i 1  i c o n  nitride tested at elevated temperatures 

Number o f  
cycles at Number of 
i ntermecii ate 

Cyclic stress Intermediate Temperature to fai 1 ure 
cycl es to fai 1 ure IMPa Iksi)I IMPa (ksi)I cyclic loading (“1 Specimen 

CP- 16 

CP-15 

CP-19 
CP-20 

C P - 2 1  

CP-22 
CP-23 

CP-24 

1200 

1300 

1200 
1200 

1300 

1300 
1300 

1370 

414.3 (60.1) 80,000 
452.3 (65.6) 28,691 

277.0 (40.2) 346,000 
292.2 (42.4) 119,300 

307.3 ( 4 4 . 6 )  1,467 

474.6 (68.9) 
448.7 (65.1) 

338.1 (49.0) 1,024,490 
357.5 (51.8) 233,240 
372.4 (54.0) 191,000 

387.5 (56.2) 44,383 

387.5 (56.2) 
361.2 (52.4) 

207.0 (30.0) 

(80,000)“ 
108,691 

(346,000) 
( 465,300) 

466,767 

270 
8,605 

(1,024,490) 
(1,257,730) 
( I ;  448,730 j 
(1,493,113) 

278 
762 

150, OOOb 

‘Number of cycles accumulated at the end o f  intermediate loading. 
bTest i n  progress. 
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Fig.  2. Comparisons o f  ORNL tensile data and MOR data obtained 
by Norton/TRW, Garrett, and University o f  Dayton Research Institute 
for NT-154 Si,N,. 
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Fig .  3. U n i a x i a l  stress-strain behavior o f  NT-154 s i l i c o n  nitride 
t e s t e d  at elevated temperatures. 
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Rotor Data Base Generation 
M. K .  Ferber and M. Jenkins (Oak Ridge National Laboratory) 

Object i ve/scope 

The goal of the proposed research program i s  to systematically 
study the tensile strength of a silicon nitride ceramic as a function o f  
temperature and time in an air environment. Initial tests will be aimed 
at measuring the statistical parameters characterizing the strength 
distribution of three sample types (two tensile specimens and one 
flexure specimen). 
applicability o f  current statistical models as well as sample geometries 
for determining the strength distribution. 

In the second phase of testing, stress rupture data will be 
generated by measuring fatigue life at a constant stress. 
dependent deformation will also be monitored during testing so that the 
extent o f  high-temperature creep may be ascertained. 
will be thoroughly characterized using established ceramographic, 
scanning electron microscopy (SEM),  and transmission electron microscopy 
(TEM) techniques. A major goal o f  this effort will be to better 
understand the microstructural aspects of high-temperature fai 1 ure 
including: 

The resulting data will be used to examine the 

The time- 

Tested samples 

(1) extent of slow crack growth; 
(2) evolution of cavitation-induced damage and fracture; 
(3)  transition between brittle crack extension and 

( 4 )  crack blunting. 
cavitation-induced growth; and 

The resulting stress rupture data will be used to examine the 
applicability of a generalized fatigue-life (slow crack growth) model. 
If necessary, model refinements will be implemented to account for both 
crack blunting and creep damage effects. 
characterization studies will be crucial for this modification process. 
Once a satisfactory model is developed, separate stress-rupture 
(confirmatory) experiments will be performed to examine the model's 
predictive capability. Consequently, the data generated in this program 
will not only provide a critically needed base for component utilization 
in automotive gas turbines, but also facilitate the development of a 
design methodology for high-temperature structural ceramics. 

Insights obtained from the 

Technical Droqress 

During this reporting period, the strength of a commercial silicon 

All testing was conducted using two specially designed 

nitride ceramic was determined at 25, 1100, and 1300°C. The test 
samples were in the form of flexure specimens having dimensions of 
3 x 4 x 50 mm. 
flexure test systems each capable of holding up to three flexure 
sampll es. Thi  s equipment has been described el sewhere. The 1 oadi ng 
rate for all tests was 44.5 N/s (10 lb/s). Approximately 50 samples 
were fractured at each temperature. 
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The r e s u l t i n g  da ta  were used t o  est imate the  Weibul l  parameters m 
and o0 i n  t he  expression 

I n  I n  ( 1  - Pr) - 1 = m I n  u,,,~Ju, , (1)  

where P, i s  t he  f a i l u r e  p r o b a b i l i t y  and o,, i s  t h e  maximum s t ress  i n  the  
f l e x u r e  samples. 
l i n e a r  regress ion  and maximum l i k e l i h o o d  techniques. 

As shown i n  F ig .  1, t he  average s t reng th  dropped from 734 f 108 MPa 
a t  25°C t o  516 2 91 MPa a t  1100°C. 
apprec iab ly  as the  temperature was increased t o  1300°C. Although the  
general temperature s e n s i t i v i t y  o f  the  f r a c t u r e  s t reng th  was s i m i l a r  t o  
t h a t  measured a t  t h e  U n i v e r s i t y  o f  Dayton Research I n s t i t u t e  (UDRI) ,2 
t he  va lces associated w i t h  a g iven temperature were s i g n i f i c a n t l y  
d i f f e r e n t  (F ig .  1). F o r  example, t h e  UDRI  s t rengths  determined us ing  
ATTAP s i z e  samples (3.175 x 6.3 x 50.8 mm) f e l l  below the  ORNL values. 
The d i f f e r e n c e  cou ld  no t  be accounted f a r  e n t i r e l y  by d i f f e rences  i n  
specimen s i z e  alone. Furthermore, subsequent measure- ments a t  UDRI  
us ing  3 x 4 x 50 mm f l e x u r e  samples y i e l d e d  values s i g n i f i c a n t l y  h igher  
than those measured i n  the  present study. 

There are two poss ib le  explanat ions f o r  these s t rength  v a r i a t i o n s .  
F i r s t ,  t he  t e s t  samples used i n  the  respec t ive  s tud ies  may have been 
machined d i f f e r e n t l y .  Surface roughness measurements are c u r r e n t l y  
underway. The second poss ib le  reason f o r  the  v a r i a t i o n s  i n  the  data 
sets  concerned observed d i f f e rences  i n  the  phase composi t ion o f  t he  
s i 1  i con  n i t r i d e  samples. X-ray d i f f r a c t i o n  s tud ies  performed a t  UDRI 
i nd i ca ted  t h a t  t he  major phase i n  t h e i r  ma te r ia l  ( f o r  both specimen 
s izes)  was 0 Si,N,. The associated data are g iven i n  F ig .  2 (sample 
type 2 ) .  The as te r i sks  i n d i c a t e  peaks which correspond t o  the  S Si,N, 
phase. Although some secondary compounds were detected, t h e i r  
concent ra t ion  was very low (4%). Hawever, t he  specimens used i n  the  
ORNL t e s t s  e x h i b i t e d  a s i g n i f i c a n t  number o f  secondary phases n o t  
associated w i t h  the  B Si,N, (sample type 1 i n  F ig .  2). The secondary 
phases were i d e n t i f i e d  as a Si,N,, y t t r i u m  s i l i c o n  o x y n i t r i d e ,  and 
y t t r i u m  s i 1  i ca te .  Furthermore, t he  r e l a t i v e  amount o f  these phases 
va r ied  considerably  from sample t o  sample. F i n a l l y ,  i n  the  case o f  t he  
room-temperature s t rength  samples, there  was no c l e a r  c o r r e l a t i o n  
between the  na ture  o f  secondary phase present and the  measured s t rength  
va l  ue. 

The Weibul l  curves generated from the  s t reng th  data are shown i n  
F ig .  3 .  The Weibul l  modulus, m, measured a t  1300°C was s u b s t a n t i a l l y  
h igher  than the  values determined a t  e i t h e r  25 o r  1100°C. The increase 
i n  m a t  1300"C, which i s  cons is ten t  w i t h  da ta  generated a t  UDRI, may be 
due t o  ox idat ion- induced changes i n  the  f l aw  populat ion.  F i n a l l y ,  the  
Weibul l  modulus associated w i t h  a g iven temperature was s i g n i f i c a n t l y  
lower than the  value measured a t  UDRI.  
r e f l e c t  d i f f e rences  i n  the  s t a r t i n g  phase composition. 

t e s t  equipment were cont inued t h i s  r e p o r t i n g  per iod.  
p r i m a r i l y  concerned w i t h  examining the  long- term s t a b i l i t y  o f  the  
capaci tance extensometers used t o  measure specimen d e f l e c t i o n  

These c a l c u l a t i o n s  invo lved the  a p p l i c a t i o n  o f  both 

The s t rength  d i d  no t  change 

This  d i f f e r e n c e  may again 

Studies aimed a t  examining the  operat ional  s ta tus  o f  t he  t e n s i l e  
These s tud ies  were 

Data 
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generated previously revealed a fairly substantial time-dependent 
variability in the extensometer output. 
sources of these variations, a second creep test was initiated for a 
buttonhead sample of a 94% aluminum oxide. 
800°C using an applied stress of approximately 84 MPa. 
monitoring the extensometer and load cell outputs, the temperatures 
associated with the water-cooled grips, the capacitance head, and the 
signal conditioner electronics were also measured. All information was 
collected by a personal computer. 

As shown in Fig. 4 ,  the specimen deflection increased with time 
indicating the possibility of creep deformation. However, the curve 
deviated from linearity after about 20 h. 
approximately correlated to a slight deviation in the time-dependence of 
the grip temperature (Fig. 4 ) .  Subsequent tests have confirmed that 
changes in the grip temperature can influence the extensometer readings. 
The extensometer data [ F i g .  5(a)] also revealed the existence o f  
short-term fluctuations occurring over periods of about 2 h. 
fluctuations appeared to coincide with small variations in the applied 
load [Fig. 5(b)]. 

extensometer identified four major items required to resolve the 
problem: 

(a) Control o f  the room HVAC system to minimize room 

In order to examine possible 

This test was conducted at 
In addition to 

This variation could be 

These 

An intensive study aimed at improving the stability o f  the 

temperature changes which would directly affect the 
electronics of the test machine, the extensometer, 
the furnace and furnace controllers, and the data 
acquisition system. 

(b) Enclosure of the extensometer hardware and electronics 
in individual polymer boxes to buffer any ambient 
temperature changes and the effects of air currents. 

(e )  Control o f  the flow and the temperature o f  the grip 
cooling water to prevent direct changes o f  the heat 
flow in the specimen and to minimize localized changes 
in the ambient temperature. 

(d) Adjustment o f  the furnace control parameters and stoppage 
of insulation "l'eaks'' to minimize temperature fluctuations 
and convective currents within the furnace. 

A number- of "fixes" were subsequently impleniented and completed to 
address each of these major items. A series of tensile tests were then 
conducted using a commercially available 94% aluminum oxide to verify 
t h e  efficacy o f  t h e  implemented "fixesm" 
strain curves for 10 fast fracture tests conducted at room temperature, 
8OO"C, and 1000°C. The average ultimate strength, ultimate strain, and 
elastic nodulus results are shown in the figure. 
superb ability o f  the present tensile testing set-up to provide 
repeatabl e and useful eng i neer i ng data + 

Figure 6 shows the stress- 

The curves show the 
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Results are shown in Fig. 7 for a series of constant load tension 
tests conducted at 1000°C in air at the indicated initial stress values. 
The curves are polynomial least square fits of the extensometer data and 
illustrate the ability of the testing system to characterize long-term 
strain deformation behavior. 

was collected for nearly 200 h at 1000°C in air for a specimen initially 
stressed in tension at 21 MPa. 
indicates the ability of the system to resolve changes in the material 
deformation but also verifies the elimination of the difficulties 
associated with ambient temperature changes noted earlier. The steady 
state strain rate i s  about 8 x 10-lo/s, which i s  an excellent demonstra- 
tion of the capability of the system to measure very low strain rates. 

The determination o f  the stress exponent for the material at 
1000°C is shown in Fig. 9. 
high porosity of the material as well as the thermally activated 
mechanisms related to the presence of the glassy second phase. 

The plot of strain versus time is contained in Fig. 8 where the data 

This curve o f  data points not only 

The exponent of 5 .5  is indicative of the 

Status of milestones 

The statistical measurements involving the silicon nitride flexure 
samples were completed this reporting period (Milestone 321601). 
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Toughened Ceramics L i f e  Prediction 
J. A.  Salem (NASA Lewis Research Center) 

0b.iecti ve/scoDe 

The purpose of this research is to understand the room temperature 
and high temperature [,1370"C (2500°F)] behavior of toughened ceramics, 
in particular SiC-whisker toughened Si3N4, as the basis for developing a 
life prediction methodology. A major objective i s  to understand the 
relationship between microstructure and the mechanical behavior within 
the bounds of a limited number o f  materials. A second major objective 
is to determine the behavior as a function o f  time and temperature. 
Specifically, the room temperature and elevated temperature strength and 
reliability, the fracture toughness, slow crack growth and the creep 
behavior will be determined for the as-manufactured materi a1 . The same 
properties will also be evaluated after long-time exposure to various 
high temperature isothermal and cyclic environments. These results will 
provide input for para1 le1 materials development and design methodology 
development programs. 
effort will be verified. 

Design codes developed in parallel with this 

Technical woqress 

Several hundred specimens of Garrett Si,N, and SiC,/Si,N, were 
received and inspected with visual, radiographic, and acoustic methods. 
The inspection revealed unacceptable levels o f  machining damage on the 
specimen bevels and structural variations in the material. Because o f  
the machining damage, the specimens were remachined. The most inter- 
esting structural aspects o f  the material s were revealed by radiography, 
illustrated in Fig. 1. The monolithic material exhibited a coarse 
cellular structure that was also visible to the naked eye. 
posite material occasionally exhibited the same macro-cellular structure 
and banding or chemical layering similar to the billet geometry ( a  
cylinder). 
variations, however, no metallography or testing was performed t o  confirm 
the possibilities. Ultrasonic velocity measurements, which are sensitive 
t o  density variations, were similar for regions o f  radiographic dissimi- 
larity, indicating chemical, rather than density variations. Yery 
1 i ttl e ani sotropy in composite or mono1 i thic materi a1 s could be detected 
by velocity measurements (Table I ) .  Velocity measurements on samples 
machined from different billets also showed little difference (Table 11). 
The variation o f  velocity across the diameter o f  billets was alsa deter- 
mined for the center 2cm of the billets and found similar (Table 111). 
The HIPed RBSN Norton materials previously tested also exhibited density 
o r  chemical variations, while the HIPed SiC,/RBSN did not (February- 
March 1988). The variations were noted to affect MOR strength. These 
structural and chemical variations are being considered in future 
material requirements, mechanical testing and analytical modeling. 

The Ceramics Mechanical Testing Laboratory renovation is complete 
and two Instron 8500-series servo-hydraulic test machines, one with a 
1500°C furnace, are scheduled to arrive in August 1989. One Instron 

The com- 

Such radiographic observations have been related to density 
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8500-series electro-mechanical machine, a1 so with a 1500'C furnace has 
also been ordered. 
systems have been determined. 

Test results from these Garret Si3N, and SiCJSigN4, specimens and 
batches yet to be procured will provide data for verification of life 
prediction models being developed. Thus far, an analytical model has 
been developed for fast fracture prediction of transversely isotropic 
whisker reinforced ceramics.l A second re1 iabil ity model for prediction 
of the time-dependent response of ceramic materials has now been 
developed.2 The model integrates continuum damage mechanics principals 
and Weibull analysis, with emphasis on creep rupture phenomena. Results 
comparing the continuum and the microstructural equations high1 ights a 
strong resemblance between the two approaches. 

Specifications for dead weight, tensile creep 

References 

1. S. F. Duffy and S. M. Arnold, "Noninteractive Macroscopic 
Reliability Model for Whisker-Reinforced Ceramic Composites," 
submitted to J. Comp. Matls. 

2. S. F. Duffy and J. P. Gyekenyesi, "Time Dependent Reliability Model 
Incorporating Continuum Damage Mechanics for High-Temperature 
Ceramics . " 
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I 
I 
I 

i 
I I A. S iC,/S i3N4 

7 

Fig. 1. X-ray radiographs o f  MOR bars 
machined from a cylindrical billet. Dark 
zones imply higher density or constituents 
with greater x-ray absorption. 
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Table I .  Ultrasonic shearwave velocities in the transverse and 
longitudinal directions in MOR bars machined from cylindrical 
billets. Long axis o f  MOR bars were perpendicular to the 

bi 11 et radius. 

Bi 11  et/ Velocity cm/us Velocity 
Specimen # (Longitudinal) (Transverse) 

C - 2/03 0.628 0.626 (composite) 
C-3/03 0.624 0.624 
C -  11/05 0.631 0.632 
C-12/04 0.627 0.628 
M-1/01 0.601 0.601 (monol ithic) 

i1 

11 

11 

Table 11. Ultrasonic velocities in monolithic and composite billets. 

Billet Velocity Billet Velocity 
(composite) (cm/us) (monol i thic) (cm/W 

c-12 
c-11 
C-8 
c-3 
c - 2  

1.082 
1.092 
1.083 
1.075 
1.082 

M- 1 
M - 2  
M-3 
M-C 

1.081 
1.082 
1.088 
1.082 

Table 111. Variation of ultrasonic velocity across the diameter of 
monolithic and composite billets. 

Distance from center 
(cm) 

Mono1 i thic Composite 
-1.0 1.084 1.082 
-0.5 1.083 1.083 
0.0 1.081 1.082 
+0.5 1.077 1.082 
t 1  .o 1.077 1.082 
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L i f e  Prediction Methodoloay 
D. L.  Vaccari and P. K. Khandelwal (Allison Gas Turbine Division o f  
General Motors Corporati on) 

ObQ ec t i velscope 

The objective of this project is to develop and demonstrate the 
necessary nondestructive examination (NDE) technology, materials data 
base, and design methodology for predicting useful life of structural 
ceramic components of advanced heat engines. The analytical methodology 
will be demonstrated through confirmatory testing of ceramic components 
subject to thermal-mechanical loading conditions similar to those antic- 
ipated to occur in actual vehicular service. The project addresses fast 
fracture, slow crack growth, creep, and oxidation failure modes. 

Technical progress 

This is a new start for FY 1989. 

Background - There are benefits to be derived from using structural 
ceramics as heat engine components due to the inherent advantages assoc- 
iated with ceramic's unique properties. However, before these benefits 
can be realized, the long-term reliability of structural ceramics must 
be both improved and quantified. 

The design requirements for structural ceramic components in an 
automotive gas turbine engine include a turbine inlet temperature up to 
2500oF and a 3500 hour service life encompassing both cyclic and 
steady-state operation that simulates the combined Federal Driving 
Cycle. The resulting stress state in the ceramic components will not 
only be multiaxial, but will be thermomechanically driven. A s  the 
ceramic gas turbine technology advances (supported by both government 
and industry funding), a primary challenge i s  to develop and validate 
the methodology required to adequately predict the time dependent fail- 
ure modes of structural ceramics. 

A ceramic component inevitably possesses "flaws." These flaws may 
be the result o f  the ceramic processing, machining, foreign object dam- 
age, etc. They may not cause fast fracture during initial application 
of full load. However, the flaws (or cracks) may grow in time due to 
load and temperature. This phenomenon i s  known as slow crack growth, or 
static fatigue, and can ultimately lead to component failure at submaxi- 
mum load levels. Proven analytical methodologies are needed for the 
accurate crack growth prediction of these flaws. In addition, non- 
destructive evaluation (NDE) techniques and procedures are needed to 
identify those flaws that are inconsistent with acceptable component 
reliability. 

shape (i.e. creeps) as a result of extended exposure to load and temper- 
ature, the component may no longer function properly. For example, tur- 
bine blades that creep so that they rub the outer flowpath wall may 
result in total breakage to the blades. Consequently, a methodology 
must be in place for the accurate assessment of this phenomenon. 

Another failure mode of concern is creep. If the component changes 
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Y e t  another concern i s  the p o t e n t i a l  o x i d a t i o n  o f  ceramic compo- 
nents.  P.lthough, f o r  a g iven temperature, s t r u c t u r a l  ceramics are r e l a -  
t i v e l y  i n e r t  w i t h  respect  t o  t h e i r  metal counterpar ts ,  the opera t i ng  
temperature o f  s t r u c t u r a l  ceramics i n  proposed automotive gas t u r b i n e  
engines i s  w e l l  i n  e x c e s s  o f  a me ta l ' s  c a p a b i l i t y  i n  o rder  t o  maximize 
the b e n e f i t s  t h a t  ceraimlcs o f f e r .  Again, extended expasure t o  t h i s  
h o s t i l e  environment may lead t o  chemical r e a c t i o n  o f  the component's 
surface and subsequent s t reng th  degradat ion.  An a n a l y t i c a l  technique o f  
accura te ly  q u a n t i f y i n g  t h i s  e f f e c t  i s  requ i red .  

I n  summary, the fw tu re  o f  s t r u c t u r a l  ceramics used i n  gas t u r b i n e  
engines i s  p a r t i a l l y  dependent upon the development o f  r e l i a b l e  a n a l y t i c  
a lgor i thms for  the l i f e  p r e d i c t i o n  o f  p o t e n t i a l  f a i l u r e  modes. The o l d  
Fashioned, emp i r i ca l  method o f  " b u i l d  'em and bus t  'ern'! i s  much too 
costly and t i m e  consuming t o  develop f i n a l  component design conf igura-  
t i o n s .  The a n a l y t i c  schemes, when coupled w i t h  NDE techniques, should 
be ab le t o  p rov ide  super io r  designs e a r l y  i n  a component's des ign ldevel -  
opment c y c l e .  A d d i t i o n a l l y ,  i t  i s  des i rab le  t h a t  the ma te r ia l  proper- 
t i e s  requ i red  to  d r i v e  these a n a l y t i c  procedures be der ived  from simple, 
c o s t - e f f e c t i v e ,  u n i a x i a l  speciimen t e s t s .  

Approach - The o b j e c t i v e  o f  t h i s  program f s  t o  demonstrate t h a t  the 
usable l i f e  o f  a ceramic component ope ra t i ng  i n  an automotive gas t u r -  
b ine  can be adequately p red ic ted .  
i n  accompl ishing t h i s :  

There are f i v e  pr imary tasks invo lved 

Task 1 .  Ma te r ia l s  s e l e c t i o n  
Task 2. Design methodology and data base development 
Task 3. Development and a p p l l c a t i o n  o f  nondest ruc t ive  examina- 

t i o n  techniques 
Task 4 .  A n a l y t i c a l  tools 
Task 5.  Confirmatory component t e s t s  

There are two requirements for the f i r s t  task,  ma te r ia l s  se lec t i on .  
The ma te r ia l  must be a v a i l a b l e  from a domestic s u p p l i e r  and the  ma te r ia l  

u s t  be s u i t a b l e  for  an ATTAP component. A d d i t i o n a l l y ,  the ma te r ia l  
se lected for the program must be tes ted  i n  both the thermal ly  aged con- 
d i t i o n  as w e l l  as the nonaged c o n d i t i o n  to  determine the  i n f l uence  o f  
t i m e  and s t ress  a t  temperature on subsequent behavior .  A l l i s o n ' s  ATTAP 
e f f o r t  i s  c u r r e n t l y  i n v e s t i g a t i n g  the use o f  a number of d i f f e r e n t  mate- 
r i a l  sys tems,  i n c l u d i n g  mono l i t h i c  s i l i c o n  carb ide and s i l i c o n  n i t r i d e  
as w e l l  as var ious f i b e r  r e i n f o r c e d  composites. The ma te r ia l  A l l i s o n  
w i l l  use for  t h i s  program i s  G T E ' s  ho t  i s o s t a t i c  pressed (HIP) PY6 s i l i -  
con n i t r i d e .  This ma te r ia l  i s  produced i n  the Un i ted  States and i s  one 
o f  A l l i s o n ' s  ATTAP r o t o r  ma te r ia l  candidates.  

The second task deals w i t h  design methodology and the development o f  
a data base. 
expended i n  t h i s  task .  
f o u r  f a i l u r e  modes: 

A s i g n i f i c a n t  p o r t i o n  of  the program's .e f for t  w i l l  be 
The e f f o r t  w i l l  concentrate on the f o l l o w i n g  

o f a s t  f r a c t u r e  
o slow crack growth 
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o creep 
o oxidation 

Both uniaxial and biaxial stress states will be explored. The 
objective is to generate the data base and the material constants 
required to drive the proposed analytic models that will be used to pre- 
dict the material behavior. The test matrix includes both flexural and 
tensile testing, with enough specimens to get a statistically meaningful 
sample. Biaxial testing will be conducted to help discern between vari- 
ous proposed failure models and to help confirm proposed failure models. 
The testing w i l l  span the range from room temperature to  1400oC. 

The third task o f  significant effort i n  this program will be in non- 
destructive examination ( W E > .  Various NDE techniques will be used. In 
the area of flaw detection, both ultrasonic imaging and microfocus radi- 
ography will be used on all of the test specimens. Computed tomography 
will also be used on selected specimens. In addition to flaw detection, 
ultrasonic techniques will be used to help characterize the material’s 
general microstructure. Ultrasonic veloci’ty measurements wlll be taken 
on all test specimens. Ultrasonic attentuatlon measurements will be 
made on selected specimens. 

Task 4 addresses analytical tools. All of the computer codes to be 
used in the program fall into one of three categories. The first cate- 
gory is public domain software, which is software that is available f o r  
no license fee. The second category i s  software that i s  available on 
the open market but requires a fee. 
codes being developed specifically for this program, and those codes 
will become public domain codes at the end of the program. Examples of 
the codes intended for use include PATRAN, MSCJNASTRAN, and CARES. 
PATRAN is a finite element preprocessor used for model generation. 
MSUNASTRAN i s  a finite element analyzer that will be used to calculate 
stresses in test specimens. 
post-processor to NASTRAN to calculate fast fracture failure. 
developed codes will also run as post-processors to NASTRAN. The major 
point i s  that all of the analytical tools used in this program will be 
available to the public at the end of the program. 

The 
analytical models proposed and developed during the program will be sub- 
stantiated by testing. The confirmatory test specimens will simulate an 
engine rotor by capturing the significant features o f  a typical axial 
turbine rotor. 
an unnecessary complication and expense. Test conditions will simulate 
an engine environment with tests taking the form of both spin tests and 
quasi static tests. 

with GTE for providing the test specimens required i n  the program. Due 
to the length o f  time between initial proposal submittal and ultimate 
program award, new cost values had to be determined. Based on the pro- 
jection of cost increases, the number of test specimens that are 
required is being reviewed. Other cost cutting measures are also being 
explored. 

The final category represents the 

CARES is a NASA developed code used as a 
The newly 

The fifth task of the program addresses the confirmatory tests. 

The blades will be eliminated since they would provide 

Progress - Efforts have concentrated or! establishing a subcontract 
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A review of the confirmatory test specimen geometry has also been 
performed. 
o f  the gasifier turbine wheel in Allison's Advanced Turbine Technology 
Applications Project ( A T T A P ) .  The new test specimen geometry will more 
closely represent the general size of the actual turbine rotor. Addi- 
tionally, the new geometry will be easier and less expensive to fabri- 
cate. 

Discussions have been held regarding the geometry to be used for the 
tensile test specimens. It i s  desired to use the largest specimen pos- 
sible from the blanks that CTE will be producing. Southern Research 
Institute and GTE have been consulted regarding potential specimen geom- 
etries. GTE has supplied several sample blanks for exploratory machin- 
ing and testing. 

NASA-Lewis has been contacted regarding the latest version of CARES, 
a computer code for predicting the fast fracture failure o f  ceramics. 
NASA has supplied Allison with the latest version of  the code plus the 
appropriate documentation. 

Per the program requirement, Allison has supplied MMES with a plan 
for testing thermally-aged and nonaged material. The plan includes 
thermal exposure in static oxidizing air a5 well as in an inert environ- 
ment. After thermal exposure, MOR bars will be tested at room tempera- 
ture. Subsequently, fractographic and analytic techniques such as SEM 
and X-ray diffraction will be used to examine the surface layers and 
fracture surface topography to relate the strength degradation fai 1 ure 
mechanism, if any, to critical microstructural features. The results o f  
these tests will be compared to the 'room temperature MOR values obtained 
from nonaged material. This will permit the assessment of the effect of 
thermally-aging (time and temperature) on material behavior. The pian 
a lso  includes flexural specimen testing in air at three temperatures, 
and three stressing rates to measure the crack growth exponent ( n ) .  
This data will provide guidance for the monotonic creep/stress rupture 
testing to be performed later in the program. MMES has concurred with 
the plan. 

The originally proposed geometry differed somewhat from that 

Status .o.f4Ust.O.ne.s. 

The program i s  currently on schedule. Since most of the project's 
milestones will be tied to the availability of test specimens produced 
by GTE, updated milestones will be prepared after GTE's subcontract i s  
finalized. 

Publications 

Vaccari, D. L., and Khandelwal, P. K. ,  "Life Prediction Methodology 
For- Ceramic Components", to be published in proceedings of 26th APD-CCM, 
Dearborn, Michigan, October 24-27, 1988. 





3 .3  E L EFFECTS 

En v i ronmen t a i E f f e c t s  i n  Touphened._[g~pmi cs 
Norinan 1.. Hecht (University o f  Dayton) 

Qb.-iect i ve/sco~e 

Since 1985 the University of Dayton has been involved in a three- 
phase project to investigate the effects o f  environment on the mechanical 
behavior o f  commerci a1 ly avai 1 ab1 e cera ics being considered for heat 
engine applications. In the first phase o f  this project, the e f f e c t s  of  

environment on the mechanical behavior o f  transformation-toughened Zr02 
ceramics were investigated. In the second phase, two Si3N4 ( W E - P Y 6  and 
Norton/TRW-XL144) and one S i c  (Hexoloy-a-Sic) were evaluated. In the 
third phase, presently in progress, the tensile, flexural, and fatigue 
strength o f  nine S i c  and Si3N4 ceramics (see Table 1) are being evaluated 
at temperatures from 1000"-1400"C. Microstructure, chemistry, physical 
properties, and mechanical behavior from 25"-1400'C are also being 
investigated. 

two Sic and three Si3N4 ceramics were initiated, and the evaluation o f  
Hexoloy SA and ST, EC-152, NT-154, PY6, and CVD-Sic was completed. In 
addition, the development of optical interferometry techniques to monitor 
strain, Raman spectroscopy to analyze Sic, and the compilation of a S i c  
and Si3N4 property data base from the literature continued. 

Experimental procedures 

During the past six months (October 1988-March 1989) evaluations o f  

Flexural strength measurements are made using two Instron Universal 
Testing Machines (Model 1123) following MIL-STD-l942(MR). Elevated 
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Table 1. Candidate Sic and Si3M4 Ceramics Selected for Evaluation 
~ ~~ -__ 

Carborundum 
Hexol oy a-Si C pressing) and pressureless sintered a-Sic 

Cold formed (injection molded or isostatic 

with additions of 8 and A1 (200 Tensile and 
200 Flexure Specimens) 

Carbo rund um 
Hexoloy ST 

GTE - PY6 

Norton/TRW - NT154 

CVD - Sic 

Howmet - SN-4 

Cold formed and pressureless sintered a-Sic 

and TiBp (60 Flexure Specimens) 

Injection molded and hipped fi  Si3N4 with 
additions o f  Y203 (200 Tensile and 200 
Flexure Specimens) 

Sintered and HIP’ed Si3N4 (100 Flexure 
and 100 Tensile Specimens) 

Sic prepared by chemical vapor deposition 
techniques (60 Flexure Specimens) 

Cold formed (die pressing/isostatic pres- 
sing) sintered and HIP’ed S i 3 N 4  with 10% 
oxide sintering aids (A1203, Y203) (60 
F1 exure Specimens) 

Ceradyne - Ceralloy 147-3 Cold formed (isopressing/slip casting/ 
injection molding) sintered Si3N4 with 
additions o f  Y203 and A1203 (60 Flexure 
Specimens) 

Kyocera - SN252 Cold formed (i sopressed/sl i p cast/etc. ) 
and sintered Si3N4 with additions o f  Yb203, 
Y203, and A1203 (note the sintering process 

i s  controlled to promote the growth of a f l  
Si3N4 whisker phase in the Si3N4 matrix) 
(60 Flexure Specimens) 

NGK Spark Plug - EC-152 Gas pressure sintered Si3N4 with additions 
o f  A1203 and Y203 (60 Flexure Specimens) 



temperature measurements (1000~-140Q°C) are conducted in two ATS k"3320 
high-temperature furnaces. Flexural strengths are measured on test 
specimens 3 x 4 x 50 mm with the tensile surface ground and polished t o  a 
16-microinch finish [MIL-STD-l942(MR) speci en size tal. The long edges o f  

the tensile surface are rounded and polished to minimize edge failures. 
Flexural strength i s  measured using four-point bend test fixtures, and the 
test specimens are loaded at machine crosshead speeds of  0.004, 0.0004, 

and 0.60064 cm/st;c. 
tures are made of steel, and for the measurements at 100Q", 1200", and 
1400°C the bend fixtures are made o f  Sic. 
have an outer span of 4 crn and an inner span of 2 cm. 

The dynamic fatigue analysis of each material is determined from t h e  
f a s t ,  medium, and slow loading rate strength data. The dynamic fatigue 
can be characterized by a In-ln plot of fracture strength (of) versus 
loading rate ( 6 )  which is expressed by the relationship: 

For the room ~ ~ ~ ~ e r a ~ u ~ ~  measurements the bend f i x -  

The four-point bend fixtures 

(where A '  is a constant). The constant, n, is a measure of the stress 
corrosion susceptibility of the material. 
synonymous with lower stress corrosion or fatigue. 

Mechanical Test System (Model 1361) equipped with Super-Grip Instron 
Universal Coupling and Water-cooled Holders for High-Temperature Tensile 
Test i ng . For h i g h - temper at ure me as uremen t s , an I n s t ron H i g h -Temper at u re 

Short Furnace is used. 
Fracture origins are determined by optical microscopy and SEM 

(JEOL/SM-80 with EG&G Ortec System 5000 Microanalysis System). 
strength values are evaluated to determine Wei bull parameters. Maximum 
likelihood estimates o f  the shape parameter, m (modulus), and the scale 
parameter, So (the 63rd percentile for the distribution of breaking 
strength), are determined in this analysis. 

Grindo-Sonic (Model MR35T) Transient Impulse/Elastic Modulus Apparatus. 

Large values of n are 

The tensile strength measurements are made using an Instron Electro- 

The 

The elastic modulus of the candidate materials is measured by a 
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The hardness of the candidate materials is measured by a Vicker's microin- 
dent hardness tester. 

The microstructure and chemistry of the candidate materials are a1 so  
studied. 
optical microscope (Ni kon Epiphot), and freshly fractured sections are 
viewed by scanning electron microscope (JEOL JSM-840). 
(EDXA) spectra are obtained using an EG&G Ortec System 5000 attachment t o  
the JSM-840. 
Norelco/Philips Electronic Instruments XRD System using CuKa radiation (40 
KV, 25 PA) for analysis from 20" 24) to 58" 29. In addition further chemi- 
cal analysis of selected specimens is obtained using high-resolution 
scanning Auger spectroscopy ( J E O L  JAMP-30). 

Industries Dilatronic I 1  (Model 6024). Fracture toughness is measured by 
both the controlled flaw method and the microindent method. 

Polished sections from representative specimens are viewed by 

X-ray fluorescence 

Test specimens are examined by x-ray diffraction with a 

Thermal expansion is measured from 25"-1400'C using a Theta 

Technical proqress 

Flexural strenqth and Dhvsical DroDertv measurements 

The results of the physical property measurements obtained for 
Hexoloy SA, SN-4, NT-154, and PY6 are summarized in Table 2. ?he flexural 
strength data obtained for Howmet SN4, Kyocera SN-252, Hexoloy SA and ST, 

GTE-PY6, Norton/TRW NT-154, CVD Sic, and NTK ECL154 are summarized in 
Table 3. A series o f  bar graphs comparing flexural strength with loading 
rate and temperature for all the candidate materials evaluated are 
presented in Figures 1 and 2. 

also characterized by Weibull analysis. The results of these analyses are 
summarized in Table 4. The flexural strength data were used for preparing 
computer-generated graphs of In of versus In 6 and for determining n. The 
results o f  these calculations are summarized in Table 5, and the ln-ln 
plots generated are compiled in Appendix 1. 

scope and SEM were prepared. Photomicrographs of typical fracture 
surfaces for NT-154 are presented in Figures 3 through 6. 

The flexural strength data obtained for each of the materials were 

Photographs of typical fracture surfaces obtained by optical micro- 
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Table 2 .  Property Measurements Obtained 

Property Hexol ay 

Measurement SA 

Dens i t y  ( g J c c )  3 . 1 7  

Young's Modulus (GPa) 427 

Hardness ( kg/mrn2) 2727 

Fracture Toughness 

CF/MI* ( M P a - 5 )  2 . 6 1 3 . 4  

Coefficient o f  Thermal 

Expansion ( I O - ~ / O C )  5 

Materi a1 s 

GTE Narton/TRW 
PY 6 XL-154 

3 . 2 7  3 . 2 3  

30 1 310 

1458 - -  

6 . 1  - -  

3 . 3  - -  

Howme t 
SN-4 

3 . 2 3  

294 

1605 

3.7/6.8 

- -  
~~- 

*CF - Controlled Flaw 

MI - Microindent 
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Tab1 e 3 .  Results o f  F1 exural Strength Measurements 

Mach i ne Flexural Standard 
Temperature Crosshead Speed Strength Deviation 

Materi a1 "C cm/sec MPa MPa 

SN-4 25 0.004 977 129 

1000 0.004 744 91 

1000 0. 00004 514 47 

1200 0.004 

1200 0.00004 

402 40 

312 15 

- -  1400 0.004 190 

SN-252 1000 0.004 526 31 

1000 0.00004 466 26 

1200 0.004 478 43 

1200 0.00004 485 35 

1408 0.004 459 29 

Fracture 
Oriqin 

Surf ace 
f l  aws 

Surf ace 
f 1 aws 
Surf ace 
f l  aws 
possible 
SCG 

Surf ace 
f l  aws 
Surface 
flaws 
possible 
SCG 

Severe o x i -  
dation and 
bl is ter ing 

A t  surface 
and edges 
due t o  t h e  
presence 
of large 
whiskers 

A t  surface 
and edges 
due t o  the 
presence 
of large 
whiskers 

A t  surface 
and edges 
due t o  large 
whiskers 
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Tab le  3 .  Results of Flexural Strength Measurements (Continued) 
_.lll 

Mach i ne F1 exural Standard 
Temperature Crosshead Speed Strength Deviation Fracture 

Materi a1 "C cm/sec MPa MPa Oriqin 

1400 0 e 00084 498 29 Specimens 
undergo 
severe 
plastic 
deformation 
prior t o  
fracture 

Hexoloy SA 25 0 a 00004 395 19 Surface and 
edge flaws 
( p i t s )  

1000 
1000 
1800 

1200 
1200 
1200 

1400 
1400 
1400 

0.004 
0. 0004 
O.OO004 

0.004 
0.0004 
0 e 80004 

0.004 
0.0004 
0.00004 

416 
416 
412 

435 
400 
44 1 

436 
415 
390 

30 
49 
37 Surface 

53 f l  aws 
60 ( p i t s /  

and edge 

6 voids and 

48 inclusions) 
40 
36 

possible 

EC-152 1000 0.004 843 104 Surf ace 
1000 0.00004 768 70 flaws 

1200 0.004 826 35 Edge and 
1200 0.00004 610 surface 

flaws 

1400 0.004 389 59 Surface 
f l  aws 

Plastic 
deformation 
prior t o  
fracture 

269 - -  1400 0.00004 

NT-154 25 0.004 903 79 Surface/ 
25 O.OOOO4 749 51 subsurface 

and edge flaws 
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Table 3 .  Results of Flexural Strength Measurements (Continued) 

Mach i ne F1 exural Standard 
Temperature Crosshead Speed 

Materi a1 " C  cm/sec 

1000 0.004 
1000 0.00004 

1200 0.004 
1200 0.00004 

1400 0.004 
1400 0.00004 

PY 6 25 0.004 

1000 0.004 
0.0004 
0.00004 

1200 0.004 
0.0004 
0.00004 

1400 0.004 
0.0004 
0.00004 

Hexoloy ST 25 0.004 

1000 0.004 
0.00004 

1200 0.004 
0.00004 

1400 0.004 
0.00004 

Strength 
MPa 

74 1 
790 

686 
622 

610 
364 

863 

736 
698 
690 

666 
619 
574 

493 
351 
3 08 

405 

375 
378 

384 
395 

352 
372 

Deviation 
MPa 

87 
35 

49 
39 

30 
69 

86 

43 
79 
19 

46 
32 
44 

36 
40 
27 

30 

56 
68 

48 
49 

35 
45 

Fracture 
Origin 

Surface and 
edge flaws 

Surface/sub- 
surface and 
edge flaws 

Plast ic  
deformat i on 
prior t o  
fracture 

Surf ace f 1 aws 

Surface and 
edge flaws 
some inclu- 
sions 

Surf ace f 1 aws 
some inclusions 

Surface flaws 
some i ncl us i ons 
SCG/specimen 
bend i ng 

Surface flaws 
( P W  

Surface and 
subsurface 
flaws ( p i t s )  

Surface and 
subsurface 
flaws ( p i t s )  

Surface and 
subsurface 
flaws ( p i t s )  
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Tab1 e 3 .  Resul t s  o f  F1 exural Strength Measurements (Concl uded) 
__-.I_ 

Machi ne F1 exura? Standard 
Temperature Crosshead Speed Strength Deviation Fracture 

Material - 'C cm/sec I MPa MPa Or i c i i n  

CVD S i c  25 0.004 454 71 Su\-face, sub- 
surface edge 
and side f a i l -  
ures ( p i t s  and 
cracks) 

1000 0.004 658 164 Surface and 
edge flaws 

and s ide 
faiaures  

0.00004 537 171 Surface, sub- 
surface,  edge 

1200 0 * 004 495 4 1  Surface, sub- 
0.00004 517 155 surface and 

1400 0.004 51 1 90 Surface and 

edge f l a w s  

subsurface 
O.OO004 582 77 f l  aws 
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Table 4. Weibull Statistics f o r  S i c  and Si3N4 Specimens 

Loading Wei bull Wei bull -t Wei b u l l *  
Materi a1 Temperature Rate Modulus Scal e-data Scal e-area 

Designation "C MPa/sec m So -MPa So-MPa 

Hexoloy SA 21 

1000 

1200 

1400 

SN-252 

NT- 154 

SN-4 

EC-152 

GTE PY6 

1000 

1200 

1400 

21 

1400 

20 

1000 

1200 

21 

1000 

1200 

190 

1.71 
17.1 
171 

1.43 
14.3 
143 

1.33 
13.3 
133 

1.33 
133 

1.19 
119 

1.14 
114 

143 

1.14 
114 

143 

133 

119 

143 

1.33 
13.3 
133 

1.19 
11.9 
119 

8.83 

12.5 
11.03 
18.13 

9.8 
8.67 
8.79 

15.23 
12.18 
10.87 

20.53 
19.19 

19.94 
12.56 

20.78 
18.68 

15.27 

6.87 
23.11 

11.45 

9.86 

24.7 

12.25 

47.1 
10.2 
18.7 

17.83 
22.2 
22.47 

424 

428 
436 
429 

46 5 
424 
457 

485 
432 
457 

4 78 
540 

499 
497 

511 
472 

940 

391 
624 

1025 

887 

842 

900 

699 
732 
756 

59 1 
634 
684 

147 

202 
186 
255 

179 
144 
158 

218 
200 
193 

303 
33 1 

311 
236 

325 
285 

508 

100 
415 

452 

343 

576 

418 

572 
291 
457 

349 
414 
450 
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Table 4.  Weibull Statistics for Sic and Si3N4 Specimens (concluded) 

Loading Wei bull Wei bull' Wei bull * 
Material Temperature Rate Modulus Scal e-data Scal e-area 

Oesignation "C MPa/sec m So-MPa So-MPa 

1400 1.14 
11.4 

114 

15.71 
12.14 
15.61 

320 
367 
509 

176 
169 
279 

Hexoloy ST 1000 1.71  
171 

8.31 
7.68 

401 
399 

130 
118 

1200 1.43 
143 

9.47 
10.83 

416 
403 

155 
170 

CVD Inc. S i c  21 190 10.83 10.83 10.83 

1000 1 .71  
171 

4 .04  
4 .84  

593 
719 

59 
105 

1200 1.43 
143 

4 .5  
14.59 

568 
513 

72 
269 

1400 1.33 
133 

12.54 
6.97 

611 
547 

289 
143 

So-Scale-data - The 63rd percentile for the distribution o f  strength for 

So-Scale-area - Assumes a failure resulting from a surface flaw and 

% 

the specimens tested. 

adjusts the scale-data t o  account for specimen surface area. 

* 
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Table 5. Slow Crack Growth Parameter (n) Values 

Materi a1 Temperature ("C) n Values 

Kyocera SN-252 

Howmet SN-4 

Norton NT-154 

NGK-SP EC-152 

GTE PY6 

Sohio Hexoloy ST 

1200 

1400 

lOQQ 

1200 

1400 

1000 

1200 

1000 

1200 

1400 

1000 

1200 

1000 

1200 

1400 

1000 

1200 

1400 

Slope not  S i g n i f i c a n t l y  
greater than zero  

Slope not s i g n i f i c a n t l y  
g r e a t e r  than zero  

41  

37 

Slope not  s i g n i f i c a n t l y  
g r e a t e r  than zero 

Slope s i g n i f i c a n t l y  l e s s  
than zero  (n = -58) 

12 

17 

Slope not  s i g n i f i c a n t l y  
g r e a t e r  than zero 

46 

7.6  

50 

14 

73 

30 

8.8 

Slope not  s i g n i f i c a n t l y  
g r e a t e r  than zero 

Slope n o t  s i g n i f i c a n t l y  
g r e a t e r  than zero 

Slope not s i g n i f i c a n t l y  
g r e a t e r  than zero  
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Table 5.  S l o w  Crack Growth Parameter (n) Values (concluded) 

Materi  a1 Temperature ( 'C)  n Values 
~~ 

CVD Inc.  S i c  1000 

1200 

1400 

Slope not s i g n i f i c a n t l y  
greater  than zero 

Slope not s ign i f icant ly  
greater  than zero 

Slope not s ign i f icant ly  
greater  than zero 
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Figure 3.  Typical f rac ture  surface o f  NT-154 tes ted a t  1000°C, 2OX. 

I 
Figure 4. Typical f r a c t u r e  surface of NT-154 tested at100O0C, 500X. 



“I 

I 
Figure  5.  Typ ica l  f r a c t u r e  sur face  o f  NT-154 t e s t e d  a t  14OO0C, 2OX. 

d 

Figure  6. Typ ica l  f r a c t u r e  sur face  o f  NT-154 t e s t e d  a t  14OO0C, 5000X. 
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Photomicrographs of typical fracture surfaces for EC-152 are shown in 
Figures 7 through 9, and for PY6 are shown in Figures 10 through 17. 

Representative specimens of each material, as-received and after 
flexural testing, were examined by EDXA. The results of these semiquan- 
titative analyses are summarized in Table 6. 

Tensile strenqth measurements 

As previously reported, a project to measure the tensile strength of 

Carborundum Hexoloy SA, GTE PY6, and Norton/TRW NT-154 from 20'-1400°C was 
initiated in October 1988. Tensile strength measurements were conducted 
on Hexoloy SA at 20', lOOO' ,  and 1400.C. The Instron Super-Grip System 
requires the use of buttonhead test specimens (see Figure 18). Several 
NT-154 tensile specimens were also tested at 20'C. A summary of the 
tensile test results is presented in Tables 7 and 8. 

room temperature; 9 of the specimens (25%) failed at the buttonhead; 25 
specimens failed in the gage section. Of the 25 specimens that failed in 
the gage section 23 were observed to have fracture initiation sites at 
surface flaws. It was further observed that a number of surface flaws 
were due to the remnants of radial grind marks which were not completely 
removed in the final longitudinal grinding operation. 
were also observed in the area of the buttonhead radius for a number o f  
the specimens. 
it was found that the radius of curvature for several of the specimens was 
not in compliance with specifications, and the majority of specimens 
measured were observed to have a radius of curvature at or near the upper 
to1 erance 1 imi t. 

dures were investigated as a means of reducing the number of buttonhead 
failures. Three specimens were slowly loaded to half the fracture load 
and held for 15 minutes to allow the copper collets to deform prior to 
rapid loading to fracture. 
to 1800°F for 50 hours prior to testing using similar loading procedures. 
Both the heat treating and the slow loading tended to reduce buttonhead 
f ai 1 ures . 

As shown in Table 7 ,  34 Hexoloy SA tensile specimens were tested at 

Radial grind marks 

From an evaluation of the remaining Hexoloy-SA specimens 

The heat treating of tensile specimens and different loading proce- 

Three additional specimens were heat treated 
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Figure 7 .  Typical fracture surface of EC-152 tested a t  1000°C, 2OX. 

~ 

Figure 8. Typical fracture surface of EC-152 tested a t  1000°C, 50X. 
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--- 
Figure 9 .  Typical fracture surface o f  EC-152 tested a t  1000°C, 500X. 
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Figure 1 1 .  Typical fracture surface of PY6 tested a t  1000°C, 500X. 

Figure 12. Typical fracture surface o f  PY6 tested a t  1000°C, 1500X. 
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c 

Figure 13. Typical f r a c t u r e  surface o f  PY6 tes ted  a t  1200°C, 20X. 

Figure 14. Typical f r a c t u r e  surface o f  PY6 tes ted  a t  1200°C, 500X. 



Figure 15.  Typical fracture surface of PY6 tested a t  14OO0C, 2OX.  

Figure 16. Typical fracture surface of PY6 tested a t  14OO0C, 2OOX. 
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Figure 1 7 .  Typical fracture surface o f  PY6 tested a t  1400°C, 500X. 
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Table 6. S e m i q u a n t i t a t i v e  Chemical A n a l y s i s  o f  Candidate M a t e r i a l s  

M a t e r i  a1 C o n d i t i o n  S i3N4  
- 

2'3 Y203 Yb203 S i c  T i B 2  

Kyocera SN-252 As-Received 93.06 

1000°C 77.64 

1200°C 73.74 

1400°C 69.14 

Tested a t  

Tested a t  

Tested a t  

Howmet SN-4 As-Received 90.65 

1000°C 89.65 

1200°C 67.48 

1400°C 89.71 

Tested a t  

Tested a t  

Tested a t  

NTK- EC 

GTE-PY6 

Norton/TRW 
NT-154 

As-Recei ved 90.65 
Tested a t  

1000°C 78.09 

As-Received 76.23 
Tested a t  

1000°C 75.35 
I n c l u s i o n  a t  

Specimen 
Tested a t  
1000°C 89.22 

1200'C 77.68 

1400°C 78.65 

Tested a t  

Tested a t  

Tested a t  

Tested a t  

Tested a t  

1000°C 84.34 

1200°C 85.33 

1400°C 82.93 

0.40 

Trace 

Trace 

Trace 

5.26 

5.07 

8.45 

5.16 

4.40 

3.11 

0.30 

- -  

4.10 

5.28 

24.07 

5.13 

4.94 

18.80 

23.77 

24.65 

6.24 

22.36 

26.26 

30.84 

Hexoloy SA As -Rece i ved - - - -  - -  - -  100 - -  

Hexoloy ST As-Received - -  - -  - -  - -  79.3 20.7 
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Table 7. Tensi le  St rength Measured f o r  Hexoloy SA 

1. @ 25"C-31.6 k s i  (234 MPa) (based on 27 specimens which f a i l e d  
i n  t h e  gage sec t i on  and 9 specimens 
which f a i l e d  a t  t h e  buttonhead) 

2.  @ 25'C-31.06 ksi (214 MPa) (based on 3 specimens t e s t e d  by 
procedures which a l l ow  t h e  copper 
c o l l e t s  t o  deform and reduce contac t  
s t resses a t  t h e  buttonhead) 

3 .  @ 25°C-44.9 k s i  (310 MPa) (based on 3 specimens t h a t  w e r e  
annealed a t  1800'F for 50 hrs. 
p r i o r  t o  t e s t i n g )  

4 .  @ 1000°C-36.2 k s i  (250 MPa) (based on 15 specimens which f a i l e d  i n  
the  gage sec t i on  and 4 specimens which 
f a i l e d  a t  t he  buttonhead) 

5. @ 14OO0C-36.2 k s i  (250 MPa) (based on 18 specimens which f a i l e d  i n  
the gage sec t i on  and 3 specimens which 
f a i l e d  a t  t he  buttonhead). 



Table 8 .  Results o f  Tens l e  Test 

406 

ng Norton/TRW NT-154 

Load @ Failure 
Number (lbs.) 

1 4220 
2 5260 
3 3 2 ~ 0  
13 3610 
14 3660 
11 4490 
12 3950 

25 5720 (806 MPa) 
26 4800 
27 4150 
28 5590 (786 MPa) 
29 5510 (772 MPa) 

30 6320 

31 5970 (837 MPa) 
(Av - 801 MPa)' 

Failure 

B.H.* 
B.H. 
B.H. 
B.H. 
B.H. 
B.H. 
B.H. 

gage 
B.H. 
B.H. 

gage 
gage 

B.H. 

gage 

Condition 

As-Received 
As-Received 
As-Received 
As-Received 
As-Received 
As-Received 
As-Received 

Remachined 
Remachined 
Remachined 
Remachined 
Remachined & 

Remachined & 
H.T. 
Remachined & 
H.T. 

H.T.+ 

Col lets 

cu 
cu 
cu 
cu 
cu 
cu 
cu 

New Cu 
Old Cu 
Steel 
Old Cu 
New Cu 

Steel 

Ground Cu 

Comments 

Tested at Oakridge 
Tested at Oakridge 
Silver, Compliant 
Layer 
Deformed collets 

Deformed collets 
Surface failure 
Deformed col lets 

Bul k 
Failure & inclusion 

B.H. - buttonhead 
+ H.T. - heat treated (1800°F for 50 hrs) 
Average tensile strength for four specimens which broke in the gage section 
(this value is 80% o f  the room temperature flexural strength). 
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During this reporting period, 25 NT-154 tensile specimens were 
received from Norton/TRW. As shown i n  Table 8 ,  five specimens were tested 
as received and all five failed in the buttonhead, Two additional NT-154 
specimens were tested at ORNL and these also failed i n  the buttonhead. 
The remaining HT-154 specimens were carefully re-examined and it was found 
that the gage sections were well machined and no radial grind marks were 
observed. However, some radial grind marks and subsurface damage in the 
buttonhead radius were observed, 
renai n i ng specimens f o r  rerslach i IP .i n 
remachined specimesss and three specime s that were remachined and heat 
treated were returned far tensile testing at roo temperature, Heat 
treating was at 1000°C for 50 hours.. 
broke i n  the gage section and t o o f  the specimens broke in the 
buttonhead. 
and one o f  the heat-treated specimens broke in the buttonhead, 
remchining and heat treating increased the load necessary for specimen 
failure and the probability for failure in the gage section. 
creased loads required for failure also resulted in severe csllet 
deformation. 

As observed for  the Hexoloy SA, it was found that when the copper 
collets were allowed to deform and reduce the disregistry between collet 
and specimen, the specimens broke in the gage section. It was further 
observed that all the specimens which failed in the gage section had a 
film of copper smeared around the s h a f t  just below the button. However, 
this copper f i l m  was not observed when the specimen failed in the 
buttonhead, All that is observed in the case ~f the buttonhead failures 
i s  a very thin dark compression line just below the buttonhead. 
appears that the use o f  slow loading procedures allows the copper collets 
to plastically f low and reduce the! contact stresses due to r a d i a l  

mismatch. Dimensional mismatch between the collet radius and the radius 
a t  the buttonhead are of particular concern since machining both com- 
ponents for a perfect match is extremely difficult, particularly if large 
numbers of samples are t o  be tested. 

~ ~ ~ t ~ ~ / T ~ ~  requested return o f  the 
and specimen heat treating- Four 

Two o f  t h e  remachined specimens 

TWO o f  the heat-treated specimens broke in the gage section 
Both 

The in- 

It 
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A preliminary analysis of the dimensional mismatch problem was 
initiated. 
cally in Figure 19. For the case of stress concentration o f  a fillet on a 
round shaft, the existing tensile specimen geometry calls for a 3 mm root 
radius between the 12 mm diameter shank and the 16 mm diameter buttonhead. 
The major-to-minor diameter ratio is 1-1/3 and the root radius-to-shank 
diameter ratio is 0.25. 
that a round shaft with shoulder fillet in tension would have a theoreti- 
cal stress concentration factor of 1.4 on the nominal applied stress o f  
the shank. for an applied force of 5000 lbs., the nominal stress on t h e  
shank would be 28.5 ksi. Since a 3 mm root radius fillet is used to join 
the buttonhead, the actual stress at the fillet is 39.9 ksi (1.4 x 28.5 
ksi). I f  the fracture toughness is 5 MPa mml/' for S i 3 N 4  and the assumed 
flaw geometry factor is one, then the critical flaw size would be 102 Dm. 

cylindrical. 

The configuration assumed for this analysis is shown graphi- 

Using engineering design curves, it was found 

For the case of contact stresses, the contact surfaces are assumed 
The half width b of the contact area is given as: 

The contact stress S and shear stress T is given as: 

S = 2F,/plb and T = Ft/bl ( 3 )  

where: 
S, T = stress, ksi 

Fn,t 
P = pi 
1 = contact length, in. 

vl, v2 
El, E2 
dl, d2 

= force normal and tangential to surface, lbf 

= Poisson's ratio (Si3N4:0.27, steel:0.305) 
= modulus, psi (Si3N4:45 x 10 , steel:28 x 10 ) 
= diameter of cylinders, in. (d1,2=6 mm) 

6 6 

Assume that the line of contact occurs at the midpoint of the fillet; 
therefore, 1 = pd = 3.14 x 14/25.4 = 1.732 in. The remote applied force 
is 45 to Fn,t. Assume the fillet radius of the tensile specimen is en- 
larging due to wear of the cutting tool. The calculations are based on 
1%, 2%, and 5% of ideal fillet radius of the buttonhead tensile specimen. 
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TANGENTIAL FORCE F+ APPLIED TENSILE 

EBAL COLLET 

F i g u r e  19. Buttonhead c o n f i g u r a t i o n  f o r  t e n s i l e  specimen. 
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Case 1: 

Assume the tensile specimen force is 2000 lbs. Therefore, F = n,t 
1414 lbs. 

% error of dl b, in S, ksi T, ksi 

1 0.026 -20.3 31 - 4  
2 0.018 -40.4 62.8 
5 0.012 -44.5 68.0 

Case 2: 

Assume the tensile specimen force is 4000 lbs. Therefore, F = 2828 
lbs. 

n,t 

% error o f  dl b,  in S ,  ksi T, ksi 

1 0.036 -28.7 45.4 
2 0.026 -40 .4  62.8 
5 0.017 -62.9 96.1 

In each of the cases, the shear stress on the surface can easily 
interact with surface defects from grinding. The contact stresses are a l l  

compressive and decrease as a function of depth, but there is an as- 
sociated tensile stress near the contact area that has not been accounted 
for which superimposes with the shear stress. The magnitude o f  these 
tensile stresses was not obtained due to time limitations. 

ODtical interferometry 

As reported, development of optical interferometry to monitor tensile 
testing is in progress. 
nique for nondestructive surface displacement and strain measurement was 
performed on a variety of specimens. 
effectively analyzed using a full-field analysis technique for the 
measurement of speckle correlation bands, a point-by-point technique o f  
the measurement of the interference fringes forrned by the speckles has 
been principally used in this study. 

Application of a speckle interferometric tech- 

Although a strained specimen may be 

This method offers several 
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advantages over the full -field technique including increased measurement 
sensitivity, the ability to measure bulk motion, and the ability to deter- 
mine the displacement directionality. 

Initially, speckle interferometry was used to evaluate tensile strain 
on specially prepared aluminum specimens. The point-by-point interference 
fringe analysis of an aluminum cylindrical specimen (ground flat on one 
side) yielded results indicating a variational displacement along the 
length of the specimen. This is expected to occur when the strain takes 
place within the observed region of the sample. The measured specimen 
displacement was 3.5 
favorably with the theoretical displacement calculation of 4.2 pm, made 
using the assumption that the strain would only occur within the gauge 
section. After the aluminum specimens were studied, the procedures were 
applied to Sic tensile specimens. Figure 21 shows interference fringes 
generated by the speckle fields resulting from a nominal 10 in plane 
displacement of a Sic cylinder. Using the speckle interferometric point- 
by-point analysis, a bulk motion of 10.7 & 0.5 pn was measured for this 
sample. Figures 22a and 22b refer to fringes resulting from a tensile 
strain and relaxation, respectively, of a Sic ceramic cy1 indrical 
specimen. The direction o f  the fringes yields information describing the 
actual direction of inplane specimen displacement. 
nonsymmetry of the fringes is indicative of energy losses due to 
hysteresis effects in the elastic region of the ceramic material. 
of the analyzed strained specimen data showed a bulk motion of 75 pm. 
This displacement was much larger than the theoretically calculated dis- 
placement for this material made with the assumption that all strain 
motion would take place within the gage section of the specimen. However, 
if the strain were to occur over the entire length of the specimen, the 
theoretically calculated displacement would be 80 m. With this informa- 
tion, it was possible to conclude that the specimen, when strained to i t s  
fracture point, would yield an invalid test, i.e., the sample would break 
at its buttonhead, and this conclusion was substantiated. It is apparent 
by this preliminary comparison that the speckle interferometric technique 
may be used to predict the occasion of an invalid tensile test. 

0.7 crrn (see Figure 20), which compares quite 

In addition, the 

Results 
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' 1  
t 

Figure 20. Interference fringes generated by the tensile strain of an 
aluminum test specimen. 

I 

Figure 21. Interference fringes generated by in-plaine displacement 
of a Hexoloy SA cylinder by 10 pm. 
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- .  

W 
A 

(b )  
Figure 22. Interference fringes generated by the tensi le  strain ( a )  and 

relaxation ( b )  o f  a S i c  specimen (specimen fractured a t  the 
buttonhead). 
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The application of speckle interferometry to inplane displacement 
measurement has also been extended to ceramic specimens maintained at 
elevated temperatures. The optical interferometer configuration has been 
modified, as shown in Figure 23, to overcome interference and system 
heating due to furnace radiation. An Argon laser line filter centered at 
514.5 nm was used to block background light from the furnace. A hot 
mirror was placed in the optical train to reduce the heat load on the 
camera. 

Rigid body displacement measurements of Sic specimens at elevated 
temperatures were also made. The Sic was heated to a predetermined tem- 
perature and allowed to reach thermal equilibrium. A known rigid body 
translation was applied to the specimen. The resulting speckle inter- 
ferograms from this motion were analyzed with the point-by-point analysis 
method. Figures 24a and 24b show the interference fringes resulting from 
a 10 pm displacement at 1200°C and 1400'C, respectively. Although the 
image quality of the reproductions is poor, it was possible to experimen- 
tally determine the rigid body translations from the raw data. 

The measured displacements were 10.1 & .5 pm, 10.3 & .5  pm and 
11 & 1 pm for 10 pm translations performed at lOOO'C,  1200'C, and 14OO0C, 
respectively. 
did degrade the signal-to-noise ratio of the collected data even with the 
line filter in place. As the temperature is increased, the noise con- 
tributed by background radiation increases. Reducing the amount of time 
the film is exposed to the extraneous light enhances the signal-to-noise 
ratio. However, the noise in the data collected at 1400°C still affects 
the measurement precision attained. Methods to further enhance the 
signal -to-noise ratio were investigated. 
area used during data analysis the SNR was substantially improved. 

by comparison of the interferometer measurements with mechanical strain 
gage measurements. A tensile stress was applied to an aluminum specimen, 
and the induced strain was measured with a WK-06-062AP-350 strain gage and 
with the speckle interferometer. 
showed an average random deviation of 2.5% for 4 measurements. 

Background radiation emission from the specimen and furnace 

By increasing the integration 

The re1 i abi 1 i ty of the strain measurements was further demonstrated 

Comparison of the measured strains 



Argon laser Beam 
Expander 

in furnace 

Figure 23. Speckle Interferometer Optical  Configuration. The f i l t e r s  shown 
have been added t o  the configurat ion f o r  use under elevated 
temperature conditions. The quartz window encloses the f r o n t  
o f  the furnance. 
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Figure 24. Speckle interfero rams for Sic specimen displaced 10 pm a t  
1200°C ( a )  and 14 8 0°C ( b ) .  
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The speckle interferometer was also used to monitor Sic specimens 
tested at temperatures of 1OOO'C using a slow load rate of 0.001 in/min. 
During these tests a succession of speckle data was collected and analyzed 
to provide measurements of strain-to-failure. A typical plot of the 
measured strain as a function of load rate is shown in Figure 25, the 
initial oscillatory behavior is presumed to be strain induced in the 
specimen by other effects in the tensile tester (such as mechanical set- 
tling, reseating of the collets, etc.). 
the strain in the specimen approximates its expected linear behavior. 
load required to reach such a condition has been found to be consistent 
from specimen to specimen. 

Once these effects are minimized, 
The 

Database Develoment 

Activities to develop a more comprehensive database for Sic and Si3N4 
ceramics from the literature was continued. 
sources have been reviewed and the data collected have been entered into 
our Dbase I 1 1  program. 
summarized in Table 9, and the flexural strength data collected from 14 
reference sources are summarized in Table 10. 
tion activities we compared the flexural strength values reported by five 

The results of these comparisons are graphically displayed in Appendix 2. 

variation in the strength values measured for the different candidate Sic 
and Si3N4 ceramics. 
strength values reported by different organizations for the same 
materials. 
by the materials' manufacturers. 

Forty-eight literature 

Some of the property data stored in our program is 

As part of our data collec- 

different organizations for the major candidate Sic and Si3N4 ceramics. 1-5 

As shown in Appendix 2 and Tables 9 and 10, there is considerable 

In addition there was considerable variation in the 

These observations suggest the need for better qual ity control 

1. IITRI (data published by D. Larsen) 
2. ORNL (data supplied by M. Ferber) 
3 .  UDRI (data generated in ORNL-sponsored project). 
4. 
5. 

Garrett (data presented at ATTAP, August 1988). 
Allison (data presented at ATTAP, August 1988). 
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I 3 5 7 
PHOTOGRAPHIC FRAMES 

F i g u r e  25. S t r a i n  measured f o r  Hexoloy-SA specimen #63 t e s t e d  i n  
t e n s i o n  a t  1000°C t o  f a i l u r e  a t  866.4 kg (1910 l b s . )  
( t e n s i l e  s t r e n g t h  - 269 MPa). 



T a b l e  9. 

M a t e r i a  1 
Desi g r i a t i  on 

AY6 

AY6 
AY6 

AY6 

AY5 

PY6 

PY6 
?Y6 
PY6 

PY6 
SN-a-Sic 

NC-490-L 
WC-430-H 
6-HP-Sic 
NC-201 -HP 
NC-203-HP 
KT-S i C 
NC-430 
NC-433 

Summary o f  Property Data Col 1 ected 

Measured C o e f f i c i e n t  o f  W/mk Avg. F l e x u r a l  
M a n u f a c t u r i n g  Compos i t ion  D e n s i t y  Hardness Expans ion  The rrna 1 S t reng  t h/Te s t 

Process M a t e r i a l  Type (q/cm3) (Kg/mmZ) (10-6/"C) C o n d u c t i v i t y  Temp. (MPa) 

S I N  Si3N4+AP203+Y203 3.24 
s l i p  c a s t ,  SN Si3N4+AP203+Y203 3.23 

i n j e c t i o n  molded, Si3N4+AP203+Y203 3.25 

h o t  p ressed S i  3N4+AP203+Y203 3.22 
i n j e c t i o n  molded, Si3N4+AP203+Y203 3.23 

SN 

H I P  

i sopressed,  SN 
s l i p  c a s t ,  SN 

h o t  p ressed 
H I P  

SN 

SN 
HP 
HP 
HP 
HP 
HP 
HP 

H? 
HP 

Si3N4+Y203 
Si3N4+Y203 
Si3N4+Y203 
Si3N4+Y203 

Si3N4+Y203 
S i c  
S i c  
S i c  
S i c  
s-ic 
S i  C 
S i c  
S i C  
S i c  

NC-132 HPSN HP Si3N4 

3.25 
3.25 

3.22 
3.21 

3.15 
2.!0 
2.75 
3.17 
3.32 

3.35 
3.10 
3.09 

3.05 

696.4 
834.3 
896.4 

930.8 
985 

551 .5  
689.5 

834.3 
633.6/25"C 
54O.6/89O0C 
586.8/!O3O0C 
431.6/12OO0C 
451 .6/'i40C°C 

873 
425 
'I 48 

105 
265 
728 
7 60 

147 
117 
'I 05 

787/25"C 

Wei b u l l  
Modulus 

9 
20 
14 

13 
20 

11 

21 
18 

7 . 3  

13 

6 . 5  



Table 9.  Summary o f  Property Data Collected (Continued) 

Measured Coefficient of W/mk bvg. Flexural 
Material Manufacturing Compos i ti on Density Hardness Expansion Thermal StrenSth/Test 

Designation Process - Material Type (g/cm3) (Kg/mm2) (10-6/"C) Conductivity Temp. (MPa) 

NC-132 HP Si3N4 
HPSN 

725/1038"C 
725/1038"C 
679/1038"C 
666/ 1038°C 
665/1204"C 
688/1204"C 
609/!204"C 
545/1204"C 
484/1204"C 
411/ 1371°C 
363/1371"C 
3!3/1371"C 

401/20"C 
772.a2/20°c 
750/ 300°C 
720/600"C 
686/900"C 
640/1100"!: 
624.67/12OO0C 
5O5/130O0C 
412/135OoC 
335.5/14OO0C 
152.18/1204"C 
85.i4/13OO0C 
281.43/10OO0C 

Wei bull 
Modulus 

12.6 

16.5 
14.5 
9.9 
13.0 
25.8 
12.2 
16.0 
8.0 
14.3 P 

7.0 0 
r\) 

l i . 2  
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Table 9 .  Summary o f  Property Data Collected (Continued)  

Mater i a1 
Designati 

RBSN NC-350 
NC-132 
NC-136 
NC-350 
RBSN 
RESN 
NC-203 
a-SiC( 1977) 
a-SiC( 1978) 
NC-132 
a-sic 

NC-132 

Manufacturing 
Process 

RB 
! iP 
HP 
RB 
RS 
RB 
HP 
SN 

SN 
HP 

SN 

SN 

HP 

Corr.pos i t i  on 
Material Type 

S i 3 N 4  
Si3N4 'YzO3 
Si3N4 +Y203 
Si 3k4 

Si3N4 
S i  3N4 
Sic 
SIC 

S i  C 
Si3N4 
Sic 

Si 3 N 4  

S i  3N4 

Measured 
Dens i ty 
(g/cm3) 

3.23 
3.37 
3.37 
2.53 
2.58 
2.77 
3.36 
3.11 
3.13 
3.18 

Coefficient o f  W/mk Avg. Flexural 
Hardness Exparision Thermal Strength/Test Weibull 
(Kg/rnm2) (10-6/'C) Conductivity Temp. (MPa) Modulus 

584/20°C 
176.61/20°C 
825 
237 
921 
294 
206 
288 
653 
375 

2000 30 363 
71 9.6-836.92"C 
198/ 20 O C 
312/120OoC 
265/1300"C 

695.7/2OoC 
688.5/50OoC 
684.4/50O"C 
476.6/10OO0C 
536/1200°C 
519.33/13OO0C 
472.3/1400°C 

2.75 x 10-6 200 1000.87 
448.74/2OO0C 

956.57/400"C 
947.37/60OoC 

P 
Iu 
Iu 



Tab le  9. Summary o f  P r o p e r t y  Data  C o l l e c t e d  (Conc luded)  

Yeasu red Coefficient o f  W/mk Avg. Flexural 
Material Manufacturing Composition Density Hardness Expansion Thermal Strength/iest Weibull 

Desi gna ti on Process Material Type - (g/crn3) (Kg/mm2) (10-6/"C) Conductivity Temp. (MPa) Modulus 

NC-132 HP Si3N4 3.14 840.35/8OO0C 
870.53/10OO0C 

690.12/12OO0C 
SNK-1000 SN Si3N4+kP203+Y203 3.0 308.01/1375"C 16.5 

468/ 20°C 8.2 

42O/2O0C 

3 64/800 O C 
272/10C)0°C 
293/11OO0C 
276/1200°C 
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Tab le  10. Summary o f  F l e x u r a l  S t r e n g t h  Data f o r  Reference Sources 1-14 

Source 
No. 

1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

. .  

M a t e r i a l  
D e s i g n a t i o n  

AY 6 
AY 6 
PY 6 
AY 6 
AY 6 
AY 6 
PY 6 
PY 6 
PY 6 
PY 6 
PY 6 
PY 6 
PY 6 
PY 6 
NC-400-L 
NC-400 - H 
BETA-HP-Sic 
NC-201-HP 
NC- 203-HP 

NC-430 
NC-433 

NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 

KT-Si C 

SN-ALPHA-Sic 

Type 

S i  3N4 
S i  3N4 
S i  3N4 
Si3N4 
S i  3N4 
s i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  C 
S i  C 
S i  C 
S i  C 
S i  C 
S i  C 
S i  C 
S i  C 
S i c  
S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
Si3N4 
S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 

T e s t  
No. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
4 
5 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21  

-- 

N O .  Q f  
Specimens 

8 
10 
10 
10 
10 
10 

9 
6 

36 
2 
2 
6 
8 

10 
0 
0 
0 
0 
0 
0 
0 
0 
0 

30 
15 

5 
30 
30 
30 

5 
15 
30 
30 

5 
30 
30 
30 
30 

5 
30 
30 
15 
30 
11 

Temp. 
( " 0  

25 
25 
25 
25 
25 
25 
25 
25 
25 
800 
1000 
1200 
1400 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
704 
704 
87 1 
87 1 
871 
87 1 
1038 
1038 
1038 
1038 
1204 
1204 
1204 
1204 
1204 
1371 
1371 
1371 
20 
20 

.. . 

F1 e x u r a l  
S t r e n g t h  (MPa) 

930 
986 
834 
696 
834 
896 
551 
689 
633 
540 
586 
43 1 
45 1 
873 
148 
105 
265 
728 
760 
147 
117 
105 
425 
787 
730 
731 
728 
759 
727 
8 18 
725 
725 
679 
666 
665 
688 
609 
545 
484 
411 
363 
313 
401 
772 



425 

Tab le  10. Summary o f  F l e x u r a l  S t r e n g t h  Data f o r  Reference Sources 1-14 
(Con t inued)  

Source 
No. 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 

Ma t e r i  a 1 
D e s i g n a t i o n  

NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC-132-HPSN 
NC- 13 2 - H PSN 
NC-132-HPSN 
NC-132-HPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FH PS N 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHI’SN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
FHPSN 
RBSN-NC 350 
NC-132 
NC-136 
NCX-34 
NC-350 
RBSN 
RBSN 
NC-203 

Type 

S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  C 

ALPHA-SiC(1977)SiC 

Tes t  
No. 

22 
23 
24 
25 
26 
27 
28 
29 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
1 
1 
1 
1 
1 
1 
1 
1 
1 

No. o f  
Spec i men 

3 
3 
3 
3 
3 
3 
3 
2 

30 
30 
30 
15 
30 
30 
10 
30 
35 
35 
35 

5 
29 

5 
0 
3 
2 
3 
2 
4 
1 
2 
2 
3 
1 
1 
2 

3 1  
24 
14 
10 
16 
25 
16 
10 
20 

Temp. 

300 
600 
900 
1100 
1200 
1300 
1350 
1400 
25 
704 
87 1 
87 1 
87 1 
1038 
1038 
1038 
1204 
1204 
1204 
1371 
1371 
1371 
20 
400 
600 
800 
900 
1000 
1050 
1100 
1150 
1200 
1250 
1300 
20 
20 
25 
25 
25 
25 
25 
25 
25 
25 

m F1 e x u r a l  
S t r e n g h t  (MPa) 

750 
720 
686 
640 
625 
505 
412 
335 
668 
697 
591 
599 
579 
548 
596 
531 
48 1 
439 
368 
324 
2 54 
213 
415 
409 
375 
364 
358 
390 
370 
337 
375 
340 
268 
248 
584 
176 
825 
237 
92 1 
294 
206 
288 
683 
375 
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Table 1 0 .  Summary o f  Flexural Strength Data f o r  Reference Sources 1-14 
(Concl uded 1 

Source Material 
No. Des i g n a t  i on Type 

6 
9 

10 
10 
10 
11 
11 
11 
11 
11 
11 
11 
12 
12 
12 
12 
12 
12 
12 
12 
14 
14 
14 
14 
14 
14 

ALPHA-Sic( 1978)SiC 
NC-132 Si  3N4 
ALPHA-Si C S i c  
ALPHA-Si C S i  C 
ALPHA-Si C S i  C 
NC-132 S i  3N4 
NC-132 Si3N4 
NC-132 Si3N4 
NC-132 Si3N4 
NC-132 Si3N4 
NC-132 S i  3N4 
NC-132 S i  3N4 

S i  3N4 
Si3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 
S i  3N4 

SNW-1000 S i  3N4 
SNW- 1000 S i  3N4 
SNW-1000 S i  3N4 
SNW-1000 S i  3N4 
SNW- 1000 S i  3N4 
SNW-1000 S i  3N4 

Test 
No. 

1 
1 
1 
2 
3 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
4 
5 
6 

No. of 
Specimen 

36 
30 

6 
4 
2 

15 
2 
3 
5 
3 
3 
3 

40 
3 
4 
4 
4 
4 
4 
4 

12 
50 

7 
7 
4 
2 

Temp. 
( " C )  

25 
25 
20 
1200 
1300 
20 
500 
800 
1000 
1200 
1300 
1400 
25 
200 
400 
600 
800 
1000 
1200 
1375 
20 
20 
800 
1000 
1100 
1200 

Flexural 
Strength (MPa) 

363 

198 
312 
265 
695 
688 
684 
476 
536 
519 
472 
1000 
948 
966 
947 
840 
870 
690 
308 
468 
420 
364 
272 
293 
276 

720-837 



427 

The laser Raman microprobe facility has bee used t o  obtai 
structural information about selected S i c  ceramic specimens. Ihe system's 
ability t o  detect crystalline characteristics an a microscop ic  scale 
permits t h e  determination of phase and t h e  probable  o r i e n t a t i o n s  o f  in- 
dividual grains within the ceramic specimen. The specimens i n  this 
analysis include those f r o m  SOH10 (Mexoloy S A ) ,  CVD ( S i c ) ,  and Waytheon 
(Sic), The SOHIQ inaterial  has a hexagonal crystal structure, while t h e  
remaining materials are b o t h  c h e ~ ~ c a l - v a p o r - d e p o s i t e d  (CVU) Sic o f  c u b i c  
structure. 

The system has been designed t o  allow selective prob ing  o f  t h e  l a t -  

tice vibrational rriodes by providing polarization control O F  the  
incident. and scattered radiation. The specimeu is clamped to a 
translating/rstating s tage  which allows accurate positioning o f  the 
specimer for microscopic analysis, Using efficient signal collection and 
data normalization, s p a t i a l  resolutions smaller than the apparent g r a i n  
s i z e s  in the SOH10 specimen can be reproducibly achieved, 
materials should have two f i r s t  order Raman modes (lines), the t ransversp  

optical (TO) and t h e  longitudinal o p t i c a l  (LO)  modes, w I l e  the hexagonal 
material has about 15 modes. 

The CVD specimen exhibited an apparent 5plitting o f  the  normally 
doubly degenerate TO mode shown in Figure 26, 
the relative strength o f  these split TO modes varies across the  surface of 
the  CVU material. 
investigation. I t  is t h o u g h t  t o  be due eo a residual stress or some o t h e r  

influence in the  specimen, perhaps due t o  layering, resulting from the C V D  
process. 

o f  the orientation of the influence w j t h i n  the specimen, or a variation i n  
the i n f l u e n c e  across the surface. 
similar TO splitting, but to a lesser degree, a s  shown in Figure 27. 

Figures 28 and 29 illustrate the results o f  studies o f  the SOH10 
specimen a t  a fracture edge. 
edge a t  increments o f  4 to 5 pin. The intensities o f  Raluan lines from 
axial crystals depend on the  polarization and directions o f  the incident 

The cubic 

The splitting as well a s  

The origin o f  this splitting is currently under 

The variation of t he  s p l i t t i n g  suggcsts e i ther  a nonuniforrnity 

The Raytheon specimen also displayed 

'[Re microprobe was stepped away fram t h e  
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810 760 810 760 

RAMAN SHIFT (cm-’) RAMAN SHIFT (cm-’) 

Figure 26: Two spectra from the cubic CVD Sic specimen. 
The spectrum of the expected TO mode is shown on the 
left. The right hand spectrum shows evidence of 
TO splitting. 

Figure 27. Mode splitting in the cubic Raytheon (cvd) Sic 
specimen. Note that the TO splitting is much smaller than 
shown in Figure 1. 

on edge 20 microns to edge 

Figure 28: Fracture edge studies from the hexagonal 
SOHIO SIC specimen. A spectrum from the edge of the 
specimen (L) shows the presence of a sharp E, mode at 
777 cm -’ which is not seen in the spectrum 20 rn from 
edge (R). 

15 microns from edge 20 microns from edqe 

Figure 29: Same as Figure 3 except at a different location 
on the edge. The El mode at 795 cm-’ appears (R) in a 
neighboring region. 

810 760 810 760 

RAMAN SHIFT (cm-‘) RAMAN SHIFT (cm-’) 
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and scattered light. 
crystalline orientations of neighboring grains, 
tion of these kinds o f  observations requires both detailed theoretical 
modeling and extensive two-dimensional mapping o f  the Raman spectra froin 
many specimens. The modeling i s  being pursued while the mapping effort 
will be limited to one-dimensional studies o f  selected specimens. 
Nevertheless, it is evident that the Waman microprobe provides a sensitive 
t o o l  for studying these materials. 

Thus, the spectra show apparent variations in t h e  
Quantitative interpreta- 

Analysis o f  specimen orientation i n  flexural strwgqth measurements 
During t h i s  reporting period e have a l s o  been conducting an analysis 

to theoretically evalua te  the effects o f  the change in orientation of 4 -  
point bend tes t  bars in their fixtures from the conventional 
dimensional horizontal, t o  the a1 ternative wide-dimension vertical. Of 
particular interest t o  this analysis was the possibility that the use of  

the alternative vertical test orientation might appreciably increase the 

1- at i o D f v o 1 u me - f 1 aw - i n i t i at ed f a  i 1 ti res t a surf ace ~ f9 aw - i n i t i at ed 
fai 1 ures, 

wide- 

The analysis assumes that S i c  and S i 3 N 4  materials are subject to two 
principal failure modes: failures originating at surface flaws and 
failures originating a t  volume flaws. A Hecibull model that takes into 
account the  two failure modes i s  being employed t o  conduct parametric 
evaluations employing selected sets o f  Wei bull volume and surface strength 
parameters. The Weibull parameters being used are representative o f  low-, 
medium-, and high-strength Sic and Si3N4 materials characterized i n  our  

p r o j e c t .  
Although volume-flaw-initiated failures are seldom seen in conven- 

tional four-point flexural tests, such failures represent about 10% of 
tensile tes% failures. The relative distributians of volume and surface 
flaw failures in tensile tests are being used i n  conjunction w i t h  the 
Vcibull parameters measured in 4-point flexural tests. The Weibull 
parameters determined in 4-point flexural tests are considered repre- 
sentative of the surface failure mode. It should be noted, however, tha t ,  
surface fai 1 ure mode Wei bull characteristics of flexural and tensi 1 e 
specimens are likely to differ. This i s  so because different specimen and 
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surface finishing techniques are employed in the preparation of tensile 
and flexural specimens. Weibull properties are functions of the surface 
flaw populations that result from specimen preparation. 

dividual values of both the Weibull modulus and the Weibull scale factor 
for the volume failure mode. 
kleibull model.) However, there is a basis for the determination of com- 
binations of modulus and scale factor values that are consistent with 
measured values and assumptions. Thus, the approach employed in the 
analysis is t o  evaluate the effects of various combinations o f  modulus and 
scale factor through a methodical variation o f  the parameters. This 
parametric evaluation is being conducted for the three classes o f  
materials: high, medium, and low strength. 

distribution probabilities of failure for both surface and volume failure 

From the available information it is not possible to identify in- 

(The analysis employs a two-parameter 

Based on the assumptions outlined above, the Weibull cumulative and 

modes are being calculated for 4-point bend specimens oriented both 
horizontally and vertically in the flexural test apparatus. The relati 
fraction of volume failures depends on the value assumed for the voluine 
failure mode Weibull modulus. 
modulus (associated with relatively tight flaw size distributions) are 
predicted to produce much higher percentages of volume failures in vert 
cally oriented specimens than would low values o f  the modulus. For 
example, mid-strength, vertically oriented, 4-point bend specimens with 
volume strength modulus of m = 49 would have about 18% volume failures 
while a mid-strength material with a volume modulus o f  m = 5 would e x -  
perience less than 1% volume failure. 

Concl usions 

1. 

High values o f  the volume mode Weibull 

The S i 6  and SiC/TiB2 ceramics had measured flexural strengths 
that remained relatively constant from 2O0-14O0"C irrespective of the 
loading rate (see Figure 1). 
subject to slow crack growth at elevated temperatures. 

flexural strengths than those measured for the Sic ceramics; however, at. 
the higher temperatures the flexural strength decreases markedly (see 

These Sic ceramics also did not appear t o  

2. The Si3N4 ceramics tended to have higher room temperature 

e 

- 

a 

be 
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Figure 2 ) .  
growth and plastic deformation at temperatures i n  excess of 1200'C (see 
Figure 30). 

3 .  for the Hexoloy SA material was 
about 60% o f  the flexural strengths measured a t  2O9C, lOQO'C, and 140O"C, 
Heat treating the Hexoloy-SA improved room temperature tensile strength 
about 4077. Allowing the copper collets to deform (flow) prior to rapid 
loading appeared to reduce the number s f  buttonhead failures during ten- 
sile testing. 
resulted i n  strength values that were about 80% o f  the measured flexural 
strength. Heat treating increased breaking loads by about 50%. Allowing 
t h e  copper collet to deform prior t o  fast fracture also appeared to reduce 
buttonhead failures i n  the NT-154 material. However, more work s re- 
quired in developing the tensile testing protocol to be used. 

An effective technique for measuring strain during tensile test- 
ing has been developed. 
measure displacements as small as 3-5  pm (+ 1/2 pm). 
proven effective at temperatures from 2U"-14OO0C. 

I n  addition, the Si3N4 ceramics are susceptible to slow crack 

The tensile strength measure 

Preliminary tensile strength measurements of the NT-154 

4 .  
T h i s  technique uses speckle interferometry to 

This technique has  
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APPENDIX 1 

Computer generated graphs of  l n a f  versus ln; f o r  the e ight  

candidate materials evaluated. 
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APPENDIX 2 

Flexural strength versus temperature reported by five different  

organizations f o r  major candidate S i C / S i 3 N 4  ceramics. 
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Low Heat Reiection Diesel Cou~on  Test 
C. R.  Brinkman, G. M. Begun, R. L. Graves, W .  K .  Kahl, and K. C. Liu 
(Oak Ridge National Laboratory) 

Object i ve/scoDe 

The objective of this task is to expose various structural ceramics 
to conditions found in a small diesel engine. Commercially available 
ceramics, as well as new candidate monolithic and whisker-toughened 
ceramics, will be fabricated into small modulus o f  rupture (MOR) bars, 
nondestructively examined, and exposed to a variety of operating 
conditions within a small diesel engine. Subsequent to exposure, the 
bars will be nondestructively and destructively examined and the results 
compared to an unexposed data base. 

Technical proqress 

PSZ - TS 

Four bars of this material were exposed to the combustion 
conditions o f  diesel engine No. 2,  i.e., two-cylinder indirect-injection 
and air coaled, f o r  100 h. The engine burned a 50/50% blend of Philip's 
0-2 diesel fuel (reference) and an aromatic. The aromatic blend was a 
53.5% (wt) Philip's Light Cycle Oil (LCO), and 46.5% (wt) Exxon Heavy 
Aromatic Naptha (HAN). Subsequent to exposure, the bars were subjected 
to Raman spectroscopy scans to determine any localized increases in 
apparent manocl inic content as was previously reported' for an engine 
which burned reference D-2 diesel fuel. 
monoclinic content as a function of distance from the clamped or fixed 
end as held within the engine. 
assigned to each bar in order to define positioning within the engine. 
Figure 1 does show a localized increase in monoclinic content 12 t o  
15 mm from the clamped end o f  each bar. 

Subsequent to Raman spectroscopy examination, the 50-mm bars were 
subjected t o  four-point bend rupture tests at room temperature. 
of these rupture tests were as follows: 

Figure 1 is a plot o f  apparent* 

North and South are designations 

Results 

Rupture strength 
Specimen number Position in enqine [MPa) 

PSZ -TS- 70 North 544.66 
PSZ-TS-145 South 532.74 
PSZ-TS-142 South 499.05 
PSZ-TS-143 North 427.68 

The above comparisons with limited data indicates that position in the 
holder and thus orientation within the engine is not important. 

*Percent moncdcl inic content assuming sample t o  be 100% monoclinic 
pll us tetragonal . 
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Results from those four MOR tests are compared with the MOR control 
specimens (as fabricated) and 14 MOR results from bars exposed to 
the control diesel fuel environment in Table 1. The results are limited, 
but show that the synfuel environment was less deleterious to the 
strength, i.e., 15% decrease, than the control diesel fuel, i.e., 32%, 
in comparison to the as-fabricated material. Figure 2 is a Weibull plot 
comparing probability of failure of the fracture strengths of four bars 
exposed in the synfuel environment t o  the as-fabricated material. 

PSZ-MS 

A total of four bars of this material (MS-111, MS-112, MS-113, and 
MS-114) were exposed for 100 h in a diesel engine combustion 
environment. A synfuel mixture, as described above, again served as the 
fuel. Specific rupture values were as follows: 

Rupture strength 
Soecimen number Position in enqine (MPa) 
PSZ-MS-113 South 634.90 
PSZ-MS-111 South 632.28 
PSZ-MS-112 North 621.72 
PSZ-MS-114 North 617.87 

Results from four subsequent MOR tests conducted on the bars with 
similar tests conducted on bars exposed to the reference diesel fuel 
environment, and unexposed bars are shown in Table 1. Note that in this 
case, the reduction in strength (8-9%) is about the same regardless of  
the fuel in comparison to unexposed bar fracture strengths, Figure 3 i s  
a Weibull plot comparing MOR results of the four bars previously exposed 
in the synfuel combustion environment with the unexposed or  control 
materi a1 . 

Figure 4 is a photograph showing the fracture locations of both the 
TS and MS grade materials that was given engine exposure. 
materials shows random fracture locations whereas the TS grade fractures 
occurred near the upper loading points. 
fractured about 15 mm from the cold or clamped end of the bar, 
coinciding with the location of maximum monoclinic content as shown in 
Fig. 1. 

The MS grade 

Specimens TS-70 and TS-143 

Silicon Nitride (WESGO SNW-1000) 

A total of 12 bars has now been exposed for 100 h in the reference 
diesel fuel combustion environment. These bars have all been subject t o  
four-point bend rupture at room temperature, and results are compared i n  
Table 2 w i t h  unexposed or control fracture d a t a .  
in Table 1 shows a slight (7%) increase in mean fracture strength in 
comparison to the unexposed material. Figure 5 is a Weibull plot 
comparison of the exposed and unexposed rupture strengths. 
fractographic analysis will be given in a subsequent report. 

considerably weaker than the lots employed in the International Energy 
Agency investigation. 

The comparison given 

Results from 

It should be mentioned that this particular lot of material was 
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In that study, the following statistical information was obtained. 

Mean strength: 552.3 
Standard deviation: 73.8 MFa 
Number of data results: 877 
Wei b u l l  modul us 
Maximum likelihood: 10.47 
Linear regression: 16.73 

The manufacturer was contacted regard ing the decreased strength o f  this 
lot (#134-MA-1687). He reported that this l o t  had heen reheated to the 
sintering temperature.  
this study (72 specimens) has indicated that all bars contained numerous 
indications. Some o f  which suggested vo ids  larger than the 50 ,urn voids 
typical o f  sintered material Surface wave results also detected 
~ I ~ J ~ ~ W J S  near-surface voids. 

Ultrasonic inspection o f  the let being used in 

References 

1. C. W. Brinkman e t  al., Influence o f  Diesel Engine Combustion on 
the Rupture Strength o f  Partially Stabi l ized Zirconia, QWNL-6513, 
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Table 1. Rupture s t rength  o f  
SNW- 1000 

Rupture Specimen P o s i t i o n  i n  strength 
( M W  number engine 

SNW-1000-1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

North  
South 
North  
South 
North  
South 
North  
South 
North 
South 
South 
North  

533.9 
515.4 
508.5 
566.3 
517 .1  
527.8 
535.4 
577.7 
561.1 
542.0 
557.3 
576.6 



Tab le  2. R e s u l t s  o f  four-point bend t e s t s a  conducted on MOR bars o f  several d i f f e r e n t  materials 

Reduction 
Average Standard in Wei bull modulus y-intercept 

Material strength deviation averageb 
(!!Pa) (FIPaj strength condition i i  near Flax i wum Linear Maximum 

Number 
o f  

observations 
@) regression 1 ikelihood regression ljkzlihaod 

53 
4 

14 

40 
4 

20 

40 
12 

As fabricated 31.7 
Engine-expsed 10.4 
for 100 h 
Engine-exposed 3 . 5  
for 100 he 

As fabricated 29.2 
Engine-ex osed 35.4 
for 100 h 
Engine-exposed 19.8 
for 100 he 

e 

As fabricated 10.8 
Engine-exposed 26.4 
for 100 he 

PSI -  T§ 

48.6 -202.7 -310.2 
15.3 -65.3 -95.5 

4 . 2  -21.6 - 2 5 . 4  

PSZ-MS 

2 9 . 7  -191.1 - 1 9 4 . 5  
1 0 0 .  r.l -550.8 -544.4 

22.0 -124.7 -141.9 

GTE Wesgo ~nr~-.~uood 
11.2 - 6 7 . 8  - 7 0 . 5  
2 6 . 2  -166.8 - 1 6 5 . 3  

587.3 
501.0 

401.8 

682.9 
526.7 

625.0 

505.5 
543.3 

20.3 0 
52.6 15 

120.5 32 

28.6 0 
8.2 8 

38.7 9 

.p 
-4 w 

56.3 0 
24.1 7f  

'Tests were conducted with a crosshead speed of 8.47 * 
bReduction i n  strength in comparison t o  as-fabricated material. 

'Fuel was a 50/50% blend o f  P h i l l i p ' s  0-2 Diesel Fuel (reference f u e l )  and an aromatic blend. 
dMaterial from lot number 174-HA-1607 and re-heat-treated to sintering temperature. 
eFuel was control diesel (reference fuel). 

mm/s or a strain rate of 1 . 1  * s - ' .  

I ncrease . 
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ORNL-DWG 89-9869 

Fuel: 50/50 % Mixture Philips D-2 Diesel 
And Aromatic Blend. 

I 
40 

30 

20 

0 Specimen 143, North Position 

I Specimen 145, South Position 

0 Specimen 70, North Position 

0 Specimen 142, South Position 

l o  - 

0 I I r I 

0 1 0  2 0  30  4 0  5 0  

DISTANCE FROM CLAMPED OR COLD END, mm 

Beam Direction 

Fig. 1. Raman spectroscopy scans o f  PSZ-TS grade ba r s  
exposed f o r  100 h in  d i e s e l  engine No. 2 .  
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MOR (MPa) ORNL-DWG 89-9083 
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5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 

Ln (MOR) 

Fig. 2 .  Weibull plot comparing fracture 
strengths of four specimens (TS-70, TS-142,  
TS-143, and TS-145) o f  Nilcra PSZ-TS grade 
previously exposed for 100 h in diesel engine 
burning a synfuel mixture with fracture strengths 
of unexposed or control material. All t e s t s  were 
performed a t  room temperature. 
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Fig. 3 .  Weibull plot comparing fracture 
strengths of four specimens (MS-111 ,  M S - 1 1 2 ,  
M S - 1 1 3 ,  and MS-114) of Nilcra PSZ-MS grade, 
previously exposed for  100 h i n  a diesel engine 
burning a synfuel mixture with fracture strengths 
o f  unexposed or control material. Al l  t e s t s  were 
performed a t  room temperature. 

* 
t 
d m 
m 

n 

U 



477 

I TO DIESEL ENGINE COMBUSTION CONDITIONS 
L WAS A 50/50 I MIXTURE OF PHILIPS D-2 

ATlC BLEND. 
I 

Fig. 4. Photograph of bars showing 
locations of rupture in four-point bending 
following engine exposure. 
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Fig.  5.  Weibull p l o t  comparing fracture 
strengths o f  twelve s i1  icon n i t r i d e  (WESGO SNW-1000) 
bars exposed f o r  100 h i n  a reference diesel fuel  
combustion environment with s imi lar  resul ts  from 
unexposed materi a1 . 
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3.4 FRACTURE MECHANICS 

Testinq and Eva7uation o f  Advanced Ceramics at Hiah Temperature in 
Uniaxi a 7 Tension 
J. Sankar, A. D. Kelkar, and V .  S. Avva (North Carolina A&T State 
University) 

0b.iecti ve/scope 

The purpose of this effort is to test and evaluate advanced ceramic 
Testing may materials at temperatures up to 1500°C in uniaxial tension. 

include fast fracture strength, stepped static fatigue strength, along 
with analysis of fracture surfaces by scanning electron microscopy. 
This effort is comprised of the following tasks: 

Task 1: Specifications for testing machine and controls 
pl us procurement 

of specimens 

plus procurement 

Task 2: Identification of test material(s) p 

Task 3 :  Identification of test specimen conf 
Task 4: Specifications for testing grips and 

us procurement 

gurat i on 
extensometer 

Task 5 :  

Task 6: 
Task 7: 
Task 8: Reporting (periodic) 
Task 9: Final report 

Specifications for testing furnace (procurement) 

Development of test plan 
High temperature tensile testing 

and control s 

It i s  anticipated that 
behavior of ceramic materia 
tens i on. 

this program w 
s at very high 

11 help in understand ng the 
temperatures in uniax a1 

Technical Droqress 

During the reporting period, efforts were undertaken to study the 
creep rupture characteristics of sintered silicon nitride in the 
temperature range of 1000 to 1200°C in uniaxial tension. Efforts also 
are underway to create an inhouse testing program for this test, t o  be 
run on the Micro-PDP/11 computer attached to the MTS 880 testing 
machine. 
characteristics of sintered silicon nitride in the elevated temperature 
ranges. 

These tests are expected to give an idea of the strength 

Status o f  milestones 

Tasks 1-7 are complete. 



S t a n d a r d  T e n s i l e  T e s t  Development 
S .  M. Wiederhorn, T.-J. Chuang, Weijun Liu and D. E. Roberts 
(The National Institute of Standards and Technology) 

Obiective/scope - 

This project is concerned with the development of test 
equipment and test procedures for measuring the tensile strength 
and creep resistance of ceramic materials to tensile stresses at 
elevated temperatures. Inexpensive techniques of measuring the 
creep and strength of ceramics at elevated temperatures are being 
developed and will be used to characterize the mechanical behavior 
of structural ceramics. The test methods will use self aligning 
fixtures, and simple grinding techniques for specimen preparation. 
Creep data obtained with tensile test techniques will be compared 
with data obtained using flexure and compressive creep techniques. 
The ultimate goal of the project is to assist in the development of 
a reliable data base and a methodology that can be used for 
structural design of heat engines for vehicular applications. 

Technical progress - 

During the past six months, the creep and creep rupture 
behavior of hot-pressed silicon nitride, reinforced with Sic 
whiskers was studied as a function of applied stress and 
temperature. 
Dr. J. G. Baldoni of the GTE Laboratories in Waltham, MA. The 
objective of this work is to evaluate the effect of silicon carbide 
whisker re-enforcement on the creep behavior and the lifetime of 
these composite materials. 

This work is being conducted in collaboration with 

Experimental Technique - The silicon nitride matrix was similar to 
the AY6 grade sold by GTE. The composite contained approximately 
30 volume percent silicon carbide whiskers which were used for 
reinforcement. Dog-bone specimens, figure 1, developed a s  part of 
our tensile creep program were used in this study. The hot 
pressing direction of the billets used to make the test bars was 
perpendicular to the tensile axis. To assure failure o f  the test 
specimens within the gauge section of the tensile specimens, the 
gauge section was defined by surface grinding the central portion 
of the specimen with a 38 mm diameter grinding wheel so as to 
reduce the total thickness of  the gauge section to -2mm. This 
reduction of gauge section represents a minor modification of the 
specimen geometry discussed in previous reports, figure 1. The 
width and length of the gauge sections were approximately 2.5mm and 
10mm respectively. 

developed in an earlier phase of the project. The gauge length of 
the test specimen was monitored by placing small a-Sic flags on the 
central portion of the test specimen. The position of the f l a g s  
were monitored as a function of time with a laser extensometer, 

Creep tests were conducted using the tensile equipment 



48 1 

4.7 

0 

l - 0  
T- 

Dia. 

- 
4 

L 

38 Dia. 
4 

- 2.0 

_. 

- II 
1. The major and minor faces of the flat dogbone-shaped tensile specimen. 

A l l  dimensions are in millimeters. This figure is no t  drawn to scale. 



which w a s  capable  of an  accuracy of b e t t e r  than  + l p  i n  t h e  
measurement of d i s t a n c e  between the  two f l a g s .  This  l e v e l  of 
accuracy r e s u l t e d  i n  an  accuracy of  22pm i n  the  displacement 
measurements dur ing  t h e  eva lua t ion  of c reep  curves f o r  each 
specimen. D e t a i l s  o f  the  experimental  appara tus  w i l l  be publ ished 
s h o r t l y  ( D .  F .  C a r r o l l ,  S .  M .  Wiederhorn and D .  E .  Rober t s ,  "A 
Technique f o r  Tens i le  Creep Tes t ing  o f  Ceramics," J .  h. Ceram. 
SOC.). 

In t hese  s t u d i e s ,  the t e s t  temperature ranged froin 1100°C t o  
1250" .  Tes t s  were conducted i n  a i r ,  wi th  a s h o r t  =24 hour anneal  
t o  a s su re  thermal equili-brium wi th in  the  t e s t  furnace p r i o r  t o  
a p p l i c a t i o n  o f  the  s t r e s s .  Af t e r  a p p l i c a t i o n  of  t h e  s t r e s s ,  most 
specimens were permi t ted  t o  c reep  t o  f a i l u r e  so  t h a t  bo th  the  c reep  
and creep  rup tu re  behavior as a func t ion  of  app l i ed  stress and 
temperature  could be determined. Prel iminary s tudi-es  were 
conducted on specimens exposed t o  temperature and app l i ed  s t r e s s  
f o r  per iods  up t o  4 0 0  hours .  As t r a n s i e n t  e f f e c t s  w e r e  observed 
f o r  pe r iods  exceeding =500 hours ,  some tes ts  were a l s o  conducted on 
speci-mens t h a t  were pre-annealed i n  a i r  f o r  per iods  o f  ~ 5 0 0  hours .  

Af t e r  t e s t i n g ,  specimens were examined by o p t i c a l  and 
t ransmiss ion  e l e c t r o n  microscopy t o  c l a r i f y  the  modes o f  
deformation and f r a c t u r e  of  t h i s  material..  The resu l - t s  o f  t h i s  
m i c r o s t r u c t u r a l  a n a l y s i s  i s  presented  i n  a companion to t h i s  r e p o r t  
[ 3 . 1 ,  Mic ros t ruc tu ra l  Analysis of S t r u c t u r a l  Ceramics (NIST)]] and 

w i l l  no t  be d iscussed  i n  d e t a i l  h e r e .  

Resu l t s  and Discussion - Although t h e r e  w a s  v a r i a b i l i t y  i n  the  
appearance o f  t he  c reep  d a t a ,  a t y p i c a l  c reep  curve f o r  t h i s  
ma te r i a l  is  shown i n  f i g u r e  2 a .  A s  can be seen ,  a t r a n s i e n t  pe r iod  
of approximately 1/3 the  t o t a l  l i f e t i m e  i s  followed by a l i n e a r  
curve i n d i c a t i n g  a long s t a b l e  per iod  of s teady  s ta te  creep .  Of 
the  16  specimens t e s t e d  t o  f a i l u r e ,  only two gave any i n d i c a t i o n  of 
t e r t i a r y  c reep ,  f i g u r e  2b, which w a s  manifested by a small  i nc rease  
i n  t h e  s lope  o f  t h e  c reep  curve p r i o r  t o  f a i l u r e .  For the  
remaining specimens f a i l u r e  occurred without  enhancement o f  t he  
c reep  r a t e .  For four  of the  speci.mens an inve r se  primary creep 
s t a g e  w a s  observed,  f i g u r e  2c.  A s  such behavior  cou1.d be a 
consequence of a s m a l l  amount of bending due t o  misalignment o f  t he  
loading p i n s  i n  t h e  ho le s  p r i o r  t o  stress a p p l i c a t i o n ,  t hese  
inve r se  primary c reep  curves a r e  probably an a r t i f a c t  o f  t he  
experiment.  For the  same reason ,  curves  wi th  great1.y enhanced 
primary c reep  s t a g e s  may a l s o  be a consequence of specimen bending. 
Never the less ,  a l l  of the  curves exh ib i t ed  an  extended s teady  s t a t e  
c reep  behavior  SO t h a t  measurement of  the  s teady  s t a t e  c reep  rate 
on the  specimens s tud ied  was unequivocal.  

For c reep  times >500 hours ,  the  s teady  s t a t e  c reep  r a t e  w a s  
observed t o  be i r r eve r s ib l - e .  This e f f e c t  i s  i l l u s t r a t e d  i n  f i g u r e  
3 ,  which shows the c reep  curve f o r  a specimen s t r e s s e d  a t  1200°C 
f o r  t h r e e  d i f f e r e n t  app l i ed  s t r e s s e s .  Appl ica t ion  o f  30 MPa t o  the  
specimen f o r  >SO0 hours sugges ts  a s teady  s t a t e  c reep  r a t e  o f  
= 1 . 3 ~ 1 0 - ~  l /s .  Af te r  i nc reas ing  the  s t r e s s  t o  50 MPa, t he  specimen 
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2. Typical creep curves for whisker reinforced silicon nitride: (a) curve 
shape representing most of the data; ( b )  curve showing some tertiary 
behavior; (c) curve showing an inverse primary stage (believed to be 
an artifact of the experiment). 
distinct secondary creep. 

Note that all curves show relatively 
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3 .  Effect of applied stress on the creep behavior. As the creep rate at 
50 MPa is lower than that measured initially at 30 MPa, the effect of 
increasing the applied stress appears to be irreversible. 
observation is confirmed by the fact that the creep of the material 
appears to arrest after decreasing the applied stress from 50 MPa to 
30 MPa. 

This 
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underwent a long transient creep period followed by a second steady 
state creep rate with a creep rate of - l . O 2 ~ l O - ~  l /s ,  s o  that the 
steady state creep rate decreased despite the increase in stress, a 
behavior that is possible only if some sort of phase modification 
(probably devitrification of the bonding phase) as a consequence of 
the increase in stress. 
creep behavior o f  the material, the stress was reduced to 30 MPa 
and the specimen subjected to creep deformation for -190 hours with 
no detectable creep displacement. A s  the apparatus is sensitive to 
-t-2pm, and the gauge length was =lOmm, the maximum creep rate during 
this period was calculated to be 3xlO-l' l/s, which is about one- 
third that measured at first application of stress. Until 
transmission microscopy studies are completed on these specimens, 
our explanation of the creep observations are of necessity vague. 
A s  such modifications of  the microstructure are expected in 
materials like silicon nitride, investigations of these processes 
will continue. 

A summary of the steady state creep rate as a function of 
applied stress is shown in figure 4 .  The most complete set of data 
was collected at 1250°C; it shows the creep data fits a straight 
line with a slope of =3 for creep rates <lo- '  l/s. A small 
increase in the slope is apparent at creep rates l/s. Data 
collected at 1200°C lie roughly parallel to the data collected at 
1250°C for creep rates >lo-' l/s. 
specimen that appeared to be affected by the phase transformation 
are also plotted on the graph (filled in squares). We note that 
the creep rate measurement made at 50 MPa is in line with the data 
collected at higher creep rates, whereas the creep rate measured at 
30 MPa does not lie on the curve. Data collected at 1150°C seems 
to have slope that is less than that collected at the higher 
temperatures. 

Creep rupture data representing the specimens tested to 
failure in the present study indicate that regardLess of 
temperature or applied stress, the lifetime of the specimens can be 
correlated with the minimum creep rate for the entire range of 
failure times, figure 5.  This finding is similar to that obtained 
for metals in which the failure time is an inverse function of  the 
creep rate. A s  the failure time is related to a material property 
(i.e. the steady state creep rate), such curves have been used to 
develop new metallic alloys for high temperature application, and 
should be of similar value for ceramic materials. Unlike the 
curves obtained f o r  metals, however, the curve shown in figure 5 
has a slope with an absolute value of less than 1, which suggests 
that the critical strain criterion used to explain the creep 
rupture life of metals cannot be employed for this ceramic. 
ceramic materials studied by the authors have also been shown to 
have slopes with absolute values of less than 1. A microstructural 
analysis of the specimens that have been teshsed to date will be 
required for the development o f  a deeper understanding of the 
f racture  process. 

To confirm the permanent change in the 

The data collected on the 

Other 

Such studies are currently underway. 
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4 .  Summary of the steady state creep rate as a function of applied 
stress. 
increased. The two 
data points at 1200"C, given by the filled-in squares are from the 
creep curves in figure 3. 

The creep rate is observed to increase as the temperature is 
The slope of the creep curve at 1250°C is ~ 3 .  
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10 
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16 

5. Creep rupture data presented in the form of a Monkman-Grant curve. 
Note that regard less  of tempera ture ,  a l l  of the data fall along a 
s i n g l e  curve.  
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Status of  Milestones 

341301 This milestone has been completed. 
technique using laser measurements at elevated 
temperatures has been submitted and accepted for 
publication in the Journal of the American Ceramic 
Society. 

A paper on the creep 

341304 The Engineering Foundation on the subject of Structural 
Ceramics, was held in Palm Coast, FL on March 12-17, 
1989. 

All other milestones are on schedule (34102-34105). 

Pub 1 icat ions 

1. D. F. Carroll and S .  M. Wiederhorn, "A Technique for Tensile 
Creep Testing o f  Ceramics," J. Am. Ceram. S O C . ,  Accepted. 

2. T.-J. Chuang, D. F. Carroll and S .  M. Wiederhorn, "Creep 
Rupture of  a Metal-Ceramic Particulate Composite, " Seventh 
International Conference on Fracture, p p .  2965-76 in Advances 
in Fracture Research, V . 4 ,  K. Salama, K. Ravi-Chandlerc D.M.R. 
Taplin and P .  Rama Rao Eds., Pergamann Press, New York (1989). 

3 .  S .  M. Wiederhorn, "Design of Advanced Ceramics for Creep 
Resistance," Transactions o f  the Canadian Council on Advanced 
Ceramics, DesiEn with Engineered - Ceramics, held May 26-27, 
1988, Toronto, Canada, published as part of the proceedings of 
the Conference. 

4. D. F. Carroll and S .  M. Wiederhorn, "High Temperature Creep 
Testing of Ceramics," Int. J. High Tech. Ceramics, 4 ,  227-241 
(1988). 
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Fracture Touqhness Determination o f  T h i n  Coatinw 
J. J. Wert and W. H. Parrish (Vanderbilt University) 

Ob.iecti ve/sco~e 

technology required to obtain the fracture toughness of thin coatings 
The goal o f  this program i s  to develop the scientific base and 

in-ai ndentation. 

Technical progres_s_ 

During this reporting period Task 1 was completed and progress was 
made toward the coni letion of Task 2. 
conduct a 1 iteratur 
review revealed many empirical models which help determine a parameter 
t h a t  can be related to the fracture toughness of a brittle material in 
bulk form. 
after indentation and relating this parameter t o  t h e  applied load and 
the material’s e l a s t i c  modulus and hardness. There are a few models 
that are more analytically based. These deal with considering the 
stresses and strains during loading and the residual stresses a f t e r  load 
removal. 
correlated to fracture events on the load displacement diagrams obtained 
during indentation. 

tion apparatus t o  perfor indentation fracture t e s t  on s i 1  icon, sapphirc 
and zirconia. 
reporting period was not capable o f  achieving the resolution required to 
record the  fracture events on the load-displacement curves. The newly 
designed indentation fracture machine will be capable o f  loads between 
10 grams and 10 kilogram. I t  has also been designed to have a low mass 
and a variable stiffness. It is expected that the  machine will be 
completed by the end o f  April and indentation test underway by the first 
o f  June. 

sapphire using the Mechanical Properties Microprobe (MPM). The MPM w i l l  
be equipped with a high-load head i n  order to achieve the required loads 
for indentation fracture of most materials. 
the manufacture of the high-load head has been underway. 
have been released to the manufacturers and many of the components are 
ready for assembly. 

procedures in acquiring fracture data by the MPM, time has been spent 
running test samples on the MPM at HTML. 
problems during the course o f  the project. 

Task 1 of this program was to 
The review on indentation t e s t i n g  o f  ceramics. 

Most s f  the models consist of measuring a final crack length 

In t h e  future, these models may prove t o  be o f  interest when 

Task 2 of the program i s  to design and build a high  load indcnta- 

A previous testing appai-atus used during the last 

Task 3 requires perrorming preliminary t e s t s  on silicon and 

Cooperation with HTML on 
All designs 

In order t o  increase the efficiency and to develop proper 

T h i s  exercise will help avoid 
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Status o f  milestones 

341401 Literature review on the subject o f  Completed 2/ 28/89 
indentation testing of ceramics. 

341402 Build a h igh  load indentation 
apparatus to perform indentation 
fracture tests on silicon, sapphire 
and zirconia. 

341403 Preliminary tests on silicon and 
sapphire to be performed on the MPM. 

9/ 15/89 

3/ 3 O /  89 

Pub1 ications 

None 
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ESTRUCTIVE EVALUATION 

Nondestructive Charac te r i za t i on  
D. J. McGuire (Oak Ridge National Laboratory) 

Object i ve/scope 

(NDE) development directed at identifying approaches for quantitative 
determination o f  conditions (including both properties and flaws) in 
ceramics that effect the structural performance. Those materials that 
have been seriously considered f o r  application i n  advanced heat engines 
are all brittle materials whose fracture is affected by structural 
features with dimensions on the order o f  the dimensions of their 
microstructures. This work seeks to characterize those features using 
hiyh-frequency ultrasonics and radiography to detect, size, and locate 
critical flaws and to measure nondestructively the elastic properties o f  
the host material. 

The purpose o f  this program is to conduct nondestructive evaluation 

.Technical Prow= 

Ultrasonics - V. A .  Sirnpson, Jr., and K. V .  Cook 

A special design, high numerical aperture ultrasonic transducer has 
been obtained for high-frequency surface wave evaluation of ceramic 
materials. This transducer is a 50-MHz, f/O.8 spherically focused unit 
which is capable of generating and detecting with high efficiency a 
radially propagating surface wave on typical ceramics. This wave is 
very sensitive to surface defects as well as those which lie within 
about one wavelength (-128 pm f o r  alumina, silicon nitride, and silicon 
carbide) of the surface. In addition, the radial nature of the wave 
insures that cracks will be detected easily regardless o f  their 
orientation. 
display of the results obtained an an alumina coupon. 
extreme right o f  the figure i s  a color chart which relates the amplitude 
o f  the ultrasonic signal to a particular color. The coupon was approxi- 
mately 25 mm by 50 mm and contained a number of surface-breaking pits 
varying in diameter from about 56 to 150 pm and in depth from about 25 
to 100 pm. No cracks were noted in a visual inspection of the part, but 
t he  ultrasonic results clearly shaw that the sample contained t w o  large 
cracks. 
magnification and found to be extremely tight (sl  pm). The apparent 
width of the cracks in Fig. 1 is an artifact and is a measure o f  the 
diameter of the ultrasonic beam at the sample surface rather than of the 
true crack width .  

Figure 1 also shows a number o f  pointlike indications scattered 
over the surface o f  the coupon. 
voids, the  farmer giving rise to the pits described above. All of the 
visual features were detected as well as numerous ones which originate 
from subsurface fl aws. The gai rt reserve of the i nstrumentat i on 
indicated that surface-breaking voids as small as perhaps 25 pm should 
bc detectable in this material. 

Figure 1 is a black and white reproduction of a color 
The scale a t  the 

These cracks were subsequently located visually under high 

These are surface and near-surface 
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Figure 1 also shows a periodic array of dark striae running 
horizontally across the sample from top to bottom. These were found to 
be grinding marks on the ceramic surface and could be detected visually 
only under extremely oblique illumination. Their amplitudes were 
measured under a microscope and found to be t10 pm. 

Figure 2 shows the surface wave results obtained on a second 
coupon, which obviously contained three cracks. 
were not detectable visually. 
vertically through the figure. 

rupture (MOR) bars fabricated by HIPing. 
batches o f  ten, designated 2154C and 7x014. 
prepared to improve homogeneity of the 
critical flaw size compared to the latter batch. 
batches with a 75-MHz, f/3 ultrasonic transducer which has been shown 
capable of detecting voids as small as about. 20 pm in silicon nitride, 
Approximately three or four indications were found in each set, and 
these indications all occurred at or near the minimum detectable level, 
implying that the source was probably in the vicinity of 20 to 25 pm in 
diameter. The majority of bars in each set showed no detectable flaws. 
These bars are unquestionably among the cleanest that we have examined. 

each bar in which an ultrasonic wave is transmitted through the bar and 
its amplitude digitized and displayed after reflection from the opposite 
face. This configuration i s  useful for detecting small cracks in the 
bars and will also delineate regions of inhomogeneity. Some variation 
was seen among the bars o f  a given set, but there were no obvious 
differences between sets. No cracks were detected in any of the bars. 

be most sensitive t o  surface-breaking and near-surface cracks, was not 
performed because of the very high apparent quality of the bars. 

were re1 ated to the microstructures, we determined a material transfer 
curve For a representative specimen from each set. We have previously 
demonstrated that the transfer function is a very sensitive indicatar o f  
the microstructural state of the host material. The samples chosen were 
2154C-10 and 7x014-10. The results obtained on 7x014-10 were 
representative of a typical fine-grained silicon nitride. The results 
on 2154C-10 were similar, except that the coefficient of linear 
attenuation (i .e., the slope of the attenuation versus frequency curve) 
was about 33% larger. If this result is characteristic of all the 
samples in the two groups, then the implication is that the 
microstructure of the 2154C set is slightly coarser than for the other 
set, or the 2154C set could contain significant numbers of scattering 
sites too small to be detected directly by the 75-MHz ultrasonic wave, 
e.g., a higher density of whiskers. A third possibility, o f  course, is 
that the observed differences are attributable to variables which we 

As before, these cracks 
The grinding marks for this sample run 

We have examined 20 whisker-reinforced silicon nitride modulus of 
The bars consisted of two 

The former batch was 
icrostructure and to reduce the 

We examined both 

A back-surface ultrasonic reflectivity test was also performed on 

A high-frequency surface wave examination o f  the bars, which would 

Since the intended differences between the two sets of MOR bars 
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have not yet. identified i n  our studies. 
supported by our work in w i sker-rei nforced ceramics however, where the 
presence of whisker clumps can be demonstrated either thraugh direct 
high-frequency imaging or through t eir effect on the transfer curve. 

MOR bars is that both sets appear to be o f  very high quality with few 
discrete flaws, all of which are probably 25 pm or less in size. 
Destructive analysis on some of the bars would probably be required t o  
determine the origin of the differences i n  the transfer curves of the 
two sample sets, 

Ve continued our work an techniques to improve the ability to 
inspect ceramic parts no destructively. One of the more important 
sample shapes, and one w ich is particularly troublesome to inspect 
ultrasonically because o the beam distortion induced by propagation 
through the surface curvature, is the cy1 inder. Unfortunately, many 
parts which we are requested to evaluate are basically cylindrical i n  
shape, including many tensile specimens as well as ceramic wrist pins 
for automotive engines. The loss o f  sensitivity in these samples can 
be quite dramatic; although we can routinely detect voids as small as 
25 pm at depths o f  5 mm in planar samples o f  tetragonal phase zirconia, 
we have been unable to detect 100-pm voids at depths greater than about 
0.5 rnm in cylinders o f  zirconia having diameters of about 6 mm. 
However, since the inspection problems are caused by severe beam 
astigmatism induced by the surface curvature of the sample, it should be 
possible to correct for this condition in much the same way that 
astigmatic imaging is corrected in human vision; i.e., by using an 

1 transducer lens element consisting o f  a basic spherical 
ith a superimposed cylindrical correction. We are 
ting this approach using the beam distribution model which we 

Since the most useful transducer design for inspection of typical 

The first two conclusions are 

The conclusion to be drawn fro our  study of the two sets o f  HPPed 

developed previously. 

planar ceramics appears to be approximately 75 MHz f/3 (higher 
frequencies would theoretically give better resolution and sensitivity, 
but commercial designs for frequencies above 75 MHz require smaller 
piezoelectric elements, which mean greater f-ratios for a given focal 
length and ultimately yield less sensitivity for flaws in 
sizes 225  pm), we are concentrating on the design of a 75- 
aspheric lens element. We are currently modifying the corn 
our beam distr bution program to handle the nonspherical lens curvature. 

e 9  we are also calculating the distribution produced by a 
erica1 transducer in small diameter cy1 indrical 

specimens. 
transducer to assess the improvement obtained. 

Although changes in the transducer lens design should improve our 
ability to inspect cylindrical (and other shape) ceramic specimens, we 
a l s o  require mod ficatians to our scan system before more complex shapes 
can be efficient y handled. 
commercial one which is primarily adapted t o  the inspection of planar 

These results will be compared with those o f  the aspheric 

Our current inspection system is a 
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samples. 
mount and scan cylindrical specimens, but the data so obtained could not 
be acquired and stored by the system" 
scan system for both planar and cylindrical samples can be built using 
small commercial stepping motor assemblies for a small fraction of the 
cost o f  our current system. We have obtained data from several vendors 
of such assemblies. Since peak detection and digitization of the 
ultrasonic signal are provided by our ultrasonic hardware, which is 
independent of the scan system, it appears that we would require only a 
relatively simple hardware and software interface to construct a 
complete system for the inspection of samples having both planar and 
cylindrical geometries. This approach is being investigated. 

ceramics by water-coupled transducers. 
entirely neglected in the literature, probably because there are 
apparent?y no models which can handle two-media propagation and mode 
conversion. However, we reported previously that our beam distribution 
model can treat the shear wave field as easily as the compressional wave 
field. We have examined the shear distribution produced inside alumina 
by a number of high-frequency transducers. 
startling and unpredictable. Although the shear wave intensity is less 
than the compressional wave intensity (at the respective foci) for some 
transducer configurations, the reverse is true for other designs. We 
have not been able t o  identify any particular transducer characteristic 
which guarantees the superiority o f  one field over the other, but some 
commercial designs would appear to be more sensitive i f  used at the 
shear wave focus than at the intended compressional wave focus. In 
addition, since the shear wave focus will always occur deeper in the 
specimen than the compressional wave focus and since the shear 
wavelength is about half that o f  the cam ressional wave for a given 
frequency, there could be considerable advantage in using the shear wave 
field for ceramic inspection. 
experimentally, however, since focusing on the' same scatterer using both 
shear and compressional wave fields produces large changes in the 
required water col umn, which preferentially degrades the shear wave 
field because of losses in the water, while focusing the shear wave 
field on a deep flaw means that the scatterer i s  too deep for the 
compressional wave focus. For many o f  our MOR bar samples, however, the 
shear wave signal from the back surface of the bar is larger than that 
produced by the compressional wave, which cannot focus so deeply. 

We have previously designed modifications which allow us to 

It now appears that a suitable 

We are continuing to evaluate the shear wave field produced in 
This field has been almost 

The results are both 

T h i s  is difficult to establish 

Radiography - B. E. Foster 

Fabrication o f  the computerized X-ray tomography system at 
Scientific Measurement Systems, Inc. (SMS) in Austin, Texas, is 
proceeding. The purchase agreement includes several progress payment 
type mi 1 estones. Five mi 1 estones have been compl eted. They have 
included a design review; approval of major item drawings; fabrication 
of the image processing subsystem and fabrication of the array and back 
projection processor; receipt o f  major equipment items; and start o f  
fabrication on the object positioning unit, specimen holder, collimator 
set, and calibration standards. 
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The hands-on t r a i n i n g  i s  progressing q u i t e  we l l .  During the l a s t  
session i n  November, I was successful i n  making several d i g i t a l  
radiographs o f  a carbon-carbon composite, tomographs of a p r i n t e d  
c i r c u i t  board, and laminographs o f  a copper penny. 
session i n  December, t ime was used learn ing how t o  manipulate, measure, 
and analyze prerecorded CT images. 
f a b r i c a t i o n  stage o f  our system t o  permit  modi f icat ions ( a t  no 
addi t ional  cost)  t h a t  might be desired f o r  customizing. 

The i n s t a l l a t i o n  (by SMS personnel) date f o r  f i n a l  acceptance a t  
ORNL has been rescheduled f o r  l a t e  A p r i l  1989. 
change i n  the i n s t a l l a t i o n  date ( o r i g i n a l l y  February 15, 1989) are due 
t o  delays i n  r e c e i p t  o f  associated detector items, redesign o f  the 
object  pos i t i on ing  u n i t  ( t h i s  resu l ted  i n  an improved system, i .e.,  
c a p a b i l i t y  t o  scan a 16-in.-diam sample instead o f  a 6-in.-diam sample), 
and the re loca t i on  o f  SMS i n t o  a l a r g e r  f a c i l i t y  (about double the 
o r i g i n a l  f l o o r  space). 

During the  l a s t  

This t r a i n i n g  i s  e a r l y  enough i n  the 

The reasons f o r  t h i s  

Status o f  milestones 

None. 

Pub1 i c a t i o n s  
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t o  the A N T  Handbook, t o  be published. 

W. A. Simpson, Jr., "Ul t rasonic  Techniques f o r  Character izat ion o f  
Advanced S t ruc tu ra l  Materials," presented a t  the WATTec '89, 16th Annual 
Technical Conference and Exhi b i t i o n ,  Knoxv i l le ,  Tennessee, February 14- 
17, 1989. 

R. W. McClung and D. R. Johnson, "Nondestructive Examination and 
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I n te rna t i ona l ,  World Mater ia ls  Congress, Chicago, I l l i n o i s ,  
September 25-30, 1988. 

presented a t  t he  ASM 

W. A. Simpson, Jr. and R. W. McClung, "An Ul t rasonic  Evaluation o f  
Si1 icon Carbide Whisker-Reinforced Ceramic Composites," submitted t o  
Materials Eva7uation. 
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W L ?  - W .  A. Ellingson, H. P .  Engel, M .  W .  Vannier. and 
H .  C. Yeh (Argonne National Laboratory) 

0 b.i e c t i v e / s cope 

The purpose of this program is to develop X-ray computed tomography 
(CT) imaging for application to structural ceramic materials. This 
technique has the potential for mapping short-range (<5 mm) and long- 
range (>5 mm) density variations. detecting and sizing high- and low- 
density inclusions, and detecting and sizing (within limits) cracks in 
green-state and densified ceramics. 
rogating the full volume of a component, and is non-contacting. It is 
also relatively insensitive to part shape and thus can be used to in- 
spect components with complex shapes such as turbocharger rotors, rotor 
shrouds, and large individual turbine blades. 

CT imaging is capable of inter- 

Technical progress 

During the current reporting period. efforts were concentrated on 
developing a set of test phantoms with varying organic binder content, 
and determining the ability of X-ray CT scanners to detect and quantify 
these variations. 

Description of test specimens 

For this study, two specially made test specimens were obtained 

The specimens were green-state, cold-pressed Si3N4 disks, 
from the Garrett Ceramic Components Division of Allied-Signal Aerospace 
Company. 
28.5 mm in diameter and 13 mm high with 6-mm-diam inserts, as shown in 
Fig. 1. The base material of each disk was Garrett’s Si3N4 GN-10 
injection-molding mix. which contains 15.5 wt.% organic binder and has a 
nominal theoretical density of 2.18 g/cm3. The. inserts contained known 
concentrations of organic binder material, ranging from 2 to 20 wt.%. 
Each individual insert was press-fit into a flat-bottom drilled hole so 
that a minimal air gap remained between the insert and the base mate- 
rial. The composition and density of each insert and the base material 
are given in Table 1. 

Difficulties were encountered in fabricating the inserts with 2. 5, 
and 10 wt.% binder: they had exceptionally high porosity, and did not 
show the expected monotonic decrease in density with increasing binder 
content. However, an approximately linear relation between density and 
volume fraction of powder was observed for the inserts with 13.5 wt.% 
and higher binder concentrations. 

X-ray computed tomography studies 

During the production o f  the test specimens. microfocus contact X -  
ray images were obtained by Garrett Ceramic Components Division primar- 
ily as a quality check to see whether any cracks had been introduced 
into the specimens during fabrication and to assess the size of the gaps 
around the individual inserts. Since the density differences between 
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inser t  a n d  base material c a n  be as high as 13.3% (see Table 1). the X- 
ray film should detect most o f  these differences quite easi ly .  
2 a n d  3 a re  pr ints  of the contac t  X-ray film images obtained by Garrett .  
Although the  individual inser ts  can be seen quite eas i ly ,  the contrast 
created by the gap  between the inser ts  a n d  the base  material helps in 
visual detection. This observation i s  in l ine  with ea r l i e r  resul ts  ob- 
tained with real-time imaging.1 

Figures 

SPECIMEN A 

BHDER CONTENT 
wt % 

17 
16 
20 

19 
18 

- 

13 mm 

15.5 

SPECIMEN B 

BINDER CONTENT 
rn 

Fig. 1. Test Phantoms 
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Table 1. Characteristics o f  Test Specimen Components 

Binder Content Si3N4 Powder 

wt. % vol. % (vol. %) (vol. %) (g/cm3) Density (% l a  
Content Porosity Density Change in 

2.0 4.1 
5.0 10.2 

10.0 21.9 
13.5 34.1 
14.5 36.2 
15.5 38.2 
16.0 38.8 
17 .O 40.7 
18.0 42.1 
19.0 43.6 
20.0 45.2 

56.3 
53.8 
55.1 
61.1 
59.6 
59.0 
56.9 
54.6 
53.5 
51.8 
50.4 

39.6 
36.0 
23.0 
4.8 
4.2 
2.8 
4.3 
4.7 
4.4 
4.6 
4.4 

1.92 
1.89 
2.04 
2.36 
2.33 
2.18b 
2.26 
2.23 
2.18 
2.14 
2.10 

11.93 
13.30 

6.42 
8.26 
6.88 
0.00 
3.67 
2.29 
0.00 
1.84 
3.67 

!Relative to that of the base material. 
DTheoretically calculated. 
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A r 

F i g .  4 .  X-Ray CT Image o f  Specimen A .  Obtained f r o m  GE 9800 Machine. 

A 

F i g .  5 X-Ray CT Image of Specimen 6 ,  Obtained from GE 9800 Machine. 
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We a l s o  conducted a s e t  of t e s t s  with a Siemens D R - H  medical CT 
scanner (125-kVp maximum X-ray head voltage) i n  a hospital  environment. 
The  machine was l e f t  cal ibrated on water a n d  calcium, a s  e a r l i e r  
s tudies* had shown t h a t  t h i s  was a sa t i s fac tory  ca l ibra t ion  f o r  green 
ceramics. We experienced s igni f icant  d i f f i c u l t i e s  i n  obtaining high- 
qual i ty  ( i . e . .  h i g h  S/N r a t i o )  images, in s p i t e  of various beam- 
hardening cor rec t ions3  including a n  80-mm-OD Teflon outer r ing.  a 50-mm- 
OD Perspex r ing,  a n d  dual-energy4e5 o p e r a t i o n  ( a t  85 a n d  125 kVp).  We 
s t i l l  d o  n o t  f u l l y  u n d e r s t a n d  the reasons f o r  t h i s  d i f f i c u l t y .  
d i f f i c u l t i e s  were experienced with specimen B (which c o n t a i n e d  t he  
inser t s  with 2 ,  5 ,  a n d  10 w t . %  binder) t h a n  w i t h  specimen A .  The d a t a  
f o r  specimen A allowed a correlat ion t o  be o b t a i n e d  between Hounsfield 
u n i t s  (CT number) a n d  vel.% b i n d e r ,  as shown in Fig. 6 .  I t  i s  usually 
accepted t h a t  a de t ec t ion  s e n s i t i v i t y  of 1-2% above noise can be 
achieved with X-ray CT. I n  the present case, t h i s  s e n s i t i v i t y  i s  
equivalent t o  10-30 Hounsfield u n i t s ,  or a change  of l ess  t h a n  1 w t . %  i n  
b i n d e r  con ten t .  

More 
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We conducted an add i t i ona l  ser ies  of t e s t s  w i t h  these specimens on 
t h e  X-ray CT scanner a t  NASA/Cape Canaveral. 
case was 6oCo, which had an a c t i v i t y  l e v e l  o f  81  C i  and y i e l d e d  photons 
w i t h  an energy l e v e l  o f  about 1 MeV. Theore t ica l  optimum energy curves6 
f o r  severa l  ma te r ia l s  are shown i n  Fig.  7. For a ma te r ia l  i n  the  
dens i t y  range o f  our specimens (2-2.5 g/crn3), t he  optimum thickness 
would appear t o  be about 140-150 mm a t  a photon energy o f  1 MeV. Since 
our specimens are on ly  28.5 mm i n  diameter, a photon energy i n  the  100- 
150 keV range could be expected t o  g i ve  optimum images. 
e a r l i e r ,  i n  t e s t s  on polychromat ic  CT scanners a t  a 125-kV p o t e n t i a l  
( w i t h  a tungsten t a r g e t  y i e l d i n g  -60-65 keV photons) we obta ined very 
poor  image^.^ whereas i n  t e s t s  a t  140 kV p o t e n t i a l  we obta ined very good 
images. Very good images were a l so  obta ined w i t h  the  6oCo source, a s  
shown i n  F ig.  8. 

The source used i n  t h i s  

As noted 
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Fig.  7. Optimum and Maximum Thicknesses f o r  Various Ma te r ia l s  a s  a 
Funct ion of I nc iden t  X-Ray Photon Energy. Numbers i n  brackets 
a re  the  dens i t i es  o f  the  ma te r ia l s .  i n  g/cm3. 
Ref. 6.) 

(Adapted from 
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d a t a  images; lower images are d ig i ta l ly  enhanced .  T h e  squares in 
the lower images show reg ions from which d a t a  were t a k e n  f o r  a 
regression analysis. 

By performing a regression analysis (see Fig. 9 )  on the image d a t a  
obtained from the  6oCo scans, we obtained t h e  following relationship 
between CT number a n d  mass dens i ty  p of the ceramic material: 

p =  -0.398 + 0.317 CT number. (1) 

T h e  density of Si3N4 w i t h  15.5 w t . X  binder, calculated from Eq. (1) .  i s  
2.28 g/cm3. This value seems much more reasonable t h a n  the theoretical 
density (2.18 g/cm3) given in Table 1. in view o f  the density values for 
components with 2 13.5 w t . %  binder. I f  organic content can  be uniquely 
related t o  mass density, X-ray or gamma-ray CT may be a useful way t o  
track organic conten t .  
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CT NUMBER 

Fig.  9.  

Sta tus  of M i l e s t o  nes 

Regression Analysis Re la t i ng  Si3N4 Densi ty t o  6oCo Computed 
Tomography D a t a .  

A l l  mi lestones a re  on schedu’le. 
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Nuc7ear Maqnet ic Resonance Imaqinq - W .  A .  El l ingson.  P .  S .  Wong. 
8 .  L .  Dieckman, a n d  J .  P .  Po l l inger  (Argonne  National Laboratory) 

0b.i e c t  i ve/scope 

T h e  ob jec t ives  of t h i s  program a r e  t o  (1) e s t a b l i s h  t h e  f e a s i -  
b i l i t y  of using N M R  imaging systems t o  map d i s t r i b u t i o n s  of organic  
b i n d e r / p l a s t i c i z e r s  ( B / P s ) .  which a r e  short-T2 m a t e r i a l s .  in  i n j e c -  
t ion-molded green ceramics ( w i t h  emphas is  on Si3N4); ( 2 )  examine t h e  
po ten t i a l  of applying N M R  spectroscopy t o  d e t e c t  v a r i a t i o n s  within 
and/or  between batches of organic  B / P  t h a t  c a n  a f f e c t  process r e l i a -  
b i l i t y ;  a n d  ( 3 )  determine t h e  s e n s i t i v i t y  of N M R  imaging methods  t o  
inject ion-molding process  va r i ab le s  as  manifested in  d i s t r i b u t i o n  of 
t h e  organic  B / P .  

Technical Prosress  

Prepara t ion  of injection-molded modulus-of-rupture t e s t  bars  

During t h i s  repor t ing  per iod ,  two d i f f e r e n t  Si3N4* in j ec t io r ,  mixes 
were i n j e c t i o n  molded i n t o  t e s t  b a r s ;  b o t h  s tandard a n d  nonstandard 
inject ion-molding parameters were used f o r  each mix. r e s u l t i n g  in  four  
d i f f e r e n t  combinations. A s tandard four -cavi ty  d i e  was used.  A mini-  
m u m  of two s e t s  of t e s t  bars  ( 4  bars  per s e t )  with c o n s i s t e n t  q u a l i t y  
were molded per mix/rnolding combination. T h e  b a r s  were v i s u a l l y  i n -  
spec ted  f o r  f laws;  the  r e s u l t s  a r e  shown in  Table . 

T i  spec t roscopic  s t u d i e s  on samples conta in ing  var 
of organic  b i n d e r / p l a s t i c i z e r  

ous concent ra t ions  

2 
t 

Five samples conta in ing  concent ra t ions  o f  2 .  5 ,  1 0 .  15 .5 ,  a n d  
0 w t . %  organic  B / P .  r e s p e c t i v e l y ,  i n  Si3N4 powder were used t o  s t u d y  
he e f f e c t s  of B / P  c o n c e n t r a t i o n  on T1 va lues .  T h e  7 . 1 - T  300 AM 

Bruker spectrometer was used t o  es t imate  T1 values  with a n  inversion 
recovery pulse-sequence technique.  T 1  values  as  a func t ion  of B / P  
concent ra t ion  a r e  shown in  Fig. 1. T h e  r e s u l t s  i n d i c a t e  t h a t  T1  i n -  
c r eases  as  B / P  concent ra t ion  inc reases ;  t h i s  i s  probably due  t o  the  
longer molecular c o r r e l a t i o n  times ( ~ ~ 1 ~  observed in  t h e  samples con- 
t a i n i n g  >10 w t . %  b inder .  T h e  d a t a  were used  in  imaging s t u d i e s  t o  en-  
su re  adequate recovery delay t imes.  

*GN-10 Si3N4 ( G a r r e t t  Ceramic Components Divis ion.  Allied-Signal 
Aerospace Co.. Torrance,  C A I .  



Table  I .  Resul t s  of V i s u a l  I n spec t ion  o f  I n j e c t i o n -  
Tolded Yodulus-of-Rupture Barsa 

G r o u p  Mol di  ng Bar F1 aw 
No. M i x b  Parametersb No. Type Locati onc  Sever i  t y d  

1 5 S 1 P i t s  A I  1 
Sc ra t ches  B 1  1 
F l o w  l i n e s  C 1  1 

2 F l o w  l i n e s  B 1  1 
3 No d e f e c t s  
4 F l o w  l i n e s  A 1  1 

2 N 

3 N 

S 2 1  P i t s  A 1  1 
Scra t ches  E 1  1 

2 2  Flow l i n e s  A I  1 
Sc ra t ches  D2 1 

23 Flow l i n e s  A I  1 
2 4  No d e f e c t s  

N 4 1  Flow l i n e s  E n t i r e  3 

4 S N 69 Flow Lines E n t i r e  3 

7 0  
7 1  
7 2  3 

. . . ... . .. ...... ....... .... ___ . -. - - ____ 
aThe fo l lowing  d e f e c t s  were p re sen t  i n  a l l  b a r s ,  except  as no ted .  and 

a r e  n o t  l i s t e d  above ( s e e  f o o t n o t e s  3 and 4 f o r  exp lana t ion  of c o d e s ) :  

F l a w  Tvoe J-gcati o n  
Flow l i n e s  A 1  
Linear  s u r f a c e  p o r o s i t y  A 1  , A 5  
S u r f a c e  p o r o s i t y  due t o  A 1  . A 5  

S c r a t c h e s  due t o  handl ing  Var i ab le  

bS = s t a n d a r d :  N -- nons tandard .  

CLocat ion  codes: 

excess  mold r e l e a s e  agent  

U T E  END 

& v e r i t y  
0 
0 
1 

0 

dsever i  t y  codes: 
0 rx n o t i c e a b l e  a t  30X mag. 
1 = more than d e s i r a b l e .  
2 = p o s s i b l e  e f f e c t  o n  

3 = d e f i n i t e  e f f e c t  on 
p r o p e r t i e s .  

p r o p e r t i e s .  
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wt. % ORGANIC BINDER 

F i g .  1. V a r i a t i o n  i n  TI w i t h  w t . %  Organ ic  B / P  i n  S i 3 N 4  Powder a t  2 2 O C .  

T 2  s p e c t r o s c o p i c  s t u d i e s  on samples c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  
o f  o r g a n i c  b i n d e r / p l a s t i c i z e r  

The same samples used i n  t h e  T 1  s t u d i e s  were used t o  s t u d y  t h e  e f -  
f e c t  o f  B / P  c o n c e n t r a t i o n  on T2 v a l u e s .  The 7 . 1 - T  B r u k e r  s p e c t r o m e t e r  
w a s  used t o  e s t i m a t e  T2 v a l u e s  w i t h  a Hahn sp in -echo  p u l s e  sequence a t  
room t e m p e r a t u r e .  A p r e d e l a y  t i m e  o f  5 x T i  w a s  used f o r  T2 measure- 
ments t o  ensu re  t h a t  p r o t o n s  i n  each sample wou ld  r e l a x  t o  e q u i l i b r i u m  
b e f o r e  t h e  a p p l i c a t i o n  o f  t h e  n e x t  p u l s e  sequence. The T2 v a l u e s  
o b t a i n e d  i n  t h i s  manner a r e  p l o t t e d  a g a i n s t  b i n d e r  c o n c e n t r a t i o n  i n  
F i g .  2 .  

The r e s u l t s  i n d i c a t e  t h a t  T2  i n c r e a s e s  a s  B / P  c o n c e n t r a t i o n  i n -  
c reases  up t o  15 .5  w t . % .  b u t  t h e n  decreases  a s  B / P  c o n c e n t r a t i o n  i n -  
c reases  f u r t h e r .  I t  i s  n o t  c l e a r  a t  p r e s e n t  why t h e  T2  v a l u e s  peak a t  
15 .5  w t . %  B / P  ( t h e  T 2  a t  t h a t  B / P  c o n c e n t r a t i o n  i s  38% l o n g e r  t h a n  t h e  
T 2  a t  20 w t . % ) ;  however, 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  15.5 w t . %  i s  
t h e  s t a n d a r d  o r g a n i c  B / P  c o n c e n t r a t i o n  used i n  i n j e c t i o n  m o l d i n g  of 
S i 3 N 4 .  I t  has been shown t h a t  advanced ce ramic  components e x h i b i t  t h e  
opt imum f o r m a b i l i t y  and r e l i a b i l i t y  a t  t h i s  B / P  c o n c e n t r a t i o n .  The 
obse rved  v a r i a t i o n  i n  T2  a s  a f u n c t i o n  o f  B / P  c o n c e n t r a t i o n  a l s o  
( 1 )  p r o v i d e s  i m p o r t a n t  i n f o r m a t i o n  needed t o  i n t e r p r e t  t h e  S/N imag ing  
i n t e n s i t y  o f  samples c o n t a i n i n g  d i f f e r e n t  B / P  c o n c e n t r a t i o n s  and ( 2 )  
sugges ts  t h a t  back p r o j e c t i o n  r e c o n s t r u c t i o n  i s  t h e  a p p r o p r i a t e  irnag- 
i n g  t e c h n i q u e  f o r  q u a n t i t a t i v e  measurement o f  B / P  c o n c e n t r a t i o n  by NMR 
i m a g i n g  tomography.  
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F i g .  2 .  V a r i a t i o n  i n  T 2  with w t . %  Organic B / P  i n  Si3N4 Powder a t  2 2 O C .  

T 2  s p e c t r o s c o p i c  s t u d i e s  on B / P  a lone a n d  Si3N4 c o n t a i n i n g  1 5 . 5  w t . %  
b i n d e r / p l a s t i c i z e r .  performed a t  9 . 1  T 

Two s e t s  of samples ( o n e  of t h e  o r g a n i c  8 / P  a l o n e  a n d  one o f  p e l -  
l e t i z e d  GN-10 m a t e r i a l )  were s t u d i e d  a t  Massachusetts General Hospi ta l  
wi th  a 9.1-T Bruker s p e c t r o m e t e r .  These d a t a  w i l l  be compared w i t h  
our  2.1-, 4 . 7 - ,  a n d  7 .1-7 d a t a  t o  e s t a b l i s h  t h e  i n f l u e n c e  o f  magnetic 
f i e l d  s t r e n g t h ,  Bo,  on r e l a x a t i o n  e f f e c t s .  Also.  dur ing  t h i s  r e p o r t i n g  
p e r i o d ,  b o t h  H a h n  spin-echo2 a n d  Car r -Purce l l  -Mei boom-Gi 1 1  ( C P M G I 3  
p u l s e  sequences were used t o  determine t h e  T2 v a l u e s  f o r  B / P  a lone  a n d  
Si3N4 c o n t a i n i n g  1 5 . 5  w t . %  B / P  a t  t empera tures  of 50 a n d  80OC. These 
d a t a  ( s e e  Table  11)  were used t o  i n v e s t i g a t e  d i f f u s i o n  e f f e c t s  caused 
by e l e v a t e d  t e m p e r a t u r e s .  

Table  1 1 .  T2  Values (ms) f o r  B / P  Alone a n d  Si3N4 w i t h  
1 5 . 5  w t . L  B / P .  Measured with 9 . 1 - T  Spectrometer  

R / P  Alone Si3N4 + 15.5  w t . %  8 / P  
- ~~ Temp.  

( O C )  H a h n  CPMG H a h n  C PMG 

50 1 9 . 2  31 - 2  0.50 1 . 2 3  
80 104 234 0 . 9 8  2.30 
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A t  e l e v a t e d  t e m p e r a t u r e ,  t h e  NMR r e l a x a t i o n  t i m e  f o r  t h e  o r g a n i c  
B / P  sample may b e  s u b j e c t  t o  t r a n s l a t i o n a l  d i f f u s i o n  e f f e c t s .  These 
e f f e c t s  can be i d e n t i f i e d  by u s i n g  t h e  CPMG p u l s e  method.  The h i g h e r  
T2 v a l u e s  o b t a i n e d  a t  5OoC w i t h  t h e  CPMG sequence, ( i . e . ,  31.2 ms v s .  
19 .2  ms f o r  t h e  Hahn s p i n - e c h o  sequence as shown i n  T a b l e  1 1 )  i n d i c a t e  
t h a t  d i f f u s i o n  e f f e c t s  a r e  p r e s e n t  a t  e l e v a t e d  t e m p e r a t u r e .  T h i s  
f i n d i n g  s u g g e s t s  t h e  need f o r  a r e - e v a l u a t i o n  o f  t h e  f e a s i b i l i t y  o f  
u s i n g  e l e v a t e d - t e m p e r a t u r e  NMR i m a g i n g  t o  enhance t h e  l o w  i n t r i n s i c  
S / N  r a t i o  o f  t h e s e  p o l y m e r i c  m a t e r i a l s .  

E f f e c t  o f  w e i g h t i n g  f u n c t i o n s  on  NMR s i g n a l  a m p l i t u d e  

B e f o r e  t h e  r a w  NMR d a t a  a c q u i r e d  i n  t h e  t i m e  domain a r e  t r a n s -  
formed i n t o  t h e  f r e q u e n c y  domain by F o u r i e r  t r a n s f o r m a t i o n ,  i t  i s  t h e  
u s u a l  p r a c t i c e  t o  m u l t i p l y  t h e  t i m e  domain s i g n a l  by a w e i g h t i n g  f u n c -  
t i o n  t o  o p t i m i z e  e i t h e r  t h e  S / N  r a t i o .  r e s o l u t i o n ,  o r  l i n e s h a p e .  d e -  
p e n d i n g  on t h e  t y p e  o f  r e s u l t s  d e ~ i r e d . ~  
f o u r  most  commonly used w e i g h t i n g  f u n c t i o n s  t o  t h e  i m a g i n g  o f  s o l i d -  
s t a t e  o r g a n i c  B / P  samples was i n v e s t i y d t e d .  These f u n c t i o n s  a r e  expo-  
n e n t i a l  m u l t i p l i c a t i o n  ( E M ) ,  Gauss ian  m u l t i p l i c a t i o n  ( G M ) ,  d o u b l e  e x -  
p o n e n t i a l  mu1 t i p 1  i c a t i o n  ( D M ) ,  and t r a p e z o i d a l  a p o d i r a t i o n  f u n c t i o n  
( T M ) .  I n i t i a l l y ,  t h e  e f f e c t s  o f  t h e s e  w e i g h t i n g  f u n c t i o n s  on f r e e  i n -  
d u c t i o n  r ipcay ( F I D )  o f  t h e  b r o a d - l i n e w i d t h ,  f a s t - d e c a y  o r g a n i c  B / P  
were s t u d i e d ,  io i d e n t i f y  t h e  most  p r o m i s i n g  f u n c t i o n s  f o r  f u r t h e r  i n -  
v e s t i g a t i o n  v i a  i m a g i n g  e x p e r i m e n t s .  

The a p p l i c a b i l i t y  o f  t h e  

The p a r a m e t e r s  used t o  a c q u i r e  F I D  d a t a  were a s  f o l l o w s :  
85.54-MHz s p e c t r o m e t e r  f r e q u e n c y ,  90° p u l s e  w i d t h  o f  20 p s e c .  20-kHz 
s p e c t r a l  w i d t h ,  1024 d a t a  p o i n t s  o f  r e s o l u t i o n ,  3 2  s c a n s / s p e c t r u m ,  1 2 -  
b i t  d i g i t i z e r  r e s o l u t i o n ,  q u a d r a t u r e  d e t e c t i o n ,  and 3-sec  r e c o v e r y  
t i m e  ( T R ) .  R e l a t i v e  NMR s i g n a l  a m p l i t u d e s  were  n o r m a l i z e d  t o  t h a t  o f  
t h e  F I D  w i t h  no w e i g h t i n g  f u n c t i o n  a p p l i e d .  The r e s u l t s  ( s e e  T a b l e  
111)  i n d i c a t e  t h e  f o l l o w i n g :  

B o t h  t h e  EM and GM w e i g h t i n g  f u n c t i o n s  have no e f f e c t  on t h e  F I U  
v a l u e  o f  t h e  o r g a n i c  B / P .  T h i s  i s  because t h e  l i n e - b r o a d e n i n g  
v a l u e s  used (+5  t o  +50 Hz)  i n  t h e  EM and GM w e i g h t i n g  f u n c t i o n s  
a r e  r e l a t i v e l y  s m a l l  compared t o  t h e  b r o a d  l i n e w i d t h  o f  t h e  sam- 
p l e  a t  room t e m p e r a t u r e ,  e . g . .  FWHM = 1024 Hz f r o m  t h i s  s t u d y .  

A s  t h e  N 1  v a l u e  o f  t h e  TM w e i g h t i n g  f u n c t i o n  i n c r e a s e s  f r o m  0 t o  
20. t h e  r e l a t i v e  F o u r i e r - t r a n s f o r m e d  s i g n a l  a m p l i t u d e  d e c r e a s e s .  
Presumably .  t h i s  d e c r e a s e  o c c u r s  because when t h e  N 1  p a r a m e t e r  
i n c r e a s e s .  t h e  r i s i n g  p a r t  o f  t h e  TM f u n c t i o n  ( s e e  F i g .  3 )  
becomes l e s s  s t e e p ;  t h e r e f o r e ,  t h e  e a r l y  F I D  d a t a  p o i n t s  u n d e r g o  
l e s s  enhancement .  

A s  t h e  DM p a r a m e t e r  o f  t h e  DM w e i g h t i n g  f u n c t i o n  i n c r e a s e s  f r o m  
0 t o  10, r e l a t i v e  s i g n a l  a m p l i t u d e  i n c r e a s e s ;  t h i s  m i g h t  be b e -  
cause when t h e  DM p a r a m e t e r  i s  h i g h e r ,  t h e  DM f u n c t i o n  t e n d s  t o  
have more i m p a c t  on t h e  e a r l y  p o r t i o n  o f  t h e  F I D  d a t a  ( s e e  
F i g .  4). For  o u r  f a s t - d e c a y  o r g a n i c  B / P  sample,  t h e  DM f u n c t i o n  
w i l l  p r o b a b l y  e x h i b i t  more s i g n i f i c a n t  e f f e c t s  on i m a g i n g  a s  t h e  
DM p a r a m e t e r  i n c r e a s e s .  
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-TIME 

TRAPEZOIDAL APODIZATION FUNCTION 

F i g .  3. A Trapezoidal  M u l t i p l i c a t i o n  Weight ing Funct ion.  

-TIME 

F i g .  4 .  A P l o t  o f  Double Exponential M u l t i p l i c a t i o n  (DM)  Weight ing 
Functions w i t h  Various DM Parameters. 

On t h e  bas is  o f  these p re l im ina ry  s tud ies ,  we decided t o  i n v e s t i -  
g a t e  the  e f f e c t s  o f  t he  TM and DM weight ing  func t i ons  on B / P  imaging. 
The we igh t ing  func t i ons  were app l ied  t o  r a w  imaging data (be fore  
Four ie r  t rans format ion)  f r o m  an organic  B / P  phantom con ta in ing  f i v e  
d r i  11 ed holes.  

E f f e c t  o f  t rapezoida7 m u l t i p l i c a t i o n  f u n c t i o n  on NMR imaging. 
Figure  5 shows the  e f f e c t s  o f  TM we igh t ing  func t i ons  on a coronal  
( t r a n s a x i a l )  image o f  the  organic  B / P  phantom f o r  values o f  N1.NZ 
ranging f r o m  0 t o  100. (An N1,NZ value o f  0 i nd i ca tes  t h a t  no weight -  
i n g  f u n c t i o n  was appl ied. )  The S/N r a t i o  o f  each image ( i n  gray 
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sca le )  was est imated by i n t e g r a t i n g  t h e  image i n t e n s i t y  i n  t h e  reg ion  
o f  i n t e r e s t  versus the  adjacent no ise  l e v e l .  Table I V  shows the  ac- 
t u a l  and normal ized S / N  r a t i o s .  The r e s u l t  i n d i c a t e s  t h a t  t h e  T M  
weight ing  func t i on  s i g n i f i c a n t l y  changed t h e  gray-scale i n t e n s i t y  o f  
t he  NMR image f o r  t h i s  short-T2 ma te r ia l .  For example, a 26% higher  
S I N  r a t i o  was obta ined w i t h  Nl.N2 = 50 (image a t  upper r i g h t  i n  
F ig .  5 )  than w i t h  no T M  f u n c t i o n  (image a t  upper l e f t ) .  Th is  might be 
because t h e  image obta ined w i t h  N1.N2 = 50 has a l i n e a r  apod iza t ion  
f u n c t i o n  app l i ed  f rom 0 t o  1 i n  the  e a r l y  p o r t i o n  of data a c q u i s i t i o n .  
Thus, some of t h e  no ise  r e s u l t i n g  f rom the  pu lse  breakthough might  
have been minimized. 
t h e  S I N  r a t i o  decreases, as observed i n  the  prev ious F I D  study. 

As N 1  increases f u r t h e r  ( f rom 50 t o  75 t o  100) .  

Fig.  5 .  Coronal Images of an Organic B / P  Phantom a f t e r  Use o f  T M  
Weight ing Funct ions.  (Upper l e f t )  N1.N2 = 0: (upper r i g h t )  
N1.N2 = 50: ( lower  l e f t )  N1.N2 = 75; ( lower  r i g h t )  Nl.N2 = 100. 

Table I V .  S / N  Rat ios f o r  Images o f  Organic B / P  Phantom, 
Obtained w i t h  TM Weight ing Funct ions 

Value o f  TM Parameters N 1  and N2 

0 50 75 100 

S / N  8.07 10.2 9 .12  8 . 7 9  
Normal i zed S/Na 1 .oo 1 .26  1 .13  1 .09  

a S / N  normal ized t o  t h a t  obta ined w i t h  no we igh t ing  f u n c t i o n  
(;.e.. N 1  = 0 = N2) .  
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Ef fec ts  o f  double exponentia7 m u 7 t i p l i c a t i o n  f u n c t i o n  on NMR 
imaging. 
parameters ranging from 0 t o  6. The S/N r a t i o s  o f  t he  images (Table V I  
show a s i g n i f i c a n t  e f f e c t  o f  the  DM we igh t ing  func t i on .  For example. a 
69% h igher  S/N r a t i o  i s  achieved w i t h  DM = 3 than w i t h  DM = 0 (no 
we igh t ing  app l i ed ) .  However, t oo  much enhancement by the  DM we igh t ing  
f u n c t i o n  can lead  t o  peaks w i t h  negat ive v a l l e y s  on each s ide  and 
d i s t o r t i o n  o f  c l o s e l y  spaced l i n e s .  The images obta ined w i t h  DM > 4 
( F i g .  6) i l l u s t r a t e  t h i s  problem. F igure 7 compares images obta ined 
w i t h  no we igh t ing  funct ion.  t he  DM we igh t ing  f u n c t i o n  w i t h  DM = 3 and 4 .  
and the  TM weight ing  f u n c t i o n  w i t h  N 1  = N2 = 50. The S I N  r a t i o s  o f  
these images are  compared i n  Table V I .  

Figure 6 shows the  e f fec ts  o f  DM we igh t ing  funct ions w i t h  DM 

The r e s u l t s  i n d i c a t e  t h a t  w i t h  short-T2 s o l i d - s t a t e  ma te r ia l s ,  
cons idera t ion  needs t o  be g iven t o  choosing an appropr ia te  we igh t ing  
f u n c t i o n  and associated parameters i n  order  t o  enhance the  i n t r i n s i c  
low S / N  r a t i o  c h a r a c t e r i s t i c  of the  samples. 

I 

Fig.  6. Coronal Images of the  Organic B / P  Phantom Shown i n  F ig .  5 
a f t e r  Use of DM Weighting Functions. L e f t  panel: (upper 
l e f t )  no we igh t ing  funct ion;  (upper r i g h t )  DM = 2; ( lower  
l e f t )  DM = 3; ( lower  r i g h t )  DM = 4 .  Right  panel: (upper 
l e f t )  DM = 3; (upper r i g h t )  DM = 4 ;  ( lower  l e f t )  DM = 5; 
( lower  r i g h t )  DM = 6. 
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Table V .  S/N Rat ios f o r  Images o f  Organic B/P Phantom. 
Obtained w i t h  DM Weight ing Funct ions 

Value o f  DM Parameter 

0 2 3 4 5 6 

S / N  8.07 9.85 13.7 
Normalized S/Na 1.00 1.22 1.69 

11.3 6.86 
1.39 0.85 

4.37 
0.54 

a S / N  normal ized t o  t h a t  obta ined w i t h  no we igh t ing  f u n c t i o n  
( i . e . .  DM parameter = 0). 

Fig .  7 .  Coronal Images of t he  Organic Binder Phantom Shown i n  F ig.  5 
A f te r  Use of DM and TM Weighting Funct ions.  (Upper l e f t )  DM 
= 3; (upper r i g h t )  DM = 4; ( lower  l e f t )  no we igh t ing  
func t ion :  ( lower  r i g h t )  TM ( N 1  = 50 = N2). 



517 

Table V I .  Comparison of S/N Ratios Obtained w i t h  
TM a n d  DM Weighting Functions 

No weighting 
func t ion  TM ( N 1  = 50 = N2) D M  ( D M  = 3 )  DM ( D M  = 4 )  

SIN 8 . 0 7  
Normalized S / N a  1 . 0 0  

1 0 . 2  13.12 11.26 
1 .26  1 .69  1 . 3 9  

aS /N normalized t o  t h a t  obtained w i t h  no weighting func t ion .  

Nuclear magnetic resonance i m a g i n g  of modulus-of-rupture bars  

I m a g i n g  experiments were conducted on t h e  fou r  groups of MOR 
t e s t  bars  ( 4  bars /group)  descr ibed above. A s t a n d a r d  2-0  spin-warp 
spin-echo pulse  sequence was used. The S / N  r a t i o s  were ca l cu la t ed  by 
i n t e g r a t i n g  the  region of  i n t e r e s t  (v s .  background) i n  terms o f  gray- 
s c a l e  i m a g i n g  i n t e n s i t y .  The prel iminary r e s u l t s .  given i n  Table V I I .  
showed v a r i a t i o n s  i n  t h e  in t eg ra t ed  S / N  r a t i o s  w i t h i n  t h e  same group 
of  MOR t e s t  b a r s ;  t h i s  m i g h t  be due t o  v a r i a t i o n s  i n  t he  B / P  content  
w i t h i n  t he  regions imaged (-1.5 cm i n  h e i g h t ) .  The t e s t  bars  w i l l  be 
re turned  t o  G a r r e t t  Ceramic Components Divis ion f o r  d e s t r u c t i v e  
eva lua t ion  t o  determine the  content  of polymeric organic  B / P .  so t h a t  
c o r r e l a t i o n s  between N M R  d a t a  a n d  d e s t r u c t i v e  a n a l y s i s  can begin.  

Table V I I .  S/N Ratios f o r  Images of  Injection-molded 
Modulus-of-Rupture Bars 

Group Mol d i n g  
No. Mi x a  Parametersa Bar No. 

1 S S 1 
2 
3 
4 

- ~~ ~~ ~ 

2 1  
2 2  
23 
24 

4 1  
42 
43 
44 

69 
70 
7 1  
72 

S I N  
R a t i o  

11.99 
1 3 . 9 1  
10.56 
12.66 

14 .63  
15.69 
16.96 
15 .93  

12.18 
13.42 
13.07 
13.57 

14 .61  
15.14 
15 .04  
1 1 . 2 1  

= s tandard :  N = nonstandard.  



518 

High-resolution s o l i d - s t a t e  NMR of oraanic b inder /p las t ic izers  

To determine t h e  f e a s i b i l i t y  of u s i n g  N M R  t o  d i s t i n g u i s h  d i f f e r -  
ences w i t h i n  a n d  among B / P  mixtures. high-resolution s o l i d - s t a t e  N M R  
spec t roscop ic  techniques h a v e  been applied t o  several b a t c h e s  of s o f t -  
so l id  o r g a n i c  B / P s .  High-resolution ( m a g i c  a n g l e  spinning) s o l i d -  
s t a t e  techniques improve the  s ectroscopic r e s o l u t i o n  s ign i f icant ly  i n  

One-pulse l H  spec t r a  acquired a t  a m b i e n t  temperature w i t h o u t  a n d  

b o t h  p r o t o n  ( l H )  a n d  ca rbon  ( l  P C) spec t ra .  

w i t h  magic a n g l e  spinning are presented i n  Figs. 8 a  a n d  b .  respec- 
t i v e l y .  W i t h  s p i n n i n g ,  the linewidth a t  h a l f  maximum decreases from 
-1300 Hz t o  -120 Hz a t  2 . 1  T .  Additionally. the proton resonances o f  
the methyls are  p a r t i a l l y  resolved from the methylene resonances. 
A one-pulse 13C spectrum acquired w i t h  magic angle spinning i s  
presented i n  F i g .  9 .  The increased r e s o l u t i o n  allows integrat ion a n d  
t e n t a t i v e  assignment o f  the  carbon resonances. 

S ta tus  of milestones 

All milestones a re  on schedule. 
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( b )  

F i g .  8 .  One-Pulse P r o t o n  Spectrum o f  B / P  A c q u i r e d  a t  2 . 1  T and A m b i -  
e n t  Tempera ture  ( a )  W i t h o u t  S p i n n i n g  and ( b )  w i t h  a Mag ic  
Ang le  S p i n n i n g  Rate o f  -2500 Hz. 
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F i g .  9 .  One-Pulse Carbon (I3C) Spectrum o f  B / P  A c q u i r e d  a t  2 . 1  T and 
Ambient Temperature w i t h  a Magic  Ang le  S p i n n i n g  Rate o f  -2500 Hz. 
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Powder Characterization 
0. 0. Omatete, A .  C .  Young, and M. A.  Janney (Oak Ridge Nat iona l  
Laboratory) 

Ob.iective/scoDe 

The object.ive o f  t h i s  research element i s  t h ree fo ld :  (1) t o  
i d e n t i f y  and charac ter ize  those aspects o f  t he  chemist ry  and phys ics o f  
a ceramic powder/solvent i n t e r f a c e  t h a t  c o n t r o l  processing; (2) t o  
develop standard methods o f  ana lys i s  f o r  i t em 1; and (3)  t o  develop 
procedures f o r  w r i t i n g  s p e c i f i c a t i o n s  f o r  ceramic powders, t o  i nc lude  
any methods o f  ana lys is  developed i n  the  p r o j e c t .  

Technical  p r o w e s s  

Subcontracts 

Three u n i v e r s i t y  subcontractors--Pennsylvania State,  Rutgers and 
Wisconsin--have been se lec ted  and t h e i r  con t rac ts  have now been signed, 
The k i c k - o f f  meeting i s  scheduled for May 15-16, 1989. 

In-house 

The round r o b i n  measurement o f  e l e c t r o p h o r e t i c  m o b i l i t y  i s  one o f  
t h e  major tasks  requ i red  i n  the  subcontracts mentioned above, 
there fore ,  a r i s e s  fo r  t he  establ ishment o f  a "benchmark" ma te r ia l  f o r  
t he  m o b i l i t y  determinat ions.  One se t  o f  p o t e n t i a l  m a t e r i a l s  i s  aqueous 
po lys ty rene l a t e x  suspensions from I n t e r f a c i a l  Dynamics Corporat ion 
(IDC) o f  Por t land,  Oregon. Two o f  t h e  I D C  la texes ,  l o t  Nos, 2-112-9 and 
10-36-23, were evaluated exper imenta l ly .  The v a r i a t i o n  o f  t h e i r  
m o b i l i t i e s  and o f  the  s p e c i f i c  conductances w i t h  pH were measured i n  
KNO, and NaCl a t  several  i o n i c  s t rengths.  Typ ica l  r e s u l t s  are shown i n  
F i g s .  1 and 2 f o r  the  l a t e x  2-112-19 i n  KNO,. 

I n  F ig .  1, the  dashed l i n e s  show t h a t  t he  v a r i a t i o n  o f  l a t e x  
m o b i l i t y  w i t h  pH a t  i o n i c  s t rengths l e s s  than 0-0lM does n o t  conforin t o  
t he  expected behavior.  
decreases w i t h  pH as the  i o n i c  s t reng th  increases as shown by the  s o l i d  
l i n e s .  I n  F ig .  2, however, the  s p e c i f i c  conductance shows the  expected 
v a r i a t i o n  w i t h  pH a t  a l l  i o n i c  s t rengths.  

Some p re l im ina ry  r e s u l t s  o f  ceramic sur face c h a r a c t e r i z a t i o n  us ing 
gas chromatography have been obta ined f o r  alumina and s i l i c o n  n i t r i d e  
powders. Table 1 shows the  e l u t i o n  temperatures o f  several  chemicals 
fed  as probe molecules i n t o  columns packed w i t h  t h e  two powders. The 
alumina RCHP QBM from Reynolds Chemicals was ca l c ined  a t  800°C f o r  
24 h be fore  use, wh i l e  t h e  s i l i c o n  n i t r i d e  powder E-10 f r o m  Ube 
Chemicals was used as received.  

Table 1 shows t h a t  a l l  t he  probe molecules fed  i n t o  the  s i l i c o n  
n i t r i d e  column e lu ted  from i t  and a l l  bu t  the  a lcoho ls  and p y r i d i n e  
e l u t e d  from t h e  alumina column. Nonpolar and l i n e a r  hydrocarbons show 
o n l y  s l i g h t  i n t e r a c t i o n  w i t h  alumina; t h e i r  e l u t i o n  temperature va r ies  
w i t h  t h e i r  molecular  weights.  
temperatures and the  excessive t a i l i n g  o f  t h e i r  e l u t i o n  peaks show 

The need, 

Usua l ly  the absolute va lue o f  t he  l a t e x  m o b i l i t y  

Ketones w i t h  the  h igh  e l u t i o n  
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strong interaction with the alumina surface. 
so reactive that they may be permanently adsorbed by alumina in the 
temperature range tested. Differences were observed between the silicon 
nitride and the alumina columns; the elution temperatures o f  the ketones 
were higher in the alumina than i n  the nitride column. Also, the 
elution peaks and tails were quite different for the same probe 
molecules in the two columns. These differences could be used t o  
characterize these powders. 

As mentioned in an earlier report, Or. Georges Guichon (an 
Oak Ridge National Laboratory distinguished scientist) and his coworkers 
in Analytical Chemistry Division are undertaking a similar study o f  
attempting to characterize ceramic powders by gas chromatography. Usi ng 
the data obtained from the previous powder dispersion studies, they have 
successfully constructed a surface-coated open tubular (SCOT) column 
with silica (SiO,) .  

To pursue this research more vigorously, an order has been placed 
for a new sophisticated gas chromatograph system equipped with two 
detectors, an autoinjector and a computer data storage capability. I t  
should be received in June 1989. 

Alcohols and pyridine are 
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Table 1. Pre l im inary  r e s u l t s  o f  2-112-19 i n  KNO, 

Chemi c a l  sa 

carbon d i s u l f i d e  

benzene 
to1  uene 
x y l  ene 

nonane 
decane 
undecane 
dodecane 

acetone 
methyl - e t h y l  ketone 
methyl - i sobuty l  ketone 
2-butanone 

e t h y l  e the r  

ch loroform 
methylene c h l o r i d e  

ethanol  
propanol 
butanol  

p y r  i d i ne 

60 

60 
84 

103 
124 
146 
161 

228 
242 
243 - 

d n.e. 
n.e. - 

n.e. 

60 

60 
72 

121 

110 
135 
159 
170 

139 
157 
183 
165 

127 

66 
60 

"Test s o l u t i o n :  one drop o f  chemical i n  10 mL CS,, 2 pL 

Nonisothermal experiment: 60°C f o r  2 min, 8"C/min from 

"Experimental c o n d i t i o n  as f o r  Al,Q, except f i n a l  

No e l u t i o n  i n  the  temperature range tes ted .  

per  i n j e c t i o n .  

60 t o  258°C and soaked f o r  4 min a t  t he  temperature. 

temperature was 300°C. 

b 

d 
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ORNL-DWG 89-14387 

4 6 8 1 0  12 
PH 2 

Fig. 1. Mobility o f  2-112-19 i n  KNO,. 
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- 
I 
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F i g .  2. S p e c i f i c  conductance o f  2-112-19 in KNO,. 
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4.0 TECHNOL 

3 .  l . 1 Techno1 oqy Transfer 

i m n s  I o q y  .-T.~WS~M 
D. K. Johnson (Oak Ridge National Laboratory) 

accompl i shed by a number o f  rnechani sms i ncl udi ng the fal 1 awing: 
Technology transfer in the Ceramic Technology Project is 

_____ Trade . shows .._I. - A portable display describing t h e  program has been 
built atid used h t  numerous national and international trade show: and 
txchnical ineet,ings, m o s t  recently at t h e  Society of Manufacturing 
t n q i  (3eer-S Annual Conference and Exki  b i  t i  on on Advanced Ceramics, 
February 20-28, 1989, in Philadelphia, 

News] e t t e r  - A Ceramic Techno1 ogy News1 e t t e r  is pub1 i shed reguli a r1 j  
and sent to a large distribution. 

Report.$- - Sewiannual technical reports, which i nc lude  c o n t r i b u t i o n s  
by all participants in the program> are published and sent  t o  a large 
distribution Informal bimonthly management and techn ica l  reports are  
distributed t o  t h e  participants in the program. Open-literature reports 
are required o f  all research and development par t ic ipants ,  

D i r e c t  Assistance - Direct a s s i s t a m  is provided t a  subcontractors 
iri theprogram v i a  access t o  unique characterization and test,ing 
facilities a t  the  Oak Ridge National Laboratory. 

W o r k s h o ~ s  - Topical workshops are held on subjects o f  vital concern 
to our community. 

International Cooperation - Our program i s  actively involved in and 
supportive o f  t h e  cooperative work being done by researchers in 
Germany, Swcden, and. the United S t a t e s  under an agreement 
International Energy Agency. That work, ul tiinately aimed at development 
o f  international standards i tic1 udes phy(;ical, morphological , and m i c r o -  
structural characterization of cerarsie powders and dense ceramic bod ies ,  
and mechanical characterization of dense ceramics. Detailed planning 
and procur~nlent o f  ceramic pnwders and flexural test. bars have been 
accompl ished. 
characterization resul ts  has been star!.rd by those 7 abora t s r i e s  
participating. 

Exchange o f  prcl iminary data on cerainic and powder 
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IL4 ANNEX I 1  Nanacsement 
V .  J ,  Tennery (Oak Ridge Nat iona l  Laboratory)  

Ob.iect i v&xx~g 

The I F A  Atinex I 1  agveemerf bstemw t h e  U n i t e d  Sta tes ,  t.he Federal 
Republ i c  o f  Germany, and Swede:; on s t r u c t u r a l  ceramics i s  d i r e c t e d  t o  
coopera t ive  research aiIC devel opnepit o r i e n t e d  t o  t h e  i den t  i f ica t io r r  and 
adopt ion  o f  standardized methods fo r  charac8.er-i z-i ng these n ia te r i  a1 s. 
T h i s  agreement i n c l u d e s  f o u r  s i ib tasks :  (1)  inforrndi l ion exchange, 
( 2 )  cerai i l ic powder c h a r a c t e r i z a t i o n ,  (3 )  cerani ic chemjs t ry  an 
t u r a l  c h a r a c t e r i z a t i o n ,  and ( 4 )  ceramic mechanics? 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 country 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  ceramics f o r  use i n  t h e  research work i n  Subtasks 2, 3, and 4 
i n  a l l  t h r e e  p a r t i c i p a t i n g  countries- 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  ave agreed i 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 
af  u s i n g  t h e  kns ledge gained from t h e  work for deve lop ing  s tandard 
measurement methods f o r  c h a r a c t e r i z  i ny ceramic powders and s i n t e r e d  
s t r u c t u r a l  ceramics.  

ment t o  t h e  e v o l u t i o n  and development of s t r u c t u r a l  ceramics, k t h  f rom 
t h e  p o i n t  o f  v i e  o f  t h e  manufacturer  and t h e  user. This  Annex 11 
agreement was co c e i  ved t o  accel  e r a t e  t h e  devel  oprrrent o f  s tandard 
methods f o r  de termin ing  impor tan t  p r o p e r t i e s  o f  these e v o l v i n g  m a t e r i a l s .  

c o n t r i b u t e d  s i g n i f i c a n t  resources i n  per fo rming  t h e  r e q u i r e d  measurements. 
I n  t h e  U n i t e d  States,  f o r  example, i n  Subtask 2, 12 l a b o r a t o r i e s  a re  
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 ,  8 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 ,  

be ing  s t u d i e d  i n  t h i s  subtask, For Subtasks 3 and 4 ,  t h r e e  s i n t e r e d  
ceramics are  be ing  s tud ied ,  i n c l u d i n g  one f rom each o f  t h e  t h r e e  

n t r i e s .  The ceramic f rom t h e  U n i t e d  S t a t e s  i s  a s i l i c o n  n i t r i d e ,  
-1000 f rom GTE-We5cg0, t h a t  f rom Germany i s  a hipped S i c  f rom ESK 
pton, and t h a t  f rom Sweden i s  a s i l i c o n  n i t r i d e  f rom ASEA Cerama. 

The l a c k  o f  suck standard measurement methads has been an impedi-  

I n  t h e  U n i t e d  States,  many companies and t h e i r  research  s t a f f s  have 

The research  i n  Subtask 2 i n c l u d e s  f i v e  cerani ic powders which are 

With t h e  approaching conc lus ion  o f  Annex I 1  research, cons iderab le  
d i s c u s s i o n  has been h e l d  i n  t h e  U n i t e d  S t a t e s  r e l a t i v e  t o  p o s s i b l e  
c o n t e n t  o f  con t inued coopera t ive  i n t e r n a t i o n a l  research  s i m i l a r  t o  t h a t  
conducted under t h e  Annex I 1  agreement. Due t o  t h e  d i f f e r e n t  r a t e s  a t  
which t h e  research  i n  Subtasks 2, 3 ,  and 4 has progressed, t h e  s t a t u s  o f  
these d iscuss ions  d i f f e r s  f o r  each subtask. A t  t h e  present  t ime, 
mechanical p r o p e r t i e s  research i n  Subtask 4 i s  neares t  t o  complet ion,  
and t h e r e f o r e ,  i n  t h e  U n i t e d  States,  c o n s i d e r a t i o n  o f  f u r t h e r  research 
i n  t h i s  area i s  most mature. Research p l a n s  i n  t h e  area o f  mechanical 
p r o p e r t i e s  f o r  an Annex I 1 1  agreeme reviewed a t  t h e  Execut ive 
Committee meet ing h e l d  on November i n  t h e  U n i t e d  States.  
Resu l ts  f rom t h e  ceramic powder char  a t i o n  research  i n  Subtask 2 
w i l l  be completed second, and i t  i s  t o  have f u t u r e  research 
p lans  f i n a l  i z e d  f o r  coopera t ive  ceramic powder c h a r a c t e r i z a t i o n  research 
by t h e  midd le  o f  C Y  1989. Resu l ts  f rom s i n t e r e d  ceramic c h a r a c t e r i -  
z a t i o n  i n  Subtask 3 w i l l  be a v a i l a b l e  l a s t ,  and i t  i s  n o t  c l e a r  a t  t h i s  
t i m e  i f  f u r t h e r  research  i n  t h i s  area w i l l  be supported as p a r t  o f  a 
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future international agreement. 
subtasks, powder characterization, sintered ceramic characterization, 
and mechanical properties within the United States relative to a 
possible Annex I 1 1  agreement i s  discussed later in this report. 

The status o f  the research in the three 

Technical prowess 

The major technical status changes since the last se 
report will be reviewed briefly. 

___ S u b t a s k  2 ~ Ceramic Powder Characterimation--A meeting to review 
a71 data and discuss possible future work was held sn October 18 and 1 
in 8ertchesyaden, Federal Republic o f  Germany, At this meeting, 
A .  Dragoo and S, Hsu o f  MIST distributed a draft copy o f  the d a t s  from 
a l l  laboratories participating in Subtask 2. This document includes a 
data received to date resulting f r o m  work in the three countries Q B ~  
cerami e powder characleri  z a t  ion, and incl udes data in bo th  tabu1 as. a i d  
graphical form. This compilation includes a l l  data for four of the 

1 

powders studied, and i s  t h e  largest assemblage o f  ceramic powder 
prsperty results from a large nu b w  o f  laboratories ever completed. 
Wssults f o r  the Toyasoda mircsni 
since t h e s e  were covered i n  detail last November a t  the Orlando warking 
group meeting. 

During this meeting in Germany, it was agreed t h a t  t h e  following 
schedule will be met for completing the work in Subtask 2 an ceramic 
powder characterization. 

pawder from Japan ere n o t  included, 

12/15/88 - A31 corrections in current d a t a  s e t  due t o  
s. wsu, N I S T .  

(responsibility of S .  Hsu). 
6/1/39 - S .  H s u  submits final revised Part 2 report 

to I E A  Executive Committee for corn 
8/31/89 - Draft o f  final report t o  be distributed by 

N I S T  to participants. 
12/15/89 - Part 2 of Final  Report (Analysis and 

Recommendations) is published and d i s t r i b u t e d  
to participants. 

12/15/89 - Statistical analysis o f  data started. (Optional 
as to completion; responsibility undetermined, bu t  

4/30/89 - Part 1 of Final Rep rt (Data Only) t o  printer 

possibly M I S T . )  

Publication o f  Part 2 o f  the f i n a l  report i l l  offici a1 ly concl ude 
Subtask 2, and since t h i s  subtask will be the last component o f  t h e  
original work finished under the Amex, its completion will also 
officially conclude the  work under the  original work scope o f  Annex 11. 
R .  Neumano, s e n i o r  person present representing the FRG, was quite 
emphatic that all research associated with the present Annex I 1  research 
scope, including publication and distribution o f  t h e  final reports, 
should be finished by the end of CY 1989, 

The three national coordinators for Subtask 2 met on January 17 
a t  t h e  American Ceramic Society meeting in Cocoa Beach, Florida, and 
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f u r t h e r  reso lved f i n a l  data needs from the  N I S T  compi la t ion  prov ided 
a t  t he  Bertchesgaden meeting and reviewed reco mendations f o r  possible 
f u tu re  work. Future work needs were considere i n  t h e  th ree  sub jec t  
areas i n  the  srrbtask, namely, (1) chemical cha rac te r i za t i on ,  ( 2 )  p a r t i c l e  
s i z e  d i s t r i b u t i o n ,  and (3 )  other  phys ica l  p roper t i es .  These t h ree  areas 
are the  r e s p o n s i b i l i t y  o f  A .  Bragoo, N I S I  (USA) ;  H. lllausner, Technical 
U n i v e r s i t y  o f  B e r l i n  ( F R G ) ;  and 8. Pompe, Swedish S i l i c a t e  I n s t i t u t e  
(Sweden). A t  the 91st  Annual Peet ing o f  t he  American C$+-amic Society, 
April 25, these t h r e e  na t iona l  coord ina tors  w i l l  meek q a i n  t o  review 
t h e i r  n a t i o n a l  p o s i t i o n s  on t h e  s t a t e  o f  ceramic pcwdw charac te r i za t i on  
and the  conclusions f r o m  t h i s  Keet ing w i l l  form tire b a s i s  o f  t h e  report 
and recommendation f o r  poss ib le  f u t u r e  research due t o  the  Executive 

S. Msu by June 1 ,  198 
es o f  the  Berchesgaden 

D r .  Boesch o f  EER, Inc .  A meeting o f  possible f u t u r e  p a r t i c i p a n t s  i n  
powder cha rac te r i za t i on  research from the U,S. w i l l  be h e l d  i n  
I nd ianapo l i s  an A p r i l  2 4 .  Steve Hsu and Alan Bragoo o f  the N I S T  are 
respons ib le  f a r  fo rmula t ing  these d iscuss ions i n t o  an i n q u i r y  t o  U.S, 
researchers who are p o t e n t i a l  p a r t i c i p a n t s  i n  the  fo l low-an research un 
c h a r a c t e r i z a t i o n  o f  ceramic powders. The respons t o  t h i s  i n q u i r y  w i l l  
form the  bas is  f o r  t he  U.S ,  p o s i t i o n  on f u t u r e  I E  based research i n  the  
area o f  ceramic powders. In add i t ion ,  any changes o r  add i t i ons  t o  the  
ceramic powder data compi la t ion  which N I S T  prov ided a t  Berchesgaden were 
completed. N I S T  i s  proceeding w i t h  g e t t i n g  the  r e p o r t  i n t o  a f i n a l  f o r m  
f o r  submission t u  ORNL f o r  p u b l i c a t i o n .  The f i r s t  po r t i on ,  t he  da ta  
se ts  (Par t  1 o f  t h i s  repo r t ) ,  i s  scheduled t o  be prov ided t o  ORNL ready 
f o r  p u b l i c a t i o n  by A p r i l  30, w i t h  Par t  2 being prov ided t o  the  Execut ive 
Committee by Steve Hsu by June 1. 

Steve Hsu and Alan Dragoo o f  t he  N IST  cont inued work on i d e n t i f y i n g  
candidate p a r t i c i p a n t s  f o r  poss ib le  f o l l o w  on research on cha rac te r i  - 
z a t i o n  o f  ceramic powders. The response t o  t h i s  i n q u i r y  will form the  
bas i s  f a r  t he  U . S .  p o s i t i o n  on f u t u r e  I E A  based research i n  the area o f  
ceramic powders, and determine i f  DOE w i l l  support such f u t u r e  work. I n  
add i t i on ,  they cont inued work on the  Subtask 2 r e p o r t s  which i s  due 
s h o r t l y  t o  ORNL f o r  p u b l i c a t i o n .  N I S T  i s  proceeding w i t h  g e t t i n g  the  
r e p o r t  i n t o  f i n a l  form. The f i r s t  p o r t i o n  o f  t he  repo r t ,  the  data sets  
(Pa r t  1 o f  t h i s  repo r t ) ,  i s  scheduled t o  be prov ided t o  BWML ready f o r  
p u b l i c a t i o n  by A p r i l  30, w i t h  Par t  2 being prov ided t o  the  Execut ive 
Committee by Steve Hsu by June 1. 
coord ina to r ’ s  meeting he ld  i n  Cocoa Beach i n  January were rece ived on 
March 9. 

ee t i ng  were d i s t r i b u t e d  by 

The minutes o f  t h e  na t i ona l  

Subtask 3-Chemical Charac ter iza t ion  o f  S in te red  Ceramics--A l e t t e r  
was sent by V .  J .  Tennery (ORNL) i n  e a r l y  December t o  a l l  U . S .  p a r t i c i -  
pants i n  Subtask 3 w i t h  a copy o f  t he  Swedish d r a f t  r e p o r t  f o r  Subtask 3, 
reques t ing  some a d d i t i o n a l  d e t a i l s  concerning the  ana lys is  techniques 
used and rev iew comments by January 11, 1989. These were a l l  rece ived 
by the  end o f  January, and a copy o f  t he  d r a f t  r e p o r t  i nc lud ing  a l l  U , S .  
mod i f i ca t i ons  was sent t o  D r .  Hatcher i n  Sweden a t  t he  end o f  January. 

I n  e a r l y  February, a marked d r a f t  o f  the  r e p o r t  was sent t o  
D r .  Hatcher. A r e p l y  was received from D r .  Watcher l a t e r  t h a t  month 
agreeing w i t h  the  suggestions, which inc luded a d i s t r i b u t i o n  l i s t  f o r  
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the report in Sweden. It was agreed at the end o f  March that this report 
wi?l also be published by OR L, and that the final master of the report 
i l l  be delivered to us at t e end o f  April. 

- - A  final edited 
versi n Germany was returned 
to D r .  Munm, along with the final version o f  the fractography analysis 
report written at ORNh. A research propos describing future 
mechanical property research was prepared distributed by ORNL. 
Information was solicited by QRNL and rece 
industrial researchers to determine their interest and will ingness to 
participate in the proposed fol1 ow-on mechanical property research 
including tensile and flexure strength measurements o f  ceramics and 
extensive strair: gauging o f  specimens. A U.S. working group meeting was 
held in Dearborn, Michigan, on October 26 to discuss these plans. Eight 
industrial and two federal laboratories agreed ta a research work scope 
including the ORN proposal which was then pres nted to the members of 
the Executive Corn ittee at the meeting on Novem er 30. At this meeting, 
representatives o Germany presented a revised ersion o f  their proposal 
for futtire work, which was similar t o  the German proposal o f  October 
1987. T h i s  new German proposal i s  being distributed to representatives 
o f  the 18 U.S.  laboratories who previously agreed to the new U . S .  
proposal for comment by January 11. 

for efficiency reasons that any future research work will be conducted 
as new subtasks o f  Annex 11, rather than pursue establishment o f  a new 
Annex 111. Specifically, any mechanical property research will be 
organized and conducted as a new Subtask 5. 
other work. beyond the present research work scope will identified as 
subtasks above Subtask 5, 
offered entry as participants in new research under Annex IT. after the 
three presently participating countries agree on a research agenda. 
Countries interested in participating will possibly be invited t o  a 
workshop at which time the research plan wil l  be presented for their 
consideration. I t  b a s  agreed that new participating countries will not 
be given an option of  proposing changes to the research agenda. 

Opinions were solicited i n  the United States o f  the new German 
proposal distributed at the has Yegas meeting at the end o f  November 
1988, P h i s  included the response a f  the n ine  U.S.  laboratories who had 
earlier agreed t o  accept t h e  U . S .  proposal and participate in additional 
research on mechanical properties as an extension (Subtask 5) o f  Annex 11. 
The responses from these laboratories (eight industrial and one federal) 
(ORNL did net contribute t o  these opinions) favored the U . S .  
because they f e l t  that the tensile strength research coupled 
flexural strength measurements and use o f  strain gaged specim 
answer several critical questions presently complicating their attain- 
ment of the g ~ a l  o f  high reliability strength measurements of structural 
ceramj c s .  

A f i n a l  version copy o f  the ORNL written fractography report w 
s e a t  to Ms.  Vierkarn-Rudolph o f  the KFA in Germany in December. Copies 
o f  this report were a l so  sent t o  Dr. Watcher and D r - .  P o m p  in Sweden in 
December for their information and comments. 

d f rom a number o f  U.S. 

A t  the Executive Committee meeting o f  November 38, it was agreed 

Powder characterization or 

It was also agreed that new countries will be 

lhe German participants 
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contacted V .  J .  Tennery in January,  and suggested tha t  papers describing 
the resu l t s  of Subtask 4 research be presented a t  the meeting o f  the 
European Ceramic Society in the NetherlarAs in June. 
with DOE agreement t o  da so ,  
representatives o f  Japan who attended the I E A  discussions a t  Las Vegas 
indicated that  several researchers in Japan are anxiously wziting for a 
procedure t o  be identified f o r  t h e  Japanese ceramic eo xunity t o  become 
involved with the mechanical property research La be a extension of t h e  

This c o n t a c t  was formalized v i a  a l e t t e r  
E Headquarters t o  a representative of HIPI i n  Tokyo, in which  
as asked t o  consider participating in the research outlined i n  

The fractography and fracture analysis reports have been completed 

I t  was decided, 
During t h i s  per iod ,  correspondence with 

Annex I1 agreement. 

the U.S .  proposal, 

and are now in the publication process a t  QRNL. 
ready for distribution by the siddle o f  June. 
Dr. D. Munn of Germany in Florida on March 15 t o  discus 
position regarding f a l l  w QFI research in t h e  area o f  mechanical 
properties. 
since l a s t  November when t h e  U.S .  proposal was presented a 
Executive Committee inee ing in Las Vegas,  
Neumann when he returnei t o  Gerrnacy. During discussions w 
ORNL on March 2Q, i t  was agreed that he would t r y  t o  c l a r i fy  the German 
position as soan as possible. Recently, D r .  Munr has indicated t h a t  
Germany i s  willing t o  include some level o f  t ens i le  strength measurement 
research in future I E A  Annex tasks. Several o f  the candidate U.S.  
participants in the future proposed structural  ceramic research have 
expressed concern about the delay in s tar t ing the work. Some Rave 
indicated t h a t  i f  the research i s  n o t  s tar ted reasonably soon, they can 
n o t  be a participant.  
personnel in mid-March, with the suggestion t h a t  the research be started 
uni la teral ly  in the United States.  The reply f rom DOE in a l e t t e r  of 
March 28 indicated that  the  research could not be pursued with use o f  
DOE funds for the foreseeable future,  I t  therefore appears that  further 
cooperative mechanical property research on structural  ceramics under 
t h i s  annex may not occur. 

These reports should be 
A meetin was held with 

I t  appeare that  l i t t l e  discussion had been held in Germany 

Nunz agreed t o  

This was communicated t o  DOE headquarters 



533 

S t a n d a r d  Keferenc.e- . . -M~t~~ia Ls 
A .  L. Dragoo, S .  G .  Malghan, L.  S .  Lum, D. B .  Minor, J .  F.  Ke l ly ,  
and J, P .  Cline  (Nat ional  I n s t i t u t e  of Standards and Technology) 

Objecti.ve/scope 

Cerariii.cs have been successfu1.ly employed i.n engines  on a 
demonstrat ion b a s i s .  The success fu l  manufacture and use  of  
cerariiics i n  advanced engines  depends on t h e  devel-opment o f  rei-fable 
materials t h a t  w i l l  wi ths tand  h i g h ,  r a p i d l y  vary ing  thermal s t r e s s  
loads .  Improvement i n  t h e  c h a r a c t e r i z a t i o n  of cnrami-c s t a r t i n g  
powders i.s a c r i t i c a l .  f a c t o r  i n  achiev ing  rei-iable ceramic 
materials for- engine a p p l i c a t i o n s .  The product ion and u t i l i z a t i o n  
o f  such powders r e q u i r e  cha rac t e r i - za t ion  methods and p rope r ty  
s tandards  f o r  q u a l i t y  assurance .  

The o b j e c t i v e s  of t he  NBS program are (1) t o  assist  wi th  t h e  
d i v i s i o n  and d i s t r i b u t i o n  of f i v e  ceramic s t a r t i n g  powders for an  
i n t e r n a t i o n a l  round-robin on powder c h a r a c t e r i z a t i o n ;  ( 2 )  t o  
provide rel.i.able da t a  on phys ica l  (d imens iona l ) ,  chemical and phase 
c h a r a c t e r i s t i c s  o f  two s i l i c o n  n i t r i d e  powders: a r e fe rence  and a 
t e s t  powder; and ( 3 )  t o  conduct: s t a e i s t i c a l  assessment and motle1.ing 
of round-robin d a t a .  This  program i s  d i r e c t e d  toward a c r i t i c a l .  
assessment o f  powder c h a r a c t e r i z a t i o n  methodology and toward 
estabLishment of  a b a s i s  f o r  the  eva lua t ion  of f i n e  powder 
p recu r so r s  f o r  ceramic process ing .  T h i s  work w i l l  examine and 
coinpare by a v a r i e t y  o f  s t a t i . s t i c a 1  means t h e  va r ious  measurement 
methodol-ogies employed i n  the  round-robin and the corre1at: ions 
among the  va r ious  parameters and c h a r a c t e r i s t i c s  eva lua ted .  The 
r e su l - t s  of t h e  round-robin a r e  expected t o  provide t h e  b a s i s  f o r  
i d e n t i f y i n g  measurements f o r  which Standard Reference Materials a r e  
needed and t o  provi.de p rope r ty  and s t a t i s t i c a l  d a t a  which will .  
serve t h e  development of  i n t e r n a t i o n a l l y  accepted s t anda rds .  

Technical  progress  

The technica l  progress  covered i n  t h i s  r e p o r t  inc ludes  d e s c r i p t i o n s  
o f  work on the  p repa ra t ion  of  powder samples f o r  t he  IEA/ANNEX 11, 
Subtask 3 ,  powder c h a r a c t e r i z a t i o n  round-robin arid of  the  
compilat ion and a n a l y s i s  o f  round-robin d a t a  (. 

_._. D i v i  . ._ s i on , D i.s.t.rjbu t i on an.d.-.dg.r.t i f i c a t i on-.of-.C erain i c: S t a - r t i n ~  
Powders. This  phase o f  the  work i s  completed. 

Powder Charac t e r i za t ion .  Charac t e r i za t ion  o f  powders foc  the  
Subtask 2 round-robin w a s  completed dur ing  the  prev ious  r e p o r t i n g  
per iod .  Mowver, a s t a t i s t i c a l  design s tudy  of  the  in f luence  o f  
sample p repa ra t ion  on p a r i i c l e  s i z e  measurements by X-ray sedigraph 
i s  i n  progress  as a p a r t  o f  another  p r o j e c t  on  s i l i c o n  n i t r i d e  
poXdPK m i l l i n g  c h a r a c t e r i z a t i o n .  T h i s  stindy w i l l  c o n t r i b u t e  to the 
i n t e r p r e t a t i o n  of  the  round-robin d a t a  and t o  the  des ign  o f  f u t u r e  
round-robins  intcnded t o  t e s t  scd i  graph measurements = 



-. Data Analysis.  Since the IKA Subtask 2 meeting a t  
Berchtesgaden, FGR, i n  October 1988, co r rec t ion  and f inal .  updating 
of a l l  round-robin da ta  f o r  Subtask 2 w a s  c a r r i e d  out. A new 
t abu la t ion  o f  the  eompiLed da ta  and summary s t a t i s t i c s  were 
prepared. Descr ipt ions of  the measurement methods w e r e  w r i t t e n .  
These a r e  now bei.rtg assembled i n t o  a manuscript f o r  pub l i ca t ion .  

,4s agreed upon by the p a r t i c i p a n t s  a t  Berchtesgadec, the  
t echn ica l  leaders  f o r  Subtask 2 (I-I. Hausner, FGR; R .  Pornpe, Swe.den; 
A .  Dragoo) began the prepara t ion  of  a repor t  fo r  the technica l  
ana lys i s  o f  the  da t a .  Respons ib i l i t i e s  f o r  the  var ious secti-ons of  
the  r e p o r t  were assigned as foLLows: (1) p a r t i c l e  s i z e  
measurements, Hausner; ( 2 )  spc!c:ific sur face  a r e a ,  permeometry and 
microscopy, Pomge ; and ( 3 )  chemical and phase ana lyses ,  Dragoo. 
The technica l  leaders  met at Coco Beach, FL, L n  January t o  plan the 
report: and. t o  e s t a b l i s h  guidel ines  f o r  i t s  prepara t ion .  The 
technica l  leaders  agreed t h a t  the  technica l  analyses  will focus on 
eva lua t ion  and comparison o f  the  measurement methods used f o r  each 
property.  The technical leaders  w i l l  meet: again a t  Indianapol i s ,  
I N ,  i n  A p r i l  t o  exchange manuscripts and t o  discuss  the  r epor t  and 
their  conclusions.  The manuscript f o r  the  r epor t  Ls expected t o  be 
completed during the summer of 1989.  

S t a tus  o f  milestone 

Task 1. Subtask A and B a r e  completed, Subtask C ,  
intcrmediate  milestones 411603 and 411604 a r e  showing s l ippage  due 
t o  l a rge r  than an t i c ipa t ed  quant i ty  o f  rev is ions  and a n a l y s i s .  
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