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SUMMARY 

The Cerami c Techno1 ogy For  Advanced Heat Engi nes P r o j e c t  was devel - 
oped by t h e  Department o f  Energy's O f f i c e  o f  T r a n s p o r t a t i o n  Systems (OTS) 
i n  Conservat ion and Renewable Energy. This  p r o j e c t ,  p a r t  o f  t h e  OTS 's  
Advanced Mate r i  a1 s Development Program, was devel oped t o  meet t h e  ceramic 
techno logy  requ i  rements o f  t h e  OTS's automot i  ve technology programs. 

S i g n i f i c a n t  accarnpl i shnients i n  f a b r i  c a t i  ng cerami c components f o r  t h e  
Department of Energy (DOE),  Na t iona l  Aeronaut ics  and Space Admi n i  s t r a t i o n  
(NASA),  and Department o f  Defense (UOD) advanced heat  engi ne programs have 
p r o v i d e d  evidence t h a t  t h e  o p e r a t i o n  o f  ceranii c p a r t s  i n  h igh- temperature 
engine env i  ronments i s  f e a s i  ble. However, these programs have a1 so demon- 
s t r a t e d  that, a d d i t i o n a l  research i s  needed -in m a t e r i a l s  and process ing 
development, des ign methodology, and data base and l i f e  p r e d i c t i o n  be fo re  
i n d u s t r y  w i  11 hdve a s u f f i c i e n t  technology base f rom which t o  produce 
re1  i a b l e  c o s t - e f f e c t i v e  ceramic engine components commercial ly.  

was developed w i t h  e x t e n s i v e  i n p u t  f rom p r i v a t e  i n d u s t r y .  The o b j e c t i v e  
o f  t h e  p r o j e c t  i s  t o  develop t h e  i n d u s t r i a l  technology base r e q u i r e d  f o r  
r e 1  i a b l e  cerami cs f o r  appl i c a t i o n  i n  advanced autornoti  ve heat engi nes. 
The p r o j e c t  approach i n c l  udes determi n i  ng t h e  mechanisms c o n t r o l  1 i ng 
r e 1  i ab i  1 i t y  , improv i  ng processes f o r  f a b r i  c a t i  ng ex-i s t i  ng  ceramics de- 
v e l  o p i  ng new m a t e r i  a l  s w i t h  i nc reased  re1 i a b i  l i t y  s and t e s t i  ng these  mate- 
r i a l s  i n  s imu la ted  engine environments t o  c o n f i r m  r e l i a b i l i t y ,  Al though 
t h i s  i s  a gener i c  m a t e r i a l s  p r o j e c t ,  t h e  focus i s  on s t r u c t u r a l  ceramics 
f o r  advanced gas t u r b i n e  and d i e s e l  engines, ceramic bear ings and a t t a c h -  
ments, and ceramic c o a t i n g s  f o r  thermal b a r r i e r  and wear a p p l i c a t i o n s  i n  
t h e s e  engi nes. ?h i  s advanced r rwter i  a1 s techno1 ogy i s  bei ng devel oped i n  
p a r a l l e l  and c l o s e  c o o r d i n a t i a n  w i t h  t h e  ongoing DOE and i n d u s t r y  p r o o f -  
o f  -concept engi  ne development programs. To f a c i  1 i t a t e  t h e  r a p i d  t r a n s f e r  
o f  t h i s  technology t o  U.S. i n d u s t r y ,  t h e  major p o r t i o n  o f  t h e  work i s  
be ing  done i n  t h e  ceramic i n d u s t r y ,  w i t h  t e c h n o l o g i c a l  suppor t  from 
yovernrnent l a b o r a t o r i e s ,  o t h e r  i n d u s t r i a l  l a b o r a t o r i e s ,  and u n i v e r s i t i e s ,  

Th is  p r o j e c t  i s  managed by OKNL f o r  t h e  O f f i c e  o f  T r a n s p o r t a t i o n  
Systems, Heat Engi ne P ropu ls ion  D i  v i  si on and i s  c l o s e l y  coord i  nated w i t h  
complementary ceramics tasks  funded by o t h e r  DOE o f f i c e s ,  NASA, DOD, and 
i n d u s t r y .  A j o i n t  DOE and NASA t e c h n i c a l  p l a n  has been es tab l i shed ,  w i t h  
DOE facus on automot ive a p p l i c a t i o n s  and NASA focus on aerospace a p p l i c a -  
t i o n s .  A common work breakdown s t r u c t u r e  (WBS) was developed t o  f a c i l i t a t e  
c o o r d i n a t i o n .  The work desc r ibed  i n  t h i s  r e p o r t  i s  organized acco rd ing  t o  
t h e  f o l  1 owing WBS p r o j e c t  elements: 

An assessment o f  needs was completed, and a f i v e - y e a r  p r o j e c t  p l a n  

0.0 Management and Coordi n a t i o n  

1.0 M a t e r i a l s  and Process ing 

1.1 Mono1 i t h i  cs  
1.2 Cerami c Compos1 tes 
1.3 Thermal and Wear Coat ings 
1.4 J o i n i n g  

1 



2 

2.iJ Materials Desigri Methodology 

2.1 Modeling 
2,2 Contac t  I n t e r f a c e s  
2.3 New Concepts 

3,?  Data Rase and L i f e  P i -ed j c t i on  

3.1 S t r u c t u r a l  Qual i f i  c a t i o n  
3.2 T i  me-Dependent Behavi o r  
3.3 E n v i  ronrnental E f  feces 
3.4 Fracture Mechanics 
3.5 NDE Devel  opiiient 

4.0 Technology T rans fe r  

4.1 Techno1 ogy T rans fe r  

Thi  s r e p o r t  incl udes con%rli but.-i ons f r om a1 1 curreistly a c t i v e  p r o j e c t  
p a r i i  c i  p a n t \ ,  'The con t  r i  b u t i  ons are  arranged azcord i  nq t u  t i ip  WBS out1 i ne. 
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D. R e  Johrssnn 
Oak Ri clge Nat iona l  l..aboratosy 

Techni cal progress ---- 

A computer dd ta  base and m i  1 e s t o n e  co6nm-i tment sys tem have been devel - 
oped f o r  the proigraan, The purpose o f  t h e  d a t a  base i s  t o  f d c i  1 i t a t e  
program ~~~~~a~~~~~~ and cocmrdi na t i on .  Each t d s k  i n  the Cerarni c Xechnal cagy 

name i rcsponsi b l  c j  organ i  z a t i  on procjrm nager p r i  nci pal i n v e s t i  g d t o r  , 
o b j e c t i v e ,  c o n t r a c t  number, funding by year ,  technical monitor, period o f  
perfurmance, m i  I estoncs an4 rrai 1 estone perfarrn~?nce, The d a t a  base ii s 

avtti lak;l l~.  t o  the  project manager v i a  a LerminaI i n  h i s  o f f i c c ,  
The milestone cornmi tinent system i s  part of  the d a t a  base. I t  F a c i l i -  

t a tes  t r a c k i  ng o f  m i  9 @scones by nmnag~rnent  m d  cmiiiiauni cat1 on betsrieen the  

stones, M i  l estones i n  the Cerdrni c Techno1 ogy Project are I n r  t i ittted by the 
prograin p a r t i c i p a n t s  f o r  approval  by t h e  p r o j e c t  o f f i c e .  The m i  lestones 
are usually wbrriitted t o  t h e  p r o j e c t  as a contractual  reqiii sement soon 
after-  a subcontract i s  signed. 

Tcn assure t h a t  the p r l n c i p a l  i n v e s t i g a t o r  ( P I )  understands and 
accepts his m i  Iestones,  for each m i  l es tone  a computer-generated l e t t e r  i s  
sent t o  the PI d s k i n g  for his acceptance, F i g u r e  1 shows d sdrnple rnile- 
s tone  acceptance l e t t e r .  The l e t t e r  i s  s igned  by the P ?  and returned t o  
the p r o j ~ c t  o f f i c e ,  The P I ’ S  concurrence i s  Iogiged i n t o  t h e  d a t a  base and 
the le t ter  kept. i n  the cont rac t  f i  l e ,  

P r o j e c t  i s  descs i  bed by 44 a t t r i b u t e s ,  which inclldde WBS elernent, project 

S&Ol-t?d i n  oRh!L’S D’s’CJitdl Equipment CorporaeiOn I”DP-10 C O l ~ ~ l l J t e f  and i S  

p r i  n e i  pal i n v e s t i  gatrpss and t h e  grojec% manager w 4 t h  r e s p e c t  t o  t h e  m i  1 e -  
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8.  R.  Johnson  
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F i g .  1. Sample milestone acceptance l e t t e r .  
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Once a m i l e s t o n e  has been acknowledged, a computer-generated l e t t e r  
i s  p e r i o d i c a l l y  sent i n q u i r i n g  about t h e  s t a t u s  of t h e  mi lestone.  The 
f requency o f  t h e  s t a t u s  i n q u i r y  l e t t e r s  v a r i e s  f rom q u a r t e r l y  t o  monthly,  
depending on t h e  t i m e  p e r i o d  b e f o r e  t h e  m i l e s t o n e  due date. 
expected progress toward t h e  m i l e s t o n e  i s  on schedule, t h e  P I  can check 
"on schedule" and s i g n  and r e t u r n  t h e  l e t t e r .  I f  t h e  m i l e s t o n e  has been 
completed, t h e  PI can check "completed" and c i t e  t h e  pe r iod i c ,  ar  t o p i c a l  
r e p o r t  i n  which t h e  r e s u l t s  a re  publ ished.  If a problem i n  meet ing t h e  
m i l e s t o n e  on t i m e  i s  a n t i c i p a t e d ,  t h e  PI can e x p l a i n  and request  a d e f e r r a l  
o f  t h e  due date. Once t h e  completed m i l e s t o n e  s t a t u s  l e t t e r  i s  r e c e i v e d  
by t h e  p r o j e c t  o f f i c e ,  t h e  i n d i c a t e d  s t a t u s  i s  logged i n  and t h e  l e t t e r  
F i l e d .  Subsequent m i l e s t o n e  s t a t u s  i r rqu i  ry l e t t e r s  i n c l u d e  a reco rd  o f  
t h e  p rev ious  responses by t h e  PI. F i g u r e  2 i s  a sample m i l e s t o n e  s t a t u s  
i nquj ry l e t t e r .  

The m i l e s t o n e  data can be s o r t e d  i n  severd l  ways (such as m i l e s t o n e  
due date, r e s p o n s i b l e  o r g a n i z a t i o n ,  o r  WBS number) and r e p o r t s  generated 
by t h e  computer. 

I f  t h e  
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F i g .  2. Sample milestone s t a t u s  i n q u i r y  l e t t e r .  
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1.0 MATERIALS AND PRDCE-SSING 

T h i s  por - t ion  of  the p r o j e c t  i s  i b e n % i f i e d  t9s grcnject clement 1,0 
w-ixhin the  work ~~~~~~~~~~n s t r u c t u r e  (WBS). It c o n t d i n s  four  subelernents: 
(I) Monolithics, (2) Ceramic Compasites, ( 3 )  Therm1 and Wedr Coat ings ,  
and (4) &.ia’n.ing, Ceramic research conducted within t h e  M o n o l i t h i c s  sub- 
e 6 ement c u r r e n t 1  y i nc? udes work wl.i v-i t i  E C ~  on green s t d t e  cerafila c f a b r i  ca- 
t i o n  fp chasacrer i  z d t a  on, and denrg-i f~ c a t 1  an dnd w~ s t r u c t u r a l  ~ n ~ c h a n i  cia1 
a n d  pksysi ca 1 properties OF these ceramni cs. Ke?sedr-ch c iandu~ ted  w i t h i  a the 
& r a m i  c Conrpcss i Les subel ement c u r r e n t l y  i wcl inck!s s i  1 li C Q ~  carb i  de and 
oxide-based composites, which, 7 n  a d d i t i o n  t o  the work a c t i v $ t i e s  c i t e d  
for Moncaitithics, include Fiber synthes is  and cha rdc te r iLa t ion ,  Research 
conducted i n  t he  Thermal arid Wear Coatings sube9erirent jl; c u r r e n t l y  l imi ted  
t 3  oxide-bzse c o a t i n g s  arid involver;  c o a t i n g  syn thes is ,  charac te r izar ion ,  
and t h e  d e t e r m i n a t i o n  o f  t h e  meohs~nicrl7 an physical properties of  the 
c o a t i  nys, ftesearch cond~ic ted a n the J o i  n i  9 smbelerilent c u r r e n t l y  i n c l u d e s  

cerami cs  and i ron -base a1 J oys 
A majo r  objec t ive  o f  t h e  reswre8.s i n  the  Materials am! Processling 

re1 a t i o i i s t i +  ps between cerami e r m  m a t e r ?  a1 s such as powders and reac tan t  
gases t h e  proeessi n q  vari ab1 es  i nvol  ved i n  prodsrcj ng  the cerarni c 
m a t e r i a l  5 dnd tk ie i  r resultant m i  c,rnstructures and physical and rnechani ca l  
p r o p e r t j e s ,  Success -in meet ing  t h i s  ob jec t l i ve  w i l l  p r o v i d ~  i.le5* companies 
w i t h  new or improved ways frar prodirci ng economi ccil h i  yhly r e l i a b l e  ceramic 
components f a r  advanced heat engj nec4 I) 

5tUda’eS O f  proCesSeS pro uce s t r s n g  S t d b i  e j o i  nts between li r c o n i  a 

pa-oject el Elrnent l is  i.0 systeniat?; ca l  l y  advance -the Lsnderstandi ng o f  t h e  
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1.1 MONOLITHICS 

1.1.1 S i l i c o n  Carbide 

S i l i c o n  Carbide Powder Synthesis  and Characterization 
M. A. Janney an4 L. A. H a r r i s  (OaT Ridge  Nat iona l  Labora to ry )  

Th is  e f f o r t  i s  c u r r e n t l y  be ing suppor ted under the  t ask  “Ma te r ia l s  
f o r  Waste Heat U t i l i z a t i o n , ”  w h i c h  i s  sponsored by t h e  O f f i c e  o f  I n d u s t r i a l  
Pragrams, Conservat ion and Renewable Energy. A f i n a l  r e p o r t  on t h i s  sub- 
j e c t  was issued. (M. A. Janney, G. C. Nei, C. R. Kennedy, and L. A. 
H a r r i  s, Carbotherml Synthesis of SiZicorz Carhide, ORNL-6169 May 1985. ) 
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SynShesis of High-Purity Sinterable S i l i c o n  Carbide (Sic) Potddm~ 
3. M. Hal stead and V. Venkateswaren [SQHIO K g i  neered Material s Company 
(Carborundum)] and B. L. Mehosky (SOH10 Research and Development) 

Objecti ve/Scope 

The objective of t h i s  program i s  t o  develop a volume scaleable process 

The program i s  organized in two phases. Phase I includes the follow- 

' Verify the technical f e a s i b i l i t y  of the gas phase synthesis 
* 

* 

' Develop a theoret ical  model t o  a s s i s t  in understanding the synthesis 

Phase 11, when authorized, will sca le  the process t o  5 - 1 O X  the bench 

t o  produce high puri ty ,  high surface area s in te rab le  s i l i con  carbide 
powder. 

i n g  e l  emen ts : 

route.  
Ident i fy  the best  s i l i con  feedstock on the basis o f  performance and 
cos t .  
Optimize the production process a t  the bench sca le ,  
F u l l y  character ize  the powders produced and compare with commer- 
c i a l l y  avai lable  a l t e rna t ives .  

process optimization of operating conditions and scale-up. 

scale  quant i t ies  in order t o  perform confirmatory experiments, produce 
process flowsheets and t o  perform economic analysis .  

Technical Highlights 

Background, Organization and Workplan 

Background - The Gas Phase Synthesis Route 

Given the objective of producing a submicron s i l i con  carbide powder 
purer and with more control lable  properties than could be produced via the 
Acheson process, Sohio-Carborundum evaluated three candidate process 
routes : 

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

A gas  phase route u t i l i z ing  plasma heating was chosen as h a v i n g  the 
most proven technology, the highest product yield a n d  good s ca l eab i l i t y  
poten t ia l .  

Further, Carborundum had previously sponsored proprietary research in 
gas phase synthesis a n d  had  demonstrated the f e a s i b i l i t y  of the approach. 
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.- Or-anization 

The prograin i s  nianayed by t h e  S t r u c t u r a l  Ceramics Uivision o f  Soh io  
tngineerxl Materials Company (Carhorvndm) which ac t \  as the subconlractor. 
lw.hnical direct ion comes frolir Soiiio-CarbnriiridUin's Niagara Fa1 Is  R&D 
Center and on-s i t s  resourccs a r e  providcd by S o i l i n ' s  (Warrensvillp) R A D  
Center . 

Program management i s  accompl -i shcd v i  a cont i nuous dial  ogirP among the 
par t ies  ~ Outside resoiircPS a r c  u t i 1  i 7ed wherc appropriate t o  % t r eng then  
t h e  program. Existing subcontractors include P1 asma Materi a1 s , Irsc. 
(plasma torch)  and Intcrnational Plasma Engfneerinq, Inc .  ( theore t ica l  
m o d e l i n g )  . 

Analytical 5ervices a re  availablt? b o t h  in Niagara Fal ls  and 
Warrensvi 11 r . 

- 

Workpl an _.. 

,4 breakdown o f  major tasks a n d  milestoties i s  shown irs Figure 1 .  
Subtasks have been developed f o r  [ask 4 .- Szreeriitiq Experiments and wi l l  
be developed f o r  Task 5 - Extended Psra iv t r ic  Studies.  

iOtlI0-ldrtrorundiriii S i r :  %.der S y n t h e s i s  C o n t r a c t  

M i l e s t o n e  Chart 

i !c i ign ,  Con;Lru i t ,  and T e s t  
Ldbora t o r y  S c a l e  F q u i p v n t  . 

Develop  i n e o r e t i c a l  Model 

Ha:?!rne C h a r a c t P r i r a t i o n  
and  A n a l y t i c a l  Method 
Dwel or:niant 

. S c r e e n i n g  L x p c n m e n t s  
w S e l e c t i o n  o f  f e e d s t o c k  

# ,  Extended  Pararnp:ric S t u d i e s  

w P r o v i d e  200-500 9 .  
Sailiple t o  ORNL 

t .  R e p o r t i n g  R r q u i r c m e n t s  
Phase I 

w Bimonth ly  

S e m i  -Ai in i ra l  

w F i n a l  * 

Q u a l i t y  A s s u r a n c e  
Phase I 

* Only r e q u i r e d  i f  d e c i s i o n  i s  made not t o  qo n n  t o  Pha'.e I t  

3- 

T 
c 4 

v 

R e v i 5 c d  3/15 /85  

Figure 1 .  Milestone Char t  
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Task --1.-1- 1 .  PesQn, --.._-.-I__ Construct and Test Laboratory Scale I.__. Eguipment. .- - 

The Sohio Research and Development Center a t  Warrensville, Ohio  
was chosen as the s i t e  f o r  the laboratory sca le  gas phase synthesis 
system due t o  the ready a v a i l a b i l i t y  o f  applicable engineer-in 
technical resources,  T h e  proximity t o  other re la ted research which i s  
be ing  performed by Sohio on behalf o f  Sohio-Carborundum’s s t ruc tura l  
cerariiics e f f o r t  was a l s o  a f ac to r .  

The d e s i g n  phase involved a coinplete review o f  the preliniinary 
conceptual design and specifying appropriate subsystems i n  order t o  
eval udte  and control cra’ t i c a l  process parameters. 

The conceptual design i s  shown i n  F i g u r e  2 .  

-- I- 

). 

* 

Figure 2 .  Conceptual Design and Simplified 
Process Flow C h a r t  
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The process involves using a plasma torch to  instantaneously 
heat s i l i con  and carbon containing gases such as s i l i con  te t rachlor ide  
(SiC14) and methane (CH4) and reacting them t o  form Sic .  The hydrogen 
gas then ac t s  as  a scavenger for  the chlor ine and f o r m  hydrochloric 
acid ( H C 1 )  which i s  removed in the scrubber. 

Pa r t i c l e  col lect ion methods wil l  be investigated i n  Phase I and 
the best  choice will  be implemented fo r  Phase 11. 

The following issues were ident i f ied  and evaluated i n  the design 
of the system. 

- Gas and feedstock delivery t r a i n .  
o Capacity 
o Automatic shutdown system 
o Purging capabi 1 i ty  

- Reactant vaparizer/gas mixing un i t .  
o Preheat of gases 
o Atomizing nozzle 

- Plasma generator and instrumentation. 
o Temperature control 
o Vari ab1 e geometry capabi 1 i t y  
o Maximization o f  e lec t r i ca l  eff ic iency 
o Argon/hydrogen operation considerations 

o Aspect  r a t i o  
o Cool i ng  capabi 1 i ty  
o Reactant introduction 
o Hydrodynami c consi dera t i  Otis  

o Neutralization capabi l i ty  
o Collection eff ic iency 
o Pressure d r o p  

- Reactor and af tercool e r  . 

- Product co l lec tor  and off-gas scrubber. 

Once the design of  the system and i t s  components was complete, 

T h e  key subsystems a re  as fol  1 ows : 
s i t e  preparation and sourcing of components was i n i t i a t e d .  

__ Plasma Torch Subsys-Lem 
- Torch 
- Rectifier/Power Supply 
- Reactor Vessel 

Gas and Si l icon S U u D l v  Subsvstem 
- Primary Gas 
- Secondary Gas 
- Tert iary Gas 
- Auxil i a ry  Gas Stream 
- Silicon Source Metering and Vaporizer 
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- Control and Data Acquisition Subsystem 

- Gas Flow Control 
- Power Control 
- Data Acquisition 

Downs ti-earn Su bsys tern 

- Par t i c l e  Collection 
- Eff 1 uent Col 1 ection/Trea tment 

Figure 3 shows the p l o t  plan f o r  the laboratory sca le  equipment, 
while Figure 4 i s  a photographic overview. 

CLOSED LOOP 
COOLING @TER 
SYSTEM 

r ,  I Flass F l o w  Sensors >up0 ly 

(6-vertical s tack)  I / ?  Conver te rs  S i  1 icon 

Control Valves 
(&vertical sta 

R e a c t o r / A f L e r c o o l e r  
Gas Pressure Regulators 
(4-vertical stack) 

S i g n a l  l i i n c t i o n  

z 
0 
R 
I 

System 
Concrol 
Console 

T o r c h  
C o n t r o l  
tonsoie 

V e n t u r i  
5 c r !J b be r 

Water - 
\ .- 

Kotoineters -T---+"- 

I /  - 

F i g u r e  3. P l o t  Plan f o r  Laboratory Scale 
System 
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F i  Sure 4. Photographic Overview o f  I-aboratory 
Scale System 

Plasma 'Torch Subsystem 
I The hear.t of the  system i s  tile plasma torch .  lhis  was obtained 

from Plasma MatFrials Inc .  w i t h  w h i m  Sohio-Carborundum has previously 
worked. lhe torch i s  ra.ted a t  50KW. This i s  s ign i f icant ly  higher tihati 
required for  t h i  s a p p l  i ca t i  on ,  brit  t h e  u n i  t has excel 1 en t turn-down 
capabi l i ty  and will be s u f f i c i e n t  f o r  -Future scale-up. I t  i s  ins ta l led  
atop the reactor vessel which i s  constructed o f  copper and wrapped 
with copper tubing in which the cooling w a t e r  f l o w s .  Thermocouples 
a re  ins ta l  l e d  a l o n g  the en t i r e  length o f  the reactor .  

The DC power supply has a 129KW nameplatc ra t ing .  A s i m p l e  thiinble 

AI ternat i  vc powder coll  e r t i  on techniqua wi 11 be evaluated i t1 
type co l lec tor  w i t h  an isolat ion valve i s  affixed t o  the lower e n d  o f  the 
reactor.  
preparation fo r  Phasc I I sca 1 e-up. 
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Figure 5 .  Plasma Torch A t o p  
Water Cooled Rdactor 

Figldre 6 .  Rectifier/Power Supp ly  
for Pldsina Torch 

Figure 7 .  Exit. End o f  Reactor 
w i t h  Simple Th imble  
Col1 ector  and 
Isolation Valve 
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Gas and Si 1 icon Supply Subsys I:em ...- 

Piping and controls f o r  primary, secondary and t e r t i a r y  gas streams 

The s i l icon  source i s  introduced t o  the system through the vaporizer 

Figure 8 shows the  gas and s i l i con  supply subsystem. 

_________ 

(hydrogen, argon and methane) a r e  ii ns ta l  1 ed 
nay be metered i n t o  either. primary or secondary gas streams, 

and combined w i t h  the reactant  gases p r io r  t o  entering t h e  reactor .  

An additional gas stream 

Figure 8 .  Gas and Si l icon Supply Subsystem 
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Contra1 and Data A c q u i s i t i o n  Subsjsteni ____ -_.I_. 

The Control and Data Acquisition Consoles a r e  shown in F i g u r e  9 .  
The t a r c h  control (on l e f t )  was designed arid s u p p l  ied by t he  t o r c h  
manufacturer, Plasma Materials 'p Trtc ., 

The system control includes f l o w  control (mass f l o w ) ,  power control I )  

and a da ta  logger  capable  sf 32 d a t a  points logged every  t w o  seconds. 

T h e  System Control Console was d e s i g n ~ d  and assembled by S o h i o .  

Figure 9. Control Console, L e f t ,  Torch 
Control; R i g h t ,  System Control 



18 

Downs t rem SuS_sys tern 

Par t ic le  collect-ian has n o t  y e t  beer! d c f i n d .  

- .-. I- 

I f ivcs l igd t ion  
o f  various schemes will be done during Phase I i t 1  pie?araiion f o r  
t h e  installation o f  t h e  " b e s t "  qy5ten f w  ?hasf? I 1  scalc-up 

and tail gas scrubbers a s  shown i n  F i g u r e  10. 
Reac t ion  effluent, H C 1  i n  par ' i t cu l a r ,  i q  r o u t 2 2  Itirouah venturi 

Figure 10 .  Portion o f  Modulc S h o w ' ~ 5  Rfactor  ( l e f t )  
a n d  Fail  Gas %riJbbP!- ( r i g h t )  
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Cooling water for  the reactor  i s  recirculated u t i l i z i n g  the 
heat  exchanger shown i n  Figure 11 
drained from the  t a i l  gas scrubber. 

cind u l t i m t c l y  i s  used hy arid 

F.iyure 7 ' 1  Heat Exchanger far.  Recycl i rig Loop 
o f  Reactor f h r i l i n g  Water 

Once the assembly o f  the s y s t ~ m  was complete, a thorough operation 
and s a f e t y  analysis ,  cal led a "Mhl"a6al I f ' '  Review, was cosidticlerl. T h i s  
covered a l l  sa fe ty  i s5ues reldted t o  the  o p e r a t i o r i  o f  the system and  
material hazards. 

[ h i s  check-out included: 
o Review o f  process f l o w  desigr i  
o raur o f  the in s t a l l a t ion  
o Discussion o f  t h e  ope ra t i ng  theory 
o Def i n i  t ion  o f  experiirienta? work  planned 
6 Detailed review of shutdown " iogic 

p i p i n g  and i ns t ru t t i en ta t i on  diagram 
o Dctai led revicw csf s ta r t -up  and shutdown procedur~s  
o U t i l i t y  f a i l u r e  modes and  e f f e c t s ,  

0 L i n e  by line '"tl1l.t rough" of system us ing  

T h e  o u t s i d e  vendora  Plasma Materials, I n c , ,  inspected the  i n s t a l l -  

The system i s  considered complete and ready f o r  i n i  t i a t ion  o f  

a t ion  and the plasmd t o r c h  was operated successfully QII a m i x t u r e  of  
argon a n d  nitrogen. 

Task 4 a c t i v i t i e s ,  
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_____ Task 2 .  . . . Development of  a Theor$.tt-cal Model 

The development of a thcoret ical  made1 i s  intended t o  corre 
pa r t i c l e  surface area w i t h  major op2rational parameters. This i s  
expansion of previous Carborunduni sponsored work arid wil l  a s s i s t  
developing a fundamental understanding of a process reactions 
a s s i s t  i n  the extended parametric s tudies  and  scale-up t a s k s .  

After consulation w i t h  the ORNI.. Technical Monitor, the mode 

a ;e 
an 
n 

i n g  
work was SubContraGted t o  International Thermal Plasma Enqineeri n q ,  Iilc. 
(Professor. Bou 1 ous - U n i  v e r s  i ty  o f  Shcrbrooke 
subcontractor was selected from a group o f  four  proposals based an 
weighted select ion c r i t e r i a  as follows: 

Quebec, e t -a l  ) . 16e 

Total P o s s i b l e  
Points i n  cach Category --- I______ 

General Modeling Lxperience 20 
Plasma Modelins Experience 30 
0u t1  i ne o f  ~ r o E o s a i  
Cost o f  Proposal 
Elapsed Time o f  Request 

10 
20 
20 __ 

TOTAL 100 

The successful bidder was awarded 80 t o  100 possible p o i n t s  and 
was chosen as strongest o r  t ied fo r  s t rongest  in cach category except  
cost  a n d  was second in cost .  

Task  2 w i l l  l a s t  e ight  months. Interim reports  w i l l  be issued 
a t  auoroximatelv three m o n t h  increments. 
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Task 3. Baseline Characterization and Analytical Method 
Development 

T h e  objectives f o r  this  task include: 
o Firmly es tab l i sh  the methodologies t o  be used f o r  powder 

character izat ion 
o Define basic powder cha rac t e r i s t i c s  which may be u t i l i zed  

t o  assess property control and improvements as the program 
progresses. 

I n i t i a l l y ,  two commercially produced S i c  powders were t o  be 
characterized: H,C. Starck, Inc. (West Germany) A10 Grade; and Sohio-  
Carbarundum submicron alpha S i c .  

As b o t h  of the above powders a re  alpha phase, i t  has been decided 
t o  character ize  one beta phase powder in addi t ion.  
l i ke ly  be Starck B-10 grade. 

The parameters t o  be characterized and the methodologies used 
include the following: 

This wi l l  most 

- Characteri s t i  c Methodolog 

Pressureless s i n t e r a b i l i t y  - Percentage of theoret ical  demi  ty  

Surface area - B . E . T .  surface analysis .  
Degree of agglomeration 
Pa r t i c l e  s i z e  d i  s t r i bu t ion  
B u l k  composition - Wet chemistry. 
Phase dis t r ibu t ion  - X-ray d i f f r ac t ion .  

achieved w i t h  and w.j thout 
s in te r ing  a ids .  

- Tap density . 
- Horiba p a r t i c l e  s i z e  analyzer. 

The r e su l t s  o f  the baseline character izat ion of the f i r s t  two 
powders i s  a s  follows: 

Starck 
A I  0 

Soh i o - Ga r b or u n d um 
-_I_- 

Pressureless S in t e rab i l i t y  
(percentage af theoret ical  
density) 

- without s in te r ing  a ids  63.6% 
- w i t h  s in te r ing  aids  96.2% 

Surface Area 14.3 m2/g 

Degree o f  Agg! omera t i  on __ 
3 - Tap density 0.847 g/cm 

51 "01% 
99 * 88% 

9.47 m2/g 

0.962 y/cm 3 
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Part i  c l  e Size D i  s t r i  bu:l_ _.........I.- I____- 

>7 
7-0 
6-5 
5-4 
4-3 
3-2 
2-1.8 

1.8-1.6 
1.6-1.4 
1.4-1.2 
1.2-1 .o 
1 .O-0.8 
0.8-0. G 
0.6-0.4 
0.4-0.2 
0,z-0 

-Mean Par t?  c l  c Size 

B u l  k Cornoosi t i  on 

Chemical Analysis ( w t  % )  
Total Carbon 
Free Carbon (corrected for 

m a l  Oxygen 
Free Sil icon 
S i  + Si02 
S i 0 2  (calculated from 02) 
SiC (ca lcu la ted)  

oxi da t i  on) 

Emission Spectroscopy (wt % )  

Cumulati ve Percentage grea te r  than 
t h e  i nd i ....__.__ ca t . a  -- r t i c 1 e s j z e  

Starck A10 - 

0 
2.4 
11.4 
23.4 
29.8 
38.2 
41.4 
45.7 
50.9 
58.0 
66.4 
68.2 
76.7 
85.7 
91.2 
100.0 

1 .4 ccm 

Starck A10 

30.3 

1.54 
0.76 
0.29 
1.73 
1.44 
96.10 

A1 umi nurii (. 01 
Calcium <.01 
Iron 0.03 
Magnes i urn <. 01 
Titanium -01 

So ii i o -Cs r hor u r-1 dum .... ~ __.. 

0 
0.4 
3.8 
7 .O 
9.8 
24.3 
27.3 
32.2 
39.1 
49.9 
65.4 
67.1 
76.2 
87.9 

100.0 
97.7 

1 . 2 llill 

___--. So 11 i o - Car bo r u nd urn 

29.95 

0.36 
0.27 
0.09 
0.60 
0.51 
98.80 

Alurninuiii <.01 
Calcium <.01 
Iron <.01 
Magnesium <.01 
Titanium <.01 
Vanadi im <. 01 
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Elements less t han  .@@5% 

Phase Distribution 

Boron 
Chromj um 
Copper 
Manganese 
Nickel 
Z i  rcon  i urn 
Cobal t 
Molybdenum 
Vanadi urn 

Flajnr 6HSi C 
Low Trace 15R/4W 

Soh i o - C a r b o r u n_dx 

Boron 
Chromi uiii 
copper. 
Manganese 
Nickel 
Zi r con i  urn 

6HS i C 
1% 

The beta phase powder (S tarck  B-10) will be obtained and 
characterized in a subsequent reporting period 
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--- Task 4.  Screening Experiments 

Task 4 has been divided in to  subtasks fo r  management and reporting 
purposes. 
the plasma torch u s i n g  an Argon/Hydrogen blend. I t  should be noted t ha t  
the original workscope included a short s e r i e s  o f  experiments t o  
invest igate  the f e a s i b i l i t y  o f  using a hydrogen plasma i n  l i eu  o f  argon. 
This could prove advantageous as hydrogen i s  a reactant  ( t o  scavenge 
chlorine from the s i l i con  source) and the argon (necessary only as a 
c a r r i e r  o f  energy) could patenti  a1 ly he el imi nated. 

The f i r s t  subtask will  be t o  character ize  the operation o f  

4.1 C h a r a c t e r i z e  P o r c h  
O p e r a t i o n  u n d e r  Ar/H2 
B l e n d  

Va r i a  b I es 

Runs - F e e d s t o c k  1 

S c r e e n i n g  E x p e r i m e n t s  
4.4.1 F e e d s t o c k  1 
4.4.2 Feeds tock  2 
4.4.3 Feedstock 3 

4.5 C h a r a c t e r i z e  P o w d e r s  

4.6 Se lec t  F e e d s t o c k  for 
E x t e n d e d  Paramet r i c  
S tud ies  

4.2 Define Ind i v idua l  

4.3 In i t ia l  S y n t h e s i s  

4.4 M a t r i x  Var iab le  

. ..... 

5/1 6/1 '7/1 8/ 1 91 1 

Figure 1 2 .  Subtask Schedule f o r  Screening 
Experiments 
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As b o t h  Sohio-Carborundum a n d  the torch vendor, Plasma 
Materials,  were confident t ha t  the torch would operate with a very 
rich Hydrogen to  Argon blend, i t  was decided to  accomplish t h i s  
subtask f i r s t .  

given t o  the choice of the individual variables f o r  the screening 
experiments. The candidate feedstocks will  be as described in the 
statement o f  work, b u t  the values (or range o f  values) fo r  
temperature, carbonlsil icon r a t i o  and reactant  concentration must 
be selected.  

1 before the screening experiments ac tua l ly  get  s t a r t ed .  T h i s  will 
be t o  fur ther  check-out the operation of the system under actual 
operating conditions and t o  es tab l i sh  a baseline f o r  the l a t e r  
experiments. 

will then begin. The candidate feedstocks a re  as follows: 

Concurrent w i t h  t h a t  subtask, careful consideration w i  1 1  be 

Inits’al synthesis runs will  a l so  be made u t i l i z ing  Feedstock 

The matrix var iable  screening experiments depicted i n  Figure 13 

Feedstock 1 : s i l i con  te t rachlor ide  (SiC14) 
Feedstock 2 : dimethyl dichlorosilane C ( C H  ) SiC121 
Feedstock 3 : methyl t r ich loros i lane  (CH3 .?i$lg) 

In  each instance,  the carbon source will  be methane, Twenty four 
screening experiments a re  planned as noted in the experiment matrix. 

Proposed Test Matrix: Screening Experiments 

I Reactant I Temperature I CarbonlSilicon Ratio I Reactant Concentration I 

Reactant 1 

Reactant 2 

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

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

~ ................. 
... ........ LO 

Hi 
............. _- 

_.l__-__l____ 
I Lo Lo LO ....................................................... 

...................................... 
LO 

LO 

--.--.II___..__. Hi 
_ ~ ........................... 

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

tii 

Reactant 3 

. . .  
....... Lo 

Hi 
Lo 
Hi 
LO 
Hi 
Lo 
Hi 
LO 
Hi 
LO 

....................... 
........................... __ ............ 

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

__ ~ 

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

LO 

..... ._____.... .................. 
....................... 

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

LO 
.I 

Figure 13. Screening Experiment Test 
Matrix 
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A t  the end o f  each experiment, the resul t ing powders will  be 
thoroughly characterized for pressureless s i n t e r a b i l i t y ,  degree of 
agylorneration, parLicle-siLe d i s t r ibu t ion ,  bulk composition, and phase 
d is t r ibu t ion .  Safety a n d  yield considerations will  a l s o  weiclh in the 
ultimate select ion ok the feedst..ock t o  
parametric s tudies .  

S t a tus  o f  Milestones 

Mi 1 es tones 

Task 1 .  

Task 2 .  

Task 3. 

'Task 4 .  

Task 5. 

Task 6 .  
Task 7 .  

Design, Construct and Test 
Laboratory Scale Equipment 
Devel ap Theor-eti cal Model 

Baseline Characterization and 
Analytical Model Development 
Screening Experiments 

o Selection o f  Feedstock 
Extended Parametric Studies 

o Provide 200-5009 Sample 
t a  ORNl. 

Reporting Requirements 
Qtral i ty  Assurance 

be carr ied in'c.0 the &tended 

-̂ Status 

on schedule. 

schedule, 

schedule,  

schedule. 

- 98% complete as o f  April 1 ;  

- In i t i a t ed  March 1 ; on 

- l w o - t h i r d s  complete; on 

- In i t i a t ed  April 1 ;  on 

- Scheduled f o r  September 1 .  
- Io be i n i t i a t e d  September 1 .  
- Scheduled f o r  March 1 ,  1385. 

- 

- On schedule. 
- Ongoing. 

Conniiun icationslVisitslTrave1 

John Poole o f  Plasma Materials,  Inc. v i s i ted  the reactor  
i n s t a l l a t ion  a t  S o h i o ' s  Warrensville ( O h i o )  Laboratory t? Fvaluate 
the ins ta l  l a t ion  and performancc o f  the plasma torch. 

The f i r s t  bi-monthly Technical Report was i ss i i ed  April 1 1 .  
Dr. V .  (Vcnkat) Venkateswaran w i l l  give a br ief  presentation 

an t h i s  work during the Heat Engine Symposium o f  the ACcrS Anntial 
Meeting on Mednesday, May 8 i n  Cincinnati ,  Ohio. 

Problems Encountered 

None. 

Pub1 i ca t i  ons 

None. 
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1.1.2 Silicon Nitride 

Sirztered Silicon ll__l NitrYLde - 6. E. Gazza (Army Materials and Mechanics 
Research Center) 

Object i ve/ scope 

The in-house program is concentrating on sintering corrrpositions 
in the Si N -Y,03-Si0 
the N gaj $retsure i P  raised from 1-2 MPa t o  7-8 MPa during the 
densi$ication process. During the sintering under high pressure 
nitrogen, the environment is extremely reducing and the oxygen 
content of the starting materials is significantly reduced by the 
formation of S i O .  
e oxygen loss. 

resultant sintered density by changing the particle size distriDution 
o f  starting powders, reducing agglomeration and producing a more 
equiaxed particle morphology. 
with three different sources of starting Si3N4 powder. 

System using a two-step sintering method where 

The use of cover powder over the samples reduces 
Milling time a l s o  influences "green" density and 

Hi 11 i n g  studies are being conducted 

Technical ._I_.._ Progress 

Reaction bonded Sip4 bars containing $%Y 0 -1%Fe 0 
by Garrett Turbine Engine Co.) were sintered t 
two-step pressure/temperature sintering cycle. 
oxidized to alter the starting Si0  content. Stress-rupture, 
oxidation and modulus o f  rupture dha, as shown in Table 1, were 
obtained on sintered bars .  

(supplied sigh d6nZit.y using a 
Some bars were pre- 

During sintering experiments with specimen compositions within 
the Si N - Y  Si207-Si N 0 and Si N -Y Si 0 -Y ( S i 0  1 N compatibility 
t r  i ang7e2 ?t was ob$ei?ved that3tfie Zo,$o< i t?on 04" h e  cover powder 
( i n  particular the % Si0 ) significantly affected the weight change 
(gain or loss) measured %n T h e  specirnen after sintering. 
tional adjustments in the cover powder could be made SO only very 
sinal1 weight changes were observed in sintered bodies. 

Coinposi- 

The Si N corner o f  the Si N -\I 0 - S i 0  pslase diagram is shown 
i n  Figure 13 4The d o t s  indicate3the a&ix i;f compositions being 
studied. Additional compositions ( n o t  shown) have recently been 
added for study. 

Two-step pressure - temperature cycles are being used t o  dens i fy  
The effect o f  raising the nitrogen gas the compositions o f  interest. 

pressure in the second step o f  t h e  cycle on specimen density i s  
illustrated in Figure 2. 
was used f o r  these compositions, 

A 9.9 volurrse X addition o f  Y203 and SiQ2 
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Scale-up of certai t i  compositions within each coiiiposi t iona 1 
compatibility triangle is proceeding, 
diana. x 1.50 cm thick (green body) which densifies to approximately 
3.80 cm diarn. x 1.25 CM thick. 
these bodies for iiiiechanical property evaluation. 

Initial dimensions are 4.75 cm 

Specimens aye being machined from 

Room temperature modulus o f  rupture, h igh  temperature stress- 
rupture, oxidation resistance and fracture toughness are being 
measured for various sintered Si3My-Y203-Si02 compositions. 

Three-dimensional processing maps are being constructed which 
show topographical variation of sintered densities with different 
total volume percent addition and Y 0 /Si0 molar ratio. Theoretical 
densities were a?so calculated for ?d matfix of compositions being 
studied and a topographical map was constructed using these values 
with appropriate volume percent addition and Y,O,/SiO, molar ratios. 

Milestones 

Evaluatian o f  snodulus of ruptures stress-rupture, oxidation 
resistance and fracture toughness o f  sintered compasitions is 
proceeding. 

Publications 

(1) Influence o f  Y 0 /Si02 Ratio on Sintering o f  Silicon 
Nitride, t o  be published2iA the Proceedings of the 22nd Au.tomotl’ve 
Technology Development Contractor’s Caord, Meeting, October 29 - 
November 2, 1984. 

(2) Effect o f  Oxidation on the Densification of Sinterable 
RBSN, report in process. 

Presentat i oris 

(1) Influence o f  Y 0 / S i 0  Ratio on Sintering of Silicon 
N itr i d e  22nd Automot ive‘dc. D6v. Contractor ’ s Coord a Meet i ng Nov . 
1984 .I 

( 2 )  Effect of Oxidation on t h e  Densificatian o f  Sinterable 
RBSN, 37th Pacifica Coast Regional Meeting, American Ceramic Society ,  
Basic Sci. Div., San Fran . ,  CA, Qct. 31, 1984. 
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TABLE 1 

CREEP, OXIDATION Sa MOR DATA 
-. ---- 

1200 1000 1 .o-2x?O-6 63..1u-13 
(0.1-0.2%) 

4.86-6 70 

(STSR FROM 8OOC PRIOR TO A l l .  TESTS 8 18OOC and 1200G) 

a.-3OQ MPa 

Figure 1 Section o f  Si3N4-Y203-Si02 Phase Diagram Showin 

Location o f  Compositions 
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Figure 2 Effect o f  High Nitrogen Gas Pressure on Densification 
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1.2 CERAMIC COMPOSITES 

1.2.1 S i l i c o n  Carbide M a t r i x  

Sic-Matrix Ceramic Composites 
M. A. Janney (Oak Ridge Na t iona l  Labora to ry )  

Qbiject i  ve/scope 

The goals  o f  t h i s  work are t o  develop new S i c - m a t r i x  composites w i t h  
improved s t r e n g t h  and toughness and t o  develop t h e  process ing c a p a b i l i t i e s  
t o  form these m a t e r i a l s  i n t o  u s e f u l  shapes. 

Technica l  progress 

S i  C - T i  B, composites 

Two recen t  i n v e s t i  g a t i  o n s l y *  have demonstrated s t r e n g t h  and toughness 
i nc reases  i n  S i c  by t h e  i n c l u s i o n  o f  T i c  p a r t i c l e s  as a d i spe rsed  phase. 
Toughening and s t r e n g t h e n i n g  were a t t r i b u t e d  t o  crack d e f l e c t i o n  caused by 
t h e  i n t e r a c t i o n  o f  t h e  crack f r o n t  w i t h  a r e s i d u a l  s t r e s s  f i e l d  t h a t  
surrounded t h e  T i c  p a r t i c l e s .  
d i f f e r e n c e  i n  thermal expansion and e l a s t i c  modulus between S i c  and T i c .  
On t h e  b a s i s  o f  t h i s  toughening mechanism, i t  was reasoned t h a t  a S i c  
m a t r i x  composite w i t h  TiB, as t h e  d i spe rsed  phase would a l s o  show 
inc reased  toughness and s t r e n g t h .  
TiB, p a r t i c l e s  and t h e  S i c  m a t r i x  can be c a l c u l a t e d  from E q .  (1):3 

The o r i g i n  o f  t h i s  s t r e s s  f i e l d  was t h e  

The s t r e s s  a t  t h e  i n t e r f a c e  between t h e  

where 

q , , ~  = t a n g e n t i a l  m a t r i x  s t r e s s  a t  t h e  p a r t i c l e - m a t r i x  i n t e r f a c e ,  
CT h = h y d r o s t a t i c  s t r e s s  i n  t h e  p a r t i c l e ,  AY = temperature range over which s t resses  a re  n o t  r e l i e v e d  by a 

v = Poisson's r a t i o  (m - m a t r i x ,  p - p a r t i c l e ) ,  
E = Young's modulus. 

d i f f u s i v e  process, 

Using Em = 440 GPa, Ep = 550 GPa, vm = =. 0.10, am = 5 x 10-'/"G, 
ap = 8 x 10-6/"C, and AT = 1000°C, one c a l c u l a  es 
approx ima te l y  t w i c e  t h e  va lue o f  500 MPa ob ta ined  f o r  t h e  S i c - T i c  system. 

= 1380 MPa, which i s  
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Y-200972 

w y m ,  

Y-197807 

1 20pm , 

F i g .  1. Sic-15.1 wol % T i B 2  composite was hot  pressed t o  96.5% 
t h e o r e t i c a l  density, ( a )  As po l i shed.  ( b )  M u r i k a n i i ' s  etch. 
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O x i d a t i o n  a t  1000, 1200, and 140OOC f o r  24 h i n  a i r  produced v a r y i n g  
degrees o f  a t t a c k  as shown i n  Fig.  3. The maximum depth of a t t a c k  was 
-10 pm a t  l O O O " C ,  -20 a t  12OO"C, and > 250 pin a t  1400°C. The o x i d a t i o n  
p r o d u c t  on t h e  s u r f a c e  c o n s i s t e d  o f  bubbles o f  g lass which con ta ined  a 
b r i  g h t  c r y s t a l  1 i ne phase. W i t h i n  t h e  composite both t h e  T i  B, p a r t i c u l a t e  
phase and t h e  Sic  m a t r i x  were at tacked. I n te rconnec ted  p o r o s i t y  and a 
g l a s s  phase extended deep i n t o  t h e  composite a t  t h e  h i g h e s t  exposure tem- 
p e r a t u r e  (1400°C). 

o x i d i z e d  a t  1000 and 1200°C d id  n o t  change as compared w i t h  t h e  unox id i zed  
m a t e r i a l  (Table 1). Only t h e  samples o x i d i z e d  a t  1400°C showed an appre- 
c i a b l e  loss o f  s t r e n g t h  a f t e r  o x i d a t i o n  (192 MPa vs 485 MPa). 

The room-temperature s t r e n g t h  of t h e  Sic-15.1 vo l  % TiB, specimens 

Table 1. S t reng th  o f  S I C  and SiC-15.1 vo l  7; 
TiB, f l e x u r e  bars 

Samp 1 e 
Mean Standard 

(MPa 1 (% o f  mean) 
Number o f  s t r e n g t h  d e v i a t i o n  specimens 

S1C-O v o l  % T iB,  37 9 10.2 9 
Sic-15.1 vo l  X TiB, 48 5 9.1 9 
S1^C-15.1 vo l  % TiB, 48 0 9.7 5 

Sic-15.1 v o l  4: TiB, 498 9.9 5 

Sic-15.1 vo l  X TiB, 192 14.1 5 

o x i  d i  zed a t  1000°C 

o x i d i z e d  a t  1200°C 

o x i d i z e d  a t  1400°C 

D iscuss ion  

S t reng th  

The inc rease  i n  s t r e n g t h  o f  t h e  SiC-15.1 v o l  % TiB, composite as 
compared w i t h  t h e  base S i c  ceramic probably  i s  due t o  an i nc rease  i n  K I ~  
o f  t h e  composite i n  analogy t o  t h e  S i C - T i c  systern.1s2 
measured d u r i n g  t h i s  i n v e s t i g a t i o n ;  however, d i r e c t  obse rva t i ons  of  cracks 
were made. F i g u r e  4 shows a crack emanating f rom t h e  corner  o f  a Vickers 
i d e n t a t i o n  i n  a SiC-15.1 vo l  % TiB, composite. 
seve ra l  examples where t h e  t r a j e c t o r y  o f  t h e  crack was d e f l e c t e d  out  o f  
t h e  p lane o f  t r a v e l  by t h e  presence o f  a TiB, p a r t i c l e .  I n  most cases, 
t h e  crack path f o l l o w e d  t h e  p a r t i c l e - m a t r i x  i n t e r f a c e ,  as p r e d i c t e d  by 
theo ry .  An example o f  crack branching, which c o n s t i t u t e s  an a d d i t i o n a l  
toughening mechanism, i s  a l s o  shown i n  t h e  c e n t e r  o f  t h e  micrograph. 

KIC was no t  

The micrograph shows 
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O R H L - P H O T O  0242-85 

F i g .  3. Surface darnaye o f  S i c - T i B ,  i nc reased  as temperature was 
r a i s e d .  
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An e s t  
s t r e n g t h  on 

mate o f  t h e  mayn 
a d d i t i o n  o f  TiB, 

where 

af = f r a c t u r e  s t r e s s ,  
K l c  = c r i t i c a l  f r a c t u r e  
c = c r i t i c a l  f l a w  s i ze ,  

tude o f  K l c  can be made from t h e  i nc rease  i n  
by i n v o k i n g  t h e  G r i f f i t h  r e l a t i o n s h i p : 5  

z KIc 
O f  =I--) 

V Y E  

toughness, 

Z and Y = geometr ic  pa iameters dependent on l s c a t i a n  and shape o f  
f l aw ,  s t r e s s  s t a t e ,  e tc .  

I f  one assumes s i m i l a r  f l a w  geometries i n  t h e  S i c  and Sic-15 vo l  % PiB, 
samples (i . e . ,  cons tan t  Z, 'I, and d i s t r i b u t i o n  o f  f l a w  s izes ,  c >  then 
Tf and K l c  shou ld  be p r o p o r t i o n a l .  
485 MPa, a s i m i l a r  i nc rease  shou ld  be expected i n  KIC. Wei and Becherl 
r e p o r t e d  KIC f o r  a s i m i l a r  S i c  t o  be about 3.85 MPa fi; hence, K I ~  f o r  
t h e  Sic-15.1 vo l  % TiB,  composite i s  es t ima ted  t o  be about 1,3 MPa JZ. 

p o s i t e s  i s  reasonable i n  l i g h t  o f  t h e  es t ima ted  Ky, f o r  the composite. 

Since Zf increased by 28%, from 380 t o  

The p a s t o x i d a t i o n  s t r e n g t h  behav io r  o f  the Sic-15.1 vol X T i B 2  corn- 

ld 

Fig. 4. Crack d e f l e c t i o n  i n  Sic-TiB,. 
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O x i d a t i v e  a t t a c k  was l i m i t e d  t o  depths l e s s  than 20 pm a t  1000 and 12OOOC. 
Th is  i s  iiiuch l e s s  than t h e  c r i t i c a l  f l a w  s i z e  f o r  a Qc o f  4.9 MP2 -hi. 
Assuming t h e  G r i f f i t h  r e l a t i o n s h i p  i s  v a l i d  and us ing  Z = 1.5, Y = 2.0, 
( r e f .  5 )  , and Of = 485 MPa, one c a l c u l a t e s  c = 57 Only t h e  samples 
o x i d i z e d  a t  1400°C showed a major decrease i n  s t rength .  This  was due t o  
o x i d a t i v e  a t t a c k  t o  depths g r e a t e r  than 250 pn. I f  t h e  o x i d a t i o n  p i t s  
ac ted  as c r i t i c a l  f l a w s ,  then a 250-;m p i t  would p r e d i c t  [based on 
Eq. ( 2 ) ]  a s t r e n g t h  o f  about 230 MPa, which i s  i n  reasonable agreement 
w i t h  t h e  observed mean s t r e n g t h  o f  197 MPa. 

Oxi d a t i o n  mechani sm 

The o x i d a t i o n  o f  t h e  Sic-15.1 vo l  % T i B ,  composites was c a t d s t r o p h i c ;  
bo th  t h e  d ispersed T iB ,  phase and t h e  S i c  m a t r i x  phase were consumed. 
'this was i n  marked c o n t r a s t  t o  t h e  o x i d a t i o n  behavior  o f  S i C - T i C  corn- 
p o s i t e s 6  i n  which only t h e  T i C  d ispersed phase was attacked. 
fe rence i n  behav io r  i s  be l i eved  t o  be due t o  t h c  prcsenee o f  boron. 

photograph o f  t h e  1400°C-oxidized sample p r e v i o u s l y  shown i n  Fig. 3. The 
b r i g h t  areas a re  T i  - r i ch .  Wj th i  n t h e  composite, t h e  predominant T i  - r i c h  
phase i s  TiB, f rom t h e  o r i g i n a l  composite. However, e lec t ron-probe 
m i  c r o a n a l y s i  s i n d i c a t e d  t h a t  t h e  T i  - r i c h  phases which were surrounded by 
g lass  (e.g., " A "  and " B "  i n  F i g .  5)  con ta ined l a r g e  amounts o f  oxygen. 

l h e  d i f -  

F igu re  5 shows a back-sca t te red-e l  e c t r o n  scanni ng-e lect ron-mi  croscope 

Y-198071 

F i g .  5. Cross s e c t i o n  a t  t h e  sur face  o f  a Sic-15.1 vo l  % TiH, 
composite sample o x i d i z e d  a t  1400°C f o r  24 h i n  a i r .  



39 

T h i s  i n d i c a t e s  t h a t  t h e  TiB, had been ox id i zed ,  probably  t o  TiO, An add i -  
t i o n a l  T i - r i c h  phase w a s  present  i n  t h e  o x i d a t i o n  produc t  on t h e  surface. 
X-ray d i f f r a c t i o n  (XRD) o f  t h e  su r face  o f  t h i s  sample showed t h e  r u t i l e  
phase of TiO, t o  be t h e  only c r y s t a l l i n e  phase present ,  The XRD data com- 
b i n e d  w i t h  l i g h t  microscopy (Fig. 3) i n d i c a t e  that  t h e  l a r g e  bubbles 
observed on t h e  su r face  o f  t h e  samples were composed o f  g lass  and r u t i l e .  
A l s o  shown i n  Fig. 5 a re  l a r g e  pores and gas bubbles which extend from the  
i n t e r i o r  of t h e  composite up t o  t h e  sur face,  The bubble i n  t h e  cen te r  o f  
t h e  micrograph (marked C )  was pushing i t s  way t o  t h e  su r face  when t h e  
sample was removed f rom t h e  furnace, The gas composi t ion i n  t h e  bubbles 
p robab ly  was a combinat ion o f  GQ and BO,. 

o u t l i n e d  below. The main chemical r e a c t i o n s  o f  concern are  
The o x i d a t i o n  o f  t h e  S i C - T j B 2  composites i s  hypothes ized t o  occur as 

B20, t 0, f S j C  -F B,O,-Sih), ( g l a s s )  3. CO (41  

The sequence o f  events l e a d i n g  t o  ox ida t i ion  migh t  be as fo l l ows .  F i r s t ,  
an i s o l a t e d  p a r t i c l e  o f  TIB, on t h e  su r face  o f  t h e  c a m p s i t e  o x i d i z e s  t o  
form Ti0 o r  T i 0 2  and B,O? acco rd ing  t o  Eq. (1). A t  t h e  temperatures exa- 
mined i n  t h i s  i n v e s t i g a t i o n  ( ' i e e e 3  between 1000 and 140OoC), R20, forms a 
v e r y  f l u i d ,  v o l a t i l e  glfass, which has a h i g h  c a p a c i t y  f o r  t r a n s p o r t i n g  
oxygen. The b o r i d  g lass  then combines w i t h  S i C  t o  form 60 and a h igh -  
beron-conten t  b o r o s i l i c a t e  glass,  which i s  a l so  very f l u i d .  As t h e  S i c  
m a t r i x  i s  at tacked,  a d d i t i o n a l  Ti$, p a r t i c l e s  a re  encountered; these pro-  
v i d e  more boron t o  f l u x  t h e  Sic ma t r i x .  The high oxygen t r a n s p o r t  capac- 
i ty  o f  t h e  f l u i d  borosf l i c a t e  g lass  a l l ows  oxygen t o  pene t ra te  deeper 
i n t o  t h e  body o f  t h e  composite, which leads t o  a d d i t i o n a l  a t t a c k  on t h e  
TiB, and t h e  S i c ,  

composi te  c o n t a i n i n g  o n l y  7 vo? % Tie,, Fig. 6. When t h i s  m a t e r i a l  was 
o x i d i z e d  a t  1400°C f o r  24 h, t h e  maximum depth o f  a t t a c k  was l i m i t e d  t o  
on ly  about 10 t o  15 pm. 
i n  t h e  15.1 vo l  X TiB,  composite; hence, more S i c  m a t r i x  phase had t o  be 
d i s s o l v e d  be fore  t h e  next  T iB2  p a r t i c l e  c o u l d  be ox id ized.  Apparent ly ,  
n u t  enough boron was a v a i l a b l e  t o  a t t a c k  such a t h i c k  l a y e r  o f  S1C. 

Movement o f  t h e  t i t a n i u m  t o  t h e  su r face  of t h e  composite appears t o  
have been by v iscous  t r a n s p o r t  i n  t h e  g lass  phase. As t h e  g lass  was blown 
t o  t h e  su r face  by gas bubbles c o n t a i n i n g  BO and C0, o x i d i z e d  Ti5, p a r t i c l e s  
(now T i 0  o r  TiO,)  were c a r r i e d  a long i n  t h e  glass. Several examples o f  
t h i s  t y p e  o f  t r a n s p o r t  a re  shown i n  Fig .  5, e s p e c i a l l y  near t h e  bubble 
marked " C " .  Microprobe data suggest t h a t  t h e  T i  concen t ra t i on  i n  t h e  
g l a s s  decreased between t h e  i n t e r i o r  and t h e  sur face,  i n d i c a t i n g  t h a t  T i  
m igh t  p r e c i p i t a t e  ou t  o f  s o l u t i o n  as t h e  oxygen p o t e n t i a l  i n  t h e  g lass 
i ncreased. 

Support f o r  t h i s  hypothes is  comes fram t h e  response t o  o x i d a t i o n  o f  a 

The TiB, p a r t i c l e s  were spaced f a r t h e r  apa r t  than 
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Y P-398 

Fig.  6. O x i d a t i o n  a t t a c k  depth i n  t h e  SiC-7.0 vo l  % T i B 2  was l i m i t e d  
t o  about 10 pm. Sample o x i d i z e d  a t  1400°C f o r  24 k. 

Summary and conc lus ions  

SiC-15,l vol % TiB,-l wt: X B + 0.5 w t  '$ C composites were h o t  pressed 
t o  about 96.5% t h e o r e t i c a l  d e n s i t y  a t  20OOOC.  A d d i t i o n  o f  t h e  TiB, i n -  
creased t h e  s t r e n g t h  o f  the composite by 28% as compared w i t h  t h e  base 
S i c .  These composites were a t t a c k e d  by o x i d a t i o n  a t  temperatures between 
1000 and 1400"C, w i t h  t h e  r a t e  o f  a t t a c k  i n c r e a s i n g  w i t h  i n c r e a s i n g  tem- 
pe ra tu re .  Ambi ent- temperature s t r e n g t h  deterrni ned a f t e r  o x i d a t i o n  showed 
no r e d u c t i o n  i n  s t r e n g t h  f o r  samples o x i d i z e d  a t  1000 o r  1200°C; however, 
s t r e n g t h  f e l l  60% f o r  samples o x i d i z e d  a t  1400°C. O x i d a t i v e  a t t a c k  
i n v o l v e d  both t h e  TiB, p a r t i c u l a t e  phase and t h e  S I C  matrix phase. Large 
bubbles c o n t a i n i n g  g lass  and Ti0, formed on t h e  su r face  o f  t h e  samples. 
Boron ox ide i s  p o s t u l a t e d  as a f l u x i n g  agent t h a t  acce le ra tes  t h e  a t t a c k  
o f  t he  S i c  m a t r i x  by forming a n o n p r o t e c t i v e  ox ide g lass l a y e r  on t h e  su r -  
f ace  o f  t he  composite. 
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1.2.3 Oxide M a t r i x  ___ _._..._ 

-_I Sic -idhis k .__ er.-l?einforced _- Ceramic Compos it es 
1. N. Tieys,  P. F. Bechert and R. K. Wi1liariis (Oak Ridge Nat ional  
Laboratory  ) 

0b.iect.i ve/scoue 

Thi s work i n v o l  ves devel opnent and c h a r a c t e r j  r a t i  on o f  S i  C-whi ske r -  
r e i  n f o r c e d  ox ide  composites f o r  improved iriechani c a l  perfoririance. 50 date, 
inast o f  t h e  work has d e a l t  w i t h  alumina as t h e  m a t r i x  because i t  was 
deemed a promis ing m t e r i a l  f o r  an i n i t i a l  study. However, o p t i m i z a t i o n  
o f  m a t r i x  m a t e r i a l s  i s  a l s o  being explored, Ihe approach t o  f a b r i c a t i o n  
i s  t o  f i r s t  use h o t  p ress ing  t o  i d e n t i f y  compositions f o r  toughening and 
t h e n  t o  develop p ressu re less  s i n t e r i n g  f o r  f a b r i c a t i o n  of  near-net-shape 
pieces. I n i t i a l  work has been desc r ibed  i n  p r e v i o i i s  semiannual repo r t s .  

- 

'1-echni c a l  -___. h i  gh l  i gt i ts  

M o d i f i c a t i o n  o f  S i c  wh iske rs  

Me a re  i n v e s t i g a t i n g  ways t o  modi fy  t h e  S i c  wh 
change t h e  i n t e r f a c e  between them and t h e  m a t r i x  t o  
c a l  p r o p e r t i  es. 

Because of the e n m u r a y i n s  r e s u l t s  where t h e  f 

skers i n  o rde r  t o  
maxiini ze t h e  mnechani - 

-~ a c t u r e  toughness o f  a 
20 vo l  % S i c  whisker-AI2O3 composite was increased l o  9.4 MPa-m1/2 a f t e r  
i n i l l i n y  t h e  whiskers for  8 h, a study wds undertaken t o  q u a n t i t a t i v e l y  
assess  t h e  e f f e c t  o f  m i l l i n g  on t h e  whisker  s i z e  d i s t r i b u t i o n .  

Mhisker batches were i n i l l e d  1 h, 4 h, and 16 h and then h o t  pressed 
w i t h  an A1,O, m a t r i x  a t  20 vo l  X whisker  c o n c e n t r a t i o n  i n t o  samples. 
Metdl  1 ography showed good d i  s t r l  b u t i  on o f  the S i  C whi skers w i t h  no major 
de fec ts .  Ana lys i s  o f  t h e  m i l l e d  whiskers by scanning e ? e c t r o n  i i i icroscopy 
(SEN) show t h a t  t h e  averaye whisker  l e n g t h  a f t e r  m i l l i n g  1 h i s  18 t o  
20 pm; however, t h e  d i s t r i b u t i o n  i s  l a r g e  (1-100 p m ) .  After i n i l l i n g  4 h, 
t h e  average 'length i s  10 t u  12 pri, bu t  t h e  distribution i s  much t iarroder 
(>90 X l e s s  than 30 pm>. F u r t h e r  m i l l i n g  up t o  16 h only reduces t h e  
average l e n g t h  t o  9 t o  11 pm, but  t h e  d i s t r i b u t i o n  i s  f u r t h e r  reduced (>90 
% less t han  20 pm). 

t h e  hot -pressed b i  1 l e t s  and a re  presented i n  Table 1. As shown, t h e  
f l e x u r a l  s t r e n g t h s  a re  t h e  same o r  h i g h e r  t han  no rma l l y  observed f a r  a 
s i m i l a r  composite us ing un i i i i l l ed  S i c  w h j s k e r s  (which i s  t y p i c a l l y  
650 NPa). However, t h e  f raclure  toughness values i n d i c a t e  t h a t  some 
severe degradat ion of t h e  S i c  whiskers has occurred, We speculate t h d t  
t h e  whisker  sur fdces a re  damaged d u r i n g  m i l l i n g  i n  a d d i t i o n  t o  t h e  reduc- 
t i o n  i n  aspect rat , io.  Ne p l a n  t o  examine some a r c h i v e  samples by t r d n s -  
m i s s i o n  e l e c t r o n  microscopy t o  determine t h e  ex ten t  o f  m y  damage. The 
i n i t i a l  samples where we observed increases i n  f r a c t u r e  toughness w i t h  
m i l l i n y  t imes were processed by m i l l i t i g  t h e  A1,0, and S i &  whiskers 
toge the r .  The presence of t h e  A l , O ,  p a r t i c l e s  may h e l p  t o  cushion t h e  
whi skers d u r i  ng the  ini 11 i ncj o p e r a t i  an and reduce any whisker  su r face  
damage 

The mechani c a l  p r o p e r t i e s  were detenni ned on specimens tnachi ned from 
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Table 1. Summary o f  mechanical p r o p e r t i e s  
of Al,O,-ZO v o l  ?, S i c  whisker  composites 

Whi s k e r  F1 e x u r a l  F r a c t u r e  

Pc t i m e  (h )  (MPa) (nPa*ml/$) 
Sample m i l l  s t reng th '  toughness number 

SCW-76 1 655 6.3 
scw-77 4 755 5.7 
SCW-78 16 7 0 5  7 . 3  

Qfvleasured by f o u r - p o i n t  bend t e s t .  
%ea s u r e d  by mu 1 t i p 1 e -i n de n t method . 

I 

The vast  m a j o r i t y  o f  t e s t i n g  t o  da te  has been w i t h  t h e  S i c  whiskers 
produced by ARCO Chemicals Co. However, we a re  l o o k i n g  a t  o t h e r  sources 
o f  S i c  whiskers:  Tateho Chemical I n d u s t r i e s  Co., Versar Manufactur ing 
Inc., and Los Alamos Na t iona l  Labora to ry  (LANL). P rev ious l y ,  we had ex- 
amined and t e s t e d  S i c  whiskers f ro in Tokai Carbon C0.l With t h e  excep t ion  
o f  t h e  LANL whiskers,  a l l  a r e  a v a i l a b l e  i n  commercial q u a n t i t i e s .  A t  t h e  
p resen t  t ime,  we have f a b r i c a t e d  A1,Q3-20 v o l  X Sic whisker  composites 
f rom these a l t e r n a t e  sources and p l a n  t o  t e s t  t h e  mechanical p r o p e r t i e s .  
These w i  11  be compared t o  t h e  r e s u l t s  p r e v i  o u s l y  ob ta ined  on composites 
made w i t h  whiskers f rom ARCO Chemicals and Tokai Carbon. 

R i  ce-hul  I remnants 

An A1,0,-20 v o l  X Sic whisker  sample was f a b r i c a t e d  by ho t  p r e s s i n g  
and machined i n t o  bend bars t o  determine Weibul l  s t a t i s t i c s  on these com- 
p o s i t e  m a t e r i a l s .  The mean s t r e n g t h  o f  t h e  samples i n  f o u r - p o i n t  bend 
t e s t s  was about 550 MPa o r  about 100 MPa l e s s  than p rev ious  composites 
w i t h  comparable whisker  concen t ra t i ons .  Examinat ion o f  t h e  f r a c t u r e  su r -  
f aces  revea led  l a r g e  f l aws  a t  t h e  f r a c t u r e  o r i g i n s .  F u r t h e r  examinat ion 
w i t h  SEM (Fig.  1) showed t h e  f l aws  t o  be remnants of  r i c e  h u l l s  used t o  
produce t h e  Sic whiskers.  We have now determined t h a t  t h e  r i c e - h u l l  rem- 
n a n t s  can be removed f rom t h e  whiskers by f l o t a t i o n  i n  water and a re  now 
c l e a n i n g  a17 whiskers p r i o r  t o  use i n  making t e s t  composites. 

Pressure1 ess s i  n t e r i  ng 

Several  batches o f  S i c  w h i s k e r A l  2Q3 composites were f a b r i c a t e d  w i t h  
w h i s k e r  c o n c e n t r a t i o n s  rang ing  f rom 5 t o  20 v o l  %. They were s i n t e r e d  
under s i m i l a r  c o n d i t i o n s ,  and t h e  r e s u l t s  a re  summarized i n  Table 2. As 
shown, h i g h  d e n s i t i e s  were achieved f o r  wh iske r  c o n c e n t r a t i o n s  up t o  
10 vo l  %. As t h e  whisker  c o n c e n t r a t i o n s  approach 20 v o l  % t he  d e n s i t i e s  
drop d r a m a t i c a l l y  and i l l u s t r a t e  t h e  f a c t  t h a t  some pressure ass i s tance  i s  
p robab ly  needed t o  d e n s i f y  composites a t  h i g h  whisker  concentrat ions.  
Other  avenues f o r  i rnprovi  ng t h e  p ressu re less  s i  n t e r a b i  1 i t y  o f  t h e  S i  C 
whi sker-A1 203 composi t e s  a re  bei  ng explored.  
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M-21111 

F i g .  1. ( a )  F r a c t u r e  surface o f  A1,03-2CI vol ’% S i c  wh iske r  composr’te 
showing ri ce-hul 1 remnant a t  o r i  gi n. ( b )  R i  ce-hul 1 rerimant removed froin 
S i c  wh iske rs  by f l o t a t i o n  i n  water. 
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Table 2, Summary o f  r e s u l t s  on s i n t e r i n g  o f  
AI ,O,-SiC whisker  composites w i t h  va r ious  

whi  s k e r  c o n c e n t r a t i o n s  

S i n t e r e d  d e n s i t y  F r a c t i o n  o f  t h e o r e t i c a l  
(Mg/m3 1 d e n s i t y  (%) conicent r a t  i on 

04 
5 

10 
11.3 
15 
20 

3.81 
3.70 
3.65 
3.10 
2 * 9 0  

9 7 , l  
95.2 
93.4 
80.6 
7 5 * 0  

Low-thermal -conduct! v i  t y  m a t r i c e s  

For a p p l i c a t i o n s  i n  c e r t a i n  areas o f  t h e  uncooied d i e s e l  engine, t h e  
use o f  composites hdv ing  a m a t r i x  m a t e r i a l  w i t h  low thermal c o n d u c t i v i t y  
i s  desi rab le .  

The ma te r i  a1 s cons idered as c a d i  da te  low-thermal - c o n d u c t i v i t y  
m a t r i c e s  i n  ceramic composites f o r  s t r u c t u r a l  a p p l i c a t i o n s  were mu1 l i t e ,  
z i r c o n i a ,  a luni ina-zi  r c o n i a ,  and aluni ina-chrornia s o l i d  s o l u t i o n s .  The 
re in fo rcemen ts  considered were S i c  and Si,N, whiskers and a l s o  Al,O, and 
Zr02 f i b e r s ,  
(Tab le  3). As shown, n o t  a l l  of t h e  saiiiple f a b r i c a t i o n s  were successfu l  
i n  t h i s  i n i t i a l  scop ing  o f   ow-thermal-conductivity composites. On t h e  
o t h e r  hand, some o f  these f i r s t  f a b r i c a t i o n s  were very successfu l ,  

The composites hav ing m u l l i t e  as t h e  m a t r i x  m a t e r i a l  [w i th  on ly  one 
e x c e p t i o n  (SGW-80)] were easi  l y  f a b r i c a t e d ;  consequent ly they prov ided  
mast o f  t h e  rilechani c a l  t e s t  da ta ,  Exami n a t i o n  o f  ceramographi c po l  i shed 
s e c t i o n s  showed little i n t e r a c t i o n  between both t h e  S i @  and Si,N, whiskers 
dnd t h e  m u l l i t e  matrix. When t h e  Zr02  was added t o  the m u l l i t e  m a t r i x  
(SCW-SO> , t h e r e  was i n t e r a c t i o n  between the Zr02 pa r t i  c'l es and S i  C whi skers 
and n o t  t h e  m u l l i t e .  S i m i l a r  i n t e r a c t i o n s  betwectn t h e  Z r O ?  p a r t i c l e s  and 
S i  C whi skers were observed i n  t h e  A I  ,O,-ZrO, m a t r i x  composites. 

The composites i n  which Zr02 was t h e  m a t r i x  showed t h e  most i n t e r a c -  
t i o n s  w i t h  t h e  re in forcement  m a t e r i a l s .  Some o f  t h e  problem, we b e l i e v e ,  
i s  due t o  t h e  12 vo7 % Y,O, s t a b i i i z e r  used, and t h e  same i n t e r a c t i o n  
problems cou ld  be a n t i c i p a t e d  i n  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  when V,O, 
i s  used, F u r t h e r  devel opment o f  process4 ng c o n t r o l  s may he1 p a1 '1 cv-i a t e  
some of these i n t e r a c t i o n  problems, 

The i n c o r p o r d t i o n  of Cr203 i n t o  A I  ?03 t o  form a sol i d  sol u t i o n  h d s  
heen shown t o  s i g n i f i c a n t l y  lower  t h e  thermal c o n d u c t i v i t y a 2  how eve^, 
w h e n  SiG whiskers a r e  added and samples fab r - i ca ted  a t  e l e v a t e d  tem- 
p e r a t u r e s ,  r e d u c t i o n  o f  Cr20, t o  m e t a l l i c  Cs by t h e  SiC O C C I I ~ S ,  
r e s u l t i n g  m i c r o s t r u c t u r e  shows t h a t  none o f  t h e  whiskers remain u n a f f e c t e d  
d f t e r  f a b r i c a t i o n .  

A s e r i e s  o f  composites were f a b r i c a t e d  by ho t  p ress ing  

The 



Table 3. Summary o f  f a b r i c a t i o n  o f  whi sker . - re i  n f o r c e d  low-thermal - 
c o n d u c t i v i t y  mat rs' ces 

Densi t.y 
( %  T.D.) Cornrnen t s Sampl e M a t r i x  Rei n f o r c e m n t  

scw-49 

SCW- 49Aa 

scw-50 

S C W -. 8 1 

S Clzl - 8 1 Ab 

scw-80 

SCW-84 

SCW - 4 8 ( j  

SCW-66 

scw-75 

SCW-88 

SCM-87 

SCW-18 

SCW-85 

S CW - 85A 

SCW-86 

s c w - 2 1 

Mu1 1 i t e  

Mu1 1 i t e  

Mu1 1 i t e  

Mu1 1 i t e  

Mu1 1 i t e  

Mul l i te-30 vo l  % 

Mull ite--12 vo l  % 
Z r02  

Z r O 2  (12  w t  %, 
'2O3)  

Zr 

Z r  

Zr 

A1 

12 w t  z 
1 
12 w t  % 
) 
12 w-t % 
1 
-12 vo l  % 

A1,03-12 v o l  % 
ZrO, 

A120,-12 VOI 7: 
ZrO, 

L *' 2'3 

A1 ,03-10% 
Cr203 

20 vo l  % Sic 
wh iske rs  

20 vo l  % S i c  
whiskers 

10 vo l  % S i c  
wh iske rs  

20 vo l  % Si,N, 
wh iske rs  

20 vol % Si,N, 
whiskers 

20 vo l  % S i c  
whiskers 

20 vo l  ;L S i c  
whiskers 

10 vo l  % S i c  
whiskers 

20 vo l  % S i 3 N 4  
whi s k e r s  

20 vo l  % Si,N, 
whiskers 

20 v o l  % Si3N, 
whiskers 

20 vo l  % Al,03 
f i  bess 

20 vo l  :L Sic  
whiskers 

20 vo l  % S i c  
whiskers 

20 vo l  :L S i c  
whiskers 

f i b e r s  
20 vol % S i c  

whiskers 

20 v o l  % ZrO, 

100.0 

100.0 

100.0 

99.3 

99.4 

N. D. 

99.7 

85.0 

90.0 

91.2 

92.5 

93.1 

95.5) 

99.4 

100.0 

98.7 

95.5 

Good sample 

Good sample 

Good sample 

Good sample 

Good sample 

M e l t i n g  
observed 

Good sample 

Whi ske r -ma t r i  x 
i n t e i - a e t i  on 

Whi ske r -ma t r i x  
i n t e r a c t  i on 

Whi sker -mat r i  x 
i n t e r a c t i o n  

Goad sample 

Me1 t i  ng 
observed 

ldhi ske r -ma t r i x  
i n t e r a c t i  on 

Whisker-matr ix 
i r i t e i - a c t i  an 

Good sarnpl e 

Me1 t i  179 
observed 

Whi s ke r -mat r i  x 
i n t e r a c t  i on 

asmallet- g r a i n  s i z e  than SCW-49. 

bSmaller g r a i n  s i z e  than SCW-81. 

cNot determi tied. 
d p r e s s u r e l  ess  s i  n t e r e d  i n s t e a d  o f  ho t  pressed. 
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The mechani c a l  p r o p e r t i e s  o f  s e l e c t e d  composites were determi ned on 

While the mechanical 

specimens c u t  from t h e  hot -pressed samples. Those r e s u l t s  are summarized 
i n  Table 4, As shown, s i g n i f i c a n t  levels o f  f l e x u r a l  s t r e n g t h  were 
observed w i t h  the  mu1 1 i t e  and AI 2Q,-Zr0, m a t r i  ces. 
p r o p e r t i e s  f o r  t h e  z i r c o n i a  m a t r i x  composites a re  not e x t r a o r d i n a r y ,  t hey  
a r e  t y p i c d l  o f  values r e p o r t e d  f o r  f u l l y  s t a b i l i z e d  z i r c o n i a ,  

Many comparisons can be made between t h e  d i f f e r e n t  se ts  o f  mechanical 
p r o p e r t y  data. One o f  the f i r s t  i s  t h e  e f f e c t  o f  any whiskes-matr ix  
i n t e r a c t i o n  ( i e e e ,  SCM-75 vs SCW-88 and SCW-85 vs SCW-85A), I n  every case 
degrada t ion  of the  mechanical p r o p e r t i e s  r e s u l t s  when any i n t e r a c t i o n  
occurs between t h e  m a t r i x  and t h e  r e i  nforcernent 

Table 4, Summary of mechanical p r o p e r t i e s  o f  w h i s k e r - r e i n f o r c e d  
1 ow-thermal -conduct1 v i  t y  m a t r i c e s  

F1 exu r a  1 F r a c t u r e  
Sample a t r i x  Reinforcement s t r e n g t h a  toughness 

WPa)  ( MP a * m 1 2 ) 

SCki - 49 

SCW-49A" 

scw-50 

scw-81 

SCW-81A" 

sc w - 7 5f 

SGN-138 

SGN- 8 5.f 

scw -85A 

M u l l i t e  

M u l l i t e  

Mu1  1 i t e  

Mu1 1 i t e  

Mu1 1 i t e  

Z i  r c a n i  a 9  

z i  rcnni a3  

20 vo l  % S i c  
whiskers 

20 v o l  % S i c  
whiskers 

l a )  vo l  % S i c  
whiskers 

20 v o l  % S i  3 N 4  
wh iske rs  

whiskers 

whiskers 

20 vol % Si3N, 

20 vol % s i  $44 

20 vol % S i  3N4 
whiskers 

20 vol % s-ic 
whiskers 

20 vol % s i c  
whiskers 

422 

490 

419 

268 

388 

108 

125 

390 

67 5 

1 . d  

13* 4d 

7.86 

_ -  

%e!asured by fou r -po i  nt-bend t e s t .  
h e a s u r e d  by a p p l i e d  moment double c d n t i l e v e r  beam method. 

?5ma l le r  g r a i n  s i r e  than 3 3 - 4 9 .  
tfMeasured by m u l t i p l e  i n d e n t  method. 
?%dIler g r a i n  s i z e  than  SCW-81. 
h e d c t i a n  occurred between matrix and whiskers.  
SStabilized w i t h  12 wt  % V,0,. 
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The t ype  o f  rrrhi skers  ( S i c  vs S i  3N,,) a l s o  a f f e c t s  the  f i n a l  mechanical 
p r o p e r t i e s .  Comparing t h e  m u l l i t e  m a t r i x  cornposites i n d i c a t e s  t h a t  t h e  
S i c  whiskers a re  more e f f e c t i v e  as a re in fo rcement  than t h e  Si3N, whiskers 
are.  The reasons f o r  t h i s  d i f f e r e n c e  a re  unc lea r  a t  t h e  present  t i i i ie. 
D i f f e r e n c e s  i n  wh isker  s i z e  d i s t r i b u t i o n s ,  chemical i n t e r a c t i o n s ,  arid 
p rocess ing  procedures may a l l  c o n t r i b u t e  t o  t h e  d i s p a r i t y  i n  t h e  f i n a l  
p r o p e r t  i es. 

By us ing  a comparative rrieth63d3 t h e  thermal  c o n d u c t i v i t i e s  o f  severa l  
ccrami c composite sarripl es have been deterr i i i  ned near room temperature, The 
r e s u l t s  a re  presented i n  fable  5, and t e s t s  w i t h  s tandard specimens1 show 
t h a t  t h e  exper imenta l  u n c e r t a i n t y  i s  3% a r  less. Data f o r  a hot -pressed 
A1 203 sample a re  a l s o  i nc luded,  and these t h e m a 1  c o n d u c t i v i t y  values are  
about 10% sinal l e r  than the  recorninended va lues3 f o r  t h i s  compound. 

o f  both Al,03 and m u l l i t e ,  b u t  t h e  percentage change i s  l a r g e r  f o r  t h e  
m u l l i t e .  The values f o r  mul l i te-20 vo l  % S i c  a r e  about 25% l a r g e r  than  
1 i t e r a t u r e  d a t a b  f o r  t h i s  compound. The r f su l t s  f o r  hot -pressed AI  ?03- 
20 vo l  % S i c  a l s o  show t h a t  t h e  thermal c o n d u c t i v i t y  does n o t  depend on 
sample (S i6  wh isker )  o r i e n t a t i o n .  

A d d i t i o n s  o f  20 vo l  % S i c  whiskers i nc rease  t h e  thermal c o n d u c t i v i t i e s  

Table 5. Thernial c o n d u c t i v i t y  va lues for S i c -  
toughened eerami c s  

Sample 
?he r m a  1 

(W/m- K) 
Temperature conduc%i v i  t y  

A1203 ( h o t  pressed) 

A1 03-5 V O ~  % Sic" 
fs i n t e r e d  1 

A I  03-20 vo l  :4 S i c  
?hot  pressed, p a r a l l e l  t o  
p ress ing  d i  r e c t i  on) 

A1 03-20 vo l  % S i c  
?hot pressed, perpendi c u l  a r  
t o  p ress ing  d i  r e c t i  on) 

M u l l i t r - 2 0  vo l  % S i c  
( h o t  p res  sed ) 

303.6 
331.6 
362.6 

303.2 
331.6 
362.9 

303.3 
331.5 
362.8 

303.1 
331.4 
362.8 

303.2 
331.7 
362.9 

32.3 
29.0 
26-1 

29.5 
26.4 
23.13 

35.2 
32.0 
29.4 

35.1 
32.1 
29.5 

7.27 
7.16 
7.06 

'3ample a l s o  conta ined s i n t e r i n g  a ids  t h a t  forined a 
g lassy  phase a t  g r a i n  boundaries. Resu l ts  cannot be com- 
pared w i t h  those f o r  hot -pressed samples, 
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Status o f  m i  1 estones 

The fol lowing milestone was scheduled f o r  completion i n  t h i s  reporting 
p e r f  od. 

Milestone: Complete i n i t i a l  investigation o f  whisker-reinforced l ow-  
thermal -conductivity matrix composi tes. Submit progress report. March 
B 985. 

The milestone was completed, and the resu l t s  are  summarized i n  the 
~ i ~ ~ f l ~ h l ~  progress report and i t 7  the  program semiannual report. A 7 1  other 
m i  leStOnes a r e  on SchediJle. 
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~- Sol-GeT, Oxide Powder - bJ. D. Bond, P. Ange l i n i  , P. F. Becher, acid 
T. N. Tiegs-"(Oak Ridge Nat iona l  Labora tory )  

0b.i e c t  i ve / s  cope 

Sol -gel processes have t h e  p o t e n t i a l  f o r  the  syn thes i s  o f  m a t e r i a l s  
t h a t  can be processed a t  modest temperatures whi l e  o b t a i  n i  ng h i g h l y  imi - 
form composi t ion i n  dense f i  ne-y ra i  n ceraiiii cs t h a t  i n c o r p o r a t e  d i  spersed 
second phases t o  inc rease f r a c t u r e  toughness. This research enphasi zes 
the detemi i  n a t i  of1 o f  t h e  f e a s i  b i  1 i t y  o f  so l  -gel processes f o r  syn thes i  z i  ng 
powders o f  phase-stab i  1 i z e d  ii r c o n i  a and a1 iiini na and f o r  c o a t i n g  whi skess 
t o  c o n t r o l  t h e i  r i n t e r f a c e  p r o p e r t  i es  t o  m a t r j  x phases. Sol -gel  processes 
take  advantage o f  t h e  h igh  degree of homogeneity t h a t  can be aehiieved by 
m i x i n g  on t h e  c o l l o i d a l  sca le  and the  sur face  p r o p e r t i e s  o f  the c o l l o i d a l  
p a r t i  c l  es. The excel  1 en t  bondi ng and s i  n t e r i  ng psoper t i  es o f  col 1 o i  ds are  
a r e s u l t  of t h e i r  very  h igh  s p e c i f i c  sur face  energy. 

Work conducted on sol -gel ox ide  powder synthes i  s and process ing  
w i t h i n  t h i s  program i s  p a r t  o f  an i n t e g r a t e d  a c t i v i t y  wbich i s  a l s o  sup- 
p o r t e d  by t h e  DOE M a t e r i a l s  Sciences Program at. Oak Ridge Nat iona l  
Labora tory  (ORNL). The Mater i  a1 5 S G ~  ences suppor ted research on ceramic 
coinposi t e s  de r i ved  from t h e  so l  -gel powders r e s u l t i n g  f rom t h i s  work. The 
research on t h e  coa t ing  o f  whiskers by so l -ge l  methods i s  done i n  a c o l l a -  
borati ve e f f o r t  w i  t.h t h e  research on S i  C whi skes - re i  n f o r c e d  coinposi t e s  
under way a.t ORNL i n  t h e  Tndustr--i a1 Conservat ion Pr.ogranr. The 1ndust.r'id's 
Conservat ion Research i nc ludes  t h e  necessary research on the f a b r i  ca%;ion 
and p r o p e r t i e s  o f  composites r e i n f o r c e d  with t h e  so l  .-gel - c o a t e d  whiskers. 

Techni c a l  p ros ress  

Sol -ge l  s t u d i e s  t h i s  rep0r. t  p e r i o d  were concerned w i t h  a s-tridy o f  t h e  
e f f e c t  o f  temperature on t h e  p r e c i p i t a t i o n  o f  hydrous alumina by urea 
h y d r o l y s i s ,  t h e  e f f e c t s  o f  t h e  pH and  concen t ra t i on  o f  alumina s o l s  i n  t h e  
c o a t i n g  o f  S i c  whiskers by so l -ge l  methods, and t h e  p r e p a r a t i o n  o f  g e l -  
d e r i  ved powders o f  Zr02-Hf0,. 
t h e  M a t e r i a l  Sciences Program w i t h  regard  t o  t h e  h igh- temperature (up t o  
1000°C) s t a b i l i t y  o f  t h e  t e t r a g o n a l  Zr02 phase. 

The r a t e s  o f  p r e c i p i t a t i o n  o f  hydrous alumina and t h e  na tu re  o f  t h e  
p r e c i  p i t a t e s  produced by thermal h y d r o l y s i s  o f  urea were i n v e s t i g a t e d .  
P r e c i p i t a t i o n s  were e f f e c t e d  by h e a t i n g  1 L o f  a 0.2 M A l N O , - - O . l  M NH,NO, 
s o l u t i o n  i n  a r e f l u x  vessel  i n  t h r e e  exper imenta l  run7 a t  temperal-ures o f  
60, 70, and 80°C. The t ime  r e q u i r e d  f o r  p r e c i p i t a t i o n  v4as observed 
v i  sua1 l y .  The p r e c i  p i t a t e s  were separated by c e n t r i  fuga-ti on, washed f r e e  
o f  N H , N O , ,  d r i e d  i n  a i r  a t  ambient temperatures, and examined v i s u a l l y  i n  
a microscope. The p r e c i p i t a t i o n  r a t e s  were very slow, requi  r i n g  about 
5 days a t  60°C and about 3 days a t  8OOC. Gel p r e c i p i t a t e s  were formed a t  
t h e  lower  temperature c o n d i t i o n s  (60 and 70°C), whereas g ranu la r  p r e c i  p i  - 
t a%es  were formed a t  80°C. The average s i z e  of  t h e  p r e c i p i t a t e d  p a r t i c l e s  
was about 1 pn, and t h e  p a r t i c l e s  formed a.1: 60°C appeared t o  be t h e  most 
u n i f o r m  i n  s ize .  

The powders Zr0,-HfO, wi 11 be eval r ia ted i n  
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P repara t i ons  o f  a lumina-coated S i c  whiskers by s o r p t i o n  o f  c o l l o i d a l  
a lumina fro111 sols were i n v e s t i g a t e d  w i t h  rega rd  t o  e f f e c t s  of t h e  pH and 
M , O ,  c o n c e n t r a t i o n  o f  t h e  so l s .  To promote good con tac t  d u r i n g  coa t ing ,  
u l t r a s o n i c  a g i t a t i o n  was used t o  d i spe rse  t h e  S i c  whiskers i n t o  an aqueous 
Al,O, c o n c e n t r a t i o n  o f  the sols, Experiments have been c a r r i e d  out  w i t h  
sols a t  two c o n c e n t r a t i o n  l e v e l s  o f  Al ,O ,  (11 and 34 g/L). 
exper iment,  0.5 g o f  SiG whiskers were coated w h i l e  h o l d i n g  t h e  mass r a t i o  
o f  Al,O, t o  S i c  constant  a t  1.7, Examinat ion o f  t h e  coated whiskers by 
e l e c t r o n  microscopy showed t h a t  t h e  whi skerrs were complete ly  coated a t  a1 1 
c o n d i t i o n s  and t h a t  t h e  c o a t i n g  t h i c k n e s s  increased w i t h  i n c r e a s i n g  A1 203 
c o n c e n t r a t i o n  and decreas ing pH o f  t h e  sol .  The c o a t i n g s  a p p l i e d  a t  
pH = 3.5 were very un i form,  whereas t h e  coa t ings  a t  pH = 2.5 were not. 
The c o a t i n g s  formed a t  pH = 2.5 were n o t  u n i f o r m  i n  t h i c k n e s s  a long t h e  
l e n g t h s  o f  t h e  whiskers,  

Gel powders were prepared by d i r e c t  g e l a t i o n  and by g e l a t i o n  o f  pre-  
c ~ r s o r  ZrO,-HfQ, hydrosol  s. Both nlethods were used t o  prepare severa l  
20-g batches o f  g lassy,  semi - t ransparen t ,  Z r O  -Hf02 gel  p a r t i c l e s  con- 
t a i n i n g  $ and 16 w t  % HfO,. I n  t h e  d i r e c t  y e f a t i o n  method, t h e  ZrO,-HfO;, 
g e l s  were p r e c i p i t a t e d  by u s i n g  a l a r g e  excess o f  8 M NH40H a t  2 5 O C .  The 
g e l  p r e c i p i t a t i o n  was c a r r i e d  ou t  by slowly adding a-0,3 M s o l u t i o n  o f  t h e  
meta l  s a l t s  (1,5 mL/min) t o  1 L o f  8 M NH,OH w h i l e  r a p i d l y  s t i r r i n g .  A t  
2 5 " C ,  gel  p r e c i p i t a t e s  were ob ta ined  Fy t h i s  procedure,  whereas a t  50°C 
g r a n u l a r  p r e c i p i t a t e s  resu l ted .  The gel was separated from t h e  mother 
l i q u o r  by f i l t r a t i o n .  Subsequently, t h e  gel f i l t e r  cake was washed and 
d r i e d ,  Gels were prepared from ZrO,-HfO, p recu rso r  sols by water  evapora- 
t i o n .  The ZrO,-HfB, sols were syn thes i zed  from ZrO,-HfO, ge l  p r e c i p i t a t e s  
t h a t  were p r e c i  p i  t a t e d  by t h e  d i  r e c t  g e l a t i  on procedure. 

I n  each 

- Impor tan t  f i n d i n g s  and obse rva t i ons  

I n i t i a l  results o f  t h e  i n f l u e n c e  o f  A12!3 c o n c e n t r a t i o n  and pH sols 
on t h e  c o a t i n g  t h i c k n e s s  o f  a1 umina-coated S i c  whiskers suggest t h a t  t h e  
c o a t i n g  process i s  governed by t y p i c a l  a d s o r p t i o n  isotherms f o r  co l  l o i  da l  
p a r t i  c l  es e Accordi  ng t o  these isothernis , t h e  magnitude o f  t h e  d r i  v i  ng 
f o r c e  f o r  adso rp t i on  i s  i nc reased  by i n c r e a s i n g  t h e  s o l u t i o n  concen t ra t i ons  
o f  t h e  c o l l o i d a l  sorbate and by i n c r e a s i n g  e l e c t r o s t a t i c  a t t r a c t i o n  between 
t h e  c o l l o i d a l  sorbate p a r t i c l e s  (e.g. A1203) and sorbent  sur fdce (e.g., 
S i c ) .  The pH o f  t h e  system determines t h e  e l e c t r o s t a t i c  a t t r a c t i o n  because 
t h e  H* o r  OH" i o n  c o n c e n t r a t i m s  determine t h e  s i g n  o f  t h e  charges on t h e  
c o l l o i d a l  so rba te  p a r t i c l e s  and on t h e  sorbent  s u r f a c e  and t h e  magnitude 
of those charges. 
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No report recei wed - 
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1.2.4 S i l i c a t e  Matrix 

era1  Electr ic  Company) 

j ec t ive  a f  t h  s ~~~~r~~ i s  t o  develop h i g h  t o u ~ ~ n e s ~ ~  
ref rac tory  ceramic 
near net shape ~ o r m i n ~  fo r  a ~ ~ l i c a t ~ o n  t o  a ~ ~ o m ~ ~ i ~ e  eng?”nes, 

a t r i x  composites which a re  amenable t o  ’0 

ram, t h e !  General Elec t r ic  ~ ~ m ~ a n y ~  Space Syste 
the  development of S i c  whisker reinforced mull 

In addi t ion,  the enhanc 2 Si8;q) m a t r i x  ceramic composite. 
the mullite matrix f rac ture  toughness by the  i ~ ~ ~ r ~ o r a ~ ~ o n  o f  ~ r ~ n ~ ~ o ~ ~ ~ ~ o ~  
~ ~ ~ ~ ~ e ~ i n ~  by addi t ions o f  Pr0,5Hfo 502 i s  proposed. 
mat r ix  composite ca meet a very s igni f icant  need i n  t h e  ceramic heat 
engine ~ e c h ~ o l o ~ y ~  
h i g h  s t rength,  tough, hard a n  wear r e s i s t an t  ceramic w i t h  i n  
ood %hemal shock res i s tance  The ~ ~ t r i n ~ ~ c a l l y  good therma 
esistance i s  ue t o  m u l ? i t e 8 s  mo e ra t e ly  low ~ o ~ u l ~ s  o f  e l a s t i c i t y ,  

expansion (CTE 
The thermal CQ duc t iv i ty  i s  low, b e i n  ~ p ~ r o x i m a ~ ~ ~ ~  eqwal t o  t h a t  
o f  Zr02. 
h a l f  t h a t  o f  Zr02, mull i te  experiences f a r  lower thermal s t r e s ses  t h a n  
Zr02 when exposed t o  the same thermal gradient.  

Similarly,  i n  comparison t o  a lumina ,  mull i te  i s  ~ n ~ r ~ n ~ i c a ~ ~ y  superior 
w i t h  respect t o  thermal shock because o f  mul l j t e ’ s  lower CTE and lower 
modulus o f  e l a s t i c i t y .  Any mat r ix  w i t h  a h i g h  CTE: tends t o  have lower 
resis tance t o  thermal shock. 

This mill%Ste 

T h a t  spec f i c  need i s  for. a low thermal ~ o n d ~ e t ~ ~ i ~  

38 x 106 psi t i v e l y  low coef f ic ien t  o f  tkema’f 
well a s  good leve ls  o f  st rength.  

Since the coef f ic ien t  of thermal expansion (CTE) i s  about 

The i n i t i a l  aim o f  the invest igat ion i s  t o  prepare a ~ ~ m ~ ~ s i ~ e  w i t  
f rac ture  toughness of - > 4.0 M P a G .  

Ira order t o  achieve t h i s  goal,  we have i n i t i a t e d  investigation o f  t 
mullite-Si6 whiskers compositions w i t h  varying arameters. The major 
s teps  i n  thjs invest igat ion a re  as  follows: 

1. Prepare mullite/SiC whisker compositions using f ine  pa r t i c l e  s i ze  
mull i te  powder. Whisker compositions may range between 15 and 
30 w t  %. Whiskers may be milled f o r  size  reduction efore  ineorporat- 
ing i n t o  a batch composition. 

2. Investigate s in te r ing  a i d s  which wi l l  a s s i s t  i n  composite ~ ~ n s ~ ~ i ~ a ~ ~ o ~ .  
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3. 

4 .  

5 ,  

6. 

I n v e s t i g a t e  the addition a f  a t r a n s f o m a t i u n  toughening a g e n t ,  
Zr,.gHf~.502, t o  mullite/SiC compositions t o  enhanciz t h e  fracture 
toughnes~ o f  the matrix material, 

Consolidation methods include: 

( a )  
( b )  Mot isostatic pressing (HIP). 
( c )  

Cold i s o s t a t i c  pressing and sintering. 

Cold isostatic pressing (CTP), sintering, and hot  isostatic 
pressing ( K I P ) .  

Explore t he  application of coatl ing materials t o  
the bonding strength o f  whisker t o  m a t v i x ;  incorporate d i f f u s i o n  
barriers a t  t h e  wh iske r / rna t r i x  interface t o  minimize chemical 
r e a c t i o n s  be tween  the matrix a;ad whisker .  

h i s k e r s  t o  control 

Characterize the c o m p o s i t e s  for mechanical, physical, chemical 
a n d  thermal properties at room temperature and a t  e levated temperatures, 

TECM#ICM HI6 

Summary .. ~ o f  Work t o  Dater 

In the previous reporting per iod ,  vu1 liee/SiC whisker  composites were 
prepared w i t h  20 wJle and 30 nbs a s  received Sic whisker content. The 
highest density after sintering rneas~red was 85% o f  theoretical density 
which i s  t o o  low for practical usefu lness a n d  a l s o ,  due to connected 
poros i ty ,  t oo  low t o  s u b j e c t  t o  hat isostatic p r e s s i n g  operation wi thou t  
canning, The key issue identified in this e a r ? y  work i s  t o  achieve 
a sufficiently high density composite by sintering without resorting 
t o  h o t  pressing, I f  t h i s  can be accomplished, then a containerlass 
HIP’ing operation can be expected to fully densify the composite. 

- ~ - ~  

During t h e  current reperti ng period we have investigated three d i  f f e r e n t  
approaches t o  achieving h i g h e r  density including: 

1) 

2) 

Millinq o f  whiskers to reduce the 1 /d ratio and thus enhance ability 
t o  densify during sintering. 

The use o f  a Si62-Al2Q3 glass  plus additions o f  A1203 t o  achieve 
a liquid phase during sintering followed by diffusion o f  the excess 
A1203 into t h e  glassy phase t o  approach the mullite composition. 



b2O5 as a sintering aid as well as for its potential 
t o  form a carbide diffusion barrier on the Si‘c whisker. 

series o f  sintering e periments were conducted and the h 
chieveci was 90.8% usin mullite, milled SiC whiskers and 
~ ~ ~ ~ ~ ~ 1 0  weight ratio These experiments as well as the 
reviously reported are summarized in Table I and a”n the ~ o ~ ~ o w i ~ ~  
aragraphs.  

mpositions P ~ h r o ~ g ~  3 were composed o f  mullite powder and as received 
GQ S i c  whiskers. 

positions 4 through 7 were composed o f  mu 
0 Sic whiskers and two compositions of Si 

A1203 phasediagram shows a eutectic gla 
1203 (Ref. ”Phase Diagrams for Ceramic 
. &. McMurdie, American Ceramic Societ 

batches, additional alumina was added in an attempt to achieve a stoichiometric 
mullite matrix in the final sintered body. 

En compositions 8 through 92, the effect o f  milling the Sic whiskers 
In general, the mil ing of the Sic  increased the 

7% o f  theoretical de 

Compositions 13 and 14 incorporated Mb205 a s  a sinterin 
14 achieved the highest density, 90.8% of theoretical, 
o f  experiments. 

Composition 15 was similar t o  composition 1, except that the mu1 
whisker mixture was prepared as a slury with pH adjustments t o  attempt 
t o  achieve a more homogeneous dispersion of the whiskers in t h e  mullite 
matrix. 
and further processed a s  described in Table I .  

The slurry was concentrated by boiling o f f  t h e  water, dried 

this reporting period, we have prepared mullfte - Sic whiskers 
wt %) cornpositions with and withaut an additive or a sintering . The baseline mullite (Baikowski mullite, planetary ball milled 

P $ hours), Baikowski mullite b a l l  milled for 48 hours, and a newly 
available, deagglomerated, finer particle s i z e  variety o f  mu1 1 ite from 
Baikowski Csrp. were investigated as the starting matrix material. 
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S i @  whiskers from Arm Metals Co. were a l s o  milled for various periods 
o f  t i m e  t o  obtain shortgr. (lower l/d) f i b e r s  before  incorporating into 
a m i x  composition. Also ,  we investigated t h e  use o f  S i O ~ - A I $ l 3  glasses 
( a n d  their subsequent re-crystallization t o  mullite) a d  niobium o x i d e P  
h"b285, in order t o  prsmate sintering by the presence o f  a liquid phase 
a t  the sintering temperature ( 1650°-1676"C). 
also tried with Zr82-HfOz (1: 1 molar) a d d i t i o n  t o  achieve t r a n s b o m ~ a t ~ s n  
toughening i n  t h e  system, 
their processing methods and d e n s i t i t e s  o f  sjntered composites are 
summarized i n  Tab le  I. In general, powder mullite-SiC whisker batches 
were cold  isostatically pressed (CIP) a t  46-55 KSI and sintered I n  
a i r  a t  1650-1570"C f o r  2-3 hours. Sintered composite billets exhibited 
a t h i n  oxidized, white layer on the  sur face-  A m.11 piece from inside 
(greenish) was saw cut  from each billet for density determination. 

A few compositions were 

The compositions i n v e s t i g a t e d  along wO%R 

As seen i n  'Table I ,  density of t h e  sintered composites r-ariged between 
approx. $D-91% theoretical. 
was obtained w f t k  the composition 814 containing 18 weSght % Nb205. 
Sintered specimens conta in ing  Nb205 have a blackish co lo r  (probably 
due t o  NbC format ion) ,  unlike other materials, w h l c h  are similar $0 

t h e  original green ish  co lo r  o f  S i c  whiskers. 
several other observations are mentioned as fallows: 

The highest density o f  about 91% theoretical 

Based on the data shown, 

(1) Mew, as-received, deagglamerated Baikowski mullite is supereior 
t o  the mflled earlier Baikowslci mullite, 

(2) Use o f  SiO2-Al?O3 glasses (campositi~n nos, 4-7, Table  I )  in the  
camposites batches d i d  no t  develop sufficient liquid phase(s) 
t o  improve densification o f  t h e  ma te r ia :  a t  t he  sintering temperature. 
The use o f  such glasses and o t h e r  sintering a i d s  needs t o  be investigated 
further. 

( 3 )  Addition o f  a toughening agent,  such a s 9  Pr02-Wf02, did not exhibit 
any transfsrmatian toughening in the system, probably becaisse 
o f  t h e  h i g h  porosity in the sintered composite. 

Use o f  slightly milled S i &  whiskers improves the  composite density 
(comps. #10-%4).  Hi 1 1  i ng the as-received Q 16-804m) whi sker-n 
f o r  about  + hour ,  wet or dry, i n  a planetary ball mi11 breaks 
dawn t he  major fraction o f  t h e  f i b e r s  t o  - < 10-12~rn in length. 

( 4 )  
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s 1 and 2 show SE ~ h o t o m i ~ r o g r ~ p ~ s  of Sic whiskers 
itian #lo (whiskers wet milled in PBM for ;s hour) an 
dry ~ w h i ~ ~ e r ~  used in compositions #I3  and 14) .  Fi 
fiber structures i n  powder batches o f  the compositions # E l  and 

pectiwely. Figure 5 shows the  presence f much longer whiskers 
atch of composition #15 prepared by wet ispersion and with unmilled 

whiskers. 

A few small pieces o f  sintered mullite-SiC whisker composites were 
a l s o  sent t o  GE-CRI%D, Sckenectady, NY for canning/encapsulating i n  
a MQ foil hy electron beam welding for HIP'ing experiments. 
weldings o f  the foils were not successfu7. 

Initial 
Further work is under way. 

wing the next reporting period, the fol80 i n g  tasks are planned: 

Continue t o  investigate the use of a glass Nb@5 o r  other sintering 
a i d ( s )  to achieve further densification during sintering of mu1 l i t e  - S i c  wh-iskers composites% The pkincipal a i m  i s  t o  achieve 
enough density (no open ~ Q r ~ s i ~ ~ ~  o f  a sintered composite, w 
C O U I ~  be densified further y bot isostatic pressing ( 

ling o f  a sintered cornposite(s) after ~ ~ ~ a p s ~ l a t j o n  
in a refractory metal (Mo or Ta) or glass to produce a denser 
composite. 

( 3 )  Further investigate wet dispersion technique t a  produce more ~ o f f l ~ ~ ~ n ~ o ~ s  
b a t c h  compositions o f  mullite and milled S i c  whiskers. 

y o f  ~ e c ~ a n ~ c a ~  properties and ~ ~ ~ r o s t r u c t ~ r e ~  f a few selected 
osites prepared. 

Table 11, contract management summary report, lists the 
nd our  current status.  A t  this time, milestones 1.1, 1 
i ' les tone 1.3, Characterize Initial Specimens, i s  partia 
owever* to date we have no t  achieved, by s-8"ntr?ring9 pro 

reported in our Proposal C-03083 ~ ~ ~ ~ u a ~ ~  24, I 84) .  
t o  those of the hot pressed samples made dur ing  our earlier I R & D  ~ ~ o ~ ~ a ~  

up on any extensive characterization, 

Until w 
we will hol ieve densities i n  the range o f  95% of theoretica 

Likewise, Milestone 3 . 1 ,  Detailed 
a~~~~~~~~~~ o f  higher density samp es.  
completed during the next reportin 

Test Plan, has been held up pending 
However, this t a s k  wi l l  
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. _... . 

D u r i n g  t h i s  p e r i o d  a pt-sgam rev iew was conducted (March 12, 1985) a t  
General Electr ic  Co. w i t h  '8. Tiegs and D e  R.  Johnson. 

No p u b l i c a t i o n s  have been prepared on t h e  work t o  date.  
paper based on out- earlier IR&D study on the sa e subject was d e l i v e r e d  
a t  t h e  American eramic Society Symposium on Composites and Advanced 
Ceramics, Cocoa each, Fb, January 1985: ""sic Whiskers Rein forced Ceramic 
Wat r ix  C ~ r n p ~ s i t e s " ,  S. C. Sarnanta and S, Musikant. 

However, a 

The p r i m a r y  o b j e c t i v e  i n  t h e  present. s tage  o f  t h i s  i n v e s t i g a t i o n  i s  
t o  achieve a h i g h  d e n s i t y  composite w i t h o u t  resorting t a  h o t  pressing,  
So far  we have achieved a maximum o f  90 85 o f  theoret ical  u s i n g  a 70:38:10 
we igh t  rat-lo o f  mullite: milled S i @  wbe ske rs :  Nb205. Nb205 has a 
melting po in t  of 1479°C. 

Future work w i l l  attempt ti) achieve a h 
t o  containerless N I P ' i n g .  

gher d e n s i t y  by s i n t e r i n g  p r j o r  
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Table  I 1  

Development af Ceramic Matrix Composites for Applicarion i n  the Ceramic 

Technology f o r  Advanced Heat Engine Program - Mullite Si C Whisker Composites 

Subcontract 86X-00218C 

Task 

1. 

1.1 

1.2 

1.3 

2. i 

2.3. 

2.2 

3.0 

3.1 

Feasibility demonstration 

Establish performance goals 

Fabricate initial specimens 

Characterize initial specimens 

Develop process f l o w  sheets 

Develop l o w  csst near n e t  shape process 

Fabricate initial liquid phase sintered specimens 

Fabricate initial KIP specimens 

Fabricate improved liquid phase sintered specinens 

Fabricate improved HIP specimens 

Select best process f o r  optimization 

Develop optimized process 

Document optimized process flow sheet f o r  intermediate 

level of optimization 

Document process f l o w  sheet f o r  final level  of 

aptimfzation 

Property measurements 

Characterize microstructure of each stage of process 

development 

initial 

imp 'c ove d 

Date 
-I__ 

121 1 6 / 8 4  

11 7/85 

2/1/85 

4/1/85 

41 5/85 

8/2/85 

8/2/85 

1/3/86 

5 / 2 / 8 6  

5 1  31 85 

9 / 6 / 8 5  
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December 1 ,  1984 
Task 

3.1 Intermediate opt imizat ion  

~ 

f i n a l  opt imizat ion  

3 .2  Submit d e t a i l e d  test p lan  ta ORNZ 

9.3 Property measurements 

3.3.1 

3 . 3 . 2  

3 . 3 . 3  

3 . 3 . 4  

4 .  

(a) Measure M3R, ICIC at  RT and 12OOC 

(b) Measure MOR, E, K ~ c  CTE, k a t  RT and 12DOC. 

Thermal soak at  1OOOC/SOO hrs. and repeat  tests.  

(c) Repeat Ib) 

Perform cyclic f a t i g u e  test and f a t i g u e  crack 

propagation test 

Wadel MOR of composite 

Perform thermal shock analyis 

Reports 

Milestone schedule 

Bimonthly reports 

Semi  annual r e p o r t s  

Fina l  report 

Page 2 of 2 
Date 

5/2/86 

I_ 

8/1/86 

5 /3 /85  

9/6/85 

12/1/84 

6/15/85 
i 2 1 1 5 i a 5  
6/15/86 
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Figure 1 :  1/2 hour PWM, wet9 S i c  whiskers i n  c m p ~ s i - t i u n  #IO batch 
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Figure 3: 1 hour PBM, wet, S i c  w iskers i n  c m p o s i t i o n  X I 3  
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Figure . . . 5 :  . _. . .. Un iskers in batch ctmpositiion iB5 



b l  

1 , 3  THERMAL AND WEAR COATINGS 

1.3.2 

%s?02--Cr203 Coating Evaluation 
T. M. Yonushonis (Cummins E n g i n e  Company, Inc.)  

Zr02--Cr 203 Coat 1; ng  Eva1 ua t  i o n  

Q b j  ec t i ve/Scope 

The object ive o f  t h i s  program i s  t o  improve the  understanding o f  
the  process i ng-mi c ro s t  ructure -property re7 a t i  onshi p s  of chrome oxide 
based coatings and chrome oxide i n f i l t r a t e d  plasma sprayed zirconia.  
The chrome oxide wear coatings have been applied t o  cyl inder  l iners  
f a r  wear protection, while plasma sprayed zirconia has been used f o r  
thermal protection o f  piston crowns i n  advanced adiabat ic  engines. 

The tasks  and subtasks f o r  t h i s  program a r e  as  follows: 

Task 1 - Microstructural and Property Characterization 
A - Microstructural and Chemical Analysis 

- Thermal S t a b i l i t y  and Thermal Fatigue 
C - Thermal Conductivity 
D - Mechanical Properties 

Task 2 - Frict ion and Wear Character is t ics  
Task 3 - Post  Engine T e s t  Coating Characterization 

I t  i s  ant ic ipated t h a t  this 24 month  program wil l  provide 
detai led character izat ion procedures, design propert ies ,  and improved 
ceramic coatings f o r  wear r e s i s t an t  surfaces and thermal ba r r i e r  
surfaces u t i l i zed  i n  advanced adiabat ic  d iese l  engines. 

I Technical Progress 

Task 1 A  - Microstructural and Chemical Analysis 

Most character izat ion e f f o r t s  on t h i s  task d u r i n g  th i s  reporting 
period have been conducted a t  the University of  I l l i n o i s  under the  
d i rec t ion  of Irena Dumler. TEM, SEM, and electron microprobe analysis  
have been used t o  analyze the Kaman Sciences coatings and t h e  Plasma 
Technics plasma sprayed zirconia .  Data reduction i s  in-progress on 
these samples. 

semiannual report .  
Results of the opt ical  analysis  were reported i n  the  previous 
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Task. 18 - Thernal S t a b i l i t y  and Thermal Fa t igue  

S t a t i c  o x i d a t i o n  t e s t s  o f  t h e  chrome o x i d e  and plasma spray 
coatings have beep cemnpleted a t  538°C (1030°F) f o r  1000 hours. 
Optical epiicroscopy of cross sec t i ons  o f  t h e  samples revea led  t h a t  t h e  
i r o n j c a a t i n g  i n t e r f a c e  was d e t e r i o r a t i n g  due t o  o x i d a t ; o n  o f  t h e  
i r o n ,  Improved s u b s t r a t e  m a t e r i a l s  w i l l  be r e q u i r e d  i f  538°C (1000°F) 
metal temperaLuses are r e q u i r e d  i n  advanced d i e s e l  engines. 

Task 1C -- Thermal C o n d u c t i v i t y  

Ws a c t i v i t y  d u r i n g  t h i s  r e p o r t i n g  period. 

Task 1 D  - Mechanical P r o p e r t i e s  

Vickess hardness values were obta ined For t h e  Ksman SCA on c a s t  
i r o n  a t  approx imate ly  25"C, 250°C,  48cd"C, and 500°C a t  QRWL w i t h  the  
ass is tance  o f  bdayne Cla rk .  The c o a t i n g  hardnesser were measured a t  
500 gram and l O @ O  gram loads i n  vacuum. V ickers  hardness M ~ S  
c a l c u l a t e d  us ing  t h e  farrnula:  

DPH = 2 P SIN @/2 where P = load i f l  Kg 
-YF----- 0 7 136" 

d ~2 d iagona l  l ength  i n  m 

Vickers  hardness values ifre reported i n  the f o l l o u j n g  Table:  

V ickers  Hardness 

2 5 O C  468 39 3 
250°C 51 1 120 9 
425°C 432 62 8 

260°C 411 1 1 6 * 8  3 
400°C 37 1 65 9 
500°C 332 71 6 

Ana lys i s  o f  the 5QQ gra data by J T-s ta t i s t i c  revealed t h a t  the 
c o a t i n g  hardness d i d  n o t  change over the temperature range tested. 
C a l c u l a t i o n  o f  t h e  i n d e n t a t i o n  depths based oil diamond geometry 
conf i rmed i n d e n t d t i o n  d e p t h s  d i d  n o t  exceed the c o a t i n g  thickness* 
I n d e n t a t i o n  d e p t h  was approx imate ly  1/5 t o  1 /3  t h e  c o a t i n g  th i ckness .  
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ardness va lues were lower  than  n o m a 1  f o r  t h i s  m a t e r i a l  based on 
comparison to o t h e r  va lues which i s  p r o b a b l y  r e l a t e d  t o  a s l i g h t l y  
d i f f e r e n t  measurement techn ique.  Therefore,  hardness va lues repo r ted  
i n  t h e  p rev ious  t a b l e  can o n l y  be used f o r  r e l a t i v e  comparisons w i t h i n  
t h e  table.  The d i f f i c u l t y  i n  f i n d i n g  t h e  impress ions fo rced  us to use! 
another  microscope f a r  ~ e a s ~ r ~ ~ e n t ~  o f  t h e  i n d e n t a t i o n s .  

Dr. Graham, Pennsyl a n i a  S t a t e  U n i v e r s i t y ,  has had some 
e elastic modulus o f  the chrome oxide and 
o a t i n g s  on t h e  i r o n  subs t ra tes  because o f  

u l t r a s o n i c  a t t e n u a t i o n  o f  t h e  i r o n .  Another s e t  of  coa t ings  on s t e e l  
u b s t r a t e s  appears t o  min imize  t h i s  rob lem and t h e  e f f o r t  i s  
rog ress ing .  

An i n v e s t i g a t i o n  was conducted to d e ~ ~ r m i n ~  t h e  adherence and 
f r a c t u r e  toughness o f  t h r e e  coa t ings :  5 C A ,  z i r c o n i a ,  and SCA 
i n f i l t r a t e d  z i r c o n i a .  Th is  e f f o r t  a l s o  develops c o a t i n g  ~ e c ~ a n i ~ ~ ~  
p r o p e r t y  da ta  o f  coa t i ngs  i n  d i e s e l  engines t h a t  i s  c r i t i c a l  far 
success fu l  a p p l i c a t i o n .  

of  d e t e r m i n i n g  c o a t i n g  adherence and f r a c t u r e  toughness. A second 
method, douh’ie c a n t i l e v e r  beam (DCB), was used t o  e s t a b l i s h  a low 
bound f o r  SCA f r a c t u r e  toughness. The i n f o r m a t i o n  generated by t 
techniques can be used t o  p r e d i c t  c o a t i n g  performance an 
i m ~ ~ o ~ e d  coa t ings .  

e t e r m i n i n g  c o a t i n g  adherence and c o a t i n g  F rac tu re  toughness, 

A Vickess diamond i n d e n t a t i o n  techn ique was eva lua ted  as a means 

Pask Research and Eng ineer ing  has eva lua ted  t h e  i n d e n t a t i o n  

A summary o f  t h e  major  f i n d i n g s  o f  t h e  i n d e n t a t i o n  method were as 
f a  1 lows : 

- The Kaman SCA c o a t i n g  conta ined many c racks  and p o r o s i t y .  
?hlese d e f e c t s  prevented Pask Research and Eng ineer ing  from 
measuring t h e  f r a c t u r e  toughness o f  t h e  coa t ing .  - S i g n i f i c a n t  d i f f e r e n c e s  i n  c rack  l eng ths  were observed a t  
t h e  edges o f  t h e  i n d e n t a t i o n  f o r  c racks  p a r a l l e l  and 
p e r p e n d i c u l a r  t o  t h e  plasma spray d i r e c t i o n  i n  t h e  plasma 
sprayed z i r c o n i a .  Th is  r e s u l t  i n d i c a t e s  r e s i d u a l  s t resses ,  
a n i s o t r o p y  o f  m a t e r i a l ,  o r  bo th .  Toughness was g r e a t e r  
normal t o  t h e  su r face  than  p a r a l l e l  to t h e  su r face  by 
a ~ ~ r o x i m a t e l  y 1 4  5%. 



- Hardness o f  t h e  z i r c o n i a  was a f f e c t e d  by t h e  SCA t r e a t m e n t *  
However, t h e  f r a c t u r e  toughness appeared u n a f f e c t e d  by t h e  
SCA treatment. as shown i n  t h e  f o l l o  i n g  t a b l e ,  T h i s  r e s u l t  
i n d i c a t e s  t h a t  the  SCA treatnrent do s n o t  s u b s t a n t i a l l y  

rove %Re band s t r e n g t h  of plasma sgsaye 

#ear SCA Layer 1200 2 80 2.1 .t 0.5 (1.9 f 0,s) 3.0 a: Q,Q ( 2 , 8  t 61-6) 

Near Bond Coati rag 960 9: 80 2.0 t 0.5 (1.8 4: 0.5) 3.2 2 O , %  (2.9 * 0 . 6 )  
Center o f  Zr02 1050 * 50 2.0 B 0.5 (1.8 *: 0-5) 2.9 k 0.6 (2.7 t O"6) 

A DCB Technique [ l ]  was used t o  determine t h e  lower bounds o f  
f r a c t u r e  toughness f o r  t h e  Kamari SCA c o a t i n g  a t  Cusfmlns. The 
techn ique was cons idered t o  y i e l d  a lower  bound f r a c t u r e  t-aughaeess due 
t o  t h e  change i n  c o a t i n g  a p p l i c a t i o n  metho necessary t o  obtain 
samples. Al though t h e  process ing  was i den  i c a l  t o  SCA processing t h e  
method af bonding c a n t  i r o n  c a n t i l e v e r s  was not previously a t t e  

specimen w i t h  a t h i n  layer of  SCA c o a t i n g  between t h e  c a n t i l e v e r  beams. 
an Science. The follo "Jng f i g u r e  shows a schematic s f  t h e  DCB 
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The  DCB samples were precracked i n  tension u s i n g  an Instrean a t  
0,002 i n / rn in  crosshead speed. The crack length was determined by a 
binocular m-icroscope and ~~~~u~~~ a r i t h  a scale.  

by the following formula [l]. 

The 
he Instron f o r  rapid f r ac tu re  a t  a 0.2 in/” 
l e  1 presents the data .  Fracture tsughnes 

where h = 0.4 i n .  
b = 0.05 i n .  
w = 2.75 i n  

Fracture Toug ness values are shown In t h e  fallowten 

DCB Test  Data and Fracture Toughness of  Ka 

1 1.79 45 2.4 1.47 1-35 

2 O,hB 2 1  4.4  1.23 1.13 

3 0.93 27.5 4.0 1.44 1.32 

4 0 - 6 4  29 5.1 1.48 1.28 

’12 (1.27 KSI & i n )  a 62 

Average f racture  toughness was 1.39 #Pa ml/*  (1 .27  KSl sin) which 
t e l y  double the  f racture  toughness o f  glass E23 and 
y equivalent t o  parcel i n  enamels [ 3 ] . .  T h i s  frac 
1tie i s  considerably lo  ered than cast  i ron,  44 MPa 
) Therefore, the Kamm SCA i s  much less to l e ran t  t o  

~ e ~ ~ r ~ ~ ~ ~ ~  For Section 7 .D 

1 .  A.G,Evans, “‘fracture Mechanics Dete inations”, i n  
echanics o f  Cerarn-lcs, Vol 1,  ed i t ed  by R.C.Bradt, D.P.H.  

Hasselman, and F.F.Lange (1973). 



2. S.M.Wiederhorn, A.G.Evans, and D.E.,Roberts, " A  Fracture Mechanics 
Study of  Skylab Windows", Fracture Mechanics of  Ceramics, Val 2, 
edited by R.C.Bradt, D.P.H. Hasselman, and F.F.l,ange (1974). 

3 ,  W.G.Clark,Jr. and W.A.Logsdon, "The Applicability o f  Fracture 
Mechanics Technology To Porcelain", Fracture Nechanics of 
Ceramics, Vol 2, edited by R.C.Bradt, D.P.H. Hasselman, and 
F.F.Lange (1974). 

lask 2 - Friction and Wear Tests 

A statistical experimental design approach was selected for this 

lest matrix was comprised using the following constants and 
wear test investigation. 

variables. 

? e s t  Conditions 

Constants 

Speed - 500 rpm 

Oil Temperature - 175°C 
Best ??me - 15 Hours 
Ring Diameter - 34.99 mm 

Block Width - 4 . 3 5  mm 

(350OF) 

(1.3775 in.) 

(0.25 in) 

- Variables 
Ring coating - CrC t Mo 

Block Coating - gray iron, 
(no coating) 
Kaman SCA 10X C-1 

Oil Type - Life O i l  

Initial Stress Level 

(SDL-1 Type) 
Exxon 7808 ( M i  l-L-23699) 

High - Approximately 400 

Low - Approximately 200 
MPa (30 KSI) 

WPa (60 KSI) 

lhe following fractional factorial design matrix was developed to 
determine the influence of coating type, lubricant, and stress level 
QR the total test block wear. 



Coatinq 

Pi  
ai 

for 

1 -- L i f e  
2 .- Ewxon 2380 

Gray Iron Pram Liner 
ra SCA lox c-l - Coati ng - .  

1 2  1 2 1 2 1 2 

1" 2 2 1 1 2 2  1 
2 1  1 2 2  1 1 2 

The materials selected for  th is  investigation are  b e i n g  evaluated 
Meat- control i n  advanced englnes.  M low alloy gray iron liner was 

selected as a baseline, since it represents a standard cylinder liner 
rnaferial. A liner coating consisting o f  SiOpKr203/Al203** 

ected. The ring coatings include plasma sprayed 
o* and Al703/TiO2*. 
on- r ing  test machine***, ASIM Practices 677-83, was used 

determine t he  wear volumes and frictional behavior o f  t h e  

A z4 factorial experimental design &.la5 used t o  minimize t he  
number o f  t e s t s  and assist i n  interpretation of the r e s  Its. I n  t h i s  
testing, one-half o f  t h e  m a t r i x  was replicated. ?he mo 
selected was t o  e v a l u a t e  t h e  m a j o r  e f f e c t s  of  liner coating, ring 
coating, lubricant, load and two-way interactions between t h e  major  
effects. 

* Kopper's KO., Baltimore, MD 
** Kaman Sciences Corg., Colorado Springs, CO 

*** Falex Corp., Aurora, I1 



The tes t  sequence was randomized. The desired r ing ,  block, 
lubricant  and load combinations were se lec ted ,  t he  lubricant  reservoir  
was heated t o  1 7 S ° C ,  and the t e s t ing  was i n i t j a t e d .  Test ~ u r a t i o n  was 
1 5  hours. The samples were removed and catalogued. The wear was 
etemined by averaging the w i d t h  o f  the  wear sca r  in three 

locat ions.  Fr ic t ional  forces were obtained from a load c e l l  and these 
values were recorded during t h e  test, 

The coatings and wear scars  were examined op t i ca l ly  and by 
scanning electron microscopy. 

Ring surface roughness measured by s ty lus  techniques was 
approximately 0.8 wm AA f o r  the  as-ground surfaces.  Surface 
porosity i n  the  plasma sprayed coating was p a r t i a l l y  responsible f o r  
the  h i g h  surface roughness compared t o  standard r ings,  approxjmately 
0.15 prn AA.. Block surfaces were 0.5 wn AB w h i c h  was comparable t o  
standard l i n e r  surfaces.  

Material character izat ion revealed t h a t  the plasma sprayed r i n g  
coatings and the liner coatings had a complex microstructure. 
d i f f r ac t ion  of the  SCA revealed t h a t  t h i s  coating consisted of 
a-quartz,  chromia, and alumina. Only the NiCr and Ho phases were 
detected by X-ray d i f f r ac t ion  
A1203 was observed by X-ray d i f f r ac t ion  i n  the AI203/TiO2 
coating. Energy dispers ive X-ray analysis  of opt ical  sect lons was 
able t o  de tec t  d i sc re t e  Cr362 par t i c l e s  and Ti02  s t r inge r s  i n  
the  respective coatings.  
the  average coating hardness was approximately 480 HK500. 

The coef f ic ien ts  o f  f r i c t i o n  and wear volumes obtained from the 
lubricated block-on-ring t e s t s  were analyzed by regression analysis  
procedures. Wear volume was modeled as log (wear volume) due t o  a 
higher cor re la t ion  coef f ic ien t  compared t o  the  wear volume model. 
Wean values o f  the  coef f ic ien t  of f r i c t i o n  and wear volume a re  shown 
i n  the following tab le .  

X-ray 

i n  the 6 r 3 ~ 2 / N i ~ r / ~ ~  coating. 

Doe t o  the low volume f rac t ion  o f  Gr3C2 
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Liner M a t e r i a l  
Gray Iron 10 
SCA 1 2  

Lubricant 
I I_ -L -23699 1 0  

SE/CB 15W-38 1 2  

Laaid 
High 1 2  
bQ 18 

Wing Coating 
A I  z O 3 i T i  02 11 

0-16 8.4 
0.22 0.4 

0 . 1 4  0.7 
0.22 6 .9  

0.15 6.7 
0.23 1 .o 

0.18 1 . 2  
0.26 7.0 

halysis af t h e  interactions revealed that the oil and load have a 
significant interaction on t h e  measured coefficient o f  friction. 
SE/@D 15W-30 lubricant at low load had a significantly higher avera 
coefficient af Friction than any other combination of' variables (99% 
confidence). f o l l s w f n g  table. 

The 

I Coefficient of fx ic f ian For Lubrica 

Lubricant * Load 

Lubricant 
~. . Load 
350 W c m  ,..-lo H/cm 

0.16 0 . 1 2  
0.3 0 .14  

this data set, the effects of  lubricant and l o a d  could not  be 
rf due to the interaction. The other significant factor 

t h a t  the SCW coat ing had a higher average f r i c t i o n  coefficient thaw 
gray i r o n  (96% confidence).  Because o f  this interaction the  lubricant 
and l o a d  coefficient o f  friction csaulel n o t  be separated. 
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nalysis o f  t h e  wear volume ~ e ~ o n s t r a ~ e ~  t 
ed a h i g h e r  average wear volume (99% conf 

The b l o c k  and l u b r i c a n t  i n t e r a c t i o n  ay be easily seen, 
The gray  i r o n  b l o c k  t e s t e d  w i t h  SEPC 
wear volume than  any o t h e r  combina t i  

il had a ~ ~ ~ h ~ r  average 

MIE-L -236W 
SE/CD l sw-30 

-0.66 

'It should be noted,  however, t h a t  t h e  c satact s t resses  
r a p i d l y  w i t h  i n c r e a s i n g  wear sca r  w id th .  T erefsre,  the  r 
w i t h  t h e  SCA coa t ings  have exper ienced a h i  h e r  contac t  s t  

~ ~ r ~ ~ g ~ c a u t  the 1 5  hour  tes t  t han  when t h e  r i n g s  we 
ray i r o n .  This f a c t o r  c mpl-icates t h e  a n a l y s i s ,  

bserved i n d i c a t i n g  t a t  g r e a t e r  r i n g  wear m y  occur  w 
liners a r e  coated w i th  h a r d e r  wear r e s i s t a n t  coa t ings .  

ness ~ e a s u r ~ m e ~ ~ s  o f  t h e  block sur ces and the r i n g  
t h a t  the sur faces  were deglradin 

Optical e x a ~ i ~ ~ t ~ o ~  ~f t h e  s i n g  coa t ings  i n  
e x h i b i t e d  con i d e r a b l e  wear when eva lua ted  
r e s i  stance SC c o a t i n g .  The g ray  i r o n  $106 

spray r i n g  c o a t i n g s .  
1 F a l e x  #1 wear t e s t i n g  was complete 

-7. The wear test ~ ~ # ~ i ~ i ~ n ~ ~  
l t e d  i n  a wear th rough o f  t h e  coa t ings  i n  l e s s  than one 
o f  these ccaatjngs were slopped, s ince  these coatings db 

have adequate wear l i f e  f o r  l iner  a p p l i c a t i o n s .  
n - r i n g  tests were used t o  o b t a i n  ~ ~ ~ o ~ ~ a ~ ~ ~ ~  on 

sur faces  a t  ~ ~ n d i t i ~ n s  which s i m u l a t e  advanced engine opera t i ons .  
R the t e s t  method has ~ o n ~ ~ ~ ~ ~ ~ ~ l ~  short-comings, ina %e 
lure ~~~~~~~~~~y and v a r y i ~ ~  con tac t  s t r e s s  w i t h  wear, i d  

c o e f f i c i e n t s  o f  f r i c t i o n  f o r  ~ o u n ~ a r ~  ' lubr ica ted  

y i e l d  ~ ~ ~ ~ ~ a ~ ~ o n  on p o t e n t i a l  problem areas (increased ring &ea?" w i t  
harder l i n e r  c o a t i n g s )  and d e t e c t e d  i n t e r a c t i o n s  between 
~ ~ ~ b ~ ~ ~ ~ ~ t ~ ~ o a d  combinat ions and l ~ ~ ~ i c ~ n ~ ~ ~ ~ ~ ~ ~  ~ ~ ~ b i ~ a t ~ ~ ~ ~ .  
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Task 3 - Post Engine T e s t  Coating C h a r a c t e r i z a t i o n  

A SCA coated l i n e r  which was engine tested a t  CU 
analyzed by Auger microscopy. Because o f  surface con tamina t ion  f r o 7  
d i e s e l  o i l ,  f u e l  and o t h e r  areas ,  i t  was n o t  poss- ib le  t o  determjne i f  

o r i g i n a l  processi ng 

i n v e s t i g a t i o n .  

i c a l  species a t  t h e  i n t e r f a c e  prevented bonding d u r i n g  t h e  

The f o l l o w i n g  t a b l e  p resen ts  t h e  s t a t u s  o f  t h e  rnllestones f o r  t h i s  

Advanced Heat Engines 

#.i 1 estone 
- I d e n t i f i c a t i o n  FJEilestones 

App rox i mat.@ 
Percent 
- c 

1 . 3 . 1 . 1  Sample P r e p a r a t i o n  f o r  Task 1 k v m l w -  9 5  
t i o n  f rom SCA-IOQ;! Fami ly  o f  S i l i c a -  

and Plasma Spray Z i r c o n i a  I n f i  Itrated 
w i t h  SCA-1002 or T h i n  Chromia 

ia -Alumina,  T h i n  Chromia Coatings 

1 . 3 . 1 . 2  

1 . 3 - 1 . 3  

1 . 3 . 1 . 4  

1 . 3 . 1  . S  

1 . 3 . 1 . 6  

1 . 3 . 1 . 7  

izrostructural and Property 85% 
C h a r a c t e r i z a t i o n  

Anal y s i  s 

Fa t  i gue 

A - H i c r o s t r u c t u r a l  and Chemical 

fs - Thermal S t a b i l i t y  and Ther 

4: . Thermal C o n d u c t i v i t y  
0 - Hechanica l  Properties 

Samp!e Preparat ion f o r  Task 2 
F r i c t i o n  and Wear T e s t s  

9 5% 

Task 2 - F r i c t i o n  and Wear T e s t s  o f  901 
SCA-1OQ2 Coat ings, Thin  
Chrornlia Coat ings,  and Plasina 
Spray Z i r c o n i a  I n f i l t r a t e d  
~ 4 t h  SCA-1002 o r  l h i n  Chroaiia 

G W N O  GO Dec is ion  P o i n t  on Cornpsnerris - .- 
f o r  Engine Eva lua t i on ,  S e l e c t i o n  o f  
Components, and Procurement 

Task 3 - P o s t  Engine T e s t  Coat ing 20% 
C h a r a c t e r i z a t i o n  

F i n a l  Report 
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aper on "Eva UatiQn Q f  GhiWlM? 
Spray Coatin s w  by v.  #. Yonus 

resented during the  9 t h  Annual Conference on Composition and h ~ v a ~ ~ ~ ~  
Ceramic Materials, Cocoa Beach, FL, January 20-24, 1985. 
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1.4 JOINING 

1.4.1 Cerami c-Metal J o i n t s  

Active-Metal Rrtxaing of PSZ to Iron 
3. P. Hammond and S. A. Davg-7-01;;77<Ridge Nat iona l  Labora tory )  

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

The purpose o f  t h i s  work i s  t o  develop b raz ing  processes fur j o i n i n g  
ceramic i n s u l a t i o n  components t o  nodu lar  cas t  i r o n  ( N C H )  f o r  a d i a b a t i c  
d i e s e l  engi ne appl  i c a t 1  ons. Foremost o f  these appl  i c a t i  ons i s  t h e  a t t a c h -  
ment o f  t h e  ceramic p i s t o n  cap. Present ly ,  t h e  l ead  cand ida te  m a t e r i a l  
f o r  t h e  ceramic p i s t o n  cap i s  p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  ( P S Z ) ,  N i l sen  
grade MS, w i t h  di  spers i  on toughened a1 umi na (UTA) as an a1 te rna te ,  
Promi s i n g  b r a z i n g  methods and t h e  mechanical p r o p e r t i e s  o f  p r o t o t y p i c a l  
brazernents a re  eva lua ted  so t h a t  r e l i a b l e  j o i n i n g  processes may be t r a n s -  
f e r r e d  t o  i ndus t r y .  

Technica l  progress 

Dur ing  t h e  prev ious  r e p o r t i n g  per iod ,  progress was made i n  t h e  
f o l l o w i n g  areas. A new macro shear t e s t i n g  apparatus t h a t  more a c c u r a t e l y  
measures t h e  shear s t r e n g t h  o f  cerami c-metal j o i n t s  was developed, and 
work was i n i t i a t e d  t o  e s t a b l i s h  room- and e leva ted- tempera ture  data on t h e  
braze j o i n t  i n t e r f a c e s  o f  i n t e r e s t .  Also, progress was made toward 
c h a r a c t e r i z i n g  t h e  s t r u c t u r e  arid composi t ion o f  t h e  c e r a m i c - t a - f i l l e r -  
meta l  bond zone responsi  bl  e f o r  t h e  good f a b r i c a t i o n  r e s u l t s  ob ta ined i n  
t h e  P S Z / N C I  j o i n t s .  The r e s u l t s  i n  these areas a r e  reviewed below. 

The former shear t e s t i n g  apparatus was adapted from a push-of f ,  
sess i  l e  drop t e s t e r .  
t h a t  were overcome w i t h  t h e  new design, r e s u l t s  w i t h  t h e  former u n i t  were 
shown t o  q u a l i t a t i v e l y  agree w i t h  data gathered w i t h  t h e  new apparatus. 
The p r i  n c i  p a l  iniprovements made i n  t h e  shear t e s t s  dealt.  w i t h  m i  n im i  mi ng 
t o r s i o n a l  and normal ( t o  shear p lane )  s t r e s s i n g  t h a t  may superinipose on 
t h e  shear s t ress ,  and i n c r e a s i n g  t h e  area o f  shear t o  min imize any 
s t reng then ing  e f f e c t  t h a t  may a r i s e  f rom t h e  braze f i  1 l e t .  

e v a l u a t i n g  t h e  e f f e c t s  o f  j o i n t  f a b r i c a t i o n  and des ign v a r i a b l e s  f o r  t h e  
f o l l o w i n g  reasons. F i r s t ,  f a i l u r e s  i n  ceramic-metal j o i n t s  most o f t e n  a r e  
by t h e  shear ing  mode. Moreover, shear s t r e n g t h  i s  t h e  mechanical p roper t y  
cons idered t o  be most impor tan t  .in t h e  p i s t o n  cap a p p l i c a t i o n .  Fur ther ,  
t h e  p a r t i c u l a r  shear t e s t  specimen we a re  us ing  r e q u i r e s  no damaging 
machin ing opera t ions ,  and t h e  specimen i s  by f a r  t h e  most economical t o  
produce o f  t h e  va r ious  types  o f  mechanical p r o p e r t i e s  specimens t h a t  may 
be considered. The Mac0 (un i  a x i  a1 ) tesls i  1 e t e s t  proposr?d e a r l  i e r  w i  11 
r e q u i r e  specimens very d i f f i c u l t  and c o s t l y  t o  produce, and t h e  r e s u l t s  o f  
such t e s t s  on ceraiiii c-metal j o i n t s  g e n e r a l l y  have had poor consis tency.  * 

A1 though t h e  01 d t e s t e r  had c e r t a i  II shortcomi ngs 

Importance i s  be ing p laced on t h e  shear test .  as thc? pr imary  t e s t  f o r  
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The shear ing  component of t h e  new t e s t  apparatus i s  i l l u s t r a t e d  i n  
F i g .  1. It operates i n  a 44.5-kN I n s t r o n  t e n s i l e  machine, equipped w i t h  a 
clam-she1 1 furnace and q u a r t z  l i n e  ( f o r  p r o t e c t i v e  atmosphere) f o r  
o p t i o n a l  t e s t i n g  a t  e l e v a t e d  temperature.  The t e s t  specimens a re  shown i n  
the lower  r i g h t  p o r t i o n  o f  t h e  photograph. P a r t  B f i t s  c o n c e n t r i c a l l y  
i n t o  assembly A, w h i l e  p a r t  C (shown i n  i n v e r t e d  p o s i t i o n )  b o l t s  t o  p a r t  R 
t o  c o n s t r a i n  t h e  shear ing  a c t i o n  of t h e  claw (marked by arrow i n  A) d g a i n s t  
t h e  bar  o f  t h e  t e s t  specjinen. The claw engages t h e  bar ad jacent  t o  t h e  
b rdze  i n t e r f a c e  j u s t  above t h e  braze f i l l e t .  The pad i s  h e l d  secure i n  
t h e  specirnev recess by d set  screw i n  t h e  back o f  p a r t  B t h a t  ho lds t h e  
specimen pad f lush  a g a i n s t  t h e  surface of p a r t  C. The su r faces  o f  t h e  bar  
(except  for t h e  braze i n t e r f a c e )  are f r e e  except a long t h e  
bar  i s  engaged by t h e  claw. 

l i n e  where t h e  

Y- 20 188 7 

Q 

Fig.  1. Pad/bar shear t e s t e r  (disassembled t o  show f u n c t i o n a l  p a r t s )  
uses specimens t h a t  are easy t o  f a b r i c a t e  and produces predomi n a n t l y  shear 
s t r e s s  a t  braze i n t e r f a c e .  
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The u n i t  uses pad/bar specimens of  12.7 mn x 12.7 rnm x 5.1 nm/12.7 m 
x 5.1 mm x 3.4 mrr s i z e  compared w i t h  9.5 rn~ x 9.5 rrm x 5 11~1/9.5 ilim x 
3.4 m x 3.4 mn f o r  the former specfinen. T h i s  r e s u l t s  i n  ii shear in t e r f ace  
area o f  about 43 m2 compared N j t h  2 1  mm2 f o r  t h e  former specimeri. 

PSZ/t i tanium/NCI and P S Z / N C I  j o i n t s  by us ing  t h e  new t e s t  apparatus a r e  
p resented  i n  Table 1. J o i n t s  o f  both types  w e r e  f a b r i c a t e d  by t h e  a c t i v e  
s u b s t r a t e  ( A S )  and a c t i v e  f i l l e r  metal ( A F M )  methods. ..The r e s u l t s  f o r  t h e  
former method o f  b raz ing  w i  11 be presented f i  r s t .  

For t h e  PSZ/t i taniurn t r a n s i t i o n  p iece  braze i n t e r f a c e  two ceramic 
m a t e r i a l s ,  N i l sen  grade MS ( p a r t i a l l y  s t a b i l i z e d  w i t h  Mg) and Coors I 'ZP  
( p a r t i a l l y  s t a b i l i z e d  w - i t h  Y ) ,  were tested.  'The forrner was f a b r i c a t e d  
bo th  a t  135 and 800°C. 

The l a t t e r  ceramic has a predoini nai- t t ly  tetragona.1 c r y s t d l  l a t t i  CP?,  
whereas grade MS i s  predoir i inant ly cub ic  w i t h  "largely t h e  t e t r a g o n a l  phase 
c o n s t i t u t i n g  t h e  remainder. Grade 8003 i r o n  1552 MPa ( 8 0  k s i )  y i e l d  
s t r e n g t h ]  was used f o r  t h e  nodu lar  cast. i r o n ,  A t i t a n - i u m  sput  of 0.5 pm 
t h i c k n e s s  was eiiiployed on t h e  ceramic p ieces,  w h i l e  0.05 mn o f  copper- ws,s 

Room-temperature shear s t r e n g t h  da ta  devel oped f o r  t h e  

Table 1. Shear s t r e n g t h  dataa on j o i n t  in te r fdces .  
p repared by a c t i v e  substrate  (AS)  and 

a c t i v e  f i  1 l e r  i i ietal (AFk )  brazs'ngb 

Room temperature 
shear s t r e n g t h  B raz ing  

Specimen temperature 

( " C )  (MPa 1 ( k s i  ) 
- .  

PSZ/Ti /N@I:  j o i n t  by AS brazing 

PSZ (MS) / T i  7 35 140.1 + 18.1 20.34 .!: 2.73 
P S Z  { M S ) / T i  800 41.7 + 5.9 6.05 .!: 0.86 
T Z P  f T i  735 161.8 + 11.4 23.46 t 1.66 
N C I f T i  735 253.0 + 23.4 36.70 t 3.39 

PSP/MCI j o i n t  by AS braz ing  

P S I  (MS )/NC I 735 136.5 2 7.6 19.80 + 1.11 

P S Z / T ' i / N C I  and PSZ/NCZ j o i  w t s  by AFM braa i  ng 

P S Z /  (MS)/Ti 980 121.7 + 8.3 17.65 !: 1.20 
P SZ ( MS / NC I 980 78.0 :I, 18.4 11.32 i: 2.67 

iiTests performed w i i t h  new s h e a r i n g  apparatus w i t h  a 
shear i n t e r f a c e  area o f  43  mm?. 

bBrazed 10 inin i n  vacuum of 5.6 inPa. 
CValuss are  a mean o f  four  t e s t s ,  w i t h  the t o l e r a n c e  

va lues bei rig t h e  s tandard devi  a t i on .  



e l e c t r o p l a t e d  an t h e  NCI. The usual  60 0 - 3 0  Ag-10 Sn ( w t  %) a l l o y  as 
0.C17-mm f o i l  was used f o r  f i l l e r  metal .  The shear s t r e n g t h  values a re  
t h e  mean of a t o t a l  o f  f o u r  t e s t s ,  whereas t h e  t o l e r a n c e  values are t h e  
s tandard  d e v i a t i o n ,  

Ohserve t h a t  the s tandard e r r o r s  f o r  these data range from 0.86 t o  
3,39, which a t t e s t s  t o  t h e  e x c e l l e n t  p r e c i s i o n  o f  t h e  t e s t  niethod. St 
s h o u l d  be f u r t h e r  noted t h a t  t h e  t e s t  t rends  o f  t h e  brazements prepared 
by t h e  AS vethod p a r a l l e l  t hose  o f  t h e  e a r l i e r  r e s u l t s  w i t h  t h e  srnal ler  
specirriene2 Indeed, t h e  i n d i v i d u a l  values corne remarkably c lose  t o  t h e  
e a r l i e r  ones c o n s i d e r i n g  t h a t  t h e  e a r l i e r  values were an average of o n l y  
two t e s t s .  

Concerning t h e  PS%/ti taniurn/NCI j o i n t s ,  t h e  N C I / t i t a n i u m  braze 
i n t e r f a c e  i s  s u b s t a n t i a l l y  s t r o n g e r  than  t h e  PSZ/ t i tan ium i n t e r f a c e  as 
exper ienced e a r l i e r . 2  
j o i n e d  PSZfNCX j o i n t  i s  about e q u i v a l e n t  t o  t h a t  o f  t h e  PSZ/ t i tan ium 
i n t e r f a c e  o f  t h e  i n d i r e c t l y  brazed j o i n t  (compare t e s t  values f o r  s p e c i -  
Iiieris brazed a t  735°C).  S i  gni  f i  c a n t l y  t h e  T Z P / t i t a n i  urn j o i  n t  prepared 
f rom t h e  Coors cerdmi c s t a b i  1 i zed w i t h  y t t r i  urn and con ta i  n-i n g  predominant ly  
the t e t r a g o n a l  c r y s t d l  phase i s  about 20 MPa s t r o n g e r  than  t h i s  j o i n t  when 
prepared from t h e  grade MS ceramic t h a t  i s  s t a b i l i z e d  w i t h  iisagnesiurn and 
c o n t a i n s  predominant ly  t h e  c u b i c  phase. As i n  e a r l i e r  t e s t s ,  t h e  PSZ(MS)/ '  
titanium j o i n t  brazed a t  8CQ"C i s  much weaker than t h e  same j o i n t  brazed 
a t  735°C. F-inal ly, i t  should be emphasized t h a t  t h e  shear s t r e n g t h  values 
achieved f o r  a1 1 of t h e  braze i n t e r f a c e s  formed by AS b r a z i n g  a t  735'C are 
i n  excess o f  expected des ign requi rements for  t h e  p i s t o n  cdp a p p l i c a t i o n .  

and P S Z ( P l S ) / N C l  braze i n t e r f a c e s  j o i n e d  a t  735°C are shown i n  F i g .  2, The 
f a v o r a b l e  b r a z i n g  c h a r a c t e r i  s t i  cs o f  j o i n t s  processed by t h e  a c t i  ue 
s u b s t r a t e  r;ethod will  be apparent from t h e  w e t t i n g  and excel  l e n t  F i  1 i e t i n g  
between bars and pads. 

Close examinat ion o f  t h e  bars i n  Fig. 2 revea ls  a 6-mm r a d i u s  on 
the i r  f r o n t  end where they  engage t h e  claw ( F i g .  1). The purpose o f  t h i s  
r a d i u s  i s  t o  ensure t h a t  t h e  p r i n c i p a l  shear ing  f o r c e  i s  d p p l i e d  through 
t h e  c e n t e r  o f  t h e  shear area t o  a v o i d  any p o s s i b l e  secondary t o r s i o n a l  
f o r c e s  which may a r i s e  f rom t h e  claw engaging a m isa l i gned  bar  o f  f l a t  
nose, 

The f a b r i c a t i o n  r e s u l t s  on braze i n t e r f a c e s  assoc ia ted  w i t h  t h e  
P S Z / t i  t a n i  urn/NCI i nd i  r e c t  and PSZ/NCI d i  r e c t  j o i  n t s  f a b r i  ca ted  by ac t  i ve 
f i l l e r  metal b r a z i n g  (Table 1) are  r a t h e r  sparse, but  t hey  neve r the less  
show encouraging s t r e n g t h  f o r  t h e  more c r i t i c a l  i n t e r f a c e  o f  t h e  i n d i r e c t  
j o i n t ,  A shear s t r e n g t h  va lue of 121.7 t 8.3 MPa (17.65 ? 1,20 k s i )  i s  
recorded fclr t h e  PSZ(MS)/ti t a n i  urn i n t e r f a c e  compared w i t h  a val ue o f  
140.1 t 18.1 MPa (20.34 2 2.73 k s i )  f o r  t h i s  brazeiiient f a b r i c a t e d  by t h e  
a c t i v e  s i i b s t r a t e  method. O n  t h e  o t h e r  hand, t h e  d i r e c t  PSZ(MS)/NCI j o i n t  
f a b r i c a t e d  by a c t i v e  f - i l l e r  metal b r a z i n g  shows a shear s t r e n g t h  o f  o n l y  
78.0 L 18.4 MPa (11.32 ? 2.67 k s i ) .  

The l a t t e r  braze i n t e r f a c e s  were f a b r i c a t e d  by h e a t i n g  PO min i n  
vdcuurn c6.6 inPa ( 5  x l o m 5  t o r r ) ]  a t  98O0C us ing  a 54 Ay-36 Gu-10 T i  ( w t  X) 
a c t i v e  a l l o y  r i b b o n  f o r  the f i l l e r  metal ,  The NCI was e l e c t r o p l a t e d  w i t h  
0,05 mi o f  copper. 

The s t r e n g t h  o f  t h e  braze i n t e r f a c e  o f  t h e  d i r e c t l y  

T y p i c a l  shear t e s t  speciiiiens of t h e  PSZ(MS)/t i tanium, NCI/tdtaniurn, 



a4  

F i g .  2. E n l a r g w !  view n f  shear t e s t  specimens [PSZ(MS)/t i tanium and 
N C I / t i  t an ium a t  top ;  P S Z ( M S ) / N C I  a t  bottom] shows t h e  excel  l e n t  b raz ing  
c h a r a c t e r i  s t i  cs o f  j o i  n t s  Fabr i ca ted  by act-i ve subst i rate braz ing.  Brazed 
10 mfn a t  735°C i n  vacuum CS.6 mPa ( 5  x 
(wt. %) f i l l e r  meta l ,  1 /2  ~JTI T i  sput,  and 0.05 m capper e l e c t r x i p l a t i n g  
( f o r  N C I ) .  

t o r r )  us ing  60 Age-30 Cu-IO Sn 

Photoinacrographs o f  t h e  act7 ve f i  11 e r  metal  brazed pad/bar  shear 
specimens, which i l l u s t r a t e  the q u a l i t y  o f  t h e  braze j o i n t s ,  a re  shown i n  
F ig .  3. The PSZ/ t i tan i i in i  j o i n t  e x h i b i t s  w e t t i n g  and e x c e l l e n t  f i l l e t i n g ,  
whereas i n  t h e  PSLINCI j o i n t  t h e  w e t t i n g  and f i l l e t i n g  a r e  r a t h e r  poor. 
Th is  c o r r e l a t e s  q u i t e  w e l l  w i t h  t h e  shear s t r e n g t h  r e s u l t s .  I n  the  PSZ/ 
t i t a n i u m  j o i n t ,  t h e  s u b s t r a t e  d i s c o l o r a t i o n  i s  very  i n t e n s e  (a dark b lack ) ,  
which appears t o  have been caused by the t i t a n i i i r n  b a r  d i s s o l v i n g  i n  t h e  
l i q u i d  f i l l e r  metal  as t h e  b raz ing  proceeds, I n  s p i t e  o f  t h e  severe b lack -  
en ing  o f  t h e  subs t ra te ,  t h e  ceramic h e l d  t o g e t h e r  q u i t e  well d u r i n g  t e s t i n g ,  
w i t h  t h e  F r a c t u r i n g  o c c u r r i n g  comple te ly  a t  t h e  cerami c-metal i n t e r f a c e .  
That t h e  brazeinent performed so w e l l  p robab ly  i s  a t t r i b u t a b l c  i~i p a r t  t o  a 
good c o e f f i c i e n t  o f  expansion inatchup at; t h e  i n t e r f a c e .  The meri t s  o f  
t i  t a n i  urn f o r  the t r a n s i  t i  on p iece  ( TP) were p r e v i o u s l y  documented. 
A c t i v e  f i l l e r  inetal b raz ing  w i t h  t h e  t i t a n i u m  t r a n s i t i o n  p iece  as a t w o -  
s tage f a b r i c a t i o n  process w i  11 be i n v e s t i g a t e d  f u r t h e r  i n  t h e  f i i t u r e .  
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Fig.  3. Shear t e s t  specimen [PSZ(MS)/ t i tanium a t  l e f t ,  PSZ( 
rdght] f a b r i c a t e d  by a c t i v e  f i l l e r  metal braz ing.  Brazed 10 min a t  980°C 
i n  vacuum C6.6 nipa ( 5  x 90-5  t o r r ) ]  u s i n g  54 Ay-36 Cu-10 Ti ( w t .  %)  f i l l e r  
meta l  and 0.05 rn copper e l e c t r o p l a t i n g  ( f o r  NCI). 

The examinat ion conducted on t h e  bond zone formed betrieen PSZ and 
f i  1 l e r  metal  w i t h  750°C a c t i v e  s u b s t r a t e  b r a z i n g  u s i  ng e lec t ron -p robe  
rnicrodnalysis and X-ray d i f f r a c t i o n  as tools o f  i n v e s t i g a t i o n  revealed d 
number o f  s i g n i f i c a n t  f ea tu res .  A ~ ~ ~ o t o m j ~ r ~ ~ r a p h  o f  the f i  1 i e r  metal 
deposit dnd the  a d j o i n i n g  s t r u c t u r a l  m a t e r i a l s  is shown i n  Fig.  4, The 
t h i c k n e s s  o f  tine bond zone (between ceramic and f i  I l e r  metal  i n  r e l a t i o n  
t o  t h a t  o f  t h e  f i l l e r  metal depos i t ,  which c o n s i s t s  o f  a e u t e c t i f e r r o u s  
so l i  d sol u t i  on phase o f  predomi n a n t l y  copper i n  a cont inuous d u c t i  1 e 
r i i a t r i x  o f  s o l i d  s o l u t i o r i  si I v e r ,  i s  apparent. 

An i n s i g h t  i n t o  t he  composi t ion o f  t h e  bond zone and a d j o i n i n g  f i l l e r  
meta l  was gained by dot  mapping t h e  elemental  c o n s t i t u e n t s  Z r ,  Ay, T i ,  Cu, 
and Sn, as shoNn i n  F i g .  5. From t h i s  and f rom rcate meter l i n e  p r o f i l e s  
o f  t hese  elements as viewed i n  b a c k s c a t t e r  e l e c t r o n  (RSE) micrographs o f  
t h e  zone (F ig ,  6 ) q  t h e  f o l l o w i n g  i n f o r m a t i o n  was gained. The o r i g i n a l  
spu t  c o a t i n g  (b lack l a y e r  i n  BSE i i i iages) and t h e  e u t e c t l f e r r o u s  copper and 
s i l v e r  s o l i d  s o l u t i o n  phases are r e a d i l y  recognized i n  both Figs. 5 and 6. 

The do t  maps (F ig .  5) show t h a t  i n  a d d i t i o n  t o  t h e  copper and con- 
t i n u o u s  s i l v e r  phases hav ing some mutual s o l u b i l i t y  f o r  one another  ( t h e  
Ag-Cu c o n s t i t u t i o n  diagram i n d i c a t e s  a s o l u b i l i t y  o f  &out 12  a t .  X Cu and 
2 a t *  % Ag, r e s p e c t i v e l y ,  a t  t h e  b r a z i n g  tempera tu re3 ) ,  cons ide rab le  Sn 
i s  d i s s o l v e d  i n  both phases, e s p e c i a l l y  i n  t h e  copper. A d d i t i o n a l l y ,  t h e  
Sn tends t o  segrega%e j u s t  o f f  t he  t i t a n i u m  sput a long w i t h  t h e  copper 
c o n s t i t u e n t  e 

T i  Ctl, and Sn i n  t h e  l d y e r  ad jacen t  t o  t h e  o r i g i n a l  sput.*  Thus a t e r n a r y  
i n te r rne ta l l  i c compound c o n t a i  n i  ng these t h r e e  c o n s t i t u e n t s  i s  i n d i c a t e d .  

T h e  l i i i l e  p r o f i l e s  taken across t h e  bond zone c o n f i r m  t h e  presence of 

* The h e i g h t s  o f  t h e  r e s p e c t i v e  p r o f i l e  peaks i n  F ig ,  5 have no s i g -  
n i f i c a n c e  because d i f f e r e n t ,  r a t e  s e t t i n g s  were used for t h e  i n d i v i d u a l  
y r o f i  l es .  
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F i g ,  4. M i c r o s t r u c t u r e  of t h e  bralee j o i n t  b e t w e n  t i t a n i u m  t ran -  
s i t i o n  p iece  and PSL(MS)  ceramic, us ing  the  60 Ay-30 Cu-10 Sn (ki t .  X) 
a l l o y  as  f i l l e r  metal. Brazed i n  v a c u m  [ 6 . 6  mPa ( 5  x t o r r ) ] .  As 
pol i shed. 

The na tu re  o f  t h e  layer hetween t h i s  i n t e r m e t a l  1 i c compound and t h e  
PSZ s u b s t r a t e  was explored by p-"rPorming X-ray d i f f r a c t i o n  analyses  on 
t i t a n i u m  s p u t t e r  coatcd (0.5, 1.0, and 2.0 pm th i cknesses )  ceramic spec i -  
mens t h a t  had been sub jec ted  t o  t h e  s imu la ted  braze c.yycles (10 min and 3 h 
a t  7 5 0 O C )  w i t h o u t  t h e  presence o f  t h e  f i l l e r  metal .  These t e s t s  showed the  
presence o f  the cub ic  z i r c o n i a  phase ( t h e  subs t ra te ) ,  cub ic  T i 0  phase, and 
p o s s i b l y  hexagonal t i t a n i u m  meld?  phase ( t h e  l a t t e r  depending on the sput 
c o a t i  ng t h i  ckness and b r a r i  ng peri o d ) .  The cerami  c s u b s t r a t e  a d j o i  n i  ng 
t h e  spu t  c o a t i n g  was darkened i n  the usual  manner. Because t h e  braze c y c l e  
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F i g .  5. E lec t ron-probe dot imps of  t h e  e lementa l  constituents i n  the 
S)/FM bond zone. Active s u b s t r a t e  brazed 10 min  a t  750°C i n  

t o r r )  vacuuin u s i n g  1 p ~ n  t i t a n i u m  s p u t  an the ceramic an (5  x 
30 CIA-10 Sn dl loy  as f i l l e r  meta l ,  
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Mg Ks 

Ag &a 

Ti K a  

Fig .  5.  k i e c t r o n  probe r a t e  m e t e r  l i n e  profiles o f  t h e  e lemen ta l  
c o n s t i t u e n t s  i n  t h e  PSZ(MS)FM bond zone. 
6.6 mPa ( 5  x t o r r )  vacuum. 

Brazed 10 min a t  750°C i n  
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was performed i n  vacuum, t h e  T i 0  phase c l e a r l y  i s  formed by a r e a c t i o n  o f  
t h e  s p u t  w i t h  t h e  subs t ra te ,  o s t e n s i b l y  froin oxygen i f f u s i  rig oi4twardly 
and thus  c r e a t i n g  t h e  observed oxygen- improver i  shed, darkened region. 

f o r  t h e  good f a b r i c a t i o n  r e s u l t s  i n  t h e  P S ~ ~ ~ ~ ~ ~ / ~ ~ ~  j o i n t  e ~ p ~ ~ ~ ~ ~ g  t h e  
60 Ag-30 Cu-10 Sn a l l o y  as f i l l e r  metal c o n s i s t s  o f  sequen t ia l  l a y e r s  o f  
PSZ, darkened z i r c o n i a ,  T iO ,  p o s s i b l y  t i t a n i u m  metal  t h e  Ti,CuySnz i n t e r -  
meta l  1 li c compound, and f i  11 e r  i i ietal deposi t ,  A reqiui reinent f o r  successfu l  
b r a z i n g  appears t o  be t h e  f o r m a t i o n  o f  t h e  i n t e r m e t a l l i c  phase. When t h e  
sput .  c o a t i n g  i s  t o o  t h i n  i n  r e l a t i o n  t o  t h e  i n t e n s i t y  o f  the  braze c y c l e  
(e .ge9  0.1 prn r e l a t i v e  t o  10 min a t  7 5 0 ° C ) ,  t h e  sput  t rans fo rms  complete ly  
t o  Ti0 and TixCuySnz does no t  form. As a r e s u l t ,  w e t t i n g ,  which i s  essen- 
t i a l  t o  bonding, f a i l s  t o  occur. 

I t  was concluded from these exper iments t h a t  t h e  bond zone respons ib le  

S ta tus  o f  m i  1 estones 

M i l e s t o n e  2, scheduled f o r  complet ion i n  September 1985, i s  progress-  
i n g  on schedule. A h i y h - p r e c i s i o n  macro shear t e s t i n g  apparatus w i t h  a 
43-mrn2 shear area was pe r fec ted ,  and room-temperature shear s t r e n g t h  d a t a  
were devel oped f o r  P S Z / t i t a n i  um/t \CI  and PSZ/NCI j o i  n t s  f a b r i  sa ted  by b o t h  
t h e  d c t i v e  s u b s t r a t e  (one-stage) and t h e  a c t i v e  f i l l e r  metal ( two-stage)  
processes. A d d i t i o n a l  shear t e s t s  a t  room temperature a re  needed, whi l e  
e levd ted - tempera tu re  shear t e s t s  and the assessment o f  env i  ronmental 
e f f e c t s  are y e t  t o  be i n i t i a t e d .  Our present  shear t e s t ,  which w i l l  con- 
s t i  t u t e  the? ma'ii n mechanical propert7'es t e s t  method d u r i n g  t h e  f i  r s t -phase  
work, has produced very c o n s i s t e n t  data. For PSZ/NCI j o i n t s  f a b r i c a t e d  by 
a c t i v e  s u b s t r a t e  braz ing,  w a n  value; shear s t r e n g t h s  ( s e t s  sf f o u r  t e s t s )  
o f  j o i n t  i n t e r f a c e s  have exceeded 138 MPa (20 k s i  1, which i s  amply i n  
excess o f  expected design sequi reiiients f o r  t h e  p i s t o n  cap a p p l i c a t i o n .  
Standard e r r o r s  have rdnged from 7.6 t o  23.4 MPa (1.11 t o  3.39 k s i ) ,  
a t t e s t i n g  t o  t h e  excel  l e n t  precisican o f  t h e  t e s t  method. 

A l so  notewor thy i s  t h e  achieveinent of a shear s t r e n g t h  o f  161,$ k 
11.4 MPa C23.46 1.66 (SE)  k s i ]  f o r  t h e  T Z P l t i t a n i u m  i n t e r f a c e  j o i n e d  by 
a c t i v e  s u b s t r d t e  braz ing.  This  i s  20.7 MPa (3  k s i  u n i t s )  h i g h e r  than  f o r  
the same i n t e r f a c e  when grade MS PSZ i s  used f o r  t h e  ceramic. The TZP 
cerarnic i s  Goors t e t r a g o n a l  z i r c o n i d  p a r t i a l l y  s t a b i l i z e d  w i t h  y t t r i u m .  
A d d i t i o n a l l y ,  good shear s t r e n g t h  r e s u l t s  r121.7 -t. 8,3 MPa (17.65 5 
1.20 k s i ) ]  were ob ta ined  f o r  t h e  ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ n . i u ~ n  i n t e r f a c e  brazed w i t h  
54 Ag-36 C u l O  T i  (wt. %) r i b b o n  by t h e  act - ive f i  1 l e k  metal  process ( j o i n e d  
a t  980°C and in tended  f o r  two-stage f a b r i  c a t i o n )  e 
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2.0 MATERIALS DESIGN METHO 

INTKODUGTIO 

'This poreion of t h e  p r o j e c t  i s  j d e n t i f i e d  ds p r o j e c t  element 2 
w i  t h i n  t h e  work breakdown structure (WBS). I t  con ta i  ns three subelements : 
(1) Three-Dimens-e'onail Model i ng, (2) Contact Interfaces and ( 3 )  New 
Concepts, 
(*erami c m i  c r o s t r u c t u r e s  p r o p e r t i e s  o f  s t a t i  e and dynami c i n t e r f d c e s  
between cer-ami cs and between cerami cs and d l  1 oys, and advanced s t a t  i s t i  cal 
and design dpproaches for d e s c r i  b i  ny mechani c d l  behavior  and f o r  employing 
c~rarnics i n  s t r u c t u r a l  design. 

The mdjor o b j e c t i v e s  o f  research i n  M a t e r i a l s  Design ~ ~ t ~ o ~ ~ ? o ~ y  ele-  
ments i n c l u d e  determi ni rig a n a l y t i  ca 1 techniques fo r  predi c t  i ng s t r u c t u r a l  
ceranii c mxhat i i  cal behavi or from m c h a n i  ca p r o p e r t i e s  and m i c r o s t r u c t u r e ,  
t r i  bo1 oyi cal  behavl' or a t  h i  gln tetllperatuoes and improved rrethods f o r  
d e s c r l b i  ng t he  f r a c t u r e  s t a t i s t i c s  o f  st ructural  ceramics. Success -in 
meet i ng these ob jec t i  w s  4 f i  1 1 p rov ide  " S ,  cmnpani es with mek,hruds for 
opt i rn i  z i n g  ritechani c a i  p r o p e r t i e s  through ini c r o s t r u c t u r a l  control f o r  [ re -  
d i c t i n g  and control l i n g  i n t p r f a c i a l  bonding dnd m i n i m i z i n g  i n t e r f a c i a l  
f ri c t i  on, and for deve lop ing  a properly descri p t i  ve skati s t i  cal d a t a  base 
t o r  the i  r s t ruc tu ra l  cerami cs, 

The subel ements i n c l  ude macromode 1 i ng and mi cronrode? i ng o f  



92 

2.2 C O N T , K P  INTERFACES 

2.2.1 Static, Interfaces ~ . . . ~ . ~  .. .. 

Hikh - T'eiipe~ature .__.-._I __ Coating _..- .%a ..__.___......_...___I___ t o  Reduse Coiitact; Stress Damage ...... OL 
Ce r a m i  cs 
J. C. Schienle (Garrett Turbine Engine Company) 

Otljectivgslscope 

The object ive of t h i s  research program* i s  t o  develop coating com- 
posit ions and procedures tha t  wil l  yield l o n g  term adherence and reduce 
o r  eliminate contact-s t ress  damage t o  s i  lieon t i i t r i d e  (Si3N4) and s i l icon  
carbide ( S i c )  ceramics. Pr ior  s tudiesl-3 have determined tha t  Si3N4 and 
Sic  ceramics are susceptible t o  contact s t r e s s  damage a t  cernmic-ceramic 
and ccramic-metal interfaces  in heat engines. Subsequent studies have 
demonstrated a reduction o r  e l  irnination o f  contact-s t ress  damage t o  these 
ce:-arn-ics using plasma-sprayed oxide coatings,  b u t  the coating adherence 
Mas not adequate for  l o n g  term use. 

This program inti l i  zes an a1 ternate  coating method, e lectron beam 
physical vapor deposition (EB-PVD), as the coating process because of 
h i g h  control o f  composition, thickness, and morphology. Three substrate  
materials were selected fo r  investigation: reaetion-bonded s i l i con  
n i t r i d e  (RBSN), s intered s i l i con  n i t r i d e  ( S S N ) ,  and s intered s i l icon  cap- 
bide (SSC) ' 'F* .  The RBSN and SSC were selected because substant ia l  baseline 
strength and contact data were available.  The SSN was selected t o  provide 
a nonporous  S i 3 N 4  t o  compare w i t h  the  porous RBSN. 

The present program scope cons is t s  o f  four t,echnical tasks  t o  be 
conducted o v e r  31 months: 

o Task 1 - Coating Pdherence and Character is t ics  Investigation 
o 
o 
o 

Task 2 - Advanced Pretreatment and Coating Studies*** 
Task 3 - Contact Stress Testing and Fr ic t ion  Measurements 
Task 4 - Post-Contact Strength MeasuremenL 

Technical progress .... 

During th i s  reporting period, Task 1 was completed and lask 2 idas 
i n i t i a t ed .  The emphasis of Task 1 was t o  depos i t  a control led Pirconium 
oxide coating on S i 3 N 4  and S i c  s u b s t r a t e s  having various su r face  prc-  
treatments, evdluate coating adherence charac te r i s l  i cs ,  and determine the 
met-klanisrns o f  coating adherence. T a s k  1 e f fo r t s  did not yield a coating/ 
substrate  system w i t h  adherence cha rac t e r i s t i c s  sa t i s fac tory  f o r  h e a t  
engine applications.  However, direct ions f o r  iingrovcd coatirig adherence 
investigation were ident i f ied .  Based on the resu l l s  o f  Task 1, the program 

- 
"Research sponsored by the U.S. Department o f  Energy undet- DOE/CE 

E E  0400 00 0, Ceramic Technology for Advanced Heat Engine Program 
WRS sc-1-2.2.1, 

**RBSN and SSN from the  AiReseaTcki Casting Company, Torrance, 
California,  and SSC fr*om the Carborundum Company, N i  agara Fa1 I s ,  New 
York. 

***Task 2 was "Strength of 8aseline and Coated Specimens" pr ior  t o  the 
program revision approved by Supplemental Agreement 2. 



was restructured t o  continue screening evaluations of' substrate  pre t rea t -  
ment and coating evaluations i n  Task 2.  The s t a t i s t i c a l  strength t e s t ing  
o r ig ina l ly  planned f o r  Task 2 was postponed u n t i l  Task 3 so tha t  optimized 
coat ing/substrate  systems could be developed. Advanced pretreatment and 
coatjng evaluations under Task 2 are progressing. Technical progress 
made under Tasks 1 and 2 d u r i n g  the reporting period a re  discussed i n  the 
fo1 lowing paragraphs. 

Task 1 - Coating adherence and cha rac t e r i s t i c s  inves t iqa t ioz  

Task 1 e f f o r t s  d u r i n g  this reporting period included preliminary 
l i ne  contact t e s t s  and microstructure/chemical analysis.  The preliminary 
l i ne  contact t e s t s  were conducted i n  the GTEC contact r i g  t o  demonstrate 
t he  f e a s i b i l i t y  of l i n e  contact t e s t s  for adherence assessment and de- 
velop test  procedures for  fu ture  adherence assessment analyses. Micro- 
structural/chemical analysis was conducted a t  University o f  Cal ifot 'nia,  
Berkeley (UGB), t o  determine the mechanisms of coating adherence degrada- 
t ion observed a f t e r  s t a t i c  a i r  oxidation exposures. 

Preliminary l i ne  contact t e s t s .  Preliminary l i ne  contact t e s t s  were 
conducted a t  GTEC t o  determine the  f e a s i b i l i t y  of usinq the GTEC contact 
r i g  t o  assess coating adherence, Or ig ina l l i ,  the c o i t a c t  rig was only 
planned f o r  use i n  Task 3 of the  program i n  determining the  coef f ic ien ts  
of f r i c t i o n  and the resis tance t o  contact damage (s t rength retained a f t e r  
contact t e s t ing )  f o r  optimized coating/substrate systems. However, the 
indentation t e s t s  used e a r l i e r  in Task 1 f a r  adherence evaluations were 
too severe f o r  oxidized specimens having reduced adherence. When the 
debonding, which i s  the measurable r e s u l t  of the indentation t e s t ,  
extends t o  t h e  edges of t he  specimen (Figure 1>, i t  does n o t  provide 
comparative information.  The contact r i g  i s  a t t r a c t i v e  fo r  adherence 
assessment t e s t s  because 1 ine contact tes t ing  be t t e r  simulates tfie type 
o f  s t r e s ses  expected i n  a heat engine. I entation t e s t ing  exaggerates 
the contact s t r e s s  conditions and m i g  t o  elimination of a coating/ 
subs t ra te  system, w h i c h  may be accep 

Line contact t e s t ing  was conducted w i t h  the GTEC t e s t  apparatus 
i l l u s t r a t e d  in Figure 2 .  W i t h  t h i s  apparatus, a normal force i s  applied 
t o  t h e  specimen through a dead weight load system while a tangent ia l  force 
i s  applied t h r o u g h  displacement of the crosshead. T h i s  mode of loading 
was ident i f ied in pr ior  s tudies  t o  be a c r i t i c a l  condition t o  evaluate i n  
terms of contact s t r e s s  damagel-3. However, the purpose of the prelimi- 
nary tes t ing  under the present program was only t o  demonstrate the f e a s i -  
b i l i t y  of using this type o f  loading fo r  coating adherence assessment 
tests. 

Two types of l i ne  contact t e s t s  were conducted: 
o S t a t i c  bi-axial  load; i .e .  a normal load (perpendicular t o  

the surface)  p l u s  a tangential load su f f i c i en t  t o  cause a 
b i - a x i a l  surface s t r e s s  d i s t r i b u t i o n ,  b u t  i n su f f i c i en t  t o  
cause s l id ing .  

o Sliding bi-axial  load; i .e. ,  a normal load plus a s u f f i -  
c i en t  tangential  load t o  cause s l id ing .  

Exploratory s tudies  began using s t a t i c  hi-axial  loading on specimens 
subjected Lo post-coating oxidation exposures Lo determine the threshold 
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Figure 1. Debonding extended t o  t he  edges of t h e  coating making 
the indentation tes t  inclusive. 

bi-axial stress conditions f o r  v i s i b l e  damage t o  the coatings. The oxi- 
dized specimens have reduced coating adherence r e l a t i v e  t u  as-coated spec- 
imens (determined by indentation t e s t ing )  and therefore,  were chosen t o  
find the rninimum loads  necessary t a  i n i t i a t e  damage. 

During i n i t i a l  t e s t ing ,  the average threshold appeared t o  be about 
222.4  Newtons (50 pounds) normal load with 44.5 Newtons (10 pounds) tangen- 
t i a l  load. Rased on t h e  above observation, t he  t e s t  conditions f o r  the 
remaining oxidized specimens were selected and are  shown in Table 1. 

I n  siibsequent tes t s ,  the coatings nei ther  chipped nor spallecl re- 
gardless of inaterial substrate  or pretreatment. I n  some cases debonding 
was evident b u t  only in the l i n e  o f  contact and not outside t h e  contact 
region. Some specimens exhibited no debonding. The r e s u l t s  suggest t h a t  
s t a t i c  bi-axial load t e s t ing  i s  advantageous t o  indentation in t h a t  spec- 
imens having poor  coating adherence can be Evaluated. However, the degree 
of  datnage to  t h e  systerii resul t ing from t h e  t e s t  cannot be quantita ' t ively 
measured as i t ;  can f o r  the indentation technique. The r e s u l t s  o f  t h e  
s t a t i c  mode t e s t s  a lso suggest t h a t  t h e  adherence of oxidized specimens 
may be more acceptable than indentat ion  t e s t s  indicated. 
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Normal Load, 
Newtons (pounds) 

LOA0 

Tangenti a1 Load, 
Newtons (pounds) 

RODS FURNACE [REMOVAfiLEl 

133.4 (30) 
177.9 (40) 

266.9 (60)  
222.4 (50) 

I-_-- 

NORMAL 
FORCE 

WEIGHT 

INSTRON BASE 

26.7 ( 6 )  
35.6 (8 )  
44.5 (10) 
53.4 (12)  

l_--_l 

Figure 2. Contact stress t e s t  apparatus. 
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Table 2. Test conditions f o r  as-coated specimens. 

S t a t i c  Mode: 256.9 Newtons (60 pounds) normal load 

Sliding Mode:: 111.2 Newtons (25 pounds) normal load 

53.4 Newtons (12  pounds) tangential  load 

1.52 rnm t o t a l  s l iding motion 

Five as-coated specimens were tes ted under the conditions i n  Table 
I _^_.I_ 

2.  Test r e su l t s  are  tabulated below: 

Specimen 

SSC (machined) 
l igh t  oxidation 
pretreatment 
(Figure 3) 

SSN (lapped) 
no pretreatment 
(Figure 4 )  

RBSN (lapped) 
l igh t  oxidation 
pretreatment 
(Figure 5 )  

RRSN (lapped) 
l igh t  oxidation 
pretreatment 

S t a t i c  Mode 

Debond Line Chipped 

S l i d i n g  ^ sll_. Mode 

Debond Line 

Debond Line 

Debond Line 

SSC (machined) D ~ o n d  Line 
no pretreatment 

Debonded Area 

No Damage 

No Damage 

No Damage 

No chipping or spall ing occurred f o r  the s t a t i c  t e s t s  o f  the  as-coated 
specimens. However, a l l  t e s t s  resul ted in a debonel l i n e  a t  the l i n e  of  
contact - note t h a t  only the  most severe of the  t e s t  conditions used f o r  
the oxidized specimens, 266.9 Newtons (60 pounds) normal load, 53.4 
Newtons ( 1 2  pounds) tangent ia l ,  was used i n  t es t ing  the  as-coated spec- 
imens. For s l iding t e s t s ,  varying r e su l t s  were observed; some specimens 
exhibited chipping o r  debonding while others  showed no v i s ib l e  damage. 

Based on preliminary r e su l t s ,  both the s t a t i c  and dynamic contact 
t e s t  appear useful as durabi l i ty  or  proo f  t e s t s  f o r  t he  coatings. The 
conclusion i s  t h a t  contact t e s t s ,  along w i t h  indentation t e s t s ,  should be 
more appropriate f o r  assessing coating adherence than indentation tes t ing  
alone. 

Mi cr os t r u c t  u r a 1 / c hem i c a 1 Mi c r  0 s t I'U c t 11 r a 1 / c hem i c a 1 an a 1 y se s 
were conducted a t  -[lCf? t o  determine the mechanism o f  coating adherence 
degradation during s t a t i c  a i r  oxidation exposures. Ea r l i e r  Task 1 adher- 
ence evaluations showed excel lent  coating adherence t o  S1C and Si3N4 
substrate  surf aces b u t  l e s s  than adequate adherence a f t e r  oxidat i o n  

an a 1 ys i s . 
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STATIC TEST 
266.9 N [SO IS] 
53.4 N 112 LBI 

SLIDING TEST 
111.2 N (25 l a ]  
1.524 mm (0.060 

MACHINED SSC 
LIGHT OXIDATION PRETREATMENT 

NORMAL 
TANGENTIAL 

N O R M A L  
I N ]  DISPLACE MENT 

Figure 3 .  Debonding at line contact for  static test; 
coating chipped during sliding contact test. 

exposures. The Zr02 coatings used are permeable to oxygen SO some type o f  
interaction at the coating/substrate interface was expected. Polished 
sections of as-coated and oxidized specimens were prepared t o  allow coat- 
ing/substrate interfaces to be examined using a scanning transmission 
electron microscope (STEM).  The STEM was used as a high resolution SEM 
(STEM has higher resolution than conventional SEM due to smaller electron 
beam radius). Initial observations at UCB revealed the presence o f  a 
silicate layer at coating/substrate interfaces. For as-coated specimens, 
STEM did not reveal silicate layers topographically on micrographs, but 
silicate layers at coat ing/substrate interfaces were identified chemi- 
cally. The silicate layers in as-coated specimens are probably a result a f  
the presence o f  oxygen in the coating chamber during Zr02 deposition. The 
stoichiometry o f  the Z r Q  is controlled through the partial pressure o f  
oxygen during coating. Because the coating temperature is 980C, subse- 
quent substrate oxidation may occur. For specimens with post-coating 
heat treatments, silicate layers were topographically and chemically 
recognizable. Figures 6 and 7 illustrate the coating/substrate inter- 
faces for two systems as seen using STEM. Figure 6 shows the interface on 
both as-coated and oxidized (post-coating) RBSN. A silicate layer is not 
visible for the as-coated RBSN (although chemical analysis revealed its 
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STATfC ll39 
266.9 N [SO LE) 

53.4 I\I 112 LB) 

SLIDING TEST 
111.2 N 125 LE] 
1.524 tnm [O.OMI 

LAPPED SSN 

Figure 4 .  Debonding a t  l i ne  contact f o r  s t a t i c  t e s t ;  coating 
debonded in f ron t  o f  contact l i n e  during s l id ing  t e s t .  

presence), while f o r  the  oxidized specimen the  s i l i c a t e  layer appears t o  
be one micron in  thickness. The same features  were observed f o r  SSN 
(Figure 7 ) ,  i .e . ,  no v i s ib l e  s i l i c a t e  layer f a r  the as-coated SSN, and a 
v i s ib l e  s i l i c a t e  layer approximately two microns thick f o r  the oxidized 
specimen. 

The hypothesis of these preliminary s tudies  i s  tha t  the  growth of the  
s i l i c a t e  layer i s  d i rec t ly  responsible f o r  reduced coating adherence 
a f t e r  post-coating s t a t i c  oxidation. Although submicron s i l i c a t e  layers 
a re  present in as-coated specimens, the adherence i s  r e l a t ive ly  good. 
Only a f t e r  growth of the s i l i c a t e  layer  during subsequent heat t rea t ing  i s  
adherence severely degraded. Also ,  there  i s  some indication tha t  impuri- 
t i e s  i n  the s i l i c a t e  layer from the  substrate  and/or coating may have an 
e f f ec t  on the post-coating oxidation k ine t ics ,  thus affect ing coating ad- 
herence. A more detai led analysis  i s  being conducted under Task 2.  
Task  2 - Advancedpretreatment and coating .- studies  

As mentioned previously, the program was restructured t o  delay s t a t -  
i s t i c a l  strength tes t ing  u n t i l  Task 3 i n  order t o  continue screening 
evaluations i n  Task  2 .  The rat ional  f o r  t he  changes included the  follow- 
ing: 
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TEST’ 
(60 LB] 
112 LE] 

TEST 
I25 LE) 

m [O.MO 

NORMAL 
TANGENTIAL 

NORMAL 
IN 1 OlSPLACEMENB 

LAPPEO RBSH 
LIGHT OXlOWTlON PRETREATMENT 

Figure 5. Debonding a t  l i n e  contact f o r  s t a t i c  t e s t ;  no 
c r i t i c a l  damage resu l t ing  from sl iding contact;  

only abrasion of coating evident. 

o Coa t ing  ddherence a f t e r  o x i d a t i o n  f o r  the pretreatments 
and coatings studied i n  Task 1 was determined t o  be less 
than desired.  

o The Task 1 studies  ident i f ied  fu r the r  direct ions f e r  pre- 
treatment and coating modifications t h a t  could yield 
increased understanding o f  the  adherence mechanisms and 
lead t o  improved adherence after oxidation exposure. 

o Limited strength t e s t ing  d u r i n g  Task 1 indicated t h a t  the  
surface pretreatments and coating procedures caused no 
s igni f icant  strength reduction of S i c  and Si3N4 substrate  
materials.  

Several new coating/substrate system approaches a re  be ing  evaluated 
during Task 2.  These s tudies  are  separated i n t o  the following seven 
subtasks: 

1. O x i d a t i o n  
2 .  Oxygen Diffusion Ear r ie r  
3 .  H i g h  Pur i ty  In te r layer  
4. Diffusion/Gradation Zone 
5. Coat ing Var i a t ion  
6. Surface Preparation 
7. Mullite Coa t ing  
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AS-COATED RBSN 
SILICATE LAYER K I T  VISIBLE 

SILICATE LAYER VISIBLE 

Figure 6. STEM micrographs o f  zircania/RBSN i n t e r f a c e s .  
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- SS 

4250x 
AS-COATED SSN 

SILICATE LAYER NOT VISIBLE 

200Ox 
POST-COATING OXlDtZED SSN 

SILICATE LAYER VISIBLE 

Figure 7. STEM micrographs o f  zirconia/SSN interfaces. 
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Each of the subtasks and the  progress made w i t h i n  are  b r i e f ly  de- 
scribed below: 

Subtask 1: Oxidation. Task 1 resiults de-termined t h a t  adherence deyx'ada- 
t ion  a f t e r  s t z i i c  oxidation was due t o  the growth of a s i l i c a t e  layer a t  
t he  coating substrate  interface.  For t h i s  subtask, detai led rnicrostruc- 
turallchcmical analysis  will  be conducted on ZrOz coated RBSN, SSN, and 
SSC subjected t o  various s t a t i c  a i r  heat t rea tments .  

As-machined substrates  were EB-PVD coated w i t h  ZrO~-2O%Y203 a t  
'Ieernescal. The specimens then were subjected t o  various oxidation heat 
treatments and f lexure tes ted in four-point bending a t  G T E C .  Based an 
visual examination of the coating/substrate systems a f t e r  f 1e.x~-e t e s t -  
ing, longer duration oxidation heat treatments (200 hours versus 100 
hours a t  120OC) did not r e s u l t  i n  a s ign i f icant  additional decrease i n  
coating adherence, although adherence was degraded from the  as-coated 
condition. However, higher temperatures (1400 versus 12OOC f o r  POO-hour 
durations) resul ted i n  decreased adherence f o r  the  RBSN and SSN sub-  
s t r a t e s  b u t  not f o r  the SSC substrates .  Selected specimens wil l  be sent 
t o  Dr. A. Evans a t  UCB f o r  detai led chemical analysis  of .the oxide layers 
a t  the coat inglsubstrate  in te r face-  Also, the f r ac tu re  surfaces of some 
specimens will  be studied using SEM a t  GTEC. 

Subtask 2:  Oxygen Diffusion Barrier.  Because coat'lny adherence degrada- 
t ion  a f t e r  s t a t i c  oxidat7ot-i i s  believed t o  be due to  the qrowth of an 
oxide layer, an oxygen diffusion barvier a t  the coating/sub<ttrate i n t e r -  
face may reduce or eliminate the observed adherence degradation. The 
candidates f o r  evaluation a re  AlzO3, A l N ,  and mull i te ,  

Alumina in te r layers  were applied t o  the three  substrate  rninterials by 
chemical vapor deposition ( C V D )  a t  Kenriametal's Phi l i p  14. McKenna Labora- 
tory t h r o u g h  Dr. Dennis Quinto. The r e s u l t s  were very encouraging. The 
,41203 coatings a re  2 t o  2.5 pm i n  thickness and appear adherent. The 
coatings were examined a t  Phi l ip  M. McKerina Laboratory u s i n g  SEM and X-ray 
d i f f rac t ion .  SEM showed the  coating microstructure t o  consis t  of nodular 
grains approximately 1 t o  3 pm in s i r e  (Figure 8 ) .  X-ray d i f f rac t ion  
revealed t h a t  t he  as-coated alumina i s  a mixture ofcu-Al203 and ~-Al2O3. 
Subsequently, the specimens were heat t rea ted  a t  1 2 O O C  f o r  20 hours i n  a i r  
t o  convert the  ~-Al2O3 t o  the a-phase. X-ray d i f f r ac t ion  a f t e r  t he  heat 
treatment indicated complete conversion t o  ~ - 8 1 2 0 3 .  Three coated speci- 
mens of each o f  the substrate materials were sent t o  Temescal for  EB-PVB 
zirconia coating. One of each was k e p t  a t  G T E C  f o r  fu r the r  analysis of 
t h e  A1203 coating. 

Alumina in te r layers  a l so  a re  being applied by a sol-gel technique a t  
Signal UOP Research Center. These in te r layers  a re  expected t o  be u l t r a -  
pure cu-Al203, 1 t o  2 pm in thickness,  and contain a large f rac t ion  of 
micropores (approximately 50 percent).  

Temescal i s  presently procuring feed materials f o r  the  application 
of alumina and mull i te  by FB-PVD. E i g h t  subs t ra tes  o f  RBSN, SSN, and SSC 
each Here supplied t o  Temescal f o r  development coating. 

Twelve substrates  of each m a t e r i a l  a l s o  were supplied t o  Ba t t e l l e  
Northwest f o r  exploratory coating experirrients t o  apply aluminum n i t r i d e  
in te r layers  by react ive sput ler ing.  
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Figure 8. Microstructures o f  CVD-Al203 coatings on 
S i c  and S i 3 N 4  substrates .  
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- Subtask 3:  High P U . I  Inter layer .  Preliminary cheniical analysis con- 
ducted during Ti%k--l revealed the presence o f  impurities i n  the s i l i c a t e  
layer a t  the coating/substrate in te r face  i n  oxidized specimens which may 
have originated from the substrate  material .  T h i s  subtask wil l  concen- 
t r a t e  on using an ultrapure C V D - S i c  in te r layer  t o  determine the  e f f ec t  o f  
substrate  pur i ty  on coating adherence. CVD-SiC  on SSC specimens from a 
previous GTEC program wil l  be u t i l i zed  for  i n i t i a l  s tudies .  I F  t h e  
r e su l t s  a re  encouraging, a l l  three substrates  w i l l  be C V D  coated t%en 
screened - 

Si l ican carbide specimens having CVD-Sic coatings were EB-PVD coated 
w i t h  ZrO2-2OXY203 a t  Ternescal. Three specimens have been subg'ecled t o  
various heat treatments i n  s t a t i c  a i r  t o  determine t he  e f f e c t  of a h i g h  
purity S i c  in te r layer  on coating adherence a f t e r  oxidation. The analyses 
t o  be conducted include f lexure tes t ing  and fractography, indentation 
t e s t i n g ,  l inc  contact tes t ing ,  and chemical analysis.  

Subtask 4: Diffusion/&radation Zone. Recause a1 1 specimens evaluated in 
Task 1 had an abrugt discont inui ty  between the coatinq and substrate ,  
gradat  ion or interdiffusion zones" between the coatings and substrates  
wi 1 1  be evaluated. The candidate approaches are ion implantation, ion 
m i x i n g ,  and al loy splattering w i t h  chemical compositions, which may chemi- 
ca l ly  "root" t he  zirconia t o  t h e  substrate .  

Effor ts  in the area o f  a diffusion/gradation zone have not been 
in i t i a t ed .  Some e f f o r t  with ion implantation and ion mixing, t o  achieve a 
graded in te r layer ,  w i  11 be pwsued a t  Oak Ridge National Laboratories. 

Subtask 5: Coating Variation. Studies w i t h  metal substrates  determined 
tha t  coati  ng adlerence can be i ncreased by i ncreas i ng coat i  ng tempera- 
ture .  Prior plasma spray s tudies  suggest a s imilar  condition f o r  ceramic 
substrates .  

As-machined specimens of the three  substrate  materials were zSrconia 
EB-PVD coated a t  1040C instead o f  a t  the standard 38BC temperature. Visu- 
a l ly ,  these coatings seemed as-clean and as-adherent as  the  98OC coal- 
ings, The specimens were subjected t a  various heat treatments in s t a t i c  
a i r ,  then f lrxure tes ted a t  room temperature. The adherence degradation 
e f f ec t s  of the heat treatment on the 104OC coatings did not d i f f e r  much 
from the  e f f ec t  on 98OC coatings w i t h  respect t o  Flexure t e s t ing -  The 
specimens will  be indentation tes ted a t  UCB t o  make an assessment o f  
coating adherence e 

Subtask 6 :  Surface Preparation. .-_- Adherence o f  Task 1 specimens was 
strongly inF7uenced by the surface condition of the or iginal  substrate .  
This task w i  11 explore techrsiques of roughening the  surface.  Candidates 
include 150- t o  200-grit machining (compared t o  320 g r i t ) ,  !IF etching 
(before and a f t e r  oxidation exposure), abrasive gr i t  blast ing,  and l a se r  
machining. Surface modification experiments wil l  be conducted and spe- 
cimens selected f o r  coating and adherence evaluation. 

An HF etch study was conducted t o  determine the e f f ec t  o f  etch treat- 
ments on the surface topography o f  b o t h  as-machined and  oxidized sub-  
s t r a t e s .  The surface topography was characterized u s i n g  SEM and the 
r e s u l t s  are  shown i n  Figure 9. 



105 

Figure 9. SEM micrographs showing the surface topography of  
baseline and oxidized substrates  a f t e r  HF etching. 

The change i n  surface roughness observed suggests t h a t  HF etching should 
not  s ign i f i can t ly  improve coating adherence through mechanical i n t e r -  
locking o f  t he  coating w i t h  subs t ra te  surface fea tures ,  Also, the HF 
etching i s  expected t o  reduce subs t ra te  strength a l t h o u g h  t h a t  conclusion 
c a n n o t  be drawn from t h i s  study. Subsequently, e f f o r t s  w i t h  HF etching 
have been discontinued. 

A l aser  machining study i s  being conducted t h a t  uses a CO2 laser  t o  
produce a matrix o f  p i t s  on subs t ra te  surfaces w i t h  one diameter spacing. 
Preliminary s tudies  revealed a strength reduction of about 20 percent f o r  
the subs t ra te  materials.  However, the p i t s  produced by the laser  were 
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very aciculai-, and measured approxirnately 0.1 m i n  diameter and 0.3 mm 
deep. The laser  power was reduced f o r  each type of substrate  t o  decrease 
p i t  depth and increase s t rength.  These speciiiiens were sent t o  Temesca? 
f o r  Zr02 coating. 
Subtask 7: Mullite Coatm: Several coating r u n s  will  be conducted t o  
determine i f  mull i te  columnar layers can be deposited on’ RBSN, SSN, and 
SSC. Mullite i s  a be t t e r  oxygen ba r r i e r  than zirconia and has a c loser  
thermal expansion match t o  the  S i c  and Si3N4 substrate  materials.  

Temescal i s  procuring material f o r  t he  application o f  mull i te  by EB- 
PVD as a coating t o  compare t o  t he  presently used ZrO2-ZO%Y203. Temescal 
a l s o  i s  looking a t  EB-PVD mull i te  as an inter layer  under Subtask 2 .  

S ummd ry 
D u r i n g  th i s  reporting period Task 1, Coating Adherence and Charac- 

t e r i s t i c s  Investigation, was completc3d. Task 1 e f f o r t s  included prelimi- 
nary l i ne  contact tes t ing  and microstructurallchernical analysis. The 
r e su l t s  are  summarized below: 

o Both s t a t i c  and s l iding hi-axial  load cantact tes t ing  a re  
advantageous to indentation tes t ing  i n  tha t  specimens hav- 
i n g  poor coating adherence can be evaluated. Howeverp the 
degree of damage t o  the system resu l t ing  from the t e s t  
cannot be quant i ta t ive ly  measured as i t  can f a r  the 
indentation technique. 

o Contact tes t ing ,  along w i t h  indentation tes t ing  should be 
rnore appropriate f o r  coating adherence assessment than 
indentation tes t ing  alone. 

o Based on preliminary contact tes t  r e su l t s ,  the coating 
adherence of oxidized specimens may be c loser  t o  accept- 
able than indentation tes t ing  implies. 

o Mi crostructural/Chemisal analyses u s i n g  STEM revealed the  
presence of a s i l i c a t e  layer a t  the coating/substrate 
interfaces .  In as-coated specimens, the s i l i c a t e  layer 
was only chemically detected. In oxidized specimens, the 
s i l i c a t e  layers were b0t.h chemically and v i s ib ly  detect-  
i b l e  and were approximately one t o  two microns i n  thick- 
ness. 

o The growth  of the s i l i c a t e  layer during post-coating oxi- 
dation i s  t h o u g h t  t o  be d i rec t ly  responsible f o r  reduced 
coating adherence a f t e r  oxidation. 

o Some impurities were detected in the  s i l i c a t e  layers and 
may have a s ign i f icant  e f f ec t  on oxidation k ine t ics ,  t h u s  
affecting coating adherence. 

During t h i s  reporting period Task 2 ,  Advanced Pretreatment and Coat- 
ing Studies, was i n i t i a t e d .  The r e su l t s  of Task 2 e f f o r t s  t h u s  f a r  a r e  
summarized below: 

Oxidation heat treatments a t  1200C resul ted i n  s ign i f icant  
coating adherence degradation. Increasing the heat t r e a t -  
ment duration from 100 t o  200 hours does not appear t o  
r e su l t  i n  additional degradation. Increasing the o x i -  
dation temperature from 1200 to  1400C resul ted in addi- 
t ional  adhererice degradation f o r  RBSN and SSN b u t  not SSC. 

o 
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o CYD-Al203 was applied t o  RBSN, SSN, and SSC as an oxygen 
diffusion bar r ie r  in te r layer ,  and the in te r layers  appear 
we 1 1 adhered. 

o Increasing the  EB-PVD coating temperature from 980 t o  
104OC does not appear t o  s ign i f i can t ly  a f f ec t  coating 
adherence e 

o Based on HF etch study r e s u l t s ,  the  substrate  surface 
topography resu l t ing  from HF etching of as-machined and 
oxidized substrates  i s  not expected t o  s ign i f icant ly  
improve coating adherence; t h u s ,  t h i s  e f f o r t  was discon- 
tinued. 
Based on laser  machining study r e su l t s ,  the  subs t ra te  sur- 
face topography resu l t ing  from laser  machining i s  expected 
t o  improve coating adherence. However, there  may be a 
trade-off between coating adherence and s t rength.  

o 
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3 .  

-I S t a t u s  o f  Mi lestones 

The program was restructured and rescheduled during t h i s  reporting 
Al l  period. 

major milestones are  on schedule. 
As a r e s u l t ,  the program was extended from 27 t o  31 months .  

_.I. Pub 1 i ca t  i o 3  

A paper, "High Temperature Coating Study t o  Reduce Contract S t ress  
Damage o f  Ceramics'' was presented a t  the 22nd Automotive Technology De- 
velopment Contractors Coordination Meeting in Dearborn, Michigan in Nov- 
ember 1984. This paper i s  expected t o  be published i n  the proceedings of 
the  meeting (SAE Order Number P-155). 
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2.2.2 Dyynami c Interfaces 

Studies  of Dynamic Contact of Ceramics and A l loys  for ll.l Advanced 
HQat w i n e s  
K. F. Dufrane, W. A. Glaeser, and I. Sekercioglu (Hat t r l le  Colurribus 
L a b o r a t o r i e s )  

1-_- __.___^- 

_ _ I 1 _ _ _ _  

0 b j ec  t i  ve/ Scope 

The objective of the study i s  t o  develop mathematical models o f  the 
f r i c t ion  and wear processes of ceramic interfaces  based on experimental 
data.  The supporting experiments are  t o  be conducted a t  temperatures t o  
1200 F under reciprocating sl  idi  ng cot id i  t ions reproducing the 1 oads , 
speeds, and environment o f  t h e  ring/cylinder interface o f  advanced 
engines. 
and a f t e r  tes t ing  t o  provide detai led input t o  t h e  model. 
a r e  intended t o  provide t he  bases fo r  identifying solutions to  the t r i -  
bo1 ogy probl ems 1 inii t i  ng the devel oprnen L o f  these engines. 

'The t e s t  specimens a re  to  be careful ly  characterized b e f o r e  
l h e  r e su l t s  

Technical Progress -- 

Specimen Procurement 

A selection was made of the materials t o  be studied in the i n i t i a l  
portion o f  the study. 
and coated specimens : 

Orders were placed f o r  the following monolithic 

Monolithic Cvlinder Soecirnens 

Quanti ty  

11 Ni 1 cra Ceirarni c s ,  Inc. - I S  grade magnesia pa r t i a l ly  
s tab i l ized  zirconia 

Z-199 grade y t t r i a  p a r t i  a1 l y  11 NGK-Locke, Inc. 
s tab i l ized  zirconia 

HexoloyTM, s intered a1 pha 11 The Carborundum Co. 
s i 1  icon carbide 

2Y20A grade HIP' ed t ransfor-  5 roya Soda Manufacturing 
mati on toughened SI umi na Company, L t d .  

Coaled - -_ Specimens from Kamsey Pi ston 
Ri - ng -riv i s i  on of TRN 

C o a t i  t1g 
Mater i a 1 ___ 

RC- 5 

Specimen 
__. Type . . . . .- 

RC-4.1 

Cy1 i n d e r  

King 
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Tribal oy 
( Co- ba sed 

40 Ring 

Chrome 40 Ring 

Delivery times of 6 to  1 2  weeks were quoted f o r  the specimens, which 
were ordered in December, 1984, and ear ly  January, 1985. However, only 
the s i l i con  carbide specimens were delivered as  of April 15,  1985. The 
s i l icon  carbide cylinder specimens appear t o  be i n  excel lent  condition 
and  su i tab le  f o r  d i r e c t  use in the t e s t  apparatus. 
ring specimens a re  based on coatings,  the i n i t i a t i o n  of actual experi-  
ments has been delayed awaiting the delivery of the ring specimens. 

Since a l l  o f  the 

Experimental Apparatus 

Modifications to  the experimental apparatus have been completed. A 
photograph i s  presented in Figure 1. A heavy-duty, four-cylinder t r a c t o r  
engine provides the basic s t ruc ture  and reciprocating motion. A variable- 
speed 7-horsepower e l e c t r i c  motor drives the engine a t  rotational speeds 
from 500 t o  2200 rpm. 
on a specimen holder attached to the top of one of the pistons.  The ring 
specimens a re  trapped between the two cylinder specimens, one o f  which 
i s  fixed and the other mounted on l i nea r  bearlngs t o  provide t h p  load on 
the contact surfaces.  The cylinder specimens are  f l a t ,  for  convenience 
of  production and fo r  ease o f  surface examinations. The r i n g  specimens 
are  f l a t  310ng the longitudinal ax i s ,  b u t  have the surface p ro f i l e  o f  
actual r ings in the ver t ica l  ( s l i d ing  d i r ec t ion ) .  

enclosure around the specimens and e l e c t r i c  heaters within the enclosure. 
A 6-horsepower s ingle  cylinder diesel  engine provides exhaust gases t o  
the enclosure t o  reproduce the actual diesel-cyl inder  environment. 
E lec t r ic  heaters in the exhaust stream from the engine r a i se  the gas 
temperature t o  the desired operating temperature. 
designed f a r  operation t o  1200 F. 

The two reciprocating ring specimens a re  iiiounted 

Temperature control i s  provided by an insulated s t a in l e s s  s teel  

The apparatus i s  

Li tc ra ture  Review 

In support of the wear modeling e f f o r t s  o f  the programg a l i t e r a t u r e  
search was conducted on the topic of wear of ceramics. Approximately 50 
per t inent  abs t rac ts  were ident i f ied  in the machine search of  governtnent 
and open l i t e r a t u r e .  
procured and reviewed f o r  background information per t inent  t o  the study. 
A c r i t i c a l  review o f  t h i s  l i t e r a t u r e  will be prepared t o  provide a 
s t a r t i ng  point f o r  the wear modeling associated with the experiment 
observations o f  the current study. 

Full copies of the reports  and papers have been 

Status  of Milestones 

Delays in receiving the coated ring specimens have delayed the 
f i r s t  milestone, the i n i t i a t i o n  of the actual experimental program. 
With a promised delivery of l a t e  April ,  1985, the f i r s t  experiments 
should begin in May, 1985. Progress on the wear modeling i s  on the 
expected schedule. 
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Pub1 i c a t i o n s  

None, 

FIGURE 1 .  H I G H  TEMPERATURE CERAMIC 
WEAR TEST F A C I L I T Y  
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2.3 NEW CONCEPTS 

2.3.1 New Concepts 

Advanced S$atistics* 
W .  P.. E a t h e r l y  (Oak Ridge Na t iona l  Labora to ry )  

O b j e c t i  ve/scope 

The t h i r d  and f o u r t h  moments of a s t a t i s t i c a l  d i s t r i b u t i o n  ( t h e  
skewness and k u r t o s i s )  can be e x t e n s i v e l y  used i n  analyses f o r  o u t l i e r  
t e s t s ,  f o r  goodness -o f - f i t  t e s t s ,  and f o r  c h a r a c t e r i z a t i o n  i n  t h e  Pearson 
scheme o f  g e n e r a l i z e d  d i s t r i b u t i o n s .  Th is  e f f o r t  i s  an at tempt  t o  c a l c u -  
l a t e  these moments f o r  t he  Weibul l  d i s t r i b u t i o n  f o r  m-values from one t o  
i n f i n i t y  i n  p r e p a r a t i o n  f o r  Monte Car lo  c a l c u l a t i o n s  on f i n i t e  samplings 
f r o m  t h i s  d i s t r i b u t i o n .  

Technica l  progress 

The c a l c u l a t i o n  o f  an asympto t i c  s e r i e s  f o r  t h e  h i g h e r  moments o f  
t h e  k l e i b u l l  D i s t r i b u t i o n  has been completed, and a second d r d f t  o f  a 
t o p i c a l  r e p o r t  i s  i n  p repara t i on .  Since it w i l l  y e t  be some t i m e  u n t i l  
t h i s  r e p o r t  i s  issued, t h e  numerical  r e s u l t s  a re  t a b u l a t e d  here. 

The behavior  of t h e  h i g h e r  moments i s  o f  cons ide rab le  t h e o r e t i c a l  
i n t e r e s t  bu t  i s  a l s o  o f  d i r e c t  p r a c t i c a l  i n t e r e s t  i n  our t rea tmen t  o f  
t h e  s t a t i s t i c a l  f a i l u r e  c r i t e r i a  f o r  ceramics. Since most o f  t h e  s t a -  
t i s t i c a l  machinery a v a i l a b l e  t o  us i s  b u i l t  around normal d i s t r i b u t i o n s ,  
we a re  f o r c e d  t o  g i v e  up a g rea t  deal i n  go ing t o  a We ibu l l - t ype  d i s t r i -  
b u t i o n  t o  desc r ibe  any aspect o f  s t r e n g t h s  f o r  b r i t t l e  m a t e r i a l s .  I n  
p a r t i c u l a r ,  we l o s e  o r  weaken t h e  t h e o r y  o f  var iance a n a l y s i s ,  t h e  
a b i l i t y  t o  express conf idence and t o l e r a n c e  l i m i t s ,  and t o  make goodness- 
o f - f i t  t e s t s  a p p r o p r i a t e  t o  t a i l s  o f  a d i s t r i b u t i o n .  

Our i n t e r e s t  i n  t h i s  problem was i n i t i a t e d  by concern ove r  goodness- 
o f - f i t  t e s t s  i n  p a r t i c u l a r .  The bes t  t e s t  on a d i s t r i b u t i o n  as a whole 
i s  t h e  Kalrnogorov-Smirnov One-Sample S t a t i s t i c ,  f o r  which c r i t i c a l  
va lues a re  g i ven  i n  va r ious  books c o n t a i n i n g  s t a t i s t i c a l  t ab les . ’  Th is  
t e s t  compares t h e  expected d i  f f e r e n c e s  between an observed f i n i t e  sample 
and an assumed cont inuous d i s t r i b u t i o n  independent o f  t h a t  d i s t r i b u t i o n .  
The t e s t ,  however, i s  no t  h i g h l y  s e n s i t i v e  t o  t h e  t a i l s  b u t  i s  dominated 
by t h e  c e n t r a l  p a r t  o f  t h e  assumed d i s t r i b u t i o n .  

The normal d i  s t r i  b u t i  on con ta ins  two independent parameters, t h e  
mean p and t h e  s tandard d e v i a t i o n  6. The Weibul l  d i s t r i b u t i o n s  a t  f i r s t  
g lance appear t o  have o n l y  one f r e e  parameter, t h e  mean p, bu t  i n  p r a c t i c e  
c o n t a i n  a second parameter t h a t  p laces the  zero o f  t he  scale.  Thus, i n  
bo th  d i s t r i b u t i o n s  one i s  f o r c e d  t o  t h e  t h i r d  and f o u r t h  moments f o r  a 
g o o d n e s s - o f - f i t  t e s t  s e n s i t i v e  t o  t h e  t a i l s  o f  t h e  d i s t r i b u t i o n .  Hence 
ou r  i n t e r e s t  i n  these h i g h e r  moments. 

These s t u d i e s  are being j o i n t l y  supported by t h e  Ceramic Technology * 
f o r  Advanced Heat Engines Program and t h e  HTR Technology Program. 
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I n  Table I ,  we g i v e  t h e  scaled m a n  p i e  and the c o e f f i c i e n t  o f  
va r iance  a / p  as a f u n c t i o n  of t h e  Weibul l  exponent m as c a l c u l a t e d  from 
15-place t a b l e s  (1, 2; 0.005) of the r - f u n c t i o n , 2  us ing  q u a r t i c  i n t e r p o -  
l a t i o n .  Also g iven a re  t h e  t h i r d  and f o u r t h  normal ized c e n t r a l  moments, 
d e f i n e d  as: 

m 

Bn = 1, J (.. - P I *  pds(4 dx 
0 0  

It w i l l  be noted, even t o  t h i s  degree o f  accuracy o f  t h e  r - f u n c t i o n ,  t h a t  
va lues f o r  t h e  f o u r t h  moment become unusable above m > 50. Although 
m-values f o r  ceramics have g e n e r a l l y  been observed o n l y  i n  the range 
6 < m < 20, h i g h e r  values o f  m become o f  i n t e r e s t  f o r  o t h e r  m a t e r i a l s .  
These values a re  p l o t t e d  i n  F i g .  1 superposed on u n c e r t a i n t y  contours3 
f o r  t h e  normal d i s t r i b u t i o n  f o r  which p3 = 0 and = 3. This  f i g u r e  
must be i n t e r p r e t e d  i n  t h e  l i g h t  t h a t  around any g i v e n  m-value t h e r e  

Table 1. Normalized moments o f  t h e  Weibul l  D i s t r i b u t i o n  f o r  
v a r i o u s  values o f  t h e  exponent m c a l c u l a t e d  by q u a r t i c  
i n t e r p o l a t i  on on 15-pl ace tab1 e o f  the r - f u n c t i  on 

6 
7 
8 
9 

1 0  

12 
14 
16 
18 
20 

25 
50 

100 
2 00 

1. 

0.892980 
0.906402 
0.918169 

0.886227 

0.927719 
0.935438 
0.941 743 
0.946965 
0.951351 

0.958286 
0.963510 
0.967580 
0.970838 
0.973504 

0.978438 
0.988844 
0.994326 
0.993139 

1. 
0.522723 
0.363447 
0.280544 
0.229053 

0.193774 

0.148369 
0.132863 
0.120310 

0.168022 

0.101216 
0.087 37 1 
0.076866 
0.068621 
0.06 1976 

0.049902 
0.025289 
0.012733 
0.006390 

-~ 

2. 
0.631111 
0.16a103 - 0.08 7237 

-0.254110 

-0,373261 
-0,463190 
-0.533727 
-0.590657 
-0.637637 

-0.71094 
-0.76509 
-0.80712 
-0.84063 
-0.86797 

-0.91846 
- 1.0248 
-1.081 
-1.11 

9. 
3.245089 
2.729464 
2.747829 
2.886290 

3.035452 
3.187182 
3.327676 
3.45521 
3.57016 

3.76697 
3.92777 
4.06076 
4.1'724 
4.2670 

4.4513 
4.879 
5.1 
5. 
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p 3  ( p o i n t s )  or b3 (con tou rs )  

Fig.  1. Values o f  t h e  moments p 3  and p4 of t h e  Weibul l  D i s t r i b u t i o n  
superposed on t h e  90% s i g n i f i c a n c e  contours o f  t h e  b i v a r i a t e  rnornents f o r  
t h e  Normal D i s t r i b u t i o n ,  F igures on t h e  contours a re  t h e  sample s i z e  from 
t h e  Normal D i s t r i b u t i o n .  F igures on t h e  p o i n t s  a re  t h e  values o f  t h e  
We ibu l l  exponent m. The upper branch o f  t h e  curve has n e g a t i v e  skewness. 
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w i l l  be a f u r t h e r  set  of  contours r e l e v a n t  t o  the u n c e r t a i n t y  i n  de te r -  
m i n i n g  t h e  b3 and b4 values f rom a f i n i t e  sampling. C l e a r l y ,  f o r  m near  
4, ex t remely  l a r g e  samplings ( n  > 1000) would be r e q u i r e d  t o  d i s t i n g u i s h  
between t h e  Weibul l  and Normal d i s t r i b u t i o n s ,  Th is  i s  t h e  problem y e t  
t o  be so lved:  How l a r g e  a sampling i s  r e q u i r e d  t o  d i s t i n g u i s h  between 
t h e  two d i s t r i b u t i o n s ?  

normal i zed c e n t r a l  moments as ca7 cul a t e d  by t h e  asyniptot i  c s e r i  es. The 
terms have been c a l c u l a t e d  and summed ( S 8 )  t o  t h e  e i g h t h  o rder  and an 
e x t r a p o l a t i o n  formula has been used t o  es t ima te  t h e  sum t.o i n f i n i t e  
o r d e r  (Sa). We n o t e  i n  pass ing t h a t  w h i l e  t h e  c e n t r a l  rnonients approach 
z e r o  a s  m tends t o  i n f i n i t y ,  t h e  normal ized  c.entra1 moments do not. 

F i n a l l y ,  i n  Table 3 we present  "bes t "  va lues o f  t h e  q u a n t i t i e s  o f  
Tables 1 and 2 t r u n c a t e d  t o  s i x  decimal p laces  where these a re  known. 
I n  reg ions  of weakest ove r lap  between t h e  values c a l c u l a t e d  from t h e  
r - f u n c t i o n  t a b l e  and t h e  asympto t ic  se r ies ,  o n l y  f o u r  and f i v e  decimal 

I n  Table 2 we supply f o r  se lec ted  rn-values t h e  t h i r d  and f o u r t h  

Table 2, Normalized moments o f  t h e  Weibul l  Dis- 
t r i  b u t i o n  f o r  va r ious  va lues o f  t h e  exponent 
m c a l c u l a t e d  f rom t h e  asympto t ic  s e r i e s  t o  
e i g h t h  o rder  ( S s )  and w i t h  t h e  c o r r e c t i o n  

t e r m  added (S,) 

m Order $3 $4 

10 SB -0.6 
sa -0,6378 

20 S 8  -0.8678 
S, -0.8679 65 

50 s8 - 1 0248 
sa -1.0248 53 

4. 
3.6 

4.3 
4.267 

4.8779 
4.8777 8 

100 SB -1.0810 737 5.1234 5 
S, -1.0810 7376 0 5.1234 456 

200 st3 -1.1100 166 5.2591 46 
s, -1.1100 1656 9 5.2591 4541 

5 00 s8 -1.1276 6270 6 5.3427 698 
s, -1.1216 6270 6 5.3427 6980 1 

m -1,1395 4710 0 5.4000 0000 4 
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Table 3. "Best"  va lues f o r  t h e  normal ized  moments and 
assoc ia ted  q u a n t i t i e s  o f  t h e  Weibu l l  D i s t r i b u t i o n  f o r  

v a r i o u s  va lues o f  t h e  exponent rn 

6 
7 
8 
9 

10 

12 
1 4  
16 
18 
20 

25 
50 

100 
2 00 
5 00 

03 

1. 
0.8929 80 
0.9064 02 
0.9181 69 

0,9277 19 
0.9354 38 
0.9417 43 
0.9469 65 
0.9513 51 

0.9582 86 
0.9635 10 
0,9675 80 
0.9708 38 
0.9735 04 

0.9784 38 
0.9888 44 
0.9943 26 
0.9971 39 
0.9985 50 
1. 

1. 
0.3634 47 
8.2805 44 
0.2290 53 

0.1937 74 
0.1680 22 
0.1483 69 
0.1328 63 
0.1203 10 

0.1012 16 
0.0873 71 
0.0768 66 
0.0686 21 
0.0619 76 

0.0499 02 
0.0252 89 
0.0127 33 
0.0063 90 
0.0025 61 
0. 

2. 
0.1681 03 

-0.0872 37 
-0.2541 10 

-0.3732 61 
-0.4631 90 
-0.5337 27 
-0.5906 57 
-0.6376 37 

-0,7107 4 
-0.7650 9 
-0.8071 2 
-0.8406 3 
-0.8679 65 

-0.9184 55 
-1.0248 53 
-1.0810 74 
-1.1100 17 
-1.1276 63 
-1.1395 47 

9. 
2.7294 64 
2.7478 29 
2.8802 90 

3.0354 52 
3.1871 82 
3.3276 76 
3.4552 1 
3.5701 6 

3.7669 7 
3,9277 7 
4.0607 6 
4. I724 
4.2670 

4.4528 
4.8777 82 
5.1254 46 
5.2591 45 
5.3427 70 
5.4000 00 

p laces  are  determinable,  More e x t e n s i v e  t a b l e s  w i l l  be a v a i l a b l e  i n  t h e  
t o p i c a l  r e p o r t  under p repara t i on .  The e x t r a p o l a t i o n  formula c a r r y i n g  
t h e  p a r t i a l  sum s8 toward s, has no t  y e t  been bounded, so s i g n i f i c a n t  
f i g u r e s  made a v a i l a b l e  from t h i s  e x t r a p o l a t i o n  have been es t imated by 
comparison w i t h  t h e  d i r e c t  c a l c u l a t i o n  f rom t h e  r - f u n c t i o n s .  

Monte Car lo  means i s  now being s t u d i e d  under a subcont rac t  f o r  t h e  
Ceramic Techno1 ogy f o r  Advanced Heat Engi nes Program. 

A program t o  c a l c u l a t e  va lues o f  b, and b, f o r  f i n i t e  samplings by 

Impor tan t  f i  n d i  ngs and obse rva t i ons  

Our major  conc lus ions  as a r e s u l t  of these c a l c u l a t i o n s ,  no t  a l l  
demonstrated here, a re :  

1. The unnormal ized c e n t r a l  moments pn t e n d  t o  zero as ( l l m ) " .  
2. The normal ized  c e n t r a l  moments On = a re  a l l  f i n i t e  and are  

a l s o  nonvanish ing f o r  a l l  n > 2. 
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3. D i s c r i m i n a t i o n  between t h e  Normal and Weibul l  d i s t r i b u t i o n s  by a 
co -va r i  a n t  moment t e s t  wi 71 1 almost c e r t a i n l y  be d i  f f i  c u l t  un less 
sample s i z e s  are very l a r g e  (100s t o  1000s o f  data p o i n t s ) .  Th i s  
conc lus ion ,  o f  course, i gno res  d i s c r i m i n a t i o n  by F r a c t u r e  l o c a t i o n  
o r 9  e q u i v a l e n t l y ,  volume e f f e c t s .  

scheme appears u n p r o f i t a b ? e  because o f  the r e l a t i v e  s i z e  o f  t h e  
moments as t h e i  r o rde r  n increases, 

4. Representat ion o f  t h e  bdei b u l l  d i  s t r i  b u t i o n  w i  t h i n  t h e  Pearson 

A t o p i c a l  r e p o r t  p r e s e n t i n g  these r e s u l t s  i s  i n  p repara t i on .  
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3.8 DATA BASE AND LIFE P R E D I C T I O N  

INTRODUCTION 

Th is  p o r t i o n  o f  t h e  p r o j e c t  i s  i d e n t i f i e d  as p r o j e c t  element 3 
w i t h i n  t h e  work breakdown s t r u c t u r e  (WBS). It con ta ins  f i v e  subelements, 
i n c l u d i n g  (1) S t r u c t u r a l  Q u a l i f i c d t i o n ,  ( 2 )  Time-Dependent Behavior, 
(3 )  Environmental E f f e c t s ,  (4)  F r a c t u r e  Mechanics, and ( 5 )  Mondestruct ive 
E v a l u a t i o n  (NDE) Development. Research conducted d u r i n g  t h i s  p e r i o d  
i n c l u d e s  a c t i v i t i e s  i n  subelements ( l ) ,  (2),  and (3). Work -in t h e  
S t r u c t u r a l  Q u a l i f i c a t i o n  subelement i n c l u d e s  p r o o f  t e s t i n g ,  c o r r e l a t i o n s  
w i t h  NDE r e s u l t s  and m i c r o s t r u c t u r e ,  and a p p l i c a t i o n  t o  components. Work 
i n  t h e  Time-Dependent Behavior  subelement i n c l u d e s  s t u d i e s  of f a t i g u e  and 
creep i n  s t r u c t u r a l  ceramics a t  h igh  temperatures. Research i n  t h e  
Envi ronmental E f f e c t s  subelement i n c l u d e s  s tudy o f  t he  long- te rm e f f e c t s  
o f  o x i  d a t i o n ,  co r ros ion ,  and e r o s i  on on t h e  mechani c a l  p r o p e r t i e s  and 
m i c r o s t r u c t u r e s  o f  s t r u c t u r a l  ceramics, 

element i n c l u d e s  (1) exper imenta l  l i f e  t e s t i n g  and m i c r o s t r u c t u r a l  ana ly -  
s i s  o f  Si,N!, and Sic ceramics, ( 2 )  t ime- temperature s t r e n g t h  depen 
S i  ,N4 ceramics, and (3) s t a t i c  f a t i g u e  behav io r  o f  PSZ ceramics. 

Ma jor  o b j e c t i v e s  o f  research i n  t h e  Data Base and L i f e  P r e d i c t i o n  
p r o j e c t  element a re  understandi  ng and appl i c a t i  on o f  p red i  c t i  ve made1 s for 
s t r u c t u r a l  ceramic mechanical r e l i a b i l i t y ,  measurement techniques f o r  
1 ong-term inechani c a l  p r o p e r t y  behav io r  i n  s t r u c t u r a l  ceramics, and phys i ca l  
unders tand ing  o f  t ime-dependent mechanical f a i l u r e .  Success i n  meet ing 
these  o b j e c t i v e s  will prov ide  U.S. companies w i t h  the t o o l s  needed f o r  
a c c u r a t e l y  p red i  c t i  ng t h e  mechanical re1 i ab i  1 i t y  o f  ceramic heat  engi ne 
components, i n c l u d i n g  t h e  e f f e c t s  o f  a p p l i e d  s t ress ,  t ime,  temperature, 
and atmosphere on t h e  c r i t i c a l  ceramic p r o p e r t i e s .  

The research conten t  o f  t h e  Data Base and L i f e  P r e d i c t i o n  p r o j e c t  



118 

3.2 TIME-DEPENDENT BEHAVIOR 

3.2.1 Time-Dependent Behavior 

Charact sri z a t  i on of T x m s  f orrmti on -Toughened Ceranri cs 
L. 3 .  Schioler (Army Materials and Mechanics Research Cen te r )  

Object i vc/scope _______ .... _____ 

Because of their unusual combination o f  properties, transforma- 
tion toughened mirconias ( T U )  are leading candidates f o r  cylinder 
liners, piston caps, head plates, valve seats and ottjer corriponents 
for the adiabatic engine, 
systems and as such, they  a re  likely to be susceptible at overageing 
and loss o f  strength at lorig times ai; h i g h  temperatures (i.e-, close 
ta the age hardening temperatures). 
with its likely negative impact on materials performance was identi- 
fied as a critical area of ignorance in the preliminary technology 
assessment on ceramics f o r  diesel engines previously prepared by 
AMMRC. Accordingly, a t a s k  was initiated t a  a )  define t h e  extent and 
rriagnitude o f  the overageing (if any) and b )  develop toughened ceramic 
alloy systems which would not be susceptible to overageing ai temper-, 
atures which may be encountered in advanced diesel engines (lOOOC - 
1200C). Figure 1 gives an overview o f  the objective and approach of 
these two tasks. Note Lhat in-house as well a s  contractural efforts 
a r e  involved. 

These materials age-hardened ceramic a1 loy 

The possibility o f  overaging 

Technical Progress .. . . . . .- 

(Ariiiy Materials and Mechanics Research Center) 

Analysis o f  the second generation of TTZ and University o f  
Michigan zirconia toughened alumina (Ti!,) materjals is nearing 
completion. 
Preliminary results indicate that t h e  fracture origins are processing 
defects or mach in i ng damage 

Fractography o f  the >300 breaks is proceeding well. 

SR and STSR of the U. Mich. ZTAs is coinplete; analysis i s  
proceeding. Tests of the second generation materials nas ueen 
initiated. These tests will not be completed until well into 1985 
as only three furnaces are avai latile. 

Status o f  milestones 

(Army Materials and Mechanics Research Center-) 

A search for appropriate Japanese materials t o  examine i n  1985 
is under way. 
and for the machining has been delayed as 1985 funds have not yet 
arrived. 

Submission of the purchase requests f o r  the materials 

The annual report is delayed in order to include t he  results u n  
the second generation '1'7'Zs and ZTAs. 
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FIGURE 1 

TOUGHENECI CERAMICS 

SUBTASK I - A G I N G  S T U D I E S  OF i T Z  I- 
P . I . .  1. SCHIOLER - AMhlHC 

OBJECTIVE:  DEFINE f X T E N l  OF AGING PHENIOMfNA. I F  ANY 

APPQOACH.  PHASE I - EXPO$[ COUPONS FOR VARIOUS 1 - r  AND EVALUATE C+ANCES 

IN: - PHASE C O N l E N T  . OENSITY 
- iil I C R 0 S TRUCTU RE . K I C  
- D I M E N S I O N 5  - E  

?HA% 1 1  - EVALUATE MOR AND FAILUQE MODE AFiER EXPOSURE 

SU3TASK I1 - TOUGHENED Al?Og 3ASED CERAhlICS 

P . I . .  ?ROF TlEN - I J N I V E I I S I I Y  GF M I C H I G A N  

OBJECTIVE: 

APPROACH. 

DEVELOP OViRAClNC RESISTANT ALLOY SYSTEMS I U P  TO lZ@Cl 

SCXfEX A lZOyCr?O)  . ZfOZ!HfO2 ALLOY S Y S T E M S  

SCREEN MULLITE . LrGZiHIO! ALLOY SYSTEMS 

E V A L U A T E  IN TYIO PHASES A S  I U  s u g r A S K  I 
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Tim-Ternperaturs Dependence of Advanced C a ~ a m i c s  
6. D. Quinn (Army Materials and Mechanics Research Center) 

GbjectivejScope: 

Stepped temperature s t r e s s  rupture (STSR) t e s t ing  and 1 imi ted 
supplemental standard s t r e s s  rupture ( S R )  t e s t s  a re  performed t o  
obtain a preliminary evaluation of strength retent ion with time under 
load a t  var ious  temperatures f o r  new high performance ceramics. 

.___I Technical Progress: 

Testing has continued w i t h o u t  in terrupt ion and a l l  equipment i s  
functioning smoothly. New high temperature flexural f i x tu re s  t h a t  
have ro l l ing  load bearings a re  i n  use. 
increasing the operational capab i l i t i e s  of the Mechanical Behavior 
and  Testing Branch from three t o  s i x  furnaces. 
e ight  furnaces in the Ceramics Research Division have been allocated 
to  t h i s  task.  

Some e f f o r t  was expended in 

In  the meantime, 

TWO materials were tes ted d u r i n g  this  s i x  month  period: 
University of Michigan s i l iconized s i l i con  carbide and Ford s intered 
s i l i con  n j t r i d e ,  grade RM-20. Technical highlights are  described 
below. 
Reports Branch f o r  the former mater ia l ,  b u t  a decision whether t o  
document the RM-20 r e su l t s  has n o t  been made. 

A report  has been writ ten and delivered t o  the Technical 

The University o f  Michigan s i l iconized s i l icon  carbide material 
A polymer precursor l’s carbon- was developed by Professor E .  Hucke. 

ized to  form a very f ine  carbon skeleton which i s  then i n f i l t r a t e d  
by s i l i con .  The basic premise of t h i s  approach i s  t ha t  since strength 
often scales  i n  d i r e c t  proportion t o  microstructure s i z e ,  then a very 
f ine  microstructure will lead t o  h i g h  s t rength .  This object.ive has 
been demonstrated since the AMMRC measured f a s t  f rac ture  strength i s  
680 MPa, higher than any other form of s i l iconized Sic.  High temp- 
e ra ture  t e s t ing  indicates  this material had excel lent  oxidation, s t a t i c  
fa t igue arid creep resis tances .  
h i g h  s t r e s ses  g t  12G0°C and above. 
hours) a t  1200 C and 450 MPa. 
due in par t  t o  multiple flaw populations and microstructural non- 
uniformity. 
low inherent f rac ture  toughness ( 2 . 5  MN/m of t h i s  material - 
Attempts t o  fabr ica te  stronger material will  n o t  l i ke ly  succeed since 
machining damage (incurred despi te  very careful preparation) will  be 
l imit ing.  Increased microstructural uniformity should be a goal e 

This material has been ahle t o  sustain 

Unfortunately, strength s c a t t e r  i s  high, 

Surface layer  i r r e g u l a r i t i e s  a so a re  of concern as i s  the 

One tr- ial  i s  s t i l l  underway (4500 
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The Ford RM-20 s intered s i l i con  n i t r i d e  i s  being developed as a 
possible AGT inaterial and i s  addi t ional ly  s la ted  .for detai led studies 
i n  the Life Prediction Methodology Task VI. 
specimens was received and a truncated t e s t  sequence was performed. 
STSR t es t ing  revealed a s ign i f icant  strength loss  from room t o  1000°C 
although no catastrophic i n s t a b i l i t y  occurred. Additional strength 
lossgs and niediocre creep and s t a t i c  fatigue resis tance a t  1200O a n d  
1300 C indicate  fur ther  material development i s  necessary. 

A very small l o t  o f  

GTE 'rlesgo SNW-1000 grade of s intered s i l i con  n i t r i d e  was received 
and flexural specimens prepared. Testing was terminated a f t e r  i t  was 
determined t h a t  room temperature strength was t o o  low because o f  a 
processing problem. Drepared by GTE t o  replace the 
unrepresentative l o t .  
projected. T h i s  material i s  a lso a candidate f o r  fur ther  s tudies  in 
Task VI, Life Prediction Methodology, and has been chosen for  I E A  round 
robin tes t ing  a c t i v i t i e s .  

A new l o t  i s  being 
A three m o n t h  delay i s  our tes t ing i s  therefore 

Lucas Syalop, hea.t engine grade, has beenwceived and flexure 
specimens a re  being prepared. 
i s  on order. 

Kyocera s intered s i l icon  n i t r ide  SN-220 

-_ Milestones: 

University of Michigan s i l iconized Sic tes ted ,  evaluated and a 
report  wri t ten.  

Ford RN-20 eval uated. 

Lucas Syalon procured. 

GTE Wesgo SNW-1000 procured and tes ted .  Testing suspended due 
t o  unrepresentative l o t .  

GTE A4-6 r e su l t s  pub1 ished. 

.... Pub1 icat ions:  

1 .  "S ta t i c  Fatigue of a Sintered Sil icon Nitr ide" ,  AMMRC Tech- 
nical report .  TR84-40, dated October, 1984 was released in April 1985. 

2 .  "Mechanical Property Eva1 uation a t  Elevated Temperature fo r  
Sintered Beta Sil icon Carbide." This report  has been prepared as an 
AMMRC Technical Report, b u t  will a l so  be submitted t o  Elsevier Pub- 
l i ca t ions  fo r  t h e i r  High  Technology Ceramics Journal. 

3. "S ta t i c  Fatigue for  a Siliconized Silicon Carbide" has been 
sent  t o  AMMRC's Technical Report Department. 
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Fracture Behavior of Toughened Ceramics 
P. F. Becher and J. C. Ogle (Oak Ridge Na t iona l  Labora to ry )  

Object1 ve/scope 

Because o f  t h e i  r excel  1 e n t  toughness, ox ide  ceranii cs  such as p a r t i  a1 l y  
s t a b i l i z e d  z i r c o n i a  (PSZ),  d ispers ion- toughened alumina (DTA), and whisker-  
r e i n f o r c e d  cerdmi cs a re  pr ime candidates f o r  many d i e s e l  engine components. 
The enhanced toughness o f  t h e  PSZ and DTA m a t e r i a l s  i s  thought  t o  be due 
t o  a s t ress - induced  t r a n s f o r m a t i o n  ( o f  t h e  d i spe rsed  phase), which r e q u i r e s  
a d d i t i o n a l  energy i n  o rde r  f o r  c a t a s t r o p h i c  f r a c t u r e  t o  occur. However, 
t h e s e  m a t e r i a l s  a re  s t i l l  s u s c e p t i b l e  t o  slow crack growth and thus  s t r e n g t h  
degrada t i  on. A1 so, t h e r e  i s  1 i m i  t e d  ev i  dence t h a t ,  a t  temperatures above 
700°C,  ti me-dependent agi  ng e f f e c t s  can reduce t h e  concent r a t  i on o f  t h e  
phase i n v o l  ved i n  t h e  t r a n s f o r m a t i  on process, l e a d i n g  t o  s i  gn i  f i  can t  
losses i n  toughness and s t reng th .  Again, it i s  e s s e n t i a l  t h a t  mechanisms 
r e s p o n s i b l e  f o r  both t h e  slow crack growth and aging behav io r  be w e l l  
understood. S i m i l a r l y  t h e  toughening behavior  i n  w h i s k e r - r e i  n f o r c e d  cera-  
m i  cs and t h e i  r h i  gh-temperature performance must be eva lua ted  in orde r  t o  
develop m a t e r i a l s  f o r  p a r t i c u l a r  a p p l i c a t i o n s .  

I n  response t o  t h i s  need, s t u d i e s  have been i n i t i a t e d  t o  examine 
tsugheni  ng and f a t l  gue p r o p e r t i e s  of PSZ, DTA, and whi s k e r - r e i  n f o r c e d  
m a t e r i a l s .  P a r t i c u l a r  emphasis has been p laced on understanding t h e  e f f e c t  
o f  m i c r o s t r u c t u r e  upon processes r e s p o n s i b l e  f o r  t ime-dependent v a r i a t i o n s  
i n  toughness and h i  gh-temperature s t reng th .  I n  a d d i t i o n ,  fundamental 
i n s i  g h t  i n t o  t h e  SI ow crack growth behavior  assoc ia ted  w i t h  these 
m a t e r i  a1 s i s  bei ny obtained. 

Touyheni ng by wh iske r  r e i  nforcement ~- 

Studies  o f  t h e  toughening behavior  o f  alumina ceramics r e i n f o r c e d  by 
s i  n g l e - c r y s t a l  S i c  whiskers revea led  t h a t  t h e  p r imary  tuugheni ny mode can 
be a l t e r e d .  I n i t i a l  r e s u l t s  showed t h a t  crack d e f l e c t i o n  by t h e  whiskers 
was t h e  p r imary  toughening mechanism (Fig. 1).l I n  t h i s  case t h e  i nc reased  
toughness s a t u r a t e s  a t  S i C  whisker  volume f r a c t i o n s  ( V f )  o f  0.2 t o  0.3. 
The f r a c t u r e  toughness ( K ~ c )  l e v e l  a t  which s a t u r a t i o n  occurs increases 
w i t h  i n c r e a s i n g  whisker  l e n g t h  (1)  t o  r a d i u s  ( r )  r a t i o W 2  However, whisker  
p u l l  out  can be promoted by l o w e r i  ng t h e  f i  ber-mat r i  x i n t e r f a c i  a1 shear 
s t r e n g t h  ( ~ j ) ,  by decreasi f ig t h e  whAsker l eng th ,  o r  by i n c r e a s i n g  t h e  
f r a c t u r e  s t r e n g t h  of t h e  whisker  (o f ) .  The magnitude o f  T i  w i l l  be d e t e r -  
mined d u r i n g  p u l l o u t  by t h e  r a d i a l  s t r e s s  on t h e  f i b e r - m a t r i x  i n t e r f a c e  
( a r )  and t h e  s t a t i c  c o e f f i c i e n t  o f  f r i c t i o n  (ps) o f  t h e  i n t e r f a c e .  The 
r a d i a l  s t r e s s  r e s u l t s  From t h e  d i f f e r e n c e  between t h e  thermal expansion 
c o e f f i c i e n t  of t h e  whisker  (aw) and m a t r i x  (arn) and i s  i n t r o d u c e d  d u r i n g  
p o s t - f a b r i c a t i o n  cooling. When aW > am, crr i s  t e n s i l e ;  T i  w i l l  be very 
small and f i b e r  p u l l o u t  i s  promoted. This  is  t h e  case i n  the S i c - f i b e r -  
r e i n f o r c e d  LAS and g lass  ma t r i ces ,  Fig. 1, where T j  i s  - 2  MPa ( i .e.,  -c i  + 

t h a t  t h e  whisker  i s  e f f e c t i v e l y  clamped by t h e  g r e a t e r  c o n t r a c t i o n  o f  t h e  
m a t r i x  and T i  i s  increased. On t h e  bas i s  of t h i s  a n a l y s i s  one can see 

0) ( re f .  3). 
I n  t h e  case o f  t h e  alumina m a t r i x ,  aril > aw and or i s  compressive so 



124 

K% 
M P a f i  

F i g .  1. 

QRNL-DWG 84.12409 

F I B E R  P U L L O U T :  
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V O L U M E  FRACTiQN OF WHISKERS/FIBERS 

Tougheni ng behavi o r  i n  cerami cs r e i  n fo rced  w i t h  S i  C whiskers 
and f i b e r s .  Data f o r  and observa t ions  w i t h  c o n t i n u o u s - S i C - f i b e r - r e i n f o r c e d  
ceramics i n d i c a t e  t h a t  f i b e r  p u l l o u t  i s  t h e  pr imary  mode o f  toughening. 
However, i n  S iC-wh isker - re in fo rced alumina, i n i t i a l  r e s u l t s  i n d i c a t e d  t h a t  
c rack  d e f l e c t i o n  by t h e  whiskers was t h e  pr imary  toughening process. 
Changes i n  wh isker  p r o p e r t i e s  and c h a r a c t e r i  s t i  cs (especi  a1 l y  whi sker  
1 ength)  and -i n t e r f a c i  a1 shear s t r e n g t h  can be u t i  1 i zed t o  enhance tuuyhen- 
i ng by wh isker  p u l l o u t ,  

t h a t  changing t h e  m a t r i x  t o  i n f l uence  t h e  va lue o f  (aW - an,) can s i g n i  f i  - 
c a n t l y  a l t e r  t h e  c o n t r i b u t i o n  of whisker  p u l l o u t .  Th is  a n a l y s i s  o f  T i  

assumes t h a t  no cherxi c a l  bondi ng occurs a t  t h e  f i  be r -ma t r i  x i n t e r f a c e  so 
t h a t  T i  i s  dominated by 7) and CT,-@ I n  f a c t  f o r  composites where improve- 
ments i n  toughness by whisker  p u l l o u t  a re  sought, one wants t o  avo id  
s i g n i f i c a n t  chemical bonding a t  t h e  P ibe r -ma t r i x  i n t e r f a c e  because T C ~  w i l l  
i ncrease. 

I n  composites where am > aWs one can decrease t h e  wh isker  l e n g t h  (1)  
and promote toughening by p u l l o u t .  Th is  O C C I U ~ S  because s t r e s s i n g  a whisker  
c r o s s i n g  t h e  crack p lane r e s u l t s  i n  an i nc rease  i n  t e n s i l e  s t r e s s  i n  t h e  
wh isker  as a f u n c t i o n  o f  d i s tance  from t h e  crack plane. When 1 2 lC, t h e  
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t e o s i l e  s t r e s s  a c t i n g  on t h e  wh isker  exceeds t h e  wh isker  f r a c t u r e  s t r e n g t h  
(of). F r a c t u r e  o f  t h e  wh isker  r a t h e r  than p u l l o u t  occurs then f o r  1 d; 
I C *  By reduc ing  1 t o  va lues below l,, p u l l o u t  i s  promoted and g r e a t e r  
toughness i s  achieved. 

S tud ies  o f  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  p a r t i c u l a r l y  a t  e leva ted  
t e s t  temperatures on t h e  mechani c a l  p r o p e r t i e s  o f  a1 umi na r e i n f o r c e d  w i t h  
20 vol % S i c  whiskers w i t h  and w i t h o u t  d e n s i f i c a t i o n  a d d i t i v e s  were i n i -  
t i a t e d .  The i n i t i a l  r e s u l t s  ob ta ined  a t  room temperature are  g i ven  i n  
Table 1. B r i e f l y  these r e s u l t s  revea l  t h a t  t h e  hardness a's decreased w i t h  
t h e  use o f  t h e  MgO and Y,O, a d d i t i v e s .  
s t r e n g t h  i n  sample SCW-60-1, Table 1, may no t  be s o l e l y  a r e s u l t  o f  t h e  
a d d i t i v e s ,  a l though t h e  Y20, r e s u l t s  i n  fo rma t ion  of a t  l e a s t  Y,A1,O1, 
second-phase reg ions  t h a t  cou ld  a c t  as f l aws  o r  de fec ts .  I n  a d d i t i o n ,  
though, l a r g e  py ro l yzed  remanents o f  t h e  r i c e  h u l l s  from t h e  S i c  whisker  
growth a re  found i n  t h e  composites and o f t e n  a c t  as f a i l u r e  i n i t i a t i o n  
s i t e s .  One can see t h a t  t h e  composites c o n t a i n i n g  t h e  Mg0 and Y,O, 
a d d i t i v e s  a p a r e n t l y  exhi  b i t  some anomalous dependence o f  KIC on s t r e s s i n g  

The lower  f l e x u r a l  f r a c t u r e  

r a t e s  a t  room + emperature. Test r e s u l t s  a t  1000°C are  be ing  evaluated. 

Transformation-Touahened PSZ 

Stud ies  o f  t h e  change i n  t h e  mechanical p r o p e r t i e s  o f  a PSZ ceramic 
as a r e s u l t  o f  exposure t o  an a p p l i e d  f l e x u r e  s t r e s s  f o r  tip t o  1000 h a t  
temperatures o f  up t o  1000°C were r e c e n t l y  completed. P r e v i o u s l y  i t  was 
shown t h a t  when sub jec ted  t o  an a p p l i e d  s t r e s s  e q u i v a l e n t  t o  60% o f  t h e  
f a s t  f r a c t u r e  s t r e n g t h  a t  a g iven  temperature (i.e., t = 0 h )  t h e  N i l s e n  
TS grade PSZ ceramic ( l o t  83-065) e x h i b i t s  a decrease i n  r e t a i n e d  f l e x u r e  
s t r e n g t h  ( a t  temperature)  w i t h  i n c r e a s i n g  exposure t i m e  a t  1000°C but  not 
a t  500°C.4 The current; r e s u l t s ,  Fig. 2, i n c l u d e  t h e  changes i n  r e t a i n e d  
s t r e n g t h s  a t  tempera ture  observed f o r  exposure t imes o f  up t o  1000 h a t  
800OC. 

I n  comparing these data, f i r s t  n o t i c e  t h a t  t h e  i n c u b a t i o n  t i m e  f o r  
t h e  i n i t i a l  i nc rease  i n  r e t a i n e d  s t r e n g t h  (t > 24 h )  inc reases  as t h e  tem- 
p e r a t u r e  i s  decreased. Second, i t  appears t h a t  s t r e n g t h  changes a re  no t  
o c c u r r i n g  a t  500OC. 

A f t e r  t h e  i n i t i a l  s t reng then ing  e f fec ts ,  t h e r e  i s  an assoc ia ted  
decrease i n  t h e  r e t a i n e d  s t r e n g t h  w i t h  i nc rease  i n  exposure t ime. 
F i n a l l y ,  a f t e r  a 1000-h exposure, t h e  r a t i o  of t h e  r e t a i n e d  s t r e n g t h  t o  
t h a t  a f t e r  t h e  24-h exposures inc reases  froin 0.82:l  t o  1:1 as t h e  tem- 
p e r a t u r e  decreases, 

t h a t  t h i s  p a r t i c u l a r  l o t  o f  PSZ m a t e r i a l  e x h i b i t s  mechanical s t reng ths  
t h a t  a re  q u i t e  s t a b l e  f o r  l o n g  pe r iods  o f  exposure t o  temperatures up t o  
a t  l e a s t  5 U O O C  and t o  a p p l i e d  s t resses  up t o  60% o f  t h e  f a s t  f r a c t u r e  
s t reng th .  For many a p p l i c a t i o n s  t h i s  c h a r a c t e r i s t i c  s t a b i l i t y  of t h e  
mechani cal p r o p e r t i e s  i s  c r i t i c a l  , 

tempera ture  - e i t h e r  w i t h  o r  w i t h o u t  an a p p l i e d  s t r e s s  - does no t  g i v e  a 
s u f f i  c i  e n t  assessment a f  t h e  ma te r i  a l  's performance, For example a t  
1000°C t h i s  PSZ would no t  l o o k  very promis ing,  bu t  a t  room temperature i t  

These r e s u l t s  can be used f o r  two purposes here. F i r s t  they i n d i c a t e  

Second, sc reen ing  o f  m a t e r i a l s  by s i m i l a r  t e s t i n g  b u t  a t  on l y  one 



Tab1 e 1. Mechani cal p r o p e r t i e s  o f  a? umi na composites c o n t a i  n i  ng 
20 vol % S i c  whiskers a t  22"C, 40% r e l a t i v e  humid i t y  

Mechanical p roper t i es  w i t h  m u l t i p l e  
c o n t r o l l e d  DPH indent (1.39 N load) 

flaws po l ished t e n s i l e  surface I HPA 
Mechanical p roper t i es  

F'exural fracture w i t h  po l i shed surfaces 
i HPA strength,  MPa 

w i t h  180 g r i t  
diamond surface Indent 

K (MPa fi) ground t e n s i l e  
surface 1 HPA 1a59 l o a d  

Stressing F ina l  f l aw  Fracture 

strength (MPa fi) 
f' ""@ toughness r a t e  rad ius  DPH 

Sample 

(MPa 1 (MPa/s 1 (mvn) ( GPa 1 

SCW-60- 1 472 ? 56 8.6 ? 0.6 17.20 f 0.98 9.3 x IO2 361 I 53 261 f 9 9.3 ? 1.1 
0.5 w t %  MgO 
2.0 w t %  Y293  
98.6% T.D. 

-1 x 102 7.9 ? 0.3 
222 ? J 7.0 I 0.5 3.3 x 292 ? 21 

F 
N swc-61-1 607 k 77 8.8 f 0.8 22.18 2 2.94 6.1 x lo2 262 ? 27 248 2 8 7.4 ? 0.3 m 

99.9% T.U. 
7.8 2 0.7 -1 x 102 

6.:  x 10-2 342 ? 128 240 !L 26 8.1 ? 1.5 
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F i g .  2. S t reng th  changes occur when PSZ samples a re  sub jec ted  t o  a 
f l e x u r e  s t r e s s  f o r  v a r i o u s  exposure p e r i o d s  a t  temperatures g r e a t e r  t han  
500OC. Note t h a t  t h e  a p p l i e d  s t r e s s  used f o r  each t e s t  temperature i s  SO$ 
o f  t h e  f a s t  f r a c t u r e  s t r e n g t h  (t = 0 h). Retained s t r e n g t h s  a re  determined 
a t  t h e  same temperature as t h a t  used i n  exposing t h e  samples t o  an a p p l i e d  
s t  ress. 

has h i g h  f r a c t u r e  s t r e n g t h  and t o u g t i n e s ~ . ~  
t h e  response of t h e  i n a t e r i a l s  over a range a f  temperatures t o  a c c u r a t e l y  
d e s c r i b e  t h e i  r performance capabi 'li t i e s .  

Thus one needs t o  c h a r d c t e r i z e  
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Cyclic Fatigue of Toughened Cerumics 
K. C, L i u  and C. R. Brinkman (Oak Ridge Nat iona l  Labora tory )  

O b j e c t i  ve/scope 

The o b j e c t i v e  o f  t h i s  work i s  t o  develop a system o f  bend-free t e n s i l e  
l o a d  t r a i n  column capable o f  p e r f o r m i n g  t e n s i o n - t e n s i o n  dynamic f a t i g u e  i n  
u n i  a x i  a1 mode f o r  h i  gh-temperature s t r u c t u r a l  ceramics and o t h e r  b r i t t l e  
m a t e r i a l s .  A t t e n t i o n  i s  focused on two areas o f  research i n v o l v i n g  
(1) design, f a b r i c a t i o n ,  and demonstrat ion o f  a s e l f - a l i g n i n g  g r i p  housing 
and a l o a d  t r a i n  column assembly t h a t  can t r a n s m i t  t he  u n i a x i a l  l oad  
pass ing  through t h e  cen te r  o f  t he  specimen c r o s s - s e c t i o n  w i t h o u t  i n t r o -  
duc ing  bending s t resses ;  and (2) des ign and a n a l y s i s  o f  t e n s i l e  specimen 
geometry f o r  c y c l i c  f a t i g u e  t e s t i n g .  

Techni c a l  h i  gh l  i ghts  

Devel opment o f  se l  f -a1 i gni  ng g r i p  system 

Gas bear ings are used i n  some t e n s i l e  machines in tended f o r  s e l f  
a1 i gnment , and they  e l  i m i  na te  t h e  bendi ng o f  un i  a x i  a1 l y  loaded t e n s i  l e  
specimens, T h e o r e t i c a l l y  speaking, they  should work and serve t h e  purpose 
i f  they  opera te  under i d e a l  cond i t i ons .  
t h e  gap between t h e  two spher i ca l  bear ing  sur faces  must be un i fo rm and t h e  
l i f t i n g  pressure be a p p l i e d  u n i f o r m l y  over t h e  bear ing  area. 
a r e  t h a t  n e i t h e r  t h e  gap nor t h e  pressure d i s t r i b u t i o n  can be measured 
d i r e c t l y  t o  ensure proper  opera t ion .  Furthermore, i t  remains ques t ionab le  
whether t h e  gas bear ings w i l l  opera te  p r o p e r l y  under dynamic c y c l i c  
l oad ing ,  which i s  t he  major  mode o f  ope ra t i on  o f  i n t e r e s t  here. Lack o f  
r e l i a b l e  methods t o  m o n i t o r  t h e  performance was an impor tan t  reason why 
t h e  gas bear ings  were no t  se lec ted  i n  t h e  c u r r e n t  system design. Moreover, 
t h e  gas bear ings  a re  expensive,  and the  cos t  o f  ope ra t i on  i s  a l s o  high. 

The newly developed ORNL g r i p  system c o n s i s t s  o f  e i g h t  i n d i v i d u a l  
s u p p o r t i n g  mechanisms that  c a r r y  equal shares of t h e  l o a d  a p p l i e d  t o  t h e  
p u l l  rod. Because each o f  t h e  r e a c t i v e  loads can be measured d i r e c t l y  
w i t h  l o a d  t ransducers,  t h e  e c c e n t r i c i t y  o f  t h e  l o a d i n g  p o i n t  o f  t h e  
r e s u l t a n t  f o r c e  can be analyzed q u a n t i t a t i v e l y .  Good design v e r s a t i l i t y  
a l s o  perm i t s  an u n l i m i t e d  cho ice  o f  t e n s i l e  specimens, which can be e i t h e r  
rods  or  p7 ates.  

Performance was eval  uated f o r  t h e  se l  f -a1 i gn i  ng g r i  p housi ng w i t h  a 
s p e c i a l  l oad  a p p l i c a t o r  ins t rumented w i t h  s t r a i n  gages. Four se ts  o f  f u l l  
b r i d g e  c i r c u i t s  were used as l o a d  t ransducers  t o  m o n i t o r  t h e  d i s t r i b u t i o n  
o f  t he  r e a c t i n g  loads suppor ted by t h e  e i g h t  mechanisms b u i l t  i n  t h e  g r i p  
housing. The ou tpu ts  o f  t he  t o t a l  a p p l i e d  l o a d  and s t r a i n  gages were 
recorded c o n t i n u o u s l y  by a data a c q u i s i t i o n  system w h i l e  c y c l i c  l o a d i n g  
was being a p p l i e d  t o  t h e  g r i p  housing. To avo id  unconscious b ias  i n  t h e  
measur ing method and t o  balance out  i nhe ren t  e r r o r s  i n  t h e  measuring 
system, t h e  l o a d  appl  i c a t o r  was r o t a t e d  one-ei gh th  t u r n  success ive ly  
a t  each t e s t  run so t h a t  t h e  loads imposed on t h e  suppor t i ng  mechanisms 
were measured by d i f f e r e n t  b r i dge  c i r c u i t s .  The maximum o f f s e t  from t h e  

Two bas ic  requi rements a re  t h a t  

Drawbacks 
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l i n e a r i t y  between t h e  a p p l i e d  l o a d  and s t r a i n  gage ou tpu ts  was l e s s  than 
0.5% f o r  a f u l l - s c a l e  l o a d i n g  o f  5000 l b .  A t y p i c a l  d i s t r i b u t i o n  o f  t h e  
d i v i d e d  loads was measured t o  be 624.26, 624.49, 627.889 623.17, 624.64, 
624.61, 524.9, and 626.05 l b ,  r e s p e c t i v e l y ,  on each o f  t h e  e i g h t  sup- 
p o r t i n g  subsystems, The maximum d e v i a t i o n  f r o m  t h e  average va lue o f  
625 l b  was 0.46%, On t h e  bas is  o f  these t e s t  d a t a ,  t h e  e c c e n t r i c i t y  o f  
t h e  r e s u l t a n t  l o a d  was c a l c u l a t e d  t o  he l e s s  t h a n  0.001 in .  f o r  a f i r s t  
c a l i b r a t i o n  t e s t  and l e s s  than 0.0006 in .  i n  t h e  second c a l i b r a t i o n  t e s t .  
A matching se t  of t h e  g r i p  housing f o r  t h e  l cwer  g r i p  and a complete se t  
o f  t h e  p u l l  rod  assembly a re  now being f a b r i c a t e d  f o r  a f i n a l  e v a l u a t i o n  
t e s t .  

Ana lys i s  o f  t e n s i l e  f a t i g u e  specirnexa 

S t ress  analyses were performed f o r  a dog-bone-shaped t e n s i l e  specimen 
( F i g .  1) by us ing  a f i n i t e - e l e m e n t  a n a l y s i s  technique. Shown a l s o  i n  
Fig.  1 i s  a f i n i t e - - e l e m e n t  g r i d  f a r  t h e  f o u r t h  quadrant o f  t h e  specimen. 
Yo avo id  ab rup t  changes i n  s t ress ,  t h e  t r a n s i t i o n  between t h e  u n i f o r m  gage 
s e c t i o n  and t h e  specimen shank i s  blended smoothly w i t h  a d o u b l e - f l e x u r e  
e l l i p t i c a l  f i l l e t  hav ing a major- to-minor  d iameter  r a t i o  o f  4. The analy-  
ses were made f o r  speciiiiens i n  t h e  shape o f  a s o l i d  rod  as well as t h a t  of 
a f l a t  p l a t e  assumed t o  have the  same p r o f i l e  and t o  use t h e  same f i n i t e -  
element g r i d ,  

Resu l t s  o f  t h e  s t r e s s  analyses are suriiinarized i n  Figs. 2 and 3, 
F i g u r e  2 shows t h e  d i s t r i b u t i o n  o f  d imensionless t e n s i l e  s t r e s s  under 
e l a s t i c  loading,  Four curves numbered from 1 t o  4 d e l i n e a t e  the change o f  
t h e  t e n s i l e  s t r e s s  a long f o u r  rows o f  %he g r i d  elements l a b e l e d  accord- 
i n g l y  f rom t h e  row next  t o  t h e  cen te r  l i n e  toward t h e  outs ide.  F a i l u r e  
t o  b r i n g  a l l  f o u r  curves i n t o  a s i n g l e  l i n e  i n d i c a t e s  t h a t  t h e  t e n s i l e  
s t resses  are n o t  i d e a l l y  u n i f o r m  i n  t h e  t r a n s i t i o n  sect ion.  However, t hey  
f a l l  reasonably c l o s e  t o  each o t h e r  i n  t h e  area in imediately o u t s i d e  t h e  
gage s e c t i o n  and somewhat apa r t  i n  t h e  s e c t i o n  between t h e  f l e x u r e  p o i n t  
and t h e  specimen shank. The s i t u a t i o n  i s  i m r e  pronounced, b u t  o n l y  
s l i g h t l y  so, i n  t h e  p l a t e  specimen compared w i t h  t h a t  i n  t h e  rod specimen. 
The nonun i fn r rn i t y  o f  t h e  s t r e s s  d i s t r i b u t i o n  i n  t h e  lovier s t r e s s  range i s  
n o t  impor tan t  here. The s t r e s s  r i s e s  i n  t h e  o u t e r  elements ad jacen t  t o  
t h e  end o f  t h e  gage s e c t i o n  i s  about 1% f o r  t h e  rod  specimen and about 2% 
f o r  t h e  p l a t e  specimen. I n  both cases, t h e  s t r e s s  c o n c e n t r a t i o n  no rma l l y  
o c c u r r i  ng a t  t h e  j u n c t i o n  between the gage s e c t i o n  and s h o r t  c i  rcular 
t r a n s i t i o n  f i l l e t  i s  v i r t u a l l y  e l im ina ted ,  

E l  a s t i  c - p l a s t i  c analyses were performed f o r  t he  same specimen 
geometry, and t h e  r e s u l t s  a re  summarized i n  Fig .  3. Only t h e  elements 
f a l l i n g  between t h e  f l e x u r e  p o i n t s  were loaded p l a s t i c a l l y .  No s i g n i f i -  
can t  changes are observed i n  t h e  s t r e s s  p a t t e r n  due t o  t h e  r e d i s t , r i b u t i o n  
o f  i n e l a s t i c  s t resses  developed i n  t h e  p l a s t i c a l l y  deformed elements. 
Hence, no s i  gn i  f -i can t  new i nfo r i i i a t i  on was gai  ned, 

s i g n i f i c a n t  s t r e s s  r i s e r  w i l l  occur i n  t h e  dog-bone-shaped t e n s i l e  f a t i g u e  
specimen p rov ided  the  t r a n s i t i o n  between t h e  uni  foriii gage and shank i s  
blended smoothly by us ing  a d o u b l e - f l e x u r e  e l l i p t i c a l  f i l l e t  w i t h  a major-  
to-minor  diameter r a t i o  o f  4 or higher .  

I n  suminary , t h e  above f i  n i  t e - e l  ernent. analyses i ndi  c a t e  t h a t  no 
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Sta tus  o f  m i  1 estones 

321401 Complete des ign  f a b r i c a t i o n ,  i n s t a l l a t i o n ,  and i n i t i a l  phase 
o f  e v a l u a t i o n  o f  t ens ion - tens ion  fa t l ’yue g r i p s  f o r  t e s t i n g  
advanced ceramic ma te r ia l s .  (Sept. 30, 1985) 

I n i t i a l  e v a l u a t i o n  has been coinpleted f o r  the t ens ion - tens ion  f a t i g u e  
grips,  and t h e  progress i s  on schedule, 

Communi c a t i o n s / v i  s i  t o r s / t r a v e l  

K. C. L i u  v i s i t e d  t h e  Nat iona l  Bureau o f  Standards and Naval Research 
Labora tory  i n  Washington, D.C- on November 20-21, 1985, f o r  d iscuss ions  
and an exchange o f  i n f o r m a t i  on concern ing specimen p repara t i on ,  sur face  
f i n i  shes, and exper imenta l  t echn i  ques o f  conduct1 ng  t e n s i  on- tens i  on dynami c 
f a t i g u e  t e s t i n g  o f  h i  gh-temperature cerarni cs. The genera l  concensus was 
t h a t  t h e  ceramics community c l e a r l y  needs a r e l i a b l e  b u t  r e l a t i v e l y  s imple 
and c o s t - e f f e c t i v e  techn ique t o  generate u s e f u l  i n f o r m a t i o n ,  which can be 
o b t a i  ned p re fe rab ly  by us ing  uni  a x i  a1 t e s t i  rig wthods. A1 1 agreed t h a t  
t h e  exchange o f  i n f o r m a t i  on was mutual  l y  benef i c i  a1 . 
Prabl ems encountered - 

None. 

Pub1 i c a t i  ons 
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3.4  FRACTURE MECHANICS 

3.4.1 Frac tu re  Mechanics 

Improued Mgthods for  I---- r%asuri.nJ t h e  FructLers Resistance of S t m e t u m Z  
Ceramics 
R. C. Bradt and A. S .  Kobayashi ( U n i v e r s i t y  o f  Washington) 

Objective/Scope 

The long-term goals o f  this study are to develop and demonstrate a 
technique comprising one measurement, or a technique comprising a set of 
correlative measurements for structural ceramics including monolithic 
and composite materials which will allow the reliable and accurate 
determination of their resistance t o  fracture (crack propagati0n)over a 
broad temperature range from 2 5 O C  to 1 4 O O 0 C ,  

Technical Progress 

This i s  the first semi-annuai progress report o f  this program. 
Buring this period, efforts have been made to obtain the structural 
ceramic materials MgA1,0,? Sic, and Si,N, from commercial sources and 
to set-up and make preliminary runs to adapt the laser interfermetric 
strain gage technique (LISG) to ceramic materials, first at room temper- 
ature and then at elevated temperatures. The MgA1,0, has recently been 
received and specimens are now being prepared. Receipt of the Sic and 
Si,N, materials i s  expected in the near future. 

lnitial difficulties with the LISG displacement measurement 
technique have been overcome by modifying the indentation fiducial 
markings using platinum foil. This  has substantially enhanced the inter- 
ference fringe pattern intensity and permitted preliminary testing o f  a 
dense alumina. Satisfactory elastic modulus and fracture tougnness 
values were obtained for a notched three point bend specimen. 

Status of M i  lestones 

Difficulty i n  obtaining commercial materials has delayed t h e  
initiation of the extensive testing o f  those materials. However, the 
necessary (LISG) modifications probably would have caused similar delays. 
Mith the exception o f  this br 

Communi cationslvi s i  ts/Travel 

D u r - n y  the early portion 
a graduate research assistanr. 
at John Hopkins to become fam 

Problems Encountered 

ef deqay, other aspects are on schedule. 

o f  this report period, Mr. Michael Jenkins 
visited the laboratory o f  Dr. W .  N. Sharpe 
liar with the LISG technique. 

These have been discussed in the technicai highlights section. 

Publications 

None during this report period. 



J. Sankar and V i  s. Avva (Nor th  Caro l i na  A&P S t a t e  U n i v e r s i t y )  

--. 0 b j ec t i ves/S cope 

ceramic m a t e r i a l s  a t  temperatures up t o  1500 C i n  u n i a x i a l  t e n s i o n .  
T e s t i n g  may i n c l u d e  f a s t  f r a c t u r e  s t reng th ,  stepped s t a t i c  f a t i g u e  
s t reng th ,  and c y c l i c  f a t i g u e  s t reng th ,  a long w i t h  a n a l y s i s  o f  f r a c t u r e  
su r faces  by  scanning e l e c t r o n  microscoD.y, 
f o l l o w i n g  tasks :  

Task 1. S p e c i f i c a t i o n s  f o r  T e s t i n g  Machine: and C o n t r o l s  3. 

Task 2 ,  I d e n t i f i c a t i o n  of Tes t  M a t e r i a l  ( s )  -I- (Procurement 

Task 3. I d e n t i f i c a t i o n  of Test  Specimen C o n f i g u r a t i o n  
Task 4. S p e c i f i c a t i o n s  f o r  T e s t i n g  G r i p s  and Extensometer + 

The purpose o f  t h i s  e f f o r t  w i l l  be t o  t g s t  and e v a l u a t e  advanced 

T h i s  e f f o r t  w i l l  comprise t h e  

(Procurement) 

o f  Specimens) 

(Procurement) 
Task 5. S p e c i f i c a t i o n s  f o r  T e s t i n g  Furnance 

(Procurement) 
Task 6. Development of  Pest P lan  
Task 7. High Temperature T e n s i l e  T e s t i n g  
Task 8. R e p o r t i n g  (Per iod ic , )  
Task 9. F i n a l  Report  

I t  i s  a n t i c i p a t e d  t h a t  t h i s  two ( 2 )  yea r  program 
understanding t h e  behav io r  o f  ceramic m a t e r i a l s  a t  v e r y  
i n  u n i a x i a l  t e n s i o n .  

Techn ica l  P r o w e s s  

and C o n t r o l s  + 

w i l l  h e l p  i n  
h i g h  temperatures 

Dur ing  t h e  p a s t  s i x  ( 6 )  months a t t e n t i o n s  were g i v e n  s imu l taneous ly  
t o  a l l  Tasks 1-5 w i t h  s p e c i a l  a t t e n t i o n s  t o  Tasks 1 and 2. Var ious t e s t i n g  
machines were rev iewed d u r i n g  t h e  r e p o r t i n g  p e r i o d  and a mechanical t e s t i n g  
equipment t h a t  w i l l  be i d e a l  f o r  t e n s i l e  t e s t i n g  o f  ceramic has been 
se lec ted .  
s t i f f n e s s  and s t a b i l i t y  r e q u i r e d  f o r  t h e  u n i a x i a l  t e n s i o n  t e s t s  o f  ceram- 
i c s .  
and t h e  c o n t r o l  system seems t o  be a s u p e r i o r  one. 
o f  t h i s  equipment has been sen t  t o  ONRL p r o j e c t  manager f o r  h i s  approval .  

i s  s e l e c t e d  
as t h e  cand ida te  m a t e r i a l  f o r  t h i s  program. 

( S i c )  
and s i l i c o n  n i t r i d e  
go a long  w i t h  t h e  d e c i s i o n  taken by t h e  I n t e r n a t i o n a l  Energy Agency 
f o r  t h e i r  research  programs. 

The s e l e c t e d  machine s e e m  t o  have t h e  expected al ignment,  

The f o r c e  t ransducer  used i n  t h i s  system seems t o  be v e r y  accu ra te  
A d e t a i l e d  d e s c r i p t i o n  

As f a r  as Task 2 i s  concerned, s i l i c o n  n i t r i d e  

Al though t h e  cho ice  i s  wide open between bo th  s i l i c o n  c a r b i d e  

( S i 3 N 4 )  

(Si3N4), t h e  s i l i c o n  n i t r i d e  i s  s e l e c t e d  b a s i c a l l y  t o  
( I E A )  

By s e l e c t i n g  t h e  same cand ida te  (GTE - 
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Si N ) as that o f  the IEA, the results of the various programs can be 
cot?&-ed for better understanding of the material and a comprehensive 
picture can be obtained. A request for the approval of this material i s  
already with ORNL project manager. 

used by the previous investigators are also under review. The aim is to 
find a specimen configuration and gripping mechanism allowing minimal cost, 
minimum machining, simplicity and ease of alignment. 

Various specimen configuration (Task 3 )  and testing grips (Task 4) 

Status of Milestone 

Both Tasks 1 and 2 are complete as scheduled and are waiting for the 
project manager's approval. 

The procurement o f  the testing machine and control w i l l  start after 
hearing from the project manager. The procurement of the S i  N4 specimens 
will not start until after identification o f  the specimen coifiguration. 
Since specimen geometry will influence the gripping mechanism and vice 
versa, attention is given to both o f  them simultaneously. 
temperature extensometry and furnace specifications are also under review. 
Although all these tasks are moving as planned, it i s  projected that there 
may be slight delay in coming up with the proper combination of all these 
items, suitable for tensile testing of ceramics. 

Both high 
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3.5 NONDESTRUCTIVE EVALUATION D E v E L a P m u  

3.5.1 Nondes t ruc t i  ve Eva1 u a t i  on Devel opment 

Nondestrmbive Characterization 
R. M. McClung (Oak Ridge Nat ional  Labora to ry )  

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

The purpose o f  t h i s  program i s  t o  conduct n o n d e s t r u c t i v e  e v a l u a t i o n  
(NDE) development d i r e c t e d  a t  i d e n t i f y i n g  approaches f o r  q u a n t i t a t i v e  
d e t e r m i n a t i o n  o f  c o n d i t i o n s  ( i n c l u d i n g  both p r o p e r t i e s  and f l a w s )  i n  
cerami cs t h a t  a f f e c t  t h e  s t r u c t u r a l  performance. Those m a t e r i a l s  t h a t  
have been s e r i  o u s l y  considered f o r  appl i c a t i  on i n  advanced heat engi nes 
a re  a l l  b r i t t l e  m a t e r i a l s  whose f r a c t u r e  i s  a f f e c t e d  by s t r u c t u r a l  
f e a t u r e s  whose dimensions a re  on t h e  order o f  t he  dimensions o f  t h e i r  
m i c r o s t r u c t u r e .  This  work seeks t o  c h a r a c t e r i z e  those f e a t u r e s  us ing  
h igh- f requency u l t r a s o n i c s  and rad iography t o  de tec t ,  s i z e ,  and l o c a t e  
c r i  t i  c a l  f l  aws and t o  measure n o n d e s t r u c t i  v e l y  the  e l  a s t i  c p r o p e r t i  es 
o f  t h e  hos t  ma te r i  a l  

Technica l  Droqress 

I n  o rde r  t o  determine n o n d e s t r u c t i v e l y  t h e  presence o f  c r i t i c a l  and 
s u b c r i t i c a l  f l aws  i n  s t r u c t u r a l  ceramics and assess t h e i r  impact on such 
parameters as f racture  toughness and s t reng th ,  i t  i s  necessary t o  probe 
t h e  i n t e r i  o r  o f  t h e  sampl e w i t h  u l  t r a s o n i  c waves o f  consi  de rab ly  h i  gher 
f requency than a re  no rma l l y  used i n  s t r u c t u r a l  metals. Th is  i s  because 
o f  t h e  h i g h e r  wave v e l o c i t y  and much s m a l l e r  c r i t i c a l  f l a w  s i z e  i n  
cesami cs. For exaiiipl e, i n  s i  1 i con n i  t r i  de (compressi onal  wave v e l o c i t y  
~ 1 0 ~ 4  k m o s - l )  t h e  f l a w s  of i n t e r e s t  probably  l i e  i n  t h e  range 25 t o  
100 g. I f  an average d iameter  o f  50 p i s  assumed, then  t h e  s c a t t e r i n g  
t r a n s i t 1  on from Rayle i  gh t o  s t o c h a s t i c  s c a t t e r i n g ,  which i s  rough ly  t h e  
p o i n t  o f  maximum s c a t t e r i n g  frot i i  such f laws,  can be c a l c u l a t e d  from 
t h e o r y  t o  occur a t  about 66 MHz. 8elow t h i s  frequency, t h e  s c a t t e r i n g  
decreases w i t h  t h e  f o u r t h  power o f  the  f requency and i s  i n s e n s i t i v e  t o  
f l a w  shape. For these reasofis, hardware capable o f  o p e r a t i n g  above 50 MHm 
i s  a necess i t y  i n  s tudy ing  t h e  e f f e c t  o f  f l a w  s i z e  and c o n c e n t r a t i o n  an 
t h e  mechani c a l  p r o p e r t i e s  a f  ceramics. 

We have assembled an u l t r a s o n i c  system a b l e  t o  generate and d e t e c t  
e l a s t i c  waves i n  t h e  frequency range 1 t o  100 M H m .  F igu re  1 shows t h e  
response o f  t h e  equi  pment us ing  a spec ia l  -order 100-MHz t ransducer .  
D e f i n i n g  the bandwidth by t h e  -6 d B  p o i n t s ,  t h i s  u n i t  i s  seen t o  be usable 
i n  t h e  r e g i o n  f r o m  45 t o  100 MHz ( l ower  f requenc ies  may be ob ta ined  s imply  
by changirrg t ransducers ) .  Th- is  spectrum may be thought of as t h e  i n p u t  
s i g n a l  t o  t h e  specimen, which then  mod i f i es  t h e  response through s c a t -  
t e r i n g  losses,  i n t r i n s i c  absorpt ion,  etc .  The spec t ra  o f  Fig. 1 and those 
t o  be shown below have not  been c o r r e c t e d  f o r  nonspecisnen losses ( c h i e f l y  
d i f f r a c t i o n ) .  They are a l s o  normal ized t o  the ampl i tude a t  the peak f r e -  
quency and do n o t  r e f l e c t  abso lu te  losses, a l though t h i s  i n f o r m a t i o n  i s  
con ta ined  i n  t h e  raw data. 
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F ig ,  1. Spect ra l  response o f  a 100-MHz broad-band u l t r a s o n i c  
t ransducer ,  

F igu re  2 shows t h e  spectrum o f  an u l t r a s o n i c  wave which has propa- 
gated th rough a s i l i c o n  n i t r i d e  modulus o f  r u p t u r e  (MOR)  bar, Note t h a t  
t h e r e  i s  r e l a t i v e l y  l e s s  h igh- f requency  conten t  and r e l a t i v e l y  more low- 
f requency conten t  than f o r  Fig. 1. T h i s  i s  c o n s i s t e n t  w i t h  f requency-  
dependent s c a t t e r i  ng losses,  whi ch p r e f e r e n t i  a1 l y  remove t h e  h i g h e r  
f requenc ies .  The d i f f e r e n c e s  between these spec t ra  con ta i  n i n f o r m a t i o n  
about t h e  average s c a t t e r i n g  c e n t e r  s i z e  and concen t ra t i on .  

F igu re  3 shows t h e  r e s u l t  ob ta ined  a f t e r  p ropagat ion  th rough a 
z i r c o n i a  MOR bar. Note t h a t  v i r t u a l l y  none o f  t h e  energy above about 
70 Mtlz has surv ived.  I n  a d d i t i o n ,  t h e  t o t a l  energy t r a n s m i t t e d  i s  much 
less than  f o r  s i l i c o n  n i t r i d e .  

These r e s u l t s  can be q u a n t i f i e d  by removal ( v i a  deconvo lu t ion)  o f  
t h e  t ransducer  cha rac tes i  s t i c  response and by c o r r e c t i n g  f o r  d i f f r a c t i o n  
e f f e c t s ,  c a l c u l a t i o n s  which we r o u t i n e l y  app ly  t o  low-frequency a t t e n u a t i o n  
measurements. I n  t h e  present  case, however, a s u i t a b l e  h igh- f requency  
b u f f e r  i n a t e r i a l  w i l l  have t o  be ob ta ined  t o  ensure opera t i on  i n  t h e  
r a d i a t i o n  f a r  f i e l d  o f  t h e  t ransducer  f o r  t h e  h i g h e s t  f requenc ies  present .  

I n  o rde r  t o  d e t e c t  t h e  presence o f  c r i t i c a l  f l aws  i n  s t r u c t u r a l  
ceramic m a t e r i a l s ,  some form o f  v o l u m e t r i c  i n s p e c t i o n  w i  11 be necessary. 
Me c u r r e n t l y  have an automated system capable o f  pe r fo rm ing  such an 
i n s p e c t i o n  w i t h  a scan r e s o l u t i o n  o f  25 pm, a l though t h e  maximum frequency 
o b t a i n a b l e  i s  l i m i t e d  t o  about 25 MIiz w i t h  t h e  present  equipment. Never- 
t h e l e s s ,  f i v e  z i  r c o n i  a MOR bars (excess specimens froin tln e x t e r n a l  source 
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F i g .  2. Response o f  a silicon n i t r i d e  MOR specimen t o  100-MHz broad- 
band u l  t rason i  c exc i  t a t i  on * 

0 a 
ORNL-DWG 85J1913 

F i g .  3. Response o f  a z i r c o n i a  MOR specimen t o  100-MHz broad-band 
u l t r a s o n i c  e x c i t a t i o n .  
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4.0 TECHNOLOGY TRANSFER 

4.1 TECHNOLOGY TRANSFER 

D. R. Johnson 
Oak Ridge Na t iona l  Laboratory  

A trade-show-qual i ty  p o r t a b l e  d i s p l a y  f o r  t h e  p r o j e c t  has been com- 
p le ted .  It was used a t  t h e  Automot ive Technology Development C o n t r a c t o r ' s  
C o o r d i n a t i o n  Meeting, October 2a-Wovember 2 ,  1984, Dearborn, Mi ch i  gan and 
a t  t h e  ASME Gas Turb ine Conference and E x h i b i t ,  March 17-21, 1985, Houston, 
Texas. A photograph o f  the  e x h i b i t  i s  shown i n  Fig.  1. The e x h i b i t  con- 
s i s t s  o f  two l i g h t  box d i s p l a y s  t h a t  descr ibe  t h e  scope o f  t h e  p r o j e c t .  A 
r e a r - p r o j e c t i o n  s l i d e  show u n i t  i nc ludes  both a cont inuous 20 -s l i de  over-  
v iew p r e s e n t a t i o n  and a random-access p r o j e c t o r  w i t h  an 80 -s l i de  se t  t h a t  
can be used f o r  d e t a i l e d  d i scuss ion  o f  any task  i n  t h e  p r o j e c t .  A l i g h t e d  
d i s p l a y  box encloses a se t  o f  va r ious  ceramic engine p a r t s  loaned t o  us by 
numerous U.S. companies. An a r c h i t e c t ' s  model o f  t h e  High Temperature 
M a t e r i a l s  Labora tory  completes t h e  d isp lay .  The purpose o f  t h e  e x h i b i t  i s  
t o  make t h e  Ceramic Technology P r o j e c t  known t o  as many p o t e n t i a l  pa r -  
t i c i p a n t s  as poss ib le .  We p l a n  t o  use t h e  e x h i b i t  next  a t  t h e  Annual 
Meet ing o f  t h e  American Ceramic Soc ie ty  i n  C i n c i n n a t i ,  Ohio, i n  My 1985. 
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