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Ccr.rics such u s i l i c o n  n i t r i d e  and s i l i c o n  car- 
bide a re  current ly r u e i a n g  a great  deal of a t tent ion 
u potent ial  materials fo r  advanced g u  turbine en- 
gin-. Ibc p r L u r y  &satage offered by c e r d c a  is 
t h e i r  high t c q c r a t u r e  capabi l i ty  which can r e s u l t  i n  
turbine engines of Laproved efficiency. Other advan- 
tees uhen colpared t o  the nickel a d  cobalt a l loys 
i n  current use a r e  rm m t e r i a l  ava i lab i l i ty ,  lower 
w i g h t ,  erosion/corrwion res i s tmce ,  m d  potent ial ly  
lower co8t. The m e  of c e r r i c s  i n  three a i f fe ren t  
s izes  of g u  turbine engines is considered; these are  
the 11-e u t i l i t y  turbines. .dv.aced a i r c r a f t  turbines. 
and amall m t a ~ t i v e  arrbinea. Spccial conaiderationo, 

e unique t o  e u h  of these applicationr, a r i s e  when one 
h 
o considers subs t i tu t ing  c t r d c s  for  high t e q e r a t u r e  
rn 
I alloys. Zhe e f fec t s  of mater ial  subst i tut ions arc re- 
iil v i e d  i n  t e r m  of engine perfonnmce, operating econ- 

OPJ. and s e c d a r y  e f fec t s .  

ZIfE @?EST POP HI- t q r a t u r e  purer ials  fo r  w e  i n  
g u  turbine engines has been pursued since the very 
introduction of the engrne i n  tLe l a t e  1930's (I).* 
Ihe gas turbine, l i k e  any heat engine, achieves great- 
e r  e f f i c i c n c i u  of energy coaversion as  working f lu id  
t a p e r a t u r e s  a r e  a l l a n d  t o  i n c r e u e .  lbor the devel- 
opcnt of high t a p e r a t u r e  ~ t e r i a l s  for  g u  turbinea 
ha* presented a continuing challenge t o  the materials 
c I m i t y .  Indeed the  evolution of rhe g u  turbine 
eogiae t o  the sophisticated auchine ve kaw today has 
ken paced by n t e r i a l  deve loprn t l  tha t  have allowed 
o p r r a t f q  t q r a t u n s  t o  increue .  Yet. today g m  
turbine d e s i p e r a  a r e  relying l o r e  orr c o q l i c a t e d  md 
cost ly  cooling schacm in  order t o  l e t  working f lu id  
tcqcra0.r- r i s e  vh i le  u in ta in img u t e r i a l  reapers- 
t u t u  a t  acceptable 1-r levels dictated by material 
properties. Cooling is coat ly both i n  t ema of o r ig i -  
nal  hardware coot and performmnce penalties. Because 
of t h i s  unending drive t o  higher t c ~ p ~ r a t u r e s  gas tur- 
bine e a i n e e r s  have always f e l t  a ce r ta in  a t t rac t ion  
t o  the potent ial  offered by c e r a i c s  - and have slvsyr 
bear frustrated i n  t h e i r  attempt. t o  rea l ize  t h i s  po- 
t en t ia l .  

m e  purpome of t h i s  paper t h m  i a  t o  consider the 
use of c e r r i c s  i n  a variety of gas turbine applica- 
t f o m  and hopefully reach r a c  r e a l i s t i c  p r o j e c t i m  
as  t o  the poss ib i l i ty  of subst i tut ing cer.Pics f o r  
hl@ tcrpcrature alloys i n  advmced gas turbine en- 
gines. 

By way of review, Fig. 1 offers  a schm-LC view 
of a gas turbine engine. Thia part icular  eagine con- 
f igurat ioa is s i r i l a r  t o  those currently powering our 
j d o  j e t s  win@ high p r u r u r -  and 1- pressure ax ia l  
turbine. with t v i n  apools mu a by-pama f m .  Although 
coafiguratiars c m  vary widely t h i r  f igure i l l u s t r a t e s  
the emamtial c o q m e n t s ,  par t icular ly those i n  the 
hot gas path where ~ t e r i a l  capabi l i t i es  a t  high ta-  
peraturea a r e  of mefor concern. The temperatures 

*~hrrberr i n  parentherer designate references a t  the 

sham represent,  f o r  tne most par t ,  those anticipated 
i n  d v a c e d  a i r c r a f t  turbines. 

Cabus tors  a r e  sheet metal c-nts fabricated 
f raa  nickel o r  cobalt a l loys and f i lm cooled. They 
a r e  subjected t o  severe t h e r u l  s t resses  a d  oxidation. 
Vanes a r e  s t a t i c  corpoacats &ich d i w r t  the hot  c4, 
hrs r iu r  gum in to  the c ~ r b i n e  blades. V a e s  a re  a l so  
e i t h e r  nickel o r  cobalt alloys which set high t q r -  
atures  but re la t ive ly  lw s t resses ,  usuall-y oaly 
stresses due to a e r o d y n r i r  1 4 s  a d  thermal g r d i -  
en-. The turbine blades o l b a b l y  experience the most 
severe colbiar t ion of env i roaunta l  f a c t o n .  In addi- 
ti- t o  thc corrrwive e f fec t .  of hoc g u e s  they a r e  
exposed t o  both high t e a p e r a h r e  and high stress. 
Blade s t resses  a re  for  the wst par t  un id i rec t loml  
along the long axis  of the a i r f o i l ,  r esu l t ing  f r a  the 
high centr i fugal  lo& getttrated by the high speed ro- 
t a t ion  of the blades. In the roots  of blades, t h a t  it, 
tf a t t a c b u n t  port icar  where they join the disk. hi& 
shear and bending s t resses  c m  be encountered. Today's 
a i r c r a f t  blades a re  made of c u t  nickel a l loys  d be- 
c m s e  of the unidirectional a i r f o i l  s t r e s s  a r e  of ten 
produced i n  an al lzed microstructure having highly 
miso t rop ic  properties. Turbine b l d u  a r e  attached 
t o  the periphery of the  turbine d k k .  The d i sk  is a 
massive rotat ing piece experiencing very hi& cen t r i f -  
ugal stresses especial ly  near its hub. W i l e  the disk 
experiences high stresses, forttmately it. t e q e r a t u r e  
level  is coasiderably less  thau -ts i n  the hot 
gas path. D i s k  a re  for@ nickel  alloy8, with ho t  
i s o s t a t i c a l l y  pressed nickel  a l loy  poudcr~ holding 8 

great  deal of p r a i s e  f o r  future applicatioru. M j a -  
cent t o  the turbine blade t i p s  is the shroud o r  Cur- 
bine sea;. This corpoocnt is intended t o  form a mini- - clearance sea l  v i e .  the  blade t i p s  i n  order t o  
minimize gas leakage over the blade t ips .  f t  is ea- 
s e n t i a l  that  shroud materials be abrad.ble ard allow 
"wear-in" of the blade t ips .  C u r r m t l j  p o t n u  nickel 
a l loys a re  used. 

Uhen me speaks of c e r m i c s  i n  cauvccioa with 
gas turbine usage some qual if icat ions a r e  i n  order. 
In  a .-crtain serme c e r d c s  a r e  current ly i n  uae i f  
one conaidera the i n t e n t a l l i c  s lcninide coatings 
rued for  oxidation .Id corrosion protection a s  being 
" c e r ~ i c . "  Also, glass  c e r m i c s  i n  the a l r r L r r r  silt- 
cate  and m g n e s i u ~  a l d n m  s i l i c a t e  r y a t c u  a re  king 
dewsloped as heat  excharge u r e r i a l s  i n  coopectioa 
with a u t m t i v e  gas turbine projects.  Barever, i n  the 
context of t h i s  paper these u t e r i a l s  w i l l  not  k coQ- 
sidered but rather  we w i l l  consider only mater ials  i n  
the s i l i c o n  n i t r i d e  (Si3tt4) md s i l i c o n  carbide (Sic) 
f d l i e a  t h a t  have potent ial  f o r  w e  a8 m o o l i t b i c  
c o p m e n t s .  It is these mmterials, t h a t  is, the ni-  
t r i d e  and carbide t h a t  have received so  u c h  recent 
a t t en t ion  as  potent ial  turbine materials.  

It aut be understood tha t  the rue of the  wrd 
"substitution" t n  reference t o  c e r m i c s  for  hi* t b  
perature alloys does not h w e  the usual c a r a o t a t i a ~ .  
The technology of theae cer.mics is  not t o  the  s t a t e  
tha t  vould allow a one-for-one aubr t i tu t ion  8s One 

might subs t i tu te  m e  al loy f o r  mother. Quite t o  the 
c m t r a r y ,  the  very nature of the  c e r m i c s  requires 
special  design ccmsideration, s o  t h a t  t h e i r  eventual 
subs t i tu t ion  w i l l  have t o  be i n  engines i n c o r p o r a t i q  
f a i r l y  substant ial  design modificatioaa. 

end of paper. 
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Let w uL* MY general c ~ g a r i . ( m s  betueec Ce- 
ramics and the n i c k e l - b e  super al loys.  These a r e  
sham i n  Fig. 2. The mst obvioru rdv8ntage of thc ce- 
ramics i a  t h e i r  potent ial  fo r  high t e q e r a t u r e  use; t o  
teaperaturea f a r  i n  excess of the w l t i n g  point of nick- 
e l  alloys. In a high t tcqerature a i r  envir-nt these 
c e r d c s  form a protective surface lsyer  of s i l i c a  and 
t h w  do not require the cos t ly  cmt ings  t h a t  a re  rou- 
t ine ly  used to protect  alloy0 fro* the envlronaenc. As 
s h a m  in Fig. 2 u t e r i a l  cos t s  a re  1-r t h m  alloys. 
however t h i s  a d v m t ~ e  wt be t e q e r e d  with the real-  
i z a t i m  tha t  such coot c o q a r i s o p  a r e  f o r  m ear ly  
atage of processin& tha t  is, al loy ingot m d  c e r r i c  
padcrs .  Ibis cost c c q a r i s o a ,  u well n wst others 
i n  the l i t e r a t u r e  doeo not include for  c e r d c s  the 
cost  of c a u o l i d a t i m ,  surface finishing. and inspec- 
tion. C e r d c s  ce r ta in ly  h m  g r u t  po ten t ia l  f o r  ul-  
timately being coot c q t i t i v e  with superalloys, hw-  
ever. 8s of n w  c e r d c  ccqonents  a re  not cheap. The 
lwer density of c e r r i c s  is a asse t  in a l l  gas tur- 
bin- u i t  c a  r e s u l t  i n  rotors of 1-r i n e r t i r ,  a d  
the d i r e c t  weight aavings is of specLa1 i n t e r e s t  t o  
a i r c r a f t  and .utao:ive applicatioos. Fra a mater ial  
subs t i tu t ioo  stadpoint c e r d u  o f f e r  the d d e d  8dvm- 
t e e  tha t  they coatain no s t r a t e g i c  w t e r i a l r .  Our 
nickel  b u e  superalloys ccatain m the merage about 
15 percent c h r o r i u ,  m el-t f o r  uhlch we a r e  to ta l -  
l y  depend-t rn f o r e i m  supply. We a r e  a150 heavily 
d m s c r t  on foreign nations fo r  arr supplies of nickel. 
Contrasted t o  th i s .  these c e r r i c s  contain e l a n t s  
uhich a r e  .brmdmt; s i l i con ,  carban, d nitrogen. 

To m r e  spec i f ica l ly  i l l u s t r a t e  .rw of the advan- 
c . g u  of c e r r i c s  F i g .  3 rad 4 o f f e r  d r u t i c  c a q a r i -  
sons. In Fig. 3 t h e i r  high t q r a t u r e  s t rength poten- 
t i a l  is i l lus t ra ted .  Bere the s t r e s s  t o  densi ty r a t i o  
f o r  1000 hours s t rum-rupture l i f e  is plot ted againrt  
t a p e r a t u r e .  Also included is the stress t o  densi ty 
r a t i o  range tha t  is required for  b l d e  u t e r i a l s  i n  
a i r c r a f t  engines. It show tha t  our current  super- 
al loys a n  useful f o r  blade .ppl icat ioos t o  s l i g b t l y  
w e r  1- F. Other d v m c e d  u t e r i a l s  a n  sh- in- 
c r e u i a  t h i s  t w r a t u r e  capability. Ihc vide t s  
perature r-e aham f o r  superalloys reinforced v i t h  
r t f rec tory  w t a l  wire8 is due t o  t h e  f a c t  t h a t  v o l u  
f r a c t i m  of vim. .nd wire or ientat ion u y  be varied. 
Ibe  c e r a i c  data are  b u d  on bard s t ress-rupture tut- 
iq (rather than the usual tarmile rode w e d  i n  a l loy  
test*). Yet, for c a p a r i s o n  the b e d  data h u  been 
divided by a fac tor  of 2 t o  sllw f o r  &.e l o m r  
atrength of c e r d c s  i n  tension t h m  i n  bend. Rrcn so, 
um a n  the  c e r d c s  offer ing potent ial  blade t g c r a -  
t u n  t o  the 24000 t o  2500" F r q e ,  f a r  i n  excess of 
m y  of the cog.tin& metal l ic  system. 

Figure 4 i l l u s t r a t e s  the superior i ty  of a c e r m i c  
over coated al loys in surface s t h i l i t y  (2). Both t e s t  
r q l e s  were exgood t o  a s i a i l a t e d  g u  turbine anvi- 
r-t a t  2200 P. The c e r d c  s e l e  is smeuhat 
d i r c o l o r d  due t o  s l i g h t  oxidation but otherwise show 
no d i s t ress .  (h the other  h a d ,  the coated 81107 has 
r u f f e r d  severe l e a d i w  edge receos im &e t o  oxidation 
and large t h e m 1  fat igue c r s b  have dweloped i n  the 
l a d i n g  edge b e  t o  the them81 c y c l u .  

With t h u e  u n y  outstanding advmtages offered by 
Si3Q a d  SIC a natural  question is: Ybf haven't we 
used there u t e r i r l s  before n w  i n  the gas turbine? 
f i e  anmmr of courme is t h e i r  inherent b r i t t l e n e s s  m d  
the d o l e  p r o b l r  was s ~ d  up mt succinct ly by 
Prof. Un Jack of the Vaiverrity of Ueucastle Upoa 
Thpa rrhm he said, '%tala a r e  a t a l s  and c e r m i c r  
a r e  bl-y b r i t t l e l "  

D u i a m r a  r e l y  on the  ductility of w t a l s  t o  
provlde "forgivewra" to  t h e i r  daaigw. fh.t i a ,  the 
d u c t i l i t y  of metal8 can often prodde  8-11 amounts 
of p l u t i c  f l w  and thereby re l ieve  s t r e s s  concmtra- 

ti-. %e c e r a i c s  a r e  tocal ly " u n f o r g i v e  in t h i s  
sense a d  hove no capacity t o  a c c a t e  even minor 
s t r e s s  coacentrations. Iherefore, they require a very 
exact desigo approach e n t a i l i w  n w  .ad uaiqut coacepts 
and rc tha t s .  Also, the br i t t l eness  of ceramics ruual ly 
prevent8 t h a  f r m  providing any advanced warning of 
-ding fa i lu re .  B a t  is, without the creep o r  plas- 
t i c  defonucion most alloys exh ib l t  p r io r  t o  fa i lu re .  
c e r r i c  parts  w i l l  not rub, d i s t o r t ,  o r  otheruise give 
m y  imdicatioa of iapeading f a i l u r e  tha t  would a l lou  
r e p l a c e n t .  

Le t  u s  consider a b i t  of h i s to ry  before going fur- 
ther. Ibe lut serious attempt t o  introduce b r i t t l e  
u t e r i a l s  i n t o  g u  turbine usage u u  i n  the middle 
1950's d e n  s c l u s  of u t e r i a l s  W u "cerrts" 
was under devel-t (3). & t t e i r  n u  Lqliu. 
c e n t s  attempted to c a b i n e  the wt desirable  proper- 
ties of c e r r i c s  v i t h  t h w e  of r t a l s .  Ibis w u  done 
by miring c e r r i c s  with metals, usual ly by liquid p h u e  
sinterin&, resu l t ing  i n  a two-phase s t ruc ture  q u i t e  
s i d l a r  t o  carbide cu t t ing  tool;. 3 e  caafept was t o  
provide a f i n a l  material t h a t  c d i n e d  the oxidat iar  
r a f . t . a c e  d strength of c e r r i c s  v i t h  the  d u c t i l i t y  
of w t a l s .  However, such a utopia w u  not  ochieved 
and more of ten than not cerpcts exhibited the u j o r  
l i a b i l i t i e s  of both coqaacnts  r r t h e r  t h m  t h e i r  
assets.  

Skeptica f r a  the cermet era ,  and there a r e  a 
great  a m y  l e f t ,  j w t i f i a b l y  u k  the quest im: d a t  
h u  ch-ed? why do w elrpect today's c e r u i u  to of- 
f e r  m y  greater  chmce of success t h m  we experienced 
with the c e r u t s ?  

Figure 5 a t t a p t s  t o  m ~ r  t h i s  q u e s t i m  by out- 
l i n i w  the reasons for  the nnmd i n t e r e s t  i n  c e r m i c s  
md m a r !  of the u j o r  features  th8t a r e  d i f fe ren t  today 
thm in  the 1950's. Today we have urb stronger  md 
c o q e l l i n g  r e u a u  f o r  going t o  h i w r  t c q c r a t u r e s  
thm were recognixed i n  the 1950's. A t  h w e r  opcr- 
a t ing  t e q c r a t u r e s  allavcd byccraalcs ,  wine pollut ion 
crr be reduced. par t i cu la r ly  carboo monoride and un- 
b u n m l  hydrocarbons. A. mentimad before, a d i r e c t  
r e s u l t  of h i&er  operati- t q e r a t u r e  is higher e f f i -  
ciency which means l o r e  e f fec t ive  w e  of fuel  o r  lwer 
fue l  c a u r q t i m .  I n  d d i t i m  t o  the o b v i ~ l r  benef i t  
i n  fuel  coruervation, c e r r i u ,  b e c u s e  of b e t t e r  cor- 
rosion resis tance thar  a l loys,  a l s o  of fe r  the poten t ia l  
of w i n g  lower grade fuel  giving lovtr fuel  costa a s  
well u a greater  var ie ty  of fuels f r a  uhich t o  
choose. 

The current ceruiu represent a c lass  of m t e -  
r i a l s  generally of higher qua l i ty  i n  terr of proper- 
tiem a d  r e l i a b i l i t y  than war avai lable  i n  the 1950's. 
A u j o r  difference behrecn SIC md S i  & c a p a r e d  t o  
more c l u s i c s l  cer.rtcs is & e i r  a b i l j t y  t o  withstand 
t h e r u l  shock. Ibis qua l i ty  is  of course, essen t ia l  
fo r  the s ta r t - s top  operation of a e t  gas tu rbheo .  

Todmy's c e r r f c s  c a r  be fabricated by techniques 
tha t  lend t h e u e l v e s  w ous production. With tech- 
niques such as injmction mid- oac can v i s \ u l i u  
c e r m i c  product im r a t e s  adequate f o r  even high pol- 
orrket. ruch u a u t m t i v e .  

F ina l ly  am indicated i n  Pig. 5. moot iqortmt 
factor  is the  a v a i l a b i l i t y  of t h r e e - d l n ~ i o o a l  f i n i t e  
e l a e n t  m a l y s i r .  With such techniques a c a p l e x  cm- 
ponent c m  be divided i n t o  a three-diwnrioaal g r id  of 
individual elements. tach e l m a t  c m  then be a- 
lyred for  such thi;rss rm t l lpera ture ,  s t r a i n ,  s t r e s s ,  
and the interact ion of e l w n t a  m a l y x d  by the  c m -  
te r .  In such s technique caponent  d e s i w  can be 
read i ly  changed md evaluated by colputer md a l l w  
derign i t e r a t i o a r  before a f i n a l  d e s i m  i a  c e t t e d  
t o  fabrication. Such techniques a r e  f a r  superior t o  
the -re f m i l i a r  "make 'em and break 're' approach 



a d  have enjoyed a g rea t  de 
c e r d c  c q o n e n t  progrmm (6.5). 

Uhile there is no question tha t  cermico in g u  
turbines is cer tainly a high-risk technology, d e n  a l l  
the factors  displayed i n  Fig. 5 a re  conaidered there 
does seas  to  be jus t i f i ca t ion  for  saae cautious opt i -  
m i s m  and cer ta in ly  l i t t l e  question t h a t  today's e f f o r t  
has a higher chance of r;uccess than w u  ever realized 
with the cermets. 

Although there a r e  n r n a r a u  current p r o g r v  sup- 
ported by private  md public funds devoted t o  variour 
aspect. of ceramics i n  gas turbines, there a re  two pro- 
gr- tha t  mmifest  the current mejor thrust8 i n  t h i s  
technology. Z h u e  p r o g r a  a r e  s m r i r e d  in  Fig. 6. 
Both were or ig ina l ly  funded by the Advanced Resear* 
Projects Agency of the  DeparfPcnt of Defense *'id one 
is nm receiving support f r a  the k p a r e n t .  of W r g g .  

The f i r s t  major progr- i n  th i s  techno?ogy was 
cmducted a t  Ford Motor Co. (6) md Uercinghowe Elec- 
t r i c  Corp. (7 ) .  Its goal was t o  d e e ~ r t r a t e  tha t  cop- 
pollarts made of b r i t t l e  nu te r ia l s  c m l d  indeed be de- 
signed by rodern techniques utd survive i n  the g u  
turbine enviro-t. %is p r o g r a  applied 
dimensional f i n i t e  e l e r n t  design techniques t o  cm- 
poaents of tvo g u  turbine engines d i f fe r ing  grea t ly  
i n  s i r e ;  the -11 a t a o t i v e  engine and the l a q e  cen- 
t r a l  s ta t ion  u t i l i t y  pover plant engine. fhe progr- 
was i n i t i a t e d  i n  1971 and over 25 mil l ion do l la r s  of 
goverrwnt mney have been contributed t o  its w l e -  
mentation. In addition both Ford md UutiPghorue 
have contributed large m t s  of corporate fund.. In 
both cases designs were t o  a c c d a t e  g u  t g e r a t u r e a  
u high as 2500° F. In  the Ford portion. a great  meny 
c e r d c  c a p o n e n u ,  including m a11 ceramic rotor  vere 
studied. In the Westinghouse portion f u l l  a t t en t ion  
w u  directed toward the large s t a t o r  vane. The Ford 
program seek# a 200-hour d-tration of a l l  coppo- 
nentr in m q i n t  t e s t .  A l l  caponcnt.8 except the  
ro tor  hme survived p r o g r r  goals as individual c q -  
nenta (8). The a11 c e r c i c  rotor ,  the caponent  sub- 
jected t o  the wt severe s t r e s s - t c ~ p e r a t u r e  canbina- 
t ion  h u  undergone u n y  i t e r a t i o m  h deaign m d  fab- 
r i ca t ion  approaches. It h u  survived ho t  spFn test ing 
for  25 hours a t  2250° F a d  If houm of 2500O F (8). 
This l a t t e r  test was cut  short  by over tcrpcrature md 
d i s to r t ion  of metal l ic  corponents. 

The Wutinghowe p r o g r a  has been cmpleted with 
three vmer oct of e igh t  surviving the t o t a l  progrrn 
ta rge t  (7). Pailures could readi ly be traced t o  a cam- 
bination of thermal s t resses  and s c a t t e r  in material 
properties. However, a s ign i f ican t  finding war tha t  
no fa i lu res  r u u l t e d  from rcchmica l  loads inherent in  
the design, t h a t  is, mechanical designs t o  a c c d a t e  
b r i t t l e  m t e r i a l s  ware successfully demmatrsted. 

FQures 7 and 8 are  representative of a m  of the 
hardware and designs generated i n  t h i s  progr-. Pig- 
ure 7 is the a11 c e r m i c  rotor  i n  the Ford e f f o r t .  
Two aeparate caponca ts  a r e  joined t o  make & i s  eono- 
l i t h i c  ro tor  of about 4$ inch- di-ter. The hub i s  
hot p r u s e d  S i 3 b  while the  blade r ing is  injected 
w l d e d  using s i l i c o n  powder i n  m organic vehicle. 
After mld in(  the s i l i c o n  is converted t o  Sij&, by a 
react ion s i n t e r i q  process i n  a nitrogen atno~phere.  
Figure 8 ahow sola u a e n t i a l  features of the Wuting- 
house vme design. The e d a  af the vane a i r f o i l  a r e  
curved i n  three dFocnaiau t o  mate with corresponding 
depression8 i n  support bloclu. 

The ateond and more recent maJor p r o g r r  shom in 
Fig. 6 is b e i q  conducted a t  MResearch Wnuf ac turing 
Co. a divis ion of Gerret t  Corp. (9). Its purpose is 
t o  deaign, fabriceta ,  and conduct dewcutrat ion tests 
of c e r r i c  hot f l w  path coqanent .  i n  an exis t ing 
Car ra t t  engine. By the use of uncooled c e r m i c  canpo- 

n e n u  the b u e  power level  of the engine is expected 
t o  be increored f r a  750 hp t o  the 1000 hp level  with 
an accmpanying 1C percent reduction i n  spcc i f ic  fuel  
cowuaption. Average turbine i n l e t  temperature is 
2200O F and a wide var ie ty  of tmponents w i l l  be re- 
designed as  cermuics and introduced in to  the engine. 
fhe f i n a l  d-tratiat was or ig ina l ly  planned f o r  a 
lull naval patrol  c r a f t ,  however, it appears now tha t  
the f i n a l  demonstratior w i l l  not be in a vehicle but  
rather  oa a t e s t  stand. The program vas o r ig ina l ly  
planned a s  a 12 to 13 million do l la r  p r o g r a  of 3 years 
duration. Garret t  Corporation is a l so  contributing 
corporate funds to  the progrm. k m e x n p l e  of hard- 
ware ectlerging f r a  the AiResearch progrm. Pig. 9 a h a n  
individual turbin: blades machined f roa  hot pressed 
s i l i c o n  n i t r ide .  These a re  s ~ l l  blades; tot41 a i r f o i l  
heigtrt being abact 316 inches, and a r e  designed t o  be 
run i n  .F. al loy a:.-k by w e  of exact design analysis 
and a so-called comp:rant layer. 

fhe  ccraplimt layer concept is more c lea r ly  i l l u s -  
t ra ted  i n  Fig. 10 which is taken from a USA progrra a t  
Pratt-Uhitney Aircraf t  (10). In t h i s  c u e  the c w l i -  
ant  layer, a 0.015 inch thick p l a t i n u  f o i l  can be seen 
around the blade root. Its purpose is to absorb any 
local  s t r e s s  concentratioru by deforming p l u t i c s l l y  
d t h w  minimize s t r a i n s  beirig tr.rurit:ed t o  the ce- 
r.Pic blade root. In the configt?ration 8hava i n  
Fig. 10 the blade is ready f o r  hot sp in  test ing;  the 
other i tus apparent i n  the f igure a r e  .a a x i a l  retain- 
ing bol t  and a them-couple. 

In a d d i t i m  t o  these -major progr- s-rized 
on Fig. 6 there a re  r m y  other  progr- sponsored pri-  
marily by WD, DOE, mci NASA which deal with nu te r ia l  
characterization, preparation.and coruolidation a s  well 
as fabricat ion,  inspection, and design techniques. 

A. n n t i o n e d  e a r l i e r ,  the s i z e  and configuration 
of a gas turbine engine can vary widely depending on 
it. intended use. Figure 11 is intended ro i l l u s t r a t e  
the breadth of t h i s  wide s p e c t r m  of engine s i r e s  by 
l i s t i n g  three engine type.. tad saae of t h e i r  d i f fe r ing  
features. In  addition t o  g rea t  s i z e  differences, 
ranging from 5-inch d i e t e r  ro tor  t o  over 80 inches. 
ue see great  differences a l so  i n  pmer level,  expected 
service l i f e ,  and potent ial  m r k e t  v o l r w ,  f h u e  fac- 
to rs  along with mmy other  m a t  cow uader considera- 
ti- uhen the rue of cermaics is conaidered. There- 
fore. a f t e r  c a u i d e r i n g  strch factors, the f i n a l  ba lmce  
between r i sk ,  costs ,  and pay-off. can be q u i t e  d i f fe r -  
ent  among the varioru applications. 

For example, i n  the u t i l i t y  engine a high c q -  
nent r e l i a b i l i t y  is d a n d e d  by the losg l i f e .  Such 
large engines represent a caoparativeiy rul l  merket 
(11). Rowever, s iace they a r e  major c a p i t a l  invest- 
menta, one might afford t o  pay a coat prmium t o  ob- 
t a in  high r e l i a b i l i t y  copponenta. A t  the other  end of 
the spectrum, the mtavotive engine is not as  d c ~ m d i n g  
i n  l i f e  expectrmcy; houwer, the high potent ial  merket 
vol- makes 1ov cost  mass produced cermicp  components 
absolutely necessary. The c i v i l  a i r c r a f t  engine l i e s  
r e e r e  between t h u e  two e x t r a u  i n  r i t e ,  l i f e .  
and market vol- (12). It must put higheat p r i o r i t y  
on r e l i a b i l i t y  because of the r i s k  t o  l i f e  involved 
md yet  ceramic costs m a t  be coppetitive with com- 
peting metal l ic  materials.  Thus, the potent ial  of ce- 
r a i c s  m d  the likelihood of t h e i r  eventual rubat i tu-  
t im for  metal depends upon many factors  .Pd of ten  
there factors  a re  unique t o  individual application#. 
Therefore, we cmnot  speak i n  ~ e n e r a l i t i e s  of the use 
of ceramics i n  8as turbines but ra ther  have t o  con- 
s ider  each application separately. 

For the r c u i n d e r  of t h i s  paper each of the ap- 
pl icat ions shown i n  Fig. 11 w i l l  be reviewed i n  w r e  
d e t a i l  i n  order to  reach a pragnosir fo r  the rue of 
c t r o i c s  i n  each. 



CERA~ICS IN LTILI'IY GAS nlnBI 

The gas tu rb ine  aay  be 
i t y  i d u s t r y  i n  seve ra l  ways. Tvo of the  awt obvious 
a r e  shovn in Fig.  12. The simple cycle  is s t r a i g h t -  
forward with a gas turbine  engine d i r e c t l y  d r iv ing  an 
e l e c t r i c a l  generator.  Due t o  the high exhaust gas tem- 
pera tures  of the  gas tu rb ine  it can be used more e f f i -  
c i r n t l y  i n  the combined cycle i n  uhich waste hea t  i n  
rhe  gas tu rb ine  exhaust is uaed t o  generate  s t e m  f o r  
a conventional steam turbine .  

Figure 13 (13.14) i l l u s t r a t e s  b e n e f i t s  t o  be 
gained in  00th conf igurat ions  by the  use cf  c e r m i c  
cmponents.  Current u t i l i t y  gas turbines  use  cooled 
superal loys  with metal temperatures l imi ted  to  the  
15W0 t o  1600° F range pr imar i ly  by ho t  corros ion con- 
s i d e r a t l o a s .  mis l i m i t s  gas teqferacures  t o  the  
neighborhood of 2000~ F and produces them81 e f f i c i e n -  
c i e s  of about 30 a d  43 percent  f o r  t he  s IPp le  and cor- 
bined cycles ,  respect ively .  Future gas turbines  with 
~dvanced a i r  o r  water cool ing could s t i l l  slclintain 
a l l o y  t e q e r a t u r e s  near 1600° F while a l l w i n g  gas tea- 
pera ture  t o  r i s e  t o  about 2500° F. This h igher  gas  
t e q e r a t u r e  r e s u l t s  i n  e f f i c i ency  increaser  t o  about 
34 and 49 percent f o r  simple and combined cycles ,  r e -  
spect ively .  By the use of c e r a i c  c a g o n e n t s  cooling 
can be eliminated r e s u l t i n g  again  i n  increased e f f i -  
c i enc ie s  -st dr-tic i u  t h e  combined cycle  c a r e  where 
e f f i c i e n c i e s  approaching 53 percent a r e  projected. 

A more d i r e c t  cmpar i son  of the  payoffs offered 
by these  .mproved e f f i c i e n c i e s  is shown i n  Fig. 14. 
Yere, f o r  t he  c a b i n e d  cycle ,  t h e m 1  e f f i c i e n c i e s  of 
49 percent achievable with advmced cooling being in-  
creased t o  53 percent by the  u re  of uncooled c e r d c s  
can r e s u l t  i n  an  8-percent reduct ion i n  armual f u e l  
coosumption f o r  a p l an t  i n  the  1000 W s i z e  r m g e  (13). 
Transla t ing t h i s  t o  monetary saving is d i f f i a r l t  i n  the  
cu r ren t  t a r  of  r ap id ly  i n c r e u i n g  price. f o r  d i a t i l -  
l a t e  fue l s .  However, i f  a p r i ce  r m g e  is taken a s  $2 
t o  $3 per mi l l i on  Btu f u e l  hea t  content  then the 8- 
percent  reduction i n  f u e l  consmpt ion c m  y i e l d  saving8 
of  8 t o  12 millioi d o l l a r s  pe r  year  per  p l m t .  

An addi t ional  p o t e n t i a l l y  l a rge  advmtage regard- 
i n g  f u e l  usase  by c e r m i c  u t i l i t y  g u  turbines  i s  t h e  
p o a r i b i l i t y  of uaing l w e r  grade f e e l s  of lover cos t s .  
Cermuics should not have t o  contend v i t h  oxidat ion and 
n o t  corros ion problea ,  t h a t  have plagued m e t a l l i c  com- 
ponmta.  Therefore,  lw-r grade f u e l s  such as heavy 
r e s idua l  fue l s  o r  poas ibiy  even coa l  derived fuela  
might ke used. C e r r i c a  should be r e s i s t a n t  t o  a t t a c k  
by impuritie. contained i n  theme fue la ,  h w e v e r ,  t h i s  
po in t  needs ye t  t o  be f u l l y  v e r i f i e d  i n  a v ide  range 
of  r ea idua l  m d  syn the t i c  fuel*.  

Without cooling the  p l h i n g  requircawnts of a 
l a rge  u t i l i t y  turbine  a r e  conr iderably  simplified and 
chwL.3 t hc i e fo re  con t r ibu te  t o  l w e r  c o s t  cmponentr.  
I n  addi t ion,  the  uae of c e r d c a  could r e a u l t  i n  r e -  
duced i n i t i a l  p l an t  coa t s  a s  indicated i n  Fig. 3. Ure 
of c e r a i c  vanes could reduce s p e c i f i c  (do l l a r s  pe r  
k i lowa t t )  p l an t  cos t s  by 10 percent  * i l e  t h e  use of 
ceramic vane8 and b l d e a  could e f f e c t  a 15-percent r e -  
duct ion (15). With the  need f o r  cool ing reduced o r  
e l iminated,  h igher  s p e c i f i c  power outputs ,  cha t  is, 
ki lowat ts  per  pound of a i r  per  recond a r e  achieved. 
Thus f o r  a given a i r  handling capaci ty ,  t h a t  i a ,  fr- 
s i z e ,  w r e  power c m  be produced uaing ceramic compo- 
nen t r  g iving l w e r  a p e c i f i c  cos t s .  This b e n e f i t  La 
gained i n  e p i t e  of poaaibly higher  cos ta  f o r  disk., 
s h a f t s .  and bearings due t o  h igher  speed and tempera- 
t u r e .  

In s p i t e  of t he re  obvious payoffa, the aubat i tu-  
t i o n  of c e r m i c a  fo r  a l l o y s  i n  u t i l i t y  gar  turbines  i s  
probably n o t  i n  the near  fu ture .  Cooling of m e t a l l i c  
c m o n e n t a  i m  an  obvioua cmpe t ing  technology. Also 
the re  i a  t h e  larger  problem of acceptance by the  u t i l -  
i t y  induatry  of the gas tu rb ine  being a replacement of 

' acceptable r e l i a b i l i t y  t o  the  t r i e d  m d  t r u e  s t e m  
turbine  (16). I f  t h e r e  a r e  yet q u e a t i m s  of  r e l i a b i l -  
i t y  i n  u t i l i t y  opera t ion of me ta l l i c  gas tu rb ines ,  
then how auch l a r g e r  w i l l  be the  problem of demon- 
s t r a t i n g  adequate r e l i a b i l i t y  wi th  c e r m i c  turbines .  

CEMICS I N  AIRCBAFT GAS TURBINES 

In  the  l a rge  c i v i l  a i r c r a f t  gas tu rb ine  a log ica l  
component t o  consider f o r  cerenic  s u b s t i t u t i o n  is t h e  
turbine  shroud. A shroud i s  shown s c h e m t i c a l l y  i n  
FIg .  16. f i e  shroud is e s s e n t i a l l y  a s e a l  t h a t  de f ines  
the  gas path and minimizes t i p  le8kage of ho t  combus- 
t i o n  gases thus forc ing the expanding gases t o  pass 
through the  t u r b i r r  and do useful  work. Ceramic 
shrouds would br ing about tvo i m e d i a t e  r e s u l t s .  They 
can run h o t t e r  t h a  me ta l l i c  shrouds and have consider- 
ably l e s s  t h e m 1  expansion. therefore  required cool- 
ing a i r  cou:d be  reduced m d  t i p  c learance reduced. 

In  a s tudy by P r a t t  6 M i t n e y  A i r c r a f t  (17) the  
bene f i t s  of a ceramic shroud were ca l cu la t ed  a s  shown 
i n  Fig. 17. Here a 2900' F mater ia l  temperature capa- 
b i l i t y  was aasume. and s t i p  c learance reduct ion of 
0.015 inch. Also a 50-percent cos t  penal ty  vas  as- 
s igned t o  the  ceramic shroud over cu r ren t  a l l o y  
rhroudr.  The r e s u l t s  i nd ica t e  r s l i g h t l y  more c o s t l y  
engine, hwever ,  f u e l  consumption is reduced by about 
1.2 percent.  D i rec t  opera t ing cos t s  a r e  s d a t  r e -  
duced and r e t u r n  on investment i s  improved. Overall .  
t h e  t o t a l  l i f e  cyc le  c o s t s  of nu engine conta ining ce- 
r m i c  shrouds would be reduced by about $63 000 per 
engine. 

I n  a s tudy  by General E l e c t r i c  C q m y  the  e f f e c t  
of s u b s t i t u t i q  cer-ics f o r  a l l o y  tu rb ine  v m e s  was 
addressed (18). The asaumptioas and r e s u l t a  of this 
s tudy a r e  a m r i z e d  i n  Fig. 18. Thia s tudy assumed a 
ma te r i a l  c a p a b i l i t y  of 2900° F and s ~ p e r i o r  eros ion 
r e s i s t ance .  Some improved r e s i s t ance  t o  b a l l i s t i c  im- 
pact  was a180 usumed and event c o s t s  were placed 
a t  about h a l f  t h a t  an t i c ipa ted  f o r  advmced d i spe r s ion  
strengthened a l loys .  Resul ts  of t he  s tudy  ind ica t e  a 
s i zeab le  reduction i n  f u e l  c o n s w t i o n  of 1.47 percent ,  
reduced operat ing coa t s  of 2.21 percent ,  a d  m in- 
creased r e t u r n  on inveoment  of 0.72 percent.  Al l  of 
t he  bene f i t a  coPbined t o  produce a preaent  v o r t h  value  
of about 66 m i l l i o n  do l l a ra .  This preaent  w r c h  is 
today'r  e s t ima te  of tbe  t o t a l  value  of the  nev technol- 
ogy when applied t o  m e n t i r e  f l e e t  of i n t e rcon t inen ta l  
Jumbo J e t s  over t h e i r  t o t a l  u se fu l  s e r v i c e  l i f e  period. 
I n  t h i s  caae of c e r n i c  vanes appl ied  i n  the  f i r a t  md 
second s t ages  of t he  h i &  presaure  tu rb ine  the  t o t a l  
preaent  worth i a  ca l cu la t ed  t o  be i n  exceas of 66 m i l -  
l i o n  do l l a r s .  

An e a s e n t i a l  comparison t o  be made i n  m y  proposed 
nev technology is its p resen t  vor th  veraua i t a  e a r i -  
mated d e v e l o ~ . ~ n t  C O ~ C C .  That is, i a  t h e  e r r g i n  be- 
tween prement vo r th  a d  d e v e l o m n t  coa t s  sufficient 
t o  J u s t i f y  the  undertaking? 

Figure 19 cm~parea  c e r m i c  technology appl ied  t o  
seve ra l  components i n  t e w  of  present  worth m d  e s t i -  
mated d e v e l o p e n t  coa ts (18). Ceramic vmea  c e r t a i n l y  
r ep resen t  t h e  l a r g e s t  payoff i n  terms of preacnt  vor th .  
However, vanea m d  shrouds a r e  cmuperable when compared 
i n  terms of  p resen t  v o r t h  end e r t h t e d  developpcat 
cos t a .  I n  both cases  present  ~ r t h  is aeen t o  be  about 
a f a c t o r  of 10 times g r e a t e r  than estimmted developz8ent 
cos ta .  Ul t imate ly  the  development of shroud. would 
probably be preferred t o  v m e s  due t o  l w e r  c e r r n i c  
f a i l u r e  r i aka  associa ted  with the  shroud. Bared on 
t h i s  General E l e c t r i c  s tudy c e r m i c  ~ 0 m b ~ S t o r  l i n e r s  
f o r  l a rge  a i r c r 8 f t  engines would not appear t o  be  a 
very l i k e l y  technology because of t he  r e l a t i v e l y  low 
p resen t  value c o q a r e d  t o  r e l a t i v e l y  high development 
COB t a  . 

In  s p i t e  nf the  l a r g e  payoffs evident  by the  in- 
t roduct ion of c e r m i c  componentr i n t o  l a rge  a i r c r a f t  



engines. th i s  introduction i'sm l ( Y N . t ~ € i k r ?  
u n t i l  f a r  i n  the future. m e r e  is one major reason 
f o r  th i s  prognosis; it is r i s k  t o  l i f e .  C q o n e n t  re- 
l i a b i l i t y  v i l l  f i r s t  hsve t o  be deaolutrated i n  other 
lover r i s k  applications. There i s ,  harever, one c o ,  
ponPnt tha t  vhen muie of ~ e r a i c s  might o f fe r  accept- 
ably low l i f e  r i sh ,  t h i s  11 the shroud. A s h r a d  
fa i lu re  could conceivably be tolerated vithout cata- 
strophic resul ts  sod therefore c e r r i c  subst i tut ion 
might be seen i n  the foreseeable future i n  shrouds. 

The sutoaotive-sited turbine engine is one i n  
vhich the introduction of ceramics seeau very praais- 
ing for a number of reasons. This s i z e  engine presents 
component s izes  which are  qu i te  w d l e  t o  c e r r i c  
mass productim processu.  Also the 8-11 c o q o n m t  
s i z e  makes cooling more d i f f i c u l t  as  an a l t e rna te  ap- 
proach t o  achieve higher gas t w e r a t u r e s .  Coaqmaent 
lifetime required is l w e r  than the other  hro applica- 
t i o m  ve hsve cocuidered u i l l u s t r a t e d  i n  Fig. 11. 
Also noted i n  Fig. 11 the potential m r k e t  v o l w  is 
more enticing t o  ceramic oawfacturera to  make neces- 
sary inverfwnca i n  process scale-up. 

A casprehcnsive review of the  potent ial  of cer- 
i c s  for  automotive appl icat iolu was p e r f o n d  by the 
J e t  Propulsioa L.boratory (JPL) (ref.  19) under sporr- 
sorship of the Ford -tor Capmy. I n  t h i s  study 
other al ternat ive engines i n  addition t o  the g u  tur-  
bine were studied; these included Diesel, s t e a .  
S t i r l ing .  and e l e c t r i c  engines. A 1 1  w r e  ccapared t o  
current and advanced conventional (Otto cycle) engines. 
The conclusion of tha t  study was tha t  the gas turbine 
engine is 8 r e a l i s t i c  s l t e rno t ive  t o  t h o  present en- 
gine. 

Although the present d i scusa im coacernr the 
autcaotive g u  turbine, it ahould be crphasized that  8 

g u  turbine engine i n  the aut-rive parcr and s i z e  
r m g e  has other areas of appl icat ion i n  uhich the in-  
troducticm of c e r d c a  is a t t rac t ive .  Tvo of there 
a n  portable paverplants und unmanned linticed l i f e  a i r -  
c r a f t  f o r  both r i ? r t a r y  4 c i v i l  applications. Also, 
i n  a s i z e  rs-• .lightly larger  than ~ L o r o t i v e ,  the 
g u  turbine v i t h  c e r m l c  cagaacn ts  can of fe r  an st- 
t rac t ive  a l t e r ru t fvc  power a&rce for  t ~ d u  and b u a u  
(20) - 

Ikfore c,mridering sau of the  findings of the 
JPL 8 y a fev def i n i t l o p .  from tha t  study are neces- 
aery. b e  study co9.idered three g u  turbine engines 
i n  Ehe t h e  sca le ,  that  is, current,  u t u r e ,  a d  mi- 
vmced. The current  w i n e  refera  t o  experiments1 en- 
gines current ly under mtudy a t  a u t m c i v e  unufac tur -  
era ,  for e . q l e .  Ford, Chryrler, and General Motors. 
'Ihe u t u r e  w i n e  i a  comsidered t o  be s near t e r r  im- 
proved version of current  engines based t o t a l l y  on un- 
cooled and uncoated metal l ic  -ts and a l l  re- 
quired technology developwntm being avai lable  i n  the 
1980 decade. The advanced mginc ass- l i b e r a l  uae 
of cermicm and requiraa a f e n i f i c m t  research .ad de- 
n l o p w n t  i n  c e r n i c s  s c c o q m i e d  by s i p i f i c m t  sd- 
r m c u  in c e r m l c  properties md procesoiw. The re- 
quired sdvmced c e r r i c  t e c h n o l ~ i e r  a r e  a a a d  to be 
avai lable  i n  the l a t e  1980's o r  l a te r .  

Figure 20 sham a c h u t i c a l l y  the tw schemer 
m a t  of ten coasidered for  a ~ t o l o t i v e  gas turbine. 
the s ing le  r h a f t  cn@~e, m d  the f ree  turbine. fn t h e  
s i w l e  shaf t  coocepc the c a p r e s r o r ,  turbine, m d  
p w e r  output a re  a11 on a 81-1e shaft.  This is the 
8mltlt ~0nfimtaLiOIl  and 18 8 d . t  ODrC e f f i c i e n t  
than the f r e e  turbine. However, it requires a coatin- 
uourly variable t raumiss ioa  rrhich is m added em- 
plexity. Oa the other hmd, the f ree  turbine places 
the compressor md g a s i f i e r  turbine on one shaf t  while 
8 p w e r  tuzbine dr iver  a separate output shaf t .  This 
engine can be coupled t o  a u m v e n t i o ~ l  t r m ~ n i s s i o l l  

vhich is the primary reason vhy -st experilstntai 
a u t a ~ t i v e  gas turbine s tudies  t o  date  hsve used the 
f ree  turbine. Both types vould require heat regeners- 
t ion  i n  vhich waste heat i n  the exhaust gases vould be 
extracted and used t o  preheat the incoming caabustion 
a i r .  

In  Fig. 21 some coqar i sons  a re  mrde .~~olrg the 
current,  mature, and advanced engine8 (19). These 
capar i son8  a re  for  engines nominally i n  the 150 hp 
pcrvcr level.  Current engine technology al l -  turbine 
i n l e t  temperatures near 1850° F v i t h  regenerator tem-  
perature limited to  1300° F because of the necessity 
( s t  the time of the JPL study) of s t a i n l e s s  s t e e l  re- 
generators. Engine w i g h t  is high a t  600 p o d s  and 
eff ic iency is 26 percent. Ihe mature e t a l l i c  engine 
v i l l  a l l w  turbine i n l e t  tetEperatures t o  r i s e  t o  
1 9 0 0 ~  P and regenerator teaperature t o  l80O0 F. This 
large increase i n  regenerator temperature w i l l  be per- 
mitted by the use of improved ~ i ~ i ~  s i l i c a t e  and/or 
c u g n c s i u  alumin- s i l i c a t e  regenerator materials n w  
under developent .  A much l igh te r  engine of 366 pounds 
.ad 33 percent eff ic iency resul ts .  U l t h t e l y ,  the 
u t i l i z a t i o n  of c e r a i c s  v i l l  allow turbine i n l e t  tem- 
perature t o  r i a e  t o  2k)0° F v i t h  regenerative tatlpera- 
cure of 2 0 0 0 ~  F. Another decrease i n  engine veight to  
290 pounds is real ized along with .n eff iciency of 
46 percent. By coqsr i son ,  eff ic iency of sdv.nced in- 
t e r m 1  caabustion piston engines is projected t o  be 
about 29 percent. A 1 1  of the irpprovcpcats noted i n  
going fran the -Lure t o  the advanced engine a r e  the 
d i r e c t  r e s u l t  of the use of c e r d c  co~qwacnts. 

While there ccapsrisonr a re  i q r e s s i v e  the con- 
srrmcr today is most interested i n  &at  a11 of t h i s  
mems i n  t e r m  of gas mileage. S a c  cmparircms a r e  
given i n  Pig. 22. The mature metal l ic  engine would 
provide s doublilrg of gas mileage over the current ex- 
perimental g u  turbine cngines f r m  about 8.9 t o  
19 ppg for  a f u l l  s i z e  car  on the EPA c i t y  driving cy- 
c l e  (19). Of course, the mileage figures fo r  a u t u r e  
gas turbine ins ta l l ed  i n  8 colpact car  a re  even more 
i rpressive u sharo i n  Fig. 22. m e  gain8 i n  d l e a g e  
offered by the c e r r i c  gas turbine a re  d r u t i c  v i t h  
mileages aa high as  46 apg being projected for  a c a -  
pact car  parcrec; by 8 c e r a i c  g u  turbine. 

Another major coacercl of today's coru \a r  la &st 
h i s  coats v i l l  be i n  order t o  reap the benefit8 of 
such an i q r o v e d  engine. The ultimate costs  of future 
gsa turbine engines is d i f f i c u l t  t o  predict ,  h-er 
a a e  capar i son8  a re  offered i n  Fig. 23. 'Ihe mature 
metal l ic  g u  turbine is  projected t o  be very c a p a r a -  
b l e  i n  coscr t o  m sdvmced in te rna l  c o d u s t o r  pis too 
engine (Otto engiue), tha t  is, in  the $1300 t o  $1400 
rmge  (19). I f  cooling and/or ~ 0 a t i w 8  a re  required 
i n  the mature engine i ts  costs  v i l l  of course be 
greater.  The f i w l  cost  of m advmced c e r r i c  auto- 
motive 6.8 t u r b i ~  8-LPC is  I q m s s i b l e  t o  predict  a t  
the present ti-. U a m e r .  s a  major factors  tha t  
m i l l  a f fec t  t h i s  c a t  are  evident. m e r  u t e r i 8 1  
costs  and poporsibly lower processing cos t r  ce r ta in ly  
va t ld  tend t o  lower w i n e  cost.  Bowever, there a r e  
a h 0  fsctora i n  the production of a c e r r i c  w i n e  not 
mcoumtered i n  8 metal l ic  engine uhich rould tend to 
drive up the ccat.  For e-10. a l t  ,ougb m r t e r i r l  
cos t s  u y  be louer, hi&er acrap r a t e s  r i g h t  k ex- 
pected v i t h  ceramic cogonrmtm. Bigb cwtm f o r  lo- 
spection a d ,  in a11 probability, c-t proof teat-  
iw would contribute t o  h l lher  prodoction costs .  =@I- 
e r  warranty costs  mI@t d a o  be m t i c i p a t e d  f o r  a c e  
r&c engine. Ba a11 of these factora would cabins 
t o  determine the f i n a l  coot of a productioo c e r a i c  
gas turbine eapine is not presently Imam. 

An mivantage offered by c e r r i c s  vhm mubstituted 
for  superalloy8 is a conrervatioo of r t r a t q i c  e l c  
mmtr ,  ps r t i cu la r ly  c h r d r n  md nickel.  This is an 
especial ly  l s p o r t m t  conaiderat im i n  such a h i e  vol- 
cme i a d w t r y  8s che s u t a o t i v e .  l t ~ e  United S ta tes  



current ly i q o r t m  u o e n t i a l l y  100 percent of our chro- 
m i u m  from auch carntr ieo u South Africa, Phodeoio, 
Turkey, ad luaaio (19). Ye w o r t  wer 7 0  percent of 
our nickel  f r a  C d a  a d  loruoy (19). Since chro- 
mium and nickel  ore u j o r  conotituento i n  high t a p e r -  
oture alloy8 t h e i r  c o ~ e r v o t i o a  by the oubot i tu t im of 
cerrnico would be beneficial.  

Pipure 24 c a q e r u  the a a m t  of c h r a i u  re- 
quired i n  v o r i a u  m t a o t i v e  w i n -  (19). Pr ior  t o  
the wide opreod uae of the c a t a l y t i c  converter a con- 
vcntionol o u t a o b i l e  engine required about 1i pound0 
of c h r a i u .  With m oddad 6.4 pouod. of c h r a i u  
w e d  in tho r r u i n d e r  of the vnhicle the m r a J t i v e  
i d u s t r y  occouated f o r  8 percent of our t o t o l  national 
c o a o ~ t i o a  of c h r a i u .  Ih io  u o c l u a  m onnu.1 pro- 
duction ra to  of 10 mil l ion v 8 h i c l u .  With the current 
w e  of the ca ta l f l i c  caavorter tho Ehrariu required 
per elyine 10 about 4 t  poumlo md the automotive in- 
duotry cocuuqtiom r a t e  j to &out 11 percent of 
tbe t o t o l  d r r t i c  --tiat. The u t u r a  r t a l l i c  
g u  turbine would 01.0 require about 4k porndo of 
c h r a i u  par *la.. Althayb th io  q i n e  would not 
require l co ta l f l i c  commrter, it would not -act 
c h r a i u  c o l u u q t i m .  otaea it dou require  high chro- 
d m  ouperolloya rod o t a i a l w o  otealo. Ih d o a c e d  
c e r r i c  t u r b i m  could nduce c h r a h m  wage t o  leoo 
t h r r  1 parod por mlm d cu t  the  u t a o t i v e  port iaa 
of d a a o t i c  c a u c q t i m  low1 t o  1e.a than 8 percent. 
A a m l o r  caq . r iaaa  ohow t h a t  the odvmced c e r r i c  
turbine could reduce u t a o t i v e  n i c k 1  comouqtim to 
l u a  thm me-half of e u r r a t  level0 (19). 

Ibe  o u t m t i v e  o i u  wirw .pp.aro to be ideal ly 
su i ted  t o  reap th. m o s i r u  bonefit .  from the introduc- 
t ioa  af  l c c r a l c  g u  turbine. Ibis la  p r i u r i l y  be- 
couoe of the -11 c q u t  mite, the  la-e morket a i t e ,  
a d  the d r u t i c  pwoffo i n  t e r u  of fuel  economy. Of 
course, productioa of m urarrtiw u r r i c  p o  turbine 
w u l d  r.quire w j o r  retool- d corporate dec io im 
t o  c a r i t  to  ouch l retoolin$ w u l d  involve many c a -  
plex ecoacrica factor. w wll u tactmica1 factoro of 
O. type a r i d  hare. 

Ihe  r t e l y  pi loted v d ~ i c l o  (yV) oppaora to be 
m ideal  t e o t  bed in wUeh to ~ t h m  both product im 
oqmrienco a d  f i e l d  u p o r l a c e  f o r  l e e r r i c  so8 cur- 
bin* .lyl.xn i n  the out-tivo a i r  r-. Aloo, 01- 
mayb w@in.o omoller t h m  .ut-ti- mre not cao- 
o i d e r d  hare, the re  a re  o a w  appl ica t ima  &era n o 1 1  
su turbine appear0 t o  be w r y  p r a i o i r U ,  ad the w e  
of c e r r i c o  in t h r e  mll m i n e .  ohould prwide  
benefito o l d l a r  t o  t h a e  prwided t o  a a u t a o t i v a  
su turbine. T*o ouch applicationo i m o l v i q  high 
r o l u  u r k a t a  a r e  v t o r c y c l r  a d  lm core equipwot 
ouch u ridin# w m r a .  In the recreat ional  an., c a -  
pact powor unito f o r  outboard mtoro od o d i l e o  
would 01.0 o p p r  w applicotiolu of hi& potential.  

In O W ,  the  US. of C e l d f . 8  i n  tUZbiB00 
f o r  throe d i f fe ren t  app l ica t iow ha. beon couoidered. 
In 011 three it 10 a p p o r a t  tha t  e a r r i c  c a q o m a t o  
c a  e m t r i b u t e  t o  fue l  o.rfags, ro luorvot im of atra-  
t ~ i c  u t e r l o l o ,  ood q u i u  p . r i b l y  l a o r  c a p o l u n t  
-to. 

Sp.cific.lly, io 1.q. u t i l i t y  sw turbb.0, ce- 
r r i c r  o f f e r  a s r a a t  p o t a t i a l  f o r  coorervatioo of 
curront f w l o  u nll eo the p o o i b i l i t y  of u o i q  
l a m r  srodo, m a  corrooivo a l u r r u t e  fuolo. Bori.*.r, 
odvmced r t o l l i c  c o o l i y  caecopto o f f e r  lanr r i o t .  
oad m a n r  t e n  p o p f  k. 

I n  op i te  of tho laram payoffs &dent f o r  the use 
of c e r c o  i n  c i v i l  o i r c t a f t  so turb1n.r the hi@ 
r iok  to l i f e  ond c q e t m  d w n c o d  r t a l l i c  concopto 
rill delay tho io t ro iuc t ioa  of a a r d u  t o  th io  urkat 
t a r  in to  the future. Iba hi* prwoure turbiaa t i p  
obroud i a  l p a o i b l e  excaptiom U u t  could oee u r l i e r  

uaoge of c ! ! P b e ~ l t a L i e  i a  of c e n l c o  i n  
larfie a i r c r a f t  wuerplonta w i l l  depend heavily upon 
the-confidonce ;.in& by applyins ce rmico  i n  other ,  
n w l y .  srod booed, opplicotioao. B w w e t ,  l d i q  
t o  tho day vhen thot  cmfidence w i l l  c o w ,  there a re  
opecial conrideration for  c e r d c o  i n  a i r c r a f t  t h a t  
ohould be oddreared n w  00 or t o  haoten t h a t  day and 
be prepared for  it. ar r iva l .  holy the w r e  obviouo 
opecia1 need8 f o r  a i r c r a f t  epplicotiono a r e  c e  i c  
capoaea ta  of u l t r a  high reproduceability md r r l i a -  
b i l i t y .  Such high level8 of r e l i o b i l i t y  require la- 
prwed u t e r i a l o  a d  pr0Cu8eO copable of p toduc iq  
ccqommta with t ru ly  m i n i u l  r i ak  of fa i lu re .  Cou- 
pled with the neceooary i g r w e d  p r o p c r t i u  .ad pro- 
ceooeo ore the required order of moplitude improve- 
rat. in the c a p o b i l i g  of a o a d . a t ~ c t i v e  evaluotioa 
m) t u h n i q u u  t o  de tec t  l i f e  l i m i t -  f l m .  And, 
of couroe. deaiga techniquu and r e f i n r m t o  u o t  be 
carr ied t o  their nth d q r e e  to provide carpoorat de- 
01- t h a t  w i l l  o c c d a t e  br i t t leneoa.  %rough 
t h u e  c d i n a t i a r r  of cmfidence f r a  ground b u d  ex- 
perience md d r o l u t e  r i d d x e t i o n  of r iok  of f a i l u r e  
by improtnd u t e r i a l o ,  proceoau,  llDG techniqueo md 
c a p a u n t  d e o w  cer-co w i l l  o m  day provide the 
r e l i o b i l i t y  required for  airborne o p p l i c a t i a u .  

Ibe a u t m t l v a  oixe gao turbine appear8 to be the 
wt likoly f o r  a p p l i c o t i m  of c e r n i c o .  Caqaaent  
s i t e  r e q u i r u n t m  a r e  m o t  ~ d l e  to hi& capacity 
c e r r i c  p r o c u o i q  tec)miqueo. The eff iciency m d  
coluequently i q r w e d  1.0 die-e uhich l c e r r i c  goo 
turbirv c m  provide l p u o e q e r  w h i c l e  10 d r u t i c  
.ad cer ta in ly  a ca r ro t  worthy of v b o r a u  purouit. 
Aloo i n  t h e  near-mtorot ive s i t e d  m g i w  other  obviouo 
appl icat ionr  ore remotely pi loted a i r c r a f t ,  t r u c k ,  
b u t . ,  a d  portable parcr  unito. 

I n  order t o  b r i a  the  p r a i a e o  of c e r a i u  t o  
f r u i t i o n  i n  m y  of the d o v e  oreoo, t h a t  10, u t i l i t y .  
a i r c r a f t ,  o r  u t a o t i m ,  w i l l  require a I r e a t  deal  
l o r e  r u e a r c h  md d e v e l o p m t  effort. in 011 u p e c t o  
of b u i c  moterialo behavior, proceoaily, tU@, deoipl,  
end re la ted  d i o c l p l i n u .  Also, i n  tho no t  too d i o t m t  
future o a r  v j o r  c i n t o  w i l l  h a w  t o  be mode t o  
productioa of l u r r i c  1.0 turbina 00 tlut the  neceo- 
oar7 c o a f i d m u - b u i l d i q  productloo and f i e l d  experi- 
once c m  k accuuloted.  

Indeed, u r r i c o  i n  geo turbim a p p l i c a t b n o  have 
o u t o t s d i -  potent ial ;  h o n w r ,  u of today, they a r e  
ne i ther  a quick, o L q l e ,  nor chew oolution t o  u t e -  
r i a l  md mom prob1.r. S o u  day they coo k; how- 
mr ,  u c b  work r u l m  t o  be dome. In puroui- 0 1 0  
work m u o t  hmw potience a d  r e a l i z e  t h a t  m ore 
p r u o n t l y  lw on the leo ia i ly  -me. Ye wt k tol- 
e r m t  of faloa o ta r to  yet k oure ue ore a t t r p t i w  
tho proper otarto. S o r  approocheo u y  .ad in to- 
porary fa i lu re ,  h a r m r ,  i f  ouch approachaa a n  cam- 
ceived i n  o d  technical a a o u m a n t  the f a i l u m o  c m  
provide a valuoble learning experience f r a  rrbich t o  
lnmch a r a n d  m d  u l t t u t e l y  ouccuofu l  ottock. 
The .o re  d u s i q  f a i l u r u  a re  thooe uhich a r e  predao- 
t ined b e c u r e  of uouioe oontechnieal decloiaio of a 
p o l i t i u l  o r  e c o o a i c  Mast.. I r a  t b e r e ~  ruual ly 
l a a m  l i t t l e  of technical value. 

8- hove nocured  t h e  opinion t h a t  a t  tb io  pint 
i n  t i r  c e r r i c o  h o w  boan "weroold." Thio 1nd.d 

bo l va l id  oboorvotioa, harover, ia ria of the  
s n a t  poyolfo o m  d&t al te rao t ive ly  o w e  t h a t  ce- 
r d c o  have be- "der-oupported" md "under- 
reoeorchd  . " 
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Fig. 1. Schematic of a i r c ra f t  gas t u r b i n e  engine. 
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Fig. 2 Major advantages o f  ceramics for gas tu rb ine  engines. 
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Fig. 5. Reasons for the renewed interest i n  ceramics for gas turbines. 

Fig. 6. Major ceramic gas turbine programs (6, 7, 9). 
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Fiy. is. Relative init ial pon-erplant costs tSlkWt. 2409 F turbine inlet temperature, 
combined cycle (15). 
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Fig. 21. Comparison of automotive gas turbine engines; All 41 compression 
ratio and fully regenerated (19). 
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Fig. 22. Projected gas mileage cmpg) for automotive turbines (19). 
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