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ABSTRACT
—

New ly developed ceramic materials , fabrication processes , and ad-
vances i n  b r ittl e materials desi gn capability are h a v i n g  a s i g n i f i c a n t ’
impact  on our ab ilit y to utilize ceramics as sul)stitute materials . ‘ I i i ;
paper i~ i i i  f r  icfl y r e v i e w  ceramic m a t e r i a l s  and t h e i r  methods of f a i n  .~~-

t i On .  l~c w i l l  t h en  consider the use of silicon nitride and silic on c .mv~
bide c e r a m i c s  in hot f low path components of gas turbines . Emphasi ~ wi l l
be on t h e  a d v a n t a g e s  of ce ram ics for t h i s  app l i c a t i on , mate r i a l s ,
p r o g r r ’;~ to date . Application of single and po lycrys tal l ine  ceram i cs ( . i

optical sy s t e m s  such as h i gh energy lasers w i l l  he reviewed.  The dct a~~lid
cha r a c t e r i  z a t i o n  and m a n i p u l a t i o n  of grain boundaries in ceramics t~’ i 11 lii ’
seen to  be of great  importance in 1)0th the  hi gh temperature structura l
and advanced  o p t i c a l  areas of app l i c a t i o n .
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FOREWORD

A topical conference on “The Physics of Materials Technology” was one of
the major features of the ‘1976 Annual Meeting of the American Physical Society.
Five sessions of invited papers dealing with Materials Resources and Materials
Science were held: namely, Materials Supply and Implications for Technology ,
Technology of Materials Supply, Technology of Materials Durability, Technology
of Materials ~ubstitutions , and Materials Conservation through Science-IntensiveTechnology. ~j’his paper was presented by the author on 4 February 1976 at the
session on Technology of Materials Substitutions As a large portion of this
paper deals with technology developed in or associated with the ARPA “Brittle
Materials Design/High Temperature Gas Turbine” program , the author would like
to acknowledge ARPA , whose support of this program has been instrumental in
taking these “high-performance” ceramics from the laboratory to the status of
advanced state-of-the-art engineering materials.
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IN TROD UCT ION

Between now and the end of the century ceramics will be utilized in many
applications where one would expect to encounter metals. In particular , we
will begin to see ceramic materials being applied to load-bearing engineering
applications. The substitution of “high performance” ceramic materials , such
as silicon nitride , silicon carbide , various uglass_ceramics u , and oxide
ceramics for more conventional engineering materials will come about because
they are abund ant, low cost, high strength , and/or low thermal expansion , high
temperature materials. The major impediment to their past utilization as
tensile load-bearing components has been their inherent brittleness. Designers
are learning to design around the brittleness problem and thus make ceramic
materials available for a wider spectrum of engineering applications)’2

Ceramic materials have always been associated with high temperatures . Today
the high temperature capabilities of the “new” engineering ceramics , such as
silicon nitride and silicon carbide , are being focused on the critical areas of
energy and materials shortages . Increased efficiency of heat engines requires
higher working temperatures . The temperatures desired frequently exceed the tem-
perature capabilities of current or projected metal alloy systems . Further , the
availability of many elements required in hi gh temperature alloys is at least as
problematical as the availability of petroleum (Figure 1). Therefore, over the
past five years there has been considerabl e interest in exploiting abundant ce-
ramic materials in gas turl)ines as well as in other high temperature applications.

C UHIIENT SUPPLY
U S  IMPORT S AS ULTIMATE

A PE RCENT OF SUPPLY (U.S.
IIOMESTIC USE RES ERVES AN D

MF AI 19/ 0’ RESOURCES) CURRENT SOURCES
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CULUM[tIIJM 100 DATA B R A Z I L , N ICE  A l A
UNAVAILA BLE MALACASY

NICKEL 91 LARGE . A SSUMING CANA DA . NI.) i i CA Y

Figure 1. Present and potential  INCREASED WO R L D
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‘l’his paper will specificall y focus upon the app l icat ion of ceramics to the
gas turbine eng ine , hut it is important  to appreciate  that benefits similar to
t hose to be described later in this paper can accrue to all  heat engines.

h nergy conversion is , perhaps , th e la rgest sing le new area of opportunity
for ceramic app l i c a t i o n.  However , there are many other areas where ceramicE are
no w bei n g ut i l i z ed or con side red , and where they can y i e ld si gn i f i c a n t sa v i ng s  of
scarce resources . The fo l lowing  arc typ ical exa mples .

• The use of f ibe r  opt ic  cables for data t ransmiss ion w i l l  save copper
and can reduce cable wei ght by a factor of 2i.~

• ‘Ihe use of sodium vapor lamps , which require alumina (or other
hi gh temperature transparent ceramic) envelopes , to replace conventional
filament lamps reduces tungsten wire usage (v ia  15 to 21) times longer lamp
life) and delivers significantly more lumens per kilowatt.

• The use of silicon carbide igniters to replace continuous pilot li ghts
on gas appliances can save as much as 25’~ of the gas consumed .

The first two of these examples introduces the importance of the optical as
well as the mechanical propertles of ceramics when considering their use a’;
substitute materials. An exciting area of technology and materials science
requiring the development of transparent ceramics where both optical and
mechanical properties are crucial , namely, hi gh energy laser windows , will be
discussed . However , first it is desirable to briefly review ceramic materials
and their fabrication , and then consider the current status of ceramics in gas
turbine applications . Next , the concept of grain l)oundary engineering will be
introduced . Both the development of improved silicon nitride for turbine appli-
cation and potassium chloride laser windows will be reviewed from the viewpoint
of grain boundary engineering.

WHAT ARE CERAMICS?

The classic definition of a ceramic as a product made by firing minerals at
hi gh temperatures (i.e., earthenware , porcelain , brick , glass , ename1s~ comes to
us from the Greek word Keramos (burnt stuff). This definition is still largely
accurate. However , today one usually considers ceramics as any inorganic , non-
metallic materi al. ‘thus , the families of materials with their examples shown in
Fi gure 2 include carbons and salts. One can even include ice and , in fact , much
ice research has been performed by cc’ramists .~ The app lications cited in
Fi gure 2 tend to range from the most ancient to the most futuristic as one goes
from top to bottom. ‘tany of the more ancient app lications represent a continuous
record of technolog ical growth and response to new demands . For example , the
ancient use of ceramics as containers now includes the use of ceramic technology
to c O n t ; I ~~ fl n u c l e a r  waste materials , either b f using them in a g la s s  or hot
pressing them in large bloc ks .5 This mention of glass forming and hot pressing.
while somewhat removed from the definition of ceramics , brings us to our next
a rea of cons i d e r at  ion , c e r a m i c  t ’a l ’r i c at  io n .

~ , Op / u n !  5p i n ,.’ 1 ,11111  II t ’ L f ,  p 2N ,
I KlN(  .t - V. ( I  /, . rind ‘tu rn I” ,

~~
n n n ’ u, n l’ r,,n , ‘ t i l l (JIII/ ~~~~ ‘l i n t ,  \ lI I l’resi . I . l I t l In i I t t I ’” . ~~~~~ ) I I l s n I I s . t 1(n 1 .

5. ‘tI ( ‘tR lII’t , ( , . I . mcI I t  II ‘MN , \t I. ( , u ; ’ n n , ,  \,,, /, ,j ,  C r 1 ,  / , no , i ,  II , I ( ‘r ’l3/t llu 11 ,/U, (‘ u r t/ ’ n n t I tn I ’ tn ’; , , i n n ’ ,I Ill’ 111,1
I” i i n n i ~’ ( n r  n i ’ l l l  I t t , I )n ’( III . ~~. cc , t i n ’ . 2 , I , ‘ I n r , r . t t r  I t / t n . p. I 
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Figure 2. The families of ceram ic materials with their applications.

CERAMIC FABRICATION

Ceramic materials may be processed by several major routes . ~Ielt formation
is the basis of the glass and glass-ceramic materials , as well as many single-
crystal ceramics. Chemical vapor deposition has been used to produce both
polycrystalline and sing le-crystal ceramics . Without considerin g glass , the
bu lk of eng ineering ceramics are formed by the consolidation of powders. The
application or heat or the simultaneous application of heat and pressure will ,
in general , cause art aggregation of ceramic powders to become a well-bonded
polycrystalline crystal body. This is known as sintering (or if pressure is
involved , hot pressing) . The driving force for sintering is the reduction of
surface free energy of the powder aggregation . In general , sintering will occur
when the surface free energy of a grain boundary yG~ is less than tw i c e  the su r-
face free energy of a powder surface in contact  w i t h  i ts  vapor env i ronment
(i.e., air , N2, Ar , etc.). Thus when the individua l powders consolidate into a
densified and bonded ceramic there is a net reduction in the free energy  of t h e
system. If heat (and often pressure) are maintained , the system will continue
to strive to lower its free energy by the process known as grain growth. T Pram
growth will continue until a metastable grain boundary array approximating a
body-centered-cubic packed array of tetrakaidecahedra occurs . Sintering , densi-
fication , and grain growth often are accelerated by the use of additiv es which
may or may not produce a separate grain boundary phase. [sen in r e l : i t i v e l v  pure ,
single-phase ceramics grain boundaries tend to he favored sit (~ for segregation
of impurities , porosity, and entrapped gases. ‘I’hus , it can be a n t i c i pa t ed  t h a t
grain boundary composition , structure , and processes occurring at grain boundaries
can dictate the properties of the ceramic piece.

6 . K INGI KY , V.’, IN l,If’rcc/t n’tItsI to (i ’ramü ’c. Jrclcii V1 1111 and S~ m i , N.’u \ o r  k . I ‘ it,,  ‘ I t t  I 2. I 96(1,
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A genera l flow chart for ceramic processing via the pa rt iculate consolida~
t i o n route is shown in Fi gure 3 . Because of the  g e n Cr a l hardness associated w i t h
structural ceramics such materials can be very difficult to m achine . Thus
f ab r i ca t i on  methods which  can reduce or e l i m i n a t e  m a c h i n i n g  are es sen t i a l  to
sig n i f i c a n t ly  increase  u t i l i z a t i o n  of ceramics as subs t i tu t e  m a t e r i a l s .  During
the past ten y ea r s  much progress has been made in  the areas of r e a c t i o n  s i n t e r i n g ,
react ion b o n d i n g ,  an d i n j e c t i o n mo ldi n g of ce r amic  p refo rms to very close
to lerances .  In particular , perhaps , the most promising a~vance in cera m ic
processing technology in the last decade h :c- T bee n the “marriape ’ of po l y mer  and
cer amic pr o c e s s i n g  to p rod uce “green ” preforms for the above ‘ esses .  l aj e c t i . on
mold ing  of c e r a m i c - f i l l e d  polymer pre f orms has become hi gh l y  devel oped in th e
past few years . We w i l l  b r i e f l y  consider the i n j e c t i o n  m o l d i n g  process as it
applies  to react ion-bonded s i l i con  n i t r i d e  (RB SN ) , r eac t ion  s intered s i l i con
carbide , and conventionall y sintered alumina. In the case of i n j e c t i o n - m o l d e d
RBSN , a polymer is f i l l e d  wi th  s i l i con  metal  powder (to as much as 7Qc~), wh i ch
is injec ted  at modest temperatures (Ca 100 to 200 C) i n to  a die wh i ch p rod uces a
preform of precise dimensions. This preform is heated slowly (about 300 C), to
remove the pol ymer , then the Si powder preform is care full y placed in a furnace
and nitrided in an atmos phere of pure ~2 (ca 1300 to 1450 C~ for 24 to .18 hours .
The n it r ida t ion pr ocess of such a Si preform is a remarkable if still somewhat
imper fec t ly  understood event . For

3Si +~~~~ -~‘Si \
(s) _ ( g )  . 4 ( s )

th er e is a 23~ expansion in the  so l id  v o l u m e  compared to ~i; vet , when this
react ion is carr ied out on a preform there is e s s e n t i a l l y no chan ge in dime n sions
(-0 .1 % ) !  The reason for t h i s  appears to be t ha t  the f i r s t  Si 3 N 4 to fo rm , does
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Figure  3. A general flow Chart for
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so by a com~lcx solid -li quid-vapor whisker growth into the void space of the
Si preform . The net result is that what appears to he a rather complex series
of processing steps , and what is a complex series of chemical reactions , yields
a product of great technological import--an engineering ceramic which can be
mass produced to tight dimensional tolerances with little or no nachining and
at low cc i s t .

Reaction-sintered silicon carbide can be formed by a similar process. 9 Here
SiC powder , a polymer , and carbon powder are mixed and molded into a desired
shape . The part is then heated to carburize the polymer , and Si metal is “wicked”
through the pores reacting with the free carbon to form additional SiC which
bonds the material together. The end product is SIC p lus  a small percentage of
free silicon . Such parts show very little shrinkage . Preforms f,~r conventionallysintered ceramics can also be produced by in jec t ion m o l d i n g .  Both s in tered  SiC
and Al203 have been fabricated via this route. Here typical ceramic loading of
the polymer is approximate ly  50 to 60~ which leads to about an lS”.. change in
l inear  dimensions upon f i r i n g  to nearly full density. These dimensiona ] changes
can be accounted for in desi gning the preform so that the f i r ed  p ar t w i l l  have the
desired dimensions . Figure 4 shows an injection -molded nozzle from the  ARPA/Ford
small vehicular gas turbine. 1h Such stators have been made of both reaction-
bonded silicon nitride and reaction-sintered silicon carbide , and each material
has demonstrated over 150 hours durabilit y in test r i g s  operat ing at 1930 F.

The main point to be made is that not only are high performance structural
ce ramics wel l  along in development and app l ica t ion s , hut the  processing technology
to make complex engineer ing shapes via mass production routes which minimi :e
machining is also proceeding apace. This development of a processing technology
is essential to create a viable technology base from which ceramics can be
exploited as substitute materi als in sophisticated engineering applications such
as gas turbines .

- I , p
M ~~ ‘ “

I” /

,-_____

Figure  4. State-of ~the’art : injectior”molded
s ilicon nitride and silicon carbide stators . ‘
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CERAMICS IN THE GAS TURBINE

\ 5  St it t c ’d in the I n t r o d u c t i o n , t i m e  primar y means  of i n c r e a s i n g  the e f f i c i e n c y
of th e .~as III’ hi ne is t o  i nc r ea se  the  t u r F  i n c  in l e t  temperature (TIT) . If it can
be i n cr c a s e d  to Il Olit ~~~s)Q F u s i n g  u n c o o l ed  cer . Ic I i c hot  f l o w  pa th  components ,
the  t ’o 1 us i ug advant ages  m e c r u e

V e h i c u l a r  T u r b i n e s  ( r e g e n e r a t i ve , a l l  hot f low pa th  components ,
c e r a m i c ) : f uel s a v i n g s  of 30’

~ over today ’s Ott o c y c l e  g a s o l i n e  eng ine;
reduced emissions : multi-fuel capab ilit y ; and low cost (no supe ra l loys)  .~~~

• ~t at .ion ,irv l u g  i n e s  (uncooled  vanes  o n l y )  : oiierat ing in combined

~lIS tui’hi s.’ 5 ’ t  ‘arE turF in c modes one can approach ef ’t’i c i e n c  ies of 50% or higher;
rcs :duul or coal-derivative fuels call be used ; dollar per kilowatt savings
of 1 ’ ~ (at 4 0 1 1  F ) are 1.)redicted .1~

In l i ght of our current energy prob lems , to ese are goals certainly worth striving
for.

‘l’urbine designers have been intri gued by the possibility of applying ceramics
for over 30 ~‘ears . h owever , it was not until about seven years ago tha t we had :

• thermal-shock-resistant ceramics such as Si 3\ R ,  SiC , and LAS (glass-
cerami cs) developed to the point that they could be considered true eng ineering
material s , and

• sufficiently developed analytic capability to handle tile complex job
of detailing the stre .s state to the degree rcquired in brittle materials design.

ill e thermal -shock-resistant ceramics ontioned above are actually families
of ccramic m aterials in much tile same sense tbsP steels or brasses are ah oy
families. ..\n example is shown in Fi gure 5 wh e re pr’s’crties of the various members
of th e silicon nitride mat erials fa r i lv are out 1 tna1 .

The p r o p e r t i e s  of the  s i l i c o n  n i t r i d e  fam ily of m a t e r i a l s , as w e l l  as t he
s i l i c o n  ca rh ides , sat i s l e ’  most ot ’ t he  req ui I c / c e n t s  for  ceramic  tu rb ine  components
show n in Figure tt . Tb is fi gure l i s t s  two 1 ev’ 1s c ’f ’ requirements. Those listed in
leve l 1 m u s t  he atta ined if ’ a, ceram ic can function at a l l  in a t u r b i n e , he nce they
rej re’sent the mini mum t e c h n i c a l  r c qu i  r e c a n t  s . ‘I’o go from a t echn i  cal pos sib i l i t y
E s )  1111 e n g i n e e r I n g  r o s s i h i l  it v th e  r e q u i r e r e m i t s  l i s t  ed in  l eve l  . must be a t t a i n e d .
‘i’o even tcm Z in  to assess t h e  pot e n t I a l  or ach ieving tile leve l 2 requirements , as
w a ll as t o  g e t  a is~ t er  de l i  n i t  i O~ I of a’ i Ie l s ’  we’ ’ t and w i th  respec t  to leve l  1 re-

I ’ ‘ t i l t s  vis-a — v is :i real eng ine , r’:indates that one t a k e  a sy s t e m s  approach and
m i t  i I t t :  ‘IC development of a gas t i  ch i n e  e n g i n e  ha ’~c’d on ceramic technology . 11

B a s e  1 cu ‘t Ee favorable p roiect 1,1 115 In  t I l e  51  i t C  -of—the—art for  b oth m a t e r i a l s
and des i gn capab i Ii t i e s  , and t Ia need for a s~ s teEns a roach , the Dep ar tmen t of ’

lEa fea~se ‘ s .- \ dv :mEl ced  l’ .e’~ t, . 1  rchi IT i’1 s j  ects .‘\genc~ (ARIT .-\ 1 in: t i at eel a program in i~r 1 to

l i t . I - ’  ,lISl tN I , I .. ,,t l IR k ‘ ‘ si ’ ‘ N I l . S I ( 1, / i t t t t  5 l, ,~ h i t ,’!? ii’, . ,,‘ ‘ ‘ s/ ’ s , lp, ’’ !s I t t / s  I t , , ’  I. l u l l  I’III/Il~I,Ine (‘ ‘mI’an~ . (“he’,IIIU!

11 ,1 1 .  ‘. 1 ’ ’ : , t I l T s 7 ”  ( tI . q ’ / s ’ t  I’. 0 1 . I’ - —17 .
I I .  Sc ’ ’ ‘ ‘ ‘‘ c . P .  t’ .j ’ t t s , ’,’ , \ , , r ,. ’ t t ,,I St .,ck,lmI ‘ 1 5 I, ,l, s . \¼ . , s l , , , , ’ i , , n ,  I) . I . , 551 S I t  R ’ p ’ i i  3211 . I ’ i ”c ,
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54 ‘I qO - 110 TO 140 KSI , MOR : ~~~~ 2400 F: ~‘ I L A t I ’ ,’ f E ”  HI CH (‘USE

HOT PRESSED ,
‘1 203 ‘ 130 To 160 551 MOI1~ ~~~ > 2500 0 R E LATIVEL Y HIGH r rs i

i tS’ . - AL E PROPERT IES ( p1 , AS p 4 ‘1(19 4 0, R E S I S T r c- .LF 4 l A T H S  [ 15 I[I1’Y
COMPLEX S HAPES I AS IL~ PRODUCED lOTS LITTLE OR N O ’ , ) A C ’ ( I ’ i l i , C ;  LOT,’ COST:
STREN ( ;TH RANl ;E ‘-15 551 (2 , 2 GI CC ( — 40 .551 2. 6 GICC

SI’sJTE RE D - Si 3H ‘‘siO’  RELATIVELY NTIS MATERIAL  PROPERT IES WILL PROBABLY BE v I [ l’.A~
lITTlE R HPSN AND RBSN

A LL FORMS OF S13N4 ARE PROFO UNDLY Ie F E U I IeCE D BY THE EXISTENCE OF B PHASES . S0’~I
PROPERr IES , i . e . ,  CREEP . ARE D0- ’ ) INATED BY SUCH PHASES

Fi gure 5. Silicon nitr ide: an alloy/processing family of materials.

LEVEL 1

• Thermal Shock /Thermal Fati gue Resistance
• Necessary Temperature Capability
• Adequate Strength and Creep Behavior as a

Function of Temperature
• Necessary Longevity in the Turbine Environment

LEVEL 2

• Consistency of Properties as Fabricated
• Acceptable Weibu ll Modulus
• Acceptable Fabrication Potential

Fi gure 6. General proper ties required of ceramics in a gas turbine,

accelerate ongoing work in this area and awarded .t con tract to tile Ford Motor
f~sm pa n y  w i t h  W e :Ring house E l e c t r i c  Company its s u b c o n t r a c t  ir  to  deve lop  a desi gn
c a p a b i l i t y  w i t h  b r i t t l e  m a t e r i a l s .  Tills des ign  c a p a b i l i t y  w as t o  be demonstrated
v i a  the  success fu l ap p l i c a t i o n  of ceramic  h a r d w a r e  in  hot  f l o w  pa th componen t s  to
operate  at 2500 F uncooled for 200 hours in a v e h i c u l a r  e n g i n e  and 100 p e ak i n g
cycles in an electrical power generating size turbine test ri g.

,-\s of toda y the p r i n c i pal r e su l t s  of the  ARP \ pr ogram i n c l u d e  tile f o l l o w i n g :

Vehicular  Engine

• A ll stat i onary hot flow path components (inlet nose cone with integral
t r a n s i t i o n duct , s t a to r s  , and shroud s , ;ill of RRS\ ) h : Ive ’  demonstrated at least
100 h ou rs d u r a b i l i ty  in e n g i n e  t e s t i n g  to 1930 F (us ing  metal turbine wheels).
Fi gu re 7 i l l u s t r a t e s  these  components  w i t h  th e ir demonstrated engine durability
t imes.

IL - -——~~~—.-- . — -.‘- “-~~~-“ - “~~ ‘- ‘. - ‘-- ‘ - “~~ ~~~~~~~~~~~~~ “
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Fi gure 7 . Ceramic hot flow path components .
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• A r~action-sintered silicon carbide combustor has been rig tested for200 hours over a represe n ta t ive  duty cycle in cl uding ~ i hours at 2500 F.

• Aerodyn amicall y functional ceramic turbine whe ehs  have been fabricated
and cold spun wi th encouraging results.*

Stationary Engine

• Hot-pressed-and-machined s i l icon n i t r i d e  vane a s sembl i e s  have been
tes ted  for  106 peak in g cycl es at 2240 F , inc lud in g  tw o emergency shutdown
simu l at ions.  Tests showed hot-pressed Si,N 4 vanes can survive emergency shutdowns
from 2240 F.

• L i m i t e d  t es ts  at 2500 F have shown mixed results , hut clearl’s’ indicate
tha t  com m e r c i a l l y  a v a i l a b l e  hot-pressed s i l i c o n  n i t r i d e  can survive upwards of
50 peaking cycle s at 2500 F .

Toge he r  with t i l l s  impressive progress in desi gn and hard w are  demons t ra t ion
we have w itnessed major im pr ovement s i n ceramic materials processing and proper-
ties essential to the further utilization of’ thI o~ e ate ria l.s . Much research ,
deve l opmen t , and demonstration work is still required , h owever. Some of the
general Rf ~l l  needs i n c l ude:

S o s ’ ,,tI, I ’ tI in Pt ’ ’ ’ ’ f -  In \I,,rOt I ’ 17 7  l ord ~us ’ s ’c ’’ ,IuII~ h , I  spi i’ I ,‘s: - ,I a 27 (‘I,,,l ~~( lu ~ s’fl-,i I\ I,’I,,r in I f l  COgi fl e
s I  ri g at 3201t I Intl 45 ,0110 r pm l , ’ r  0 hours . Flit,’ ri’Ior ~Ili?’ ivs ’d m d  js ,mv ,it L, !,I.’ i,’r I ‘ 7 1/cr I, ’ ’, I ,



• I mproved hi gh te mperature s t rength  m a t e r i a l s  to a l l o w  for rotors  and
hig her r e l i a b i l i ty  s t a t i o n a ry  components ope ra t ing  at ‘ l i T ’ s of 2~ 00 F or h i g h e r .
Impro vements  in Si 3NH, SiC , and development of new m a t e r i a l s  ar e impor tan t  he re .

• Bet t er  d e f i n i t i o n  of the lo ng- te rm response of t u r b i n e  ceramics  to the
ci’,- ‘oriment encountered  in t u r b i n e s .

• i mproved f ab r i ca t ion  and processing techni ques leadi n g to ass ur ed
repr od uc ib le  h i gh q u a l i t y  ma te r i a l s  v i a  low cost techni ques.

• De velopment  of adequate quality assurance v ia  nondestructive evaluation
and/ or  proof te s t ing procedures .

• Fu r ther  improvements  in desi gn ca p a b i l i t y .

Whi le  the a t t a inmen t  of the above improvements  w i l l  require more intensive
R E D i n a l l  areas of ceramic m a t e r i a l s  science and engineer ing , two areas may be
s ingled out for pa r t i cu la r  a t t en t ion . These are improved processi n g capa b i l i t y
and ceramic “alloy ” desi gn , with particular emphasis on control of grain boundary
structure and reactions in the case of the nitrides and carbides of silicon .
Some of the recent advances in ceramic processing have already been discussed
above , but more work is required in this area to asstxre that l roperties obtainable
in laboratory specimens can be scaled up in the sizes and q u a n t i t i e s  req uired
for act ual s y s t e m s  a p p l i c a t i o n . This requirement for an improved “science of
ceramic processing ” is becomi ng i n c r e a s i n g l y  recog n i z e d . The second area , t ha t
of ceramic alloy desi gn , involves what can be re fe r r ed t o as “grain boundary
eng ineer i n g” . G r a i n  boundary eng ineering can he defined as the deliberate
selection and contro l of composition , structure , and processes occurring in the
grain boundary . It is in t h i s  area tha t  the a u t h o r  b e l i e v e s  there  are many
potential areas of interaction between t i le  ph y s i c s  and ce ramics  c o m m u n i t i e s ,
e s p e c i a l l y  in the  ch aracteri ::it i on  of the  g r a i n  bou n dar ~’ . Cha r ac t e r i z a t i on  of
t he s t ruc tu re  of and r eac t ions  o c c u r r i n g  i n  t h e  g r a i n  bound ar y  of tile nitrides and
carbidcs of silicon represent s a pa rt i c u l i r  v e x i n g  p rob lem due to the sma l l  e x t e n t
of t he se  bo undaries  ( t y p i c a l l y  l e s <  t h a n  200 $. w i d e )  and tile fact  tha t  they max ’ be
amorphous ra ther  than c r y s t a l l i n e .  In sp i t e  of these  pr o: ’ Ien ls  wh i cil are currentl y
l i m i t i ng grain boundary science , much ca n be do n e b y g r a i n  boundar y  eng inee r i n g .

GRAI N BOUNDARY E N G I N E E R I N G  IN HOT -PRESSED Si ~N4

State-of-the-art hi gh-strength , hot-pressed silicon nitride (I!PSN) has
resulted from a series of developments involving: emp irical selection of
densification aids , contro l of hi gh temperature strength-limiting reaction
products in the g r a i n  boundary via a variet y of strateg ies , and selection of new
families of densification aids specificall y chosen to yield grain boundary phases
with improved properties. Thus , the development of hot-pressed silicon nitride
provides a textbook case study of grain boundary eng ineering . The history of
this development will now be reviewed .

As the result of an empirical study to obtain a densification aid which
would lead to the  product ion of near f u l l  dens i ty ,  h i g h - s t r e n g t h  l ! l ’T ~N , l)eel cy

9
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L’~ iii . ~~ t,I c~n,’ii ~ t r :Ited that MgO gi iVe s u p e r io r  re uI to ot’cr o t h e r  a d d i t i v e s
cons do red. Lu other opt i I .:at ion of t h e  ‘IgU- ’ i ~\, system was cci i-ri ed out b~
Lunhv and Coo ’ - who sho wed the si gnificanc e of using hig h ~-Si 3Ni1 powder and
the importance of time at temperature during hot pres s (lip Oil development of
st reugth in The !h1’ i~\ body . The work of man” other i n v e s t  i c, a t o r s  in the U . S .
and U .K. (especially Prof. K .Il . Jack at the University of New castle upon Tyne) 1

~
f li rt Icr charact 01’ I :ed the grain boundary p hc~ --o and i t s role in the ct—s
r iii sfo rm,- i t i on . ’ This latter transformation appear s to be r eq u i r ed  to obtai n

the hi ghest strength (((‘SN . .-\ summary of thi ,7 . m e  c~ developmen t is presented
i i i  1 - i ,oure 5 . tVh i l e h i i ’ SN produced t h i s  way had prop ert ies w h i c h  were encourag ing
for gas turbine application , in-depth studies of creep and hi gh temperature
modulus of rup ture (MOR) at -2100 F and beyond i n d i c a t e d  t ilat  in contrast to
0 IT5N , I IP SN had a s i g n i f i c a n t  f a l l - o f f  in p r op e r t i e s  (as i l l u s t r a t ed  in Fi gure 9 ) .
~luch in f e re n t i a l  ev idence  from auger  spectrosco;r\- , ‘Ii M , creep behavior , e t c . ,
‘a~ ntcd to the MgSiO 3 “g l a s sy ” grain bound ar phase being responsible for this

i o r .

The central problem faced by ceranlists w a s  h ow to f ind  a way to create a
more refractory grain boundary . I n sp ite of the exper imen tal d i f f i c u l ties in
direct characterization of th i s  g ra in  boundary g lass phase  (n am e l y ,  that the
small volume percent of this “amorphous” phase in a crystalline matrix is not
ame nab le  to X-ray diffraction methods and its small extent rules out microprobe
and similar direct techni ques) and having to rely on inferential results ,
si gnificant improvements in HPSN have been made by app ly ing the grain boundary
eng ineering stra teg ies l i s ted in Fi gure 10.

ST’kRI : a S13N4 POWDER PLUS MgO (DENSIFICATION AID

~-5%) PLUS HEAT (1700°C ) PLUS PRESSURE
(4000 PSI)

DURING
HOT
PRESSING: S iO2 (ON SURFACE OF S i3N4 POWDER ) PLUS MgO -

~~~

L I Q U I D  MgS iO3 PHASE

a - B S 13N4 TRANSFORMATION

RESULT:
B S1 3N4 (65 1 -2~.d PLUS MgSIO3 

(GB GLASS S 200 A
WIDE )
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STRA TEGIES TO INCREASE THE HIGH-TEMPERATURE
BEHAVIOR OF HOT-PRESSED S13N4

1. Redu ce Ca , Na , etc. , impur ities to make the grain
boun dary MgS 1O3 glass mo re refractory.

2. Devel op a densif icat ion aid to yield a more refractory
glass than  MgS 1O3.

Figure 10, 3. Devel op a nonglass grain boundary.
4 . E l i m inate the g ra in bounda ry phase by promot ing

sinter ing v ia volu me diff usion .

The reduction of impurities which cause the grain boundary glass to soften at
lower temperatures than would otherwise be the case was investigated by Lange 16

and Kossowsky 17 at Westinghouse and Richerson t 8  at the Norton Company. This
approach was successful in improving the situation hut two prob lems remained .
First , the levels of Ca, Na , and other alkali and alkaline earth elements (which
were shown to be the main problem) would have to be controlled very  t i gh t l y in
production , hence , increasing costs. Secondl y, even pure ~‘lgSiO 3 is strength-
limiting at about 2400 F.

16. I.AN(W . I- . I’ . . and ISKOI5 , J. L. C’era,nics for High PerJorn,a,,ce Appli cations, Br m” k 11111 l~It l ’ l isI , j I u:  (‘o nip,mn ’. , (‘hc’anui 11111 ,
St, i ’ c,, i t ,  l l smsc t I ’,, ChaplCr I I .  1974 , p. 223.

7 . KOSSOWSK Y , R. The ,theroctnsctu re o f l1ot-Pre ’~sed ,cuo ,,,
~ - Sun ,!,’ . I, M i t ,’,, So .. s . 8. 197 3, p. I 6113-1615 .

I 8, R 1(111 RSON , I) . W . I- lOut of Im purities on the I/ugh Tei’ iperaturs- l’n,sp, -nti - ,  of /I ,, t-i ’r, ’c cm ’,i .S’ths -~
,, Vs rn,,!,- , 111,11 . An,, (‘erat ,i -

S ite ., V. 52, no. 7 . Ju iy  1973 , p. 56(1-5 62 .
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The next development was undertaken by Ga:za19 at AMMRC , who reasoned tha t
Y203.Si02 glasses and compounds would be more refractory than MgO.Si02 glasses
or compounds. Further , it was reasoned that  due to a larger ionic radius of the
Y cation as opposed to Mg, the Y would be prone to remain in the grain boundary
and not diffuse away from it as has been observed with Mg. This would contribute
to high temperature stability. It was also thought that it might be possible to
devitrify the Y203.Si02 glass phases and form crystalline yttrium silicates in
the grain boundary . As it has been subsequentl y shown by Prof. Jack and his
student s ,2 ° y t t r ium s i l icates  in the grain boundary may form yt t r ium silicon
oxyi~itrides which can accommodate relatively large amounts of Ca and other
impurity cations which are present in commercial purity Si 3N14 powder. Thus, Y203
appeared to be an a t t rac t i ve a l ternati ve to MgO as a dens i f i ca t i on  aid to improve
the high temperature properties of HPSN . As shown in Fi gure 11 , the predicted
improvement using Y203 has keen borne out . Similar improvements in creep behav ior
at 1400 C have been noted .1 Much work remains to be done on the Y203 additive
material and if care is not taken to be in the proper area of the Y203-Si02-Si3N~
phase diagram , a phase instability can occur at 1000 C.21 Nevertheless , the
development of Y103-S i 3N54 represents both a successfu l materials development and
a successful case study of grain boundary engineering and as such can serve as
a paradigm for future developments .

An alternative solution to the problem would be to eliminate the grain
boundary phase altogether. - However, to do so requires the promotion of true
sinterability, via volume diffusion , in Si 3Nt4 powders . While various teams are
pursuing research to this end , no one has yet achieved tile goal . However , they

~: 
Si 3N4 -Y

203

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 4~3 ~~ 12~~1 16~ 2cxIo 24t~1 281X1
Temperature (Ft

Figure 11. Strength versus temperature for Si3N4 + Y203 versus Si3N4 + MgO.

¶ 9 . ( ; ‘ \ / /  -5 , (, I - , I I , , i -Pr esst ’,j S itV 4. 3 . Am. Ceram. Soc.. v. 56 , no - 12. ¶ 973 ,  p. 662.
20 . I t ’d . ‘5. 55 . J . ‘.1., Th OMPSON , 1) , P., PIPKIN . 51. J. . and JACK , K. Ii Special (‘eramnics 6. The British Ceramic Research

-\ss ’ s s h u n. I ‘175 , p 347 - 3 60 .
2 1 .  I 551.1 - I - I - . ps’r s, n~ I sc,, m mll n hs ’ ah io n.
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7.IVC been greatly encouraged by the recent achievements of Prochazka 22 in promoting
th e  s i n t e r ing  of SiC via addi t ions  which enhance volum e d i f f u s i o n . What is
possible  in SiC may very l ike ly  also be possible in Si 3N i .

GRAIN BOUNDARY ENGINEERING IN HIGH ENERGY LASER WINDOW MATERIALS

High-power  lasers may profoundly influence future materials selection and
materials substitution considerations in the energy conversion area if laser-
indu ced  fus ion  becomes a rea l i ty . Assuming chemical  lasers are used , then the
, L’ ~:II17i h i 1 1 tV of suitable laser windows can be one of the major s y s t e m - l i m i t i n g
factors . Much attention has recently been focused on high energy laser windows .2 3
‘I’he problem I!; r - ( . 1 r  the best materials from an opt ical  stand point  ( i . e . ,  tilose
having a low value of absorption coefficient B) are generally single crystals of
materials having rather poor mechanical properties. On the other hand , materials
wh i ch  are superior mechanically (generally polycrystalline ceramic materials) have
‘~it(a ’ r poor optical properties . The degradation of optical properties associated
with the presence of grain boundaries is not necessarily an intrinsic character-
istic of the grain boundary (at least not for optically isotrop ic , crystal
systems). This degradation is usually thought to result from extrinsic factors ,
such as porosity or impurity segregation at the grain boundary . .\s described
s’ci rlie r in this paper , conventional powder processing technology methods
rI ’q rso n t l y result in such porosity or impurities being introduced into the system

and sul’cequentl y segregated at the grain boundary . Several groups have been
attempting to produce “c lean” or intrinsic grain boundaries i n such op t i c a l l y
isotrop ic materials as the alkal i and alkaline earth halides .

One exciting avenue of development has been to start with a single crystal ,
deform it , thereby introducing strain centers (i.e., tangles of dislocations) ,
and then annealing unt i l  the dislocations form networks and eventual ly  become
grain boundaries. This process, called press forging , is shown schematica l l y in
Fi gure 12. Recent Air Force-sponsored work2~ has demonstrated that press forging

Press Forqe Anneal Result
p 2 —

- High (“ “T”~”~ t~ 
‘sti’Ilium - - -

ii:ii~ii:i
j ‘ I ‘

~~~ Temp erature ’ ’  
~~~~~~~~~~~~~~~~~ 

2 iemperatTT/ e

‘., rrq’ e Cry s tal  Detorm ~ Ie ~ St rj , r
Highly Strain et  (‘oIvc r ~cty ’

I’ Single Ir~staI

12 < 11

Figure 12. Press forg ing of sing le c ry stals.

~2. PI-t (X’I I AZ KA , S. (‘cramics jo~ i,’, - ’ i~/ ,  Performance .-4pplication.c. Brook Hill Publishing Company . (11e’. t f l l l t  h ill ,
‘-~ ‘i ’r 12 . 1974 . p. 2 ,19 .

2 1 . l l t ’.’lt Po we r In frar,’ ,J.l,aser Windows, National Academy of Sdencc%-NsihitmaI Academ~ of I ,s, ’,n~’,- r ,n~’ , \V ,,’,1ii~ ’ - i , ,n , D. C..
SSI-\ I I  Re po rt 292. 1972.

21 ll.\ RRISON , W. It. Halide tiaterial Proecs,ci,,g for h igh-Power. Infrared I.aser Windows . Air I , . ruc M, , r c r j . , l s  I ,,l’ ,,r,,I, ’r’, -

-SI MI .‘ l ’ I t-75-l (19. .Iulv 1975 , p. 210.
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a s ing l e cr ’.’stal of a KC 1-KBr a l loy  s i g n i f i c a n t l y  increased strength with very
l i t t l e  effect  on the absorption coeff ic ient . Tile s t rength in one case for a
press-forged polycrysta l  was 5800 psi compared to -1400 psi for the single
crystal , whereas the absorption coeff icient  was only 3 .4xl0 3 cm~~ for the poly-
c rys ta l l ine  mater ia l  compared to 3.14x 10 3 cm ’ for the s ing le  crystal  (at
10 .6 tim).

Thus , we have a case where benign , e’- -~~ntially intrinsic grain boundaries
can be produced for optical purposes , while at the same time fulfilling the
traditional role of grain boundaries by exerting a strong influence on mechanical
strength.

CON CLUS IONS

The abundance , low cost , and unique mechanical and physical properties of
ceramics p lace them at the forefront of candidate materials for resource sub-
stitution and conservation .

While the role of ceramics will undoubtedly grow in importance and more
sophisticated use for many of the applications cited in Figure 2, the author
believes that tile main application of ceramics as substitute materials will be
d ic t a t ed  by t h e i r  hi gh temperature structural and unique optical properties .
The paper has stressed the importance of ceramic fabrication in both providing
the economic basis necessary to exploit ceramics as substitute materials, and
in determining the microstructure and hence the behavior and performance of the
materials. In the latter areas , as an exampl e, we have focused upon “grain
boundary eng ineering ” in gas turbine and laser window ceramics .

Through adv~inces in both design with and of ceramic materials as discussed
above , ceramics will continue to serve society by both conservation of scarce
resources and , more important ly ,  by offer ing the potential  for increased systems
performance in many areas .
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