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EVALUATION OF 11JBULAR CERAMIC HEAT EXCHANGER MATERIALS I N  A C I D I C  I-.--.I .--I--- 
CQAL AST-FROM COAL-OIL-MI XTUKE COMBUST CON 

M. K, Fe rbe r  and V. 3 .  Teiirtery 

I n  a c o n t i n u i n g  s tudy  of the Long-term clnemical. and struc- 
t u r a l  s t a b i l i t y  of c a n d i d a t e  heat exchanger ceramics, tubes  of 
f i v e  d i f f e r e n t  s t r u c t u r a l  ceramic materials w e r e  exposed 1.0 the 
h o t  combustion gases from a coal -o i l -mixture  (CON) f u e l  i n  t h e  
Ceramic Recupera tor  Ana lys i s  F a c i l i t y  (CUF) a t  about  1200'C Tor 
a'mut. 500 h. A i r  f l o w  through each t u b e  produced a tempera ture  
grad ien t .  a c r o s s  t h e  tube  wall ,  t he reby  s i m u l a t i n g  t?ae c o n d i t i o n  
i n  a t u b u l a r  heat exchanger element.  As-received and exposed 
materials and s o l i d i f i e d  coal. s l a g  w e r e  examined by opt ica l .  
ml croscopy,  scanning  e l e c t r o n  microscopy, e l e c t r o n  microprobe,  

i s p e r s i v e  x-ray a n a l y s i s ,  x-ray d i f f r a c t t o n ,  
x-radiography and chemical. a n a l y s i s  to iden%.i t y  degradat ion 
p rocesses .  Several Impor tan t  p r o p e r t i e s  of the materials 
i nc lud ing  room- t emp e ra t ur e he 1 ium pe rmeab i. li t y 
P- Ir r i n g  F r a c t u r e  s t r e n g t h ,  and themal expans ion  from room $.em- 
p e r a t u r e  t o  1100°C were measured f o r  bot11 a s - r e c e i v e d  and 
exposed specimens.  

coil c a r b i d e ,  a high-pur i ty  a lumina,  and a newly avaFEabPc 
sialon.  S i l i c o n i z e d  S i c ,  s i n t e r e d  a-SiC, and ch@miCdlLy vapcrr 
d e p o s i t e d  (CVD) S i C  s u r v i v e d  t h e  long-term exposure wi th  no 
pajar v i s i b l e  deg rada t ion ,  The a lumina  and s i s l o n  t u b e s  w c r ~ ~  
c racked  extens.ively. Ac id ic  63091 s l a g  d e p o s i t e d  e x t e n s i v e l y  ora 
the u p s t r e a m  s u r f a c e  of a l l  tubes.  During cooldown, the s l ag  
d i d  not  s t r o n g l y  hond t o  any of the s i l i c o n  c a r b i d e  t u b e s ,  bat a 
s ~ r 0 ~ 1 . g  bond was developed wiei-1 the alumina and s i a l o n  t u b e s ,  
Thermal expansion d i f f e r e n c e s  between the bonded coal. s l a g  and 
the  t u b e s  caused sigriSEicarit t e n s i l e  stresses in the t u b e s  
d u r i n g  c o o l i n g ,  a p p a r e n t l y  resiikt irig i n  the observed f r a c t u r e s  
f o r  alumina and sialora tubes.  

S i g n i f i c a n t  t r a n s p o r t  of v a r i o u s  e lements  i n t o  and out  of 
she ceraiiiics o c e t ~ r r e d  d u r i n g  'rhe exposure t o  t h e  h o t  c o a l  slag, 
Tile s i l i c o n  c a r b i d e s  cor roded  by a m i c r o p i t t i n g  ox ida t ton  a t  "Le 
ca rb ide - s l ag  i n t e r f a c e ,  The Sic arid S i  phases oE s i l l  cconized 
S - C  corruded  a t  e h s e n t i a l t y  t h e  same rate. Recess ion  r s t c s  Lor 
t h e  outer: s u r f a c e  of a l l  these tubes  were m d n i m a l  d u r i n g  the 
exposure  

Exposure t o  the hot  c o a l  s l a g  i n c r e a s e d  tlre rooa- 
t empera tu re  hel iuru p e r m e a b i l i t y  of all t h e  SiC-based t u b e s  by 
one t o  t w o  o r d e r s  of magnitude. The room-ternperature C-ria& 
f r a c t u r e  s t r e n g t h  i n c r e a s e d  modestly i n  s i l i c o n i z e d  S-EC ad. 
e s s e n t i a l l y  remained the s a m e  i n  bo th  s i n t e r e d  a and CVD S i c .  

room- t ernpesa Lure 

The f i v e  s t r u c t u r a l  ceramics inc luded  three t y p e s  of si4.i- 

I 
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The theriual expansion of some of t h e s e  materials i nc reased  
s u b s t a n t i a l l y  from the exposure ,  and t h e s e  i n c r e a s e s  ~ 2 7 : ~  di.f- 
f e r e a t  i n  some cases f o r  t h e  upstream and downstream specimens 
frniii a g i . v ~ i i  tube.  For  KT and CVD S i c ,  both t h e  upstream and 
downstream s i d e s  e x h i b i t e d  expansion inc-reases  up t o  about  17X a t  
l O O O * C .  S i n t e r e d  a-Sic had riiuch smaller i n c r e a s e s .  The hi-gh.- 
AI203 tube  had ail expansion i n c r e a s e  of about  14% on t h e  upstream 
sPde a t  1000°C but: t h e  d o m s t r e a m  s i d e  w a s  e s s e n t i a l l y  unchanged. 
‘These s u b s t a n t i a l  thermal  expaoaion i n c r e a s e s  cou ld  generate 
s i g n i f i c a n t  stresses i n  long  cenrami-c h e a t  exchanger tubes ,  and 
the o r i g i n  of t h e s e  increases is  under inve-s t i ga t ion .  

I NTKODIJ CT 1 O N  

Fixed-boundary h e a t  exchangers  (’rlXs) s e r v e  impor tan t  f u n c t i o n s  i n  the 

o p e r a t i o n  of f o s s i l  energy convers ion  systerns. To date, H X s  employed i n  

energy convers ion  systems I such as coal-f i r e d  e l ec t r i ca l  g e n e r a t i n g  

p l a n t s ,  have been f a b r i c a t e d  of a l l o y s .  The e v o l u t i o n  of eng inee r ing  

a l l o y s  f o r  HX a p p l i c a t i o n s  has  played a crucial  r o l e  i n  ach iev ing  p r e s e n t  

s t a m - c y c l e  power p l a n t  e f f i c i e n c i e s  of about  30%. Advanced f o s s i l  energy 

c o n v e r s i o n  s y s t e m s ,  which have t h e  p o t e n t i a l  f o r  s i g n i f i c a n t l y  highen 

energy  convers ion  e f f  ici-enc-Les compared wi.th state-of-the-a?rt steam-cycle 

s y s t e i a s ,  have r ece ived  c o n s i d e r a b l e  a t t e n t i o n  i n  t h e  United S t a t e s  i n  

r e c e n t  yea r s .  S e v e r a l  system c o n f i g u r a t i o n s  have been ana lyzed ,  and t h e  

ge:iernl. r e s u l c s  of t h e s e  a n a l y s e s  form one b a s i s  f o r  t h i s  work on cefalnic 

materials f o r  1-H a p p l i c a t i o n s .  A s  i s  w e l l  known, the tiiermodynamic e f f i -  

cicrn-cy of a heat-engine-based energy convers ion  cycle  i s  p r o p o r t i o n a l  t o  

the d i f f e r e n c e  between t h e  tempera ture  of t h e  working f l u i d  t h a t  d r i v e s  

t h e  engine  and t h e  exhaus t  f l u i d  tempera ture ,  i f  o t h e r  € a c t o r s  are inain- 

ta i .ned c o n s t a n t .  Ma;jor e f f o r t s  have been made i n  both stearn-cycle and hot  

g a s  t u r b i n e  s y s t s i n s  t o  develop materials t o  o p e r a t e  a t  even h i g h e r  teinpes- 

a t u r ~ s  because of the accompanying i n c r e a s e  i n  e f f i c i e n c y .  I n  steam 

systems t h i s  l i m i t  i s  d i c t a t e d  by t h e  c o r r o s i o n  and mechani.c.al. p r o p e r t i e s  

o f  a l l o y s  in the  s t e m  .generators  (HXS). In gas t u r b i n e  sys tems,  t h i s  

l i m i t  is  d i c t a t e d  by the c o r r o s i o n  and mechanical  p r o p e r t i e s  of a v a i l a b l e  

a l l o y s  f o r  u s e  i n  t l i e  turbine-.machinery.  H o t  ga s  t u r b i n e s  can o p e r a t e  

with intnc:h h i g h e r  working f l u i d  tempera tures  than  steam-cycle systems and 

t h u s  have the p o t e n t i a l  O f  provid ing  re1ht ivel .y  h igh  system i:onversion 

e f f i c i e n c i e s  i f  t h e  energy l o s s e s  i n  t h e  exhaus t  are adequa te ly  minimized. 
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I n  systems up t u  s e v e r a l  megawatts c a p a c i t y ,  t h i s  h e a t  i s  most. c o n v e n i e n t l y  

u t i 1 h z e d  i n  a steam bottoming t u r b i n e .  Alloys and t h e  technology f o r  

t h e i r '  u s e  i n  d i r e c t l y  f i r e d  h o t  gas  t u r b i n e s  are h i g h l y  developed. The 

a I l o y s  are g e n e r a l l y  s e n s i t i v e  t o  p a r t i c u l a t e  and c o r r o s i v e  d e g r a d a t i o n  by 

species i n  t h e  combustion. g a s e s ,  Because of t h e  i n c r e a s i n g  emphasfs on 

u s e  of domest ic  f u e l s  such  as c o a l  and s y n t h e t i c  f u e l s  t o  s u p p l a n t  

imported o i l  i n  e lec t r ica l  energy g e n e r a t i n g  systems a l o n g  w i t h  t h e  

r e q u i r e d  h i g h e r  convers ion  e f f i c i e n c i e s  t o  reduce bus bar  energy c o s t s  

the  u p e r a t i o n  of h o t  gas  t u r b i n e s  w i t h  h e a t  d e r i v e d  from r e l a t i v e l y  d i r t y  

f u e l s  is oE growing importance.  There are c u r r e n t l y  two c o n c e p t u a l  m a n s  

f o r  a c h i e v i n g  t h i s  goal. One, which h a s  rece ived  major  a t t e n t i o n  i n  

r e c e n t  years i n  DOE, programs, is t o  remove damaging p a r t i c u l a t e s  f r o m  t h e  

h o t  combustion g a s e s  w i t h  hot cyclones  b e f o r e  t h e  g a s e s  e n t e r  the t u r b i n e ,  

T h i s  mode of o p e r a t i o n  r e q u i r e s  b o t h  p r e s s u r i z e d  combustors and cyc lones  

i .n o r d e r  t o  d e l i v e r  t h e  h o t  gas  at t h e  r e q u i r e d  p r e s s u r e  t o  t h e  t u r b i n e  

i n l e t ,  T h e  o t h e r  concept  which has r e c e i v e d  r e l a t i v e l y  l i t t l e  a t t e n t i . o n ,  

emp Loys a high-temperature  HX t o  i s o l a t e  t h e  t u r b i n e  from p o t e n t i a l l y  

damaging species i n  t h e  combustion gases .  I n  t h i s  c o n f i g u r a t i o n ,  the  com- 

b u s t o r  does not  r e q u i r e  p r e s s u r i z a t i o n  but  t h e  secondary s i d e  of t h e  HX 

must o p e r a t e  a t  e s s e n t i a l l y  t h e  t u r b i n e  i n l e t  p r e s s u r e .  Heat from the 

combustion g a s e s  is  t r a n s f e r r e d  through t h e  HX wall t o  a second gas ,  which 

i n  t u r n  d r i v e s  t h e  t u r b i n e .  In  t h i s  l a t t e r  concept  t h e  inaterial employed 

in t h e  HX must be a b l e  t o  o p e r a t e  a t  tempera tures  w e l l  above t h e  t u r b i n e  

i n l e t  t empera ture ,  which can be 1350°C o r  higher ,  and s t i l l  possess  

a c c e p t a b l y  low c o r r o s i o n ,  s t r e n g t h  d e g r a d a t i o n ,  and c r e e p  w h i l e  o p e r a t i n g  

u n d e r  h i g h  stresses. S e l e c t e d  s t r u c t u r a l  ceramic inaterials are good can- 

d i d a t e s  f o r  u s e  i n  t h i s  t y p e  of HX because t h e i r  known high-temperature  

s treagch i n  r e l a t i v e l y  c l e a n  o x i d i z i n g  environments  o f f e r s  promise f o r  

t h e i r  use i n  h.i g h l y  containinated environments.  

I n  a d d i t i o n a l  f o s s i l  energy sys t e m  a p p l i c a t i o n s  ceramic HXs could 

se rve  a unique f u n c t i o n ,  i n c l u d i n g  p r e s s u r i z e d  f l u i d i z e d  bed combustors 

(PFBCs3 and coal g a s i f i e r s .  I n  t h e  former a p p l i c a t i o n ,  cesalnic t u b e s  i n  

t h e  bed would he employed t o  heat a gas such as a i r  t o  o p e r a t e  a gas  t u r -  

bine or  perhaps g e n e r a t e  steam i n  a secondary We In  t h e  c o a l  g a s i f i e r  

system, t h e  g a s i f i e r  product  gas could be burned on t h e  primary s i d e  o f  
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t 2 cleaii g!cli on thc  srcoindary s i d e  'io operai: .  a %:as t u r b i n e ,  

AI T e ~ ~ a t i v n l y ,  the IK could be used i-i, 2xt:act higil q u a l i t y  s ~ n s l b l e  hea t  

froin th-  g a s  product  sire.m before  g z s  c l c z ~ 1 1 ~ ~ 9  by m t e r  s r iubb ing .  

We inves  iig;a 1 the  b r h , m i  o r  of f i v t ,  c ; t  C u C t U K d l  cc r-alllic ina t  Y r i a l s  

c u r r e n t l y  cotisiderecl f o i  i l se  in H X s ,  iLIcluding f i i - ize t y p c s  of s i l i c o n  

c a r b i d e ,  h igh  p u r i t y  A l 2 O 3 ,  and a s i a lo r i  ~ ~ r a m i c .  Tubes of  these 

expose& t u  l-ioL g a s r s  fiom coa l  cnltibustion f o r  495 h i n  Ll~e 

Ceramic Kpcupeial o r -  ~ ? : ~ . i l y s i s  bar1 li t y  (CKAF) a t  OKNL. rhe m a t e r i a l  spec i  

l~:i-.s w r y  analyLs2 t o  d c r r m i n e  i f  expoc:ii-e t o  the  r n a l  slag changed t h c i i  

p r o p e r t i c s  s i g i i i f i c a n t l y .  The coinhiis; i o n  g a s  t c ~ c p e i a t u r c  nnd ceramic 

LubUldK sprc jmer i  or i r : .ba t ion  i n  ihp CD.F s imula t e2  c o n d i t i o n s  f o r  i I I ~ I ~ S  i n  

a cr:-,i!aic t u b u l a r  i c o s s  flow 14Y2: I i t e r fdcP? ,  T T t P h  a c o a l  coiiibustor, The 

colubiistion pas t x i p e x d i i i i t t  at t h e  tube  p o s l ~ i o r ~ s  was aboui- 1350°C. The 

o u t e r  tiib;'_ wall t . p r z t u r e s  ~ r -  about  1740"C, and a i  r flov4r.g i hrciugh 

i i r r '  t ubes  v~as h r a t e d  t o  about  400°C. Coal w c  r lc l ivered  tc  t h e  CRAF 

bu rne r  i r l  a coal-oi l . -LIL;xture  (COX) cona i s t i i i g  of 10 v t  X b i t u i i n o u z  c o a l  

a- id  about  90 1.L No. 6 o i l .  During t h e  exposure 791 kg of coa l  .ish was 

deIiverc3 by t h ~  cornbusrof t o  t h e  CRhk c h . m b e r .  A s  Ear as 3re  mar?;  

? a s ~ n t s  t h e  longes t  o s u r e  of r a i id ida t r  re:-dmic I N  

15 t o  ac t i ia l  c o a l  combustioil condlici-pd 23 h-1.2 3.0 d a t c .  Fo l lowing  

helium prin;Jabil i ;-y,  u r i  ruostruci-w ti, compnsitioa, fcxCeure 

s t r c n z t h ,  the: 11 expansion o f  t t e  ceraiiri t u b e s  S P - ~  d e t e i u i  lied and 
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Cer ,~uic  Recupera tor  Analys is  F a c i l i t y  

T h e  CKAF at QKNL is a unique f a c i l i t y  d e d i c a t e d  t o  long-dura t ion  

eqposetrres of carndidat:e BX m a t e r i a l s  t o  ’not combustton gases  o€ f o s s i l  

fueJ.8, DetiIils of i t s  d e s i g n  and cons t ruc t i cm have been pub l i shed  

previou:;l.y.L 

bus tLon a t  a rate of u p  t o  0.9 PnJ and t h e r e f o r e  is of a scale that 

approximates  a t  least the  smaller combustor systems tliat are  o f  i n t e r e s t  

f o r  advanced f o s s i l .  energy convers ion  systems. A n  i s o m e t r i c  drawing  of 

the (;MF i s  shown i n  Fig.  I ,  The t a b u l a r  ceramic specimens .were h e l d ,  as 

siiuwn. in Fig ,  1, between two r e f r a c t o r y  header  bLocks so as t u  be perpen-  

ditchrl.ar t o  t he  Elow of ho t  combusti-on gases  from the burner .  Fo r  this 

p a r t i c u l a r  exposure t h e  design of t h e  1ious:i:og above t h e  sect i .on con- 

t a i i i i n g  t;he t u b e s  was modi.fied s l i g n t h y  from that  shown in Fig:. 1 t o  pe r -  

The CMF i s  capab le  of g e n e r a t i n g  hea t  by t h e  f u e l  coin- 

, m i t  anmtl-ter materials eKpnsure t o  be conducted above the t u b e  array,  ’This 
c o n f i g u r a t i o n  i s  siiowin i n  F ig .  2 w i t h  t h e  u n i t  a t  temperature ,  w i t h  t h e  

c ~ ~ ~ b u s t i o n  gas plume v i s i b l e  a t  the ex i t  p o r t .  

Tubular spec:i.mci,ns o f  the Eive  ceramic materfa1.s i nc luded  i n  t h e  expo- 

sure were rnounted between t’ne r e f r ac to ry  oxide header  blocks as d e s c r i h e d  

p r e ~ i . m ! ; l y . ~  

aclrziss the C M F  test: d u c t  as shown i n  F ig .  3 .  F:igure 3(a) i s  a view of 

the upstream s i d e  of the tube  row, that  :is, the  lower s i d e  of t h e  t ubes ,  

which .faces tile cornbustor cliarn’ner. F igu re  3 ( b j  i s  a view of the 

downstream s i d e  of the tube  row,  o r  the upper  s i d e ,  show:i.ng the ther- 

~ ~ o c o u p l ~ ~ s  loca ted  a t  the mi-dspan of each  tube.  T h e  khermocouple w.ires 

exFt !:lie d u c t  thn:ough the  a i r  inlet header  block. Temperatures  a t  the 

o u t e r  s u r f a c e s  of the tubes  were con t inuous ly  measured wi th  Pt YS 

Pt---LU% thzrmocouples a t t a c h e d  t o  t h e  downstream s i d e s  of the tubes ,  A 

high-a I . m i n a  (Deguss i t  81-50-010) cement was a p p l i e d  t o  t:he t’nermocouple 

junctions t o  p r o t e c t  them fro111 t k g r a d a t i o o  by r e a c t i o n  w i t h  the  t u b e  

rnateria1.s o r  the f u e l  ccmbust ion products .  Appropr i a t e  therrnocoupLe com- 

pensation wi,re was used to connect  t h e  thermocouples t o  rnul t ipointr  

recorder:;  B 

Two Lubes of each material were mounted i n  a s i n g l e  row 



FLUE GAS OUTLET 
h r DAMPER 

Fig. 1. The Ceramic Recuperator  h a l y s i s  Facj.1-ity dedicatt5d t o  
eva lua t ion ,  t e s t i n g ,  and a n a l y s i s  of ceramic h e a t  exchanger nlaterial s by 
long-tern1 exposure t o  f o s s i l  fuel combustion p ~ o d ~ c t s .  
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Fig. 2. Ceramic Kecuperator  Analysis F a c i l i t y  a t  t empera tu re  d u r i n g  
CRAF T e s t  2. 
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4 

100 mm 
~- 

AD-998 AD-998 
ALUMINA SIALON KT SIC SINTERED a-Sic CVD Sic ALUMINA CYN-4236 

I A - m - A I  7 ;IALON 

100 mm AIR I 
Fig. 3. The p o s i t i o n s  of i n d i v i d u a l  ceramic t u b e s  i n  the ten- tube 

a r ray  mounted i n  the f l u e  g a s  duc t  be fo re  the CKAF T e s t  2 exposure.  
( a )  Upstream s ide .  
( b )  Downstream s i d e .  

The f l u e  gas  f l o w  d i r e c t i o n  w a s  i n t o  t h e  page. 
The f l u e  gas  f l o w  d i r e c t i o n  w a s  away from t h e  page. 
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Secondary a i r  s u p p l i e d  by an  a u x i l i a r y  f a n  flowed through t h e  t u b e s  

d u r i n g  CRAF T e s t  2 so t h a t  t h e y  opera ted  as HX e lements  i n  a cross-f low 

mode (Fig.  4 ) .  The a i r  v e l o c i t y  w a s  measured w i t h  a Dwyer* p i t o t  tube  

l o c a t e d  i n  t h e  lOO-mm I D  p i p e  running from t h e  e x i t  of t h e  secondary 

blower t o  t h e  a i r  i n l e t  t r a n s i t i o n  of t h e  CRAF. I n  a d d i t i o n ,  t h e  p r e s s u r e  

w a s  determined w i t h  t h e  a i d  of a hydrometer. The tempera ture  of t h e  pre- 

h e a t e d  secondary a i r  e x i t i n g  t h e  t u b e s  w a s  measured w i t h  a water-cooled, 

r a d i a t i o n - s h i e l d e d  s u c t i o n  pyrometer. T h i s  i n s t r u m e n t ,  which w a s  a l s o  

used t o  measure t h e  f l u e  gas  i n l e t  and o u t l e t  t e m p e r a t u r e s ,  inc luded  a 

c o l l e c t i o n  system f o r  f l u e  gas condensables  and noncondensables  p r e s e n t  i n  

t h e  flow path.  Complete d e t a i l s  are g iven  e1sewhere.l 

* Product  of Dwyer I n s t r u m e n t s ,  I n c . ,  Michigan C i t y ,  Ind. 

tLand SU 6/5/12/1 s u c t i o n  pyrometer ,  product  of Land I n s t r u m e n t s ,  
I n c . ,  Tal lytown,  Pa. 

AMBIENT 
AIR 

CERA M IC RECU PE RATOR 
r TUBE 

SUPPORT BLOCK 

ORNL-DWG 79-1 5818 

FLUE GAS CERAMIC RECUPERATOR 
P RE H E AT ED 

AIR 

TUBE 

P R E F Y E D  ~ _ _ _ _ _  
A----' 

FLUE GAS 
AMBIENT 

A'R LSUPPORT 
BLOCK 

TOP VIEW OF CERAMIC RECUPERATOR 
TUBES MOUNTED IN  SUPPORT BLOCKS. 
NOTE FLUE GAS FLOW DIRECTION IS 

SIDE VIEW OF CERAMIC RECUPERATOR 
TUBES MOUNTED IN SUPPORT BLOCKS. 
NOTE THE CERAMIC TUBES ARE 

CONFIGURATION. 
OUT OF THE PAGE. ARRANGED IN  A TWO-ROW, STAGGERED 

7 .  ip. 4.  Ceramic h e a t  exchanger t u b e s  mounted i n  ceramic suppor t  
ulocks.  
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Ceramic Recuperator  Analys is  F a c i l i t y  T e s t  2 Condi t ions  

The f u e l  used i n  the CRAF combustor w a s  a COM, which c o n s i s t e d  of 

1 0  w t  % powdered bituminous c o a l  i n  a Venezuelan-crude-derived No. 6 f u e l  

o i l .  The resu l t s  of a chemical  a n a l y s i s  of t h e  c o a l  r e p o r t e d  by the  ven- 

d o r  are g iven  i n  Table  1. Th i s  c o a l  w a s  f i n e l y  d i v i d e d ,  w i t h  98% of t h e  

p a r t i c l e s  be ing  smaller t h a n  44 2m.  
c o n c e n t r a t i o n s  of S i02 ,  Fe2O3, and A1203 a s  e q u i v a l e n t  ox ides .  I n  

a d d i t i o n ,  t h e  low base-to-acid r a t i o  of 0.29 w a s  expec ted  t o  produce a 

v i s c o u s  s l a g  f o r  t h e  o p e r a t i o n  tempera tures  used i n  CRAF T e s t  2. 

The a s h  w a s  c h a r a c t e r i z e d  by h igh  

Before  t h e  long-term exposure,  the s t a b i l i t y  of t he  COM i n  the  CKAF 

combustor was demonstrated f o r  fu rnace  tempera ture  up t o  1400°C. About 

1.9 m3 (500 g a l )  of t h e  1 0  w t  % COM f u e l  w a s  r ece ived  f o r  t h e s e  i n i t i a l  

f i r i n g  tests. The fu rnace  w a s  maintained a t  about  680°C by means of an  

a u x i l i a r y  n a t u r a l  gas  burner when COM f u e l  w a s  not used. For t h e  a c t u a l  

long-term t e s t ,  the  fu rnace  was hea ted  t o  approximately 1400OC w i t h  t h e  

COM a t  an average  h e a t i n g  rate of 0.040"C/s (145"C/h).  T h i s  r e s u l t e d  i n  a 

h e a t i n g  ra te  of 0.018"C/s (64"C/h) i n  t h e  v i c i n i t y  of t h e  tubes .  The 

ave rage  tube  tempera ture  was 1230°C. The fu rnace  tempera ture  was 

c o n t r o l l e d  by an  o i l  f low v a l v e ,  which w a s  r e g u l a t e d  by a Barber-Coleman 

PAT C o n t r o l l e r .  

temperature- t ime schedule .  The t o t a l  exposure time a t  t h e  1230°C tube  

t empera tu re  w a s  496 h. 

consumed dur ing  t h i s  pe r iod  a t  an ave rage  ra te  of 0.076 m3/h (20 g a l / h ) .  

The t o t a l  exposure t i m e  a t  1230°C ob ta ined  from t h e  f i r s t  shipment was 

290 h. 

* A programmed p-Datatrakt was used t o  o b t a i n  t h e  d e s i r e d  

Two 18-m3 (4750-gal) shipments  of COM f u e l  were 

S e v e r a l  minor d i f f i c u l t i e s  were encountered  d u r i n g  t h e  pumping and 

f i r i n g  of t h e  COM f u e l .  For example, f i r s t  a small o i l  pump a t  t h e  com- 

b u s t o r  mal func t ioned ,  and l a t e r  t h e  pump t h a t  d e l i v e r e d  t h e  COM f u e l  from 

t h e  trailer became blocked. The openings i n  t h e  burner  nozz le  were a l s o  

Barber  Coleman PAT C o n t r o l l e r :  Product  of Barber-Coleman Co., * 
Rockford,  Ill. 

tp-Datatrak:  Product  of Kesearch Inc. , Minneapol i s ,  Minn. 

. 
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Table  1. Chemical a n a l y s i s  of the  c o a l  
provided  by t h e  vendor 

- -. 

Overall  Ana lys i s  Ash Ana lys i s  
-_- ... ._ 

Content  Equ iva len t  Content 
( w t  %)  Ox i. de ( w t  W )  Cons t . i t uen t  

---_I__..--.--.I_- I_ ____-.-_ 

C 73,9  Si.02 50.80 

S 1.82 Fe2Q.j 16.28 

Ash 9.0 A1203 23.93 
Water 0.0 CaO 2 .72  

NgO 0.72 

S 0.j 1.65 

p20s  0.27 

N a 2 O  0.47 

K2 0 1.60 

Ti02 0.62 

0.29 Bas e/a c i d  a 
_____.I -I__-. .. . . _. -- .-.. _I_L_ 

eroded t:o an  e longa ted  

base - to -ac id  r a t i o  i s  de f ined  as 
CaO i- MgO f Na2O + K2O)/(Si02 
Ti0 2) .  

shape a f t e r  about  300 h of o p e r a t i o n ,  which even-. 

t u a l l y  n e c e s s i t a t e d  nozz le  replacciuenr.  F i n a l l y ,  the pressure gages on 

t h e  f u c 1  d e l i v e r y  systrui  f a i l e d  a f t e r  about  400 h and had t o  be reylaccd. 

These  problems which were apparc-ntly r e l a t e d  to the e r o s i v e  na ture  of t h e  

f i n e  coal particles i n  t h e  f u e l ,  r e s u l t e d  i n  s e v e r a l  thermal. excur s ions  

d u r i n g  which the f u r n a c e  and ceramic tube  tempo r a i u r e s  dropped cap id ly  

f porn t h r i  r s t e a d y - s t a t e  va lues .  Thcse tempera ture  c y c l e s  arc i l l u s t r a t e d  

i n  F i g s .  5 and 6, w h i c h  are t h e  r e s p e c t i v e  ternperature-time p lo t s  f o r  the 

fi irnacr and ceramic tubes. 

( d e s i g n a t e d  1-5). 

d e v i d t i o n  (3a )  when Ihc burner  nozz le  w a s  cleaned. 

B o t h  traces e x h i b i t  f i v e  t empera tu re  cycle:; 

The tubes  a l s o  exper ienced  an  a d d i i i o n a l  tempera ture  

I n  g e n e r a l ,  the 

a v e r a g e  c:ool.ing rate:, exper ienced  d u r i n g  each tempera ture  cycle  were 

0.14"C/s (500"C/h) for  the f u r n a c e  anti O.U72"C/s (260"C/h) f o r  tile tubcs ,  

Both v a l u e s  a r e  c o n s i d e r a b l y  g r e a t e r  than  Ltie d e s i r e d  va lue  of 0.018"C/s 

(63.4'C/h). I n  a d d i t i o n ,  the average  tube  tempera ture  dropped t o  as low 
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as 400°C (Excursi.on 1). 

t h e  exposed tubes ,  these therma I. cycles  could have caused SO1ile mechanical  

damage o f  t he  s i a l o n  and A 1 2 0 3  tubes .  

As d i s c u s s e d  l a t e r ,  acco rd ing  t o  examinat ion of 
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Fig. 5. Furnace tempera ture  ve r sus  time showing tempera ture  excur- 
s i o n s  du r ing  CRAF Test 2 exposure.  

..... ..,- [- .... 
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Fig. 6 .  Average tube  tempera ture  v e r s u s  t i m e  showing s i x  thermal  
c y c l e s  exper ienced  by tubes  du r ing  C M F  T e s t  2 exposure.  
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Visual o b s e r v a t i o n s  of t h e  upstrearn p o r t i o n  of t h e  ceraiiiic tubes  

(iiiade Lhrough 3 s i g h t p o r t  i n  L’ric CKAF dur ing  t h e  exposure)  r evea led  Large 

amounts of s l a g  bu i ldup  on a l l  t ubes  a f t e r  about  100 h of exposure.  

i~~rii iort?,  t h e  tl-iicknpss o f  t h e  s l a g  on t h e  t u b e s  iizcreascd w i t h  

iilcreasiiig dura Lion of exposure t o  the  F u e l  combustion products .  T h i s  i s  

i l l u s t r d t e d  in F i g s ,  7 through 10, whirit show the upstream s i d e  O F  the 

t u b e s  .-ct t empera ture  f o r  the respet:r.ive exposure  d u r a t i o n s  of YJ, 120, 

260, and 366 b. T h e  s l ag  bu i ldup  w a s  a p p a r e n t l y  n o t  a f f e c t e d  by bhti ther- 

m d  c y c l e s  exper ienced  d u r i n g  t h e  long-term exposure.  However, t h e  s l a g  

de i><) t j i t  wLis  probably r e s p o n s i b l e  f o r  the i n c r e a s i n g  spread  i n  t ube  teem- 

peratures t h a t  occu r red  as t h e  exposure time i nc reased .  This  is s l ~ o w n  hm 

r i g .  6, F i n a l l y ,  it should be noted  t h a t  t h e  s l a g  c h a r a c t e r i s t i c s  were 

d i s t i n c t l y  d iEf t a ren t  from t h e  fo rma t ions  obscrveid d u r i n g  C U P  T e s t .  I in 

w h i c h  only a No, 6 fuel. o i l  w a s  used. In T e s t  1, only  s m a l l  nodules 

f o n u r d  on Ltie i ipslream s i d e  of the s i l i c o n  c a r b i d e  t u b e s  and a coal igunus 

h e r c y n i t e  c o a t i n g  formed on the alumina ceramic, 

T1 

The. t empera tu res  o f  L h e  f l u e  gas e n t e r i n g  and l e a v i n g  the  C&W tes t  

secticirrs, the  air t empera tu re  e n t e r i n g  arid l e a v i n g  the t u b e s ,  and the a i r  
v e l o c i t y  were measured three L i m e s  du r ing  the long-term exposure. The 

reslil-ts; are surnmarized i n  Table 2. Also included are v a l u e s  Tor thc: 

e f f e c t i v e n e s s  of the HSI. t u b e  a r r a y ,  t h e  h e a t  t r a n s f e r  rate,  and the k w i i t  

f 1.11x through t h e  tubes.  The a c t u a l  c a L c u l a t i o n s  were based on a n a l y s e s  

g i v e n  pLsewherc,2,3 

f r s m  t n e  e x p r e s s i o n  

For example, t h e  e f f e c t i v e n e s s ,  E ,  w a s  determined 

where 7’2. and T i a  are the r e s p e c t i v e  v a l u e s  of t he  air o u t l e t  and i n l e t  

t empera tu res  and T l g  is t h e  f l u e  gas i n l e t  t empera ture .  T h i s  e q u a t i o n ,  

which e s s e n t i a l l y  g i v e s  t h e  r a t i o  of t h e  a c t u a l  heat t r a n s f e r  rate too the 

maximum p o s s i b l e  v a l u e  d i c t a t e d  by thermodynamics i s  based on t;he assa.imp- 

t i o n  that the a i r  p rov ides  the minimum product  of the IILES flow rate and 
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CYN-4260 

I 

CVD SIC KT Sic SIALON AD-998 
ALUMINA 

CVD Sic SINTERED a-Sic 

Fig. 7. Upstream s i d e  of t h e  ceramic tubes  a t  t empera tu re  a f t e r  50 h 
s e r v i c e ,  showing i n i t i a t i o n  of s l a g  bui ldup .  

1 AD-998 
lL1"  I .- '  - -c 

KT Sic SINTERED a-Sic CVD Sic 

Fig. 8. Upstream s i d e  of t h e  ceramic t u b e s  a t  t e m p e r a t u r e  a f t e r  
120 h s e r v i c e ,  showing t h e  fo rma t ion  of n e e d l e l i k e  a s h  d e p o s i t s  on t h e  
AD-998 alumina and s i a l o n  t u b e s  and massive d e p o s i t s  on o t h e r  tubes .  
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E N - 4 2 7 6  

10 mm - 
Fig. 9. Upstream s i d e  of t h e  ceramic t u b e s  a t  t empera tu re  a f t e r  

260 h s e r v i c e ,  showing i n c r e a s i n g  bui ldup  of s l a g  d e p o s i t s  on t h e  tubes .  



k S I N T E R E D  Lu-sicj 

! GLOEULA 
I C C A T I I R C  

10 mm 

Fig. 10. Upstream s i d e  of ceramic tubes  a t  tempera ture  a f t e r  366 h s e r v i c e ,  
showing g l o b u l a r  f e a t u r e s  on s l a g  d e p o s i t s  and s l a g  runs  on CRAF w a l l .  

. 
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Table  2. Ca lcu la t ed  v a l u e s  of t h e  h e a t  exchanger 
e f f e c t i v e n e s s ,  h e a t  t r a n s f e r  ra te ,  and h e a t  

f l u x  f o r  v a r i o u s  exposure t imes 

Value f o r  each  exposure  t i m e  

0.18 M s  1.61 M s  1.68 M s  
( 5 0  h)  ( 4 4 7  h)  ( 4 6 6  h )  

F l u e  gas  t empera tu re ,  "C 

I n l e t  

O u t l e t  

A i r  t empera tu re ,  O C  

I n l e t  

O u t l e t  

A i r  v e l o c i t y ,  m / s  

f t /min  

Heat exchanger  e f f e c t i v e n e s s  

Heat t r a n s f e r  rate,  kW 

Btu/h  

Heat f l u x ,  kW/m2 

Btu/ ( i n .  2 * h )  

1 , 3 9 0  

1 , 3 4 9  

2 1  

427 

7.6 

1 , 5 0 0  

0.30 

28.9 

9 8 , 6 6 0  

142.6 

31 4 

1 , 3 7 4  

1 , 280 

21 

281 

13.0 

2 , 5 6 0  

0.19 

31.7 

1 0 8 , 0 7 0  

156.4 

344 

1 , 3 5 2  

1 ,251  

21 

292  

12.4 

2 , 440  

0.20 

31.5 

1 0 7 , 4 4 0  

155.4 

342 

s p e c i f i c  h e a t  i n  t h e  system.2 

from 

The h e a t  t r a n s f e r  ra te ,  by w a s  c a l c u l a t e d  

where D a  i s  t h e  a i r  d e n s i t y ,  Va is t h e  a i r  v e l o c i t y ,  A i s  t h e  c ros s -  

s e c t i o n a l  area of t h e  a i r  p ipe  running from t h e  secondary blower t o  t h e  

a i r  i n l e t  t r a n s i t i o n  of t h e  CRAF, and Cpa i s  t h e  h e a t  c a p a c i t y  of t h e  a i r .  

F i n a l l y ,  t h e  h e a t  f l u x  through t h e  tubes  w a s  de te rmined  by d i v i d i n g  6 by 

t h e  e f f e c t i v e  s u r f a c e  area of t h e  tubes.  
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A s  i l l u s t r a t e d  i n  Table 2 ,  t h e  HX e f f e c t i v e n e s s  and t h u s  t h e  h e a t  

t r a n s f e r  ra te  through t h e  tubes  dropped s u b s t a n t i a l l y  a s  t h e  exposure t i m e  

i n c r e a s e d .  It is  l i k e l y  t h a t  t h e  s l a g  d e p o s i t ,  which i n c r e a s e d  i n  

t h i c k n e s s  wi th  i n c r e a s i n g  exposure t i m e ,  e f f e c t i v e l y  reduced t h e  h e a t  

t r a n s f e r  through t h e  tubes.  The f a c t  t h a t  the a c t u a l  h e a t  t r a n s f e r  rates 

i n c r e a s e d  a t  t h e  longer  exposure times p r i m a r i l y  r e f l e c t s  t h e  l a r g e r  a i r  

v e l o c i t i e s  t h a t  were used i n s i d e  t h e  tubes.  Indeed, i f  t h e s e  v e l o c i t i e s  

had been c o n s t a n t ,  t h e  h e a t  t r a n s f e r  rates would have decreased  substan-  

t i a l l y .  It should be pointed out  t h a t  i n  a n  a c t u a l  HX system, i n c r e a s i n g  

t h e  a i r  v e l o c i t y  t o  m a i n t a i n  a p a r t i c u l a r  h e a t  t r a n s f e r  rate would r e s u l t  

i n  a g r e a t e r  power consumption by t h e  blower o r  f a n  s y s t e m  and would 

t h e r e b y  a f f e c t  t h e  economics of t h e  HX. 

The r e s u l t s  of t h e  chemical a n a l y s e s  of t h e  condensable  f l u e  gas 

samples ,  which were c o l l e c t e d  dur ing  t h e  measurement of t h e  f l u e  gas i n l e t  

t empera ture ,  are g iven  i n  Table  3.  The r e s u l t s  of an atomic a b s o r p t i o n  

chemical  a n a l y s i s  of COM samples t a k e n  from t h e  two f u e l  shipments  

( d e s i g n a t e d  as COM-1 and -2) are a l s o  inc luded  i n  t h e  t a b l e .  The major 

meta l l ic  i m p u r i t i e s  0 1 0  ppm) i n  t h e  COiyi f u e l  were N a y  P ,  V ,  N i ,  S i ,  A l ,  

K ,  Mg, and Fe. I n  a d d i t i o n ,  1.09 t o  1.11 w t  % S was d e t e c t e d .  Notice 

t h a t  t h e  c o n c e n t r a t i o n s  of s e v e r a l  of t h e  elements  i n  COM-2 (e.g. , N a ,  A l ,  

S i ,  K, T i ,  V,  and Fe) were about h a l f  t h e  corresponding v a l u e s  i n  COM-1. 

The reasons f o r  t h e s e  d i f f e r e n c e s  are unknown. The major i m p u r i t i e s  i n  

t h e  f l u e  gas  condensables  agree  f a i r l y  w e l l  w i t h  t h o s e  i n  t h e  COM f u e l .  

However, most of t h e  i m p u r i t i e s  i n  t h e  condensable matter were p r e s e n t  i n  

g r e a t e r  c o n c e n t r a t i o n s .  Also t h e  c o n c e n t r a t i o n s  d e t e c t e d  f o r  a g i v e n  ele- 

ment i n  each of t h e  t h r e e  f l u e  gas condensable samples showed c o n s i d e r a b l e  

scat ter .  F i n a l l y ,  t h e  gas  chromatographic a n a l y s e s  of t h e  noncondensable 

samples (Table  4) r e v e a l e d  major c o n c e n t r a t i o n s  of 02 and N 2  w i t h  minor 

amounts of CH4 and C 0 2 .  No S O 2  o r  SO3 was d e t e c t e d .  
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Tabhe 3. Results of chemical analyses of COM samples 
an3 f l u e  93s condensables 

Content, WI: ppm, i n  two Content ,  wt ppm, in flue gas 

!ihree shipments  of coa l -o i l  condensables  f o r  
E lernent m i x t u  rea exposinre times 

l.._l...... I 

C OM- 1 COM-2 50 h 447 h 466 h 

B 

N a  

1% 

A I  

Si 

P 

S 

C l  

K 

Ca 

Ti 

V 

CI- 

MU 

F e  

co 
N i  

Cu 

Zn 

ea 
Sr 

Y 

Z r  

Ra 

P b  

na 

53 

18 

1100 

780 

510 

1.11% 

na 

130 

1.6 

71  

31 

2.2 

1.0 

690 
0.5 

28 

1.6 

3.4 

na 

4.3 

na 

na 

3.6 

3.9 

na 

29 

18 

590 

450 

90 

1.09% 

na 

75 
1.3 

36 

18 

2.1 

0.8 

360 

0.5 

15 

1.2 

2.5 

na 

2.6 

ni3 

na 

1.7 

1.7 

40 

300 

70 
70 

major 

309 

I l X l j O K  

- 
20 

900 

2000 

500 

3 00 

100 

808 

10 

200 

2 00 

500 
- 

20 

5 

6 
200 

70 

80 

1000 

500 

1090 

600 

100 

major 

<4 

300 

300 

40 

50 

5 000 

50 

5 00 

- 

0.5 

50 

5 0  

80 

1 

6 

<o, 1 

0.3 

200 

700 

50 
500 

50 
- 

major 

300 

major 

- 

>2000 

major 

major 

2000 

>2000 

600 

>2000 

8 

1000 
4 

100 
__ 

90 
4 

3 

260 

100 
......... ................ .................. ......... -. 

a A 4 t ~ ~ i e  absorption chemical analysis by Techn ica l  

bSpaa.k source mass spec t roscopy by Analytical Chemistry,  

Labora to r i e s ,  Chattanooga, Tenn,  na rncatis not analyzed,  

O m .  A dash means tliafl the element w a s  not  detected. 
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Table 4. C3as-@fnromatograpliic 
a n a l y s i s  of noiicondecsables 

Content ,  v o l  % p  a f t e r  
tliree exposuresa 

50  h 447 h 466 h 
___ l._.l...._.__- _ _ _ _ _ ~ -  c omp CI 11e n t 

____ _... " 

0 2  11.6 19.4 19.1 

w, <o. 1 <o. 1 <0.1 

N 2  80.5 7 6 . 4  78.2 

CO <o. 1 <0.1 <o. 1 

c 02 6 .3  0.75 1.54 
- - SO2 

so3 
H20 

I_ - - 

<0.1 x 

dash means n o t  d e t e c t e d .  

D e s c r i p t i o n  of Ceramic Materials 

Five ceralnic materials i n c l u d i n g  KT S i c ,  a-Sic,  CVL) Sic, AD 998 

The A l 2 O 3 ,  and a s l a l o n  were s e l e c t e d  f o r  i n c l u s i o n  i n  CKAF 'Test 2. 
s e l e c t i o n  was based on r e s u l t s  obtained1 i n  ChkP 'Pest I and other f x t o r s ,  

'l'he KT S i c ,  which i s  a s i l i c o n i z e d  s i l i c o n  carbid.e,  has received con- 

s i d e r a b l e  a t t e n t i o n  p r e v i o u s l y  as a pot ieu t ia l  &i r~int .er ia l .4 ,5  

Si.C c-an be f a b r i c a t e d  by one oE t w o  techniques.  One method i n v o l v e s  the 

f o r m u l a t i o n  of s i l i c o n  carb ide  g r a i n s  combined w i t h  s i . l i c o n  and carbon as 

admixtures  .I During a high-temperature  Ei-riiag process the s i l i c o n  and car-. 

bon react t o  form sili.con c a r b i d e  by s imultaneous r e a c t i o n  and s i n t e r i n g .  

I n  the o the r  iwthod s i l i c o n  i s  i n f i l t r a t e d  i n t o  a p r e f i r e d  S i c  and ca rbon  

y r e c u r s e r  mixture. A secoiici f i r i n g  c o n v e r t s  most of the free s i l i c o n  and 

c a r b o n  t o  s i l i c o n  c a r b i d e .  me f i n a l  m i c r o s t r u c t u r e  cozasi.sts o f  the y r i -  

ma-ry s i l i c o n  carbide phase, a d i s p e r s i o n  of smaller sexondary Sic g r a i n s ,  

a m a t r i x  of f ree  s i l i c o n ,  small  c o n c e n t r a t i o n s  o f  rmreacted graphi - te ,  and 

s m e  p o r o s i t y .  T h e  f r e e  s i l i c o n  r e s u l t s  i.n a n  a b r u p t  mechanical  degrada- 

t i o n  o f  the material at t empera tures  above 1250°C as one approaches the 

Si l . icoaiz:=d 
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mel t ing  p o i n t  of s i l i c o n  ( 1 4 1 0 ° C ) .  I n  a d d i t i o n ,  iuetal.lic i m p u r i t i e s  i n  

t’- m - s e r v i c e  environm-ect can  combine with the  s i i i c - o n  to form low-melt ing  

e u t e c t i c s ,  w h i . c h  can  e x t r u d e  o u t  oE t he  body. 

‘The CPSIC i s  a dense ,  s ing le-phase  material., which has S e t t e r  iilechaiT-- 

i c a l  p r o p e r t i c s  than the s i l i c o n i x d  Si-C, l i l  i s  prepared by s i n t e r i n g  

v e r y  fine-grai.r-wd (<1 pifi) si.Licon carbi.de us ing  a r e l a t i v e l y  sinall. aliiotlt1t 

o f  s i n t e r i n g  a i d s  i n c l u d i n g  about  0.5 wt: 7; B a n d  0.5 w t  Z C. ‘t‘hese 

dopan t s ,  WI-L i.ch are requi.t-c!d For i i i l .1  d e n s i f i c a t i o n ,  a l s o  re.d!ire oxid.at  Lon 

and c o r r o s i o n  r e s i s t a n c e  of t h e  bulk material. 

Cheinicall-y vapor  deposi . t .ed ( C V U )  s i l i - c o n  c a r b i d c  i s  t y p i c a l l y  a 

theoroil ical1.y dense material  t h a t  is impervious t o  gases  ,2nd charac-terized 

b y  a h i g h  a e c h a n i c a l  s t r e n g t h  when the ii~a.t.eri.al is  fabr icaced  i n t o  sinall 

shapes.  Its f a b r i c a t i o n  r e q u i r e s  u s e  of gas  mix tu res  such as 1v.eI;liy-i - 
t r L c h l o r o s i l a n e  (NTS or  CH3-SiCk3) , hydrogen, and ai? i n e r t  gas  and the  

subsequent; d e p o s i t i o n  o.E 5i.C o n t o  a porous graphi r -  s i l i c o n  carb.iile. 

s u b s t r a t e  a% hi:c.,h tempera tures .  Genera l ly  only  small shapes of p u r e  (XI) 

S I C  (up to  a few m i l l i r n e t e r s )  can  be produced froirr [:his prucees.  L41thou&h 

la rger  d e p o s i t s  a r e  possi.bl.e t i w y  o€ten c o n t a i n  process- induced drlamina- 

t::i.ons o r  c r a c k s  due t o  S i c  g r a i n  growth ,  which degrade  the r e s u l t i n g  

p r o p c r t i z s .  

The A D  998 aLn!ni.wm oxide  i.s a f u l l y  dense ,  f ine-gra ined  11ia~Lerial 

w h l c h  as f a b r i c a t e d  c o n t a i n s  minor amounts of s l l . i c a t e  glass  e Although 

t h i s  ceramic has  a lower thermal  conduc t i . v i ty  aiad lower thermal  shock 

i.sianc,e than  he s i l i c o n  c a r b i d e s ,  i t s  chemical. s t ab i -1 - i ty ,  f a b r i c a t i o n  

t echno logy ,  and poten t . i . a l ly  low cos t  a.re a ~ t r x t i v e  c h a r a c t e r i s t i c s  f o r  fM 

a p p l  ic .a t  i 01) s i . ~ ~ i i o  b v-i. ng .io s s i 1 file 1 com bus t i o n  e n v i  roniLie 11 t s e 

The Einal material exposed i n  CRAF T e s t  2 and subsequen t ly  ana lyzed  

waq t_he re la tz ive ly  new s i a l o n  material. I n  g e n e r a l ,  t h e  term s i - a l o n  i s  

used  t o  i d e n t i f y  a broad range of con1posi.i- lons cx is t i ing  w i t h i n  L t i e  

s i l i con -a  hln i..lluikl--O xyge n-a.i.t rogen sy s t em, 

materials o f  ini;ttre:it are based  on the  P’-sialon f o ~ ~ i l l . ~ l ~ a ~ . ~ i ~ ~ ~ ~ ~  i . i l  which ilhe 

inajor phase i s  a s o l i d  so lu t . i on  invol.ving A1203 and Si3Nq.G,7 

solu~:.L~>li, w h i c l i  c a n  be b.ased on an  expanded @-;.Si;jN/, s t r u c t u r e ,  has a range 

o f  composi t ions  g iven  by Si3-z+A2~2N4.-,. The r e p o r t e d  p r o p e r t i e s  tha.t. 

make t h e  B’-sial-ori a p r o s p e c t i v e  ti;y material i n c l u d e  low therural. 

Howeve r m.os t c o m m e  I:(: j-a1 s .;.a I o II 

T h i s  s o l i d  
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expans ion ,  good thermal shock resistance, moderate high-temperature  

s t r e n g t h ,  and good o x i d a t i o n  r e s i s t a n c e .  i n  addi t i .on ,  i t  can be f a b r i c a t e d  

i n t o  dense shapes  by conveat i -onal  s i n t e r i n g  t echn iques  as l o n g  as a Liquid 

phase  i s  p r e s e n t  a t  the s i n t e r i n g  temperature .  This  c.an be accomplished 

by us ing  fo rmula t ions  w i t h i n  the s y s t c ~  Si3Nq-Si02-Al203-alN s i n c e  these 

r e s u l t  i n  t i le pr r sence  o f  a l i q u i d  phase in e q u i l i b r i u m  wi.t.h t h e  @’-sialon 

a t  tempera tures  above 1700°C. A l t e r n a t e l y ,  a d d i t i o n s  of metal ox ides  such  

a s  MgO t o  t h e  8’ composi t ion  can r e a c t  wi.th t i l e  8’ c o n s t i t u e n t s  t o  form a 

l i q u i d  phase a t  the f i r i n g  temperature .  However, s i n c e  t h e s e  l i q u i d s  c a n  

degrade  t h e  p r o p e r t i e s  of the  ceraini.c, t h e i r  presence must be minimized 

diw-iing t h e  Cina l  s t a g e s  o f  t h e  d e n s i - f i c a t i o n  process .  

A GE 128  s i a l o n  having 

mate ly  6 4  w t  X Si3N4, 25 u t  

0.6 w t  X PlgO was chosen f o r  

o f  this material, r e p o r t e d l y  

p o s i t i o n  w i t l r  minor amounts 

1 i m i  t s t h e  roo m- t emp e r a t u re 

an i n i t i a l  s t a r t i n g  c o ~ p o s i  t o n  of approxi-  

% A1203, 8.5 w t  X AlN,  0.9 w t  % SiOi,  and 

exposure  i n  CKhF T e s t  2,  The  m i c r o s t r u c i u r e  

c o n s i s t s  p r i m a r i l y  of t h e  @’-Rialon coin- 

of p o r o s i t y , 6  TLiis p o r o s i t y  s i g n i c i c a n t l y  

fnur- ,poinL bend s t r e n g t h  t o  about  320 MYa 

( 4 7  k s i ) .  1-lowever, c o n s i d e r a b l e  v a r i a t i o n s  i n  these p r o p e r t i e s  and 

c. harac t e r i  s t i.cs can r e s u l t  f rotn m i  nor cilailge s i n  p t:i>c&s s i n g  techniques .  

Two t u b e s  of each of the f i v e  cerainic rnateri-als were exposed t o  the  

combustion p roduc t s  o f  t h e  COM f u e l  i n  CKAF T e s t  2. The p r e t e s t  dimen- 

s i o n s  of each tube (Table  5) v a r i e d  cons ide rab ly .  Normally, w e  woul-d have 

p r e f e r r e d  tubes of e q u i v a l e n t  diinensions,  but  f o r  mat-rrials such  as s i a l o n  

and KT S l C  s p e c i f y i n g  s p e c i f i c  dimensions would have r e s u l t e d  i n  e x c e s s i v e  

d e l i v e r y  t i m e s  - 
C h a r a c t e r i z a t i o n  of the Tubular  Haterials 

T h e  p h y s i c a l  and mechaili.cal p r o p e r t i e s  of t he  f i v e  i y y e s  of s t r u c -  

t u r a l  ceratiiic mater ia l s  used  i n  C M F  T e s t  2 are g iven  i n  Table  6 and the 

composi t ions  i.n T a b l e  7. The data on t h e  s i l - i c o n  c a r b i d e  and alurni-na 

ceramics were ob ta ined  €ram the vendors ,  and t h e  d a t a  f o r  t h e  s i a l o n  were 

determined  from publ i shed  r e p o r t s 6 $  d e s c r i b i n g  t h e  development of s i a l a n  

materia1.s. S ince  t h e s e  p r o p e r t i e s  w e r e  iileasured on g e n e r i c  materials made 

s p e c i f i c a l l y  f o r  small-scale l a b o r a t o r y  tests, Lhey were not  n e c e s s a r i l y  
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Table  7. Chemical composi t ion of the ceramic urnaterials 
used  i n  CRAF 'Test 2 

----------------.---̂ l---- -1-.- l__ ._-____ I__ 

Content ,  w t  4 ,  i n  each material 
--------- .II- .--- -1-1 _.____ Cons t i tuen t  

AD 998 GE 128 KT Sic w S i C  CV1, S i c  
A1203 S i a l o n  

0.025 

c a0 0.030 0.1 

0.6 MgO 0.050 

Othe r  0.025 
- 

r e p r e s e n t a t i v e  of the bu lk  t u b u l a r  materials employed i n  t h i s  expcrirnc:ntal 

exposure.  Furthermore,  inany d i f f e r e n c e s  were found when d a t a  f rom Table  6 

were compared w i t h  p rope r ty  v a l u e s  from Lhe l i t e s a t ~ r e . ~ , ~ ~  

reasoris, bo th  t h e  as - rece ived  and exposed tubes  were e x t e n s i v e l y  charac- 

t e r i z e d  by t h e  t echn iques  o u t l i n e d  i n  Table  8. The v i s u a l  exariiindtions 

For  tlwse 

and d imens iona l  measurements provided a n  i n d i c a t i o n  of bu lk  changes i n  the 

ceramic materials r e s u l t i n g  f rorn tlhe long-term exposure t o  the COM fuc.8, 

T h e  r a d i o g r a p h i c  examinat ions ,  m i c r o s t r u c t u r a l  c h a r a c t e r i z a t i o n ,  x-ray 

d i f f r a c t i o n ,  and microcomposi t ion a n a l y s e s  were used t o  d e t e c t  phys ica l  

and chemical  changes i n  t h e  f i v e  materials cha t  could  a d v e r s e l y  affect 

t he i r  performance as s t r u c t u r a l  KXs. The d e t a i l s  of rhr procedures  mid 

s a a p l e  p r e p a r a t i o n s  r e q u i r e d  f o r  t h e s e  t echn iques  are w e l l  established arid 

t h e r e f o r e  no t  r epea ted  hare. F i n a l l y ,  the c h a r a c t e r i z a t i o n  a l s o  involved 

d e t e r m i n a t i o n  oE as - rece ived  and pos texposure  va lues  of lstie hel ium permc- 

a b i l i t y ,  thermal  expans ion ,  and f r a c t u r e  s t r e n g t h .  T h e  measurement of 

t h e s e  p r o p e r t i e s ,  which c o n s t i t u t e  c r i t i c a l  f a c t o r s  i n  tlie d e s i g n  of 

s t r u c t u r a l  ceramic U s , 2  i s  d i s c u s s e d  i n  more d e t a i l  i n  t h e  fo l lowing  

text  . 



Table 8,  Analyses used t o  c h a r a c t e r i z e  
the s t r u c t u r a l  i n a t e r i a l s  

. . . . . . . .- -..-~____..._I_-I 

V i s u a l  examinat ion 

U i i i i e  ns i o  na 1 ille as u re m e  nt s 

Radiographic  nondes t 1:ilct i ve  examinat i o n  

Helium p e r n e a b i l i t y  

Micros t-cuct ural c h a r a c t e r i z a t i o n  

S c a n n i ng e 1 e c t r o n i n i  c r o s copy 

Optical .  inicioscopy (meta l lography)  

X-ray d i f f r a c t i o n  

M i  c roc. om p o s i t i o  n 

Wet chemical  ana1ysi.s  

S p a r  k-s 01.1 r c e mass spec t r o sc o p y 

Induct ion-coupled plasma spec t roscopy  

E as  t -neut  r o  11 act i v a  t i o n  ana ly s i Y 

Energy-di spcrs ive  x-ray a n a l y s i s  

The Tina1 expans i o n  

Mechanical s t r e n g t h  
___.______...______________._....~_-...-_I...- 

I n  many high-temperature  IIX d e s i g n s ,  heliiim o r  a n o t h e r  gas  i s  used  i n  

l a r g e  volume a t  h igh  p r e s s u r e  as a working € l u i d  on the  secondary s i d e .  

I zakage  , which can occur  by phys ica l  permeat ion through the hulk  m a t e r i a l ,  

c r a c k s ,  o r  1eaki.ng j o i n t s ,  can s e r i o u s l y  reduce t h e  e f f e c t i v e n e s s  of t h e  

XX. Me. measured t h e  rooin-temperature helium perrueabi.lity through the 

t u b u l a r  mateci.als u s i n g  a Veeco 

tal-ibrated with a s t anda rd  leak rate  SQUICC. D e s c r i p t i o n s  of the asso-  

c i a t e d  te,st f - ix tu re  and measurement procedure are g iven  i n  a n  ear l ie r  

pub1 ica t ion . l  

r e c e i v e d  and s u r v i v i n g  exposed t u b e s  w i t h  s u c c e s s i v e  p r e s s u r e  d i  f i e r e n -  

t i a l s  of 1 0 1 ,  2 7 4 ,  4 4 6 ,  and 618 kPa ( 1 4 , 6 ,  39.7,  6 4 . 7 ,  and 89.6 p s i )  

-> 
hel ium l e a k  d e t e c t o r  (Model MS AB) 

The heLi.urn Leak r a t e  was determined f o r  bo th  t h e  as- 

-.__ ~ . -  

;t Product  of Veeco in s t rumen t s ,  I n c . ,  P la inview,  N.Y. 
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measurements wcrc [mde  f r i i r n  room t empera ture  t o  1200°C i ~ i i  a i r  w i t h  a high- 

te inperature  d i l a t o m e t e r  cal. i b r a c e d  w i t h  a higii--.purLty recrys ta l , l . ixed  

alumina s t a n d a r d ,  

* 

The mcchan lca l  s i i rength  oLc tiie mtc:ii-ials i s  a t io ther  c r i t i c a l  p r o p e r t y  

r e q u i r e d  f o r  t h e  d e s i g n  of U s .  Our use of more c o n v e n t i o n a l  b..,r.-.type 

samples frow t h e  tubes  f o r  the s t r e n g t h  deteril l inat  i o n  would have involved 

c omplicatcd machining techniques ,  whi~ch iilight havn, alt~red t h e  i n t r i n s i c  

c h a r a c t e r i s t i c s  of t h e  s u r f a c e  € l a w ?  along tlie tube.  A l t e r a t i . o n  of the 

sur face  f l aw p o p u l a t i o n  could  have a major e f f e c t  on the  nieasurcd f E a c t u r e  

s t r e n g t h s .  T h e r e f m e ,  a C-ring d i a m e t r a l  coiiipressiion t x s t l O y l l  

[ F i g .  11 (a)] was employed i n  t . he  s t rengt . i i  c:haracteri.r,atFon of the as- 

r e c e i v e d  and exposed tubes .  The m a i n  advanirage of t h i s  t e c h n i q u e ,  which 

provided adequate  r e s u l t s  i n  a prev ious  s t u d y , l  i s  i:hat E r a c t u r e  i s  i n i - -  

r . i a t ed  a l o n g  t h e  o u t s i d e  s u r f a c e  of the C-ring sample, where t h e  t e n s i l e  

s t resses  are  h i g h e s t  [Fig.  I l ( b ) ] .  Ti i  CKAF 'Test 2. t -h i s  o u t e r  s u r f a c e  area 

was most s u b j e c t  t o  s t r e n g t h  v a r i a t i o n s  r e s u l t i n g  from tiie /+96.-h exposure  

t o  the combustion products  of t h e  COM f u e l .  Consequeol ly ,  t h e  r r s u l t s  oE 

t h e  C-King compression tes ts  of t h e  as - rece ived  and  exposed  samples were 

e x p e c t e d  t o  provide a good i n d i c a t i o n  of i'ne re lat f -ve change i n  s t r e n g t h  

due t o  r e a c t i o n s  b e c w e e n  t h e  t u b d a r  specimpns and the c o n s t i - t - u e n t s  i n  the 

fuel. combustion gases .  Tn t h e  cnse of tile nonoxide ceramics, s t r e n g t h  

v a r i a t i o n s  could  a l s o  r e s u l t  from o x i d a t i o n  of t h e  materials a t  cine expo- 

s u r e  temperature .  

Each C-ring specimen w i t i i  d c r o s s - s e c t i o n a l  thi-ckness  of 6.6 m w a s  

loaded to  € a i l u r e  a t  room terr,perai;tire in a i r  w i t h  an Lnstront  machine 

o p e r a t i n g  a t  a c rosshead  speed of 8.5 pin/" (0 .020 in . /min) .  The exposed 

samples were oritrn.t.ed such t h a t  f r a c t u r e  occurred  i n  the upstream r e g i o n  

A Harrop thermal  d i l a t o m e t r i c  a n a l y z e c ,  model ' T U - l l 6 ,  p roduct  o i  
Harrop Labora tory ,  Colu~ribus,  Ohio. 

+Prociw-t of I n s  t r o n  Corpora t ion ,  Canton, Mass. 
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Fig .  11. C-ring specimen geometry,  showing t h e  stress d i s t r i b u t i o n  
r e s u l t i n g  from t h e  a p p l i c a t i o n  of a compressive load. 

of  t h e  o r i g i n a l  tube.  The f r a c t u r e  stress, 0, w a s  c a l c u l a t e d  f rom t h e  

e xp r e s s i o n  

where P i s  the  breaking  f o r c e  ( n e g a t i v e  f o r  compressive l o a d i n g ) ,  

P = ( P o  -i- r i > / 2 ,  and R = ( T o  - r i ) / l n ( P o / P i ) .  

2 ? i  are d e f i n e d  i n  Fig. l l ( a> .  

- 
The parameters  W ,  ro, and 

Although i t  would have been d e s i r a b l e  t o  



30 

determine  t h e  s t r e n g t h  c h a r a c t e r i s t i c s  of the t u b u l a r  m a t e r i a l s  a t  h igh  

tempera tures  i n  e i ther  air o r  t h e  f l u e  gas combustion environment,  equip- 

ment L i m i t a t i o n s  made such measurement i m p r a c t i c a l .  

It should be noted tha t  v i s u a l  examinat ions ,  dimensional  

measurements, r a d i o g r a p h i c  examinat ions and hel.ium p e n n e a b i l i t y  m e a s u r r  

m e r i t s  were made on ths a c t u a l  tubes  used i n  CRAF T e s t  2 both be foce  and 

a f t e r  t h e  496-11 exposure,  Howevec, t h e  d e t e r m i n a t i o n  of t h e  microstrrmc-- 

t u r a l ,  x-ray d i f  f r a c t i o o ,  microcnmyosi t iona l ,  thermal  expansion,  and 

mechanical. s t r e n g t h  c h a r a c t e r i s t i c s  of t h e  f i v e  as--received materials 

r e q u i r e d  t h e  use  of r e p r e s e n t a L i v e  a r c h i v e  t u b u l a r  samples. The d e t a i l e d  

s e c t i o n i n g  p l a n s  f o r  t h e s e  pretest  a n a l y s e s  are o u t l i n e d  i n  Fig. 1 2 ,  One 

exposed trube of each cenraiiiic r n a t e r i a l  was s e c t i o n e d  i n t o  C--riilg and ther-. 

m a l  expansion specimens (Fig.  131, and L i r e  o ther  t u b e  was insed i.u t h e  

f a b r i c a t i o n  of x-ray $ i f  f r a c t i o n ,  Tnic~ocornposic:ionaJ., scanning e l e c t r o n  

microscopy,  and m e t a l l o g r a p h i c  samples (Fig.  14). These l a s t  f o u r  analy-  

ses were a l s o  used t o  c h a r a c t e r i z e  the  coal s l a g  d e p o s i t s  remaining on t h e  

exposed tubes .  F i n a l l y ,  i.% should be noted t h a t  no exposed a n a l y t i c a l  

specimens w e r ~  fabrii--ated f r o m  porrr.i.ons of t h e  tube near t h e  a i r  i n l e t  

e n d $  s i n c e  c.he r e a c t i o n  between t h e  s l a g  a d  ceramic w a s  g e n e r a l l y  n e g l i -  

g i b l e  i n  t h e s e  regions.  

A S  RECEIVED-  ( p w  ,& RECEIVED TUBE 

F i g .  12. T y p i c a l  sawpling p lans  f o r  pretest  c l ia rac te r izaLion  of 
ceramic t u b e s  i n  CRAF res t  2. 
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Fig .  13. Sectioning plans for C-ring and thennal expacsisn sarnpres 
f ram t.xposcd tubes .  
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RESULTS AND DISCUSSION 

V I e w s  of t h e  upstream and downstream r e g i o n s  of t h e  ten-tube a r r ay  

b e f o r e  s t a r t i n g  CRAP Test 2 were shown previous ly  i n  Fig. 3. Fuel s l a g  

d e p o s i t s  on t h e  upstream s i d e  of t h e  ceramic tubes  were observed as s m a l l  

1ocaJ.ized s p o t s  when viewed through t h e  viewport a t  about 30 h. They 

i n c r e a s e d  i n  s i z e  and e x h i b i t e d  more s t r u c t u r e  a t  50 h a s  shown i n  Fig.  7 .  

The s t r u c t u r e  and amount of t h e  f u e l  s l a g  deposi t i -ng on t h e  tubes  as a 

f u n c t i o n  of t i m e  were much d i f f e r e n t  from those  observed p r e v i o u s l y  i n  

CRAF Tes t  1,  i n  which on1.y No. 4 r e s i d u a l  o i l  w a s  burned. As w i l l  be shown 

subsequent ly ,  t h i s  d i f f e r e n c e  was a t t r i b u t a b l e  Lo combustion of c o a l  i n  

T e s t  2. There was evidence t h a t  t h e  f u e l  s l a g  d e p o s i t e d  on t h e  t u b e s  

d u r i n g  t h i s  experiment was prirrrarily d e r i v e d  from t h e  c o a l  a s h  i n  t h e  COM 

fuel.. This  o b s e r v a t i o n  v e r i f i e d  an  e a r l i e r  a s s i m p t i o n  t h a t  use of COM 

i u e l  i n  Lhe CRAF combustor w a s  a convenient  method f o r  burning c o a l  i n  Che 

u n i t ,  and t h a t  t h e  use  of No. 6 o i l  a s  a c o a l  c a r r i e r  had a minimal e f f e c t  

o n  t h e  f u e l  s l a g  composi t ion o r  t h e  r e a c t i o n s  between t h e  f u e l  slag and 

t h e  f i v e  cerami.c materials. The use of COM f u e l  f o r  ceramic material 

exposures  a t  high tempera tures  was t h e r e f o r e  judged t o  be a s u i t a b l e  simu- 

l a t i o n  of d i r e c t  c o a l  cornbustion f o r  s tudying  e f f e c t s  of c o a l  s l a g  on t h e  

p r o p e r t i e s  and s t r u c t u r e  of t h e  materials. 

A s  combustion t i m e  i n c r e a s e d  t o  120 h,  t h e  c o a l  s l a g  d e p o s i t s  on t h e  

tubul .ar  ceramic spec.i.mens a t t a i n e d  a stringerl . : ike c h a r a c t e r ,  as shown i n  

Fig.  8. The deposi- ts  became l a r g e r  and a t c a i n e d  a more rounded appearance 

b y  260 h ,  as shown i n  Fig. 9. 'T'ne a i r  f low d i r e c t i o n  through t h e  t u b e s  i n  

a l l .  t h e s e  f i g u r e s  i s  l e f t  t o  r i g h t .  The e f f e c t s  of lower tube  wall t e m -  

p e r a t u r e s  a t  t h e  a i r  i n l e t  end are apparent  i n  Fig. 9 ,  where t h e  g l o b u l a r  

s l a g l i k e  f e a t u r e s  a r e  v i s i b l e  on t h e  l e f t  s i d e  o f  t h e  view. The l a r g e  

s l a g  d e p o s i t  v i s i b l e  n e a r  t h e  viewport i s  a t t r i b u t e d  t o  i n t r o d u c t i o n  of 

a i r  i n t o  t h e  duc t  t io  c o o l  t h e  window, This  a i r  reduced t h e  l o c a l  gas  t e m -  

p e r a t u r e  and inc.reased t h e  oxygen content  of t h e  combustion gas .  These 

two e v e n t s  would i n c r e a s e  deposi tLon of s l a g  from t h e  h o t  g a s  and i n c r e a s e  

t h e  s l a g  v i s c o s i t y .  The s l a g  d e p o s i t s  on  t h e  upstream s i d e  of t h e  cerariiic 

tube  s u r f a c e s  beyond t h e  f i r s t  2 t o  3 cm from t h e  a i r  i n l e t  efid had a 

r e l a t i v e l y  smooth s u r f a c e ,  a s  shown in Fig. 9. A t  366 h ,  some g l o b u l a r  
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f e a t u r e s  were v i s i b l e  on the tube d e p o s i t s ,  as shown i n  F i g -  10, T h e  

l a r g e  s l a g  growth near the viewport  window i s  a l s o  v i s i b l e  but  ou t  of 

focus  i n  t h e  foreground of t h i s  f i g u r e .  Coal s l a g  runs  on t h e  C M F  w a l l s  

a l so  are c l e a r l y  v i s i b l e  i n  Fig. 10. These r e s u l t e d  from the ho t  sLng 

condens ing  on the r e f r ac to ry  walls above t h e  tubes  and t h e n  running down- 

ward a long  the walls. A t  about  t h i s  t i m e  i n  t h e  combustion run?  s igni l 'n - -  

c a n t  h c k  p r e s s u r e  in t h e  fu rnace  became n o t i c e a b l e ,  'rhe morphology o f  

t h e  s l a g  d e p o s i t s  remained e s s e n t i a l l y  t h e  same, as ObSeKVed through the 

v iewpor t ,  from about  350 h of combustion u n t i l .  complction o f  the exposure 

at 496 h, 

A f t e r  C U F  T e s t  2 was completed,  Lhe t o p  t r a n s i t i o n  s e c t i o n  con- 

t a i n i n g  t h e  f l u e  gas o u t l e t  p o r t  w a s  rernovcd and che C % U  disassembled, 

The upstream ( lower)  s i d e  of t h e  ten-tube array con ta ined  a t h i c k  J t : )put j i l  

o f  c o a l  slag, but the downstream (upper)  s i d e  of the  tubes  coritained re 'L<a-  

t i v e l y  t h i n  slag d e p o s i t s .  The upstream ( lower)  s i d e  of t h e  t u b e  a r r a y  

w h i l e  still. i n  place in t h e  C U F  is shown i n  Fig. 95. Ti-te w a l l s  of the: 

G R A F  duct  below t h e  tube  row con ta ined  e s s e n t i a l l y  no coa l  slag. Slag l ici ';  

d e p o s i t e d  e x t e n s i v e l y  a t  the t u b e s  and on a l l  w a l l  s u r f a c e s  of t h e  duct  

above the tubes .  This  o b s e r v a t i o n  s u g g e s t s  t ha t  the  c o a l  ash constitartarit. :-, 

c o u l d  not condeiisc a t  t h e  combustion gas  t empera tu re  present.  below t h e  

tubes.  S l a g  d e p o s i t i o n  a t  the t u b e s  was due t o  t h e  d e c r e a s e  i n  gas t : ~ r : ~ -  

g e r a t u r e  by h e a t  e x t r a c t i o n  by the  tubes  and/or  due t o  changes .in i h k :  

s t r e a m l i n e s  i n  t h e  v i c i n i t y  of the tubes .  The d e c r e a s e  i n  gas ternperaru 

was a p p a r e n t l y  the major cause  of s lag d e p o s i t i o n  because t h e  metal probe  

t uhe that  o r i g i n i a l l y  p r o j e c t e d  p e r p e n d i c u l a r l y  i n t o  the gas stream ju:,*c 

below the t u b e s  ( v i s i b l e  i-n Fig. 15) con ta ined  e s s e n t i a l l y  no s l a g  

d e p o s i t ,  kC gas f low d i s t u r b a n c e  was a m a j o r  cause of s l a g  depositivn, 

r a t h e r  rhan t h e  gas tempera turc ,  this m e t a l  p robe  tube,  which underwent 

s i g n i f i c a n t  c o r r o s i o n  and deformat ion ,  would trave con ta ined  slag,. 

The downstream (uppe r )  s ide  of t he  tube  row a f t e r  Pernova1 of che t a p  

section of t h e  C:MF i s  shown i n  Fig .  16. Note t h a t  t h e  spaces  betweea~ ti 

t u b e s  are n e a r l y  f i l l e d  wi th  s o l i d i f i e d  s lag .  S l a g  depositioa on the 

downstream s u r f a c e  o€ t h e  t u b e s  was ~ninima-t., S O  t h e  thermocouple p r - u ~ u c -  

Lion tubes  are s t i l l  r e a d i  Ly d i s c e r n i b l e .  
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A f t e r  CRAF d i sa s sembly ,  t h e  ceramic t u b e s  and t h e i r  adhe ren t  s l a g  

were removed from t h e  f a c i l i t y  a long  w i t h  t h e  r e f r a c t o r y  header  b locks .  

The upstream ( lower)  s i d e  of t h e  tube  row i s  shown i n  Fig. 17 .  The s l a g  

s u r f a c e  t h a t  faced  impinging combustion gas  w a s  r e l a t i v e l y  smooth and 

brown. The c l e a n  t u b e  ends  i n  Fig. 17 i n d i c a t e  where t h e  t u b e s  p ro t ruded  

i n t o  h o l e s  i n  t h e  header  b l o c k s ,  which had been removed. The two t u b e s  

hav ing  t h e  l a r g e r  d i ame te r s  are s h o r t  KT S i c  c o l l a r s ,  which had t o  be used 

a s  e x t e n s i o n  t u b e s  w i t h  t h e  s h o r t e r  GE 128 s i a l o n  materials. The l a r g e  

c r a c k  i n  the s l a g  i n  Fig. 17 developed du r ing  header  b lock  removal. The 

c o a l  s l a g  j o i n i n g  t h e  t e n  t u b e s  was c a r e f u l l y  f r a c t u r e d  i n  t h e  r eg ion  

between t h e  t u b e s  t o  separate the specimens from each  o t h e r  f o r  ana lyses .  

T h i s  was accomplished wi thou t  d i f f i c u l t y  s i n c e  t h e  s l a g  i n  t h i s  r e g i o n  w a s  

r e l a t i v e l y  t h i n .  Each tube  w a s  t h e n  examined macroscop ica l ly .  The helium 

p e r m e a b i l i t y  of t h e  s u r v i v i n g  exposed t u b e s  w a s  a l s o  measured. The t u b e s  

were t h e n  s e c t i o n e d  i n t o  samples  f o r  d e t e r m i n a t i o n  of C-ring f r a c t u r e  

s t r e n g t h ,  t he rma l  expans ion ,  microcomposi t ion,  and chemica l  composi t ion.  

The r e s u l t s  of t h e s e  v a r i o u s  a n a l y s e s  are p r e s e n t e d  and d i s c u s s e d  i n  t h e  

remainder  of t h i s  r e p o r t .  

Macroscopic Examinat ions of I n d i v i d u a l  Tubes 

A f t e r  t h e  496-h exposure ,  a l l  t u b e s  were comple te ly  covered w i t h  a 

c o a l  slag, which ranged i n  c o l o r  from d a r k  brown t o  b lack .  The t h i c k n e s s  

o f  t h e  c o a l  s l a g  ranged from 38 t o  76 mm on t h e  upstream s u r f a c e  and 

3 t o  13  mm on t h e  downstream s u r f a c e .  The n a t u r e  of t h i s  bu i ldup ,  which 

w a s  similar on a l l  t u b e s ,  i s  i l l u s t r a t e d  f o r  t h e  A1203 t u b e  by t h e  

ups t ream,  downstream, s i d e ,  and c r o s s - s e c t i o n a l  views shown i n  Figs.  18 

th rough  21 ,  r e s p e c t i v e l y .  The s i d e  view (Fig .  20) shows t h a t  t h e  f i n a l  

morphology of t h e  upstream c o a l  s l a g  depended on i t s  h o r i z o n t a l  p o s i t i o n  

a l o n g  t h e  tube.  For example, t h e  s l a g  s t r u c t u r e  n e a r  t h e  a i r  i n l e t  end 

w a s  c h a r a c t e r i z e d  by columnar growth d i r e c t e d  upstream from t h e  t u b u l a r  

s u r f a c e .  However, as t h e  a i r  o u t l e t  s i d e  w a s  approached,  t h i s  columnar 

growth w a s  comple te ly  e l i m i n a t e d ,  so that  t h e  s u r f a c e  con tour  of t h e  s l a g  

was c o n s i d e r a b l y  more uniform. One e x p l a n a t i o n  f o r  t h i s  v a r i a t i o n  i n  t h e  

s l a g  morphology is  t h a t ,  d u r i n g  t h e  496-h exposure ,  i n t r o d u c t i o n  of a i r  
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Fig. 17. Upstream s u r f a c e  of exposed ceramic t u b e s  a r te r  removal from CKAF u n i t .  (One 
heade r  b lock  has  a l s o  been removed.) 
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I SIDE VIEW 

Fig. 20. S ide  view of exposed AD-9913 A1203 t u b e ,  i l l u s t r a t i n g  the e x t e n s i v e  c racking .  
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i n t o  t h e  t u b e s  lowered t h e  tempera ture  i n  t h e  v i c i n i t y  of t h e  a i r  i n l e t  

p o r t ,  which l i m i t e d  t h e  s l a g  m o b i l i t y  and u l t i m a t e l y  r e s u l t e d  i n  t h e  

columnar bui ldup .  S i n c e  t h e  magnitude of t h e  tempera ture  r e d u c t i o n  a t t r i b -  

u t a b l e  t o  t h e  a i r  flow through t h e  tubes  decreased  as t h e  a i r  o u t l e t  s i d e  

w a s  approached,  t h e  tempera ture  of t h e  s l a g  and t h u s  i t s  f l u i d i t y  

i n c r e a s e d  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  a i r  i n l e t  p o r t .  Consequent ly ,  

t h e  enhanced s l a g  m o b i l i t y  r e s u l t e d  i n  a more uniform upstream s u r f a c e  

morphology. However i n  s p i t e  of t h i s  i n c r e a s e d  f l u i d i t y  t h e  c ross -  

s e c t i o n a l  view (Fig.  2 1 )  i n d i c a t e s  t h a t  t h e  o v e r a l l  shape of t h e  s l a g  

d e p o s i t ,  which depended on both t h e  s l a g  v i s c o s i t y  and t h e  aerodynamics of 

t h e  f l u e  g a s  around t h e  t u b e ,  was s t i l l  q u i t e  complex. I n  a d d i t i o n ,  t h e  

ups t ream c o a l  s l a g  conta ined  a n  i n t r i c a t e  network of gas  bubbles ,  whose 

a v e r a g e  s i z e  i n c r e a s e d  w i t h  i n c r e a s i n g  r a d i a l  d i s t a n c e  from t h e  tube 

s u r f a c e .  F i n a l l y ,  i t  should be poin ted  o u t  t h a t  t h e  c r a c k s  observed i n  

t h e  exposed A1203 t u b e s  (F igs .  2U-21) were a l s o  found i n  t h e  s i a l o n  tubes  

b u t  n o t  i n  t h e  s i l i c o n  c a r b i d e  materials. Reasons f o r  t h i s  c r a c k i n g  

problem are d i s c u s s e d  i n  more d e t a i l  below. 

The upstream c o a l  s l a g  w a s  e a s i l y  removed from a l l  t h e  S i c  t u b e s  a f t e r  

cooldown f o l l o w i n g  complet ion of t h e  t es t  exposure.  F igure  22 shows t h e  

ups t ream s u r f a c e  of a KT S i c  t u b e  a l o n g  with t h e  upstream s l a g ,  which w a s  

removed and r o t a t e d  180" t o  expose t h e  s u r f a c e  a d j a c e n t  t o  t h e  tube.  Close 

examinat ion  i n d i c a t e s  t h a t  t h e  number and s i z e  of t h e  voids  o r  g a s  bubbles  

a t  t h e  s lag-ceramic i n t e r f a c e  g r a d u a l l y  i n c r e a s e d  as t h e  a i r  o u t l e t  s i d e  

o f  t h e  t u b e  w a s  approached. T h i s  behavior ,  which is a l s o  r e f l e c t e d  by t h e  

v a r i a t i o n  i n  t h e  e x t e n t  of t h e  s l a g  remnants remaining on t h e  upstream 

KT S i c  s u r f a c e  (Fig.  23 ) ,  was presumably due t o  i n c r e a s e  i n  i n t e r f a c i a l  

t e m p e r a t u r e  a l o n g  t h e  tube  t h a t  r e s u l t e d  as t h e  a i r  tempera ture  i n c r e a s e d  

d u r i n g  i t s  f low through t h e  tube.  F igure  2 4 ,  which i s  a c r o s s - s e c t i o n a l  

view of t h e  KT S i c  w i t h  t h e  upstream s l a g  removed, s u g g e s t s  t h a t  t h e  sur- 

f a c e  receded  o n l y  a l i m i t e d  amount i n  t h e  material as a r e s u l t  of t h e  

h igh- tempera ture  exposure t o  t h e  c o a l  s l a g .  These r e s u l t s  w e r e  t y p i c a l  of 

a l l  t h e  s i l i c o n  c a r b i d e  tubes .  I n  f a c t ,  n e i t h e r  t h e  a-Sic nor  t h e  CVD S i c  

showed evidence  of a p p r e c i a b l e  s u r f a c e  c o r r o s i o n .  

The i n c r e a s e d  r e s i s t a n c e  t o  s l a g  removal e x h i b i t e d  by t h e  alumina and 

s i a l o n  t u b e s  gave ev idence  of g r e a t e r  bonding between t h e s e  ceramics  and 
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t h e  s l ag .  I n  t h e  case  of t h e  alumina tube ,  Fig. 21 i n d i c a t e s  t h a t  t h e  

A1203-slag i n t e r f a c e  w a s  r e l a t i v e l y  d i s t i n c t  ( i . e . ,  t h e  bonding w a s  very  

l o c a l i z e d ) .  However, two i n t e r m e d i a t e  phases  were observed a t  t h e  i n t e r -  

f a c e  between t h e  s l a g  and t h e  s i a l o n  tubes.  The f i r s t  phase,  which was 

a d j a c e n t  t o  t h e  tube  s u r f a c e ,  w a s  l i g h t  co lo red  and approximate ly  150 pn 

t h i c k .  Th i s  phase,  which i s  shown i n  Fig. 25, w a s  a p p a r e n t l y  formed by 

o x i d a t i o n  of t h e  s i a l o n .  This  o x i d a t i o n  product  w a s  a l s o  observed a t  t h e  

ends  of t h e  tube  a long  t h e  o u t s i d e  su r face .  These end r e g i o n s ,  which were 

p r o t e c t e d  by t h e  KT S i c  e x t e n s i o n  tubes  du r ing  t h e  a c t u a l  exposure,  are 

shown i n  t h e  upstream view of t h e  exposed tube  (Fig.  26). The second 

phase  occurred  between t h e  o x i d a t i o n  l a y e r  and c o a l  s l a g  (Fig.  25). It 

was brownish and approximately 30 p n  t h i c k .  The chemical  c h a r a c t e r i s t i c s  

o f  bo th  phases are d i scussed  i n  more d e t a i l  i n  t h e  fo l lowing  s e c t i o n .  

SLAG LAYER 

- I  
ORIGINAL 

SIALON 
MAT E R I A L 

CY N-4538 

BROWNISH 
PHASE 

LIG HT-CO LO R ED 

UPSTREANi 
REGION 1 

Fig. 25. Ups t ream s u r f a c e  of exposed s i a l o n  tube ,  showing va r ious  
p h a s e s  formed. 
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I 

SIALON 

Fig.  26. Upstream s u r f a c e  of exposed s i a l o n  tubes  w i t h  t h e  c o a l  s l a g  
removed . 

No c racks  were observed i n  any of t h e  exposed S i c  t u b e s  wi th  a low- 

power o p t i c a l  examination. However, r a d i a l  and l o n g i t u d i n a l  c r a c k s  were 

c l e a r l y  p r e s e n t  i n  the A1203 (F igs .  19-21) and s i a l o n  (Fig.  27) t ubes .  

The alumina probably cracked du r ing  t h e  f i n a l  cooldown, s i n c e  s l a g  had not 

p e n e t r a t e d  i n t o  t h e  tube  i n t e r i o r  o r  a long  t h e  c rack  s u r f a c e s .  The 

appearance  of f l y  a sh  on t h e  i n t e r i o r  of t h e  a i r  o u t l e t  s i d e  of t he  s i a l o n  

e x t e n s i o n  tube  sugges ted  t h a t  t h i s  material had cracked  a t  some time 

d u r i n g  t h e  high-temperature  exposure,  poss ib ly  d u r i n g  one of t he  thermal  

c y c l e s .  However, no s l a g  w a s  observed a long  t h e  c r a c k  s u r f a c e s  i n  t h e s e  

tubes .  The e x t e n s i v e  c rack ing  i n  t h e s e  two materials could have been 

r e l a t e d  t o  the  i n c r e a s e d  s l a g  adherence.  For example,  i f  one assumes t h a t  

t h e  thermal  expansion c o e f f i c i e n t  of the  s l a g  w a s  less than  t h a t  of e i t h e r  
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t h e  s i a l o n  o r  Al2O3, t h e n  upon cooldown t h e  s l a g  would p a r t i a l l y  c o n s t r a i n  

t h e  c o n t r a c t i o n  of t h e  ceramic tube.  The e x i s t e n c e  of t h i s  c o n s t r a i n t  

would a l s o  r e q u i r e  t h a t  t h e  tempera ture  be s u f f i c i e n t l y  low t o  avoid  

v i s c o u s  deformation of t h e  c o a l  s l a g .  Therefore  t e n s i l e  stresses would 

develop  a long  t h e  o u t s i d e  of t h e  t u b e  s u r f a c e .  An estimate of t h e  stress 

magnitude i s  g iven  i n  a subsequent  s e c t i o n .  

The macroscopic  examinat ions a l s o  involved dimensional  measurements 

and a r a d i o g r a p h i c  a n a l y s i s .  The dimensions of a l l  s u r v i v i n g  t u b e s  

a g r e e d  w i t h  t h e  r e s p e c t i v e  p r e t e s t  v a l u e s  g iven  i n  Table  5, hence t h e  

496-h exposure caused no l a r g e - s c a l e  deformation of t h e  tubes.  

t es t  r a d i o g r a p h i c  a n a l y s e s  d i d  not reveal any major d e f e c t s  i n  any of t h e  

t u b e s .  U n f o r t u n a t e l y ,  program schedule  c o n s t r a i n t s  prevented t h e  p o s t t e s t  

r a d i o g r a p h i c  examination. However, s u c c e s s f u l  e v a c u a t i o n  of a l l  s u r v i v i n g  

S i c  t u b e s  t o  less t h a n  13 mPa ( I  X t o r r )  d u r i n g  t h e  helium pe r -  

m e a b i l i t y  a n a l y s e s  s u g g e s t s  t h a t  t h e s e  materials c o n t a i n e d  no through- 

t h i c k n e s s  d e f e c t s .  

The pre- 

Microcomposition 

The r e s u l t s  of t h e  microcomposi t iona l  s t u d i e s  - i n c l u d i n g  w e t  chemi- 

c a l  a n a l y s i s ,  s p a r k  source  mass spec t roscopy,  induct ion-coupled plasma 

s p e c t r o s c o p y ,  and f a s t - n e u t r o n  a c t i v a t i o n  a n a l y s i s  - a r e  summarized i n  

T a b l e  9. The e l e m e n t a l  composi t ion of both as - rece ived  and exposed 

s a m p l e s  of t h e  f i v e  t u b u l a r  materials i s  g iven  i n  t h e  t a b l e .  I n  g e n e r a l ,  

t h e  exposed samples were l i m i t e d  t o  t h e  upstream r e g i o n  of t h e  tubes .  I n  

a d d i t i o n ,  t h e  a n a l y t i c a l  specimens removed from t h e s e  t u b u l a r  m a t e r i a l s  

were c u t  t o  remove t h e  r e s i d u a l  c o a l  s l a g  from t h e  upstream s u r f a c e .  

Theref  o r e ,  e l e m e n t a l  v a r i a t i o n s  i n  T a b l e  9 r e p r e s e n t  changes t h a t  

o c c u r r e d  i n  t h e  bulk material  as a r e s u l t  of t h e  long-term exposure 

t o  t h e  COM combustion products .  Table 9 a l s o  i n c l u d e s  t h e  primary 

e l e m e n t s  d e t e c t e d  i n  r e p r e s e n t a t i v e  upstream and downstream samples 

o f  t h e  c o a l  s l a g  removed from severa l  of t h e  tubes .  However, some of t h e  

major  e l e m e n t a l  c o n c e n t r a t i o n s  ( s i l i c o n  i n  t h e  Sic-based materials and 

aluminum and oxygen i n  t h e  A1203 ceramic)  are n o t  g iven  as s p e c i f i c  va lues  

because i n h e r e n t  l i m i t a t i o n s  i n  t h e  a n a l y t i c a l  t e c h n i q u e s  precluded t h e i r  

measurement. 



Table 9. R e s u l t s  of e lementa l  ana lyses  of as - rece ived  and exposed tubes  
p l u s  upstream and downstream coa l  s l a g  samplesa 

Element KT S i c  Alpha-Sic CVD S i c  S i a l o n  *Z03 Coal  S l a g  

A s  r ece ived  Exposed As r ece ived  Exposed As r ece ived  Exposed As r e c e i v e d  Exposed As r e c e i v e d  Exposed Downstream Upstream 

AI 

B 

C ( f r e e )  

Ca 

co 
Cr 

cu  

Fe 

Ga 

K 

La 

Mg 
Mn 

Mo 

Na 

Ni 

0 

P 

S 

S i  

S i  ( f r e e )  

Ta 

T i  

Y 

V 

Zn 

Zr 

900 

3.0 

o.a7%d 

80 

C 2  

30 

40 

3000 

< I  
10 

C5 

< I  

200 

< 3  
20 

40 

0.06Ze 

10 

10 

Major 

7.a3zd 

C 2  

200 

< I  

70 

<0.7 

0.20 

700 

1.0 

0.68Zd 

70 

900 

80 

20 

2000 

3 

30 

20 

10 

200 

5 

5 

100 

0.36%e 

3 

10 

Major 

7.74Xd 

100 

100 

I 

200 

<3 

20 

900 

800 

0 . 3 a ~ d  

30 

< I  

30 

3 

300 

<1 

1 

(5 
< I  

3 

<3 

5 

20 

0.06Xe 

1 

10 

Major 

M 

62 

60 

< I  
20 

<0.7 

<I 

700 

70  

0. 56Xd 

70 

3000 

800 

20 

a00 

5 

100 

10 

10 

5 

5 

70 

400 

0.28Ze 

3 

10 

Major 

na 

5000 

600 

1 

10 

20 

5 

900 

0.3 

<0.06Xd 

30 

<2 
30 

5 

2000 

<1 

40 

C5 

10 

20 

<3  

20 

40 

0.08Ze 

3 

10 

Major 

<O. l%d 

C 2  

< I  
70  

<0.7 

0.4 

80 

5 

<o. 1 %d 

20 

900 

20 

3 

800 

<3 
30 

3 

<I0 

5 
I0 

20 

10 

0.59Xe 

3 

10 

Major 

0.1Zd 

50 

10 

<1 

I 

<3 

I 

17.8%' 

40 

na 

0.1XC 

2000 

300 

10 

0.6Xc 

<3 
200 

3 

2.3%' 

100 

30 

60 

60 

12.6Ze 

10 

40 

M 

na 

2000 

I000 

5 

10 

20 

10 

16.9%' 

5 

M 

0.1%' 

900 

50 

10 

0.7c 

5 

1000 

5 

2.3%' 

50 

5 

50 

400 

14.6Xe 

30 

100 

M 

M 

500 

200 

20 

200 

3 

20 

Major 

1 

na 

100 

<0.3 
20 

<0.5 

500 

40 

0.1 

0.1 

20 

5 

M 

8.0 

6.0 

Major 

0.5 

20 

M 

500 
na 

20 

30 
5 

<0.03 

8 

Major 

5 

na 

500 
3 

20 

3 
8 

200 

10 

<3 
70 

I 

na 

20 

100 

Major 

10 

40 

na 

200 

<20 

200 

21 

5 

3 

20 

10.0%' 

200 

M 

2000 

300 

a00 

100 

9.1%' 

200 

3000 

50 

20 

200 

na 

0.3%' 

0.1%' 

na 

300 

40 

M 

na 

20 

0.4%' 

10 

600 

200 

50 

1 1 . 9 f C  

3 

na 

700 

300 

200 

30 

8.0%' 

200 

3000 

50 

200 

200 

na 

0.4Z' 

0.3Z' 

na 

300 

100 

na 

n a  

50 

0.5%' 

5 

600 

200 

10 

cn 
0 

~ ~~ 

aDetermined by spark-source s p e c t r o s c o p i c  a n a l y s i s  u n l e s s  s p e c i f i e d  o the rwise ;  M means n o t  ana lyzed .  

h e i g h t  p e r c e n t  if I is shown. 

%te rmined  by i n d u c t i v e l y  coupled plasma spec t roscopy .  

dDetermined by wet chemical  a n a l y s i s .  

eDetermined by neu t ron  a c t i v a t i o n  chemical  ana.1ysis. 
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KT S i c  (S i l i - con ized  S i c )  

For t h e  KT Sic ceramic, t h e  e l e m e n t a l  coiiipositioir changes C Q L ~ B  i-dered 

s i g n i f i c a n t  i n c l u d e  c o n t e n t s  of t h e  f r e e  6, Pe,  Na, N i . ,  0, f r e e  Si., V ,  

Co, arid Ta. The f r e e  carbon. c.ontent dec reased  from 0.87 t o  0.68 w t  Z, 

i n d i c a t i n g  t h a t  some of tile free carban ,  which i s  t y p i c a l l y  p r e s e n t  i n  

s i l i c o n i z e d  S i c ,  e i t h e r  o x i d i z e d  o r  r e a c t e d  t o  form some ox ida t ion -  

r e s i s t a n ' i  carb:ide d u r i n g  the exposure.  The m i c r o s t r u c t u r a l  o b s e r v a t i o n s  

i n d i c a t e  that: t h e  f r e e  carbon d e c r e a s e  w a s  most l i k e l y  due t o  carbon oxi- 

da%i.oo t o  CO or  CO2 d u r i n g  t h e  high-temperature  exposure.  The e l e m e n t a l  

i r o n  concentratZion dec reased  s l i g h t l y  froin 3000 t o  2000 w t  ppm, which i s  

o p p o s i t e  t o  the  r e l a t i v e l y  l a r g e  i n c r e a s e  ohservedl  i n  t h e  KT S i c  exposed 

t o  No, 6 o i l  cornbustio-n i n  CRAF T e s t  1. I n  t h a t  experlment both  i r o n  and 

n i c k e l  from the  fuel a s h  d i f f i i sed  Fn"Lo the s i l i c o n  phase  of t h e  material, 

b u t  t h a t  process  d i d  n o t  occur as r e a d i l y  i n  t h i s  experiment .  The n i c k e l  

c o n t e n t  i n c r e a s e d  o n l y  s1 igh t l . y  from 40 t o  100 ppm i n  the KT m a t e r i a l  

d u r i n g  t h e  T e s t  2 exposure ,  whereas i t  i n c r e a s e d  by a fac tor  exceeding 100 

d u r i n g  No, 6 o i l  Combustion exposure  i n  Test 1. In  T e s t  I ,  the nickel.  and 

i r o n  from t h e  f u e l  a s h  d i f f u s e d  i n t o  t h e  s i l i c o n  phase and were always 

l.ocnr;.ed t o g e t h e r  within the s i l i c o n  i n  the s i l i c o n i z e d  S i c ,  T h i s  d i f -  

f u s i o n  ~ K O C ~ S S  was apparent.1.y impeded i n  the presence  of t h e  coal s l a g  

d u r i n g  T e s t  2, perhaps because the  s l a g  covered the t u b e  s u r f a c e  and pro- 

t ec t ed  it  Eruui the nickel .  p r e s e n t  i n  the o i l  ash i n  the CON f u e l .  Also,  

i n  T e s t  2 the i r o n  p r e s e n t  i n  the s l a g  l i - q u i d  d i d  n o t  d i f f u s e  i n t o  the 

KT Sic. This o b s e r v a t i o n  s u g g e s t s  that  n i c k e l  p l a y s  some r o l e  i n  a l lowing  

i r o n  t o  d i f f u s e  i n t o  the si.l.i.con phase. S ince  the c o n c e n t r a t i o n  o f  i.ron 

and nickel .  i n  the s i l i c o n  phase o f  si l icon: i .zed S i c  i s  expec ted  t o  r e s u l t  

i n  format ion  o f  low-melting e u t e c t i c s ,  t h e i r  p resence  o r  absence co11l.d 

have c o n s i d e r a b l e  importance t o  t h e  high-temperature  mechanical  p r o p e r t i e s  

o f  this type  of cerami.c, The dec rease  i n  sodium c o n t e n t  i n  t h e  K.T sic 
i n d i c a t e d  that  al.kal-i i ons  do no t  di€fuse r e a d i l y  from t h e  s i l i c e o u s  s l a g  

inlio t h i s  ceramic. The oxygen c o n t e n t  i n c r e a s e d  by abou t  t h e  same r a t i o  

( f i na l . / i a i t i a l  oxygen - 6 )  as observed i n  T e s t  1, and this oxygen was prob-  

a b l y  p r e s e n t  as c - r y s t a l l i n e  and amorphous phases  an b o t h  tile i n t e r n a l  and 
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e x t e r n a l  t u b e  surfaces. The free s i l i c o n  c o n t e n t  was e s s e n t i a l l y  

unchanged by t h e  exposure d u r i n g  T e s t  2. The tubes  employed i n  thi-s t e s t  

c o n t a i n e d  about  7.8 wt X f r e e  s i l i c o n  compared w i t h  a v a l u e  of 9.1 wt X i n  

t h e  t u b e s  exposed i n  Test 1. This ohservat:ion ill.ustrateed t h e  r a t h e r  wide 

v a r i a t i o n  i n  t h e  s i l i c o n  phase c o n t e n t  i n  t h i s  commercial ceramic 

mater ia l ,  The manufac turer ' s  d a t a  s h e e t s  .€or KT S I C  s ta te  C h e  f ree  s i l i -  

con c o n t e n t  as having a nominal v a l u e  of 10 wt %, The vanadium c o n t e n t  of 

t h i s  ceramic i n c r e a s e d  by a f a c t o r  of about 2.9 t o  200 ppi11 d u r i n g  'Test 2. 

I n  Test 1, t h i s  r a t i o  i n c r e a s e d  by a f a c t o r  of 50 ~ C J  about  1000 wt ppm, 

i n d i c a t i n g  t h a t  vanadium i n  t h e  combustion g a s e s  from No. 6 o i l  al.one d i f -  

f u s e s  more r e a d i l y  i n t o  t h e  KT S i c  t h a n  when s.oal slag is p r e s e n t .  

T h e r e f o r e  t h e  presence  of a c o a t i n g  o f  c o a l  s l a g  on the o u t e r  tube s u r f a c e  

a p p a r e n t l y  i n h i b i t e d  t r a n s p o r t  of i r o n ,  n i c k e l ,  and vanadium from Che corn- 

b u s t i o n  gas  i n t o  t h e  c a r b i d e  i n  some maracier. Both i:he c o b a l t  aid tantaluni  

c o n c e n t r a t i o n s  i n c r e a s e d  f r o m  below detection limits of (2 wt ppm i n  the 

as- rece ived  m a t e r i a l  t o  900 and 100 wt ~FKLI ,  r e s p e c t i v e l y ,  i n  t h e  exposed 

m a t e r i a l s ,  The saiile t y p e  oE change (an i n c r e a s e  i n  t h e s e  two e lements  

wl.i;h exposure)  w a s  observed f o r  t h e  o t h e r  two t y p e s  of Sic-based ceramic 

materials s t u d i e d .  Cobal t  w a s  d e t e c t a b l e  cat: a r e l a t i v e l y  low con- 

c e n t r a t i o n  i n  the f u e l ,  as shown i n  Table  3 ,  and t11i.s may be Lhe source of 

some of the c o b a l t  d e t e c t e d  i n  the exposed S i c  ceramics. However, 

accori l ing t o  coba l t  ana l -ys i s  of t h e  fi .I(:l  shown i n  'Table 3 and t h e  36.8 Mg 

oT f t i e l  burned, on ly  about  20 g Co was a v a i l a b l e  f rom the f u e l .  Other  

soiirces of c o b a l t  might i n c l u d e  the  cornhiistor l i n i n g ,  which i n c l u d e d  a 

v a r i e t y  of exper imenta l  ox ide  r e f r a c t o r i e s .  

For the s i n t e r e d  w S i C  ceramic,  t.he e l e m e n t a l  composi t ion changes 

c o n s i d e r e d  s i g n i f i - c a n t  incI.i.de S ,  free C ,  Cr, F e ,  N i ,  0 ,  T i ,  C o ,  and Ta. 

Boron i s  empl.oyed as a s i n t e r i n g  ai.d i n  t h e  f a b r i c a t i o n  O F  t h i s  s t r u c t u r a l  

ceramic and durirag the high-ternyerat1,lre exposure t h e  boron  concentrat .  i o n  

d e c r e a s e d  by a f a c t o r  of about  11. The boron a p p a r e n t l y  d i f f u s e s  ti) the 

s iirface of t h i s  material d u r i n g  high-temperature  oxidat: i o n  and enters the. 

s i l i c e o u s  o x i d a t i o n  products  developed 0 1 7  the s u r f a c e  of t h e  s i l i c o n  
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c a r b i d e .  The f ree  c a r b o n  c o n t e n t  of t h e  as - rece ived  a-Sic t u b e s  was about  

0.4 wt %. Transmiss ion  e l e c t r o n  mi.croscopic a n a l y s e s  of t h e  cu-.SiC have 

shown t h e  f r e e  carbon t o  be p r e s e n t  i n  pyrocarlmii o r  g r a p h i t i c  r e g i o n s  

l o c a t e d  Large ly  a t  n--SiC g r a i n  jui ict i.ous. 'They have dimensions up t o  

a b o u t  0.1 pm, and a p p a r e a t l y  are t h e  r e s u l t  of use  of exct'ss carbon i n  t h e  

f orinulat-ion (>E t h i s  material. 

'Che sugges t ed  increase iii free carbon c o n t e n t  of the exposed t u b e s  t o  

aboiit. 0 .6  w t  X froiii t h e  ciieinical a n a l y s e s  i s  difCi-c:ul t  t o  e x p l a i n  a t  

p r e s e n t .  The chroinium content.  incr-eased by a f a c t o r  of about  27 to  

800  wt ppm, and a si.tiri.lar change i n  chromium concent ra i t ion  occur red  i n  

th . i . s  materid1 i n  'l'est 1. The ana lyzed  chroi:iiiitii c o n c e n t r a t i o n  i n  t h e  fue?.  

was abou t  2 w t  ppm, and d u r i n g  t h e  r-xperiment some chromium probably  

became a v a i l a b l e  from a few exposed efiiis of s t a i n l e s s  s teel  anchors i n  L i l e  

monnl i t i r j . c  r e f r a c t o r y  door of t h e  combustor  and froin chromium-bearirig 

exper imenta l .  retractor-ies l oca t ed  i n  the combustor. Chrornjum con- 

ccn.t t-at-iotns i.n the s l a g  d e p o s i t e d  on tile t u b e s  and 1.n condensace e x t r a c t e d  

f roil1 t h e  hot  gases above the tu l res  were a l s o  i n  t h e  range from 20U t o  

i o 0 0  WI: ppm. T h i s  material was t h e  only  SiC-type ceralbiic emyloyed i.n t h i s  

e &per i.ment t h a t  showed a s i g n i f i c a n t  i n c r e a s e  i n  ckisornium. Thc  i r o n  con- 

c e n t r a t i o n  i n  Li7e a-Sic t u b e s  i i l c reased  by a f a c t o r  of about: 3 to 

800 I&!- ppm dur ing the exposure ,  which i s  v e r y  siiai.l.ar t o  the j -ncrease 

observed i n  T e s t  1. The P x t c n s i v e  ?,i-on p resent  i n  the c o a l  s l a g  i n  !:his 

exposure. d i d  not t h e r e f o r e  r e s u l t  i n  a s u P s t a n t i . a l  i nc rease  i-a i r o n  d i f -  

f u s i o n  i n t o  t h i s  mat.(:!rialo 'Tile iii.c:kd c o n t e n t  i n  exposed e - T , i C  f r o i n  

T e s t  2 of 400 wt ppiil was about  t h e  same as n o t r d  i n  T e s t  I., mi l - r ic i r  s u g g e s t s  

Lhat. iunder tile exposure  c o n d i t i o n s  of T e s t  2 nickel, d i f E u s e d  i.nto this 

cerarrri.c a b o u t  a s  r e a d i l y  as i n  '1:1ie p r e s e n c e  of residual o i l  combustion 

g a s e s  a lonc,  'This behavi-or i s  i n  c o n t r a s t  t o  tlhe previous1.y discussed 

o b s e c v a t i o r i  € o r  s i l i c o n i z e d  KT S i c ,  wi-iich s;io~eti more d i f f u s i o n  of i r o n  

and n i c k e l  i n t o  t-iic: KT S i c  wheil. coa l  s l a g  w ; ? , ~  no t  present. .  'These r e s u l t s  

s u g g e s t  il-iat rrickel may d i f f u s e  i n t o  w S i C  froin ti ' rrr  s l a g  by a d i f f e r e n t  

p r o c e s s  t h a n  tha!: operative i n  s i l i c o n i z e d  S i c  ceramics T h e  ana lyzed  

oxygen c -oncen t r a t ion  of about  0.3 wt 2 i m  the exposed a-Si.C f rom this 

experiment i s  probeb1.y due LO reuinants of t h e  coa l  s l a g  on tile outer  s u r -  

f ace G€ t h e  t u b e  as we1.1 as the s i l i c a  o x i d a t i o n  f i l m  present  on the ini ier  
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s u r f a c e  cf t he  tube.  T h e  oxygen conc-ent ra t ion  i s  siini.l.ar I:o t h a t  observed 

f o r  t h i s  material i.n 'Test 1. The t i t a n i u m  c o n c e n t r a t i o n  i.nCKeaSed by 8 

f a c t o r  of 10 d u r i n g  t h e  exposure t o  600 wt ppm. The source  of t i t a n i u m  i n  

t h i s  case was a p p a r e n t l y  t h e  c o a l  ash, which con ta ined  0,62 wt % of t i t a -  

nium expressed  as T i 0 2  e q u i v a l e n t ,  as shown Liz Table  1. Some t i t a n i u m  

a p p a r e n t l y  d i f f u s e d  from t h e  s i l i c e o u s  s lag i n t o  t h e  c a r b i d e  d u r i n g  the 

exposure.  Other  e lements  such as c o b a l t  and tantalum had s u b s t a n t i a l  

i -nd ica ted  c o n c e n t r a t i o n  increases from the exposure ,  sirui.l-ar t o  t h e  behav- 

i o r  of KT S i c ,  and no obvious e x p l a n a t i o n  f o r  t h e s e  changes has  been 

found. They m y  be due t o  s e l e c t i v e  containi.nation f ro t i  c .a rb ide  m i l l s  used 

t o  c r u s h  t h e  a i i a l y t i c a l  specimens,  but t h i s  r a t i o n a l e  i.s not supporl:r:d by 

t h e  a n a l y t i c a l  r e s u l t s  f o r  ~ i . t h e ~  t h e  s i a l o n  o r  A l ? O 3  cecamics t o  be 

d i s c u s s e d  short1.y.  Analyses  of t i l e  c o a l  slag from t h e  tubes  i n d i c a t e d  

c o b a l t  and tan ta lum concent ra t i .ons  of 300 and 50 wt ppm, r e s p e c t i v e l y ,  

w h i l e  r e l a t i v e l y  l i t t l e  c o b a l t  was present: i.n t h e  f u e l  as noted  

p rev ious ly .  I n  summary, t h e s e  resu l t s  s u g g e s t  tha t  c o b a l t  and p o s s i b l y  

t an ta lum diffuse from t h e  combustion atmosphere i ~ i t o  u-Sic and KT Si.C 

under  t h e  c o n d i t i o n s  of t h i s  exposure a s  w e l l .  as those  of Test  1. 

CVD S i c  

The s i g n i f i c a n t  e l emen ta l  composi t ion changes i n  t h e  CVD Sic tubes  

from t h e  exposure i .nclude A l ,  Co, F e ,  0 ,  and T a .  The e l emen ta l  alumiiwro 

c o n c e n t r a t i o n  i n  t h e  as - rece ived  CVi l  S i c  w a s  900 wt ppm and d u r i n g  the  

exposure  i t  decreased  by a f a c t o r  of about  10, sugges t ing  t h a t  aluminum 

d i f f u s e d  from the  S i c  i n t o  the  s l a g  on t h e  o u t e r  tube  s u r f a c e  o r  on to  t h e  

i n n e r  tube  s u r f a c e ,  whereupon i t  was reuioved, The former s i t u a t i o n  i s  

more reasonable .  The c o b a l t  c o n c e n t r a t i o n  i n c r e a s e d  from a ve ry  ].ow v a l u e  

t o  900 w t  ppm, sugges t ing  that  t h i s  S i c  material assj.inilatt.s c o b a l t  from 

h o t  combust i o n  gas environments  ~ s i m i l a r l y  t o  prev ious ly  d i s c u s s e d  r e s u l t s  

f o r  KT S i c  and s lnLc red  a-Sic. The i r o n  c o n c e n t r a t i o n  i n  t h e  a s - r ece ived  

C V D  S i c  tubes  was r e l a t i v e l y  hi.gh a t  2000 w t  ppm and d u r i n g  the  exposure 

t h i s  c o n c e n t r a t i o n  decreased  by a f a c t o r  of about  3 .  T h e  source of t h e  

h i g h  i n i t i a l  conceaLrat ioi i  of i r o n  i n  t h i s  S i c  i s  unknown, but i t  w a s  pre- 

sunably inco rpora t ed  i n t o  tr'rie S i C  dur ing  high-temperature  depos i t i o i r  of t h e  
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t u b e s  e i t h e r  from t h e  chemica l  r e a c t a n t s ,  t'tw g r a p h i t e  i m n d r e l s  upon which 

they  were d e p o s i t e d ,  o r  the  equipment ernp3.oyed i n  s y n t h e s i z i n g  the 

c a r b i d e  I) The ana lyzed  oxygen concent - ra t ion  i n c r e a s e d  by a f a c t o r  of about  

7 t o  0.59 w t  %, and t h i s  was a g a i n  a t t r i - b u t e d  t o  oxygen concen t r a t ed  i n  

small s l ag  reinnants of t h e  exposed specimens.  The iiii.ci:os t r u c t u r a l  and 

x-ray d i f  f raclrlion r e s u l t s  of  the exposed CVL) Sic p resen ted  and disci.~sscd 

e l s ewhere  i n  tk1i.s  report: - i nd ica t ed  no ev idence  of fo rma t ion  of oxygen- 

containing phases  i n  the i n t e r i o r  o f  t h i s  material or- the o t h e r  Sic-based 

ceramics .I The tan ta lum coizcent ra t i .on  i n  exposed specimens i n c r e a s e d  from 

l e s s  t h a n  about  2 w t  ppm i n  the a s - r ece ived  tubes t o  50 wt ppin. 'This  

i n c r e a s e  w a s  similar t o  those  shown i n  T a b l e  3 f o r  KT and s i n t e r e d  &-Sic. 

GE 1 2 8  S i a l o n  
~111111 ........_ 

The microcoinposit ional.  a n a l y s e s  of t h e  as-recei vtd. and exposed s i a l o n  

revealed f a i r l y  large c o n c e n t r a t i o n s  of A l ,  Mg, 0 ,  Fe, and C a .  The pre-  

se11cc of t he  f i r s t  t h r e e  elements is  c o n s i s t e n t  w i t h  t h e  r e p o r t e d  s t a r t i n g  

cornposi t ion ('rabLe 7 ) .  The i r o n  and calcium probably r e p r e s e n t  c.oiI-- 

tntrriiiation p roduc t s  t h a t  were in t roduced  d u r i n g  fabricat : ion.6 

t h e  c o n c e n t r a t i o n s  of S ,  K ,  B ,  0, N i ,  and V i n  the exposed s i a l o n  were 

s li.p,Iitly l a r g e r  than  those  i n  tiie a s - r ece ived  mat-erial. These i.ncreases 

l i k c l y  r e s u l t e d  froin t h e  i n i t i a l  exposure of t h e  s i a l o n  t o  the combustivn 

p r o d u c t s  of t h e  CON f u e l .  Not ice  t h a t  S ,  K ,  €4, N i ,  and V were p r e s e n t  i n  

bo th  the  COM f u e l  and t h e  f l u e  gas cotideasables ( T a b l e  3 ) .  However, the 

subsequent  bu i ldup  of the r d c a c t o c y  c o a l  s l a g  on the s i ~ a l o n  tube  and i t s  

reac:tion wit : \ i  tiie o u t e r  s u r f a c e  du r ing  the  496-h t e s t  may have prc+veated 

t h e  c o n c e n t r a t i o n s  of these e lements  from i -ncreas ing  f u r t h e r  w i t h i n  the 

bu3.k o f  t h e  s i a lon .  Th i s  appears t u  be confirmed by t h e  f a c t 1  t h a t  t h e  

exposed t u b u l a r  materials i n  CKAF T e s t  I, which wsre covered on ly  wi th  

suiall isolated nodules ,  contai-ned f a i r l y  large c o n c e n t r a t i o n s  of fuel 

i m p u r i t i e s  such as N i ,  F e ,  V ,  Na, and C r  w h e n  compared w i t h  the as- 

r e c e i v e d  materials. T a b l e  9 i n d i c a t e s  t h a t  the c o n c e o t r a t i o n s  of Coy C r ,  

Mn, 'i'a2 and ' T i ,  which were f a i r l y  l a r g e  i n  t h e  as - rece ived  s i a l o n ,  

dec reased  s i g n i f  i-carit ly duri.ag t h e  496-h exposure.  The-refore  ~ t h e  t h i c k  

c o a l  s l a g  t h a t  formed upon the sial .on w a s  a b l e  t o  i n h i b i t  the d i f f u s i o n  of 

~n a d d i t i o n  
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some e lements  but no t  o t h e r s .  'The sources  of t h e  r e l a t i v e l y  l a r g e  COR- 

c e n t r a t i o n s  of Co, C r ,  Mn, T a ,  and T i  i n  t h e  s t a r t i n g  material are  

unknown. Some oE them could  have been unavoidably in t roduced  d u r i n g  the  

sample p repa ra t ion .  

,4D 998 A1203 

The pr imary impur i ty  e lements  (>lo0 ppm) i n  the  as - rece ived  A1203 

v e r e  calcium, i r o n ,  and s i l i c o n .  T h e  496-h exposure t o  t h e  COP1 combustion 

p roduc t s  i n c r e a s e d  t h e  c o n c e n t r a t i o n  of calcium and dec reased  t h o s e  of 

i r o n  and s i l i c o n .  Furthermore,  t an ta lum,  n i c k e l ,  and ga l l i um i n c r e a s e d  

s u b s t a n t i a l l y  du r ing  exposure.  As b e f o r e ,  t he  source of n i c k e l  w a s  prob- 

a b l y  t h e  COM f u e l .  l'hese r e s u l t s  arc? d i s t i n c t l y  d i f E e r e n t  from those 

o b t a i n e d '  i n  CRAF Test 1 ,  i n  which t h e  c o n c e n t r a t i o n s  of Mg, Ca, F e ,  N i ,  

and V i n  t h e  A1203 e x h i b i t e d  l a r g e  i n c r e a s e s ,  Once a g a i n ,  the  e x t e n s i v e  

deposi t -  of c o a l  s l a g  upon the alumina cubes and t h e  subsequent  formation 

o f  a n  i n t e r n e d i a t e  bonding phase a t  t h e  ceramic-s lag i n t e r f a c e  may have 

r e s u l t e d  i n  an e f f e c t i v e  d i f f u s i o n  b a r r i e r  t o  these p a r t i c i i l a r  e lements .  

Coal  S l ag  

The upstream and downstream slag samples con ta ined  ex t remely  high 

concent raLions  of A I ,  Ca,  F e ,  K, Na, N i ,  and T i .  A s  demonstrated l a t e r ,  

a11 t h e  e lements  except  n i c k e l  were probably assnc i -a ted  w i t h  t h e  c o a l  ash 

and t h e  nickel.  was p a r t i t i o n e d  ou t  of t he  No. 6 f u e l  o i l .  All remaining 

e l emen t s  i n  the c o a l  s l a g  except  R ,  T,a, G a ,  and Ta were a l s o  p r e s e n t  i n  

t h e  COP1 f u e l  ( T a b l e  3 ) .  Hovever, t h e  c o n c e n t r a t i o n s  of Co, C r ,  Cu, Mn, 

Zn, and V i.n the s l a g  were slighti1.y h ighe r  than  one would expec t  from t h e  

a n a l y s i s  g iven  i n  Table 3. This d i sc repancy  p rov ides  f u r t h e r  ev idence  

that  du r ing  t h e  496-h exposure,  t h e s e  elemeiits were s e l e c t i v e l y  taken up 

i n t o  t h e  siliceous s l a g  ma t r ix .  The sources  0 . E  t h e  R ,  L a ,  G a ,  and T a  are  

a g a i n  unknown. T h e  r e s u l t s  of t h e  c o a l  s l a g  e l emen ta l  a n a l y s e s  a l s o  

i n d i c a t e  that  minor d i f  f ererices occurred  i n  the concent ra t j -ons  of s e v e r a l  

e l emen t s  p r e s e n t  iii t h e  iipstreain and downstream samples. For example, t h e  
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upstream c o n c e n t r a t  i.ons of AI.)  Mg, N a ,  N i ,  S ,  and T i  were h i g h e r  t h a n  t h e  

re: ;pect ive downstream v a l u e s ,  wh i l e  t h e  c o n c e n t r a t i o n s  of B ,  C a ,  C r ,  Cu, 

F e ,  Y ,  and Zr were lower. 'The r easons  for t h e s e  v a r i a t i o n s  are c n c e r t a i n .  

F u r t h e r  i n s i g h t s  i n t o  the composi t ion  of the  c o a l  s l h g  we.re obI:ai.ned 
* from wet chemica l  a n a l y s e s  performed Okl s l a g  samples removed from t h e  

t u b u l a r  materials and from s e v e r a l  r e g i o n s  a long  t h e  CKAF w a l l  l o c a t e d  

a boue t h e  t u b u l a r  a r r a y .  These r e s u l t s  a long  with t h e  coal. ash an.alysi.s 

i n  Table  I are summarized i n  Table  10. 'She c o a l  s l a g  composi t ion  w a s  very 

s imilar  t o  t h a t  o f  the c o a l  ash.  Th i s  s i m i l a r i t y  provides  f u r t h e r  v e r i f i -  

c a t i o n  t h a t  t h e  chemica l  s p e c i e s  i n  t h e  f l u e  gas t h a t  were responsih1.e f o r  

t h e  d e g r a d a t i o n  of the tubul.ar materials were p r i m a r i l y  a s s o c i a t e d  w i t h  

t h e  c o a l  and not  t h e  No. 6 f u e l  o i l .  The re fo re ,  t h e  use oE t he  COP4 t o  

s t u d y  the eEEects of c o a l  combustion p roduc t s  upon t h e  s t r u c t u r a l  and 

chemica l  p r o p e r t i e s  o f  c a n d i d a t e  ceramic IC)( materials appeared t o  be 

h i g h l y  s u c c e s s f u l .  The f a c t  that h igh  c o n c e n t r a t i o n s  of A l ,  C a ,  F e ,  N a ,  

N i ,  and T i  were g e n e r a l l y  not. tound i n  1ihe exposed t u b e s ,  as i n  CRAF 

T e s t  I ,  s u g g e s t s  t h a t  t h e  s l a g  reduced t h e  d i f f u s i o n  of these e lements .  

T a b l e  10 a l s o  reveals s e v e r a l  minor v a r i a t i o n s  i .n t h e  c o n c e n t r a t i o n s  

o f  t h e  v a r i o u s  e q u i v a l e n t  ox ides .  For example, t h e  e q u i v a l e n t  C a O  COIY- 

c e n t r a t i o n  was reduced from 2.72 w t  % i n  t h e  c o a l  a s h  to less t h a n  

0.10 wt % i n  a l l  the slag samples. T h i s  r e s u l t  s u g g e s t s  t h a t  under  t h e  

exposure  c o n d i t i o n s  t h e  ca lc ium i n  t h e  c o a l  a s h  w a s  sei-ectively p a r -  

t i t i o n e d  o u t  of t h e  s l ag  d e p o s i t i n g  upon t h e  ceramic t u b e s  and CKHF w a l l .  

Sma l l e r  r e d u c t i o n s  a l s o  occur red  i n  A 1 2 0 3  and  i?z05. Convecsely,  c.on- 

c e n t r a t i o n s  of S i 0 2 ,  MgO, TiO2, and Na20 were s i g n i f i c . a n t l y  l a r g e r  i n  t h e  

s l a g  samp1.e~ t h a n  ia t h e  c o a l  ash.  F i n a l l y ,  tile e q u i v a l e n t  ox ide  con- 

c e n t r a t i o n s  of s e v e r a l  e lements  i n  the s l a g  tended t o  v a r y  w i t h  t.he p o s i -  

t i o n  of t h e  s l a g  i n  t h e  CRAF i m i t .  S p e c i f i c a l l y ,  the c o n c e n t r a t i o n  of 

S i02  and A1203 i n c r e a s e d  whi le  t h e  c o n c e n t r a t i o n  of Fez03 decreased  wi .Ch 

i n c r e a s i n g  d i s  t ame above t h e  t u b u l a r  array.  

A. N e t  chemica l  a n a l y s i s  by Spectroch.emica1- In b o r a t o r i e s ,  P i t t s b u r g ,  Pa.  



Table  10. Wet chemical analyses of coal  s l a g  samples removed from 
tubular materials and CKHF wall 

Concen t ra t ion ,  wt % 

EqUiValZnt Coal slag Coal  s l a g  from Coal slag froril Coal  a sh  
o x i d e  or  a d j a c e n t  t o  CK4E w a l l  0.36 111 CRAF w a l l  0.71 11 ana ly s i s  
e lemen t tubular miterials above t u b u l a r  a r r ay  above t u b u l a r  a r r a y  €ram Table 1 

S i 0 2  

Fez03 

A1203 
C a0 

MgO 

2O5 
Na20 

K20 

so3 
02 

N i O  

Total C 

Ti02 

54.35 

21.42 

18.68 

0.10" 

6.80 

3.12 

9.68 

1.76 

0.34 

3 

0.014 

0.033 

1.29 

55.30 

17.88 

21.29 

0.10" 

3.98 
0 O : a  
. 1  

0.62 

4.68 

0.28 

b 

0.016 

0.032 

1.37 

57.55 

14 .74  

21.69 

0.10" 

1.56 

g.07 

0.61 

i .68 

0.38 

b 

0.012 

0.006 

1.29 

50.80 

16.28 

23.93 

2.72 

0.72 

6.27 

0.47 

1.60 

b 

i .63 

b 

b 

0.62 

a T h i s  valbe r e p r e s e n t s  t he  d e t e c t i o n  limit of the  p a r t i c u l a r  e lement .  

%ot analyzed.  
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r ,  I l ie  i i i icrostr-uctrire of the as-recei.ved and exposed ceramic: m a t e r i a . 1 ~  

and t11a.t o f  the coa l  s l a g  were cliaracterized by usi.ng oy:ti.cal. a n t i  scanning 

elec.t:rori microscopy (Si.:$I) The p r i n c i p a l  eleiilents i n  t h e  var ious  micrw- 

s t r u c t u r a l  phases  were i d e n t i f i e d  by energy-d ispers ive  x-ray maI.yse:; i n  

c o n j u n c t i o n  w i t h  the SEM examination. In a d d i t i o n ,  s e v e r a l  x-ray diffrcilc- 

t ion  s t u d i e s  were used t o  i r k x i i : i f y  the  p h a s e s  i c i  the as-received arid 

exposcd s a m p l e s  of all. f i v e  cerm:i.c miterial.s. The p o s t e x p o s u r e  a n a l y s e s  

w e ~ : e  I.im.i.ted t o  t h e  ups"trcsam re.gii.oris i n  each t u b e ,  where the. reacticill t c )  

the  coa l  s h a g  appea red  t o  be t:he g r e a t e s t ,  Upstream d i f f r a c t i o n  t races  

w e r e  r:ahtaiiwd Eor bo th  the  s u r f a c e  and b u l k  material  approxiiiiiite?.y 2 min 

helow tlie tube  surfac:e. Keprescn t . a t ive  coal sl.ag s a m p l e s  were  a.lso 

a n a l y z e d .  'rhe crystalline p h a s e s  were ident i .€ie .d  by matching t'ne 

d-spac. i-ngs of the x-ray d i c f r a c t i o n  pa t t e rns  with known s p a c i n g s  of t i p -  

c i f i c .  c r y s t a l l i n e  inaterials g iven  i n  the l i . terature ' 5 1 2  or i n  t1l.e powder 

d.I.EC ract.i.c>n f i l e  p u b l i s h e d  by t l ~ e  J o i n t  C o r m i l i t t t e e  on Powder i>:i.ffr.%c.tion 

s t a n d a r d s  (JI;PUS j e 13  resui- are suliiiiiarised i n  Table 11, and the  

a c t u a l  d i f f r a c t i o n  pat t e r n  indexi  rigs are gi.veri i n .  the nppendi-x. 

7 I, I.ne rnicrostTui::t.uI:e of t h i s  material  i nc luded  a two-phase mixture tif 

S i c  and s i l ico i i .  The l o c a l  conc,enl:ration of s.i.I.:icon varied w i t h  d i s t a n c e  

through the rube w a l l .  The s i l i c o n  c a n c e n t r a t  ion. was t ryp ic ,a l ly  higher  near 

t h e  ou te r  s u r f a c e  of the tubes t:lien in the i n t e r i o r ,  as shown in Fi.8, 2 8 ,  

where t.he outer 20 p n  o r  so of the surface c o n s i s t e d  of a cont iguous  I.nyer 

o € S.I.C. I.mmediately under t h i s  l ayer  the si.l:i.i:on concent: rat  ion was 

r e l a t i v e l y  h i g h  i -n  i f  zone h v i . n g  a t h i c k n e s s  o f  about  200 p. T h i s  

t y p e  of cet-a~zic material f r e q u e n t l y  c o n t a i n s  phases i n  addi.tion t o  the 

S i c  i3nd s:i l . i . c o ~ ~ ,  a d  u n d e r  o p t i c a l  b r i g h t - f i e l d  c o n d i t i o o s  t h e s e  phases  

c a n  f r e q u e n t l y  be observed 1 r e c : ; ~ u ~ e  they are m~re r e f l e c t i v e  than 

R i l i con .  These secoritlary phases are u s u a l l y  e i ther  1netal.l.i.c and  

I con ta in .  r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  of iron o r  they are g r a p h i t i c .  

An exauip1-e of soine of t h e  metal l ic  and graphi~:.i.c i n c l u s i o n s  i n  as-received 
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l a b l e  11. C r y s t a l l i n e  phases i n  as-rec?+vcld tube:,, 
c x p o s p d  t l l b e s ,  and c o a l  s l a g  

.. _ _  .., ., ~ _ _  ........ .. - ----_--- . - - ~ ~ - -  --.-----.--- 

bls t er ia 1 Saiiip l e  Crystal .  1.i.ne phases 

K ' I  Sic hs received a - S i C ( 3 3 K ) ,  Q-SiC( 12H), 
I I I . ~ . _  -- .... .. 

cr-:.;iC(S1~), Si.,  graphite(L.!I) 

w f , i C ( i l R ) ,  S i ,  g r a p h i t e  (4H) 
u n i d e n t i f i e d  phases  

E x p o s e d ,  upstream s u r f a c e  a - S i c ( 3 3 K ) ,  GkSiC(12H), 

Exposed ,  upstream s u b s u r f a c e  l y - S j C ( 3 3 K )  crSiC(12tl) ,  
a - S i ~ C ( S l X ) ,  S i ,  g r a p h i t e ( 4 H )  

C V I )  S i c  A s  r e c e i v e d  cL.-';iC( 1211) 

Expos-d,  u p s t r e a i n  s u r f a c e  a-Sic( 1 ) H )  ~ g i a p h i t r  (bH), 
unidpnt i f  Led phases 

E x p o s e d ,  lips treain SubsurfdcP a-SiC( 1 2 H ) ,  grdphi  ip(/.,Y) 

S i a l o i i  

t xposed ,  upstream s u i  f a c e  a - S i C ( 3 3 K ) ,  a-SiC(12H), 

@-SIC( 4111, crSiC( 1 5 R ) ,  
, g r a p h i t e ,  u n i d e n i i f i e d  phases  

E x p o s e d ,  u p s t r t  rrn s u b s d r f a c e  a-SiC(33K), a-SiC(lLH), 
a-SiC(LtH), c r -c l iC(  1 5 K )  , g r a p h i t g  

B'  - s i a l o n ,  Mg-sialon(61I),  
un ide rrt i E i e d  phases 

A s  r e c e i v e d ,  o u t e r  s u r f a c e  6-S i 3lV4, Si3A2.6 /1N404, 

A s  r ece ived ,  i n n e r  siirfa.r,o B S i j N l , ,  S i 3 A 1 )  ~ 6 jN404, 

b n p o s P d ,  upstrear11 s U l f d C 6  B-Si3N4,  S i  3A13 6 7 N 4 0 4 ,  

6 ' - 5  i a l o n  , Mg s i a  1 0 1  L ( 6ii) 

B'-sialon, Mg s ia lo i i (8H) ,  
a-c j~ i s t o  ba 1 i t  P , c->lg %A1 S i  50 1 8 ,  
A1 10 3 S i 0 2  

Exposed ,  i i p s t r e a i n  SubSUrfdrP 8-Si jN/+ S i  57N404, 

B'-sialon, PIg s i a I  o r i (GH> 

Exposed, u p s t r e m  s u b s u r f a c e  a-hl 202  

Coa l  s l a g  Upstrr?im a-quar tz ,  w c r i s t o b a l i t e ,  
R - c r i s t o b a l i t e ,  t r i  t l y m i t e ,  
Fc (A1 C r  ) 2 0 4 ,  3A120-j  2 Si-02 
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Y-178377 . 

SILICON PHASE Sic GRAIN 

Fig. 29. &-received KT S i c  t u b e  showing l o c a l i z e d  c o n c e n t r a t i o n s  of 
secondary  metallic i n c l u s i o n s  and g r a p h i t e .  

dimensions up t o  about  20 p, but  g e n e r a l l y  less t h a n  10 pm. 
KT S i c  t u b e s  employed i n  t h i s  exper iment ,  i r o n  was t h e  p r i n c i p a l  element 

p r e s e n t  i n  t h e s e  l o c a l i z e d  i m p u r i t y  r e g i o n s  o r  i n c l u s i o n s .  

In  t h e  

Fol lowing t h e  combustion g a s  exposure,  t h e  KT S i c  t u b e s  were sec- 

t i o n e d  as shown i n  Figs .  13 and 14 and t h e  m i c r o s t r u c t u r e s  c h a r a c t e r i z e d .  

Q u a l i t a t i v e l y ,  t h e  KT S i c  t u b e s  appeared t o  be r e l a t i v e l y  s t a b l e  i n  t h e  

presence  of t h e  c o a l  s l a g ,  as noted p r e v i o u s l y  i n  t h i s  r e p o r t .  

Examination of t h e  c r o s s  s e c t i o n  of t h e  upstream s i d e  of t h e  o u t e r  t u b e  

s u r f a c e  showed l o c a l i z e d  c o r r o s i o n ,  which w a s  c h a r a c t e r i z e d  by r e l a t i v e l y  

s m a l l  sha l low p i t s ,  whose d e p t h  g e n e r a l l y  d i d  n o t  exceed about  50 p. An 

example of t h e  p i t t i n g  is shown i n  F ig .  31, where a remnant of t h e  c o a l  

s l a g  g l a s s  i s  p r e s e n t  i n  t h e  sha l low p i t .  The s i l i c o n  and S i c  phases  



6 3  

L-..- Y-178 143 

20 prn 

Fig. 30. Scanning e l e c t r o n  
microscope d a t a  near  s u r f a c e  of 
as - rece ived  KT S i c  tube,  i n d i -  
c a t i n g  c o n c e n t r a t i o n  of i r o n  and 
d e f i c i e n c y  of s i l i c o n  i n  a 
metal l ic  i n c l u s i o n .  (a) Back- 
scatter image. (b) X-ray map f o r  
i r o n .  ( c )  X-ray map f o r  s i l i c o n .  
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SIC 
GRAIN 

REMNANT OF COAL SLAG 
GLASS IN CORROSION PIT Y-178388 

'BE 
TER 
FACE 

Fig. 31. M i c r o s t r u c t u r e  of upstream o u t e r  s u r f a c e  of KT S i c  tube  
a f t e r  exposure,  showing c o r r o s i o n  p i t .  

corroded a t  very comparable rates. Micrographs i l l u s t r a t i n g  d e t a i l s  of 

t h e  c o r r o s i o n  p i t  shown i n  Fig.  31 are shown i n  Fig. 32. F igure  32(a)  

i l l u s t r a t e s  i n  better d e t a i l  t h e  i n t e r f a c e  between t h e  c o a l  s l a g  and t h e  

S i c  and s i l i c o n  phases and l o c a t e s  as w e l l  t h e  secondary metall ic phase 

i n c l u s i o n s  o r i g i n a l l y  p r e s e n t  i n  t h i s  ceramic material. F igure  32(b)  

shows t h e  bottom of t h e  p i t  i l l u s t r a t e d  i n  ( a )  a t  h i g h e r  magni f ica t ion .  

I n  t h i s  micrograph, a small s p h e r i c a l  o b j e c t  about  4 pm i n  diameter  i s  
l o c a t e d  i n  t h e  s l a g  g l a s s  immediately above t h e  t u b e  s u r f a c e .  This  o b j e c t  

a p p a r e n t l y  came from t h e  secondary phase r e g i o n  i n  t h e  KT S i c  l o c a t e d  

immediately below i t  i n  t h e  tube  w a l l .  Removal of t h e  secondary material 

from t h e  c a r b i d e  has produced a l o c a l  m i c r o p i t ,  which i s  f i l l e d  w i t h  s l a g .  

The s p h e r i c a l  shape of t h e  o b j e c t  sugges ts  t h a t  i t  was l i q u i d  under t h e  
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MICROPIT 

Fig.  3 2 .  M i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  of c o r r o s i o n  p i t  i n  

( b )  Details of p i t  r eg ion ,  showing 
upstream s i d e  of exposed KT S i c  tube.  
i n c l u s i o n s  n e a r  bottom of p i t .  
t r a n s p o r t  of secocdary  metal l ic  material i n t o  s lag ,  r e s u l t i n g  i n  format L O . ?  

of  a mic rop i t .  

(a) L o c a t i o n  of secondary m e t a l l i c  
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exposure c o n d i t i o n s .  T h i s  o b s e r v a t i o n  i n d i c a t e s  t h a t  t h e  i r o n - r i c h  

secondary metal l ic  i n c l u s i o n s  o f t e n  p r e s e n t  i n  t h i s  t y p e  of ceramic served  

a s  o r i g i n s  f o r  p r e f e r e n t i a l  c o r r o s i o n  under t h e  exposure c o n d i t i o n s  

employed. Examination of t h e  KT S i c  specimen a l s o  r e v e a l e d  some tendency 

f o r  microcracking.  Near t h e  m i c r o p i t  d i s c u s s e d  p r e v i o u s l y  [Fig.  3 2 ( b ) l ,  

a n  open c r a c k  of t h i s  t y p e  was observed a t  t h e  boundary between a n  S i c  

g r a i n  and t h e  s i l i c o n  phase. I ts  l o c a t i o n  i s  shown i n  Fig.  32(b).  

The s u r f a c e  s t r u c t u r e  of t h e  upstream s i d e  of t h e  t u b e s  w a s  s t u d i e d  

by SEM f o l l o w i n g  g e n t l e  mechanical  removal of most of t h e  c o a l  s l a g .  

F i g u r e  33 i l l u s t r a t e s  t h e  t y p i c a l  appearance of t h e  s u r f a c e ,  which 

i n c l u d e d  a t h i n  a d h e r i n g  l a y e r  of c o a l  s l a g .  The s l a g  c o n s i s t e d  of 

c r y s t a l s  d i s p e r s e d  in s i l i c e o u s  g l a s s .  Cracks were t y p i c a l l y  observed in 

t h e  s l a g  g l a s s  around t h e  l a r g e r  of t h e s e  c r y s t a l s ,  i n d i c a t i n g  t h a t  below 

a tempera ture  a t  which t h e  g l a s s  could  no l o n g e r  f low t o  r e l i e v e  s t ress ,  

t h e  d i f f e r e n c e  between t h e  thermal  expansion of l a r g e  c r y s t a l s  and t h e  

g l a s s  w a s  s u f f i c i e n t  t o  stress t h e  g l a s s  t o  f r a c t u r e .  A more d e t a i l e d  

d i s c u s s i o n  of t h i s  s i t u a t i o n  i s  given la ter  i n  t h i s  r e p o r t .  

E f f o r t s  t o  mechanica l ly  s e p a r a t e  t h e  c o a l  s l a g  from t h e  s u r f a c e  of 

t h e  exposed KT t u b e s  t o  determine t h e  s u r f a c e  appearance m e t  w i t h  l i m i t e d  

s u c c e s s .  Removal of t h e  bulk of t h e  c o a l  s l a g  from t h e  KT t u b e s  l e f t  some 

remnant s l a g ,  which obscured s u r f a c e  d e t a i l s .  One of t h e  more d e f i n i t i v e  

examples of t h e s e  e f f o r t s  is shown i n  Fig. 34. In  t h i s  f i g u r e ,  a promi- 

n e n t  f e a t u r e  i s  a f r a c t u r e  s u r f a c e  t h a t  propagated a c r o s s  a void o r  gas 

bubble w i t h i n  t h e  s i l i c e o u s  s l a g ,  which was a l i q u i d  a t  t h e  exposure 

temperature .  The specimen o r i e n t a t i o n  i n  t h e  SEM g i v e s  t h e  void  i n  

Fig.  34 an e l l i p t i c a l  appearance.  To t h e  l e f t  of t h e  void ,  a r e g i o n  of 

c o n c h o i d a l  f r a c t u r e  i s  v i s i b l e  i n  t h e  s l a g .  I n  t h e  upper p o r t i o n  of t h e  

micrograph above t h e  void ,  s m a l l  c r y s t a l s  are v i s i b l e  i n  t h e  s l a g .  

Immediately below and t o  t h e  r i g h t  of t h e  void ,  t h e  v i s i b l e  s u r f a c e  i s  

r e l a t i v e l y  rough, and t h i s  r e g i o n  is cons idered  t o  be t h e  a c t u a l  KT S i c  

s u r f a c e .  F a i l u r e  t o  o b t a i n  a s h a r p  image of t h i s  r e g i o n  w a s  a t t r i b u t e d  t o  

a t h i n  r e s i d u a l  amorphous g l a s s  c o a t i n g ,  which caused rounding of s u r f a c e  

f e a t u r e s  and l o s s  of d e t a i l .  The right-hand s i d e  of t h e  micrograph shows 

more conchoida l  f r a c t u r e s  i n  t h e  s l a g  g l a s s .  The void  i n  Fig.  34 i s  

thought  t o  be a l o c a l  o x i d a t i o n  s i t e  on t h e  KT S i c  tube  s u r f a c e  and prob- 

a b l y  r e p r e s e n t s  t h e  l o c a t i o n  of a p i t  i n  t h e  t u b e  s u r f a c e .  
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FRACTURE LINE/  MICROCRACKS 
IN COAL SLAG IN SLAG GLASS 

Fig. 33.  Scanning e l e c t r o n  micrograph showing f r a c t u r e  charac- 
t e r i s t i c s  of upstream s i d e  of exposed KT S i c  t u b e  and d e t a i l s  of a d h e r e n t  
c o a l  s l a g .  

X-ray d i f f r a c t i o n  a n a l y s e s  were conducted f o r  as - rece ived  and exposed 

KT S i c  specimens.  The phases  i d e n t i f i e d  are l i s t e d  i n  Table  11. The S i c  

phase  was hexagonal  and i n c l u d e d  t h e  t h r e e  p o l y t y p e s  33R, 12H, and 51R.  

Other  major  phases  were s i l i c o n  and g r a p h i t e .  The d a t a  f o r  t h e  s u r f a c e  

specimen i n d i c a t e d  t h e  presence  of a s m a l l  amount of u n i d e n t i f i e d  phase(s )  

h a v i n g  d-spacings of 0.448, 0.372. 0.326, 0.283, 0.281, and 0.275 nm. 

These l i n e s  had i n t e n s i t i e s  of up t o  5% of t h a t  of t h e  0.25-nm l i n e  of 

a-Sic and were presumably t h e  s t r o n g e r  l i n e s  f o r  t h e  phase(s ) .  I n  

summary, t h e  combustion exposure d i d  n o t  r e s u l t  i n  s i g n i f i c a n t  changes i n  

t h e  major phase t y p e s  p r e s e n t  i n  KT S ic .  
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FRACTURE 
ACROSS BUBBLE GAS BUBBLE PIT TUBE SURFACE 

IN COAL SLAG GLASS 

Fig. 3 4 .  Scanning e l e c t r o n  micrograph of upstream s i d e  of exposed 
K T  S i c  tube  showing s i te  of g a s  bubble,  remnant c o a l  s l a g  g l a s s ,  and t u b e  
s u r f  ace. 

CVD S i c  

The vendor produced t h e  CVD S i c  t u b e s  by d e p o s i t i n g  t h e  c a r b i d e  from 

t h e  r e a c t a n t  g a s e s  onto  g r a p h i t e  mandrels.  The mandrels  were subsequent ly  

removed t o  produce f r e e s t a n d i n g  S i c  tubes .  The m i c r o s t r u c t u r e s  of t u b e  

w a l l  s e c t i o n s  f o r  b o t h  as-received and exposed CVD S i c  t u b e s  were very  

similar,  and t h e r e f o r e  o n l y  t h o s e  of  exposed t u b e s  w i l l  be presented  and 

d iscussed .  F igure  35 shows t h e  m i c r o s t r u c t u r e  of a t u b e  w a l l  on t h e  

upstream s i d e  a f t e r  t h e  c o a l  s l a g  w a s  removed. The specimen w a s  e t c h e d  t o  
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are  characterist ic of t h e  CVD S i c  t u b e s  examined b e f o r e  and a f t e r  com- 

b u s t i o n  gas  exposure i n  t h i s  tes t  as w e l l  as t h e  prev ious  Test 1. The 

c r a c k s  a p p a r e n t l y  r e s u l t e d  from i n t e r n a l  stresses genera ted  i n  t h e  

m i c r o s t r u c t u r e  by t h e  growth of S i c  g r a i n s  d u r i n g  d e p o s i r i o n .  The c r a c k s  

tended t o  be c i r c u m f e r e n t i a l l y  o r i e n t e d  w i t h i n  t h e  tube  w a l l s  and t h e y  

o c c u r r e d  more f r e q u e n t l y  i n  t h e  o u t e r  h a l f  of t h e  w a l l  t h i c k n e s s .  

X-ray d i f f r a c t i o n  a n a l y s e s  of t h e  as - rece ived  ceramic t u b e  revea led  a 

h i g h l y  f a u l t e d  s t r u c t u r e ,  which i s  i d e n t i f i e d  i n  Table  11 as *Sic. The 

C V D  S i c  o f t e n  c o n s i s t s  p r i m a r i l y  of c u b i c  @-Sic, b u t  i f  d e p o s i t i o n  occurs  

under  c o n d i t i o n s  t h a t  produce a h i g h  s t a c k i n g  f a u l t  d e n s i t y  i n  t h e  b e t a  

polymorph, t h e  h i g h l y  f a u l t e d  b e t a  s t r u c t u r e  cannot  be d i s t i n g u i s h e d  from 

t h e  hexagonal a l p h a  s t r u c t u r e  by s t a n d a r d  x-ray powder d i f f r a c t i o n  methods. 
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The combustion gas  exposure d i d  r e s u l t  i n  t h e  appearance of g r a p h i t e  

o r  carbon g r a p h i t i z e d  s u f f i c i e n t l y  t o  provide measurable  d i f f r a c t i o n  

i n t e n s i t y  f o r  i n t e r p l a n a r  s p a c i n g s  c h a r a c t e r i s t i c  of g r a p h i t e  i n  t h e  

upstream s u r f a c e  and upstream s u b s u r f a c e  specimens. The s i z e  of t h e s e  

g r a p h i t i c  r e g i o n s  was a p p a r e n t l y  r e l a t i v e l y  small, because they  could n o t  

b e  d e t e c t e d  i n  t h e  meta l lography specimens. S e v e r a l  l o w - i n t e n s i t y  

d i f f r a c t i o n  l i n e s  were observed i n  t h e  upstream s u r f a c e  specimen t h a t  

c o u l d  n o t  be i d e n t i E i e d  e i t h e r  w i t h  S i c  polymorphs o r  w i t h  t h e  g r a p h i t e  

s t r u c t u r e .  These l i n e s  had i n t e n s i t i e s  between 1 and 9% of t h e  i n t e n s i t y  

o f  t h e  S i c  l i n e  a t  about  0.25 nm. The i n t e r p l a n a r  s p a c i n g s  of t h e s e  l i n e s  

were 0.497, 0.294, 0.291, 0.283, 0.278, and 0.2705 nm. 

I n  summary, long-term exposure of t h e  CVD S i c  t u b e s  t o  t h e  c o a l  s l a g  

d i d  n o t  r e s u l t  i n  s i g n i f i c a n t  c o r r o s i v e  degrada t ion .  Microcracks t h a t  are 

t y p i c a l l y  observed i n  massive CVD S i c  were p r e s e n t  i n  both as - rece ived  and 

exposed t u b e s ,  and t h e s e  were o r i e n t e d  c i r c u m f e r e n t i a l l y ,  as d i s c u s s e d  

p r e v i o u s l y .  N o  s l a g  p e n e t r a t i o n  i n t o  such  c r a c k s  w a s  observed. 

S i n t e r e d  CrS iC  

The m i c r o s t r u c t u r e  of s i n t e r e d  a-Sic t u b e s  used i n  t h i s  experiment  

c o n s i s t e d  of g r a i n s  of CrS iC  having s i z e s  from about  20 t o  30 pm, graphi-  

t i c  i n c l u s i o n s  smaller t h a n  1 p n ,  and lamellar v o i d s  whose smallest dimen- 

s i o n s  were g e n e r a l l y  o r i e n t e d  p a r a l l e l  t o  t h e  t u b e  r a d i u s .  Examples of 

t h e  m i c r o s t r u c t u r e  of t h i s  m a t e r i a l  i n  t h e  as - rece ived  c o n d i t i o n ,  

i n c l u d i n g  one of t h e  v o i d s ,  are shown i n  Fig. 37. F igure  37(a)  , which i s  

a b r i g h t - f i e l d  micrograph of an  unetched p o l i s h e d  c r o s s  s e c t i o n ,  shows t h e  

s m a l l  b r i g h t  m e t a l l i c  i n c l u s i o n s  and t h e  l a r g e  g r a p h i t i c  i n c l u s i o n s .  

F i g u r e  37(b) shows a void-type d e f e c t  observed i n  t h e  w a l l s  of t h e  t u b e s ,  

a s  viewed p e r p e n d i c u l a r  t o  t h e  tube  a x i s .  These v o i d s  t y p i c a l l y  had an  

e l o n g a t e d  dimension i n  t h e  d i r e c t i o n  of t h e  tube  a x i s .  An example of t h i s  

geometry from an  exposed t u b e  i s  shown i n  Fig. 38. Note t h a t  t h e  

m i c r o s t r u c t u r e  of t h e  exposed a-Sic a p p e a r s  t o  be i d e n t i c a l  w i t h  t h a t  of 

t h e  as - rece ived  material i n  Fig. 37(b) .  
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cture  of c o a l  slag on tream s i d e  of exposed *Sic 
oxide  type  crystals w i t h  similar o r i e n t a t i o n s  n e a r  t u  

s u r f  ace. 
be  

f r a c t u r e  t y p i c a l l y  observed i n  g l a s s e s .  Examination of t h e  slag-SiC 

i n t e r f a c e  on the exposed tubes  a t  h ighe r  m a g n i f i c a t i o n  i n  t h e  SEM r e v e a l e d  

a network of s m a l l  c r a c k s  i n  t h e  s l a g  glass very  c l o s e  t o  the t u b e  

s u r f a c e .  An example of t h e  c r a c k s  is  shown i n  Fig. 40. The c r a c k s  appear  

t o  be c h a r a c t e r i s t i c  of t h e  s l a g  l o c a t e d  n e a r  the tube  s u r f a c e  on a l l  the 

Sic-based tubes  employed i n  th i s  experiment .  We p o s t u l a t e  t h a t  t h e  c rack  

s y s t e m  v i s i b l e  i n  Fig. 40 w a s  produced by stresses produced d u r i n g  c o o l i n g  

of t h e  t u b e s  from t h e  exposure tempera ture  and r e s u l t e d  from the rma l  

expans ion  mismatch between t h e  s l a g  g l a s s  and t h e  Sic ceramics, The 

e x t e n s i v e  microcracking  a t  t h e  slag-SiC i n t e r f a c e  would r e s u l t  i n  a 
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M I CROCR ACKS a-Sic SU R FACE 

Fig. 40.  Microcracks i n  s l a g  a t  s lag-Sic  i n t e r f a c e  i n  exposed a-Sic 
t u b e  . 
r e l a t i v e l y  weak mechanical bond and may e x p l a i n  t h e  r e l a t i v e  ease w i t h  

which t h e  s o l i d i f i e d  s l a g  could be removed from t h e  S i c  tubes .  The s l a g  

d e p o s i t e d  on both alumina and s i a l o n  t u b e s  developed a much s t r o n g e r  

mechanical  bond w i t h  t h e  ceramic, and t h e  r e s u l t i n g  stresses d u r i n g  

cooldown probably r e s u l t e d  i n  t h e  e x t e n s i v e  f r a c t u r i n g  observed i n  t h e s e  

materials. 

GE 128 S i a l o n  

The m i c r o s t r u c t u r e  of t h e  as-received s i a l o n  w a s  very inhomogeneous. 

For  example, a low-magnification examinat ion r e v e a l e d  l a r g e  g r a i n s  w i t h i n  

t h e  bulk  of t h e  material. These g r a i n s ,  which are shown i n  t h e  c ross -  

s e c t i o n a l  view of t h e  t u b e  w a l l  i n  Fig.  41,  may have r e p r e s e n t e d  remnants 
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Fig. 41. Cross  s e c t i o n  of as-received s i a l o n  tube  showing l a r g e  
i n t e r n a l  g r a i n  s t r u c t u r e  and composi t iona l  v a r i a t i o n  a l o n g  o u t e r  and i n n e r  
s u r f  aces. 

of the i n i t i a l  p a r t i c l e s  used i n  t h e  f a b r i c a t i o n  process .  Also these 

g r a i n s  could  have been r e g i o n s  i n  which t h e  s i a l o n  s o l i d  s o l u t i o n  w a s  

v a r i e d  s l i g h t l y .  An a d d i t i o n a l  composi t iona l  v a r i a t i o n  approximately 

50 pm i n  t h i c k n e s s  w a s  a l s o  observed n e a r  t h e  o u t s i d e  s u r f a c e  of t h e  

s i a l o n  tube.  T h i s  composi t iona l  v a r i a t i o n  a p p e a r s  as t h e  white r e g i o n s  i n  

F i g s .  41 and 42. Furthermore,  Fig.  41 r e v e a l s  s m a l l  i s o l a t e d  q u a n t i t i e s  

o f  t h e  whi te  phase a l o n g  t h e  i n n e r  s u r f a c e .  

The s t r u c t u r a l  d i f f e r e n c e s  between the i n n e r  and o u t e r  s u r f a c e s  of 

t h e  as - rece ived  t u b e  were f u r t h e r  i n v e s t i g a t e d  w i t h  t h e  SEM. The 

r e s u l t i n g  micrographs,  which i l l u s t r a t e  t y p i c a l  r e g i o n s  on t h e  i n n e r  and 

o u t e r  s u r f a c e s ,  are shown i n  Figs .  43 and 44 ,  r e s p e c t i v e l y .  The p a r t i c l e s  
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Fig .  42. Phase v a r i a t i o n  of o u t e r  s u r f a c e  r eg ion  of as - rece ived  
s i a l o n .  

a long  t h e  i n n e r  s u r f a c e  had a p la te le t  morphology t h a t  i s  similar t o  t h a t  

e x h i b i t e d  by kSi3N4.  An energy-d ispers ive  x-ray a n a l y s i s  of the  i n s i d e  

s u r f a c e  i n d i c a t e d  t h a t  t h e  major e lements  and t h e i r  r e l a t i v e  peak in t en -  

s i t i e s  were as fo l lows :  Mg, 1.0%; Al, 100%; S i ,  37.5%; C a ,  1.3%; and 

F e ,  0.8%. The rounded appearance of t h e  p a r t i c l e s  a long  t h e  o u t e r  s u r f a c e  

(F ig .  44)  s u g g e s t s  t h a t  t h e  sha rp  d i s c o n t i n u i t i e s  a s s o c i a t e d  w i t h  t h e  i n i -  

t i a l  p la te le t  morphology w e r e  p a r t i a l l y  des t royed  as a r e s u l t  of e i t h e r  

v i s c o u s  f low o r  p o s s i b l y  a n  o x i d a t i o n  r e a c t i o n  o c c u r r i n g  d u r i n g  t h e  the r -  

m a l  t r ea tmen t  of t h e  g r e e n - s t a t e  s i a l o n  tube.  In fac t ,  t h e  appearance  of 

t h e  o u t e r  s u r f a c e  w a s  r emin i scen t  of a h i g h l y  ox id ized  &Si3N4 ceramic. 

T h e r e f o r e ,  i n  t h e  f a b r i c a t i o n  of t h e  s i a l o n  material, d i f f e r e n c e s  i n  t h e  

f i r i n g  t empera tu re  and environment between t h e  i n s i d e  and o u t s i d e  s u r f a c e s  

c o u l d  have l e d  t o  a v a r i a t i o n  i n  t h e  r e s p e c t i v e  o x i d a t i o n  behavior  and, 

t h u s ,  t h e  s u r f a c e  morphology. F i n a l l y ,  t h e  energy-d ispers ive  x-ray 
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Fig. 43.  Scanning  e l e c t r o n  micrograph  of i n n e r  s u r f a c e  of as- 
r e c e i v e d  s i a l o n ,  showing p l a t e l i k e  morphology. 

Fig.  44. Scanning e l e c t r o n  micrograph  of o u t e r  s u r f a c e  of as- 
r e c e i v e d  s i a l o n ,  showing more rounded p a r t i c l e  morphology. 
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a n a l y s i s  of t h e  o u t e r  s u r f a c e  i n d i c a t e d  t h a t  t h e  c o n c e n t r a t i o n s  of Mg, Al, 

F e ,  and Ca were g r e a t e r  and t h e  S i  c o n c e n t r a t i o n  w a s  s l i g h t l y  less when 

compared w i t h  t h e  r e s p e c t i v e  c o n c e n t r a t i o n s  a long  t h e  i n n e r  su r face .  

F u r t h e r  SEM examinat ions of a po l i shed  c r o s s  s e c t i o n  of t h e  as- 

r e c e i v e d  s i a l o n  r evea led  a t  least  two types  of i s o l a t e d  phases  w i t h i n  t h e  

bulk  material. These are shown i n  Fig. 45, which i s  an area l o c a t e d  

approximate ly  halfway between t h e  i n n e r  and o u t e r  s u r f a c e s .  An energy- 

d i s p e r s i v e  x-ray a n a l y s i s  of t h e  two phases  and t h e  bulk  material r evea led  

i n s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  r e l a t i v e  amounts of magnesium, aluminum, 

and s i l i c o n .  However, t h e  i r o n  con ten t  i n  r e g i o n  2 (whi te  phase)  was much 

smaller t h a n  t h a t  i n  e i t h e r  r eg ion  1 o r  t h e  bulk material. It is  a l s o  

i n t e r e s t i n g  t h a t  w i t h i n  the  i n t e r i o r  of t he  s i a l o n  tube  t h e  s i l i c o n  con- 

c e n t r a t i o n  w a s  cons ide rab ly  g r e a t e r  t h a n  t h e  aluminum concen t r a t ion .  Th i s  

s h a r p l y  c o n t r a s t s  w i th  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of aluminum and s i l i c o n  

measured on the  i n n e r  and o u t e r  s u r f a c e s .  F i n a l l y ,  Fig. 45 shows some 

ev idence  t h a t  t h e  dark  phase ( r e g i o n  1)  r ep resen ted  subsu r face  p o r o s i t y .  

The e x i s t e n c e  of such p o r o s i t y  has been desc r ibed .  7 

The m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  a long  the  i n n e r  and o u t e r  s u r f a c e  

r e g i o n s  of the po l i shed  c r o s s  s e c t i o n  were cons ide rab ly  d i f f e r e n t  from 

t h o s e  shown i n  Fig. 45. For example, t h e  s i z e  of t h e  i s o l a t e d  wh i t e  phase 

( r e g i o n  2) w a s  much smaller i n  t h e  areas a d j a c e n t  t o  t h e  tube  s u r f a c e s .  

T h i s  i s  demonstrated i n  Fig. 46, which i s  an area nea r  t h e  o u t e r  s u r f a c e  

o f  t h e  s i a l o n  tube.  F igu re  46 a l s o  r e v e a l s  t h e  presence  of a s u b s t a n t i a l  

amount of dark  phase ( r e g i o n  3) having a p la t e - type  morphology. Th i s  

phase ,  which w a s  a l s o  p r e s e n t  i n  very l i m i t e d  c o n c e n t r a t i o n s  a long  t h e  

i n n e r  s u r f a c e ,  w a s  presumably r e s p o n s i b l e  f o r  t h e  p l a t e l e t  s t r u c t u r e  

observed  earlier a long  t h e  i n n e r  and o u t e r  s u r f a c e s  (F igs .  43 and 44, 

r e s p e c t i v e l y ) .  It may have a l s o  been r e l a t e d  t o  t h e  wh i t e  phase observed 

i n  t h e  o p t i c a l  micrographs (F igs .  41 and 42). Once a g a i n ,  t h e  SEM elemen- 

t a l  a n a l y s i s  d i d  no t  r e v e a l  any s i g n i f i c a n t  d i f f e r e n c e s  i n  the  A l ,  S i ,  Fe, 

and Mg c o n c e n t r a t i o n s  between t h e s e  phases and t h e  bulk material. 
I n  a n  a t t e m p t  t o  d i s t i n g u i s h  t h e  chemical  composi t ion  of the  c o n s t i t -  

u e n t s  p r e s e n t  i n  t h e  as - rece ived  s i a l o n ,  x-ray d i f f r a c t i o n  p a t t e r n s  were 

ob ta ined  f o r  t h e  i n n e r  and o u t e r  s u r f a c e s .  The r e s u l t s  t h a t  are o u t l i n e d  

i n  Table  11 i n d i c a t e  t h a t  a number of chemical compounds i n c l u d i n g  

B-Si3N4, Si3A12.67N404, B’-sialon, Mg-sialon(6H) were p r e s e n t  a long  t h e  
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i n n e r  and o u t e r  s u r f a c e s  of t h e  s i a l o n  tube.  Furthermore,  t h e  e x i s t e n c e  

o f  s e v e r a l  u n i d e n t i f i a b l e  d-spacings a s s o c i a t e d  w i t h  t h e  o u t e r  s u r f a c e  

d i f f r a c t i o n  trace s u g g e s t s  t h a t  one o r  two a d d i t i o n a l  phases  were p r e s e n t  

i n  t h i s  reg ion .  These phases  may have been r e s p o n s i b l e  f o r  t h e  

m i c r o s t r u c t u r a l  v a r i a t i o n  between t h e  two tube  s u r f a c e s .  It should  be 

p o i n t e d  o u t  t h a t  s e v e r a l  f a c t o r s  compl ica ted  i d e n t i f i c a t i o n  of t h e  chemi- 

ca l  c o n s t i t u e n t s  a s s o c i a t e d  w i t h  t h e  s i a l o n  material. F i r s t ,  t h e  x-ray 

d a t a  t h a t  were a v a i l a b l e  f o r  i d e n t i f i c a t i o n  were l i m i t e d  t o  very  s p e c i f i c  

specimen composi t ions .  Consequent ly ,  we could  no t  account  f o r  a l l  t h e  

p o s s i b l e  s o l i d  s o l u t i o n  composi t ions.  Second, t h e  appa ren t  v a r i a t i o n s  i n  

chemica l  homogeneity observed throughout  the s i a l o n  (F igs .  41 through 4 4 )  

probab ly  i n c r e a s e d  t h e  v a r i a n c e  of t h e  a s s o c i a t e d  d-spacings,  t h u s  making 

i d e n t i f i c a t i o n  more d i f f i c u l t .  

A s  p r e v i o u s l y  s t a t e d ,  t h e  c o a l  s l a g  t h a t  d e p o s i t e d  upon a l l  t u b e s  

d u r i n g  CRAF T e s t  2 w a s  s t r o n g l y  bonded t o  t h e  s i a l o n .  Me ta l log raph ic  

examinat ions  of t h e  exposed s i a l o n  sugges ted  t h a t  t h e  a c t u a l  bonding 

o c c u r r e d  between an  oxide  l a y e r  approximate ly  150 pm i n  t h i c k n e s s ,  which 

formed on t h e  o u t s i d e  of t h e  tube  du r ing  t h e  exposure ,  and t h e  c o a l  s l a g .  

The n a t u r e  of t h i s  bonding is  shown i n  Fig. 4 7 ,  which is  an upstream c r o s s  

s e c t i o n  of t h e  exposed s i a l o n  tube.  This ox ide  l a y e r ,  which w a s  similar 

t o  t h a t  formed on t h e  s i a l o n  du r ing  l a b o r a t o r y  o x i d a t i o n  expe r imen t s ,  w a s  

a p p a r e n t l y  r e l a t e d  t o  t h e  m i c r o s t r u c t u r a l  inhomogenei tes  i n  t h e  o u t e r  t u b e  

s u r f a c e  of the as- rece ived  s i a l o n  ( t h e  whi te  phases  i n  F igs .  41 and 4 2 ) .  

T h i s  w a s  f u r t h e r  confirmed by t h e  l i m i t e d  o x i d a t i o n  observed a long  t h e  

i n s i d e  s u r f a c e  of t h e  tube ,  which i n  t h e  as - rece ived  c o n d i t i o n  was more 

homogeneous. F igu re  47 a l s o  r e v e a l s  a r e a c t i o n  zone between t h e  s l a g  and 

o x i d e  layer. A s  d i s c u s s e d  i n  a subsequent  s e c t i o n ,  t h e  fo rma t ion  of t h i s  

i n t i m a t e  bonding du r ing  t h e  high-temperature  exposure  may have r e s u l t e d  i n  

thermomechanical  stresses upon cooldown t o  ambient  tempera ture .  Such 

stresses were probably r e s p o n s i b l e  f o r  t h e  e x t e n s i v e  c rack ing  observed i n  

t h e  exposed s i a l o n .  

The o x i d a t i o n  of t h e  s i a l o n  and t h e  subsequent  ox ide-s lag  r e a c t i o n  

were a l s o  observed i n  t h e  downstream reg ion  of t h e  exposed m a t e r i a l .  

However, small  d i f f e r e n c e s  e x i s t e d  between t h e  ups t ream and downstream 

m i c r o s t r u c t u r e s .  For example,  t h e  p o r o s i t y  t h a t  occu r red  throughout  t h e  
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The r e s u l t s  of t h e  x-ray a n a l y s e s  of t h e  upstream r e g i o n  of t h e  

exposed s i a l o n  are inc luded  i n  Table  11. In  t h e  s t u d i e s ,  t h e  s l a g  w a s  

removed so t h a t  on ly  t h e  oxide  l a y e r  remained. 

i n c l u d i n g  a - c r i s t o b a l i t e  (SiOz),  CrMg2AlqSi5018, and a n  a l u m i n o s i l i c a t e  

were p r e s e n t  i n  a d d i t i o n  t o  t h e  c o n s t i t u e n t s  d e t e c t e d  i n  the o u t e r  s u r f a c e  

o f  t h e  as - rece ived  material. Therefore ,  t h e s e  t h r e e  compounds were prob- 

a b l y  a s s o c i a t e d  w i t h  t h e  format ion  of t h e  oxide  l a y e r ,  which i s  c o n s i s t e n t  

w i t h  t h e  d e t e c t i o n  of s i g n i f i c a n t  c o n c e n t r a t i o n s  of Mg, A l ,  and S i  i n  t h e  

o x i d e  phase by t h e  energy-d ispers ive  x-ray a n a l y s i s .  S e p a r a t e  o x i d a t i o n  

s t u d i e s 6  have a l s o  r e p o r t e d  t h e  e x i s t e n c e  of Si02 and Mg2AlqSi5018 i n  

o x i d e  f i l m s  formed on similar s i a l o n  materials. The chemical  c o n s t i t u e n t s  

i n  t h e  exposed s u b s u r f a c e  specimen were e s s e n t i a l l y  i d e n t i c a l  w i t h  t h o s e  

found i n  t h e  as - rece ived  material ,  s u g g e s t i n g  t h a t  t h e  changes i n  the 

s i a l o n  r e s u l t i n g  from t h e  496-h exposure were l i m i t e d  t o  t h e  s u r f a c e  

r e g i o n s .  

Three chemical  compounds 

The m i c r o s t r u c t u r e  of t h e  as - rece ived  aluminum o x i d e ,  which was typi -  

c a l  of t h a t  usedl  i n  CRAF T e s t  1, is i l l u s t r a t e d  i n  t h e  SEN micrograph i n  

Fig.  51. 

A s  i n  t h e  case of t h e  s i a l o n ,  t h e  c o a l  s l a g  t h a t  d e p o s i t e d  upon t h e  A1203 

materials w a s  s t r o n g l y  bonded t o  t h e  upstream t u b e  s u r f a c e .  T h i s  

The major phase composi t ion (Table  11) w a s  corundum (crAl203).  

i n c r e a s e d  adherence was a p p a r e n t l y  due t o  t h e  format ion  of a 6- t o  

12-pm-thick boundary, which i s  shown i n  t h e  o p t i c a l  micrograph i n  Fig. 52. 

The scanning  e l e c t r o n  micrograph of t h e  upstream r e g i o n  g iven  i n  Fig.  53 

a l s o  r e v e a l s  n e e d l e l i k e  c r y s t a l s  i n  t h e  s l a g  n e a r  t h e  A 1 2 0 3  r e a c t i o n  zone. 

A n  e l e m e n t a l  x-ray a n a l y s i s  of both i n t e r m e d i a t e  bonding phase and needle- 

l i k e  c r y s t a l s  i n d i c a t e d  h i g h  c o n c e n t r a t i o n s  of aluminum, s i l i c o n ,  and i r o n ,  

w i t h  aluminum being t h e  major component. The d i s t r i b u t i o n  of t h e s e  ele- 

ments  a t  t h e  ceramic-s lag i n t e r f a c e  is f u r t h e r  i l l u s t r a t e d  f o r  t h e  r e g i o n  

shown i n  Fig.  54(a)  by t h e  e l e m e n t a l  x-ray maps  of alilminum, s i l i c o n ,  and 

i r o n  g iven  i n  Fig. 54(b) through ( d ) ,  r e s p e c t i v e l y .  Again i t  is apparent  

t h a t  t h e  r e a c t i o n  zone w a s  predominant ly  a n  aluminum-silicon-oxygen com- 

pound. In fac t ,  t h e  subsequent  x-ray s t u d i e s  of t h e  c o a l  s l a g  sugges ted  
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F i g .  51. S u r f a c e  scanning  e l e c t r o n  micrograph of as - rece ived  alumina,  
showing t y p i c a l  g r a i n  s t r u c t u r e .  

ALUM I NA 
I 

REACTION ZONE COAL SLAG 
I Y-I 761 27 

Fig. 52. O p t i c a l  micrograph of upstream r e g i o n  i n  exposed a lumina ,  
showing p resence  of r e a c t i o n  zone between c o a l  s l a g  and alumina mat r ix .  
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Fig. 53. Scanning e l e c t r o n  micrograph b a c k s c a t t e r e d  image of 
ups t ream r e g i o n  i n  exposed alumina,  i l l u s t r a t i n g  Al203-slag r e a c t i o n  zone 
and a d j a c e n t  fo rma t ion  of n e e d l e l i k e  crystals .  

t h a t  t h e  e longa ted  c r y s t a l s ,  which were q u i t e  similar i n  composi t ion t o  

t h e  r e a c t i o n  zone, were composed of some t y p e  of a l u m i n o s i l i c a t e ,  p o s s i b l y  

m u l l i t e .  The re fo re ,  du r ing  t h e  496-h exposure the c o a l  s l a g  m a t r i x ,  which 

c o n t a i n e d  h i g h  c o n c e n t r a t i o n s  of s i l i c o n  ( i n  t h e  form of an Si02 m e l t ) ,  

r e a c t e d  w i t h  t h e  alumina s u r f a c e  t o  form t h e  a l u m i n o s i l i c a t e  compound. A s  

d i s c u s s e d  later,  t h i s  probably  r e s u l t e d  i n  the fo rma t ion  of thermal  

stresses upon cooldown due t o  t h e  the rma l  expans ion  mismatch between t h e  

alumina and c o a l  s l a g .  F i n a l l y ,  i t  should  be po in ted  o u t  t h a t  the alumina- 

s l a g  r e a c t i o n  zone w a s  no t  we l l  developed along t h e  downstream r e g i o n  of 

the tube. For  example, Fig. 55, which is a scanning  e l e c t r o n  micrograph 

of  t h e  downstream area, r e v e a l s  only the p resence  of l a r g e  i r r e g u l a r l y  

shaped  c r y s t a l s .  These w e r e  la ter  determined t o  have h i g h  c o n c e n t r a t i o n s  

of  i r o n .  

The behav io r  of t h e  A1203 i n  CRAF T e s t  2 w a s  d i s t i n c t l y  d i f f e r e n t  from 

t h a t  observed i n  CRAF T e s t  1 ,  i n  which a 100-pm-thick l a y e r  of i r o n - n i c k e l  

a l u m i n a t e  formed on t h e  o u t e r  s u r f a c e  of t h e  A1203 tube. I n  a d d i t i o n ,  
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REACTION ZONE 
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REACTION ZONE 

Fig. 54. D i s t r i b u t i o n  of major  e lements  i n  upstream i n t e r f a c i a l  
r e g i o n  i n  exp . (a) B a c k s c a t t e r  i m  . (b) X-ray map f o r  
aluminum. (c) X-ray map f o r  s i l i c o n .  ( d )  X-ray map for i ron .  
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Fig. 55. Scanning e l e c t r o n  micrograph of downstream r e g i o n  i n  
e xpo s ed alumina. 

t h e r e  w a s  ev idence  of g r a i n  growth i n  t h e  upstream s u r f a c e  of t h e  exposed 

A1203 used  i n  T e s t  1. 

a lumina  used i n  t h i s  s t u d y  was u n s u c c e s s f u l  because of problems w i t h  t h e  

e t c h a n t .  However, SEM o b s e r v a t i o n s  of a r r a c t u r e  s u r f a c e  p e r p e n d i c u l a r  t o  

the slag-alumina i n t e r f a c e  sugges ted  that  no s i g n i f i c a n t  g r a i n  growth 

o c c u r r e d  d u r i n g  t h e  exposure.  

A similar  a n a l y s i s  of g r a i n  s i z e  i n  t h e  exposed 

The x-ray d i f f r a c t i o n  r e s u l t s  (Table  11) i n d i c a t e d  t h a t  t h e  upstream 

s u r f a c e  of t h e  exposed alumina conta ined  minor amounts of Si02 i n  t h e  form 

o f  e i t h e r  t r i d y m i t e  o r  c r q u a r t z .  These components may r e p r e s e n t  remnants 

of  t h e  c o a l  s l a g  mat r ix .  Although t h e  energy-d ispers ive  x-ray a n a l y s e s  

r e v e a l e d  t h e  presence  of an  a l u m i n o s i l i c a t e  compound a t  t h e  alumina 



s u r f a c e ,  i t s  

d i f f r a c t i o n .  

found i n  t h e  

Coal S l a g  
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c o n c e n t r a t i o n  was a p p a r e n t l y  t o o  low t o  be d e t e c t e d  by x-ray 

No a d d i t i o n a l  phases  o t h e r  t han  t h e  crAl2O3 (corundum) were 

s u b s u r f a c e  A1203 sample.  

Me ta l log raph ic  and SEM o b s e r v a t i o n s  of t h e  c o a l  s l a g  removed from t h e  

ups t ream s u r f a c e  of v a r i o u s  t u b e s  r e v e a l e d  a m i c r o s t r u c t u r e  c o n s i s t i n g  of 

l a r g e  pores  r ang ing  from 42 t o  1 2 7  pm i n  d iameter  and a t  least  two types  

of c r y s t a l s  d i s p e r s e d  i n  a g l a s s y  s l a g  mat r ix .  These f e a t u r e s  are des ig-  

n a t e d  i n  Fig. 5 6 ( a ) ,  which i s  an o p t i c a l  micrograph of t h e  upstream s l a g  

a d j a c e n t  t o  t h e  tube  s u r f a c e .  The f i r s t  group of c r y s t a l s  e x h i b i t e d  an  

i r r e g u l a r  and o f t e n  blocky morphology. In  a d d i t i o n ,  t h e  s i z e  of t h e s e  

c r y s t a l s  i n c r e a s e d  from about  9 pm a t  t h e  ceramic-s lag i n t e r f a c e  

[F ig .  5 6 ( a ) ]  t o  about  23 pm a t  t h e  o t h e r  s l a g  s u r f a c e ,  which was exposed 

t o  t h e  combustion atmosphere [Fig.  56 (b ) ] .  I n  many i n s t a n c e s ,  circum- 

f e r e n t i a l  c r a c k s  were observed i n  t h e  g l a s s y  s l a g  m a t r i x  around t h e  

l a r g e s t  c r y s t a l s  [Fig. 56 (b ) ] .  T h i s  c r a c k i n g ,  which occur red  on ly  when 

t h e  blocky c r y s t a l s  exceeded a c r i t i c a l  s i z e ,  a p p a r e n t l y  r e s u l t e d  from a 

s i g n i f i c a n t  t he rma l  expans ion  mismatch between t h e  s l a g  m a t r i x  and crystal .  

T h i s  s i t u a t i o n  i s  ana logous  t o  microcracking  t h a t  occu r s  i n  p o l y c r y s t a l l i n e  . 
materials composed of g r a i n s  having a l a r g e  thermal  expans ion  

a n i s o t r o p y .  14-17 Such microcracking  a l s o  r e q u i r e s  t h a t  t h e  average  g r a i n  

s i z e  exceed a c r i t i c a l  va lue .  The second t y p e  of c rys ta l s  p r e s e n t  i n  t h e  

s l a g  w a s  much smaller than  t h e  blocky type  and e x h i b i t e d  a n e e d l e l i k e  

morphology (Fig. 56).  Fur thermore ,  t h e  volume d i s t r i b u t i o n  of t h e s e  

e l o n g a t e d  c r y s t a l s  was much more uniform t h a n  t h a t  of t h e  l a r g e r  i r r e g u -  

l a r l y  shaped crystals .  In f a c t ,  t h e  c o n c e n t r a t i o n  of t he  l a t te r  e x h i b i t e d  

a b r u p t  changes w i t h i n  t h e  bulk  of t h e  upstream s l a g .  T h i s  behav io r ,  which 

i s  shown i n  Fig. 57, may have r e s u l t e d  from v a r i a t i o n s  i n  t h e  f l u e  gas 

aerodynamics i n  t h e  v i c i n i t y  of t h e  s l a g  s u r f a c e .  These v a r i a t i o n s  prob- 

a b l y  a l t e r e d  t h e  v i scous  f low c h a r a c t e r i s t i c s  of t h e  s l a g  a t  tempera ture  

and u l t i m a t e l y  l e d  t o  t h e  observed f l u c t u a t i o n s  i n  t h e  volume d i s t r i b u t i o n  

of l a r g e  block7 crystals .  The f a c t  t h a t  t h e  d i s t r i b u t i o n  of t h e  e longa ted  . 
c r y s t a l s  w a s  no t  a f f e c t e d  s u g g e s t s  t h a t  they  were not  p r e s e n t  d u r i n g  t h e  

a c t u a l  exposure bu t  p r e c i p i t a t e d  ou t  of t he  s l a g  m a t r i x  upon t h e  f i n a l  

cooldown of t h e  CRAF. 

. 
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NEEDLELIKE SLAG 
CRYSTALS MATRIX /BLOCKY CRYSTALS Y-177705 

f REGION EXHIBITING ABRUPT CHANGE 
IN BLOCKY CRYSTAL CONCENTRATION 

50 N r n  

Fig.  57. Abrupt changes i n  d i s t r i b u t i o n  of blocky c r y s t a l s  i n  
upstream c o a l  s l a g .  

The energy-d ispers ive  x-ray a n a l y s e s  i n d i c a t e d  t h a t  t h e  upstream c o a l  

s l a g  m a t r i x  was composed of h igh  c o n c e n t r a t i o n s  of aluminum and s i l i c o n  

w i t h  s m a l l  amounts of i r o n .  The n e e d l e l i k e  c r y s t a l s  c o n t a i n e d  s l i g h t l y  

more i r o n  t h a n  t h e  g l a s s y  m a t r i x ,  w h i l e  t h e  l a r g e r  blocky c r y s t a l s  were 

i r o n  r i c h .  The d i s t r i b u t i o n s  of t h e s e  e lements  are more c l e a r l y  d e f i n e d  

f o r  t h e  upstream s l a g  r e g i o n  (Fig.  58) by t h e  x-ray maps f o r  s i l i c o n ,  

aluminum, and i r o n  g iven  i n  Fig. 58(b) th rough ( d ) ,  r e s p e c t i v e l y .  The 

x-ray d i f f r a c t i o n  r e s u l t s  of t h e  upstream s l a g  (Table  11) r e v e a l e d  s e v e r a l  

forms of Si02 i n c l u d i n g  a-quartz,  a - c r i s t o b a l i t e ,  0 - c r i s t o b a l i t e ,  and 

p o s s i b l y  t r i d y m i t e .  These phases  may have been p r e s e n t  i n  t h e  g l a s s y  s l a g  

m a t r i x .  In a d d i t i o n ,  t h e  a-Fe2O3 ( h e m a t i t e )  and 3A1203-2Si02 ( m u l l i t e )  
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probably r e p r e s e n t e d  t h e  major c o n s t i t u e n t s  i n  t h e  blocky crystals  and 

n e e d l e l i k e  c r y s t a l s ,  r e s p e c t i v e l y .  The s l i g h t  d i sp lacement  of t he  exper i -  

mental d-spacings from t h e  publ i shed  va lues  s u g g e s t s  t h a t  some s o l i d  so lu-  

t i o n  occur red  i n  t h e s e  phases .  

Fe(A1,Cr)Oq compound (Table  11) i n d i c a t e s  t h a t  l i m i t e d  s o l i d  s o l u t i o n  

e x i s t e d  between i r o n  oxide  and minor i m p u r i t i e s  i n  t h e  s l a g .  

For example, t h e  presence  of t h e  

The m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  downstream s l a g  were 

d i s t i n c t l y  d i f f e r e n t  from those  a long  t h e  upstream p o r t i o n  of t h e  tube.  

For  example ,  a micrograph of the  downstream c o a l  s l a g  remaining on the  

KT S i c  is g iven  i n  Fig. 59. In g e n e r a l ,  t h e  c r y s t a l s  p re sen t  i n  t h e  

g l a s s y  s l a g  m a t r i x  were poor ly  developed excep t  n e a r  t h e  ceramic-s lag 

i n t e r f a c e .  Furthermore,  t h e  b l o c k l i k e  c r y s t a l s  tended t o  become smaller 

Y-177159 KT SIC SURFACE Fe2 0, -TYPE C R YSTA LS 

I 

h 
MU LLITE-TYPt 

CRYSTALS 

POORLY DEVELOPED 50 pm 
C RYSTA LS 

Fig. 59. M i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  of downstream c o a l  s l a g  
remain ing  on exposed KT S i c  tube.  
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w i t h  i n c r e a s i n g  d i s t a n c e  from t h i s  i n t e r f a c e .  Not ice  t h a t  t h e  con- 

c e n t r a t i o n  of n e e d l e l i k e  c r y s t a l s  ( m u l l i t e )  w a s  a l s o  much smaller than  i n  

t h e  upstream s l a g .  The d i f f e r e n c e  between t h e  upstream and downstream 

s l a g  c h a r a c t e r i s t i c s  w a s  a p p a r e n t l y  r e l a t e d  t o  v a r i a t i o n s  i n  t h e  f l u e  gas 

aerodyamics a long  t h e  upstream and downstream p o r t i o n s  of t h e  tubes .  I n  

t h e  case of t h e  downstream areas, t u r b u l e n t  f low of t h e  f l u e  gas  may have 

l i m i t e d  t h e  development of t h e  s l a g  c r y s t a l s ,  p o s s i b l y  by modifying t h e  

s l a g  tempera ture .  Such f low may have a l s o  been r e s p o n s i b l e  f o r  t h e  un- 

u s u a l  d i s t r i b u t i o n  of the l i g h t - c o l o r e d  c r y s t a l s  observed i n  Fig.  59. 

Helium P e r m e a b i l i t y  

The r e s u l t s  of t he  hel ium p e r m e a b i l i t y  a n a l y s e s  of t h e  a s - r ece ived  

( p r e t e s t )  and exposed t u b e s  are summarized i n  Table  12. Measurements were 

made wh i l e  101, 247, 446, and 618-kPa p r e s s u r e  d i f f e r e n t i a l s  were main- 

t a i n e d  between t h e  i n s i d e  and o u t s i d e  of each ceramic tube. The d e t e c t i o n  

l i m i t  of t h e  hel ium spec t romete r  w a s  5 X 

KT S i c  ( t u b e  2) and a-Sic ( t u b e  1 )  e x h i b i t e d  pretest  p e r m e a b i l i t i e s  ( l e a k  

ra tes)  less than  8 X lFi5 m 3 / s  a t  a l l  f o u r  p r e s s u r e  d i f f e r e n t i a l s .  In 

a d d i t i o n ,  t h e  p r e t e s t  hel ium p e r m e a b i l i t i e s  of bo th  the KT S i c  ( t u b e  1) 

and  t h e  CVD S i c  ( t u b e  2) i n c r e a s e d  by abou t  a n  o r d e r  of magnitude as t h e  

p r e s s u r e  d i f f e r e n c e  i n c r e a s e d  from 101 t o  618 kPa. The hel ium f low r a t e  

t h rough  the remaining as - rece ived  t u b e s  showed no s i g n i f i c a n t  dependence 

upon t h e  p r e s s u r e  d i f f e r e n t i a l .  The pos texposure  p e r m e a b i l i t i e s  were not  

s u b s t a n t i a l l y  d i f f e r e n t  from t h e  r e s p e c t i v e  p r e t e s t  v a l u e s  a t  101 P a .  

However, t h e  hel ium l e a k  rates f o r  a l l  s u r v i v i n g  exposed materials 

i n c r e a s e d  by one t o  two o r d e r s  of magnitude when t h e  p r e s s u r e  d i f f e r e n t i a l  

w a s  r a i s e d  from 247 t o  618 kPa. These i n c r e a s e s  were probably  due t o  

chemica l ,  m i c r o s t r u c t u r a l ,  o r  s t r u c t u r a l  changes t h a t  occu r red  as a r e s u l t  

o f  t h e  exposure  t o  t h e  combustion products  of t h e  COM f u e l .  The c r a c k s  

that  formed n e a r  t h e  r a d i a l  de l amina t ion  boundar i e s  i n  t h e  exposed CVD S i c  

may have provided  f a s t  pa ths  f o r  gas permeat ion on a mic roscop ic  s c a l e .  

A l s o  impur i ty  e lements  i n  t h e  exposed s i l i c o n  c a r b i d e s  cou ld  have c r e a t e d  

l o c a l i z e d  chemica l  o r  m i c r o s t r u c t u r a l  changes t h a t  f a c i l i t a t e d  t h e  gas  

m 3 / s .  A l l  t u b e s  except 



96 

Table 12. Room-temperature helium permeability data on exposed 
and pretest ceramic tubes in CRAF Test 2 

~ ~~~ 

H e  permeabili ty,  m3/s, a t  prescribed pressure d i f f e r e n t i a l  
Material Tested 

446 kPa 618 kPa 101 kPa 247 kPa 

KT SIC 
Tube 1 

Tube 2 

a-Sic 

Tube 1 

Tube 2 

CVD S ic  
Tube 1 

Tube 2 

Sialon 
Tube 1 

Tube 2 

*l2O3 
Tube 1 

Tube 2 

Pre  
Post 
Pre  
Post 

P r e  
Post 

P r e  
Pos t  

P r  e 
Post 
P r e  
Post 

P r e  
Post 
Pre 
Post 

Pr e 
Post 
P r  e 
Post 

<5.0 X 
1.6 x 10-15 
1.4 x 10-14 
3.3 x 10-14 

2.4 x 10-14 
3.7 x 10-15 

9.3 x 10-16 
<5.0 X 

1.8 x 10-15 
5.7 x 10-16 

<5.0 x 
<5.0 X 

<5.0 X 
a 

b 
a 

8.0 x 10-15 
a 

b 
a 

<5.0 X 
1.6 x 10-15 
1.4 x 10-14 
2.1 x 10-13 

2.4 x 10-14 
7.2 x 10-15 

9.9 x 10-15 
<5.0 X 

<5.0 X 
a 

b 
a 

8.0 x 10-15 
a 

b 
a 

3.0 x 10-15 
1.5 x 10-13 
1.6 x 10-14 
7.8 x 10-13 

<5.0 X 
a 

b 
a 

8.0 x 10-15 
a 

b 
a 

3.0 x 10-15 
3.5 x 10-13 
1.6 x 10-14 
1.5 X 

2.8 x 10-14 
2.9 x 10-14 

7.5 x 10-14 
<5.0 X 

2.8 x 10-15 
a 

b 
a 

8.0 x 10-15 
a 

b 
a 

9 u b e  cracked too extensively fo r  postexposure analysis.  
h b e  exhibited helium t ranspor t  above measurement a b i l i t y  of leak  detector.  
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generated by the rma l  expans ion  dur ing  t r a n s i e n t  conditions. 
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Tab le  13. Permeability factors  calculated from room-teinper~jltilre helium 
permeability data in Table 12 

-- -. .... 
Permeability fac tor  X, m2, a t  prescribed pressure d i f f e r e n t i a l  

Material Tested ......... .- ... 
446 kPa 6 1 8  kPa 101 @a 207 kPa 

l_I1._.l.l_..-l_. - -- 
KT S i c  

Tube 1 

Tube 2 

*Sic 
Tube 1 

Tube 2 

CVD Sic 

Tube 1 

Tube 2 

Sialon 
Tube 1 

Tube 2 

*'2O3 

Tube 1 

Tube 2 

P r  e 
Post 
Pr e 
Post 

P r e  
Post 
P r e  
Post 

P r e  
Post 
P r  e 
Post 

P r e  
Post 
Pre 
Post 

Pre 
Post 
P r e  
Post 

(3.4 x 10-26 
1.1 x 10-25 

9.5 x 10-25 
2.2 x 10-2" 

7.1 x 1(r25 
1.1 x 10-25 

<1.5 X 
2.7 x 1Cr26 

<1.8 X 

b 
a 

a 

2.5 x 10-25 
a 

b 
a 

<1.4 X 
4.2 x 
3.9 x 10-25 
5.8 x 1u-24  

3.1 X 
2.5 X 

1.8 X 1F26 
4.2 x 1u-26 

<7.4 x 10-26 
a 

b 
a 

1.6 x 10-25 
10.0 x 10-26 

<3.3 x 1u-27 
2.1 x 10-2' 

1.7 x 10-26 

5.7 x 10-26 

6.7 x 
2.3 X 

5.8 X 
a 

b 
a 

1.7 x 10-26 
U 

b 
a 

4 - 1  X 
a 

b 
a 

- - 
*Tube cracked too extensively for  postexposure analysis.  
%ube exhib'lted he1 i m  transport  above measurement capabi l i ty  of l eak detector. 
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The thermal  expans ion  of t he  f i v e  t y p e s  of ceramics exposed to COM 

combustion w a s  measured by c u t t i n g  l o n g i t u d i n a l l y  o r i e n t e d  specinlens from 

as - r ece ived  tubes  and from t h e  upstream and downstream s i d e s  of exposed 

t u b e s .  Only an upstreain exposed specimen of t h e  s i a l o n  tube  w a s  measured 

because the e x t e n s i v e  c rack ing  prec luded  p r e p a r a t i o n  of a specimen from 

t h e  downscream s i d e ,  The t he rma l  expans ion  was measured from room t e m -  

p e r a t u r e  t o  about  1100°C. Curves showing t h e  thermal expans ion  i n  terns 
o f  A L I L ,  the i nc remen ta l  change i n  l e n g t h  d i v i d e d  by t h e  i n i t i a l  l e n g t h  

v e r s u s  tempera ture  w i l l  be g iven  and d i s c u s s e d  i n  t h e  fo l lowing .  I n  

g e n e r a l ,  l o n g - t e m  exposure  of t h e  f i v e  t y p e s  of ceramics t o  t h e  com- 

b u s t i n n  p roduc t s  o f  the c o a l  and r e s i d u a l  o i l  i n  t h e  COM f u e l  r e s u l t e d  i n  

a n  i n c r e a s e  i n  the thermal expans ion  a t  a g iven  t empera tu re ,  and i n  some 

cases t h i s  i n c r e a s e  w a s  s u b s t a n t i a l .  The accu racy  of t h e  thermal  expan- 

s i o n  measiiremcnts t h a t  were made witt i  d push-rod d i l a t o m e t e r  w a s  i5X, so 

W P  regard  msasured changes w i t h i n  t h i s  range  as i n s i g n i f i c a n t .  The t h r e e  

t y p e s  oE S i c  ceramics w i l l  be d i s c u s s e d  fo l lowed by t h e  An 998 A3203 and 

t h e  s i a l o n .  

The thermal  expans ion  behavior  of KT S i c  w i l l  be d i s c u s s e d  f i r s t ,  

s i n c e  t h i s  t y p e  of s i l i c o n i z e d  S i c  has been cons ide red  f o r  u se  i n  ceramic 

H X s  hy s e v e r a l  i n v e s t i g a t o r s .  I n  F ig .  60 the the rma l  expans ion  cu rves  of 

specimens c u t  from as - r ece ived  and exposed KT S i c  t u b e s  are shown. Two 

s p e c i w m s  wexe c u t  from an  exposed tube as shown i n  Fig. 13 w i t h  t h e i r  long 

dimensions p a r a l l e l  w i t h  the tube  axis. One specimen was froin t h e  upstream 

t ihe  s i d e  ( t h e  s ide  that  faced  t h e  combustor ) ,  wh i l e  t h e  o t h e r  was from 

the downstream t ube  s i d e ,  l o c a t e d  180" away from t h e  upstream s i d e .  

Yron Pig .  60, i c  is. appa ren t  thall t h e  thermal  expans ion  of KT SiC 

i n c r e a s e d  because ~f t h e  long-term combust i o n  gas  exposure.  A n a l y s i s  

of the e x p a s i o n  cu rves  w i l l  be d i s c u s s e d  f o r  t empera tu res  of lo00 and 

1100°C 1-0 p r o v i d e  a p e r s p e c t i v e  o f  t h e  magnitude of t he  changes. A t  
lOQO"C, U / L  v a l u e s  from Ffg.  60 I n d i c a t e  that t h e  expans ion  on the down- 

stream s i d e  of t h e  txibe- i n c r e a s e d  by 9.5% compared w l t h  that  of t h e  as- 

r e c e i v e d  KT SPC, Furthermore,  t h e  expans ion  of t h e  upstream s i d e  was 16.8% 

more t han  tha t  of as-received m a t e r i a l .  The expans ton  of t h e  upstream 
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Fig.  60. Thermal expans ion  of a s - r ece ived  and exposed KC S ic .  

spccirrren was 6.7% greater than t h a t  of the dowiastream spccicncn. A t  1100°C 

the  expans ion  i n c r e a s e  of upslr-cam and downstream specimens was s l i g h t . ]  y 

less than that a t  1000°C. The downstream spccicnen had an expans ion  

i n c r e a s e  of 7.3%, whereas t h e  upsLseam specimen increase was 13.8%, The 

p e r c e n t a g e  d i f f e r e n c e  between upstream and downstream specimens wa5 6.0%. 

These  r e s u l t s  i n d i c a t e  as no-ted p r e v i o u s l y  that  the thermal expan- 

s i o n  of KT Sic i n c r e a s e d  because  of t h e  exposu-re and t h a t  the  increase w a s  

n o n u n i f o m  w i t h i n  t h e  tube froiu the ups t ream t o  t h e  downstream s i d e ,  

Accordirng t o  the e s t i m a t e d  a c c u r a c y  of the expans ion  measurements,  the 

i n d i c a t e d  changes are s i g n i f i c a n t .  Unif orm changes i n  the the rma l  expaii- 

s i n n  of ceramic H)( t u b e s  c o u l d  be acc.oinmodated i n  the d e s i g n ,  since t.kterma1 

d i l a t i o n  m u s t  o b v i o u s l y  be accoun ted  f o r  anyway. Nonuniform expans ion  

changes  i n  klX t u b e s  c o u l d  result i n  substantial bowing stresses i n  long  

t u b e s  iioless the nonuniform d i l a t i o n  c o u l d  be accommodated a t  one of th.e 

t ube.--,to-keader j o i n t s  w i t h o u t  a f f e c t i n g  t h e  leaktightness of t h e  joi. nt  

The o r i g i n  o f  the observed expansion i n c r e a s e s  has not  been 

detcrzuined, The i n c r e a s e s  are a p p a r e n t l y  noL caused by devel.oprnent of 
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a d d i t i o n a l  major phases  w i t h i n  the micros t r m t u r e  of the K'r Sic bec.ause 

none werz observed i n  e i t h e r  t h e  o p t i c a l  microscopy QL' x-ray  d i E f r a c c i o n  

analysese A5 noted La tile chemical  a n a l y s i s  d i s c u s s i o n ,  s u b s t a n t i a l  

changes in the concentrat ion of c e r t a i n  elements in tile material resu l ted .  

f Tom the exposure ,  The elements were a p p a r e a t l y  incorporated.  i n t o  the 

stt+1.i(:I:ure by s u b s t i t u t i o n  i n t o  e i the r  t h e  s i l i c o n  o r  t h e  Sic:  p h a s e ,  O K  

both ,  since atr s i g n i f i c a n t  c o n c e n t r a t i o n s  of n e w  secondary phases were 

de tec t ed ,  T h i s  p rocess  m y  e x p l a i n  the ohal;?a:ved i n c r e a s e s .  PEetter unde r -  

s tandi .ng of t h i s  phenomenon is r e q u i r e d ,  and f u r t i i e r  s t u d i e s  wt1.1 h e  

d i r e c t e d  t o  i t s  u-nderstanding and ways sought t o  rzlitigatt? tl'w expans ion  

c. iia 11 g c s . 
S i n t e r e d  a-SPC 

The t h e ~ m a l .  expansion of a spec imen  c u t  froin an a s - r e c e i v e d  sinttirced 

a-f iC t u b e  as wel.1 as specimens f r o m  the lipstream and downstream side of  

a n  exposcd tube were ~ncasur-rd i n  air with thc: same d i l a t o m e t e r  eixplczyod 

f o r  Kr S I C .  The expansion curves  are shown i n  P i g ,  61. In t h i s  cer.mi.t: 

ma.i-et:i.al, exposure to tile c o a l  s l a g  r e s u l t e d  i n  modest i n c r e a s e  i.n t h e r n 2 l  

expaosi-on a t  1000°C of +5,3% in t h e  upstream s i d e  speci.men, This increase 

i s  v e r y  cl.0sc t o  the  accuracy  o f  t.lw measurement possib1.c. w i t h  t h e  dialo- 

L(xih2ter employed. A t  l l o O ° C ,  t h i s  increase was +5.6%, wh.ic::h is agai l l  a 

va l .1 .~  c lose t o  the accuracy of t h e  measurement. As shown i n  Fig*  61, t h e  

downstream sample e x h i b i t e d  a tiierma.1 expansi-on e s s e a t  i a l l y  i d e n t i c a l  w i t h  

that  of t h e  as.-recei.ve.d mate?rial. For a-5i.C exposed t o  trhe cornhast C O i 1  

produc-t-s of the C O l l ,  thermal  expansion changes were less than  t h ~ s e  i n  

K'l  Sic. The expans:i.orr bzhavior  of  these two s t ruc tu ra l  ceramics was quite  

d i f f e r e n t  when exposed t o  the combustion products  of  No, 6 o i l  a l o n e  aiul 

t h e  CSjM corltainirrg a c i d i c - a s h  coal. i n  No. 6 o i l ,  1.n the foriucr case (CKAF 

Test l ) ,  all three s i l i c o n i z e d  t y p e s  oE Sic: (KT, N C  4 3 0 ,  and RcPel) had 

essent.i.aI1.y no change i n  t he i r  thermal expans ions  due. t o  the long-term 

hi.gh-temperature exposure, while  the s i n t e r e d  u-Sic showed a c,u1~s tantial 

i n c r e a s e  for ups treaiii s i d e  specinnens. T u  this experiment the behavior was 

invert ied,  .crith t h e  siliconized KT S i c  having ;a subs tan t  i.al expansion 

i n c r m s e ,  while rr-SiC was re ls t ive1.y u n a f t e c t e d .  As r-rilted in t h e  

d i s c u s s i o n  f a r  K'T S i c ,  t h e  mi.crostructural ant1 composi t iona l  causes f o r  
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F i g .  61 e 'Chermal expans ion  o f  as--rcPr.eived and exposed a-Sic. 

t h e s e  changes have no t  as yet been determined. However, t h e  r e s u l t s  of 

CRAF 'Test 1 and t h i s  experiment  sugges t  t h a t  t h e  n a t u r e  oE t h e  f u e l  a s h  

i n  the h o t  g a s e s ,  i t s  composi t ion,  and perhaps  t h e  high-teuiperature  

deposit : ion mecIianisiis(s)  have a s t r o n g  bea r ing  on t h e  d i f f u s i o n  of 

certa.i.11 impur i ty  d e m e n t s  i n t o  the c o n s t i t u e n t  phases  i n  %.}-lese ceramics 

t o  produce the observed thermal  expans ion  changes.  

Chemically Vapor-Deposited Sic . --- .. . .- 

The therr1ia.l. expansion was aeasured  f o r  specimens cu t  Erorn as - rece ived  

@Vi) S i c  and upstrearm and downstream specimens from an exposed tube.  The 

dependence of the thermal  expansion oa t empera ture  of these specimens i s  

shown i n  Fig,  62. For t h i s  ceramic m a t e r i a l ,  bo th  upstream and downstream 

specimens had substantial expansion incrt?;?1ses at a l l  tcilrnperatcares. A t  

b o t h  1000 and 1 1 O O " C ,  t h e  expans ion  o f  I~lit? upstream specimen was abou t  

172 g r e a t e r  t han  Iz'rre as - rece ived  s p e c i m e n ,  whi le  the downstream specimen 

had an  expans ion  i n c r e a s e  of about  13%, The expans ion  d i f f e r e n c e  of 4% 
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between t h e  upstream and downst ream specimens w a s  w i t h i n  t h e  accu racy  of 

the measurements hit t h e  d a t a  sugges t  that  a small expans ion  d i f f e r e n t i a l -  

ex- is ted between the t w o  a t  all t empera tu res  up t o  a t  least  l % O O ° C ,  wi.t-h 

the upstream speciruen having  the larger expansion.  

The expans ion  behavior  o f  CVD S i c  a f t e r  long-term exposure t o  c o a l  

combustion p roduc t s  was s u b s t a n t i a l l y  d i f f e r e n t  froin t h a t  r e p o r t e d  ear l ier  

from uxposure t o  MQ, 6 o i l  c0rnbustion.l 111 t h i s  l a t t e r  case, CVD S I C  had 

no  change i n  expans ion  due t o  the  exposure ,  bu t  i n  the p r e s e n t  case t h e r e  

was a s u b s t a n t i a l  i n c r e a s e  i n  the expansion.  Mic ros t ruc tu ra l .  and x-ray 

d i f f  r a e t i o n  analyses d i d  no t  provide  obvious ev idence  €or  expla in i i lg  tilrese 

di.fEerences i n  behavior  f o r  t h i s  ceramic material i n  t h e  two d i fEerent  

combustion environments .  According t o  t h e  r e s u l t s ,  t he  CVII S i c  employed i n  

th is  exposure  experiment  had a s u b s t a n t i a l  increase i n  thermal expansion, 

the i n c r e a s e  was r e l a t i v e l y  uniform from the upstream t o  downstream s ides  

o f  the t ube ,  

An explana t ion  f o r  t he  observed expans ion  i n c r e a s e  i n  CQI) S i c  tubes 

d u r i n g  the exposure  i s  not  a v a i l a b l e ,  nor i s  i t  obvious why t h i s  material, 

ORN L-DWG 81 - 1  2865 
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F i g .  62. Thermal expans ion  o f  as- rece ived  and exposed  CVD S ic .  
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which o r i g i n a l l y  conta ined  a s i g n i f  icarit concent7at  ion of @-Sic, exhibi ted 

a r e l a t i v e l y  large expanston i n c r e a s e ,  wherreas s i n t e r r r i  a - 5 i C  showed 

i n s i g n i f i c a n t  changes.  The pet-ccIn%+ge expansion increase i n  i X U  S1 C f o r  

t i l e .  u p s t r a - i m  specimen i ~ a s  e s s e n t i a l  J-y iderat Lcal w i t h  t h a t  f o r  t h e  upstrt.ain 

KT S i c  spec '  ime ne 

AD 998 81.902 

The the rma l  expaasinn behavior  of specimens removed from tribes of 

AD 998 conrai-ning p r i m a r i l y  A1203 was simi.1ar to t h a t  O E  KT S i c  and c r -S iC  

i n  t h a t  the e ~ p a i ~ s i o i r  of t h e  upstream s i d e  speci iuen iil(:ce;asjed suhstaoi:i.ii-.lly 

froin the as- rece ived  v a l u e .  'Thermal. expansion daLa fo r  t h e  AD 998 speci-  

mens are shown i n  F i g .  63.  The dorairstseam s i d e  specimen expansion was not 

s i g a i i i c a a t i y  diffciicent from rhat. of the as-recetved specii~len, AE 100O"C, 

t h e  expansion of tile ~.~psL.ream. exposed sp~i iue l i  wzs 13.8% greater than t-hat 

f o r  the  as-received specimen and a t  1100°C t h i s  percentage WAS 14.3X. 

S i n c e  t h e  d.ownstream s ide sp?ciinen. had e s s e n t i a l l y  the same expansion as 

the as-received m a t e r i a l ,  t h e s e  d a t a  suggest  ;:.hat h igh-pur i  i:.y Mx 

t u b e s  exposed under t ire s t a t ed  c o n d i t i o n s  waul d acquire s i g n i f i c a n t  

s t r e s s e s  as a r e s u l t  of the s u b s t a n t i a l  e x p a m i o n  d i f f e r e a r i a l  'oclrwecn 

o p p o s i t e  s i d e s  cf the tubes.  'Yhz d i t  ference i n  thermal. expansion betwp_en 

t h e  upstream and downstr:?am sides of t h e  t u b e s  a t  1000 or  l l00"C was abou'i. 

16.5%. Again, t h e  only expet:S.li~erltAl. evidence obta ined  t o  d a t e  t o  expla i iz  

t h e  observed expansion iqcrc?;~se on t h e  upstream s i d e  o f  the ti.ll>e is  b a s e d  

upon the e l e m e n t a l  clieuiicnl charlges a s s o c i a t e d  w i t h  the exposure and 

d i scussed  elsewhere i n  this r e p o r t .  The mi.crostructura2 and x - ray  

d i f f r a c t i o n  d a t a  d i d  n o t  provide a n  o b v i m s  e x p l a n a t i o n  f o r  the observed 

thermal. expansion i n c r e a s e .  F u r t h e r  stcndy of i:his phenomenon is  i n  

p r o g r e s s  

GE 128 SiaLon 

The therml exy:icrsioti of specimens removed from t u b e s  a€  2E 128 

s ialoiz w a s  measured f o r  as- rece ived ,  exposed i i p s t i  e m s  and l a h o s a t o r y  ox i -  

d i z e d  contli t i o n s ,  h e  thermal  expansion c u ~ v e s  f o r  these cond! t i o m  aye 
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Fig .  6 3 .  Thermal expansion o f  a s - r e c e i v e d  and exposed A1203. 

S ; X Y ~ T * ~  i n  F i g .  6 4 .  A downslream specimen was n o t  o b t a i n r d  from the cxiposed 

t u b c q  because of ex tens ive  cracking.  The expans ion  curve  f o r  as - rece ived  

material i s  an average  fo-e lauaating and coo l ing ,  Tnis  sor;rmic conta ined  a 

very  coinplex phase mixture, which apparenr1.y was n o t  c l o s e  t o  thermo- 

dyaamic q u i  l i b r i u m  as rece ived .  This laas e7~idencr.d. by t h e  nonreproducih le  

thermal  e x p a n s i o n  on t i ~ a t i n g  and c o o l i n g  exhibited by as-received material, 

Data from which the average  as - rece ived  specimen expnrision curve i n  

Fig, 64 was d e r i v e d  are shown i n  F ig .  65 f o r  h e a t i n g  and cno l i ng  

conditions, Spccimens ox id ized  f o r  long p e r i o d s  of time r a t  high  k m -  

p c r d t u r e  o r  exposed t o  fuel. combusiion fo r  long  p e r i o d s  did not e x h i b i t  

the e x i e n s i v e  hysteresis shown i n  Fig,  65. Frotn P i g .  6 4 ,  t h e  expansion of 

i ?it1 exposed q s t r e a m  specimen is g r e a t e r  t h a n  the expansion of t h e  labard- 

t o r y  oxidized specimen, but. because o f  the  complex expsnsi on behav io r  

shown i n  F ig .  65 t o r  t h i s  mat-erial, more d e f i n i t i v e  conc lus ions  on the 

effect of combustion p r o d u c t  exposure  on t h i s  n i t e r i a l  arc: IIOL varranted. 
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F ig .  64.  Thermal expansion o€ pre tes t ,  e x p ( ~ s e d ,  and oxid ized  sialorn 
s ainp l es  I 

TEMPERATURE ("C) 

Fig .  45. Thermal expansion and contraction Curves f o r  as-received s i n l o n .  
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Terns i 1. e S t  rengl.11 

T h e  C-ring t e n s i l e  f r a c t u r e  s t r e n g t h  w a s  de t e rmined  f o r  the as-. 

r e c e i v e d  and s a r v i v i n g  exposed. t u b u l a r  iuat~erials. With t h e  exceptim of 

the s i a l o n ,  11 t o  14 C-ring srimples were prepared froin each  t u b e  and then  

tesl:f:d. H O W ~ V ~ ? ~ ,  on ly  f o u r  or f i v e  C-ring specimens cou ld  be €abricat.ed 

f roin the s i a l o n  and f r a c t u r e d  s i n c e  the  co r re spond ing  t u b e s  were shorter 

than the o ther  t u b u l a r  e lements .  The ave rage  l rens i le  s t r e n g t h s  and the i - r  

s taudard d e v i a t i o n s  c a l c u l a t e d  from these iueasurements are g iven  i n  

'Table 14. The modu.l.us of r u p t u r e  values r e p o r t e d  by t h e  vetidor for: t he  

mat:et:iaIs are  a l s o  inc luded .  A coinparison of these modulus of r u p t u r e  

v a l u e s  and the r e s p e c t i v e  as - rece ived  f r a c t u r e  s t r eng ths  reveals s0111e 

f a i r l y  s i - g n i f i c a n t  v a r i a t i o n s .  These discrepaixc.ies,  w h i - c h  are par-' 

t i c i i l a r l y  l a r g e  f o r  tlie s i a l o n ,  can  be  a t t r i b u t e d  t o  s e v e r a l  f a c t o r s .  

T a b l e  14. R e s u l t s  of C---ring s t rength tests f o r  as - rece ived  and 
exposed t u b u l a r  mater ia ls  

S t r e n g t h  va lue , a  MPa  ( k s i )  
_____ _.__-_ ~ I I _ _ ~  ~ _._I-_.- 

Mat e r i a l .  Re p 0 r t eel Change As r e c e i v e d  Exposed 
by vritjlor ( X > b  

K T  S i c  142 (20.6) 178,6 8.2 
(25,9 2 1 .2 )  

CYU S i c  314 ( 4 5 , 5 )  346.7 Ifi 54.0 
(50*3 d- 7 .8 )  

a-S I C  - 304,6 2 52.3 
(44.2 t 7.6) 

-41203 186 (27.0)  146.8 2 18.8 
(21.3 2 2.7)  

Si.a Ion 300 ( 4 3 . 5 )  93.4 -t 10.3 
(13.6 2 1.5) 

198.6 * 1 3 - 4  4-11.2 
( 2 8 * 8  2.2) 

334.9 I 40.5 -3.4 
( 4 8 , 6  .t 5.9) 
292.0 2 24.4 -4* 1 
( 4 2 - 4  2 3.5)  

c 

'Numbers fo l lowing  .k s i g n  represent standard devi-al ion.  

bPercent change equals  (exposed v a l u e  minus as - rece ived  
v a l u e )  / a s - r eu? ived  va lue .  

cTube was cracked  t o o  extensively L o  be measured. 

ds t rength  v a l u e s  were ob ta ined  f r o m  C-r i a g  sampJ.es ox id i  z?d 
i n  a i r  a t  1250°C f o r  100 h. 
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F i r s t ,  the manufac turer ' s  tests involved  t h e  use of g e n e r i c  materials,  

which w r e  probably consider i rbly d i f  Eereiit from t h o s e  used i n  t h i s  s tudy .  

I n  f a c t ,  one might expec t  t h a t  t h e  sfrengt l i -e :ontvol l ing surEace f l a w s  in 

f l e x u r e  b a r s  t y p i c a l l y  used € o r  such  dsterni . inat ions w o u l d  be d i f - f e r e n t  

f rom t.hose i n  t u b u l a r  materi.al.s because of var ia t l ions  i n  the r e s p e c t i v e  

p r o c e s s i n g  and f a b r i c a t i o n  techniques .  Th i s  w a s  p a r t i c u l a r l y  tri.ie f o r  the 

s i a l o n .  For e x m p l e ,  a cornparison 05 the s u r f a c e  c h a r a c t e r i s t i c s  of t h e  

s t s l o n  tube with t hose  of bend ha-cs used i n  a r e l a t e d  sttztly18 suggested.  

t h a t  t h e  surface f l a w s  were uueh more s e v e r e  a l o n g  t u b u l a r  s u r f a c e s  

because  of the pla . te- type moi-phsl-ogy . T h h  would account  Cor the low 

v a l u e  of the a s - r ece ived  C-ring s t r e n g t h  r..orupared w i t h  tlie vendor ' s  va lue .  

Final l -y  , %he v a r i a t i o n s  between t h e  modulus of r u p t u r e  and as - rece ived  

C-ring s t r e n g t h  may have p a r t i a l l y  r e E l e c t a d  i n h e r e n t  d i f  f e s e n c e s  i n  the 

respec t ive  tes t  geometr ies  ( i . e+ ,  beiiding versus C-ring c.ompt:r?ssion 

l o a d i n g ) .  We are not  aware of any p e r t i n e n t  s t u d i e s  that  compare the 

C-ring t e n s i l e  s t r eng th  of a p a r t i c u l a r  material w i t h  t h a t  p r e d i c t e d  from 

f IeXuKe measurements. 

The exper iu ien ta l  d a t a  i n  Table  1 4  i n d i c a t e  t h a t  the C-ring s t r e n g t h s  

o f  t h e  S i c  tuber; were o n l y  s l i g h t l y  a f f e c t e d  by t h e  exposure  t o  t h e  c o a l  

s l a g .  The l a r g e s t  change occurred  i i l  t he  K1' S I C ,  which e x h i b i t e d  an 11.2% 

i n c r e a s e  a f t e r  t he  496-h t e s t .  Th i s  s t r e n g t h  i n c r e a s e ,  which w a s  a l s o  

observed  i n  o t h e r  s t u d i e s  invo lv ing  s i l i c o n i z e d  SiC, l  ,8 w a s  probably due 

t o  hl..urrtiog of t h e  s u r f a c e  f l aws  by the  v i s c o u s  oxide  l a y e r  t h a t  formed on 

t l ie ti.tbular surface dur ing  CRAF T e s t  2. The b l u n t i n g  p rocess  was a l s o  

l i k e l y  f a c i l i t a t e d  by deformat ion  of  the  s i l i c o n  phase p r e s e n t  i n  t h e  

KT Sic .  Th i s  expl .anat ion i s  c o n s i s t e n t  w i t h  the f a c t  t.hat no s t r e n g t h  

i n c r e a s e s  were observed f o r  the CVJ3 S i c  o r  cr-SiC, both of which con ta ined  

no  f r e e  s i l i c o n .  I n  f a c t ,  the s t r e n g t h  of t h e s e  two materials appeared t o  

d e c r e a s e  s l i g h t l y  a f t e r  t h e i r  exposure  t o  t h e  COM combustion products .  

However, s i n c e  the magnitude of these changes w a s  small when compared with 

tlie r e s p e c t i v e  s t anda rd  d e v i a t i o n s ,  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of the 

s t r i n g t h  r e d u c t i o n s  i s  q u e s t i o n a b l e  The pos t exyosure  s t r e n g t h s  of t he  

s i a l o n  and aluminum ox ide  materials cou ld  not  be a s c e r t a i n e d  s i n c e  these 

t u b e s  c racked  e x t e n s i v e l y  d u r i n g  t h e  CKAF exposure.  Neve r the l e s s ,  i n s i g h t s  
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i n t o  t h e  possible s t r eng th  changes o c c u r r i n g  i n  t h c  s i a l o i i  were obta  

b y  tory 3 r i n g  the 2s-received s t r e n g t h  w i  t h  t h e  value determlnc rl Erom 

C - r i n g  s a m p l e s  exposed t o  a i r  a t  1250°C f o r  100 h. This  t r e a t w n t  

r e s u l t e d  i n  t h e  for inat ion on 1-11~ o u t e r  C - r i n g  surface of an oxide c o a t i n g  

t h a t  was similar  t o  t h a t  obsecved on t h e  exposed tubps.  F rom Tab32 14 it  

i s  appa r rn t  that t h e  oxi d i z e d  st rthngth was s ig i r i f  i c a n t  1 y l a r g e r  t h a n  ifhe 

p r t ~ t e s t  value.  &ice again, a crack b l u n t i n g  mechanism r e l a t e d  t o  t h e  o x i -  

dat i o n  process  wa.c; probably r e s p o n s i b l e  f o r  t h e  s t r e n g t h  incre:>.;e. 

Specj  f I c a l l y  , l -he ox ide  laye 1' rnny have reduced t h s  sc.ver? t y  of tlir. p h t e  

l i k e  features of t h c  o r i g i n a l  tiibp surfacc.. F i n a l l y ,  i t  should  hc 1 

o u t  111dt:  he magniLudes of stia3ngt.h changcs ohserved j 1-1 

much s m a l l e r  t h a n  those obta ined  i n  CKaF Test I ,  which involv-d t h e  corn-- 

b u s t i o n  of only a No. T h i s  s u g g e s t s  that the SiiirtlJ nodulss  rliat 

formed on t h e  upstream s i d e  of t h e  s i l i c o n  carbide t u b e s  i n  Test 1 had a 

c o n s i d e r a b l y  g r e a t e r  i n f l u e n c e  on the €law p o p u l a t i o n  t h a n  d i d  zhe re f  iar- 

t o c y  c o a l  s l a g  p r e s e n t  i n  t h i s  s tudy .  

6 0 i l . l  

The genera l  t r ends  d i s c u s s e d  above  ere based scp1ely on the YOQ~~': 

t elnper,ature C-ring s t r e n g t h  va lues .  H ~ v F ~ v P _ ~ ,  the high-t2rnperaturc 

s t r e n p , t h  may u l t i i i ~ a t e l y  l i m i t  t h e  use  of a potent ia l .  nriiic HX m t e r k : .  

For  ex.2nipIe, a t  tempera turps  abnvrt 13r)r)"C deformat ion  of t h e  s i l i c o n  

phase i n  s i l i c o n i z e d  Sic may degrade t h e  o v e r a l l  t u h i l a r  element. A i  

lower Lcmperatuies,  f u e l  i m p u r i t i e s  such as i ron and n i c k e l  m,qy coin'*irie 

w i t h  t l w  s i l i c o n  t o  form low-mei'cing eu tcc t  i c s ,  which a l s o  f a c i l i t a t e  t h i s  

deformat ion  process ,  In a d d i t i o n ,  s l m J  c rack  g r f w t h  i n  ceramic m a t e r i a l  9 

a t  h igh  tempera ture  w i J  1 r e s u l t  i n  a long-tecriz s t r e n g t h  d r g c a d a t i s n ,  which 

may not be a p p a r e n t  i n  t h e  room-temperature v a l u e s  of t h e  preLest  and 

p os t-t 2s t C-ring s t r e n g t h .  Consequent Iy high-temp e r a t u r e  s t r e n g t h  

meacurements o f  as- rece ived  and exposed materials would be q u i t e  raseful. 

The f a c t  t h a t  t h e  alumina and s i a l o n  cracked e x t e n s i v e l y  d u r i n g  the  

495-11 exposure i indicates  t h a t  f a i r l y  l a r g e  stresses were genera ted  i n  the 

tubes .  The CRAF T e s t  2 exposure c o n d i t i o n s  i n c l u d e d  a t  least Iwc tmpor- 

t a n t  s o u r c e s  oE stressa Tile f i r s t  w a s  thermal s t resses  t h a t  

t h e  tempera ture  g r a d i e n t s  e s t a b l i s h e d  a c r o s s  Llie t u b e  walls. 

i f  t h e  h e a t  t r a n s f e r  through t h e  t u b e s  i s  c h a r a c t e r i z e d  by ra 

radi a1 f l o r ~  tha t  i s  independent O€ t h e  Iongiti-iclinal p o s i t i o n  



t u b e s  one can estimate the t empera tu re  d i s t r ih r i t i -on  f o r  s t e a d y - s t a t e  con-- 

d i t i o n s  as 

where 

the  p a r t i c u l a r  tubul.ar material, L i s  t h e  tube length,  P i  i s  the inner  

r a d i u s  of the  tube ,  a id  !l'l i s  t h e  tempera ture  all r = Pi. "he d e r i v a t i o n  

of t h i s  equat ion  i s  a l s o  based on the. a s sumpt ion  that the tciuperntures of 

t h e  i n n e r  and o u t e r  s u r f a c e s  d i d  no t  vary  w i . t h  posit.iori. Furthermore,  t l w  

t empera tu re  v a r i a t i o n s  a r i s i n g  f rom the presence. of t h e  coal s l a g ,  wliich 

was preferenrially d e p o s i t e d  upon the i.ipsl;rearu s i d e  of a l l   utre res, m e  not 

cons ide red  i n  t h i s  t.reatmi?ntI 

i s  the s t e a d y  s ta te  heat f l o w , *  k i s  the thermal  conducti.vlty of 

The pr imary advantage of the temperature. d i . s t r tbn t ion  g iven  above 1.s 

t h a t  i.t can be r e a d i l y  used .i.n cori.junction w i t h  the  equai:ioiis o-E l i n e a r  

e l a s t i c i t y 1 9 9  2" t o  c a l c u l a t e  the u~gni . tuc~e  o f  t h e  stycsscs r e s u l t i n g  from 

the! d i f  f eserrtial thermal s t r a i n s  e s t a b l i s h e d  by t.he tempera ture  gradLent. 

In terms of polar  coordinates t h e  t:aagenti.al, radial and 3.ongi. t:~.rdinal 

stresses Coo,, or, and a&, respective1.y) are 

a nd 

where E i s  Young's modulus,  v i s  Poisson's r a t i o ,  (Y i s  the thermal. expan-  

s i o n  coefficient, C is e q u a l  t o  q/2-irkL3 and -4, H ,  alad P4 a tc  inf-tJgratloii 

constants, which misl.. be chosen t o  s a t i s f y  the  hnoiriddry cond i t ions .  P r o ~ f l  

A T h e  va lue  of 4 can be determined from the data in Table 2, 



t h i s  a n a l y s i s ,  one p r e d i c t s  that:  she maximum t e n s i l e  stresses s k o v l d  occur  

a t  t h e  i n n e r  s u r f a c e  of  the Lube, where “ 8  s aZ > 0 and up = 0. In addi-  

t i o n ,  t h e  magnitude o f  t h e  “8 v a l u e s  predicLed f o r  the var ious  t u b u l a r  

materials (Tablc  153 i s  f a i r l y  s m a l l  when compared w i t h  the r e s p e c t i v e  

p r e t e s t  s t r c n p ; t l r s .  Tlierc€ort.A i t  i s  u n l i k e l y  t h a t  thcse p a r t i c u l a r  ttier- 

m a l  stresses were r e s p o n s i b l e  f o r  t h e  c r a c k i n g  observed i n  the s i n l o n  and 

a lumina  tubes .  However, i t  s h o ~ l d  be mlcntioneri t h a t  thcse p r e d i c t e d  

stress v a l u e s  n e g l e c t  the c o n t r i b u t i o n  f r a m  bending t h a t  wcsuld ar ise  froin 

unsymmetr ical  heat f low through the tubes.9 

become p a r t i c u l a r l y  impor tan t  i n  long t u b u l a r  materials used i n  a cross- 

f l o w  HX a r r a y ,  i t  must he cons idered .  

S i n c e  t h i s  contributi~n would 

Therm1 stresses could  have a l s o  been genera ted  as a resnlt. of  t h e  

thermal  expansion mismatch between t h e  t h i c k  d e p o s i t s  of c o a l  s l a g  and t h e  

trihralas materials. S i n c e  i-he s l a g  matrix w a s  composed p r i m a r i l y  o f  an 

a l u m i n o s i l i c a t e  glass ,  i t s  average  thermal expansion c o e f f i c i e n t  w a s  prob- 

a b l y  about  ’1 X 1+/ ‘C ~rahi ch i s  smaJ.ler than  t h e  cocf E ie ien ts  a s s o c i a t e d  

T a b l e  15. Estimation of thermal  stresses 
r e s u l t i n g  from s teady  s ta te  h e a t  flow 

th rough ceramic t u b e s  i n  C U F  ‘Test 1 

Tangent ia l  stress, 
08, a t  i n n e r  R a t i o  of crg 

Material r a d i u s a  t o  measured 
_._ p r e t e s t  s t r e n g t h  

( m a  1 ( k s i )  

CLISiC 17.2 2,50  0.06 

CVD sic 17.2 2.50 0.05 

r r  sic 58.6 8,51 0.33  

A1203 67.8 9.83 0.46 

S i a l  on 17.1 2.48 0.18 
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with  a l l  f i v e  ceramic materials ( T a b l e  6) .  Although the p r o p e r t y  d a t a  i n  

Tab?.e  6 i n d i c a t e  that: the thermal expans ion  c o e f f i c i e n t  of s i a l o n  i s  

sm~ller than  4 X l O - b / O C ,  t h e  exper imenta l  thermal  expans ion  d a t a  f o r  the 

t u b u l a r  matezial. r e v e d e d  a s i g n l E i c a n t l y  h i g h e r  v a l u e  (-4.7 X ~ C J - ~ / ~ C ) .  

Consequent ly ,  du r ing  t h e  cooldown. fo l lowing  the long-term exposure ,  the  

c o n t r a c t i o n  of the. ceramic tubes w a s  c o n s t r a i n e d  by t h e  c o a l  s l a g  layer .  

1 I - r  the case. o f  the S-EC tubes,  t h i s  c o n s t r a i n t  was extremely IimiLted 

because of t h e  lack of adequatc  bonding between the ceramic and s l a g ,  

H O X ~ V Q ~ ,  t h e  5ti:ong adherence o f  the slag t o  bo th  the alumina and sialorn 

t u b e s  may have f a c i l i t a t e d  this; c o n s t r a i n i n g  a c t i o n ,  which i r l t i t a a t e l y  l ed  

t o  the format ion  of cons ide rab le  mecl9aaical stresses on cooldown t o  

a n b i  e n t  rerap c r a t u  re e 

One can estimates these stresses by approxi.inating t h e  s lag-ceramic 

geometry as two c o n c e n t r i c  cy1i.aders d i f f e r i n g  i n  t h e m a l .  expaasion 

c o e f f i c i e n t s .  Furtherrnnre,  a t  some e l e v a t e d  t empera tu re  PjL ,  the  

c o n s t r a i n t  and t h u s  the induced s ~ r e s s e a  are  assuilled t o  be zero.  I n  CRAF 

Test 2,  Th corresponds  t o  the temperat~.ire a t  which the s l a g  v iscos i t ry  was 

s u f f i c i e n t  &o e l a s t i . c a l l y  r e s t r a i n  the c o n t r a c t i o n  of the alhuuii-ta cr 

s i d o n  tubes .  Upon cooldown t o  room temperature, T,, t h e  d i f f e r e n t i a l  

c o n t r a c t i o n  between the c o n c e n t r i c  c y l i n d e r s  , produces a pressimre ' D l  at 

L I I ~  which is  g tven  as - 1  

r~7h~re  k l  i s  t h e  r a t i o  of the i n n e r  t o  o u t e r  r a d i u s  o f  t he  i n n e r  c y l i n d e r  

( i . e . ,  ceramic t u b e ) ,  k2 i s  t h e  r a t i o  of t he  o u t e r  t o  i n n e r  r a d i u s  of t h e  

o u t e r  c y l i n d e r  ( i . e . ,  t h e  c o a l  slag), E i s  Young's modulus, v i s  Po i s son ' s  

r a t i o ,  and a i s  the thermal expansion c o e f f i c i e n t .  The s u b s c r i p t s  e and s 
refer t o  t h e  ceramic and s l a g ,  r t&spec t ive ly .  

s tresses t h a t  are developed i n  t h e  ceramic a s  a r e s u l t  of t h i s  pressure are 

The r a d i a l  and t a n g e n t i a l  
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are jo ined  t o g e t h e r  and how they  are f a s t e n e d  i n t o  t h e  header  blocks.  Con-. 

sequenkly,  a more s o p h i s t i c a t e d  a n a l y s i s  w i l l  e v e n t u a l l y  be necessary  t o  

e n s u r e  t h a t  t h e  m a x i m u m  s e r v i c e  stress does not exceed t h e  s t r e n g t h  of t h e  

t u b u l a r  material. Never the less ,  t h e  p r e s e n t  C-ring s t r e n g t h  measurements 

and a s s o c i a t e d  stress a n a l y s e s  s t i l l  y i e l d  u s e f u l  in format ion ,  which can 

be used t o  make an i n i t i a l  e v a l u a t i o n  of p o t e n t i a l  ceramic HX materials. 

SLJMMARY AND CONCLUSIONS 

The 496-11 exposure t o  t h e  combustion products  of t h e  ac id ic -ash  c o a l  

r e s t i l t e d  i n  the format ion  of t h i c k  d e p o s i t s  of coal  s l a g  on all tubes.  

The f a c t  t h a t  the chemical composition or' the  c o a l  s l a g  w a s  q u i t e  similar 

t o  t h a t  of t h e  i n i t i a l  c o a l  ash gave evidence t h a t  t h e  CON f u e l  could be 

s u c c e s s f u l l y  used t o  s tudy t h e  e f f e c t s  of c o a l  combustion upon t h e  s t r u c -  

t u r a l  and chemical p r o p e r t i e s  o f  t h e  f i v e  ceramic materials. However, t h e  

a l t e r a t i o n  of t h e s e  p r o p e r t i e s  r e s u l t i n g  from the combustion of t h e  oil. 

i t s e l f  w a s  a p p a r e n t l y  minimized- 

The s t r o n g  i n t e r f a c i a l  bonds formed between t h e  c o a l  s l a g  and both 

t h e  s i a l o n  and AI203 t u b e  were a p p a r e n t l y  r e s p o n s i b l e  f o r  t h e  e x t e n s i v e  

c r a c k i n g  observed i n  t h e s e  two materials. This f r a c t u r e  problem raises 

s e r i o u s  q u e s t i o n s  concerning t h e  use  of t h e  s i a l o n  and A1203 materials i n  

I-IX a p p l i c a t i o n s  involv ing  h i g h l y  f o u l i n g  environments c o n t a i n i n g  a c i d i c  

c o a l  ash c o n s t i t u e n t s .  Conversely,  a l l  t h e  s i l i c o n  c a r b i d e  tubes  

i n c l u d i n g  KT SIC, crSiC, and CVD S i c  s u r v i v e d  t h e  exposure without  any 

major m a t e r i a l  degradat ion.  From t h i s  o b s e r v a t i o n  and t h e  r e s u l t s  of CKAF 

T e s t  1, i t  i s  apparent  t h a t  the KT, e--, and CVD s i l i c o n  c a r b i d e s  are 

e x c e l l e n t  KX c a n d i d a t e s  when e i t h e r  No, 5 o i l  o r  a c i d i c  c o a l  ash f u e l  

i m p u r i t i e s  are present  i n  the flX envirornrnent. 

With the e x c e p t i o n  of t h e  KT S i c ,  m e t a l l o g r a p h i c  and SEM a n a l y s e s  

r e v e a l e d  no s i g n i f i c a n t  changes in t h e  mi.crvstructu-ces of t h e  s i l i c o n  

c a r b i d e  materials fo l lowing  t h e  496-h exposure. A few i s o l a t e d  c o r r o s i o n  

p i t s  formed along t h e  ups t rearc  s u r f a c e  of  t h e  KT S i c .  However, t h e  t o t a l  

amount of sur f  a c e  c o r r o s i o n  w a s  s t i l l  q u i t e  l i m i t e d ,  'fie m i c r o s t r u c t u r a l  

a n a l y s e s  of t h e  s i a l o n  and Al.203 t u b e s  revea led  a 150-pn-thLck o x i d a t  Lon 

l a y e r  a t  t h e  s i a l o n - s l a g  i n t e r f a c e  and a 6- t o  12-pn-t.hick a l u m i n o s i l i c a t e  
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l aye r  a t  tl9e alumina-slag i n t e r f a c e .  The oxide product  a t  the sii3lon sur- 

f ace w a s  appa ren t ly  composed of s i l i c o n  ~ x i d e  and a magnesium aluminosili- 

care. The sl:rong i n t e r f a c i a l  bonding coupled w i t h  t h e  thermal  expansion 

mismatch between the  s l a g  and both ceramic materials vay have l e d  t o  the 

format  i n n  of large t e n s i l e  st.resses i n  the respective t u b u l a r  elements 

upon cooldown f rom the 1230°C: test  tempera turec  These stresses worild have 

been s c f f i c i e n t  t o  cause f r a c t u s e  i n  the alumina tuhes.  

Besi-des the above-mentioned microstrucl;nral changes , t h e  496-h expo- 

s u r e  was a l s o  r e s p o n s i b l e  f o r  a complcx red i . s t r ibu t i .on  i n  the COD-’ 

cen t ra t ion  of many of the minor e l emen ta l  i m p u r i t i e s .  The reasons  f o r  

these changes and t h e i r  e f fec t  on t h e  s t ~ e n g t h ,  thema1. expansion,  and 

hel.?.i.im pe rmeab i - l i t y  of t h e  t u b u l a r  materials were not c l e a r l y  ev ident .  

!IixrJeverB tilere w a s  evidence that the  formation of  the t h i c k  coal slag 

d e p o s i t s  du r ing  the test l i m i t e d  the t r a n s p o r t  of e lemznts  such as i c o n ,  

n i c k e l ,  and sodium. This was f u r t h e r  confirmed by t h e  f a i r l y  l a r g e  con- 

ceixtrations of these f u e l  i m p u r i t i e s  i n  t h e  tubinI.ar materials exposed i n  

C l l a F  T e s t  1, wh:i.ch were cavered only ~ i t h  small i s o l a t e d  nodules.  

T h e  hel ium p e r m e a b i l i t i e s  of t h e  s u r v i v i n g  exposed s i l i c o n  carhide 

t u b e s  were not s i g n i f i c a n t l y  different from the r e s p e c t i v e  va lues  measured 

5 or  the as-received lnaterials a t  each p r e s s u r e  d i f € e r e n t i a l .  In addition, 

t h e  heli1.m l e a k  rates f o r  both the pretest  and exposed tubes  increased  by 

a t  most one o r d e r  of magnittde as the hel ium p r e s s u r e  d i f f e r e n t i a l  was 

raised t o  618 IrPa. The on3.y excep t ion  to t:his w a s  t r h e  exposed wS:LC 

( t u b e  ?.), which e x h i b i t e d  an i n c r e a s e  i n  helium p e r m e a b i l i t y  two orders of 

magnitude 

T h e  resi.xlts of the t.1wtxi.a’~ expansion measurements a f t e r  the long- te rn  

e x p o s ~ ~ r e  revealed some very s i g n i f i c a n t  changes i n  many of the  tiitaes. 

Except t o r  the sbalon, the  thermal  expa-cision of t he  exposed upstream 

saiiip le a t  tempera tures  arot.lnd 1100°C was s i g n i f i c a n t l y  larger than rt.Xzt of 

t h e  as - rece ived  m a t e r i a l .  %ne therliaa 1 expansion of t h e  exposed dct?anst:ream 

specimen generaTPy f e l l .  betwcen these two estrenes. ’Ibe d i f f  eren% i a l  

I.xl>iI>ISisn characteris t i.cs of the exposed tubes are of p a r t i c u l a r  ~ Q I ~ c < ? ? x ~ I  

sin(:2 they  rmnld be expec ted  to cause the formation of c o n s i d e r a b l e  

s t- i -C:BseR i n  I.ong tubznl.ar e lements  The as - rece ived  s i a l o n  ceramic 

exhibited a l a r g e  experision-contracti.oil h y s t e r e s i s ,  which w a s  related t o  



the fo rma t ion  of an ox3.de l a y e r  on the o u t e r  s u r f a c e .  ‘r‘nis hysteresis 

e f fec t  may have been partly responsi .hle  for  the  c r a c k i n g  i n  this mtesj.al, 

Ciiareatl_y, d i f  fereatial thermal exganslon measurements which are con- 

sider;ibl.y more s e m i t i  ve to  microstructural- variations, are being  made i.n 

an attemp’: t o  better itaderstand 1:he imusual thermal expansion eharac- 

tejristics we observed, 

A f a i r l y  large illcrei3se i n  the roowternpei-ature C-ring strength of 

t h e  KT S I C  O I C C I I P ~ ~ ~  dur ing  the t e s t  expssure. Thi.s increase w a s  apparently 

re l a t e 6  5-0 hi.gh-temperatuse €law blunting pavcesses which dec 

sever1 ty of t h e  surface flaws. These ~ K - Q W ~ S ~ S  were probably f ac i l i t a t ed  

by deforiiiat t on  of the  silicon phase, which is coiisl.sterit w t t h  the absence 

o f  s iga i f i can t  stretigth increases for  e i ther  the CVX, o r  U - S i C  ceramics, 

Both these materials contain l i t t l e  o r  no free siJ.i.con, The s t r e n g t h  

changes 3.n A1203 o r  sialon coirld not  be ascertained because o f  the exten- 

eking of  the exposed m erPals.  Homver, the as-reeeived s t r e n g t h  

vd.1xes for b o t h  ceraml.a:s w e r e  f a i r ly  Pown 
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0. :357 :0.08) 0.31 

0.37 0. IJ29: (0.02) 0.133 (0 .  12) 

0.52 0.:3!3 (0.70) 0.:3139 (0.28) 0.131 (0.50) 0. 13!5 (0.0:) 

0.02 0. 129: 1'3.80) 0.:2897 (0.04) 0.129 1'0.10) 

3.:,7 0.1260 (0.50) 0.i255 (0.03) 0.i26 (5.10) 

3.0: 3. : 2 5  (0. i o )  0. 1246 (0. 13) 

0.31 

0.03 

0.02 

0.03 

(0.0: 

3.03 

0.31 

0.04 

0.07 

0.02 

(3.0 ~ 

0.1228 (0.04) 0.121 (0. 10) 

0.114 (0.10) 0.1131 !c'.Oi 1 

0 . :  13 :0.10) 0. I IO83 (0.17) 

0. 139; (0.20) 0. 10804 :3.03) 0. :09 <0. : O )  

0.107 (0.20) 0. :072 (0.13, 

0. 1044: (0.03) 0.1011 (3.  ' 0 )  0.13450 (0.09) 0. I350 (0.51) 

0.100 (0.10) 

0.0955 (3.40) 0.09995 (0.05) 0.0995 (0.20) 

0.3988 (0.40) 3.09890 :0.02) 0.0984 (0.10) 

0.0975 (o.r,oj 0.09743 (3.03) 3.097: ; ~ . Z O )  

0.3990 (0.04) 
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Tab le  A3. X-ray d i f f r a c t i o r i  results for a-Sic 

~ ~~~ ~~ ~~ 

Exposed ma;er i a i  - ups tream area Known d. nm, and : ; n tens i+ ias )  
As-recei vec m:er i a I 

Sur face reg ion  Subsurface reg ion  C 
a-s ic 3 3 ~  a-Sic 1 2 ~  0-Sic 4H a-SIC i5S 

JCPDS JCDSS JCJDS JCPDS 
Graph i te  

X P D S  
22- 1316 29- I120 22- 13 I 7  22- 130 i 

Re i d T i  ve ?e la.;i ve 
i n-ten-; i t y  

R e l a t i v e  

( n m )  i n t e n s i t y  25-64 
( n m )  intensity d (nm) , 

2 

3 3.33512 

8 

5 

6 0.25604 

7 0.26084 

ii 0.25523 

Y 0.250-4 

13 

I I 3.23441 

12 0.217:8 

13 0.2398' 

14 3.2370' 

15 0.19901 

16 

17 8.16995 

i e  0.16723 

19 0.16030 

20 0. 159Oi 

2 I 0.15552 

22 0.15360 

23 0. 14399 

0.02 

0.02 

0.26 

0.02 

1.00 

0. a0 

0.2i 

0.Oi 

0.0.  

0.08 

0.0' 

0.38 

0.02 

0.31 

0.01 

0.74 

0.04 

0.54 193 

0.33212 

0.28386 

0.25002 

0.25495 

0.2493 I 

0.23364 

0.2:6i 1 

0.19670 

0.18715 

0.16961 

0. 6699 

0. 6029 

0.15909 

0. I5336 

0.:4391 

J.0 I 

3.0 I 

0.05 

0.2'4 

<2.01 

1.30 

0.27 

0. I3 

0.04 

0.08 

CO.01 

0.:15 

<0.01 

co.01 

0.43 

0.02 

0.50178 

0.5363J 

0.30706 

0. ? IY 1 6 

0.26634 

0.26204 

0.25519 

0.251 15 

0.23854 

0.23530 

0.21759 

0.2 : O M  

0.20803 

0. :99BO 

0.16992 

0.16774 

0.16065 

0.15947 

0. ; 5568 

3. I5394 

0. 14429 

0.04 

3.ci 

0.0: 

1.01 

0.01 

0.38 

0.06 

1.0c 

0.04 

0.45 

0.18 

0.51 

0:2 I 

0.08 

0.02 

0.09 

0.31 

0.02 

0.31 

0.81 

0.02 

0.263 (0.50) 

0.253 (1.00) 

0.238 (0.60) 

0.218 :3.30) 

0.209 ;0.20) 

0.209 :0.20) 

0.i69 (0.20) 

0.164 (3.20) 

C.:55 i0.30) 

0.;54 (3.80) 

0.1434 (0.30) 

0.2628 (0.55) 

0.2516 (1.03! 

0.2357 (0.35) 

0.2179 (0.14) 

0.2561 (0.20) 

0.2573 : 1.00) 

0.2543 ;0.33) 

0.2352 (0.90) 

3.2084 (3.25) 

0. I999 (0.05) 

0.1677i (0.06) 

0. 1504 (0.30) 

0. '5427 (0.43) 0. I537 (0.45) 

2.266 (3.40) 

3.258 (3.80) 

2.251 ( 3 . K ' )  

0.240 (0.70) 

3.232 (3.60) 

3.219 {g. 10) 

0.21' (0.30) 

0. i97 :3. I O )  

3.170 (0.20) 

0.159 

0. 154 

0.1444 

3.53) 

1.00) 

(0.60) 

c.335 ::.oo) 

0.203 ;0.50) 

0. I678 (0.801 



Table A3. [Cont inued) 

Exposed m ~ e r  I a I - upstroam area Known d, nm, and CinTensItiss) 
As-reuel ved mater1 a I 

c 
Graphite 

JCPDS 
23-54 

~~ 

a-sic 133 Surface region Subsurface region 

Re I at i ve 
I "ens 1 ty 

*SIC 338 *-Sic 12H a-sic 4~ 
JCPDS JCPRS JCPDS JCFDS 

29-1128 22-1317 22- 130 i 22- 3 ,  cl (ami he I at i ve 
Intensity 

Re !at I YB 
(nm) intensity d (nm) 

24 0.14177 

25 0.13958 

26 

27 0.13261 

25 C.13115 

29 0.12869 

30 0.12559 

51 0.21291 

~ 

0.26 0,14160 0.13 

0.01 

0.04 0.13217 0.05 

0.63 0.13098 0.30 

0.09 0.12854 0.06 

0.03 0.12546 0.05 

0.05 0.!2174 0.01 

0.14207 0.24 0.1410 (0.30) 0.14198 (0.12) 0.1418 fo.4e) 

0.:395 i0.4c: 0.13987 0.01 

0.13706 cO.01 

0.13283 0.D6 G.13ZYi (0.02) 0.1320 <0.20) 

0.13139 0.76 0, I313 (0.70) 0,13139 (0.28) 0.131 1 (C.35) 0.131 1 (0.90) 

0.12892 0.13 3.7291 C0.30) 0.12897 (0.04) 0.1286 (0 .25)  3.1297 (0.20) 

0.12575 0.08 0.1260 (3.30) 0.12583 (0.M) 0.1257 (0.20) 

0.12210 0.06 0.1252 (0.30) 

32 0,11476 <0.0t 

35 0.11335 G.04 0.11350 0.01 0,11347 0.C9 

34 0.17045 cO.01 0.11062 cO.01 C.II07P 0.G; 

0.1138 (0.05) 

9.1110 (0.15) O.IIG5 (0.30) 

35 0.10858 0.12 0.10676 0.03 0,IOBYS 0.iC 0,1091 C0.20) 0.10894 f0.03) O.iO89 (0.20) 

36 LlC653 0.02 O.tO662 0.01 G.10658 0.02 0.1072 (C.10) 3.1053 :0.40> 

37 0.10459 0.09 a. ioao 0.03 0.1~441 0.09 0.1044 (o.m) o.Io44i (0.93) 0.1042 (0.50) 0.1034 [0.40) 

38 0.10056 0.01 0.10068 <O.O! hC t ana I (zed G.13001 (C.20) 3.1000 (0.60! 

35 0.0W96 

40 6.09884 0.04 0,09867 0.03 Not analyzed C.0988 (!j,40) 0.09890 (0.6:) 0.09863 (C.201 6.0984 (0.30) 

4'1 0.09748 0.08 0.09732 0.05 Yat analyzea 0.3975 (3.40) 0.09745 (0.03; 0.09744 tO, 15) 3.0975 (0.60) 

0.09 0,09978 0.06 NGP analyzed 0.09YS (0.40) 6,09998 CC.C5) 0.0990 (0.36) 0.0994 (0.40) 



1 2 6  

T a b l e  A4. X-ray d i f f r a c t  ion i-esu1t.s f o r  as-rcccfvcd s i a l o n  

- __ . . . . . . . . . . . . . . . . . . . . -. -. . . . . . . . . .-. . . . . . . . . . . . . -. . . . - 
Outer sur faco  inner  sur faco  

. . . . . . . . . . . .. B’-Si2N4 Si3A12.67M404 ~ ’ - ~ ~ ~ l ~ ~  
JCPOS l”Q -5 i a 1 on b 

s i  2~ i 4 ~ 4 ~ @ 2 b  JCPOS Re i a t l  ve Re I a t i  vu 
d ( n m l  intensity d (nm) intsnslty 29-1132 25- I492 

1 0.71296 

2 0.66198 

3 

4 0.37880 

5 0,32725 

6 0.28387 

7 0.27420 

8 

9 0.26604 

10 0.26227 

1 1  0.25770 

12 0.24780 

13 0.23660 

14 0.23346 

15 0.23122 

16 0.72848 

17 0.21869 

18 0.21481 

19 0.21247 

20 0.19883 

21 0.19>>4 

22 0.19381 

23 0.18372 

24 0.18203 

25 0.17654 

25 0.17688 

27 0.17263 

28 0.16574 

29 

50 0.15839 

31 0.15672 

32 

33 

34 0.15147 

35 0.14900 

36 0.14575 

37 0.14403 

0.03 

0.03 

0.01 

0.24 

0.01 

0.75 

0.29 

0.10 

0.98 

1.00 

0.59 

0.01 

0.07 

0. c6 

0,21 

0.18 

0.13 

0.11 

0.51 

0.14 

0.07 

0.42 

0.07 

0.18 

0. I 4  

0.06 

0.08 

0.05 

0.33 

0.90 

0. I 6  

0.01 

0.71 185 

0.66819 

0.51965 

0.3851 2 

0.>325 

0.21155 

0.27180 

0.26576 

0,26134 

0.25161 

0.24050 

0.2351 1 

0.231 57 

0.2217 

0.21619 

0.20144 

0.19725 

0.19189 

0.18468 

0, 1 i s > a  

0. 17546 

0.16823 

0.16123 

0.1 %d 

0.15404 

0.15356 

0.1523 1 

0.14860 

0.14512 

0.01 

0.21 

co.01 

0.35 

0.95 

0.30 

0.91 

0. I6 

0.19 

1.00 

0. I 3  

0.10 

0.04 

0.36 

0.03 

0.04 

0.03 

0.11 

0.17 

0.31 

0.07 

<o. 0 1 

0. I 3  

0.05 

co.01 

0.02 

0. I 4  

0.13 

0.11 

0,658 (0.47) 

0.380 (0.42) 

0.329 (1.00) 

0.665 (0.40) 

0.384 (0.40) 

0.332 (0.75) 

0.2714 (0.90) 

0,266 (0.95) 

0.249 (0.95) 

0.231 (0.061 

0,?18 (0.33) 

0.1302 (0 .08 )  

0. I892 (0.05) 

0.1827 (0.12) 

0.1753 (0.35) 

0.1592 (0.11) 

0.2513 (0.90) 

0.2350 (0.15) 

0.2216 (0.50) 

0,1919 (0.20) 

0.1662 (0.01) 

0- 1612 (0.30) 

0.1567 (0.19) 

0.1548 (0.06) 

0.1511 (0.14) 

0.1455 (0.14) 

0. I438 (0,071 

0.1525 (0.35) 

0.148i r0.40) 

0,1451 (0.25) 

0.6679 (TI 

0.3856 (m) 

0.3339 ( v s )  

0.2740 ( v s )  

0.2523 ( b 5 )  

0.2570 ( w )  

0.222G (5) 

0.1933 ( w )  

0.1852 (m*: 

0.17aY t s )  

0.1623 (m! 

0.1577 ( I I W ‘  

0.1532 (m) 

0.1562 (c’l 

0.1457 ( ~ 1  

0.3271 ( w )  

0.2722 ( 5 )  

0.2650 (vs)  

0.2GIG Ew) 

02383 (5) 

0.2333 i w )  

0.2274 !ml 

0.2057 (I) 

0.1899 Evs) 

0.1751 ( w )  

0.1531 ( v s )  

0.1497 (m) 



Table A4. (Continued) 

- 
38 

39 

40 

4 1  

42 

43 

44 

4 5  

40 

4 1  

18 

47 

50 

51 

51 

57 

5 4  

55 

56 

57 

5e 

59 

60 

61 

67 

kxper imenta l  r e s u l t s  
Known d,  om. and ( I n t e n s i t i e s )  .. _._I.._ .__I_ 

i n t e n s i t y  _ _  .... 
0.14250 

0. 178113 

0.13408 

0.13244 

0. 1.3 1 15 

0. 1 7 9 ~ 8  

0.17833 

0. I 2 R W  

0.12591 

0,12478 

0.11830 

0,117%% 

0.11392 

0.11244 

0. IC958 

0,10757 

0.10619 

0.10479 

0.10J2.5 

0.10176 

0 ,  IC075 

0.06 

0.04 

0. I5 

0.18 

0,139 

0.42 

0.18 

0.09 

0.04 

0.15 

0.39 

0.03 

0.05 

0.04 

0.18 

0.05 

O,02 

0.02 

0.06 

0.02 

0.03 

0.14250 

0.13876 

0.13556 

0.13398 

0.13287 

0.13057 

0.12786 

0.12557 

0,12101 

0.11952 

0.11744 

0.11574 

0.11077 

0.11)9:52 

0.10872 

0. 10638 

0 , ~  10477 

0. 10.373 

0. 1 IT246 

0.101:8 

0.01 

0.02 

0.42 

0.02 

0.05 

0.18 

0. I 7  

0,02 

(0.01 

0,02 

0.02 

0. Ob 

0.03 

0.03 

c0. 0 1 

0-06 

0.01 

0.04 

0.01 

0.0% 

0.1434 (0 .06)  

0.1359 (0.02) 

0.1341 (0.40) 

0, lSJI  (0.08) 

0. I289 (0 .20)  

0,1268 (0,061 

0.125'7 (0. 16) 

0.1200 (0.02) 

0. I184 (0.01) 

0.1386 (0.14) 0,1400 ( v w f  0.1391 (rn) 

0,1357 (1.00) 0.1365 i v s )  

0.1336 ( w )  0.1335 !ml 

0. I330 (0.08) 0.1326 (*o 

0.1311 ( 5 )  

0, I304 (0.609 c 0.1309 tu! 

c 

0,1179 (0.60) 

0.1256 (0.04) 

0. I214 (0.061 

0.1 I94 (0.06) 

0.1115 (0.06) 

0.1156 (0.021 

0.1138 (0.04) 

0.1096 (0.04) 

0.1083 (0.031 

0,1055 (0.01) 

0.1048 (0.07) 

0.1023 (0.041 

0.1045 (0 .02)  

..._ 

OLattors 111 parentheses represent  d i f f r a c t i m  I I n u  i n t e n s i t i e s  where vw = very weak, u = weak., rn = m d i m  

h a i 3  from G. K. Layden, l k l k ? h p Z ? t t  Of .W7L'N !&&&h, CR-135290, U n i t e d  Technologies t?esearch Center, 

n modiurn, s = str-ong, actd us = very strong, 

F a s t  i-lsrtfurd. Cotin., IDemrnbsr 19.17, and K. i-l. Jack, "X-Hay n a t a  for S i a l o n s  and O t h e r  Ni t rogen  Ceramic 
? h a s ~ s ~ "  unpublished data, Dept, of Metai l u r g y  and Engineer ing M a t e r i a l s  C r y s t a l  lographic L a b r a t a r y ,  
University of Idewcastlti Upon Tyne, England. 

%-spacings k l o w  precudiny va lue not given.  



1 3.826% 

2 0.55061 

3 0.53075 

4 3.5094 

5 0.48562 

6 0.65931 

7 3.40447 

8 0.31902 

9 0.3633 

‘0 0.33920 

3.33475 

17 0.32816 

14 0.31018 

I $  0.30089 

5 3.28410 

16 0.27562 

17 0.25669 

I O  0.25.08 

9 3.26019 

20 0.25289 

21 0.24930 

22 0.24206 

23 0.73816 

24 0.23305 

0.a89 (0.30) 

0.4579 (0,16) 

0.4094 i0.50) 0.435 ( ‘ .03)  

0.456 (0.301 

0.353 13.04) 

0.3379 (0 .50 )  

0.32744 0.55 0.329 ( i .00) 

0.28169 3.08 

0.27523 3.35 

026785 0.83 

3.26320 0. $2 

0.25939 3.04 

0.24863 .30 

0.24131 0.06 

0.25173 0.33 

3.23219 0.07 

0.3135 (0.65) 

0.3027 L0.05) 

0.314 (0.12) 

0.284l (0. , ‘ > I  

0.2540 (0.251 

0.45702 0.03 

0.37737 3.50 0.383 (0.42) 0.384 (0.43) 0.3357 ( m l  

J.332 (0.75) 3.3342 ( v s )  

0.34 3.846 (1.30) 

0. i9 0.64402 0.11 0.658 10.42) 0.665 (0.00) 0.6683 (n) 

0.02 0.535 (0.73) 

0.82 

3.0 

0.04 

0.99 

0.33 

3.0: 

0.05 

0. I i 

0.83 

0.03 

0.04 

0.34 

0.07 

0. e6 

0. : 6  

0.05 

3.07 

1.00 

0. I I 

0.06 

0.07 

0.2714 (0.90) 0.2741 ( v s )  

8.266 t0.95) 0.2670 ( v s )  

0.2043 i s )  

0.2589 ( m r )  

0 .25 :3  (0.91)) 0.2525 ( v s )  0.253 (0.90) 

0.249 (0.95) 0.24971 I m w )  c1.2455 (0.231 

0.24 IC, (0.04) 0.242 (0.60) 

0.237 (0.iO) 

0.230 (0.30) 

0.7383 ( 5 )  0.2350 (0. 151 0.2371 ( w )  

0 . 2 3 ;  (3.06) 0.2349 :rw? 0.2338 (0. 12) 

0.373 (0.50) 
d 

iv 
co 

0.34 I (0.90) 

0.336 (1.00) 

0.319 (0.10) 

3.283 (0.70) 

0.268 :O.80) 
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Table A5. { C o n t i n m i ]  

Experlmen.:al r e s u l t s  Known d, nm, and ( I n t e n s i t i e s )  

Surface reg  i on-upstream Su bsuriace-upstream Alpna c r i s t o b a : i t e  S i l l i m a n i t e  
f - s  i a !on Si02 A I 203* S i o2  6’-si31J4 Si3A12.67hi404 

29-! :32  25- I492 
Re l a t l  ve JCPOS JCPOS S : pA I 4N~04aJ JCPDS JCPDS JCPDS 
1 n tens I t y  

Mg-siaion  ti a,’ 
13-293 

; 1-695 10-359 d : nmJ  
R e l a t i v e  

(nm) i n t e n s i t y  

49 0.13268 0.07 0.!3250 0.03 0. i3 l6  <0.04) 0.13:; (5) 0.1332 ( 5 )  c 

50 0.?2983 0. I 6  0.12979 0.\6 0.3289 10.20) 0.1304 (0.60) C c 0.1299 (0.06) 

51 0.12850 0.05 0.1265: 0.03 0.1279 (0.60) 0.1281 i0.04) 

52 0.12730 0. 14 9.12723 0.13 

53 0.12589 0.03 a. !263 ;9.06) 0. I256 (0.04) 

54 0.12530 0. e4 0.12510 0.02 0.125: (3.16) 

55 0. 12364 0.01 0. :242 :0.02) 

56 0.12322 0.01 

57 0.i2088 (0.01 0. 12074 0.01 0.1200 (0.C2) 0. i 2 i d  (0.06) 

0.01 0.7 189/ co.01 0.1 :83  (0.0’) 0.1194 (0.061 56 0. I1854 

0.1233 (0.02) 

0.1210 (0.041 

0.1 183 (0.021 

59 0.11694 0.0: 0.1 1688 0.02 0. 1156 (0 .02 )  3.; :75 (0.06) e 

60 0.:1047 0. a5 0.:1045 0.02 c 

aLef lers i n  parentheses represent  d i f f r a c t i o n  l i n e  Jn.:ensit;es where yw = very weak, w = weak, m = medium, weak, m = medium, s = srrong, and vs = very strong. 

b a T a  from G. K. Layden, i?el227..?~~& of &m’!iWmkla, CR-135290, Uni ted Tecnnologies Research Center, EasT ‘- lartford, Conn., December i977, an6 K. H. Jack. “X-Ray 
Data for  Sia lons and Otner Ni t rogen Ceramic Phases,” unpuS:ished data, 3ept. of Metal lur-gy and Enyineer ing M a t e r i a l s  C r y s t a i  lographic  iabora.rory. U n i v e r s i t y  of Newcastle 
dpon Tyne, England. 

Cd-spacings b : o w  preceding va lue n o t  given. 



131 

Tab le  A6. X-ray d i f f r a c t i o n  r e s u l t s  for  AI203 

I__. .. . . . . . . . ... I _ I . ~ . I  __ _I-_-I__ 

Exposed material  -upstream area Known d, nm, and (Intensifies) 
R S - I - K Q ~  ved mlar I a I _._.._.-_..-I_ 

Surfaco r q l o n  Si~bsurface region T r l d y a i t o  A1.pi-s quartz 
-.. 5i02 a-SIO2 

*-A 1203 
JCPDS 

10-173 

II l._l_._._...._ .._.__.. 
JCPUS JCPDS 
14-260 5-0490 

Relative R6 1 a t l  VR i?e I a i - I  ve 

i n t e n s i b  d (rm) 1 niensl t y  l n m )  inienslty 
d (nm) 

.... 

1 

2 

3 0,34702 

a 
5 

5 C.25446 

7 

8 

P 0.23738 

10 

1 1  0.21604 

12 0,20822 

1 3  t).l%13 

14 0,17368 

15 0,15985 

15 0*15439 

I ?  0,14133 

18 O.l”:09D 

18 

20 0, 14037 

21 0.13704 

22 3.14562 

25 0.12?46 

74 0.12390 

25 0,1%:156 

26 

2.1 0,118Y7 

28 0,11596 

29 0,11466 

30 0,11246 

31 

32 0.10989 

53 0.lC~25 

34 C.10780 

35 0,10423 

16 0, IO177 

37 0,08977 

38 

38 0.09922 

0,61 

0.69 

0.21 

0.10 

0,66 

0,01 

1.00 

0,54 

0.02 

0.04 

0.06 

0.65 

0.20 

0,Ol 

0.02 

0, 08 

a, I Q  

0.09 

0.01 

0,020 

0.03 

0,08 

0, 02 

0.07 

0.15 

n. 02 

0.1G 

0.06 

0.42682 

0,38510 

0.34679 

0.26810 

0.75402 

0 25051 

0.24275 

0,73735 

0.22979 

0.71624 

0.20764 

0.19567 

0.17338 

0.15966 

0.15427 

0,15054 

0.14220 

I), 1 5984 

0,13683 

0.13315 

0.12704 

0.12358 

0,123OL 

0,11892 

0,11858 

0.11564 

0. 114:9 

0.11725 

0,112G6 

0, IOU67 

0,10795 

0,10752 

0,10395 

0.10149 

0.03955 

0.09829 

0,119796 

0.19 

0.05 

0.23 

<0.01 

0,61 

0.01 

<0*01 

0.13 

<O.O1 

0.04 

1.00 

0.02 

0*40 

0.73 

0.01 

0.07 

t0.01 

0.31 

0. IS 

0.01 

0.03 

0.26 

0.18 

8.01 

0.08 

0,01 

0*03 

0.03 

0.04 

0.12 

0.06 

0.02 

0.03 

0,09 

0*11 

0.01 

0.01 

0.344 I 2  

0.J1657 

0.25308 

0,24187 

0.236 13 

0.21519 

0.20733 

0.19334 

0.17315 

0.1594a 

0.15107 

0.15041 

0.13996 

0.13697 

0.13321 

0.12724 

0.12358 

G , l l t i 6 4  

0,11578 

0,11443 

0.10960 

0,l 08L% 

0.10759 

0.10407 

0. 10157 

0.09960 

0.09B42 

0,098117 

0,20 

1.00 

0.28 

<0.01 

0.11 

<o. 0 1 

0.27 

a . 0 1  

0.13 

0.23 

0.01 

0.02 

0.08 

0.14 

.so. 0 1 

<o. 0 1 

0.04 

0,01 

<0,01 

0.01 

0.01 

0.02 

0.01 

0.03 

0.01 

0-03 

<O.O? 

C0.01  

0.4269 (1.00) 

0.3832 (0.50) 

0.3479 (0.75) 0.3432 (0,401 

0.3162 (0.20) 

0.2552 (0.90) 

0.2493 (0.60) 

0.2379 (0.40) 0.2367 (0.30) 

0.2303 (0.501 

0.2165 (<O.Of) 0.21185 (0.301 

0.2085 (1.00) 

0.1964 (0.021 

0.1’740 (0.45) 

0.1601 (0.80) 

0,1546 (0.04) 

0.1514 (0.061 

0, I510 (0.08) 

0.1404 (0.30) 

0.. 1374 (0.50) 

0.1357 10.021 

0.1276 (0.04) 

0. 1239 (0.10) 

0,12343 (0.081 

0.11898 (0.08) 

0.11600 (dJ.01) 

0.11470 (0,06) 

0, T 1255 (0.05) 

0.11246 (0.041 

0.10988 (0.08) 

0. 10831 60.04) 

0.10781 (0.08) 

0.10426 (0,14) 

0.1Ol75 (0.02) 

0.03926 (0.12) 

(3.09857 (0.01) 

0.09819 t0.04) 

0.2458 (0,121 

0.2282 (0.12) 

0,1841 (0.15) 



Known d, nm, anc ; n t e n s  I t : es) 
Ex:)er lmental r e 3 u  11s 

A : p m  quar tz  A : p b  c r l s t o -  %+a cris+o- i r l cym!+e  k:ernat i t e  #u i I 1 'te ~ - ~ -  
C-Fq03 3A;203'2Sl02 

Fe(AI,Cr)204 
JCJDS 
:-1-29 

JCPOS JCP35 
73-5311 15- 776 

a-5 ; 02 tCIl.tt3 s i 0 2  bnl ! ts  si02 5102 
JC='DS JCR)S JCP35 JCPDS Re ! a t  I ve 

i ntans i Ty 5-0490 
C! (nm) 

i i-695 4-2559 4-263 

I 0.5352 (0.08) 0.09 

2 o . m a 4  

3 0.41330 

4 3.40149 

5 O.J?157 

6 0.36061 

C.35163 

8 0.33929 

9 3.33595 

' 0  0.32443 

1 0.31589 

12 0.29'76 

13 0.28048 

14 3.26652 

15 3.25126 

' 6  0.24853 

17 0.24206 

18 3.23944 

1 9  3.22857 

20 0.22539 

21 0.217 2 

22 0.21299 

23 0.20332 

2G 3.20461 

25 0.19724 

26 0.1839' 

0.12 

0.53 

0.32 

0.05 

0.50 

0.04 

0.25 

0.36 

9.05 

0.16 

0. I 4  

0.11 

0.80 

0.53 

1.130 

0.05 

0.07 

0.04 

0.12 

0.35 

0.08 

0. I4 

0. ' 2  

9.25 

3.22 

0.426 (0.35) 

0.3343 (i.00) 

0.2458 (0. i 2 )  

0.2282 (0.12) 

3.2:25 (0.391 

0. 1980 !3 .06)  

0.4268 (T.00) 

0.415 (1.00) 

0.1105 { 1.30) 9.4075 (0.90) 

0.4802 (0.93! 

0.3609 (0.40) 

0.353 (0.011) 

0.253 (0.801 

0.2585 (0.211) 

3.2445 (0.06) 

0.539 (0.50) 

0.3774 (0.38) 

0.366 (0.25) 

0.339 (1.00) 

0.291 (0.25) 

0.2686 19.20) 

0.269 (1.00) 0.2694 (0.40) 

0.251 (0.50) 0.2524 (0.50) 

0.2493 (0.60) 0.248 (1.00) 

0.2286 (0.53) 

0.217 :o.:o) 
0.2: 18 (0.06) 0.2130 (0.30) 

0.237 (0.301 a.zo8a (0.43) 

0.2319 (0.541 0. 99 (0.05) 0.20455 (0.30) 0.205 (0.25) 

?.'87@ (0.081 0. lti705 C0.301 

L 

I- 
'd 
10 

3.2428 <O. i 6 )  

3.2393 :<0.021 

0.2285 (0.02) 0.2292 ;0.20) 

0.2201 (0.501 3.2206 :0.60) 

3.2121 i0.25) 

0.2070 (0.C2) 

3.i8.37 (0.08) 

0.1838 ;0.40) 0.184; (3.10) 
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