
-3 49Sb 0 0 5 4 0 3 4  L 



I 

. ........ ' ,....,....._l..... I 
\ _. 



ORMLJTM- 9 5 7 7 
Dist. Category 
UC-95 

LNETALS AND CERAMICS DIVISION 

ANALYSIS OF CANDIDATE SILICON CARBIDE RECUPERATOR MATERIALS 
EXPOSED TO 1M)USTRIA.L FURNACE ENVIRONMENTS 

J. I. Federer, T- N. Tiegs, 
D. M. Kotchick, and D. Petrak 

Date Published - J u l y  1985 

Notice: This document contains information of 
a preliminary nature. It is subject to revision 
or correction and therefore does not represent 
a final report. 

Prepared for the Assistant Secretary for Conservation 
and Renewable Energy, OffPce of Industrial Programs, 

Waste Energy Recovery Program 

Prepared by the 
OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37831 

operated by 
MARTIN MARIETTA EWERGY SYSTEMS, INC. 

for the 





CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . .  
INTRODUCTION . . . . . . . . . . . . . . . . .  
EXPOSURE CONDITIONS * . . . 
MATERIALS . e 

RESULTS . .  . . 
APPEARANCE OF SPECIMENS . . . . . . . . .  
CHARACTERIZATION OF DEPOSITS  . . . . . .  
WEIGHT CHANGES . . e . . 
DIMENSIONAL CHANGES * . . e 

MICKOS'FRUCTURAZ, VIEWS OF EXPOSED SURFACES 

FLEXURE STRENGTH . 
DISCUSSION . . . . . . . . . . . . . . . . . .  
SUMMARY . . . . . . . . . . . . . . . . . . .  
ACKNOWLEDGMENTS o e . 
REFEKENCES . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . .  1 

. . . . . . . . . . . .  1 

. . . . . . . . . . . .  3 

. . . . . . . . . . . .  10 

. . . . . . . . . . . .  13 

. . . . . . . . . . . .  13 

. . . . . . . . . . . .  25 

. . . . . . . . . . . .  27 

. . . . . . . . . . . .  27 

. . . . . . . . . . . .  32 

. . . . . . . . . . . .  51 

. . . . . . . . . . . .  52 

. . . . . . . . . . . .  55 

. . . . . . . . . . . .  56 

. . . . . . . . . . . .  57 

iii 





Several. S i c  ceramics were exposed to the combust.I.Cbn 
environments in s ix  i n d i i s t ~ i a l .  furnaces t o  dett;~~i:I.ns: tiieFr 
cor ros ion  reshstance I The rnat~ri;al.s were s f n t e ~ d - a :  

NC-408, s i l i c o n i z e d  (NC-430) reactiorm s i n t e r e d  (EX-:C and KT) 
and Si3Nq-boirded ( @ / 7 S  atad CN-178) e Tubes of these materials 
w w e  exposed in t w o  aluminum reme1.t Emrnaces, a Forge furnace, a. 
steel reheat furnace and mo steel. soukd.ng p f t s  at t.einperatiires 

co~rosiora .  O C C U K T ~ ~  i n  specimens exposecl to alumintirn remell: 
furnaces and m e  of the steel snakPng pits, whereas corrosion in 
the other furnaces was suh.atanat%alLy less or  n e g l i g i b l e .  The 
average 6-ring Fracture streragkbs of tl.exolcay SA and EG-430, the  
only  msterials so t e s t e d ,  were substantially affect:ed by the 
exposures.  The lowest s t r e n g t h  i n  Uexoloy SA occrzrred in 
spectmens exposed i n  an alurnftium remelt furnace while the 
I .west strength t n  NC-430 occurred in syeelmeims expnsecl 3.m a 
s t e e l  soakfimg pit. These ~ e s u P t s  show that S f C  ceramics are 
scPsceyt1.bl.e to  'both cor ros ion  and st:,reamgtli degradation when 
exposed t o  c e r t a i n  furnace  environments 

(Rexolsy SA) ,  Sintride, recrystallized ( N C - 4 0 0 ) ,  SfC coaced 

O f  925 to l.250°c f o r  pel"iOdS B:f 5313 to 554.5 ha. SigI l i f iCant  

.. 
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r e c u p e r a t o r s  developed by GTE Syl-vania and Hague I n t e r n a t i o n a l  f o r  $)re-- 

heatbng Coifibustion a i r .  The GTE Sy lvan ia  (“Super  Reeuper”) h e a t  exchanger 

element is  a mul-tichanncl c r o s s f l o w  cube f a b r i c a t e d  of c 0 r d i . e r i t e . l )  * 9 

The r e c u p e r a t o r  c o n s i s t s  of one or more cubes s e a l e d  i n  a housing w i t h  

p r o v l s i o n s  f o r  a i r  and f l u e  gas  i d e e  and o u t l e t  f lowso Numerous sma1.1. 

passages Ear a i r  and f l u e  gases w i t h  t h i n  p a r t i t i o n  walls resu1.t i n  a h igh  

e f f e c t i v s m s s  compared t o  r a d i a n t  recriperators. Prehea ted  air tempera- 

t u r e s  up t:o 800°C have been obcalned. Although h i g h e r  a i r  temperatures  

could be ob ta ined ,  the p o s s i b i l i t y  of dainage by s o f t e n i n g  of the 

c o r d i - e r i t e  i s  a s e r i o u s  concern.  Because f lue  gas p a r t i c u l a t e s  tend t o  

block the  sma l l  passages, the GTE Sy lvan ia  recupera tor  i s  be t te r  s u i t e d  

f o r  r e l a t i v e l y  c l e a n  combustion environments.  2 

The Hague Lntrernational CerWx recuperator u s e s  ti.tl,ular oxyn i t r ide -  

bonded S i c  h e a t  exchanger el.cments wdth a i r  t o  he preheated f lowing  

through t h e  tubes  and f l u e  gases flowJng a c r o s s  t h e  tubes  in a crossfloyrr 

mode.‘ 

pas sag r s  i.il the CerHx recupera~or compared t a  t hose  i n  the “Super Kecupes” 

minimi-ze t h e  p o s s i b i l i t y  of blockage hy p a r t i c l e - l a d e n  f l u e  gases .  

A i r  prehea t  t empera tu res  between 600 and 800°C are common. Large 

Both t h e  GTE Sylvanla  and Tlagime I n t e r n a t i o n a l .  recuperators have 

p e r f u r w e d  s u c c e s s f u l l y  011 v a r i o u s  indus  t u  La1 fu rnaces .  Fue l  savings 

averaged 442  f o r  GTE Sylvania  r e c u p e r a t o r s  on 38 d i f f c r e a t  ft1rnaces5 and 

ranged from 29 to  44% a t  nine h o s t  s i t e s  f o r  Nague I n t e r n a t i o n a l .  r ecupe r -  

a t o r s .  Greater f u e l  s av ings  , however, r e q u i r e  even h ighe r  p rehea t  

telnperattires. I n  1982  t h e  Department of Energy c o n t r a c t e d  wi.th G a r r e t t  

AiReseareh Manufacturing Coinpariy and Rabcock & Wilcox Company tc:, des ign  

develop bui-ld and f ie1.d tes t  advanced hi.@ temperature  burner-duet- 

r e c u p e r a t o r  (IITBDR) systems f o r  p r e h e a t i n g  cornbenst:i.orr a i r  t o  1090°C 

(2000°F) .7 

exchanger el-ements be f a b r i c a t e d  and t h a t  energy losses  by leakage through 

sea1.s he niniinlzed. Both c o n t r a c t o r s  s e l e c t e d  Sic ceramics as c a n d i d a t e  

rnateria1.s f o r  r e c u p e r a t o r  t u b e s  on the b a s i s  of r e f  r ac - to r ines s  and physi-  

c a l  and mechanical p r o p e r t i e s ;  however, t h e  c o r r o s i o n  resistznce o€ t h e  

7k 

This  perfornzance goa l  r e q u i r e d  t h a t  d u r a b l e  ceram1.c h e a t  

-k Funding f o r  c e r t a i n  tasks was provided by the Gas Research I n s t i t u t e  
( G X X )  i n  a c o o p e r a t i v e  program w i t h  DOE. 
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materjals -In var€ous  i n d u s t r i a l  fu rnace  envlrnnments had not  been  

determined.  

'rhe intended r e c u p e r a t o r  a p p l i c a t i o n s  gourd i n v o l v e  recovery of waste 

hea t  from f o u l i n g ,  c o r r o s i v e ,  flue g a s e s  i n  i n d u s t r i a l  fu rnaces  such as 

s t ee l  r e h e a t ,  steel .  soaking p l t ,  and aluminum reraelt fu rnaces .  I n  t h e s e  

a p p l i c a t i o n s  r e c u p e r a t o r  materials are exposed t o  Elue gases c o n t a i n i n g  

numerous clreriiical s p e c i e s  a t  temperatures  up t o  1300°C e Sign  f i c a n t  

c o r r o s i o n  o f  r e c u p e r a t o r  t u b e s  wou1.d a d v e r s e l y  a f f e c t  t he  economics of 

r e c u p e r a t i o n  f o r  a p a r t f c u l a r  fu rnace  b e c w s e  of tube r e p  lacement expense 

and f u r n a c e  downtime. Both c o n t r a c t o r s  used exposure t e s t s ,  t h e r e f o r e ,  t o  

assess t h e  c o r r o s i o n  r e s i s t a n c e  of c a n d i d a t e  materials. Garrett 

AiRescarch i n s t a l l e d  specimens i n  f i v e  i n d u s t r i a l  f u r n a c e s  f o r  extertded 

exposure  t es f ss ,  and Babcock ti Wilcox i n s t a l l e d  specimens i n  a steel 

soak ing  p i t ,  which r e p r e s e n t e d  the  f a c i l i t y  t o  be used for f i e l d  t e s t i n g .  

Subsequent ly ,  t h e  specimens were analyzed a t  QRNL. S p e c h e n s  were pho- 

tographed,  weighed, measured, and s e c t i o n e d  f o r  ceramographic and electron 

mlcroprobe examinat ion o f  m i c r o s t r u c t u r e s .  Depos i t s  were chemica l ly  

ana lyzed  and c r y s t a l l o g r a p h i c  compounds were i d e n t i E  i ed  by x-ray d i f  f rac- 
tlton. Two materials, Hexoloy SA and NC-430,  were s u b j e c t e d  t o  f l e x u r e  

tests at. 1100°C a f t e r  exposure.  The o b j e c t i v e  o f  t h e s e  a n a l y s e s  and 

measurements was to  c o r r e l a t e  c o r r o s i o n  and changes in  f r a c t u r e  s t r e n g t h  

w i t h  exposure cond-tt ions .  

EXPOSURE CONDI'SI'ONS 

'Che c o r r o s i o n  t e s t i n g  program involved i n s t a l l a t i o n  of t u b u l a r  

specimens ( excep t  for  a few bars) of S i c  ceramlcs i n  s i x  I n d u s t r i a l  fur- 

n a c e s  f o r  exposure t o  h igh  t empera tu re  c:ambustion environments.  Although 

a l l  f u r n a c e s  burned n a t u r a l  g a s ,  t h e  composition of the  f lue gases 

depended on the type of f u r n a c e  o p e r a t i o n  (as w i l l  be shown) and, 

p o s s i b l y ,  on s p e c i f i c  l o c a t i o n  w i t h i n  the f l u e .  Table  1 shows t h e  t o t a l  

pe r iod  of specimen i n s t a l l a t i o n  and t h e  p e r i o d  of normal fu rnace  use. The 

d i f f e r e n c e  between t h e s e  p e r i o d s  r e p r e s e n t s  non-use p e t t o d s ,  such as non- 

working s h i f t s  and weekends. During non-use p e r i o d s  t h e  Furnace tempera- 

tu res  were s-lgnif i c a n t l y  lower than d u r i n g  normal use, whi le  maximum 



n
 

A
 

%
a

,
 

r-4 
N

 

7-4 

a, 
B 
2 

?
l 

F. 

e 2 
0
 

k
 

c
 

s 
r-! a, 
01 u 
rn 

i
 

a a, 
u
 

m
 

r
l 
a a, 
4
J
 

rn 

r
 a a 4
 

u 



5 

es t ima ted  specimen tempera tures  (Table  1)  occurred  only  du r ing  p e r i o d s  of 

norma3 use.  N o r m a l  u se ,  however, Involved numerous h e a t i n g  ,md coo l ing  

c y c l e s  f o r  l oad ing  and unloading  the materials heing processed ,  The maxi- 

mum tempera tures  shcrwn i n  Table  1, t h e r e f o r e ,  d i d  no t  occtlr con t inuous ly  

du r ing  the normal use  pe r iods .  

The exposures  occurred  d u r i n g  t y p i c a l  furnace  o p e r a t i o n s  invo lv ing  

f e e d  materials, h e a t i n g  and c o o l i n g  c y c l e s ,  maximum tempera tures ,  f l u x e s ,  

and a i r - f u e l  mix tures  - The aluminum remelt fu rnaces  w e r e  charged w i t h  

NaCl-KCl-Na3AlF6 f l u x  along with metal t o  be melted.  I n  a d d i t i o n ,  the 

mol ten  aluminum i n  fu rnace  No. 2 w a s  sparged w i t h  c h l o r i n e  gas  du r ing  a 

p o r t i o n  of each normal cyc le .  The use  of chlor ine.  gas  and c h l o r i d e  f l u x e s  

is normal i n d u s t r y  p r a c t i c e  f o r  p u r i f y i n g  s c r a p  aluminum and €or  mini- 

mizing ox ida t ion .  The presence  o f  c h l o r i d e  compounds i n  t h e  flue gases ,  

t h e r e f o r e ,  is not unusual .  S t e e l  billlets i n  the  soakllng p i t s  w e r e  covered 

with topping  compounds, which i s  s t anda rd  i n d u s t r y  p r a c t i c e  t o  min imfzs  

ox ida t ion .  Although f l u e  gases  i n  t h e  fu rnaces  were n o t  ana lyzed ,  

a n a l y s i s  of matertal t h a t  depos i t ed  on somc speclmens r evea led  s i g n i f i c a n t  

quantities of metals ( t o  be shown). Gaseous s p e c i e s  In  t h e  f u e l  com- 

b u s t i o n  products  no doubt  inc luded  N 2 ,  02, CO2, and E120, 

Specimens w e r e  most ly  exposed i n  c ross f low conf igr i ra r lon ,  that i s ,  

w i t h  t h e  long  axis pe rpend icu la r  t o  t h e  d i r e c t i o n  OF flue gas  f l o w .  None 

of the  specimens were exposed i n  t h e  h e a t  exchanger mode w i t h  a i r  f lowing 

through the i n s i d e .  The combinat ion of high  tempera ture  arid medium 'Length 

exposure  t i m e  in s t ee l  soaking  p i t  No. 2 r e p r e s e n t s  one of t h e  most s eve re  

thermal  exposures  among the group shown i n  Table  L. 

Thr l o c a t i o n s  o f  each set  of specimens are shown i n  F igs .  1-2 and 4--7. 

Specimens i n  a7.uminum remelt N o .  1 were l o c a t e d  i n  t h e  f l u e  nea r  t h e  

fu rnace  as shown i n  Fig. 1. The specimens w e r ~  p a r t i a l l y  I n s e r t e d  i n t o  

t he  r e f r a c t o r y  f l u e  w a l l .  F igu re  2 shows t h a t  t h e  specimens i n  alumlnum 

remelt  No.  2 were suspended from t h e  roof of t h e  f l u e  near  the furnace 

u s i n g  a special .  hanger shown i n  the  p r e t e s t  c o n d i t i o n  i n  F igu re  3 .  The 

hanger  conststed of a S i c  h e a t i n g  rod w i t h  a cement s t o p  a t  one end and a 

metal  ho lde r  clamped t o  t h e  other end. Specimens in t h e  s tee l  f o r g e  fur -  

nace (F ig .  4 )  w e r e  l o c a t e d  i n  t h e  c e n t e r  of t h e  f l o o r ,  p r o t e c t e d  from 
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O R N L  U?bG 85 1844 

5.79M .-. I /  ' ~ (19.0 FTI i 

- 1  

i 
1.52M 
I5 F T )  

F i g .  1. L o c a t i o n  of specimens i n  aluminum remelt furnace No. 1. 

ORNL DVIG 85-1W3 

i 

-r 2.44kl 

. . (* . . . . I' .. 
F i g .  2 .  Location of specimens in aluminum rcmeIt furnace N o .  2 .  
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ORNL DWG 85 1845 

FORGINGS, n 

/- 

"?I 

0 . 9 1 ~  'FORGINGS 'TUBES 
(3 FTI PLACED HERE 

Fig. 4. Location of specimens i n  s t e e l  forge furnace. 

0 RN L-DWG 85- 1846 

TUBE SAMPLES \ 

TYPICAL LOAD 
4-IN.-SQ BILLETS 

I 
OUTSIDE 
(BURNER) WALL 

. 

Fig. 5 .  Location of specimens i n  s t e e l  reheat furnace. 
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BE SAMPLES 

Ffg.  6 .  Locat ion of s p e e h e n s  in steel soaking p f t  No. 1. 

O R N L  DWG 85 8'349 

HIGH TEMPERATURE BWRNER-DUGT-RECUPERATOR 
FOR SOAKING FITS 

7- BURNER 

PRE-HEATED 

SOAKING PIT 

-EXHAUST FLUE 
RECUPERATOR TUBES 

RECUPERATOR 

Fig. 7, Location of specimens in steel  soaking p3.t No. 2. 
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d i r e c t  contact w!+h work pieces by 2 ring of r e f r a c t o r y  bricks. T h i s  

location TaaPp used because f l u e  openings were re la t  i v e l y  s m a l l .  

Specjraens i n  the stecl r e h e a t  fu rnace  were lo ra t ed  at the  top  of t h e  

f l u e  ( F i g .  5 ) .  Only ?lit? c e n t e r  p o r t i o n  of each spec inen  w 2 s  exposed t o  

flue gases i n  this arrangement.  in strrl. soaking pit No. 1 tlie specinicns 

were loca ted  in the f l u e  approximately 7.3 in from t h e  p i t  (Fig.  6 ) .  The 

S ~ C ~ " ~ ~ T E C S  W F ~ .  inserted through tine wall i n t o  t h e  f l u e ,  and were r e t r i e v e d  

by means of metal c h a i n s  cemented i n t o  one end. P igure  7 show.; t h e  

l o c a t i o n  OF specimens i n  a l e e l  soaking p i t  No. 2. The specimcno were 

p o s i t i o n e d  vcekically i n  the flue: about 0.3 m f rom t h c  p i t .  This loca- 

t i o n ,  t h e  o n l y  one a v a i l a b l e ,  provided a imch more severe exposure than  is 

a n t l c i p a t p d  f o r  t he  ac tua l  recuperat-or. The rec rq je ra to r ,  whlch w-111 be 

loca ted  f a r t h e r  from t h e  p i t ,  w i l l  be exposed t o  l o v e r  t empera tu res  and 

fever e n t r a i n e d  p a r t i c u l a t e s  because of one o r  more  bends in the flue 

passage a 

MATERIALS 

S i l i c o n  c a r b i d e  ceramics were scl-~cs-ed as cand ida te  materials f o r  

heat exchanger tvbca and s t r u c t u r a l  components i n  preference t o  ox lde  

ceramics such 3s slurniina and r a t ~ l l i t e . ~  p 8  

e s p e c i a l l y  21umLnca, ara a l s o  s t r o n g  and o x i d a t l o o  resistant, SIC i s  

s i g n i f i c a n t l y  less s u s r e p t i b l e  t o  thermal shock because o f  i n h e r e n t l y  

h i g h e r  thermal c o n d u c t i v i t y  and lover c o e f f i c i e n t  o f  thermal  expansion. 

The p r o p e r t i e s  o f  S I C  cerarntccs s t r o n g l y  d e p e d  on cornpositton and d e n s i t y ;  

thereEorc, severa l  t y p e s  were i nc luded  i n  t h e s e  exposure ces ts  f o r  

comparison. 

Although 12w latter materials, 

Thc exposed materials, shown i n  "fable 2 ,  r e p r e s e n t  m o s t  of t h e  

domes t i c  c o m i e r c f a l l y  available Sit", ceramics that might be cons ide red  f o r  

h e a t  exchang~r a p p l i c a t i o n s .  Alumina and m u l l i t e  were exposed i n  one fur- 

nacz f o r  compa:-lson w i t h  t h e  S i c  ccramtcs. The specimens were most ly  

t u h e s  measurlng nomina l lg  25 o r  88 mm OD (1 or  3.5 i n . )  and 25 t o  30 em 

long (10 t o  1 2  i n . )  except  that. the sperl-mens in aluminum remelt No. 2 

were o n l y  5 cm long  ( 2  in.). One Si3N~+-bonded Sic (CN-178) Y ~ S  P t i  t h e  

€orin of 1 5  m x 15 mm x 75 cm bars. All m a r e r l a l s  were no t  inc luded  i n  

each t e s t .  Some <,E t h s  pr t3test  sperdineras are showri i n  F ig .  8. 
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Hexoloy SA (sintered-d SIC) and Sintride are highly pure and almost 

theoretically dense forms of Sic having the highest modulus of rupture 

(MOR) of any of the Sic ceramics. Recrystallized Sic (NC-400) is also 

highly pure, but is porous and much weaker than Hexoloy SA. This material 

was exposed both bare and with a dense Sic coating applied by chemical 

vapor deposition to the outer surface. Siliconized and reaction sintered 

SIC (NC-430, SC-X and KT) contain approximately 10 wt % Si. These 

materials, which consist of interpenetrating matrices of Sic and Si, have 

strengths that are intermediate to recrystallized Sic and Hexoloy SA. The 

SigNq-bonded materials (C/75 and CN-178), which consist of large Sic 

grains bonded by a Si3N4 matrix, are considerably weaker than the other 

Sic ceramics. Alumina and mullite were also included in one furnace 

exposure (aluminum remelt furnace No. 1) for comparison with the Sic 

ceramics. 

RESULTS 

APPEARANCE OF SPECIMENS 

The exposed specimens are shown in Figs. 9-20. Specimens exposed in 

the aluminum remelt furnaces were covered with deposits (Figs. 9-12), 

whereas specimens in the steel forge and reheat furnaces and soaking pit 

No. 1 were relatively clean as shown in Figs. 13-15. The deposit on the 

specimens in aluminum remelt furnace No. 1 (Figs. 9 and 10) was mostly 

porous and loosely adhering; however, a thin glassy layer was detected at 

the interface between deposit and Sic during microstructural examination. 

By contrast, the deposit on specimens in aluminum remelt furnace No. 2 

(Figs. 11 and 12) was a glassy material, relatively rough in some areas 

and somewhat smoother at 180" locations. Specimens exposed in steel 

soaking pit No. 2 (Figs. 16-18) had a slag layer which was thickest on the 

downstream side. Slag on the upstream side was dull, but on the 

downstream side was glassy in appearance. High exhaust gas flowrates 

apparently forced molten slag, which deposited on the upstream side, to 

f low to the other side. Post exposure heating confirmed that the slag 

melted in the 1250 to 1300°C range. Extensive wall thinning can be 

observed in Fig. 18. 
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HEXSLOY SA N C - S t L ?  

ORNL-PHOTO 0534-85 

sc-x NC-400 NC-400/ 6/75 CN-478 
CVD sic 

Fig .  13. Sic ceramics exposed in s tee l  fo rge  furnace .  Also repre-  
s e n t s  t h e  appearance of specimens from the  s tee l  r ehea t  furnace .  
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Fig.  16. Sic ceramics exposed i n  steel soaking pit No. 2. 
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ORNL-PHOTO 0531-85 

Fig. 1 7 .  S I C  ceramics exposed i n  s t e e l  soaking p i t  N o .  2 .  
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FLUE GAS + +  
1 EXPOSED LENGTH 

- 
2 in. 

Fig .  20. E x t e n s i v e l y  deformed C/75 tube r e s u l t i n g  from exposure  i n  
s t e e l  r e h e a t  fu rnace .  

A few specimens broke du r ing  t h e  exposures.  One of each  Hexoloy SA 

and C/75 specimens broke i n  aluminum remelt No. 1, as d i d  t h e  only AD-998 

specimen. One NC-400 specimen broke i n  aluminum remelt No.  2. Cracking 

of  Si3Nq-bonded S i c  specimens occurred  i n  a l l  exposures.  The c u r v a t u r e  of 

CN-178 b a r s ,  which is  appa ren t  i n  F igs .  10, 13, and 15, is t h e  o r i g i n a l  

shape  of t h e  b a r s ,  r a t h e r  t han  t h e  r e s u l t  of exposure.  The C/75 material 

c racked  e x t e n s i v e l y  i n  most cases, as is e v i d e n t  i n  Fig.  19. F i g u r e  20 

shows e x t e n s i v e  deformat ion  i n  t h e  C/75 material  exposed t o  t h e  s t ee l  

r e h e a t  f u r n a c e  environment. 

CHARACTER1 ZATION OF DEPOSITS 

The c h a r a c t e r i s t i c s  of d e p o s i t s  on specimens i n  t h r e e  fu rnaces  

are  shown i n  Table 3 ( s u b s t a n t i a l  d e p o s i t s  d id  n o t  form i n  t h e  o t h e r  

f u r n a c e s ) .  The sources  of e lements  i n  t h e  d e p o s i t s  i n c l u d e  t h e  molten 

metal, f l u x ,  and fu rnace  r e f r a c t o r i e s .  Potass ium and sodium, i n  par- 

t i c u l a r ,  were e v i d e n t l y  de r ived  from t h e  NaC1-KCl f l u x  t h a t  is used f o r  

p u r i f i c a t i o n  and p r o t e c t i o n  of the molten aluminum. The C 1  c o n t e n t  of 

d e p o s i t s  from bo th  fu rnaces  w a s  lower t h a n  t h a t  of K and N a ,  i n d i c a t i n g  

t h a t  N a C l  and KC1 r e a c t e d  w i t h  o t h e r  s p e c i e s  t o  produce c h l o r i d e  compounds 

having  h igh  vapor p r e s s u r e s .  
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Table 3. Characteristics of deposits on specimens exposed 
to industrial furnace environments 

Content ,a Aluminum remelt Aluminum remelt Steel soaking 
P Pm No. 1 No. 2 pit No. 2 

Composition 

Major b Al, Si Al, K, Na, Si 

1000-3000 Fe, K, Na, Zn Ba, Ca, Cu, Fe, Zn 

5 00-1 000 Ca, Ti c1, Mg 

100-500 B, Ba, Bi, Cr, Cu, Mn, S, Sr 
Mg, fi, Ni, p,  Pb, 
S, Sn 

Sc, V, Zr Mo, Ni, P, R b ,  Ti, 
<loo  Ce, C1, Co, Mo, 8, Co, Cr, F, La, 

V, Zr 

Crystalline Compounds 

A1203 

Melting Range, O C  

15.0 0-1 3 00 11 50-1 3 00 

Cr, Fe, Si 

Cu, K, Mn 

Ca, Na, Ni 

P, S, Ti, Zn 

As, B, C1, Co, 
Ga, Ge, Mg, Mo, 
R b ,  V, Zr 

1 2 5 0-1 30 0 

%etermined by semiquantitative spectrographic analysis. 

b5 to 20%. 

Not determined. e 

X-ray diffraction of the deposit on specimens in aluminum remelt 

No. 1 revealed the presence of alumina and nepheline (or carnegieite) as 

shown in Table 3. The presence of alumina (Al2O3) is consistent with the 

high A1 content revealed by chemical analysis. The melting temperature of 

carnegieite (Na20*A1203*2Si02) of stoichiometric composition is approxi- 

mately 1525'C. This compound, and its lower temperature modification 

nepheline, exist over a wide range of compositions in the 

Na20-Al203-Si02 system with melting temperatures ranging below 800°C. The 

presence of several other compounds also was indicated by x-ray diffrac- 

tion: potash feldspar (K2O*Al203*6 Si02), magnetite (Fe304), zinc 



Weight changes occurring lirt specimens in the forge and steel reheat 

fpll~naces are presented i n  Table  4 .  Specimens -in these fwrnaces appx.r-ently 

w e r e  exposed to re la t ive ly  clean atmospheres compared t o  tlaose jn the 

nlraminum rernell: furnaces because no aepasit s were ravideaat ala the s11rfW"6?&i. 

The wefght changes in t hew  specimens E therefore, were pri.sba'b9y caused by 

oxlda t ton .  Table 4 shows t h a t  the ~ b ~ ~ ~ - h ~ n d e d  ~ l a t e r i a B s  had s i g n i f l -  

cant ' ly  higher w e  hght: changes (gains) than the other spec Linens Even the  

po rous  NC-400 and t h e  materials coata$nlng S ~ ~ ~ C O I I  as a primary phase 

(NC-430 and SC-X> had smaller wrright galns  than t h e  Si3NL-banded 

materials-  

a t t r L b u t e d  t a  o x ~ d a t i ~ n  of the S t 3 4  bondlng phase PHI these ceramics. 

T h i s  oxFdi l t i  on might have calnsed the prevfous ly  mentioned extzensfve 

cracklng  of some specimens of t h e s e  materials. 

The weight  g a i n s  exhibited by 6",/75 and CN-178 are tentatively 

The outer  d4aineters of cxposed specfraens were meastared to determine 

changes indicative of corros ion .  Measurerraen~s were made w f t h  a mlcrornilt e r  
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Table  4 .  Weight changes of Sic c e r m i f ( * s  rxposed 
t o  i n d u s t r i a l  f u r n a c e  enulroniriciits 

Mater l a 1  Tdeight chailge, % 
.......................................... ~ _I________ . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .- - 

S t e e l  fo rge  Steel. rt?ht?c-t 

Des igna t ion  furnace fu rnace  
(1175"C, (1100°C 
21.50 11) 2010 si) 

S i n t e r e d - a  tIexcloy SA 0 0 .2  

Recrystalliz :.:I NC-400 -0.1 0.2" 
O . l a  

RecrystallinPdlCVU coated NC-&OO/CVU Sic 0.6 

Si l i c n n i z e d  NC-$30  0 0.4" 
0.5a 

React ion s-lntered SC- x 0 0.5 

S 13 NI+ -bonded c / i 5  11.5 4 .?a 
1 .ga 

cy 1 7 3  3.8 1.4 

011 a ~ ~ J a x e L I ~ l y  c l e a n  specimens,  i .e. , those f ~ O U I  t h p  f o r g e ,  s teel  reheat,  

aid s t e e l  soaking p i t  fiirirdcrs. Sp:-.cirnrns from the ~ l t m i r i u m  remelt f u r -  

naces  y 3 4 ;  pr<*vious!y ment ioned ,  had d e p o s i t s  on thr sdi f a c e s ,  which 

r e q ; i i ? * ~ d  that their d i ame te i s  be measured w b t h  a m i c t o s c o p  on samples 

prepa red  f o r  ce r saograph ic  rx,amilndtInn. TIP e3 k h e r  cas2 ehree o r  four  

mezsurements vrt :% made .it approximately equal  in"Lrt?ais arouad L ~ K .  circrm- 

f ~ r e n c c ~  U n f n r t i i n a t r l y ,  thc prezest specimens had bceli o i i l y  i i u m i n a l l y  

measured be fo re  exposure.  'The meastirm~rit s on e l iposrd  specimens,  t he re -  

fore, wet? no t  inr>cessasilg i n  the s a m e  l o c a t i o x  as pre t e s t  r i t r . ~ S r i f ~ ? r n f ' _ i i t 4 .  

11-1 a d d l t i o n ,  some t ypes  of inaLcicia7 5 consi s t e d  o i  tul,r_s From d i E f e r e n t  

l o t s  that differed sligh?ly i n  diaiireters. 

The ends of spccimelzs v e r e  pro tec t ed  from t h e  fu rnace  envicunwnks  by 

[ - l e  h o l d i n g  arrangements i n  alumi r w r n  w ~ w 1 ~  No. 1, steel reheat and s t e e l  

soak ing  p i t  No. 1 .  Tiie ends o€ these speciinens wcrc mrnsurr~d i o  o b t a i n  

z epresen ta t ive  p r e t e s t  diame r s  f o r  coiqmT 3 son  v-l tzh exposed specimens. 

T h i s  method is  s u b j e r t  t o  e r ro r  i €  tabe d iams te r s  a r e  not  uniform cllong 

~lre  Zeragtli, hawever the absence of bee$ t h r  Information require2 that t h i s  
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O m - P H O T O  0528-85 

SI LICAJE SLAG 
C ~ ~ T A j ~ l N ~  I( 

AND OTHER 
ELEMENTS 

SI LIGATE SLAG 
C ~ N T A I ~ I N ~  K 
AND OTHER 
E L E M  ENTS 

(bt 

Fig. 22. Sintered-a Sic (Hexoloy SA) exposed In steel soaking pit 
No. 2. (a) Upstream region. (b) Down-stream region. As polished. 
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Y- 197886 

BACKSCATTERED ELECTRON IMAGE POTASS I U M 
W 

Fig. 24.  Distribution of 
elements at interface of slag 
and sintered-a Sic on down- 
stream side of sample. 
(a) Backscattered image, 
(b) silicon, (c)  potassium, 
(d) iron, (e) nickel. Bar 
scales on photographs represent 
100 pm. 

I RON NICKEL 
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slag would regenerate iron oxide and contribute silica to the slag. 

in the slag might have been gas bubbles formed in reactions of the type 
mentioned above. 

Voids 

The porosity of recrystallized Sic (NC-400) is readily apparent in 

the microstructures in Fig. 25. The specimen exposed to aluminum remelt 

No. 2 had a relatively thick glass coating on the surface (Fig. 25a). 

Rounded surfaces of material in contact with the glass indicates that 

corrosion had occurred, as was revealed by changes in diameter presented 

in Tables 5 and 6 .  Penetration of glass into some pores is shown in 

Fig. 25b. The glass coated the sur€aces of the pores, which were sub- 

sequently filled with epoxy during ceramographic sample preparation. A 

different coating, probably an oxide, is apparent on surfaces of pores in 

the other specimens. 

Figure 26 shows microstructures of recrystallized Sic coated with Sic 

(NC-400/CVD Sic). This material had rough surfaces in the as-fabricated 

conditon; therefore, the surface roughness does not necessarily indicate 

the result of corrosion. There is no evidence of catastrophic corrosion in 

any of the specimens. The coating, which is similar to Hexoloy SA in 

purity and density, might have had similar surface recession; however, 

recession of these specimens was not measured. No other evidence of 

degradation of the coating or separation of the coating from the NC-400 

substrates was observed except for slag penetration into the pores of the 

specimen exposed in aluminum remelt No. 1. 

Typical microstructures of the siliconized Sic (NC-430) and reaction 

sintered SIC (SC-X) are shown in Figs. 27 and 28. Although diameter 

measurements indicated significant surface recession in specimens exposed 

to aluminum remelt furnace atmospheres, corrosion of these materials was 

not revealed as severe general attack or as selective attack on the sili- 

con phase. The only indication of attack is slightly rougher surfaces 

(Figs. 27a, 27b, 28a and 28b). If the silicon phase were selectively 

attacked, the surface area of Sic exposed to the corroding species would 

increase, and corrosion might accelerate. Electron microprobe analyses, 

in agreement with previously discussed chemical analyses, indicated the 

presence of Al, Ca, Fe, K, Na, Si, and Zn in the glassy deposits on speci- 

mens exposed to aluminum remelt furnace atmospheres. N o  evidence for 

penetration of these or other elements into the silicon phase was 

detected. 
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ORNL-PHOTO 0524-85 

: 
L. 

ronments. (a) Alumi . 1, ( f )  steel  
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ORNL-PHOTO 0523-85 

Fig. 28. Reaction sintered 
Sic (SC-X) exposed to industrial 
furnace environments. (a) Aluminum 
remelt No. 1, (b) aluminum remelt 
No. 2, (e) forge, (d) steel reheat, 
(e) steel soaking pit. As 
polished. 
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The s i l i c o n i z e d  SIC (NC-430) exposed i n  s teel  soaking p i t  No. 2 a l s o  

showed s i g n i f i c a n t  s u r f a c e  r e c e s s i o n  dur ing  exposure.  A s  prev ious ly  

d i s c u s s e d ,  t h e  r e c e s s i o n  i s  be l i eved  t o  be a r e s u l t  of a c o r r o s i o n / e r o s i o n  

mechanism where t h e  s l a g  c o a t i n g  w a s  a c t u a l l y  a b l e  t o  flow t o  t h e  

downstream s i d e  of t h e  tube ,  t h u s  exposing a "new" s u r f a c e .  A t y p i c a l  

area on t h e  upstream s i d e  w i t h  no s l a g  c o a t i n g  is shown i n  Fig.  27f .  The 

s l a g  c o a t i n g s  t h a t  were p r e s e n t  conta ined  metallic appear ing  i n c l u s i o n s  

and gas  bubbles  s imilar  t o  those  observed w i t h  t h e  s i n t e r e d - a  S i c .  

Also included i n  s teel  soaking p i t  No. 2 w a s  a tube of NC-430 coa ted  

on t h e  upstream s i d e  w i t h  a t h i n  l a y e r  of z i r c o n  (-70 pm t h i c k ) .  The 

i n t e n t i o n  of t h e  c o a t i n g  w a s  t o  provide  a thermal  b a r r i e r  on t h e  hot  s i d e  

and thus  reduce t h e  thermal  stresses dur ing  exposure.  Examination a f t e r  

exposure r evea led  no evidence of t h e  z i r c o n  c o a t i n g  as shown by comparison 

of  F igs .  29a and b. A s  mentioned i n  Table  6 ,  t h e  c o r r o s i o n  r a t e  w a s  lower 

f o r  t h e  coa ted  specimen (-112 vs  -137 pm/s f o r  t h e  uncoated specimen); 

however, t h e  ceramographic examinat ion provided no exp lana t ion  f o r  t h e  

d i f f e r e n c e .  W e  suspec t  t h a t  t h e  z i r c o n  coa t  d id  provide  some p r o t e c t i o n  

f o r  a s h o r t  pe r iod  of t i m e ,  a f t e r  which c o r r o s i o n  proceeded l i k e  t h a t  f o r  

t h e  uncoated NC-430. The absence of f r e e  S i  w a s  a l s o  observed i n  t h e  

o r i g i n a l ,  unexposed NC-430; t h e r e f o r e ,  t h e  absence of f r e e  S i  i n  t h e  

exposed NC-430 w a s  no t  caused by co r ros ion .  

F igu re  28b r e v e a l s  c o n s i d e r a b l e  p o r o s i t y  i n  t h e  SC-X material. Th i s  

p o r o s i t y  a p p a r e n t l y  formed dur ing  f a b r i c a t i o n  as t h e  r e s u l t  of incomplete  

f i l l i n g  of t h e  s k e l e t a l  S i c  s t r u c t u r e  by s i l i c o n .  The SC-X specimens 

g e n e r a l l y  conta ined  less p o r o s i t y  than  t h a t  shown i n  Fig.  28b. 

As prev ious ly  d i scussed ,  t h e  Si3Nq-bonded S i c  ceramics cracked exten- 

s i v e l y  du r ing  t h e  exposure t e s t s .  F igu res  30 and 31 show t y p i c a l  

m i c r o s t r u c t u r e s  of t h e s e  materials. In a d d i t i o n  t o  c rack ing ,  s u r f a c e  

r e c e s s i o n  e v i d e n t l y  occurred  i n  specimens exposed t o  aluminum remelt and 

s t e e l  soaking p i t  No. 2 fu rnaces .  F igu res  30b, 30e, and 31a show g l a s s y  

d e p o s i t s  on these  materials. Large bubbles  i n  t h e  g l a s s y  d e p o s i t  

(F ig .  30b) o r i g i n a t e  a t  t h e  bonding phase,  which appears  t o  be r eces sed  

l e a v i n g  S i c  p a r t i c l e s  i n  r e l i e f .  Although bubbles  are no t  apparent  i n  t h e  

g l a s s y  d e p o s i t  i n  F igs .  30a and 31a, S i c  p a r t i c l e s  are i s o l a t e d  i n  t h e  

g l a s s ,  sugges t ing  t h a t  t h e  bonding phase has  d i s so lved .  S i m i l a r  

o b s e r v a t i o n s  were made i n  t h e  samples from s teel  soaking p i t  No. 2 w i t h  
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Fig .  29. Si l iconized SIC (NC-430) with a zircon coating. 
(a )  Unexposed, shawing zircon coating. (b) After exposure i n  s t e e l  
soaking p i t  N o .  2 .  



ORNL-PHOTO 0522-85 

Fig. 30. Si3Nq-bonded S I C  (C/75) 
exposed to industrial furnace environ- 
ments. (a) Aluminum remelt No. 1, 
( b )  aluminum remelt No. 2 ,  (c) forge, 
(d) steel soaking pit No. 1, (e) steel 
soaking pit No. 2. As polished. 
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the addition that the slag coatings also contained metallic appearing 

inclusions (Fig. 30e). Significant corrosion of the bonding phase did not 

occur in specimens exposed to the steel reheat furnace No. 1; however, 

cracks of the type shown in Fig. 30c occurred frequently. The indicated 

corrosion in aluminum remelt and steel soaking pit No. 2 furnaces and the 

extensive cracking that occurred in all furnaces strongly suggest that 

these Si3Nq-bonded Sic ceramics are not suitable for heat exchanger tubes 

or other applications requiring leak tightness and strength at elevated 

temperatures. 

A sample of the nitride bonded Sic exposed in steel soaking pit No. 2 

was examined with the electron microprobe. Those results are summarized 

in Fig. 32. As shown, considerable iron and nickel was found in the 

metallic appearing inclusions dispersed throughout the slag coating and at 

the slag-Sic interface. In addition, iron and nickel were observed 

extending well past the Sic particles in the nitride-bonded matrix. 

Enhanced corrosion in these areas, leaving the SIC particles in relief, is 

believed to be the cause of the poor performance of these materials in the 

exposure test. 

The exposure test in steel soaking pit No. 2 also contained another 

siliconized Sic (KT) and Sintride (SSIC), which were not used in the other 

tests. The KT-SIC was similar in appearance ceramographically to the 

NC-430 samples previously discussed (Fig. 33), which was not unexpected 

because their corrosion rates were similar. Gas bubbles and metallic 

appearing inclusions were observed throughout the slag coatings. 

A typical microstructure of the Sintride specimen exposed in steel 

soaking pit No. 2 is presented in Fig. 34. Again the slag coatings con- 

tain gas bubbles and dispersed metallic appearing inclusions. In addi- 

tion, some metallic appearing inclusions at the slag-Sic interface were 

observed, which were similar to those found with the a-Sic (Hexoloy SA). 

Microstructures of the two oxide ceramics exposed to the aluminum 

remelt furnace No. 1 environment are shown in Fig. 35. The alumina 

exhibits a reaction layer at the surface, which was probably responsible 

€or the slight diameter increase determined for this specimen. Mullite, 

which had no measurable change in diameter, appears to be unaffected by 

the exposure. 
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ORNL-PHOTO 0520-85 

I SLAG LAYER 
CQNTAI N I NG 
ME TA L L i C 

. INCLUSIONS- 
* e .  
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Fig. 33. S i l i c o n i z e d  SIC (KT) exposed in s tee l  soaking p i t  N o .  2 .  
A s  p o l i s h e d .  
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Om-PHOTO 0519-85 

to aluminum remelt furnace 
No. 1 enviro 8); (b) mullite. As polished. 
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FLEXURE STRENGTH 

c 

,- 

The f l e x u r e  s t r e n g t h s  of Hexoloy SA and NC-430 were determined i n  

o r d e r  t o  assess degrada t ion  of mechanical p r o p e r t i e s  caused by exposure t o  

t h e  fu rnace  environments.  C-ring specimens c u t  from tubes  provided a con- 

v e n i e n t  method of s u b j e c t i n g  t h e  o u t e r  s u r f a c e s  t o  t e n s i l e  s t r e s s e s .  The 

o u t e r  s u r f a c e s  of t h e  specimens ( t h e  o r i g i n a l  o u t e r ,  exposed s u r f a c e s  of 

t h e  tubes )  were not  d e l i b e r a t e l y  t r e a t e d  o r  a l t e r e d  dur ing  specimen prep- 

a r a t i o n  o r  t e s t i n g .  I n  t h e  case of spec€mens t h a t  had been exposed to  

aluminum remelt €urnace No. 1 t h e  l o o s e l y  adher ing  d e p o s i t s  mostly 

detached dur ing  handl ing;  however, the t h i n  g l a s s  c o a t i n g  remained i n t a c t .  

Tubes were c u t  i n t o  5-mm-wide r i n g s  us ing  a c u t o f f  wheel impregnated w i t h  

75 pm diamonds. C-rings were made by c u t t i n g  approximately 5 mm long arcs 

from t h e  r i n g s .  The f i n a l  t h i ckness  of t he  r i n g s  was obta ined  by g r ind ing  

bo th  s i d e s  w l t h  75 pm diamond a b r a s i v e .  The o u t e r  edges of specimens were 

beveled  w i t h  a 30 pm diamond lapping  wheel. 

The specimens were loaded so t h a t  a t e n s i l e  stress was a p p l i e d  t o  t h e  

o u t e r  s u r f a c e  a t  a p o i n t  oppos i t e  t he  open p a r t  of t h e  r ing .  Specimens 

were hea ted  t o  1 1 0 0 ° C  i n  a i r ,  then  t h e  load ing  ram was advanced a t  

8.5 pm/s (0.02 in./min) u n t i l  f r a c t u r e  occurred .  The f r a c t u r e  stress (a) 
was c a l c u l a t e d  from t h e  load  and specimen dimensions us ing  the  fo l lowing  

equa t ion  a p p l i c a b l e  t o  t h e  C-ring geometry as desc r ibed  by Ferber  and 
Tennery . 1 0  

where 

P = load,  

ro = o u t e r  r a d i u s ,  

r i  = i n n e r  r ad ius ,  

w = width,  

r = (ro + r i ) / 2 ,  

R 

- 

= (ro - r i ) / l n  ( r o / r i ) .  
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The mean fracture strength for Hexoloy SA varied from a maximum value 

of 238 MPa for specimens exposed to the steel forge furnace to a minimum 

of 204 MPa for specimens exposed to aluminum remelt No. 1 (Table 7). 

These results indicate that the strength of Hexoloy SA was affected by the 

exposures. Specimens with the lowest strength had the largest surface 

recession (Table 5) and the roughest surface. In the case of NC-430 the 

loiiest strength occurred in specimens exposed in steel soaking pit No. 1 

(least surface recession); however, the next lowest strength occurred in 

specimens exposed in aluminum remelt No. 1 (maximum surface recession). 

These results suggest that fracture strength is affected by thermal expo- 

sure history in addition to corrosion. 

Table 7. C-ring fracture strength of Hexoloy SA 
and NC-430 at llOO°C after exposure to 

industrial furnace environments 

Mean fracture strength, MPa 

Hexoloy SA NC-430 
-- -- Furnace 

-- 
Aluminum remelt No. 1 204 (12)a 184 (12)  

Aluminum remelt No. 2 220 (6) 

Steel forge 

Steel reheat 

238 (9 )  

231 (12) 325 (12) 

Steel soaking pit No. 1 233 (11) 162 (12) 

aIndicates number of specimens tested. 

DISCUSSION 

The principal results disclosed by the present work are associated 

with materials exposed to aluminum remelt furnaces. In that environment 

the Sic ceramics had significant surface recessions, the siliconized and 

reaction sintered types corroding more than the high purity types. In 

addition, sintered-a S i c  exposed to different furnace environments exhib- 

ited a range of average fracture strengths, the weakest being that 

exposed to aluminum remelt furnace No. 1. These results, therefore, shuw 



t h a ~  sign: f i c a n p  degradat i o n  of Si C cciami C R  w j  11 occur i n  c e r t a i n  furmace 

environments - 
T h e  cor ros ion  i n  the a l u m i n u m  rem? i Iurnaccq e x r e r i e n c e d  by Si@ 

ceramiea project. t o  annual  recession rates ranging from 3pproximatrily 0.5 
pending on type  o f  material ~ Anothcr ~ t d y  of corrosion of 

i r n  an aliiminien remelt furnace reveal cd  euen 'nigher r e c e s s i o n  

rates 1 1  

a b m s  1100"@ ranged from ahoiit: 3 m / y  ror  sintered-n S i c :  t o  10 inio/y for 

siliconized Sic (NC-430) ,  Lhat i s ,  about a f a c t o r  of t e n  h ighe r  than 

d e t e r m i n e d  i n  the  p r e s e n t  s t u d y .  Fevek-al factors n i g h t  be responsible fo r  

this l a rge  difIrsence i n  t h e  co r ros ion  rates. exposure t i m r s  and ?xm- 

pcraltures a r e  best estimates a'n bcrt.11 c a s e s .  T h e  frequency and s e v e r i t y  o f  

themi*: c y c l i q  i s  naL well  knw7ta. The composition o f   flu^ gascs and par .  

t i cu l a t e s  might bc s u b s t a n L i a l l y  d i l iex-ent  i n  the two cases e rhe c h l o r i d e  

content, f o r  example, of the s l a g  on specimens i n  aluminum rcliielt furnace 

No. 1 W ~ S  less  than I00 ppm, but thc solids i n  the f l u e  gases in the work 

o f  Kussell et ala'' incli ided halide compounds con ta in ing  47 to  58% C1 and 

0.05 t o  0.72X E'. In f a c t  RmsseP1 et all siagges'c t-hat t h e  dominant corro- 

c i o n  mcs ' r9arr ism i n  t h e i r  work was r e a c t i o n  of S l C ,  S i ,  and Si02 w i t h  halide 

s p e c i n s  i n  I h t h  Tlue ga:<r-s r e s u l t i n g  i n  formation of v o l a t i l e  s i l i c o n  

h a l i d e s .  Bl-i-hough emproven, this h y p o t h e s i s  sccins to be L l i ~  most logical 

explanarion f o r  the  observed c o r r a s i o n .  

~n ttiat stui ly projec ted  recession ratcs for  m a t r f l a l s  exposrd at 

Ira ac least o m  other  sitady, however, Si@ W ~ R  resistant to al Lack by 

N a C l  (ref, 12). i k a c t t o n  sintered and hot pressed  S i c  were immersed i n  

molten N a C l  a t  1000°C f n r  P h 3.13. a i r .  The only result was a s l i g h t  weight 

g a i n ,  which attrLbuted to oxfdat ion of SIC to form Si02 hy oxygein 

d isso lved  Cn the ripoltec NnC1. The i lnvestfgatoss suggest that the  

r e s u l t f a g  Si02 layer  vai; stable hecause the  oxygen ion a c t i v i t y  of the 

m e l t :  w8s t oo  l o w  i o r  d i s s o l u t i o n  of SiO:, as a s i l i c a & .  r a d i c a l .  The samc 

s tudy  revealed consider,sble veigl-it losses when Sic ceram-l cs ware exposed 

to ten rJa2soL, and - N ~ C P  w m e t i e .  

Combustion atrnssrheres are  o f t e n  qaite c o m p l ~ x .  Spscimcns exposed t o  

these atmosplwres reveal the n e t  r e s u l t  or' attack by some of ~Zie species, 

hut the role of various species Ps clot r s z d i l y  deccrminrd.  Additional 

work i s  needed which ~lrmild a l low irlw role of v a r i o u s  suspected c o r r o d a n t s  
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t o  be determined i n d i v i d u a l l y  and i n  combination. Then, i f  t h e  c o n s t i t -  

u e n t s  O F  t h e  f l u e  gases  i n  a p a r t i c u l a r  fu rnace  are known, t h e  behavior  

of materials exposed t o  the  furnace  envi.ronment might he p r e d i c t e d .  

The high c o r r o s i o n  rates observed i n  s t ee l  soaking p i t  No. 2 are 

a t t r i b u t a b l e  t o  t h e i r  p o s i t i o n  i n  t h e  f l u e  d u r i n g  t h e  test. These samples 

were sub jec t ed  t o  tempera tures  up t o  12.50"@, high v e l o c l t y  exhaust  gases  

and p a r t i c u l a t e s  from t h e  furnace  environment.  Actua l  placement of a 

r e c u p e r a t o r  would be f u r t h e r  down the f l u e  where the  remperature ,  exhaus t  

gas  v e l o c i t y ,  and amount of p a r t i c u l a t e s  would a l l  be s u b s t a n t i a l l y  lower. 

Consequent ly ,  we would expec t  t h e  c o r r o s i o n  rates t o  be s u b s t a n t i a l l y  

lmer  a l so .  

The C-ring f l e x u r e  s t r e n g t h s  obta ined  i n  t h i s  work (Table  '7) are 

cons ide rab ly  less than t h e  f l e x u r a l  s t r e n g t h s  r epor t ed  by t h e  manufac- 

t u r e r ~ , ' ~ , ~ ~  whi.ch are 450 MTa a t  1200°C: f o r  Hexoloy SA and 275 KQa a t  

1100°C f o r  NC-430. The manufacturer  ' s f l e x u r a l  strerngth,  however, was 

ob ta ined  under c o n d i t i o n s  designed t o  y i e l d  the 'nighest  s t r e n g t h  w i t h  t h e  

l eas t  amount of v a r i a t i o n .  T e s t  s p e c i u i e n s  were p r e c i s e l y  machined bend 

bars w i t h  f i n e l y  ground s u r f a c e s ,  which were sub jec t ed  t o  three-  o r  four-  

p o i n t  loading  u n t i l  f r a c t u r e  oc.curP-ed. I n  the p resen t  work @-r ings  were 

more e a s i l y  prepared than  bend b a r s  from t h e  tubu la r  specimens. In 

a d d i t i o n ,  t h e  t e n s i l e  sur€aces of t h e  specimens,  as p rev ious ly  mentioned, 

were no t  s p e c i a l l y  prepared p r i o r  t o  t e s t i n g .  I n s t e a d ,  all t e n s i l e  

surfaces were i n  t h e  exposed cond i t ion .  These s u r f a c e s  undoubtedly 

con ta ined  r e l a t i v e l y  l a r g e  f laws  of t h e  type  that i n i t i a t e  cracks under 

t e n s i l e  s t r e s s e s ,  thereby  r e s u l t i n g  i n  lower average f r a c t u r e  s t r e n g t h s  

than  would be obta ined  on s p e c i a l l y  prepared specimens. The number of 

specimens t e s t e d  i n  each group w a s  i n s u f f i c i e n t  t o  determine a c c u r a t e l y  

c h a r a c t e r i s t i c  stresses and Weibiill moduli. 

More important  than the d i f f e r e n c e  i n  f l e x u r a l  s t r e n g t h  between @- 

r i n g s  t e s t e d  i n  t h e  p r e s e n t  work and the  publ i shed  s t r e n g t h  of s i n t e r e d - a  

Sic i.s t h e  apparent  weakening of material  exposed t o  certain furnace  

environments .  The average C-ring f r a c t u r e  s t r e n g t h  of s i n t e r e d - a  S i c  w a s  

lowest f o r  specimens exposed to  alumi.nim remelt furnace  N o .  1, ~l-ni.te t h a t  

of NC-430 was lowest f o r  specimens exposed i n  steel. soaking p i t  No. 1. 

Because s u b s t a n t i a l l y  more s u r f a c e  r e c e s s i o n  occurred  i n  t h e  former as 
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shmn i n  Table 5, the mount of corrosion a p p a r e n t l y  I s  not the nnly 

1EacLor affecting strength. Atl-ack a t  g r a i n  boundaries  or a t  impurity 

si tes  migh t  be important. A1 S O ,  the exposure conditions might cause 

nicrocracking, which woisld affect t he  meclianical properttes. 

Although the r"casons fox d i f f e r e n t  strengths is not clear, t h e  Tact 

t h a t  weakening occurs is  important .  CorrosPon, whick dec reases  the  

load-bearing a b i l i t y  of  the m a t e r i a l ,  could be a ~ ~ m ~ d a t e d  by using 

sufficiently thick s e c t i o n s  to a t t a i n  d e s i r i d  lifetimr. Continuing 

degrada t ion  of sl rength wl th i nc reas ing  exposure, Itpoveve~~, would be TOOKC? 

s e r i o u s  The present  work unfo r tuna te ly  does riot i n d i c a t e  i f  strength 

degrada t ion  occurred e a r l y  i n  the  exposure o r  occurred g radua l ly .  

Candidate ceramic materials have been exposed t o  s i x  i n d u s t r i a l  

furnace atmospheres.  The materials were s in te red-a :  s i c  (Wexoloy SA>,  

S i n t r t d e ,  recrystallized Si@ (MC-400), s i l i c o n i z e d  o r  reaction sintered 
S i c  (NC-430, SC-X, and KT) ,  CVU Sic-coated Si@ (NC--4OO/CVD S I C ) ,  

Si3N4-bonded SSC (C/75 and CN-178), aliimina (AD-998) and mullite. Tubes 

o r  bars of these m a t e r i a l s  were exposed to the environments of two alu- 

iuinum remelt fu rnaces ,  a forge  furnace, a steel reheat fu rnace ,  and two 

s tec l  w a k i n g  p i t s  - The exposures  Involved n~imerous thermal  cycles 

peratures in the range 925 'to 12%O"C, arid exposure per iods  of 530 to 

5565 h. 

nation of the exposed specimens follow. 

The p r i n c i p a l  obse rva t ions  and/or conclus ions  der ived  f rom exami- 

Specimens exposed i o  the alumlnum remelt fu rnaces  were covered 

w l t l i  g l a s s y  d e p o s i t s  and ( i n  one case) with l oose ly  adher ing  d e p o s i t s .  

The p r i n c i p a l  constZtuents  i n  t h e s e  depoahts were Al, K, Na, and Si. 

Surface recession rates measured i n  HexoEoy SA, MC-400, NC-438, and 

SC--X exposed to  aluminum remelt furnace No, 1 were 0.1 to 0.6  
to 0.024 i n . / y ) .  Corros ion  appeared t o  be g e n e r a l  i n  nature. The S i  

phase i n  s i l i c o n i z e d  and reaa3tion s i n t e r e d  Sic w a s  not s e l e c t i v e l y  

attacked. Although nut: measured, surface r e c e s s i o n  gas also inferred by 

microstructurai changes in s ~ ~ N ~ - s ~ x ~ ~ ~ c I  s i c  ceramics e x p ~ s e d  to a i u ~ ~ ~ i n t m  



remelt f:imaces. On the other hand, nom of the S i c  ceramics corroded 

a.lgnif  ieantly i n  the ol:laejr three furnaces. 

Q Surface K ~ W S S ~ O I I  rates i n  steel soaking pit No. 2 w c e  3.5 m J y  

(0.14 i n . l y )  for  BeKaloy SA and Sintride, 4.2 mn/y (0.17 in./y> f o r  Ne-430 

and KT, iaa3 6.5 m d y  (0.27 in./y) l u c  C/75. Cn~rcrs inn arad/or erosion was 

higher  in this furnace than in any orrher. 

@ L i t t l e  o r  no surface recession occurred in t h e  forge and s tee l  

reheat furnace and i n  steel soaking p i t  NO. 1.. Wn these furnaces the 

environment w a s  evidently much less aggres s ive  pxssj-bl-y because of spec:.- 

men l o c a t i o n  i n  soaking p i t  No. 1. 

Placroscapie e raek ing  occurred Ira t h e  S i  3Nq-bonded S I C  specimens i n  

most t e s t s n  These rmaterlals also exhibited larger weight  ga ins  than o ther  

S f C  ceraml C.8. 
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67-69. COORS PORCELAIN COMPANY, 600 Ninth Street, ( h l d e n ,  CO 8040% 

70. GAS RESEARCH INSTITUTE, 8600 Mea$ Bryn M;.,v ~ , V C R U @ ,  Chicago, PL 
60631 

W .  W. Liang 

71-72. CTE PRODUCTS CORPORATION, H a w e s  S t r e e t ,  Townada, PA 18848 

73.  IIAGUE INTERPJATIONAL, 3 Adams Street ,  South P o r t l a n d ,  MA 04106 

s. B. Young 

44-75. TIT RESEARCH INSTITUTE, 10 West 35th S t r e e t ,  Chicago, IL 60616 

J. W. Adams 
D. C. Larsen 

76-77. NORTON COMPANY, Wor~ester, MA 01606 

B. D. F o s t e r  
M. L. TortF 

78. PENNSYLVANIA STATE UNIVERSITY, 201 Steddle Bul ld ing ,  TJnive.rs1t.y 
Park, FA 16802 

R.  E. Tresster 
L 

79-81. SOLAR TURBINES INCORPORATED, P.O. Box 85376, San Diego, CA 
92138-5376 

T. A. Argabright 
C. E. Smeltzer 
M. E. Ward 



w. E ,  Cole 
R. DeSariB 

M. K. Ferber 


