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CORROSION OF FLUIDIZED-BED BOILER MATERIALS I N  - 
SYNTHETIC FLUE GAS" 

J.  I. Federer  

ABSTRACT 

Candidate  m a t e r i a l s  f o r  components of a f lu id ized-bed  
was te  h e a t  recovery sys t em (FBWHRS) inc lude  p l a i n  carbon steel, 
types  405 and 316 s t a i n l e s s  steel ,  and a l l o y  800. These mate- 
r i a l s  were exposed t o  s y n t h e t i c  f l u e  gas a t  a n t i c i p a t e d  FBWNRS 
tempera tu res  and h ighe r  € o r  3000 h t o  determine c o r r o s i o n  rates. 
The s y n t h e t i c  f l u e  gas  w a s  a combustion atmosphere t o  which 
C 1 2  and H C 1  were added. The p r o j e c t e d  annual  c o r r o s i o n  r a t e  f o r  
p l a i n  carbon s teel  is about 0.08 mm/year (0.003 i n . /  y e a r )  a t  
2 5 0  t o  290"C, but  i t  would exceed 0.5 mm/year (0.02 in . /yea r )  at: 
560°C.  
materials were less than 0.25 m / y e a r  (0.01 i n . / y e a r )  a t  t h e  
maximum t e s t  t empera tures  of 560, 660, and 665°C €or  type  405, 
t ype  316, and a l l o y  800, r e s p e c t i v e l y .  These r e s u l t s  i n d i c a t e  
t h a t  co r ros ion  of cand ida te  FBWHRS materials w i l l  no t  be signlf- 
i c a n t  a t  a n t l c i p a t e d  o p e r a t i n g  tempera tures  for va r ious  com- 
ponents  u n l e s s  o t h e r  f a c t o r s ,  no t  inc luded  i n  t h i s  s tudy ,  cause 
a c c e l e r a t e d  co r ros ion .  

The p r o j e c t e d  annual  c o r r o s i o n  rates of t h e  o t h e r  

INTRODUCTION 

Regenera tors  and r e c u p e r a t o r s  have been used f o r  many yea r s  t o  recover  

waste hea t  from i n d u s t r i a l  p rocesses .  For example, h e a t  recovered from 

flue gases i s  used t o  p rehea t  r a w  m a t e r i a l s  o r  combustion a f r  o r  t o  gen- 

e ra te  steam, thereby  dec reas ing  t h e  use o f  f u e l .  High temperatures ,  

c o r r o s i v e  spec€es ,  and p a r t i c u l a t e s  t h a t  erode o r  f o u l  hea t  recovery de- 

v i c e s  c h a r a c t e r i z e  t h e  f l u e  gases  from some i n d u s t r i a l  furnaces ,  f o r  

example, aluminum remelt, s t e e l  soaking p i t ,  and g l a s s  fu rnaces .  I n  r e c e n t  

y e a r s  the oppor tun i ty  f o r  g r e a t e r  fuel sav ings  through h ighe r  prehea t  a i r  
tempera tures  has  been pursued. As a r e s u l t  r e s e a r c h  and development 

on more du rab le  ceramic materials and on ceramic r ecupe ra to r  technology 

have Increased .  Recuperators  having S i c  tubes  as t h e  h e a t  t r a n s f e r  
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U . S .  Department of Energy under 
Corpora t ion .  

* O f f i c e  of I n d u s t r i a l  Programs, 
c o n t r a c t  W-7405-eng-26 wl th  Union Carbide 



elements  are being developed by p x j v a t e  i n d u s t r y  under c o n t r a c t s  wfth t h c  

U.S. Department of Energy (DOE) and t h e  Gas Kcscarch I n s t i t u t e .  

Another approach t o  waste heat r e c u p e r a t i o n  i s  represpnted by 

f lu id ized-bed  h e a t  exchangers,  a l s o  being developed by p r i v a t e  i n d u s t r y  

under  c o n t r a c t  t o  WE. One of t h e s e  concepts  i s  a f lu id ized-bed  waste 

h e a t  recovery system (FBWHRS) t h a t  conve r t s  waste h e a t  t o  steam. Flue 

g a s e s  f l u i d i z e  and h e a t  the  bed media, which i n  turn t r a n s f e r  hea t  t o  t h e  

steam gene ra to r  tubes. This  type  of device has been s u c c e s s f u l l y  used t o  

r ecove r  heat from f l u e  gases  of d i e s e l  engines  on seagoing v e s s e l s .  Appli- 
c a t i o n  t o  i n d u s t r i a l  fu rnaces  r e q u i r e s  advances i n  technology because t h e  

d e v i c e  w i l l  o p e r a t e  nt h ighe r  tempera tures .  Although heat is  not recove r e d  

a t  h igh  teitiperaturss, as is done by ceram-lc r e c u p e r a t o r s ,  the f l u l d t z e d -  

bed b o i l e r  has t h e  fo l lowing  a t t r a c t i v e  f e a t u r e s  f o r  waste h e a t  rec~ve9-y :  

o proven method, 

e high e f f e c t i v e n e s s ,  

0 des ign  tempera tures  t h a t  a l low use  of m e t a l l i c  a l l o y s  f o r  most c o w  

ponen l s ,  and 

removal of f o u l i n g  deposits by p e r i o d i c  c l ean ing  of d i s t r i b u t o r  p l a t e .  

Aero je t  Energy Converalon Company w i l l  des ign ,  c o n s t r u c t ,  i n s t a l l ,  

and o p e r a t e  a f u l l - s c a l e  FWHRS as a demonst ra t ion  of perFormance and 

r e l i a b i l i c ~ . ~  The i n f t i a l  s i t e  selected f o r  t h e  unit: was an  aliim-bnun 

remelt furnace  f i r e d  wi th  n a t u r a l  gas. The fu rnace  o p e r a t e s  on a 3-41 

cycle  as fo l lows:  

e charge me l t ing  (high f i r i n g ) ,  2 .0  h ;  

o f l u x i n g  wi th  C12 gas, 0.35 h; and 

8 d i scha rge  ( n o n f i r i n g ) ,  0.75 h. 

Ch lo r ine  f lux ing  is a C O ~ ~ O ~ P  i n d u s t r i a l  pr0Cedt~~t-e f o r  p u r i f y i n g  molten 

aluminum. Cer t a in  -Lmpurities, such as magnesium, are converted t o  

c h l o r i d e  compounds t h a t  can be sepa ra t ed  from t h e  melt- Dur ing  f l u x i n g  

and n o n f i r i n g  p o r t l o n s  of t he  cyc le ,  f l u e  gases  would bypass the FBkSHRS. 

The f l u e  gases  would pass  through t h e  Flufdized-bed b o i l e r  only dur ing  the 
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h i g h - f i r i n g  p o r t i o n  of the cycle .  Although C 1 2  i s  not added t o  t h e  m e l t  

d u r i n g  h igh  f i r i n g ,  r e s i d u a l  C 1 2  and H C 1  are p r e s e n t  i n  t h e  f l u e  gases. 

The c o r r o s i v e  p o t e n t i a l  of f l u e  gases containing C I 2  and HC1 needed t o  be 

a s s e s s e d  because s e r i o u s  c o r r o s i o n  would a f f e c t  both performance and 

r e l i a b i l i t y .  

The purpose of t h i s  I n v e s t i g a t i o n  w a s  t o  develop a d a t a  base f o r  

c o r r o s i o n  of cand ida te  c o n s t r u c t i o n  materials. T h i s  i n fo rma t ion  was 

needed f o r  s e l e c t i o n  of materlals € o r  bo-ller components, namely, d i s t r i b u -  

t o r  p l a t e ,  steam g e n e r a t o r  tubes ,  and containment w a l l s .  The t a s k  w a s  

accomplished by reviewing pertinent c o r r o s i o n  l i t e r a t u r e  and by conduct ing 

c o r r o s i o n  tests. In t h e  l a t t e r  case u n s t r e s s e d  c a n d i d a t e  materials w e r e  

exposed to  s y n t h e t i c  f l u e  gases  c o n t a i n i n g  C L 2  and H C 1  a t  and above a n t i c i -  

p a t e d  FIW;UHRS use  t empera tu res  f o r  3000 h. Annual c o r r o s i o n  rates were 

p r o j e c t e d  Erom the r e s u l t s  of t h e  test. 

DESCRIPTION OF FLUIDIZED-BED WASTE HEAT 
RECOVERY SYSTEM 

The f lu id i zed -bed  b o i l e r  i s  shown schemat€ca l ly  i n  Fig.  1, F l u e  

gases ,  d i l u t e d  wi th  a i r  t o  lower t h e i r  temperature  t o  about 600°C, are 

ORNL-DWG 82-11869 

FLU€. GASES 
-350°C 

STEAM TUBE 

WATE R/STE AM 

Fig .  1. F lu id i zed -  
bed waste h e a t  recovery 
system boiler. 
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d i v e r t e d  from t h e  main f l u e  Into t h e  boiler. The gases  e n t e r  t he  b o i l e r  

through openings i n  t h e  d i s t r i b u t o r  p l a t e ,  which forms the hase  o f  t he  

bed. (In an advanced v e r s i o n  t h e  i n l e t  gas  temperature  may be as high as 

1000°C.) The gases  f l u i d i z e  and h e a t  t h e  alunrlnanm oxide  bed mediixm, which 

i s  k e p t  sha l low t o  minimize the p res su re  d r o p  through the  b o i l e r .  H e a t  1s 

t r a n s f e r r e d  from t h e  bed t o  t h e  steam tubes,  wi th  t h e  s u r f a c e  temperature  

of t h e  tubes  and containment w a l l  maintained a t  250 t o  290°C. The axit: 

gas  tempera ture  is ahout 350°C. A l l  components i n  t h e  bed are sub jec t ed  

t o  the eroding  a c t i o n  of t h e  bed medium. 

Candidate  P-eEerence and a l t e r n a t i v e  materials f o r  d i s t r i b u t o r  p l a t e ,  

steam tubes,  and containment wall are metals. The i r  composi t ions and 

maximum a n t i c i p a t e d  use  tempera tures  i n  t h e  b o i l e r  are shown i n  Tab le  1. 

In each case t h e  a l t e r n a t f v e  is more oxida t lo t i  r e s i s t a n t  than  t h e  

r e f e r e n c e  material. Type 347 s t a i n l e s s  s tee l ,  a s t a b i l i z e d  grade, which 

resists p r e c i p i t a t i o n  of ca rb ides  a t  g r a i n  boundaries ,  was included f o r  

comparison. T e n t a t i v e  s e l e c t i o n  of t h e s e  materials r e f l e c t s  t h e  intent-  L o  

c o n s t r u c t  t h e  bo i l e r  with common s t r u c t u r a l  materials, f o r  which fabrlca- 

t i o n  technology, a v a i l a b i l i t y ,  and c o s t  are well e s t a b l i s h e d .  

Tab le  1. Candidate  materials f o r  f lu id ized-bed  
w a s t e  h e a t  recovery system baL1er components 

Nominal Es t imated  

i n  FB'dIQRS 
compos it t o n  ( w t z  1 tempera tlire 

... .. I_ 

Component Haterlal 

Cr N i  Fe Others ( " C >  

Reference Type 316 ss 
Alternat1.ve Al loy  800 
(For  Type 347 SS 

comparison) 

Distributor p l a t  e 

14 1 2  B a l  2 t40 600 
2 1  33 B a l  600 
18 11 Bal N b  + 'Tab 

Steam tubes and containment mlls  

Ret ere  nee P l a i n  carbon s t ee l  4 9  2 5@--2 9 0 
A l t e r n a t i v e  Type 405 SS 13 B a l  0.2 AE 250-290 

=These materials a l s o  c o n t a i n  s m a l l  amounrs OF C, Mn, S1, P, and S. 

bconcen t r a t ion  i s  10 t i m e s  carbon con ten t .  



PREVIOUS CORROSION STUDIES 

Rela t ed  c o r r o s i o n  s t u d i e s  have involved exposure of materials t o  

e s s e n t i a l l y  pure C 1 2  o r  HC1 gases  and t o  a c t u a l  and s imula ted  combustion 

atmospheres con ta in ing  t h e s e  gases .  Although exposure t o  pure C 1 2  o r  HC1 

would be an  u n l i k e l y  event  f o r  t h e  f lu id ized-bed  h e a t  exchanger, t h e  

r e s u l t s  of t h e s e  tests were reviewed f o r  p o s s i b l e  a s s i s t a n c e  i n  i n t e r -  

p r e t i n g  Corrosion behavior  i n  combustion atmospheres.  R e s u l t s  from pre- 

v ious  s t u d i e s  are summarized i n  Table  2. 

Heinemann, Garr i son ,  and Haber exposed s t e e l  t o  dry  C I 2  gas a t  77 t o  

251°C f o r  up t o  8 h ( r e f .  4 ) ,  and Brown, DeLong, and Auld exposed a v a r i e t y  

of materials inc lud ing  s t ee l  and type  316 s t a i n l e s s  s teel  i n  dry C12, in 

d r y  H C l ,  and i n  t h e s e  gases  wi th  a d d i t i o n s  of H20,  air ,  o r  SO2 (ref.  5 ) .  

Temperatures of i n t e r e s t  t o  t h e  f lu id ized-bed  h e a t  exchanger were inc luded  

i n  t h e s e  s t u d i e s ,  bu t  t es t  pe r iods  were only 20 h o r  less. A maximum corro-  

s i o n  ra te  of 3.5 pm/h w a s  ob ta ined  by Brown and coworkers a t  t h e  temper- 

a t u r e s  shown i n  Table  2 f o r  s t ee l  and type  316 s t a i n l e s s  steel .5 Although 

t h i s  co r ros fon  ra te  p r o j e c t s  t o  an annual  ra te  of about  31 mm/year, such a 

p r o j e c t i o n  i s  not j u s t i f i e d  because co r ros ion  r a t e s  u s u a l l y  dec rease  wi th  

i n c r e a s i n g  exposure t i m e  u n l e s s  c o r r o s i o n  products  are somehow removed. 

I n  both s t u d i e s  c o r r o s i o n  rates were roughly p r o p o r t i o n a l  t o  the  vapor 

p r e s s u r e  of t he  p r i n c i p a l  r e a c t i o n  product ,  which i n  t h e  case of iron-base 

a l l o y s  wigs f e r r i c  c h l o r i d e .  The s tudy  by Brown and coworkers r evea led  

h i g h e r  c o r r o s i o n  rates i n  dry  C 1 2  than  i n  dry H C 1  ( r e f .  5).  Higher corro-  

s i o n  rates were obta ined  when C12--0.4% H 2 0  and HC1--0.2% H 2 0  were used u n t i l  

a tempera ture  of 3 7 1 ° C  w a s  reached. 

same as those  obta ined  wi th  dry  C 1 2  and HC1. Corros ion  rates i n  H C 1 - a i r  

and HCl-lO% SO2 mixtures  w e r e  s imilar  t o  those  obta ined  wi th  dry HC1. 

Above 371°C c o r r o s i o n  rates were t h e  

Miller and Krause r epor t ed  a maximum c o r r o s i o n  ra te  of about 1.5 pm/h 

f o r  steel ,  low-alloy s teel ,  and types  304 and 321 s t a i n l e s s  steel exposed 

f o r  122 t o  389 h t o  combustion gases  con ta in ing  SO2 and H C l  ( r e f .  6 ) .  

E l e c t r o n  microprobe a n a l y s i s  revea led  t h e  presence  of C1, S, Pb, Zn, Fe, 

N a ,  K, Ca, A l ,  S i ,  Sn, N i ,  and C r  i n  t h e  c o r r o s i o n  product  o r  a t  t h e  
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Table 2. (continued) 

Test Temper- Corrosion 
Mat e r i a1 Atmosphere period a t u r e  r a t e  Source, 

reference ( h )  ( "e>  ( d h )  

Steel 

Type 316 

Combustion gases with 
0.5% C1, 0.25% S 
0.75% GI, 0.25% S 
2.5% C 1 ,  0.25% S 
0.5% C1, l .O%S 
0.5% GI, 1.75% S 

0.5% C1, 0.25% S 
0.75X C1, 0.25% S 
2.5% Cb, 0.25% s 
0.5% c1, 1.0% s 
0.5% Cb, 1.75% S 

Incoloy 825 0.754: Cl 

Steel Synthetic combustion 
2.5X Cl 

gases  : 
14.1% eo2, 81.5% N ~ ,  

0.2% co, 0.2% SO2, 
4.0% 0 2 ,  

0.1% BCl 
1.25 Cr-0.5 No 

Type 321 

(1 0 
(10 
(10 
(10 
(10 

(1 0 
(1 0 
(1 0 
(10 
(1 0 

(1 0 
(1 0 
-2 56 

-2 56 

-4 59 

149-593 
149-593 
149-593 
149-593 
149-593 

5 93 
593 
593 
3 7 1-5 9 3 
371-593 

371 
371 
540 

7 00 

1000 

540 
7 00 
1.000 
540 
7 00 
1000 

1.3-5.8 Vau ghii , K r  au s e, 
2.8-7.9 b0yd9 
2 e 5-1 4.0 
1.3-8.2 
0.2-3.1 

1.5 
3.1 
1.8 
0.1-0.3 
0.1-0.4 

2.5 
0.5 
0.1 Mayer, Manolesculo 

0.2 

13 

0.1 
0.2 
14 
0.01 
0.05 
3.3 



8 

c o r r o s i o n  i n t e r f a c e  i n  mast specimens. The exposure per iod  a l s o  inc luded  

i n t e r v a l s  dur ing  which t h e  specimens were a t  t einperatures below 200°C i n  

mois ture-conta in ing  atmospheres.  Corros ion  r a t e s  lower than 1.5 um/h were 

ob ta ined  f o r  s t ee l  ( a t  comparable tempera tures)  rxposed t o  s y n t h e t i c  com- 

b u s t i o n  atmospheres con ta in ing  e i t h e r  SO2 o r  SO2 plus  HC1.  

Krause, Vaughn, and Wilier7 obta ined  a DW~K~DRIIII c o r r o s t o n  ra te  of 

about 0.5 pm/h f o r  steel exposed 828 h t o  a coiilhustion atmosphe'tc s-lmilar 

t o  thal: used by Miller and K r a u ~ e . ~  The lower c o r r o s i o n  r a t e  that they 

ob ta ined  might r e f l e c t  t h e  f r equen t  obse rva t ion  tha t  I n i t i a l l y  high corm--  

s i o n  rates g radua l ly  dec rease  wi th  i n c r e a s i n g  exposure t t m e .  

Krause, Vaughn, atid Miller r epor t ed  m - r r i m ~ ~ r n  c o r r o s i o n  rates of 

1.8 pm/h f o r  s t ee l  and a low-alloy s t ee l  and 1.4 p / h  f o r  types  304 and 

3 2 1  s t a i n l e s s  s t ee l  and Tncoloy 825 at t he  tempera tures  shown i n  Table  2 

( re f  - 8. ) The corrutl ing environment was a combust Lon atmosphere con- 

t a i n i n g  I1Ci  and poss ib ly  S O 2 .  

r e p o r t e d  by Miller and Krause;6 I n  f a c t ,  t h e s e  might be s u b s t a n t € a l l y  Lhe 

same d a t a .  

The c o r r o s i o n  rates were s iml la r  t o  those  

In t e s t s  of 10 h or less Vaughn, Krause,  and Boyd deterrniraed corro- 

s i o n  Pates of s tee l ,  type 316 s t a i n l e s s  s tee l ,  and Incoloy  825 exposed t o  

combustion gases  coritainfng a d d i t i o n s  of s u l f u r  as t h e  elemerit and c h l o r i n e  

as po lyv iny l  c h l ~ r i d e . ~  The d a t a  i n d i c a t e  t h a t  t h e  c o r r o s i o n  ra te  of s t ee l  

i n c r e a s e d  whth i n c r e a s i n g  c h l o r i n e  con ten t  a t  cons t an t  s u l f u r  con ten t .  A t  

c o n s t a n t  c h l o r i n e  con ten t  t h e  c o r r o s i o n  rate passed through a maximum with 

i n c r e a s i n g  s u l f u r  con ten t .  The c o r r o s i o n  r a t e  of type 316 s t a i n l e s s  s t e e l  

decreased  wi th  i n c r e a s i n g  s u l f u r  con len t ,  and the c o r r o s i o n  r a t e  of 

Inco loy  825 decreased  wi th  i n c r e a s i n g  c h l o r i n e  con ten t .  These t r ends ,  

however, are based on short  exposure t i m e s  and might not con t inue  wi th  

longe r  exposure.  Other  d a t a ,  not  shown i n  Table 2, i n d i c a t e d  that corro-  

s i o n  rates inc reased  w i t h  Increasing combustion gas tempera tures ,  sug- 

g e s t i n g  t h a t  specimen s u r f a c e  tempera tures  were a c t u a l l y  h ighe r  than were 

recorded .  

Mayer and Manolescu s t u d i e d  c o r r o s i o n  of materdals in s y n t h e t i c  C Q ~ -  

b u s t i o n  gases  con ta in ing  SO2 and H C 1  a t  540, 700, atid 1000°C (ref. 10). 

Corros ion  rates i n  thc s y n t h e t i c  cornbustion gases  were lower ( a t  comparable 
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or  even h ighe r  tempera tures)  t h a n  r e p o r t e d  by Miller and Krause6 €or  t h e  

s a m e  materials exposed t o  a c t u a l  combustion gases  c o n t a i n i n g  approximate ly  

t h e  same amounts of SO2 and HC1. The d i f f e r e n c e  might have been caused by 

one o r  more metallic elements i n  t h e  a c t u a l  combustion atmospheres used by 

M i l l e r  and Krause, who a l s o  ob ta ined  lower c o r r o s i o n  rates i n  s y n t h e t i c  

atmospheres e6 

In summary, prev ious  s t u d i e s  of c o r r o s i o n  of steels, s t a i n l e s s  steels, 

and a n icke l -base  a l l o y  have been conducted i n  C 1 2  and HC1 gases  and i n  

a c t u a l  and s imula t ed  combustion atmospheres.  Test pe r iods  ranged between 

a few hours and about 800 h. Corros ion  rates were h ighe r  I n  a c t u a l  com- 

b u s t i o n  atmospheres than  i n  s imula t ed  atmospheres.  The c o r r o s i o n  rate of 

s teel  inc reased  wi th  i n c r e a s i n g  B C 1  con ten t  i n  t h e  combustion atmosphere. 

S t a i n l e s s  steels,  as expected, w e r e  more r e s i s t a n t  t o  c o r r o s i o n  than was  

steel  o r  low-alloy steels. Corros ion  rates were 0.1 pm/h o r  amre dur ing  

t y p i c a l  test pe r iods  of a few hundred hours .  Although 0.1 pm/b p r o j e c t s  

t o  an annual c o r r o s i o n  ra te  of 0.87 mm/year (0.034 i n . / y e a r ) ,  such a pro- 

j e c t i o n  i s  not j u s t i f i e d  because a c t u a l  c o r r o s i o n  rates u s u a l l y  dec rease  

w i t h  t i m e  u n l e s s  c o r r o s i o n  p roduc t s  are nonpass iva t ing  o r  t h e i r  removal i s  
a c c e l e r a t e d .  

SPECIMllSN PREPARATION 

Specimens measuring approximate ly  25 by 38 by 3 mm were c u t  from 

s h e e t  s tock  of p l a i n  carbon steel ,  types  316 and 347 s t a i n l e s s  steel, and 

a l l o y  800. Specimens of type 405 s t a i n l e s s  steel  w e r e  ob ta ined  from 

1 3 - m - O D  by 0.9-m-thick-wall t u b i n g  by f i r s t  c u t t i n g  38-m-long s e c t i o n s ,  

t h e n  c u t t i n g  each s e c t i o n  a long  a d i a m e t r a l  plane.  Holes measuring about  

2 mnn in diameter  near  one end allowed t h e  specimens t o  be hung from a rack 

d u r i n g  t h e  exposure.  

Specimens were t e s t e d  i n  as-received,  annealed,  and welded c o n d i t i o n s .  

The m i c r o s t r u c t u r e s  and c o r r o s i o n  behavior of as - rece ived  materials, as 
w i l l  be shown, were s u b s t a n t i a l l y  t h e  same as  those  of materials t h a t  had 

been annealed. The annea l ing  c o n d i t i o n s  w e r e  as fol lows:  
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BB, p l a i n  carbon s tee l  and type 405 s t a i n l e s s  s t ce t  - 910°C, 10 min, 

hellurn atmosphere, furnace  cooled ;  

e types  316 and 347 s t a i n l e s s  s t e e l  - 1075"C, 15 min, helium atmosphere,  

water quenched; and 

o a l l o y  800 - 1050°@, 5 n i n ,  1it~Iiuni atmosphere, cooled by t r a n s f e r r i n g  

specimens t o  water-cooled zone of furnace  tiibc. 

Welded specimens w e r e  prepared by formlng a f n s i o n  zone along t h e  

l o n g i t u d i n a l  c e n t e r l i n e  Q €  specimens i n  t h e  as - rece ived  cond i t ion .  The 

g a s  tungs t en  a r c  process  was used w i t h o i ~ t  a d d i t i o n  of f i l l e r  n,eta.l-. A11 

specimens were g r i t  b l a s t e d ,  r i n s e d  i n  alcohol., aid dsled befo re  i n s t a l l a -  

t i o n  i n  t h e  tes t  furnace .  

TEST COND ITPONS 

Specimens hung from a rack  i n  a 624nm-ZD ceramic tube ( long  a x i s  

h o r i z o n t a l )  hea ted  by a fu rnace ,  Hecause a temperature  g r a d i e n t  occur red  

a long  t h e  furnace ,  t h e  l o c a t i o n  determined specirner-r t empera tures .  The 

specimens hung t h r e e  a b r e a s t  as  shown schematCcally i n  F i g .  2 and i n  t h e  

photograph i n  P i g .  3 .  The type  405 s t a t n t e s s  s t ee l  and p l a i n  carbon s t ee l  

specimens were loca ted  a t  the gas  I n l e t  and 0111:let ends  of t h e  hea ted  

zone, r e s p e c t i v e l y ,  and the o t h e r  specimens were l o c a t e d  a t  i n t e r m e d i a t e  

h o t t e r  p o s i t i o n s  Specimens hung wi th  long dimensions v e r t i c a l ,  spaced 

about  25 m apart  f n  t h e  l o n g i t u d i n a l  d i r e c t i o n  of the fu rnace  t u b e  and 

10 m a p a r t  i n  t h e  d i a m e t r a l  d i r e c t i o n .  

Synt.hetic f l u e  gases  were prepared  by mixing a i r ,  N2, CO2, H20, C 1 2 ,  

and I-IC1. 

flowmeLers. 

In t r a n s f e r  of about 5 g/h o f  water  vapor into the furriace tube.  The 

t o t a l  f low r a t e  of gases r equ i r ed  less than 1 c111~/min each of CP2 and WC1 

t o  obtain the d e s i r e d  c o n c e n t r a t i o n s .  Because such low flow r a t e s  could 

n o t  be metered wi th  e x i s t i n g  f l o m e t e r s ,  a mixture  of a i r ,  e l2 ,  and HCP 

w a s  prepared by meter ing 4900 cm3/inin of a i r  and 10 c m 3 / m i n  each of 

C 1 2  and HC1 into a manifold.  Most of t h i s  mixture  w a s  vented; howe-\aer, 

Each gas  e x c e p t  H20 w a s  metered w i . t h  conven%ional  tube-and-float 

The N 2  and C 0 2  bubbled through water at about 4 4 O C ,  r e s u l t i n g  



d---l...-. 1-1 L 1.. 1 I I I I I I I 
46 i 2  8 4 0 4 8 ( 2  16 20 

POSITION (in) 

Fig. 2. Schematic representation of specimens in Furnace durlng 
exposure to synthetic flue gas; 1 in. = 25.4 mm. 

Y- 1851 98 

Fig. 3. Specimens  on rack fo r  exposure test. Flat specimens are 
25 by 38 by 3 rmn. 
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200 cm3/min of t he  mixture  con ta in ing  about  0.2 v o l  % each of C 1 2  and H C 1  

w a s  metered i n t o  t h e  fu rnace  tube  along wi th  t h e  o t h e r  gases .  The i n t l i -  

c a t e d  f low rates  oE i n d i v i d u a l  gases  i n  t h e  mixture  a r e  shown i n  Tab1.e 3 .  

The to ta l .  c h l o r i d e  con ten t  i n  t h e  mixture  w a s  determined by bubbl ing the 

mtxture through two  successi .ve 0.1 N N a O H  so l i i t lons  t o  c a p t u r e  HCS and 

e l ? .  Analys is  o f  t h e  s o l u t i o n s  i n d i c a t e d  t h a t  t h e  gas  mixture conta ined  

0.024 v o l  % t o t a l  c h l o r i d e  at t h e  i n l e t  end of t h e  furnace  compared wlth 

0.014 v o l  % t o t a l  c h l o r i d e  : Indicated by t h e  flowmeters. A f t e r  c o n t a c t i n g  

the specimens a t  temperature ,  t h e  mixture  conta ined  by an .a lys i s  

0.029 v o l  % t o t a l  c h l o r i d e .  The a n a l y s e s  t h e r e f o r e  i n d i c a t e d  t h a t  t:he 

H C 1  and C 1 2  f low r a t e s  w e r e  h ighe r  than  in tended .  

gas  f law rate w a s  5960 c m 3 / m i n ,  and t h e  l i n e a r  f l o w  r a t e  was 200 cm/m:Ln. 

The t o t a l  vo lumetr ic  

Tab le  3. Composition o f  
s y n t h e t i c  f l u e  gases  

Flow rate* Concent ra t ion  
(em3 /rnfn> (vo l  % >  Gas 

4700 79 
1020 1 7  

120 2 

E92 
0 2  
CO 2 120 2 

0.4 0.012 
0.4 0.012 

2 0  
2 

H C 1  

%easured a t  about  25°C 
except  R 2 0 ,  which w a s  not  
d i r e c t l y  metered. 

The cand ida te  materials, t h e i r  a n t i c i p a t e d  use  tempera ture  i n  t h e  

b o i l e r ,  and t h e  range of tempera tures  i n  t h i s  t e s t  are shown in Table 4 .  

T h e  test tempera ture  range s l i g h t l y  exceeded t h e  es tiaiated use  tempera ture  

of type 316 s t a i n l e s s  s t e e l  and a l l o y  800. P l a i n  carbon s t ee l  and t:gpe 

405 s t a i n l e s s  steel w e r e  tested over a wtder range,  aiid the maximi-im t e s t  

tempera ture  exceeded t h e  e s t ima ted  use t empera ture  by about  300°C. 
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Table 4.  Condi t ions  of c o r r o s i o n  tes t  

Atmosphere: S y n t h e t i c  f l u e  gas 
Dura t ion  : 3000 h wi th  i n t e r m e d i a t e  measurements 

a f t e r  500 and 1500 h 

Temperature, "C 
P l a i n  carbon s t ee l  240-560 (250-290)a 
Type 405 220-560 (250-290)" 
Type 316 6 2 5 6 6 0  (600)" 
Alloy 800 605-4565 (600)a  
Type 347 650 (600)" 

aAnt i c ipa t ed  tempera ture  i n  f lu id i zed -bed  
waste h e a t  recovery sys t em.  

RESULTS 

CORROSION RATES 

The th i ckness  of uncorroded specimens of each material i n  as - rece ived  

and annealed c o n d i t i o n s  w a s  measured on po l i shed  samples on an o p t i c a l  

me ta l log raph  with an i n t e g r a l  c a l i b r a t e d  scale. A t  least  t h r e e  rneasure- 

ments were made a t  d j f f e r e n t  l o c a t i o n s  t o  o b t a i n  an average pretest  

t h i c k n e s s  Xo. S i m i l a r l y  the average t h i ckness  of una t t acked  metal X, 
was measured on corroded samples .  The t h i c k n e s s  o f  una t t acked  m e t a l  was 

measured from t h e  deepes t  g r a i n  boundary p e n e t r a t i o n  on one s i d e  of t h e  

sample  t o  t h e  deepes t  p e n e t r a t i o n  on t h e  o t h e r  s i d e .  The depth of 

c o r r o s i o n  d w a s  then c a l c u l a t e d  from t h e  e x p r e s s i o n  d = (X, - X1)/2. 
The c o r r o s i o n  r e s u l t s  are summarized i n  Table 5. The depth  of cor ro-  

s fon  of p l a i n  carbon s tee l  i n  both  the  as - rece ived  and annealed c o n d i t i o n s  

i n c r e a s e d  w i t h  both  t h e  and temperature ,  and t h e  c o r r o s i o n  rate inc reased  

w i t h  tempera ture .  The annual  c o r r o s i o n  rate p r o j e c t e d  l i n e a r l y  from t h e  

r e s u l t s  after 3000 h ranged from about 0.04 m / y e a r  (0.002 i n . / y e a r )  a t  

240°C t o  0.59 mm/year (0.023 i n . / y e a r )  a t  560°C. 

t empera tu re  f o r  t h i s  material (250-290°C) t h e  p r o j e c t e d  annual  c o r r o s i o n  

ra te  is  about 0.1 m/year  (0 .004 i n . / y e a r ) .  The depth of c o r r o s i o n  and 

c o r r o s i o n  ra te  of type 405 s t a i n l e s s  steel  w e r e  s u b s t a n t i a l l y  t h e  same i n  

bo th  c o n d i t i o n s .  The l i n e a r l y  p r o j e c t e d  annual  c o r r o s i o n  rate a t  560°C is 

only about  0.08 mm/year (0.003 in./year) compared w i t h  about 0.59 midyear 

(0 .023 i n . / y e a r )  for p l a i n  carbon steel. 

A t  t h e  e s t ima ted  use  
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Both type 316 s t a i n l e s s  s t ee l  and a l l o y  800 e x h i b i t e d  dec reas ing  

c o r r o s i o n  rates wi th  inc reas tng  exposure t h e .  L i n e a r l y  p r o j e c t e d  annual  

c o r r o s i o n  r a t e s  at 625°C. are  about 0.20 and 0.10 mm/year (0.008 and 

0.004 i n - l y e a r )  f o r  type 3 1 4  and a l l o y  800, r e s p e c t i v e l y .  Type 347 

s t a i n l e s s  s teel  was t e s t e d  on ly  du r ing  t h e  f i n a l  15OC)-h per iod .  The 

p r o j e c t e d  annual  c o r r o s i o n  ra te  based on a 1500-h exposure was about  

0.27 m/year (0.011 in./year). As i n  t h e  case of p rev ious ly  discussed 

c o r r o s i o n  r e s u l t s ,  t h e  l i n e a r l y  p r o j e c t e d  r a t e s  r e p r e s e n t  maximum values ,  

which would probably not  be maintained du r ing  longer  exposures  

Ox ida t ton  of metals o f t e n  fo l lows  t h e  p a r a b o l i c  r e l a t i o n s h i p  X2 = k-b, 

where X i s  the t h i ckness  (dep th )  of ox id i zed  metal ,  t is  t i m e ,  and k i s  

t h e  pa rabo l i c  c o n s t a n t .  According t o  t h i s  r e l a t i o n s h i p  t h e  rate of 

oxhdat ion,  I n s t e a d  of remaining cons t an t ,  a c t u a l l y  dec reases  wi th  

i n c r e a s i n g  time. Because t h e  r e l a t t o n s h i p  d e r i v e s  f r o m  a n  expression f o r  

un i .d i r ec t iona1  diE€uslion, o x i d a t i o n  by d i f f u s i o n  of metal  o r  oxygen through 

a n  oxide  layer is t h e  i m p l t e d  mechanism. An e s s e n t i a l  cond i t ion ,  

t h e r e f o r e ,  f o r  conformance to  the parabolic. r e l a t i o n s h i p  is format ion  of 

a n  adherent  oxide l a y e r ,  the d i f f u s i o n  pa the  T f  t h e  oxide  l a y e r  Ls 

p e r i o d i c a l l y  d i s r u p t e d  and t h e  metal s u r f a c e  exposed, t hen  t h e  o x i d a t t o n  

r a t e  w i l l  i n c r e a s e .  

I f  a p l o t  o€ X vs 6 y i e l d s  a s t r a i g h t  line, t h e  d a t a  obey t h e  para- 

b o l i c  r e l a t i o n s h i p .  The p l o t s  f o r  p l a i n  carbon s teel  I n  F ig .  4 were almost 

l l n e a r  a t  240 and 430"C, h d i c a t i n g ;  approximate agreement wi th  t h e  parabolfic 

r e l a t i o n s h i p .  P l o t s  f o r  plaln carbon s t e e l  and type  405 s t a i n l e s s  steel a t  

56Q°C deviaced  upward, Lndica t tng  s l i g h t l y  a c c e l e r a t e d  c o r r o s i o n  rates. The 

c o r r o s i o n  products  t h a t  formed a t  560'C were shown by x-ray d i € f r a c t i o n  t o  

be Pe2Q3 and Fe30L, on p l a in  carbon steel. and Pe203 and PeCr204 on type  405 

s t a l n l e s s  s teel .  These oxides ,  be ing  less dense than t h e  metals, Faight 

have been nef i ther  adhe ren t  nor p r o t e c t i v e ,  as i n d i c a t e d  i n  m i c r o s t r u c t u r e s  

t o  be shown. I n  a d d i t i o n ,  loosening  o r  removal of c o r r o s i o n  products  

d u r i n g  planned i n t e r r u p t i o n s  a t  500 and 1500 h might have caused h i g h e r  

c o r r o s i o n  rates than  would have occurred  du r ing  an u n i n t e r r u p t e d  i so the rma l  

exposure  . 
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F ig .  4 .  Depth of c o r r o s i o n  ve r sus  ( e : l ~ n e ) ~ / * .  

P l o t s  of t h e  d a t a  f o r  type  316 s t a i n l e s s  s tee l  are l i n e a r  i f  t h e  

data far 500 h are neg lec t ed  as shown i n  Ffg .  4 .  The depths  of c o r r o s i o n  

a t  500 h appear  t o  be unusual ly  l a r g e  compared wt th  the  d a t a  a t  1500 and 

3000 h. Also ,  t h e  depths  of c o r r o s i o n  were h ighe r  at 625 than  a t  6 6 0 ° C ,  

s u g g e s t i n g  t h a t  measuring e r r ~ r s  occurred.  The d a t a  f o r  a l l o y  800 can be 

p l o t t e d  l i n e a r l y  w i t h i n  the sca t te r  band shown i n  PI$. 4 .  These materials 

would be expected t o  e x h i b i t  l i n e a r  o x i d a t i o n  behavior  (wi th  square  r o o t  

o f  t ime)  i n  a i r  a t  t h e  tempera tures  of thPs test because both form 

adhe ren t  p r o t e c t i v e  oxides .  The d a t a  do not  I n d i c a t e  t h a t  a c c e l e r a t e d  

c o r r o s i o n  occurred i n  t h e  s imula ted  f l u e  gas i n  t h i s  t e a t ,  and c o r r o s i o n  

rates a c t u a l l y  decreased wi th  t i m e ,  as shown i n  Table  5. 
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GENERAL A P P E U N C E  AND MICROSTRUCTURE: 

P l a i n  carbon s teel  specimens were gray-brownlor brown a f t e  e .  

The oxide  adhered t o  specimens exposed a t  240"C, became p a r t i a l l y  detached 

from specimens exposed a t  430"C, and w a s  a loose scale on specimens 

exposed a t  560OC. The oxide on type  405 s t a i n l e s s  s t e e l  specimens v a r i e d  

from dark  brown t o  r edd i sh  brown wi th  inc2eas ing  exposure temperature  and 

w a s  a l o o s e  scale on specimens exposed a t  560°C. Type 316 specimens had a 

mot t l ed  gray f l a k y  s c a l e ,  and a l l o y  800 had a r edd i sh  brown adherent  

scale. 

Typ ica l  m i c r o s t r u c t u r e s  of p l a i n  carbon steel  are shown i n  F ig .  5 .  

Exposure a t  240 and 430°C produced a rough i n t e r f a c e  between c o r r o s i o n  

product  and metal, probably because of d i f f e r e n t  rates of a t t a c k  on g r a i n s  

of  d i f f e r e n t  o r i e n t a t i o n .  The i n t e r f a c e  w a s  smoother a t  56O"C, and corro-  

s i o n  w a s  s i g n i f i c a n t l y  f a s t e r  (Table 5). X-ray d i f f r a c t i o n  r evea led  t h a t  

t h e  c o r r o s i o n  product  w a s  hema t i t e  (Pe203) a t  240°C and n mixture of hema- 

t i t e  and magnet i te  (Fe304) a t  430 and 560°C. 

t o - i ron  r a t i o  of 1.33, is t h e  da rke r  ma te r i a l  a d j a c e n t  t o  t h e  metal .  

E l e c t r o n  microprobe a n a l y s i s  d i d  no t  r e v e a l  c h l o r i n e  i n  t h e  c o r r o s i o n  prod- 

u c t  o r  under ly ing  metal .  The l i m i t  of d e t e c t i o n  f o r  c h l o r i n e  was about  

0.1 w t  %; t h e r e f o r e ,  lesser amounts of c h l o r i n e  might have been p r e s e n t .  

M i c r o s t r u c t u r e s  of type  405 s ta in less  s tee l  specimens i n  F ig .  6 show a 

rough i n t e r f a c e  betmexi c o r r o s i o n  product  and metal a t  a l l  test  temper- 

a tures .  Although x-ray d i f f r a c t i o n  i n d i c a t e d  only  hemat i te ,  the  c o r r o s i o n  

product  o f  t h e  specimen exposed at 560°C c o n s i s t s  of two d i s t i n c t  l a y e r s  

as observed f o r  p l a i n  carbon s t e e l  a t  560OC. 

a t  560°C showed g r a i n  boundary a t t a c k  nea r  t h e  su r face ,  bu t  e l e c t r o n  

microprobe a n a l y s i s  d id  not  r e v e a l  c h l o r i n e  I n  t h e  g r a i n  boundaries  o r  i n  

t h e  co r ros ion  product .  Chlor ine  w a s  found i n  t h e  c o r r o s i o n  product  of t h e  

specimen exposed a t  220°C. 

Magnet i te ,  w i th  an oxygen- 

Etch ing  t h e  specimen exposed 

Typ ica l  m i c r o s t r u c t u r e s  of type 316 s t a i n l e s s  s t ee l  spectmens are 

shown i n  Fig.  7. The g r a i n  s t ruc . ture  is more c l e a r l y  outl-lned i n  exposed 

and e tched  specimens than  i n  t h e  annealed specimen because exposure a t  625 
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and 660°C caused p r e c i p i t a t i o n  of c a r b i d e s  a t  g r a i n  boundaries .  This pre- 

c i p i t a t i o n  causes  inc reased  s u s c e p t i b i l i t y  t o  i n r e r g r a n u l a r  a t t a c k  i n  

aqueous s o l u t i o n s .  The s m a l l  amount of c o r r o s i o n  i n  type  316, however, 

sugges t s  t h a t  g r a i n  boundary p r e c i p i t a t i o n  d i d  not  accelerate c o r r o s i o n  i n  

t h e  gaseous environment of t h i s  test .  Mic ros t ruc tu res  of type  347, t h e  

s t a b i l i z e d  s t a i n l e s s  steel, a r e  shown i n  Fig.  8. The cor ros ion  penetra-  

t i o n s  i n  the as-pol ished sample [ F i g .  8(a)]  sugges t  h t e r g r a n u l a r  a t t a c k ;  

however, e t c h i n g  r evea led  t h a t  the a c t u a l  g r a i n  s i z e  [Fig.  8 ( b ) ]  w a s  

l a r g e r  than  i n d i c a t e d  by t h e  c o r r o s i v e  a t t a c k ,  Comparison wi th  type  316 

i n  F ig .  7 shows t h a t  g r a i n  boundaries  w e r e  less c l e a r l y  r evea led  by etch-  

i ng .  Less g r a i n  boundary p r e c i p i t a t i o n  occurred  i n  type  347 a f t e r  1500 h 

a t  650°C than  i n  type  316 a f t e r  500 h a t  625 and 660°C. 
rates €or  types  347 and 316 a f t e r  1500 h were s u b s t a n t i a l l y  t h e  same, as 

shown p rev ious ly  i n  Table  5 .  Alloy 800 specimens (Fig.  9) e x h i b i t  g r a i n  

boundary p r e c i p i t a t i o n  similar t o  t h a t  i n  type  316, and g r a l n  boundary 

a t t a c k  i s  ev iden t .  Never the less ,  c o r r o s i o n  r a t e s  f o r  t h i s  more oxida t ion-  

r e s i s t a n t  m a t e r i a l  w e r e  no h ighe r  than  those  for type 316 s t a i n l e s s  steel. 

The c o r r o s i o n  products  on  type  316 and a l l o y  800 were hemat i te ,  chromia 

(Cr20j), and chromite  (FeCr204). E l e c t r o n  microprobe a n a l y s i s  did not  

r e v e a l  c h l o r i n e  i n  specimens of e i t h e r  material. F igures  7 and 9 show 

t h a t  t he  co r ros ion  p roduc t s  on b o t h  type  316 s ta in less  s t e e l  and a l l o y  800 

w e r e  p a r t i a l l y  detached, a l though t h i s  might have occurred dur ing  coo l ing  

t o  room temperature .  

The co r ros ion  

Welded specimens were inc luded  i n  t h i s  t es t  to determine i f  c o r r o s i o n  

i n  t h e  f u s i o n  o r  hea t - a f f ec t ed  zones occurred a t  a d i f f e r e n t  ra te  from 

t h a t  i n  base metal. Figure 10 shows t h a t  c o r r o s i o n  f n  t h e  weld areas was 

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 a t  i n  t h e  base  m a t e r i a l  i n  any o f  t h e  

specimens exposed a t  the h i g h e s t  t empera tures  used i n  t h i s  test .  

DISCUSSION ANI CONCLUSIONS 

The r e s u l t s  of prev ious  c o r r o s i o n  s t u d i e s ,  summarized i n  Table 2, 

r e v e a l e d  lower c o r r o s i o n  rates i n  s y n t h e t i c  f l u e  gases  than  I.n a c t u a l  flue 
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Y - I  91 903 

L ........... 50 jib;? J 

Y - I  91 902 

F i g .  8 .  MicrostrlrrIlrrPs of typr  3/!7 staCnless steel a f L e c  1500 h at 
650°C. ( a >  A s  p o l i s h e d .  ( b )  Etched .  
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gases  a t  about t h e  same tempera tures .  Actua l  f l u e  gases  i n  t h e  cases pre- 

s e n t e d  i n  Table  2 w e r e  i n c t n e r a t o r  combustion products  c o n t a i n i n g  elements  

and compounds de r ived  from t h e  waste mater.ta1.s being burned. 6-9 Analys is  

of t h e  c o r r o s i o n  p roduc t s  r evea led  t h e  presence  of some of t h e  elements ,  

and t h e s e  n i g h t  have aggrava ted  c o r r o s i o n .  The c o r r o s i o n  rates ob ta ined  

i n  t h e  p r e s e n t  s tudy  wi th  s y n t h e t i c  f l u e  gases  were s imi la r  t o  those  

ob ta ined  i n  prev ious  s t u d i e s  wi th  s y n t h e t i c  f l u e  gases .  For example, t h e  

c o r r o s i o n  ra te  of s tee l  i n  s y n t h e t i c  f l u e  gases a t  about 550°C was 0.1 pm/h 

a f t e r  256 h I n  a previous  study1' and about  0.08 pm/h a f t e r  500 h i n  t h e  

p r e s e n t  s tudy .  The c o r r o s i o n  ra te  of t ype  321 s t a i n l e s s  s teel  was 

0.05 pm/h a f t e r  450 h a t  700°C In  a previous  s tudy,  whi le  t ype  316 

s t a i n l e s s  s t ee l  corroded a t  t h e  ra te  oE about 0.08 pm/h a f t e r  500 h at 

660°C in t h e  present s tudy .  Thus, t h e  r e s u l t s  ob ta ined  i n  t h i s  s tudy  f o r  

p l n l n  carbon s t ee l  and type  316 s t a i n l e s s  s t ee l  ag ree  w i t h  t hose  of a pre- 

v i o u s  s tudy  i n  which exposure times w e r e  a few hundred hours .  

P l a i n  carbon s teel  and type  405 s t a i n l e s s  s teel  were t e s t e d  a t  t e m -  

p e r a t u r e s  s i g n i f i c a n t l y  above t h e i r  a n t f c l p a t e d  use  temperatures  i n  the 

FWHRS. The d a t a  i n d i c a t e  t h a t  p l a i n  carbon s teel ,  I f  exposed cont inuous ly  

t o  f l u e  gases  a t  5h0°C, would co r rode  at a rate exceeding 0.6 mm/year 

(0.02 i n . / y e a r ) .  

of scale removal. due t o  thermal  c y c l i n g  or o t h e r  reasons .  Type 405 
s t a i n l e s s  s teel ,  even a t  560°C, s t i l l  e x h i b i t e d  a p r o j e c t e d  co r ros ion  rate 

of  on ly  0.08 m / y e a r  (0.003 in./year). Type 316 s t a i n l e s s  s t ee l  and 

a l l o y  800, which were t e s t e d  a t  tempera tures  approximately t h e  same as 

t h e i r  a n t i c i p a t e d  u s e  tempera tures  i n  t h e  FBMHRS, e x h i b i t e d  p r o j e c t e d  

c o r r o s i o n  rates OE 0.2 and 0.1 m / y e a z  (0.008 and 0.004 i n . / y e a r ) ,  

r e s p e c t i v e l y .  These m a t e r i a l s  might a l s o  cor rode  a t  h ighe r  rates i f  t h e  

c o r r o s i o n  products  w e r e  f r e q u e n t l y  removed by e r o s i o n  o r  some o t h e r  means 

t o  expose f r e s h  s u r f a c e s .  

The actual .  c o r r o s i o n  r a t e  would depend on t h e  frequency 

Removal of c o r r o s i o n  p roduc t s  by e r o s i o n  is l i k e l y  t o  occur  i n  t h e  

FBWHRS. Some areas of t h e  d i s t r i b u t o r  p l a t e ,  containment walls, and steam 

g e n e r a t o r  tubes  w i l l  be s u b j e c t e d  t o  t h e  scrubbing  a c t i o n  of t h e  bed 

medium. Metal wastage might t h e r e f o r e  be a c c e l e r a t e d  by ba th  erosion and 
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c o r r o s i o n .  This would he e s p e c i a l l y  -important when the  i n l e t  gas tern.- 

p e r a t u r e  is  inc reased  from 650 t o  POOO'C, as is being considered f o r  an 

advanced v e r s i o n  of t h e  devZce. Fu tu re  work should inc lude  coiubJ.iic?d 

erosion-corrosj.on s t u d i e s  a t  h€gher temperatures  than  t'hose used i n  the 

p r e s e n t  s tudy.  

The p o s s i b i l i t i e s  of i n t e r g r a n u l a r  c o r r o s i o n  and stress c o r r o s l o n  

c r a c k i n g  should also be considered i n  f u t u r e  work. The present: work 

showed t h a t  c a r b i d e s  p r e c i p i t a t e d  a t  g r a i n  boundaries of type 316 s t a i n -  

l e s s  s teel  and a l l o y  SO0 d u r i n g  the corrosi .on t e s ~  at temperatures  of 

i n t e r e s t  to the FBWRS . Because the c a r b i d e s  t y p i c a l l y  c o n t a i n  chroini.un, 

mcgrat ion of chromium to  g r a i n  boundary p r e c i p i t a t e s  r e s u l t s  i n  lower 

chromium c o n t e n t  1x1 reg ions  a d j a c e n t  t o  g r a i n  bouiidarfss . These r eg ions  

are s u s c e p t i b l e  t o  i n t e r g r a n u l a r  a t t a c k  i n  c o r r o s i v e  environments,  such as 

c.ondensate occurring dur ing  per iods  when t h e  FEdHKS i s  shut  down.. Another 

phenomenon, stress eor roa  ion c rack ing ,  does not r e q u i r e  g r a i n  boundary 

precipitation. Ins t ead ,  $ t i 3  Lnless s tee ls  and o t h e r  materials f a i l .  i n  c e r -  

t a i n  envlronments e s p e c i a l l y  those couta in ing  aqueaua d i l -or ides  E by crack 

p ropaga t ion  a t  stresses well below y i e l d  stresses. Because many aluminim 

remelt fu rnaces  c o n t a i n  ch' lorides,  stress c o r r o s i o n  mlght occur when 

aqueous condensate i s  p r e s e n t .  The p r e s e n t  work has not addressed e i t h e r  

o f  these p o s s i b l e  c o r r o s i o n  mechanisms. 

The r e s u l t s  that we. have p resen ted  i n d i c a t e  that  c o r r o s i o n  of candi- 

d a t e  PWHRS materials i n  t h e  aluml.num remelt fu rnace  atmosphere w i l l  not be 

s l g n i . f i c a n t  at a n t i c i p a t e d  o p e r a t i n g  temperatures  f o r  var-ious cojilponents - 
Factors t h a t  could cause h ighe r  cor ros ion  rates ii iclude hlgher  temperatures ,  

f r e q u e n t  thermal  c y c l e s ,  e ros ion ,  and the presence ~f other elements and 

compounds i n  t h e  f l u e  gas. Kn p a r t i c u l a r ,  deposition o f  combust-kon prod- 

u c t s  might aggrava te  co r ros ion ,  as is i n d i c a t e d  in the r e s u l t s  of previous 

s t u d i e s  invoivfng  actmal f l u e  gases. 

The author wishes to acknowledge t h e  a s s i s t a n c e  of o t h e r s  i n  per -  

€ormlng t h i s  work: P. J. .Tones for speclmen prepa ra t ion ,  e o n s t r ~ ~ c . t ~ . o n  o f  
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t h e  gas meter ing  sys t ems ,  and conduct ing  t h e  t e s t ;  W. E. Warwick and 

J. R. Mayotte f o r  metallography and measurement of depth  of c o r r o s i o n ;  

0. R .  Cavi.n f o r  x-ray d i f f r a c t i o n ;  R. 6 .  Crouse f o r  e l e c t r o n  microprobe 

a n a l y s i s ;  Fay Burns f o r  t y p i n g  t h e  d r a f t ;  J. H. DeVan and M. J. Kania for  

t e c h n i c a l  review; S i g f r e d  Pe te r son  f o r  t e c h n i c a l  e d l t f n g ;  and D. L. LeComte 

For f i n a l  typing and p r e p a r a t i o n  of t h e  r e p o r t .  
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