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ABSTRACT 

Denting is  a form of damage t h a t  r e s u l t s  from t h e  r a p i d ,  l i n e a r  growth 

of magnet i te  on carbon s t e e l  tube  support  p l a t e s  i n  tube-to-support p l a t e  

c r ev ices .  The p re s su re  of t h e  co r ros ion  products  d i s t o r t s  t he  tubes a s  

we l l  a s  t h e  support  p l a t e s .  

Although dent ing  w a s  f i r s t  thought t o  be confined t o  those r e c i r c u l a t i n g  

steam genera tors  t h a t  had been converted from phosphate t o  AVT, i t  has  now 

a l s o  been observed i n  p l a n t s  s t i l l  on phosphate,  a s  w e l l  a s  i n  some t h a t  

s t a r t e d  on AVT. I n  some u n i t s ,  s l i g h t l y  abnormal eddy c u r r e n t  s i g n a l s  have 

been observed a t  t h e  top  of tube shee t s .  No dent ing  has been observed so  

f a r  i n  t h e  B&W once-through steam genera tors .  I n  a l l ,  some 14 p l a n t s  a r e  

a f  f ec t ed .  

The degree of dent ing  i n  ope ra t ing  steam genera tors  appears  t o  be  re-  

l a t e d  t o  t h e  l e v e l s  and du ra t ion  of ch lo r ide  inleakage.  Chloride,  however, 

is not  t h e  only a c t i v e  ing red ien t ,  and does n o t  seem t o  g ive  dent ing  u n t i l  

l o c a l  a c i d  condi t ions  a r i s e ;  consequent ly,  i t  may be necessary f o r  s o l u b l e  

copper and/or  n i c k e l  t o  be present  t o  " t r i gge r "  t he  dent ing  r e a c t i o n  i n  cer-  

t a i n  n e u t r a l  environments: i .e., ca thodic  depo la r i za t ion  he lps  t o  i n i t i a t e  

anodic cor ros ion  i n  c r ev ice  reg ions .  Some c a t i o n s  i n  s o l u t i o n  may a l s o  

ca t a lyze  t h e  formation of magnet i te .  

Chloride concent ra t ions  i n  a c t i v e l y  corroding c rev ices  can inc rease  by 

s e v e r a l  o rde r s  of magnitude over t h e  bulk coolant  a s  a  r e s u l t  of e l e c t r o -  

chemical a c t i o n  and l o c a l  b o i l i n g ,  and i t  is,  the re fo re ,  d i f f i c u l t  t o  

develop C 1  s p e c i f i c a t i o n s  t h a t  can be used gene ra l ly  f o r  bulk secondary 

water.  Maintaining C 1  low enough t o  prevent  dent ing  may be unmanageable 

without  f u l l  flow condensate deminera l iza t ion  i n  c o a s t a l  p l a n t s  wi th  copper 

a l l o y  condensers and feedwater l i n e s ,  un le s s  leak-free condensers a r e  used. 

Inconel  600 tube d e f e c t s  and l e a k s  were f i r s t  observed a t  Surry and 

Turkey Poin t ,  which were s e v e r e l y  dented.  The cracks  o r i g i n a t e d  from the  

primary s i d e ,  and were found t o  be caused by primary s i d e  s t r e s s  co r ros ion  

cracking of h ighly  s t r a i n e d  tubing.  Some minor l eaks  have subsequent ly 

occurred i n  a  few o t h e r  steam genera tors .  Suggestions a r e  included of work 

. t o  e l u c i d a t e  t h e  q u a n t i t a t i v e  a s p e c t s  of s t r e s s  cor ros ion  cracking.  

iii 



I OBSERVATIONS OF DENTING 

During r e g u l a r  eddy c u r r e n t  i n s p e c t i o n  f o r  t ube  damage i n  steam genera- 

t o r s  a t  Surry and Turkey Po in t  s e v e r a l  months a f t e r  conver t ing  from PO t o  
4 

AVT, i-t was found t h a t  t h e  probe could no t  be  passed through many of t h e  

tubes,  because t hey  were c o n s t r i c t e d  a t  tube support  p l a t e  i n t e r s e c t i o n s .  

Subsequent removal of p o r t i o n s  of tubes  and tube  suppor t  p l a t e s  confirmed 

t h a t  t h e  deformation r e s u l t e d  from carbon steel co r ros ion  products  i n  t h e  

support  p l a t e  c r e v i c e s .  This  phenomenon was r e f e r r e d  t o  a s  "denting". A t  

t h a t  time, Surry and Turkey Poin t  u n i t s  were repor ted  t o  have been a t t acked  

because they (a)  had been converted t o  AVT a f t e r  prolonged ope ra t i on  wi th  

phosphate and a l s o  (b) used h igh  c h l o r i d e  condenser cool ing  water  which 

leaked i n t o  t h e  secondary coolan t  and caused cons iderab le  c h l o r i d e  contam- 

i n a t i o n .  

A primary t o  secondary l e a k  of 80.gpm i n  Surry 2 steam gene ra to r  l e d  t o  

t h e  d i scovery  of l o n g i t u d i n a l  i n t e r g r a n u l a r  s t r e s s  co r ros ion  c rack ing  (SCC) 

a t  t h e  a p i c e s  of s e v e r a l  tubes ,  and a l s o  a t  Turkey Po in t ,  o r i g i n a t i n g  a t  t h e  

primary su r f ace .  One of t he se  was through t h e  wa l l ,  4" long,  and had caused 

t h e  ( l a r g e r )  observed leak .  The c r ack ing  was a s s o c i a t e d  wi th  tube s t r a i n i n g  

which occurred when t h e  l e g s  of t he  U-shaped reg ion  moved inwards due t o  TSP 

deformation a t  f low s l o t s ,  ( so-ca l led  "hourglassingl ' ) .  The inne r  row of 

tubes  ( s h o r t e s t  r a d i u s  of cu rva tu re )  was t h e  only one t h a t  showed SCC and 

tubes  i n  t h i s  row had t h e  most s eve re  e l l i p t i c a l  d i s t o r t i o n .  A l l  tubes  w i th  

high s t r a i n  a t  t h e  a p i c e s ,  whether cracked o r  no t ,  were plugged, and involved 

tubes up t o  t h e  t h i r d  row. 

Minor l e a k s  were found i n  t h e  support  p l a t e  r eg ion  a l s o .  These were 

inspec ted  and found t o  be SCC. Seve ra l  c r acks  no t  through the .wa l1  were 

a l s o  de t ec t ed .  Leaks were very smal l ,  p a r t l y  because of t h e  presence of 

high l o c a l  s t r e s s  exe r t ed  on t h e  tube by t h e  s o l i d  co r ros ion  product  on t h e  

ou t s ide .  These tubes  were a l s o  plugged. 

Two wedge s e c t i o n s ,  each inc lud ing  a  s h o r t  l eng th  of  dented tube ,  were 

c u t  from t h e  t op  of one of t he  Turkey Po in t  4 and one o f  t h e  Surry 2 steam 

gene ra to r  TSP's f o r  l a b o r a t o r y  examination. Also, i n  s i t u  photography was 



p o s s i b l e  of some support  p l a t e s ,  i nc lud ing  both  i n t e r n a l  and e x t e r n a l  tube 

su r f aces .  The observa t ions  can be  summarized: 

1. Denting occurred ir i  tube  suppor t '  p l a t e  (TSP) reg ions ,  where 

t h e  deformation cons i s t ed  of non-uniform squeezing inwards 

of a f f e c t e d  tubes .  This  reduced t h e  I .D. of tub ing  up t o  

200 m i l s  i n  some in s t ances .  

2. Primary s i d e  i n t e r g r a n u l a r ,  l o n g i t u d i n a l  s t r e s s  cor ros ion  

cracking  occurred i n  a few tubes  ' a t  t h e  'u-bend r eg ions  wi th  

smal l  r a d i u s  and high deformation, a s  we l l  a s  a t  some of  t h e  

support  p l a t e '  i n t e r s e c t i o n s  where l a r g e  amounts of den t ing  . s 
had occurred.  

3.  The space between a TSP and a dented tube w a s  completely 

f i l l e d  wi th  ' the s o l i d  cor ros ion  product ,  ' m i n l y  'magrieti te 

(Fe 0 ) s o  t h a t  t h e  tube  was "frozen" i n  t h e  TSP ho le .  3 4 
4 .  Cracking of t he  suppor t  plate had occurred', and t h e  c racks  

contained co r ros ion  products .  upon c u t t i n g  out' t he  wedge 

samples, a smal l  s e c t i o n ' o f  each of t he  two involved sup- 

por ted  p l a t e s  became dis lodged a s  a r e s u l t  of p r i o r  crack- 

i ng .  There have been s e v e r a l  c r acks  through t h e  membrane 

between support  h o l e s  and i n t e r s t i t i a l  f low ho le s .  

A s  a' r e s u l t  of t h e  damage a t  Surry and Turkey Po in t ,  p lans  have been 

made t o  r ep l ace  t h e  steam gene ra to r s ,  i nc lud ing  t h e  use  of tube  s h e e t s  made 

of s t a i n l e s s  s t e e l ,  and wi th  a d i f f e r e n t  design f o r  t h e  holes  i n  t h e  sup- 

p o r t  p l a t e s .  Also a s  a r e s u l t  of t h i s  experience,  a c a r e f u l  a n a l y s i s  was 

made of a l l  o the r  i n spec t ion  d a t a  obtained a t  o t h e r  p l a n t s ,  i n  o rde r  t o  

a s c e r t a i n  whether even very  minor amounts of "denting" had developed. 1t i s  

now thought t h a t  t h e r e  may have been very  minor i n d i c a t i o n s  i n  some' steam 

gene ra to r s ,  undiagnosed a t  t h e  t ime, be fo re  and furkey  Poin t  problems ' ' 

occurred.  

Subsequently,  more cases  of minor den t ing  were found t o  b e  developing, 

t oge the r  w i t h  observa t ions  of in te rmedia te '  degrees o? t he  same type of  cor- 

ros ion .  The Westinghouse and combustion Engineering nuc lear  p l a n t s  a r e  d is -  
. . cussed s e p a r a t e l y  below. 



Table I lists t h e  most r ecen t  den t ing  r a t i n g s  f o r  Westinghouse p l a n t s ;  

no t e  t h a t  t h e  l a t e s t  i n s p e c t i o n  d a ~ e s  vary f o r  i n d i v i d u a l  u n i t s .  It should 

be noted t h a t  t h e  i n d i c a t e d  degree of ' den t ing ,  f o r  i n s t a n c e  "moderate", ' i s  

included t o  d e s c r i b e  t h e  damage i n  te rms  of how widespread i t  i s ,  how deep 

the  deformation is ,  i f  any tubes  have l e a k s ,  o r  i f  t h e r e  i s  hourg l a s s ing  and 

o the r  damage t o  t h e  support  p l a t e s .  The.most reasonable  d e f i n i t i o n s  have 

been adopted i n  t h i s  r epo r t ;  and a  c o n s i s t e n t  approach t o  nomenclature has  

been followed. 

Yankee Rowe and LndLan Poin t  1 a r e .  n o t  included .in t h e  Table  o f  West- 

inghouse p l a n t s ,  because both a r e  smal l  and t h e  l a t t e r  is no longer  opera t -  
> .  

ing .  Both of t he se  p l a n t s  have s t a i n l e s s  s t e e l  steam genera tor  t ubes ,  and 

both a r e  presumed t o  have had enough ~ 1 -  i n g r e s s  t o  cause some SCC problems. 

However, no dent ing  has  been r epo r t ed  i n  e i t h e r  u n i t ,  sugges t ing  t h a t  t h e  

Ni-content of t h e  steam genera tor  tubes  may be  one of the  f a c t o r s  r e l a t e d  t o  

dent ing.  It i s  d i f f i c u l t  t o  t e l l  how s i g n i f i c a n t  t h i s  obse rva t ion  i s ,  how- 

ever ,  because concern over  t h e  ~ 1 -  cracking  of s t a i n l e s s  s t e e l  may have 

a f f e c t e d  p l a n t  ope ra t i ons  s o  a s  t o  main ta in  very  low ~ 1 - ,  which would be 

very  b e n e f i c i a l .  Also, des ign  d i f f e r e n c e s  between t h e  o l d e r ,  smaller u n i t s  

and t h e  more r e c e n t  Westinghouse and CE steam gene ra to r s  may have played a  

s i g n i f i c a n t  r o l e .  

Apart from Surry and Turkey Po in t ,  t h e  on ly  o t h e r  "extensive1'* r a t i n g  

by Westinghouse is  f o r  San Onofre (October, 1976), which i s  s t i l l  on phos- 

phate .  Denting h e r e  has  caused some l e a k s  and hourg lass ing ,  but  i s  con£ ined 

t o  t h e  bottom support  p l a t e ;  f o r  t h i s  reason,  i . e .  l a ck  of widespread dent ing ,  

t h e  "extensiveu* r a t i n g  is  n o t  t h e  same a s  f o r  Surry o r  Turkey Poin t .  H.B. 

Robinson 2 is  a l s o  s t i l l  on phosphate,  and is  thought t o  be  s l i g h t l y  dented ,  

a l though t h i s  needs confirmation.  Both of t h e s e  p l a n t s  may have had a 

per iod of inadequate  phosphate add i t i on ,  which could have s t a r t e d  dent ing .  

However, i n  view of t h e  extremely low ~ 1 -  l e v e l  of t h e  cool ing  water  a t  

Robinson, i t  is poss ib l e  t h a t  t h e  phosphate add i t i on  could be impl ica ted  

* It is suggested t h a t  t h e  p re sen t  degree i s  b e t t e r  descr ibed  by "moderate" 
and t h a t  t h i s  should be  used i n  f u t u r e  u n l e s s  t h e  den t ing  becomes worse. 



TABLE I :  

INCIDENCE OF DENTING. 

WESTINGHOUSE PLANT COMPARISONS 

MOS. MOS. MOST LEAKAGE CONDENSER 
AT COOLING ON ON RECENT 

PLANT P04 AVT INSPECTION DENTING DENTS WATER 

SURRY 1 29 2 7 04/77 Extensive Yes Brackish 
SURRY 2 2 3 26 03/77 Extensive Yes Brackish 
TURKEY POINT 3 23 31 11/76 Extensive Yes Sea 
TURKEY POINT 4 14  31 11/76 Extensive Yes Sea 
SAN ONOFRE 107 o(?)  10176 Extensive* Yes Sea 

..,- 
INDIAN POINT 2 33 25 041 77 Moderate Brackish 
POINT BEACH 1 47 30 101 76 Moderate No Lake 
POINT BEACH 2 28 30 03/77 Moderate Lake 
RINGHALS 2 4 29 04/77 Moderate No Sea 

ROBINSON 2 8 1 0 11/76 Minor o r  none Nu Lake 
BEZNAU 2 34 3 2 08/76 Minor No River 
GINNA 60 29 04/77 Minor No Lake 
CONN YANKEE 9 6 2 2 06/76 Minor No River  

DOEL 1 3 30 03/77 None** No Sea (FFCP) 
DOEL 2 0 21 12/76 None** No Sea (FFCP) 

' D.C. COOK 1 HF 2 7 02/77 None** No Lake 
TIHANGE 1 0 2 6 121 76 None** No River 

BEZNAU 1 3 3 3 3 061 76 None No River 
ZORITA 115 0 03/77 None No River 
MIHAMA 2 2 1 17 07/76 None No Sea 
MIHAMA 3 0 15  (06177) - No Sea 
TAKAHAMA 1 6 2 3 02/77 None No Sea 
TAKAHAMA 2 HF 28 10176 None No Sea 
GENKAI 1 0 27 11/76 None No Sea 
KEWAUNEE 6 30 01/77 None No Lake 
ZION 1 2 1 25 03/76 None No Lake 
Z I O N  2 11 2 9 01/77 None No Lake 
PRAIRIE ISLAND 1 10 30 03/77 None No River  
PRAIRIE ISLAND 2 HF 2 8 10176 None No River  
I N D I A N  POINT 3 0 1 3  (03178) - No Brackish 
FESSENHEIM 1 0 1 (03179) - No River 
TROJAN 0 16 (05177) - No River  (FFCP) 
SALEM 1 0 5 (111 78) - No Brackish 
BEAVER VALLEY 1 0 12 (11/77) - No River 

9 

( 1  Not y e t  a v a i l a b l e .  * But not  a s  widespread a s  Surry and Turlcey Po in t ,  suggest  "moderate" f o r  f u t u r e  use. 
** Incompletely i n t e r p r e t e d  abnormal s i g n a l s  a t  tube s h e e t s  - s e e  t e x t .  
HF Hot f u n c t i o n a l  t e s t  only.  
FFCP F u l l  flow condensate pol i sh ing .  



dur ing  prolonged ope ra t i on ,  s i n c e  one source1 r epo r t ed  i t  t o  be capable  of 

d i s r u p t i n g  the  p r o t e c t i v e  magnet i te  l ayer  on t h e  carbon steel ,  but  i f  t h i s  

is s o  then  it is  most d i f f i c u l t  t o  expla in  t h e  absence of observed dent ing  

during t h e  yea r s  t h a t  phosphate was t h e  p r e f e r r e d  secondary water  t rea tment  

of almost a l l  p l a n t s .  

Po in t  Beach 1 and 2 use  Lake Michigan water ,  and a r e  moderately dented. 

Both had ex t ens ive  p r i o r  o p e r a t i o n ' w i t h  phosphates be fo re  changing t o  AVT. 

Thei r  Admiralty condenser t ubes  have leaked,  and t h e r e  a r e  now p a r t i a l  s t a i n -  

less steel  s e c t i o n s .  S ince  t h e  onse t  of den t ing ,  they  have adopted an upper 

l i m i t  of 0.15 ppm ~ 1 - ,  i n  t h e  blowdown, and f i r s t  t e n t a t i v e  i n d i c a t i o n s  a r e  

t h a t  den t ing  is slowing down. There a r e  no d e t a i l s  y e t  how f a r  below 0.15 

ppm ~ 1 -  has  a c t u a l l y  been kept .  

Of t h e  moderately dented steam gene ra to r s ,  Ringhals 2  (seawater  cooled) 

i s  excep t iona l  because i t  had ve ry  l i m i t e d  t i m e  on phosphate (4  months) be- 

f o r e  conversion t o  AVT, and t h e  PO4 period included l i t t l e  power opera t ion .  

Observat ions a t  t h i s  p l a n t  p o i n t  t o  t h e  f a c t  t h a t  q u i t e  low bulk ~ 1 -  may be 

harmful, because t h e r e  was no den t ing  i n  mid 1975, whi le  2  t o  6 m i l s  d ia -  

m e t r a l  deformation was found on every ho t  l e g  i n t e r s e c t i o n  i n  A p r i l ,  1977, 

w i t h  a  smal l  amount of hourg lass ing  of t h e  r ec t angu la r  f lowholes .  ~ v a i l a b l e  

d a t a  f o r  Ringhals 2  show t h a t  i t  had maintained l e s s  than 0 . 1  ppm c h l o r i d e  

i n  t h e  blowdown except  f o r  about 5 excurs ions ,  and t h e  p l a n t  opera ted  ou t  of 

s p e c i f i c a t i o n  only  19 days s i n c e  November, 1976, with t h e  c h l o r i d e  being <1 

ppm dur ing  t h e s e  19 days. Furthermore, Ringhals  2 had very  few condenser 

problems during phosphate opera t ion .  Tubes and a  wedge of tube  p l u s  suppor t  

p l a t e  w i l l  be c u t  ou t  and examined t o  g e t  more f a c t s  and t o  t r y  and f i n d  ou t  

i f  phosphate is involved in t h i s  den t ing ,  but  i n  view of t h e  Maine Yankee 

dent ing  ( s t a r t e d  AVT, s e e  below) i t  i s  ddub t fu l  i f  t h i s  p o i n t  w i l l  be re-  ' 

solved beyond any reasonable  doubt.  

Minor dent ing  was i nd i ca t ed  a t  Robinson 2, Beznau 2, Ginna, and Connect- 

i c u t  Yankee., No hourg lass ing  has  been seen a t  any of t h e s e  p l a n t s .  The 3 

U.S. p l a n t s  w i l l  be d i scussed  i n  more d e t a i l  i n  t h e  group of "fresh"-water 

p l a n t s ,  and c rack ing  a t  Ginna w i l ' l  be t r e a t e d  s epa ra t e ly .  



A new category inc luding  Doe1 1 and 2, D.C. .  Cook, and Tihange 1 appear 

t o  f a l l  i n  a  "grey" a r e a '  since'anomalous s i g n a l s  were obtained i n  t h e  reg ion  

a t  t h e  top  of tube  shee t s ;  ' the type  of eddy c u r r e n t  s i g n a l  seen  a t  t hese  

p l a n t s  i s  somewhat d i f f e r e n t  from t h e  c l a s s i c a l  dent ing  s igna l ,  :bu t  i t  may 

w e l l  be t h a t  some d i s t o r t i o n  is  occurr ing .  

A t  D.C. Cook 1, phosphate was used f o r  ho t  f u n c t i o n a l  t e s t i n g ,  but  AVT 

has  been used s i n c e  i n i t i a l  c r i t i c a l i t y .  The p l a n t  has  a r s e n i c a l  copper con- 

denser  tubes,  and uses  Lake Michigan water.  Eddy c u r r e n t  s i g n a l  a b e r r a t i o n s  

a t  t h e  t o p  of t h e  tube  s h e e t  were r epo r t ed  f o r  about 50 tubes on steam gen- 

e r a t o r  3. Signa l  a b e r r a t i o n s  a r e  s u s c e p t i b l e  t o  i n t e r p r e t a t i o n  a s  very 

shal low w a l l  l o s s  o r  a s  some s o r t  of mechanical d i s t o r t i o n  of t h e  tube,  e.g.  

minor o v a l i t y  o r  dent ing.  Minor v a r i a t i o n s  were noted i n  t h e  s i g n a l s  ob- 

t a i n e d  i n  Apr i l ,  1976, and February, 1977. Severa l  new i n d i c a t i o n s  a l s o  were 

noted i n  1977. No ECT i n d i c a t i o n s  were obta ined  a t  tube  support  p l a t e  i n t e r -  

s e c t i o n s .  

The Doe1 p l a n t s  a r e  seawater cooled w i t h  aluminum b r a s s  condenser tubing.  
0 .  

They a r e  equipped wi th  f u l l  f low condensate po l i sh ing ,  cons i s t i ng  of two par- 

a l l e l  systems, which can be turned bff one a t  a  t ime f o r  r egene ra t ion .  Each 

has  ' a c a t i o n  bed followed by a  'mixed bed, w i t h  a  10% bypass. Doe1 1 had 

about 3 months ope ra t ion  wi th  phosphate, whi le  Doe1 2 s t a r t e d  up wi th  AVT. 

Af t e r  3 cyc le s  a t  Doe1 1, and 1 cyc le  a t  Doe1 2, abnormal s i g n a l s  have been 

observed i n  a l l  t h e  steam gene ra to r s  a t  t h e  top of  t h e  tube shee t  (hot  l e g )  

i n  t h e  s ludge zone. S igna l  ' increases  were noted between t h e  1976 and 1977 

in spec t ions  a t  Doe1 1. These s , igna lsa ;e  f0un.d only i n  tubes  with s ludge 

d e p o s i t s  around them. There is  a 3 t o  5 inch  s ludge ' p i l e  on the  hot  l e g  

s ide .  I f  i n t e r p r e t e d  a s  dents ,  t h e  apparent  magnitude i s  l e s s ' '  than 0.5 m i l s  .' 
The frequency a n a l y s i s  of t h e  s i g n a l s  i n d i c a t e s  . a non-symmetrical e f f e c t  . 
Only a  few such S igna l s  have been seen a t  one support  p l a t e  i n  one steam gen- 

e r a t o r .  Many outages occurred a t  Doe1 because of condenser l eaks .  They now 

h ive  retubed t h e  condensers. A t  one po in t  ,' r e s i n s ,  were i n t o  t h e  
. . 

steam genera tor  f  ram an unused Powdex system; breakdown o f  r e s i n s  a .  h igh  

temperatures  normally c r e a t e s  an ac id  environment. 



Tihange 1 was s t a r t e d  up on AVT and has  r i v e r  water  f o r  condenser cool- 

ing. Although s i g n a l s  s i m i l a r  t o  t hose  a t  Doe1 have been repor ted ,  no fu r -  

t h e r  d e t a i l s  a r e  ava i l ab l e .  

A long-term comparison'of s e v e r a l  of t h e  U.S. "freshw-water p l a n t s ,  

l i s t e d  i n  Table 11, should provide va luable  information,  s i n c e  they  cover  a  

spectrum of condi t ions  bu t  s t i l l  r e t a i n  some common f a c t o r s .  An a n a l y s i s  of 

t h i s  type  i s  very  d i f f i c u l t ,  though, without  an in t ima te  knowledge of p l a n t  

opera t ing  procedures; v a r i a t i o n s  i n  procedures  mean t h a t  co r ros ion  caused by 

a  ~ 1 -  "incident"  w i l l  d i f f e r  from one p l a n t  t o  another ,  depending on how 

quickly  i t  i s  removed, and what o t h e r  meta l  i o n s  were present .  Also, t h e  

long-term observa t ions  may be a f f e c t e d  by measures t h a t  a r e  adopted to  pre- 

vent  o r  a r r e s t  dent ing.  

So f a r ,  only t r e n d s  can be observed, bu t  they a r e  probably very s i g n i f i -  

can t .  It is evident  t h a t  t h e r e  is  a s t rong  a s s o c i a t i o n  between dent ing  and 

~ 1 -  contamination; i n  add i t i on ,  i t  appears  t h a t  even low bulk ~ 1 -  can be 

harmful i n  s e rv i ce .  It is  a l s o  l i k e l y  t h a t  p r i o r  phosphate is de t r imen ta l  

and t h a t  d i sso lved  copper i n  t h e  secondary water  miy be involved i n  s t a r t i n g  

t h e  r ap id  magnet i te  r e a c t i o n  i n  p l a n t s  us ing  AVT. More d e t a i l s  a r e  d iscussed  

below. 

Ignoring t h e  doub t fu l  s i g n a l  from D.C.  Cook f o r  t h e  moment, i t  appears  

t h a t  t h e  dented u n i t s  used PO4 f o r  28, 47, 48, 60, 8 1  and 96 months be fo re  

switching t o  AVT. Those no t  dented used phogphate f o r  21, 11, 10, 6 and 0 

months. It i s  un l ike ly  t h a t  t h e r e  i s  a r e a l  cut-off between t h e  c l o s e s t  

l e v e l s  i n  t h e  two groups, i . e .  between 21 and 28 months of PO4 opera t ion :  

more probably, t h e  d a t a  a r e  t h e  beginning of  a  t rend  i n  which s h o r t e r  t imes 

i n  p r i o r  PO w i l l  c o r r e l a t e  w i t h . l e s s  dent ing  r a t h e r  than no dent ing ,  o t h e r  
4  

f a c t o r s  being assumed equal .  Unfortunately,  many f a c t o r s  a r e  not  equal ,  f o r  

i n s t ance  t h e  dented p l a n t s  gene ra l ly  have longer  t o t a l  ope ra t ing  times than  

t h e  non-dented ones, i . e .  58, 77, 81, 89, 90, 118 months, a s  a g a i n s t  28, 36, 

40, 40, 46 months res ,pec t ive ly  f o r  t h e  two However, t he  d i s t i n c t i o n  

between Po in t  Beach 2 and Zion 1 (58 and 46 months) i s  too small  t o  be s ig-  

n i f i c a n t .  Also no t  equal  a r e  feedwater and. condenser m a t e r i a l s ,  condenser 



TABLE I1 

TWELVE NON-SEA-WATER u 1 S . PLANTS 

PLANT MONTHS DENTING . COOLING WATER CONDENS ER 
PO AVT 4 . . . . . . . . . . . . : 

Pa l i sades  4 8 42 Widespread, Lake Michigan* Admiralty 
(CE) mostly 1-2 changed 

iuils, max. t o  90-10 
, 4 m i l s  Cu-Ni , 

D.C. Cook ho t  t e s t  2 7 ?** 

only 

. . Point  Beach 
1 (W) 47 30 Moderate 

Lake Michigan 

Lalce Michigan 

Poin t  Beach, 
2 (w) 28 30 Moderi t e  

Zion 
1 (w) 2 1 25 None 
2 (w) 11 29 None 

Kewaunee 6 30 None 
(W) 

Ginna 60 29 Minor 
(W) 

P r a i r i e  I s l a n d  
1 (w) 10 30 None 
2 (w) hot  test . . 28 None 

only.  

Connecticut 
Yankee (W) 9 6 2 2 Minor 

Robinson 2 81 
(W) 

0 Minor o r  
None 

Arsenica l  
copper 

Admiralty , 
with s t a in -  
l e s s  s t e e l  
s e c t i o n s  
now 

Lake Michigan S t a i n l e s s  
S t e e l  

Lake Michigan Admiralty 
and 304 SS 

Lake Ontario Admiralty 

River S t a i n l e s s  
S t e e l  

River  Admiralty 

Lake 90-10 Cu-Ni 

* A t  Pa l i sades ,  ~ 1 -  l e v e l s  a r e  abodt  10-15 ppm i n  the  Lake Michigan cooling water.  
p a l i s a d e s - p l a n t ,  i t s e l f ,  uses cool ing  towers, where evapora t ional  l o s ses  w i l l  
i nc rease  .the. C1- l e v e l s .  

** Some ques t ionable ,  s i g n a l s  a t  top of t h e  tube' shee t .  



performance and p l a n t  ope ra t i ng  procedures .  A l l  of t h e s e  are '  impor tan t ,  a s  

d i scussed  below i n  t h e  s e c t i o n  on mechanisms. 

Hydrogen ana lyses  appear t o  be  very  u s e f u l  i n  fo l lowing  t h e  den t ing  

process ,  s i n c e  t h e  r a p i d  co r ros ion  of carbon steel  is an anodic  process  

accompanied by the  equ iva l en t  ca thod ic  evo lu t ion  of Hz.  Th is  method has  

been used t o  show, f o r  i n s t ance ,  t h a t  Turkey Po in t  ( ex t ens ive ly  dented)  pro- 

duces r e l a t i v e l y  high amounts of H2 .  H l e v e l s  may perhaps a l s o  i n d i c a t e  2 
f i n e r  d i f f e r e n c e s  between non-dented u n i t s ,  a s  w e l l  a s  o t h e r s  wi th  minor, 

moderate o r  ex t ens ive  dent ing:  Hydrogen gene ra t i on  by co r ros ion  a t  Turkey 

Poin t  4 was 14 t imes g r e a t e r  than t h a t  a t  P r a i r i e  I s l a n d  1; a t  Kewaunee, i t  

was 2 t o  3 t i m e s  g r e a t e r  than a t  P r a i r i e  I s l a n d  1; a t  Ind ian  Po in t  2, hydro- 

gen l e v e l s  cycled from t h e  Kewaunee l e v e l  t o  t h e  Turkey Po in t  l e v e l .  During 

an  0 . 1  gpm primary t o  secondary l e a k ,  hydrogen gene ra t i on  was reduced t o  

a lmost  zero.  A t  t h a t  t ime, t h e  primary coo lan t  contained 175 ppm boron and 

0.5 ppm l i t h ium.  I n  a  t e s t ,  b o r i c  a c i d  and l i t h i u m  hydroxide were i n j e c t e d  

i n t o  t h e  steam genera tor  t o  g ive  a  s i m i l a r  chemistry,  and aga in  hydrogen gen- 

e r a t i o n  decreased t o  nea r ly  zero. To o b t a i n  a d d i t i o n a l  d a t a ,  a  series of  

tests us ing  l i t h i u m  b o r a t e  a d d i t i o n s  was i n i t i a t e d  a t  Surry.  I n  l a b o r a t o r y  

experiments,  westinghouse has  r epo r t ed  s i m i l a r  b e n e f i c i a l  e f f e c t s  of b o r i c  

a c i d  on dent ing .  Obviously, some p o i n t e r s  from the  "fresh"-water p l a n t s  

imp l i ca t e  t h e  s t a t e  of t h e  secondary water  and. of "poor" condenser performance: 

1. Po in t  Beach and Pa l i s ades  have re tubed  a t  l e a s t  i n  part, 

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

g r e a t e r  Cu a s  wel l  a s  in leakage  (~1-) . 

2. Zion and Kewaunee, f o r  i n s t a n c e ,  have been reported* t o  

be meticulous about  main ta in ing  good secondary water  and 

condenser i n t e g r i t y  ( l e a k  r e p a i r s )  - they have s o  f a r  en- 

countered no dent ing .  A t  Kewaunee, an  increased  blowdown 

capac i ty  was provided (up t o  90 gpm) s o  a s  t o  main ta in  

good secondary water  chemistry.  This  is reminiscent  of a  

* Telephone d i scus s ion  wi th  NRC r e p r e s e n t a t i v e s .  See a l s o  a  s i m i l a r  possi-  
b i l i t y  a t  Mi l l s tone  2, l a t e r  i n  t h i s  r epo r t . '  



ve rba l  r e p o r t  on Mihama*". where t h e r e  is  no den t ing  and 

g r e a t  c a r e  t o  ensure  good condenser p e r f o r g n c e .  Zion 

is  be l ieved  t o  be plagued by boron leakage i n t o  t h e  sec- 

ondary coolant ,  which may i n  p a r t  be r e spons ib l e  f o r  t he  

absence of denting,,  i n  view of t h e  pre l iminary  f ind ings  

on t h e  b e n e f i c i a l  e f f e c t s  of b o r i c  a c i d .  It should be 

k e p t  i n  kind t h a t  Zion has s t a i n l e s s  s t e e l  condenser 

tubes.  . . . - 

3. The den t ing  a-t . ~ d i i t  Beach may .have been slowed by the  . . 

adoption of i e r y . s t r i c t  . procedures  . t o  ensure low ~ 1 -  

l e v i l s .  * , 
4. It is suggested t h a t  AVT may poss ib ly  inc rease  the  

.. . aggress iveness  .of t h e  cvndensate t o  Cu-base condenser 

tubes;  i f  so, increased  CU* i n  s o l u t i o n  would be 

adLerse i n  t h e  presence of ~ 1 - .  

5. P r a i r i e  I s l and ,  wi th  good secondary water ,  and s t a i n -  

' l e s s  s t e e l  condenser tubes,  has  no d e n t i n g ,  i n  e i t h e r  

u n i t ,  one of which had 10 months on phosphate, followed 

by 30. on AVT, and t h e  o t h e r  without  phosphate opera t ion .  

The use  of s t a i n l e s s  s t e e l  condenser tubes i s  a common 
. . 

' f a c t o r  w i t h  Zion, which a l s o  has  no dent ing ,  a s  s t a t e d  

i n  "2" above. Lake Michigan water  has  about '10-15 ppm 

~ 1 -  (,Zion), whi le  t h e  Miss i s s ipp i  r iver '  a t  P r a i r i e  

i s l a n d  has  about 5 ppm C1- ,  which makes t h e  cool ing 

water a t  t hese  two p l a n t s  approximately s i m i l a r  from 

t h e  C1- s tandpoin t .  . . 

Three Combustion Engineering p l a n t s  a r e  now known t o  have been "dented".' 

Pa l i s ades ,  a  PO4 + AVT converted u n i t ,  with Lake Michigan cool ing  water ,  and 

cool ing  towers, was r epo r t ed  e a r l i e r ,  bu t  opera t ion  a t  t h e  o t h e r  two has 

* Telephone d i scuss ion  wi th  NRC r e p r e s e n t a t i v e s .  See a l s o  a s i m i l a r  possi-  
b i l i t y  a t  Mi l l s tone  2, l a t e r  i n  t h i s  r e p o r t .  

** Telephone d i scuss ion  wi th  EPRI-(T.O. P a s s e l l ) .  



been t o t a l l y  on AVT; they  a r e  Maine Yankee (brackish  waber) and Mi l l s tone  2 
. . 

( s ea  water ) .  MosC of t h e  support  p l a t e s i n b o t h  u n i t s  a r e  of  6he egg c r a t e  
. . 

design,  w i th  only  2 p a r t i a l  support  p l a t e s ,  of t he  d r i l l e d  ho le  design.  

The Maine Yankee p l a n t  has  90-10 C u N i  condenser tubes ,  wllile Mi l l s tone  2 

has  Al-brass. The main condenser a t  Mi l l s tone  2 has  given such poor per- 

formance i t  has  had t o  be retubed.  The den t ing  a t  Maine Yankee is  l i m i t e d  

t o  t h e  d r i l l e d  ho le  p a r t i a l  support  p l a t e s ,  b u t  a t  Mi l l s tone  an in spec t ion  

i n  l a t e  1977 showed some deht - l ike  s i g n a l s  a l s o  a t  p l aces  w i t h i n  t h e  egg 

c r a t e  region. The Maine Yankee p l a n t  s t a r t e d  up October, 1972; i n  J u l y ,  1973, 

steam genera tor  3  was inspec ted .  Only a  few tubes i n  t he  p a r t i a l  d r i l l e d  sup- 

p o r t  p l a t e  were examined a t  t h a t  t ime. No damage was found i n  any tube.  I n  

Ju ly ,  1974, steam gene ra to r s  1 and 2 were inspec ted ,  with t h e  same nega t ive  

r e s u l t .  I n  June, 1975, steam genera tor  3  was inspec ted  f o r  t h e  second time. 

No damage of any kind was seen, a l though only a  few tubes i n  t h e  p a r t i a l  sup- 

p o r t  p l a t e  were examined. A t  t h i s  t ime, s ludge was p re sen t  on t h e  tube  s h e e t ,  

up t o  3 + inches  deep. I n  May, 1977, steam gene ra to r s  1 and 2 were examined, 

w i t h  r e l a t i v e l y  shal low den t s  found i n  t h e  d r i l l e d  p a r t i a l  support  p l a t e s ,  

averaging about  1 m i l .  Sludge on t h e  tube  s h e e t  has  reached a  maximum depth 

of 4 o r  4  + inches over a  few tubes wi th  a  l i t t l e  more i n  t he  hot  l e g  than  

i n  t h e  co ld  l eg ,  bu t  no s ludge  was found on t h e  d r i l l e d  support  plates'. The 

p a r t i a l  d r i l l ed -ho le  support  p l a t e s  a r e  a t  t h e  7 th  and 9 t h  support  l e v e l s  

with a  t o t a l  df about 30% of t h e  tubes pass ing  through one o r  t h e  o t h e r  o r  

both of them. Radial  c learance  i n  t h e  , d r i l l e d  ho le s  i s  8 m i l s  by design.  

The in spec t ion  r e s u l t s  . a r e  shown i n  t h e  fo l lowing  Table: 

TABLE I11 

MAINE YANKEE INSPECTION RESULTS 

Steam 
Generator 

No. Tubes Inspec ted  
SP7 SP 9 

No. Tubes Dented 
SP7 SP9 

1. hot  l e g  85 37 25 5 
co ld '  l e g  8 5 3 7 2* 0 

2 ho t  l e g  11 3 31 
co ld  l e g  113 31 

. . *to  b e  confirmed 



A t  Maine Yankee, ~ 1 -  and c a t i o n  conduct iv i ty  a r e  monitored i n  t h e  con- 

densa te  a n d  ~ 1 -  i s  checked d a i l y  i n  the  steam genera tors .  w9r condenser 

l e a k s  occurred '  about  once a month. When ~ 1 -  exceeded 0.05 ppm i n  t h e  con- 

densa te ,  power w a s  reduced, and t h e  leak  loca t ed  and f ixed  i n  1 t o  1 % days. 

General ly ,  t he re fo re ,  secondary water q u a l i t y  was con t ro l l ed  and maintained, 

a l though 1 ppm ~ 1 -  i n  t h e  blowdown was exceeded about 60 times over  t h e  

e n t i r e  l i f e ,  and, on a few occasions e a r l y  on, r o s e  t o  some t e n s  of ppm's 

f o r  s h o r t  per iods.  On t h e  one hand, t h e i r  experience is  d i s tu rb ing ,  because 

dent ing  occurred i n  s p i t e  of t h e i r  e f f o r t s  t o  keep t h e  secondary water c l ean .  

On t h e  o t h e r  hand, den t ing  a t  Maine Yankee i n  53 months is  much l e s s  s e r i o u s  

than  i n  23 months a t    ill stone 2, where condenser problems were more severe ,  

a s  o u t l i n e d  below. 

TABLE I V  

THREE COMBUSTION ENGINEERING PLANTS 

P l a n t  Months Denting 

P04 
AVT 

Cooling Water Condenser 

Pa l i s ades  48 42 Widespread, 1-2 Lake Admiralty 
m i l s ,  some 4 mils changed t o  

90-10 

Maine Yankee 0 53 Only some i n t e r -  Very Al-brass and 
s e c t i o n s ,  about  ' Brackish some 70130 
1 m i l ,  some 4 m i l s  CuNi (some 

r e  tubing)  

Mi l l s tone  2 0 23 Widespread Sea Al-brass 
7-13 m i l s .  

A t  Mi l l s tone  2, ' the i n i t i a l  dent ing  i n  the  d r i l l e d  p l a t e s  was widespread, . 

measuring 7-13 m i l s ,  b u t  no l eaks  were found i n  t h e  steam genera tor  tubing.  
* 

This  p l a n t  has  had a r e l a t i v e l y  h igh  l e v e l  of ~ 1 -  (and presumably Cu ) i n  

t h e  secondary water ,  because of almost continuous low l e v e l  inleakage through 

t h e  condensers.  The Mi l l s tone  2 p l a n t  s t a r t e d  i n  August, 1975. The Al-brass 

main condenser has  a l r eady  been retubed,  which i s  a genera l  i n d i c a t i o n  of 

t h e i r  condenser t r o u b l e s .  A minimum of .15 ppm ~ 1 -  has been repor ted ,  wi th  



a t y p i c a l  blowdown a n a l y s i s  i n  1976 of :  

N a  0.2 ppm 

C 1 0.6 ppm 

Conduct ivi ty  6 vmho/cm ( t o t a l )  

Contamination w a s  only a  l i t t l e  l e s s  i n  t h e  f i r s t  p a r t  of 1977. Since 

s t a r t u p ,  C1- has exceeded 1 ppm i n  76 days. Added t o  t h i s ,  concen t r a t ing  

f a c t o r s  could mul t ip ly  ~ 1 -  t o  s e v e r a l  thousand ppm i n  c r ev ices .  

I n i t i a l  da ta .  f o r  steam genera tor  2 showed a l l  i n t e r s e c t i o n s  w i t h  t h e  

/I10 and /I11 support  . . p l a t e s  had i n d i c a t i o n s ,  i . e .  a l l  167 tubes examined. A s  

s t a t e d  above, deformation ranged from 7 t o  1 3  m i l s .  This  experience i s  con- 

s i s t e n t  wi th  a dent ing  mechanism i n  AVT u n i t s  t h a t  involves  h igh  ~ 1 - ,  and 

poss ib ly  copper ions  from Cu-base condenser tubes.  
. . . . 

I n  t h e  per iod  between f i r s t  f i nd ing  dents  a t  Mi l l s tone  2 and a  subse- 

quent i n spec t ion  l a t e  - .  i n  1977, c a r e  was taken t o  keep the  C1- l e v e l s  very  

low i n  t h e  ,secondary water.  A s  a  r e s u l t ,  i t  is be l ieved  t h a t  ' t he  r a t e  of  

dent ing  has decreased,  and 'hope is expressed t h a t  i t  may s top  completely 

under such ope ra t ing  condi t ions .  

The l a t e s t  i n spec t ion  a t  Mi l l s tone  2 has  now, f o r  t h e  f i r s t  time, i nd i -  

ca ted  a p o s s i b i l i t y  t h a t  t h e r e  may be  some s l i g h t  dent ing  a t  t he  egg c r a t e  

c r ev ices ,  b u t  t h i s  a spec t  i s  y e t  t o  be analyzed and w i l l  be  d iscussed  i n  a  

l a t e r  r e p o r t  i f  more information i s  obtained.  Also, s i n c e  these  observa- 

t i o n s  were made during a t i m e  when dent ing ,  a t  t h e  d r i l l e d  ho le s ,  wzs g e t t i n g  
. . 

l e s s  ( con t ro l l ed  C1-), t h i s  a spec t  w i l l  r e q u i r e  more d e t a i l e d  examination of 

t h e  in spec t ion  d a t a  be fo re  i t  can be confirmed and d i s c u s ~ e d  f u r t h e r .  

Another f i n d i n g  during the  l a t e s t  Mi l l s tone  i n s p e c t i o n  was t h a t  t h e r e  

was movement - due t o  Fe 0 growth - of t h e  d r i l l e d  tube s h e e t ,  caus ing  
I I 

3 4 
squashing" of t h e  tubes .  A s  a  r e s u l t ,  a  plugging program i s  underway, and 

remedial measures t o  avoid f u r t h e r  "squashing" a r e  being explored with the  

hope of e a r l y  implementation a f t e r  approval  by the  Nuclear Regulatory Com- 

mission. 



I1 BNL DISCUSS1,ON OF SIGNIFICANT LABORATORY FINDINGS AT WESTINGHOUSE AND 

COMBUSTION ENGINEERING 

A. Westinghouse: ' 

Westinghouse r e p o r t e d  d a t a  i n  a  1977 NACE paper ,  followed by a n  

unpublished v e r b a l  d e s c r i p t i o n  of t h e i r  cont inuing l abo ra to ry  t e s t  program 

l a t e r  i n  t h e  year .  D e t a i l s  a r e  below.. 
: . 

The carbon,  s t e e l  ' support  p l a t e  s u r f  ace  could be up t o  27°F h o t t e r  

than t h e  s a t u r a t i o n  temperature of t h e  bulk  water  due t o  hea t ing  i n  t h e  

c r ev ice .  (Sea water  concentrated by a  f a c t o r  of  10  has a 27OF b o i l i n g  p o i n t  

e l eva t ion . )  Coupon immersion t e s t s  of carbon s t e e l  a t  540°F i n  s ea  water  

concent ra ted  10 f o l d  r e s u l t e d  i n  r ap id  co r ros ion  ($ 7 m i l s  i n  20 days) .  The 

carbon s t e e l ~ c o r r o s i o n  r a t e  i n  a  c r e v i c e  between Inconel  and carbon s t e e l  

was lower. Very s i g n i f i c a n t l y , '  t h e  carbon s t e e l  plug could be  f rozen  i n t o  

p o s i t i o n  by cor ros ion  products ,  b u t  no Inconel  deformation, o r  dent ing  

occurred. With a 10 w/o s l u r r y  of t h e  products  of co r ros ion  of Inconel  i n  

sodium phosphate s o l u t i o n ,  a  n e g l i g i b l e  cor ros ion  r a t e  was observed. .With 

a  s l u r r y  of t h i s  m a t e r i a l  i n  10 f o l d  s e a  water ,  the  cor ros ion  r a t e  was 

approximately double t h a t  of 10 f o l d  s e a  water  a lone ,  showing a  s y n e r g i s t i c  

e f f e c t ,  b u t  no t y p i c a l  dent ing  r e a c t i o n ,  a g a i n  a  very  p e r t i n e n t  observa t ion .  

There was no hea t  f l u x  i n  t h e  above t e s t s ,  bu t  a  t e s t  wi th  0.01 f o l d  sea  

water  and CuO could s t a r t  dent ing ,  which slowed o r  stopped when t h e  CuO was 

removed, leav ing  t h e  sea w a t e r  as cor rodent .  (See more on t h i s  p o i n t  l a t e r . )  

I n  c r ev ice  capsule  t e s t s ,  carbon s t e e l  plugs were i n s e r t e d  i n  In- 

cone1 tubing,  chemicals added, and the  capsule  s ea l ed  and heated.  Tube 

deformation, s i m i l a r  t o  dent ing  i n  s e r v i c e ,  occurred i n  0.2 M F L C ~  s o l u t i o n  2 
and/or  N i C 1 2  s o l u t i o n s ,  o r  wi th  metal  phosphate c r ev ice  f i l l e r '  i n  an  0.2 M 

ch lo r ide  s o l u t i o n .  No tube deformation was noted when 0 .1  M NaOH o r  0.1 M 

phosphate (Na/P04 2 2) were added t o  n e u t r a l i z e  t h e  a c i d i c  ch lo r ides .  When 

a nickel-iron-phosphate c r ev ice  f i l l e r  was used, tube deformation (.bulging) 

occurred 'and  m e t a l l i c  n i c k e l  was observed a t  t he  i n t e r f a c e  between t h e  car- 

bon s t e e l  cor ros ion  product and t h e  c r e v i c e - f i l l i n g  phosphate compounds, and 

c h l o r i d e  was d e t e c t a b l e  on l a y e r s  c lo se  t o  t h e  carbon s t e e l .  Exposure was 



i n  a n  N a ~ l / N i ~ l  /Fec12 s o l u t i o n .  2 : 
I n  l ~ e a i i d '  c r e v i c e  tests,. an  e l ec t r i ca l ly -gene ra t ed  h e a t  f l u x  of 

2 
20,000 Btulhy-ft  was  used* to, genera te  20' t o  3 0 ' ~  superheat  a t  a s a tu ra -  

t i o n ' t e m p e r a t u r e . o f  540°F. Assemblies were run 2 weeks wi th  500 t o  10,000 

PO .' The crevzce became f i l l e d  with phosphate d e p o s i t s  ppm Nal.5H1.5 4 
and Inconel  cor ros ion  prbducts  generated i n  s i t u .  On exposure t o  0 . 1  f o l d  

s e a '  water f o r  6 weeks, ' s u b s t a n t i a l  carbon ' s t e e l  co r ros ion  occurred.  Nickel 

me.ta1 was ijbserved a t  t h e  magnet i te lphosphate  i nke r f ace ,  and mostly i r o n  

phosphate remained ' in  t h e  o r i g i n a l  co r ros ion  product .  Chloride was observed 

near  t h e  carbon s t e e l  su r f ace .  I n  a p a r a l l e l  t e s t ,  ex t ens ive  r i n s i n g  (2,000 

temperature cyc l e s  of 10°F), a f t e r  i n i t i a l  exposure t o  phosphate,  removed 

more of the .phosphate .  from the  depos i t  and l e d  t o  g r e a t l y  reduced r a t e s  of 

carbon s t e e l  cor ros ion  on subsequent exposure t o  0 .1  f o l d  s e a  water .  The 

c rev ice  d id  become f i l l e d  wi th  calcium s u l f a t e  and i r o n  oxides.  

I n  a number of o t h e r  t e s t s  of t h i s  type,  s imulated s ludge  (Fej04, 

CuO, ZnO) was pu t  i n t o  t h e  bottom of t h e  autoclave.  A f t e r  an i n i t i a l  phos- 

pha t ing  and minimal r i n s e ,  dent ing  was observed i n  heated c rev ices  of 4 t o  . 
8 m i l s  i n i t i a l  gap ( r a d i a l  c learance)  on exposure t o  0.01 f o l d  sea  water.  

When the  s ludge was removed, dent ing  d i d  not  progress .  I n  t h e  NACE presen- 

t a t i o n ,  confidence w a s  expressed t h a t  a t t a c k  r e s u l t e d  from the  presence of 

cuo . 
I n  summary, l abo ra to ry  t e s t s  showed t h a t  concent ra ted  sea  water  

conta in ing  c a t i o n s  of Fe, N i ,  o r  Cu r e s u l t e d  i n  a r a p i d ,  l i n e a r  co r ros ion  

of carbon s t e e l .  S imi l a r  morphologies a r e  produced dur ing  dent ing  i n  t he  

l abo ra to ry  t e s t s  and i n  t he  f i e l d .  A s  such, t h e  l abo ra to ry  techniques a r e  

being accepted a s  a way t o  eva lua t e  s o l u t i o n s  t o  t h e  problem. 

I n  an  ex tens ion  of t h e  programs discussed a t  NACE, an a d d i t i o n a l  

t e s t .  was c a r r i e d  out  with,  a heated '  assembly with,  s e v e r a l  c r ev ices .  Rapid 

dent ing  (.I millweek) was ob.served i n  0.01 f o l d  sea  water  wi th  copper oxide 

pres,ent I n  t h e  bottom o f ' t h e ' a u t o c l a v e .  When t h e  t e s t  was r e - s t a r t ed  and 

*NOTE Although 20,000 ~ t u / h r - f t 2  i s  low o r  average h e a t  f l u x  i n  a steam 
genera tor ,  i t  i s  h igh  f o r  a c r ev ice  region.  



run  f o r  s e v e r a l  weeks without  CuO i n  t h e  v e s s e l ,  t h e  dent ing  r a t e  g radua l ly  

decreased t o  a va lue  h a r d l y  measurable. Addit ion of CuO t o  a subsequent run  

caused dent ing  t o  proceed again: During t h e  time t h a t  CuO was p re sen t ,  Cu 

meta l  was deposi ted on test s u r f a c e s  but  t h e  depos i t  was n o t  removed a s  t h e  

tests a l t e r n a t e d  between those  wi th  and those  without  CuO. 

I n  capsule  t e s t s ,  a s  noted e a r l i e r ,  l i t t l e  o r  no co r ros ion  occurred 

when a c i d i c  c h l o r i d e  s o l u t i o n s  were n e u t r a l i z e d  w i t h  sodium hydroxide o r  

phosphate. Several  o t h e r  n e u t r a l i z a t i o n  methods were considered,  with two 

i d e n t i f i e d  a s  poss ib ly  accep tab le  f o r  use i n  steam gene ra to r s ;  l i t h i u m  
:. 4 

b o r a t e  and calcium hydroxide (Ca(OH)2). Capsble t e s t s  wi th  agg res s ive  cor- 

rodan t s  were run  i n  which bulging was produced, and then  repea ted  with 

Ca(0H.) o r ,  l i t h i u m  bora t e  added; no, tube deformation occurred i n  28 weeks. 

I n  o t h e r  experiments w i th  hea ted  c rev ice  assemblies ,  dent ing  was s t a r t e d  

wi th  CuC12. When.Ca(OH)2 w a s  added, the  dent ing  stopped, and i t  d id  no t  re-  

start when CuC12 was aga in  added without  Ca(OH)2. A l a r g e  number of t e s t s  

remain t o  be  done t o  q u a l i f y  any of ' t h e  p o s s i b l e  techniques f o r  c o n t r o l l i n g  

den t ing  i n  opera t ing  systems. 

Model b o i l e r  t e s t s  a r e  a l s o  being done a t  Westinghouse, us ing  In- 

cone1 600 tubes w i t h  a s i n g l e ,  open ended c rev ice  cup of Inconel  and two, 

double open ended support  p l a t e  c r ev ices  of carbon s t e e l .  The l a t t e r  has  

an  0.012 inch  c rev ice  gap, prepacked t o  60 t o  70% d e n s i t y  w i t h ' ~ e  0 of 
3 4 

mixed p a r t i c l e  s i z e .  The primary and secondary . temperatures  were about 

610°F and 522"F, r e s p e c t i v e l y .  I n  one t e s t ,  t h e  makeup s o l u t i o n  contained 

0.34 ppm ch lo r ide ,  0.167 ppm copper, and 2.1 ppm ammonia; a f t e r  57 days,  10 

m i l  r a d i a l  dents  were found. This  test demonstrates t h e  e f f e c t i v e n e s s  of 

CuCl i n  causing dent ing,  bu t  does not  c l a r i f y  t h e  r o l e  of packed c rev ices .  2 .  

B. Combustion Engineering: 

Combustion'Engineering (.CE) has  confirmed t h a t  den t ing ,occu r s  i n  

th.e complete absence of any phosphate, which i s  gene ra l ly  c o n s i s t e n t  w i th  

Westingho'uke d a t a  a'nd t h e  o r i g i n a l  f i n d i n g s  of P o t t e r  and ~ a n n . ~  TheSe CE 

r e s u l t s ,  t he re fo re ,  showed t h a t  dent ing  i s  p o s s i b l e  wi thout  t h e  PO4 t o  AVT 

conversion, b e f o r e . i t  was found i n  s e rv i ce .  The d e t a i l s  of t h e  CE t e s t s  



. . 

were a s  follows: 

A mixture of 7 1  p a r t s  of magnet i te ,  12 of copper oxide,  12 of 

n i c k e l  m e t a l  and 5 o f '  copper' m e t a l  was packed' i n s i d e  a c r e v i c e  around a  

heated Inconel '  tube  and exposed s o  t h a t  t h e r e  was some degree '  o f  superhea t  

w i t h i n  t h e  8 m i l  r a d i a l  c r ev ice . '  The bulk wa te r ' had  a d d i t i o n s  of Turkey 

Po in t  cool ing  w a t e r ' t o  g ive  two l e v e l s  of ch lo r ide . '  One was 100 ppm and t h e  

o the r  was 1 ppm. I n  t h e  case  of 100 ppm, 22 m i l s  o f  tube  dent ing  was ob- 

served i n  22 days and t h i s  could be shown hy eddy c u r r e n t  t e s t i n g  be fo re  

d ismant l ing  t h e ' a p p a r a t u s .  I n  the. case  of t h e  1 ppm c h l o r i d e  i n  t he  bulk 

water t h e  experimental  s e tup  was somewhat d i f f e r e n t ,  i . e .  t he  "umbrella" 

around t h e  tube was made of q u i t e  t h i n  carbon s t e e l  s o  t h a t  i t ,  r a t h e r  than  

t h e  tube,  became deformed and cracked dur ing  t h e  den t ing  r e a c t i o n  i n  t h e  

56 day t e s t ;  i n t e r e s t i n g l y ,  a  p o s t - t e s t  a n a l y s i s  i nd ica t ed  t h a t  ~ 1 -  concen- 

t r a t i o n  a t  t h e  Inconel  i n t e r f a c e  wi th  t h e  cor ros ion  product was a s  h igh  a s  

50,000 ppm. Thcse d a t a  confirm t h a t  more than one cond i t i on  can be e f fec-  

t i v e  i n  producing porous, non-protect ive Fe 0 I n  t h e  CE test, we th ink  3 4' 
t h a t  CuCl was formed, and t r i gge red  dent ing  by producing ac id  ~ 1 -  i n  t h e  2 
c rev ice ,  a s  d i scussed  f u r t h e r  i n  t h e  mechanisms sec t ion .  The r o l e  of s e a  

water  has  t o  be  f u r t h e r  c l a r i f i e d ,  b u t  i n  view of t h e  absence of dent ing  i n  

t he  Westinghouse t e s t s  wi th  concentrated sea  water  a lone ,  i t  i s  be l ieved  

t h a t  t h e  mechanism o u t l i n e d  above, i .e. CuC12, is  t h e  most l i k e l y  cause of 

dent ing.  Future  work should t r y  t o  c l a r i f y  how combinations of low Cu 
* 

and hydrolyzable  s e a  water  s a l t s  may work i n  conjunct ion  t o  casue t h e  dent- 

i n g  r eac t ion .  



11.1 DENTING MECHANISM 

A. General Review: . . 

: A t  t h e : t i m e . t h a t  dent ing  w a s ' f i r s t  observed i n  ope ra t ing  p l a n t s ,  

exper ience ' sugges ted  t h a t  dent ing  occurred only i n  p l a n t s  t h a t :  

(a )  had been converted from PO= t o  AVT a f t e r  prolonged - 4 - 
ope ra t ion  wi th  PO= and, 

4 ' 
(.b) used: sea- o r  brackish  cool ing .water  and had poor 

. .  . 
condenser performance. . . 

The den t ing  process  appeared - t o  be d i r e c t l y  r e l a t e d  t o  r ead t ions  descr ibed '  

by P o t t e r  and MannY3 who d i scussed  t h e  formati6n of "run-awdyv Fe 0 un 3 4 
s t e e l  coupons immersed i n  h igh  temperature 'aqueous s o l u t i o n s  of hydrolyz- 

a b l e  ch lo r ides ,  s p e c i f i c a l l y  N i C l  FeCl i  o r  CuC12, bu t  n o t  ~ a ~ l  by i t s e l f .  2 ' 
It can be deduced, t h e r e f o r e ,  t h a t  an .ac id  ch lo r ide  environment causes t h e  

r a p i d  cor ros ion  and dent ing.  The unknown p a r t  i s ,  i n  which way o r  ways does 

i t ,  happen i n  s e rv i ce .  
3 

- . . Po t t e r '  asd  Mann . d i d  not  use  crevices., and d id  no t  cons ider  t he  

consequences of t h e  "run-away" ~ e ,  0 ' . r eac t ion  i n  te rms  of mechanical damage. 3 4 
such as h a s  been found i n  tube  dent ing.  However, there."is l i t t l e ' d o u b t  ' 

t h a t  tremendously high ' forces  can be generated i f  c 'orrosion products  a r e  

cons t ra ined .  Exampl6s a-re quoted below, some (of which a r e  'taken f rbm an  

unpublished revi;ew by J'. R. Galvele : 

a. N.A. ~ i e ~ ~ e n ~  (of E . I .  duPont de ~ e i o u r s ,  Wilming- 

ton,  .Delaware); s e v e r a l  years  ago suggested a mech- 

anism f o r  SCC which included high s t r e s s e s  r e s u l t i n g  

from ' t he  wedging a c t i o n  of s o l i d  cor ros ion  products  

i n s i d e  t h e  cracks.  

b.  A s  a r e s u l t  of Nie lsen ' s  theory,  H.W. P icker ing ,  
5 

et  a 1  measured s t r e s s e s  i n  t h e  region of 4,000-7,000 

p s i  i n  s t a i n l e s s  s t e e l  r e s u l t i n g  from s o l i d  corro- 

s i o n  products ;  they  a l s o  found s t r e s s e s ' n e a r  t h e  

y i e l d  p o i n t  a t  t h e  base of a notch. 

' c .  Hydrogen, which is  a l s o  a cor ros ion  product ,  can 

cause b l i s t e r i n g  i n  meta ls .  



Since t h e  e a r l y  1960's t h e r e  has  been a number of 

r c p o r t s  on t h e  s p a l l i u g  of concre te  used i n  b r idge  

cons t ruc t ion ,  a s  a r e s u l t  o f  s o l i d  co r ros ion  prod- 

u c t s  from s t e e l  r e i n f o r c i n g  rods.  (e .g .  R.F. S t r a t -  

f u l l 6 )  . 
Magnani7 a t t r i b u t e d  SCC i n  uranium a l l o y s  t o  t h e  

wedging a c t i o n  of uranium hydride (UH3) formation,  

which had a volume of 70% g r e a t e r  than t h e  a l l o y ,  

and set up h igh  s t r e s s  f i e l d s .  

~ v a n s ~  r epor t ed  snapping of s t e e l  and aluminum 

r i v e t s  and b o l t s  due t o  voluminous co r ros ion  prod- 

u c t s  i n  c r ev ices .  
9 Logan provided informat ion  o n  the  r e s u l t s  of h igh  

f o r c e s  on s t a i n l e s s  s t e e l  i n  con tac t  wi th  mild 

steel when t h e  l a t t e r  w a s  converted i n t o  bulky 

cor ros ion  products .  

~ o ~ a n '  be l ieved  t h a t  a case  of s t r e s s  co r ros ion  

occurred i n  a magnesium a l l o y  due t o  s t r e s s e s  

from voluminous corrcjsion products .  

~ o n t a n a l '  repor ted  f a i l u r e  i n  c a s t  i r o n  due t o  

wedging e f f e c t s  of co r ros ion  products .  

'Sprowlsl' and sp i ede l12  a t t r i b u t e d  e x f o l i a t i o n  of 

aluminum a l l o y s  t o  p re s su re  exer ted  by co r ros ion  

products .  

There a r e  many in s t ances  13, 14, 15, 16 in 

very  high stresses were measured experimental ly  

f o r  s e v e r a l  m a t e r i a l s  as,  a r e s u l t  of ox ida t ion  i n  

a i r  o r  oxygen. For i n s t ance ,  tantalum ox ida t ion  

gave s t r e s s e s  a s  h igh  a s  50,000 t o  100,000 p s i ,  

and oxide f i l m  s t r e s s e s  on zirconium and Zircaloy- 

2 were 160,000 t o  240,000 p s i .  

Dimensional changes due t o  oxides occurred i n  t he  

case  of f u e l  element cladding and i n s u l a t i n g  



m a t e r i a l  i n  t h e  Dungeness B Advanced Gas Cooled 
1 7 .  . . . 

Reactors .  

m. Gr iess ,  e t  a l l 8  a t  Oak Ridge ~ a t i o n a l  ~ a b o ' i a t o r ~  

foGnd expansion of C-type specimens due t o  t he  

f o r c e  of c r ev ice  co r ros ion  products  from 2 C r  

1 Mo s t e e l .  The t e s t  environment was hot  aqueous 

N a C l  and N ~ O H ,  wi th  oxygen p re sen t .  The BNL S t r e s s  

a n a l y s i s  group e s t ima te s  t h a t  a pressure  of 60-80 

p s i  exe r t ed  by the  growing oxide would have been 

s u f f i c i e n t  t o  cause t h e  observed p l a s t i c  deforma- 

t i o n  of a C-ring, b u t  t h i s  does no t  mean t h a t  t h e  

r e a c t i o n  f o r c e s  a r e  r e s t r i c t e d  t o  t hese  low s t r e s s  

l e v e l s .  
. . 

I n  summary, . then ,  condi t ions  a r e  known which .g ive  r i s e  t o  r ap id  forma- 

t i o n  of volumnous Fe 0 on carbon s t e e l ,  and t h i s  i s . e x p e c t e d  t o  e x e r t  con- 3 4 
s i d e r a b l e  f o r c e  on t h e  w a l l s  of any confined space wi th in  which i t  i s  

deposited.. The observa t ions  made on t h e  tubes  and TSP's removed from Surry 

and Turkey Poin t  a r e  gene ra l ly  c o n s i s t e n t  wi th  such a mechanism. The "run- 

away" Fe 0 would be l e s s  dangerous under a s ludge  p i l e  than  i n  t h e  tube-TSP 3 4 
c r e v i c e  a r eas ,because  tube  shee t  co r ros ion  would g row.pa ra l l e1  t o ,  r a t h e r  

than  perpendicular  t o  t h e  t u b e . s u r f a c e s .  Tube t o  tube shee t  c r ev ices ,  how- 

ever ,  would be expected t o  behave s i m i l a r l y  t o  tube  t o  TSP c rev ices .  

There i s  a p o s s i b i l i t y  t h a t  thermal cyc l e s  i n  ope ra t ing  p l a n t s  

could add t o  t h e  dent ing  damage i n  one of two ways: 

1. I f  t he  chemical formation of .Fe 0 e x e r t s  a l a r g e  3 4 
fo rce ,  t h e  r e a c t i o n  may slow o r  s t o p  i f  t h e  e lec-  

t r o l y t e  replenishment . . becomes r e s t r i c t e d ;  , subse- 

quent temperature f l u c t u a t i o n s  could. permit  more 

r ap id  r e e n t r y  o f .  l i q u i d  so  t h a t  p e r i o d i c  chemical 

dent ing  ,can  proceed. (Thermally a s s i s t e d  chemical 

r a t c h e t t i n g )  *. 

* Thi s  is probably a minor a spec t ,  s i n c e  t h e  oxide is  r e l a t i v e l y  porous. 



2.. Af t e r  chemical r e a c t i o n  f i l l s  t h e  c r ev ice  area 

wi th .  Fej04, den t ing  would be . aggravated '  . thermally 

i f  raprd  hea t ing  of ' t he '  tube introduced high ex- 

pans ion '  fo rces .  (Cheinically a s s i s t e d  thermal 

r a t c h e t t i n g )  . 
- 

~ e c a u s e  o f  t h e  'apparent  p r e r e q u i s i t e  of t h e  PO= -+ AVT conversion ' 
4 

f o r  dent ing  i n  s e r v i c e , '  f i r s t  a t tempts  had' t h e  o b j e c t i v e  of f i n d i n g  a t r i g -  

ger ing  mechanism f o r  r a p i d  cor ros ion  in a c rev ice  reg ion ,  connected wi th  

phosphates. It was f e l t  t h a t .  t h e r e  had t o  be  'a chemical f a c t o r  i n  a d d i t i o n  

t o  t h e  phys ica l  e f f e c t s  of s o l i d  products  i n  t h e  c r ev ice ,  s i n c e  s ludge  would 

always have been p re sen t  t o  r e s t r i c t  t h e  flow i n  a t  l e a s t  some of t h e  tube- 

to-support p l a t e  c r ev ices .  A l l  of t he  converted p l a n t s  had e a r l i e r  su f f e red  

some degree of tube  damage a s  a r e s u l t  o f  r e a c t i o n  between Inconel  and high 
. . 

concent ra t ions  of ortho- o r  pyro-phosphate. unbuffered hydro lys i s  of t h e s e  

spa r ing ly  s o l u b l e  heavy meta l  phosphate co r ros ion  products  could poss ib ly  

l ead  t o  a pH drop i n s i d e  t h e  c rev ices 'when t h e  phosphate t rea tment  is  dis-  

continued; t h i s  would t r i g g e r  co r ros ion  o f  the '  carbon s t e e l ,  and t h e  anodic 

a c t i o n  i n  a c o n f i n e d ' l o c a l  reg ion  would preserve  t h e  a c i d  pH a s  we l l  a s  

cause the 'accumula t ion  of high concent ra t ions  of c h l o r i d e s  i f  p re sen t  even 

i n  small amounts i n  t h e  bulk so lu t ion .  This  was t h e  b a s i s  o f '  some e a r l i e r  

arguments t o  exp la in  a c i d  ch lo r ide  formation leading  t o  dent ing.  Analyti-  

c a l l y ,  a (Na, N i ,  C r ,  Fe) phosphate i s  de t ec t ed  i n  "denting" t e s t s ,  a t  t h e  

o u t s i d e  of t h e  Fe 0 l a y e r ,  seeming t o  i n d i c a t e  i t s  hydro lys i s  would not  be 
3 4 

very a c i d  (due t o  t h e  presence of  Na).   ow ever, t h i s  compound is found on 

t h e  ou t s ide  of t h e  Fe304, i n  t h e  very  a c t i v e  ca thodic  reg ion ,  which would 

be much. less ac id ,  and i t  i s . s u g g e s t e d  t h a t  i ts  composition may have been 
' 

more a c i d  a t  a n  e a r l i e r  s t a g e ,  i .e .  i n  t h e  anodic reg ion  a t  t h e . o n s e t  of t h e  

r ap id  r eac t ion .  

Based on P o t t e r  and ~ a n n ~  it  &as a n t i c i p a t e d  t h a t  an all-AVT sys- 

tem'was. n o t ' r i e c e s s a r i l y  immune t o  dent ing,  s i n c e  phosphate,  p e r  s e ,  was n o t  



even used' i n  t h e i r  coupon ' t e s t s  which produced r ap id  Fe 'b growth. Fe, C r ,  3  4 
N i  phosphate.merely may h a s t e n ' t h e  onse t  o f ' d e n t i n g  i n  unbuffered c rev ices .  

Any one o f ' s e v e r a l  o t h e r  ways . t o  p roduce ' ac id  c h l o r i d e  would have t h e  same 

end r e s u l t .  It is, the re fo re ,  unfor tuna te  but  no t  too s u r p r i s i n g  t h a t  dent- 

i ng  has  now o c c u r r e d ' i n  p l a n t s  w i th  l i t t l e  o r  no p r i o r  ope ra t ion  wi th  phos- 

phated secondary water,  f o r  i n s t a n c e  a t  t h e  53-month in spec t ion  of Maine 

Yankee and t h e  23-month i n s p e c t i o n  of l f i l l s t o n e  .2. The induct ion  time was 

longer  a t  Maine Yankee, where ~ 1 -  contamination. was l e s s ,  than a t  Mi l l s tone  

2 .  It is  s t i l l  too  e a r l y  t o  t e l l  whether dent ing  of t he  u n i t s  t h a t  s t a r t e d  

ou t  on AVT w i l l  become a s  severe  a s  has ' been  found a t  Surry and Turkey 

Po in t .  I n  f a c t ,  i t  may never be  known, s i n c e  ope ra t ing  procedures  may be 

changed and o the r  remedial measures a r e  boynd t o  be adopted a s  soon a s  they 

a r e  a v a i l a b l e  and approved. 

The r e sea rch  on the .behav io r  of  carbon s t e e l  performed by P o t t e r  
. . 

and Mann, using s o l u t i o n s  conta in ing  FeC12, N i C 1 2 ,  CuC12 and o the r s ,  re-  

por ted  s p o r a d i c  r e s u l t s  wi th  FeC12 and CuC12, bu t  cons i s  t e n t  "run-away" 

Fe 0 formation i n  s o l u t i o n s  conta in ing  N i C l  The r ecen t  d a t a  from t h e  
3 4 2 ' 

Westinghouse-laboratories'now show t h a t ,  when c r e v i c e s  a r e  ,p resent ,  copper 
. . 

i ons  t oge the r  w i th  c h l o r i d e  produce dent ing  c o n s i s t e n t l y ;  t he  adverse  e f f e c t s  

of c r ev ices  combined'with CuC12, such a s  may a l s o  be introduced i n  s e r v i c e  

through in-leakage and cor.rosion of Cu o r  Cu-base a l l o y  condenser tubes ,  a r e  

thus ' indicated.  . The . den t ing  produced a t  CE i n  model b o i l e r s  a l s o  occurred 

i n  t h e  presence of CuO and ~ 1 - .  

Tight  crevices:  have been. claimed by some t o  be t h e  main ing red ien t  

f o r  dent ing,  bu t  i n  view of t he  Westinghouse l abo ra to ry  da t a  t h a t  show no 

dent ing  i n  0 .1  f o l d  and 10  f o l d  s e a  water  by i t s e l f ,  i . e .  i n  r e l a t i v e l y  non- 

a c i d  and non-oxidizing media, even wi th  "frozen" c rev ices ,  i t  seems t h a t  * + +I- 
s p e c l e s  such - a s  Cu. , Cu(.OH) , o r  N i  a r e  needed' t oge the r '  with ~ 1 -  t o  s e t  

o f f  dent ing.  In-service imp l i ca t ions ,  such a s  t h e  r e l a t i o n s h i p  between t h e  

time t o  dent ing  i n  AVT u n i t s ,  and (a), t he  accumul.ation of i n e r t  sludge and 

(b) ,  t h e  accumulation of a c t i v e  "denting" ing red ien t s ,  i . e .  hydrolyzable  
. . 

c h l o r i d e s  and ox id i z ing  ions ,  remain t o  be c l a r i f i e d .  Also, i n  l i g h t  of 



morc r c c e n t  da t a ,  t l ~ e  r o l e  of PO4 t o  Avl '  conversion r e q u i r e s  f u r t h e r  examina- 

t i o n  t o .  e s t a b l i s h  t o  what ex t en t  phosphates a r e  s p e c i f i c a l l y  r e spons ib l e  f o r  

t h e  e a r l y  o n s e t ' o f ' d e n t i n g  i n  such u n i t s ,  and to .what  e x t e n t  t h e  damage 

simply r e s u l t e d '  from t h e  l o s s  of b u f f e r '  a c t i o n .  

B. More De ta i l ed  Analysis  of Mechanism: 

The' l abo ra to ry ,  experiments a t  Westinghouse con ta in  3 key i tems  t h a t  

support  t he  mechanist ic  a s p e c t s  above, and these  a r e  repea ted  f o r  c l a r i t y :  

a .  When s y n t h e t i c  sea water  was concent ra ted  10 f o l d ,  

immersed coupons corroded r a p i d l y  a t  e leva ted  

temperatures ,  and c r e v i c e s  of c rev iced  specimens 

f i l l e d ' w i t h  co r ros ion  products  bu t ,  impor tan t ly ,  

t h e r e  was no 'dentimg i n  . s p i t e  o f  t h e  metals  be ing  
I I frozen" toge ther .  Merely f i l l i n g  c r e v i c e s  wi th  

s o l i d  cor ros ion  products  d id  n o t  cause dent ing  

even a t  h igh  ~ 1 -  concent ra t ion .  Experiments wi th  

s o l u t i o n s  i n i t i a l l y  conta in ing  copper i o n s  i n  0.01 

f o l d  s e a  water  showed ' tha t  dent ing  stopped o r  

'slowed when Cu products  were removed, i .e. t he  ~ 1 -  

a lone  was probably not  enough t o  support  dent ing .  

(.See "c" below). 

b .  When c rev ices  were p re sen t  toge ther  with ~ 1 -  and 
+ 

CuO ( i . e .  CU* o r  CuOH ) then r ap id  Fe304 occurred 

every time, a s  opposed t o . s p o r a d i c a l l y  i n  CuCl 
3 

2 
i n  t h e '  work of P o t t e r  and Mann without  c r ev ices .  

c .  S t a r t i n g  dent ing  wi th  ~ 1 -  and CuO, and then  con- 

t i nu ing  experiments i n  which r e s t a r t s  a l t e r n a t e d  

wi th  and without  added CuO, i . e .  l e av ing  every- 

t h ing  t h e  same except  f o r  the  CuO, i t  was found 

t h a t  dent ing  was gradual ly  reduced o r  stopped i n  

t h e ' r u n s  without  CuO, and continued i n  those  wi th  

CuO. The' depos i ted '  Cu remained undisturbed i n  

both types of experiments.  



* 
The r o l e  of an  e x t e r n a l  ox id i z ing  ion ,  such  a s  Cu can be : .  

a .  A t  reasonably high concent ra t ions  Cut+ c a n  be 

c a t a l y t i c  (see 'below) and i n  add i t i on ,  i t  can 

depo la r i ze  t h e  ca thodic  r e a c t i o n  and produce 

e l eva t ed  ~1-' toge ther  with increased  a c i d i t y  

i n  a l o c a l  c rev iced  region.  

b. A t  lower concent ra t ions  i t  may be  merely a  

c a t a l y s t  i n  speeding up t h e  f e r r o u s  hydroxide 

conversion t o  magnet i te ,  withuut  much change i n  

t h e  ox ida t ion  p o t e n t i a l .  

c .  It could be p l a t e d  ou t ,  l e av ing  a  m e t a l l i c  sur- 

f a c e  wi th  low H2 ove rpo ten t i a l .  

I n  t he  depo la r i z ing  sense,  t h e  t r i g g e r i n g  of dent ing  could be 

analogous t o  p i t t i n g  of s t a i n l e s s  s t e e l  i n  ~ 1 - ,  which can be s t a r t e d  a t  an  

e l eva t ed  e lec t rochemica l  p o t e n t i a l ,  bu t  which, on s l i g h t l y  lowering t h i s  

p o t e n t i a l ,  cont inues because of t h e  l o c a l  a c i d i t y  and h igher  ~ 1 -  i n s i d e  the  

p i t ,  and only ceases  a t  t h e  "p ro t ec t ion  p o t e n t i a l "  i n  t h e  bulk s o l u t i o n .  

(See schematic r e p r e s e n t a t i o n  i n  F igure  1 ) .  The "protect ion" l e v e l  of 

dent ing,  t h e n . i s . f e l t  t o  be near  t h e  p o t e n t i a l  a t  which H20 + H2 polar iza-  

t i o n  curve i n t e r s e c t s  t h e  anodic curve. 

I n i t i a l l y ,  t h e  ca thodic  and anodic r e a c t i o n s  could be: 

CU* + 2e + Cu (metal) . . 

I n s i d e  t h e  c r ev ice ,  accumulated p o s i t i v e  ions  w i l l  r e q u i r e  t h e  migra t ion  of 

nega t ive  spec i e s ,  such a s  ~ 1 - ,  t o  maintain charge n e u t r a l i t y .  Therefore,  

~ 1 -  i n  t h e  c r ev ice  would inc rease  r a p i d l y ,  and lower t h e  anodic pH because 

of hydro lys i s  o f '  FeC12: 

" FeC12 + H20 + Fe (OH) + 2 H C 1  . 

where t h e ' s t r o n g  a c i d  would dominate. Concentra'tion of products  due t o  hea t  

f l u x  would a l s o  c o n t r i b u t e  t o  dent ing  due t o  l o c a l  b o i l i n g ,  s i n c e  i t  could 



POTENTIAL 

1. P i t t i n g  P o t e n t i a l  

2. P ro t ec t ion  P o t e n t i a l  

3 .  Active General Corrosion 

Rate '  

Figure 1 

Ef fec t  of P o t e n t i a l  Changes on Corrosion Rate 



c o n t r i b u t e  s i g n i f i c a n t l y  t o  h igher  ~ 1 -  and o t h e r  s . a l  ts . 
u 

However, t h e r e  does not  seem t o  be nea r ly  enough Cu t o  account 

f o r  t h e  f u l l  ex t en t  of dent ing ,  and p l e n t i f u l  H2 is  known t o  accompany t h e  

porous Fe 0  formation: 3 4 

, This  i s  t h e  reason why i t  i s  be l ieved  t h a t  when p re sen t  a t  s u f f i c i e n t l y  high 

.concentrat ions;  t h e  e x t e r n a l  ox id i ze r  f u n c t i o n s ? a s  a  " t r i gge r "  . t o  c r e a t e  and 

main ta in  loca l .  a c i d i t y .  I n  t h e  l abo ra to ry ,  t h i s  process  appa ren t ly  has  t.0 
. ' 

be continuous o r  r e p e t i t i v e ,  because dent ing  slowed down Gr s.,topped when 

CuO was de l e t ed  i n  a subsequent run. This  probably means t h a t  H' i n  ;he 

c r e v i c e  s o l u t i o n  can become reduced, slowing t h e  Fe 0  r e a c t i o n ,  un'less t h e r e  3 4 
'is a low pH s o l u t i o n  o u t s i d e  t h e  c r ev ice ,  o r  ions ,  such a s  CU* t h a t  can r e a c t  

c a t h o d i c a l l y  (outs ide)  so  a s  t o  maintain t h e  agg res s ive  potential-pH condi- . . 
.<_ . - .  .' 

t i o n s  i n s i d e  the  c r ev ice .  It i s  y e t  n o - t , ~ c e r t a i n  t h a t  Cut+ ig,  a t  

l e v e l s  h igh  enough t o  f u l f i l l  such a  ro l e ' unde r  a l l  s e r v i c e  cond i t i ons ,  a l -  

though ana lyses  of Mi l l s tone  s ludge showed s u b s t a n t i a l  amounts of copper. 

I n  t h e  above mechanisms, CuO does not  a c t  c a t a l y t i c a l l y ; . i n  t h e  t r u e  sense  

of t h e  word, s i n c e  i t  i s  no t  In a regene ra t ive  cyc le .  It seems c l e a r  th.at  

CuO, no t  Cu metal,  i n f luences  the  dent ing  r e a c t i o n  i n  t h e  labora tory ,  s i n c e  

Cu meta l  was. p resent  i n  a l l  tests. . Furthermore, a l though N i *  is  l e s s  

ox id i z ing  than  CU*, i t  i s  p o s s i b l e  t h a t  N i C l  i s  capable of a c t i n g  s i m i l a r l y ,  2 
s i n c e  m e t a l l i c  N i  was found on top  of t h e  Fe 0  i n  more than one in s t ance .  3 4 
I n  t h e  CE model b o i l e r  experiments,  the  o u t e r  su r f aces  of t h e  carbon s t e e l  

suppor t ,  i n  t e s t s  where dent ing  had been produced, were covered with metal- 

l i c  Cu depos i t s ,  whereas t h e  ou te r  su r f ace  of t he  suppor ts  i n  which dent ing  

r e a c t i o n s  d i d  not  develop and d id  not  have any copper d e p o s i t s  on them. The 
tt 

pos tu l a t ed  r o l e  of r eac t ions '  involving t h e  e lec t rochemica l  r educ t ion  of Cu 

i n  t r i g g e r i n g  and maintaining t h e  dent ing  processes  seems t o  be f u r t h e r  con- 

firmed by t h i s  observa t ion  i n  t e s t s  where app rec i ab le  amounts of copper a r e  

p re sen t .  

* Deposited Cu o r  N i  metal  could a f f e c t  the  k i n e t i c s  of t h i s  r e a c t i o n  by 
providing s i t e s  of .low hydrogen ove rpo ten t i a l .  



I n  t h e  c a t a l y  Lic s e n k e ,  t h e  p r e s e n s e  of ~ u *  (o r  Ni*) a t  t h e  'cor- 

ro s ion  s i t e .  a t  low concent ra t ions  would speed up t h e  conversion of t h e  

i n i t i a l  co r ros ion 'p roduc t ,  f e r rous  hydroxide, t o  magnet i te . '  I f  t h i s  should 

happen'under condi t ions  where ' t he  magnet i te  is deposi ted away from t h e  s t e e l  

s u r f a c e  because o f '  t he '  presence of ' CI-, then i t  would be  non-protect ive and 

by speeding i t s  fo rma t ion  CU* o r  Ni t+  would a c c e l e r a t e  t he  co r ros ion  reac- 

t i on .  The 'absence of e f f e c t s  by a l r eady  depos i ted '  Cu i n  t h e  Westinghouse 

tests can be r a t i o n a l i z e d ' b y  assuming t h a t  depos i t ed 'me ta l  i s  unable t o  
I I  t r i g g e r "  dent ing.  

C. Explana t ion  of ' Other Observations and Future  Work: 

The l a c k  of dent ing  i n  t h e  Westinghouse t e s t s  wi th  s e a  water  a lone ,  

using c r e v i c e s  between Fe and '  Inconel  600, i s  f e l t  t o  be r e l a t e d  t o  ca thodic  

p r o t e c t i o n  of t h e  Inconel  by Fe, and, t h e r e f o r e ,  an  absence of  ~ i *  o r  o the r  

s u i t a b l e  ox id i z ing  o r  c a t a l y t i c  i on .  In tests where a s o l u b l e  N i  compound 

i s  added, o r  i n  p l a n t s  where ho t ,  concent ra ted  phosphate is  known t o  a t t a c k  

I n c o n e l ' i n  s p i t e  of t he '  couple . t o  carbon s t e e l ,  t h e  s i t u a t i o n  would a l t e r  

and non-protective Fe 0 would be formed i f  ~ 1 -  were a l s o  p re sen t .  Again, 
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however, t h e r e  a r e  only t r i gge rzng  . . o r  c a t a l y t i c  func t ions  t h a t  can be assigned 

t o  Ni*, s i n c e  i t  is p resen t  i n  amounts f a r  too low t o  account f o r  t h e  mass- 

i v e  co r ros ion  products  by a replacement r eac t ion .  

An expertment t h a t  would c l a r i f y  t h e  cont r i .bu t ion  of d e p o l a r i z a t i o n  

o r  t h e  cathode by p o s i t i v e  i o n s  could be done by con t ro l l ed  e lec t rochemica l  

p o t e n t i a l  i n  t he  s e a  water  experiments.  I f  such depo la r i za t ion  is  important ,  

then a n  anodic p o t e n t i o s t a t i c  t e s t . w i l l  induce dent ing  much quicker  than * 
when' i t  r e s i l t s  simply f rom ' the  c a t a l y t i c  a c t i o n  of low l e v e l s  of Cu o r  

~ i *  and i t  w i l l  he lp  t o  exp la in  t h e  d i f f e r e n c e  i n  t ime between l abo ra to ry  

and s e r v i c e  dent ing.  

To support  t h e  s t a t e d  arguments.and t o  extend t h e  b a s i c  concepts  

of dent ing,  more work w i l l  b e  needed t o  accou:nt f o r ' t h e  r o l e  of t h e  p o s i t i v e  

ions ,  a s  well a s  of t h e  ~ 1 -  ion,  cons ider ing  t h e  k i n e t i c s  of the  ca ta lyzed  

anodic r eac t ion ,  t h e  s i te  of t he  depos i ted  Fe304, t h e  ca thodic  d e p o l a r i z a t i o n  

a s  w e l l  as t h e  thermodynamics of t h e  s o l u t i o n ,  i . e .  t h e  e lec t rochemica l  



p o t e n t i a l  - pH. r e l a t i o n s h i p s .  Such d a t a  should inc lude  a  comparative evalua- 

t i o n  of p o s i t i v e l y  charged ox id i z ing  . . s p e c i e s ' a t  d i f f e r e n t  concent ra t ions ,  as 
. .  

w e l l  as oxygen, i n  r e l a t i o n  t o  dent ing  i n  t he  l abo ra to ry  and i n  s e rv i ce .  
. . .  

More work is  a l s o  needed t o  f i n d  ou t  t h e  e f f e c t s  of a  combination of chemi- 

c a l s  inc luding  hydrolyzable  sea  water  s a l t s ,  r e s i d u a l  Ni-Fe-Cr p h ~ p h a t e ,  

CU* o r  ~i*, and ~ 1 - ,  so  a s  t o  r e f i n e  our ~ ~ n d e r s t a n d i n g  of i n t e r a c t i o n s  ol 

adverse  spec i e s .  

. A s  f a r  a s  can be seen  a t  t h i s  t ime, t h e  CE t e s t  r e s u l t s  a r e  i n  

accord w i t h  outl.i.ned mechanist ic  arguments, altliough they themselves have 

n o t  emphasized t h e  r o l e  of CuO t o  t h e  same e x t e n t  a s  t h i s  r e p o r t  does. These 

r e s u l t s ,  while  not  i n t k d u ; i n g  any a d d i t i o n a l  b a s i c  i d e a s ,  a r e  very va luable  

i n  t he  p r a c t i c a l  s e n s e ;  and preceded' t h e  observa t ion  bf dents  i n  p l a n t s  t h a t  
. . 

s t a r t e d ' w i t h o u t  phosphate. 

Concerning remedial measures, i t  seems t h a t  c o n t r o l  of t he  environ- * ++ 
I ment t o  exclude ~1- ,  o r  Cu ( N i  ) ,  o r  t o  make i t  a l k a l i n e  f o r  ' a  per iod  wi th  

c ~ ' ( , o H ) ~ ,  o r  t o  add ~ i - b o r a t e  o r  b o r i c  a c i d  a;e fou r  ways of improving the  

s i t u a t i d n .  Cleahing of t he  s o l u t i o n s  w i l l  no t  in t rbduce  any new f a c t o r ,  and 

could be  done a t  any time. ' Addit ions may need f u r t h e r  examination t o  ensure 

t h a t  no a d d i t i o n a l  o r  new".problems - a r e  intr6duced ' a s  s i d e  e f f e c t s  . 
. < 



I V  TUBE DAMAGE 

A. U-bend Region: 

A primary t 'o secondary l e a k  of 80 gpm i n  a Surry 2 steam genera tor  

l e d  t o  t h e  discovery of l o n g i t u d i n a l  i n t e r g r a n u l a r  s t r e s s  cor ros ion  cracking  

(SCC) a t  t h e  ap i ces  of s e v e r a l  tubes,  o r i g i n a t i n g  a t  t h e  primary su r f ace .  

One of t h e s e  was through t h e  w a l l ,  4" long, and had caused t h e  observed l eak .  

The cracking was a s soc i a t ed  wi th  tube  s t r a i n i n g  which occurred when t h e  l e g s  

of t h e  U-shaped reg ion  moved inwards due t o  TSP deformation i n t o  f low s l o t s ,  

o r  t h e  so-cal led l 'hourglassingl'.  The inne r  row of tubes  in t h i s  row had t h e  

most s eve re  s t r a i n i n g .  The cracks  were l o n g i t u d i n a l ,  i . e . ,  they l a y  i n  t h e  

d i r e c t i o n  of t he  tube ax i s ;  t h e r e  appears  t o  be no doubt t h a t  they occurred 

a s  a  r e s u l t  of hoop s t r e s s e s  t h a t  accompanied t h e  increased  "oval i ty l '  o r  

e l l i p t i c a l  d i s t o r t i o n  of t h e  tubes  i n  t h e  U-bend region.  There was a  v a r i a -  

t i o n  i n  t h e  degree of o v a l i t y  depending on t h e  tube l o c a t i o n  r e l a t i v e  t o  a  

deforming TSP f low s l o t .  Cracked tubes were i n  t h e  f i r s t  row and near  t h e  cen- 

t e r s  of t he  d i s t o r t e d  flow s l o t s ,  i . e .  i n  t h e  most h igh ly  s t r a i n e d  reg ions .  

B. Support P l a t e  Region: 

Minor l eaks  were found i n  t h e  support p l a t e  r eg ion  a l so .  These 

may be of more concern i n  t h e  long run, because t h e  s i z e ' o f  flow s l o t s  w i l l  

l i m i t  t h e  d i s t o r t i o n  of U-bends, but  den t ing  a t  t h e  support p l a t e s  may con- 

t i n u e .  Also, t h e  SCC a t  support  p l a t e s  w i l l  be very important  when subse- 

quent chemical c leaning  is  considered which w i l l  remove t h e  support ing Fe 0 
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C. Tube Sheet Region: 

There a r e  two types  of problems i n  t h e  reg ion  nea r  t h e  top of t h e  

tube  shee t  of s e v e r a l  p l an t s .  One of t h e s e  i s  t h e  incompletely i n t e r p r e t e d  

s i g n a l  t h a t  may i n d i c a t e  s l i g h t  dent ing ,  and seen i n  s e v e r a l  i n s t ances  - 
(Cook, Tibange, Ginna, Doel). The o t h e r  is  t h e  r e p o r t  of primary s i d e  de- 

f e c t s ,  probably c racks ,  at ~ i n n a ~ '  t h a t  have led  t o  two l eaks  so  f a r .  

I f  t h e r e  is  dent ing  i n  t h e  tube  shee t  region,  then  th.e a f f e c t e d  

p l a n t s  a re 'beginning  . . t o  undergo a  problem wi th  symptoms s i g n i f i c a n t l y  d i f -  

f e r e n t '  from p l a n t s  such a s  &rry and Turkey Po in t .  The l a t t e r  had no dent ing  



a t  t h e  tube  s h e e t s  i n  s p i t e  of ex tens ive  d i r t o r t i o n  a t  and of t h e  support  

p l a t e s .  The opera t ing  h i s t o r y  of t h e  f i v e  p l a n t s  d i f f e r  completely: 

. . 

TABLE V 

PLANTS WITH INDICATIONS AT THE TUBE SHEET 

PLANT MONTHS . .. COOLING WATER 

PO4 * 
AVT .. . ' 

. , 

30 Doe1 1 3 ,  ' S e a  (with condensate po l i sh ing )  

Doe1 2 0 2 1 Sea (with condensate po l i sh ing )  

Tihange 1 0 2 6 River 

Ginna 60 2.9 Lake 

0 ' . 27. D.C. Cook- Lake 

A s  can be  seen ,  co-oling water i s  from t h r e e  sources ,  and p r i o r  

ph'o'sphate pe r iods  inc lude  0,  3 and' 60 months. 

It is  expected t h a t  t h e  observa t ions  a r e  r e l a t e d  t o  t h e  presence 

of s ludge a s  we l l  a s  i t s  composition, and f u t u r e  d e t a i l s  of t h e  problem, 

s ludge composition and secondary .water ana lyses ,  when a v a i l a b l e ,  should be 

h e l p f u l  i n  deciding whether t h i s  i s  a new phenomenon o r  j u s t  a change i n  t h e  

s i t e  o r  mechanism of r a p i d  magnet i te  formation. 

The suspected cracking a t  Ginna* needs t o  be considered s e r i o u s l y ,  

f o r  t h e  fol lowing reasons:. 

1. There a r e  s e v e r a l  (5 o r  6) of t h e  r e p o r t a b l e  de- 

f e c t s ,  and one has r e c e n t l y  g iven  r i s e  t o  a minor 

leak.  
. , 

2. There was an e a r l i e r  crack,  above t h e  tube s h e e t ,  . . 

i n  1976. 

3.  The cracks  a r e  thought t o  s t a r t  on t h e  primary 
. .  .I. 

. . .  

* Primary s i d e  cracking is  n o t  t h e  only remaining problem i n  Inconel  tub ing ,  
because. l o n g i t u d i n a l  cracking from the  secondary s i d e  i n .  s e v e r a l  tube  s h e e t  
reg ions  has been.found i n  1977 a t  Takahama, but  more d e t a i l s  a r e  n o t  y e t  
ava i l ab l e .  This p l a n t  has  been shut  down s i n c e  January,  1977, because of 
t h e s e  cracks. 



s ide .  I f  they  a r e  s t r e s s  c,orrosion cracks ,  they  

would. i n d i c a t e '  (a )  t e n s i l e  s t r e s s e s  due t o  some- 

t h i n g  o the r  than dent ing ,  s i n c e  t h e  1976 crack  

was 4l.l above t h e  shee t ,  and (b) t h e  p o s s i b i l i t y  

t h a t  some.of t h e  Inconel  tubes a r e  more s e n s i t i v e  

to'SCC than  has been assumed i n  t h e  p a s t ,  because 

t h e  above mentioned, t e n s i l e  s t r e s s e s  may be q u i t e  

low. Of course,  s i n c e  Ginna has  been i n  ope ra t ion  

f o r  7  yea r s ,  o the r  p l a n t s  wi th  long opera t ing  

t imes  should be examined c a r e f u l l y  ' f o r  s i m i l a r  

d e f e c t s  i n  order  t o  make s u r e  t h a t  t h i s  i s  not  

t h e  onset  of primary SCC under "normal" cond i t i ons  

of steam genera tor  tub ing .  

D. Inf  o m a t  i on  ,Desired : 

The ques t ion  t h a t  'now a r i s e s  concerns t h e  c r i t i c a l  parameters  f o r  

cracking, s i n c e  it i s  d e s i r a b l e  t o ' b e  a b l e  t o  t e l l  whether a s  y e t  uncracked 

tubes  a r e  l i k e l y  t o  f a i l  i n  t h e  f u t u r e  and, i f  s o ,  when. The mechanism of 

SCC i n  U-bends of Inconel  600 tubing  i n  high temperature primary water  is,  

un fo r tuna te ly ,  very poorly understood, and t h i s  makes t h e  p r e d i c t i o n s  ve ry  

d i f f i c u l t .  SCC is  bel ieved . t o  be a f f e c t e d  by s t r e s s ,  s t r a i n ,  temperature,  ,. . 

micros t ruc ture ,  e lec t rochemica l  f a c t o r s ,  hea t  t rea tment ,  meta l  composition, 

pH, oxygen. i n  t h e  environment, and o t h e r  f a c t o r s  such a s  tube  process ing  

h i s to ry .  This  complex: s i t u a t i o n  he lps  t o  expla in  l a r g e  s c a t t e r  of r e s u l t s  

i n  lahora tory  tests, heat-to-heat v a r i a t i o n s  i n  SCC r e s i s t a n c e ,  and could 

he lp  to ,  r a t i o n a l i z e  t h e  f a c t  . t h a t  some uncracked tubes i n  Surry 1 were more 

s t r a i n e d  by o v a l i z a t i o n  than  cracked tubes  i n  Surry 2. 

It is known from l abora to ry  s t u d i e s  t h a t  both p r i o r  co ld  work and 

dynamic loading a r e  not  e s s e n t i a l l y  r equ i r ed  f o r  SCC of Inconel  i n  high tem- 

pe ra tu re  water,  hecause i t  is we l l  documented t h a t  p l a t e  and tube  U-bends 

( f ixed  d e f l e c t i o n )  specimens can crack on long-term exposure i n  au toc laves .  

However, it remains $0 b e  shown whether, and, i f  so ,  t o  what degree dynamic 

s t r a i n i n g  and p r i o r  co ld  work a c c e l e r a t e  t h e  i n i t i a t i o n  of SCC, and t h e  



r e l a t i v e  importance of each of t h e s e  two f a c t o r s  i n  t h e  observed s e r v i c e  

f a i l u r e s ;  ( a l l  ' t h a i  is  definitely"knbwn today is t h a t  s u s c e p t i b l e  h e a t s  

w i l l  c rack  i f  s t r e s s e d '  o r  s t r a i n e d ,  s u f f i c i e n t l y )  . The a d d i t i o n a l  informa- 

t i o n  deserves  t o  be developed i n  labor 'atory s tudiek  a s " p a r t  o f  a  broad 

approach t o  t h e  SCC 'problem. 

Obviously i t  becomes q u i t e  d i f f i c u l t  t o  a t tempt  q u a n t i t a t i v e  pre- 

d i c t i o n s  without  q u a n t i t a t i v e  gu ide l ines .  Theref o re ,  it is  h ighly  des i r e -  

a b l e  t o  o b t a i n  q u a n t i t a t i v e  d a t a  regard ing  t h e  f a c t o r s  t h a t  i n f luence  t h e  

SCC of Inconel  600 tubing , '  and a  s u b s t a n t i a l  e f f o r t  is  needed i n  t h i s  

d i r e c t i o n .  Work could be  spread among s e v e r a l  well-equipped l a b o r a t o r i e s ,  

and v a r i a b l e s  should inc lude  a t  l e a s t  t hose  mentioned above and should prob- 

ab ly  inc lude  ' a l t e r n a t e  ma te r i a l s .  A p o i n t  which needs re-emphasiz- 

i ng  is t h a t  t he  dented u n i t s  a rd  not  t h e  only  ones f o r  which a  p r e d i c t i o n  

of SCC p r o b a b i l i t y  is of i n t e r e s t ;  and t h a t  t h e r e  w i l l  be a long term need 

f o r  t h e  t y p e  of information mentioned above. 
. .  . . .  . .  I -'.'One p e r t i n e n t  a n a l y s i s  t o .  be made e a r l y  on d e a l s .  wi th  q u a n t i t a t i v e  

s f r a f n  and stress p a t t e r n s  r e s u l t i n g  i n  tube.'U-bends a s  a  r e s u l t  of bending 

p r i o r  t o  s e r v i c e  and a s  a . . r e s u l t ' o f  in -serv ice  ova1ization:r -It i s  yery i m -  

p o r t a n t  t o  obta in  a  quant i t ' a t i v e  number * f o r  t h e  s t r a i n  in.  t h e  cracked Inconel  

U-bend regions,. Some oE t h e  e a r l y  Westinghouse d a t a , i n d i c a t e d  about 10% 

s t r a i n  (AE)  duriilg t h e  complete f l a t t e n i n g  of a  tube ,  'which seems t o  be low 

t o  account f o r  SCC-at o n l y . s l i g h t  o v a l i z a t i o n ,  .and i t  would be i n t e r e s t i n g  

t o  extend t h e s e  c a l c u l a t i o n s  by means of a computer -program, f o r  i n s t ance .  

The:other, and perhaps most c r i t i c a l  . p i ece  of information needed' i s  t h e  one 

that'.would c o r r e l a t e  t h e  t ime t o  i n i t 2 a t e  SCG.with. s t r a i n  o r  s t r e s s ,  Avail- 

a b l e . a n a l y s e s  show t h a t  t h e  service-inducedhoop.strain i n  t h e  cracked U- 

tubes  i s  q u i t e  low, i n .  t h e  reg ion  of 1%: .Combined.with the  operacing tem- 

'p 'erature of 575-60O0F,,it i s a p p a r e n t  t h a t  SCC s t a r t e d  much e a r l i e r  than 

would have. been. pre.dicted from l abora to ry  da t a :  U-bend t e s t s  (14-17% s t r a i n ) ,  

normally . requi re  >5., 000 hours ' -before  SCC, a t  600°F. 
. . 

As a l r e a d y  mentioned, t h e  amount. of p l a s t i c  s t r a i n  p re sen t  i n  

:cracked t.ubes .has a. s t rong  inf luence  .on t h e  mechanist ic  argument, and, there-  

fore, ' .  the '  b a s i s  'for- making .p.erformance p red ic t ions . : .  I f  t h e  s ervi,ce SCC has 



taken p l ace  a t  a very  low, e.g. 1%, s t r a i n ,  i t  i s  almost c e r t a i n l y  necessary  

t o  in t roduce  two a d d i t i o n a l  a c c e l e r a t i n g  f a c t o r s :  dynamic s e r v i c e  s t r a i n  

and p r i o r  co ld  work. However, i f  ' t he  a c t u a l  percentage s t r a i n  t h a t  caused 

SCC i s  found t o  be much h ighe r ,  t hen  t o t a l  s t r a i n  could by i t s e l f  account 

f o r  t h e  observed SCC i n  t h e t i m e  pe r iods  observed, and so  de-emphasize t h e  

con t r ibu t ions  of p r i o r  working 'and-dynamic s . t ra in .  Laboratory t e s t i n g  i n  

t h i s  area i s  u rgen t ly  needed. Knowledge of the"processing h i s t o r y  and chemi- 

c a l  composition (esp. C conten t )  of t h e  tubes w i l l  a l s o  be he lp fu l .  Ul t imate ly  

t h e  cumulative knowledge can be used t o  formulate  s tandards  f o r  SCC t e s t i n g .  

While more s t u d i e s  a r e  c a r r i e d  out  t o  ob ta in  t h e  'des i red  background 

information,  t h e  b e s t  a v a i l a b l e  gu ide l ines  a r e  obtained from s e r v i c e  per for -  

mance. Obviously, experience from non-dented opera t ing  p l a n t s  provides con- 

s i d e r a b l e  reassurance  t h a t  t h e  combination of s t r e s s  o r  s t r a i n ,  temperature,  

environment, e t c . ,  does not  g i v e . d e t e c t a b l e  SCC wi th in  t h e  t imes t h e  p l a n t s  

have operated. Many thousands of tubes  have performed adequately f o r  many 

years;  primary s i d e  c racking  has  been seen only i n  one o r  two cases ,  and i n  

t h e  one well-documented case*, primary water  chemistry d i f f e r e d  from cu r ren t  

s tandard PWR p r a c t i c e  i n  two important ways: n e i t h e r  a n  H overpressure  nor 2 
LiOH were p re sen t .  On t h e  more p e s s i m i s t i c  s i d e ,  however, t h e  heat-to-heat 

v a r i a t i o n s  i n  Inconel  must be kept  i n  mind, and' i t  i s  no t  c e r t a i n  t h a t  ex- 

per ience  and l abo ra to ry  t e s t s  have n e c e s s a r i l y  included worst c a s e  condi t ions  

t o  d a t e ,  o r  t h a t  longer  ope ra t ing  t imes w i l l  no t  produce some SCC i n  gene ra l  

s e rv i ce .  

Ex i s t i ng  knowledge can a l r eady  b e n e f i t  f u t u r e  p l a n t s  o r  t h e  se l ec -  

t i o n  of replacement tub ing  by using the 'advantages  of s t r e s s - r e l i e v i n g  t h e  

U-bends t o  i nc rease  r e s i s t a n c e  t o  primary s i d e  SCC. Such hea t  t rea tments  

not  only reduce the.  r e s i d u a l  s t r e s s e s  i n  t h e  tubes,  bu t  a l s o  can be devised 

t o  put  t h e  Inconel  i n  a m e t a l l u r g i c a l  condi t ion  t h a t  i s  more r e s i s t a n t  t o  

SCC. 

* Obrigheim 



. 
V . CRACKING OF THE TUBE SUPPORT PLATES 

A few smal l  po r t ions  o f  carbon s t e e l  a c t u a l l y  became detached a t  Surry 

and Turkey Poin t  a s  a r e s u l t  o f . c r a c k s  a l l  t h e  way through t h e  p1at.e th ick-  

nes s  a t  some membrane r eg ions  between ho le s .  Oxide had formed on t h e  c rack  

su r f aces ,  and i t  was obvious t h a t  h igh  p re s su re ,  a s  a  r e s u l t  of Fe 0 i n  3 4 
numerous tube  t o  TSP c rev ices ,  had he ld  t h e  loose  p i eces  t oge the r  be fo re  t h e  

wed,ges were cu t .  Embrittlement could r e s u l t  from hydrogen. This  theory  i s  

not  e n t i r e l y  specu la t ive ,  s i n c e  Westinghouse analyzed hydrogen con ten t s  a s  

high a s  2 ppm i n  t h e  metal.  It is  poss ib l e ,  t he re fo re ,  t h a t  l o c a l  hydrogen 

concent ra t ions  could be . even  h igher ,  f o r  i n s t a n c e  i n  h ighly  s t r e s s e d  reg ions .  

Also, under c e r t a i n  condi t ions ,  hydrogen can r e a c t  wi th  carbon i n  t he  s t e e l  

t o  form methane (CH4), i n  which case  H a s  such, does not  cause t h e  embrit- 2' 
t lement ,  b u t t h e  CH does. It would be i n t e r e s t i n g  t o  f i n d  support  f o r  the  

4 
H - r e l a t e d  theory by v e r i f y i n g  t h e  absence of .cracking i n  h ighly  s t r e s s e d  2 
a r e a s  ( tens ion)  such a s  f low ho le s  where r e l a t i v e l y  l e s s  hydrogen would be 

expected because of lower co r ros ion  a reas .  Also, an . exp lana t ion  of t h e  West- 

inghouse observa t ion  of t y p i c a l l y  good d u c t i l i t y  i n  a  t e s t  p i ece  o 5 . a  TSP 

r e q u i r e s  r a t i o n a l i z a t i o n  i f  t h e  H2 embri t t lement  theory i s  t o  hold up, i . e .  

could t h e  H2 have been l o s t  during sample prepara t ion?  

Cracking of t h e  p a r t i a l  support p l a t e s  a t  Mi l l s tone  2 has  a l s o  now been 

repor ted  a s  a r e s u l t  of deformation due t o  dent ing .  There a r e  remedial  s t e p s  

under cons ide ra t ion  t o  prevent  f u r t h e r  cracking.  



V I  CLEANING, INHIBITING AND OPERATING PROCEDURES: 

Denting was a t  f i r s t  thought t o  be confined t o  Surry and Turkey Po in t ,  

bu t  now it  i s  known t o  a f f e c t  a t  least a dozen p l a n t s  t o  varying degrees.  

Obviously, t h e r e  i s  an  urgent  need t o  make ve ry  r ap id  progress  i n  f i n d i n g  

c leaning  methods f o r  " s l i g h t l y "  dented steam genera t o r s ,  where t h e  removal 

of t h e  bulky magnet i te  w i l l  no t  have adverse  s i d e  e f f e c t s ;  a l s o  needed a r e  

i n h i h i t o r s  f o r  prevent ing  o r  s topp ing  dent ing.  Adequate s tandards  f o r  sec- 

ondary water  chemistry t o  ensure  dent - f ree  ope ra t ion  i n  t h e  f u t u r e ,  should 

a l s o  be developed. 

Reported progress  on i n h i b i t o r s  is confined t o  t h e  Westinghouse work, 

a l r e a d y  mentioned, w i th  calcium hydroxide, l i t h i u m  b o r a t e  and b o r i c  a c i d .  

Cleaning methods a r e  being examined i n  s e r v e r a l  l a b o r a t o r i e s ,  and t h e r e  

a r e  i n d i c a t i o n s  t h a t  some s o l u t i o n s  a r e  almost ready f o r  use. Ind ian  Poin t  

1 and 2 a r e  candida tes  f o r  examining t h e  e f f e c t s  of a  c l ean ing  s o l u t i o n ,  and 

much pre l iminary  work has  a l r eady  been done t o  q u a l i f y  c l ean ing  s o l u t i o n s .  

A s  f a r  as s e t t i n g  chemical s p e c i f i c a t i o n s  f o r  secondary water ,  t h i s  is 

d i f f i c u l t  f o r  two reasons: 

1. Fix ing  a bulk  concen t r a t ion  does  no t  n e c e s s a r i l y  l i m i t  crev- 

i c e  condi t ions ,  and i t  is t h e  c rev ice  l i q u i d  concen t r a t ion  

t h a t  determines whether den t ing  w i l l  s t a r t .  Increases  of 

s e v e r a l  o r d e r s  of magnitude above t h e  bulk water  l e v e l s  have 

been repor ted  f o r  ~1- .  Also, i t  i s  be l ieved  t h a t  hydro- 

l yzab le  s a l t s  and ca thodic  d e p o l a r i z a t i o n  o r  c a t a l y s i s  by 

meta l  i ons  w i l l  a l t e r  t h e  l e v e l  of ~ 1 -  t h a t  can be t o l e r a t e d  

before  dent ing  sets i n .  I n  support  of t h i s ,  t he  Westing- 

house 10  and 0.1 f o l d  s e a  water  t e s t s  showed t h a t  q u i t e  

h igh  C1- is  not  bad by i t s e l f .  However, i n  normal secondary 

water ,  w i th  many spec i e s  p re sen t  i n  small amounts, c a r e f u l  

~ 1 -  c o n t r o l  now t e n t a t i v e l y  appears  t o  slow t h e  dent ing  

process .  (See e a r l i e r  d i scuss ion ) .  

2. A l l  t h e  spec i e s  and i n t e r a c t i o n s  t h a t  l e a d  t o  dent ing  may 

no t  y e t  be i d e n t i f i e d .  With those  t h a t  a r e  known, l i t t l e .  



q u a n t i t a t i v e  work has  been done. For ins tance ,  . . l abo ra to ry  

r e s u l t s  s o  f a r  have been i n  q u i t e  .high bulk  ~ 1 -  s o l u t i o n s ,  

i n  order  t o  i d e n t i f y  ,adverse spec i e s  and t o  reproduce dent- 

i ng  quickly.  Two of t h e  extremes i n  ~ 1 -  a r e  ( a )  10 f o l d  sea  

water ,  without  dent ing  w i t h i n  t h e  test per iod ,  i . e . ,  150,000- 

200,000 ppm ~ 1 -  i n  a Westinghouse t e s t ,  and (b) 1 ppm ~ 1 -  

. with  severe  dent ing  i n  t h e  presence .of a mixture of  N i ,  Fe304, 

CuO, and Cu a t  Combustion Engineeri,ng. These d a t a  support  

what has  been s a i d  about e f f e c t s  of o t h e r  chemicals such a s  * 
Cu toge the r  w i th  ~1- ,  and i n d i c a t e  a need f o r  maintaining 

~ 1 -  l e v e l s  < 1 ppm i n  t h e  steam genera tqr  water ,  a l though 

t h e r e  i s  no information on how much lower they need be. 

I n  view of t h e  l a c k  of in£ ormation t o  spec i fy  a ~ 1 -  l e v e l  f o r  steam gen- 

e r a t o r s ,  any e a r l y  choices  w i l l  have t o  be made conserva t ive ly ,  assuming t h a t  

~ i *  o r  CU* l e v e l s  i n  t h e  secondary system w i l l  be r e l a t i v e l y  high,  a s  a 

r e s u l t  of co r ros ion  of Inconel  o r  Cu-base condenser tubes .  This  i s  not  too 

u n r e a l i s t i c ,  s i n c e  Inconel  w i l l  be  a t t acked  by hot ,  concent ra ted  phosphate., 

and Cu products  a r e  gene ra l ly  p re sen t  throughout secondary systems, such a s  

i n  s ludge,  and o f t e n  a t  very h igh  l e v e l s .  More co r ros ion  can a l s o  r e s u l t  

from 0 i n g r e s s  dur ing  lay-up. I n  conjunct ion with conserva t ive  spec i f i ca -  
2 

t i o n s ,  i t  w i l l  be necessary t o  i n d i c a t e  a time period dur ing  which contamina- 

t i o n  has  t o  be removed. This dec i s ion  is  a l s o  complicated, bu t  can be helped 

by us ing  a v a i l a b l e  da t a  f o r  p l a n t s  wi th  low ~1 - ,  us ing  t h e  da t a  given i n  

Table V I  a s  an  example. 

The f i v e  examples given,  where den t ing  has occurred, cover Cu-base con- 

densers ,  0, 4, 28 and 47 months on PO4 followed by AVT, and 81  months on PO4 

only.* They a l s o  cover cool ing  by brackish  water,  sea  water  and l a k e  water .  

A l l  f i v e  p l a n t s  t r y  t o  main ta in  good secondary water ,  y e t  a l l  have some 

degree of denting." Consequently, i f  a number f o r  steam genera tor  ~ 1 -  has  

t o  be f i x e d  on t h i s  evidence, i t  w i l l  have t o  be i n  t he  r eg ion  of < .05 ppm, 

\ .  * Denting y e t  t o  be confirmed p o s i t i v e l y  a t  Robinson 



wi th  immediate ac t ion ,  such as maximum biowdown, power r educ t ion  and conden- 

ser. i s o l a t i o n  o r  deminera l iza t ion  a s  soon a s  .1 pprn ~ 1 -  i s  exceeded. It is 

l i k e l y  t h a t  s ea  water p l a n t s  w i l l  no t  be  a b l e  t o  meet t hese  s p e c i f i c a t i o n s  

without  deminera l izers .  It may a l s o  be adv i sab le  t o  s t a r t  r ep l ac ing  Cu-base 

condenser tubes w i th  non-Cu a l l o y s .  Monitoring f o r  d i sso lved  Cu would a l s o  

be des i r ab l e .  

It i s  very  important t o  be c l e a r  about t h e  purpose of a ~ 1 -  spec i f  i ca -  

t i o n ,  s i n c e  more ~ 1 -  may be t o l e r a t e d  i n  a c l e a n  steam genera tor  than  i n  one 

wi th  a c t i v e  c r ev ice  cor ros ion .  

It i s  evident  t h a t ,  be fo re  t h e r e  can be  a meaningful a t tempt  a t  s e t t i n g  

s p e c i f i c a t i o n s  f o r  i m p u r i t i e s  i n  secondary water ,  we need t o  ana lyze  and ob- 

t a i n  much more information than  has  been a v a i l a b l e  f o r  t h i s  r e p o r t ,  inc luding  

d e t a i l s  of f i e l d  observa t ions ,  a s  we l l  a s  l abo ra to ry  s t u d i e s  of e s s e n t i a l  and * * * 
b a s i c  parameters,  i . e .  e lec t rochemica l  p o t e n t i a l  (e.g.  Cu , Fe , N i  and c 

+ 
02) , pH (H ) , and aggres s ive  an ions  (such a s  ~ 1 - )  . Before t h a t  i s  done, 

e f f o r t s  by t h e  u t i l i t i e s  t o  maintain ~ 1 -  below .05 ppm should be encouraged. 
4 

TABLE V I  

COMPARISON OF CHLORIDE LEVELS I N  SOME OPERATING PLANTS 

MONTHS ~ 1 -  ppm 
PLANT ON P04.  . 

TOLERATED . ACHIEVEMENT RESULTS 
. . 

Maine Yankee 0 .05 ppm 60 days > 1 ppm. Minor dent ing  i n  
Few excurs ions  1975-1977 per iod  
about 30 pprn - 

Ringhals 2 4 < .1 ppm No den t s  1975. Moderate dent ing  
Since then,  5 ex- i n  1975-1977 
cu r s ions  > .1 pprn 
19 days out  of spec.  
A l l  < 1 ppm. 

Poin t  Beach 47,28 < .15 ppm Condensers leaked Moderate den t s  
1 and 2 

Robinson* A l l  Not a v a i l a b l e  b u t  Expected t o  be  very  Minor den t s ,  
l a k e  water r epo r t -  low, i n  view of o r  none 
ed t o  be < 1 pprn cool ing  water  

composition 

~ a p a n e s e  P l a n t s  Reported' meticulous c a r e  t o  maintain No dent ing  
11 

. . clean'! secondary systems. 
. . . . 

* Reference l w a r n s  t h a t  phosphate could be d i r e c t l y  involved i n  forming 
non-protective oxide o n ' s t e e l s  i n  b o i l e r s .  

3 7 



VII SUMMARY' : 

1. Some degtee  of dent ing  due t o  noxi-Protective magnet i te  formation 
. .  . 

has  now been found i n  14  PWR with r e c i r c u l a t i n g  steam gen- 

e r a t o r s  i n  t h e  U.S. It has occurred w i t h  and wi thout  p r i o r  phos- 

phate  exposure i n , o p e r a t i n g  steam gene ra to r s  and i n  l abo ra to ry  

t e s t s ,  and two p l a n t s  s t i l l  on phosphate have been a f f e c t e d , - b u t  

i t ' i s  suspected tha t ' phospha te  a d d i t i o n s  may have been i n t e r r u p t -  

2. Both t h e  inc idence  and degree of dent ing  appear t o  be' r e l a t e d  t o  
. . 

t h e  q u a l i t y  of ' t he  secondary water , .  i . e .  a  combination of conden- 

ser performance and p l a n t  procedures.  t h a t  a r e  fol1o"ed i n  deal-  

i n g  w i t h  impur i t i e s .  . . , .  

3. Acid c h l o r i d e  i s  needed f o r  dent ing  t o  occur.  A review of  r e c e n t  

h b o r a t o r y  d a t a  confirms the  e a r l i e r  obs&vatidnk of p o t t e r  a'nd 
3 . . 

. . .  
, Mann t h a t  ~ 1 -  a lone  i s  not  s u f f i c i e n t ,  and i t  is  beli'eved ' t h a t  

i t s  harmful l e v e l  w i l ' l  vary .accordihg t o  t h e  presence o f  o t h e r  

i ons  i n  s o l u t i o n .  Oxidizing spec i e s ,  .combined 'wi th  ch lo r ide  and 
c. 

c rev ices  can r e s u l t  i n  l o c a l  dhanges t h a t  promote t h e  r ap id  

Fe 0 r e a c t i o n .  The -ox id i z ing  ' spec ies  could be r e l a t i v e l y  h igh  3 4 * . . . a  . 

l e v e l s  of CU* o r  N i  o r  oxygen, f o r  exam*le. Act ive meta l  i o n s  
ff o;k Ni* such as Cu may a l s o  c a t a l y z e  t h e  anodic formation of 

magnet i te ,  even when present  a t  low concent ra t ions .  The a c t i v e  

ing red ien t s  can r e s u l t  ,from feedwater hea t e r  cor ros ion ,  o r  poor' 

condenser performance and condenser tube cor ros ion .  Consequently, 

a l l  of t h e  fo l lowing  a r e  considered a s  adverse and p rov i s ion  f o r  

monitoring them, where f e a s i b l e ,  would be advantageous : ~ 1 -  in- 

leakage, condenser t d e  co r ros ion  products ,  Inconel  co r ros ion  prod- 

u c t s  from r e a c t i o n  wi th  i m p u r i t i e s  o r  p r i o r  phosphate t rea tment ,  

o the r  hydrolyzable  ch lo r ides  t h a t  produce a  low pH environment, 

feedwater h e a t e r  cor ros ion .  

* D i r e c t  involvement of PO i n  render ing  Fe 0 non-protect ive has no t  been 
r u l e d  ou t .  (Refkrknte 1s.' .. - 3 4 .  



4 .  '. Ions  i n  s o l u t i o n  a r e  considered more harmful than  depos i ted  meta ls  

such as Cu and N i ,  a l though t h e  l a t t e r  could c o n t r i b u t e  t o  t h e  

k i n e t i c s  of dent ing  by means of c a t a l y t i c  a c t i o n  and of provid ing  

low hydrogen o v e r p o t e n t i a l  s i t e s ;  ca thodic  hydrogen evo lu t ion  from 

t h e  decomposition of water  accompanies t he  run-away magnet i te  

growth once t h e  r e a c t i o n  has been " tr iggiredfl .  
. . 

5. There is an .absence  of information needed t o  s e t  meaningful spec i -  

f i c a t i o n s  f o r  secondary water  p u r i t y  .* This is due. i n  p a r t  t o  

t h e  incomplete a v a i l a b i l i t y  and a n a l y s i s  of da t a  from ope ra t ing  

p l a n t s ,  b u t  a l s o  involves t he  f a c t  t h a t  l o c a l  concent ra t ions  and 

i n t e r a c t i o n  of ions  i n  s o l u t i o n  diminish t h e  va lue  o f ,  ' say ,  moni- 

t o r i n g  bulk conduc t iv i ty  o r  C1- l e v e l .  ~ o n s e n r a t i v e  l e v e l s  of ~ 1 -  

i n  steam genera tors ,  assuming o'ther f a c t o r s  t o  be  a l s o  adverse ,  

appear t o  be 0 .1  o r  even 0.05 ppm t o  avoid dent ing,  ayd may be 

even lower f o r  a l r eady  dent ing  u n i t s .  Sea wa te r ' coo led  p l a n t s  

may need deminera l izers  t o  achieve  t h e  d'esired l e v e l s  i f  they a r e  

s o  low. 

6. I n h i b i t o r s  such as l i t h i u m  bor ,ate ,  H3B03, Ca(OH)2 hold promise f o r  

a r r e s t i n g  dent ing,  a s  does ope ra t ion  t h a t  ensures  very  low l e v e l s  

of contamination. 

7. Al te rna t e  condenser tub ing  and feedwater  h e a t e r  m a t e r i a l s  should 

be considered i n  o rde r  t o  lower in leakage  and p o s s i b l e  Cu ion  

accumulation. 

8.  There may be a new problem o r  merely a change i n  l o c a t i o n  o f  dent- 

i ng  s i t e s ,  based on observa t ions  of abnormal EC s i g n a l s  a t  t h e  top 

of tube shee t s .  A t  t h i s  time t h i s  h a s  been seen  i n  s e v e r a l  steam 

genera tors ,  b u t  damage i s  very  s l i g h t  and incompletely inspec ted  

and repor ted .  

* Where not  o therwise  s t a t e d ,  r e f e rence  is  made i n  t h i s  r e p o r t  t o  C1- i n  
t h e ' s t e a m g e n e r a t o r  i t s e l f ,  i.e. 'blowdown. (Evenlow l e v e l s  of con- 
taminants  i n  t h e  condensate means massive in leakage ,  because t h e  con- 
densa te  T s  s o  voluminous). 



' 9 ,  S t r e s s  cor ros ion  cracking  can occur i n  Inconel  tubing from 

t h e  primary s i d e  i f  s t r e s s  and s t r a i n  a r e  very high,  a s  a t  

Surry and Turkey Poin t .  S t r e s s  cor ros ion  cracks  wi th in  the  

tube shee t  o r  above i t  have a l s o  been found a t  Ginna, with 

one r e c e n t  leak .  An e a r l i e r  l eak  occurred a year  ago. The 

l eaks  were very small. This  may be a s soc i a t ed  with the  

phenomenon i n  "8" above, and may be a warning t h a t  some In- . . 
cone1 600 tubes could be q u i t e  s u s c e p t i b l e  t o  primary s i d e  , 

cracking,  because t h e r e  i s  a s  y e t  no i n d i c a t i o n  of high 

. , s t r e s s  a t  t h i s  p l a n t .  The observa t ions  may a l s o  i n d i c a t e  

t h a t  s t r e s s e s  from sources  o t h e r  than dent ing  can r e s u l t  i n  

. . 
primary s i d e  cracking,  and p o i n t s  t o  a need t o  develop in-  

formation r e l a t i n g  t h e  cond i t i on  of Inconel  600 t o  s t r e s s  

cor ros ion  cracking;  s t r e s s  l e v e l s ,  temperature and environ- 
. . 

rn;ntal condi t ions  need t o  be def ined  s o  a s  t o  have a b a s i s  

f o r  l i c e n s i n g  consideratkons i n  cases  where in-serv ice  l e a k s  

occur.  I n  view of t h e  f a c t  t h a t  Ginna has  been i n  opera t ion  

f o r  7 % yea r s ,  t he re  may a l s o  have been a cumulative time 

e f f e c t  i n  t h e  formation of t h e  d e f e c t s ,  and o t h e r  p l a n t s  

approaching t h i s  age should be examined c a r e f u l l y  f o r  

s i m i l a r  de fec t s .  

10. I n  a d d i t i o n  t o  s t u d i e s  of den t ing  - i t s  o r i g i n  and cure ,  i t  

is f e l t  t o  be very important  t h a t  chemical c l ean ing  develop- 

ments f o r  steam gene ra to r s  be a c t i v e l y  pursued. These 
. . . . 

should be worked out so as to  maximize s c a l e  and , s ludge  re- 

moval without  harmful s i d e  e f f e c t s .  Also, c a r e f u l  a t t e n t i o n  

.. . should be given t o  t h e  mat te r  of  when chemical c l ean ing  i s  

advisable ,  and when damage is so severe t h a t  c leaning  would 

be  r i sky .  A r e l i a b l e  chemical c leaning  procedure &ay 

eventua l ly  become p a r t  of a p reven ta t ive  maintenance program 

dur ing  r egu la r  outages.  . 
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