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FOREWORD 

The Spray and Absorp t ion  Technology Program i s  coord ina ted  by Oak 
Ridge N a t i o n a l  Labora tory  f o r  t h e  AEC. The program invo lves  r e s e a r c h  
on a l l  a s p e c t s  of containment  spray sys tems proposed f o r  u se  as an 
eng inee red  s a f e t y  f e a t u r e  i n  p r e s s u r i z e d  water r e a c t o r  containment  
b u i l d i n g s  and i n v e s t i g a t i o n s  of cer ta in  a s p e c t s  of t h e  pool-pressure-  
s u p p r e s s i o n  containment  concept  as a p p l i e d  t o  b o i l i n g  water r e a c t o r s .  
A document: (ORNL-4360, Spray and Pool  Absorp t ion  Technology Program) 
has been i s s u e d .  

Th i s  document r e p o r t s  work on the c o r r o s i o n  o €  m a t e r i a l s  by l o w  
p H  ( 4 . 5 - 7 . 5 )  s p r a y  s o l u t i o n s .  The emphasis i n  t h i s  work w a s  p l aced  011 

c h l o r i d e  induced s t r e s s - c o r r o s i o n  c rack ing  of Eypes 304 and 316 s ta inless  
: s tee l .  Another r e p o r t  i n  t h i s  same ser ies  w i l l  cover  t h e  a s p e c t  of  
g e n e r a l  materials c o r r o s i o n  by  s i m i l a r  s o l u t i o n s .  

T .  H. Row, I,. F,  P a r s l y ,  and H. E .  Zittel, Design Cons ide ra t ions  of 
Reac to r  Containment Spray Systems - P a r t  I ,  USAEC Report  ORLYL-TM- 
2412, A p r i l  1969. 

C. S t u a r t  P a t t e r s o n  and W i l l i a m  T. Humphries, Design Cons ide ra r ions  
of Reac to r  Containment Spray Systems - P a r t  11. Removal of I o d i n e  
and Methyl I o d i d e  from A i r  by Liqu id  S o l u t i o n s ,  USAEC Report  ORNL- 
TM-2412, Part 11, A u g u s ~  1969 .  

J .  C .  Grless and A .  L. B s c a r e l l a ,  Design C o n s i d e r a t i o n s  of Reac tor  
Containment Spray Systems - ParL 111. The Corros ion  o f  Materials i n  
Spray S o l u t i o n s ,  USAEC Repor t  OWL-TM-2414, P a r t  111, December 1969. 

L.  F .  P a r s l y ,  Design Cons ide ra t ions  of Reac to r  Containment Systems - 
P a r t  IV. Calculation of Iodine-Water P a r t i t i o n  C o e f f i c i e n t s ,  USAIZC 
Report  ORNL-TM-2412 Par t  LV, Janua ry  1-970, 

J .  C. G r i e a s ,  T .  H. Row, and C .  D. Watson, Design Cons ide ra t ions  of 
Reac to r  Containment Spray Systems -_ P a r t  V. P r o t e c t i v e  Coat ings  Tests, 
USAEC Report  OWL-TM-2412, Pa r t  V, October  1940. 

L.  F.  P a r s l y ,  Design Considerat,ons o f  Reac to r  Containment Spray 
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THE STRESS CORROSION CRACXING OF TYPES 304 AND 316 

STAINLESS STEEL I N  BORIC A C I D  SOLUTIONS 

J .  C ,  Griess arid G. E. Creek 

ABSTRACT 

The stress c o r r o s i o n  c rack ing  of  types  304 and 316 s t a i n l e s s  
steel  i n  s i m u l a t e d  p res su re - suppres s ion  and f i s s ion -p roduc t -  
a b s o r p t i o n  s p r a y s  was i n v e s t i g a t e d .  The test  s o l u t i o n s  con ta ined  
0.28M H3BO3 (3000 ppm B) w i t h  pII v a l u e s  and c h l o r i d e  concent ra -  
t i o n s  r ang ing  between 4.5 and 7,5, and 5 and 200 ppm, r e s p e c t i v e l y .  
I n  a d d i t i o n  one test  s o l u t i o n  con ta ined  2 ppm i o d i d e .  All tes t  
specimens,  mos t ly  U-bends, were exposed f o r  1 day a t  141°C and 
7 days a t  100°C i n  a r e c i r c u l a t i n g  s p r a y  loop  and were t h e n  
t r a n s f e r r e d  t o  a t a n k  f o r  an a d d i t i o n a l  exposure  of 2 months 
a t  82'C. The r e s u l t s  showed t h a t  bo th  a l l o y s  underwent c r a c k i n g  
i n  a l l  s o l u t i o n s .  The tendency t o  c rack  was g r e a t e r  t h e  lower 
t h e  pH and t h e  h i g h e r  t h e  c h l o r i d e  c o n c e n t r a t i o n .  Type 316 
s t a i n l e s s  s tee l  was somewhat more r e s i s t a n t  t o  c r a c k i n g  than 
t y p e  304 s t a i n l e s s  steel ,  and b s t h  alloys were more s u s c e p t i b l e  
when s e n s i t i z e d  t h a n  when annea led .  Specimens that were s e n s i -  
t i z e d  i n  a i r  and covered w i t h  t h i n  o x i d e  f i l m s  c racked  more 
f r e q u e n t l y  t h a n  s i m i l a r l y  t r e a t e d  specimens t h a t  were p i c k l e d  
a f t e r  s e n s i t i z a t i o n .  I n  a l l  c a s e s  excep t  one,  t h e  c r a c k s  were 
b ranch ing  and t r a n s g r a n u l a r ,  I n  one case when t h e  s o l u t i o n  
had a pH of 6 - 5  and con2ained 2 0  ppm c h l o r i d e  and 2 ppm i o d i d e ,  
wide s h o r t  c r a c k s  wer2 f o m d  on.ly i n  t h e  v i c i n i t y  of welds ;  no 
o t h e r  l o c a l i z e d  ar,ti;ck was found on any o t h e r  specimen. 

IMTRODIJCT I O N  

The des ign  of many n u c l e a r  power p l a n t s  u t i l i z i n g  water-cooled r e a c t o r s  

i n c l u d e s  p r o v i s i o n s  f o r  a containment v e s s e l  s p r a y  sys tem t o  be used  i n  t h e  

even t  of a s e r i o u s  a c c i d e n t .  The f u n c t i o n  of  t h e  s p r a y  i s  t o  seduce  the  

p r e s s u r e  caused by a r u p t u r e  of t h e  r e a c t o r  pr imary  sys t em and t o  absorb  

c e r t a i n  f i s s i o n  p r o d u c t s  that:  may be  r e l e a s e d  t o  t h e  containment v e s s e l .  

One impor t an t  a s p e c t  of a s p r a y  s o l u t i o n  is its c o r r o s i v e n e s s  t o  materials 

ir, t h e  t o t a l  system. 

v a r i e t y  af metals and a l l o y s  in two c y p i c a l  s p r a y  so lc l t lons  were g iven .  

I n  a p r e v i o u s  r epor t " )  t h e  c o r r o s i o n  rates of 2 
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These s o l u t i o n s  conta ined  0.28M H ~ B O J  (3000 ppm E )  and 0.1.5M - NaOH e i t h e r  

w i t h  o r  w i thou t  0.064g N a 2 S 7 0 3  (1 w t ,  X ) ;  i n  b o t h  cases t h e  pH was 9 . 3  t o  

9 .5 .  The r e s u l t s  o f  t h e s e  tests showed t h a t  most of t h e  aluminum a l l o y s  

corroded a t  ve ry  h igh  rates i n  bo th  solut.ioris and t h a t  s t r e s s e d  specimens 

o f  types  304 and 316 s t a i n l e s s  s teel  d i d  no t  develop c racks  under  t h e  

c o n d i t i o n s  o f  t es t  when 100 ppm c h l o r i d e  (as NaC1) w a s  added t o  t h e  s o l u t i o n .  

Some n u c l e a r  p l a n t s  have l a r g e  q u a n t i t i e s  of a l u m i n m  i n  t h e  r e a c t o r  

ccntaininent v e s s e l ,  and i n  t h e s e  cases a very  h igh  c o r r o s i o n  ra te  f o r  t h e  

aluminum could  r e s u l t  i n  t h e  g e n e r a t i o n  of enough hydrogen t o  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  t h e  development of an  e x p l o s i v e  mix tu re  in  t h e  conta in-  

ment vessel .  The c o r r o s i o n  rate o f  aluminum i s  less i n  s l i g h t l y  a c i d  o r  
n e u t r a l  s o l u t i o n s  than  i n  a l k a l i n e  s o l u t i o n s ,  (2) and f o r  t h a t  r eason  it 

may b e  d e s i r a b l e  t o  use s p r a y  s o l u t i o n s  which c o n t a i n  on ly  b o r i c  a c i d  o r  

a c i d  s o l u t i o n s  a d j u s t e d  t o  n e a r  n e u t r a l  w i t h  sodium hydroxide  as t h e  

i n i t i a l  s p r a y  s o l u t i o n .  Unforruraately t h e  tendency of t h e  a u s t e n i t i c  

s t a i n l e s s  steels t o  develop c racks  i n c r e a s e s  as t h e  pH i s  Lowered. 

S i n c e  d a t a  concern ing  t h e  c rack ing  behav io r  of  a u s t e n i t i c  s t a i n l e s s  s teels  

in chlor ide-contaminated  b o r i c  a c i d  s o l u t i o n s  could n o t  b e  found i n  t h e  

open l i t e r a t u r e ,  t h e  tests desc r ibed  i n  t h i s  r e p o r t  were c a r r i e d  o u t .  

should  b e  p o i n t e d  o u t  t h a t  t h e s e  rests were conducted iinder on ly  a l i m i t e d  

range of c o n d i t i o n s  which approach t h o s e  t h a t  could  exis t  as a r e s u l t  o f  

a des ign  b a s i s  a c c i d e n t ;  no a t t empt  was made t o  de te rmine  mechanisms o f  

t h e  c o r r o s i o n  r e a c t i o n s  a 

( 3 , 4 )  

It 

EXPERIMENTAL PROCEDURES 

All of t h e  tests desc r ibed  i-n t h i s  r e p o r t  were conducted in a recir- 
c u l a t i n g  s t a i n l e s s  s t ee l  loop c o n t a i n i n g  a chamber through which t h e  tes t  

s o l u t i o n  w a s  sprayed  and i n  Sarge s t a i rn l e sc  s t ee l  vessels. The loop used 

f o r  t h e s e  s t u d i e s  h a s  been p r e v i o u s l y  desc r ibed  i n  detail‘’)  and i t s  
d e s c r i p t i o n  w i l l  n o t  b e  r epea ted  h e r e .  During t h e  tests t h e  s p r a y  chamber, 

which con ta ined  a Te f lon - insu la t ed  s t a i n l e s s  s t ee l  r ack  on which t h e  test 

specimens were suspended, w a s  mainra ined  half  f u l l  o f  s o l u t i o n  so  t h a t  h a l f  

t h e  specimens were exposed t o  the s p r a y  and half were submerged i n  t h e  

Liquid .  The test  s o l u t i o n s  were made by d isso l -v ing  enough b o r i c  a c i d  i n  
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de ion ized  water t o  g i v e  a boron c o n c e n t r a t i o n  of 3000 ppm (0.2@). 

room tempera tu re  pH of t h i s  s o l u t i o n  i s  4 . 5 ,  and h i g h e r  pH v a l u e s  were 

c b t a i n e d  by adding r e a g e n t  grade  sodium hydroxide .  Sodium c h l o r i d e  was 

added t o  b r i n g  t h e  c h l o r i d e  c o n c e n t r a t i o n  t o  t h e  d e s i r e d  l e v e l .  I n  a l l  

cases an atmosphere of a i r  f i l l e d  t h e  f r e e  volume of t h e  loop at t h e  rime 
o f c l o s u r e  

The 

Two d i f f e r e n t  t ypes  o f  s t r e s s e d  s t a i n l e s s  s teel  specimens were used.  

One t y p e  consistred of a 2-in.  l e n g t h  of  s t a i n l e s s  steel t u b i n g  from which 

a s e c t i o n  was removed t o  form a C ,  Holes were d r i l l e d  n e a r  t h e  ends of 

che C,  and us ing  a s t u d  and n u t s  t h e  ends of  t h e  C were p u l l e d  t o g e t h e r  

u n t i l  t h e  stress on t h e  o u t s i d e  s u r f a c e s  was 2 f 3  of  t h e  y i e l d  stress as 

de termined  by an a t t a c h e d  s t r a i n  gauge. I n  each run two specimens of  t h i s  

t y p e  were exposed i n  t h e  sp ray  and two were t o t a l l y  immersed i n  t h e  

s o l u t i o n .  

2 

The second type  of s t r e s s e d  specimen w a s  a U-bend formed by bending 

s t r i p s  of  t h i n  s h e e t  i n  a s i m p l e  bending machine and t h e n  p u l l i n g  t h e  

legs  p a r a l l e l  w i t h  J s t a i n l e s s  s t e e l  t i e  b o l t .  Thus i n  t h e s e  specimens 

t h e  s teel  was b o t h  p l a s t i c a l l y  and e l a s t i c a l l y  deformed. The s t r i p s  from 

which t h e  U's were formed were 3 i n .  by 5 / 8  i n .  w i t h  a l / 4  i n .  h o l e  n e a r  

each  end,  The r a d i u s  of c u r v a t u r e  of  t h e  U p s  w a s  5/16 i n .  Some of the 

U-bends were formed w i r h  t h e  sreeE 111 t h e  mi l l - annea led  c o n d i t i o n ,  and 

o t h e r s  were formed from s t r i p s  which had been s u b j e c t e d  t o  d i f f e r e n t  

t r e a t m e n t s .  Pa r r .  of t h e  specimens were s e n s i t i z e d  a t  677°C (1250°F) f o r  

1 h r  fo l lowed by f u r n a c e  earsling and about h a l f  o f  t h e s e  was subsequen t ly  

p i c k l e d  i n  a HN03-HF s o l u t i o n  t o  remove t h e  t h i n  o x i d e  f i l m  formed dur ing  

rhe h e a t  t r e a t i n g ,  

ar; tomatic seam welds r  i n  a'w i ne r t  atmosphsre.  A l l  o f  t h e  welds  were 

ground and some were  p t c k l e d ,  I n  a l l  cases where U-bends were formed 

t h e  welds were a t  t h e  bot tom of t h e  U,  t h a t  is  i n  a r e g i o n  of maximum 

deformat ion .  

Zhhese were exposed as straight s t r i p s  w i t h  no a p p l i e d  stress. Double 

U-bends were a l so  exposed t o  t h e  test  s o l u t i o n s ,  These w e r e  formed by 

bending  two s t 3 r i . p ~  a t  the  same t i m e  and us ing  a s i n g l e  t i e - b o l t  t o  draw 

t h e  l e g s  p a r a l L e l .  With t h i s  t y p e  of specimen a c r e v i c e  e x i s t e d  on t h e  

ccmpression s i d e  of one  of t h e  U-bends and on t h e  t e n s i l e  s i d e  of t h e  o t h e r .  

Other s t r i p s  wezz b u t t e d  t o g e t h e r  and welded w i t h  an 

Part of  t h e  welded specimens w e r e  n o t  formed i n t o  U p s  and 



Only types  304 and 316 U-bend specimens were t e s t e d  i n  t h i s  program. 

A l l  o f  t h e  U-bend specimens were prepared  from t h e  same s h e e t s  of t h e  two 

a l l o y s .  The 304 s h e e t  was 0.019 i n .  t h i c k  and t h e  316 s h e e t  was 0.031 i n .  

t h i c k .  The chemical  ana lyses  of  t h e  two s tee ls  are shown i n  Table  1, I n  

each case 4 specimens of  each a l l o y  i n  each c o n d i t i o n  were exposed i n  t h e  

s p r a y  and 4 were submerged i n  t h e  s o l u t i o n  f o r  the f i r s t  p a r t  of t h e  t es t .  

Table  1. Composition of t h e  S t a i n l e s s  S t e e l  U-Bends 

S t a i n l e s s  
S tee1 

304 

316 

Composition, weight  p e r c e n t  
Mo 

18.2  10.0 0.034 ---- 
1 7 . 5  1 3 . 4  0.050 2.20 

- c - N i  - C r  - 

Also exposed w i t h  t h e  s t r e s s e d  specimens were b u t t  welded specimens 

of 304 and 316 p ipe .  The b u t t  welds  were made u s i n g  type  308L welding  

rod  w i t h  i n e r t  gas  s h i e l d i n g .  No e x t e r n a l  stress was a p p l i e d  t o  t h e s e  

specimens.  For t h e  f i r s t  p a r t  of t h e  tests two specimens o f  each a l l o y  

were exposed i n  t h e  s p r a y  and two were benea th  t h e  l i q u i d  level .  

A l l  specimens were exposed cont inuous ly  i n  t h e  s p r a y  loop  f o r  24  h r  

a t  l .4loC (285°F) and 7 days a t  L00"C (212°F) .  A t  t h e  end of t h i s  t i m e  

t h e  specimens were removed from t h e  loop  and p l aced  on a Te f lon - insu la t ed  

s t a i n l e s s  s teel  r ack  which was p laced  i n  a l a r g e  s t a i n l e s s  s teel  vessel. 

411 specimens--those exposed i n  t h e  s p r a y  and t h o s e  t o t a l l y  submerged-- 

were completely covered w i t h  a s o l u t i o n  of t h e  same composi t ion as t h a t  

used i n  t h e  loop .  The c o n t a i n e r  w a s  covered and t h e  tempera ture  was 

mainta ined  a t  82°C ( 1 8 0 ° F )  f o r  2 months a f t e r  which t h e  specimens w e r e  

examined. 

A l l  s t r e s s e d  specimens were examined v i s u a l l y  u s i n g  30X magnif ica-  

t i o n .  A t  t h e  h i g h e r  c h l o r i d e  i o n  c o n c e n t r a t i o n s  inosr of the specimens 

had d e p o s i t s  of r e d d i s h  brown c o r r o s i o n  p roduc t s  on a t  least  p a r t  of t h e  

s u r f a c e .  F requen t ly ,  b u t  riot a lways,  c r acks  were found under  t h e s e  

d e p o s i t s .  A f t e r  t h e  f i r s t  v i s u a l  examinat ion ,  t h e  c o r r o s i o n  p roduc t s  

were removed and t h e  specimens were re-examined. The c o r r o s i o n  p roduc t s  

were removed by  immersion i n  concen t r a t ed  phosphor ic  a c i d  (85 w t .  %) a t  
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130°C (266°F) .  Th i s  t r ea tmen t  d i s s o l v e d  t h e  c o r r o s i o n  p roduc t s  and caused 

only  minor co r ros ion  damage of t h e  s ta inless  s tee l  du r ing  t h e  s h o r t  

immersion t i m e .  Those specimens t h a t  appeared t o  be  v i s u a l l y  f r e e  of 

c racks  were s u b j e c t e d  t o  a f l u o r e s c e n t  dye p e n e t r a n t  t r ea tmen t  (ZL-22, 

Magniflux Corp.)  and examined under u l t r a v i o l e t  l i g h t  f o r  ev idence  of 

c racks  o r  o t h e r  p e n e t r a t i o n s  i n t o  t h e  s u r f a c e .  I n  a d d i t i o n  t o  t h e  above 

examinat ions a number of  specimens w a s  s e c t i o n e d ,  p o l i s h e d ,  and examined 

m e t a l l o g r a p h i c a l l y  e i t h e r  t o  de te rmine  t h e  n a t u r e  of t h e  c rack  o r  t o  

v e r i f y  t h e  p re sence  o r  absence of a crack  i n  d o u b t f u l  c a s e s .  

RESULTS 

The r e s u l t s  ob ta ined  wi th  t h e  s t r e s s e d  specimens exposed t o  t h e  0.28M - 
H3l303 (pH = 4 . 5 )  con ta in ing  d i f f e r e n t  c h l o r i d e  i o n  c o n c e n t r a t i o n s  are shown 

i n  Table  2 .  I n  a few cases on ly  a s i n g l e  c rack  w a s  found i n  a specimen, 

b u t  u s u a l l y  s e v e r a l  c r acks  were found on t h o s e  specimens t h a t  underwent 

c rack ing .  I n  t h e  case of t h e  double  U-bend specimens,  t h e  appearance of 

a crack  i n  e i t h e r  one o f  t h e  U ' s  i s  i n d i c a t e d  as a cracked specimen i n  

Table  2.  

of g r e a t e s t  deformation,  t h a t  i s  n e a r  t h e  bottom of t h e  U ' s ,  and propagated 

i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  axis of t h e  s t r i p ;  i n  a 

few cases, however, t h e  c racks  appeared t o  propagate  i n  a d i r e c t i o n  n e a r l y  

p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  of t h e  s t r i p .  

Cracks u s u a l l y  began a t  t h e  edges of t h e  specimen i n  t h e  r eg ion  

Overall Table  2 shows t h a t  t ype  316 s t a i n l e s s  s teel  w a s  more r e s i s t a n t  

t o  c racking  than  type  304 s t a i n l e s s  s teel .  

of each a l l o y  (exc luding  t h e  welded and ground s t r a i g h t  s t r i p s  and t h e  b u t t  

welded p i p e )  exposed under a l l  c o n d i t i o n s  1 2 1  of t h e  type  304 s t a i n l e s s  

steel  specimens developed c racks  whereas on ly  54 of t h e  type  316 specimens 

c racked .  The d a t a  also show t h a t  c racking  w a s  more p r e v a l e n t  in t h e  sp ray  

than  i n  t h e  s o l u t i o n ;  104 specimens cracked i n  t h e  s p r a y  and only  65 

cracked i n  t h e  s o l u t i o n .  The tendency of specimens t o  c rack  i n c r e a s e d  as 

t h e  c h l o r i d e  ion  concen t r a t ion  inc reased  from 5 t o  50 ppm, b u t  a t  t h e  200 

ppm level  t h e  c racking  tendency w a s  about t h e  same as a t  t h e  50 ppm l e v e l .  

One i n t e r e s t i n g  f e a t u r e  of t h e  d a t a  w a s  t h e  o b s e r v a t i o n  t h a t  t h e  s e n s i t i z e d  

specimens of bo th  a l l o y s  (no t  p i c k l e d )  were s u b s t a n t i a l l y  more s u s c e p t i b l e  

Of t h e  240 s t r e s s e d  specimens 



Specimen Type I 304 SS 

Table  2 .  ?he Stress Corros ion  Cracking of Types 304 and 315 S t e i n l e s s  Szee l  i n  
Chloride-Containing 0 . 2 3 g  H 3 B 0 3  (pH = 4 . 5 )  

Condi t ions :  24 hr a t  1 4 1 ° C  ( 2 8 5 ° F )  and 7 days a t  130°C ( 2 1 2 ° F )  ;n sp ray  l o o p ;  
2 months a t  82OC (15O'F) i n  s t o r a g e  c o n t a i n e r  

316 S S  304 S S  316 S S  

I Number of  Specimens Cracked a t  End of lest" 

~~~ ~ ~ ~ 

Welded , Ground 

Welded, Ground, P i c k l e d  

4 i 
0 4 1  4 1  4 c 4 j  4 3 j 0 ;  3 1  0 1 1 0  1 l j  0 j 

> 

o /  i O i o  o $  
I --- 

Welded, Ground, UoiJble 4 i o /  2 3 3 0 1 4 :  4 i o I  0 1 1 

* 
I n  each test  4 o f  essh t y p e  of  syecimen were 53 :ha sp ray  and 4 were sitbnerged, except  on ly  2 "C" specimens 
2nd 2 b u t t  welded specimens were expos22 i.3 each l o c a t i o n .  

S t r a i g h t  S c r i p ,  Welded, Ground 

"C" Specimen ( 2 / 3  y i e l d )  

3 i o ~ 0 1 s ~ o  ! 0 Oil! 
0 1  I 0I I /  2 L1 01 0 1 0 1  o i  0 2 0 0 o i  1 , I , 

But t  Welded P ipe  : o / O 1 l l ~ l o  o j o  i 0 0 1 0  O ~ O ~ O  0 1 0  
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t o  c rack ing  t h a n  were t h e  specimens t h a t  were s e n s i t i z e d  and p i c k l e d  

b e f o r e  test .  

A s  expec ted  t h e  welded and ground s t r a i g h t  s t r i p s ,  wh i l e  n o t  completely 

immune, showed less tendency t o  c rack  than  d i d  s i m i l a r  specimens t h a t  were 

formed i n t o  U ' s .  The double  If-bends formed from t h e  welded specimens under- 

went c rack ing  t o  about  t h e  same e x t e n t  as t h e  welded s i n g l e  U-bends. 

Some of t h e  "C" specimens s t r e s s e d  t o  o n l y  2 / 3  of  t h e i r  y i e l d  stresses 

a l s o  cracked.  These specimens were made from mi l l -annea led  tub ing  and 

shou ld  probably  b e  compared w i t h  t h e  annea led  U-bends. 

t o  make a meaningful  comparison, however, because  on ly  two "C" specimens 

could  b e  exposed i n  t h e  s p r a y  and s o l u t i o n  i n  each tes t .  I n  t h e  case of 

t h e  304 s t a i n l e s s  s teel ,  t h e  "C" specimens seemed t o  b e  less s u s c e p t i b l e  

t o  c rack ing  than  t h e  U-bends excep t  a t  t h e  h i g h e s t  c h l o r i d e  c o n c e n t r a t i o n  

where a lmost  a l l  of t h e  specimens cracked.  A s i m i l a r  comparison w i t h  

It i s  d i f f i c u l t  

316 s ta in less  s teel  shows t h a t  t h e  annea led  U-bends were completely 

r e s i s t a n t  t o  c rack ing  under a l l  c o n d i t i o n s ,  b u t  a t  t h e  h i g h e s t  c h l o r i d e  

level  two of t h e  €our  r r C v ~ t l  developed small c racks .  Of t h e  b u t t  welded 

p i p e  s e c t i o n s  o n l y  one 304 specimen cracked .  

A t  t h e  200 ppm-chloride c o n c e n t r a t i o n  all specimens underwent 

r e l a t i v e l y  heavy p i t t i n g  i n  a d d i t i o n  t o  t h e  c rack ing  r e p o r t e d  above. The 

number o f  p i t s  appeared t o  be  g r e a t e r  on t h e  304 t han  on t h e  316 specimens 

as would b e  expec ted .  A s  t h e  c h l o r i d e  c o n c e n t r a t i o n  decreased  t h e  frequency 

of p i t t i n g  a l s o  decreased .  Some c r a c k s  appeared t o  o r i g i n a t e  from t h e s e  

p i t s  b u t  o t h e r  c r a c k s  developed i n  areas f r e e  from any o t h e r  form o f  

a t t a c k .  In a l l  cases a r e l a t i v e l y  heavy bu i ldup  of  c o r r o s i o n  p roduc t s  

marked t h e  areas of  l o c a l i z e d  a t t a c k .  

The n a t u r e  of t h e  c rack ing  was predominate ly  t r a n s g r a n u l a r  i n  a l l  cases 

where major  c rack ing  w a s  observed.  F i g u r e  1 shows some of t h e  c r a c k s  

observed  i n  a U-bend of s e n s i t i z e d  304 (not  p i ck led )  s t a i n l e s s  s teel  

exposed t o  t h e  s o l u t i o n  c o n t a i n i n g  5 ppm c h l o r i d e  and F ig .  2 i s  an 

enlargement  of t h e  branching  p a r t  of t h e  l a r g e r  c rack  i n  F ig .  1 showing 

i t s  t r a n s g r a n u l a r  n a t u r e .  F i g u r e  3 shows a s e n s i t i z e d  and p i c k l e d  type  

304 s t a i n l e s s  s t ee l  specimen t h a t  w a s  a l so  exposed t o  t h e  s o l u t i o n  
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F i g .  1. Photomicrograph of a s e c t i o n  through a s e n s i t i z e d  type  
304 s t a i n l e s s  s teel  U-bend exposed to a s o l u t i o n  c o n t a i n i n g  5 ppm 
c h l o r i d e  wi th  a pH of 4 . 5 .  
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Fig .  2 .  An enlargement  o f  t h e  f i n e  branching  c racks  a s s o c i a t e d  
w i t h  t h e  l a r g e r  c rack  i n  F ig .  1 showing t h e  t r a n s g r a n u l a r  n a t u r e  of 
the c racks .  
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F i g .  3 .  Photomicrograph of a s e c t i o n  through a sensitized and 
p i c k l e d  t:ype 304 s t a i n l e s s  s t ee l  U-bend exposed t o  a solution con- 
t a i n i n g  5 ppm c h l o r i d e  w i t h  a pH of 4 . 5 .  
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c o n t a i n i n g  5 ppm c h l o r i d e .  The i n t e r g r a n u l a r  p e n e t r a t i o n s  on t h e  s u r f a c e  

were n o t  recorded  as c r a c k s  because  t h e  a t t a c k  w a s  due t o  t h e  p i c k l i n g  as 

shown by F i g .  4 which i s  a s i m i l a r l y  p i c k l e d  specimen which w a s  n o t  exposed 

t o  t h e  b o r i c  a c i d  s o l u t i o n .  F i g u r e  5 i s  a major  c rack  found i n  a s e n s i -  

t i z e d  316 s t a i n l e s s  steel  specimen exposed t o  t h e  s o l u t i o n  c o n t a i n i n g  

200 ppm c h l o r i d e ,  and F i g .  6 i s  an enlargement of some of t h e  f i n e  c r a c k s  

showing them t o  be  l a r g e l y  t r a n s g r a n u l a r .  

Only two tests were conducted i n  0.28M - H 3 B 0 3  w i t h  pH's o t h e r  t h a n  

4 . 5 .  I n  b o t h  of t h e s e  c a s e s  t h e  sample a r r a y  and exposure  c o n d i t i o n s  

w e r e  t h e  same as i n  t h e  tests a t  a pH of  4 . 5 .  I n  t h e  f i r s t :  of t h e s e  

tests t h e  pH of  t h e  s o l u t i o n  was 7 .5  and t h e  c h l o r i d e  c o n c e n t r a t i o n  was 
200 ppm. Under t h e s e  c o n d i t i o n s  a l l  f o u r  t y p e  304 s t a i n l e s s  steel  s p e c i -  

mens t h a t  had been s e n s i t i z e d  ( n o t  p i c k l e d )  c racked  i n  t h e  s p r a y  and 3 

of t h e  4 t h a t  were t o t a l l y  submerged developed c racks .  The on ly  o t h e r  

specimen t h a t  showed any ev idence  of c rack ing  w a s  one o f  t h e  annea led  

double U-bends of t y p e  304 s t a i n l e s s  s t e e l  t h a t  w a s  immersed i n  t h e  so lu -  

t i o n .  The o t h e r s ,  i n c l u d i n g  a l l  of t h e  316 specimens,  showed no ev idence  

of c rack ing .  Also a t  t h e  h i g h e r  pH t h e r e  w a s  no ev idence  of p i t t i n g .  A 

comparison of t h e s e  r e s u l t s  w i t h  t h o s e  i n  Table  2 shows t h a t  i n c r e a s i n g  

t h e  pH of t h e  s o l u t i o n  from 4 .5  t o  7 . 5  g r e a t l y  reduced t h e  a b i l i t y  of 

t h e  s o l u t i o n  t o  produce c racks .  

I n  t h e  second test  t h e  s o l u t i o n  w a s  a d j u s t e d  t o  a pH of 6.5 and 

con ta ined  20 ppm c h l o r i d e  and 2 ppm i o d i d e .  I n  t h i s  case c racks  were 

found only i n  some of t h e  welded U-bend specimens.  

ground, and p i c k l e d  U-bend of t y p e  304 s t a i n l e s s  steel  cracked  i n  t h e  

s p r a y  and two of  t h o s e  t o t a l l y  submerged cracked.  One similar t y p e  316 

s t a i n l e s s  steel  U-bend cracked  i n  t h e  s o l u t i o n .  

ground double  type  316 s t a i n l e s s  steel  U-bend cracked i n  t h e  s p r a y .  A l l  

o t h e r  specimens were comple te ly  f r e e  of  c r a c k s  o r  any o t h e r  forms of 

l o c a l i z e d  a t t a c k .  The c racks  no ted  i n  t h e  welded specimens were n o t  

r e a d i l y  v i s i b l e  under mic roscop ic  examinat ion  b u t  became apparent  when 

examined w i t h  t h e  dye p e n e t r a n t .  I n  bo th  a l l o y s  a l l  of t h e s e  c racks  were 
l o c a t e d  c l o s e  t o  t h e  welds and were of similar dep th ,  about  5 m i l s .  The 

c racks  i n  no way resembled t h e  t y p i c a l  b ranch ing  c racks  c h a r a c t e r i s t i c  of 

A s i n g l e  welded, 

Also a s i n g l e  welded and 
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I .  

Fig. 4 .  Photomicrograph of a section through a sensitized and 
pickled t y p e  304 stainless s t e e l  U-bend that was not exposed to the  
test solution. 
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Fig. 5. Photomicrograph of a section through s e n s i t i z e d  t y p e  316 
s t a i n l e s s  s t ee l  U-bend exposed t o  a s o l u t i o n  containing 200 ppm chlor ic  
w i t h  a pH of 4 . 5 .  
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Fig .  6 .  An enlargement  of some of t h e  f i n e  branching  c racks  s e e n  
i n  F ig .  5 showing the t r a n s g r a n u l a r  n a t u r e  of the cracks. 
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ch lor ide- induced  stress c o r r o s i o n  c rack ing .  Not only  were t h e  t i p s  of  

t h e  c racks  b l u n t e d ,  b u t  a l so  t h e  c racks  appeared t o  ex tend  on ly  a s h o r t  

d i s t a n c e  a c r o s s  t h e  s u r f a c e  o f  t h e  specimen. Furthermore t h e  c racks  d i d  

n o t  o r i g i n a t e  a t  t h e  edges of t h e  specimens as was t y p i c a l  of  most o t h e r  

c racks  observed i n  t h i s  s tudy .  F igu re  7 shows a cross s e c t i o n  through 

one o f  t h e  c racks .  I n  no o t h e r  test w a s  t h i s  t ype  of  c r ack ing  observed.  

DISCUSSION 

Some of  t h e  r e s u l t s  ob ta ined  i n  t h i s  series of test  were more o r  

less p r e d i c t a b l e  and o t h e r s  were somewhat unexpected. The o b s e r v a t i o n s  

t h a t  c r ack ing  occur red  mare f r e q u e n t l y  t h e  'nigher t h e  c h l o r i d e  concen- 

t r a t i o n ,  t h a t  c r ack ing  occur red  most ly  i n  t h e  r e g i o n  of  h i g h e s t  stress 

o r  g r e a t e s t  p l a s t i c  deformat ion ,  and t h a t  t ype  316 s t a i n l e s s  s teel  w a s  

g e n e r a l l y  more r e s i s t a n t  t o  c rack ing  than  type  304 s t a i n l e s s  s teel  were 
expected.  Numerous i n v e s t i g a t o r s  have made s i m i l a r  o b s e r v a t i o n s  i n  

d i f f e r e n t  systems and t h e s e  are conven ien t ly  summarized i n  Ref. 5.  The 

e f f ec t  o f  tempera ture  w a s  n o t  s p e c i f i c a l l y  i n v e s t i g a t e d  i n  t h i s  s t u d y ,  

b u t  q u a l i t a t i v e l y  i t  was found t h a t  most of t h e  c rack ing  occur red  du r ing  

t h e  f i r s t  8 days of t es t  when t h e  tempera tures  were h i g h e s t .  A d d i t i o n a l  

c r a c k s  may have o r i g i n a t e d  and e x i s t i n g  c racks  may have propagated  du r ing  

t h e  2-month p e r i o d  a t  82°C (180"F), b u t  c e r t a i n l y  most o f  t h e  damage 

occur red  at h i g h e r  tempera tures .  The g e n e r a l  o b s e r v a t i o n  that: t h e  l i k e l i -  

hood of c rack ing  i n c r e a s e s  w i t h  tempera ture  i s  i n  agreement w i t h  t h e  

r e s u l t s  of many i n v e s t i g a t o r s .  (5) 

least i n  some cases c racks  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  have been 

r e p o r t e d  t o  i n i t i a t e  and propagate  a t  a p p r e c i a b l e  rates a t  tempera tures  

It shou ld  b e  no ted  however t h a t  a t  

as low as 74°C (165°F) w i t h  as l i t t l e  a t  5 ppm c h l o r i d e .  ( 3 )  

The p r e s e n t  r e s u l t s ,  combined w i t h  t h o s e  g iven  p r e v i o u s l y ,  show 

r a t h e r  c l e a r l y  t h e  e f f e c t  o f  pH on t h e  s u s c e p t i b i l i t y  of a u s t e n i t i c  

s t a i n l e s s  steels t o  c rack ing  i n  ch lo r ide -con ta in ing  0.28M I H 3 B 0 3 .  Our 

tests have now been conducted under  similar c o n d i t i o n s  w i t h  solutr ions 

having pH's of 4 .5 ,  6 .5 ,  7.5, and 9 . 3 .  N o  c rack ing  w a s  observed a t  a 

pH of 9.3,  o n l y  o c c a s i o n a l  c r ack ing  was observed when t h e  pH w a s  6 .5  
and 7.5, and p r o l i f i c  c racking  w a s  observed a t  t h e  lowes t  pH. Although 
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F ig .  7. Photomicrograph o f  a t y p i c a l  c r ack  found i n  welded U-bend 
specimens when s o l u t i o n  conta ined  20 ppm i o d i d e  and had a pH of 6.5.  



t h e  c h l o r i d e  c o n c e n t r a t i o n s  were n o t  t h e  same at a l l  p H ’ s ,  t h e  conc lus ion  

t o  be  drawn i s  obvious: i n  t h e  b o r i c  a c i d  sys tem t h e  s u s c e p t i b i l i t y  to 

c rack ing  d e c r e a s e s  markedly as t h e  pH of t h e  s o l u t i o n  i n c r e a s e s  from 4.5  

t o  9.3.  

c l u s i o n  was expec ted .  That  c r ack ing  was n o t  observed  when t h e  pH w a s  
9 . 3  shou ld  n o t  b e  i n t e r p r e t e d  as complete freedom from c rack ing  a t  t h e  

h i g h  pH. Cracking of t h e  a u s t e n i t i c  s t a i n l e s s  steels is  always p o s s i b l e  

when t h e  temperatme of t h e  s o l u t i o n  is  ambient o r  above and c h l o r i d e  i o n s  

and oxygen are p r e s e n t .  

Based on d a t a  o b t a i n e d  i n  o t h e r  sys temsC5)  t h e  fo rego ing  con- 

One of t h e  unusual  f e a t u r e s  of t h e  r e s u l t s  i s  t h a t  t h e  s e n s i t i z e d  

s t a i n l e s s  steel  specimens t h a t  were n o t  p i c k l e d  were c o n s i d e r a b l y  more 

s u s c e p t i b l e  t o  c rack ing  t h a n  t h o s e  that: were g iven  a r e l a t i v e l y  heavy 

p i c k l e  a f t e r  s e n s i t i z a t i o n .  A s  i n d i c a t e d  by Fig.  4 t h e  p i c k l i n g  produced 

s u b s t a n t i a l  i n t e r g r a n u l a r  a t t a c k ,  and i t  was expec ted  t h a t  c r ack ing  would 

start  r e a d i l y  from t h e s e  p e n e t r a t i o n s .  Tab le  2 i n d i c a t e s  t h a t  t h i s  was 

d e f i n i t e l y  n o t  t h e  case. 

water -cooled  r e s e a r c h  and p r o d u c t i o n  r e a c t o r s  p i c k l i n g  of  areas of 

u n s t a b i l i z e d  s t a i n l e s s  steel  t h a t  may have been s e n s i t i z e d  as a r e s u l t  

of weld ing  o r  o t h e r  f a b r i c a t i o n a l  p racedures  i s  avoided because  of t h e  

e x p e r i e n c e  i n  t h e  Savannah R ive r  Reac to r s .  S e v e r a l  of t h e  major  

f a i l u r e s  expe r i enced  i n  t h e s e  r e a c t o r s  occur red  i n  type  304 s t a i n l e s s  

steel components t h a t  were h e a v i l y  s e n s i t i z e d  d u r i n g  f a b r i c a t i o n  and 

subsequen t ly  h e a v i l y  p i c k l e d  t o  remove t h e  l as t  t r a c e s  of o x i d a t i o n  

p r o d u c t s  f r o m  t h e  s u r f a c e .  Why p i c k l i n g  of s e n s i t i z e d  s t a i n l e s s  s tee l  

makes i t  less s u s c e p t i b l e  t o  c r a c k i n g  i n  b o r i c  a c i d  s o l u t i o n s  and more 

s u s c e p t i b l e  t o  c r a c k i n g  i n  r e a c t o r  waters cannot  b e  answered a t  t h i s  t i m e .  

To minimize t h e  p o s s i b i l i t y  of  c rack ing  i n  

Another  unexpected r e s u l t  was t h e  complete absence  of c r a c k s  o r i g i n a t -  

Th i s  p rocess  i n g  from t h e  i d e n t i f i c a t i o n  numbers stamped on each specimen. 

t tpsets  t h e  m e t a l  i n  t h e  immediate v i c i n i t y  of t h e  numbers, and i n  tests i n  

o t h e r  environments (7’8’ c r a c k s  f r e q u e n t l y  o r i g i n a t e d  a t  t h e  edges of t h e  

nwnbers. No r a t i o n a l  e x p l a n a t i o n  can b e  g iven  f o r  t h e  Lack of c r a c k i n g  

i n  t h e s e  l o c a t l o n s  i n  t h e  p r e s e n t  rests. I n  conformi ty  w i t h  p rev ious  

e x p e r i e n c e ,  C 7 y 8 )  most c r a c k s  o r i g i n a t e d  from t h e  s h e a r e d  edges of t h e  

specimens.  
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I n  a l l  cases excep t  f o r  t h e  unusual  c r acks  found i n  t h e  v i c i n i t y  of  

t h e  welds  when t h e  pH was 6.5,  c r ack ing  w a s  p redominate ly  t r a n s g r a n u l a r .  

The  f a i l u r e s  i n  t h e  Savannah River Reac tors  t h a t  o c c u r r r e d  i n  t h e  s e n s i -  

t i z e d  type  304 s t a i n l e s s  s t ee l  were i n t e r g r a n u l a r  i n  n a t u r e .  (6)  
r easonab le  e x p l a n a t i o n  can be  g iven  f o r  t h e  d i f f e r e n c e  i n  t h e  mode of 

c rack ing  between t h e  two systems.  The c r a c k s  t h a t  formed n e a r  t h e  welds  

i n  b o t h  types  304 and 316 s t a i n l e s s  s teel  when t h e  s o l u r i o n  con ta ined  

20 ppm c h l o r i d e  and 2 ppm i o d i d e  were t o t a l l y  d i f f e r e n t  from a l l  t h e  

o t h e r  c racks  observed.  Tn f a c t  it i s  n o t  c e r t a i n  t h a t  t h e s e  should  b e  

c l a s s i f i e d  as stress c o r r o s i o n  c racks ;  however, t h e  absence of such c racks  

i n  t h e  s t r a i g h t  welded s t r i p s  i m p l i e s  t h a t  stress w a s  necessa ry  f o r  t h e i r  

development. S ince  t h i s  w a s  t h e  on ly  tes t  i n  which i o d i d e  w a s  p r e s e n t ,  

i t  i s  p o s s i b l e  t h a t  t h e  i o d i d e  i o n  p layed  some p a r t  i n  t h e  development of  

t h e s e  c racks .  The g e n e r a l  shape  of t h e  c racks  and t h e  f a c t  t h a t  t h e  

e x t e n t  of p e n e t r a t i o n  was o n l y  about  5 m i l s  du r ing  more rhan 2 months of 

exposure i n d i c a t e  t h a t  f a i l u r e s  i n  t h e  h e a t  removal components o f  a 

r e a c t o r  system would b e  u n l i k e l y  from t h i s  t y p e  of a t t a c k .  

Again no 

Absolute  freedom from f a i l u r e  5f any complex system such as a s p r a y  

sys tem can neve r  b e  gua ran teed ,  b u t  by p rope r  des ign ,  f a b r i c a t i o n ,  and 

c o n t r o l  of t h e  c o r r o s i v e  environment t h e  p r o b a b i l i t y  o f  f a i l u r e  can b e  

s i g n i f i c a n t l y  reduced.  As i n d i c a t e d  by Table  2 t h e  l i k e l i h o o d  of c racking  

i s  less t h e  lower t h e  stress leve l ,  and s e n s i t i z a t i o n  s i g n i f i c a n t l y  

i n c r e a s e s  t h e  p r o b a b i l i t y  of  c r ack ing ,  The stress leve l  i s  c o n t r o l l a b l e ,  

a t  l eas t  t o  a c e r t a i n  e x t e n t ,  by p rope r  des ign ,  and t h e  problem of  

s e n s i t i z a t i o n  around welds  could  b e  e l i m i n a t e d  by us ing  a s t a b i l i z e d  

s t a i n l e s s  s t e e l  such  as 304ELC o r  316 ELC. Even w i t h  types  304 and 316 

s t a i n l e s s  s teel  t h e  degree  of s e n s i t i z a t i o n  around welds  can b e  minimized 

by p rope r  welding p rocedures ,  

The d a t a  ob ta ined  i n  this s tudy  i n d i c a t e  t h a t  t h e  b e s t  way t o  minimize 

c rack ing  b e s i d e s  t h e  complete e l i m i n a t i o n  of c h l o r i d e  i o n s  (which may b e  

imposs ib l e )  i s  t o  use  a s p r a y  s o l u t i o n  which h a s  a h igh  pH. I f  t h e  o v e r a l l  

containment  system c o n t a i n s  l a r g e  amounts of aluminum, i t  map not be  

p r a c t i c a l  t o  o p e r a t e  t h e  s p r a y  w i t h  a s o l u t i o n  pH of 9 o r  h i g h e r  where t h e  

p r o b a b i l i t y  of cracking would be ve ry  low, However,  i n  such  a case  t h e  
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adjus tment  of t h e  s o l u t i o n  pH t o  6.5 t o  7.5 a f t e r  sp ray ing  of t h e  con- 

ta inment  b u i l d i n g  h a s  ceased may r e p r e s e n t  a p r a c t i c a l  approach. 

pH range  t h e  p r o b a b i l i t y  of c r ack ing  i s  low and t h e  c o r r o s i o n  rates oE 
aluminum a l l o y s  a l s o  are a c c e p t a b l y  low. ' 9 )  

u n i v e r s a l  contaminants ,  i t  seems l i k e l y  t h a t  any s p r a y  s o l u t i o n  w i l l  
always c o n t a i n  some c h l o r i d e  i o n s .  

w i t h  low c h l o r i d e  c o n c e n t r a t i o n s ,  and by p rope r  s t a n d a r d s  of  housekeeping 

i t  shou ld  b e  p o s s i b l e  t o  m a i n t a i n  a very  low c o n c e n t r a t i o n  of c h l o r i d e  

i o n s ,  and consequent ly  have a low p r o b a b i l i t y  of stress c o r r o s i o n  c rack ing  

f a i l u r e .  

I n  t h i s  

S ince  c h l o r i d e  ions  are such 

However, by us ing  r e a g e n t s  and warer 

The o t h e r  t y p e  of c rack ing  t h a t  could  p o s s i b l y  cause  f a i l u r e  of 
s t a i n l e s s  s tee l  components i n  a sp ray  sys tem i s  t h a t  caused by t h e  p re sence  

of  f l u o r i d e  i o n s .  

cions as l i t t l e  as 1 ppm of  f l u o r i d e  i s  capab le  of producing  c r a c k s  i n  

h e a v i l y  s e n s i t i z e d  s t a i n l e s s  steels. Cracking occur red  even a t  room 

tempera tu re  b u t  w a s  f a s t e r  a t  82°C ( i80"F) .  However, c r a c k i n g  w a s  n o t  

n o t e d  i n  h e a t - a f f e c t e d  zones a d j a c e n t  t o  welds on t y p e  304 s t a i n l e s s  steel ,  

a p p a r e n t l y  because  t h e  weld ing  p r o c e s s  d i d  n o t  produce t h e  necessa ry  deg ree  

of s e n s i t i z a t i o n .  Hence, t h e  r e p o r t e d  d a t a  i n d i c a t e  t h a t  f l uo r ide - induced  

c r a c k i n g  i n  a s p r a y  sys tem shou ld  no t  b e  a problem u n l e s s  s t a i n l e s s  s tee l  

components are s e n s i t i z e d  as cou ld  happen du r ing  a stress-relief t r e a t m e n t  

a t  h i g h  enough t empera tu re  (800 t o  1500'P). 

It  has  been r e p o r t e d  t h a t  i n  a l k a l i n e  o r  n e u t r a l  so iu -  
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