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ABSTRACT 

Solu t ions  of "0,-HF f o r  d i s s o l v i n g  power r e a c t o r  f u e l  
elements can be handled s a f e l y  i n  304L and 309SCb 
s t a i n l e s s  s t e e l  equipment under c a r e f u l l y  c o n t r o l l e d  
cond i t ions .  The co r ros ion  behavior  of both  wrought 
and welded 304L and 309SCb was i n v e s t i g a t e d  i n  va r ious  
"0,-HF s o l u t i o n s ,  ranging i n  " 0 ,  concen t r a t ion  from 
0 t o  10.OM and KF concen t r a t ion  from 0.01 t o  l.5M, and 
a t  temperatures  f r o m  24OC t o  t h e  b o i l i n g  p o i n t .  
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CORROSION OF STAINLESS STEEL IN HNO, I H F  SOLUTIONS 

INTRODUCTION 

I r radiated f u e l  elements from power r e a c t o r s  may be processed  i n  the 
s e p a r a t i o n s  f a c i l i t i e s  a t  the Savannah River P l a n t .  
these elements are c l a d  w i t h  zirconium o r  Zircaloy,  p rocess  s o l u t i o n s  
con ta in ing  a low concen t r a t ion  of HF i n  " 0 ,  have been proposed f o r  
the c o d i s s o l u t i o n  o f  t he  c ladding  and the uranium a l l o y  o r  oxide co re .  
The a d d i t i o n  of HF t o  the process  s o l u t i o n s  in t roduces  a co r ros ion  
problem w i t h  the e x i s t i n g  s t a i n l e s s  s t e e l  equipment. 

Since some of 

This r e p o r t  i s  a summary of the co r ros ion  behavior  of s t a i n l e s s  s t e e l  
i n  va r ious  HNO,-H.F s o l u t i o n s ,  ranging  i n  " O s  concen t r a t ions  from 0 t o  
10.OM and HF concen t r a t ions  from 0.01 t o  l.5M, a t  temperatures  from 
24OC t o  the b o i l i n g  p o i n t .  
Type 304L o r  309SCb, the co r ros ion  behavior  of these s t ee l s  i n  both  
the wrought and welded form w a s  i n v e s t i g a t e d .  

Since most of the process  equipment i s  

SUMMARY 

Solu t ions  of  "03-HF can be handled s . s f e ly  i n  304L and 309SCb s t a i n l e s s  
s t e e l  p rocess  equipment, i f  the cond i t ions  are  c a r e f u l l y  c o n t r o l l e d .  

Some gene ra l  conclus ions  from t h i s  s tudy  of  the co r ros ion  behavior  of 
s t a i n l e s s  s t e e l  i n  "0,-HF a r e :  

1. The co r ros ion  r e s i s t a n c e  of wrought 309SCb i s  s u p e r i o r  t o  
t ha t  of  wrought 304L. 

2 .  The co r ros ion  r e s i s t a n c e  of 304L welded wi th  3 0 8 ~  f i l l e r  
r o d  i s  equal  t o  t ha t  of  wrought 304L. 

3 .  Reducing the HNOa concen t r a t ion  from 3.0 t o  1.OM i n  a 
b o i l i n g  0.075MHF s o l u t i o n  reduces the  co r ros ion  r a t e  of 309SCb welds 
from 630 t o  25 mpy. 

4 .  I n  b o i l i n g  HF s o l u t i o n s  tha t  do n o t  con ta in  " 0 % )  both  
wrought and welded 309SCb corrode a t  about  t h e  same r a t e .  
form on the co r ros ion  coupons, which r e s u l t  i n  a p i t t i n g  type of 
a t t a c k .  

Grey f i l m s  

5 .  Additions of 0.05 - 1 . O M  HN03 t o  b o i l i n g  HF s o l u t i o n s  
decrease  the co r ros ion  r a t e  of  bo th  wrought and welded 309SCb from 
that  obta ined  i n  the HF s o l u t i o n s  anti conver t  the  p i t t i n g  a t t a c k  t o  
uniform co r ros ion .  Inc reas ing  the concen t r a t ion  of  HNO, above 3.OM 
i n c r e a s e s  the co r ros ion  r a t e  of  30gSCb above tha t  observed f o r  
s t r a i g h t  HF s o l u t i o n s .  
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6. Welds made with 309SCb f i l l e r  rod  corrode i n t e r g r a n u l a r l y  
a t  a high r a t e  i n  b o i l i n g  s o l u t i o n s  above 3.OM "03 and 0.075M HF. 
This i n t e r g r a n u l a r  c o r r o s i o n  i s  due t o  chemical a t t a c k  of t he  columbium 
c a r b i d e  p a r t i c l e s  p r e c i p i t a t e d  i n  a cont inuous network throughout the 
weld. 

7 .  A t  least  1 mole of aluminum p e r  mole of f l u o r i d e  i s  
r e q u i r e d  t o  reduce t h e  c o r r o s i o n  r a t e  t o  an a c c e p t a b l e  l e v e l  for welded 
309SCb i n  b o i l i n g  0.075M HF s o l u t i o n s  above 3.OM " 0 3 .  A t  h igher  
HN03-HF c o n c e n t r a t i o n s  even g r e a t e r  aluminum-to-fluoride r a t i o s  a re  
r e q u i r e d .  

8. Annealing 309SCb welds for 30 minutes a t  1950'F and water 
quenching dec reases  t h e  c o r r o s i o n  r a t e  of t h e  weld t o  almost t h a t  of 
wrought 309SCb. 

9.  Welds of 3 0 8 ~  a r e  equal  i n  c o r r o s i o n  r e s i s t a n c e  t o  wrought 
309SCb. 

10. "Kn i fe l ine"  a t t a c k  o c c u r s  i n  309SCb base  meta l  adjacent 
t o  a weld, because of chemical a t t a c k  on t h e  columbium c a r b i d e  
p a r t i c l e s  t h a t  a r e  p r e c i p i t a t e d  a t  t h e  g r a i n  boundaries  by the  heat o f  
t h e  weld. 

DISCUSSION 

CORROSION TEST PROCEDURE 

Conventional g r a v i m e t r i c  c o r r o s i o n  t e s t  procedures  were used.  Tests 
were conducted a t  24, 40, 6ooc, and t h e  b o i l i n g  p o i n t ,  w i th  both 
wrought and welded coupons. Each sample was t e s t e d  f o r  f i v e  48-hour 
p e r i o d s ,  the  c o r r o s i o n  r a t e  for each sample was c a l c u l a t e d  a f t e r  each 
48-hour t es t ,  and t h e  f i v e  tes ts  were averaged.  
f o r  each t e s t  c o n d i t i o n  was determined by ave rag ing  the r a t e s  of t h e  
samples exposed t o  t h e  s o l u t i o n .  General ly ,  t h r e e  samples were t e s t e d  
i n  each s o l u t i o n .  

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

Since p r e f e r e n t i a l  weld a t t a c k  occurred i n  some s o l u t i o n s ,  weld 
c o r r o s i o n  r a t e s  were e s t ima ted  by t h e  fo l lowing  method. The product  
o f  t h e  p e r  c e n t  wrought area times t h e  wrought c o r r o s i o n  r a t e  w a s  
s u b t r a c t e d  from t h e  coupon c o r r o s i o n  r a t e .  Then, t h e  d i f f e r e n c e  was 
d i v i d e d  by t h e  p e r  c e n t  weld a r e a  t o  e s t i m a t e  t h e  "weld c o r r o s i o n  
r a t  e 'I . 
P r i o r  t o  c o r r o s i o n  t e s t i n g ,  a l l  samples were ground t o  a 1 2 0 - g r i t  
f i n i s h .  Then t h e  samples were measured and t h e  s u r f a c e  area was 
c a l c u l a t e d .  After  t h e  coupons were degreased i n  acetone,  t hey  were 
weighed on a p r e c i s i o n  ba lance  t o  f i v e  decimal p l a c e s .  
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A t  temperatures  below t h e  b o i l i n g  po.lnt, t e s t s  were conducted i n  "Saran" 
p i p e  s e c t i o n s  i n  a constant- temperature  water b a t h .  "Teflon"- l ined 
spool  p i e c e s  were used for tes ts  a t  the b o i l i n g  p o i n t .  A l l  coupons were 
supported on "Teflon" sample h o l d e r s .  About 40 ml o f  s o l u t i o n  was 
provided p e r  square inch  of sample. 

CORROSION OF WROUGHT AND WELDED 304L 

Type 304L s t a i n l e s s  s t e e l  was s t u d i e d  i n  a v a r i e t y  of HNOS-HF 
s o l u t i o n s  a t  temperatures  from 24OC 'to t h e  b o i l i n g  p o i n t .  
c a s e s  t h e  c o r r o s i o n  r e s i s t a n c e  o f  3O4L welded with 308~ f i l l e r  r o d  
w a s  equa l  t o  wrought 304L. The c o r r o s i o n  r e s i s t a n c e  of t h e  308~ weld 
was s u p e r i o r  t o  t h e  wrought 304L base metal. C h a r a c t e r i s t i c a l l y ,  t h e  
c o r r o s i o n  of 304L i n  HN03-HF w a s  uniform, n o t  i n t e r g r a n u l a r  o r  p i t t i n g  
c o r r o s i o n .  Table I summarizes t h e  c o r r o s i o n  d a t a .  

I n  a l l  

EFFECT OF HNOa-HF CONCENTRATION AND TEMPERATURE 

I n  "Os s o l u t i o n s  t h e  c o r r o s i o n  r a t e  of 304L i s  below 5 mpy a t  
c o n c e n t r a t i o n s  r a n  i n g  from 0 t o  50% "Os and a t  temperatures  up t o  
t h e  b o i l i n g  p o i n t .  However, very small a d d i t i o n s  of HF t o  HNOS 
s o l u t i o n s  r a p i d l y  i n c r e a s e  t h e  c o r r o s i o n  r a t e  of 304L t o  an excess ive  
l e v e l .  F igu re  1 c o n t a i n s  i s o c o r r o s i o n  curves a t  s e v e r a l  c o n s t a n t  
temperatures ,  which show the e f f e c t  of va ry ing  t h e  HNOS and t h e  HF 
c o n c e n t r a t i o n  on t h e  c o r r o s i o n  ra te  of 304L. Generally,  t h e  c o r r o s i o n  
r a t e  i n c r e a s e d  as a loga r i thmic  f u n c t i o n  of t h e  HF c o n c e n t r a t i o n  up t o  
1.5M HF. A t  6ooc and below, t h e  c o r r o s i o n  r a t e  of 304L dec reased  wi th  
a n  i n c r e a s e  i n  HNOS c o n c e n t r a t i o n  a t  a given HF c o n c e n t r a t i o n .  How- 
ever ,  a t  t h e  b o i l i n g  p o i n t ,  an i n c r e a s e  i n  "0, c o n c e n t r a t i o n  i n c r e a s e d  
t h e  c o r r o s i o n  ra te  a t  a given HF c o n c e n t r a t i o n .  I n c r e a s i n g  t h e  
temperature  of t h e  "Os-HF s o l u t i o n s  a c c e l e r a t e d  t h e  c o r r o s i o n  ra te .  

Since t h e  p rocess ing  o f  power r e a c t o r  f u e l s  would be a n  i n t e r m i t t e n t  
o r  b a t c h  p rocess ,  an i n i t i a l  c o r r o s i o n  ra te  of about  50 mpy would 
probably be  accep tab le .  Under t h e s e  c o n d i t i o n s  t h e  fo l lowing  
s o l u t i o n s  cou ld  be con ta ined  i n  304L equipment. 

Temperature below 24OC: HF O . 3 M  
"03 2.0-10.OM 

Temperature below 4OoC:: HF O.l5M 
"03 2 0-10 -OM 

Temperature below 6 o O c :  HF O.O7M 
HNOS 2.0-10. OM 

Temperature a t  b o i l i n g :  HF 0.001M 
"Os 2 . 0 - 6 . 0 ~  

- 7 -  
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EFFECT OF ZIRCONIUM AND URANIUM 

I n  p rocess ing  zirconium- and Z i rca loy -c l ad  power elements,  t he  304L 
equipment would only  be exposed t o  pure HNOs-HF s o l u t i o n s  i n  the  
i n i t i a l  s t a g e s .  Therefore,  t h e  e f f e c t  of zirconium and uranium i n  
"Os-HF s o l u t i o n s  on the  co r ros ion  ra te  of 304L was s t u d i e d  a t  6 0 O c .  
R e s u l t s  a r e  r e p o r t e d  i n  Table I1 and p l o t t e d  i n  F igu re  2 .  

10 

FIG. 2 CORROSION OF 304L STAINLESS STEEL IN " 0 , - H F - Z r - U  SOLUTIONS AT 6OoC 
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I n  c o n t r o l  s o l u t i o n s  of O.O5M H F  t h e  a d d i t i o n  o f  up t o  3.OM HN03 
decreased the co r ros ion  rate.  Addition of ZrF, and U0, (N03) ,  t o  
HN03-HF s o l u t i o n s  decreased the co r ros ion  rate of 304L. Approximately 
equal  co r ros ion  rates were obta ined  i n  HN03-HF s o l u t i o n s  con ta in ing  
the fol lowing combinations of ZrF, and U02(N03),. 

So lu t ion  Composition, M 

- ZrF4 UO, (NO3)  , 
0.01 0.1 

0.5 1.5 
0.05 0.15 

This was a t t r i b u t e d  t o  the f a c t  that  ZrF, tended t o  i n c r e a s e  the 
co r ros ion  r a t e ,  while U 0 2 ( N 0 3 ) ,  tended t o  decrease  the co r ros ion  rate 
of 304L i n  "OS-HF s o l u t i o n s .  The ZrF, hydrolyzed i n  the a c i d  
s o l u t i o n s  t o  g i v e  a d d i t i o n a l  f r e e  f l u o r i d e ;  
g i v e  a d d i t i o n a l  n i t r a t e ,  which i n h i b i t e d  co r ros ion .  

U0 , (N03) ,  hydrolyzed t o  

Concentrat ions of 0.5M ZrF4 and 1.5M U0, (N03) ,  d i d  n o t  d i s s o l v e  
completely i n  HN03-HF s o l u t i o n s  a t  room temperature .  

EFFECT OF ALUMINUM 

Aluminum e f f e c t i v e l y  complexed f l u o r i d e  and reduced the  co r ros ion  
ra te  of s t a i n l e s s  s t e e l  i n  €€NO3-HF s o l u t i o n s .  Table  I11 summarizes 
t h e  e f f e c t  of A 1 ( N 0 3 ) 3  on t h e  co r ros ion  of 304L. 
w a s  decreased t o  accep tab le  l e v e l s  when the aluminum-to-fluoride r a t i o  
w a s  l :3.  

The co r ros ion  ra te  

CORROSION OF WROUGHT 309SCb 

I n  "OS-HF s o l u t i o n s  the co r ros ion  r e s i s t a n c e  o f  309SCb w a s  s u p e r i o r  
t o  304L. Table I V  summarizes the co r ros ion  data f o r  309SCb i n  va r ious  
HN03-HF s o l u t i o n s  a t  temperatures  f r o m  24OC t o  b o i l i n g .  

EFFECT OF "Os-HF CONCENTRATION AND TEMPERATURE 

The co r ros ion  ra te  of 309SCb i n c r e a s e d  wi th  a n  i n c r e a s e  i n  HF 
concen t r a t ion .  Above a concen t r a t ion  of l . O M ,  i n c r e a s i n g  the HN03 
concen t r a t ion  i n c r e a s e d  the co r ros ion  r a t e  of 309SCb. However, the  
a d d i t i o n  o f  up t o  1.OM HN03 t o  b o i l i n g  HF s o l u t i o n s  above O.O5M HF 
decreased the co r ros ion  rate of 309SCb. The fo l lowing  t a b l e  
i l l u s t r a t e s  these e f f e c t s  of HN03 a t  cons t an t  HF concen t r a t ions .  

- 10 - 



1 

Corrosion Rates of 309SCb i n ,  Bo i l ing  "Os-HF Solu t ions  

So lu t ion  Composition, M Corrosion Rate, mpy 

HF Vapor I n t e r f a c e  Liquid - "NO3 

0.05 0.05 2.5 3.1 39 1 
1 .o 0.05 3.5 5.4 5.1 
3 .0  0.05 12 15 15 

10.0 0.05 114 139 146 

0.05 0.25 57 64 81 
1.0 0.25 35 37 38 
3.0 0.25 38 46 63 

10.0 0.25 251 367 506 

0.05 1 .0  177 335 2 59 
1.0 1.0 145 103 92 
3.0 1.0 117 349 339 

10.0 1 .o 57 4 io42 1115 

Another conclusion that  may be drawn from t h i s  data i s  the f a c t  t h a t  
the co r ros ion  ra te  was h i g h e s t  i n  t h e  l i q u i d  phase.  No p r e f e r e n t i a l  
i n t e r f a c e  or vapor phase co r ros ion  was observed on the tes t  samples.  
I n  s o l u t i o n s  con ta in ing  both  HN03 and HF, uniform co r ros ion  occurred.  
However, i n  HF s o l u t i o n s  a lone  p i t t i n g  occurred.  A s  l i t t l e  as 0.05M 
HN03 i n  HF s o l u t i o n s  was s u f f i c i e n t  t o  conver t  t h i s  p i t t i n g  a t t a c k  t o  
uniform co r ros ion .  

Inc reas ing  the temperature  of t h e  HN03-HF s o l u t i o n s  inc reased  the  
co r ros ion  r a t e  of 3OgSCb. F igure  3 con ta ins  i s o c o r r o s i o n  curves  for 
vary ing  HN03-HF concen t r a t ions  a t  several  cons t an t  temperatures .  

Under d i s s o l v i n g  cond i t ions  wi th  t h e  temperature  a t  the b o i l i n g  p o i n t ,  
the fo l lowing  HN03-HF s o l u t i o n s  could be conta ined  i n  a wrought 3OgSCb 
d i s s o l v e r ,  assuming an i n i t i a l  co r ros ion  r a t e  of 50 mpy as accep tab le .  

So lu t ion  ComDosi t i o n .  M 

"os HF 

4.0 0.05 
4.0 0.075 
4 .0  0.1 
1.0 0.5 
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8 I I I  
SOLUTIONS AT 24OC 

6 

Below 1 MPY 

4 

2 

HF Concentrotion, molar 

FIG. 3 CORROSION OF 309SCb IN HNO,-HF SOLUTIONS 
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A s  the HF concen t r a t ion  was inc reased  t h e  a l lowable  HNOS concen t r a t ion  
had t o  be decreased  t o  ob ta in  an  accep tab le  co r ros ion  ra te .  

ADDITIONS OF FUEL ELEMENT MATERIALS 

I n  the d i s s o l u t i o n  of f u e l  elements,  the s t a i n l e s s  s t e e l  equipment w i l l  
only be exposed t o  s t r a i g h t  "OS-HF :3olutions i n  t h e  i n i t i a l  s t a g e s .  
Therefore,  the  e f f e c t  of zirconium, uranium, and molybdenum on the 
co r ros ion  ra te  of 309SCb was of i n t e r e s t .  I n  i n i t i a l  experiments t h e  
compounds ZrF, and U 0 2 ( N 0 3 )  were added t o  s imula te  cond i t ions  dur ing  
and a f t e r  t h e  d i s s o l u t i o n  process .  Table V summarizes these data. 
Since the co r ros ion  data us ing  the compounds were d i f f i c u l t  t o  
i n t e r p r e t ,  experiments were run adding the metals t o  the  HNOs-HF 
s o l u t i o n s .  T a b l e  V I  summarizes these data. 

E f f e c t  of ZrF, 

The a d d i t i o n  of ZrF, t o  "0,-HF s o l u t i o n s  inc reased  t h e  co r ros ion  r a t e  
of 309SCb s t a i n l e s s  s t e e l .  The fo l lowing  tab le  t y p i f i e s  t h e  e f f e c t  of 
ZrF, a d d i t i o n s  t o  HNOs-HF s o l u t i o n s .  

Corrosion Rates of 30gSCb S t a i n l e s s  S t e e l  
i n  b o i l i n g  "Os-HF w i t t h  ZrF ,  Additions 

So lu t ion  Composition, M 

"09 HF ZrF4 

3.0 0.05 o 
3.0 0.05 0.01 
3.0 0.05 0.05 
3.0 0.05 0.5 

Corrosion 
Rate; rnpy 

15 
16 
35 
45 

Addit ions of ZrF, t o  "Os-HF s o l u t i o n s  inc reased  the co r ros ion  r a t e  of 
309SCb by i n c r e a s i n g  the  f l u o r i d e  con ten t  of the s o l u t i o n .  When t h e  
co r ros ion  rates of s o l u t i o n s  con ta in lng  O.25M t o t a l  f l u o r i d e  were 
compared, the f l u o r i d e  be ing  supp l i ed  e i ther  by HF a lone  o r  by a 
combination of HF and ZrF,, i t  appeal-ed that  ZrF, complexed about  ha l f  
i t s  formula weight of f l u o r i d e .  

I n  mixed a c i d  s o l u t i o n s  con ta in ing  O . . l M  U02(NOs)2, i n c r e a s i n g  ZrF, 
concen t r a t ion  from 0 t o  0 . 5 M  i nc reased  the co r ros ion  ra te  from 1 4  t o  
47 mpy. I n  1 . 5 M  UO2(NOS),  mixed a c i d  s o l u t i o n s ,  i n c r e a s i n g  ZrF, from 
0 t o  0.5M i nc reased  the co r ros ion  ra te  from 5.4 t o  54 mpy. 
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E f f e c t  of U0,(N03)2 

I n  O.05M H F  s o l u t i o n s  with t h e  HN03 concen t r a t ion  below 3.OM, a d d i t i o n s  
o f  UO,(NO3), decreased the co r ros ion  ra te  of 309SCb. 
0.05M HF s o l u t i o n s ,  i n c r e a s i n g  U0,(N03), f r o m  0 .1  t o  0.5M inc reased  t h e  
co r ros ion  r a t e  of 309SCb from 165 t o  182 rnpy. 

I n  10M HN03 and 

U0,(N03), a d d i t i o n s  a t  two ZrF, concen t r a t ions ,  0.01 and 0.5M, i n  the 
mixed a c i d  s o l u t i o n s  d i d  n o t  a l t e r  t he  co r ros ion  r a t e  s i g n i f i c a n t l y .  
A t  the lower ZrF, concent ra t ion ,  i n c r e a s i n g  U0,(N03), from 0 t o  1 . 5 M  
decreased t h e  co r ros ion  r a t e  f r o m  13 t o  7 .5  mpy. A t  t h e  h ighe r  ZrFB 
concen t r a t ion ,  i n c r e a s i n g  U0,(N03), from 0 t o  1.5M inc reased  the 
co r ros ion  r a t e  from 45 t o  58 mpy. 

E f f e c t  of Zirconium 

Disso lv ing  O.Ol25M zirconium meta l  i n  s o l u t i o n s  conta in ing  O . O 5 M  H F  
and vary ing  concen t r a t ions  of HN03 reduced t h e  co r ros ion  r a t e  of 
309SCb by a f a c t o r  of more than two. This r educ t ion  i n  co r ros ion  r a t e  
w a s  due t o  complexing o f  the f l u o r i d e  t o  form a zirconium f l u o r i d e .  
From t h e  co r ros ion  d a t a  i t  appeared t h a t  ZrF, o r  Z r F 3  was forming, 
r a t h e r  than  ZrF, as p r e d i c t e d .  Therefore ,  t o  s imula t e  d i s s o l v i n g  
cond i t ions  f o r  co r ros ion  t e s t s ,  t h e  use  of ZrF, was u n r e a l i s t i c .  To 
determine t h e  e f f e c t s  of zirconium i n  HN09-HF s o l u t i o n s  t h e  metal 
should be used, r a t h e r  than a f l u o r i d e  s a l t .  

E f f e c t  o f  Uranium 

Two concen t r a t ions  of uranium were s t u d i e d  i n  O . O 5 M  KF and vary ing  €€NO3 
concen t r a t ion  s o l u t i o n s .  A t  the lower concen t r a t ion  of 0 . 0 0 8 3 ~  uranium, 
no s i g n i f i c a n t  e f f e c t  on t h e  co r ros ion  r a t e  was observed. However, 
d i s s o l v i n g  0.1M uranium metal  i n  the mixed a c i d  s o l u t i o n s  reduced t h e  
co r ros ion  ra te  of 30gSCb. Uranium e v i d e n t l y  complexed t h e  f l u o r i d e  t o  
some e x t e n t ,  bu t  i t  was n o t  n e a r l y  s o  e f f e c t i v e  a s  zirconium. 

E f f e c t  of Molybdenum 

Addition of 0 . 0 0 8 3 ~  molybdenum reduced t h e  co r ros ion  r a t e  of 309SCb 
s ta in less  s t e e l  i n  mixed a c i d  s o l u t i o n s  con ta in ing  3 . O M  o r  l e s s  HN03. 
I n  t h e  O . O 5 M  HF and 3 . O M  HN03 s o l u t i o n ,  0 . 0 0 8 3 ~  Mo decreased t h e  
co r ros ion  ra te  of 309SCb f r o m  15 t o  12 mpy. Molybdenum probably 
complexed t h e  f l u o r i d e  b e t t e r  than uranium, but  no t  s o  w e l l  a s  
zirconium. 

EFFECT OF ALUMINUM 

A s  p rev ious ly  noted f o r  304L, t h e  a d d i t i o n  of one mole of Al(N03)3 f o r  
every t h r e e  moles of f l u o r i d e  e f f e c t i v e l y  lowered t h e  co r ros ion  r a t e  
of wrought 309SCb, as shown i n  Table V I I .  

- 14 - 



EFFECT OF REDUCIBLE CATIONS 

No s i g n i f i c a n t  r educ t ion  i n  co r ros ion  ra te  of  309SCb w a s  ob ta ined  by 
adding 0.02M &NO3, Fe(N03)3, o r  Cu(N03). t o  b o i l i n g  3 . O M  HN03 and 
0.075M HF s o l u t i o n s .  

CORROSION OF 309SCb WELDS 

Although t h e  co r ros ion  r e s i s t a n c e  of wrought 309SCb w a s  adequate  f o r  
handl ing  b o i l i n g  "Os-HF s o l u t i o n s ,  welds made w i t h  309SCb f i l l e r  rod  
s u f f e r e d  severe p r e f e r e n t i a l  co r ros ion .  Table V I 1 1  summarizes t h e  
co r ros ion  d a t a  f o r  welded 3OgSCb i n  €IN03-HF s o l u t i o n s .  The co r ros ion  
behavior  of bo th  metal a r c  and Hel ia rc  309SCb welds was eva lua ted .  

METAL ARC WELDS 

Metal a r c  welds corroded a t  much h ighe r  co r ros ion  ra tes  i n  b o i l i n g  
"Os-HF s o l u t i o n s  than d i d  wrought 309SCb. 
a f t e r  580 hours  of t e s t  i n  a b o i l i n g  3 . O M  "03 and 0.075M HF s o l u t i o n .  
The weld corroded p r e f e r e n t i a l l y  a t  it r a t e  of 630 mpy, while  t h e  
co r ros ion  r a t e  of t h e  base  metal was only 25 mpy. 

F igure  4 shows a coupon 

Neg. 20020 Mag. 3X 
Weld has been severely preferentially attacked 
whi le wrought metal has not suffered appreciable 
attack. 

Neg.  20043 Mag. 3X 
Edge view of corrosion coupon shows haw the 
weld has been preferentially corroded. 

FIG. 4 CORROSION OF METAL ARC 309SCb WELDS 
(Tested 580 hours in  boiling 3.OM "03 - 0.075M H F )  
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For  wrought 309SCb i t  was shown t h a t  concen t r a t ions  of f r o m  0.05 t o  
1.OM HN03 i n h i b i t e d  co r ros ion  i n  b o i l i n g  0.075M HF s o l u t i o n s .  T h i s  
e f f e c t  of HN03 concen t r a t ion  was a l s o  observed f o r  welded 309SCb, a s  
shown i n  F igure  5. Reducing t h e  "Os concen t r a t ion  t o  l e s s  than  1.OM 
i n  b o i l i n g  0.075M HF s o l u t i o n s  reduced t h e  co r ros ion  r a t e  of the weld 
t o  less than  25 mpy. F igure  6 shows the weld zone a f t e r  480 hours  i n  
t es t .  

1000 I I 1 I I 
I I 

100 

D 

I I I I I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 1 '  

"03 concentration, molar 

FIG. 5 CORROSION OF 309 SCb WELDS IN BOILING 0.075M H F  
WITH VARYING HNO, CONCENTRATION 

Neg. 26672 Mag. 1OX 

After 480 hours in boiling 1 .OM HNO3 and 0.075M H F ,  the 309 SCb weld did not corrode preferentially. 
Figure 4 shows the severe weld corrosion that occurred in 3.OM H N 0 3  and 0.075M HF solutions. 

FIG. 6 E F F E C T  OF LOW "03 CONCENTRATION ON WELD CORROSION 
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Mechanism of Weld Attack i n  HN03-H'F - 

The mechanism of c o r r o s i o n  of 309SCb welds w a s  determined t o  be chemical 
a t t a c k  of the  columbium c a r b i d e  p a r t i c l e s  t ha t  a re  p r e c i p i t a t e d  i n  a 
cont inuous network a t  the g r a i n  boun6aries.  The i n v e s t i g a t i o n  l e a d i n g  
t o  t h i s  conclusion was conducted w i t h  t h e  e l e c t r o n  microscope u s i n g  
X-ray d i f f r a c t i o n .  

E f f e c t  of Aluminum, Zirconium, and Uranium 

Since the c o r r o s i o n  r a t e  of 309SCb welds was much h i g h e r  than tha t  of 
wrought 309SCb under the same tes t  c o n d i t i o n s ,  a g r e a t e r  concen t r a t ion  
of complexing agent  was r e q u i r e d  t o  reduce the weld c o r r o s i o n  r a t e  t o  
a n  a c c e p t a b l e  l e v e l .  I n  b o i l i n g  3.OM HN09 and 0.075M HF s o l u t i o n s ,  a t  
least  one mole of aluminum p e r  mole o f  f l u o r i d e  w a s  r e q u i r e d  t o  reduce 
weld c o r r o s i o n  t o  50 mpy as shown i n  F igu re  7 .  

FIG. 7 CORROSION O F  309SCb WELDS IN BOILING 3.0M "0,- 0.075M HF SOLUTIONS 
WITH ADDITIONS OF AI(NO,), 
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I n c r e a s i n g  the  HF concen t r a t ion  i n  b o i l i n g  3 . O M  HN03 s o l u t i o n s  f u r t h e r  
i nc reased  the aluminum-to-fluoride r a t i o  r e q u i r e d  t o  lower the weld 
co r ros ion  ra te  to 50 mpy. 
i n c r e a s i n g  the  Al(N03)= concen t r a t ion  from 0.13 t o  0.4M reduced t h e  
co r ros ion  rate of 309SCb welds f r o m  1330 t o  99 mpy and t h a t  o f  wrought 
309SCb from 66 t o  0.5 mpy. F igure  8a shows the welded coupons t e s t e d  
a t  t h e s e  cond i t ions .  Probably a r a t i o  o f  a t  l eas t  1.25 moles o f  
aluminum p e r  mole o f  f l u o r i d e  would be r equ i r ed  t o  reduce the weld 
co r ros ion  r a t e  t o  l e s s  than 50 mpy i n  t h i s  s o l u t i o n .  

I n  3.OM HN03 and 0.4M HF s o l u t i o n s ,  

To r e p r e s e n t  a s o l u t i o n  a f t e r  d i s s o l u t i o n  of t h e  Zircaloy c ladding  of 
a 2 w t  $ Z r  - U a l l o y  f u e l  element,  0 . 0 6 ~  Z r  was added t o  a b o i l i n g  
3 . O M  HhTO, and 0.4M HF s o l u t i o n .  Wrought 309SCb corroded a t  a r a t e  of 
53 mpy, while  309SCb welds corroded a t  a r a t e  above 1000 mpy. 
AdditSon of 0.13M A1(N03)3 to t h i s  s o l u t i o n  reduced the  co r ros ion  ra te  
of wrought 309SCb t o  13 mpy and of  309SCb welds to 390 mpy. F igure  8b 
shows t h e  welded coupons a f t e r  t e s t .  

After completion of t h e  d i s s o l v i n g  cyc le ,  t he  3 . O M  HN03 and 0.4M HF 
s o l u t i o n  would con ta in  0.1M Zr and 0.5M U .  The co r ros ion  ra te  o f  bo th  
wrought and welded 309SCb was below 0.2 mpy i n  t h i s  s o l u t i o n .  
Inc reas ing  t h e  f l u o r i d e  t o  0.475M HF i n  t h i s  s o l u t i o n  inc reased  t h e  
weld co r ros ion  r a t e  t o  13 rnpy. 

HF So lu t ions  

Bo i l ing  HF s o l u t i o n s  d i d  no t  a t t a c k  t h e  welds s e l e c t i v e l y .  However, 
a f i n e  p i t t i n g  a t t a c k  o f  wrought and weld meta l  was observed, and dark 
grey  f i l m s  c h a r a c t e r i s t i c  of f l u o r i d e  co r ros ion  formed on t h e  t e s t  
coupons. 

I n  t h e  absence of HNO,, t h e  a d d i t i o n  of 1 mole of aluminum for every 
3 moles of f l u o r i d e  adequate ly  reduced the co r ros ion  of welded 309SCb. 
The a d d i t i o n  of 0.13M A1(N03)3 t o  a b o i l i n g  0.4M HF s o l u t i o n  reduced 
the co r ros ion  r a t e  of welded 309SCb coupons from 225 t o  10 mpy. 
F igure  8c shows t h e  coupons a f te r  t e s t .  



Neg. 19795 Neg. 19796 Neg. 20188 
With 0.13M AI(N03)3, corrosion rate war  1330 nipy. With 0.4M AI(N03)3, corrosion rate 

was lowered t o  99 mpy. 
a. Boi l ing 3.OM HN03, 0.4M HF, and A I  (NO313 

Neg. 20190 Neg. 20192 
Without AI(N03)3, corrosion rate 
wos 1070 mpy. 

With 0.13M AI(N03)3, corrosion rate 
was lowered to 390 mpy. 

b. Boi l ing 3.OM HN03, 0.4M HF, and 0.06M Z r  

Neg. 20331 Neg. 19794 
Without AI(N03)3, corrosion rate 
was 225 mpy. 

With 0.13M AI(N03)3, or one mole of A I  
for every three moles of fluoride, corrosion 
rate was 10 mpy. 

c. Boi l ing 10.4M H F  

FIG. 8 E F F E C T  O F  AI(N03)3 ON CORROSION OF 309SCb WELDS 
(Mag. 1.7X) 
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A b o i l i n g  1 . 6 ~  HF and 0.375M Z r  s o l u t i o n  corroded welded 309SCb a t  a 
ra te  of 36 mpy. No severe p r e f e r e n t i a l  weld co r ros ion  occurred.  How- 
ever ,  b o t h  the wrought metal and the weld were seve re ly  p i t t e d ,  as 
shown i n  F igure  9 .  P i t s  up t o  9 mils deep were developed i n  240 hours .  
Coupons tes ted i n  t h i s  s o l u t i o n  formed heavy grey  f i l m s ,  and t h i s  f i l m  
r e s u l t e d  i n  the i n i t i a t i o n  of  p i t t i n g  cond i t ions  on the s t a i n l e s s  s t ee l  
s u r f a c e .  

Neg. 20194 Mag. 3 X  
After 240 hours in test in boil ing 1 .6M HF and 0.375M Zr ,  pits up to 
9 mils deep were measured. 
not preferential ly attacked in the HF solution without "03.  

A s  noted in previous work, the weld was 

FIG. 9 CORROSION OF 309SCb IN A HF - Z r  SOLUTION 

E f f e c t  of Heat Treatment 

Heat t rea tment  of metal-arc-welded 309SCb coupons reduced the co r ros ion  
r a t e  of t h e  welds. The most important  e f f e c t  o f  anneal ing,  f r o m  a 
co r ros ion  s t andpo in t ,  w a s  coalescence of the columbium ca rb ide  
p a r t i c l e s  s o  t ha t  a cont inuous network no longer  e x i s t e d .  

Annealing metal-arc-welded coupons 30 minutes a t  195OoF and water  
quenching reduced the  weld co r ros ion  r a t e  f r o m  630 mpy t o  50 mpy i n  
b o i l i n g  3.OM HNOs and 0.075M HF. Inc reas ing  the  annea l ing  t i m e  t o  
6, 16, and 50 hours  d i d  no t  f u r t h e r  improve the weld co r ros ion  
r e s i s t a n c e .  F igure  10 shows t h e  mic ros t ruc tu re  o f  the  welds heat 
t reated f o r  vary ing  l eng ths  of time. 
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As-Welded 

Second phase dendrites 
o f  ferr i te and CLC 

Neg. 20045 

Annealed 30 min. a t  195OoF, w.q. 

Fer r i te  and CLC were coalesced. 

Neg. 20046 

Annealed 6 hr. a t  195OoF, w.q. 

Part  of ferr i te was transformed 
to  austenite. 

Neg. 19721 

Annealed 16 hr a t  195OoF, w.q. 

CLC was further coalesced. 

Neg. 19767 

Annealed 50 hr a t  195OoF, w.q. 

CLC was further coalesced. 

Neg. 20382 

FIG. 10 MICROSTRUCTURE OF 309 SCb METAL ARC WELDS 
(Concentrated Murakami’s E t c h  - Mag. 425x1 
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HELIARC WELDS 

Although Hel ia rc  309SCb welds corrode p r e f e r e n t i a l l y  i n  HN03-HF 
s o l u t i o n s ,  the  co r ros ion  r a t e  was lower than  that  observed f o r  metal 
a r c  welds. One reason f o r  the s l i g h t l y  b e t t e r  r e s i s t a n c e  of the 
Hel ia rc  weld might be t h e  s i z e  of the d e n d r i t e s  i n  the weld 
mic ros t ruc tu re .  F igure  11 shows c r o s s  s e c t i o n s  of two corroded welds. 
I n  the  metal  a r c  weld t h e  f i n e  d e n d r i t e s  allowed co r ros ion  t o  proceed 
a t  an i n c r e a s i n g  r a t e .  The Hel ia rc  weld had somewhat c o a r s e r  
d e n d r i t e s  which r e s u l t e d  i n  a l o w e r  co r ros ion  rate.  

Neg.  19036 Mag. 250X Neg. 19037 Mag. 250 X 
Metal Arc Hel iarc 

Oxal ic  Acid Etch 

Intergranular corrosion of the Hel iarc proceeded a t  a slower rate 
than the metal arc weld due to its coarser structure. 

FIG. 11 CROSS SECTIONS OF CORRODED 309SCb WELDS 
(Tested 240 hours in boiling 3.OM "03 - 0.075M HF) 

E f f e c t  of  Heat Treatment 

Annealing Heliarc-welded 309SCb f o r  30 minutes a t  1950'F and water 
quenching reduced thedweld co r ros ion  rate from 151 t o  55 mpy i n  
b o i l i n g  3 . O M  "03 and 0.075M HF s o l u t i o n s .  
and 16 hours  d i d  no t  s i g n i f i c a n t l y  decrease  the weld co r ros ion  r a t e .  
Metal lographic  examination of t he  He l i a rc  309SCb welds showed tha t  
annea l ing  caused t h e  columbium ca rb ides  and the f e r r i t e  t o  coa lesce .  
Longer annea l ing  times up t o  16 hours  t ransformed p a r t  of the f e r r i t e  
t o  a u s t e n i t e .  I n  gene ra l ,  the  s t r u c t u r e  of 309SCb metal a r c  and 
He l i a rc  welds were s imilar .  

Fu r the r  annea l ing  f o r  6 
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CORROSION OF 308L WELDS 

Since 309SCb welds a r e  s u s c e p t i b l e  tcr cracking,  309SCb equipment i s  
f r e q u e n t l y  welded w i t h  3 0 8 ~  f i l l e r  rod  t o  p rov ide  a more d u c t i l e  weld. 
I n  b o i l i n g  "Os-HF s o l u t i o n s ,  t h e  c o r r o s i o n  r a t e  of t h e  3 0 8 ~  weld w a s  
equa l  t o  t h a t  of wrought 3OgSCb. However, " k n i f e l i n e "  a t t a c k  occurred 
i n  the base metal a d j a c e n t  t o  t h e  weld. A s  r e p o r t e d  i n  Reference 2 ,  
t h i s  " k n i f e l i n e "  a t t a c k  was found t o  be due t o  chemical a t t a c k  of t h e  
columbium c a r b i d e s  p r e c i p i t a t e d  a t  t h e  g r a i n  boundaries  i n  t h e  hea t -  
a f f e c t e d  zone of t h e  base me ta l .  The b e t t e r  c o r r o s i o n  r e s i s t a n c e  of 
t h e  3 0 8 ~  weld compared t o  t h e  309SCb w e l d  was due t o  t h e  low carbon 
c o n t e n t  o f  the  weld and t h e  absence of columbium c a r b i d e  networks 
w i t h i n  the  weld. 

The c o r r o s i o n  behavior  of bo th  He l i a rc  and metal a r c  3 0 8 ~  welds w a s  
approximately t h e  same. Corrosion d a t a  a re  p r e s e n t e d  i n  t h e  fo l lowing  
tab le .  

Corrosion o f  309SCb Welded w i t h  3 0 8 ~  
i n  B o i l i n g  HNOs-HF S o l u t i o n s  

Weld 

H e l i a r c  3 0 8 ~  
H e l i a r c  3 0 8 ~  
H e l i a r c  3 0 8 ~  

Metal a r c  3 0 8 ~  
Metal a r c  3 0 8 ~  
Metal a r c  3 0 8 ~  

S o l u t i o n  Composition, M Time 
i n  Tes t  --- HF -- "03 

14.3 - 240 - 0.075 288 
3.0 0.075 480 

i 4 . 3  - 240 
- 0.075 240 
3.0 0.075 288 

C o r r  o s i  on 
Rate,  mpy 

3.6 
46 
37 

3.6 
37 
36 

I n  b o i l i n g  14.3M HN03 (Huey T e s t )  no evidence of " k n i f e l i n e "  a t t a c k  w a s  
observed. However, i n  b o i l i n g  3.OM HN03 and 0.075M HF " k n i f e l i n e "  
a t t a c k  w a s  observed a t  t h e  i n t e r f a c e  between the weld and base metal. 
F igu re  12  shows t h e  metal a r c  3 0 8 ~  welded coupon a f t e r  480 hours  i n  
t e s t .  The weld w a s  n o t  p r e f e r e n t i a l l y  corroded. However, t h e  base 
metal  a d j a c e n t  t o  t h e  weld corroded 18 m i l s  i n  480 hours .  Metallo- 
g raph ic  examination of t h e  " k n i f e l i n e "  c r e v i c e  showed tha t  
i n t e r g r a n u l a r  c o r r o s i o n  had occurred.  
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",Knife I i ne" at tack 
of  309SCb welded 
w i t h  308L af ter  
480 hours in 
bo i l ing  3.OM HN03 
and 0.075M HF 

Neg. 21 166 

Mag. 1OX 

",Knifel ine" a t tack occurred in 
the base meta l  ad jacent  t o  the 
weld. In 480 hours the at tack 
had penetrated 18 mi ls .  

Chromic a c i d  e tch  

Neg. 26778 

Mag. lOOX 

'' ,Kni fe l ine"  a t tack was due t o  
intergranular corrosion caused 
by  chemical  a t tack of the 
columbium carbides prec ip i ta ted 
in the base meta l  ad iacent  t o  
the  weld. 

Oxa l ic  ac id  e tch  

Neg. 21 169 

Mag. 500X 

FIG . 1 2 ",K N IF E L IN E ' I  ATT AC K 
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The " k n i f e l i n e "  c o r r o s i o n  of  wrought 309SCb base metal undoubtedly 
a l s o  occurs  when the weld i s  made w i t h  309SCb f i l l e r  m e t a l .  But, i n  
t h i s  ca se ,  t h e  c o r r o s i o n  r e s i s t a n c e  0.f t h e  309SCb f i l l e r  metal i s  s o  
p o o r  t h a t  t h e  " k n i f e l i n e "  e f f e c t  i s  o'bscured. 

P .  M .  Kranzlein 
P i l e  M a t e r i a l s  D iv i s ion  
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TABLE I 

SUMMARY OF HNO3-m CORROSION DATA 

(304L Stainless Steel) 

S o l u t i o n  Composition, M Temp, 
IMO, HF - 
0.05 

0.1 

1.0 

2 .o 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 

2.5 

3-0 
3.0 
3-0 
3.0 

3.0 
3.2 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

0.05 

2.7 

0.05 

0.1 
0.5 
1.0 
1.5 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.01 
0.025 
0.05 
0-075 
0.1 
0.5 
1.0 
1.5 

0.05 
0.1 
0.5 
1.0 

1.5 

0.03 
0.05 
0.075 
0.075 

0.075 
0.02 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

O C  

60 

24 

60 

24 
24 
24 
24 

40 
40 
40 
40 
40 
40 
40 
40 

60 

60 
60 

60 

60 

60 

60 
60 

B o i l i n g  
B o i l i n g  
B o i l i n g  
B o i l i n g  

60 

60 

60 

60 

60 

B o i l i n g  
B o i l i n g  

24 
24 
24 
24 
24 
24 
24 
24 

40 
40 
40 
40 
40 
40 
40 
40 

Cor ros ion  
Rate ,  mpy 

32 

701 

17 

7.7 
93 
160 
211 

1.4 
6.3 
15 
22 
34 
187 
386 
506 

3.4 
18 
28 
47 
71 
364 
7 48 
1100 

92 
187 
1093 
1214 

710 

8.9 
19 
35 
26(a) 

177 (a) 
19 

0.28 
0.65 
1.7 
3.8 
5.4 
59 
12 0 
193 

0.52 

3.4 
8.2 

1.1 

19 

29 6 
397 

134 

S o l u t i o n  Composition, M 
"Os HF - 

(a) Samples welded w i t h  j08L f i l l e r  r o d .  
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4.0 
4.0 
4.0 
4.0 

5.0 

5.0 

6.0 

6.0 
6.0 

6.0 
6.0 
6.0 

6.0 

6.0 

6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 

6.0 

6.0 

6.0 
6.0 
6.0 

6.0 
6.0 

6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.8 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 

12 .o 

0.05 
0.1 
0.5 
1.0 

0.04 

2.0 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.01 
0.025 
0.05 
0-075 
0.1 
0-5 
1.0 
1.5 

0.01 

0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.025 

0.05 
0.1 
0-5 
1.0 
0.06 

0.01 
0.025 

0.075 
0.1 
0.5 
1.0 
1.5 

0.1 

0.05 

Temp, 
O C  

B o i l i n g  
B o i l i n g  
B o i l i n g  
B o i l i n g  

B o i l i n g  

60 

24 
24 
24 
24 
24 
24 
24 
24 

40 
40 
40 
40 
40 
40 
40 
40 

60 
60 
60 
60 

60 
60 
60 

60 

B o i l i n g  
Bo€ l i n g  
B o i l i n g  
B o i l i n g  
B o i l i n g  

60 
60 
60 
60 
60 
60 
60 
60 

60 

Cor ros ion  
Rate, mpy 

134 
301 
987 
1545 

78 

87 5 

0.22 
0.64 
1.2 
1.9 
3.5 
36 
83 

130 

0.70 
2.3 
5.5 
8.5 
14 
113 
265 
37 2 

2.6 
6.9 
18 
33 
44 

300 
705 
850 

180 
434 
1555 
2497 
112 

3.8 
12 
27 
37 
52 
197 
458 
563 

73 

. ~ .... 



TABLE I1 

CORROSION OF 304L I N  "03-HF SOLUTIONS 
C O N T A I N I N G  Z r  AND U AT 6ooc 

S o l u t i o n  Composition, M Corrosion Rate,  mpy 
9- HNO HF ZrF, U O p  (N03) p Mo Vapor I n t e r f a c e  Liquid -- 

0.05 0.05 
1.0 0.05 
3.0 0.05 
10.0 c.05 

0.2 11 32 
0.1 6.5 17 
0.4 5.2 19 
8.0 25 28 

0.05 0.05 0.01 
1.0 0.05 0.01 
3.0 0.05 0.01 
10.0 0.05 0.01 

0.1 
0.1 
0.1 
0.1 

0.2 
0.1 
0.2 
6.1 

0.1 0.2 
0.6 1.9 
3.0 6.9 
20 25 

3.0 0.03 0.005 3.2 16 

3.0 0.03 - 0.3 3 . 3  8.9 

3.0 0.04 0.0025 0.3 4 -7 14 

0.05 0.05 0.05 
1.0 0.05 0.05 
3.0 0.05 0.05 
10.0 0.05 0.05 

0.15 
0.15 
0.15 
0.15 

0.1 
0.5 
0.5 
9.4 

0.2 0.1 
2.5 2 -7 
6.1 6.8 
25 25 

0.05 0.05 0.5 
1.0 0.05 0.5 
3.0 0.05  0 .5  
10.0 0.05 0.5 

1.5 
1.5 
1.5 
1-5 

0.0 
0.1 
0.5 
6.9 

0.4 0.5 
1.6 2.1 
6.1 6.6 
18 22 

3.0 0.02 0.00855 0.0001 0.0175 0.5 2.4 3.8 
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TABLE I11 

SUMMARY OF HNOS-HF-AI CORROSION DATA 

(304L S t a i n l e s s  S t e e l )  

So lu t ion  Composition, M 
s-  HNO m A ~ ( N o ~ ) ~  

0.1 2.7 
0.1 2.7 
0.1 2.7 
0.1 2.7 

1.65 1.25 

2.0 0.5 
2.0 0.5 
2.0 0.5 

2.0 0.5 
2.0 0.5 

2.0 1.0 
2.0 1.0 
2.0 1.0 

2.0 1.0 
2.0 1.0 

2.0 1.5 
2.0 1.5 
2.0 1.5 
2.0 1.5 
2.0 1.5 

2.0 1.5 
2.0 1.5 

4.0 0.5 

4.0 0.5 
4.0 0.5 

4.0 0.5 

0.1 
0.5 
0.75 
1.0 

2.5 

0.1 
0.25 
0-5 

0.25 
0.5 

0.1 
0.25 
0.5 

0.1 

0-5 
0.75 
1.5 

0.25 

0.25 
0-5 

0.1 

0.25 
0-5 

0.125 

Temp, 
OC 

24 
24 
24 
24 

24 

24 
24 
24 

40 
40 

24 
24 
24 

24 
24 
24 
24 
24 

40 
40 

24 
24 
24 
24 

Corrosion 
Rate, rnpy 

252 
93 
28 
3 -7 

0.2 

36 
4.9 
0.12 

15 
0.5 

134 
44 
2.6 

17 0 

17 
81 

0.8 
0.2 

285 
52 

15 
11 
1.9 
0.2 

Solu t ion  Composition, M 
mo, HF A~(NO~), 

4.0 1.0 0.1 
4.0 1.0 0.25 
4.0 1.0 0.5 
4.0 1.0 0.75 
4.0 1.0 1.0 

4.0 1.5 0.1 
4.0 1.5 0.25 
4.0 1.5 0.5 
4.0 1.5 0.75 
4.0 1.5 1.5 

6.0 0.5 0.1 
6.0 0.5 0.25 

6.0 0.5 0.125 
6.0 0.5 0.25 
6.0 0.5 0.5 

6.0 1.0 0.1 
6.0 1.0 0.25 
6.0 1.0 0.5 

6.0 1.0 0.5 
6.0 1.0 1.0 

6.0 1.5 0.1 

6.0 1.5 0.5 
6.0 1.5 0.25 

6.0 1.5 0.5 
6.0 1.5 0.75 
6.0 1.5 1.5 
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Temp, 
O C  

24 
24 
24 
24 
24 

24 
24 
24 
24 
24 

24 
24 

40 
40 
40 

24 
24 
24 

40 
40 

24 
24 
24 

40 
40 
40 

Corr o SI on 
Rate,  mpy 

51 
38 
1 *7 
0-5 
0.4 

95 
95 
9.0 
1 - 3  
0.4 

17 
2.2 

42 
7 -0 
1.2 

39 
31 
2.5 

9.0 
3.9 

88 
71 

3 - 6  

12 
11 
4.9 



TABLE I:V - 
SUMMARY OF "03-HF CORROSION DATA 

(309SCb Sta in less  Steel) 

Solu t ion  Composition, M Temp, 
rn O r  "0, I- - 

0 
0 
0 

0.05 
0.05 
0.05 

0.1 

1.0 
1.0 
1.0 

2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 

2.5 

3.0 
3.0 
3.0 

4.0 
4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

0.075 
0.2 
0.4 

0.05 

1.0 

2 e 7  

0.25 

0.05 
0.25 
1.00 

0.1 
0.5 
1.0 
1.5 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.05 
0.1 
0-5 
1.0 

1.5 

0.05 
0.25 
1.0 

0.1 
0.025 
0.05 
0.075 
0.1 

0.5 
1.0 
1-5 

0.01 
0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

Boi l ing  
Boi l ing  
Boi l ing  

Bo€ l i n g  
Boi l ing  
Boi l ing  

24 

Boi l ing  
Boi l ing  
Boi l ing  

24 
24 
24 
24 

40 
40 
40 
40 
40 
40 
40 
40 

60 

60 
60 
60 
60 
60 
60 

60 

Boi l ing  
Boi l ing  
Boi l ing  
Boi l ing  

60 

Boi l ing  
Boi l ing  
Boi l ing  

24 
24 
24 
24 
24 

24 
24 
24 

40 
40 
40 
40 
40 
40 
40 
40 

Corrosion 
Rate, mpy 

33 
85 
215 

3.1 
81 
259 

318 

38 
5.1 

92 

0.13 
1.1 
2 *7 
4.9 

0.02 
0.18 
0.76 
0.70 
0.95 
3.4 
7 -6  
12 

0.35 
0.66 
0.9 
1.9 
2.2 
12 
32 
53 

10 
26 
125 
253 

44 

15 
63 
339 

0.03 
0.09 
0.13 
0.20 
0.28 

1.7 
3.5 
5.0 

0.18 
0.30 
0.57 
0.90 
1-3 
6.4 
12 
18 

Solu t ion  Composition, M Temp, 
IINO, m .  

4 . 0 
11.0 
1k . 0 
4.0 

5.0 

6 .0  
6 .0  
6 . 0 
6 .0  
6.0 
6 . 0 
6 . 0 
6.0 

ti . 0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6 .0  
6 .0  
6 .0  
6 .0  
6 . 0 
6 .0  
6.0 

6 .0  

ti . 0 
6.0 
6.0 
6.0 

8.0 

10 
10 
10 
10 
10 
10 
10 
10 

10 

10 
10 
10 
10 

12 

.- - 
0.05 
0.1 
0.5 
1.0 

2.0 

0.01 
0.025 

0.075 
0.1 
0.5 
1.0 
1-5 

0.01 

0.05 

0.025 
0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.01 
0.025 

0.075 
0.1 
0.5 
1.0 
1.5 

0.05 

4.0 

0.05 
0.1 
0.5 
1.0 

0.01 

0.01 

0.05 
0.075 
0.1 
0.5 
1.0 
1.5 

0.025 

0.025 

0.05 
0.075 
0.25 
1.0 

0.01 

O C  

Boi l ing  
Boi l ing  
Boi l ing  
Boi l ing  

60 

24 
24 
24 
24 
24 
24 
24 
24 

40 
40 
40 
40 
40 
40 
40 
40 

60 
60 
60 
60 
60 
60 
60 
60 

70 

Boi l ing  
Boi l ing  
Boi l ing  
Boi l ing  

Bo€ l i n g  

60 

60 
60 

60 
60 

60 
60 

60 

B o i l i n g  

Boi l ing  
Boi l ing  
Boi l ing  
Boi l ing  

62 

C x r o s i  on 
Rate, mpy 

25 
52 
rT4 
510 

164 

0.07 
0.24 
0.39 
0.49 
0.77 
3.0 
5.6 
9.0 

0.42 
0.78 

1.8 
1-3 

2.3 
10 
18 
26 

1.1 
3.4 
5.3 
6-7 
10 
52 
145 
195 

665 

62 
118 
4 17 
686 

20 

2 
10 
26 
39 
48 
145 
293 
355 

96 

204 
367 
506 
1115 

99 
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TABLE V 

CORROSION OF 309SCb I N  BOILING H N 0 3 - W  S O L U T I O N S  
W I T H  A D D I T I O N S  OF ZrF, AND UO,(NOS), 

S o l u t i o n  Composition, M 
HNOj HF ZrF, UOp(N03)z 

3.0 0.03 0.005 
3.0 0 .03  - 

3.0 0.04 0.0025 

0.05 0.05 0.01 
1.0 0.05 0.01 
3.0 0.05 0.01 

10.0 0.05 0.01 

0.05 0.05 0.05 

3.0 0.05 0.05 
10.0 0.05 0.05 

0.05 0.05 0.5 

3.0 0.05 0.5 
10.0 0.05 0.5 

1.0 0.05 0.05 

1.0 0.05 0.5 

0.05 0.05 0.05 
1.0 0.05 0.05 

10.0 0.05 0.05 
3.0 0.05 0.05 

0.05 0.05 - 
1.0 0.05 - 
3.0 0.05 - 

10.0 0.05 - 

0.05 0.05 - 
1.0 0.05 - 
3.0 0.05 - 

10.0 0.05 - 
3.0 0.05 0.01 
3.0 0.05 0.01 
3.0 0.05 0.01 
3.0 0.05 0.01 

3.0 0.05 0.5 
3.0 0.05 0.5 

3.0 0.05 0.5 
3.0 0.05 0.5 

3.0 0.05 - 

3.0 0.05 0.05 
3.0 0.05 0.5 

3.0 0.05 0.01 

3.0 0.05 - 
3.0 0.05 0.01 
3.0 0.05 0.05 
3.0 0.05 0.5 

- 
- 

- 

0.1 
0.1 
0.1 
0.1 

0.15 
0.15 
0.15 
0.15 

1.5 
1.5 
1.5 
1.5 

0.1 
0.1 
0.1 
0.1 

0-5 
0.5 
0.5 
0.5 

- 
0.1 

1.5 
0.15 

- 
0.1 

1-5 

0.1 
0.1 
0.1 
0.1' 

1.5 
1.5 
1.5 
1.5 

0.15 

- 30 - 

Corros ion  Rate, mpy 
Vapor I n t e r f a c e  Liquid 

7.3 9.9 
2.8 2.7 

9.6 11 

1.3 0.8 
1.9 3 - 0  
6.4 8.4 

159 197 ' 

0.3 0.4 
3.1 3.8 
11 18 

133 241 

1.5 4.1 
3.7 14 
14 45 
175 185 

10 
2.9 

11 

0.6 
2 -9 
7 -9  

203 

0.5 
3.6 

17 
289 

3-7 
11 
55 
165 

3.0 
10 
35 
267 

0.4 
2.7 

17 
165 

0.2 
3-0  
12 
182 

16 
13 
13 
7 -6 

45 
49 
50 
58 

14 
13 
18 
49 

5.4 
7 -6 

15 
58 



TABLE V I  

CORROSION O F  3 0 9 S C b  I N  B O I L I N G  HNO,-HF 
W I T H  A D D I T I O N S  OF Z r ,  Ut AND Mo 

Solution Composition, M Corrosion Rate, 

"OS HF Zr U Mo mPY - - -  
0.05 0.05 0.0125 - - 

10.0 0.05 0.0125 - - 

1.0 0.05 0.0125 - - 
3-0  0.05 0.0125 - - 

0.05 0.05 
1.0 0.05 
3-0 0.05 
10.0 0.05 

0.0083 - 
0.0083 - 
0.0083 - 
0.0083 - 

0.216 0.05 - 0.1 - 
1.0 0.05 - 0.1 - 
3.0 0.05 - 0 .1  - 
10.0 0.05 - 0.1 - 
0.05 0.05 - - 0.0083 
1 .o 0.05 - - 0.0083 
3-0 0.05 - - 0.0083 
10.0 0.05 - - 0.0083 

0.6 
1 . 3  
7 -7 
65 

5-1 
7.8 

19 
17 9 

0.1 
0.6 
9.0 

135 

0.9 
3.5 
12 
156 

TABLE - V I 1  

SUMMARY O F  H N O a - H F - P J  CORROSION DATA 

( 3 0 9 S C b  Stainless Steel) 

Solution Composition, M 
Temp , Corrosion 

HF AI (NO,) , OC Rate, mpy "09 _. 

0.1 2 -7 0.1 24 
0.1 2 -7 0.5 24 
0.1 2 -7 0.75 24 
0.1 2 -7 1.0 24 

60 
1 e7 
1.0 
0.2 

1.65 1.25 2-5 24 0.05 

2.0 1-5 0-75 24 
2.0 1.5 1-5 24 

4.0 0.5 0.125 24 
4.0 1.0 0.5 24 
4.0 1.5  0.5 24 
4.0 1.5 0.75 24 

0.3 
0.06 

0.8 
0 - 3  
1.3 
0.4 

6.0 0-5 0.125 40 4.8 

6.0 1.0 0.5 40 
6.0 1.0 0 -75 40 

6.0 1.5 0.5 40 
6.0 1.5 0 -75 40 

4.1 
5.0 

6.0 
5.0 

- 31 -. 



Weld 
Des c r l p -  

t i o n  

- 
Metal a r c  

Metal a r c  
- 
- 
- 

Metal a r c  

Metal a r c  

Metal a r c  
Metal a r c  
Metal a r c  
Metal a r c  

Metal a r c  
Metal a r c  

He l l a rc  
Ye l l a rc  
He l l a rc  
He l l a rc  

Metal a r c  
Metal a r c  
Metal a r c  

- 

- 
- 

Metal a r c  

Metal a r c  
- 

- 
Metal a r c  
Metal a r c  
Metal a r c  

- 
Metal a r c  

Metal a r c  
- 

- 
Metal a r c  

Metal a r c  
- 

- 
Metal a r c  

Metal a r c  
- 

- 
Metal a r c  

- 
Metal a r c  

TABLE VI11 

CORROSION OF 309SCb WELDED WITH 3OgSCb 
IN BOILING H"03-HF SOLUTIONS 

Solu t lon  Composition, M 

"os Heat Treatment 

Wrought 
As; welded 
Wrought 
A s -  welded 
Wrought 
Wrought 
A s  - welded 
Wrought 
A s -  welded 

- 
- 

0.05 
0.05 
0.5 
1.0 
1.0 
3.0 
3.0 

1950°F, 30 min w. . ( a )  3.0 
1950°F, 6 hr w.q.qa) 3.0 
1950°F, 16 h r  w.q.(a) 3.0 
1950°F, 50 h r  w.q.(a) 3.0 

165OoF, 2 h r  ~ . q . ( ~ )  3.0 
1650°F, 20 h r  ~ . q . ( ~ )  3.0 

As-welded 3.0 
1950°F, 30 min w.q . (a )  3.0 
1950°F, 6 h r  ~ . q . ( ~ )  3.0 
1950°F, 16 hr w.q.(a) 3.0 

As- welded 
A s  - we lded  
A s -  welded 

3.0 
3.0 
3.0 

Wrought 
Wrought 
As-welded 
Wrought 
As-welded 

Wrought 
As-welded 
Wrought 
A s -  welded 

Wrought 
A s  -welded 
Wrought 
As-welded 

Wrought 
As-welded 
Wrought 
A s -  welded 

Wrought 
A s -  welded 
Wrought 
A s -  welded 

Wrought 
A s  - welded 

3.0 
3.0 

Wrought - 

€E 

0.075 
0.075 
0.075 
0.075 
0.075 
0.075 
0.075 
0.075 
0.075 

__. 

0.075 
0.075 
0-075 
0.075 

0.075 
0.075 

0.075 
0.075 
0.075 
0.075 

0.075 
0.075 
0.075 

0.2 
0.2 
0.2 
0.2 
0.2 

0.4 
0.4 
0.4 
0.4 

0.4 
0.4 
0.4 
0.4 

0.4 
0.4 
0.4 
0.4 

0.4 
0.4 
0.4 
0.4 

0.475 
0.475 

1.6 
As-welded - 1.6 0.375 - 

A 1  (NO,) 9 

- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

0.02 
0.04 
0.1 

- 
- 

0.066 
0.066 

- 
- 

0.13 
0.13 

- 
- 

0.13 
0.13 

0.13 
0.13 
0.4 
0.4 

- 
- 

0.13 
0.13 

- 
- 

- 
- 

(a )  Water quench 

- 32 - 

Corrosion 
Rate, mpy 

Coupon Weld -- 
33 
43 63 
9.1 - 
10 12 
9.9 - 
11.0 - 
14 21 
25 

- 

226 628 

33 49 
28 34 
33 49 
50 100 

i g o  613 
135 354 

67 151 
35 55 
32 46 
51 103 

133 370 
75 215 
6.8 18 

85 - 
3.8 - 
4.3 - 
0.5 - 
0.3 - 

215 - 
225 - 
8.1 - 
10 - 
53 

13 

- 
392 1070 

139 390 
- 

66 
487 1330 
0.5 - 
33 99 

0.2 - 
0.2 - 
0.1 - 
0.1 - 
0.7 - 
4.7 13 

36 
34 - 

- 
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