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INTRODUCTION 

This paper describes the results of the examination of candi- 
date canister alloy specimens heated with Carlsbad salt in sealed 
capsules for up to 5000 hours and in unsealed capsules for up to 
10,000 hours. The compatibility of candidate alloys, for use in 
fabricating canisters for solidified radioactive waste, with salt 
from a potential final storage location for waste forms is being 
evaluated by long-term heating tests. l In these tests, canister 
alloys are being exposecl to salt in a manner similar to that 
expected during final storage of canisters of solidified waste 
forms in a salt deposit. Test specimens are being heated at the 
temperature expected during waste form storage and at higher tem- 
peratures to accelerate any reactions that may occur. Reaction 
rates are determined by examining replicate specimens periodically 
removed from the test. 

SUMMARY 

No significant reaction was found when candidate canister 
alloys were heated with salt from Carlsbad, New Mexico, for up to 
5000 hours in sealed capsules and for up to 10,000 hours in un- 
sealed capsules at temperatures (80 to 225OC) that bracket the 
maximum temperature calculated for reference Savannah River Plant 
(SRP) waste containers at 20-foot spacings in salt.2 Additional 
tests were madc ot 600°C in sealed capsules to characterize re- 
actions that may occur between candidate canister alloys and any 
component of the salt that is released when decrepitation occurs. 
Under these extreme conditions there was no significant attack of 
Type 304L stainless steel. But, there was up to 20-mils attack of 
the low-carbon steel. 



DISCUSSION 

Mater ia l s  Used i n  Tes t s  

Candidate Canis te r  Alloys. Can i s t e r  a l l o y s  f o r  t he se  t e s t s  
were chosen f o r  t e s t i n g  because of t h e i r  ox ida t ion  r e s i s t a n c e ,  low 
temperature  d u c t i l i t y ,  and cos t .  Cor-Ten A (Cor-Ten is  a t rade-  
mark of U.S. S t e e l  Company) i s  a low-alloy s t e e l  con ta in ing  1% 
chromium, 0.5% n icke l ,  and 0.35% copper. This  a l l o y  c o s t s  only a 
l i t t l e  more than  low-carbon s t e e l ,  but  it has  b e t t e r  r e s i s t a n c e  t o  
a i r  oxidat ion.  

ASTM-A-516 (Grade 70) covers  a low-carbon s t e e l  p l a t e  t h a t  is 
s u i t a b l e  f o r  use a t  low temperatures  because of i t s  low n i l -  
d u c t i l i t y  t r a n s i t i o n  temperature (NDTT). This s p e c i f i c a t i o n  could 
be important i f  low-carbon s t e e l  i s  considered f o r  use a s  t h e  
o u t e r  c a n i s t e r 3  and low-temperature impact r e s i s t a n c e  is  requi red  
as i t  i s  i n  t h e  ca se  of shipping casks f o r  r a d i o a c t i v e  mater ia l .  

Pas t  experience i n d i c a t e s  t h a t  low-carbon and low-alloy 
s t e e l s  have s i m i l a r  compa t ib i l i t y  wi th  v i t r i f i e d  waste. There- 
f o r e ,  t h e  behavior of t he se  two a l l o y s  should be r e p r e s e n t a t i v e  of 
any o t h e r  s i m i l a r  s t e e l s  t h a t  might be s l ec t ed .  l 

Type 304L s t a i n l e s s  s t e e l  has b e t t e r  r e s i s t a n c e  t o  a i r  oxida- 
t i o n  than e i t h e r  Cor-Ten A o r  low-carbon s t e e l  [ASTM-A-516 (Grade 
70)].  It i s  more r e s i s t a n t  than e i t h e r  of t he se  a l l o y s  t o  acce l -  
e r a t e d  co r ros ion  i n  a r a d i a t i o n  f i e l d .  In  a r a d i a t i o n  f i e l d  
n i t rogen  combines with t he  oxygen and water vapor i n  t h e  a i r  t o  
form n i t r i c  acid.  But, s t a i n l e s s  s t e e l  c o s t s  about t h r e e  t i m e s  
more than t h e  o the r  a l l oys .  It might not  be s u i t a b l e  f o r  f i n a l  
s t o r a g e  i n  s a l t  because'of i t s  s u s c e p t i b i l i t y  t o  c h l o r i d e  p i t t i n g  
and/or  s t r e s s  co r ros ion  cracking. 

Carlsbad Sa l t .  The s a l t  used i n  t he se  t e s t s  was from a sec- 
t i o n  of  c o r e  from D r i l l  Hole AEC-8 i n  Carlsbad, New Mexico. The 
co re ,  f ou r  inches  i n  diameter and t h r e e  f e e t  long,  was taken from 
t h e  depth  of  2142.7 t o  2145.3 f e e t .  Carlsbad i s  a p o t e n t i a l  f i n a l  
s t o r a g e  s i t e  f o r  c a n i s t e r s  of s o l i d i f i e d  r a d i o a c t i v e  waste and i s  
Being s tud i ed  i n  t h e  Waste I s o l a t i o n  P i l o t  P l an t  P r ~ g r a m . ~ , ~  

The s a l t  i s  pr imar i ly  h a l i t e  ( ~ a ~ l ) . ~  When' t h i s  s a l t  was 
crushed,  i t  gave of f  a f a i n t  odor sugges t ive  of hydrogen s u l f i d e .  
But, hydrogen s u l f i d e  was no t  confirmed by ana lyses  of t he  s a l t .  

A s  i n  most bedded ( s t r a t i f i e d )  s a l t , 8  moisture  is trapped 
i n  small  pockets on the  g r a i n  boundaries and wi th in  t h e  g ra in s .  
When t h e  s a l t  i s  heated t o  around 250°C, t h e  steam pressure  i n  
t h e s e  pockets becomes g r e a t e r  than t h e  bonding forces .  This 
r e s u l t s  i n  t h e  s a l t  f r a c t u r i n g  wi th  cons iderab le  violence.  This  



phenomenon, known as d e c r e p i t a t i o n ,  r e s u l t s  i n  r e l e a s e  o f  water  
vapor  and hydrogen s u l f i d e .  

Exper imental  Procedure  

Two t y p e s  of specimens a r e  being used i n  t h e s e  t e s t s  ( 1 )  un- 
s e a l e d  c a p s u l e s  and (2 )  s e a l e d  capsu les .  

Unsealed Capsules.  The f i r s t  g e n e r a t i o n  c o m p a t i b i l i t y  t e s t s  
were s t a r t e d  i n  unsea led  c a p s u l e s  ( F i g u r e  1). Smal l  c a p s u l e s  o f  
Cor-Ten A and Type 304L s t a i n l e s s  s t e e l  were t e s t e d .  Low-carbon 
s t e e l  meet ing s p e c i f i c a t i o n  ASTM-A-516 (Grade 70) was n o t  used i n  
t h e s e  tests. These t e s t s  were s t a r t e d  b e f o r e  t h e  d e c i s i o n  was 
made t o  t e s t  a material w i t h  p r o p e r t i e s  meet ing t h e  low MDTT 
s p e c i f i c a t i o n  r e q u i r e d  f o r  m a t e r i a l s  used i n  t h e  c o n s t r u c t i o n  of 
q u a l i f i e d  s h i p p i n g  c o n t a i n e r s  f o r  r a d i o a c t i v e  m a t e r i a l .  I n  t h e s e  
tests t h e  c a p s u l e s  were f i l l e d  w i t h  crushed s a l t .  The c a p s u l e s  
were t h e n  covered,  but  no t  s e a l e d ,  and placed i n  h o l e s  d r i l l e d  i n  
a s o l i d  p i e c e  o f  t h i s  sal t .  The e n t i r e  assembly ( s a l t  b lock and 
c a p s u l e )  w a s  wrapped i n  aluminum f o i l  i n  an a t t e m p t  t o  c o n f i n e  any 
g a s e s ,  such  a s  hydrogen s u l f i d e ,  o r  water  vapor t h a t  might be 
p r e s e n t  i n  t h e  s a l t  and t h a t  could  i n f l u e n c e  t h e  a t t a c k  o f  t h e  
metal. 

Unsealed c a p s u l e s  are being hea ted  f o r  up t o  50,000 h o u r s  a t  
80°C, a reasonab le  t empera tu re  expected d u r i n g  waste  form s t o r a g e ,  
and a l s o  a t  225OC t o  a c c e l e r a t e  any r e a c t i o n s  t h a t  might occur.  
The maximum tempera tu re  of t e s t s  i.n unsea led  c a p s u l e s  i s  l i m i t e d  
t o  225OC because  t h e  s a l t  d e c r e p i t a t e s  a t  about  250°C. Decrep i ta -  
t i o n  d e s t r o y s  t h i s  type  of t e s t  assembly. 

Sealed Capsules.  The second s e r i e s  o f  c o m p a t i b i l i t y  t e s t s  
were s t a r t e d  i n  s e a l e d  c a p s u l e s  ( F i g u r e  2). Small r i g h t  c i r c u l a r  

. c y l i n d e r s  o f  low-carbon s t e e l  ASTM-A-516 (Grade 7 0 ) ,  o r  Type 304L 
s t a i n l e s s  s t e e l  were p a r t i a l l y  embedded i n  a small block of s a l t .  
Th i s  assembly was t h e n  put i n s i d e  a c a p s u l e  made o f  Type 304L 
s t a i n l e s s  s t e e l  h igh-pressure  p ipe  f i t t i n g s .  The c a p s u l e s  were 
s e a l e d  by tungs ten- ine r t -gas  (TIS)  welding. These t e s t s  are de- 
sigued t o  c h a r a c r e r l z e  r e a c t i o n s  t h a t  occur  between t h e  c a n i s t e r  
a l l o y s  and any v o l a t i l e  components o f  t h e  s a l t .  Reac t ion  of t h e  
p o r t i o n  o f  t h e  specimen embedded i n  t h e  s a l t  w i l l  be i n d i c a t i v e  o f  
t h e  c o m p a t i b i l i t y  between t h e  c a n i s t e r  a l l o y  and s o l i d  s a l t  and 
vapor  from t h e  sal t .  React ion of t h e  p o r t i o n  of t h e  specimen ex- 
posed on ly  t o  t h e  vapors  from t h e  s a l t  w i l l  i s o l a t e  t h e  e f f e c t  o f  
t h e  s a l t  vapor  above. 

Specimens i n  s e a l e d  c a p s u l e s  a r e  being h e a t e d  f o r  up t o  
50,000 hours  a t  80, 225, and 600°C. The amount of a t t a c k  of t h e  
specimens hea ted  i n  s e a l e d  c a p s u l e s  a t  80  and 225OC w i l l  be com- 
pared w i t h  t h e  amount o f  a t t a c k  of specimens h e a t e d  i n  unsea led  
c a p s u l e s  a t  t h e s e  temperatures .  
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Fig. 2. Sealed Capsule Assembly 

Tes t s  a t  600°C i n  sea led  capsu les  were included i n  t he  test 
ma t r ix  t o  c h a r a c t e r i z e  any r e a c t i o n s  t h a t  may occur between candi- 
d a t e  c a n i s t e r  a l l o y s  and any component of t h e  s a l t  t h a t  i s  r e l ea sed  
when d e c r e p i t a t i o n  of t h e  s a l t  occurs.  Decrep i ta t ion  of t he  s a l t  
a t  about 250°C w i l l  occur ,  but  t h i s  w i l l  no t  de s t roy  t h e  test 
assembly, a s  i n  t h e  case  of t he  unsealed capsules .  The s a l t ,  t h e  

. meta l  specimen, and any ma te r i a l  t h a t  i s  r e l ea sed  from. the  s a l t  by 
d e c r e p i t a t i o n  w i l l  remain i n  con tac t  wi th  t h e  specimen i n s i d e  t h e  
capsule.  

Unsealed Capsules. Af te r  t h e  unsealed capsu les  had been 
heated f o r  10,000 hours ,  they were removed from t h e  block of s a l t ,  
t h e  powdered s a l t  was poured out  of t he  capsu l e s ,  and the  su r f aces  
of t h e  capsu les  were examined v i s u a l l y  and a t  low magnif icat ions.  
There was no s i g n i f i c a n t  change i n  t h e  appearance of t he  capsu les  
heated a t  80°C f o r  10,000 hours and the  appearance n f  r e p l i c a t e  
specimens heated 1000 hours  examined p r e v i o ~ s l y . ~ .  Corrosion 
products  and some p ieces  of s a l t  adhered t o  t h e  OD and I D  s u r f a c e s  
of t h e  Type 304L s t a i n l e s s  s t e e l  capsu le  heated a t  225OC f o r  
10,000 hours. There was more co r ros ion  products  on t h e  OD s u r f a c e  
of t h e  capsu le  than on the  I D  sur face .  



The dimensions  of t h e  unsea led  c a p s u l e s  b e f o r e  and a f t e r  
h e a t i n g  were <5 m i l s  which i s  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r  of t h e  
t e c h n i q u e  used. 

A c r o s s  s e c t i o n  through c a p s u l e s  h e a t e d  a t  225OC was examined 
on t h e  o p t i c a l  microscope and t h e  scann ing  e l e c t r o n  microscope 
(SEM). Very l i t t l e  a t t a c k  was found of t h e  Type 304L s t a i n l e s s  
s t e e l  c a p s u l e  h e a t e d  10,000 hours  a t  225OC. No ox ide  f i l m  w a s  
found on t h e  OD s u r f a c e .  Pa tches  of ox ide  o n l y  0.1 m i l  t h i c k  were 
found on t h e  I D  s u r f a c e .  

The I D  s u r f a c e  of t h e  low-carbon s t e e l  c a p s u l e  h e a t e d  10,000 
hours  a t  225OC w a s  a t t a c k e d  l e s s  t h a n  t h e  OD s u r f a c e .  An o x i d e  
f i l m  0.6 m i l  t h i c k  was found on the.  OD s u r f a c e .  An oxide  f i l m  0.3 
m i l  t h i c k  was found on t h e  I D  s u r f a c e .  

The c a p s u l e s  h e a t e d  a t  80°C were n o t  examined on t h e  micro- 
scope because no s i g n i f i c a n t  a t t a c k  was found of c a p s u l e s  h e a t e d  
a t  2250c.9 

Sea led  Capsules .  The s e a l e d  c a p s u l e s  were opened by machining 
through t h e  w a l l  fro; t h e  OD t o  t h e  I D  us ing  a v e r t i c a l  m i l l i n g  
machine. The c a p s u l e  was no t  r o t a t e d  s o  t h a t  damage t o  t h e  sa l t  
and t h e  specimen would be minimized. 

The specimens h e a t e d  a t  80 and 225OC were p u l l e d  o u t  of t h e  
block of s a l t  w i t h  tweezers .  The Type 304L s t a i n l e s s  s t e e l  s p e c i -  
mens showed no v i s i b l e  s i g n  of o x i d a t i o n .  They had t h e  same 
appearance a s  r e c e n t l y  machined specimens.  The low-carbon s t e e l  
specimens were c o v e r e d - w i t h  a b l a c k  ox ide  f i l m .  There  was no 
d i f f e r e n c e  i n  t h e  appearance of e i t h e r  t h e  end of t h e  specimen ex- 
posed t o  t h e  vapor o r  t h e  end of t h e  specimen i n  t h e  h o l e  i n  t h e  
block of sa l t .  

The specimens h e a t e d  a t  600°C c o u l d  n o t  be p u l l e d  o u t  of t h e  
f r a c t u r e d  block of s a l t  wi th  p l i e r s .  The p i e c e s  of s a l t  were 
chipped away w i t h  a s m a l l  pick.  Both end€ of t h e  Type 30'1L ~ t a i n -  
l e s s  s t e e l  specimen were covered wi th  a t h i n  b l a c k  ox ide  f i l m .  
But,  no s a l t  adhered t o  t h e  specimen. The end of t h e  low-carbon 
s t e e l  exposed t o  vapor was covered w i t h  a t h i c k  b l a c k  f i l m .  S a l t  
was bonded t o  t h e  ox ide  on t h e  end of t h e  specimen i n  t h e  sa l t .  

No s i g n i f i c a n t  changes i n  dimensions  o c c u r r e d  t o  specimens i n  
t e s t  a t  c o n d i t i o n c  expected d u r i n g  waote form s t o r a g e .  Changes i n  
d iamete r  were <2 m i l s  f o r  Type 304L s t a i n l e s s  s t e e l  and low-carbon 
s t e e l  specimens h e a t e d  f o r  up t o  5000 hours  a t  t h e  t empera tu re  ex- 
pec ted  d u r i n g  was te  form s t o r a g e  (80°C) and a t  a h i g h e r  tempera- 
t u r e  (225OC) t o  a c c e l e r a t e  any r e a c t i o n s  t h a t  might occur .  



In specimens exposed t o  more extreme condi t ions  (600°C), 
t h e r e  was no s i g n i f i c a n t  a t t a c k  of Type 304L s t a i n l e s s  s t e e l  i n  
5000 hours.  But, ex t ens ive  a t t a c k  of t h e  low-carbon s t e e l  oc- 
curred.  The end of t he  specimen exposed t o  t he  vapor was a t t acked  
20 m i l s  i n  5000 hours. The end of t he  specimen embedded i n  t h e  
s a l t  was a t t a c k e d  9 m i l l s  i n  5000 hours. 

The a t t a c k  of t he  low-carbon s t e e l  specimen heated f o r  5000 
hours with Carlsbad s a l t  i n  a  s ea l ed  capsu le  was cha rac t e r i zed .  
X-ray d i f f r a c t i o n  a n a l y s i s  was performed on a  p iece  of m a t e r i a l  
from t h e  su r f ace  of t h e  po r t i on  of t h e  specimen exposed t o  vapor.  
A l o n g i t u d i n a l  s e c t i o n  through t h e  e n t i r e  specimen and t r ansve r se  
s e c t i o n s  through each end of t h e  specimen were examined on t h e  
SEM. 

The appearance of t h e  l a y e r s  of m a t e r i a l  on both ends of t he  
specimen i n d i c a t e  t h a t  t he  mechanism of a t t a c k  of both ends was 
s i m i l a r  (Figure 3).  There was about 0.8 m i l  of i n t e r g r a n u l a r  
pene t r a t i on  of t he  low-carbon s t e e l  specimen. On t h e  g r a i n  
boundaries  t h e r e  was a  ma te r i a l  which contained i r o n  and s u l f u r .  
Adjacent t o  t h e  metal was a  l a y e r  of m a t e r i a l  composed of t he  same 
elements  a s  t h e  low-carbon s t e e l .  This  m a t e r i a l  was i d e n t i f i e d  by 
x-ray d i f f r a c t i o n  a n a l y s i s  a s  i r o n  oxide. The i r o n  oxide l a y e r  
was covered wi th  a  l a y e r  composed of i r o n  oxide and a  small  amount 
of i r o n  sulphide.  Some p a r t i c l e s  of s a l t  were embedded i n  t h i s  
layer .  on t h e  end of t h e  specimen embedded i n  t h e  s a l t .  

A mechanism of acce l e r a t ed  co r ros ion  could poss ib ly  be t ak ing  
p a r t  i n  t he  ox ida t ion  of  t he  low-carbon s t e e l  specimens i n  s ea l ed  
capsu l e s  wi th  Carlshad s a l t  a t  600°C. Normally t h i s  r e a c t i o n  i s  
a s soc i a t ed  with atmospheric co r ros ion  i n  urban and i n d u s t r i a l  d i s -  
t r ic ts  because of t he  presence of sulphur  d iox ide  produced by t h e  
burning of fue l .  F i r s t ,  t h e  hydrogen s u l f i d e  from the  
d e c r e p i t a t e d  s a l t  would r e a c t  with t he  a i r  i n s i d e  t h e  s ea l ed  cap- 
s u l e  t o  form SO3. The SO3 would r e a c t  with the  water vapor from 
the  s a l t  forming H2SO4. The ox ida t ion  r e a c t i o n  of H2SO4 w i t h  t he  
c a n n i s t e r  a l l o y  l i b e r a t e s  SO3. This  could lead  t o  a  c y c l i c a l  
s e r i e s  of  r e a c t i o n s  wi th  i r o n  where t h e  r e a c t i o n  products  a r e  
hydrated i r o n  oxide and morc s u l f u r i c  acid. This ~uechanlsm 1s 
c o n s i s t e n t  wi th  t he  SEM, x-ray energy spectrometry (XES) ,  and x-ray 
d i f f r a c t i o n  a n a l y s i s  of t he  f i lms  on the  sample which showed t h a t  
t h e  specimen was covered with a  l a y e r  of i r o n  oxide and a  l a y e r  of 
i r o n  sulphide.  

APPLICATION OF RESULTS 

The r e s u l t s  of t he se  t e s t s  a t  80 and 225OC show t h a t  t h e r e  is  
no s i g n i f i c a n t  a t t a c k  of Type 304L s t a i n l e s s  s t e e l  or low-carluu 
s t e e l  under cond i t i ons  expected during waste form s t o r a g e  and a t  a 
h igher  temperature designed t o  a c c e l e r a t e  any r e a c t i o n s  t h a t  might 
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occur. The r e s u l t s  of t h e  tests a t  600°C show t h a t  t h e r e  i s  no 
s i g n i f i c a n t  a t t a c k  of Type 304L s t a i n l e s s  s t e e l  a t  t h i s  tempera- 
t u r e  by t h e  v o l a t i l e  products  of t h e  s a l t  r e l ea sed  by dec rep i t a -  
t i on .  But, t h e r e  was ex tens ive  a t t a c k  of t h e  low-carbon s t e e l  
under t he se  extreme condi t ions .  Storage cond i t i ons  a r e  expected 
t o  be designed t o  prevent temperatures high enough t o  cause 
d e c r e p i t a t i o n  from occurr ing.  However, because t h e  c a n i s t e r  of 
waste w i l l  be a higher  temperature than t h e  surrounding s a l t ,  t h e  
moisture  trapped i n  small  pockets on the  g r a i n  boundaries and 
wi th in  t h e  g r a i n s  of t h e  s a l t  can migrate  t o  t he  waste form dur ing  
s torage .  l2 I n  a d d i t i o n ,  movement of t h i s  m a t e r i a l  may perhaps 
be enhanced by movement of t he  s a l t  by c r e e p  t o  c l o s e  i n  t he  space 
surrounding t h e  waste form. Creep of t he  s a l t  w i l l  occur because 
of t he  p re s su re  of t h e  overburden a t  t h i s  depth. 
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