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Abst rac t  

~ o s t  concepts  f o r  t h e  d i sposa l  of h i g h l y  r a d i o a c t i v e  waste involve  conve r t -  
i n g  t h e  waste t o  a  s o l i d  form l i k e  conc re t e  o r  g l a s s  and s t o r i n g  t h i s  s o l i d  form 
i n  metal  con ta ine r s .  Two major f a c t o r s  i n  t h e  f i n a l  s e l e c t i o n  o f  m a t e r i a l s  . 
f o r  t h e s e  con ta ine r s  a r e  t h e  c o m p a t i b i l i t y  between waste form and c o n t a i n e r  
m a t e r i a l  and t h e  d u r a b i l i t y  o f  t h e  m a t e r i a l  a t  t empera tures  and s t r e s s e s  
expected du r ing  s e r v i c e  and p o s s i b l e  a c c i d e n t s .  Cur ren t ly ,  AISI 1020 carbon 
s t e e l  appears  t o  be a  b e t t e r  m a t e r i a l  than  o t h e r  a l l o y s  such a s  Cor-Ten A,** 
Type 304L s t a i n l e s s  s t e e l ,  o r  Inconel 600*** cons idered .  This  choice  i s  
based on t h e  r e s u l t s  o f  10,000 hours  o f  h e a t i n g  t e s t s  t h a t  showed c o n t a i n e r  
c o m p a t i b i l i t y  wi th  both concre te  and g l a s s  waste forms. The s e l e c t i o n  i s  
a l s o  based on 1) ana lyses  of  t h e  s t r e n g t h s  and 2) o x i d a t i o n  r e s i s t a n c e s  o f  

&he .a-l;loy-s,-underithe .condj..tions expected dur ing  100 year  s torage  i n  a i r  and 
i n  va r ious  impact and thermal a c c i d e n t s .  -The t h i n n e r  wa l l  t h i c k n e s s  r e q u i r e d  
fo r  s a t i s f a c t o r y  performance of t h e  s t r o n g e r ,  more -ox ida t ion - re s i s t an t  a l l o y s  
i s  o f f s e t  by t h e i r  h ighe r  c o s t  p e r  pound. 

In t roduct ion  

Most concepts  f o r ' d i s p o s i n g . o f  h i g h l y  r a d i o a c t i v e  wastes  involve  conver t -  
ing  waste  t o  a  s o l i d  form l i k e  conc re t e  o r  g l a s s  and s t o r i n g  t h i s  s o l i d  i n  
metal c o n t a i n e r s .  The concept f o r  managing wastes  from Savannah River  P l a n t  

..processes1 ' involves s l u i c i n g  wastes  from c u r r e n t  s t o r a g e  .tanks2 and s e p a r a t i n g  

* Work done under Cont rac t 'No.  AT(07-2)-l .with t h e  U .  S. Energy Research 
and Development Adminis t ra t ion .  
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'i wastes  by c e n t r i f u g a t i o n  i n t o  an i n s o l u b l e  s ludge  con ta in ing  ' O S ~  and 2 3 9 ~ ~  

. and a  superna te  con ta in ing  ' 7 ~ s .  3 *  The s1,udge i s  washed and d r i e d ,  and t h e  
superna te  i s  passed through ion  exchange columns t o  remove >99% o f  t h e  ' 3 7 ~ s . 4  

1 For t h e  concre te  waste form, s ludge  and cesium-loaded z e o l i t e  r e s i n  a r e  com- 
bined d i r e c t l y  with cement and water ,  and t h e  r e s u l t i n g . c o n c r e t e  i s  c a s t  i n t o  
metal  s t o r a g e  con ta ine r s .  For t h e  g l a s s  .waste form, s ludge ,  cesium-loaded ". 

DuoZite* r e s i n ,  and b o r o s i l i c a t e  g l a s s  f r i t .  a r e  melted e i t h e r  d i r e c t l y  i n  t h e  
metal  c o n t a i n e r  o r  i n  a  s e p a r a t e  ceramic me l t e r  from which t h e  c o n t a i n e r s  a r e  
f i l l e d  cont inuous ly .6  The remaining l i q u i d  i s  evaporated t o  a  s o l i d  s a l t  
( p r i n c i p a l l y  NaN03) t h a t  con ta ins  <0.04% o f  t h e  t o t a l  b i o l o g i c a l  h a ~ a r d , ~  and 
t h e  s a l t  i s  placed i n  metal c o n t a i n e r s  f o r  s t o r a g e .  A l l  c o n t a i n e r s  a r e  t o  be 
s t o r e d  i n  a nea r - su r f ace  f a c i l i t y  and cooled by n a t u r a l  convect ion wi th  un- 
condi t ioned  a i r , u n t i l  (up t o  100 yea r s )  t hey  can be t r a n s f e r r e d  t o  some Federa l  
r e p o s i t o r y  f o r  permanent d i s p o s a l .  

Th i s  paper  d i s c u s s e s  two major f a c t o r s  i n  s e l e c t i n g  m a t e r i a l s  f o r  t h e  
waste con ta ine r s :  c o m p a t i b i l i t y  between t h e  waste  forms and c o n t a i n e r  
m a t e r i a l s ,  and t h e  d u r a b i l i t y  of t h e  m a t e r i a l s  a t  t h e  tempera tures  and 
s t r c s s e s  expecte.d dur ing  s e r v j c e  and p o s s i b l e  a c c i d e n t s .  . Compat ib i l i ty  w i l l  
be  a.ssessed from sma l l - sca l e  t e s t s  up t o  10,000 hours  (1 .1  y e a r s )  completed 
t o  d a t e .  These t e s t s  a r e  p a r t  o f  a  cont inuing  program t o  confirm'compati-  
b j 1 , i . t ~  by h e a t i n g  small  capsules  o f  cand ida t e  m a t e r i a l s  con ta in ing  waste forms 
up t o  50,000 hours a t  expected s e r v i c e  tempera tures  and a l s o  a t . s l i g h t l y  
h ighe r  tempera tures  [up t o  350 C (660 F ) ] .  The cand ida t e  m a t e r i a l s  i nc lude  
r e p r e s e n t a t i v e s  o f  carbon. and s t a i n l e s s  s t e e l s  and n icke l -based  s u p e r a l l o y s .  

..The. , t es t s , . a t ,  , t he  ,higher .,t,e,mperaturqs .s,imul:ate thermal  a c c i d e n t s  and a c c e l e r a t e  
any r e a c t i o n s  t h a t  'may occur  dur ing  t h e  long s e r v i c e  l i f e .  

D u r a b i l i t y  of  c o n t a i n e r  m a t e r i a l s  under expected s e r v i c e  and p o s s i b l e  
acciderlt  cond i t i ons  w i l l  be  assessed  from publ i shed  v a l ~ l e s  f o r  t h e  mechanical 
and thermal  p r o p e r t i e s  of  t h e  m a t e r i a l s .  This  assessment s e r v e s  a s  a  b a s i s  
f o r  s e l ec t ing -  con ta ine r  m a t e r i a l s  and designs,!. and f o r  ana lyz ing  s a f e t y  and . 

c o s t s  o f  t h e  waste s to rage  p roces s .  For example, where t o t a l  c o n t a i n e r  weight 
i s  a  f a c t o r ,  d i f f e r e n t  c o n t a i n e r  s i z e s  w i l l  be considered t o  i n d i c a t e  r educ t ion  
of c o s t s  by reducing t h e  number o f  c o n t a i n e r s  r equ i r ed .  Poss ib l e  a c c i d e n t s  
w i l l  be considered without regard  to '  t h e i r  p r o b a b i l i t y  o r  s u i t a b i l i t y  a s  
des ign  bases  t o  i n d i c a t e  t h e  degree o f  p r o t e c t i o n  a g a i n s t  r a d i o a c t i v e  r e l e a s e s  
t h a t  can be expected from t h e  c o n t a i n e r s .  

Container  d u r a b i l i t y  i n  permanent s t o r a g e  (Federal  r e p o s i t o r y )  w i l l  n o t  
be analyzed u n t i l  a l t e r n a t i v e  s i t e s  a r e  i d e n t i f i e d  and t h e i r  environments a r e  
c h a r a c t e r i z e d .  Because t h e s e  environments..may,,.b~e..p.articularly c o r r o s i v e  - .  , 

( f o r  example, from water and HaS i n  s a l t  c a v e r n s ) ,  ardditional t e s t i n g  w i l l  'be 
r e q u i r e d .  Other s t e e l s . ,  s u c h . a s  t h o s e  used by t h e  pe.troleum i n d u s t r y ,  may be  
a p p r o p r i a t e  cand ida t e s ,  

Service and Accident Conditions 

Condit ions expected dur ing  f i l l i n g  and s t o r i n g  o f  c o n t a i n e r s  and p o s s i b l e  
a ~ . ~ i d e n t . s  were reviewed t o  eva lua t e  m a t e r i a l s  and a s s e s s  t h e  d u r a b i l i t y  o f  
c o n t a i n e r s .  Accidents were considered wi thout  regard  t o  t h e i r  p r o b a b i l i t y  

- 

* Trademark o f  t h e  Diamond A l k a l i  Company. 



t o  determine which m a t e r i a l  p r o p e r t i e s  o r  des ign  f e a t u r e s  might be l i m i t i n g .  . - 
Conta iner  des ign  i s  important  because t h e  e f f e c t s  o f  many a c c i d e n t s  depend 
on t h e  dimensions o f  t h e  c o n t a i n e r .  

Service Environments 
. . 

Container Fi 2 Zing . ... . 

Condit ions expected a s  t h e  con ta ine r s  a r e  f i l l e d  a r e  important  on ly  f o r  
g l a s s  waste ,  because o f  t h e  high tempera ture  involved [about 1150 C (2100 F ) ] .  
S impl i f i ed  cons ide ra t ions  of hea t  t r a n s f e r  p r o p e r t i e s  i n d i c a t e  t h a t  t h e  con- 
t a i n e r  w i l l  r a p i d l y  ( i n  <0 .1  hour) h e a t  t o  1150 C (2100 F) whether t h e  con- 

. .  . t a i n e r  i s  used a s  a  c r u c i b l e  i n  which t h e  g l a s s  i s  formed ("in-can melting") 
o r  a  mold i n  which g l a s s  from a cont inuous me l t e r  i s  c a s t .  The t ime a t  t h e  
melt  temperature will be about  10 hours  f o r  in-can me l t ing  (based on t h e  con- 
cep tua l  process)  and about 1 hour f o r  cont inuous mel t ing  (based on e s t ima ted  
temperature p r o f i l e  i n  a g l a s s  c y l i n d e r  cooled by n a t u r a l  convec t ion) .  A 
s t r e s s  w i l l  be produced i n  t h e  c o n t a i n e r  wal l  from t h e  head o f  l i q u i d  g l a s s  
i n  t h e  con ta ine r :  about 7  x l o - *  MPa (10 p s i )  f o r  a n e a r l y  f u l l  c o n t a i n e r  
dur ing  in-can mel t ing  and about 7 x MPa ( 1  p s i )  du r ing  f i l l i n g  from a 

. . continuous me l t e r  [0,.3 m (1 f t )  l i q u i d  h e i g h t ] .  

P e r t i n e n t  p r o p e r t i e s  o f  con ta ine r  m a t e r i a l s  under t h e s e  cond i t i ons  a r e  
c o m p a t i b i l i t y  with molten g l a s s ,  ox ida t ion  r e s i s t a n c e ,  and r u p t u r e  s t r e n g t h .  
I f  an i n e r t - g a s  shroud o r  o t h e r  p r o t e c t i o n  i s  no t  provided,  o x i d a t i o n  w i l l  
t h i n  t h e  c o n t a i n e r  wal l ;  s p a l l c d  oxide can c o n s t i t u t e  a  maintenance problem. 
Because r u p t u r e  of  a  con ta ine r  i s  unacceptable ,  t h e  r u p t u r e  s t r e s s e s  a t  
1150 C (2100 F)  f o r  -both 1-and 10 hours - respec t ive ly . ,  wi.11-be considered 
t h e  c r i t i c a l  mechanical p r o p e r t i e s .  

Some permanent deforma.t.i.on of  t h e  c o n t a i n e r  wa l l  w i l l  occur  because t h e  
thermal  expansion of  s t e e l  i s  g r e a t e r  t han  t h a t  o f  g l a s s .  Most of  t h e  s t r e s s  

. r e s u l t i n g  from t h e s e  d i f f e r e n c e s  i n  thermal  expansion w i l l  b e  r e l axed  d u r i n g  
coo l ing  from mel t ing  temperatures .  . . 

Clon.ta?:ner Storage 

The expected environment f o r  t h e  c o n t a i n e r s  du r ing  100 year '  s t o r a g e  i s  
. uncondit ioned a i r .  The con ta ine r  s u r f a c e  w i l l  be a t  approximately 100 C 

(212 F) ,  depending on t h e  f i n a l  des ign  of  t h e  c o n t a i n e r  and t h e  s t o r a g e  b u i l d -  
i n g .  P r i n c i p a l  f ac t , o r s  a f f e c t i n g  c o n t a i n e r  l i f e  a r e  c o m p a t i b i l i t y  wi th  t h e  
waste form, co r ros ion  of t h e  e x t e r n a l  s u r f a c e ,  and s t r e s s  i n  t h e  wa l l s  from 
p r e s s u r e s  i n s i d e  t h e  c o n t a i n c r s .  Because t h e  c o n t a i n e r s  a r e  t o  be cooled by . 
n a t u r a l  convect ion wi th  uncondit ioned a i r ,  r e s i s t a n c e  t o  atmospheric  c o r r o s i o n  
i s  a  p e r t i n e n t  m a t e r i a l  p rope r ty .  I n t e r n a l  p r e s s u r e  w i l l  cause  c reep .  To 
conse rva t ive ly  avoid ex tens ive  deformation o f  t h e  c o n t a i n e r ,  t h e  s t r e s s  

. . r equ i r ed  t o  produce 1% creep  dur ing  100'  y e a r s  (8.76 x l o 6  hours)  w i l l  .be  a , 

p e r t i n e n t  mechanical p rope r ty .  



---. 
Three sources  of p r e s s u r e  i n s i d e  a  concrete-fi1led.container a r e  t h e  

. , 
fo l lowing:  a i r  i n s i d e  t h e  f reeboard  space will expand a s  it h e a t s  t o  t h e  

i' 
s t o r a g e  temperature,  steam w i l l  be  l i b e r a t e d  from t h e  conc re t e ,  and O 2  and H2 ' 

w i l l  be genera ted  by r a d i o l y s i s .  The c o n t r i b u t i o n  of  a i r  p r e s s u r e  t o  t o t a l  
p re s su re  w i l l  depend on cond i t i ons  a t  t h e  t ime t h e  c o n t a i n e r  i s  s e a l e d ;  
however, a t  t h e  s t o r a g e  temperature [ l o 0  C (212 F ) ] ,  p r e s s u r e  w i l l  n o t  be 

4 

much g r e a t e r  than  one atmosphere [ O .  1 MPa (15 p s i ) ]  . 
The steam p r e s s u r e  i n  a  con ta ine r  w i l l  correspond t o  t h e  equ i l i b r ium 

va lue  given i n  s tandard steam t a b l e s ,  a s  shown by sma l l - s ca l e  t e s t s . 5  In  
t h e s e  t e s t s ,  a  small  conc re t e  c y l i n d e r  was s e a l e d  i n  a  c o n t a i n e r  equipped 
t o  monitor cont inuous ly  t h e  tempera ture 'and  p r e s s u r e  i n  t h e  void space above. 
t h e  conc re t e .  .The u n i t  was hea ted  i n  v a r i o u s  tempera ture  s t a g e s  up t o  
240 C (465 F ) .  For each temperature s t a g e ,  t h e  p r e s s u r e  r o s e  much more 
slow1.y than  t h e  tempera ture ,  bu t  t h e  p r e s s u r e  u l t i m a t e l y  reached t h e  
equ i l i b r ium p r e d i c t e d  by steam t a b l e s .  For example, about  2.hour.s was 
r equ i r ed  f o r  hea t ing  t h e  u n i t ,  from 200 C (392 F) t o  240 C (465 F )  and f o r  
t h e  temperature t o  reach  equi l ibr ium.  -About '24  hours  was r e q u i r e d  f o r  t h e  
p r e s s u r e  t o  reach  equ i l i b r ium.  This  t ime de l ay  p r o b a b l y ' r e p r e s e n t s  t h e  
t ime r equ i r ed  f o r  t h e  steam t o  d i f f u s e  o u t  of t h e  conc re t e  and t o  s a t u r a t e  
t h e  void space.  - 

During s t o r a g e ,  r a d i o l y s i s  w i l l  g ene ra t e  0 2  from n i t r a t e  i n  t h e  , 
waste  and H2 from wa te r ,  o r  any organics  p r e s e n t . '  With d a t a  f o r  t h e  
conceptual  process ,  c a l c u l a t e d  02 and Hz p r e s s u r e s  a t  100 C (212 F) would 
be 2 . 2  MPa (315 p s i )  and 0 .2  MPa (25 p s i ) ,  r e s p e c t i v e l y .  No adverse  
e f f e c t s  on mechanical p r o p e r t i e s  of t h e  c o n t a i n e r  m a t e r i a l  a r e  expected 
from t h i s  small  amount of  hydrogen. The i n d i c a t e d  oxygen p r e s s u r e  may 
tnevervbe-,aetained.because ox ida t ion -o f  t h e  i n n e r  s u r f a c e - o f  t h e  con ta ine r  
w i l l  consume a  l a r g e  p o r t i o n  of t h i s  oxygen. However, no c r e d i t  f o r  t h i s  
e f f e c t  w i l l  be  taken i n  t h e  a n a l y s i s .  

The only  i d e n t i f i a b l e  source of  p r e s s u r e  i n  a  g l a s s - f i l l e d  con ta ine r  
dur ing  s t o r a g e  i s  t h e  expansion of t h e  a i r  i n s i d e .  As i n d i c a t e d  above, 
a  p r e s s u r e  o f  0 .1  MPa (15 p s i )  a t  100 C (212 F) w i l l  b e  ass.umed. 

~ c c i d e n t  Envi ronments 
. , 

Poss ib l e  a c c i d e n t s  can be  d iv ided .  i n t o  two c a t e g o r i e s :  thermal 
acc iden t s ,  such a s  f i r e  o r  l o s s  of cooiing i n  t h e  s t o r a g e  b u i l d i n g ,  and 
impact. acc iden t s ,  such a s  dropping a  c o n t a i n e r  from a  c rane  o r  t r u c k  o r  
being h i t  by a  high v e l o c i t y  m i s s i l e .  Thermal events  cause inc reased  
r e a c t i o n  between waste  form and con ta ine r ,  ox ida t ion  of  c o n t a i n e r  s u r f a c e s ,  
and inc reased  i n t e r n a l .  p r e s s u r e .  Impact a c c i d e n t s  cause p l a s t i c  deformation . 

. a n d  p o s s i b l y  p e n e t r a t i o n  of  t h e  con ta ine r  w a l l .  

Thermal Accidents 

In t h e  u n l i k e l y  event coo l ing  i s  l o s t  i n  t h e  s t o r a g e  bu i ld ing ,  t h e  
c o n t a i n e r  tempera ture  i s  expected t o  be about 325 C (615 F) . ' Because 
of  t h e  expected des i$n  of t h e  b u i l d i n g ,  30 days (720 hours)  i s  a 



conse rva t ive  e s t ima te  of  t h e  de l ay  be fo re  normal coo l ing  i s  r e s t o r e d .  
Corresponding i n t e r n a l  p r e s s u r e s  would be 16 MPa (2400 p s i )  f o r  a  
c o n c r e t e - f i l l e d  con ta ine r  and 0.2 b1Pa (25 p s i )  f o r  a  g l a s s - f i l l e d  
c o n t a i n e r .  The s t r e s s  r equ i r ed  t o  produce 1% creep  du r ing  720 hours  
a t  325 C (615 F) i s  used a s  t h e  c r i t i c a l  mechanical p rope r ty ,  assuming 
t h a t  some deformation i s  t o l e r a b l e ;  r u p t u r e  i s  unacceptable  because of  
t h e  l a r g e  number o f  c o n t a i n e r s  involved.  

The es t imated  cond i t i on  r e s u l t i n g  from a  f i r e  i s  a  c o n t a i n e r  wa l l  
temperature of  790 C (1450 F ) ' f o r  0.5 hour wi th  i n t e r n a l  p r e s s u r e s  of  
27.5 MPa (4000 p s i )  f o r  a  c o n c r e t e - f i l l e d  c o n t a i n e r  o r ' 0 . 3  MPa (45 p s i )  
f 0 r . a  g l a s s - f i l l e d  c o n t a i n e r .  These e s t i m a t e s  a r e  based on t h e  same condi- . .  

t i o n s  [flame temperature of 790 C (1450' F) -which l a s t s  f o r  0 .5  hour]  which'  
a r e  used t o  ana lyze '  e f f e c t s  of f i r e .  on s h i p p h g  casks  f o r  r a d i o a c t i v e .  
m a t e r i a l s .  From a  s i m p l i f i e d  a n a l y s i s  of nons t eady- s t a t e  h e a t  t r a n s f e r  .,,. 

i n  a  0 .6  m .  ( 2  f e e t )  diameter  contai.ner wi th  1 .25  cm (0 .5  inch)  t h i c k  w a l l ,  . . 

t h e  wal l  and t h e  a i r - f i l l e d . f r e e b o a r d  a r e  expected t o  reach  t h e  f i r e  .. 
temperature i n  about 0 . 5  hour,  bu t  on ly  t h e  o u t e r  s u r f a c e  of t h e  waste form' 
( > R / 2 )  would experien.ce any temperature r i s e .  The p r e s s u r e  . .contr ibut ions ..,. 

from a i r  [0 .3  MPa (45 p s i ) ]  and r a d i o l y t i c  gases  16.6 MPa (965 p s i ) ]  were 
. 

based 'on  t h e i r  expansion a s  t hey  hea ted  t o  t h e  f i r e  tempera ture .  . T h e  
p r e s s u r e  c o n t r i b u t i o n  from steam i n  a  c o n c r e t e - f i l l e d  c o n t a i n e r  [20;& . MPa . . 

(2995 p s i ) ]  corresponds t o  ' t h e  equi l ibr iuni  tempera ture .  c a l c u l a t e d  on an 
energy balance b a s i s  370 C (700 F ) .  

. The a c t u a l  p r e s s u r e s  a t t a i n e d  may be l e s s  t han  t h e  above e s t i m a t e s  
f o r  two reasons :  1) t h e  d u r a t i o n  o f  t h e  f i r e  may be s h o r t  enough t h a t .  
t h e  equ i l i b r ium p r e s s u r e  w\roi.~ld n o t ' h e  a t t a i n e d  because o f  t h e  t ime de l ay  
t h a t  was observed i n  t h e  hea t ing  t e s t s  desc r ibed  above, and 2) t h e  i n -  
c r eased  ' i n t e r n a l  vo-lume -6f- . the c o n t a i n e r  -resirl..t+ng 'from.-thermal expansion 
would reduce t h e  p r e s s u r e .  However, no c r e d i t  f o r  t h e s e  e f f e c t s  w i l l  be 
taken  i n  t h i s  a n a l y s i s .  

- .  

Impact Accidents 

A number o f  empi r i ca l  equat ions  t o  p r e d i c t  p e n e t r a t i o n  on impact have 
been developed f o r  d i f f e r e n t  applications-;, ,d.esign-basis a c c i d e n t s  t o  
sh ipping  casks  f o r  r a d i o a c t i v e  m a t e r i a l s ,  response  of  n u c l e a r  r e a c t o r  t anks  

t o  tornado-generated m i s s i l e s ,  1 0 , . 1 1  and h igh -ve loc i ty  b a l l i s t i c  impact 
te=hnology.  2 , ' 3  These equat ions  a r e  s i m i l a r  because t h e y  r e l a t e  p e n e t r a t i o n  
t o  t h e  k i n e t i c  energy of  impact.  The r e l a t i o n  developed f o r  cask des ign  
[a  1 m (40 inches)  drop on a  15 cm (6 inches )  d iameter  uny ie ld ing  peg] i s  
used i n  t h e  p re sen t  a n a l y s i s  because t h e  impact energy f o r  t y p i c a l  waste 
c o n t a i n e r s  can be compared t o  t h a t  f o r  t y p i c a l  h igh -ve loc i ty  m i s s i l e s  
[3 m (10 f e e t )  long s e c t i o n  o f  7.6 cm ( 3  inches)  d iameter ,  Schedule 40 

. s t e e l  p i p e  t r a v e l i n g  a t  160 km/hr (100 mph)]. . . . .. 



Candidate Conta iner    ate rial s 

Five a l l o y s  a r e  cons idered:  AISI 1020 carbon s t e e l ,  Cor-Ten A, Type 
304L s t a i n l e s s  s t e e l ,  InconeZ 600, and InconeZ 625. Cor-Ten A i s  a  low- 
a l l o y  s t e e l . c o n t a i n i n g  1% chromium, 0.5% n i c k e l ,  and 0.35% copper t h a t  is' 
noted f o r  i t s  r e s i s t a n c e  t o  atmospheric  co r ros ion .  Data on t h e  c reep  
s t r e n g t h  of  Cor-Ten A o r  a l l o y s  of  s i m i l a r  composition a r e ' . l i m i t e d  b u t  
suggest  t h a t  s t r e n g t h  a t  e l eva t ed  tempera tures  i s  s i m i l a r  t o  t h a t  o f  
AISI 1020. The two InconeZ a l l o y s  a r e  n icke l -based  s u p e r a l l o y s  known f o r  

. . 
t h e i r  s t r e n g t h s  and r e s i s t a n c e s  t o  ox ida t ion  a t  h igh  tempera tures .  These. 
f i v e  commercially a v a i l a b l e  a l l o y s  r e p r e s e n t  m a t e r i a l s ' e x p e c t e d  t o  be 

\, . . s u i t a b l e  f o r  waste c o n t a i n e r s . a n d ,  except  f o r  Incone2 625, a r e  inc luded  i n  
t h e  matrix o f  c o m p a t i b i l i t y  t e s t s .  Other . s t e e l s  and s u p e r a l l o y s  [such a s  

.. .% 18 Ni(300),  a  maraging s t e e l ,  and ~ e n 6  41*] o f f e r  no p a r t i c u l a r  advantage 
---. because t h e i r  very  high s t r e n g t h s  a r e  n o t  maintained a t  t h e  e l e v a t e d  tem- 

p e r a t u r e s  expected i n  a c c i d e n t s .  Other a l l o y s ,  such a s  t h o s e  based on 
aluminum, can be e l imina ted  .from cons ide ra t ion  f o r  one o r  more reasons :  
c o s t ,  expected i n c o m p a t i b i l i t y  wi th  conc re t e ,  o r  low me l t ing  p o i n t .  

Compat ib i l i ty  between t h e  cand ida t e  c o n t a i n e r  m a t e r i a l s  and was te  forms 
is, be ing  measured by hea t ing  small  capsu le s  of  t h e  m a t e r i a l s  con ta in ing  
e i t h e r  r e a l  o r  s y n t h e t i c  (nonradioac t ive)  wastes  up t o  50,000 hours  (5 .7  
years )  a t  expected s e r v i c e  temperatures  and a t  s l i g h t l y  h ighe r  tempera tures  
[up t o  350 C (660 F ) ] .  In  most c a s e s ,  f i v e  capsu le s  of  each combination 
o f  m a t e r i a l  and waste form were f a b r i c a t e d  and p laced  i n  fu rnaces  f o r  hea t -  
i n g .  Af t e r  d e s i r e d  ,.inter.xals = ( u s u a l l y  1000, .500Q, ,,and , l o ,  000 hour s ) ,  one 
capsule  o f  each type  was removed from t h e  fu rnace ,  s ec t ioned ,  and examined 
me ta l log raph ica l ly  f o r  r e a c t i o n s  a t  t h e  was te-capsule  i n t e r f a c e .  

. . 

To s tudy  t h e  conc re t e  waste  form, s e v e r a l  s e t s  of  samples r e p r e s e n t i n g  
combinations of r e a l  and s y n t h e t i c  s ludge ,  T.ype.1 po r t l and  and L ~ r m i t e ~ *  (h igh  
alumina) cements, and sea l ed '  and unsea led  capsu le s  ,were made. To t e s t  t h e  . .. 

c ~ r r ~ ~ ~ i v e n e ~ ~  of  t h e  t t caus t i c "  steam genera ted  from hea ted  c o n c r e t e ,  s e a l e d  
capsu le s  were f a b r i c a t e d  from 1 cm (3/8 inch)  (NPS) h igh -p res su re ,  Type 304L 
s t a i n l e s s  s t e e l  p i p e  f i t t i n g s .  A p i p e  p lug  was welded i n t o  one end o f  a  
coupling,and t h e  c a v i t y  was p a r t i a ' l l y  f i l l e d  witb conc re t e  made from s y n t h e t i c  
s ludge  and each of  t h e  two types  of  cement. A sample o f  Cor-Ten A o r  304L 
s t a i n l e s s  s t e e l  made by bending 0.25 cm (0 .1  inch)  d iameter  rod i n t o  t h e  
shape of  a  paper  c l i p  was placed so t h a t  one U-bend was i n  t h e  conc re t e  
and t h e  o t h e r  U-bend was i n  t h e  vapor space  above. Af t e r  cu r ing  t h e  
conc re t e  f o r  one day., a  plug was welded i n  t h e  o t h e r  end o f  t h e  coupl ing .  

r These capsu le s  were hea ted  a t . 1 0 0  and 300 C (212,and,570F.), c r e a t i n g  i n t e r n a l  , . .. . .  

steam p r e s s u r e s  of 0 ; l  MPa;and 14 MPa (15 p s i  and 2000 p s i ] ,  r e spe ' c t i ve ly .  

* Trademark o f  General E l e c t r i c  Company. 

* *  . Trademark of  t h e  Universa l -  A t l a s  Cement Company. 



Unsealed capsules  were f a b r i c a t e d  from each o f  t h e  cand ida t e  m a t e r i a l s  
and were f i l l e d  with each combination o f  r e a l  and s y n t h e t i c  s ludge  i n  each 
type  of cement. Af t e r  cur ing  one day, a  disc-shaped l i d  was placed on t o p  
of t h e  capsu le s .  These capsu le s  were 1 .25  cm (0 .5  inch)  d iameter  by 1 .25  cm 
(0.5 inch)  high wi th  a  c a v i t y  0.5 cm (0.188 inch)  d iameter  by 0 .5  cm (0..188 
inch)  deep f o r  t h e  conc re t e .  These capsules  were hea ted  a t  100 and 350'C . . 
(212 and 660 F ) .  

To s tudy  t h e  g l a s s  waste form, s y n t h e t i c .  s ludge ,  z e o l i t e ,  and b o r o s i l i c a t e  
g l a s s  frit  were melted t o g e t h e r  i n  a  ceramic c r u c i b l e ;  t h e  g l a s s  was c a s t  i n t o  
capsu le s  s i m i l a r  t o  t h e  unsealed capsules  used f o r  t h e  conc re t e  t e s t s .  Two 
s e t s  of capsu le s ,  one c l ean  and one preoxid ized  by h e a t i n g  it i n  a i r  f o r  1 hour 
a t  1000 C (1830 F) , were examined me ta l log raph ica l ly  without  any . long-term 
h e a t i n g .  These two s e t s  of  capsules  were examined t o  s e p a r a t e  t h e  e f f e c t s  o f  
t h e  molten g l a s s .  

To s tudy  in-can  mel t ing  of  g l a s s ,  about  5  cm (2.0 inches )  d iameter  
by 61 cm (24 inches)  long c r u c i b l e s  were f a b r i c a t e d  from 304L s t a i n l e s s  
s t e e l  and Cor-Ten. 1 4 .  Syn the t i c  s ludge  and g l a s s  f r i t  s u f f i c i e n t  t o  f i l l  
t h e  c r u c i b l e  wi th  molten g l a s s  t o  a  depth  of  15 cm ( 6  inches)  were 'blended 
t o g e t h e r  and d iv ided  i n t o  t h r e e  p o r t i o n s .  The f i r s t  p o r t i o n  was heated i n  
t h e  c r u c i b l e  t o  1150 C (2100 F);. t h e  o t h e r  two p o r t i o n s . \ i e r e  each added and 
melted.  A f t e r , h o l d i n g  t h e  melt  f o r  3 hours ,  t h e  c r u c i b l e  was t r a n s f e r r e d  
t o  another  furnace a t  500 C (930 F) and allowed t o  cool  s lo l i ly .  The c r u c i b l e  
and g l a s s  con ten t s  were sec t ioned  at.  s e v e r a l  e l e v a t i o n s ,  and t h e  c r u c i b l e  
.wa.ll was .examined f o r  any th inn ing .  

Unsealed capsu le s  were a l s o  t e s t e d  f o r  r e a c t i o n s  wi th  s y n t h e t i c  waste 
components: dehydrated superna te  ( d r i e d  wi th  a  wiped-film evapora to r ) ,  s ludge ,  
and cesilim-loaded z e o l i t e .  The s ludge and cesium-loaded z e o l i t e  were t e s t e d  
because t h e s e  components i n  t h e  c o n c r e t e w a s t e  f0r.m would i n e v i t a b l y  be i n  

. d i r e c t  con tac t  wi th  t h e  con ta ine r  a t  s e v e r a l  l o c a t i o n s .  . , 

MechanicaZ and PhysicaZ Properties 

The c o s t s  and p e r t i n e n t  phys i ca l  and mechanical p r o p e r t i e s  o f  t h e s e  f i v e  
a l l o y s  a r e  summarized i n  Table 1. I s - '  Values f o r  c r eep  and r u p t u r e  s t r e n g t h s  
were ex t r apo la t ed  from t h e  l i t e r a t u r e  d a t a  wi th  t h e  Larsen-Mil ler  parameter .  
This  p a r a m e t e r . r e l a t e s  t h e  t ime and tempera ture  of  s t r e s s  a p p l i c a t i o n  t o  t h e  
a l lowable  deformation o r  rup tu re .  20 Typica l .  examples o f  Larsen-Mil ler  curves  
a r e  shown i n  F igure  1. 

Material Behavior in service and Accident Environments 

Completed t e s t s  (up t o  10,000 hours)  have demonstrated s a t i s f a c t o r y  
c o m p a t i b i l i t y  herlieen each of t h e  wast.e forms and t h e  candida te  con ta ine r  
m a t e r i a l s .  Changes i n  wa l l  t h i c k n e s s e s  o f  . t h e  capsu le s  were n e g l i g i b l e ;  
e f f e c t s  o f  t h e  long-term hea t ing  were de t ec t ed  only  by microscopic examinat ion.  



Unsealed capsu le s  con ta in ing  conc re t e  waste made from s y n t h e t i c  and r e a l  
s ludges  were examined a f t e r  t h e  s y n t h e t i c  s ludges  were hea ted  f o r  10,000 hours  
and t h e  r e a l  s ludges  were hea ted  f o r  5000 hours .  Heat ing produced cont inuous 
r e a c t i o n  l a y e r s  up t o  0.25 ym (0.0001 inch)  t h i c k  on a l l  m a t e r i a l s .  I n f r e -  
quent pa tches  of  i n t e r g r a n u l a r  p e n e t r a t i o n  up t o  7.5 v m  (0.003 inch)  deep 
occurred on ly  on AISI 1020 and Cor-Ten A ( ~ i ~ u r e  2 ) .  The t h i n n e s s  of  t h e  con- .. 
t i nuous  r e a c t i o n  l a y e r s  precluded any d e t a i l e d  a n a l y s i s  of growth k i n e t i c s .  
However, t h e  l a y e r  was t h i n n e r  a t  100 C (212 F) than  a t  350 C (660 F ) ,  and t h e  
more o x i d a t i o n - r e s i s t a n t  a l l o y s  (InconeZ and 304L s t a i n l e s s  s t e e l )  had t h e  
t h i n n e s t  r e a c t i o n  l a y e r s .  S i m i l a r l y ,  t h e  i n t e r g r a n u l a r  p e n e t r a t i o n  o f  AISI 
1020 and Cor-Ten A was observed a t  350 C (660 F) a f t e r  5000 hours  and a t  bo th  
100 and 350 C (212 F  and 660 F) a f t e r  10,000 hours .  No c o m p a t i b i l i t y  d i f -  
f e r ences  between synthetic and r e a l  s ludges  ha.ve been observed.  

h eat in^ t h e  sea l ed  capsules  f o r  1000 hours  produced a  cont inuous ' r e a c t i o n  
l a y e r  ad jacent  t o  t h e  concre te  t h a t  was t h i c k e r  t han  i n  unsea led  capsu le s ,  bu t  
no i n t e r g r a n u l a r  a t t a c k  was de t ec t ed . '  A t  100 C (212 F ) ,  t h e  l a y e r  was (0.25 
pm (0.0001 inch)  t h i c k  on both Cor-Ten A and 304L s t a i n l e s s  s t e e l ;  bu t  a t  
300 C .(570 F) ,  t h e  1ayer .was  2.0 pm (0.0008 inch)  t h i c k  on Cor-Ten A and 0.75 
pm (0.0003 inch)  t h i c k  on 304L s t a i n l e s s .  s t e e l .  The steam produced a  r e a c t i o n  
l a y e r  0.2.5 pm (0.0001 inch)  t h i c k  and a  s u r f a c e  d e p o s i t  o f  p la te -shaped  c r y s t a l s  
(F igure  3 ) .  No cracking  was seen i n  t h e  s t r e s s e d  (U-bend) p o r t i o n s  of  t h e  
samples.  

Capsules which contained v i t r i f i e d  s y n t h e t i c  waste  were heated a t  100 and 
350 C (212 F arid 660 F) f o r  up t o  10,000 hours .  When t h e s e  capsu le s  were 
,examin.ed,. no r e a c t i o n  ,wi th  , the  g l a s s  ,had occyrred ,dur ing  t h e  long-term h e a t i n g .  
A t h i n  (1 .3  pm (0.0005 inch)  oxide l a y e r  was p r e s e n t  a d j a c e n t  t o  t h e  g l a s s .  
However, t h e  t h i ckness  of  t h e  l a y e r  on capsu le s  hea ted  a t  100 C (212 F) was 
t h e  same a s  on those  heated a t  350 C (660 F ) .  Tes t s  wi th  preoxid ized  capsu le s  
showed t h a t  t h e  oxide d i d  n o t  d i s s o l v e  o r  spa11 du r ing  t h e  f i l l i n g  o p e r a t i o n .  

T e s t s  o f  t h e  in-can mel t ing  concept i n d i c a t e d  t h a t  304L s t a i n l e s s  s t e e l  
might be a  s a t i s f a c t o r y  m a t e r i a l ,  b u t  Cor-Ten would n o t  be  s a t i s f a c t o r y ,  a s  
shown by t h e  r educ t ions  i n  wal l  t h i ckness  given i n  Table 2. The r e a c t i o n  wi th  
molten g l a s s  r e s u l t e d  p r i m a r i l y  because oxide t h a t  formed o n . t h e  i n s i d e  o f  
t h e  can dur ing  h e a t i n g  and mel t ing  of t h e  waste and g lass 'powders  subse- 
quen t ly  d i s so lved  i n  t h e  molten g l a s s .  A s  t h e  g l a s s  cooled ,  a band o f  
dendr i t ic -shaped  p a r t i c l e s ,  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 s  y-FezO3, 
p r e c i p i t a t e d  i n  t h e  g l a s s  nea r  t h e  can s u r f a c e  (Figure 4 ) .  No s e n s i t i z a t i o n  . 
o f  t h e  304L s t a i n l e s s  s t e e l  rias observed i n  t h e s e  t e s t s .  However, s e n s i -  
t i z a t i o n  might occur  i n  a  f u l l - s i z e d  c o n t a i n e r  depending on t h e  exac t  
t.emperature h i s t o r y .  

Capsules con ta in ing  d r i e d  syn the t - i c  supe rna t e , .  s ludge ,  o r  cesium-loaded 
z e o l i t e  have only  sho~cn l i g h t  d i s c o l o r a t i o n  (304L s t a i n l e s s  s t e e l ,  yellow; 
AISI 1020 and Cor-Ten A, brown) a f t e r  they  were hea ted  up t o  10,000 hours .  
The con ten t s  o f  t h e  capsules  were e a s i l y  dumped o r  washed out  o f  t h e  capsu le s .  . 

No dimensional changes occurred i n  t h e  capsu le s ,  and meta l lographic  examination 
showed no i n t e r g r a n u l a r  a t t a c k  o r  p i t t i n g .  Microprobe a n a l y s i s  o f  t h e  capsu le  
t h a t  contained cesium-loaded z e o l i t e  d i d  not  s h o ~  any concen t r a t ion  of cesium 
(CQ. 3 i u t  96) a?. ?.ha i.nncr capsule  s u r f a c e .  



These d a t a  were used t o  e s t ima te  t h e  w a l l  t h i c k n e s s  a f f e c t e d  by compati- 
b i l i t y  r e a c t i o n s  a t  t h e  expected s e r v i c e  and acc iden t  cond i t i ons .  For con- 
c r e t e ,  t h e  observed r e a c t i o n  wi th  AISI 1020 s t e e l  and COP-Ten e x t r a p o l a t e s  
t o  87.5 pm (0.055 inch) a f t e r  100 yea r s ,  assuming a . p a r a b o l i c  r a t e  and 12 .5  pm 
(0.005 inch)  f o r  304L s t a i n l e s s  s t e e l  and Inconels. For g l a s s ,  t h e  t h i c k n e s s  
a f f e c t e d  was assumed t o  be t h e  same a s  t h a t  consumed by o x i d a t i o n  because t h e  
only  r e a c t i o n s  observed were a s s o c i a t e d  wi th  t h e  oxide .  No al lowance was used 
f o r  thermal a c c i d e n t s  because t h e  a f f e c t e d  t h i c k n e s s  was n e g l i g i b l e  a f t e r  
10,000 hours  a t  350 C (660 F ) ,  and t h e  expected d u r a t i o n  of  a c c i d e n t s  i s  much 
s h o r t e r .  

Atmospheric Corrosion 

Under t h e  expected s t o r a g e  cond i t i ons  [ l o 0  years  a t  100 C (212 F ) ] ,  . t h e  
e x t e r i o r  c o n t a i n e r  s u r f a c e  w i l l  o x i d i z e  a t  a  r a t e  t h a t  can be  es t imated  f r o m  
d a t a  on t h e  atmospheric co r ros ion  of t h e  r e p r e s e n t a t i v e  a l l o y s  o r  ones of  
s i m i l a r  composi t ion.  2 1 - 2 4  These d a t a  a r e  r epo r t ed  a s  weight l o s t  from which 
a uniform p e n e t r a t i o n  was c a l c u l a t e d  f o r  exposures t o  r u r a l ,  i n d u s t r i a l ,  and , 

marine atmospheres f o r  up t o  15 y e a r s .  To provide  conse rva t ive  e s t i m a t e s  o f  
co r ros ion  r e s i s t a n c e ,  d a t a  f o r  t h e  more-aggressive marine atmosphere were 
used .  The p e n e t r a t i o n  increased  p a r a b o l i c a l l y  wi th  t ime (F igure  5)  a s  
expected f o r  an ox ida t ion  r e a c t i o n  and a s  observed f o r  h igh  tempera ture  
ox ida t ion  i n  a i r .  2 5  Because t h i s  r e l a t i o n s h i p  i s  observed f o r  t h e s e  
extreme cond i t i ons ,  t h e  d a t a  can b e . e x t r a p o l a t e d  toward 100 year  exposures 
wi th  confidence.  

Uniform p e n e t r a t i o n  i n  100 yea r s  o f  n.13 t o  0.25 cm (0.05 t o  0 . 1  inch)  
would be expected f o r  AISI 1020, 0.025 t o  0.05 cm (0 .01  t o  0.02 inch )  f o r  
Cor-Ten A ,  and <0.0025 cm (0.001 inch)  f o r  304L s t a i n l e s s  s t e e l  and t h e  
Ineonels. P i t s  two t o  t h r e e  t imes deeper  t han  t h e  uniform a t t a c k  would 
a l s o  be  expec ted ;22  such p i t t i n g  should have l i t t l e  e f f e c t  on mechanical 
p r o p e r t i e s .  Although no q u a n t i t a t i v e  d a t a  a r e  a v a i l a b l e  f o r  304L s t a i n l e s s  
s t e e l ,  t h e  expected p e n e t r a t i o n  i s  equal  t o  o r  l e s s  than  t h a t  observed f o r  
Inconel 600. In spec t ions  of t h e  300 s e r i e s  s t a i n l e s s  s t e e l s  used on t h e  
e x t e r i o r s  of t h e  Empire S t a t e  and Chrys le r  Buildings i n  New York C i t y  showed 
on ly  p i t t i n g  a t t a c k  o f  a  few microns deep a f t e r  20 t o  3 0  y e a r s .  2 6 

High  Temperature Oxidation 
. .  . 

. A t  t h e  high temperatures  a s soc i a t ed  wi th  s e r v i c e  and a c c i d e n t  c o n d i t i o n s ,  
t h e  e x t e r i o r  su r f ace  of t h e  con ta ine r  w i l l  o x i d i z e .  The e x t e n t  o f  ox ida t ion  
can be eva lua ted  from l i t e r a t u r e  d a t a  shown i n  F igure  6.  These d a t a  show t h e  
uniform p e n e t r a t i o n  measured a f t e r  1000 hour .expos,ures a t  v a r i o u s  tempera tures .  .-,. , , -  . 

The va lues  f o r  carbon s t e e l  ( r e p r e s e n t a t i v e  of  AISI 1020 and Cor-Ten A )  and 
304L s t a i n l e s s  s t e e l  were c a l c u l a t e d  from measured weight l o s s e s ;  

2 7 , 2 8  a c t u a l  
depths  of  p e n e t r a t i o n  may b e  s l i g h t l y  l a r g e r  depending on t h e  c o n t r i b u t i o n s  
of' p i t t i n g  and g r a i n  boundary o x i d a t i o n .  The d a t a  f o r  ~ n c o n e l  600 a r e  from 
meta l lographic  measurements t h a t  i nc lude  g r a i n  boundary. e f f e c t s .  2 5  Oxidat ion 
f o r  t imes o t h e r  than  1000 hours  can b e  c a l c u l a t e d  from t h e  observed p a r a b o l i c  

. 

r a t e  of o x i d a t i o n .  



S i g n i f i c a n t  [>0.025 cm (0.01 inch ) ]  ox ida t ion  of  any o f  t h e  a l l o y s  
would be  expected only  dur ing  t h e  f i l l i n g  of  t h e  c o n t a i n e r s  wi th  g l a s s .  
The oxide l a y e r  on carbon o r  s t a i n l e s s  s t e e 1 , c o n t a i n e r s  would be 0.075 t o  
0.114 cm (0.030 t o  0.045 inch)  t h i c k  f o r  in-can me l t ing  and 0.025 t o  
0.064 cm (0.010 t o  0.025 inch)  f o r  cont inuous me l t ing .  On t h e  InconeZs, 
t h e  oxide l a y e r  would be  about  0.013 cm (0.005 i n c h ) .  Most o f  t h i s  l a y e r  
would spa11 o f f  a s  t h e  con ta ine r s  cooled .*  A l t e r n a t i v e l y ,  a  b lanket  of  
f lowing gas may reduce t h i s  ox ida t ion .  

hfechanicaZ S t r e s s e s  

To a s s e s s  t h e  response o f  con ta ine r  m a t e r i a l s  t o  v a r i o u s  mechanical 
s t r e s , s e s  of s e r v i c e  and acc iden t  environments,  equa t ions  t h a t  r e l a t e ' t h e  , 

. dimensions o f  t h e  con ta ine r s  t o  convent ional  p r o p e r t i e s ,  such a s  d e n s i t y  
and t e n s i l e ,  c reep ,  and r u p t u r e  s t r e n g t h s  were developed.  These d e r i -  ,> . v a t i o n s  r e s u l t  from simultaneous s o l u t i o n  o f . t h e  equa t ions  f o r  t h e  hoop 

.. . ". . , .  ( c i r cumfe ren t i a l )  s t r e s s  i n  t h e  c o n t a i n e r  w a l 1 , ' t h i c k n e s s  o f  c o n t a i n e r  
...' wal l  r equ i r ed  t o  wi ths tand  a  1 m (40 inches )  drop onto  a  peg, and volumes 

of s t e e l  and waste i n  a c o n t a i n e r .  

A cond i t i on  f o r  s u r v i v a l  of c o n t a i n e r s  i n  d i f f e r e n t  environments can .  
be expressed by equa t ing  hoop s t r e s s  t o  t h e  a l lowab le  c r eep  o r  r u p t u r e  
s t r e s s ,  ff . The 'des i red  wa l l  t h i ckness  t i s  

C 

where p  i s  t h e  i n t e r n a l  p r e s s u r e ,  and R i s  t h e  i n s i d e  r a d i u s  of  t h e  c o n t a i n e r .  
The va lue  of  t i s  s u b s t i t u t e d  i n  t h e  exp res s ion  f o r  t h e  r a t i o  of  t h e  volume 

J 

of con ta ine r  V t o  t h e  volume of waste  Vw: This  s u b s t i t u t i o n  g ives  
S . . 

The empir ica l  d r o p - t e s t  equation. i s  .-.. .,, I f l  ?-.  .; ,-.: ., 

* A 0.114 cm (0.045 inch)  t h i c k  l a y e r  on a  0.61 m ( 2  f e e t )  d iameter  by 3 m 
(10 f e e t )  high c o n t a i n e r  corresponds t o  6800 cm3 .(0.24 f t  3 ,  o r  35 kg (77 
pounds).  



-, 
where tmin i s  .the minimum wal l  t h i c k n e s s  r equ i r ed  t o  prevent  p e n e t r a t i o n ,  W 

: ", .... i s  t h e  t o t a l  weight,  and ou i s  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of  t h e  c o n t a i n e r  
'. m a t e r i a l .  ' W i s  expressed i n  terms of  t h e  volumes and d e n s i t i e s  of  c o n t a i n e r  

and waste form. Equation 2  g ives  

where p i s  t h e  d e n s i t y  of  t h e  c o n t a i n e r ,  and p i s  t h e  d e n s i t y  o f  t h e  waste  
S .  W 

form. 

For des ign  purposes,  s a f e t y  f a c t o r s  on both  t h e  a l lowable  s t r e s s  a n d  t h e  
wal l  t h i ckness  a r e  d e s i r a b l e .  The hoop s t r e s s  should be  some f r a c t i o n  a  of  
t h e  creep. o r  rupture  s t r e n g t h .  Equation 1 g i v e s  

The d e s i r e d  wail  t h i ckness  should be sohe m u l t i p l e  b  of t min' and Equation 
3 g ives  

where 

, 
Equations 4  and 5 and t h e  equat ion  f o r  V w a r e  p l o t t e d  i n  F igure  -7. 

These r e l a t i o n s h i p s  were i l l u s t r a t e d  by e v a l u a t i n g  t h e  dimensions of  
' an AISI 1020 s t e e l  c o n t a i n e r  f o r  s t o r a g e  of conc re t e  was te .  Appropr ia te  

va lues  f o r  t h e  m a t e r i a l  parameters  A and p/ac were c a l c u l a t e d  f o r  t h e  
.. . s t o r a g e  cond i t i ons  [ I00  years  a t  100 C (212 F ) ]  and c o r r e c t e d  f o r  an assumed 

s a f e t y  f a c t o r  of  SO% ( a  = 0.5  and b  = 1 . 5 ) .  With t h e s e . v a l u e s , F i g u r e  7  , /" 

.,+/ g ives  corresponding va lues  o f  t ,  R,  and h  t h a t  s a t i s f y  t h e  r e l a t i o n s h i p s .  
. . 

.. ' \ . . For example, t h e  r e s u l t i n g  c o n t a i n e r  has  a  wa l l  t h i ckness  of  0 . 5 c m  (0.2 
: i n c h ) ,  a  r a d i u s  of  42 cm (16.7 i n c h e s ) ,  a  h e i g h t  o f  1 . 6  m (5.2 f e e t ) ,  and a . . 

.. . capac i ty  of 0 .S5 m9 (30 f t3) . . . , -  . 

. .. . . .  
. . .  , . .. . .. . . . . . . . . . . 



The minimum wall  t h i cknesses  r equ i r ed  f o r  a d e q u a t e . s t r e n g t h  i n  each 
s e r v i c e  o r  acc iden t  environment were c a l c u l a t e d  f o r  a  c o n t a i n e r  1vith 0.61 m 
(2 f e e t )  diameter  by 3 m (10 f e e t )  high (Table 3 ) .  For each environment, 
d i f f e r e n t  s t r e n g t h s  (ac) and s a f e t y  f a c t o r s  ( a )  were used f o r  t h e  e f f e c t  o f  

. . 
i n t e r n a l  p r e s s u r e  t o  r e f l e c t  "reasonable" limits f o r  deformation of  t h e  con- 
t a i n e r  w a l l .  For example, f o r  s t o r a g e ,  t h e  s t r e s s  f o r  1% creep  and a  s a f e t y  ' , 

. f a c t o r  of 0 .5  were r equ i r ed  t o  i n d i c a t e  t h a t  l i t t l e  deformation c o u l d . b e  
t o l e r a t e d .  Because a  l a r g e  number of  c o n t a i n e r s  would b e  a f f e c t e d  by a  
l o s s  of cool ing  a c c i d e n t ,  t h e  s t r e s s  f o r  1% creep  was used,  b u t  a  s a f e t y  
f a c t o r  a  = 1 was assumed because moderate deformation o f  t h e  c o n t a i n e r s  
could b e  accepted a s  long a s  they  d i d  no t  r u p t u r e .  In  g l a s s  mel t ing ,  some 
deformation could be to l e ra . t ed ,  bu t  n o t  r u p t u r e ;  t h e r e f o r e ,  t h e  r u p t u r e  
s t r e n g t h  and a  s a f e t y  f a c t o r  of 0 . 5  were used .  A c o n s t a n t  s a f e t y  f a c t o r  
o f  b  = 1 . 5  was used f o r  ilnpact a c c i d e n t s .  

, .. . 

These c a l c u l a t e d  wal l  t h i cknesses  i n d i c a t e  t h a t  impact a c c i d e n t s  a r e  
g e n e r a l l y  t h e  most important  cons ide ra t ions ,  except  f o r  t h e  h igh  p r e s s u r e s  
developed i n  thermal a c c i d e n t s  t o  c o n c r e t e - f i l l e d  c o n t a i n e r s ,  o r  f o r  t h e  
h igh  tempera tures  r equ i r ed  f o r  in -can  me l t ing  of g l a s s .  

Evaluat ion of Container  Ma te r i a l s  and Waste Forms 

The con ta ines  mate.i-ials and waste forms were compared by c a i c u i a t i n g  a  
I1f igure ,of  mer i t "  (M) f o r  'each m a t e r i a l  i n  t h e  d i f f e r e n t  s e r v i c e  and acc iden t  
environments (Table 4 ) .  Each va lue  f o r  M i s  t h e  r e c i p r o c a l  o f  t h e  cost  o f  
the.-metal  i n  a 0.51 m (2 feet) , ,d- iameter  an? 3 m , ( l o  f ee , t )  h igh  c o n t a i n e r  
t h a t  has  t h e  minimum wa l l  t h i ckness  r e q u i r e d  t o  wi ths tand  t h e  expected 
c o n d i t i o n s .  This  wal l  t h i ckness  ( t ,  i n  Table 4) i s  t h e  sum o f  t h e  t h i c k -  
nes ses  r equ i r ed  f o r  s t r e n g t h  (Table 3 ) ,  a tmospheric  c o r r a s i o n  (Figure 5 ) ,  
'h igh temperature ox ida t ion  (Figure 6 ) ,  and c o m p a t i b i l i t y .  Curren t  pr ic .es  
f o r  1 . 3  cm (0.5 inch)  t h i c k  p l a t e  were used t o  r e f l e c t  t h e  c o s t  o f  c o n t a i n e r  
m a t e r i a l s .  

\ . \. For any combination of  waste form and s e r v i c e  o r  acc iden t  c o n d i t i o n s ,  
\ '..../ 

. :  a carbon s t e e l  c o n t a i n e r  wi th  s u f f i c i e n t l y  t h i c k  w a l l s  t o  w i ths t and  expected :--. . . . 
. . --.- 

. s t r e s s e s  and r e a c t i o n s  i s  b e t t e r  t h a n ' a n y  of  t h e  o t h e r  m a t e r i a l s  by a  f a c t o r  

- .  
of two, o r  Inure. Cvr~tparison o f  t h e  va lues  f o r  wa l l  t h i c k n e s s  ( t )  and m e r i t  
(M) shows t h a t  t h e  h ighe r  s t r e n g t h s  and c o r r o s i o n  r e s i s t a n c e s  of  s t a i n l e s s  
s t e e l  and t h e  IneoneZs a r e  o f f s e t  by t h e i r  h i g h e r  c o s t s .  304L s t a i n l e s s  
s t e e l  i s  equ iva l en t  t o  carbon s t e e l  on ly  i n  the. ca ses  o f  a  c o n c r e t e - f i l l e d  
c o n t a i n e r  i n  a  f i r e  .and in-can  inel t ing o f  g l a s s .  

The mer i t  va lues  a l s o  p rov ide .one  o f  many bases  f o r  e v a l u a t i n g  t h e  waste 
forms. This  s e l e c t i o n  l a r g e l y  depends on which s e r v i c e .  and a c c i d e n t  c o n d i t i o n s  
a r e  u l t i m a t e l y  s e l e c t e d  a s  t h e  bases  f o r  f i n a l  des ign .  For example, i f  loading  
and s t o r a g e  of  con ta ine r s  a r e  t h e . o n l y  c r i t e r i a ,  conc re t e  has  s l i g h t l y  h i g h e r  
m e r i t  t han  cont inuous ly  melted g l a s s  and cons iderab1y:h igher  mer i t  t han  i n -  
can melted g l a s s .  However, e s s e n t i a l l y  t h e  same c o n t a i n e r  t h a t  i s  r equ i r ed  
f o r  s t o r i n g  cont inuous ly  melted g l a s s  w i l l  a l s o  wi ths tand  a c c i d e n t s ,  such 
a s  l o s s  of  coo l ing  and f i r e .  This  a n t i c i p a t e d  d u r a b i l i t y  under s eve re  con- 
d i t i o n s  may outweigh t h e  g r e a t e r  investment  i n  c o n t a i n e r s  [ r a t i o  of  M-values 
= 6.6/4.9 = 1.35). 

. . 



These cons ide ra t ions  a l s o  i n d i c a t e  t h a t - d o u b l e  containment should n o t  be  
r equ i r ed  s o l e l y  f o r  d u r a b i l i t y  du r ing  100 year  s t o r a g e .  However, a  secondary 
con ta ine r  may be r equ i r ed  f o r  some o t h e r  c o n s i d e r a t i o n s ,  such a s  provid ing  
a  contaminat ion- f ree  o u t e r  s u r f a c e  o r  d u r a b i l i t y  i n  t h e  environment of f i n a l  
d i sposa l  (Federal  r e p o s i t o r y ) .  

Many o t h e r  f a c t o r s  can a f f e c t  choice  of  waste  form and con ta ine r  dimen- 
\ s i o n s .  A s  an example, c o n t a i n e r  c a p a c i t i e s  a s  l a r g e  a s  p o s s i b l e  would be  

d e s i r a b l e  t o  reduce t h e  number and t o t a l  c o s t  of c o n t a i n e r s .  A minimum wa l l  
t h i ckness  [ f o r  example, 1 . 3  cm (0.5 i n c h ) ]  may be r equ i r ed  f o r  r i g i d l t y  i n  
handl ing  empty con ta ine r s '  and welding t h e  f i n a l  c l o s u r e .  Radius may be 
l i m i t e d  t o  some maximum t o  prevent  exces s ive  c e n t e r l i n e  tempera tures .*  With 
t h e  above a n a l y s i s ,  a  c o n t a i n e r  f o r  s t o r a g e  o f  conc re t e  t h a t  would meet t h e s e  
a d d i t i o n a l  c r i t e r i a  would be 2.74 m (9 f e e t )  h igh  wi th  a  r a d i u s  o f  0.61 m 
(2 f e e t )  and a  wal l  t h i ckness  of  1 . 3  cm (U.5 i n c h ) ,  weighing 6630 kg ( 7 . 3  tons )  

.and provid ing  a  capac i ty  o f  3 .2  m 3  (113 f t 3 ) .  The s a f e t y  f a c t o r s  a r e  a  = 0 .3  
and b  = 1 . 5 .  A s i i n i l a r  con ta ine r ,  b u t  w i th  'wa l l s  1 . 9  cm (0.74 inch)  t h i c k  and 
weighing 10,400 kg (11.5 t o n s ) ,  would b e  s a t i s f a c t o r y  f o r  cont inuous ly  melted 
g l a s s  dur ing  s t o r a g e  and f i r e  ( s a f e t y  f a c t o r s  ' a  = 0.42 and b = 1.5) . .  The 
t h i c k e r  wal l  i s  r equ i r ed  mainly because t h e  d e n s i t y  o f  g l a s s  i s  g r e a t e r  than  
t h a t  of  conc re t e .  Ul t imate ly  c o n t a i n e r  dimensions may be  l i m i t e d  by t h e  s i z e  , 

of  t h e  cask used f o r  sh ipping  c o n t a i n e r s  t o  t h e  permanent s t o r a g e  s i t e .  

Summary 

. . - -  
When t h e  c o s t  o f  n l a t e r i a i s  f o r  waste c o n t a i n e r s  i s  inc luded ,  1020 carbon 

, s t e e l  appears  t o  be a  be t t e r . . c and ida t e  than  any .o f  the-:other-.alloys cons idered:  
Cor-Ten A, Type 304L s t a i n l e s s  s t e e l ,  Incone2 600, and Incone2 625. This  
choice  i s  based on t h e  ox ida t ion  r e s i s t a n c e s ,  s t r e n g t h s ,  and c o m p a t i b i l i t i e s  
o f  t h e  a l l o y s  under t h e  cond i t i ons  expected dur ing  100 yea r  s t o r a g e ,  mel t ing  

--- - ,.-, .' , '. o f  g l a s s  by e i t h e r  in-can o r  cont inuous-melter  p roces ses ,  and impact and 
thermal  acc iden t s ,  such a s  l o s s  of  coo l ing  and f i r e s .  The t h i n n e r  wal l  

-\ , t h i ckness  r equ i r ed  f o r  s a t i s f a c t o r y  performance of  t h e  s t r o n g e r ,  more- 
o x i d a t i o n - r e s i s t a n t  a l l o y s  such a s  304L s t a i n l e s s  s t e e l  i s  o f f s e t  by t h e i r  
h ighe r  c o s t  p e r  pound. 

A 0.61 cm (2 f e e t )  d iameter  by 3  'm (10 f e e t )  high carbon s t e e l  c o n t a i n e r  
wi th  a  wa l l  t h i ckness  about 1 . 3  cm (0.5 inch)  would be expected t o  s u r v i v e  most 
s e r v i c e  and acc iden t  environments wi th  e i t h e r  a  conc re t e  o r  g l a s s  waste  form. 
In t h i s  a n a l y s i s ,  s u r v i v a l  i s  c o n s e r v a t i v e l y  de f ined  a s  <1% deformation by 
c r e e p , d u r i n g  s to rage ,  about 1% creep  i n  a  l o s s  o f  coo l ing  a c c i d e n t ,  no pene t r a -  
t i o n  i n  an impact a c c i d e n t ,  and c reep  >1% (but  no r u p t u r e )  i n  a  f i r e .  Because 

..,!; , . .  o f  t h e  high i n t e r n a l  p re s su re s :  . assoc ia ted  wiie11~-iconcl-ae:te.-filled c o n t a i n e r s  i n  :;.,. , .. . .. . 
thermal a c c i d e n t s ,  and t h e  h igh  tempera tures  a s s o c i a t e d  wi th  in-can mel t ing  
of  g l a s s ,  much t h i c k e r  wa l l s  [ u p ' t o  25.4 cm (10 i n c h ) ]  l iou ld 'be  r equ i r ed  t o  
su rv ive  t h e s e  cond i t i ons .  These a l t e r n a t i v e s  show t h e  s t r o n g  dependence of  '. 

.. \..' t h e  choice  o f  waste form on t h e  acc iden t  c o n d i t i o n s  which a r e  f i n a l l y  
. . .  s e l e c t e d  a s  t h e  bases  f o r  des ign  o f  t h e  waste  managemeilt p roces s .  

* Assuming s u r f a c e  temperatures  o f  100 C (212 F) and maximum c e n t e r l i n e  
teniperatures  of  250 C (480 F) f o r  conc re t e  and 500 C (930 F)  f o r  g l a s s ,  
t h e  maximum r a d i u s  f o r  t r a n s f e r  o f  h e a t  from r a d i o a c t i v e  decay i s  84 cin 

' 

(2.75 f e e t )  f o r  conc re t e  and >91 cm (3 .0  f e e t )  f o r  g l a s s .  
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TABLE 1 - P r o p e r t i e s  o f  Candidate Conta iner  M a t e r i a l s  

Property 1020 CS Cor-Ten A 304L SS Inconel 600 Inconel 
6Z53 

Melting p o i n t ,  "C 

. . T e n s i l e  s t r e n g t h  a t  2S°C, p s i  65,000 70,, 000 

Yield s t r e n g t h  a t  2s°C, p s i  - .  

S t r e s s  f o r  1% creep ,  p s i  . . 

Glass melt ing.  (10 h r  a t  1150°C) 

S torage  (8.76 x 10' h r  a t  100°C) 

Loss of  coo l ing  (720 h r  a t  825°C) 

F i r e  ( 0 . 5  h r  a t  790°C) 

..&;'pt.ure . ~ t r e . ~ g t h  . , ..p.s.i 

Glass me l t i ng  - t tIn-can" (10 h r )  

- Continuous (1  h r )  

S torage  

Loss of  cool ing  i 

 ire 

Cost; $./b 

- 
a. Creep and r u p t u r e  p r o p e r t i e s  s i m i l a r  t o  1020 CS. 



. . TABLE 2 - "In-Can" Melter Reactions 

VaZ 2 Thinning, m i  2s 

Cor-Ten 304L SS 

Outer surface 

Oxidation 3 0 1 

.Inner surface 

Sludge 13H 53 < 1 

Sludge 3 9 6 2 



.;:3LE 3 - wall  hi cknesses Required fo r  Strength 

Strength' Criteria WaZ l Thickness, in. a 
for Response t o  
Internal Pressure 1020 CS 304L SS Ineonel 600 Incone2 625 

x n c r e t e  

--. Sto rage  1% creep ,  a  = 0.5  0.22' 0  .20C 0.17' . 0.14' 
b  b  .b  0.32 b 

Loss of  coo l ing  1% creep ,  a  = 1 0.70 0.51 0.40 
b  3.4 

b  0.98 b  
F i r e  r u p t u r e ,  a  = 1 lob  2 .5  

..-lass 

. Melting - "In-Can" r u p t u r e ,  a  = 0.5 

- Continuous r u p t u r e ,  a  = 0.5 

-. Storage  1% creep ,  a =0 .5  

. -  Loss of  Cooling 1% creep ,  a = 1 

. F i r e  r u p t u r e ,  a = 1 

F i r e  1% creep ,  a  = 1 

-:. Assumed r e f e r e n c e  des ign  con ta ine r ,  R =  1 f t ,  h  = 10 f t ,  V w = 31.4 f t 3 ;  s a f e t y  f a c t o r  

3 .  Thickness i s  t h a t  r equ i r ed  t o  r e s i s t  deformation from i n t e r n a l  p r e s s u r e ,  b u t  g r e a t e r  
. than  t h a t  r equ i r ed  f o r  impact r e s i s t a n c e ,  

.. . 

Thickness i s  t h a t  r equ i r ed  f o r  impact r e s i s t a n c e ,  b u t  g r e a t e r  than  t h a t  r equ i r ed  f o r  -. . " 

i n t e r n a l  p r e s s u r e .  



TABLE 4 - Relative Merit of Container Materials 

1020 CS Cor-Ten A " 304L SS Inconel 600 Inconel 625 
t. 

2 . t ,  Environment t a M t M t Iil t m 

Concrete  
C Sto rage  

Loss of coo l ing  d 

e 
F i r e  

Glass  

I "In-can melting1'  and s toragec  2.650 0.74 2.595 0.38 0.670 0.58 0.990 0.088 0.250 0.26 
C 

Continuous mel t ing  and s t o r a g e  0.410 5 .2  0.355 3.1 0.280 1 . 4  0.230 0.39 0.190 0.34 

Loss o f  cool ing  
d 0.410 5 .2  0.355 3 .1  0.280 1.4 0.230 0.39 0.190 0.34 

 ire" 0.420 5.0 0.365 3.0 0.290 1 . 3  0.230 0.39 0.190 0.34 

F i r e  
d ,  

0.430 4.9 0.373 3.0 0.290 1 . 3  0.240 0.37 0.200 0.33 

. . -  

a. t = s u m  of  w a l l  t h i c k n e s s  allowances f o r .  s t r e n g t h  (Table 3) and ox ida t ion  (F igures  5 and 6) and c o m p a t i b i l i t y  
( s ee  t e x f ) .  

1000 ; h = 120 i n . ,  R = 12 i n . ,  p = d e n s i t y ,  C = c o s t  ( $ / l b ) .  b. M = rh t ( 2R+ t) ( p) (C) 

c. Based on s t r e s s  t o  produce 1% creep  i n  100 yea r s  ( s a f e t y  f a c t o r  a = 0 .5 ) .  

d. Based or. s t r e s s  t o  produce 1% creep  ( s a f e t y  factors= 1 ) ;  r u p t u r e  s t r e n g t h  would n o t  b e  exceeded. 

e. ~ u p t u r e  s t r e n g t h  would b e  exceeded. 



Lorsen-Miller Parameter, P=T(18+log t) T,'R; t, hr 
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Capsule Dimensions: T:> b .- 
- I , . -  

OD 0.625 in. , . 
I - 

I D  0.187 in. 
Length 0.500 in. 

SAE 1020 Capsule I 
I 

Lclmnile * Cement containing 
40% Simulated Sludge 

-. Compatibility Reaction l ntergranular Attack 

*~radernark of Universai Atlas Division of US Steel 
far High- Alumina Cement. 
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FIGURE 1 - Typ i ca l  L a r s e n - M i l l  e r  p l o t s .  

FIGURE 2 - Typ i ca l  c o m p a t i b i l i t y  capsule '  heated 10,000 hours a t  350 C.  

FIGURE 3 - Typ i ca l  sealed capsule heated 1000 hours a t  300 C .  
-, - .  

FIGURE 4 - React ions d u r i n g  " in -can"  m e l t i n g  o f  g l ass .  
- --.-- --- - A  .- . -- - - - - - * -  _-I-% - 

: 1 
1 

FIGURE 5 - Atmospheric c o r r o s i o n  o f  cand ida te  a l l o y s .  , 
i 

FIGURE 6 - High- temperature o x i d a t i o n  o f  cand ida te  a l l o y s .  

a *;iPlGURE 7  effect -df ' .mater iccl  s  p r o p e p t i  es on conta- iner  dimensions. 

For 100 yea r  s to rage  o f  concre'te i n  a  1020 carbon s t e e l  c o n t a i n e r  and s a f e t y  f a c t o r s  
o f  b  = 1  .5 and a = 0.5, t h e  Impact Parameter = 1.95 x  and t h e  Pressure Parameter 
= 1.25 x E n t e r i n g  t h e  graph w i t h  these  va lues  on t h e  absc issa,  e x t r a p o l a t i o n  
f rom a w a l l  t h i ckness  o f  0 .2  i n .  g i v e s  c o n t a i n e r  dimensions o f  30 f t3 volume, 16.7 i n .  

;' r ad ius ,  and 5.2 f e e t  h e i g h t .  




