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ABS TRACT 

Th u r  r t f f o r t  i p a r t  of an ongoin t sk to  review t h  n a t i  I high 
l e v e l  waste package e f f o r t .  I t  inc ludes  e v a l u a t i o n s  of r e f e r e n c e  waste form, 
c o n t a i n e r  , and packing m a t e r i a l  components with r e s p e c t  to determining how 
they nay c o n t r i b u t e  to  the containment and c o n t r o l l e d  r e l e a s e  of r ad ionuc l ides  
a f t e r  waste packages have been emplaced i n  s a l t ,  b a s a l t ,  and t u f f  r e p o s i t o r -  
i e s .  In the c u r r e n t  Biannual Report a s e c t i o n  on carbon s t e e l  c o n t a i n e r  co r -  
r o s i o n  has  been included to complement p r i o r  work on TiCode-12 and Type 304 
s t a i n l e s s  s t e e l .  The use of crushed t u f f  as  a packing m a t e r i a l  i s  discussed 
and waste package component i n t e r a c t i o n  t e s t  data  a r e  included.  Licensing 
d a t a  requirements  t o  e s t i m a t e  the degree of compliance with NRC performance 
o b j e c t i v e s  a r e  s p e c i f i e d .  
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EXECUTIVE SUMMARY 

T h i s  Biannual Progress  Report  i s  one i n  a s e r i e s  which d e s c r i b e s  a s tudy  
to  eva lua te  the  n a t i o n a l  h igh  l e v e l  waste  package program. The o b j e c t i v e  of 
t he  work i s  t o  d e f i n e  those  f e a t u r e s  of the  engineered b a r r i e r  system which 
m u s t  be understood i f  a r e p o s i t o r y  i s  to be c h a r a c t e r i z e d .  Current  e f f o r t  i s  
focused on d e f i n i n g  t h e  chemical and mechanical f a i l u r e  o r  degrada t ion  modes 
i n  the  engineered  system which in f luence  i t s  a b i l i t y  t o  meet NRC's two main 
performance o b j e c t i v e s ,  v i z .  ( a )  t h e  300- t o  1000-year r ad ionuc l ide  conta in-  
ment c r i t e r i o n  f o r  t h e  waste package, and ( b )  t h e  maximum annual  r ad ionuc l ide  
r e l e a s e  r a t e  from t h e  engineered b a r r i e r  system of one p a r t  i n  l o 5  of t he  
inven to ry  p r e s e n t  1000 yea r s  a f t e r  r e p o s i  t o r y  c l o s u r e .  

Corrosion F a i l u r e  Modes f o r  Low-Carbon S tee l  

I n  t h i s  p a r t  of the  program the  da t a  a v a i l a b l e  on low carbon s t e e l  were 
eva lua ted  t o  s p e c i f y  t h e  f a i l u r e  modes which could compromise the a b i l i t y  of 
the  c o n t a i n e r  to  meet the  r ad ionuc l ide  containment  c r i t e r i o n .  P o t e n t i a l  f a i l -  
u r e  modes inc lude  uniform and p i t t i n g  c o r r o s i o n ,  ga lvan ic  c o r r o s i o n ,  stress 
c o r r o s i o n  c rack ing ,  c r e v i c e  c o r r o s i o n ,  and hydrogen embr i t t l ement .  Curren t  
DOE e f f o r t s  have focused p r i m a r i l y  on uniform c o r r o s i o n  mechanisms and r a t e s  
under c o n d i t i o n s  which do n o t  r e f l e c t  t he  changing environmental  f a c t o r s  ex- 
pected dur ing  t h e  per iod  of r e p o s i t o r y  o p e r a t i o n .  Addi t iona l  da t a  r equ i r e -  
ments necessary  f o r  an  adequate  assessment  and l i c e n s i n g  are s p e c i f i e d  i n  t h e  
r e p o r t  and inc lude  long t e r m  t e s t i n g  and the  development of  p r e d i c t i v e  
equat ions .  

In  a s s e s s i n g  t h e  s u s c e p t i b i l i t y  of carbon s t e e l  t o  p i t t i n g  and c r e v i c e  
co r ros ion  informat ion  i s  needed on the  e f f e c t s  of groundwater composi t ion,  pH, 
t empera ture ,  s t ee l  h e a t  t r ea tmen t ,  and s t r u c t u r e  of the  oxide f i l m  on the  
metal .  The e f f e c t s  of r a d i o l y s i s  on t h e  propagat ion  of p i t s  and c r e v i c e s  
r e q u i r e s  t h a t  t e s t i n g  programs be undertaken t h a t  would involve r e a l i s t i c  
cond i t ions  and extended tes t  per iods .  

A review of a v a i l a b l e  da t a  i n d i c a t e s  t h a t  t h e r e  i s  cons ide rab le  uncer- 
t a i n t y  r ega rd ing  the  s u s c e p t i b i l i t y  of carbon s t e e l  c o n t a i n e r s  t o  stress 
co r ros ion  c rack ing  under expected r e p o s i t o r y  cond i t ions .  There a r e  ind ica-  
t i o n s  t h a t  stress c o r r o s i o n  i s  l i k e l y  to  be a c c e l e r a t e d  by h igh  r e p o s i t o r y  
temperatures ,  h igh  stresses and high oxygen l e v e l s .  Long term and a c c e l e r a t e d  
t e s t i n g  should be undertaken involv ing  v a r i o u s  r e p o s i t o r y  water  chemis t r i e s ,  
c o n t a i n e r  s t r e s s e s ,  and temperatures  , i n  o r d e r  t o  adequate ly  a s s e s s  t h e  mag- 
n i tude  of t h i s  problem. High s t r e s s  l e v e l s  which would i n i t i a t e  c rack ing  
could a r i s e  from thermal g r a d i e n t s  w i t h i n  the c o n t a i n e r  caused by c o n t a c t  
wi th  c o o l e r  w a t e r ,  from l o c a l  h igh  loads  a t  the  c o n t a c t  p o i n t s  between the  
c o n t a i n e r  and suppor t  p o s t s  (BWIP d e s i g n ) ,  from weld s t r e s s e s ,  and from 
h y d r o s t a t i c /  l i t h o s t a t i c  s t r e s s  components. 

c 

The most l i k e l y  hydrogen a s s i s t e d  f a i l u r e  problem f o r  carbon s t e e l  i s  
a s s o c i a t e d  wi th  decreased d u c t i l i t y  and delayed f a i l u r e .  There i s  i n s u f f i -  
c i e n t  in format ion  a v a i l a b l e  t o  c h a r a c t e r i z e  the  s u s c e p t i b i l i t y  of carbon s t e e l  
w i t h  r e s p e c t  t o  hydrogen ass is ted f a i l u r e  under r e p o s i t o r y  cond i t ions .  The 
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mechanisms of hydrogen embr i t t l ement  should be  i d e n t i f i e d  and mathemat ica l ly  
modeled t o  p e r m i t  long  term p r e d i c t i o n s .  Th i s  e f f o r t  w i l l  r e q u i r e  an  a s s e s s -  
ment of the  range of r e p o s i t o r y  c o n d i t i o n s  over  which hydrogen a s s i s t e d  
f a i l u r e  can be cons idered  a p o t e n t i a l  f a i l u r e  mode. 

Chemical F a i l u r e  Modes f o r  Tuff Waste Package PacKing M a t e r i a l s  

A t  p r e s e n t ,  t h e  main packing m a t e r i a l  being d i scussed  f o r  u s e  i n  a t u f f  
waste  r e p o s i t o r y  i s  crushed t u f f ,  designed t o  have 80% of the  o r i g i n a l  d e n s i t y  
of the  hos t  rock.  The most l i k e l y  chemical deg rada t ion  modes f o r  t u f f  a r e  
minera logica l  a l t e r a t i o n  and loss  of s o r p t i v e  c a p a c i t y .  Since these  f a i l u r e  
modes have been r e l a t i v e l y  l i t t l e  s t u d i e d ,  such r e s e a r c h  may represent a h igh  
p r i o r i t y  need f o r  t he  NRC. Other  m a t e r i a l s  which have been d iscussed  a s  pos -  
s i b l e  components of t he  packing a r e :  b e n t o n i t e ,  Mg and/or  CaO, o r  charcoal .  
The arguments a g a i n s t  i n t roduc ing  b e n t o n i t e  i n t o  a t u f f  r e p o s i t o r y  a r e  the  
fo l lowing:  (1) b e n t o n i t e  may lack  the  necessa ry  hydrothermal  s t a b i l i t y  a t  
expected waste load ings ,  ( 2 )  b e n t o n i t e  might  i n t roduce  water  ( sorbed  o r  s t r u c -  
t u r a l )  i n t o  a r e l a t i v e l y  d r y  r e p o s i t o r y ,  ( 3 )  crushed t u f f  may posses s  less 
s o ~ p  t i v e  c a p a b i l i t y  than the  h o s t  rock  i t s e l f .  

The p r o p e r t i e s  of t u f f  of most i n t e r e s t  t o  i t s  performance a s  packing 
m a t e r i a l  a r e :  hydrothermal s t a b i l i t y ,  p e r m e a b i l i t y ,  thermal c o n d u c t i v i t y  and 
s o r p t i o n  f o r  v a r i o u s  r a d i o n u c l i d e s  under bo th  o x i d i z i n g  and reducing  condi-  
t i o n s .  Such p r o p e r t i e s  a r e  s i t e  s p e c i f i c  and depend on t h e  minera logy  of t h e  
t u f f  and on the  degree of p o r o s i t y .  Ava i l ab le  s o r p t i o n  d a t a  a r e  summarized 
b u t  a r e  p re l imina ry  i n  n a t u r e  wi th  few r e p l i c a t e s ,  and do n o t  cover  t h e  f u l l  
range of p o s s i b l e  cond i t ions  i n  a t u f f  r e p o s i t o r y .  

The most l i k e l y  deg rada t ion  modes, mine ra log ica l  a l t e r a t i o n  and l o s s  of  
s o r p t i v e  c a p a c i t y ,  have h a r d l y  been s t u d i e d  f o r  t u f f  under r e p o s i t o r y  condi-  
t i o n s .  Pre l iminary  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  l imi t ed  a l t e r a t i o n  might  
a c t u a l l y  improve the  s o r p t i v e  p r o p e r t i e s  o f  c rushed  t u f f  due t o  the  format ion  
of  z e o l i t e s  whi le  more ex tens ive  a l t e r a t i o n  would produce mine ra l s  w i t h  
probably less  f avorab le  s o r p t i v e  p r o p e r t i e s  than  the  o r i g i n a l  t u f f .  

Eva lua t ion  of I n t e r a c t i v e  E f f e c t s  Amonn ComDonents of t he  Waste Packaee 

Th i s  s tudy  eva lua te s  i n t e r a c t i v e  t e s t i n g  f o r  components of t h e  waste 
package and,  a l s o ,  whole package t e s t i n g .  I t  o u t l i n e s  the  importance of 
packing m a t e r i a l  o r  c rushed  h o s t  rock wi th  respect  to  t h e i r  e f f e c t s  on t h e  
c o r r o s i o n  o r  leaching  of t he  o t h e r  components of  t h e  waste  package. 

Data on i n t e r a c t i v e  t e s t i n g  of components of t he  waste  package a re  f r a g -  
mentary and n o t  cove r ing  t h e  f u l l  range of r e p o s i t o r y  c o n d i t i o n s .  Although 
r e s e a r c h  on s imple r  systems may be  u s e f u l  t o  i n d i c a t e  t r e n d s ,  i n  such complex 
systems i t  i s  d e s i r a b l e  to  conduct  eng inee r ing  s t u d i e s  r e p l i c a t i n g  t h e  whole 
was te  package and surrounding r e p o s i t o r y  c o n d i t i o n s  a s  c l o s e l y  a s  p o s s i b l e  
(proof  t e s t i n g )  . 
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Pre l imina ry  t e s t s  i n d i c a t e  t h a t  the packing m a t e r i a l  may be b e n e f i c i a l ,  
marginal o r  even de t r imen ta l  to the r e l e a s e  r a t e s  depending on the  choice of 
m a t e r i a l ,  i t s  a b i l i t y  to  withstand the thermal per iod and i t s  c o m p a t i b i l i t y  
with o t h e r  components of t h e  waste package and with the h o s t  rock. Moist o r  
wet b e n t o n i t e  i n  c o n t a c t  w i th  the c o n t a i n e r  may a c c e l e r a t e  co r ros ion .  Also ,  
b e n t o n i t e  may a c c e l e r a t e  the leaching of t h e  waste form by ion d e p l e t i o n  by 
prevent ing s a t u r a t i o n  of groundwater immediately surrounding t h e  waste 
package . 

Other components of the packing m a t e r i a l  such a s  b a s a l t  might reduce t h e  
c o r r o s i o n  of the low carbon s t e e l  by performing a p r o t e c t i v e  s i l i c a t e  f i lm .  
Under some circumstances,  b a s a l t  can a l s o  reduce leaching of t he  b o r o s i l i c a t e  
g l a s s  waste form. 

Of the me ta l s  being considered f o r  a HLW c o n t a i n e r ,  i r o n  o r  low carbon 
s t e e l  appears  to be i n f e r i o r  s i n c e  i r o n  i n  s e v e r a l  groundwaters has  been found 
t o  a c c e l e r a t e  leaching of b o r o s i l i c a t e  g l a s s .  

From such prel iminary d a t a  the need becomes appa ren t  f o r  more bicomponent 
and whole package t e s t i n g  covering the f u l l  range of r e p o s i t o r y  c o n d i t i o n s .  





b 

b 

1. INTRODUCTION ( P .  Soo)  

In  the l i c e n s i n g  procedure f o r  a high l e v e l  waste geologic  r e p o s i t o r y  two 
NRC c r i t e r i a  are of major importance with r e s p e c t  to the performance objec-  
t i v e s  f o r  the engineered system. These a r e  d e t a i l e d  i n  F i n a l  Rule 10 CFR 60 
(Disposal  of High Level Waste i n  Geologic R e p o s i t o r i e s )  dated June 1983.  
f i r s t  o b j e c t i v e  s p e c i f i e s  t h a t :  

The 

Containment of HLW w i t h i n  the waste packages w i l l  be substan-  
t i a l l y  complete f o r  a per iod to be determined by the Commis- 
s i o n  taking i n t o  account  the f a c t o r s  s p e c i f i e d  i n  subsec t ion  
60.113(b) ( o f  10 CFR 60)  provided, t h a t  such per iod s h a l l  be 
no t  l e s s  than 300 yea r s  nor  more than 1,000 yea r s  a f t e r  
permanent c l o s u r e  of t h e  geologic  r e p o s i t o r y ;  and 

I1  

The r e l e a s e  r a t e  of any r ad ionuc l ide  from the engineered b a r r i e r  
system fol lowing the  containment per iod s h a l l  n o t  exceed one p a r t  
i n  100,000 p e r  year  of the  inven to ry  of t h a t  r ad ionuc l ide  calcu-  
l a t e d  t o  be p r e s e n t  a t  1000 yea r s  following permanent c l o s u r e ,  o r  
such o t h e r  f r a c t i o n  of t he  inven to ry  a s  may be approved o r  spec i -  
f i e d  by the Commission; provided, t h a t  t h i s  requirement does n o t  
apply to any r a d i o n u c l i d e  which i s  r e l e a s e d  a t  a r a t e  less than 
0.1% of the c a l c u l a t e d  t o t a l  r e l e a s e  r a t e  l i m i t .  The c a l c u l a t e d  
t o t a l  r e l e s e  r a t e  l i m i t  s h a l l  be taken to be one p a r t  i n  100,000 
per  y e a r  of the inven to ry  of r a d i o a c t i v e  waste ,  o r i g i n a l l y  em- 
placed i n  the  underground f a c i l i t y ,  t h a t  remains a f t e r  1,000 
years  of r a d i o a c t i v e  decay." 

l t  

To meaningful ly  addres s  these  performance o b j e c t i v e s  i t  w i l l  be necessary f o r  
the l i c e n s e  a p p l i c a n t  to cons ide r :  

a .  How and when groundwater e n t e r s  the engineered r e p o s i t o r y  system 
b. How and when groundwater p e n e t r a t e s  the geologic  packing ma te r i a l  

c.  How and when groundwater p e n e t r a t e s  the c o n t a i n e r  system and causes 

d. How and when groundwater leaches r ad ionuc l ides  from the  waste form 
e .  How and when the r ad ionuc l ides  a r e  t r anspor t ed  through the f a i l e d  

c o n t a i n e r  system, packing m a t e r i a l  and d i s tu rbed  h o s t  rock t o  the 
n e a r  f i e l d  environment. 

( d i  s e r e  t e  backf i l l )  

c o r r o s i o n  f a i l u r e  

For these  s c e n a r i o s ,  i n  which the i n d i v i d u a l  engineered b a r r i e r s  a r e  
breached, probable chemical ( c o r r o s i o n )  f a i l u r e / d e g r a d a t i o n  modes and mechani- 
c a l  f a i l u r e / d e g r a d a t i o n  modes need to be i d e n t i f i e d  and q u a n t i f i e d .  These 
w i l l  depend on the s p e c i f i c  design of the engineered system inc lud ing  s e l e c -  
t i o n  of m a t e r i a l s ,  l o c a l  temperatures ,  l o c a l  r e p o s i t o r y  water c o n d i t i o n s ,  
r a d i a t i o n  e f f e c t s ,  water flow r a t e s ,  and li t h o s t a t i c / h y d r o s  t a t i c  p r e s s u r e s ,  
e t c .  I t  i s  only through a comprehensive knowledge of t hese  f a c t o r s  t h a t  the 
performance of the i n d i v i d u a l  engineered b a r r i e r s  can be determined and 
compliance with the above-mentioned NRC c r i t e r i a  demonstrated. 
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important  performance assessments  f o r  b a r r i e r  components which may need to be 
addressed f o r  l i c e n s i n g  wi th  r e s p e c t  to  demonstrating compliance wi th  the 
containment and c o n t r o l l e d  r ad ionuc l ide  r e l e a s e  performance o b j e c t i v e s .  Fig- 
u r e s  1.1 and 1 . 2  a r e  schematics o u t l i n i n g  the  l o g i c  f o r  performance a s s e s s -  
ment. They s p e c i f y  those f a i l u r e / d e g r a d a t i o n  modes which a r e  considered to be 
important  f o r  the m a t e r i a l s  and h o s t  rocks c u r r e n t l y  being considered i n  the 
n a t i o n a l  h i g h  l e v e l  waste t e rmina l  s to rage  program. By accumulating a compre- 
hensive d a t a  base on these  f a i l u r e  modes, those which w i l l  u l t i m a t e l y  be 
c o n t r o l l i n g  can be i d e n t i f i e d .  

The purpose of the c u r r e n t  s tudy  i s  t o  o u t l i n e  i n  l o g i c a l  sequence the 

Although F igure  1.1 desc r ibes  a plan f o r  t he  comprehensive performance 
assessment  of the i n d i v i d u a l  engineered b a r r i e r  components i t  i s  n o t  mandatory 
f o r  each component to be f u l l y  c h a r a c t e r i z e d .  I f  the l i c e n s e  a p p l i c a n t  can 
demons t r a  te t h a t  one component a lone  can meet an NRC performance o b j e c t i v e  
then a d e t a i l e d  c h a r a c t e r i z a t i o n  of t he  o t h e r  engineered b a r r i e r s  i s  unneces- 
s a ry .  I t  would s u f f i c e  to  show t h a t  the o t h e r  b a r r i e r s  a r e  redundant and do 
n o t  compromise the a b i l i t y  of t he  primary b a r r i e r  t o  meet the o b j e c t i v e .  For 
example, i f  i t  can be shown t h a t  a c o n t a i n e r  system a l o n e  can remain unbreach- 
ed f o r  300-1000 yea r s  under a n t i c i p a t e d  waste package c o n d i t i o n s ,  then a com- 
prehensive d a t a  base on the performance of the secondary b a r r i e r s  would n o t  be 
needed to addres s  the containment time. S i m i l a r l y ,  i f  t h e  waste form has a 
r ad ionuc l ide  r e l e a s e  r a t e  which w i l l  meet the c o n t r o l l e d  r e l e a s e  c r i t e r i o n  
under a n t i c i p a t e d  r e p o s i t o r y  c o n d i t i o n s  a d e t a i l e d  knowledge of t he  radionu- 
c l i d e  r e t a r d a t i o n  c a p a b i l i t i e s  of packing m a t e r i a l s  i s  a l s o  n o t  needed. Thus, 
a l i c e n s i n g  s t r a t e g y  based on f u l l  compliance with an  NRC performance objec-  
t i v e  by a s i n g l e  b a r r i e r  would be a c o s t  saving endeavor. On the o t h e r  hand, 
i f  compliance r e q u i r e s  the  c o n j o i n t  a c t i o n  of more than one b a r r i e r ,  so t h a t  
each b a r r i e r  c o n t r i b u t e s  p a r t i a l  compliance, t h e  d a t a  base to  c h a r a c t e r i z e  
pe r fo rmanc e w i 1 1 ne c es  sa r i 1 y invo 1 ve s i ng 1 e - componen t and mu 1 t i  - componen t 
t e s t s  t o  q u a n t i f y  i n t e r a c t i o n  e f f e c t s .  S t r a t e g i e s  which may be used t o  
demonstrate compliance a r e  discussed i n  a s e p a r a t e  r e p o r t  (NUREG/CR-2951, 
1982). 

I n  the  fol lowing s e c t i o n s  of the c u r r e n t  r e p o r t  a r e  desc r ibed  c o r r o s i o n  
f a i l u r e  modes f o r  carbon s t e e l  c o n t a i n e r s ,  t he  u s e  of crushed t u f f  a s  a pack- 
ing m a t e r i a l  ( d i s c r e t e  b a c k f i l l ) ,  and whole package t e s t  d a t a .  This  work 
complements work r epor t ed  i n  p r i o r  Biannual Reports i n  t h i s  program. 

1.1 Reference 

NUREG/CR-2951, BNL-NLJREG-51588, "Draft  S t a f f  Technical  P o s i t i o n ,  Subtask 1.1: 
Waste Package Performance A f t e r  Reposi tory Closure ," M. S .  Davis and 
D. G .  Schwei t z e r ,  Brookhaven Nat ional  Laboratory,  September 1982. 
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2. NEAR FIELD REPOSITORY C O N D I T I O N S  ( B .  S i sk ind ,  D .  Hsieh,  S. V. Panno) 

Detai led assessments have been completed on a n t i c i p a t e d  n e a r  f i e l d  
c o n d i t i o n s  f o r  s a l t ,  b a s a l t  and t u f f  r e p o s i t o r y  systems. The s a l t  and b a s a l t  
work may be found i n  NUREG/CR-2482, Vol. 3, "Review of DOE Waste Package 
Program," dated March 1983. The s e c t i o n  on t u f f  r e p o s i t o r y  c o n d i t i o n s  i s  
contained i n  NUREG/CR-2482, Vol. 4 ,  "Review of DOE Waste Package Program," 
dated September 1983. 

3. WASTE FORM FAILURE AND DEGRADATION MODES (J. Shao) 

This  s e c t i o n  of the s tudy  has been completed and d e s c r i b e s  waste g l a s s  
p r o p e r t i e s  and environmental  c o n d i t i o n s  which may a f f e c t  the l e a c h a b i l i t y  of 
the g l a s s .  The work i s  presented i n  the l a s t  Biannual Report ,  MUREG/CR-2482, 
Vol. 4 ,  "Review of DOE Waste Package Program," dated September 1983. 

4. CONTAINER SYSTEM FAILliRE AND DEGRADATION MODES (E. Veakis, J. Shao) 

4.1 Chemical F a i l u r e  Modes f o r  TiCode-12 

A comprehensive l i t e r a t u r e  survey on the chemical ( c o r r o s i o n )  f a i l u r e  
modes f o r  TiCode-12 was completed i n  a p r i o r  Biannual Report (NUREG/CR-2492, 
Vol. 3 ) ,  Review of DOE Waste Package Program," dated March 1983. I 1  

4.2 Chemical F a i l u r e  Modes f o r  TvDe 304L S t a i n l e s s  S t e e l  

Th i s  s tudy  was a l s o  completed and may a l s o  be found i n  the Biannual Report 
r e fe renced  i n  S e c t i o n  4.1. 

4.3 Chemical F a i l u r e  Modes f o r  Carbon S t e e l  

Current  e f f o r t s  by DOE i n  the s e l e c t i o n  of m e t a l l i c  c o n t a i n e r s  f o r  u s e  i n  
high l e v e l  waste  d i s p o s a l  a r e  mainly d i r e c t e d  a t  carbon s t e e l .  I n  the sec- 
t i o n s  t h a t  fol low , information i s  presented on t h e  v a r i o u s  deg rada t ion  modes 
r e l e v a n t  t o  t h e  c o r r o s i o n  of carbon s t e e l s  based on t h e o r e t i c a l  and expe r i -  
mental c o n s i d e r a t i o n s .  Recommendations a r e  made to address  e x i s t i n g  gaps i n  
the d a t a  base c r u c i a l  f o r  m e t a l l i c  b a r r i e r  e v a l u a t i o n  and long t e r m  p r e d i c t i o n  
of c o r r o s i o n  performance. An assessment of c o r r o s i o n  r e s i s t a n c e  of t hese  
s t e e l s  r e q u i r e s  an e s t i m a t e  of long term c o r r o s i o n  behavior under expected 
r e p o s i t o r y  c o n d i t i o n s .  
i n  the l a s t  Biannual Report. 

This  work i s  a s i g n i f i c a n t  expansion' of t h a t  presented 

4.3.1 Uniform Corrosion 

The e l ec t rochemica l  theory of uniform aqueous c o r r o s i o n  i s  concerned wi th  
the ga lvan ic  i n t e r a c t i o n  t h a t  takes  place between the  anodic  and ca thod ic  a r e a s  
of t he  metal  s u r f a c e .  Uniform c o r r o s i o n  invo lves  a r e a c t i o n  t h a t  proceeds over 
the e n t i r e  exposed s u r f a c e ,  o r  over a l a r g e  a r e a ,  of t h e  metal .  I n v e s t i g a t i o n s  
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of c o r r o s i o n  processes  a t t e m p t  to  determine the  n a t u r e  of the c o r r o s i o n  prod- 
u c t s  and the i n f l u e n c e  these  have on the ra te  of r e a c t i o n  ( S h r i e r ,  L . ,  1976). 
D i s s o l u t i o n  of the metal a t  the anode and r educ t ion  a t  the ca thode ,  i n  the case  
of s t e e l ,  i s  o f t e n  r ep resen ted  as :  

Fe -> Fe+2 + 2e' and Fe + H 2 0  + 1 / 2  0 2  -> Fe(OH)2. 

In  the c o r r o s i o n  p rocess ,  t he  d r i v i n g  f o r c e  i s  provided by the d i f f e r -  
ences i n  e l e c t r o c h e m i c a l  p o t e n t i a l  between the  anodic  and ca thod ic  a r e a s .  Some 
of the f a c t o r s  r e s p o n s i b l e  f o r  t hese  d i f f e r e n c e s  inc lude  l o c a l  v a r i a t i o n  i n  
oxygen c o n c e n t r a t i o n  of the s o l u t i o n ,  v a r i a t i o n  i n  d i s so lved  me t a l  i on  concen- 
t r a t i o n ,  and composi t ional  v a r i a t i o n  of t h e  metal  a long the exposed su r face .  

The a c i d i t y  of t he  s o l u t i o n  i s  a key f a c t o r  a f f e c t i n g  c o r r o s i o n  r a t e .  In 
a l k a l i n e  o r  n e u t r a l  s o l u t i o n s  the k i n e t i c s  a r e  dependent on oxygen a v a i l a b i l -  
i t y .  For a pH range of 4-10, i n  low v e l o c i t y  ambient temperature  wa te r ,  a 
l a y e r  of f e r r o u s  hydroxide forms a c t i n g  a s  a d i f f u s i o n  b a r r i e r  t o  oxygen. The 
me ta l  s u r f a c e  environment i s  a l k a l i n e  , r e s u l t i n g  i n  low uniform c o r r o s i o n  r a t e s  
(Uhlig , H .  , 19 71). Inc rease  i n  oxygen c o n c e n t r a t i o n  r e s u l t s  i n  hydrous f e r r i c  
oxide and i s  ev iden t  a s  " r u s t . "  Typical  c o r r o s i o n  rates of carbon s t e e l  i n  the  
pH range of 5-10 ( a i r  s a t u r a t i o n ,  ambient temperature) i s  -12 mpy. An i n c r e a s e  
i n  d i s so lved  oxygen c o n t e n t  i n  low v e l o c i t y ,  ambient temperature  water i s  
accompanied by a l i n e a r  i n c r e a s e  i n  the c o r r o s i o n  r a t e  (Uhlig,  H . ,  1971). 

Higher temperatures  may i n c r e a s e  the d i f f u s i o n  of oxygen through the 
hydrated i r o n  oxide to i n c r e a s e  co r ros ion .  From ambient to -80°C, t h e  
c o r r o s i o n  r a t e  doubles for every 15O-3OoC rise i n  temperature.  Uhlig n o t e s  
t h a t  i n  a n  open system, c o r r o s i o n  r a t e s  decrease a t  temperatures above 8OoC 
a s  a r e s u l t  of a decrease i n  oxygen s o l u b i l i t y  (Uh l ig ,  H . ,  1971). I n  c losed 
systems , c o r r o s i o n  r a t e s  i n c r e a s e  with temperature  u n t i l  oxygen consumption i s  
completed. E f f e c t s  of pH and temperature on the  c o r r o s i o n  r a t e  of carbon s t e e l  
i n  water  are  summarized i n  Table 4.1. 

Table 4.1. Summary of  pH and t e m p e r a t u r e  e f f e c t s  on c o r r o s i o n  
r a t e s  f o r  carbon s tee l  i n  water  (Kirby,  G .  N . ,  1979) .  

E f f e c t  of DH 

2-6 mL 02/L; 2OoC 
pH 5-10: 4-12 mpy 
pH 5 2:  >50 mpy 

E f f e c t  of temperature 

pH 5-10; oxygen s a t u r a t i o n  
20°C: 12 mpy 
5OoC: 20-50 mpy 
8OoC:  40-50 mpy (and h ighe r )  
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The presence of d i s so lved  s a l t s  ( a c i d  o r  n e u t r a l )  may a c t  t o  i n c r e a s e  the 
c o n d u c t i v i t y  of t he  s o l u t i o n  and a f f e c t  the s o l u b i l i t y  of t he  c o r r o s i o n  prod- 
u c t s  l ead ing  t o  inc reased  c o r r o s i o n  r a t e s .  Concentrat ions of u p  t o  3% N a C l  i n  
a e r a t e d  waters w i l l  i n c r e a s e  c o r r o s i o n  r a t e s .  Other a l k a l i  me ta l  s a l t s  (e.g. ,  
K C 1 ,  L i C 1 ,  Na2S04) w i l l  e x h i b i t  s i m i l a r  e f f e c t s  (Uhlig,  H. ,  1948). 
presence of a l k a l i n e  s a l t s  (e .g . ,  Na3P04, Na2B407, NazSiOg) may 
a c t  to i n h i b i t  c o r r o s i o n  a s  a r e s u l t  of b a s i c  pH's  r e s u l t i n g  from hydro lys i s .  

The 

Small amounts of oxygen can g r e a t l y  a c c e l e r a t e  c o r r o s i o n  of m i l d  s t ee l .  
With oxygen p r e s e n t ,  the r educ t ion  of 02 becomes an important  ca thod ic  r e a c -  
t i on .  The formation of oxygen d i f f e r e n t i a l  c e l l s  r e s u l t s  i n  the i n t e n s i f i c a -  
t i o n  of n u c l e a t i o n  and growth o r  a c c e l e r a t i o n  of e x i s t i n g  p i t s  (DOE/ET/28317- 
T I ,  1980). 
s t e e l  a r e  i l l u s t r a t e d  i n  F igu re  4 . l ( a )  and 4 . l ( b )  (Kirby, G. ,  1979). The 
dec rease  i n  c o r r o s i o n  r a t e  i n d i c a t e d  i n  F igu re  4 . l ( b )  r e s u l t s  from t h e  pas s iva -  
t i o n  of the i r o n  exposed to  n e a r - n e u t r a l  s o l u t i o n s  and i s  n o t  expected to occur  
i n  the  presence of high c h l o r i d e  c o n c e n t r a t i o n s .  I n  an unsealed r e p o s i t o r y  
( o p e r a t i n g  p e r i o d ) ,  the a v a i l a b i l i t y  of oxygen and the p o s s i b i l i t y  of d i f f e r -  
e n t i a l  a e r a t i o n  may lead t o  increased c o r r o s i o n  of the me t a l  (PNL-4474, 1982). 
Data on the  e f f e c t s  of oxygen r equ i r ed  t o  p r e d i c t  m e t a l l i c  barrier i n t e g r i t y  
under r e p o s i t o r y  c o n d i t i o n s ,  i nc lud ing  t h e  presence of r a d i a t i o n ,  a r e  lacking 
a t  t h i s  t i m e .  

The e f f e c t s  of d i s s o l v e d  oxygen on the  c o r r o s i o n  ra te  of carbon 
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Figure  4.1. ( a )  E f f e c t s  of oxygen 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  of 
carbon s t e e l  i n  wa te r  c o n t a i n i n g  165 ppm Ca02 (25OC); 
(b)  e f f e c t  of oxygen c o n c e n t r a t i o n  on the  c o r r o s i o n  of 
carbon s t e e l  i n  wa te r  (Ki rby ,  G .  N . ,  1979). 
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The r e l a t i v e  c o r r o s i o n  r e s i s t a n c e  of metals, expressed  as mils p e n e t r a t i o n  
pe r  yea r  (mpy) f o r  t y p i c a l  f e r r o u s  and n i c k e l  based a l l o y s ,  was ranked by 
Fontana and Greene a s  fo l lows  (Fontana,  M . ,  1978): outs tanding":  < 1  mpy; 
"excel lent": 1-5 mpy; "good": 5-20 mpy; " f a i r " :  20-50 mpy; "poor": 50-200 
mpy; "unacceptable":  >200 mpy. The h i g h e r  c o r r o s i o n  ra tes  may be accep tab le  
f o r  m a t e r i a l s  w i th  t h i c k  c r o s s - s e c t i o n s .  

11 

Potent ia l -pH (Pourbaix)  diagrams, based on the  a p p l i c a t i o n  of thermodynam- 
i c s  to c o r r o s i o n  phenomena, have been u s e d  t o  p r e d i c t  t he  d i r e c t i o n  of reac-  
t i o n s  and t o  provide an  e s t ima te  of the c o r r o s i o n  product  composition. Since 
Pourbaix diagrams r e p r e s e n t  equ i l ib r ium c o n d i t i o n s  they a r e  incapable  of ad- 
d re s s ing  ra tes  of co r ros ion .  F igure  4.2 shows a Pourbaix diagram f o r  Fe-H20 
a t  25OC. For comparative purposes ,  Pourbaix diagrams a r e  presented  (F igu res  
4.3 and 4.4) f o r  2OO0C and 3OO0C (PNL-3569, 1981; R. Garnsey, 1979).  The 
diagrams i l l u s t r a t e  immuni ty - suscep t ib i l i t y  c o r r o s i o n  c h a r a c t e r i s t i c s  a s  wel l  
a s  c o n d i t i o n s  f avorab le  to  the  formation and s t a b i l i t y  of a pas s iva t ing  oxide 
f i lm.  A comparison of the  diagrams i n d i c a t e s  t h a t  l o w  pH's enhance co r ros ion  
b u t  t h e r e  i s  a l s o  an  i n c r e a s e  i n  a l k a l i n e  c o r r o s i o n  s u s c e p t i b i l i t y  wi th  in -  
c reased  temperature  f o r  t he  Fe-H2O system. It should be noted ,  however, t h a t  
t h e  Pourbaix diagram i s  based on a pure Fe-H2O system so t h a t  minor a d d i t i o n s  
of  d i s s o l v e d  c o n s t i t u e n t s  to  the  w a t e r  may cons ide rab ly  a l t e r  t he  diagram. 

Under a c t u a l  r e p o s i t o r y  c o n d i t i o n s ,  changes i n  the  composi t ion ,  Eh, 

e product ion ,  a r e  of p a r t i c u l a r  i n t e r e s t  since these  parameters  w i l l  a c t  t o  
and pH of  groundwaters ,  i nc lud ing  changes e f f e c t e d  by r a d i o l y s i s  such a s  0 2  

compl ica te  systemic i n t e r a c t i o n s .  

Corrosion s t u d i e s  undertaken by Westerman, and o t h e r s  (PNL-4364, 1982) on 
c a s t  i r o n s  and s t e e l s  i n  b a s a l t i c  groundwater (one- t o  six-month d u r a t i o n ;  
15Oo-25O0C) a r e  presented i n  Table  4.2. Cas t  i r o n  showed a maximum cor ro -  
s i o n  r a t e  of 0.30 mpy ove r  a six-month pe r iod  a t  25OoC. 
lower c o r r o s i o n  r a t e s  a t  lower tempera tures .  Eo p i t t i n g  c o r r o s i o n  o r  o t h e r  
non-uniform co r ros ion  modes were observed f o r  t h e  d u r a t i o n  of  these  expe r i -  
ments. These workers c a u t i o n ,  however, t h a t  t he  six-month per iod may have been 
i n s u f f i c i e n t  f o r  t he  development of p i t t i n g  co r ros ion .  Uniform c o r r o s i o n  d a t a  
on the  f e r r o u s  m a t e r i a l s  t e s t e d  i n  b a s a l t i c  groundwater a t  25OoC are  shown i n  
F igure  4.5. R e s u l t s  ob ta ined  do n o t  a d d r e s s  p o s s i b l e  e f f e c t s  induced by 
r a d i a t i o n  o r  mechanical stress i n t e r a c t i o n s  l i k e l y  t o  occur  under r e p o s i t o r y  
cond i t ions .  The p r i n c i p l e  c o r r o s i o n  products  formed on the  s u r f a c e  of  d u c t i l e  
i r o n  specimens were analcime (NaA1Si206*H20) and n o n t r o n i t e  
[ (Fe,Al)Si205(0H) *nH20]. 

The d a t a  p r e d i c t  

Uniform co r ros ion  s t u d i e s  involv ing  t u f f a c e o u s  groundwater a t  25OoC a r e  
shown i n  comparison to b a s a l t i c  groundwater exposure i n  F igure  4.6. The da ta  
presented  sugges t  t h a t  t u f f aceous  groundwater i s  less  aggres s ive  towards carbon 
s t e e l  i n  i n s t i g a t i n g  c o r r o s i o n  than b a s a l t i c  groundwater. Corrosion products  
determined were n o n t r o n i t e  and magnet i te  (Feg04). 
o r  o t h e r  non-uniform c o r r o s i o n  modes w e r e  observed.  I t  should be n o t e d ,  how- 
e v e r ,  t h a t  t hese  tes t s  employed s y n t h e t i c  groundwaters which a r e  n o t  f u l l y  
r e p r e s e n t a t i v e  of groundwater composi t ions  l i k e l y  to  c o n t a c t  t h e  waste  package 
during r e s a t u r a t i o n .  

No i n d i c a t i o n  of p i t t i n g  

1 2  
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Figure  4.2. Potent ia l -pH diagram a t  25OC for Fe-H20 showing a r e a s  o f  
p a s s i v a t i o n  (PNL-3569, 1981).  Line ( a )  i s  the r educ t ion  to  
hydrogen; l i n e  (b) i s  the  ox ida t ion  t o  oxygen. 
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Figure  4 . 3 .  Potent ia l -pH diagram a t  2OO0C f o r  Fe-H2O; shaded a r e a  i s  
p o t e n t i a l  r eg ion  f o r  oxygenated n e u t r a l  water ;  c ross -ha tched  
a r e a  i s  p o t e n t i a l  r eg ion  f o r  hydrogen peroxide a d d i t i o n  t o  
n e u t r a l  waters (PNL-3569, 1981). 

14 



Passivation 
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Figure  4.4. Potent ia l -pH diagram a t  3OO0C f o r  Fe-H20 
(Garnsey, R. , 1979)". 

*Based on normal b o i l e r  o p e r a t i o n s ,  A s  shown, s l i g h t l y  a l k a l i n e  water i n -  
d i c a t e s  t h a t  c o r r o s i o n  w i l l  be i n h i b i t e d  by a p a s s i v a t i n g  f i l m  of magnet i te  
(FegO,!,). 
solved oxygen can i n c r e a s e  p o t e n t i a l  i n  n e a r l y  p u r e  wa te r  s o  t h a t  hemati te  
(Fe2O3) r e p l a c e s  magnet i te  as the p r o t e c t i v e  s u r f a c e  f i l m .  

Does n o t  take i n t o  account  o x i d i z i n g  o r  reducing a g e n t s .  D i s -  
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Table 4.2. Corrosion r a t e s  of c a s t  i r o n  and c a s t  s t e e l s  i n  groundwaters 
i n  flowing au toc lave t e s t s  ( PNL-4474, 1982 ) . 

T e s t  
Temper a t u r e  Durat ion Rate 

Mater ia l  S o l u t i o n  (OC) (mon th)  (mpy) 

Duct i l e  Cas t  B a s a l t i c  
I r o n  Groundwa t e  ra 

Cast S t e e l  Basal t i c  
2 - 1 / 2  C r  1 Mo Ground wa t e  ra 

Cast  S t e e l  B a s a l t i c  
1-1/4 C r  1 / 2  Mo Groundwatera 

Duc t i l e  Cast  Tu f f a  c e o u s 
I ron  G r  oundwa t e  rb 

Cas t  S t e e l  Tuffaceous 
2-1 /2  C r  1 Mo Groundwater 

150 
150 
15 0 

250 
250 
250 

150 
150 
150 

25 0 
250 
250 

150 
150 
150 

250 
250 
250 

250 

250 

1 
3 
6 

1 
3 
6 

1 
3 
6 

1 
3 
6 

1 
3 
6 

1 
3 
6 

1 

1 

0.35, 0.28 
0.15 
0.14 

1.02, 0.91 
0.31 
0.27, 0.19 

0.13 
0.079 
0.10, 0.047 

0.55, 0.59 
0.16 
0.11, 0.059 

0.080 
0.098 
0.095, 0.12 

0.55, 0.98 
0.17 
0.23, 0.071 

0.18, 0.27 

0.21, 0.25 

- 

a s p t h e t i c  Grande Ronde groundwater passed through crushed b a s a l t ;  pH 9.8 

bJ-13 Well water  from Nevada T e s t  S i t e  flowed through Bu l l f rog  Horizon t u f f  
t o  1 0 ,  i n l e t  oxygen 6-8 ppm,  o u t l e t  -0.3 ppm. 

rock;  i n l e t  oxygen 6-8 ppm. 
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Figure  4.5. General  co r ros ion  of c a s t  f e r r o u s  m a t e r i a l s  i n  Hanford b a s a l t  
groundwater a t  250OC. Based on l i n e a r  c o r r o s i o n  k i n e t i c s  
(PNL-4364, 1982). 
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Figure  4.6. General  co r ros ion  of c a s t  f e r r o u s  m a t e r i a l s  i n  t u f f  
groundwater a t  25OoC compared wi th  r a t e s  found i n  Hanford 
b a s a l t  groundwater. Based on l inear c o r r o s i o n  k i n e t i c s  
(PNL-4364, 1982 ) . 
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Carbon s t e e l  c o r r o s i o n  r e s u l t s  from t h e  Avery I s l a n d  S a l t  Mine, based on 
a th ree -yea r  t e s t ,  i n d i c a t e d  a maximum l o c a l i z e d  p e n e t r a t i o n  depth of  120 mpy 
Average c o r r o s i o n  r a t e s ,  ove r  the  t h r e e  y e a r s ,  ranged from 0.079 mpy t o  5.35 
mpy. R e s u l t s  i n  t he  h igh  end of t h e  range  s u g g e s t ' t h a t  i n  t h i s  t e s t  the  cor -  
r o s i o n  of carbon s t ee l  was temperature-dependent (ORNL/TM-8351, 1982). The 
t e s t  c o n d i t i o n s  were r e l a t i v e l y  dry.  Although b r i n e  was p r e s e n t  a t  the bottor 
of  t he  emplacement ho le  i t  was n o t  i n  d i r e c t  c o n t a c t  w i t h  t h e  specimens. 

R e s u l t s  of s t u d i e s  conducted on t h e  c o r r o s i o n  of  mild s t e e l  i n  deoxygen- 
a t e d  b r i n e s  (25OOC; P = 5 MPa) i n d i c a t e d  somewhat h ighe r  ra tes  of a t t a c k :  
67 mpy (Br ine  A )  and 2.76 mpy (Br ine  B). No p i t t i n g  o r  c r e v i c e  co r ros ion  was 
observed  (SAND 78-2111, 1978). The c o r r o s i o n  ra te  o f  mild s t ee l  i n  oxygenate! 
b r i n e  (600 ppm 0 2 ;  Brine A) was determined t o  be 275.6 mpy. 
t hese  experiments  w a s  from 2-8  weeks; no  p i t t i n g  o r  o t h e r  non-uniform c o r r o s i ~  
modes were observed. 

The d u r a t i o n  of 

R e s u l t s  of  c o r r o s i o n  t e s t s  conducted i n  suppor t  of geothermal  energy de- 
velopment are  based on extremely s e v e r e  c o n d i t i o n s  of h igh  temperatures ,  soLu 
t i o n  s t r e n g t h ,  and f low ra tes .  Data based on geothermal  b r i n e  s t u d i e s  may be  
u s e f u l  i n  screening  m a t e r i a l s  b u t  a r e  n o t  d i r e c t l y  a p p l i c a b l e  to  a n  assessmen 
of  m e  t a l  l i c  b a r r i e r  performance under expected r e p o s i t o r y  c o n d i t i o n s  . 

Uniform c o r r o s i o n  r a t e s  of 1020 s t e e l  i n  MESA G - 1  l i q u i d  and steam b r i n  
exposed f o r  2 2  days were 11.4 mpy ( l i q u i d ,  152OC; 11,000 ppm C1'; b r i n e  pN 
= 5.2) and 16.6 mpy (s team, 14OOC; 3000-5000 ppm C1'; pH = 5.2) (BUMINES- 
RI-8504, 1981). 1020 s t e e l  showed no evidence of p i t t i n g  o r  c r e v i c e  c o r r o s i o  
under o p t i c a l  microscopy. A l l  a l l o y s  t e s t e d ,  i n c l u d i n g  1020 carbon s t e e l ,  e x  
h i b i t e d  scale formation.  Corrosion ra tes  of carbon s tee l  exposed to  l i q u i d  
b r i n e s  have been shown (F igure  4.7) by Shannon t o  i n c r e a s e  w i t h  s a l i n i t y  
(PNL-245 6 ,  1977 ) . 

Chlo r ide  c o n c e n t r a t i o n  i n  KGRA f l u i d s  i s  i n  the  r eg ion  of 3-15% ( a s  NaCl 
Chlor ide  concen t r a t ion  of <3% (NaC1) was found t o  have l i t t l e  e f f e c t  on the  
uniform c o r r o s i o n  r a t e  of mild s t e e l  (DOE/ET/28317-TI, 1980). 

The e s t ima ted  uniform p e n e t r a t i o n  i n  t h e  absence of  a r a d i a t i o n  f i e l d ,  o 
c a s t  i r o n  and carbon s t ee l  f o r  vary ing  environments i s  presented  i n  Table 4.3 

The e f f e c t s  of r a d i a t i o n  on the  c o r r o s i o n  ra tes  of carbon s t ee l  w i l l  t e n  
t o  i n f l u e n c e  cons ide rab ly  any p r e d i c t i v e  assessments  of  long term d u r a b i l i t y  
m e t a l l i c  b a r r i e r s .  Rad io lys i s  e f f e c t s ,  i nvo lv ing  a s h i f t  i n  t he  chemical 
p o t e n t i a l  of t h e  groundwater c o n t a c t i n g  t h e  me ta l ,  r e q u i r e  ex tens ive  
c h a r a c t e r i z a t i o n .  

T e s t s  of  i r o n  based a l l o y s  i n  a n  i r r a d i a t e d  b a s a l t  groundwater environme, 
i n d i c a t e d  h i g h e r  c o r r o s i o n  ra tes  than  i n  n o n - i r r a d i a t e d  cond i t ions  (PNL-4364, 
1982). F igure  4.8 i l l u s t r a t e s  c o r r o s i o n  ra tes  obta ined  f o r  i r r a d i a t e d  and no 
i r r a d i a t e d  regimes.  Sur face  c o r r o s i o n  products  f o r  t he  i r r a d i a t e d  specimens 
inc luded  n o n t r o n i t e ,  ana lc ime,  and hemat i te .  These tests were p re l imina ry  i n  
n a t u r e  and  have y e t  to  address  the  complex i n t e r a c t i o n s  occur r ing  i n  t h e  
i r r a d i a t e d  system. 
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Figure  4.7. Average c o r r o s i o n  r a t e  of carbon s t e e l  vs s a l i n i t y  
(PNL-2456, 1977). 

Table 4.3. Estimated uniform metal  p e n e t r a t i o n  i n  c a s t  i r o n  and carbon 
s t e e l  (PNL-4474, 1982). 

P e n e t r a t i o n ,  mm 
Rate Law Temperature, OC Environment 509 y r  1000 y r  

Parabo l ica  250 pH 7 to  8 H20 28 38 
Linearb 250 13% NaOH 20 38 
Linear  b 250 Neutral  H 2 0  33 66 
LinearC Amb i en  t S o i l  25 51 

~~ ~ ~ 

aThe we igh t  change used i n  determining t h i s  ra te  expres s ion  com- 
pr ises  both the i r o n  l o s t  to  the environment and i r o n  l e f t  on the  
m e  t a l  a s  c o r r o s i o n  product .  

bThe c o r r o s i o n  r a t e  based on weight  gain ( c o r r o s i o n  product  growth) 
a f t e r  t he  i n i t i a l  r ap id  co r ros ion .  The d a t a  do n o t  c o n s i d e r  metal  
l o s t  to the system due to  the s o l u b i l i t y  of t he  c o r r o s i o n  f i lm .  

‘Descaled weight  l o s s  d a t a  a f t e r  10 y e a r s  underground. 
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Figure  4.8. General  co r ros ion  of two cas t  f e r r o u s  m a t e r i a l s  i n  b a s a l t  
groundwater a t  250°C, wi th  and wi thou t  r a d i a t i o n .  Based on 
l i n e a r  c o r r o s i o n  k i n e t i c s  (PNL-4364, 1982). 

E a r l i e r  work by Jenks (ORNL-TM-3717, 1972) noted t h a t  r a d i o l y s i s  products  
expected by the  i r r a d i a t i o n  of b r i n e  would inc lude  H 2 ,  0 2 ,  and p o s s i b l y  
C l o g  and B r O ? .  The presence of a high thermal f i e l d  may invo lve  
decomposition of t he  C l o g  and B r O g  t o  02 and h a l i d e s .  The presence 
of  g a s  bubbles  w i t h i n  b r i n e  f l u i d  i n c l u s i o n s  could  r e s u l t  i n  a d d i t i o n a l  0 2  
and H 2  a v a i l a b i l i t y  (NUREG/CR-3219, 1983). The presence of  MgC12 i n  t h e  
b r i n e  was pos tu l a t ed  t o  produce IK1 by hydro lys i s .  Depending on the  r a t e  of 
H2 produced by r a d i o l y s i s ,  the  r a t e  of H 2  produced by the  c o r r o s i o n  pro- 
cess,  and t h e  a v a i l a b i l i t y  o f  ca thod ic  d e p o l a r i z e r s ,  t h e  l o c a l  environment may 
s h i f t  from one of reducing  to one of ox id i z ing  cond i t ions .  Molecke and h i s  
co-workers have repor ted  a f a c t o r  of t e n  i n c r e a s e  i n  the co r ros ion  r a t e  f o r  
1018 s t e e l  i n  b r i n e  i n  going from L O 5  t o  l o 7  R/h 6oCo r a d i a t i o n  (SAND81- 
1585, 1981).  Table 4.4 i s  a p r e s e n t a t i o n  o f  the  t e s t  cond i t ions  and f i n d i n g s .  

4.3.1.1 Conclusions and Recommendations 

Evidence ou t l ined  above sugges t s  t h a t  the  presence of a r a d i a t i o n  f i e l d  
w i l l  r e s u l t  i n  increased  co r ros ion  ra tes .  Molecke (SAND81-1585, 1981) g ives  a 
f a c t o r  of t e n  i n c r e a s e  i n  co r ros ion  ra tes  i n  the  presence of  r a d i a t i o n  whi le  
Byalobzhesky (1906) mentions a LO- t o  100-fold i n c r e a s e  i n  i r o n  c o r r o s i o n  
r a t e s .  Data are needed t o  determine the  e f f e c t s  of r a d i o l y s i s  on the  c o r r o s i o n  
r a t e  of carbon s t e e l  f o r  t he  purpose of  deve loping  p r e d i c t i v e  equa t ions .  These 
inc lude  c h a r a c t e r i z a t i o n  of r a d i o l y s i s  products  and changes i n  the  e l e c t r o -  
chemical p o t e n t i a l  of t he  system. 
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Table 4.4. Corrosion rates of 1018 s t e e l  i n  6oCo r a d i a t i o n  i n  Brine A ,  
Brine B y  and seawater a t  9OoC (SAND81-1585, 1981). 

Dose Rate T e s t  Dura t i o n  Corrosion Rate 
(R/h) So lu t ion  (Days) (mPY) 

Brine B 
Brine A 
Brine A 
Seawater 

79 
79 
49 
49 

39.4 
39.4 

3.9 
1 . 2  

A t t e n t i o n  needs t o  be focused on the changing groundwater chemistry a s  a 
r e s u l t  of r e p o s i t o r y  ope ra t ions  and during e a r l y  pos t - c losu re  pe r iods  when 
b o i l i n g  and c o n c e n t r a t i o n  of groundwater may occur.  DOE e f f o r t s  have mainly 
focused on determining c o r r o s i o n  behavior i n  p r i s t i n e  groundwater and do n o t  
a d d r e s s  i n  d e t a i l  cond i t ions  causing changes i n  groundwater chemistry.  

The r e l a t i v e l y  small number of samples u s e d  i n  determining c o r r o s i o n  
s u s c e p t i b i l i t y  and r a t e s  a r e  n o t  s u f f i c i e n t  f o r  any s t a t i s t i c a l  t reatment  of 
b a r r i e r  performance and need t o  be increased.  

Future  e f f o r t s  i n  c o r r o s i o n  r e sea rch  p e r t a i n i n g  t o  HLW m e t a l l i c  b a r r i e r s  
should invo lve  t e s t s  of longer  d u r a t i o n  (up t o  10 yea r s )  as suggested by the  
work of Westerman (PNL-4364, 1982). 
r e p o s i t o r y  c o n d i t i o n s  and s i  t e - s p e c i f  i c  groundwater chemis t r i e s  i n  the presence 
of r a d i a t i o n  and surrounding packing m a t e r i a l s .  

Long term t e s t i n g  should involve expected 

4.3.2 P i  t t i n g  and Crevice Corrosion 

P i t t i n g  c o r r o s i o n  i s  a s p e c i f i c  form of l o c a l i z e d  a t t a c k  r e s u l t i n g  i n  
r ap id  d i s s o l u t i o n  and p e n e t r a t i o n  of a metal  a t  i s o l a t e d  p o i n t s .  This  form of 
co r ros ion  i s  t y p i c a l l y  a s s o c i a t e d  wi th  m e t a l l u r g i c a l  h e t e r o g e n e i t i e s ,  a c t i n g  a s  
p i t  i n i t i a t i o n  s i t e s ,  and with the breakdown of a passive f i l m  on t h e  metal  
s u r f a c e  (Fontana, M . ,  1978; Baboian, R . ,  1976). P i t t i n g  c o r r o s i o n  f o r  non- 
pas s iva t ed  m i l d  s tee l  invo lves  t h r e e  phases:  p i t  i n i t i a t i o n ,  p i t  coalescence,  
and p i t  propagat ion.  I n  the  case of pas s iva t ed  m i l d  s t e e l ,  the  c o r r o s i o n  mech- 
anisms are  s i m i l a r  to those f o r  non-passivated s t e e l ,  w i th  the  except ion of p i t  
coalescence (Gainer ,  L . ,  1977). The presence of C1' i o n s  tends t o  a c t  a s  the 
primary i n i t i a t o r  of l o c a l i z e d  a t t a c k .  Est imates  of a m e t a l ' s  tendency toward 
p i t t i n g  involve:  

0 Determinat ion of c r i t i c a l  p o t e n t i a l s  f o r  p i t t i n g  i n i t i a t i o n  
0 Determination of t h e  minimum concen t r a t ion  of C1' i ons  necessa ry  f o r  

the i n i t i a t i o n  of p i t t i n g  co r ros ion  (Szklarska-Smialowska, Z . ,  1971) 
0 Determination of the c r i t i c a l  temperature f o r  l o c a l i z e d  c o r r o s i o n  i n  a 

s tandard s o  l u  t i o n  
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0 Determina t ion  of the  number of p i t s  and t h e i r  geometry i n  a s tandard  

0 With r e s p e c t  t o  HLW containment environments ,  de te rmina t ion  of the  
so 1 u t  ion 

above-mentioned parameters under r e p o s i t o r y  c o n d i t i o n s  expected dur ing  
times of r e p o s i t o r y  o p e r a t i o n s ,  thermal ,  and geologic  c o n t r o l  pe r iods .  

P o t e n t i a l  d i f f e r e n c e s  between an anodic  p i t  and ca thod ic  bulk metal r e -  
s u l t s  i n  a s e l f - s u s t a i n i n g  ( a u t o c a t a l y t i c )  c o r r o s i o n  process  where p i t  propaga- 
t i o n  r a t e s  may be very  f a s t .  F igure  4 . 9  i l l u s t r a t e s  t he  a u t o c a t a l y t i c  p i t  
growth process .  In t h i s  p rocess ,  the  a e r a t e d  sodium c h l o r i d e  s o l u t i o n  i n  
con tac t  w i t h  the  metal  i s  causing metal  d i s s o l u t i o n  t o  take p l ace  wi th in  the  
p i t  and oxygen r educ t ion  to  occur  a t  t h e  s u r f a c e  surrounding the  p i t .  T h i s  
a u t o c a t a l y t i c  p rocess  i s  d r i v e n  by t h e  p o s i t i v e  charge produced by metal 
d i s s o l u t i o n  and the  flow of c h l o r i d e  ions  to  the  p i t .  

0 2  

Figure  4.9. Au toca ta ly t i c  p i t  growth process  (Fontana,  M. ,  1978) .  

Chao and h i s  co-workers developed a p o i n t  d e f e c t  model to  account  f o r  t he  
k i n e t i c s  of growth of pas s ive  f i l m s  on metal  s u r f a c e s  (Chao, C. Y., 1981) .  
Th i s  model addresses  the  fol lowing g e n e r a l i z a t i o n s :  ( a )  t h e  migra t ion  of oxy- 
gen an ions  o r  oxide ion  vacanc ie s  a r e  requi red  f o r  pas s ive  f i lm  growth, ( b )  
metal  c a t i o n  d i f f u s i o n  o r  c a t i o n  vacancies  r e s u l t  on ly  i n  metal  d i s s o l u t i o n ,  
and ( c )  provides  f o r  an  i n t e g r a t e d  r a t e  law f o r  f i l m  growth. The model i s  
shown to account  f o r  experimental  da ta  on the  growth of anodic  f i l m s  on i ron .  
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The p o i n t  d e f e c t  model has  a l s o  been extended t o  account  f o r  the chemical 
breakdown of t he  f i l m  (L in ,  L. F. ,  1981). The model focuses  on h a l i d e  induced 
pass ive  f i l m  breakdown and i s  i n  q u a n t i t a t i v e  agreement wi th  experimental  d a t a  
de r ived  f o r  t he  p i t t i n g  of i r o n  and n i c k e l  i n  h a l i d e  c o n t a i n i n g  aqueous so lu -  
t i o n s .  Although emphasizing C1' con ta in ing  s o l u t i o n s ,  t he  model can be ex- 
tended t o  o t h e r  h a l i d e  ions (Br' o r  I' c o n t a i n i n g  systems) .  The c r i t i c a l  
p o t e n t i a l ,  V c ,  above which f i l m  breakdown occur s  i s  a f u n c t i o n  of h a l i d e  
a c t i v i t y  of t h e  form V c  = A - B log a; where A and B a re  c o n s t a n t s  and 
a;; i s  the a c t i v i t y  of the halogen anion. The c o n s t a n t  A tends to  i n c r e a s e  
with the energy of i n c o r p o r a t i o n  of an  an ion  i n t o  an oxygen vacancy and B i s  
independent o f  the i d e n t i t y  o f  the anion.  Values f o r  A a r e  expected i n  the  
o r d e r  of I ' > B r - > C l ' .  Experimental ly  der ived da ta  on the c r i t i c a l  p i t t i n g  
p o t e n t i a l  f o r  i r o n  i n  iod ide  , bromide , and c h l o r i d e  con ta in ing  s o l u t i o n s ,  a s  
shown i n  F i g u r e  4.10, a r e  i n  agreement with the  t h e o r e t i c a l  p r e d i c t i o n s  of t h e  
mode 1. 
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, C r i t i c a l  p i t t i n g  p o t e n t i a l  , V c ,  vs h a l i d e  c o n c e n t r a t - m  
( L i n ,  L. F . ,  1981). 

Although emphasis i n  p i t t i n g  c o r r o s i o n  s t u d i e s  has  focused on c h l o r i d e  
con ta in ing  s o l u t i o n s ,  t h e  mode 1 p resen ted  by L in ,  Chao , and Macdonald c l e a r l y  
i l l u s t r a t e s  the  p o s s i b i l i t y  of p i t t i n g  i n i t i a t i o n  i n  the  presence of o t h e r  
h a l i d e  ions.  

Crevice c o r r o s i o n  i s  promoted i n  a small  volume of s t a g n a n t  e l e c t r o l y t e  i n  
c o n t a c t  w i th  me ta l  s u r f a c e s  and s h i e l d e d  from the bulk e l e c t r o l y t e .  T ranspor t  
of r e a c t a n t s  and p roduc t s  i n  the c r e v i c e  r eg ion  a r e  r e s t r i c t e d  due to  the oc- 
cluded c e l l  geometry. Crevice c o r r o s i o n  i s  r e l a t e d  to  a d e p l e t i o n  of oxygen i n  
the c r e v i c e  which tends to lower the e l e c t r o d e  p o t e n t i a l ,  c r e a t i n g  an  anodic  
region.  Metal ion hydro lys i s  and migrat ion of an ions  r e s u l t s  i n  d i s s o l u t i o n  of 
t he  pas s ive  f i l m  w i t h i n  the c r e v i c e .  Crevice c o r r o s i o n  o f t e n  causes  p i t t i n g  
and deep p e n e t r a t i o n  over a r e l a t i v e l y  small, l o c a l i z e d  area of the  c r e v i c e  
s u r f a c e .  The mechanisms of p i t  and c r e v i c e  c o r r o s i o n  a r e  similar and me ta l s  
s u s c e p t i b l e  t o  p i t t i n g  a r e  a l s o  s u s c e p t i b l e  to c r e v i c e  c o r r o s i o n ,  a l though  the 
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reverse i s  n o t  always t r u e  (Fontana,  M . ,  1978). Crevice c o r r o s i o n  i s  a s s o c i -  
a t e d  wi th  sh i e lded  areas ,  s u r f a c e  d e p o s i t s ,  welds,  j o i n t s  and s i t e s  narrow 
enough to  ma in ta in  a s t a g n a n t  zone. P i t t i n g  c o r r o s i o n ,  on t h e  o t h e r  hand, 
i n i t i a t e s  i t s  own microcrevice.  With r ega rd  t o  the  induc t ion  and growth p e r i -  
ods ,  p i t t i n g  c o r r o s i o n  r e l i e s  on damage to  the  p a s s i v a t i n g  f i l m  a l lowing  f o r  
p i t  n u c l e a t i o n  while  c r e v i c e  c o r r o s i o n  i s  dependent on the  time r equ i r ed  tQ 
a t t a i n  a s u f f i c i e n t  d i f f e r e n c e  i n  the  oxygen c o n c e n t r a t i o n  w i t h i n  the  c r e v i c e  
and t h a t  of the  bu lk  e l e c t r o l y t e  (Szklarska-Smialowska, Z.  , 1975). 

Corrosion occur ing  under r e s t r i c t e d  d i f f u s i o n  c o n d i t i o n s  i s  termed 
occluded c e l l  cor ros ion"  o r  OCC. P i t t i n g ,  a s  w e l l  a s  c r e v i c e  co r ros ion  and 

s t ress  c o r r o s i o n  c rack ing  a r e  m a n i f e s t a t i o n s  of t he  OCC phenomenon. S o l u t i o n s  
wi th in  the  p i t  o r  c r e v i c e  tend t o  be a c i d i c  a s  a r e s u l t  of t he  hydro lys i s  of 
me t a l  1 i c  ions .  

I 1  

I n  cases  where the  s o l u t i o n  c o n t a i n s  oxygen, t h e  meta l  s u r f a c e  ou t s ide  t h e  
occluded c e l l  i s  t y p i c a l l y  pas s iva t ed ,  a c t i n g  a s  a n  a e r a t e d  cathode.  The s u r -  
face  i n s i d e  the  occluded c e l l  i s  a c t i v e ,  a c t i n g  a s  a non-aera ted  anode. The 
t r a n s f e r  of an ions  from t h e  ca thod ic  a r e a  t o  the  anodic  w i l l ,  i n  t h e  case  of 
cor roding  s o l u t i o n s  con ta in ing  c h l o r i d e ,  involve  the  formation of hydrochlor ic  
ac id  i n s i d e  the  p i t s  o r  c r ev ices .  

C h a r a c t e r i z a t i o n  of t h e  e l ec t rochemica l  problems a s s o c i a t e d  wi th  OCC re- 
q u i r e  da t a  and i n t e r p r e t a t i o n  of e l e c t r o d e  p o t e n t i a l  va lues  f o r  t he  c a t h o d i c  
s i t e s ,  t h e  anodic  s i t e s ,  and the  p o t e n t i a l  d i f f e r e n c e  of t he  two e l e c t r o d e s  
with a d d i t i o n a l  c o n s i d e r a t i o n  given f o r  t he  i n i t i a t i o n  and progress ion  of t h e  
c o r r o s i o n  process .  

4.3.2.1 Environmental Fac to r s  Af fec t ing  Local ized  Corrosion 

Corrosion r e sea rch  conducted by t h e  Bureau o f  Mines involv ing  h igh  s a l i n -  
i t y  geobr ines  i n  h igh  temperature  au toc lave  t e s t s  (232OC; 15-day exposure;  pH 
6 . 1 ) ,  r epor t ed  t h a t  1020 carbon s t e e l  d i d  n o t  e x h i b i t  any c r e v i c e  c o r r o s i o n  i n  
deaera ted  b r i n e .  I n  b r i n e  con ta in ing  100 ppm d i s so lved  oxygen, t he  d e t e c t i o n  
of c r e v i c e  e f f e c t s  was hampered by t h e  severe gene ra l  co r ros ion  r a t e s  (1060 
mpy). The p i t t i n g  co r ros ion  r a t e  f o r  1020 carbon s t e e l  i n  deaera ted  b r i n e  was 
6 7  mpy ( d e e p e s t  p i t  measured) wh i l e  ra tes  i n  b r i n e  con ta in ing  oxygen were 
de tec t ed  b u t  n o t  q u a n t i f i e d  (BUMINES-RI-8415, 1980).  

The presence o f  c h l o r i d e  i n  the  s o l u t i o n s  l i k e l y  to c o n t a c t  t he  low carbon 
s t e e l  may i n i t i a t e  p i t t i c g  due to  the  c o n c e n t r a t i o n s  exceeding some c r i t i c a l  
va lue  (Kononova, M .  D . ,  1974; Khedv, M .  G .  A., 1982). M .  D. Kononova and h i s  
co-workers (1974) used a n e u t r a l  b o r a t e  b u f f e r  s o l u t i o n  (0.2 M H 3 B O 3  + 0.05 
M Na2B407*10H20; pH 7.35) c o n t a i n i n g  a d d i t i o n s  of NaCl and Na2SO4 
a t  5OoC. The c r i t i c a l  c o n c e n t r a t i o n  of c h l o r i n e  ions  i n  a e r a t e d  s o l u t i o n s  
w a s  20 m g / l i t e r .  A t  c e r t a i n  p o t e n t i a l s  f o r  a given system, exceeding the  c r i t -  
i c a l  c o n c e n t r a t i o n  w i l l  r e s u l t  i n  the  i n i t i a t i o n  of  p i t t i n g  co r ros ion .  Szauer 
and Jakobs (1976) have shown t h a t  t he  p o t e n t i a l  of p i t  n u c l e a t i o n  ( p o t e n t i a l  
f o r  s t a b l e  p i t  fo rmat ion) ,  E p ,  i s  dependent on c h l o r i d e  concen t r a t ion .  
P o t e n t i o k i n e t i c  p o l a r i z a t i o n  of  carbon s t e e l  specimens i n  a b o r a t e  bu f fe red  
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(pH 8.4) s o l u t i o n ,  i n d i c a t e d  t h a t  a s  the concen t r a t ion  of C1' i n  the s o l u t i o n  
inc reased  from 0.005 t o  0.1 N KC1, E s h i f t e d  i n  the a c t i v e  d i r e c t i o n  by more 
than one o r d e r  of magnitude. The c r i t i c a l  ch lo r ide - ion  concen t r a t ions  need t o  
be determined under a c t u a l  r e p o s i t o r y  c o n d i t i o n s  i f  they a r e  to be used  a s  an 
i n d i c a t o r  of metal  s u s c e p t i b i l i t y  t o  p i t t i n g  co r ros ion .  

P 

Figure  4.11 shows the Pourbaix diagram f o r  i r o n  i n  c h l o r i d e  s o l u t i o n  and 
i l l u s t r a t e s  the  anod ic  p o t e n t i a l  r e q u i r e d  f o r  p i t t i n g  and c r e v i c e  a t t a c k .  
C l e a r l y ,  p i t t i n g  may occur over a wide range of p o t e n t i a l s  and pH's .  

PROTECT1 ON 

I MMUN I TY 

0 2 4 6 8 10 12 14 

PH 

Figure  4.11. Elec t rode  p o t e n t i a l s  of i r o n  i n  a s o l u t i o n  of pH 8 ,  355 ppm 
Cl' .  Region 1: oxygen-free s o l u t i o n  and gene ra l  cor-  
r o s i o n ;  r eg ion  2: oxygen, nonpolar ized and p i t t i n g ;  region 
3: a c t i v e  p i t t i n g  and c r e v i c e  a t t a c k  ( P N L - 3 5 6 9 ,  1981). 
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The e f f e c t s  of temperature on l o c a l i z e d  c o r r o s i o n  and,  i n  p a r t i c u l a r  
p i t t i n g  co r ros ion  have n o t  been adequa te ly  determined. There a r e  i n d i c a t  
of a decrease i n  the c r i t i c a l  p i t t i n g  p o t e n t i a l  a s s o c i a t e d  w i t h  i n c r e a s e s  
temperature;  however, t y p i c a l  i n v e s t i g a t i o n s  have been l i m i t e d ,  f o r  t he  m 
p a r t ,  t o  low temperatures  (ambient to  -9OOC). Inc reas ing  temperature may 
tend to  i n c r e a s e  the p i t  d e n s i t y  r e s u l t i n g  i n  a decrease i n  p i t  growth 
(Szklarska-Smialowsk,  2. 1975). Other work by T a i t  (1979) addressed thl 
e f f e c t s  of temperature  on the p i t t i n g  c o r r o s i o n  of mild s t e e l  under non- 
p a s s i v a t i n g  c o n d i t i o n s .  Neutral  oxygen s a t u r a t e d  wa te r s  , whose composit 
i s  shown i n  Table  4.5, were used i n  these  experiments.  F igu re  4.12 prese' 
the  p i t t i n g  c o r r o s i o n  r a t e  d a t a  f o r  t h i s  system. The r e s u l t s  o f  t h i s  expl 
ment i n d i c a t e  t h a t  temperature  i s  a dominant f a c t o r  governing p i t t i n g  r a t  
The r e s u l t s  a l s o  i n d i c a t e  t h a t  the p i t t i n g  r a t e  was on ly  s l i g h t l y  a f f ec t e l  
t o t a l  d i s s o l v e d  s o l i d s  (TDS) i n  the range of deionized water t o  1800 ppm 
suggested a s l i g h t  dec rease  i n  p i t t i n g  r a t e s  a t  h ighe r  TDS l e v e l s .  

Seve ra l  s t u d i e s  concerned wi th  l o c a l i z e d  c o r r o s i o n  behavior  of f e r r o  
metals  have u t i l i z e d  the ex tens ive  data  base developed by the Nat ional  Bu 
of Standards ( N B S )  (PNL-3569, 1981; AESD-TME-3113, 1981; NUREG-0960, 1983 
expres s ion  of maximum p i t  depth (P) i n  m i l s  f o r  f e r r o u s  metals  i n  s o i l s  o 
varying r e s i s t i v i t y  and pH was g iven  as :  

P = KnKa (lO-pH)n ( Q / P ) ~  Aa 

where 

P = s o i l  r e s i s t i v i t y ,  ohm-cm 

Q = t ime, years 

A 

K a , a  = material -dependent  f a c t o r s  

= exposed s u r f a c e  a r e a ,  f t 2  

n = 1/6, 1/3 ,  1 / 2 ,  o r  2 /3  f o r  s o i l s  t h a t  a re  w e l l  a e r a t e d ,  f a i r l y  
a e r a t e d ,  poorly a e r a t e d ,  o r  poorly a e r a t e d  wi th  so lub le  c o r r o  
p roduc t s ,  r e s p e c t i v e l y  

Kn = 170, 2 2 2 ,  o r  355 f o r  s o i l s  t h a t  a r e  w e l l  a e r a t e d ,  f a i r l y  w e l l  
a e r a t e d ,  o r  poorly a e r a t e d ,  r e s p e c t i v e l y .  

C h a r l o t  and Westerman (PNL-3569, 1981) warn, however, t h a t  the de t e rmina t  
of t he  mater ia l -dependent  f a c t o r s  i s  s u b j e c t  to  v a r i a t i o n  and, t h e r e f o r e ,  
amenable t o  g e n e r a l i z a t i o n s .  Because of t h i s ,  d a t a  de r ived  from s o i l  c o r  
s t u d i e s  a r e  inconc lus ive  w i t h  r e s p e c t  t o  probable c o r r o s i o n  r a t e s  l i k e l y  
c u r  under r e p o s i t o r y  c o n d i t i o n s .  Chemical e q u i l i b r i a  i n  s o i l s  r e p r e s e n t  
a c t i o n s  of s u f f i c i e n t l y  d i f f e r e n t  parameters ( a c i d i t y ,  organic  c o n t e n t ,  a 
t i o n ,  groundwater v e l o c i t y ,  temperature ,  etc.; s ee  Bohn, H . ,  1979; Lindsa 
1979) as t o  nega te  t h e i r  u s e f u l n e s s  as i n d i c a t o r s  of probable c o r r o s i o n  r 
l i k e l y  to  occur  i n  deep geo log ic  formations.  
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Table 4.5. Composition of t e s t  s o l u t i o n s  used by T a i t  (1979). 
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3x 
Na+ 63.6 ppm 
HCOS 33.0 ppm 
c1- 54.3 ppm 
Mg+2 18.0 ppm 
Ca+2 60.0 ppm 
so42 250.8 ppm 

12x 
Na+ 254.4 ppm 
H C 0 j  132.0 ppm 
c1- 217.2  ppm 
Mg+2 72.0 ppm 
Ca+2 240.0 pprn 
so52 1003.2 ppm 
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In  summary, t h e  s o i l s  repor ted  by Romanoff (1957) r e p r e s e n t  environments 
i n  which moi s tu re ,  oxygen and tempera ture  were e i t h e r  n o t  c o n t r o l l e d  o r  n o t  
known by the  i n v e s t i g a t o r s .  The e f f e c t s  of t hese  parameters  on the  co r ros ion  
process  are  addressed elsewhere i n  t h i s  r e p o r t .  The s o i l  s t u d i e s  a l s o  do n o t  
addres s  the  adve r se  e f f e c t s  of r a d i a t i o n  on the  c o r r o s i o n  ra te  of t he  m e t a l l i c  
b a r r i e r .  J u s t i f i c a t i o n  f o r  t he  u s e  of t h i s  da ta  base i s  gene ra l ly  s t a t e d  to be 
the  long term d u r a t i o n  of these  s t u d i e s  (>30 y e a r s )  and t h e  l a r g e  number of 
specimens involved i n  the  t es t s .  Unlike c u r r e n t  e f f o r t s ,  t he  l a r g e  da ta  base 
presented by NBS i s  amenable to  s t a t i s t i c a l  a n a l y s i s  and o f f e r s  the  p o t e n t i a l  
f o r  c o n s t r u c t i n g  p r e d i c t i v e  equa t ions ,  b u t  i s  l i m i t e d  i n  a p p l i c a t i o n  t o  s o i l  
sys  terns. 

4.3.2.2 Conclusions and Recommendations 

Informat ion  on the  i n i t i a t i o n  and growth of p i t s  i s  d i f f i c u l t  t o  o b t a i n  
under experimental  c o n d i t i o n s .  
a t i o n  of c o r r o s i o n  products  and by t h e  f a c t  t h a t  t he  a t t a c k  i s  a n i s o t r o p i c .  
A t t e m p t s  to  c h a r a c t e r i z e  the  r e s i s t a n c e  of meta ls  t o  p i t t i n g  r e q u i r e  the  de- 
t e rmina t ion  of the  breakdown p o t e n t i a l  and the  p o t e n t i a l  f o r  r e p a s s i v a t i o n  
(Szklarska-Smialowska, Z . ,  1971). F a c t o r s  to  be cons idered  i n  a s s e s s i n g  the  
s u s c e p t i b i l i t y  of low carbon s t ee l s  inc lude  e f f e c t s  of e l e c t r o l y t e  composi t ion,  
pH, tempera ture ,  h e a t  t r ea tmen t ,  and s t r u c t u r e  of oxide f i l m  on pass iva t ed  
meta ls .  In the  case  of c r e v i c e  c o r r o s i o n ,  t h e  approach may e n t a i l  i n i t i a t i o n  
of crevices i n  o t d e r  to  eva lua te  the  s u s c e p t i b i l i t y  of a p a r t i c u l a r  meta l  t o  
c r e v i c e  c o r r o s i o n  f o r  t he  purpose of e x t r a p o l a t i n g  s h o r t  term t e s t s  t o  long  
term p r e d i c t i v e  equat ions.  Curren t  DOE e f f o r t s  have focused p r i m a r i l y  on 
uniform c o r r o s i o n  mechanisms and r a t e s  under cond i t ions  which do n o t  r e f l e c t  
the  changing environmental  f a c t o r s  expected du r ing  the  period of r e p o s i t o r y  
o p e r a t i o n ,  p a r t i c u l a r l y  wi th  respect t o  groundwater chemistry (PNL-3569, 1981). 
Although the  assumption i s  o f t e n  made t h a t  environments inducing  p i t t i n g  w i l l  
a l s o  induce r ap id  o v e r a l l  c o r r o s i o n  (Ki rby ,  G . ,  19791, t he  presence of  
p i t t i n g / c r e v i c e  c o r r o s i o n  a s s o c i a t e d  wi th  s t a g n a n t  o r  low-flow aqueous so lu -  
t i o n s ,  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  The e f f e c t s  of r a d i o l y s i s  on the  propa- 
g a t i o n  of  l o c a l i z e d  co r ros ion  a l s o  r e q u i r e  t h a t  t e s t i n g  programs be undertaken 
t h a t  would involve  r e a l i s t i c  r e p o s i t o r y  cond i t ions .  

D i r e c t  o b s e r v a t i o n  may be hampered by the  form- 

S p e c i f i c  recommendations wi th  respect  t o  a d d i t i o n a l  in format ion  needs f o r  
l o c a l i z e d  c o r r o s i o n  of  carbon s tee l  inc lude :  

Determinat ion of changes o c c u r r i n g  i n  groundwater chemis t ry  and ,  
p a r t i c u l a r l y ,  i n  chemical p o t e n t i a l  due to  r a d i o l y s i s .  

0 Determinat ion of r a d i o l y s i s  p roduc t s ,  r a t e s  of  product ion ,  and e f f e c t s  
on co r ros ion  r a t e .  

0 Determinat ion of  c r i t i c a l  p o t e n t i a l s  f o r  p i t t i n g  i n i t i a t i o n  i n  
cand ida te  r e p o s i t o r y  groundwater regimes.  

0 P a s t  emphasis by DOE has been on uniform c o r r o s i o n  phenomena. Assump- 
t i o n s  such as those  made by C h a r l o t  and Westerman (PML-3569, 1981) t h a t  
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i f  p i t t i n g  should occur ,  i t  would be expected t o  be no worse than t h a t  
r epor t ed  i n  s o i l s ,  require  v e r i f i c a t i o n .  Wood and h i s  co-workers r e -  
ported decreased p i t t i n g  and c r e v i c e  co r ros ion  i n  tes ts  involv ing  low- 
carbon s t ee l  i n  b a s a l t  groundwater (DOE/NWTS-SO, 1982). It i s  ev iden t  
t h a t  carbon s t ee1  s u s c e p t i b i l i t y  t o  p i t t i n g  and c rev ice  co r ros ion  
under expected r e p o s i t o r y  c o n d i t i o n s  has  n o t  been adequate ly  ad- 
dressed .  The e f f e c t s  of r a d i o l y s i s  on the  propagat ion  of p i t s  and 
c r e v i c e s  a l s o  r e q u i r e  t h a t  t e s t i n g  programs be undertaken t h a t  would 
involve  r e a l i s t i c  r e p o s i t o r y  c o n d i t i o n s  and very  extended t e s t  times. 

0 I n  the  case  of p i t t i n g ,  a s t a t i s t i c a l  approach to  p i t  formation and a 
d e f i n i t i o n  of " f a i l u r e "  may be e s t a b l i s h e d  a s  suggested by c u r r e n t  MCC 
e f f o r t s  (PNL-4474, 1982). This approach r e q u i r e s  the de te rmina t ion  of 
p i t  dep th ,  f requency of formation,  and a r e a l  e x t e n t ;  i n  the case of 
c r e v i c e  c o r r o s i o n ,  t h e  approach may e n t a i l  i n i t i a t i o n  of c r e v i c e s  i n  
o rde r  t o  eva lua te  the  s u s c e p t i b i l i t y  of a p a r t i c u l a r  metal  to  t h i s  
type of a t t a c k .  

4.3.3 S t r e s s  Corrosion Cracking 

Stress c o r r o s i o n  c racking  (SCC) i s  a f a i l u r e  mode which occurs  as a 
r e s u l t  of the  c o n j o i n t  a c t i o n  of a t e n s i l e  s t r e s s  and a s p e c i f i c  c o r r o s i v e  
medium (Fontana,  M. G. ,  1978). 
and addressed elsewhere a s  a s e p a r a t e  phenomenon s i n c e  t h e  mechanisms may be 
q u i t e  d i f f e r e n t .  For example, a n  e f f e c t i v e  method f o r  prevent ing  SCC i s  
ca thod ic  p r o t e c t i o n  which would tend to  a c c e l e r a t e  hydrogen embr i t t l ement  
e f  f e c t  s. 

Hydrogen a s s i s t e d  f a i l u r e s  w i l l  be c l a s s i f i e d  

4.3.3.1 Environmental Fac tors  Which Af fec t  SCC 

There a r e  many d i f f e r e n t  mechanisms of SCC which can occur  f o r  a s p e c i f i c  
environment. T e n s i l e  s t r e s s e s  a r e  r equ i r ed  and u s u a l l y  a r e  p re sen t  a s  e i t h e r  
r e s i d u a l  o r  app l i ed  s t r e s s e s .  Compressive s t r e s s e s  a r e  n o t  damaging. During 
S C C ,  t h e  metal does n o t  n e c e s s a r i l y  exper ience  severe  uniform co r ros ion  bu t  
f i n e  c racks  i n i t i a t e  and propagate  through the  bulk metal .  The t i m e  t o  
f a i l u r e  i s  u s u a l l y  dependent upon the  s e v e r i t y  of the  s t r e s s  and environment 
and can va ry  from minutes to  yea r s .  

A r e c e n t  survey on the  s u s c e p t i b i l i t y  of  carbon s t e e l  t o  s t r e s s - c o r r o s i o n  
c racking  (SCC) r evea led  t h a t  t h r e e  types of environment a r e  of major concern. 
These a r e  aqueous s o l u t i o n s  con ta in ing  carbonate /b icarbonate  , n i t r a t e ,  and 
a l k a l i  (Pa rk ins ,  R .  N . ,  1972). A more d e t a i l e d  l i s t  i s  given i n  Table  4.6. 
I t  should be noted t h a t  the  type of SCC being d iscussed  i s  i n t e r g r a n u l a r .  

The f i r s t  c a s e s  of ca rbona te /b i ca rbona te  SCC were found i n  buried s t e e l  
p ipes  f o r  which groundwater s o l u t i o n s  ad jacen t  to  the  c racks  conta ined  0.5-1.4 
pe rcen t  C032' and 0.5-0.8 pe rcen t  HCOS. 
i n  the  range 9.7 t o  12.3. 
s o l u t i o n s  can g ive  r i s e  to  SCC i n  carbon s t e e l  has  been obta ined  by S u t c l i f f e  
and o t h e r s  (1972).  These workers c a r r i e d  ou t  s l o w - s t r a i n - r a t e  tests a t  2 2 ,  
50, 70 and 9OoC and showed t h a t  the  d u c t i l i t y  , measured a s  a r educ t ion  i n  

The pH of the  s o l u t i o n s  was 
Laboratory conf i rmat ion  t h a t  C032'/HCOj 
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c r o s s - s e c t i o n a l  a r e a  of the f a i l e d  samples,  was g r e a t l y  reduced as the temper-  
a t u r e  was inc reased .  The worst  ca se  d e t e c t e d  was a t  9OoC under a c o n t r o l l e d  
p o t e n t i a l  of abou t  -670 mV (s.c.e.)  f o r  which the r e d u c t i o n  i n  a r e a  decreased 
from 60 pe rcen t  t o  15 percent .  

Table  4.6 Reagents known to  cause s t r e s s - c o r r o s i o n  cracking 
i n  carbon s t e e l s  (Kirby,  G. N . ,  1979). 

Ammonia, anhydrous 
Ammonium n i t r a t e  
Barium n i t r a t e  
C a l c i u m  n i t r a t e  
Chromic a c i d  
C r e s o l  
C r e s y l i c  a c i d  vapors  
Cyanogen 
Ethylamine 
F e r r i c  c h l o r i d e  
Hydrogen cyanide s o l u t i o n s  
Hydrogen c h l o r i d e  
Hydrogen s u l f i d e  a c i d i c  

Lithium me t a l  
s o l u t i o n s  

Magnesium choride 
Monoethanolamine 
Nickel n i t r a t e  
N i t r i c  a c i d  
Potassium hydroxide 
S i l v e r  n i t r a t e  
Sodium aluminate  
Sodium f l u o r i d e  
Sodium hydroxide 
Sodium-lead molten metal  
Sodium n i t r a t e  
Stront ium n i t r a t e  
S u l f a t e  l i q u o r  
S u l f u r i c  a c i d  
S u l f u r i c  a c i d  + n i t r i c  a c i d  

With r e s p e c t  to  s o l u t i o n s  c o n t a i n i n g  0.05 pe rcen t  n i t r a t e ,  Wenk (1972) 
has  shown t h a t  X-52 carbon s t e e l  s t r e s s e d  t o  80 p e r c e n t  of the notched t e n s i l e  
s t r e n g t h  w i l l  s u f f e r  from SCC a t  93OC a f t e r  only th ree - fou r  weeks. For a 10 
p e r c e n t  s o l u t i o n ,  f a i l u r e  occurred a f t e r  e i g h t  hours.  Fractographic  a n a l y s i s  
of carbon s t ee l  exposed to b o i l i n g  n i t r a t e  s o l u t i o n s  showed t h a t  SCC could 
occur  ove r  a wide p o t e n t i a l  range between -600 and 1200 (s.c.e.1 

Caus t i c  c rack ing  i n  carbon s t e e l  w a s  p r e v a l e n t  f o r  many y e a r s  i n  r i v e t e d  
locomotive b o i l e r s  (Reinoehl ,  J .  E . ,  1972). A l k a l i  would accumulate i n  
h i g h l y - s t r e s s e d  r i v e t  h o l e s  and lead t o  SCC. Reinoehl and Berry (1972) have 
compiled a l i s t  of SCC f a i l u r e s  f o r  NaOH and have shown t h a t  under f r e e  cor-  
r o s i o n  p o t e n t i a l s  the ranges of s u s c e p t i b i l i t y  a r e  4-85 p e r c e n t  NaOH and 
35-85OC. However, they s t a t e  t h a t  t h e s e  ranges may be extended o r  con- 
t r a c t e d  depending on a number of environmental  and m e t a l l u r g i c a l  f a c t o r s .  

The g r e a t e s t  p o t e n t i a l  f o r  NaOH bui ldup i n  a r e p o s i t o r y  would occur  i n  
rock s a l t .  Gamma r a d i a t i o n  produces c o l l o i d a l  sodium which w i l l  i n t e r a c t  w i th  
mig ra t ing  b r i n e  bubbles t o  form NaOH and H 2  (NUREG/CR-2482, Vol. 3 ,  BNL- 
NUREG-51494, 1982). Since the  b r i n e  mig ra t e s  towards the hot  c o n t a i n e r s ,  a 
h igh  c o n c e n t r a t i o n  of c a u s t i c  i s  l i k e l y  t o  a t t a c k  t h e  metal. 

I n  seawater  environments,  t h e  y i e l d  s t r e n g t h  of the s t e e l  appea r s  to  
determine to  some e x t e n t  t he  s u s c e p t i b i l i t y  t o  SCC. The r e s u l t s  of Phelps 
(1969) s u g g e s t  t h a t  a t  y i e l d  s t r e n g t h s  above 1380 MPa (200 k s i ) ,  a l l  of the 
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steels tested were s u s c e p t i b l e  to  s t r e s s  c o r r o s i o n  b u t  t h a t  below 1034 MPa 
(150 k s i )  t he  problem was much less seve re .  
(1977) has  a l s o  shown t h a t  f o r  low a l l o y  and carbon s t e e l s  having y i e l d  
s t r e n g t h s  below -690 MPa (-100 k s i ) ,  s t r e s s  c o r r o s i o n  c rack ing  has  n o t  been 
i d e n t i f i e d  as a cause of f a i l u r e  i n  a p p l i c a t i o n s  invo lv ing  exposure t o  marine 
atmospheres and seawater. However, i t  should be expected t h a t  t h i s  t r end  
would be dependent upon t h e  environment and t h e r e f o r e ,  low s t r e n g t h  s teels  
would s t i l l  r e q u i r e  SCC e v a l u a t i o n  be fo re  u s e  under r e p o s i t o r y  cond i t ions .  
Also,  t h e r e  u s u a l l y  does n o t  e x i s t  a c l e a r - c u t  t h re sho ld  s t r e n g t h  l e v e l  below 
which stress c o r r o s i o n  would n o t  occur  wi th  i n c r e a s i n g l y  longer  time p e r i o d s  
t o  f a i l u r e  a t  lower s t r e s s  l e v e l s .  

The review of SCC by C a r t e r  

For commercial mild s tee l s ,  i n  the annealed o r  normalized c o n d i t i o n s  i n  
which they  a r e  most o f t e n  used,  t he  carbon c o n t e n t  i s  a major f a c t o r  i n  
determining SCC s u s c e p t i b i l i t y .  As shown i n  F igu re  4.13, t he  t h r e s h o l d  stress 
i n  b o i l i n g  4N NH4N03 i n c r e a s e s  with i n c r e a s i n g  carbon con ten t .  
i f  t he  carbon c o n t e n t  i s  below a b o u t  0.001%, then  s u s c e p t i b i l i t y  a g a i n  i s  
decreased.  This  e f f e c t  can be explained i n  terms of the carbon d i s t r i b u t i o n  
i n  the  s t e e l .  A t  i n t e r m e d i a t e  carbon c o n t e n t s ,  t h e  carbon s e g r e g a t e s  t o  the  
f e r r i t e  g r a i n  boundaries  r e s u l t i n g  i n  s u s c e p t i b i l i t y .  A t  low carbon c o n t e n t ,  
t h e r e  i s  less carbon a t  the boundaries.  A t  high carbon c o n t e n t s ,  t h e  p e a r l i t e  
phase i n  the s t ee l  i n c r e a s e s  and the  number of c a r b i d e  p a r t i c l e s  i n  the  
boundaries d e c r e a s e s  ( P a r k i n s ,  R. N . ,  1972). 

However, 
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F i g u r e  4.13. E f f e c t  of carbon c o n t e n t  of annealed mild s t e e l s  upon 
th re sho ld  stress f o r  c rack ing  i n  b o i l i n g  4N NH4N03 
( P a r k i n s ,  R.  N.,  1972). 

Grain s i z e  i s  a l s o  a f a c t o r  i n  determining s u s c e p t i b i l i t y ,  a s  shown i n  
F igu re  4.14. Coarse-grained m a t e r i a l s  are found t o  be more s u s c e p t i b l e  t o  
cracking than  those  w i t h  small g r a i n  s i z e .  
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Figure  4.14. Grain s i z e  dependence of stress c o r r o s i o n  c rack ing  
parameter f o r  mild s t e e l  i n  b o i l i n g  n i t r a t e  s o l u t i o n  
( P a r k i n s ,  R .  N . ,  1972). 

The c h l o r i d e  concen t r a t ion  i n  the s o l u t i o n  environment does n o t  s i g n  - 
c a n t l y  a f f e c t  the th re sho ld  s t r e s s  i n t e n s i t y  va lue  but  can a f f e c t  the c rack  
growth r a t e .  Changing the  environment from d i s t i l l e d  water t o  3X sodium 
c h l o r i d e  s o l u t i o n  decreased the f a i l u r e  time by about two o r d e r s  of magnitude 
f o r  an  AIS1 4120 s t e e l .  Most of t h i s  r e d u c t i o n  i n  l i f e  occurred i n  the weaker 
s o l u t i o n s  con ta in ing  0.5% sodium c h l o r i d e .  A t  much h ighe r  c o n c e n t r a t i o n s  of  
c h l o r i d e s ,  t h e  e f f e c t  on SCC nay be reduced due t o  r ap id  co r ros ion  and c r a c k  
b l u n t i n g  (Yamamoto, S., 1969, c i t e d  by Carter ,  C. S., 1977). 

Gene ra l ly ,  t h e r e  i s  l i t t l e  e f f e c t  of pH on SCC s u s c e p t i b i l i t y  i n  the pH 
range of 3 t o  10. However, very low pH s o l u t i o n s  w i l l  promote c rack ing  and 
h i g h l y  b a s i c  s o l u t i o n s  res t r ic t  c rack  i n i t i a t i o n  and propagation as shown i n  
Figure 4.15. 

S t u d i e s  on the e f f e c t  of temperature on c rack ing  of low carbon s t e e l s  i n  
n i t r a t e  s o l u t i o n s  y i e l d  Arrhenius p l o t s  as shown i n  Figure 4.16. Typ ica l  
a c t i v a t i o n  e n e r g i e s  range from 10 t o  30 kcal/mol ( P a r k i n s ,  R .  N . ,  1977). 

Although inc reas ing  temperature  tends to  i n c r e a s e  the inc idence  o r  s eve r -  
i t y  of S C C  i n  o t h e r  s o l u t i o n s  such as hydroxides and ca rbona te s ,  t h e  i n t e r d e -  
pendence of temperature and s o l u t i o n  c o n c e n t r a t i o n  m u s t  a l s o  be considered i n  
determining whether SCC w i l l  occur.  F igu re  4.17 i l l u s t r a t e s  t h i s  point .  

4.3.3.2 S t r e s s  Corrosion Cracking Mechanisms 

The i n i t i a t i o n  s i tes  f o r  SCC can be divided i n t o  th ree  c a t e g o r i e s  
( P a r k i n s ,  R. N . ,  1972): 

1. P r e - e x i s t i n g  a c t i v e  paths .  
2 .  S t r a in -gene ra t ed  a c t i v e  paths .  
3. S p e c i f i c  adso rp t ion  a t  s u b c r i t i c a l l y  s t r e s s e d  s i t e s .  

32 



80 

- N r( - c c Y, 4 60 

Y 

z- - 
v, 40 
E 

0 ’  I I I I I 1 1  I I I I I t  

0 2 4 6 8 10 12 14 

PH 

3.5% NaCl STEEL: 0.27 C, 0.5 Mn, 9 Ni, 

TYS: 1310 M N l m  (190 ksi) 

11 Cr,  and 0.14 Mo 

- m 0 H2S04 BUFFER BUFFER +NaCl  KIC: 80 ksi-i] 

A HCI 
0 NaOH - 

ENVl RONMENT 

2 N  HCI 

N HCI 

Nl lO  HCI 

N I10 H2S Os 
BDH BUFRR 

BDH BUFFER 

BDH BUFFER t 3.5% NaCl 

BDH BUFFER 

BDH BUFFER + 3.5% NaCl 

3.5% NaCl 

BDH BUFFER 

BDH BUFFER 

NllO NaOH 

1 N NaOH 

- 
PH 
0.3 
0 

1 

1 

3.1 

4.0 

4.0 

7.0 

7.0 

7.0 

9.2 
11.4 

13.0 

14.0 

- 

- 

F i g u r e  4 . 1 5 .  Effect of pH on the  t h r e s h o l d  stress i n t e n s i t y  ( M .  J .  May, 1968,  a s  c i t e d  i n  PNL-3569, 1 9 8 1 ) .  



- 
I 1 I I I I 

Figure  4.16. E f f e c t  of temperature on t i m e  to  f a i l u r e  i n  60% calcium 
n i t r a t e ,  3% ammonium n i t r a t e  s o l u t i o n  (each p o i n t  an  
an average of 3 t o  5 t e s t s )  ( M a z i l l e ,  H . ,  1972) .  

F igu re  4.17. Re la t ion  of temperature and c o n c e n t r a t i o n  of NaOH t o  cause 
c rack ing  (Schmidt, H. W. ,  1951). 
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When SCC i s  a s s o c i a t e d  wi th  p r e - e x i s t i n g  a c t i v e  p a t h s ,  t h e  a l l o y  w i l l  
probably show s t r u c t u r a l  f k a t u r e s  , such a s  s e g r e g a t e s  o r  p r e c i p i t a t e s  a t  g r a i n  
boundar ies ,  which create  l o c a l  ga lvan ic  c e l l s ,  
n i t r a t e  s o l u t i o n s  d iscussed  previous ly  i s  a n  example of where t h e  carbon 
d i s t r i b u t i o n  determined the  l i k e l y  s i tes  of t h e  a c t i v e  path.  

The c racking  of m i l d  s t e e l  i n  

The s t r a i n  genera ted  a c t i v e  pa th  mechanism u s u a l l y  occur s  i n  me ta l s  which 
possess  a p r o t e c t i v e  f i lm .  S t r e s s  o r  p l a s t i c  s t r a i n  i n  the  underlying metal  
can r u p t u r e  the p r o t e c t i v e  f i l m  thereby  exposing a c t i v e  meta l  u n t i l  the  f i l m  
can reform. Crack propagat ion i s  c y c l i c  a s  t he  f i l m  r u p t u r e s  and r e p a i r s  
i t s e l f .  In  the  s l i p  d i s s o l u t i o n  model, s l i p  s t e p s  can a c t  a s  the  i n i t i a t i o n  
s i tes  f o r  s t r a i n  generated a c t i v e  pa ths  ( S c u l l y ,  J. C., 1980).  

I n  t h e  mechanism f o r  s p e c i f i c  a d s o r p t i o n  a t  s u b c r i t i c a l l y  s t r e s s e d  s i t e s ,  
adsorbed s p e c i e s  dec rease  the  su r face  energy ,  thereby  reducing t h e  s t ress  re- 
qu i r ed  to  e n l a r g e  s u r f a c e  c racks .  The adso rb ing  s p e c i e s  can a c t  a t  the c rack  
t i p  o r  d i f f u s e  i n t o  the  metal  and cause embr i t t l ement .  Hydrogen e m b r i t t l e -  
ment, wi th  the  hydrogen genera ted  from c o r r o s i o n  r e a c t i o n s  can be cons idered  a 
form of stress c o r r o s i o n  (Vas i lenko,  I. I., 1978). 

Some U-bend t e s t i n g  of d u c t i l e  c a s t  i r o n  and c a s t  s t e e l  was conducted a t  
150 and 25OoC i n  s imula ted  Hanford groundwater.  N o  evidence of SCC was 
found (Westerman, R. E . ,  1982). 

I t  i s  c l e a r  from t h e  above review t h a t  t h e r e  i s  a l a c k  of  SCC da t a  f o r  
low carbon s t e e l  under r e p o s i t o r y  c o n d i t i o n s .  The t y p e s  of  d a t a  which a r e  
needed f o r  l i c e n s i n g  inc lude  long tern s t a t i c  tests and enviromechanical 
s t u d i e s  such a s  a s l o w - s t r a i n - r a t e  and f a t i g u e  c rack  growth r a t e  t e s t i n g  under 
a p p r o p r i a t e  cond i t ions .  Some of t h i s  work i s  p r e s e n t l y  be ing  c a r r i e d  o u t  a t  
P a c i f i c  Northwest Laboratory;  e.g. , enviromechanical  tests i n  WIPP Brine A f o r  
1025 s t e e l  ( J a i n ,  H . ,  1983). The e f f e c t s  of s o l u t i o n  r a d i o l y s i s  should a l s o  
be eva lua ted  s i n c e  i t  w i l l  be a source of H 2  and 0 2 ,  e t c .  

The SCC behavior  of welded specimens should be s t u d i e d  a s  s t r e s s e s  and 
a c t i v e  pa ths  can  be introduced by the  welding process .  Tes t ing  should a l s o  be 
performed i n  concent ra ted  b a s a l t i c  and tu f f aceous  groundwaters which may be 
produced by evapora t ion  e f f e c t s  ( P e s c a t o r e ,  C.,  1983) p a r t i c u l a r l y  s i n c e  c a r -  
bon s t e e l s  a r e  s u s c e p t i b l e  to  SCC i n  carbonate  s o l u t i o n s  ( S u t c l i f f e ,  J. M . ,  
1972). 

4.3.3.3 Conclusions and Recommendations 

Based on the  above review of SCC i t  i s  c l e a r  t h a t  t h e r e  i s  g r e a t  un- 
c e r t a i n t y  r ega rd ing  the  s u s c e p t i b i l i t y  of carbon s t e e l  c o n t a i n e r s  to  SCC when 
exposed t o  HLW r e p o s i t o r y  c o n d i t i o n s .  In  Grande Ronde b a s a l t  the  carbonate  
and b icarbonate  l e v e l s  i n  p r i s t i n e  groundwater a t  ambient tempera tures  range 
u p  to  88 and 70 mg/L, r e s p e c t i v e l y  (RHO-BWI-ST-7, 1980). I n  o t h e r  Hanford 
b a s a l t i c  waters  t h e  carbonate  va lue  may be a s  h igh  a s  314 mg/L (RHO-BWI-ST-7, 
1980). In  tu f f aceous  rock b i ca rbona te  v a l u e s  of 120 mg/L have been recorded 
(AESD-TME-3138, 1980).  In  r e p o s i t o r i e s  where gamma r a d i o l y s i s  of groundwater 
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can occur n i t r i c  a c i d  may be generated due t o  d i s so lved  N 2 / 0 2  mixtures .  
Th i s  could r e s u l t  i n  n i t r a t e - a s s i s t e d  SCC of carbon s t e e l .  The problems w i t h  
ca rbona te /b i ca rbona te  and n i t r a t e  SCC a r e  magnified by the concen t r a t ion  of 
t hese  i o n s  when groundwater c o n t a c t s  the hot  c o n t a i n e r .  Bo i l ing  of t h e  water 
w i l l  occur during the  r e p o s i t o r y  o p e r a t i o n s  per iod and a f t e r  c l o s u r e  u n t i l  t h e  
h y d r o s t a t i c  p re s su re  becomes s u f f i c i e n t l y  high t o  prevent  i t .  A t  t h i s  time i t  
i s  almost c e r t a i n  t h a t  a f t e r  r e p o s i t o r y  c l o s u r e  h igh  c o n c e n t r a t i o n s  of d i s -  
solved s a l t s  w i l l  be p re sen t  i n  the r e p o s i t o r y  water i n  c o n t a c t  with the  
con ta ine r s .  For s a l t  r e p o s i t o r i e s  con ta in ing  non-shielded waste packages, 
gamma i r r a d i a t i o n  of the surrounding rock s a l t  may lead to  very h igh  
concen t r a t ions  of NaOH. 

High s t r e s s  l e v e l s  which would i n i t i a t e  cracking could a r i s e  from thermal 
g r a d i e n t s  w i t h i n  the c o n t a i n e r  caused by c o n t a c t  with c o o l e r  wa te r ,  from l o c a l  
high loads a t  the c o n t a c t  p o i n t s  between the c o n t a i n e r  and suppor t  p o s t s  (BWIP 
des ign ) ,  from weld s t r e s s e s ,  and from h y d r o s t a t i c / l i t h o s t a t i c  stress 
components. 

A t  t h i s  time the re  a r e  appa ren t ly  no s t u d i e s  being conducted t o  e v a l u a t e  
the p o s s i b i l i t y  of SCC i n  carbon s t e e l  c o n t a i n e r s  exposed to r e p o s i t o r y  waters  
t h a t  have been cons ide ra ly  enriched i n  b i ca rbona te / ca rbona te  , n i t r a t e ,  and 
NaOH due to  b o i l i n g  of t h e  water du r ing  the r e p o s i t o r y  o p e r a t i o n s  per iod and 
during t h e  time fol lowing c l o s u r e  when the p r e s s u r e  w i t h i n  the r e p o s i t o r y  i s  
too low t o  prevent  b o i l i n g .  Based on a v a i l a b l e  da t a  s t r e s s - c o r r o s i o n  i s  
l i k e l y  t o  be a c c e l e r a t e d  by high r e p o s i t o r y  temperatures ,  high s t r e s s e s  and 
high oxygen l e v e l s .  Work i s  needed t o  scope t h e  magnitude of t h i s  problem and 
should inc lude  the fol lowing types of r e sea rch :  

e Long term and a c c e l e r a t e d  t e s t i n g  should be performed under v a r i o u s  
r e p o s i t o r y  s o l u t i o n  c h e m i s t r i e s ,  s tresses,  temperatures ,  e t c .  

e The e f f e c t s  of s o l u t i o n  r a d i o l y s i s  on SCC need to be determined. 

e Enviromechanical t e s t i n g  which inc lude  slow-s t r a i n - r a t e  and c o r r o s i o n  
f a t i g u e  t e s t s  would be u s e f u l  i n  determining SCC s u s c e p t i b i l i t y .  

e SCC t e s t i n g  should be performed on both base metal  and weld 
s t r u c t u r e s .  

e I t  i s  important to t e s t  under concen t r a t ed  groundwater s o l u t i o n s  which 
would be formed by evapora t ion  a t  the c o n t a i n e r  su r face .  

e Any d e t a i l e d  changes i n  f r a c t u r e  mode o r  l o s s  i n  d u c t i l i t y  should be 
i n v e s t i g a t e d  f u r t h e r .  
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4.3.4 Hydrogen Assis ted F a i l u r e  

The p o t e n t i a l  f o r  hydrogen embri t t lement  i n  carbon s t e e l s  has  been recog- 
n i z e d  f o r  many decades i n  i n d u s t r y  (Sp iede l ,  M .  O . ,  1977, Spahn, H. ,  1977). 
I n  c e r t a i n  cases, f a i l u r e  i n  s t e e l s  may appear  t o  be caused by s t r e s s - c o r r o -  
s i o n  c rack ing ,  when, i n  f a c t ,  hydrogen e f f e c t s  a t  the t i p s  of propagating 
c racks  are the  source of f a i l u r e .  In many aqueous environments, however, 
s t r e s s - c o r r o s i o n  c rack ing  and hydrogen embri t t lement  e f f e c t s  may be c l o s e l y  
connected. 

There a r e  many p o t e n t i a l  sources  f o r  the presence of hydrogen i n  a repos- 
i t o r y  environment. Hydrogen may be p re sen t  i n  t h e  metal  before  s e r v i c e  expo- 
s u r e ;  i t  can be produced during m e t a l l i c  co r ros ion ;  o r  i t  can be generated by 
the r a d i o l y s i s  of water.  A p a r t i c u l a r l y  important  source of hydrogen i n  a ba- 
s a l t  r e p o s i t o r y  was r e c e n t l y  r epor t ed  (DOE/RL 82-3, 1982) and concerns the 
equ i l ib r ium c o n d i t i o n s  a t t a i n e d  i n  b a s a l t / w a t e r  mixtures .  Under the reducing 
c o n d i t i o n s  p r e s e n t  hydrogen p res su res  between 0.25 and 0.90 MPa were 
p red ic t ed .  

I n  g e n e r a l ,  i t  i s  acknowledged t h a t  most carbon s t e e l  hydrogen e m b r i t t l e -  
ment problems i n  i n d u s t r y  occur f o r  m a t e r i a l s  h e a t  t r e a t e d  t o  high s t r e n g t h  
(Sp iede l ,  M .  O . ,  1977). S tee ls  with y i e l d  s t r e n g t h s  below about  500 MPa (70  
k s i )  are  g e n e r a l l y  considered t o  be immune t o  hydrogen a s s i s t e d  f a i l u r e  
(Sp iede l ,  M .  O.,  1977). However, i t  has  been s t a t e d  t h a t  under l abora to ry  
c o n d i t i o n s ,  f a i l u r e  may occur f o r  s t e e l s  w i th  y i e l d  s t r e n g t h s  a s  low a s  350 
MPa (50 k s i )  (Sp iede l ,  M. O., 1977). 

Spahn and o t h e r s  (1977) r e p o r t  a case i n  which a carbon s t e e l  p i p e l i n e  
f a i l e d  i n  the weld zone. The pipe was i n  c o n t a c t  w i th  a pool of s l i g h t l y  
a c i d i c  water c o n t a i n i n g  H2S and C02. 
embri t t lement  f a i l u r e  i n  a 0.17 pe rcen t  s o f t  carbon s t e e l  compressor cone a t  
ambient temperature.  The c rack  a l s o  formed i n  t h e  welded a r e a ,  which was i n  
the presence of a CO/C02/HzS/H20 gas  mixture  a t  10 atmospheres p re s su re .  
F a i l u r e  occurred by slow crack propagation a f t e r  f i v e  yea r s  of s e r v i c e .  Spahn 
concluded t h a t  s o f t  carbon s t e e l s  ( y i e l d  s t r e n g t h  <500 MPa, 70 k s i )  can f a i l  
by hydrogen embri t t lement  bu t  i t  may take s e v e r a l  years  to  occur. 

They a l s o  desc r ibe  a hydrogen 

F rac tog raph ic  s t u d i e s  by Poulson (1975) on unnotched cathodical ly-charged 
carbon s t e e l  (0.09 p e r c e n t  C )  gave c l e a r  evidence f o r  embri t t lement  a f t e r  
s l o w - s t r a i n - r a t e  s t u d i e s  a t  room temperature.  He observed r eg ions  i n  which 
hydrogen caused quasi-cleavage e f f e c t s .  

4.3.4.1 E f f e c t s  of Hydrogen on Mechanical P r o p e r t i e s  and Delayed F a i l u r e  
of Low Carbon S t e e l  

The e f f e c t  of hydrogen on t h e  y i e l d  s t r e n g t h  of  low s t r e n g t h  s t e e l s  has 
been shown to  be a competi t ion between s o f t e n i n g  and hardening mechanisms 
( H i r t h ,  J. P . ,  1980). Seabrook and o t h e r s  (1950) r epor t ed  a hardening of SAE 
1020 s t e e l  w i t h  i n c r e a s i n g  charging c u r r e n t  a s  shown i n  Figure 4.18. 
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Figure  4.18. True s t r e s s - t r u e  s t r a i n  t e n s i l e  curves  f o r  v a r i o u s  hydrogen 
c o n t e n t s  (Seabrook, J. B. ,  1950). 

Beachem (1972) ,  however, observed a -lower t o r s i o n a l  flow s t ress  f o r  1020 
s t e e l  when a c a t h o d i c  charg ing  c u r r e n t  was a p p l i e d  as  shown i n  F igure  4.19. 

I t  has  been suggested t h a t  when deformation i s  by s i n g l e  s l i p  mechanisms 
such a s  i n  c r e e p  and low s t r a i n  f low,  hydrogen can produce so f t en ing .  Harden- 
ing occurs  when deformation occurs  by m u l t i p l e  s l i p  as i n  g r a i n  boundary r e -  
g ions  i n  p o l y c r y s t a l s  and l a rge  s t r a i n  r eg ions  of s i n g l e  c r y s t a l s  ( H i r t h ,  
J .  P . ,  1980). 

The predominant concern of t he  e f f e c t  of hydrogen on low carbon s t e e l  i s  
the  l o s s  o f  d u c t i l i t y  and delayed c rack ing  a t  s tresses below t h e  y i e l d  stress. 
Toh and Baldwin (1956) measured t h e  d u c t i l i t y  o f  SAE 1020 s t ee l  charged w i t h  
d i f f e r e n t  q u a n t i t i e s  of hydrogen. F igu re  4.20 shows t h e  decreased  s t r a i n  a t  
f r a c t u r e  w i t h  inc reas ing  hydrogen con ten t .  

I n  a d d i t i o n  t o  the  e f f e c t  of hydrogen i t s e l f ,  t h e  measured t e n s i l e  prop- 
e r t i e s  a re  a f f e c t e d  by the  tempera ture ,  s t r a i n  r a t e ,  s tress c o n c e n t r a t i o n ,  
s t r e n g t h  of t h e  s t e e l  and p r i o r  co ld  work ( I n t e r r a n t e ,  C. G . ,  1982),  Grant  
and Lunsford (1955) s t u d i e d  the  e f f e c t  of  c o l d  work on the  embr i t t l ement  of 
m i l d  s t e e l  SAE 1020 a s  a func t ion  of hydrogen a b s o r p t i o n  by c a t h o d i c  charg ing .  
F igu re  4.21 i l l u s t r a t e s  t he  pe rcen t  r educ t ion  of a r e a  versus  hydrogen c o n t e n t  
and shows inc reased  embr i t t l ement  d u e  t o  p r i o r  co ld  work. 

Fractography i s  a technique of t e n  used t o  s tudy  hydrogen a s s i s t e d  f a i l -  
u r e .  I n  h i g h  s t r e n g t h  s t e e l s ,  hydrogen ernbri t t lement  u s u a l l y  produces a 
t r a n s i t i o n  from d u c t i l e  type f a i l u r e  t o  t h a t  of q u a s i  c leavage  o r  b r i t t l e  
c leavage .  In low s t r e n g t h  s t e e l ,  however, hydrogen does n o t  r e s u l t  i n  a n  
obvious change i n  f r a c t u r e  mode though t h e r e  can be a s i g n i f i c a n t  dec rease  i n  
t h e  r e d u c t i o n  of area a t  f r a c t u r e .  

~ 
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Figure  4.19. Comparison of f low cu rves  from t o r s i o n  tes t s  o f  mild s t e e l  
tubes  t e s t e d  d r y  (uncharged) and whi le  being e l e c t r o l y t i c -  
a l l y  charged (Beachem, C .  D . ,  1 9 7 2 ) .  
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Figure  4.20.  Frac tu re  ( a t  room temperature  and 0.005-in./in./min s t r a i n  
r a t e )  and hydrogen c o n t e n t  of an  SAE 1020 s t e e l  a s  a 
func t ion  of charg ing  t i m e  (Toh, T . ,  1956). 

F igu re  4 . 2 1  Reduction i n  a r e a ,  per c e n t ,  a s  a func t ion  of hydrogen 
con ten t  i n  1020 s t e e l  (Grant ,  N .  J . ,  1955). 
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Lee and o t h e r s  (19791, bend t e s t e d  specimens of spheroidized AIS1  1095 
s t e e l  w i th  y i e l d  s t r e n g t h s  l e s s  than 400 MPa (<58  k s i ) .  Hydrogen was found t o  
reduce d u c t i l i t y  by enhancing void n u c l e a t i o n  and growth and by promoting 
p l a s t i c  i n s t a b i l i t y  along c h a r a c t e r i s t i c  s l i p  l i n e s .  

Cialone and Asaro (1981) s t u d i e d  hydrogen a s s i s t e d  f r a c t u r e  of s e v e r a l  
spheroidized p l a i n  carbon s t e e l s  w i th  y i e l d  s t r e n g t h s  ranging be tween 250 t o  
350 MPa (-36 t o  51 k s i ) .  They a l s o  r epor t ed  void growth and coalescence ac- 
c e l e r a t e d  by hydrogen. However, specimens wi th  s i g n i f i c a n t  i n c l u s i o n  c o n t e n t s  
were observed t o  undergo a p a r t i a l  t r a n s i t i o n  i n  f r a c t u r e  mode t o  quas i  c l eav -  
age. It was suggested t h a t  the i n c l u s i o n s  ac t ed  a s  hydrogen s i n k s  during 
charging which w a s  then r e l e a s e d  i n  l a r g e  amounts during deformation to cause 
q u a s i  cleavage f r a c t u r e  to  occur.  

Recent ly ,  a n  i n v e s t i g a t i o n  of the i n t e r n a l  methane p res su re  i n  hydrogen 
a t t a c k  on two carbon s t e e l s  and pure i r o n  w a s  conducted which der ived an  ave r -  
age methane p r e s s u r e  based on methane c o n t e n t  and t o t a l  bubble volume (Natan, 
M. ,  1983) The test  t e m p e r a t u r e s  (>37OoC) a re  h ighe r  than those a n t i c i p a t e d  
i n  a r e p o s i t o r y ,  b u t  the f o r m a t i o n o f  methane could p o s s i b l y  occur  i n  s t e e l  
c o n t a i n e r s  a t  t h e i r  maximum temperatures given s u f f i c i e n t  time. The chemical 
compositions of the me ta l s  used i n  t h i s  s tudy  a r e  presented i n  Table 4 . 7 .  The 
methane c o n t e n t ,  N (c.c. gas/g m a t e r i a l ) ,  i n  the a t t a c k e d  specimens was meas- 
u r e d  u s ing  a vacuum e x t r a c t i o n  technique. The t o t a l  void volume, V (c .c . ) ,  
was determined from d e n s i t y  measurements before  and a f t e r  hydrogen a t t a c k .  
The average methane p r e s s u r e ,  P ,  was then c a l c u l a t e d  f o r  d e n s i t y  l o s s  (d.1.) 
g r e a t e r  than 0.05%. The 1020 s teels  e x h i b i t e d  h ighe r  l e v e l s  of methane than 
the  Ferrovac E as  a consequence of higher  carbon c o n t e n t  i n  the former mate- 
r ials.  F igu re  4.22 shows methane c o n t e n t  i n c r e a s e s  wi th  dec reas ing  tempera- 
t u re .  
4OOOC and 6.77% d . l . ,  equ iva len t  t o  -75% of the carbon c o n t e n t  of the s t e e l .  

The h i g h e s t  methane c o n t e n t  measured was 2.80 cm3 CH4/g s t e e l  a t  

Methane formation d i f f e r e d  between the two carbon s t e e l s  as shown i n  
Figure 4.23. The au tho r s  p o i n t  o u t  t h a t  SAE 1020 B y  a s  i n d i c a t e d  i n  Table 
4.7, was considered to  be more "alloyed" than 1020 A. The h ighe r  C r  c o n t e n t  
i n  SAE 1020 B would tend t o  i n c r e a s e  r e s i s t a n c e  t o  hydrogen a t t a c k  by 
c o n t r i b u t i n g  to  the formation of s t a b l e  ca rb ides .  

Since p r e s s u r e  and methane formation a r e  a f u n c t i o n  of environmental  
c o n d i t i o n s ,  carbon con ten t  of s t e e l s ,  bubble volume, and a r e  dependent on the 
behavior of carbon forming elements ,  such parameters should be i n v e s t i g a t e d  
under p r o t o t y p i c  cond i t ions  l i k e l y  to  be encountered i n  a r e p o s i t o r y .  
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Table 4.7. Compositions of m a t e r i a l s  u s e d  by Natan and Johnson 
(Natan, M . ,  1983). 

Ma te r i  a 1 S A E  1020 A SAE 1020 B Ferrovac E 
Element P c t  P c t  P c t  

C 
H 
P 
S 
co 
C r  
c u  
Mn 
Mo 
N i  
Va 
Fe 

0.20 

0.005 
0.019 
0.001 
0.007 
0.02 
0.44 

0.04 
0.001 
balance 

---- 

---- 

0.17 
n o t  g iven  
0.009 
0.005 
0.002 
0.05 
0.19 
0.65 

0.04 

balance 
---- 

0.0204 
6 x 

0.002 
0.002 
0.001 
0.001 
0.001 
0.001 
0.11 

balance 

---- 

---- 

3 

2 

1 

1 2 3 4 5 6  0 

DENSITY LOSS (%I 

Figure 4.22. Dependence of methane c o n t e n t  on temperature i n  the 
Natan-Johnson s tudy  (Natan, M.,  1983). 
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Figure  4.23. E f f e c t  of SAE 1020 compositions on methane formation i n  the  
Matan-Johnson s tudy  (Natan, M., 1983). 

4.3.4.2 Mechanisms f o r  Hydrogen A s s i s t e d  F a i l u r e  

The v a r i o u s  proposed mechanisms to  e x p l a i n  hydrogen embr i t t l emen t  
phenomena have been b r i e f l y  descr ibed by I n t e r r a n t e  (1982) and H i r t h  (1980) 
a s  fol lows:  

e I n  the i n t e r n a l  p r e s s u r e  mechanism, p r e c i p i t a t i o n  of hydrogen gas a t  
i n t e r n a l  d e f e c t s  ass is ts  t h e  growth of voids  o r  i n t e r n a l  c r a c k s  by t h e  
bui ldup o f  l a r g e  i n t e r n a l  p r e s s u r e s .  This a c t s  t o  lower t h e  appa ren t  
f r a c t u r e  s t r e s s  (Zapf fe ,  C. A., 1941). 

0 The model proposed by Petch and S t a b l e s  (1952, 1956) s u g g e s t s  t h a t  
hydrogen a d s o r p t i o n  lowers the  s u r f a c e  energy of t he  s u r f a c e s  created 
dur ing  c rack ing .  This  promotes c rack ing  due to  t he  lowering of t he  
work r equ i r ed  f o r  f r a c t u r e .  

e Beachem (1972) proposed a hydrogen a s s i s t e d  c rack ing  theo ry  i n  which 
the r o l e  of hydrogen was t o  ease  d i s l o c a t i o n  motion o r  gene ra t ion  o r  
both. The presence of s u f f i c i e n t l y  concen t r a t ed  hydrogen d i s so lved  i n  
the  l a t t i c e  j u s t  ahead of the c rack  t i p  a i d s  whatever deformation 
p rocess  t h a t  t he  m i c r o s t r u c t u r e  a l lows.  This  model i s  d i f f e r e n t  from 
the p rev ious  models i n  t h a t  i n s t e a d  of e m b r i t t l i n g  the l a t t i c e ,  
hydrogen enhances l o c a l  p l a s t i c i t y .  
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e I n  the decohesion model proposed by Troiano (1960) and modified by 
Or ian i  (1977, 1978) i t  i s  p o s t u l a t e d  t h a t  d i s so lved  hydrogen a t  high 
concen t r a t ions  lowers the maximum cohesive f o r c e  be tween the atoms o f  
the a l l o y  i n  the l a t t i c e  a t  g r a i n  boundaries and a t  i n t e r f a c e s .  

e Bas t i en  and Azou (1951) suggested t h a t  d i s so lved  hydrogen can be ca r -  
r i e d  along by moving d i s l o c a t i o n s  and p r e c i p i t a t e d  elsewhere.  This  
may e x p l a i n  o r  r e l a t e  the t r a n s p o r t  of hydrogen to t h e  k i n e t i c s  of 
hydrogen a s s i s t e d  c rack  propagation b u t  does n o t  addres s  the problem 
of t h e  mechanism by which hydrogen causes  embri t t l emen t .  

A t  t h i s  t i m e  t h e r e  a r e  i n s u f f i c i e n t  data  to determine which of the above 
mechanisms i s  l i k e l y  t o  apply to  KLW c o n t a i n e r s .  P o s s i b l y ,  more than one 
could be j o i n t l y  r e spons ib l e  f o r  embri t t lement  e f f e c t s .  An e l u c i d a t i o n  of t h e  
mechanisms would be necessa ry  i f  long term p r e d i c t i o n  of hydrogen-assisted 
f a i l u r e  behavior i s  to be achieved. 

4.3.4.3 Conclusions and Recommendations 

I t  i s  u n l i k e l y  t h a t  low carbon s t e e l  w i l l  experience c l a s s i c a l  high tem- 
p e r a t u r e  "hydrogen a t t a c k "  during r e p o s i t o r y  s e r v i c e  due t o  the h igh  tempera- 
t u r e s  r e q u i r e d  (300-5OO0C). I n  t h i s  temperature range hydrogen e n t e r i n g  the  
s t e e l  r e a c t s  with carbon to  form high p r e s s u r e  methane bubbles (Weiner, L.  C . ,  
1961). Kowever, i f  temperatures  a r e  to exceed 2OO0C (R io ja ,  R. J.  , 1982) 
then i n v e s t i g a t i o n  i n t o  o t h e r  forms of hydrogen a s s i s t e d  f a i l u r e  w i l l  be 
needed . 

The most l i k e l y  hydrogen a s s i s t e d  f a i l u r e  problem i s  "hydrogen embri t -  
tlement" which can r e s u l t  i n  decreased d u c t i l i t y  and t r u e  s t r e s s  a t  f r a c t u r e  
and a l s o  delayed f a i l u r e .  The f a c t o r s  involved can inc lude  the hydrogen con- 
t e n t  , s t r e n g t h  of the s t ee1  , s t r a i n  r a t e  , temperature , m i c r o s t r u c t u r e  and 
amount of previous co ld  working. Even low s t r e n g t h  s teels  are n o t  immune to  
the e f f e c t s  of hydrogen. Though the f r a c t u r e  mode may remain predominately 
d u c t i l e ,  s eve re  decreases  i n  macroscopic d u c t i l i t y  ( r e d u c t i o n  i n  a r e a )  can 
r e s u l t .  

There e x i s t s  l i t t l e  o r  no d a t a  on the e f f e c t s  of hydrogen on low carbon 
s t e e l  i n  a r e p o s i t o r y  environment. To a s s e s s  the range of r e p o s i t o r y  condi-  
t i o n s  over which hydrogen a s s i s t e d  f a i l u r e  can be a p o t e n t i a l  f a i l u r e  mode, 
the fo l lowing  a r e a s  of s tudy  a r e  recommended. 

a Mechanical p r o p e r t i e s  of low carbon s t e e l  such a s  y i e l d  s t r e n g t h ,  u l -  
timate t e n s i l e  s t r e n g t h ,  e l o n g a t i o n ,  r educ t ion  i n  a r e a ,  hardness  and 
impact s t r e n g t h  should be determined as a f u n c t i o n  of temperature ,  
hydrogen c o n c e n t r a t i o n ,  m i c r o s t r u c t u r a l  v a r i a t i o n s  and s t r a i n  r a t e s .  

e F r a c t u r e  mechanics methods should be used t o  determine delayed f a i l u r e  
p o t e n t i a l .  Threshold s t r e s s  i n t e n s i t y  , c r a c k  growth r a t e s  and times 
to  f a i l u r e  should be measured i n  terms of the v a r i o u s  t e s t  parameters  
mentioned above. 
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e The i n f l u e n c e  of r e p o s i t o r y  environmental  parameters  such as v a r i o u s  
groundwaters ( b r i n e ,  b a s a l t i c  and tu f f aceous  groundwaters) and 
a p p r o p r i a t e  gamma r a d i a t i o n  l e v e l s  should be a s ses sed .  

e Determinat ion of t he  q u a n t i t y  o f  hydrogen expected should be made and 
the  hydrogen uptake e f f i c i e n c y  should be  measured. 

e The mechanism of hydrogen embr i t t l ement  should be i d e n t i f i e d  and 
mathemat ica l ly  modelled t o  pe rmi t  long term p r e d i c t i o n s .  
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5. PACKING MATERIAL FAILURE AND DEGRADATION MODES* (D. Eastwood) 

The o b j e c t i v e  of t h i s  s e c t i o n  on packing materials ( d i s c r e t e  b a c k f i l l )  i s  
t o  review t h e  c u r r e n t l y  a v a i l a b l e  da t a  on cand ida te  packing f o r  t h e  DOE repos-  
i t o r y  programs and t o  determine a d d i t i o n a l  d a t a  needs  f o r  t h e  NRC l i c e n s i n g  
process .  In  p a r t i c u l a r ,  t h e  p o s s i b l e  types o f  chemical f a i l u r e  modes which 
could degrade performance have been addressed.  

5.1 Chemical F a i l u r e  Modes f o r  Packing Material i n  a Basalt  Repos i tory  

T h i s  s e c t i o n  of t h e  program h a s  been completed and r e p o r t e d  i n  t h e  l a s t  
Biannual Report  , "Review of DOE Vas t e  Package Program ," (NUREG/CR-2482 , 
Vol. 4, S e c t i o n  5.1, BNL-NUREG-51494, 1983). 

5.2 Chemical F a i l u r e  Modes f o r  Packing Material i n  a Tuff Reposi tory 

In t h i s  s e c t i o n  p o s s i b l e  packing mater ia ls  f o r  use i n  a t u f f  r e p o s i t o r y ,  
w i th  most of the emphasis on crushed t u f f ,  w i l l  be d i scussed  w i t h  r e s p e c t  t o  
t h e i r  performance w i t h  s p e c i a l  emphasis on s o r p t i v e  p r o p e r t i e s .  A t  p r e s e n t ,  
t h e  o n l y  packing mater ia l  being d i s c u s s e d  f o r  use i n  a t u f f  waste r e p o s i t o r y  
i s  crushed t u f f ,  designed t o  have 80% of t h e  o r i g i n a l  d e n s i t y  o f  t h e  h o s t  rock  
( p r i v a t e  communication w i t h  V. M .  Oversby, A p r i l  1983).  S ince  t h e  p r o p e r t i e s  
o f  t u f f  necessary  f o r  understanding t h e  performance of crushed t u f f  as  packing 
material  have n o t  been d i scussed  i n  prev ious  BNL r e p o r t s ,  i t  i s  n e c e s s a r y  t o  
f i r s t  a d d r e s s  t h e s e  p r o p e r t i e s  b e f o r e  d i s c u s s i n g  degrada t ion  modes. The most 
l i k e l y  chemical degrada t ion  modes f o r  t u f f  a r e  mineraologica l  a l t e r a t i o n  and 
loss of s o r p t i v e  c a p a c i t y .  Since t h e s e  f a i l u r e  modes have been r e l a t i v e l y  
l i t t l e  s t u d i e d ,  such r e s e a r c h  may r e p r e s e n t  a h igh  p r i o r i t y  need f o r  t h e  NRC. 
Other  materials which have been d i scussed  as p o s s i b l e  components of t h e  pack- 
i n g  are: b e n t o n i t e ,  MgO and/or  C a O ,  o r  cha rcoa l .  The advantages and d i sad -  
vantages of b e n t o n i t e  as  a component of packing material f o r  b a s a l t  r e p o s i t o r -  
ies  have been a l r e a d y  d i scussed  i n  a p rev ious  BNL r e p o r t  (NUREG/2482, Vol.  3,  
1983). The arguments a g a i n s t  i n t r o d u c i n g  b e n t o n i t e  i n t o  a t u f f  r e p o s i t o r y  are  
t h e  fol lowing:  (1) b e n t o n i t e  may l a c k  t h e  necessary  hydrothermal s t a b i l i t y  a t  
t h e  waste load ings  p r e s e n t l y  under c o n s i d e r a t i o n  as  d i s c u s s e d  i n  a p rev ious  
BNL r e p o r t  (NUREG/CR-2482, Vol. 3, 1983); ( 2 )  b e n t o n i t e  might i n t r o d u c e  water 
(sorbed or s t r u c t u r a l )  i n t o  a r e l a t i v e l y  d r y  r e p o s i t o r y ;  ( 3 )  crushed t u f f  i t- 
s e l f  may i n h e r e n t l y  possess  t h e  n e c e s s a r y  s o r p t i v i t y  and h a s  as secondary min- 
e r a l i z a t i o n  p r o d u c t s ,  c l a y s  and z e o l i t e s ,  so t h a t  i t s  s o r p t i v e  c a p a c i t i e s  
might be improved i f  l i m i t e d  a l t e r a t i o n  were to  t ake  p l a c e  d u r i n g  t h e  thermal 
per iod.  

The use of b e n t o n i t e  i n  t u f f a c e o u s  rocks  w i t h  groundwater con ta in ing  po- 
tass ium r e q u i r e s  low waste l o a d i n g  per  package o r  s u b s t a n t i a l  ag ing  of t h e  
waste t o  prevent  development of h igh  temperature  i n  t h e  packing material and 
waste form. 
c o n v e r t  t o  i l l i t e  as  d i scussed  i n  t h e  p rev ious  BNL Biannual Report  
(NUREG/CR-2482 , Val. 4,  1983). 

Otherwise t h e  presence of K+ would cause t h e  b e n t o n i t e  t o  

*A g l o s s a r y  of g e o l o g i c a l  terms i s  g iven  i n  Appendix A .  
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Before t h e  chemical f a i l u r e / d e g r a d a t i o n  modes can be d i s c u s s e d ,  t h e  per- 
formance of t h e  p o s s i b l e  packing materials under c o n d i t i o n s  i n  a t u f f  r e p o s i -  
t o r y  must be understood. As f o r  b e n t o n i t e  and z e o l i t e s  ( S e c t i o n  5 , 1 ) ,  t h e  
most important  d e g r a d a t i o n  modes w i l l  be expected t o  be  minera logica l  a l te ra -  
t i o n  and change i n  s o r p t i v e  p r o p e r t i e s .  Th i s  i n fo rma t ion  i s  o n l y  p a r t i a l l y  
a v a i l a b l e .  

5.2.1 Crushed Tuff as Packing Material 

This  s e c t i o n  w i l l  a d d r e s s  t h e  p r o p e r t i e s  of crushed t u f f  i t s e l f  as a 
packing material. P r o p e r t i e s  of t u f f  as  a h o s t  rock under n e a r  f i e l d  repos- 
i t o r y  c o n d i t i o n s  have been d i scussed  i n  a previous BNL r e p o r t  (BNL-NUREG- 
51494, V o l .  4 ,  1983). The p r o p e r t i e s  of t u f f  of most i n t e r e s t  t o  i t s  per- 
formance as packing material are: hydrothermal s t a b i l i t y ,  pe rmeab i l i t y ,  
thermal c o n d u c t i v i t y ,  and s o r p t i o n  f o r  v a r i o u s  r a d i o n u c l i d e s  under both 
o x i d i z i n g  and reducing c o n d i t i o n s .  Such p r o p e r t i e s  as  Pe rmeab i l i t y ,  thermal 
conduc t iv i ty ,  and s o r p t i o n  a r e  s i t e - s p e c i f i c ,  depending c r i t i c a l l y  on the  
mineralogy of t h e  t u f f  and on the  degree of p o r o s i t y  a s  w e l l  as on o t h e r  
f a c t o r s .  Welded t u f f  h a s  thermomechanical p r o p e r t i e s  such a s  thermal con- 
d u c t i v i  t y  , h e a t  c a p a c i t y  , thermal expansion and s t r e n g t h  which a re  s imilar  t o  
o t h e r  igneous rocks such as  g r a n i t e  and b a s a l t  (SAND-79-0402C, 1979). The 
t u f f  p r e s e n t l y  being cons idered  f o r  t h e  h o s t  rock (and presumably a l s o  a s  
packing m a t e r i a l )  i s  t h e  Topopah Spr ings  member of t h e  Pa in tbrush  Tuff f o r -  
mation which i s  v i t r o p h y r i c ,  i .e. ,  dense ly  welded and d e v i t r i f i e d  ( p r i v a t e  
communication from V. M. Oversby, 1983). Relevant  p r o p e r t i e s  of  t u f f  a re  
summarized i n  Tables  5.50 and 5.51* and i n  S e c t i o n  2 of a p rev ious  BNL r e p o r t  
(NUR€?G/CR-2482, Vol. 4 ,  1983). F igu re  5.14** a l s o  shows the  thermal con- 
d u c t i v i t y  of  v a r i o u s  t u f f s  as a f u n c t i o n  o f  g r a i n  dens i ty .  P e r m e a b i l i t y  and 
thermal c o n d u c t i v i t y  w i l l  a l s o  depend on t h e  degree of  compaction and method 
of p r e p a r i n g  t h e  crushed t u f f .  S ince  t h e  l i k e l y  s i t e  f o r  t h e  r e p o s i t o r y  i s  i n  
t h e  unsa tu ra t ed  zone above t h e  water t a b l e ,  a low pe rmeab i l i t y  f o r  t h e  t u f f  as 
packing material is probably less c r i t i c a l  f o r  a t u f f  r e p o s i t o r y  then i s  t h e  
case f o r  a crushed b a s a l t - b e n t o n i t e  packing material i n  a b a s a l t  r e p o s i t o r y  
where t h e  ra te  of water flow i s  p r e d i c t e d  to  be much higher .  

5.2.1.1 A l t e r a t i o n  i n  Crushed Tuff Packing M a t e r i a l  

Crushed t u f f  i s  l i k e l y  t o  be s u b j e c t e d  t o  minera logica l  a l t e r a t i o n  dur- 
ing t h e  thermal pe r iod  i n  t h e  r e p o s i t o r y .  According t o  Wolfsberg and Erdal  
(LA-8739-PR, 1981) ,  t h e  r e a c t i o n  of  c l i n o p t i l o l i t e  t o  y i e l d  analcime, s i l i ca  
and water may b e g i n  i n  these  rocks a t  temperatures  as low a s  95OC. These 
r e a c t i o n s  w i l l  probably cause rock f r a c t u r e  because of a n e t  volume l o s s  and 
w i l l  a l s o  release water. To minimize t h i s  problem t h e  recommended maximum 
temperature  f o r  a c l i n o p t i l o l i t e - r i c h  t u f f  i s  85OC. 

* The t a b l e  numbers fol low t h e  sequence e s t a b l i s h e d  i n  S e c t i o n  5.1 of t h e  l a s t  

**The f i g u r e  numbers fol low t h e  sequence e s t a b l i s h e d  i n  S e c t i o n  5.1 of t h e  
Biannual Report. 

l a s t  Biannual Report. 
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Table  5.50. Comparison of m a t e r i a l  p r o p e r t i e s  d a t a  f o r  s i x  rock types  
be ing  s t u d i e d  a s  p o t e n t i a l  r e p o s i t o r y  media 
(adapted from SAND-79-0402C, 1979). 

We1 ded Nonwe lded 
Tuff Tuff  B a s a l t  Gran i t e  S a l t  A r g i l l i t e  Un i t s  

Bulk Densi ty  
P o r o s i t y  
Water Content 
Thermal Con- 

d u c t  i v i  t y  
S p e c i f i c  Heat 
L inea r  Thermal 

Expansion 
C o e f f i c i e n t  

Young's Modulus 
Po i s son ' s  Ra t io  
Uni a x i  a 1 

Com p r e s s  i v e  
S t reng  t h 

S t reng  t h  
T e n s i l e  

2 .2  
10 
6 

1.6 
0.85 

12.5 
30 --- 

117 

--- 

1.9 
35 
18 

0.6 
1.4 

--- 
8 
0.15 

25 

0.7 

2.9 
0.5-13 
1.8 

1.5 
1 

5.4 
70 
0.26 

200 

14 

2.6 
0.5-2 
0.8 

4 
1 

7 
70 
0.25 

200 

14 

2.2 
0.5-1.7 
0.25 

7 
1 

40 
7 
0.4 

30 

NA 

2.6 
9 
3.5 

2.5 
1 

1 2  
7 
0.35 

40 

1.9 

Mg/m3 
Vol x 
W t  % 

W/m K 
k J /kg  K 

X10'6/K 
GPa --- 

M Pa 

M Pa 
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Table 5.51. Comparison of t u f f  p r o p e r t i e s  d a t a  (adapted from 
SAND79-0402C9 1979). 

Nonwe l d e d  Tuff Welded Tuff 
P rope r ty  Range Typica l  Range Typ ica l  Uni t s  

Bulk Densi ty  
P o r o s i t y  
Water Content  
Thermal Con- 

d u c t i v i  ty  
S p e c i f i c  Heat 
Linear  Thermal 

Expansion 
C o e f f i c i e n t  

Young's Modulus 
Po i s son ' s  R a t i o  
Uni a x i  a 1 

Compressive 
S t r e n g t h  

T e n s i l e  
S t r e n g t h  

I n  S i t u  
Permeabi l i  t y  

1.5-2.1 
25-55 
10-25 

0.8-0.4 
0.8-1.7 

+2 t o  -15 
7-9 
(0.1-0.25 

7 -30 

0.1-1.4 

10-6-10-3 

1.9 2 .O-2.4 
35 2 .O-25 
18 2-10 

2.2 Mg/m3 
10 V O l .  % 
6 W t  % 

0.6 1.2-1.9 
1.4 0.8-0.9 

1.6 W/m K 
0.85 kJ/kg K 

---a 6-18 
gb 23-41 
0.15 ---- 

(1.4 - 10-4 
10 - 

12.5 X10'6 f K 

117 M Pa 

MPa ---- 
10-5 darcy  

aThennal expansion behavior  of nonwelded t u f f  i s  ex t remely  ra te -dependent  and 

bRange g iven  f o r  nonwelded i s  f o r  0 t o  20OoC. 
h i g h l y  v a r i a b l e  with temperature.  



Legend 

Unit Hole Symbols Unit Hole Symbol! 
Topopah Springs Member, G1 
Paintbrush T u f f  A1 
Tuffaceous Beds of G1 
Calico Hills A1 
Prow Pass Member, G1 
Crater Vlatt Tuff A1 

Bulldog Member, G1 
Crater Flat Tuff A1 
Tram Member, G1 
Crater Flat T u f f  

All Zeolitized Tuffs GI 1 
(Average KO, P,) 

Nonzeolitized Bullfrog G1 2 
(Average &, P,) A1 3 
Nonzeolitized Tram G1 4 
(Average KO, P,) 

Densely Welded, G1 5 
Devitrified Topopah A l  
Springs (Average KO, pr) 

Figure  5.14. Theore t i ca l  g r a i n  dens i ty -conduc t iv i ty  r e l a t i o n s h i p  and 
c a l c u l a t e d  KO values  f o r  s i l i c i c  t u f f s  ( a d a p t e d  from SAND 
81-1873, March 1982) .  
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In  hea t ing  t e s t s  on t u f f  , w i t h  v a r i a b l e  a l t e r a t i o n  mine ra l  assemblages 
( p r i m a r i l y  z e o l i t e s ) ,  t he  r e s u l t s  showed behavior  c o r r e l a t i n g  wi th  mineralogy 
(LA-8612, 1981). On heat ing  i n  dry  a i r ,  c l i n o p t i l o l i t e - r i c h  samples (10-90%) 
showed the  g r e a t e s t  weight  and volume l o s s ;  an  ana lc ime-r ich  sample (60-90%) 
had an  in t e rmed ia t e  weight  loss  and a nea r -ze ro  volume change and a g l a s s y  
specimen exh ib i t ed  a volume decrease  and a smal l  weight  loss. These changes 
i n  weight ,  volume and d e n s i t y  f o r  tempera tures  up  t o  5OO0C a r e  i l l u s t r a t e d  
i n  F igu res  5 . 1 5  through 5.17. Only p a r t  of t h e  water  l o s s  due to  dehydrat ion 
i s  r e v e r s i b l e  on rewe t t i n g  . 

A s  pointed o u t  by Dibble and T i l l e r  (1981) ,  chemical equ i l ib r ium between 
f l u i d s  and mine ra l  phases  i s  n o t  l i k e l y  to  be a t t a i n e d  i n  sedimentary rocks  
con ta in ing  volcanic  g l a s s .  Metas tab le  r e a c t i o n s  occur  because the  formation 
of less s t a b l e  phases  such a s  c l a y s  and d i so rde red  z e o l i t e s  lower the  t o t a l  
f r e e  energy of the g l a s s  bea r ing  system f a s t e r  than the  growth of  t h e  s t a b l e  
minera l  assemblages inc lud ing  o rde red  f e l d s p a r s ,  q u a r t z  and micas.  S ince  
these  in t e rmed ia t e  me tas t ab le  s t a t e s  can  de lay  the  a t t a inmen t  of t r u e  e q u i l -  
ibrium by m i l l i o n s  of y e a r s ,  mineral r e a c t i o n s  invo lv ing  z e o l i t e s  and c l a y s  i n  
tu f f aceous  sedimentary rocks  can be expla ined  by growth and d i s s o l u t i o n  re- 
a c t i o n  k i n e t i c s .  Since the  systems a r e  very  complex and t h e  k i n e t i c s  a r e  
o f t e n  slow, they  a r e  b e s t  i n v e s t i g a t e d  e m p i r i c a l l y  us ing  long term t e s t i n g  
and /o r  a c c e l e r a t e d  cond i t ions .  

A s  d i scussed  by T y l e r  (SAND-79-0402C, 1979)  , t he  e f f e c t s  of h e a t  and 
r a d i a t i o n  on a medium which may c o n t a i n  a s  much a s  10% water  by weight  a r e  
unknown. Hydrothermal a l t e r a t i o n  of t h e  mine ra l s  could r e l e a s e  water  o r  
change mechanical ,  thermal and h y d r a u l i c  p r o p e r t i e s  of the  crushed t u f f  used 
a s  packing m a t e r i a l .  Combined with the  e f f e c t s  of r a d i o l y s i s ,  t h i s  a l t e r a t i o n  
could r e l e a s e  non-condensible v o l a t i l e s .  These changes i n  the  packing mate- 
r i a l  may o r  may n o t  be compensated f o r  by the  h o s t  rock ,  b u t  n e v e r t h e l e s s  
r e p r e s e n t  impor tan t  l i c e n s i n g  d a t a  requirements .  

5.2.1.2 Sorp t ion  P r o p e r t i e s  of Tuff Packing Mate r i a l  

A s  discussed  i n  prev ious  BNL r e p o r t s  (NUREG/CR-2482, 1983 Vol. 3 ;  
NUREG/CR-2755, 1 9 8 2 )  d i s t r i b u t i o n  c o e f f i c i e n t s  o r  r a t i o s  determined 
s t a t i c a l  l y  and r e t a r d a t i o n  f a c t o r s  measu red  i n  dynamic o r  flow- through ex- 
per iments  depend on a number of f a c t o r s  i nc lud ing  mineralogy of t h e  m a t e r i a l ,  
p a r t i c l e  s i z e  and d i s t r i b u t i o n ,  tempera ture ,  p r e s s u r e ,  groundwater parameters  
i n c l u d i n g  pH,  Eh, composi t ion and i o n i c  s t r e n g t h ,  e t c .  I n  g e n e r a l ,  d i s t r i b u -  
t i o n  r a t i o  is a more c o r r e c t  term than  d i s t r i b u t i o n  c o e f f i c i e n t  s i n c e  i t  i s  an 
empi r i ca l  term n o t  sugges t ing  t h a t  equ i l ib r ium h a s  been a t t a i n e d .  Th i s  i s  a 
p a r t i c u l a r l y  impor tan t  d i s t i n c t i o n  f o r  t u f f  s i n c e  equ i l ib r ium i n  s o r p t i o n  
experiments  was appa ren t ly  n o t  a t t a i n e d  i n  experiments  l a s t i n g  weeks o r  
months. A l s o ,  d i s t r i b u t i o n  r a t i o s  f o r  s o r p t i o n  and deso rp t ion  experiments  
of t e n  gave d i f f e r e n t  va lues .  
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weight  l o s s  f o r  t u f f  
samples  of  v a r i o u s  
minera logies .  

(LA-8612-PR, 1980) 

Sample Desc r ip t ion  

JA-5 Tiva Canyon Member, Pa in tb rush  t u f f .  We zd, v i t r i c  t u f f .  
Phenocrys ts  a re  p r imar i ly  q u a r t z  and san id ine .  

JA-26 Prow P a s s  Member, Crater F l a t  t u f f .  Nonwelded, z e o l i t i z e d  (analcime) 
ash- f low t u f f .  Phenocrysts  a r e  q u a r t z ,  p l a g i o c l a s e ,  and K-spar. 

YM-40 Bedded t u f f  of  C a l i c o  H i l l s .  A l t e red ,  nonwelded v i t r i c  t u f f .  
Z e o l i t i z e d  wi th  N a  + K-rich c l i n o p t i l o l i t e .  Phenocrysts  a r e  q u a r t z ,  
s a n i d i n e ,  and p l a g i o c l a s e .  

B Central  p o r t i o n  of Bande l i e r  t u f f .  Nonwelded, n o n z e o l i t i z e d ,  ash-f  low 
t u f f  w i t h  l a r g e  pumice fragments and moderate amount o f  l i t h i c  
f ragments  . 
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Figure  5.17. Cumulative p e r c e n t  d e n s i t y  change on hea t ing  f o r  t u f f  
samples (adapted from LA-8612-PR, 1980). 

S o r p t i o n  p r o p e r t i e s  f o r  t u f f  were found t o  be e s p e c i a l l y  dependent on 
s i t e - s p e c i f i c  mine ra log ica l  composition. For s p e c i f i c  r a d i o n u c l i d e s ,  d i s t r i -  
b u t i o n  r a t i o s  may vary f o r  ox id i z ing  and reducing c o n d i t i o n s  w i t h  s o r p t i o n  
g e n e r a l l y  being h i g h e r  under reducing c o n d i t i o n s ;  however, t u f f  groundwaters 
i n  the unsa tu ra t ed  zone a r e  expected t o  be somewhat ox id i z ing .  So rp t ion  
p r o p e r t i e s  f o r  t u f f  a r e  summarized i n  Tables  5.52 through 5.60. I t  should be 
emphasized t h a t  many of these measurements a re  p re l imina ry  i n  n a t u r e  w i t h  few 
r e p l i c a t e s  and do n o t  i nc lude  a l l  of the r a d i o n u c l i d e s  of i n t e r e s t  o r  cover  
the  f u l l  range of p o s s i b l e  c o n d i t i o n s  f o r  a t u f f  r e p o s i t o r y .  

So rp t ion  of t u f f  samples i s  s t r o n g l y  r e l a t e d  t o  the z e o l i t e  con ten t .  
Tuff samples range from those  wi th  s i g n i f i c a n t  z e o l i t e  c o n c e n t r a t i o n  ( o f t e n  
c l i n o p t i l o l i  t e )  to  o t h e r  d e v i t r i f i e d  samples con ta in ing  mainly f e l d s p a r  and 
s i l i c a  wi th  l i t t l e  z e o l i t e .  The fol lowing i s  a summary of the s o r p t i o n  
p r o p e r t i e s  of d i f f e r e n t  forms of t u f f  f o r  some of the more important  
r a d i o n u c l i d e s  (SAND80-1464, 1980): 
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0 C s ,  S r ,  and Ba so rb  b e t t e r  on z e o l i t i z e d  t u f f  (2000 t o  130,000 mL/g 
than on d e v i t r i f i e d  tu f f  (50 t o  1500 mL/g) .  

0 Pu s o r b s  moderately w e l l  (50 t o  150 mL/g) i n  a i r  on z e o l i t i z e d ,  de- 
v i t r i f i e d ,  o r  c layey t u f f .  So rp t ion  r a t i o s  i n  a n i t r o g e n  atmospher 
a r e  h i g h  > 600 mL/g f o r  z e o l i t i z e d  t u f f  and moderately high (100-600 
rnL/g) f o r  d e v i t r i f i e d  t u f f .  

e S o r p t i o n  r a t i o s  f o r  americium and the  rare e a r t h s  cover  a wide r ange ,  
b u t  are  h i g h e s t  f o r  t u f f  c o n t a i n i n g  c l a y .  

e Sorp t ion  of a n i o n i c  s p e c i e s  such as i o d i n e ,  Tc, o r  U complexed a s  
ca rbona te  i s  low ((25 mL/g). So rp t ion  of Tc and U a r e  h i g h e r  i n  a 
hT2 atmosphere. 

e Simple e q u i l i b r i a  cannot e x p l a i n  the r e s u l t s .  Sorpt ion and deso rp t ,m  
v a l u e s  may va ry  by a f a c t o r  of 10 o r  more f o r  l a n t h a n i d e s ,  a c t i n i d e s ,  
Tc  o r  U .  I r r e v e r s i b l e  s o r p t i o n  o r  slow deso rp t ion  may be due t o  
s p e c i a t i o n  changes,  d i f f u s i o n  i n t o  m i n e r a l s ,  c r y s t a l l i z a t i o n  reac-  
t i o n s ,  o r  non-ionic  s o r p t i o n  of c o l l o i d s  and p r e c i p i t a t e s .  

Table 5.52. Approximate s o r p t i o n  r a t i o s  f o r  s e v e r a l  geo log ic  media 
(mL/g) (adapted from SAND-79-0402CY 1979). 

Z e o l i t i z e d  Tuffaceous Climax Eleana Rock 
Element Tuff Alluvium G r a n i t e  A r g i l l i t e  B a s a l t  S a l t  Ben ton i t e  

S r  300 200 15 (5 la  lOO(200) lOO(200) 0.1 2,000 
cs 6 00 7,000 400(700)  1,000(1,000) 700(300) 0.1 2,000 
Ba 700 5,000 100 1,000 700(300) 0 .1  5,000 
Eu 6,000 >20,000 300 20,000 700(300) 0.1 >10,000 
Pu 10 , 000 >1,000 (5,000) ( 3 0 0 )  (20)  0.1 >10,000 
Am 7,000 >l,OOO (60,000) (3,000) ( 2 0 0 )  0.1 >10,000 

ava lues  i n  pa ren theses  a r e  i n  non-p re -equ i l ib ra t ed  wa te r .  
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Table 5.53. Approximate s o r p t i o n  r a t i o s  a t  2OoC f o r  v a r i o u s  welded 
t u f f s  (mL/g) (adapted from SAND-79-0402CY 1979). 

P a r t i a l l y  Welded 
Densely Welded ( D e v i t r i f i e d ,  Low P a r t i a l l y  Welded 

(Glass, Moderate Z e o l i t i z a t i o n ,  (No Glass, High 
Zeoli  t i z a  t i o n )  Micrograni te)  Zeol i  t i z a t i o n )  

S r  
cs  
Ba 
Eu 
Pu 
Am 

Cat ion Exchange 
Capacity (MEQ/100 g)  

Surface Area (n2/g) 

10,000 
20,000 
4 , 000 

30 
200 
200 

75 

7.5 

50 
200 
400 
200 

2,000 
1,000 

300 
600 
700 

6,000 
10,000 
7 , 000 

2 17 

3.3 10 

Table 5.54. Represen ta t ive  s o r p t i o n  r a t i o s  f o r  t u f f a  (adapted from 
Erda l ,  B. R. and o t h e r s ,  1980). 

V i  t r i c  D e v i t r i f i e d  Zeo li  ti zed 
Element 2 2% 7OoC 22% 7OoC 2 2% 7OoC 

Srb 13 000 20 000 55 106 300 1 200 
c sb 6 000 19 000 150 103 740 2 100 
Ba 4 800 50 000 440b 1 100b 850b 5 O O O b  

Ce (11 I) 40 43 80 80 
18 0 320 400 600 

150 270 800 1 800 13 000 14 000 

30 000 110 000 

EU(III) 30 43 90 190 6 000 4 200 

U(V1) 4 2 4 
15 8 8 

Pu 140 -1 10 -280 
Am 19 0 220 120 110 600 910 

aThe second va lue  l i s t e d  f o r  each element i s  t h a t  obtained from 

bAverage of a l l  the  s o r p t i o n  and deso rp t ion  measurements s i n c e  a l l  
the  deso rp t ion  measurements. 

v a l u e s  were wi th in  the e s t ima ted  u n c e r t a i n t i e s .  



Table 5.55. Comparison of s o r p t i o n  r a t i o s  (Rd) measured under 
atmospheric and c o n t r o l l e d  atmosphere (CA) cond i t ionsa  
(adapted from LA-8747-MS, 1981). 

Element E f f e c t  

cs 
S r  
Ba 
C e  
Eu 
Tc 
U 
Pu 
Am 

No e f f e c t  
No e f f e c t  
No e f f e c t  
No e f f e c t  
No e f f e c t  
Higher i n  CA ( f a c t o r  of > l o )  
Higher i n  CAb ( f a c t o r  of-2-3) 
Higher i n  CA ( f a c t o r  of 2 )  
No e f f e c t C  

aNitrogen,  (0.2 ppm oxygen and <20 ppm carbon dioxide.  
bYM-38 (zeoTi t i z e d )  t u f f  on ly ;  o t h e r w i s e  no e f f e c t .  
'May depend on mineralogy. 

Table 5.56. Freundl ich isotherm parametersa (adapted from LA-8747-MS, 
1981). 

Rock Type F r a c t i o n  ( pM) E l  emen t n -log k 

YM-2 2 <75 

Y M - 3 8  

7 5-500 

(75 

75-500 

S r  
cs 
Ba 
Eu 
S r  
c s  
Ba 
Eu 
S r  
cs 
Ba 
Eu 
S r  
cs 
B a  
Eu 

0.83 
0.80 
0.83 
1.1 
0.71 
0.79 
0.82 
0.92 
0.85 
1 .o 
1 .o 
1.1 
0.87 
1 .o 
1.1 
0.98 

2.23 
2.17 
1.34 

-1.20 
2.85 
2.34 
1.57 
0.46 
0.38 

-0.66 
-2.41 
-1 .o 

-0.65 
-2.50 
-0.29 

0.41 

aFreundl ich isotherm y = kc", where y i s  the c o n c e n t r a t i o n  
on t h e  s o l i d , i n  moles/g and c i s  the c o n c e n t r a t i o n  i n  s o l u t i o n  
i n  moles/L. 
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Table 5.57. Averagea s o r p t i o n  r a t i o s  (mL/g) f o r  Am and Pu under atmos- 
p h e r i c  and c o n t r o l l e d  atmosphereb c o n d i t i o n s  f o r  t h r e e  
d i f f e r e n t  t u f f  samples (adapted from LA-8747-MSY 1981). 

Sorp t ion  De s o r p  ti on 

Tracer  Core Atmospheric Control led Atmospheric Con t r o  1 led 

Pu-237 YM-22 140( 38)c 220(46) 1 400(95) 1 600(330) 

YM-54 84( 17) 120( 29) 670(35) 1 300(190) 
YM-38 250( 88) 800( 87) 2 OOO(490) >2 200 

Am-241 YM-22 4 O O O ( 1  200) 1400(210) 4 600(990) 3 700(830) 

1 ooo(210) 600(45) 2 500(380) 
YM-38 5 500(1 100) 5 600(950) 9 500(1 300) 14 OOO(2 100) 
YM-54 590( 200) 

aSorp t i o n  r a t i o s  f o r  u n f i l t e r e d  s o l u t i o n  a f t e r  c o n t a c t  have been averaged 
over two p a r t i c l e  s i z e s  and t h r e e  c o n t a c t  times. 

bNi t rogen ,  C0.2 pprn oxygen, <20 pprn carbon d iox ide .  
CStandard d e v i a t i o n s  (abso1uTe) of t h e  means f o r  s i x  measurements a r e  

g iven  i n  pa ren theses .  

Table 5.58. Average s o r p t i o n  r a t i o s a  f o r  Am and 237Pu d a t a  
(adapted from LA-8110-MS, 1980). 

Temp. 
E lemen t Core (OC) Sorp t ion  De s o r p t i o n  

Am J A -  18 22 435 (6) 960 (15) 
JA-32 22 1 400 (110) 2 700 (420) 
JA-3 7 22 12 000 (500) 14 000 (21.00) 

70 34 000 (6000) 5 300 (720) 

237Pu JA-3 7 22 700 (210) 4 600 (1000) 

a S o r p t i o n  r a t i o s  a r e  given f o r  the "pH ad jus t ed"  method of p r e -  
p a r i n g  the  t r a c e d  f eed  s o l u t i o n s .  They a r e  averaged ove r  1-, 2-, 
4-, and 8-week c o n t a c t  t i m e s  and 106- t o  150- and 355- to 500-vm 
p a r t i c l e  s i z e s .  Values i n  pa ren theses  a re  the  s t anda rd  d e v i a t i o n s  
of t he  means ( a b s o l u t e  v a l u e ) .  
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Table 5.59. Freund!lich isotherm parameters f o r  plutonium (adapted from 
LA-8739-PRy 1981). 

Core F r a c t i o n  ( LIM) n k 

YM-22 

YM-49 

<75 
75-500 

<75 
75-500 

0.94 
0.84 

0.012 
0.001 

1.05 0.633 
1.09 1.480 

Table 5.60. Recommended Kd v a l u e s  (adapted from LA-7216-MS, 1978). 

Tuff ace ous 
Alluvium 

~ 

Benton i t e  

Sb  
S r  
I 
Ru 
Nb 
Ba 
C S  
co 
Y 
C e  
Eu 

215 + 30a 
217 45 
640 T 300a 

2500 1200a 

5200 + 2000 
7000 7 1600 

20000 T - 9000a 

-2 6 0 0 a'- 

>20000 
>20000 
>20000 

35 + 20a9b 
2000 T 700 - 

1800 + 700a 
5400 T 600a 

5000 - T 3000a 
2100 T 200a 

>2000 
>2000 

> 10000 

aValue taken  from d e s o r p t i o n  experiments.  
bvalue from commercial tracer experiments  

I 
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Wolfsberg and o t h e r s  (LA-7480-MS , 1979) performed s o r p t i o n  measurements 
i n  a i r  a t  22 and 7OoC and a l s o  found t h a t  s o r p t i o n  r a t i o s  va r i ed  g r e a t l y  
wi th  the l i t h o l o g i c  v a r i e t y  of  t u f f .  A t u f f  h igh  i n  z e o l i t e  mine ra l s  was 
found to  have h igh  s o r p t i o n  r a t i o s  f o r  Eu, Bay C s ,  and Am and in t e rmed ia t e  
va lues  f o r  S r  and Pu. A t u f f  high i n  g l a s s  showed very  h igh  r a t i o s  f o r  Ba, 
S r ,  and C s ,  i n t e r m e d i a t e  va lues  f o r  Am and Pu and low va lues  f o r  Ce and Eu. A 
d e v i t r i f i e d  t u f f  similar t o  a mic rogran i t e  e x h i b i t e d  in t e rmed ia t e  va lues  f o r  
Bay C s ,  A m ,  and Pu and low va lues  f o r  E u ,  Ce, and S r .  So rp t ion  va lues  f o r  Ru 
were low and those f o r  Mo, Sb ,  and I were ve ry  low o r  ze ro  f o r  t he  th ree  
types.  

Vine and o t h e r s  (LA-BllO-MS, 1980) found t h a t  s o r p t i o n  r a t i o s  of S r ,  C s ,  
and Ba were h i g h e r  i n  less concent ra ted  s o l u t i o n s  r a t h e r  than  i n  more concen- 
t r a t ed  s o l u t i o n s  probably because of  less  compet i t ion  f o r  a v a i l a b l e  so rp t ion  
s i t e s .  The oppos i t e  e f f e c t  of c o n c e n t r a t i o n  changes were found f o r  Ce and E u  
perhaps because of a g r e a t e r  tendency o f  Ce and Eu t o  form r a d i o c o l l o i d s .  

Experiments by Wolfsberg (LA-7216-MS, A p r i l  1978) i n d i c a t e d  t h a t  so rp t ion  
of r a d i o n u c l i d e s  by tu f f aceous  al luvium (which i s  a weather ing product  of 
t u f f )  was g r e a t e r  i n  gene ra l  than f o r  b e n t o n i t e  under the  same c o n d i t i o n s  
( s e e  Table 5.60).  This  perhaps i n d i c a t e s  t h a t  l i m i t e d  a l t e r a t i o n  might 
a c t u a l l y  improve the  s o r p t i v e  p r o p e r t i e s  of crushed t u f f  , assuming t h a t  
z e o l i t e s  such a s  c l i n o p t i l o l i t e  were produced. More ex tens ive  a l t e r a t i o n  
would produce products  such a s  analcime (wi th  s o r p t i v e  p r o p e r t i e s  s i m i l a r  to  
d e v i t r i f i e d  t u f f )  and f e l d s p a r  w i t h  probably less  f avorab le  s o r p t i v e  
p r o p e r t i e s  than  the  o r i g i n a l  t u f f .  

5.2.2 Mixed Packing Mate r i a l  Systems i n  a Tuff Repos i tory  o r  A l t e r n a t e  

CaO and/or  MgO have been proposed as a d d i t i v e s  to improve the  s o r p t i v e  
capac i ty  of  the  t u f f  and provide  some swe l l ing  c a p a b i l i t y  by volume expansion 
on formation of t h e i r  hydroxides [ 70% f o r  Mg(OH)2] wi thout  i n t roduc ing  
mois ture  i n t o  the  r e p o s i t o r y  ( p r i v a t e  communication w i t h  V .  Pi.  Oversby, 1982). 
Charcoal a l s o  has  been suggested a s  a means of improving the  c a p a b i l i t y  of t h e  
packing m a t e r i a l  t o  adsorb  r ad ionuc l ides  such a s  Tc and I which tend t o  form 
a n i o n i c  s p e c i e s  and which a r e  n o t  r e a d i l y  sorbed by ben ton i t e  o r  rock ( a l s o  
see Table  5.61) .  

I f  crushed t u f f ,  combined wi th  b e n t o n i t e  o r  some a l t e r n a t e  s o r p t i v e  mate- 
r i a l ,  i s  used a s  a composite packing m a t e r i a l ,  p o s s i b l e  s y n e r g i s t i c  i n t e r a c -  
t i o n s  between t u f f  and o t h e r  components m u s t  be cons idered .  For b e n t o n i t e ,  
such i n t e r a c t i v e  e f f e c t s  would be expected t o  be minimal ( excep t  f o r  t h e  
p o s s i b l e  i n t r o d u c t i o n  of a d d i t i o n a l  water  and perhaps more sodium i n t o  the  
groundwater s i n c e  c l a y s  a r e  l i k e l y  secondary m i n e r a l i z a t i o n  products  of t u f f .  
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Table 5.61. Dependence of s o r p t i o n  of 95mTc on percentage charcoal  i n  
t u f f a  (adapted from LA-7216-MS, A p r i l  1978). 

Pe rcen t  Pe rcen t  
Cha r coa  1 Tuff Average Rd (mL/g) 

0 100 0.17 
1 .o 99 .o 36.9 
4.3 95.7 48 5 

10 .o 90 .O 1960 
1O.Ob 90 .Ob 1600 
50.4 49.6 35100 

aFour-week c o n t a c t  time. Technetium i n i t i a l l y  p re sen t  

bThese samples were opened d a i l y  and s t i r r ed .  
as TcO4-. 

5.2.3 Conclusions and Recommendations 

The p rev ious  d i s c u s s i o n  has  i n d i c a t e d  t h a t  the p r o p e r t i e s  of t u f f  which 
could a f f e c t  i t s  performance a s  packing m a t e r i a l  during the thermal per iod i n  
a waste r e p o s i t o r y  have been s t u d i e d  t o  a l imi t ed  e x t e n t .  Many of t hese  
measurements were prel iminary i n  n a t u r e  w i t h  few r e p l i c a t e s  and d id  n o t  cover 
the f u l l  range of p o s s i b l e  c o n d i t i o n s  f o r  a t u f f  r e p o s i t o r y .  

The most l i k e l y  chemical deg rada t ion  modes, mine ra log ica l  a l t e r a t i o n  
under hydrothermal cond i t ions  and l o s s  of s o r p t i o n  c a p a b i l i t y ,  have ha rd ly  
been s t u d i e d  f o r  t u f f  under r e p o s i t o r y  cond i t ions .  Prel iminary i n v e s t i g a t i o n s  
i n d i c a t e  t h a t  l i m i t e d  a1 t e r a  t i o n  might a c t u a l l y  improve the s o r p t i v e  
p r o p e r t i e s  of crushed t u f f  due  to the formation of z e o l i t e s  wh i l e  more 
ex tens ive  a l t e r a t i o n  would produce mine ra l s  with probably l e s s  f avorab le  
s o r p t i v e  p r o p e r t i e s  than the o r i g i n a l  t u f f .  More ex tens ive  i n v e s t i g a t i o n  i s  
required f o r  t he  ranges of a n t i c i p a t e d  cond i t ions  s p e c i f i e d  i n  a p r i o r  BNL 
r e p o r t  (NUREG/CR-2482, Vol. 4,  S e c t i o n  2 ,  May 1983). 

Moreover, t he  s o r p t i v e  p r o p e r t i e s  of t u f f  a r e  extremely s i t e - s p e c i f i c  
and m u s t  be s t u d i e d  more thoroughly f o r  each s i t e  f o r  a l l  of the r ad ionuc l ides  
of i n t e r e s t  over the f u l l  range of c o n d i t i o n s  to be expected i n  the r e p o s i t o r y  
w i t h  s p e c i a l  emphasis on e f f e c t s  of T, Eh, pH, secondary t r ans fo rma t ion  
products and e f f e c t s  of groundwater ( i n c l u d i n g  changes i n  groundwater under 
thermal c o n d i t i o n s ,  s e e  Table 5.62). Although the  s o r p t i v e  p r o p e r t i e s  of t u f f  
as a g e o l o g i c a l  medium appear f a v o r a b l e ,  the s o r p t i v e  p r o p e r t i e s  of t u f f  under 
n e a r - f i e l d  c o n d i t i o n s  and p o s s i b l e  e f f e c t s  of chemical degradat ion modes on 
those s o r p t i v e  p r o p e r t i e s  f o r  t u f f  used a s  packing m a t e r i a l ,  need to  be b e t t e r  
c h a r a c t e r i z e d  than they have been t o  d a t e .  These c o n s i d e r a t i o n s  may p resen t  
c r i t i c a l  r e s e a r c h  needs f o r  the NRC i n  i t s  l i c e n s i n g  process .  
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Table 5.62. I n t e r a c t i o n  of t u f f  w i t h  groundwater to  determine change i n  
groundwater a f t e r  r e a c t i o n  with hot  rock (15OoC, 4+ days) 
(adapted from DOE/NWTS-30, A .  J .  Rothman, 1982). 

A €  t e r  React ion 
Element Water R e s u l t s  t o  Date ,  pg/mL 

S i  
Na 
Ca 
K 
A 1  
PH 

31 
48 
1 2  

5 
0.01 
7.0 

140 
100 

5 
6- 14 

0.2 
8.5 
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6. RESULTS OF TESTING FOR INTERACTIVE EFFECTS AMONG COMPONENTS OF THE 
WASTE PACKAGE (D.  Eas twood) 

I n  o t h e r  BNL work t e s t i n g  techniques €or  e v a l u a t i n g  i n t e r a c t i v e  e f f e c t s  
among components of the waste package and whole package t e s t i n g  were discussel 
(S i sk ind ,  B. ,  1983). The work i n  t h i s  s e c t i o n  w i l l  d e s c r i b e  the resu l t s  of such 
t e s t i n g  i n  de t a i l  and, i n  p a r t i c u l a r ,  o u t l i n e  the  importance of packing m a t e r i a l  
o r  crushed h o s t  rock ( b a s a l t ,  t u f f ,  s a l t )  on the c o r r o s i o n  o r  leaching of t h e  
o t h e r  components of t he  waste package. 

6.1 I n t e r a c t i o n s  of Packing Mate r i a l  w i th  Other Components of t he  Waste 
Package 

Packing material a s  def ined h e r e  w i l l  be e i t h e r  b e n t o n i t e  (Na-montmoril- 
l o n i t e )  c l a y  and /o r  crushed h o s t  rock ( b a s a l t ,  t u f f ,  rock s a l t )  w i th  p o s s i b l e  
a d d i t i o n s  of o t h e r  components a s  b u f f e r i n g  o r  c o n d i t i o n i n g  agen t s .  According to 
Wicks (1982),  based on prel iminary systems tes ts ,  t h e  packing m a t e r i a l  may have 
more i n f l u e n c e  than any  o t h e r  component of t h e  waste package on the r e l e a s e  r a t e  
o f  r ad ionuc l ides .  The packing m a t e r i a l  may be b e n e f i c i a l ,  marginal ,  o r  even 
d e t r i m e n t a l  t o  the r e l e a s e  r a t e s  depending on the choice of m a t e r i a l ,  i t s  
a b i l i t y  t o  wi ths t and  t h e  thermal per iod and i t s  c o m p a t i b i l i t y  w i th  o t h e r  
components of t h e  waste package and wi th  the h o s t  rock. Conditioning of t he  
groundwater by the packing m a t e r i a l  w i l l  a l s o  a l t e r  i t s  e f f e c t  on o t h e r  com- 
ponents of t h e  waste package. Some of t he  r e s u l t s  repor'ted h e r e ,  e s p e c i a l l y  
based on work by Hench (1982) and Lanza (19821, c o n t r a d i c t  assumptions made 
previously by some r e s e a r c h e r s  t h a t  c l a y  packing materials are  u s u a l l y  
b e n e f i c i a l  t o  waste  package i n t e g r i t y .  

Clark (1982 a , b )  found t h a t  the i n f l u e n c e  of a d j a c e n t  b a r r i e r  m a t e r i a l s  on 
g l a s s  l each ing  appeared t o  be minimal a l though he did n o t  exp lo re  high s u r f a c e  
a r e a s  r e l e v a n t  t o  crushed rocks o r  p r e - e q u i l i b r a t i o n  of t he  d i s t i l l e d  water w i th  
the rocks be fo re  adding g l a s s  t o  the sys tem which might have provided g r e a t e r  
b u f f e r  p r o t e c t i o n  and h i g h e r  concen t r a t ions  of p a s s i v a t i n g  s p e c i e s .  When the 
s o l u t i o n  pH is a l t e r e d  by e x t e r n a l  sources  the p r o t e c t i v e  f i l m  on the  s u r f a c e  of 
the g l a s s  may become uns t ab le  f o r  pH < 3  o r  >11. 

6.1.1 Bentoni te  Clay-Glass I n t e r a c t i o n s  

Van Iseghem and o t h e r s  (1982) s tud ied  the  c o r r o s i o n  r e s i s t a n c e  of f i v e  
b o r o s i l i c a t e  g l a s s  HLW waste forms i n  c o n t a c t  with wet c l a y ,  c lay-water  mix- 
t u r e s  o r  d i s t i l l e d  water  f o r  pe r iods  up  t o  80 days and a t  a s u r f a c e  a r e a  t o  
s o l u t i o n  volume r a t i o  of 1 cm-l under a e r a t e d  c o n d i t i o n s  f o r  temperatures 
between 40 and 20OoC. They found t h a t  w e t  c l a y  corroded the  waste form f a s t e r  
than the clay-water  mixture o r  d i s t i l l e d  water.  I n  d i s t i l l e d  wa te r ,  co r ros ion  
was l i m i t e d  by s a t u r a t i o n  e f f e c t s  f o r  S i ,  Ca, Mg, S r ,  Fe and U .  
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Experiments involv ing  s t a t i c  l each  t e s t s  f o r  PNL waste  g l a s s  i n  the pres -  
ence of Na b e n t o n i t e  y ie lded  enhanced l each  r a t e s  from g l a s s  because of bento- 
n i t e  s o r p t i o n  p r o p e r t i e s  a s  we l l  a s  r e a c t i o n s  between b e n t o n i t e  and d isso lved  
s i l i c a  (PNL-SA-10773, 1983). Also, c o l l o i d a l  b e n t o n i t e  p a r t i c l e s  appa ren t ly  
were formed which, i n  low i o n i c  s t r e n g t h  s o l u t i o n s ,  could remain s t a b l e  a s  s o l s  
over a w i d e  pH range and these  could be t r anspor t ed  by groundwater flow. Such 
c o l l o i d s  were a l s o  found t o  e x i s t  i n  h igh  i o n i c  s t r e n g t h  s o l u t i o n s  and t o  re- 
t a i n  a s o r p t i v e  c a p a c i t y  f o r  a c t i n i d e s  i n  the  presence of h igh  concen t r a t ions  
of competing c a t i o n s .  F loccu la t ion  would p reven t  groundwater t r a n s p o r t  b u t  was 
n o t  observed. I f  such c o l l o i d a l  t r a n s p o r t  i s  l i k e l y ,  s o r p t i o n  of r ad ionuc l ides  
on c o l l o i d a l  p a r t i c l e s  may r e p r e s e n t  a n  impor tan t  d a t a  need f o r  the  NRC i n  
t h e i r  e v a l u a t i o n  of r ad ionuc l ide  r e l e a s e .  A t  l e a s t  f o r  d i l u t e  s o l u t i o n s  sorp- 
t i o n  phenomena can be explained by s p e c i a t i o n  and s u r f a c e  p a r t i c l e  charge.  
F igures  6 .1  through 6.4 i l l u s t r a t e  s o r p t i o n  phenomena a s  a f u n c t i o n  of oxi-  
d i z ing  cond i t ions .  These f i g u r e s  show t h e  s o r p t i o n  of v a r i o u s  r ad ionuc l ides  
inc luding  Pu-237, U-233, Tc-95, Np-235, Cs-137 and Sr-85 on Na ben ton i t e  co l -  
l o i d s  a s  a f u n c t i o n  of pH a t  25OC. As w i l l  be seen  from these  f i g u r e s  sorp- 
t i on  of r a d i o n u c l i d e s  was r e l a t i v e l y  h igh  e s p e c i a l l y  f o r  Pu-237, U-233 and 
Sr-85 a t  i n t e rmed ia t e  pH. 
on these  f i g u r e s ,  w i l l  be d iscussed  s e p a r a t e l y  i n  S e c t i o n  6.2.) 

( In fo rma t ion  on i r o n  s i l i c a t e  c o l l o i d s ,  a l s o  shown 

When a dry  pressed c l a y  i s  immersed  i n  water  the  a f f i n i t y  of water  and 
c l a y  produces p o t e n t i a l  g r a d i e n t s  which f a c i l i t a t e  water  d i f f u s i o n  and permi t  
homogeneous d i s t r i b u t i o n  of water  i n  t h e  c l a y  wi th in  a r e l a t i v e l y  s h o r t  per iod 
of time (few weeks o r  months). Consequently,  c l a y  may prevent  h igh  water  flow 
r a t e s  d u e  to  i t s  low pe rmeab i l i t y  b u t  does n o t  apprec i ab ly  delay water  from 
coming i n t o  c o n t a c t  w i th  the c o n t a i n e r  and,  a f t e r  c o n t a i n e r  f a i l u r e ,  w i t h  the 
waste form (Lanza, F., 1982). 

The so rben t  n a t u r e  of the  c l a y  around the  g l a s s  i n i t i a l l y  tends to  e l imin-  
a t e  the  s a t u r a t i o n  cond i t ions  expected i n  aqueous s o l u t i o n s .  A t  l e a s t  i n  the  
beginning,  a model of d i s s o l u t i o n  i n  l a r g e  amounts of water  tended to  f i t  t he  
experimental  l eaching  d a t a  f o r  a s imulated compacted c l a y - g l a s s  waste  form 
system b e t t e r  than  a model based on s a t u r a t i o n  e f f e c t s  (Lanza, F., 1982). 

Ben ton i t e  was found to  a c c e l e r a t e  leaching  f o r  n u c l e a r  waste g l a s s e s  t e s t -  
ed by b u r i a l  i n  a g r a n i t e  r e p o s i t o r y .  The e f f e c t  of b e n t o n i t e  increased  a s  the  
bentonite/H20 r a t i o  decreases .  
g l a s s  a p p a r e n t l y  a c c e l e r a t e d  t h e  r a t e  of ion  d e p l e t i o n  from s u r f a c e  l a y e r s  of 
the  g l a s s  (Hench, L. L., 1982). (See F igu res  6.5 and 6.6 and Table 6.1.) 

Moist o r  w e t  ben ton i t e  i n  c o n t a c t  wi th  the  

Montmori l loni te  and c l i n o p t i l o l i t e  d i d  n o t  seem t o  a l t e r  under s imula ted  
w e t  and semi-wet r e p o s i t o r y  c o n d i t i o n s  (3OOOC and 30 MPa) based on s h o r t  term 
tests (28 days)  by Sasaki  and o t h e r s  (1982).  However, bo th  m a t e r i a l s  a l t e r e d  
t o  f e l d s p a r  ( o l i g o c l a s e )  i n  the  presence of b o r o s i l i c a t e  g l a s s  under t h e  same 
cond i t ions .  Reac t ions  of these  packing m a t e r i a l s  w i th  s imula ted  wastes  immo- 
b i l i z e d  waste  e lements  such a s  Cs, Mo, e t c .  by forming new phases such a s  
analcime, o l i g o c l a s e  and powe l l i t e .  S a s a k i ' s  a n a l y s i s  i n d i c a t e d  t h a t  t he  
presence of packing m a t e r i a l s  dur ing  t h e  a l t e r a t i o n  of waste s o l i d s  served t o  
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F i g u r e  6 . 1 .  S o r p t i o n  of 237Pu and 233U on Ma b e n t o n i t e  c o l l o i d s  
a s  a f u n c t i o n  of pH i n  d e i o n i z e d  water a t  25OC. 
(Adapted from PNL-SA-10773, 1983 . )  

I I 

f235Np 
15 

IO 

5 

0 
0 2 4 6 8 ? O  12 1 4  

F i g u r e  6 . 2 .  Adsorpt ion  of 95Tc and 235Np on Na b e n t o n i t e  and Fe 
s i l i c a t e  c o l l o i d s  as  a f u n c t i o n  of pH a t  25OC. 
(Adapted from PNL-SA-10773, 1 9 8 3 . )  
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Figure  6.5. I n f r a r e d  r e f l e c t i o n  s p e c t r a  of g l a s s  ABS 41  be fo re  and a f t e r  
28 days,  9OoC STRIPA b u r i a l  and v a r i o u s  9OoC l a b o r a t o r y  
s imula t ions .  
g l a s s  waste form t o  b e n t o n i t e  and g r a n i t e . )  
Ilench, L. L., 1982.) 

(This  i l l u s t r a t e s  the  e f f e c t  of exposure of t h e  
(Adapted from 
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Figure  6.6. IRRS s p e c t r a  of g l a s s  ABS 39 be fo re  and a f t e r  28  days,  9OoC 
STRIPA b u r i a l  and v a r i o u s  9OoC l abo ra to ry  s imula t ions .  
(Th i s  i l l u s t r a t e s  the e f f e c t  of exposure of the glass waste - 
form to  b e n t o n i t e  and g r a n i t e . )  (Adapted from Hench, L. L., 
1982.) 
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d r a s t i c a l l y  reduce  the  concen t r a t ions  of some rad ionuc l ides  i n  s o l u t i o n s .  
See Table  6.2 f o r  t he  pe rcen t  of r ad ionuc l ides  i n  s o l u t i o n  a s  a f f e c t e d  by 
montmor i l lon i te .  

Table  6.1. Concent ra t ions  (atom-% of c a t i o n s )  i n  d i f f e r e n t  p a r t s  of  
leached p r o f i l e s  of b o r o s i l i c a t e  g l a s s  waste  form [ a f t e r  bur- 
i a l  i n  S t r i p a  ( g r a n i t e )  r e p o s i t o r y  f o r  t h r e e  months] (ABS 39). 
Symbols: g l  - g l a s s  a g a i n s t  glass; b t  - a g a i n s t  ben ton i t e .  
(Adapted from Hench, L. L., 1982.) 

Surface  
g l  b t  

P l a t e a u  
g l  b t  Bulk 

N a  
L i  
cs 
Ca 
S r  
La 
U 
Fe 
B 
A 1  
s i  

5.3 
0.5 
0.4 
0.3 
0.06 
0.09 
0.1 
3.9 
1.7 
6.5 
78 

~~ 

20.3 
1.5 
0.3 
0.3 
0 -01 
0.005 
0.006 
12.5 
0.2 
21.2 
65 

5 03 
0.05 
0.4 
1.2 
0.1 
0.2 
0.02 
2.5 
1.9 
6.7 

78 

7.9 
0.07 
0.05 
1.7 
0.06 
0.3 
0.1 
8.6 
0.8 
10.8 
67 

19 
0.1 
0.3 
0.01 
0.1 
0.1 
0.1 
3.6 

3.2 
31 

40 

Table 6.2 Percent* of waste element i n  s o l u t i o n  a s  a f f e c t e d  by 
montmor i l lon i te .  (Adapted from S a s a k i ,  N. ,  1982.) 

E l  emen t BG** BG+M 

B 
Ba 
C e  
cs 
Mo 
Nd 
N i  
Rb 
S r  
U 

91 
0.3 
0.8 
9.9 

0.2 

8.1 
0.5 

95 

-- 

-- 

a7 
<0.3 
0.9 
0.2 

0.1 

<1.5 
<O .6 

17 

-- 

-- 

* Percentage  of t he  amount of the  element o r i g i n a l l y  

**BG = b o r o s i l i c a t e  g l a s s ;  M = montmor i l lon i te  
p r e s e n t  i n  t h e  waste form. 
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6.1.2 Basa l t -Glass  I n t e r a c t i o n s  

On the  o t h e r  hand, leached r ad ionuc l ides  from s p e n t  f u e l  were found t o  
r e a c t  a t  h igh  tempera tures  wi th  b a s a l t  t o  form new mine ra l  phases.  Also,  b a s a l t  
was found t o  suppress  uranium s o l u b i l i t y  due t o  p r e c i p i t a t i o n  of uranium d iox ide  
(U02) under reducing  cond i t ions .  

Wood and Coons (1982) conducted pre l iminary  experiments  w i th  Umtanum ba- 
s a l t ,  water and waste  forms inc lud ing  b o r o s i l i c a t e  g l a s s  and s imula ted  s p e n t  
f u e l  over  a temperature  range of 100-300°C. I n  t h e  presence o f  b a s a l t ,  C s ,  
Rb, S r  and Mo were a lmost  completely removed from s o l u t i o n  by r e a c t i n g  wi th  the  
g l a s s y  component of b a s a l t  t o  form new s t a b l e  s o l i d  phases which immobilize 
these  elements .  
and p o w e l l i t e  (CaMoO4) wi th  the  Ru l i k e l y  t o  fo l low C s  i n t o  p l a g i o c l a s e .  
S t ront ium was found i n  both  p l a g i o c l a s e  and p o w e l l i t e .  

Mineral p roducts  tncluded p o l l u c i t e  (Cs,Rb,Na)AlSi203.H20 

I 

Scheetz and o t h e r s  (1978) found t h a t  b a s a l t  added t o  de ionized  water  and 
b o r o s i l i c a t e  g l a s s  i nc reased  the  amount of C s  r e l e a s e d  i n t o  s o l u t i o n  a t  100°C 
o r  3OO0C f o r  t imes up  t o  fou r  months by a f a c t o r  of two o r  f o u r  whi le  o t h e r  
elements such as S r ,  Ba, Ca, Na and S i  were decreased.  B a s a l t  had an e f f e c t  on 
the  hydrothermal a l t e r a t i o n  behavior  of t he  g l a s s  waste form both  by caus ing  new 
s o l i d  phases and by modifying t h e  s o l u t i o n  chemis t ry  s i g n i f i c a n t l y .  

Experiments c a r r i e d  o u t  by Myers and o t h e r s  (DOE/NWTS-30, 1982) i n d i c a t e  
t h a t  under hydrothermal c o n d i t i o n s  (200 o r  300OC) b a s a l t  r e a c t s  w i th  b o r o s i l -  
i c a t e  g l a s s  waste forms o r  spen t  f u e l  t o  form secondary mine ra l s  such a s  s i l i c a ,  
i l l i t e ,  potassium f e l d s p a r  and smec t i t e .  This  a l t e r a t i o n  assemblage a c t s  t o  
c o n t r o l  t h e  s t e a d y - s t a t e  s o l u t i o n  composi t ion of e lements  such a s  A l ,  K ,  Ca, Mg 
and Fe. I n i t i a l l y ,  t h e  d i s s o l u t i o n  of t h e  b o r o s i l i c a t e  g l a s s  has  the  e f f e c t  of 
i n c r e a s i n g  the  pH r e l a t i v e  t o  the  s t e a d y - s t a t e  pH va lues  f o r  t h e  basa l t -wa te r  
system. A t  f i r s t ,  r e a c t i o n  of water  w i t h  s i l i c a t e s  r e s u l t s  i n  t h e  r e l e a s e  of 
hydroxyl i o n s  and d i s so lved  s i l i c a ;  f o r  example: 

MSi03 4- 3H20 -> M2+ + 20" i- H4Si04 

The s o l u t i o n  pH r i s e s  u n t i l  t he  d i s so lved  s i l i c a  b u f f e r s  pH by t h e  
r e a c t i o n :  

HqSi04 + OH' -> H3Si04' + H20 

A s  s t a t e d  by Coons and P a t e r a  (ONWI-212, 1980), t h e  l e a c h  r e s i s t a n c e  of 
g l a s s  i n  the  presence of b a s a l t  i s  n o t  y e t  understood. 
ob ta ined  g r e a t l y  d i f f e r e n t  r e s u l t s  when us ing  d i f f e r e n t  water - to- rock  r a t i o s  
( s e e  Table  6.3). Leaching of g l a s s  i s  a l s o  very s e n s i t i v e  t o  pH, Eh and 
tempera ture  v a r i a t i o n s  . 

D i f f e r e n t  l a b o r a t o r i e s  

88 



Table 6.3. Leachab i l i t ya  o f  simulated PNL 76-68 g l a s s  using d i s t i l l e d  
water and i n  t h e  presence of b a s a l t  ( n e a r  300°C)b. 
(Taken from Coons and P a t e r a  i n  ONWI-212,  1980, p. 124.) 

The Pennsylvania State  Universi  tyb P a c i f i c  Northwest LaboratoryC 

Glass N e t  Glass N e t  
Change Glass and Basalt Change Glass and Basalt 

Rb 12 17 + 5% 16 0 -06 -15.4 
CS 14 20 + 6% 6 0.04 - 5.96 
S r  N D ~  0.4 + 4% 0.2 0.05 - 0.15 
B 80 8% + 8% 100 5.9 -94.1 
Mo 68 59 - 9% 49 0.05 -48.95 
U -- -- -- 0.1 0.002 - 0.998 
S i  2.3 1.3 - 1% 2.2 0.07 - 2.13 

aExperiments 1 month i n  d u r a t i o n ;  c o n c e n t r a t i o n s  r epor t ed  as  re la t ive  

bWater:rock = 20:l. 
CWater:rock = 1:l. 
dNo t determined . 

p e r c e n t  oxide (grams i n  l iquid/grams i n  o r i g i n a l  s o l i d ) .  

6.1.3 Sa l t -Glas s  I n t e r a c t i o n s  

Since crushed s a l t  may be used as  a packing material i n  a rock s a l t  repos- 
i t o r y ,  t h e  i n t e r a c t i o n  of s a l t  and b r i n e  w i t h  o t h e r  components a t  t he  waste 
package i s  a lso of i n t e r e s t .  In a r e p o r t  by Kotnarneni and o t h e r s  (ONWI-305, 
1982), a p ro to type  waste g l a s s ,  PNL 76-68, w a s  r eac t ed  under hydrothermal 
c o n d i t i o n s  ( a t  100, 200 and 300OC) with a b r i n e  (Ca-Mg-K-Na-Cl). React ion 
products  included t a l c  (hydrated magnesium s i l i c a t e ) ,  p o w e l l i t e  (CaMoOq) , 
hemati te  (Fez031 and,  sometimes, a n  u n i d e n t i f i e d  uranium-containing phase. 
Although most e lements  were e x t r a c t e d ,  t h e  s i l i c a t e  framework remained i n t a c t  
as a hydrated g e l .  The c o n c e n t r a t i o n  of s i l i c a  i n  b r i n e  s o l u t i o n s  w a s  an  o r d e r  
of magnitude lower than t h a t  i n  deionized w a t e r ,  while  o t h e r  e lements  were 
10-100 t i m e s  h i g h e r  than i n  deionized water. These results are shown i n  
F igu res  6.7, 6.8 and 6.9, and Table 6.4. 
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F igu re  6.7. Schematic drawing of main r e a c t i o n  l a y e r s  i n  PNL 76-68 g l a s s  
r e a c t e d  hydrothermally wi th  Ca-Mg b r i n e .  (Adapted from 
ONWI-305, 1982 .) 

6.1.4 Bentoni te  Clay-Metal I n t e r a c t i o n s  

According to  Casteels (1978) ,  i n  a c l a y  environment carbon s t ee l  was found 
t o  posses s  only l imi t ed  r e s i s t a n c e  t o  humid atmospheres. The carbon s t e e l  was 
a t t a c k e d  i n  an a i r  s t ream passing over c l a y  with the formation of FeO and FeS. 
The u n p r o t e c t i v e  n a t u r e  of t he  c o r r o s i v e  l a y e r s  r e s u l t e d  i n  r a p i d  a t t a c k  and 
d e s t r u c t i o n  of t he  s t e e l .  A t  h ighe r  temperatures ,  i t  was found t h a t  s u l f u r -  
con ta in ing  compounds were the  main cause of atmospheric c o r r o s i o n  i n  a geolog- 
i ca l  c l a y  formation. S u l f u r  d iox ide  w a s  p r e s e n t  i n  t h e  gases  e scap ing  from the 
c l a y  due t o  the p y r i t e  i n  the c l a y  and the  chemical r e a c t i o n  between the p y r i t e  
component of the c l a y  and water.  Carbon s t e e l  has  long been known t o  have high 
c o r r o s i o n  rates i n  a c i d  environments, 

Titanium and t i t an ium a l l o y s  were found t o  have e x c e l l e n t  c o r r o s i o n  r e -  
s i s t a n c e  i n  the same atmospheres,  b u t  a small amount of a compound con ta in ing  
s u l f u r  d id  appea r  on the s u r f a c e  of the t i tanium. 

6.1.5 Basalt-Metal I n t e r a c t i o n s  

Anderson (RHO-BWI-ST-15, 1981) conducted c o r r o s i o n  tes ts  of metal  con- 
ta iner  materials ( T i ,  Fe, N i  and Cu) i n  a s imulated b a s a l t  environment a t  
25OoC, pH 5 and reducing cond i t ions .  Prel iminary r e s u l t s  i n d i c a t e d  t h a t  the 
b a s a l t  environment i s  n o t  h i g h l y  c o r r o s i v e  t o  t h e  materials t e s t e d .  Var i a t ions  
i n  oxygen f u g a c i t y  had only a minor e f f e c t  on c o r r o s i o n  of T i ,  N i  and Z r ;  how- 
e v e r ,  the c o r r o s i o n  of a cupronickel  a l l o y  was d r a s t i c a l l y  reduced a t  a lower 
oxygen f u g a c i t y .  
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Figure 6 . 8 .  Thickness of reaction-rind as  function of reaction t i m e .  
(Adapted from ONWI-305, 1982. )  
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Figure 6 .9 .  The concentration of s i l i c a ,  expressed a s  elemental S i ,  
i n  so lut ion a t  various run times. 
ONWI-305, 1982.) 

(Adapted from 
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Table 6.4. Percentage of i n i t i a l  inventory de t ec t ed  i n  s o l u t i o n  
b r i n e  e x t r a c t i o n  from PNL 76-68 g l a s s .  (Four weeks; 
30 MPa; g1ass : so lu t ion  = 1:12.5 b r i n e ,  1:lO wate r )  
(Adapted from ONWI-305, 1982.) 

B i t t e r n  Brine Deionized Han f ord 
Element (USGS NBT-6a) Water Ground wa te  r 

cs 
S r  
Lna 
U 
Na 
B 
s i  
Mo 

lO0OC 

3.2 
0.9 

(2.5 
<o. 1 

0.2 
0.4 
1 .o 

-- 

2000c 

13 
22 
8 .O 
0.23 -- 
12 
0 . 3  
1.6 

3OOOC 

52 
49 
37 
18 

48 
-- 
0.2 
3.3 

200oc 

0.1 
<o. 1 
<2 -5 

- 

0*11 
3 a 8  
6.7 
3.2 
5.2 

3OOOC 

5 .O 
0.2 
0.5 
0.03 

- 

45 
93 

72 
4.6 

300OC 

4.5 
< 0 * 1  
(2.5 
C O . 1  
47 
89 

79 
1 .o 

aLn = La  + Nd. 

The presence of b a s a l t  decreased p i t t i n g  and c r e v i c e  c o r r o s i o n  and en- 
hanced the formation of an  adhe ren t  s u r f a c e  f i l m  on the low carbon s teel .  P re -  
l iminary d a t a  sugges t  t h a t  a p r o t e c t i v e  s i l i c a t e  f i l m  may form on s t e e l  i n  a 
b a s a l t  r e p o s i t o r y  (DOE/NWTS-30, 1982). 

Basalt may a l s o  i n h i b i t  c o r r o s i o n  by scavenging 02. It i s  important ,  
t h e r e f o r e ,  t o  i d e n t i f y  the r o l e  played by b a s a l t  i n  t he  c o r r o s i o n  p r o t e c t i o n  of 
low carbon steel. 

6.2 Metal-Glass I n t e r a c t i o n s  

The d i r e c t  i n t e r a c t i o n  of metal  and metal c o r r o s i o n  products  from the con- 
t a i n e r  w i t h  t h e  b o r o s i l i c a t e  g l a s s  waste form m u s t  a l s o  be considered.  Lanza 
r epor t ed  t h a t ,  f o r  c l a y - g l a s s  systems, the a d d i t i o n  of Fe2O3,  to  simulate 
c o n t a i n e r  c o r r o s i o n  p roduc t s ,  seemed t o  i n c r e a s e  leaching and waste g l a s s  loss. 

McVay (PNL-4382, 1982) d i scussed  t h e  e f f e c t  of s e v e r a l  metals (Fe,  Cu, Sn, 

The leach r a t e s  
A I ,  T i  and Pb) on the leaching of b o r o s i l i c a t e  g l a s s .  D u c t i l e  i r o n  was found t o  
i n c r e a s e  leaching r e g a r d l e s s  of groundwater ( see F igure  6.10) . 
a r e  the same as i n i t i a l  rates i n  deionized wa te r ;  however, the l each  rates do 
n o t  dec rease  r a p i d l y  wi th  time so t h a t  more l each ing  occurs  and the  depleted 
l a y e r  becomes deeper. Apparently,  t h i s  i s  because i r o n  s i l i c a t e  prec ip i ta tes  
a re  formed as s i l i c o n  i s  leached. (See F igu res  6.11 and 6.12 from 
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PNL-SA-10773, 1983, and F igu res  6.2, 6.3 and 6.4 included e a r l i e r . )  These 
p r e c i p i t a t e s  remove many of the o t h e r  leached elements from s o l u t i o n  so t h a t  
leaching i s  n o t  i n h i b i t e d  by s a t u r a t i o n  e f f e c t s .  The o t h e r  more r e a c t i v e  
metals r e t a r d  l each ing  while  t h e  more i n e r t  metals have l i t t l e  e f f e c t .  With 
lead p r e s e n t ,  t h e  g l a s s  l each ing  was h a l t e d  by a lead hydroxide f i l m  which 
r a p i d l y  covered the  g l a s s  su r face .  

46 I - OonoN 

o AND CI w i w  FO 
IN ALL LEeCHANTS 

0 4 a i z  i o  20 24 20 : 
TIME, Jay. 

Figure  6.10. An i l l u s t r a t i o n  of two e f f e c t s  on the  leaching c h a r a c t e r -  
i s t i c s  of PNL 76-68 g l a s s :  t he  e f f e c t  of groundwater com- 
p o s i t i o n  w i t h o u t  i r o n  p r e s e n t  and t h e  e f f e c t  of having i r o n  
p r e s e n t  during l each ing  (PNL-4382, 1982). 

According t o  Werme and o t h e r s  (1982), metal overpack m a t e r i a l s  Csuch a s  
Pb, Cu and T i )  seem t o  have l i t t l e  e f f e c t  on the c o r r o s i o n  of n u c l e a r  waste 
b o r o s i l i c a t e  g l a s s e s  up t o  90°C under b u r i a l  cond i t ions .  
t h a t  t h i s  was because t h e r e  i s  room only f o r  a very t h i n  water  f i l m  between t h e  
g l a s s  and t h e  metal. The t h i n  water f i l m  can become r a p i d l y  s a t u r a t e d  w i t h  
co r ros ion  products  and f u t u r e  c o r r o s i o n  i s  slower.  

Werme p o s t u l a t e d  

Mirschinka (1982) recommended t h a t  s t a i n l e s s  s t e e l  and o t h e r  a l l o y s  con- 
t a i n i n g  C r  n o t  be used f o r  in-can melt ing c o n t a i n e r s  s i n c e  C r  has  been found 
t o  p r e f e r e n t i a l l y  d i s s o l v e  i n  t h e  g l a s s .  I n s t e a d  low carbon s tee l  was 
recommended. 
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Figure  6.11. So rp t ion  of 237Pu and 233U on F e - s i l i c a t e  c o l l o i d s  
i n i t i a l l y  i n  0.01 M NaOH a t  25OC as a f u n c t i o n  of pH. 
(Adapted from PNL-SA-10773, 1983.) 

6.3 Whole Packaee T e s t i n a  

R e l a t i v e l y  few experiments  have been c a r r i e d  o u t  on whole-package sys  tems 
t h u s  f a r .  

Vandegr i f t  and o t h e r s  (1983) conducted experiments  wi th  r a d i o a c t i v e  boro- 
s i l i c a t e  g l a s s ,  b e n t o n i t e  and mechanical ly  f i s s u r e d  b a s a l t  rock i n  a flowing 
water  system. Changes i n  the groundwater a f t e r  pas s ing  through the  f i s s u r e  
included a drop i n  pH from 10 t o  8, loss of suspended p a r t i c u l a t e s  and loss of 
d i s so lved  o r  suspended U ,  Np and Pu. 

Molecke and o t h e r s  (1982)  descr ibed  a p re l imina ry  test  on waste package 
i n t e r a c t i o n s  i n  a s a l t  environment using b o r o s i l i c a t e  g l a s s ,  a s t a i n l e s s  s t e e l  
waste c o n t a i n e r ,  TiCode 1 2  overpack, b e n t o n i t e  c lay-sand  packing m a t e r i a l ,  
excess  b r i n e  l e a c h a n t  and bedded rock s a l t  i n  an  au toc lave  a t  25OoC f o r  95 
days. The a l t e r a t i o n  of the packing m a t e r i a l  was minimal, t h e  g l a s s  waste form 
showed some s u r f a c e  a l t e r a t i o n  and the  TiCode 1 2  overpack showed minimal uni-  
form co r ros ion .  
the use of any of the  components i n  a waste  package. 
t o  be extended f o r  l onge r  per iods and to  cover  the f u l l  range of r e p o s i t o r y  
cond i t ions .  Accelerated t e s t s  should be performed a l s o  to  help i d e n t i f y  any 
long term e f f e c t s .  

No major i n t e r a c t i v e  e f f e c t s  were observed which would r u l e  o u t  
Obviously such t e s t s  need 
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The s t a t e  of whole package t e s t i n g  i s  i n  a very  pre l iminary  form and,  l i k e  
o t h e r  i n t e r a c t i v e  t e s t i n g  of waste package components, r e p r e s e n t s  a n  urgent  
r e sea rch  need f o r  t he  NRC l i c e n s i n g  process .  

6 . 4  Conclusions and Recommendations 

The d a t a  on i n t e r a c t i v e  t e s t i n g  of components of the waste  package which 
h a s  been presented  i n  t h i s  s e c t i o n  a r e  p re l imina ry ,  f ragmentary and n o t  cover ing  
t h e  f u l l  range of c o n d i t i o n s  to  be expected i n  v a r i o u s  r e p o s i t o r i e s .  Obviously,  
t h i s  a r e a  of s t u d y  r e p r e s e n t s  a r e a l  and con t inu ing  r e s e a r c h  need. Although 
r e sea rch  on s impler  systems ( s i n g l e  and bicomponent t e s t i n g )  may be u s e f u l  t o  
i n d i c a t e  t r e n d s ,  i n  such complex systems i t  i s  d e s i r a b l e  to  conduct eng inee r ing  
s t u d i e s  r e p l i c a t i n g  the  whole waste  package and surrounding r e p o s i t o r y  
c o n d i t i o n s  a s  c l o s e l y  a s  p o s s i b l e  (proof  t e s t i n g ) .  

Never the less ,  c e r t a i n  t r ends  may be perceived even i n  the  l i m i t e d  da t a  now 
a v a i l a b l e .  The packing m a t e r i a l  i s  an  impor tan t  component of t he  waste  package. 
Although i t  se rves  a s i g n i f i c a n t  r o l e  i n  r e s t r i c t i n g  and c o n t r o l l i n g  the  flow of 
groundwater t o  the  waste  package, and perhaps  i n  b u f f e r i n g  and cond i t ion ing  the  
groundwater dur ing  a n  i n i t i a l  pe r iod ,  i t  can a l s o  be harmful t o  the  c o n t a i n e r  
and/or  t he  waste  form under some cond i t ions .  It  does n o t  de l ay  mois ture  reach- 
i n g  the  c o n t a i n e r  and mois t  o r  w e t  b e n t o n i t e  i n  c o n t a c t  wi th  the  c o n t a i n e r  may 
a c c e l e r a t e  co r ros ion .  Also, b e n t o n i t e  may a c c e l e r a t e  leaching  of the  g l a s s  
waste form by ion  d e p l e t i o n  by prevent ing  s a t u r a t i o n  of groundwater immedia t e l y  
surrounding t h e  waste package. Bentoni te  c l a y  may a l s o  form c o l l o i d a l  p a r t i c l e s  
which could sorb  and under some circumstances such a s  h igh  water flow r a t e s  
could t r a n s p o r t  r ad ionuc l ides .  Bentoni te  may l a t e r  r e t a r d  the  movement of 
r ad ionuc l ides  i f  t he  packing m a t e r i a l  r e t a i n s  i t s  minera l  s t r u c t u r e  and does n o t  
c rack  o r  channel water  dur ing  t h e  thermal per iod .  However, s i n c e  s o r p t i o n  i s  a 
r e v e r s i b l e  process ,  r a d i o n u c l i d e s  w i l l  n o t  be permanently con ta ined  un le s s  
p r e c i p i t a t i o n  o r  some o t h e r  mine ra log ica l  t r ans fo rma t ion  t akes  p lace .  

Other components of the  packing m a t e r i a l  such a s  b a s a l t  might  reduce the  
co r ros ion  of the  low-carbon s teel  by forming a p r o t e c t i v e  s i l i ca te  f i lm.  A s  has 
been d i scussed ,  b a s a l t  under some c i rcumstances  can a l s o  reduce  leaching  of the  
b o r o s i l i c a t e  g l a s s  waste form. 

Of meta ls  being cons idered  f o r  a HLW c o n t a i n e r ,  i r o n  o r  low carbon steel 
appear  to  be i n f e r i o r  i n  t h a t  i r o n  i n  s e v e r a l  groundwaters has been found t o  
a c c e l e r a t e  leaching  of  b o r o s i l i c a t e  g l a s s .  In  b a s a l t i c  groundwater,  i r o n  tends 
t o  form i r o n  s i l i c a t e  which r e a d i l y  forms c o l l o i d a l  p a r t i c l e s  and can cap tu re  
r ad ionuc l ides  by c o p r e c i p i  t a t i o n  o r  s o r p t i o n  and subsequent ly  may t r a n s p o r t  
them. Lead on the  o t h e r  hand tends  t o  form a p r o t e c t i v e  l a y e r  on the  s u r f a c e  of 
the  g l a s s  and thus  may l i m i t  leaching.  

From such p re l imina ry  d a t a ,  t he  need f o r  more bicomponent and whole package 
t e s t i n g  becomes apparent .  
t o ry  c o n d i t i o n s  such a s  those  s p e c i f i e d  i n  p r i o r  BNL work (NUREG/CR-2482, 
Volumes 2 and 4 ,  1983). 
which would n o t  be r evea led  under p r o t o t y p i c  r e p o s i t o r y  cond i t ions .  

Such t e s t i n g  should cover  t h e  f u l l  range of r epos i -  

A l s o ,  a c c e l e r a t e d  t e s t i n g  i s  needed t o  i d e n t i f y  e f f e c t s  
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a l b i t e  

a 1 luvium 

analcime 

a p h a n i t i c  [ i g n ]  

a r g i l l a c e o u s  

b a s a l t  

b e n t o n i t e  

APPENDIX 

GLOSSARY OF CHEMICAL AND GEOLOGICAL TERMS* 

The process  by which me tas t ab le  m a t e r i a l s  conve r t  t o  
t h e i r  lowest  energy s t a t e s .  
c lude :  p r e c i p i t a t i o n  of new phases ,  c r y s t a l l i z a t i o n  
of an amorphous m a t e r i a l  such a s  a g l a s s ,  OT r ec rys -  
t a l l i z a t i o n  of an a l r e a d y  c r y s t a l l i n e  m a t e r i a l .  

Aging r e a c t i o n s  might i n -  

( a )  A mineral  of t h e  f e l d s p a r  group: 

( b )  A pure sodium f e l d s p a r .  

NaA1Si308. 

A gene ra l  term f o r  unconsol idated d e t r i t a l  ma te r i a l  
deposi ted dur ing  compara t ive ly  r e c e n t  geologic  time a s  
a so r t ed  o r  semi-sor ted sediment by running water .  

A mineral :  NaA1Si206*H20. A z e o l i t e  commonly 
found i n  a l k a l i - r i c h  b a s a l t s .  Synonym: a n a l c i t e .  

S a i d  of the  f e a t u r e  of an  igneous rock i n  which the  
c r y s t a l l i n e  components a r e  n o t  d i s t i n g u i s h a b l e  by the  
unaided eye, bo th  m i c r o c r y s t a l l i n e  and 
c r y p t o c r y s t a l l i n e  f e a t u r e s  a r e  inc luded .  

Largely composed of o r  con ta in ing  c l ay - s i zed  p a r t i c l e s  
o r  c l a y  minera ls .  

A gene ra l  term f o r  dark  co lo red ,  ferromagnesian bas ic  
igneous rocks.  

( a )  A s o f t ,  p l a s t i c ,  porous,  l i gh t - co lo red  rock com- 
posed e s s e n t i a l l y  of c l a y  mine ra l s  of t he  
montmor i l lon i te  ( s m e c t i t e )  group p l u s  c o l l o i d a l  
s i l i c a  and produced by d e v i t r i f i c a t i o n  and 
accompanying chemical a l t e r a t i o n  of a g l a s s y  
igneous m a t e r i a l ,  u s u a l l y  a t u f f  o r  vo lcanic  ash. 
The rock commonly has  the a b i l i t y  to  absorb  l a r g e  
q u a n t i t i e s  of water  accompanied by an  i n c r e a s e  i n  
volume of about  e i g h t  t imes.  

*Geological terms a r e  adapted from t h e  Glossary  of Geology (Bates ,  R. L., 
1980). Chemical terms a r e  adapted from t h e  Merck Index (Windholz, M. ,  1976) 
o r  from a s t anda rd  d i c t i o n a r y .  
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( b )  A commercial term app ly ing  t o  any of the  numerous 
v a r i o u s l y  co lo red  c l a y  d e p o s i t s  ( e s p e c i a l l y  
b e n t o n i t e )  con ta in ing  montmori l loni te  ( s m e c t i t e )  
as the e s s e n t i a l  mineral  and p resen t ing  a very 
l a r g e  t o t a l  a r e a ,  c h a r a c t e r i z e d  by the a b i l i t y  to  
s w e l l  i n  water. 

c a l c i c  [ geochem] S a i d  of mine ra l s  and igneous rocks  c o n t a i n i n g  a 
r e l a t i v e l y  high p o r t i o n  of calcium. 

cement [ s e d ]  Mineral material, u s u a l l y  chemical ly  p r e c i p i t a t e d ,  
t h a t  occu r s  i n  the  spaces among the  i n d i v i d u a l  g r a i n s  
of a conso l ida t ed  sedimentary rock,  thereby binding 
t h e  g r a i n s  toge the r  as a r i g i d ,  cohe ren t  mass; i t  may 
be de r ived  from t h e  sediment o r  i t s  entrapped wa te r s ,  
o r  i t  may be brought i n  by s o l u t i o n  from o u t s i d e  
sources .  

cementation [ s e d ]  The d i a g e n e t i c  p rocess  by which c o a r s e  sediments 
become l i t h i f i e d  o r  conso l ida t ed  i n t o  ha rd ,  compact 
rocks,  u s u a l l y  through d e p o s i t i o n  o r  p r e c i p i t a t i o n  of 
mine ra l s  i n  the  spaces  among the i n d i v i d u a l  g r a i n s  of 
t he  sediment. 

chabazi  t e  A z e o l i t e  mineral:  CaA12Si401296H20. It 
sometimes c o n t a i n s  sodium and potassium. Also s p e l l e d  
chabasi  t e .  

chemical f a i l u r e  Modes of chemical deg rada t ion  by which the material 
modes may f a i l  t o  perform i t s  f u n c t i o n  o r  s e r i o u s l y  decrease 

i t s  a b i l i t y  t o  perform by chemical o r  mine ra log ica l  
t ransformation o r  r e a c t i o n .  

c h l o r i t e  

c lay 

A groug+of mine ra l s  of t h e  gene ra l  formula: 
(Mg,Fe , FeH) AlSi30lo(OH)B. It i s  
c h a r a c t e r i z e d  by prominent f e r r o u s  i r o n  and by the 
absence of calcium and a l k a l i s .  C h l o r i t e s  a r e  
a s s o c i a t e d  with and resemble t h e  micas; they may a l s o  
be considered c l a y  minerals .  

A loose,  e a r t h y ,  extremely f i n e  g r a i n e d ,  n a t u r a l  s e d i -  
ment o r  s o f t  rock composed p r i m a r i l y  of c l a y - s i z e  
( < 4  g) o r  c o l l o i d a l  p a r t i c l e s  and c h a r a c t e r i z e d  
by high p l a s t i c i t y  and by a cons ide rab le  c o n t e n t  of 
c l a y  minerals .  
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c l a y  minera l  

c l i n o p  t i l o l i  te 

d i a g e n e s i s  [ s e d ]  

e a r l y  d i a g e n e s i s  

e r i o n i  t e  

f a c i e s  

f e 1 d s pa r 

f i x a t i o n  

f u l v i c  a c i d  

One of a complex and l o o s e l y  def ined  group of  f i n e l y  
c r y s t a l l i n e ,  me taco l lo ida l  o r  amorphous hydrous s i l i -  
c a t e s ,  e s s e n t i a l l y  of aluminum (and sometimes of mag- 
nesium and i r o n ) .  
on t h e  s u r f a c e s  of the  s i l i c a t e  l a y e r s ,  i n  amounts 
determined by the  excess  n e g a t i v e  charge  w i t h i n  t h e  
l a y e r .  They a r e  c h a r a c t e r i z e d  by small p a r t i c l e  s i z e  
and a b i l i t y  t o  adsorb  s u b s t a n t i a l  amounts of water  and 
ions on the  s u r f a c e s  of the  p a r t i c l e s .  

There may be exchangeable c a t i o n s  

A z e o l i t e  minera l :  
(Na,K,Ca)2-3 A 1 3 ( A 1 , S i ) ~ S i 1 3 0 3 6 * 1 2 H 2 0 .  
I t  i s  a potass ium-r ich  v a r i e t y  of  heu land i t e .  

A l l  of the  chemical and p h y s i c a l  changes undergone by 
a sediment a f t e r  i t s  i n i t i a l  d e p o s i t i o n ,  and dur ing  
and a f t e r  i t s  l i t h i f i c a t i o n ,  e x c l u s i v e  of weathering 
and metamorphism. It embraces those processes  (such 
a s  compaction, cementat ion,  reworking, a u t h i g e n e s i s ,  
replacement ,  c r y s t a l l i z a t i o n ,  leaching ,  hydra t i o n ,  
b a c t e r i a l  a c t i o n  and formula t ion  of c o n c r e t i o n s )  t h a t  
occu r  under c o n d i t i o n s  of p re s su re  ( u p  t o  1 Kb) and 
temperature  (maximum range of looo t o  300OC) t h a t  
a r e  normal to  the o u t e r  p a r t  of the E a r t h ' s  c r u s t .  

The i n i t i a l  phase o f  d i agenes i s  o r  post-sedimentary 
changes,  occu r r ing  i n  the  zone where t h e  sediment i s  
s t i l l  unconsol ida ted ,  the  process  being complete when 
the  sediment has  been converted t o  a more o r  l e s s  
c om pa c t sed i me n t a  r y r o ck . 

A d i s t i n c t i v e  rock  type broadly  corresponding t o  a 
c e r t a i n  environment o r  mode of o r i g i n .  

A group of abundant rock-forming mine ra l s  of t he  
gene ra l  formula: MAl(A1,Si)QOa where M = H, Nay 
Ca, Ba, Rb, S r  and Fe. 

The s t a t e  of being f i x a t e d ,  i . e . ,  made f i x e d ,  s t a t i o n -  
a r y  o r  immobilized. 

That  organic  ma t t e r  of i n d e f i n i t e  composi t ion which 
remains i n  s o l u t i o n  when an aqueous a l k a l i n e  e x t r a c t  
of s o i l  i s  a c i d i f i e d .  
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A s e m i s o l i d ,  a p p a r e n t l y  homogeneous subs t ance  i n  a 
c o l l o i d a l  s t a t e ,  g e n e r a l l y  e l a s t i c  and j e l l y l i k e ,  
o f f e r i n g  l i t t l e  r e s i s t a n c e  t o  l i q u i d  d i f f u s i o n  and 
c o n t a i n i n g  a d i s p e r s i o n  o r  network of f i n e  p a r t i c l e s  
which have coalesced t o  some degree.  

g r e e n s c h i s t  f a c i e s  The s e t  of metamorphic mine ra l  assemblages of b a s i c  
rocks i n c l u d i n g  a l b i t e  + c h l o r i t e .  The f a c i e s  i n -  
c ludes  the common p roduc t s  o f  low g rade  r e g i o n a l  
metamorphism i n  a l l  p a r t s  of t h e  world. I t  i s  be- 
l i e v e d  t o  correspond t o  temperatures  i n  the  range of 
300 t o  500OC. 

groundmass 

humic a c i d s  

hydrothermal 
s t a b i  li t y  

i l l i t e  

The material between t h e  phenocrysts  of a p o r p h y r i t i c  
igneous rock. I t  i s  r e l a t i v e l y  f i n e r  g ra ined  than the  
phenocrysts  and may be c r y s t a l l i n e ,  g l a s s y  o r  both. 

A mixture of complex macromolecules hav ing  polymeric 
pheno l i c  s t r u c t u r e s  w i th  the a b i l i t y  t o  c h e l a t e  w i t h  
metals, e s p e c i a l l y  i r o n .  They a r e  u s u a l l y  found i n  
s o i l s ,  c o a l s  and p e a t ,  r e s u l t i n g  from t h e  decomposi- 
t i o n  of o r g a n i c  m a t t e r ,  p a r t i c u l a r l y  dead p l a n t s .  
S l i g h t l y  s o l u b l e  i n  wa te r ,  u s u a l l y  w i t h  much swe l l ing ;  
s o l u b l e  i n  a l k a l i  hydroxides and ca rbona te s .  Black 
a c i d i c  o rgan ic  matter e x t r a c t e d  from s o i l s ,  low grade 
c o a l s  and o t h e r  decayed p l a n t  s u b s t a n c e s  by a l k a l i s ,  
i n s o l u b l e  i n  a c i d s .  

S t a b i l i t y  on exposure t o  l i q u i d  water whose tempera- 
t u r e  i s  h igh  enough t o  make i t  g e o l o g i c a l l y  o r  hydro- 
l o g i c a l l y  s i g n i f i c a n t ,  u s u a l l y  ranging i n  temperature  
from 50 t o  4OO0C and a t  h igh  enough p r e s s u r e s  t o  
keep the  wa te r  i n  a l i q u i d  s t a t e .  

A g e n e r a l  name f o r  a group of t h r e e - l a y e r ,  mica- l ike 
c l a y  m i n e r a l s  t h a t  a r e  widely d i s t r i b u t e d  i n  a r g i l l a -  
ceous sediments ( e s p e c i a l l y  i n  marine s h a l e s  o r  d e r i v -  
ed s o i l s ) .  
s t r u c t u r e  be tween muscovite and mon tmor i l l on i t e ,  have 
10 8 c -ax i s  spac ings  wi th  s u b s t a n t i a l l y  no ex- 
panding l a t t i c e  c h a r a c t e r i c t i c s  and have t h e  g e n e r a l  
f o rmu la  : 
(H30,K)y(A14'Mg4'Mg6) 
(Sig-y*Aly)020(OH)4 wi th  y u s u a l l y  between 1 
and 1.5. I l l i t e  c o n t a i n s  less potassium and more 
water than t r u e  micas and more potassium than  k a o l i t e  
and montmori l loni te ;  i t  appea r s  i n t e r m e d i a t e  between 
k a o l i n  and montmori l loni te  c l a y s  i n  cation-exchange 
c a p a c i t y ,  i n  a b i l i t y  t o  abso rb  and r e t a i n  water, and 
i n  phys i ca l  c h a r a c t e r i s t i c s  (such as p l a s t i c i t y  
index) .  

They a r e  i n t e r m e d i a t e  i n  composi t ion and 
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k a o l i  .n A group of c l a y  mine ra l s  c h a r a c t e r i z e d  by a two-layer 
c r y s t a l  s t r u c t u r e  having an approximate composi t ion,  
A12Si205(OH)4. 
c a p a c i t i e s  than  montmor i l lon i te  and i l l i t e  and they 
absorb l e s s  water  and thus  have lower p l a s t i c i t y  
i n d i c e s ,  lower l i q u i d  limits and l e s s  sh r inkage  when 
dry ing  from a w e t  s t a t e .  

They have lower base exchange 

k a o l i n i t e  

kerogen 

l i t h i f  i c a t i o n  

mesos tas i s 

metas tab le  

A common c l a y  mineral  of the  k a o l i n  group: 
A12Si205(0H)4. 
mineral  t h a t  does n o t  apprec i ab ly  expand under vary ing  
water  c o n t e n t  and does n o t  exchange i r o n  o r  magnesium. 

It  i s  a high-alumina c l a y  

A complex bituminous m a t e r i a l  c l o s e l y  a s s o c i a t e d  wi th  
the  ino rgan ic  aggrega tes  of o i l  s h a l e ,  a l s o  found i n  
ben t o n i  t e  , 

The conversion of a newly depos i t ed ,  unconsol idated 
sediment i n t o  a cohe ren t ,  s o l i d  rock ,  involv ing  proc- 
e s s e s  such as cementat ion,  compaction, d e s i c c a t i o n  and 
c r y s t a l l i z a t i o n .  

The l a s t  formed i n t e r s t i t i a l  m a t e r i a l ,  e i t h e r  g l a s sy  
o r  a p h a n i t i c  of an igneous rock. 

S a i d  of a phase t h a t  i s  s t a b l e  wi th  r e s p e c t  t o  small 
d i s t u r b a n c e s  b u t  t h a t  i s  capable  of r e a c t i o n  w i t h  
evo lu t ion  of energy when s u f f i c i e n t l y  d i s t u r b e d .  In  
g e n e r a l ,  m e t a s t a b i l i t y  i s  due t o  the  r e l u c t a n c e  of a 
system t o  i n i t i a t e  t he  formation of a new, s t a b l e  
phase. 

montmor i l lon i te  c l a y  A group of expanding l a t t i c e  c l a y  mine ra l s  of formula 
Ro,~~Al~Si40l,(OH)2*nH20 where R i n -  
c ludes  one o r  more of the  c a t i o n s  Na+, e, Mg2+, 
Ca2+, 
l a y e r  c r y s t a l  l a t t i c e ;  by d e f i c i e n c i e s  i n  charge 
balanced by t h e  presence of c a t i o n s  ( u s u a l l y  Na+ o r  
Ca2+) s u b j e c t  t o  base exchange and by swe l l ing  on 
w e t t i n g  (and sh r ink ing  on d ry ing )  due to  t h e  in t roduc -  
t i o n  of cons ide rab le  i n t e r l a y e r  water  i n  t h e  c - a x i s  
d i r e c t i o n .  

The mine ra l s  a r e  c h a r a c t e r i z e d  by a th ree -  

mordeni t e  A z e o l i t e  mineral:  
(Ca, Na2K)qAlg Si400g6*28H20. 
h igh  Si /Al  r a t i o  and i s  t h e  most hydrothermally s t a b l e  
of the  common z e o l i t e s  , 

It has a 
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n o n t r o n i  te 

o l i g o c l a s e  

pa ragon i t e 

phenocrys t 

phi1 l i p s i t e  

A d i o c t a h e d r a l  i r o n - r i c h  c l a y  mineral  of the 
montmori l loni te  group: 

*nH20. 
replacement of aluminum by f e r r i c  i r o n  i s  e s s e n t i a l l y  
complete. Nontroni te  commonly occurs  i n  weathered 
b a s a l t i c  rocks,  where i t  may occupy vesicles o r  v e i n s  
o r  occur  between lava flows. 

33Fe23+ (A1O. 33si3 .67 )O1O(oH) 2 
I t  r e p r e s e n t s  a n  end member i n  which t h e  

A mineral  of t h e  p l a g i o c l a s e  f e l d s p a r  group. I t  i s  
common i n  igneous rocks w i t h  i n t e r m e d i a t e  to  high 
s i l i c a  con ten t .  

A mineral  of t h e  mica group: 
NaA12(AlSi3)010(OH) 2. It corresponds t o  
muscovite b u t  with sodium i n s t e a d  of potassium and i t  
u s u a l l y  occur s  i n  metamorphic rocks,  Synonym: soda 
mica , 

A term widely used f o r  a r e l a t i v e l y  l a r g e ,  conspicuous 
c r y s t a l  i n  a p o r p h y r i t i c  rock. 

A z e o l i t e  mineral :  
(Kz,Naz,Ca) A12Si4012'4-5H20. It  some- 
times c o n t a i n s  sodium, b u t  always c o n t a i n s  consider-  
a b l e  potassium. It  i s  common i n  marine sediments.  

p l a g i o c l a s e  A group of f e l d s p a r  mine ra l s  of t h e  g e n e r a l  formula 
(Na,Ca)Al(siAl)Si208. 
1:3 t o  1:l. Synonym: sodium-calcium f e l d s p a r ,  

The Al/Si r a t i o  ranges from 

p o r p h y r i t i c  

powell i  t e  

prehni  te f a c i e s  

pumice 

p y r o c l a s t i c  

Said of t he  t e x t u r e  of an  igneous rock i n  which the  
l a r g e r  c r y s t a l s  (phenocrysts)  are set  i n  a f i n e r  
grained groundmass which may be c r y s t a l l i n e  o r  g l a s s y  
or  both.  

A mineral :  CaMoOL. 

A mineral :  Ca2A12Si3010(OH)2, commonly 
a s s o c i a t e d  with z e o l i t e s  b u t  s t a b l e  t o  a somewhat 
h ighe r  temperature . 
A l i g h t  colored v e s i c u l a r  g l a s s y  rock,  o f t e n  buoyant 
enough t o  f l o a t  on water. 

P e r t a i n i n g  t o  rock  composed of rock fragments formed 
by vo lcan ic  exp los ion  o r  a e r i a l  expu l s ion  from a 
vo lcan ic  vent.  

r a d i o l y s i s  Chemical decomposition caused by r a d i a t i o n .  
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r e c t o r i  te A wh i t e  c l a y  mineral  mixture  w i t h  a r e g u l a r  i n t e r -  
s t r a t i f i c a t i o n  of two mica l a y e r s  and one or more 
water layers. 

s a n i d i n e  

s e p i o l i  t e  

s h a l e  

smec ti  te 

t u f f  

v i  t r i c  

v i  t r i c  t u f f  

v i  t rophyre  

v i  tr ophyr i c  

welded t u f f  

z e o l i t e  

A h igh  temperature  minera l  of the  a l k a l i n e  f e l d s p a r  
group, KAISi308. 
monoclinic form occur r ing  i n  c l e a r  g l a s s y  c r y s t a l s  
embedded i n  una l t e red  acid volcanic  rocks .  I t  appears  
t o  be s t a b l e  under equ i l ib r ium c o n d i t i o n s  above 
approximately 5OO0C.  
Syn. g las sy  f e l d s p a r ,  ice spa r .  

I t  i s  a h i g h l y  d i so rde red  

Some sodium i s  always p re sen t .  

A c h a i n - l a t t i c e  c l a y  mineral :  
Mgq(Si2Og) 3 (OH) 2 *6H20. 

A f i ne -g ra ined  d e t r i t a l  sedimentary rock ,  formed by 
the  c o n s o l i d a t i o n  of c l a y ,  s i l t  o r  mud. 

A name f o r  t he  montmor i l lon i te  group of c l a y  mine ra l s ,  
d i o c t a h e d r a l  (montmor i l lon i te )  and t r i o c t a h e d r a l  
( s a p o n i t e ) ,  t h a t  posses s  swe l l ing  p r o p e r t i e s  and h igh  
ion exchange c a p a c i t i e s .  

A gene ra l  term f o r  conso l ida t ed  rocks  formed by 
fragments  from a vo lcan ic  e rup t ion .  

Said of p y r o c l a s t i c  m a t e r i a l  which c o n t a i n s  more than 
75% g l a s s .  

A t u f f  which c o n s i s t s  predominantly of vo lcan ic  g l a s s  
fragments.  

Any p o r p h y r i t i c  igneous rock having a g l a s s y  
groundmass. 

Said of a p o r p h y r i t i c  igneous rock having l a rge  
phenocrysts  i n  a g l a s s y  groundmass. 

A g l a s s  r i c h  p y r o c l a s t i c  rock t h a t  has been indura ted  
by t h e  welding toge the r  of i t s  g l a s s  sha rds  under the  
combined a c t i o n  of the  h e a t  r e t a i n e d  by p a r t i c l e s ,  t h e  
weight of ove r ly ing  m a t e r i a l  and h o t  gases .  
g e n e r a l l y  composed of s i l i c i c  p y r o c l a s t s  and appears  
banded. 

It  is  

A gene r i c  term f o r  a l a r g e  group of hydrous alumino- 
s i l i c a t e s  which a r e  analogous i n  composi t ion t o  the  
f e l d s p a r s  w i th  sodium, calcium and potassium a s  t h e i r  
ch ie f  me ta l s  and are c h a r a c t e r i z e d  by t h e i r  easy and 
r e v e r s i b l e  loss of water of hydra t ion  and by t h e i r  u s e  
as so rben t s  o r  c a t i o n  exchange agents .  
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