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ABSTRACT

P r o p e r t i e s  of b o r o s i l i c a t e  g l a s s  and the c r y s t a l l i n e  ceramic  
Synroc-D waste  forms fo r  im m o b i l iz a t io n  of Savannah River  P l a n t  
(SRP) de fen se  h i g h - l e v e l  waste  a r e  compared. Waste lo a d in g ,  leach  
r e s i s t a n c e ,  thermal  s t a b i l i t y ,  mechanica l  s t a b i l i t y ,  and r a d i a t i o n  
s t a b i l i t y  a r e  the p r o p e r t i e s  compared. Leaching data  a r e  from 
com para t ive  t e s t s  performed in d e p en d e n t ly  a t  the  Savannah River 
L a b o ra to ry  (SRL) and a t  the  M a t e r i a l s  C h a r a c t e r i z a t i o n  C e n te r ,  
supplemented by da ta  on b o r o s i l i c a t e  g l a s s  from SRL and d a ta  on 
Synroc-D from Lawrence Livermore  N a t io n a l  L a b o ra to ry  (LLNL). 
Mechanical  s t a b i l i t y  da ta  a r e  from com para t ive  impact t e s t s  a t  
Argonne N a t io n a l  L a b o ra to ry .  Data on o t h e r  p r o p e r t i e s  a r e  pr im ar­
i l y  from t e s t s  a t  SRL and LLNL. The comparison  shows t h a t  boro­
s i l i c a t e  g l a s s  i s  s u p e r i o r  in  some p r o p e r t i e s ,  and Synroc-D i s  
s u p e r i o r  in  o t h e r s ,  w i th  n e i t h e r  m a t e r i a l  showing a c l e a r  advan­
t a g e .  Based on product  p r o p e r t i e s  a l o n e ,  e i t h e r  m a t e r i a l  would be 
a c c e p t a b l e  fo r  SRP w as te .  P o t e n t i a l  improvements in  the  q u a l i t y  of 
bo th  waste  forms a r e  d i s c u s s e d .
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COMPARISON OF PROPERTIES OF BOROSILICATE GLASS AND CRYSTALLINE 
CERAMIC FORMS FOR IMMOBILIZATION OF SAVANNAH RIVER PLANT WASTE

INTRODUCTION

B o r o s i l i c a t e  g l a s s  and c r y s t a l l i n e  ceramic  a re  c a n d id a t e  waste  
forms f o r  im m o b i l i z a t io n  of Savannah River P l a n t  (SRP) de fen se  
h i g h - l e v e l  n u c l e a r  w a s te .^  The waste  form w i l l  be m anufac tured  in  
th e  Defense Waste P r o c e s s in g  F a c i l i t y  (DWPF) a t  SRP. E v e n tu a l ly ,  
waste  forms w i l l  be emplaced in  a f e d e r a l  underground r e p o s i t o r y  
f o r  permanent d i s p o s a l . ^ ’ ^

Since  1977, b o r o s i l i c a t e  g l a s s  has been the  r e f e r e n c e  waste  
form f o r  Du Pont development and d e s ig n  s t u d i e s  f o r  th e  DWPF. In 
1979, the  Department o f  Energy (DOE) i n i t i a t e d  a program to e v a lu ­
a t e  a number o f  a l t e r n a t i v e  waste  forms, i n c l u d i n g  o t h e r  g l a s s e s ,  
c e ram ics ,  c o n c r e t e s ,  c e rm e ts ,  m e t a l s ,  and composi te  mater ia ls .**

A f t e r  a tw o -y ea r ,  m u l t i - l a b o r a t o r y  development  program on 
seven  of  t h e se  waste  forms, i n c lu d in g  b o r o s i l i c a t e  g l a s s ,  a 
d e t a i l e d  assessm en t  o f  the  forms was made based on p roduc t  pe r form ­
ance p r o p e r t i e s  and p ro c e s s  f e a s i b i l i t y . ^  From t h i s  a s se ssm en t ,  
the  c r y s t a l l i n e  ceramic  "Synroc-D" and the  r e f e r e n c e  b o r o s i l i c a t e  
g l a s s  forms were chosen f o r  f i n a l  c o n s i d e r a t i o n  in  s e l e c t i n g  the  
DWPF waste  form in  1982. Synroc-D i s  be ing  developed by Lawrence 
Livermore N a t io n a l  L a b o ra to ry  (LLNL),^»® from th e  o r i g i n a l  
concep t  developed by P r o f e s s o r  A. E. Ringwood a t  the  A u s t r a l i a n  
N a t io n a l  U n i v e r s i t y . ^  B o r o s i l i c a t e  g l a s s  i s  be ing  developed  f o r  
SRP waste  by the  Savannah R iver  L a b o ra to ry  (SRL).®“ *̂̂ E i t h e r  form 
would be a c c e p t a b l e  f o r  SRP w a s te ,  based on p ro d u c t  p r o p e r t i e s  
a lo n e .  F i n a l  s e l e c t i o n  o f  a waste  form f o r  the  DWPF w i l l  in v o lv e  a 
number o f  f a c t o r s ,  i n c l u d i n g  p ro d u c t  pe r fo rm ance ,  p r o c e s s a b i l i t y , 
system c o s t s ,  s a f e t y ,  and r i s k  to  f u t u r e  g e n e r a t i o n s .

The purpose  o f  t h i s  r e p o r t  i s  to  rev iew  and compare the  a v a i l ­
ab le  d a t a  on p ro d u c t  p r o p e r t i e s  o f  b o r o s i l i c a t e  g l a s s  and c r y s t a l ­
l i n e  ceramic  w as te  forms.  DWPF p r o d u c t io n  p r o c e s s e s  f o r  the  two 
forms a re  d e s c r i b e d  and compared i n  Refe rence  11. L a r g e - s c a l e  
waste  forms have been made w i th  b o r o s i l i c a t e  g l a s s ,  but no t  w i th  
S3̂ r o c - D .  The p r o p e r t i e s  d i s c u s s e d  were measured w i th  s m a l l - s c a l e  
l a b o r a t o r y  specim ens.

Bas ic  f e a t u r e s  o f  the  two m a t e r i a l s  w i l l  be d e s c r i b e d , 
fo l lowed  by d e t a i l e d  comparisons  o f  t h e i r  im p o r tan t  p r o p e r t i e s .
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Leach  r e s i s t a n c e  i s  t h e  w a s t e - f o r m  p r o p e r t y  c o n s i d e r e d  m os t  e s s e n ­
t i a l  t o  a d e q u a t e  p e r f o r m a n c e  o f  e a c h  m a t e r i a l . T h e  s i z a b l e  body 
o f  l e a c h i n g  d a t a  i s  s tu m na r iz ed ,  a n d ,  w here  p o s s i b l e ,  d i r e c t  co m p a r ­
i s o n s  b e tw e e n  b o r o s i l i c a t e  g l a s s  and t h e  S y n ro c -D  c r y s t a l l i n e  
c e r a m i c  a r e  made.  P h y s i c a l  p r o p e r t i e s ,  i n c l u d i n g  t h e r m a l  and 
m e c h a n i c a l  s t a b i l i t i e s ,  a r e  c o m p a r e d ,  f o l l o w e d  by a d i s c u s s i o n  o f  
t h e  r e l a t i v e  r a d i a t i o n  s t a b i l i t y  o f  t h e  two m a t e r i a l s .  F i n a l l y ,  
im p r o v e m e n t s  i n  e a c h  w a s t e  fo rm t h a t  m i g h t  r e s u l t  f rom o p t i m i z a t i o n  
s t u d i e s  a r e  d i s c u s s e d .

-  8 -



SUMMARY

B o r o s i l i c a t e  g l a s s  i s  a v i t r e o u s  m a t e r i a l  t h a t  can  accom modate  
w ide  v a r i a t i o n s  i n  w a s t e  c o m p o s i t i o n ,  and  t h u s  i s  an  a t t r a c t i v e  
h o s t  f o r  i m m o b i l i z a t i o n  o f  SRP d e f e n s e  h i g h - l e v e l  w a s t e .  C r y s t a l ­
l i n e  c e r a m i c  w a s t e  f o r m s ,  s u c h  a s  S y n r o c - D ,  a r e  a l s o  v i a b l e  c a n d i ­
d a t e s .  The c e r a m i c  m a t e r i a l s  a r e  d e n s e ,  m i n e r a l - l i k e  p h a s e  a s s e m ­
b l a g e s  t h a t  c a n  b e  t a i l o r e d  t o  c r e a t e  d u r a b l e  h o s t  p h a s e s  f o r  t h e  
w a s t e  e l e m e n t s .  The p r o p e r t i e s  o f  b o r o s i l i c a t e  g l a s s  and  S y n r o c -D  
a r e  com pa red  i n  t h i s  r e p o r t .  W a s t e  l o a d i n g ,  l e a c h  r e s i s t a n c e ,  
t h e r m a l  s t a b i l i t y ,  m e c h a n i c a l  s t a b i l i t y ,  and  r a d i a t i o n  s t a b i l i t y  
a r e  t h e  p r o p e r t i e s  c o m p a r e d .  R e s u l t s  o f  t h e  c o m p a r i s o n  a r e  
su m m a r i z ed  i n  T a b l e  1.

Waste load ing  o f  the  c u r r e n t  r e f e r e n c e  b o r o s i l i c a t e  g l a s s  
w as te  form i s  28 wt Z as o x id e s .  On an e q u i v a l e n t  b a s i s ,  th e  waste  
load ing  o f  Synroc-D f o r  b lended  waste  i s  about 52 wt Z. D e n s i t i e s  
o f  th e  g l a s s  and ceramic  forms a r e  about 2 .8  g/cm^ and 4 .0  g/cm^, 
r e s p e c t i v e l y .

E x ten s iv e  d a t a  a r e  p r e s e n t e d  on com para t ive  l e a c h in g  p r o p e r ­
t i e s  o f  b o r o s i l i c a t e  g l a s s  and Synroc-D. The w as te  forms a re  
compared by leach  r a t e  f o r  ces ium, s t r o n t i u m ,  uranium, and e ig h t  
o t h e r  e lem en ts ,  under  a v a r i e t y  o f  t e s t  c o n d i t i o n s .  The e f f e c t s  of  
waste  com p o s i t io n ,  l e a c h a n t  co m p o s i t io n ,  t e m p e r a t u r e ,  and flow r a t e  
a re  e v a l u a t e d .  Comparative  l e a c h in g  d a t a  a r e  a v a i l a b l e  only  fo r  
MCC t e s t s  up to  28 days d u r a t i o n .

N e i th e r  b o r o s i l i c a t e  g l a s s  nor  Synroc-D i s  s u p e r i o r  in  l e a c h  
r e s i s t a n c e  f o r  a l l  o f  t h e  p r i n c i p a l  ra d w as te  e lem en ts .  However, 
on th e  a v e rag e ,  Synroc-D i s  s l i g h t l y  b e t t e r  f o r  t h e  e lem ents  
s t u d i e d .  Synroc-D i s  s i g n i f i c a n t l y  b e t t e r  t h a n  b o r o s i l i c a t e  g l a s s  
f o r  uranium r e t e n t i o n ,  bu t  b o r o s i l i c a t e  g l a s s  i s  much b e t t e r  f o r  
s t r o n t i u m .  D i f f e r e n c e s  be tween t h e  two f o r  ces ium r e t e n t i o n  a r e  
sm al l  and depend on w as te  co m p o s i t io n .

The e f f e c t s  o f  w as te  com pos i t ion  and l e a c h a n t  co m p o s i t io n  on 
l e a c h in g  a r e  i n  g e n e r a l  r e l a t i v e l y  sm al l  o v e r  t h e  ex p ec ted  range  o f  
v a r i a t i o n .  The e f f e c t  o f  t e m p e ra tu re  on l e a c h i n g  between 40 and 
150*C ranges  from a f a c t o r  o f  4 i n c r e a s e  t o  a f a c t o r  o f  150 i n ­
c r e a s e ,  depending on th e  e lement and l e a c h a n t .  Leachant f low r a t e  
e f f e c t s  a r e  v a r i a b l e ,  depending  on t h e  e lement le ached ,  bu t  a r e  
r e l a t i v e l y  sm al l  a t  low flow r a t e s .  For o t h e r  f a c t o r s ,  such as  pH, 
Eh, r a t i o  o f  s o l i d  s u r f a c e  a r e a  t o  volume o f  l e a c h a n t  (SA/V), 
p r e s s u r e ,  and s u r f a c e  c o n d i t i o n ,  th e  d a t a  e x i s t  main ly  f o r  bo ro ­
s i l i c a t e  g l a s s ,  w i th  l i t t l e  com para t ive  l e a c h in g  d a t a  f o r  Synroc-D.

P h y s i c a l  p r o p e r t i e s  r e l a t i n g  to  the rm al  and mechan ica l  
s t a b i l i t y  o f  t h e  w as te  forms a r e  i n t e r r e l a t e d  and a r e  c o n s id e r e d  
t o g e t h e r .  Crack ing  o f  th e  w as te  form d u r in g  l a r g e - s c a l e  p r o d u c t io n  
i s  a known phenomenon f o r  b o r o s i l i c a t e  g l a s s ,  and a p r o b a b le  one
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TABLE 1

Summary o f  P r o p e r t i e s  o f  
B o r o s i l i c a t e  G l a s s  and  S y n ro c -D  W aste  Forms

P r o p e r t y

Waste L oad ing ,^  wt %

D e n s i ty ,  g/cm^

R e l a t i v e  R ad io n u c l id e  
Content

Leach Rate,*^ g / (m ^)(day )

Cesium
S t ro n t iu m
Uranium

Impact Response ,^  
wt % f i n e s

R a d i a t i o n  S t a b i l i t y

B oros  i l i c a t e  
G l a s s _____

28

2 .7 5

1

~1
<10-3  
- 10”  1

0 .1 4 - 0 .1 8  

Very Good

S ynroc -D
Ceram ic

-50*^

4 . 0

-1
- 10"^
- 10” *+

0 .16

Undetermined

a .  Nominal lo a d in g  o f  w as te  o x id e s ,  c a l c u l a t e d  w i th  
aluminum removal .

b.  For b lended  w as te ;  s m a l l - s c a l e  specimens w i th  d i f f e r e n t  
s im u la ted  wastes  had lo ad in g s  from 13 to  52 wt %.

c .  Average le ac h  r a t e s  from 28-day MCC-1 S t a t i c  Leach 
T e s t s  a t  90*C.

d.  F in e s  l e s s  than  10 m ic ro m e te r s ,  measured i n  impact 
t e s t s  w i th  10 J/cm3 energy  d e n s i t y .
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f o r  S y n r o c -D .  Bulk  f r a c t u r e  and  s u r f a c e  c r a c k i n g  c a n  be c o n t r o l l e d  
t o  some e x t e n t  w i t h  b o t h  f o rm s .  The i m p a c t  r e s i s t a n c e s  o f  b o r o s i l ­
i c a t e  g l a s s  and  Syn ro c -D  a r e  a l m o s t  i d e n t i c a l  u n d e r  a v a r i e t y  of  
c o n d i t i o n s .  The p r i n c i p a l  t h e r m a l  e f f e c t  o f  i n t e r e s t  f o r  b o r o s i l ­
i c a t e  g l a s s  i s  d e v i t r i f i c a t i o n ,  w h ic h  c a n  be  c o n t r o l l e d ;  t h e r e  i s  
no a n a l o g o u s  t h e r m a l  e f f e c t  w i t h  c r y s t a l l i n e  c e r a m i c .

R a d i a t i o n  s t a b i l i t y  s t u d i e s  h a v e  b e e n  p e r f o r m e d  f o r  b o r o s i l i ­
c a t e  g l a s s .  F o r  S y n r o c - D ,  r a d i a t i o n  p r o p e r t i e s  a r e  i n f e r r e d  from 
s t u d i e s  o f  n a t u r a l  m i n e r a l  a n a l o g s .  T h e r e  i s  no e v i d e n c e  o f  s i g ­
n i f i c a n t l y  d e t r i m e n t a l  e f f e c t s  o f  r a d i a t i o n  on e i t h e r  w a s t e  fo rm.

Im p ro v e m e n ts  i n  p r o d u c t  q u a l i t y  may be p o s s i b l e  f rom o p t i m i z a ­
t i o n  o f  e i t h e r  w a s t e  fo rm .  B o r o s i l i c a t e  g l a s s  may b e n e f i t  f rom 
f r i t  r e f o r m u l a t i o n ,  f rom i n c r e a s e d  w a s t e  l o a d i n g ,  an d  from m e a s u r e s  
t o  d e c r e a s e  t h e r m a l  f r a c t u r i n g .  F o r  S y n ro c -D  c e r a m i c ,  p o t e n t i a l  
im p r o v e m e n t s  may be p o s s i b l e  by d e v e l o p i n g  more d u r a b l e  p h a s e s  and  
by  p r o c e s s  c h a n g e s  t h a t  c o u l d  e n s u r e  c o n s i s t e n t  p r o d u c t  q u a l i t y  
w i t h o u t  s t r i n g e n t  p r o c e s s  c o n t r o l .

DESCEIPTION OF BOROSILICATE GLASS

G lasse s  a r e  amorphous, v i t r e o u s  m a t e r i a l s  formed by m e l t in g  
t o g e t h e r  the  ox ides  of  v a r io u s  e lem en ts .  Because of  the  amorphous 
s t r u c t u r e ,  g l a s s e s  can accommodate wide v a r i a t i o n s  in  com pos i t ion .  
Th is  p ro p e r ty  makes g l a s s  an a t t r a c t i v e  h o s t  fo r  n u c l e a r  w as te ,  
which may c o n t a i n  more than  40 e lements  in  v a r i a b l e  amounts .

S i l i c a  i s  the  p r i n c i p l e  g l a s s  former in  most g l a s s e s .  With 
i n c r e a s i n g  s i l i c a  c o n t e n t ,  g l a s s e s  e x h i b i t  the  fo l lo w in g  changes:  
( 1) d u r a b i l i t y  i n c r e a s e s ,  which i s  d e s i r a b l e  f o r  n u c l e a r  waste  
forms, bu t  (2 ) the  m e l t in g  t e m p e ra tu re  i n c r e a s e s ,  which makes the  
g lasses- more d i f f i c u l t  to  produce and i n c r e a s e s  the  v o l a t i l i t y  of  
r a d i o n u c l i d e s  such a s  cesium. A p r a c t i c a l  m e l t i n g  t e m p e ra tu re  fo r  
p re p a r in g  n u c l e a r  waste  g l a s s e s  w i th o u t  s i g n i f i c a n t  cesium v o l a t i l ­
i t y  i s  1150“C.

B o r o s i l i c a t e  g l a s s e s  a r e  a g e n e r i c  family  of g l a s s  composi­
t i o n s ,  many of  which melt  in  the  1050-1250*0 r an g e ,  have r e l a t i v e l y  
good d u r a b i l i t y ,  and a r e  com pat ib le  w i th  SRP h i g h - l e v e l  waste.® 
B o r o s i l i c a t e  g l a s s e s  a r e  r i c h  in  soda ,  s i l i c a ,  and boron .  Exten­
s i v e  s t u d i e s ®> have shown t h a t  b o r o s i l i c a t e  g l a s s  i s  a 
s u i t a b l e  m a t e r i a l  f o r  im m o b i l i z a t io n  of  SRP h i g h - l e v e l  w a s te .  The 
d e s i r a b l e  p r o p e r t i e s  coupled  w i th  the  w e l l -d e v e lo p e d  p ro c e ss in g  
te ch n o lo g y ,  led  to  a ch o ice  of  b o r o s i l i c a t e  g l a s s  as  the  r e f e r e n c e  
waste  form f o r  the  DWPF.^*^
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The SRP b o r o s i l i c a t e  g l a s s  w a s t e  form t y p i c a l l y  c o n t a i n s  a b o u t  
28 wt % a s  o x i d e s  o f  SRP h i g h - l e v e l  w a s t e  s l u d g e  ( a f t e r  a lum inum  
r e m o v a l ) .  C o m p o s i t i o n s  o f  some t y p i c a l  s i m u l a t e d  s l u d g e s  a r e  g i v e n  
i n  T a b l e  2 ,  e x p r e s s e d  r e l a t i v e  t o  Fe203  c o n t e n t  i n  t h e  s l u d g e .  A 
c o m p o s i t e  s i m u l a t e d  s l u d g e  has  b e e n  d e f i n e d  w h ic h  c o n t a i n s  a 
w e i g h t e d  a v e r a g e  o f  m a j o r  e l e m e n t s  found  i n  SRP w a s t e  t a n k s .
H i g h - a l u m in u m  and h i g h - i r o n  s i m u l a t e d  s l u d g e s  r e p r e s e n t  e x t r e m e  
c o m p o s i t i o n s  t h a t  w e re  found  i n  i n d i v i d u a l  t a n k s .

About  75% o f  t h e  a lum inum  in  SRP s l u d g e  i s  removed b e f o r e  t h e  
s l u d g e  i s  i n c o r p o r a t e d  i n t o  b o r o s i l i c a t e  g l a s s .  Removal  o f  i n e r t  
AI2 O3 h a s  two b e n e f i c i a l  e f f e c t s :  ( 1 ) t h e  amount  o f  h i g h - l e v e l
w a s t e  t o  be  s o l i d i f i e d  i s  r e d u c e d  s u b s t a n t i a l l y ;  ( 2 ) t h e  v i s c o s i t y  
o f  t h e  m o l t e n  g l a s s  a t  1150 ’ C i s  l o w e r e d .  T a b l e  2 shows t h a t  t h e  
s l u d g e  c o m p o s i t i o n s  e x p r e s s e d  a s  t h e  w e i g h t  r a t i o  o f  a c om ponen t  t o  
Fe^Og a r e  i n v a r i a n t  t o  r e m o v a l  o r  a d d i t i o n  o f  a n o t h e r  c o m p o n e n t .  
T h i s  i s  i l l u s t r a t e d  f o r  AI2 O3 ; s l u d g e s  w i t h  an d  w i t h o u t  a lu m inum  
re m o v a l  h a v e  i d e n t i c a l  r a t i o s  t o  F e 203  f o r  a l l  c o m p o n e n t s  e x c e p t  
AI2O3 .

B o r o s i l i c a t e  waste  g l a s s e s  a r e  formed by m e l t in g  a m ix tu re  o f  
g l a s s - f o r m i n g  components and waste  s l u r r y .  In  p r a c t i c e ,  the  g l a s s -  
forming a d d i t i v e s  a r e  p remel ted  to g ive  a m a t e r i a l  c a l l e d  " f r i t ” 
t h a t  i s  easy to  hand le  and,  when re m e l te d ,  r a p i d l y  i n c o r p o r a t e s  the 
w as te .  In a d d i t i o n  to  s i l i c a ,  soda,  and boron ,  f r i t s  g e n e r a l l y  
c o n t a i n  s e v e r a l  o t h e r  e lem ents  t h a t  impart  d e s i r a b l e  p r o p e r t i e s  to 
the  p ro d u c t .  The c u r r e n t  r e f e r e n c e  f r i t  f o r  the  SRP b o r o s i l i c a t e  
g l a s s  waste  form i s  d e s i g n a t e d  F r i t  131, w i th  the  com pos i t ion  g iven  
in  Table  3.  Other  f r i t  com pos i t ions^^  a l s o  g ive  s u i t a b l e  b o r o s i l ­
i c a t e  g l a s s  w as te  forms. Improvement of the  f r i t  com pos i t ion  i s  an 
ongoing program to  o p t im ize  l e ac h  r e s i s t a n c e ,  waste  s o l u b i l i t y  in  
th e  m e l t ,  v i s c o s i t y  o f  the  m e l t ,  and r e s i s t a n c e  to  d e v i t r i f i c a t i o n .

T y p ica l  o v e r a l l  com pos i t ions  of b o r o s i l i c a t e  g l a s s e s  c o n t a i n ­
ing s im u la te d  SRP h i g h - l e v e l  w as tes  a r e  shown in  Table  4.  The 
S i02 and Na^O c o n t e n t s  a r i s e  p r i m a r i l y  from the  f r i t ,  bu t  w i th  
sm al l  c o n t r i b u t i o n s  from th e  w as te .  In  s t u d i e s  w i th  s im u la ted  
w a s te ,  Ce2 0 3 , Nd2 0 3 , SrO, and GS2O were added to  r e p r e s e n t  numerous 
minor e lem ents  in  th e  w as te .  The amounts of  SrO and CS2O shown in  
Tab le  4 a r e  f i v e  to  t e n  t imes g r e a t e r  than  in  a c t u a l  w as te .  P rep ­
a r a t i o n  of  b o r o s i l i c a t e  g l a s s  c o n t a i n i n g  a c t u a l  SRP w as te  has been 
dem o n s t ra ted .

The p rocess  f o r  making l a r g e - s c a l e  b o r o s i l i c a t e  g l a s s  w as te  
forms c e n t e r s  around a s l u r r y - f e d ,  j o u l e - h e a t e d ,  con t inuous  g l a s s  
m e l t e r  from which mol ten  g l a s s  i s  poured i n t o  c a n i s t e r s  o f  0.61 m 
(2 f t . )  d i a m e te r  and 3 .0  m (9 f t . ,  10 i n . )  h e i g h t .  Cesium e n t e r s  
the  f r i t - s l u d g e  s l u r r y  from a s e p a r a t e  s t r eam .  The s ludge  i s  
p r e t r e a t e d  to  remove mercury and p a r t  o f  the  a l u m i n u m . T h e  g l a s s  
d e n s i t y  i s  t y p i c a l l y  2.75 g/cm^ a t  ambient t e m p e ra tu re .
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TABLE 2

C o m p o s i t i o n  o f  T y p i c a l  S i m u l a t e d  SRP S l u d g e s

Wt R a t i o  t o  ^^203

H i g h - H i g h -
Composite Aluminum Iro n

1 . 000 1. 000 1.000

A1„0 ,^ 0 .196 3.428 0.023
(0 .782) (14 .295) (0 .092)

Mn02 0.275 0.821 0.067

0 .090 0.241 0.232

CaO 0.075 0.066 0.068

NiO 0.124 0.147 0.171

S102 0.024 0.106 0.007
Na^O 0.141 0 .258 0.085

Na2S0 ^ 0.026 0.033 0.009
Ce^Os 0 . 021 0.067 0.018

Nd20s 0 . 021 0.067 0.018

SrO 0 . 011 0.033 0.009

a. Al„ 0 ,  c o n te n t  a f t e r aluminum removal ( b e fo re
aluminum removal in p a r e n t h e s e s ) A l l  o t h e r
components have th e same weight r a t i o  a f t e r
removal as b e f o r e .

TABLE 3

Composi t ion o f  F r i t  131, wt Z

Sic 2 57.9

V Na20 17.7

®2°3 14.7

L i 20 5 .7

MgO 2 . 0

T i02 1 . 0

Zr02 0.5

^ 2 ° 3 0.5
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TABLE 4

C o m p o s i t i o n  o f  T y p i c a l  B o r o s i l i c a t e  G l a s s e s
I n c o r p o r a t i n g  S i m u l a t e d  SRP H i g h - L e v e l  W a s t e ,  wt %

H i g h - H i g h -
Composite Aluminum Iron

F r i t  Components:

S i02® 42.1 42.7 42.1
Na2 0^ 14.9 14.1 14.2
Bo Oq 
Li20

10.6 10.7 10.7
4.1 4 .2 4.1

MgO 1.4 1.5 1.5
T i02 0 .7 0 .7 0 .7
Zr02 0 .4 0 .4 0 .4

0 .4 0 .4 0 .4

Waste Components:

^®2°3u
Al^Oa^

13.8
2.7

4 .3
14.7

16.0
0 .4

Mn02 3 .8 3 .5 1.1
^3^8 1 . 2 1.0 3.7
CaO 1.0 0 .3 1.1
NiO 1.7 0 . 6 2.7
SD3 0 . 2 0 . 1 0 . 1

F i s s i o n  P roduc t  S im u lan t s :

*-®2®3 0.29 0 .29 0 .28
0 .29 0 .29 0 .28

SrO 0.15 0 .14 0 .1 4
CS2 0 0 . 21 0 . 21 0 . 2 1

a .  In c lu d e s  minor c o n t r i b u t ion  from was t e .
With aluminum removal.
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G l a s s e s  a r e  g e n e r a l l y  s u b j e c t  t o  s e v e r a l  phenoraena t h a t  c o u l d  
a f f e c t  t h e i r  p e r f o r n i a n c e  a s  a w a s t e  fo rm .  T h e s e  e f f e c t s  a r e :
(1 )  d e v i t r i f i c a t i o n ;  (2 )  f r a c t u r e ;  (3 )  r a p i d  h y d r o t h e r m a l  r e a c ­
t i o n s .  C o n d i t i o n s  o f  w a s t e - f o r m  m a n u f a c t u r e  and  i s o l a t i o n  a r e  t o  
be  c h o s e n  t o  m i n i m i z e  any  a d v e r s e  e f f e c t s  o f  t h e s e  phenomena.

D e v i t r i f i c a t i o n  r e f e r s  t o  u n i n t e n t i o n a l  c r y s t a l l i z a t i o n  i n  
g l a s s ,  wh ich  c a n  o c c u r  i f  t h e  g l a s s  e x p e r i e n c e s  t e m p e r a t u r e s  o f  
500 t o  900 ' ’C f o r  a lo n g  p e r i o d  o f  t i m e .  D e v i t r i f i c a t i o n  u s u a l l y  
d e c r e a s e s  d u r a b i l i t y  o f  t h e  g l a s s .

F r a c t u r e  o r  c r a c k i n g  may be  c a u s e d  by i m p a c t  o r  by t h e r m a l  
s t r e s s e s  a s  t h e  w a s t e  fo rm  c o o l s  f rom t h e  m e l t . ^ ^  The e f f e c t  o f  
f r a c t u r e  i s  t o  i n c r e a s e  t h e  s u r f a c e  a r e a  o f  t h e  w a s t e  fo rm .

Hydrothermal r e a c t i o n s  occur  when g l a s s  i s  exposed to w a te r  
a t  e l e v a t e d  t e m p e ra tu re s  and p r e s s u r e s ,  as  fo r  example 300*C and 
300 atm. Under th e se  c o n d i t i o n s ,  the  g l a s s  can a l t e r  com ple te ly  
to  m i n e r a l - l i k e  c r y s t a l l i n e  phases which may or may not r e t a i n  the  
waste  r a d i o n u c l i d e s  w e l l . ^ ^  Because o f  the  low h e a t  c o n te n t  o f  SRP 
b o r o s i l i c a t e  g l a s s  waste  forms (abou t  400 w a t t s  per c a n i s t e r ) ,  
hydro therm al  r e a c t i o n s  w i l l  not occur  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  of  l e s s  than  100*C and 70 atm.

Im por tan t  p r o p e r t i e s  of  the  b o r o s i l i c a t e  g l a s s  waste  form 
i n c lu d e  l e a c h a b i l i t y , the rm a l  and mechan ica l  s t a b i l i t y ,  and r a d i a ­
t i o n  s t a b i l i t y .  These p r o p e r t i e s  a r e  d i s c u s s e d  in  fo l lo w in g  
s e c t i o n s  of  t h i s  r e p o r t ,  where they a r e  compared w i th  the  p rope r ­
t i e s  of the  c r y s t a l l i n e  ceramic  waste  form.

DESCRIPTION OF CRYSTALLINE CERAMIC

C r y s t a l l i n e  ceramics  a r e  dense ,  f i n e - g r a i n e d  assem blages  o f  
com pa t ib le  chemica l  phases .  S t a b l e  ox ide  phases ,  such as  t i t a -  
n a t e s ,  s i l i c a t e s ,  o r  a lu m in a t e s  can be f a b r i c a t e d  in to  d u r a b le  
m i n e r a l - l i k e  ce ram ics .  C e r t a i n  ox ide  phases can i n c o r p o r a t e  
s p e c i f i c  n u c l e a r  waste  e lem ents  i n t o  the  ox ide  c r y s t a l  s t r u c t u r e .  
Thus,  th e  concept  o f  c r e a t i n g  a h ig h ly  d u r a b le  ceramic  waste  form 
in v o lv es  " t a i l o r i n g ” n u c l e a r  waste  w i th  a d d i t i v e s  t h a t  promote the  
fo rm a t io n  of  d e s i r e d  h o s t  phases .

S e v e ra l  d i f f e r e n t  c r y s t a l l i n e  phase assem blages  have been  
s u g g es ted  f o r  d e fe n se  w as te .  The f i r s t  such p ro p o sa l  was the  
s i l i c a t e - b a s e d  " S u p e r c a l c in e "  c e r a m i c , w h i c h  l a t e r  evolved  i n t o  
t h e  a lu m in a t e - b a s e d  " T a i l o r e d  •Ceramic" deve loped  by Rockwell .  
Another app roach ,  f i r s t  proposed by A. E. Ringwood a t  the  
A u s t r a l i a n  N a t io n a l  U n i v e r s i t y ,  uses  phases t h a t  a r e  s i m i l a r  to  
n a t u r a l  m in e ra l s  t h a t  have s u rv iv e d  over  g e o lo g ic  t ime and may have 
c o n ta in e d  r a d i o a c t i v e  e l e m e n t s ; ^ ‘̂  a  t i t a n a t e - b a s e d  ceramic
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d e s ig n a t e d  "Synroc” has such p r o p e r t i e s .  "Synroc-D", developed by 
Lawrence Livermore N a t io n a l  L a b o ra to ry ,  is  a v a r i a n t  o f  t h i s  con­
cep t  s u i t a b l e  fo r  SRP de fe n se  w as te .^»^^  Because Synroc-D has 
very  good d u r a b i l i t y  and i s  the b e s t  developed of  the  c r y s t a l l i n e  
ceramic  waste  forms, i t  was s e l e c t e d  as the  r e f e r e n c e  a l t e r n a t i v e  
waste  form fo r  SRP h i g h - l e v e l  w as te .^

The r e f e r e n c e  Synroc-D waste  form c o n ta i n s  about 65 wt % as 
ox ides  of  SRP h i g h - l e v e l  waste  s ludge  w i th o u t  aluminum removal 
(about  50 wt % on an aluminum removal b a s i s ) . S i m u l a t e d  s lu d g es  
s i m i l a r  to  those  in  Table  2 have been in c o r p o r a t e d  i n t o  Synroc-D 
waste  forms. Because aluminum may be a d e s i r a b l e  component of  
was te  c e ram ic s ,  the  s ludge  p r e t r e a t m e n t  p ro c e s s  does no t  i n c lu d e  an 
aluminimi d i s s o l u t i o n  s t e p ,  and Synroc-D i s  t a i l o r e d  to  the  waste  
com pos i t ion  "w i thou t  aluminum rem ova l . "

Chemical a d d i t i v e s  a re  mixed w i th  the  waste  b e fo re  ceramic  
f a b r i c a t i o n  to  e n su re  t h a t  the  p ro p e r  c r y s t a l l i n e  phases  form in  
the  p r o d u c t .  T i t a n i a  i s  added to  form the  m i n e r a l - l i k e  t i t a n a t e  
phases  t h a t  a re  th e  b a s i s  f o r  Synroc-D. Other  components,  such as 
ca lc ium  o x id e ,  z i r c o n i a ,  and s i l i c a  a l s o  a re  r e q u i r e d  to  make th e  
d u r a b le  p h ase s .  The a d d i t i v e s  a re  t a i l o r e d  to  the  com pos i t ion  of  
the  waste  so t h a t  s u f f i c i e n t  amounts o f  the  r e q u i r e d  phases  w i l l  be 
formed to  accommodate a l l  o f  th e  r a d i o a c t i v e  e lem en ts .  Many o f  the  
n o n r a d i n a c t i v e  e lem en ts  i n  the  w a s te ,  such as i r o n  and aluminum, 
tend  to  form d u r a b le  phases  even w i th o u t  t a i l o r i n g .

T yp ica l  o v e r a l l  com pos i t ions  o f  Synroc-D ceramic  waste  forms 
c o n t a i n i n g  s im u la ted  SRP h i g h - l e v e l  w as tes  a re  g iven  in  Table  5.
The CaO and S i02 c o n t e n t s  a r i s e  p r i m a r i l y  from the  a d d i t i v e s ,  bu t  
w i th  smal l  c o n t r i b u t i o n s  from th e  w a s te .  F i s s i o n  p ro d u c t  s im u la n t s  
were added in  the  same manner as f o r  b o r o s i l i c a t e  g l a s s .  With 
t h e s e  co m p o s i t io n s ,  th e  waste  lo a d in g s  (w i th o u t  aluminum removal) 
a re  62.7 wt Z  w i th  composi te  s lu d g e ,  39.8  wt Z  w i th  h igh-a luminum 
s lu d g e ,  and 53.7 wt % w i th  h i g h - i r o n  s lu d g e .  The c o r r e sp o n d in g  
lo a d in g s  f o r  compar ison w i th  b o r o s i l i c a t e  g l a s s  would be 4 8 . 8 ,
12 .8 ,  and 51.6 wt Z ,  r e s p e c t i v e l y ,  when aluminum removal i s  
accounted  f o r .  Synroc-D has  been p rep a red  on ly  w i th  s i m u l a t e d ,  
n o t  a c t u a l ,  SRP w as te .

The c r y s t a l l i n e  phases^  nom ina l ly  p r e s e n t  in  Synroc-D a r e  
l i s t e d  i n  Table  6 . In  a d d i t i o n ,  a g l a s s y  phase  g e n e r a l l y  i s  
p r e s e n t .  The s p i n e l  phase  c o n ta i n s  most o f  the  i r o n  and aluminum, 
and i n  p r i n c i p l e  should  c o n t a i n  v e ry  few atoms o f  th e  r a d i o a c t i v e  
waste  e l e m e n t s .^  P e r o v s k i t e  i s . the  p r i n c i p a l  h o s t  f o r  s t r o n t i u m ,  
l a n t h a n i d e s ,  and t r i v a l e n t  a c t i n i d e s .  Z i r c o n o l i t e  w i l l  c o n t a i n  
uranium and o t h e r  t e t r a v a l e n t  a c t i n i d e s .  Nephel ine  w i l l  accommo­
d a t e  most o f  the  sodium in  t h e  waste  and i s  th e  h o s t  f o r  ces ium. 
Some cesium a l s o  may e n t e r  the  g l a s s y  phase .  Each c r y s t a l l i n e  
phase  can c o n t a i n  a wide range  o f  chemical c o n t e n t s  and i o n i c
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TABLE 5

C o m p o s i t i o n  o f  T y p i c a l  S y n r o c - D  C e r a m i c s
I n c o r p o r a t i n g  S i m u l a t e d  SRP H i g h - L e v e l  W a s t e ,  wt %

S y n r o c  A d d i t i v e s :

Ti02
Zr02
CaO^
SiO^^
Fe^Oa^
Ai^Oa^

Waste Components:

Fe«0,

MnG-

NiO
Na^O
Na^SO,2 1+

F i s s i o n  Product  S im ulan ts ;

Ce oOo 

SrO
CS2O

H i g h - High-
C o m p o s i t e Aluminum I r o n

1 8 .8 1 6 .8 1 8 . 4
6 .6 5 .1 10 .6
7.1 5 . 0 7 .7
7 .2 1.2 6 .7
— 3 4 .9 —

8 . 0

2 3 . 8 3 0 . 2
1 8 .6 3 3 . 8 —

7 . 4 1 .5 2 . 3
2 .1 0 . 5 7 . 0
3 . 0 0 . 3 4 . 7
3 . 3 0 . 5 2 . 6
0 . 6 0 . 0 5 0 . 6

0 . 5 0 0 . 1 3 0 . 3
0 . 5 0 0 . 1 5 0 . 3
0 . 2 5 0 . 0 5 0 . 3
0 . 2 5 0 . 0 5 0 . 3

a .  In c lu d e s  minor c o n t r i b u t i o n  from w a s te .
b.  Without aluminum removal .
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TABLE 6

P h a s e  C o m p o s i t i o n  o f  S v n r o c -D  C e ra m ic ^

C r y s t a l l i n e  
P h a s e ________

S p i n e l

P e r o v s k i t e

Z i r c o n o l i t e

N e p h e l i n e  and  
G l a s s v  P h a s e

A p p r o x i m a t e  
A b u n d a n c e , 
wt %_________

48

15

19

18

Normal  Form

F eAl 2O Lj -̂Fe 2T iO

CaTiO-

CaZrTi20y

NaAlSiO,

Waste  E l e m e n t s ^  

A l ,  F e ,  Mn, Ni 

S r , C e , Nd, Ca 

Ca,  U

Na,  C s , A l , Si

a .  W i th  c o m p o s i t e  s l u d g e ;  f rom R e f e r e n c e  5.
b .  R a d i o a c t i v e  e l e m e n t s  a r e  u n d e r l i n e d .
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r a d i i ,  w i t h o u t  l o s i n g  d u r a b i l i t y .  Such v e r s a t i l i t y  i s  n e c e s s a r y  
f o r . t h e  c e r a m i c  t o  accom modate  e x p e c t e d  v a r i a t i o n s  i n  w a s t e  
c o m p o s i t i o n .

The c o n c e p t u a l  p r o c e s s  f o r  making  c r y s t a l l i n e  c e r a m i c  w a s t e  
forms  c e n t e r s  a r o u n d  a h o t  i s o s t a t i c  p r e s s  t h a t  c o n s o l i d a t e s  a n  
i n t i m a t e l y  mixed  c a l c i n e  o f  w a s t e  and  a d d i t i v e s  i n t o  c a n i s t e r e d  
fo rm s  w i t h  0 . 5 6  m (22 i n . )  d i a m e t e r  an d  0 . 9 1  m (36 i n . )  
h e i g h t . T h e  c e r a m i c  i s  formed a t  1050 t o  1150°C u n d e r  
p r e s s u r e s  o f  up t o  170 MPa. D u r i n g  t h i s  t r e a t m e n t ,  p o r e s  i n  t h e  
s o l i d  c o l l a p s e ,  an d  t h e  c r y s t a l l i n e  p h a s e s  d e v e l o p .  The c r y s t a l ­
l i t e s  o r  g r a i n s  i n  t h e  m o n o l i t h  a r e  on t h e  o r d e r  o f  a m i c r o m e t e r  i n  
s i z e .  O t h e r  m a j o r  p r o c e s s  s t e p s  a r e  b a l l  m i l l i n g  a n d  c a l c i n a t i o n .  
C r y s t a ' l l i n e  c e r a m i c  w a s t e  fo rms  h a v e  n o t  b e e n  p r o d u c e d  w i t h  l a r g e -  
s c a l e  p r o c e s s  e q u i p m e n t ,  an d  t h u s  no d a t a  a r e  a v a i l a b l e  on t h e  
e f f e c t  o f  f u l l - s c a l e  p r o c e s s i n g  on p r o d u c t  p e r f o r m a n c e .

Synroc-D d e n s i t y  i s  t y p i c a l l y  4 .0  g/cm^ a t  ambient  tempera­
t u r e .  The Synroc-D waste  form i s  more dense than  b o r o s i l i c a t e  
g l a s s  and can have a h ig h e r  waste  lo a d in g .  Because o f  t h e se  
f a c t o r s ,  Synroc-D could  immobil ize  up to  t h r e e  t imes more r a d i o ­
a c t i v e  waste  per u n i t  volume ( i n  terms of  Ci/cm^) than b o r o s i l i c a t e  
g l a s s .  Higher  waste  load ing  a l s o  im p l ie s  h ig h e r  w as te - fo rm  
t e m p e r a t u r e s .

Ceramics a r e  g e n e r a l l y  s u b j e c t  to s e v e r a l  phenomena t h a t  
cou ld  a f f e c t  t h e i r  performance a s  a waste  form. These e f f e c t s  
a r e :  (1) m e t a m i c t i z a t i o n ;  (2) f r a c t u r e ;  (3) thermodynamic
i n s t a b i l i t y .  Rapid hydro the rm a l  r e a c t i o n s  a r e  not a major 
concern  f o r  Synroc-D.

M e ta m ic t i z a t i o n  i s  a r a d i a t i o n  damage e f f e c t  t h a t  causes  a 
c r y s t a l l i n e  phase to  become d i s o r d e r e d  or  amorphous a t  some t h r e s ­
hold r a d i a t i o n  dose .  The metamict phase might be l e s s  d u ra b le  than  
th e  c r y s t a l l i n e  phase .  N a tu r a l  z i r c o n o l i t e  and p e r o v s k i t e  m in e ra l s  
occu r  t h a t  have become metamict  over  g e o lo g ic  t im e .  However, t h e i r  
l e ac h  r a t e s  have remained very  low.^®>^^

F r a c t u r e  may be caused by impact or  by the rm a l  s t r e s s e s  as  a 
ceramic  waste  form coo ls  a f t e r  ho t  i s o s t a t i c  p r e s s i n g .  The f i n e ­
g r a in e d  s t r u c t u r e  of  a ceramic  tends  to  r e s i s t  p ro p a g a t io n  o f  
c r a c k s .  On the  o t h e r  hand, th e  fo rm a t io n  o f  a g l a s s y  phase a t  
g r a i n  b o u n d a r ie s  could  make the  ceramic  more s u s c e p t i b l e  to  
f r a c t u r e .  The e f f e c t  o f  f r a c t u r e  i s  to  i n c r e a s e  th e  s u r f a c e  a rea  
o f  the  w as te  form.

One of  the  p r i n c i p a l  phases o f  Synroc-D, p e r o v s k i t e ,  i s  an  
example o f  a phase t h a t  i s  thermodynamical ly  u n s t a b l e  i n  the  
p re sence  of  common s i l i c a t e  m in e r a l s  or n a t u r a l  groundwaters.^*^ 
F o r t u n a t e l y ,  p e r o v s k i t e  has c o n s i d e r a b l e  k i n e t i c  s t a b i l i t y ,  and the
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r e a c t i o n s  a r e  s lo w .  The r e a c t i o n  p r o d u c t s  a r e  new m i n e r a l  p h a s e s  
w h ich  may o r  may n o t  r e t a i n  t h e  w a s t e  r a d i o n u c l i d e s  w e l l .  The 
i m p o r t a n c e  o f  t h e rm o d y n a m ic  s t a b i l i t y  i n  c r y s t a l l i n e  c e r a m i c  w a s t e  
fo rms  has  n o t  y e t  b e e n  f u l l y  a s s e s s e d .

I m p o r t a n t  p r o p e r t i e s  o f  t h e  S y n ro c -D  c e r a m i c  form i n c l u d e  
l e a c h a b i l i t y ,  t h e r m a l  and  m e c h a n i c a l  s t a b i l i t y ,  and  r a d i a t i o n  
s t a b i l i t y .  T h e s e  p r o p e r t i e s  a r e  d i s c u s s e d  in  t h e  f o l l o w i n g  s e c ­
t i o n s  o f  t h i s  r e p o r t ,  w he re  t h e y  a r e  com pared  w i t h  t h e  p r o p e r t i e s  
o f  t h e  b o r o s i l i c a t e  g l a s s  w a s t e  fo rm .

LEACHING PROPERTIES

L e a c h a b i l i t y  has been i d e n t i f i e d  by a DOE I n t e r f a c e  Working 
Group as  the  most im por tan t  p ro p e r ty  of waste  f o r m s . R e s i s t a n c e  
to l e ach in g  in  aqueous media i s  a measure o f  the  chemical d u r a b i l ­
i t y  of  a waste  form, and thus  of i t s  a b i l i t y  to  r e t a i n  rad io n u ­
c l i d e s .  In a m u l t i b a r r i e r  g e o lo g ic  waste  r e p o s i t o r y ,  i n t e r a c t i o n  
o f  the  waste  form w i th  g roundwater  l e a c h a n t s  i s  the  most p l a u s i b l e  
o f  p ro c e sse s  or even ts  t h a t  could  t r a n s f e r  s i g n i f i c a n t  amounts of  
r a d i o a c t i v e  m a t e r i a l s  to  the  b i o s p h e r e .  Because the  waste  form is  
an im por tan t  b a r r i e r  a g a i n s t  such t r a n s f e r ,  low le ac h  r a t e s  a r e  
d e s i r a b l e  p r o p e r t i e s .

Under expec ted  r e p o s i t o r y  c o n d i t i o n s ,  waste  e lem ents  should  be 
r e l e a s e d  a t  a lower r a t e  than  i s  t y p i c a l  o f  any waste  form by 
i t s e l f .  L a b o ra to ry  le ach  t e s t s  do not s im u la t e  a l l  of  the  i n t e r ­
a c t i o n s  o f  w as te  forms, rock media,  and g roundwate r .  Exper im en ta l  
da ta  i n d i c a t e  t h a t  was te  r e l e a s e  from the  ne ighborhood of  a waste  
form may be much s lower  than  the  r e l e a s e  r a t e s  e s t i m a te d  from 
s im ple  l e a c h  t e s t s  on b o th  Synroc-D and b o r o s i l i c a t e  g l a s s . ^^ ^

Over g e o lo g ic  t ime p e r i o d s ,  the  r e l e a s e  o f  waste  e lem ents  from 
th e  r e p o s i t o r y  w i l l  be governed by the  w as te  form, by the  e n g i ­
neered  b a r r i e r s ,  and by the  n a t u r a l  environment and c h em is t ry  o f  
th e  rock fo rm a t io n .  Much of  the  g eo ch em is t ry  of  p o t e n t i a l  r e p o s i ­
to r y  s i t e s  i s  known, and t h i s  knowledge can be used to  p r e d i c t  the  
f u t u r e  b e h a v io r  o f  the  d i sp o se d  w as te .  Waste m i g r a t i o n  w i l l  be 
r e t a r d e d  by the  groundwate r c h e m i s t r y ,  the  s o l u b i l i t y  of waste  
e l em en ts ,  and i n t e r a c t i o n s  between the  waste  form, o t h e r  eng in ee red  
b a r r i e r s ,  and the  rock .

A v a r i e t y  of  l a b o r a t o r y  l e ac h in g  da ta  a r e  a v a i l a b l e  f o r  t h e  
b o r o s i l i c a t e  g l a s s  and Synroc-D waste  forms f o r  SRP d e fe n se  h ig h -  
l e v e l  w as te .  M a t e r i a l s  f o r  s tu d y in g  the  l e a c h in g  p r o p e r t i e s  most 
o f t e n  have c o n ta in e d  s im u la te d  w a s t e s ,  a l t h o u g h  b o r o s i l i c a t e  g l a s s  
a l s o  has been t e s t e d  w i th  a c t u a l  SRP w a s te .  A p o r t i o n  of  the  l a r g e  
body o f  d a ta  i s  s u i t a b l e  f o r  d i r e c t  comparison o f  b o r o s i l i c a t e  
g l a s s  and Synroc-D. Four l a b o r a t o r i e s  p a r t i c i p a t e d  in  com para t ive  
l e a c h  t e s t s  on th e  two w as te  forms.
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T h e s e  s o u r c e s  o f  d a t a  w i l l  be d e s c r i b e d ,  f o l l o w e d  by a n  
e x t e n s i v e  t a b u l a t i o n  and d i s c u s s i o n  o f  t h e  r e s u l t s  o f  c o m p a r a t i v e  
l e a c h  t e s t s  on b o r o s i l i c a t e  g l a s s  and  S y n r o c - D .  The w a s t e  forms 
c an  be com pared  on t h e  b a s i s  o f  l e a c h  r a t e s  f o r  c e s i u m ,  s t r o n t i u m ,  
u r a n i u m ,  and  e i g h t  o t h e r  e l e m e n t s .  From t h e  d a t a ,  t h e  e f f e c t s  o f  
e x p e r i m e n t a l  v a r i a b l e s  s u c h  a s  w a s t e  c o m p o s i t i o n ,  l e a c h a n t  c o m p o s i ­
t i o n ,  t e m p e r a t u r e ,  an d  f low  r a t e  can  be  e v a l u a t e d .

M a jo r  c o n c l u s i o n s  from t h e  c o m p a r a t i v e  l e a c h  t e s t s  a r e :

•  N e i t h e r  b o r o s i l i c a t e  g l a s s  n o r  S y n ro c -D  i s  s u p e r i o r  i n  l e a c h  
r e s i s t a n c e  f o r  a l l  o f  t h e  p r i n c i p a l  r a d w a s t e  e l e m e n t s ;  h o w e v e r ,  
S y n ro c -D  i s  s l i g h t l y  b e t t e r  f o r  m os t  o f  t h e  e l e m e n t s  s t u d i e d .

•  Ces ium i s  r e t a i n e d  b e t t e r  by b o r o s i l i c a t e  g l a s s  u n d e r  some 
c o n d i t i o n s ,  and  by S y n ro c -D  u n d e r  o t h e r s .

•  S t r o n t i u m  i s  r e t a i n e d  s i g n i f i c a n t l y  b e t t e r  by b o r o s i l i c a t e  
g l a s s  u n d e r  a l l  c o n d i t i o n s  t e s t e d  e x c e p t  h i g h  f l o w s .

•  U ra n iu m  i s  r e t a i n e d  s i g n i f i c a n t l y  b e t t e r  by S y n r o c -D  u n d e r  a l l
c o n d i t i o n s  t e s t e d  e x c e p t  h i g h  f l o w s .

•  B o r o s i l i c a t e  g l a s s  i s  b e t t e r  f o r  c a l c i u m  l e a c h i n g ,  w h i l e  
S y n r o c -D  i s  b e t t e r  f o r  s o d iu m ,  a lu m in u m ,  i r o n ,  s i l i c o n ,  and  
m a n g a n e s e .

® The e f f e c t s  of  waste  com pos i t ion  and l e a c h a n t  com pos i t ion  on 
l e ac h in g  a r e  r e l a t i v e l y  sm al l ;  changes in  l e ac h  r a t e s  from 
th e se  e f f e c t s  a r e  t y p i c a l l y  l e s s  than  a f a c t o r  o f  5.

•  The e f f e c t  of t e m p e ra tu re  on l e ac h in g  can be d e s c r i b e d  by 
a c t i v a t i o n  e n e r g i e s  from 3 .4  to  12.1 k c a l /m o le .

•  The e f f e c t  of  flow r a t e  i s  v a r i a b l e  and ranges  from a lm os t  no 
e f f e c t  to  cau s in g  major changes in  w as te - fo rm  b e h av io r ;  
however, a t  the  lowest f low r a t e  s t u d i e d ,  which co r re sp o n d s  
more c l o s e l y  to  p o s s i b l e  groundwate r  f lows n ea r  a r e p o s i t o r y ,  
le ach  r a t e s  a r e  about  the  same as  from s t a t i c  l e ach  t e s t s .

•  Both b o r o s i l i c a t e  g l a s s  and Synroc-D leach  i n c o n g r u e n t l y ,  w i th  
d i f f e r e n t  l e ach  r a t e s  f o r  d i f f e r e n t  e lem en ts .

Sources o f  Comparative Data

Data f o r  compar ison o f  the  l e ac h in g  p r o p e r t i e s  of  the  boro­
s i l i c a t e  g l a s s  and Synroc-D ceramic  waste  forms come from four  
p r i n c i p a l  s o u rc e s :
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o The SRL C o m p a r a t i v e  Leach  T e s t  P r o g ra m  (CLTP)

•  M a t e r i a l s  C h a r a c t e r i z a t i o n  C e n t e r  (MCC) c o m p a r a t i v e  t e s t s  

o  T e s t s  on b o r o s i l i c a t e  g l a s s  by SRL 

® T e s t s  on S yn roc -D  by LLNL

Each  o f  t h e s e  s o u r c e s  o f  i n f o r m a t i o n  i s  d e s c r i b e d  b e l o w .  M ate ­
r i a l s ,  t e s t s ,  l e a c h a n t s ,  c o n d i t i o n s ,  and  a n a l y s e s  a r e  d i s c u s s e d  
b r i e f l y .  The s o u r c e s  o f  d a t a  a v a i l a b l e  f o r  c o m p a r i s o n  u n d e r  
v a r i o u s  e x p e r i m e n t a l  c o n d i t i o n s  a r e  s u m m a r i z ed  i n  T a b l e  7.

SRL Comparat ive  Leach T e s t  Program

The SRL Comparat ive  Leach T es t  Program^^ s t u d i e d  the  le ac h in g  
p r o p e r t i e s  of  s e v e r a l  c a n d id a t e  forms f o r  SRP h i g h - l e v e l  w as te ,  
i n c lu d in g  b o r o s i l i c a t e  g l a s s  and Synroc-D. Waste -form d ev e lo p e rs  
p re p a red  s t a t e - o f - t h e - a r t  m a t e r i a l s  fo r  e v a l u a t i o n  a t  SRL. The 
waste  forms in c o r p o r a t e d  s im u la ted  SRP waste  s ludges  (Table  2) and 
ces ium. The s im u la ted  s ludges  were e i t h e r  s u p p l i e d  by SRL or  made 
by the  d ev e lo p e rs  a cc o rd in g  to  SRL f o r m u l a t i o n s .

S p e c i a l  b a tch e s  o f  b o r o s i l i c a t e  g l a s s  were p repa red  f o r  th e  
Comparat ive Leach T e s t  Program by the  Chemical Technology D i v i s i o n  
of  SRL. The g l a s s e s  c o n ta in e d  com pos i te ,  high-a luminum, and h ig h -  
i r o n  s lu d g e s ,  and had th e  com pos i t ions  g iv en  in  Table  4.

LLNL prepared  s e v e r a l  b a t c h e s  o f  Synroc-D f o r  the  Comparative  
Leach T e s t  Program. The p a r t i c u l a r  b a t c h e s  c o n s id e re d  in  t h i s  
r e p o r t  a r e  d e s ig n a t e d  S-29 w i th  composi te  s lu d g e ,  S-30 w i th  
h i g h - i r o n  s lu d g e ,  and S-31 w i th  high-a luminum sludge.® In  each of 
t h e se  m a t e r i a l s ,  the  cesium h o s t  phase was formed in  s i t u  d u r in g  
f a b r i c a t i o n  of  the- Synroc-D samples .  The r e s u l t i n g  Synroc-D 
com pos i t ions  a r e  g iven  in  Table  5.

Only the  MCC-1 S t a t i c  Leach Test^® was employed in  the  SRL 
Comparat ive  Leach T es t  Program. MCC-1 i s  one of  a group of 
proposed s t a n d a rd  l e ac h in g  t e s t s  t h a t  span wide ranges  o f  
c o n d i t i o n s . M C C - 1  i s  a p r o v i s i o n a l l y  approved s t a n d a r d  t e s t  fo r  
use w i t h i n  the  DOE waste  management complex. The t e s t  r e q u i r e s  
i n d i v i d u a l  s o l i d  samples f o r  each le ac h  p e r io d .  Samples a r e  
exposed to  s p e c i f i e d  aqueous l e a c h a n t s  in  c lo se d  Teflon® v e s s e l s .  
T e s t  v e s s e l s  a r e  m a in ta in ed  a t  c o n s t a n t  t e m p e ra tu re  in  an  oven. 
C o n d i t io n s  a r e  c a r e f u l l y  s p e c i f i e d  in  the  t e s t  procedure .^®

The MCC-1 t e s t  uses  t h r e e  l e a c h a n t s :  d e io n iz e d  (DI) w a t e r ,  
s i l i c a t e  w a te r ,  and b r i n e .  T e s t s  w i th  DI w a te r  p rov ide  b a s e l i n e  
da ta  on l e ac h in g  in  pure w a te r ;  s i l i c a t e  w a te r  and b r i n e  a r e
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MCC-1. 2

TABLE 7

Summary of  Com para t iv e  Leaching  Data Sources^  

4 0 ‘ C 90*C I 5 0 ‘ C
DI S i l i c a t e  Brine

3 , 7 ,1 4  days 
Composite:  

G lass

Ceramic

High-Al:
G lass
Ceramic

High-Fe:
Glass
Ceramic

^b,c
,b,c

c
c

DI S i l i c a t e  Brine 01 S i l i c a t e  Brine

1 .2 .3  3 “̂

1 . 2 . 4  c

c
c

2 b,C 3 d 2 c c
, b , c  - b , c

28 days  
Composite: 

G lass  
Ceramic

H igh-Al:
G lass
Ceramic

1 .3
4

3
4

1 .2 .3  1 ,2 ,3
1 . 2 . 4  1 ,2 ,4

1 1
1 .4  1 ,4

1 . 2 . 3  2 ,3  2 ,3  2 ,3
1 .2 .4  2 ,4  4 2 ,4

1
1 .4

High-Fe:
G lass
Ceramic

MCC-3________

14 days*- 
Composite: 

G lass  
Ceramic

1 1
1 .4  1 .4

2C 
2<̂  4

1
1 .4

MCC-4

28 days 
Composite: 

G lass  
Ceramic

b.
c .
d.

Key: I .  SRL Comparative Leach T est  Program
2. M a te r ia ls  C h a r a c te r iz a t io n  Center com parative t e s t s
3 . Savannah R iver Laboratory t e s t s  on b o r o s i l i c a t e  g la s s
4 . Lawrence Livermore N a t io n a l  Laboratory t e s t s  on Synroc-D  

14-day t e s t  o n ly .
C on d it ion s  not required  by standard t e s t s .
7-day t e s t  o n ly .
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g e n e r i c  s i m u l a n t s  o f  n a t u r a l  w a t e r s  t h a t  m ig h t  be e x p e c t e d  i n  t h e  
v i c i n i t y  o f  p r o p o s e d  g e o l o g i c  r e p o s i t o r i e s .  MCC-1 s i l i c a t e  w a t e r  
c o n t a i n s  0 . 0 5 8  g /L  Si02 and  0 . 1 7 9  g /L  NaHCOj. MCC-1 b r i n e  c o n t a i n s
9 0 . 0  g /L  NaCl,  4 8 . 2  g /L  KCl,  and  11 6 .0  g /L  MgCl2 -

T e s t  c o n d i t i o n s  o f  t e m p e r a t u r e s ,  t i m e s ,  and  r a t i o  o f  s a m p l e  
s u r f a c e  a r e a  t o  l e a c h a n t  vo lume  (SA/V) a r e  s p e c i f i e d  i n  t h e  MCC-1 
p r o c e d u r e .  The p r i n c i p a l  t e m p e r a t u r e  i s  90°C,  w i t h  o p t i o n a l  t e s t s  
a t  40 a n d  yO’ C. T e s t s  a r e  r u n  f o r  3 ,  7 ,  14 ,  and  28 d a y s  w i t h  DI 
w a t e r ,  w i t h  l o n g e r  t im e s  o p t i o n a l ;  t e s t s  w i t h  s i l i c a t e  w a t e r  and  
b r i n e  a r e  f o r  28 d a y s ,  w i t h  l o n g e r  t i m e s  o p t i o n a l .  T e s t s  a t  3 ,  7 ,  
and  14 days  a r e  s i n g l e  d e t e r m i n a t i o n s ,  w h i l e  t h o s e  a t  28 days  a r e  
t r i p l i c a t e .  The s t a n d a r d  v a l u e  o f  SA/V i s  0 . 0 1  mm~^. I n  t h e  SRL 
C o m p a r a t i v e  L e a c h  T e s t  P r o g r a m ,  t h e  r e q u i r e d  t e s t s  up t o  28 days  
w e r e  r u n  a t  9 0 “ C w i t h  a l l  t h r e e  s t a n d a r d  l e a c h a n t s ,  an d  a t  4 0 “ C 
w i t h  DI w a t e r  o n l y .

Samples f o r  the  Comparative  Leach Tes t  Program were n e u t r o n -  
a c t i v a t e d  p r i o r  to  l e a c h in g .  Cs, Ce, Fe,  and Zr were d e t e r ­
mined by low-background gamma-ray s p e c t ro s c o p y  on e v a p o r a te d ,  
p e l l e t i z e d  l e a c h a t e s . U ,  Na, and Al were de te rm ined  by r a p id  
r e i r r a d i a t i o n  of l e a c h a t e  p e l l e t s  in  a s p e c i a l  n e u t r o n - a c t i v a t i o n  
a n a l y s i s  f a c i l i ty .* * ^  Sr was not d e te rm in ed .

In the  n e u t ro n  a c t i v a t i o n  method, the  f r a c t i o n  of  each r a d i o ­
n u c l i d e  l eached  was measured by comparing the  r a d i o a c t i v i t y  of the  
l e a c h a t e  w i th  t h a t  of  the  s o l i d  l e ac h  sample.  The le ac h  r a t e  was 
then  c a l c u l a t e d  from the  p roduc t  o f  the  f r a c t i o n  le ached  and the  
weight of  the  sample,  d iv id e d  by the  s u r f a c e  a re a  and the  t o t a l  
t ime leached .

Leach r a t e s  were c a l c u l a t e d  d i f f e r e n t l y  f o r  the  r e i r r a d i a t i o n  
a n a l y s e s  (and a l s o  f o r  chemica l  a n a l y s i s  methods used by o t h e r  
l a b o r a t o r i e s ) ,  where only  the  mass o f  an  e lement in  the  l e a c h a t e  
was measured.  This  mass,  d iv id e d  by the  f r a c t i o n  o f  th e  e lement 
in  the  s o l i d ,  the  s u r f a c e  a r e a ,  and the  l e ac h  t im e ,  gave the  l e ach  
r a t e .

M a teria ls  C h a ra c ter iza tio n  Center

The MCC performed t e s t s  on a number o f  c a n d i d a t e  waste  forms,  
a t  t h e  r e q u e s t  o f  th e  High-Level  Waste Technology Program O f f i c e  
a t  Savannah R i v e r . T w o  o f  the  m a t e r i a l s  s t u d i e d  were boro­
s i l i c a t e  g l a s s  and Synroc-D ceramic  ( S - 2 9 ) ,  from the  same b a tc h e s  
o f  w as te - fo rm  m a t e r i a l  used in  the  SRL Comparat ive  Leach Tes t  
Program. The MCC t e s t e d  only  waste  forms t h a t  c o n ta in e d  composi te  
s lu d g e .
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Numerous MCC-1 CesCs were  r u n  by Che MCC. The CesC m a t r i x  
t h r o u g h  28 days  a t  90°C was run  w i t h  a l l  t h r e e  s t a n d a r d  l e a c h a n t s .  
Some d a t a  w e re  o b t a i n e d  a t  dO°C i n  1 4 - d a y  t e s t s  w i t h  ,DI and  s i l i ­
c a t e  w a t e r s  o n l y .  Cs was d e t e r m i n e d  by a t o m i c  a b s o r p t i o n  s p e c t r o s ­
c o p y ,  an d  some 17 o t h e r  e l e m e n t s  were  d e t e r m i n e d  by i n d u c t i v e l y  
c o u p l e d  p lasma ( ICP)  e m i s s i o n  s p e c t r o s c o p y .  E l e m e n t s  o b t a i n e d  by 
TCP i n c l u d e d  A l , B, C a , C e , F e , L i ,  Mg, Mn, N a , Nd, N i ,  P b , S i ,  S r ,  
T i , U, a nd Z r .

In  a d d i t i o n  t o  MCC-1 d a t a ,  Che MCC o b t a i n e d  l i m i t e d  d a t a  f rom  
MCC-2, MCC-3, an d  MCC-4 l e a c h  t e s t s .  MCC-2 i s  a h i g h - t e r a p e r a C u r e , 
s t a t i c  t e s t .  MCC-3 i s  a n  a g i t a t e d  powder t e s t  d e s i g n e d  t o  d e t e r ­
m in e  u l t i m a t e  s o l u b i l i t i e s .  MCC-4 i s  a l o w - f l o w - r a t e  dynamic  t e s t .

MCC-2 a l s o  is' a p r o v i s i o n a l l y  approved s t a n d a r d  t e s t ^ ^  and i s  
v i r t u a l l y  i d e n t i c a l  to  MCC-1 excep t  fo r  the  use of T e f lo n ® - l in ed  
s t e e l  p r e s su re  v e s s e l s  c apab le  of w i t h s t a n d in g  t e m p e ra tu res  above 
100*C. The p r i n c i p a l  t e s t  t e m p e ra tu re  i s  I S C C ,  w i th  o p t i o n a l  
t e s t s  a t  110 and 190*C. The com para t ive  t e s t s  were run a t  150*C 
w i th  a l l  t h r e e  s t a n d a r d  l e a c h a n t s  f o r  up to  28 days .  Leacha tes  
were ana lyzed  by the  same methods as fo r  MCC-1.

The MCC-3 t e s t ,  s t i l l  under d e v e l o p m e n t i s  s i m i l a r  to  MCC-1 
and MCC-2, excep t  t h a t  the  system i s  a g i t a t e d  r a t h e r  than  s t a t i c  
and uses  powdered samples so t h a t  the  SA/V v a lu e  i s  much h i g h e r .
In an MCC-3 type  t e s t ,  the  MCC o b ta in e d  14-day d a ta  f o r  uranium a t  
90*C w i th  DI w a te r .

The MCC-4 t e s t ,  a l s o  s t i l l  under  d e v e l o p m e n t , h a s  f e a t u r e s  
t h a t  a r e  s i m i l a r  to  MCC-1, such as  the  same s t a n d a r d  t e m p e r a t u r e s ,  
t im es ,  and l e a c h a n t s .  However, the  l e a c h a n t  f lows p a s t  the  sample 
and i s  c o l l e c t e d ,  so t h a t  a s i n g l e  sample i s  used fo r  m u l t i p l e  t ime 
p o i n t s .  Three s t a n d a r d  flow r a t e s ,  0 . 1 ,  0 .0 1 ,  and 0.001 mL/min, 
a r e  s p e c i f i e d .  D u p l i c a t e  t e s t s  a r e  run f o r  each s e t  o f  c o n d i t i o n s .  
In  an MCC-4 type  t e s t ,  the  MCC o b ta in e d  d a ta  a t  90“C w i th  DI w a ter  
f o r  t imes up to  28 days ,  f o r  bo th  b o r o s i l i c a t e  g l a s s  and Synroc-D, 
w i th  composi te  s lu d g e .  L each a te s  were a n a ly z e d  by the  same methods 
a s  f o r  MCC-1.

Savannah R iver Laboratory

The SRL Chemical Technology D i v i s i o n ,  as  pr imary  d e v e lo p e r  o f  
t h e  b o r o s i l i c a t e  g l a s s  w as te  form f o r  SRP h i g h - l e v e l  w a s te ,  per­
formed a s e r i e s  o f  s t a n d a r d  le ac h  t e s t s  on b o r o s i l i c a t e  g l a s s .  
These t e s t s  were com ple te ly  independen t  of  those;, in  th e  SRL 
Comparative  Leach T e s t  Program. The t e s t s  on b o r o s i l i c a t e  g l a s s  
were p a r t  o f  a d a ta  m a t r i x  prov ided  to  th e  High-Level  Waste 
Technology Program O f f i c e  by w as te - fo rm  d e v e lo p e r s . ^
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The SRL d e v e l o p e r  l e a c h  t e s t s  were  o n l y  w i t h  b o r o s i l i c a t e  
g l a s s  c o n t a i n i n g  c o m p o s i t e  s l u d g e .  The m a t e r i a l  had t h e  same 
f o r m u l a t i o n  ( T a b l e  4) b u t  was from a d i f f e r e n t  b a t c h  t h a n  t h e  
m a t e r i a l  u s e d  by t h e  C o m p a r a t i v e  L e a c h  T e s t  P r o g r a m  o r  t h e  MCC.

SRL employed  b o t h  t h e  MCC-1 and  t h e  MCC-2 t e s t s  w i t h  a l l  t h r e e  
s t a n d a r d  l e a c h a n t s .  The r e q u i r e d  t e s t s  up t o  28 d a y s  w e re  r u n  a t  
90°C.  At  40 and  ISO^C, o n l y  2 8 - d a y  t e s t s  i n  t r i p l i c a t e  w e re  r u n .  
L e a c h a t e  a n a l y s e s  were  by a t o m i c  a b s o r p t i o n  f o r  Cs and  by ICP f o r  
S r ,  N a , S i ,  B, U, Ce,  and  Nd. A d d i t i o n a l  a n a l y s e s  f o r  U were  by 
n e u t r o n  a c t i v a t i o n .

These SRL leach  t e s t s  on b o r o s i l i c a t e  g l a s s  a r e  s u i t a b l e  f o r  
d i r e c t  compar ison w i th  t e s t s  on Synroc-D from the  o t h e r  da ta  
s o u r c e s .  However, the  SRL d a ta  r e p r e s e n t  bu t  a sm al l  p a r t  of a 
ve ry  l a r g e  da ta  base  on b o r o s i l i c a t e  g l a s s . T h e s e  a d d i t i o n a l  
da ta  a r e  from a s e r i e s  of s t u d i e s  which a d d re s s  the  e f f e c t s  of  many 
o f  the  im por tan t  le ac h in g  f a c t o r s  on b o r o s i l i c a t e  g l a s s  d u r a b i l i t y .  
These f a c t o r s  i n c lu d e :  d u r a t i o n  o f  exposure  to  l e a c h a n t  (more than  
3 y e a r s ) ;  g l a s s  f r i t  com pos i t ion ;  waste  co m p o s i t io n ,  i n c lu d in g  
a c t u a l  was te  as  w e l l  as s im u la ted  w as te ;  l e a c h a n t  com pos i t ion  and 
pH; l e a c h a n t  flow r a t e ;  and t e m p e ra tu re .

Lawrence Livermore N ation a l Laboratory

LLNL, as the  primary d e v e lo p e r  o f  the  Synroc-D ceramic  waste  
form f o r  SRP h i g h - l e v e l  w as te ,  performed a v a r i e t y  o f  s t a n d a r d  
l e ach  t e s t s  on Synroc-D.^ These t e s t s  were a l s o  p a r t  o f  the  da ta  
m a t r i x  p rovided  by w as te - fo rm  d e v e lo p e r s  to  the  High-Level  Waste 
Technology Program O f f i c e . ^

LLNL t e s t e d  Synroc-D m a t e r i a l s  c o n t a i n i n g  composi te  ( S - 2 9 ) ,  
h i g h - i r o n  (S“ 3 0 ) , and high-a luminum (S-31)  s l u d g e s ,  from the  same 
b a tc h e s  a s  s u p p l i e d  to  the  SRL Comparat ive Leach Tes t  Program. 
M a t e r i a l  from the  S-29 b a t c h  a l s o  was s u p p l i e d  f o r  t e s t i n g  by the  
MCC.

Both MCC-1 and MCC-2 t e s t s  w i th  a l l  t h r e e  s t a n d a r d  l e a c h a n t s  
were employed. Samples w i th  composi te  s ludge  were t e s t e d  a t  40,
90, and 150“C, w h i le  those  w i th  high-aluminum and h i g h - i r o n  s lu d g es  
were t e s t e d  only  a t  90*C. The r e q u i r e d  t e s t s  th rough  28 days were 
run a t  90”C, and t e s t s  a t  28 days on ly  were run  a t  40*C and 150*C. 
L ea ch a te s  were a n a ly z e d  f o r  th e  same e lem en ts  as  r e p o r t e d  by the  
MCC.

LLNL has made a l a r g e  number o f  a d d i t i o n a l  l e a c h in g  measure­
ments on Synroc-D, p a r t i c u l a r l y  w i th  MCC-3 and MCC-4 type  t e s t s . ^
As in  the  case  of b o r o s i l i c a t e  g l a s s ,  on ly  th o se  d a ta  from which a 
d i r e c t  compar ison  can be made a r e  c o n s id e re d  in  t h i s  r e p o r t .
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Elem ental Leach Rates

L e a c h i n g  d a t a  f o r  a v a r i e t y  o f  e l e m e n t s  a r e  a v a i l a b l e  an d  
s u i t a b l e  f o r  c o m p a r in g  b o r o s i l i c a t e  g l a s s  and  S y n r o c -D  c e r a m i c .
The most im por tan t  e lements  leached from forms c o n t a i n i n g  s im u la ted  
waste  a r e  cesium, s t r o n t iu m ,  and uranium.  These e lements  r e p r e s e n t  
the p r i n c i p a l  hazardous r a d i o n u c l i d e s  in a c t u a l  h i g h - l e v e l  w as te .

^*^Sr and ^^^Cs a r e  f i s s i o n  p ro d u c t s ,  bo th  w i th  h a l f - l i v e s  o f  
about  30 y e a r s ,  t h a t  dominate  the  r a d i o a c t i v i t y  of the  waste  fo r  
the  f i r s t  s e v e r a l  hundred years  of  i s o l a t i o n .  A f t e r  th e se  f i s s i o n  
p roduc ts  decay, the  only hazards  remain ing in  the  waste  a r e  the  
r e l a t i v e l y  minor amounts of l o n g - l i v e d  r a d i o n u c l i d e s ,  p r i n c i p a l l y  
a c t i n i d e s ,  t h a t  w i l l  p e r s i s t  fo r  thousands  of y e a r s .  Uranium, in 
a d d i t i o n  to  be ing  a c o n s t i t u e n t  of  the  w as te ,  i s  a s t a n d - i n  f o r  
o t h e r  l o n g - l i v e d  a c t i n i d e s  such as  ^^^Np, ^^®Pu, and ^^^Pu. The 
degree  to which uranium a c t u a l l y  s im u la t e s  le ac h in g  of the o t h e r  
a c t i n i d e s  must be confi rmed in  f u t u r e  e x p e r im en t s .

Other  e lements  f o r  which com para t ive  l e ac h in g  d a ta  a r e  a v a i l ­
a b l e  a r e  cer ium, sodium, aluminum, i r o n ,  z i rcon ium ,  s i l i c o n ,  
ca lc ium ,  and manganese.  Cerium i s  r e p r e s e n t a t i v e  of r a r e - e a r t h  
f i s s i o n  p roduc ts  in  th e  w as te .  The remain ing  e lem ents  a r e  from 
n o n r a d i o a c t i v e  bu lk  chemica ls  in  SRP waste  a n d / o r  from the  w a s te -  
form a d d i t i v e s .  Leaching of  the  n o n r a d i o a c t i v e  e lem ents  i s  a 
measure of the  d u r a b i l i t y  of  the  w as te - fo rm  m a t r i x .

Comparison of  da ta  from d i f f e r e n t  l a b o r a t o r i e s  r e v e a l s  u n c e r ­
t a i n t i e s  t h a t  a r e  caused by s y s t e m a t i c  d i f f e r e n c e s  in  t e s t  proce­
dures  between l a b o r a t o r i e s .  A r o u n d - ro b in  test**^ of  the  MCC-1 
p rocedu re  was performed by 16 l a b o r a t o r i e s  to a s s i s t  in  d e f i n i n g  
the  p r e c i s i o n  and a ccu racy  o f  MCC-1. V a r iance  between l a b o r a t o r i e s  
was much g r e a t e r  than  the  i n t r a - l a b o r a t o r y  v a r i a n c e .  Thus, i n t r a -  
l a b o r a t o r y  comparisons  of  waste  forms from le a c h in g  da ta  a r e  con­
s i d e r e d  more r e l i a b l e  than  i n t e r - l a b o r a t o r y  com par isons .  Tab les  of  
l e ac h in g  da ta  in  the  fo l low ing  s e c t i o n s  h i g h l i g h t  i n t r a - l a b o r a t o r y  
comparisons  when they o ccu r .  P r e c i s i o n  measures  on i n d i v i d u a l  da ta  
p o in t s  a r e  s t a n d a r d  d e v i a t i o n s  c a l c u l a t e d  from t r i p l i c a t e  t e s t  
r e s u l t s .

In  the  fo l lo w in g  d i s c u s s i o n s  o f  l e ac h  r a t e  d a t a ,  the  compar i­
son be tween b o r o s i l i c a t e  g l a s s  and Synroc-D i s  s t a t e d  i n  terms of  a 
s imple  r a t i o  o f  the  l e ac h  r a t e s  under i d e n t i c a l  c o n d i t i o n s .  The 
r a t i o  i s  l e s s  than  u n i t y  when b o r o s i l i c a t e  g l a s s  has the  lower 
( b e t t e r )  l e ach  r a t e ,  and g r e a t e r  than u n i t y  when Synroc-D has the  
lower ( b e t t e r )  l e ac h  r a t e .  For each s e t  of  c o n d i t i o n s ,  the  r a t i o  
i s  g iven  fo r  each i n t r a - l a b o r a t o r y  comparison and f o r  the  a v e rag es  
o f  the  i n t e r - l a b o r a t o r y  d a t a .  Thus,  the  r a t i o  o f  a v e rag es  inco rp ­
o r a t e s  a l l  of the  da ta  (and a l l  of the  a s s o c i a t e d  u n c e r t a i n t i e s )  
f o r  t h a t  s e t  of c o n d i t i o n s .
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Time d e p e n d e n t  l e a c h i n g  d a t a  f o r  t h e  s t a t i c  t e s t s  a r e  p r e ­
s e n t e d  a s  l o g - I o g  p l o t s  o f  l e a c h  r a t e  v e r s u s  t i m e .  Each d a t a  p o i n t  
i s  a n  i n t e g r a t e d ,  r a t h e r  t h a n  a n  i n c r e m e n t a l ,  l e a c h  r a t e .  The d a t a  
a r e  e x p e c t e d  to  a p p r o a c h  a l i n e  w i t h  -1  s l o p e  a t  l o n g e r  t i m e s  when 
t h e  am oun t  l e a c h e d  becomes  c o n s t a n t .  I n  t h e  f o l l o w i n g  F i g u r e s  o f  
l e a c h i n g  d a t a ,  l i n e s  drawn to  c o n n e c t  p o i n t s  f rom one l a b o r a t o r y  do 
n o t  r e p r e s e n t  a t h e o r e t i c a l  f i t  o f  t h e  d a t a .

Cesium

More cesium leach  r a t e  d a ta  a r e  a v a i l a b l e  than fo r  any of  the  
o t h e r  e lem en ts .  The d a ta  show g e n e r a l l y  good agreement among the 
l a b o r a t o r i e s ;  v a r i a n c e s  a r e  much l e s s  than the  expec ted  f a c t o r  of 
10, and t y p i c a l l y  a r e  no worse than  a f a c t o r  of 3.

The compar ison of cesium l e ac h in g  p r o p e r t i e s  of b o r o s i l i c a t e  
g l a s s  and Synroc-D i s  summarized in  Table  8 , which g iv e s  the  r a t i o s  
of da ta  a v e rag es  f o r  28-day MCC-1 and MCC-2 t e s t s  under a v a r i e t y  
o f  c o n d i t i o n s .  There i s  c l e a r l y  an e f f e c t  of  waste  type :  Synroc-D
is  b e t t e r  w i th  h i g h - i r o n  s lu d g e ,  b o r o s i l i c a t e  g l a s s  i s  b e t t e r  w i th  
high-a lurainum s lu d g e ,  bu t  the  forms a r e  v i r t u a l l y  i n d i s t i n g u i s h a b l e  
w i th  composi te  s lu d g e .  Table  8 a l s o  shows t h a t  the cesium l e ac h in g  
r a t i o  has a sm al l  t r e n d  w i th  t e m p e ra tu re  f o r  forms w i th  composi te  
s ludge  leached  in  s i l i c a t e  w a te r .

Data on the  time dependence of  cesium l e ac h in g  between 3 and 
28 days a r e  a v a i l a b l e .  A lso ,  the  e f f e c t  o f  f low r a t e  on cesium 
l e ac h in g  has been de term ined  in  MCC-4 t e s t s .  R e s u l t s  from MCC-1 
t e s t s  a t  40 and 90*C w i l l  be d i s c u s s e d ,  fo l lowed  by r e s u l t s  from 
MCC-2 t e s t s  a t  150“C, and then  by the  MCC-4 t e s t s .

The e a r l y  t ime dependence of  cesium le ac h  r a t e s  a t  40*C in  DI 
w a te r  i s  shown f o r  b o r o s i l i c a t e  g l a s s  and Synroc-D in  F ig u r e s  1 
and 2.  The forms c o n t a i n i n g  high-aluminum s ludge  a r e  compared in  
F ig u r e  1. The d a ta  d e c r e a s e  m o n o to n ic a l ly  w i th  t ime,  as  ex p ec te d ,  
and show a l a r g e  d i f f e r e n c e  between the  two forms.  With h ig h -  
aluminum s lu d g e ,  th e  b o r o s i l i c a t e  g l a s s  l e ac h  r a t e  i s  500 to  1400 
t imes lower.  The forms c o n t a i n i n g  h i g h - i r o n  s ludge  a r e  compared in  
F ig u r e  2.  Again,  the  d a ta  d e c r e a s e  m o n o to n ic a l ly  w i th  t im e ,  bu t  in  
t h i s  case  the  Synroc-D leach  r a t e  i s  2 to 6 t imes lower.  With 
com posi te  s lu d g e ,  no d a ta  a r e  a v a i l a b l e  on Synroc-D a t  40"C and 
e a r l y  t im e s .

Cesium leach  r a t e s  from 28-day t e s t s  a t  40”C a r e  accum ula ted  
in  Table  9, which shows t h a t  the  d a ta  a r e  s p a r s e .  With composi te  
s lu d g e ,  in  any of  the  t h r e e  l e a c h a n t s ,  the  compar ison  of  b o r o s i l i ­
c a t e  g l a s s  and Synroc-D i s  i n d e t e r m i n a t e .
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TABLE 8

Summary o f C o m p a r i s o n s o f
Ces ium L e a c h  R a t e s  o f  B o r o s i l i c a t e  G l a s s and Synroc ;-D Ceram ic

R a t i o  o f  Ces ium L e a ch R a t e s ^ ’ ^
T e m p e r a t u r e L e a c h a n t C o m p o s i t e H ig h -A l H ig h - F e

40'’ C D e i o n i z e d  W ate r 0 . 2 6 0 . 0 0 2 6 . 3
S i l i c a t e  W a te r 0 . 4 - -
B r i n e > 0 . 4 - -

90*C D e i o n i z e d  W a te r 1 .4 0 . 1 4 3 . 8
S i l i c a t e  W a te r 1 .9 0 . 0 6 8 3 .3
B r i n e > 1 .1 0 .0 4 1 3 . 9

1 5 0 “C D e i o n i z e d  W a te r 0 . 9 4 - -

S i l i c a t e  W a te r 3 .1 - -
B r i n e 1 .8 - -

a .  MCC-1 and MCC-2 s t a t i c  l e ac h  t e s t s .
b. R a t io  o f  averages  of  b o r o s i l i c a t e  g l a s s  t o  Synroc-D le ac h  r a t e s ,
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TABLE 9

C o m p a r i s o n  o f  Ces ium L e a ch  R a t e s  f rom 2 8 - d a y  MCC-1 T e s t s  a t  40°C

L e a c h a n t  S l u d g e  Type 

D e i o n i z e d
Wa t e r C o m p o s i t e

High-Al

High-Fe

Ref .

a

b

c

d

Ces ium L e a ch  R a t e ,
_______ g / ( m ^ ) ( d a y ) ________
B o r o s i l i c a t e  Syn ro c -D  

G l a s s  C e r a m ic

0 . 0 5 5  ± 0 .0 0 3  

0 . 1 4  ± 0 . 0 6

0 . 0 9 8  

0 .0 0 6  ±0.001  

0 .501  ±0.025

0 . 3 7  

0 . 3 7  ■

3 .5 6  ±0.58

0 .0 7 9  ±0.015

RATIO

0 . 2 6

0 . 002«

6 .3

S i l i c a t e
Water Composite b

c

d

0 .08  ±0.09

0 .08

0.18

0.18 0 . 4

B rine Composite b

c

d

0 .0 4  ±0.05

0 .0 4

<0 . 1

<0 . 1

a .  From SRL Comparat ive Leach Tes t  Program.
b .  Reference  13.
c .  Refe rence  5.
d.  Average o f  i n t e r - l a b o r a t o r y  d a t a .
e .  Bold d a ta  d e s i g n a t e  an i n t r a - l a b o r a t o r y  comparison.

>0.4
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At 90°C ,  t h e  t im e  d e p e n d e n c e  i n  DI w a t e r  i s  shown in  
F i g u r e s  3 ,  4 ,  and  5.  Data  b e t w e e n  3 and  28 da ys  f o r  b o r o s i l i c a t e  
g l a s s  an d  S yn roc -D  w i t h  c o m p o s i t e  s l u d g e  a r e  shown i n  F i g u r e  3.
Two p r o b le m s  a r e  a p p a r e n t  when t h e  d a t a  f rom a l l  s o u r c e s  a r e  d i s ­
p l a y e d .  F i r s t ,  t h e  e f f e c t  o f  i n t e r - l a b o r a t o r y  v a r i a n c e  i s  e a s i l y  
s e e n  i n  F i g u r e  3.  S e c o n d ,  a few o f  t h e  n o n r e p l i c a t e d  p o i n t s  a t  
e a r l y  t i m e s  a p p e a r  t o  be o u t l i e r s ,  n o t  c o n f i r m e d  by s i m i l a r  p o i n t s  
f rom o t h e r  l a b o r a t o r i e s .  W i th  t h e s e  u n c e r t a i n t i e s ,  t h e  c e s i u m  
l e a c h  r a t e s  o f  t h e  two forms w i t h  c o m p o s i t e  s l u d g e  a t  90°C i n  DI 
w a t e r  a r e  i n d i s t i n g u i s h a b l e .

The t im e  d e p e n d e n c e  o f  fo rms  w i t h  h i g h - a l u m i n u m  s l u d g e ,  a t  
90*C i n  DI w a t e r ,  i s  shown i n  F i g u r e  4 .  The S y n r o c -D  d a t a  a r e  n o t  
m o n o t o n i c ,  b u t  t h e  3 - d a y  p o i n t  may be  a n  o u t l i e r .  E x c e p t i n g  t h i s  
p o i n t ,  t h e  b o r o s i l i c a t e  g l a s s  l e a c h  r a t e  i s  7 t o  30 t i m e s  l o w e r .
The fo rm s  c o n t a i n i n g  h i g h - i r o n  s l u d g e  a r e  com pared  i n  F i g u r e  5.
The d a t a  a r e  w e l l  b e h a v e d  an d  show t h a t  t h e  S y n r o c -D  l e a c h  r a t e  i s  
4 t o  5 t i m e s  l o w e r .

Cesium leach  r a t e s  from 28-day t e s t s  a t  90’ C a r e  g iven  in  
Tab le  10. C o n s id e ra b le  da ta  a r e  a v a i l a b l e  fo r  t h i s  c a se .  With 
composi te  s ludge  in  s i l i c a t e  w a te r ,  Synroc-D may p o s s ib ly  have the  
a d v an ta g e .  O the rw ise ,  the  r e s u l t s  in  s i l i c a t e  w a te r  and b r i n e  
p a r a l l e l  those  in  DI w a te r .

MCC-2 t e s t s  a t  150*C have been run w i th  b o r o s i l i c a t e  g l a s s  
and Synroc-D c o n t a i n i n g  composi te  s lu d g e .  F ig u r e  6 shows the  t ime 
dependence in  DI w a te r .  The cesium leach  r a t e  o f  Synroc-D i s  
lower,  by f a c t o r s  of  1 .4  to  2 . 5 .  This  i s  not a l a r g e  d i f f e r e n c e ,  
g iven  the  u n c e r t a i n t i e s  in  the  measurements .  R e s u l t s  of 28-day 
t e s t s  a t  ISO^C a r e  g iv en  in  Tab le  11. In  DI w a te r ,  the  comparison 
i s  i n d e t e r m i n a t e ,  bu t  in  s i l i c a t e  w a te r  and b r i n e ,  Synroc-D ap p ea rs  
to  have a s l i g h t  ad v an tag e .

MCC-4 t e s t s  were run by the  MCC a t  90*C in  DI w a te r  on boro ­
s i l i c a t e  g l a s s  and Synroc-D c o n t a i n i n g  composi te  s lu d g e .  Table  12 
g iv e s  s e l e c t e d  in c re m en ta l  l e ach  r a t e s  f o r  cesium a t  t h r e e  flow 
r a t e s .  The le a c h  r a t e s  i n c r e a s e  w i th  flow r a t e ,  a s  e x p ec ted ,  and 
tend to  l e v e l  out a f t e r  abou t  10 days .  F ig u r e  7 shows the  r a t i o  
o f  in c re m en ta l  l e ac h  r a t e s  a s  a f u n c t i o n  o f  t ime. The cesium 
le ac h  r a t e s  o f  b o r o s i l i c a t e  g l a s s  and Synroc-D a r e  i n d i s t i n g u i s h ­
a b l e  a t  any of  the  flow r a t e s .  The p o in t s  a t  28 days a g r e e  w e l l  
w i th  the  r e s u l t s  of s t a t i c  t e s t s ,  which g ive  av e rag e  le ac h  r a t e s .

S tro n tiu a

Somewhat fewer l e a c h in g  d a ta  on s t r o n t i u m  a r e  a v a i l a b l e  th a n  
f o r  ces ium. Data a r e  a v a i l a b l e  f o r  b o r o s i l i c a t e  g l a s s  and Synroc-D 
w i th  composi te  s lu d g e ,  bu t  not w i th  high-a luminum or h i g h - i r o n
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TABLE 10

Comparison o f  Cesium Leach Races from 28 -day  MCC-1 T e s t s  ac

Leachant

D eion ized
Water

S i l i c a t e
Water

Sludge Type 

C om posite

H igh-Al

High-Fe

Com posite

H igh-Al

High-Fe

Ref.

Cesium Leach R a te ,  
g / (m ^ ) (d a y )

B o r o s i l i c a t e  
C la s s

Synroc-D
Ceramic

90*C

RATIO

a 1.54 £0 .0 3 0.91 £0 .0 7 1 . 7̂ 5
c 1.23 £0 .0 7 0.71 £0 .0 7 1.7
d 0 .5 8 £ 0 .0 3 - -
e - 0 .7 9 -
f 1 . 1 2 0 .8 0 1.4

a 0 .54 £0 .0 6 4.1 £4 .3 0.13
e - 3 .8 6 -
f 0 .5 4 4 .0 0 .1 4

a 3 .24 £0 .25 0 .90 £0 .0 6 3 .6
e - 0 .8 0 -
f 3 .2 4 0 .8 5 3 .8

a 0 .76 £0 .0 4 0 .37 £0 .0 2 2 .1
c 0 .9 4 £0 .01 0 .22 4 .3
d 0 .4 9 £ 0 .0 3 - -
e - 0 .5 4 -
f 0 .7 3 0 .3 8 1 .9

a 0 .27 £0 .01 4 .95 £0 .7 5 0.055
e - 2 .9 5 -
f 0 .2 7 3 .9 5 0 .0 6 8

a 1.08 £0 .0 8 0 .45 £0 .0 5 2 .4
e - 0 . 2 0 -
f 1 .08 0 .3 3 3 .3

B rine Com posite

H igh-A l

H igh-Fe

a 0 .44 ±0 .0 3 0 .56 ±0 .3 0 0 .79
c < 1 .3 <0 . 1 -
d 0 .3 5 £0 .07 - -
e - 0 .4 5 -
f 0 .4 0 < 0 .37 > 1 . 1

a 0 .13 ±0 .01 4 .8 ±2 .4 0.027
e - 1 .50 -
f 0 .1 3 3 .2 0 .041

a 1.05 ±0 .1 0 0 .37 ±0 .0 4 2 .8
e - 0 .1 7 -
f 1 .05 0 .2 7 3 .9

a . From SRL Com parative Leach T est Program.
b . Bold data  d e s ig n a te  an in tr a - la b o r a to r y  com parison.
c .  From t e s t s  performed by MCC, R eferen ce 4 3 .
d. R eferen ce 13.
e .  R eferen ce 5 .
f .  Average o f  in te r - la b o r a to r y  data  (w ith  ap p ro p r ia te  treatm en t o f  

d a ta  rep o rted  as d e te c t io n  l i m i t s ) .

-  37 -



lorosilicate G lass/C om posite

CESIUM

Synroc-D /C om posite

▲ AMCC

70 100
Time, days

FIGUBE 6 . Cesium Leach R ates w ith  Composite Sludge 
in  D eion ized  Water a t 150*C

-  38 -



TABLE I 1

C o m p a r i s o n  o f  Ces ium L e a c h  R a t e s  
f rom  2 8 - d a y  MCC-2 T e s t s  w i t h  C o m p o s i t e  S l u d g e  a t  150°C

L e a c h a n t

D e i o n i z e d  W a te r

R e f ,

a

c

d

e

C es ium  L e a c h  R a t e ,  
g / ( m ^ ) ( d a y ) _______

B o r o s i l i c a t e  
G l a s s _____

3 .28

1.30 ±0.02

2.29

S y n ro c -D
C eram ic

2.53

2.43

RATIO

2.33 ±0.11 1.4^^

0 .94

S i l i c a t e  Water a

c

d

e

2 .86  ±0.15 

1.71 ±0.05

2.29

0 .74

0 .74 3.1

Brine a

c

d

e

1 .9 0  ±0.10  

2.65 ±0.49

2.28

0 .5 8  ±0.21 3 .3

1.96

1.27 1 . 8

a .  From t e s t s  performed by MCC, R eference  43.
b.  Bold d a t a  d e s i g n a t e  an i n t r a - l a b o r a t o r y  comparison.
c .  Refe rence  13.
d.  Reference  5.
e .  Average o f  i n t e r - l a b o r a t o r y  d a t a .
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TABLE 12

C es ium  L e a c h  Races  from MCC-4 Low-Flow-RaCe T e s c s ^

____________Cesium In c re m e n ta l  Leach Rate ,  g / (m ^ ) (d ay )____________

0.0014*^ mL/min  0 .010^ mL/min 0 .099^ mL/min

Time, B o r o s i l i c a t e  Synroc-D B o r o s i l i c a t e  Synroc-D B o r o s i l i c a t e  Synroc-D 
days Glass____ Ceramic Glass____  Ceramic Glass____  Ceramic

2 0 .22  0 .20  3.42 1.58 7.91 5.28

10 1.17 0 .68  3.21 3.18 4.53 3 .98

17 0.81 0 .50  3.02 3 .83 5.08 . 4 .8 4

24 0.60 0.72 3.27 2.58 4.32 3 .50

28 0.95 0 .68  2.75 2.26 4.51 3 .47

a .  T e s t s  performed by MCC, Refe rence  43.
b.  Flow r a t e  o f  d e io n iz e d  w ater  a t  90’ C.

-  40 -



Synroc-D
B etterCESIUM<a Q 0 .0 1 0  m L /m in

0 .0 0 1 4  m L /m in
099 m L /m in

u  c/9

h A u u

B orosilicate Glass 
B etter

BO^C, DI W ater 
C om posite Sludge

0 .4

Time, days

FIGURE 7 . Cesium Leaching in  MCC-4 Low-F I Rate T ests

-  41  -



s l u d g e s .  The c o m p a r i s o n  o f  s t r o n t i u m  l e a c h i n g  p r o p e r t i e s  f rom 28-  
day MCC-I and  MCC-2 t e s t s  i s  s um m ar ized  in  T a b l e  13. B o r o s i l i c a t e  
g l a s s  i s  s i g n i f i c a n t l y  b e t t e r  u n d e r  a l l  o f  t h e  c o n d i t i o n s  t e s t e d .
In  a d d i t i o n ,  t h e  e f f e c t  o f  f l o w  r a t e  on s t r o n t i u m  l e a c h i n g  has  b e e n  
d e t e r m i n e d  i n  MCC-4 t e s t s .  R e s u l t s  f rom t h e  MCC-1 t e s t s  a t  40 and  
90°C w i l l  be d i s c u s s e d ,  f o l l o w e d  by r e s u l t s  f rom MCC-2 t e s t s  a t  
ISO’ C, a nd  t h e n  by t h e  MCC-4 t e s t s .

The l i m i t e d  d a t a  on s t r o n t i u m  l e a c h  r a t e s  a t  40°C a r e  g i v e n  
i n  T a b l e  14.  D a ta  a r e  a v a i l a b l e  f o r  28 d a y s ,  b u t  n o t  f o r  e a r l i e r  
t i m e s .  S t r o n t i u m  l e a c h  r a t e s  a r e  s m a l l ,  p a r t i c u l a r l y  f o r  b o r o s i l ­
i c a t e  g l a s s ,  an d  i n  many c a s e s  a r e  l e s s  t h a n  d e t e c t i o n  l i m i t s .  At 
4 0 “ C, t h e  s t r o n t i u m  l e a c h  r a t e  o f  b o r o s i l i c a t e  g l a s s  i n  DI w a t e r  i s  
more  t h a n  100 t i m e s  l o w e r  t h a n  f o r  S y n r o c - D ,  an d  i n  s i l i c a t e  w a t e r  
i s  more  t h a n  30 t i m e s  l o w e r .  No c o m p a r i s o n  c a n  be  made from t h e  
b r i n e  d a t a .

At 90*C, the  t ime dependence between 3 and 28 days in  DI w a te r  
i s  shown in  F ig u r e  8.  Although most of  the  da ta  fo r  b o r o s i l i c a t e  
g l a s s  a r e  l e s s  than d e t e c t i o n  l i m i t s ,  a c l e a r  d i s t i n c t i o n  in  
s t r o n t i u m  le a c h in g  b e h a v io r  i s  a p p a r e n t .  The b o r o s i l i c a t e  g l a s s  
le ach  r a t e  i s  7 to  more than 900 t imes lower.

S t ro n t iu m  leach  r a t e s  from 28-day t e s t s  a t  90*C a r e  g iven  in  
Table  15. Again,  b o r o s i l i c a t e  g l a s s  le ach  r a t e s  a r e  a l l  l e s s  than 
d e t e c t i o n  l i m i t s .  In  DI w a te r ,  the  l e ach  r a t e  of  b o r o s i l i c a t e  
g l a s s  i s  more than 300 t imes  lower than  f o r  Synroc-D, and in  s i l i ­
c a t e  w a te r  i t  i s  more than  100 t imes lower.  No comparison  can be 
made from the  b r i n e  d a t a .

R e s u l t s  of  28-day MCC-2 t e s t s  a t  150*C a r e  g iven  in  Tab le  16. 
Even a t  t h i s  h igh  t e m p e ra tu re ,  most of  the  s t r o n t i u m  d a ta  fo r  boro­
s i l i c a t e  g l a s s  a r e  s t i l l  l e s s  than  d e t e c t i o n  l i m i t s .  In  DI w a te r ,  
t h e  l e a c h  r a t e  of  b o r o s i l i c a t e  g l a s s  i s  more than  500 t imes  lower ,  
and in  s i l i c a t e  w a te r  i t  i s  more than  100 t imes  lower.  With b r i n e ,  
th e  d a ta  v a lu e s  f o r  b o r o s i l i c a t e  g l a s s  from two l a b o r a t o r i e s  a r e  
i n c o n s i s t e n t ;  t h u s ,  the  compar ison w i th  Synroc-D in  b r i n e  i s  
i n d e t e r m i n a t e .  Between 3 and 28 days ,  in  DI w a te r ,  b o r o s i l i c a t e  
g l a s s  le ach  r a t e s  range from more than  60 to  more than  120 t imes 
lower.

MCC-4 t e s t s  were run by the  MCC a t  90*C in  DI w a te r .  Table  17 
g iv e s  s e l e c t e d  v a lu e s  o f  in c re m en ta l  l e ac h  r a t e s  f o r  s t r o n t i i a n  a t  
t h r e e  flow r a t e s .  The le ac h  r a t e s  i n c r e a s e  w i th  flow r a t e ,  w i th  
t h o s e  of  b o r o s i l i c a t e  g l a s s  i n c r e a s i n g  more s e v e r e l y  than  th o se  of  
Synroc-D. F ig u r e  9 shows the  r a t i o  of  in c r e m e n t a l  le ach  r a t e s  as  a 
f u n c t i o n  o f  t ime. The r a t i o  i s  s t r o n g l y  a f f e c t e d  by flow r a t e ,  
rang ing  from <0.003 under s t a t i c  c o n d i t i o n s  to  n ea r  u n i t y  a t  the  
r e l a t i v e l y  h igh  flow r a t e  o f  0 .099 mL/min (abou t  100 m/yr ground­
w a te r  v e l o c i t y  in  the  v i c i n i t y  o f  a r e p o s i t o r y ) .  At a more
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TABLE 13

Summary o f  C o m p a r i s o n s  o f  
S t r o n c i u m  L e a c h  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and  S y n ro c -D  Ceram ic

Tempera  t u r e . L e a c h a n t RATIOS

40"C D e i o n i z e d  W a te r  
S i l i c a t e  W a te r

< 0 .001  
<0 .03

9 0 “C D e i o n i z e d  W a te r  
S i l i c a t e  W a te r

< 0 .0 0 3
< 0 .01

150*C D e i o n i z e d  W a te r  
S i l i c a t e  W a te r  
B r i n e

< 0 .0 0 2  
<0 .01 
< 0 .9 6

a .  R a t i o  o f  a v e r a g e s  o f  b o r o s i l i c a t e  g l a s s  t o  S y n ro c -D
l e a c h  r a t e s ,  b o t h  w i t h  c o m p o s i t e  s l u d g e ,  f rom  MCC-1 a nd  
MCC-2 s t a t i c  l e a c h  t e s t s .
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TABLE 14

C o m p a r i s o n  o f  S t r o n t i u m  Leach  R a t e s  
f rom 2 8 - d a y  MCC-I T e s t s  w i t h  C o m p o s i t e  S l u d g e  a t  40°C

L e a c h a n t

D e i o n i z e d  W a te r

R e f .

a

b

c

S t r o n t i u m  L e a ch  R a t e ,  
g / ( m ^ ) ( d a y ) _______

B o r o s i l i c a t e  
G l a s s

<0 . 0 0 1

<0 . 0 0 1

S y n ro c -D
C e ra m ic

0.087

0.087

RATIO

<0 . 0 1

S i l i c a t e  W a te r a

b

c

<0 . 0 0 1

<0 . 0 0 1

0.033

0.033 <0.03

B r ine a

b

c

<0 . 0 0 1

<0 . 0 0 1

<0.004

<0.004

a .  R eference  13.
b .  Refe rence  5.
c .  Average o f  i n t e r - l a b o r a t o r y  d a t a .
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TABLE 15

C o m p a r i s o n  o f  S t r o n t i u m  L e a c h  R a t e s  
f rom 2 8 - d a y  MCC-i T e s t s  w i t h  C o m p o s i t e  S l u d g e  a t  9 0 ’’C

L e a c h a n t

D e i o n i z e d  W a te r

R e f .

a

c

d

e

S t r o n t i u m  L e a c h  R a t e ,  
_______g / ( m ^ ) ( d a y ) _______

B o r o s i l i c a t e  
G l a s s _____

<0.0065

< 0 . 0 0 1

<0 . 001

Syn ro c -D
C eram ic

0 .28

0.38

0.33

RATIO

<0.023 ’̂

<0.003

S i l i c a t e  Water a

c

d

e

<0.0066

< 0 . 0 0 1

<0 . 0 0 1

0 .079

0.099

0.089

<0.08

<0 . 0 1

B rine a

c

d

e

<0.33

<0 .001

<0 . 0 0 1

<0 . 2

<0 . 1

<0 . 1

a .  From t e s t s  performed by MCC, Refe rence  43.
b.  Bold d a t a  d e s i g n a t e  an i n t r a - l a b o r a t o r y  compar ison .
c .  R efe rence  13.
d.  Refe rence  5.
e .  Average o r  lowest  d e t e c t i o n  l i m i t  o f  i n t e r - l a b o r a t o r y  d a t a .
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TABLE 16

C o m p a r i s o n  o f  S t r o n t i u m  L e a ch  Races  
from 2 8 - d a y  MCC-2 T e s t s  w i t h  C o m p o s i t e  S l u d g e  a t  150°C

L e a c h a n t

D e i o n i z e d  W a te r

R e f .

a

c

d

e

S t r o n t i u m  L e a c h  R a t e ,  
_______g / ( m ^ ) ( da y )_______
B o r o s i l i c a t e  

 G l a s s _____

<0 . 0 1

< 0 , 0 0 2

<0 . 0 0 2

S y n ro c -D
Ceramic

1.82

1.21

RATIO

0 .6 0  ±0.02 <0.02^

<0 . 0 0 2

S i l i c a t e  W a te r a

c

d

e

<0.006 

0 .006 ±0.004

<0.006

0.493

0.493 <0 . 01

Br ine. a

c

d

e

<0.006  

2.61 ±0.06

<1.31

1.18  ±0.28  <0.005

1.53

1.36 <0.96

a .  From t e s t s  performed by MCC, Refe rence  43.
b .  Bold d a t a  d e s i g n a t e  an i n t r a - l a b o r a t o r y  comparison.
c .  Refe rence  13.
d.  Refe rence  5.
e .  Average o f  i n t e r - l a b o r a t o r y  d a t a  (w i th  a p p r o p r i a t e  t r e a tm e n t  of  

d a t a  r e p o r t e d  as d e t e c t i o n  l i m i t s ) .
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TABLE 17

S t r o n t i u m  L e a ch  R a t e s  from MCC-4 L o w - F l o w - R a t e  T e s t s ^

_____________S t r o n t i u m  I n c r e m e n t a l  L e a c h  R a t e ,  g / ( m ^ ) ( d a y ) ________________

0 . 0 0 1 4 '  ̂ mL/min O.Olo'^ mL/min 0 . 0 9 9 ^  mL/min

T im e ,  B o r o s i l i c a t e  S y n r o c -D  B o r o s i l i c a t e  S y n r o c -D  B o r o s i l i c a t e  S y n r o c -D  
d a y s  G l a s s _____  Ceram ic  G l a s s  Ceram ic  G l a s s _____  Ceramic

2 0.005 0.117 0.48 0.70 3.22 2.83

10 0.006 0.265 0.06 1.12 2.39 2 .14

17 - 0.231 0.06 1.04 2.08 1.85

24 0.005 0.296 - 1.02 1.90 1.48

28 - 0.289 0.07 0.95 2.10 1.46

a .
b.

T e s t s  performed by MCC, Refe rence  43. 
Flow r a t e  o f  d e io n iz e d  w a te r  a t  90“C.
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r e a l i s t i c  v e l o c i t y  o f  1 m /y r  ( a p p r o x i m a t e d  by t h e  t e s t s  a t  
0 . 0 0 1 4  m L /m in ) ,  t h e  s t r o n t i u m  l e a c h  r a t e  f o r  b o r o s i l i c a t e  g l a s s  
i s  a b o u t  70 t i m e s  l ow e r  t h a n  t h a t  o f  S y n r o c -D .

Uranium

A s u b s t a n t i a l  amoun t  o f  u r a n i u m  l e a c h  d a t a  i s  a v a i l a b l e .  The 
c o m p a r i s o n  o f  u r a n i u m  l e a c h i n g  p r o p e r t i e s  o f  b o r o s i l i c a t e  g l a s s  and  
S y n r o c -D  i s  sum m a r iz ed  i n  T a b l e  18 f o r  2 8 - d a y  MCC-l an d  MCC-2 
t e s t s .  S y n r o c -D  i s  s i g n i f i c a n t l y  b e t t e r  u n d e r  a l l  o f  t h e  c o n d i ­
t i o n s  t e s t e d .  In  a d d i t i o n ,  d a t a  f rom MCC-3 a g i t a t e d  powder  t e s t s  
a n d  MCC-4 l o w - f l o w - r a t e  t e s t s  a r e  a v a i l a b l e .  R e s u l t s  f rom  MCC-1 
t e s t s  a t  40 and  90*C w i l l  be d i s c u s s e d ,  f o l l o w e d  by r e s u l t s  f rom 
MCC-2 t e s t s  a t  150*C,  an d  t h e n  by t h e  MCC-3 a n d  MCC-4 t e s t s .

Data on the  t ime dependence o f  uranium l e ac h in g  between 3 and 
28 days a r e  a v a i l a b l e  a t  40*C w i th  high-a luminum and h i g h - i r o n  
s l u d g e s .  The t e s t s  were in  DI w a te r .  With bo th  s lu d g e s ,  the  
uranium le ac h  r a t e s  fo r  Synroc-D were l e s s  than  d e t e c t i o n  l i m i t s .  
With h igh-aluminum s lu d g e ,  the  b o r o s i l i c a t e  g l a s s  d a ta  v a lu e s  over­
la p  th e  Synroc-D d e t e c t i o n  l i m i t s ,  so t h a t  no comparison i s  p o s s i ­
b l e .  However, w i th  h i g h - i r o n  s lu d g e ,  the  Synroc-D leach  r a t e  i s  
more than  10 to  more than  50 t imes lower.  With composi te  s lu d g e ,  
no da ta  a r e  a v a i l a b l e  on Synroc-D a t  40*C and e a r l y  t im es .

Uranium le ac h  r a t e s  from 28-day t e s t s  a t  40“C a r e  g iven  in  
T ab le  19. With composi te  s lu d g e ,  the  uranium le ac h  r a t e  of 
Synroc-D in  s i l i c a t e  w a ter  i s  400 t imes lower than  t h a t  of boro­
s i l i c a t e  g l a s s .  I n s u f f i c i e n t  d a ta  a r e  a v a i l a b l e  f o r  a comparison 
in  b r i n e .

At 90"C, the  t ime dependence in  DI w a te r  i s  shown i n  
F ig u r e s  10 and 11. Data between 3 and 28 days f o r  b o r o s i l i c a t e  
g l a s s  and Synroc-D w i th  composi te  s ludge  a r e  shown in  F ig u r e  10. 
Although i n t e r - l a b o r a t o r y  v a r i a n c e  i s  s u b s t a n t i a l ,  a c l e a r  d i s t i n c ­
t i o n  in  uranium le ac h in g  b e h a v io r  i s  a p p a r e n t .  The Synroc-D le ac h  
r a t e  i s  6 to  2650 t imes  lower.  The forms c o n t a i n i n g  h i g h - i r o n  
s ludge  a r e  compared in  F ig u r e  11, which shows t h a t  be tween 3 and 28 
days ,  the  Synroc-D le ac h  r a t e  i s  7 to  more than  460 t imes  lower.
The t ime dependence of  forms w i th  h igh-a luminum s lu d g e ,  not shown, 
g iv e s  Synroc-D le a c h  r a t e s  t h a t  a r e  more than  2 to  more than  9 
t imes lower than those  of  b o r o s i l i c a t e  g l a s s .

Uranium le ac h  r a t e s  from 28-day t e s t s  a t  90*C a r e  g iven  i n  
Tab le  20.  C o n s id e ra b le  d a ta  a r e  a v a i l a b l e  f o r  t h i s  c ase .  Many of 
the  Synroc-D le ac h  r a t e s  a r e  l e s s  than  d e t e c t i o n  l i m i t s .  In  
s i l i c a t e  w a te r ,  th e  r e s u l t s  p a r a l l e l  th o se  in  DI w a te r ,  w i th  
Synroc-D le ac h  r a t e s  up to  1000 t imes lower.  In b r i n e ,  the  only  
comparison t h a t  can be made from the  d a ta  i s  w i th  composi te
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TABLE 18

Summary o f  C o m p a r i s o n s  o f  
U ra n iu m  L e a c h  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and  Syn ro c -D  Ceram ic

bR at io  o f  Uranium Leach Rates ’ 
Tempera ture  Leachant___________  Composite High-Al High-Fe

40’ C Deionized  Water -  >0.2 >57
S i l i c a t e  Water 400

90“C Deionized  Water 1200 >8 >420
S i l i c a t e  Water 1000' >70 600
B r ine  22 -  -

150*C Deionized  Water 2800 -
S i l i c a t e  Water >44
Brine  190

a .  MCC-1 and MCC-2 s t a t i c  l e ac h  t e s t s .
b.  R a t io  of a v e rag es  of  b o r o s i l i c a t e  g l a s s  to  Synroc-D leach  r a t e s ,
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TABLE 19

C o m p a r i s o n  o f  Uran ium  L e a ch  R a t e s  f rom 2 8 - d a y  MCC-I T e s t s  a t  40°C

L e a c h a n t

D e i o n i z e d
W a te r

S l u d g e  Type Ref .

C o m p o s i t e a

b

c

U ra n iu m  L e a c h  R a t e ,  
g / ( m ^ ) ( d a y )

B o r o s i l i c a t e  
G l a s s

0.011 ±0.005 

0 .018 ±0.002 

0.015

Syn ro c -D
C eram ic RATIO

High-Al 0 .001  ±0 .00  <0.005 >0 . 2^

High-Fe 0 .0 1 7  ±0 .00  <0.0003 >57

S i l i c a t e
Water Composite b

e

c

0 .036 ±0.006

0.036

0.00009

0.00009 400

Brine Composite <0.71

a .  From SRL Comparat ive Leach T es t  Program.
b . Refe rence  13.
c .  Average o f  i n t e r - l a b o r a t o r y  d a t a .
d.  Bold d a t a  d e s i g n a t e  an i n t r a - l a b o r a t o r y  comparison .
e .  Reference  5.
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TABLE 20

Comparison o f  Uranium Leach R a tes  from 28-day  MCC-1 T e s t s  a t  90*C

Uranium Leach R a te ,

D e ion ized
Water

S i l i c a t e
Water

Brine

Sludge Type R ef.
B o r o s i l i c a t e

G lass
Synroc-D
Ceramic RATIO

Composite a 0 .0 5 5 ±0.003 <0.001 >55*’
c - 0 .000049 ±0.000006 -
d 0 .1 3 - -
e - 0.00011 -
f 0 .093 0 .000080 1200

H igb-Al a 0 .0 4 0 ±0.005 < 0.005 >8
e - <0.07 -
f 0 .0 4 0 <0.005 >8

H igh-Fe a 0 .0 8 4 ± 0.003 < 0 .0002 >420
e - <0.005 -
f 0 .0 8 4 <0.0002 >420

Com posite a 0 .2 3 6 ± 0 .002 <0.001 >230
c 0 .1 8 ± 0 .006 0.00021 ±0.00002 860
d 0 .4 4 ± 0 .1 2 - -
e - 0 .00034 -
f 0 .2 9 0 .0 0 0 2 8 1000

High-Al a 0 .2 7 4 ± 0 .002 < 0 .004 >70
e - <0.07 -
f 0 .2 7 4 < 0.004 >70

Higb-Fe a 0 .1 6 9 ± 0 .012 0 .0 0 0 3 ±0.0002 600
e - <0.005 -
f 0 .1 6 9 0 .0 0 0 3 600

Composite a <0.019 < 0 .014 -
c 0.011 ±0.001 0 .0 0 0 5 0 ±0.00002 22
d <0.71 - ■ -
f 0.011 0 .0 0 0 5 0 22

H igb-A l a <0.029 <0.082 -
e - < 0.07 -
f < 0 .029 < 0 .07 -

H igb-Fe a < 0.006 < 0.066 -

e - < 0.005 -
f <0.006 <0,005 -

a . Troa SKL Com parative Leach T eat Program.
b . Bold d ata  d e s ig n a te  an in tr a - la b o r a to r y  com parison.
c .  Prom t e s t s  perform ed by MCC, R eferen ce 4 3 .
d. R eferen ce 13.
e .  R eferen ce S.
f .  Average o f  in te r - la b o r a to r y  d a ta  (w ith  ap p ro p r ia te  treatm en t o f  

data rep orted  as d e te c t io n  l i m i t s ) .
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s l u d g e ,  f o r  w h ic h  Che Syn ro c -D  l e a c h  r a t e  i s  22 t i m e s  Lower t h a n  
t h a t  o f  b o r o s i l i c a t e  g l a s s .

The t im e  d e p e n d e n c e  o f  u r a n i u m  l e a c h i n g  from MCC-2 t e s t s  a t  
150*C i n  DI w a t e r  w i t h  c o m p o s i t e  s l u d g e  a r e  shown i n  F i g u r e  12.
The l e a c h  r a t e  o f  S y n ro c -D  i s  500 t o  4500 t i m e s  l o w e r .  R e s u l t s  o f  
2 8 - d a y  t e s t s  a t  150°C a r e  g i v e n  i n  T a b l e  2 1 .  The u r a n i u m  l e a c h  
r a t e  o f  S y n ro c -D  i s  much l e s s  t h a n  t h a t  o f  b o r o s i l i c a t e  g l a s s ,  i n  
a l l  t h r e e  l e a c h a n t s .

In  an  MCC-3 a g i t a t e d  powder  t e s t ,  t h e  u r a n i u m  c o n c e n t r a t i o n  
was 0 .0066M  f rom  b o r o s i l i c a t e  g l a s s  and  0.00087M f rom S y n r o c - D ,  
a f t e r  14 d a y s .  T h u s ,  t h e  u r a n i u m  c o n c e n t r a t i o n  f rom S yn roc -D  i s  
7 . 6  t i m e s  l o w e r .

MCC-4 t e s t s  were run a t  90"C in DI w a te r  w i th  samples c o n t a i n ­
ing composi te  s lu d g e .  Table  22 g iv e s  s e l e c t e d  in c re m en ta l  le ach  
r a t e s  fo r  uranium a t  t h r e e  flow r a t e s .  The le ach  r a t e s  i n c r e a s e  
w i th  flow r a t e s ;  the  l e ac h  r a t e s  of  b o r o s i l i c a t e  g l a s s  l e v e l  o u t ,  
bu t  those  of  Synroc-D appea r  to  i n c r e a s e  w i th  t im e .  F ig u r e  13 
shows the  r a t i o  of  i n c re m en ta l  l e ach  r a t e s  as  a f u n c t i o n  o f  t ime.  
The p o in t s  a r e  s e v e r e l y  s c a t t e r e d ,  p robab ly  due e n t i r e l y  to  
u n c e r t a i n t i e s  in  the  d a t a .  However, a t  e a r l y  t imes a t  a l l  t h r e e  
flow r a t e s ,  the  uranium leach  r a t e  o f  Synroc-D is  c o n s i s t e n t l y  two 
to  t h r e e  o rd e r s  o f  magnitude  lower.  At 28 days and 0.099 mL/min,
the  l e ach  r a t e  o f  Synroc-D is  on ly  6 t imes lower,  bu t  a t  a more
r e a l i s t i c  f low r a t e  of  0 .0014 mL/rain t h e r e  i s  no ev idence  t h a t
Synroc-D would lo se  i t s  l a r g e  ad v an ta g e .

Other Elements

Comparative  le ac h in g  da ta  a r e  a v a i l a b l e  f o r  e i g h t  a d d i t i o n a l  
e lem en ts :  cer ium,  sodium, aluminum, i r o n ,  z i r co n iu m ,  s i l i c o n ,
ca lc ium ,  and manganese.  Data f o r  th e se  e lem ents  a r e  r e l a t i v e l y  
s p a r s e ,  excep t  f o r  sodium and aluminum. Many o f  th e  compar isons  
a r e  i n d e t e r m i n a t e ,  i n c lu d in g  a l l  those  fo r  cer ium and z i rcon ium .  
Where compar isons  a r e  p o s s i b l e ,  b o r o s i l i c a t e  g l a s s  i s  b e t t e r  fo r  
ca lc ium ,  w hi le  Synroc-D i s  b e t t e r  f o r  sodium, aluminum, i r o n ,  
s i l i c o n ,  and manganese. The d a ta  a r e  d i s p l a y e d  in  Tab les  23-45 
and F ig u r e s  14-35,  and a r e  d i s c u s s e d  b r i e f l y  below. Table  23 
g iv e s  com para t ive  28-day le ac h  r a t e s  a t  40*C in  DI w a te r  f o r  f i v e  
e lem en ts .

Cerium l e ac h in g  compar isons  between b o r o s i l i c a t e  g l a s s  and 
Synroc-D a r e  summarized in  Table  24,  f o r  28-day MCC-1 t e s t s .  The 
d a ta  a r e  g iven  a t  40*C in  Tab le  23 and a t  90*C in  Table  25.  For 
b o th  forms,  the  cer ium le ac h  r a t e s  a r e  ve ry  s m a l l ,  and most a r e  
l e s s  than  d e t e c t i o n  l i m i t s .  A l l  of  the  compmrisons a r e  
i n d e t e r m i n a t e .
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TABLE 21

C o m p a r i s o n  o f  Uran iu m  L e a ch  R a t e s  
f rom  2 8 - d a y  MCC-2 T e s t s  w i t h  C o m p o s i t e  S l u d g e  a t  I50°C

L e a c h a n t

D e i o n i z e d  W a te r

Ref .

a

c

d

e

Uran iu m  L e a c h  R a t e ,  
 g / ( m ^ ) ( d a y ) _____

B o r o s i l i c a t e  
G l a s s _____

1.09 ±0.19 
0.24

0.67

S y n ro c -D
C eram ic

0.000243 ±0.000003

<0.017

0.000243

RATIO

4500l5

2800

S i l i c a t e  Water a

c

d

e

1.10 ±0.13 

0 .38

0 .74

<0.017

<0.017 >44

Brine a 0 .2 8  ±0.04

c <0.71

e 0 .28

0 .0015  ±0.0009

0.0015

190

190

a .  From t e s t s  performed by MCC, Refe rence  43.
b .  Bold d a t a  d e s i g n a t e  an i n t r a - l a b o r a t o r y  compar ison .
c .  R efe rence  13.
d.  R efe rence  5.
e .  Average o f  i n t e r - l a b o r a t o r y  d a t a  (w i th  a p p r o p r i a t e  t r e a tm e n t  o f  

d a t a  r e p o r t e d  as  d e t e c t i o n  l i m i t s ) .
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^  TABLE 22

Uranium L e a ch  R a t e s  from MCC-4 Low -Flow-R aCe T e s t s ^

U ran iu m  I n c r e m e n t a l  L e a ch  R a t e ,  g / ( m ^ ) ( d a y )

 0 . 0 0 1 4  mL/min_____

Tim e,  B o r o s i l i c a t e  S y n ro c -D  
d a y s  G l a s s _____  Ceramic

2

10

17

24

28

0 . 0 0 3 2

0 . 0 5 0 7

0 . 0 2 9 5

0 .0 2 8 1

0 . 0 0 0 0 4

0 .00021

0 .00002

0 . 0 1 0  mL/min

B o r o s i l i c a t e  S y n ro c -D  
G l a s s  Ceramic

0 . 1 4 6

0 . 1 7 4

0 . 0 5 5

0 . 0 4 7

0 . 0 6 2

0.0001

0 .0001

0 . 0 0 0 3

0.0002

0 .0 0 5 1

0 . 0 9 9  mL/min

B o r o s i l i c a t e  S y n r o c -D  
G l a s s  Ceramic

0.352

0 . 3 5 3

0 .2 3 5

0 . 2 9 5

0 . 3 2 2

0 . 0 0 1 8

0 . 0 0 0 7

0 .0 0 0 2

0.001

0 . 0 5 4

a .  T e s t s  p e r f o r m e d  by MCC, R e f e r e n c e  43 .
b .  Flow r a t e  o f  d e i o n i z e d  w a t e r  a t  90*C,
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TABLE 23

Elemenc

Cerium

Comparison o f  Leach Races a t  40*C 
from 28-day  MCC-1 TesCs w i th  D e io n iz e d  Water

Sludge Type 

Com posite

High-Al

H igh-Fe

Ref.

a
b
c

Leach R a te ,  g / (m ^ ) (d a y )  
B o r o s i l i c a t e  Synroc-D

G la ss  Ceramic

<0.001
<0.36
< 0 . 0 0 1

0.003  ±0.001

< 0 . 0 2 2

<0.005

RATIO

>0.6<̂

0 .005  ±0 .004  < 4 .4

Sodium Composite

H igh-Al 

Hi gh-Fe

a 0 .0 3 9  ±0.004
b 0 .0 7 0  ±0.028
c 0 .055

a 0.012  ±0 .002  < 1.07  >0.011

a 0.542  ±0 .030  0.098  ±0.026  5.5

Aluminum Composite

High-Al

High-Fe

a
e
c

0 . 1 2 2  ±0 . 1 1 0  

0 . 1 2 2  

0 .012  ±0.001  

0.635  ±0 .014

0 .0 0 9
0 .0 0 9 14

0 .014  ±0 .0 0 4  0 .8 6

0 .080  ±0.018  7 .9

Iron Com posite

H igh-A l

H igh-Fe

a

a

<0.0005

<0.010

<0.019

<0.001

<0.0005

Zirconium  Com posite 

H igh-A l 

H igh-Fe

<0.003

< 0.004

<0.013

<0.003

<0.0003

a . From SBL Comparative Leach T est Program.
b . R eferen ce 13.
c .  Average or lo w est d e te c t io n  l im it  o f  in te r - la b o r a to r y  d a ta .
d . Bold data  d e s ig n a te  an in tr a - la b o r a to r y  com parison.
e .  R eferen ce 5 .
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TABLE 24

Summary o f  C o m p a r i s o n s  o f  
Ce r ium  L e a c h  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and S v n ro c -D  Ceram ic

• 3 bRat io  of  Cerium Leach Rates ’
Temperature  Leachant___________  Composite High-Al High-Fe

4 0 “C Deionized  Water -  >0.6  <4.4

90“C Deionized  Water <2.5 >93 <8.2
S i l i c a t e  Water >3 -  <18
Brine  -  -  <3

a .  MCC-I s t a t i c  l e ach  t e s t s .
b.  R a t io  of  averages  of  b o r o s i l i c a t e  g l a s s  to  Synroc-D leach  r a t e s .
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^  TABLE 25

C o m p a r i s o n  o f  Ce r ium  L each  R a t e s  f rom 2 8 - d a y  MCC-1 T e s t s  a t  90'’ C

Leachant

Deionized  
Wa t e r

S i l i c a t e  
Wa t e r

C o m p o s i t e

High-AI

High-Fe

Composite

High-Al

High-Fe

a
c
d
e
f

a
c
d
f

Cer ium  L e a c h  R a t e ,  
 g / ( m ^ ) ( d a y )

Sludge Type Ref.
B o r o s i l i c a t e

Glass

<0.004
<0.055
<0.36

<0.004

0 .5 6  ±0.71

<0.041

0 .003  ±0.001
<0.05
<0.36

0.003

<0 .0 2 0

<0.027

Syn ro c -D
C e ra m ic RATIO

0.0016 ±0.0004 <2 . 5 !̂

<0 . 11
0.0016

<0.006

0 .005  ±0.004

<0 .0 0 1
<0,043

<2.5

>93

<8. 2

>3

>3<0 . 0 0 1  

<0.008

0.0015 ±0.0003 <18

B rine Composite

High-Al

High-Fe

a
c
d
f

<0.029
<2.7
<0.36
<0.029

a <0.11

a <0.154

<0.034
<2 . 0

<0.034

<0.042

0.031 ±0.006 <5.0

a .  From SRL Comparative  Leach T e s t  Program.
b .  Bold d a ta  d e s i g n a t e  an i n t r a - l a b o r a t o r y  comparison.
c .  From t e s t s  performed by MCC, R efe rence  43.
d .  Refe rence  13.
e .  Refe rence  5.
f .  Average o f  i n t e r - l a b o r a t o r y  d a ta  (w i th  a p p r o p r i a t e  t r e a tm e n t  of  

d a ta  r e p o r t e d  a s  d e t e c t i o n  l i m i t s ) .
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Sodium has e x t e n s i v e  l e ac h in g  d a t a  in  DI and s i l i c a t e  w a te r s ,  
but none in  b r i n e .  The comparison of sodium l e ac h in g  p r o p e r t i e s  
o f  b o r o s i l i c a t e  g l a s s  and Synroc-D i s  summarized in  Table  26 fo r  
28-day MCC-1 and MCC-2 t e s t s .  With composi te  and h i g h - i r o n  
s lu d g e s ,  the  l e ach  r a t e  o f  Synroc-D i s  2 t o  60 t im es  lower;  w ith  
h igh-a luminum s lu d g e ,  the  comparisons  a re  i n d e t e r m i n a t e .  The d a t a  
a t  40'’C a re  shown in  F ig u r e s  14 and 15, and in  Table  23. Simi­
l a r l y ,  the  d a t a  a t  90°C a re  shown in  F ig u r e s  16, 17, and 18, and in  
Table  27. The d a t a  a t  ISO'C a re  shown in  F ig u r e  19 and Table  28.
R e s u l t s  o f  MCC-4 t e s t s  a re  g iven  in  Table  29 and F ig u r e  20. In
t h e s e  flow t e s t s ,  Synroc-D g e n e r a l l y  had t h e  lower le ach  r a t e ,  but 
the  d i f f e r e n c e  d e c l i n e d  from a f a c t o r  o f  about 6 a t  the  lowest  flow 
to  about 1.5 a t  th e  h i g h e s t  f low. O v e r a l l ,  t h e  l e a c h in g  b e h av io r  
o f  sodium resembles  t h a t  o f  ces ium.

Alumintim a l s o  has  e x t e n s i v e  le ac h in g  d a t a  in  DI and s i l i c a t e  
w a t e r s ,  bu t  ve ry  l i t t l e  d a t a  in  b r i n e .  The comparison o f  aluminum 
l e ac h in g  p r o p e r t i e s  o f  b o r o s i l i c a t e  g l a s s  and Synroc-D i s  summa­
r i z e d  in  Table  30 f o r  28-day MCC-1 and MCC-2 t e s t s .  For n e a r l y  a l l  
o f  the  com par isons ,  the  Synroc-D leach  r a t e  i s  2 to  14 t imes  lower;  
i n  two e x c e p t i o n a l  c a s e s ,  t h e  compar ison i s  e i t h e r  i n d e t e r m i n a t e  or 
u n s u b s t a n t i a t e d .  The d a t a  a t  40“C a re  shown in  F ig u r e s  21 and 22, 
and in  Tab le  23.  At 90*0, t h e  d a t a  a r e  shown i n  F ig u r e s  23,  24, 
and 25, and in  Tab le  31.  The d a t a  a t  150*C a re  shown in  F ig u r e  26 
and Table  32.  R e s u l t s  o f  MCC-4 flow t e s t s  a r e  g iv en  i n  Tab le  33
and F ig u r e  27. In  t h e s e  t e s t s ,  Synroc-D always had the  lower l e ac h
r a t e ;  t h e  lower flows had s i m i l a r  e f f e c t s  on t h e  r a t i o s  o f  l e ach  
r a t e s ,  which approach u n i t y  a t  28 days .  However, a t  th e  h i g h e s t  
f low, t h e  r a t i o  i n c r e a s e s  w i th  t im e ,  and a t  24 days t h e  alxjoninum 
leach  r a t e  o f  Synroc-D i s  about 20 t imes  lower  than  t h a t  o f  b o ro ­
s i l i c a t e  g l a s s .

I r o n  l e a c h in g  compar isons  between b o r o s i l i c a t e  g l a s s  and 
Synroc-D a r e  summarized i n  Tab le  34,  f o r  28-day  MCC-1 and MCC-2 
t e s t s .  The d a t a  a r e  g iven  a t  40"C in  T ab le  23,  a t  90“C in  
Tab le  35,  and a t  150“C in  Tab le  36.  Most o f  t h e  d a t a  a t  40 and 
90“C a re  l e s s  than  d e t e c t i o n  l i m i t s .  For bo th  forms, th e  i r o n  
le a c h  r a t e s  a r e  v e r y  sm a l l ,  excep t  f o r  Synroc-D i n  b r i n e  a t  150*C. 
In  the  few comparisons  t h a t  a re  p o s s i b l e ,  th e  l e ac h  r a t e  o f  
Sjmroc-D i s  about  2 t im es  lower.

Z i rcon ium le a c h in g  d a t a  a re  n e a r l y  a l l  l e s s  than  d e t e c t i o n  
l i m i t s ,  as shown a t  40"C i n  Table  23 and a t  90*C i n  Table  37. A l l  
o f  th e  z i rcon i ino  le ac h  r a t e s  a re  ve ry  s m a l l .  From th e  d a t a ,  on ly  
one comparison be tween b o r o s i l i c a t e  g l a s s  and S^rnfoc-D i s  p o s s i b l e ,  
but i t  i s  i n d e t e r m i n a t e .

S i l i c o n  has  no d a t a  w i th  h igh-a luminum o r  h i g h - i r o n  s l u d g e s ,  
and a t  40*C t h e r e  a r e  no d a t a  from Synroc-D f o r  compar ison . The 
comparison of  s i l i c o n  l e a c h in g  p r o p e r t i e s  o f  b o r o s i l i c a t e  g l a s s
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T.\BLE 26

Summary o f  C o m p a r i s o n s  o f  
Sodium L e a ch  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and S vn roc -D  Ceram ic

R a t i o  o f  Sodium L e a ch  R a t e s a ,b

Tempera ture  Leachant Composite High-Al High-Fe

40*C Deionized  Water -  >0.011 5 .5

90“C Deionized  Water 3 .7  >0.2 >7.0
S i l i c a t e  Water 2.1 0 .32  62

150*C ■ Deionized  Water 4 .4  -  -
S i l i c a t e  Water 60 -  -

a .  MCC-1 and MCC-2 s t a t i c  l each  t e s t s .
b .  R a t io  of averages  of b o r o s i l i c a t e  g l a s s  to  Synroc-D leach  r a t e s .
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TABLE 27

C o m p a r i s o n  o f  Sodium L each  R a t e s  from 2 8 - d a y  MCC-1 T e s t s  a t  90'’C

L e a c h a n t  S l u d g e  Type Ref .

D e i o n i z e d
W a te r  C o m p o s i t e

S i l i c a t e
Water

High-Al

High-Fe

Composite

High-Al

High-Fe

Sodium L e a c h  R a t e ,  
g /  ( m ^ ) ( d a y ) _____

B o r o s i l i c a t e
Glass

S y n ro c -D
C e ra m ic RATIO

a 1.64 ±0.06 0 .76  ±0.04 2.2*3
c 3 .83  ±0.11 0 .46  ±0.04 8 .3
d 1 . 3 4  ± 0 .0 7 - -
e - 0 . 6 2 -
f 2 . 2 7 0 . 6 1 3 . 7

a 0 .5 4  ±0.05 <1.76 >0.3
e - 3 . 4 6 -
f 0 . 5 4 < 2 .6 1 > 0 .2

a 5 .8 4  ±0.07 <0.82 >7.1
e - 0 . 8 4 -
f 5 . 8 4 < 0 .8 3 > 7 .0

a 1.09 ±0.07 1.42 ±0.05 0 .77
c 2 .0 4  ±0.03 0 .36 ±0.08 5.7
d 1.32 ±0.35 -
e - 0 .33 -
f 1.48 0 .70 2.1

a 0 .40  ±0.11 <3.25 >0.12
e - 1.24 -
f 0 .40 1.24 0 .32

a 4 .32  ±0.11 <0.70 >6.2
e - 0 .07 -
f 4 .32 0.07 62

a .  From SRL Comparative  Leach T e s t  Program.
b .  Bold d a ta  d e s i g n a t e  an  i n t r a - l a b o r a t o r y  comparison.
c .  From t e s t s  performed by MCC, R efe rence  43.
d.  R efe rence  13.
e .  R efe rence  5.
f .  Average o f  i n t e r - l a b o r a t o r y  d a ta  (w i th  a p p r o p r i a t e  t r e a tm e n t  of 

d a ta  r e p o r t e d  as  d e t e c t i o n  l i m i t s ) .
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TABLE 28

Com par i son  o f  Sodium L each  R a t e s  
f rom 2 8 - d a y  MCC-2 T e s t s  w i t h  C o m pos i t e  S lu d g e  a t  I50°C

L e a c h a n t

D e i o n i z e d  W ate r

Ref .

a

c

d

e

Sodium Leach  R a t e ,  
g / ( m ^ ) ( d a y ) _______

B o r o s i l i c a t e  
G l a s s _____

7 . 1 8  ± 0 .2 2

8 . 1 9  ± 0 .1 5

7 .6 9

Synroc -D
Ceramic

1 .4 7  ± 0 .0 4

1 .9 9

1 .7 3

RATIO

4 . 9b

S i l i c a t e  W ate r a

c

d

e

4 . 8 8  ±0 .81  

4 . 7 7  ± 1 .11

4 . 8 3

0 .0 8 1

0 .0 8 1 60

a .  From t e s t s  p e r f o r m e d  by MCC, R e f e r e n c e  43.
b .  Bold d a t a  d e s i g n a t e  a h  i n t r a - l a b o r a t o r y  c o m p a r i s o n .
c .  R e f e r e n c e  13.
d.  R e f e r e n c e  5.
e .  A v e ra g e  o f  i n t e r - l a b o r a t o r y  d a t a .
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TABLE 29

Sodium Leach Rates from MCC-4 Low-Flow-Rate Tes ts^  

Sodium Inc rem en ta l  Leach Rate ,  g / (m ^)(day)

0.0014^ mL/min 0.010*^ mL/min 0.099^ mL/min

B o r o s i l i c a t e
Glass

Synroc-
Ceramic

D B o r o s i l i c a t e  
Glass

Synroc-D
Ceramic

B o r o s i l i c a t e
Glass

Synroc-D
Ceramic

0.06 0.19 2.67 1.15 7.89 4.19

1.51 0.44 3.39 1.76 6.10 3.94

2.43 0.38 3.26 1.72 5.40 3.28

2.65 0..47 3.61 1.83 5.39 2 .84

2.95 0.50 3.24 1.41 4.80 1.55

days

2

10

17

24

28

a .  T es t s  pe r fo raed  by MCC, Reference  43.
b.  Flow r a t e  of de io n ized  water  a t  90*C.
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TABLE 30

Summary o f  C o m p a r i s o n s  o f  
Aluminum L e a c h  R a t e s  o f  B o r o s i l i c a t e  G l a s s  a nd  Sy n r o c - D Ce r a mi c

R a t io  of  Aluminum Leach Rates a , b

Tempera t u r e Leachant Compos i t e High-Al High-Fe

40*C Deionized  Water 14 0.86 7 .9

90“C Deionized  Water I .8 12 3 .0
S i l i c a t e  Water 2.6 7.1 2.3

150‘ C Deionized  Water 2 .5 - -

S i l i c a t e  Water 5.6 - -
Brine >1700 - -

a .  MCC-1 and MCC-2 s t a t i c  l each  t e s t s .
b .  R a t io  of a v e rag es  of b o r o s i l i c a t e  g l a s s  to  Synroc-D leach  r a t e s .
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TABLE 31

Com pari so n  o f  Aluminum L ea ch  R a t e s  from 2 8 - d a y  MCC-1 T e s t s  a t  90°C

Aluminum Leach R a te ,  
g /(m ^)(day)_______

Leachant Sludge Type Ref.

Deionized
Water Composite

S i l i c a t e
Water

High-Al

High-Fe

Composite

High-Al

High-Fe

a
c
d
e

a
d
e

a
d
e

a
c
d
e

a
d
e

a
d
e

B o r o s i l i c a t e  
Glass

0 . 2 6 5  ± 0 .0 3 5  
0 . 22  ±0 . 0 1

0.24

0 . 3 4 6  ± 0 .0 5 5  

0.346

0 .9 9 9  ± 0 .2 0 2

0.999

0 .2 1 6  ± 0 .0 2 1  
0 . 1 8  ± 0 .0 1

0. 20

0 .2 1 3  ± 0 .0 0 3

0.213

0 . 4 7 6  ± 0 .0 2 7

0.476

Synroc-D
Ceramic RATIO

0 .0 5 6  ± 0 .0 3 4  4 . 7 '
0 . 1 5  ± 0 .0 1  1 .5
0.18
0.13 1.8

0 .0 3 7  ± 0 .0 2 9  9 . 4
0. 022
0.030 12

0 . 3 2 6  ± 0 .0 6 1  3 . 1
0.33
0 .33  3.0

0 . 1 1 0  ± 0 .0 1 3  2 . 0
0 . 0 5 4  ± 0 .0 0 2  3 . 3
0.070
0.078 2 .6

0 . 0 3 8  ± 0 .0 0 2  5 . 6
0 . 0 2 1
0,030 7.1

0 . 3 4 1  ± 0 .0 2 6  1 . 4
0.08
0.21 2.3

a .  From SRL Comparative Leach Tes t  Program.
b. Bold d a t a  d e s i g n a t e  an i n t r a - l a b o r a t o r y  comparison.
c .  From t e s t s  performed by MCC, Reference  43.
d. Reference  5.
e .  Average of  i n t e r - l a b o r a t o r y  d a ta .
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TABLE 32

Comparison of Aluminum Leach Rates 
from 28-day MCC-2 T es ts  with  Composite Sludge a t  150°C

Leachant

Deionized Water

Ref.

a

c
d

Aluminum Leach Rate ,  
g / (m ^)(day)______

B o r o s i l i c a t e  
Glass

1.13 ±0.03

1.13

Synroc-D
Ceramic  RATIO

0.427 ±0.002 2 .6^

0.475

0.451 2.5

S i l i c a t e  Water a
c

d

1.09 ±0.11

1.09

0.194

0.194 5.6

Brine a

c

d

1.70 ±0.11

1.70

<0 .0 0 1

<0 . 0 0 1 >1700

a .  From t e s t s  performed by MCC, Reference  43.
b .  Bold d a t a  d e s ig n a t e  an i n t r a - l a b o r a t o r y  compar ison.
c .  Reference  5.
d. Average of  i n t e r - l a b o r a t o r y  d a ta .
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TABLE 33

Aluminum L ea c h  R a t e s  from MCC-4 L o w - F l o w - R a te  T e s t s ^

__________ Aluminum I n c r e m e n t a l  L e a c h  R a t e ,  g / ( m ^ ) ( d a y ) ______________

0.0014^ mL/min 0 .010^ mL/min 0 .099^ mL/min

Time,  B o r o s i l i c a t e  S yn roc -D  B o r o s i l i c a t e  S yn roc -D  B o r o s i l i c a t e  S yn roc -D  
da ys  G l a s s _____ Ceramic________G l a s s ____  Ceram ic  G l a s s ____  Ceramic

2 0 .04  0.03 2.17 0.41 7.72 1.12

10 0.61 0.15 1.60 0.80 5.73 0.57

17 0.31 0.16 1.31 0.86 5.84 0.41

24 0.19 0.16 1.12 0.80 4.98 0 .23

28 0 .13 0.13 0 .82  0.70 4.80

a .  T es ts  performed by MCC, Reference  43.
b.  Flow r a t e  of  de ion ized  water  a t  90*C.
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TABLE 34

Summary o f  C om pa r i sons  o f  
I r o n  L each  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and Synroc-D  Ceram ic

T e m p e r a t u r e

90"C

L e a c h a n t

D e i o n i z e d  Water  
S i l i c a t e  W a te r

R a t i o  o f  I r o n  Leach  R a t e s a ,b

C om pos i t e

>2 .3

H igh -A l

<31

150*C D e i o n i z e d  W ate r  
S i l i c a t e  W a te r  -

2 . 5
2

a .  MCC-1 and MCC-2 s t a t i c  l e a c h  t e s t s .
b .  R a t i o  o f  a v e r a g e s  o f  b o r o s i l i c a t e  g l a s s  t o  Synroc -D  l e a c h  r a t e s
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TABLE 35

Comp arison  o f  I r o n  Lea ch  R a t e s  from 2 8 - d a y  MCC-1 T e s t s  at  90°C

L e a c h a n t

D e i o n i z e d
W a te r

S i l i c a t e
W ate r

S lu d g e  Type R e f .

Compos i t e

H ig h - A l

H i g h - F e

Compos i t e

H ig h - A l

H i g h - F e

a
b
c
d

a
b
c
d

I r o n  L each  R a t e ,  
g / ( m ^ ) ( d a y ) _____

B o r o s i l i c a t e
G l a s s

<0.001
< 0 .00019

< 0 .00019

<0.093

< 0 .041

<0 . 0 0 1
0.00061

0 .0 0 0 6 1

< 0 .0 3 4

<0 . 0 2 1

Synroc-D
Ceramic

< 0 . 0 0 1
< 0 .0 0 0 2 8

0 .0 0 0 3 4
< 0 .00031

0.0030

<0 . 0 0 2

<0 . 0 0 1
<0.00012

0 .0 0 0 4 2 9
< 0 .0 0 0 2 7

<0 .002  

<0 .0 0 1

RATIO

<3ie

>5.1

>2 .3

B r i n e  ’ C o m p o s i t e

H i g h - A l

H i g h - F e

a
b
d

< 0 .0 2 5

< 0 .0 2 5

< 0 .0 2 5

< 0 .1 51

< 0 .0 1 7
< 0 .0 0 6 0
< 0 .0 0 6

< 0 .0 0 7

< 0 .0 0 7

a .  From SRL C o m p a r a t i v e  Leach  T e s t  P r o g ra m .
b .  From t e s t s  p e r f o r m e d  by MCC, R e f e r e n c e  4 3 .
c .  R e f e r e n c e  5 .
d .  A v e r a g e  o f  i n t e r - l a b o r a t o r y  d a t a  ( w i t h  a p p r o p r i a t e  t r e a t m e n t  o f  

d a t a  r e p o r t e d  a s  d e t e c t i o n  l i m i t s ) .
e .  Bold d a t a  d e s i g n a t e  a n  i n t r a - l a b o r a t o r y  c o m p a r i s o n .
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TABLE 36

Com pari so n  o f  I r o n  Leach  R a t e s
from 2 8 - d a y  MCC-2 T e s t s  w i t h  C o m p o s i t e  S l u d g e  a t  150°C

L e a c h a n t

D e i o n i z e d  W ate r

Ref .

a

c

d

B o r o s i l i c a t e  
G l a s s _____

0 .008 ±0.001

0 .0 0 8

I r o n  L e a ch  R a t e ,  
g / ( m ^ ) ( d a y )

Synroc-D
Ceramic

0.00073 ±0.00016
0 .0 0 5 7

0 .0 0 3 2

RATIO

11'

2 .5

S i l i c a t e  W ate r a

c

d

0 . 0 1 0  ± 0 . 0 0 1

0 .010

0 .0 0 5

0 . 0 0 5

B r i n e a

c

d

0 .1 4 7

0 . 2 1 1

0 . 1 7 9

± 0 .0 8 4

a .  From t e s t s  p e r f o r m e d  by MCC, R e f e r e n c e  4 3 .
b .  Bold d a t a  d e s i g n a t e  an  i n t r a - l a b o r a t o r y  c o m p a r i s o n .
c .  R e f e r e n c e  5.
d .  A ve ra ge  o f  i n t e r - l a b o r a t o r y  d a t a .
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TABLE 37

Co mpar ison  o f  Z i r c o n i u m  L ea ch  R a t e s  from 2 8 - d a y  MCC-1 T e s t s  at  9 0 ° C

L e a c h a n t

D e i o n i z e d
W ate r

S i l i c a t e
W a te r

S l u d g e  Type R e f .

C o m p o s i t e

H ig h - A l

H i g h - F e

C o m p o s i t e

H ig h - A l

H ig h - F e

a
b
c
d

a
b
c
d

Z i r c o n i u m  L each  R a t e ,  
_______g / ( m ^ ) ( d a y ) _______

B o r o s i l i c a t e
G l a s s

< 0 .0 0 8
< 0 .0 3 3

< 0 .0 0 8

<0 .0 1 9

<0 .0 2 5

<0 .0 0 5

< 0 .0 0 5

< 0 .0 5 8

<0.013

Synroc-D
Ceramic

<0 . 0 0 2

< 0 .0 0 0 4
< 0 .0 0 0 4

< 0 .0 0 6

<0 . 0 0 1

<0 . 0 0 1
0 .0 0 0 6 0

< 0 .0 0 0 4
< 0 .0005

< 0 .0 0 6

0.0018

RATIO

<7.2®

B r i n e C o m p o s i t e

H ig h - A l

H i g h - F e

a
b
c
d

< 0 .0 5 6

< 0 .0 5 6

< 0 .1 1 3

< 0 .0 6 9

< 0 .0 1 5
< 0 .0 3
< 0 .0 0 7 9
< 0 .0 0 7 9

< 0 .0 2 9

< 0 .0 0 4

a .  From SRL C o m p a r a t i v e  L e a ch  T e s t  P ro g ra m .
b .  From t e s t s  p e r f o r m e d  by MCC, R e f e r e n c e  4 3 .
c .  R e f e r e n c e  5.
d .  A v e r a g e  o f  i n t e r - l a b o r a t o r y  d a t a  ( w i t h  a p p r o p r i a t e  t r e a t m e n t  o f  

d a t a  r e p o r t e d  a s  d e t e c t i o n  l i m i t s ) .
e .  Bold d a t a  d e s i g n a t e  an  i n t r a - l a b o r a t o r y  c o m p a r i s o n .
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and  S y n ro c -D ,  w i t h  c o m p o s i t e  s l u d g e  o n l y ,  i s  sum m ar ized  i n  T a b l e  38 
f o r  2 8 - d a y  MCC-1 and MCC-2 t e s t s .  I n  DI and  s i l i c a t e  w a t e r s ,  t h e  
l e a c h  r a t e  o f  Synroc -D  i s  2 t o  4 t im e s  l o w e r ;  in  b r i n e  t h e  c o m p a r i ­
sons  a r e  i n d e t e r m i n a t e .  The d a t a  a r e  shown i n  F i g u r e s  28 and  29 ,  
an d  i n  T a b l e  39 .  R e s u l t s  o f  MCC-4 t e s t s  a r e  g i v e n  i n  T a b l e  40 and  
F i g u r e  30 .  In  t h e s e  t e s t s ,  Synroc -D  g e n e r a l l y  had t h e  low er  l e a c h  
r a t e ,  b u t  t h e  d i f f e r e n c e  d e c l i n e d  s l i g h t l y ,  f rom a f a c t o r  o f  a b o u t
2 . 5  a t  t h e  l o w e s t  f low  to  a b o u t  1 .5  a t  t h e  h i g h e s t  f lo w .

C a lc iu m  has  no c o m p a r a t i v e  d a t a  a t  40°C,  o r  w i t h  h i g h - a l u m i n u m  
an d  h i g h - i r o n  s l u d g e s ,  o r  w i t h  b r i n e .  The few a v a i l a b l e  c o m p a r i ­
sons  a r e  summ arized  i n  T a b l e  41 f o r  2 8 - d a y  MCC-1 and  MCC-2 t e s t s .
At 90°C,  t h e  l e a c h  r a t e  o f  b o r o s i l i c a t e  g l a s s  w i t h  c o m p o s i t e  s l u d g e  
i s  more t h a n  30 t i m e s  low er  i n  DI w a t e r  and more t h a n  9 t im e s  l ow e r  
i n  s i l i c a t e  w a t e r .  At 150“ C, i n  DI w a t e r ,  t h e  l e a c h  r a t e  o f  b o r o ­
s i l i c a t e  g l a s s  i s  15 t im e s  l o w e r ;  t h e  c o m p a r i s o n  i n  b r i n e  i s  
i n d e t e r m i n a t e .  The d a t a  a r e  shown i n  F i g u r e s  31 and  32 ,  and  i n  
T a b l e  4 2 .  R e s u l t s  o f  MCC-4 t e s t s  a r e  g i v e n  i n  T a b l e  43 and  
F i g u r e  3 3 .  I n  t h e s e  t e s t s ,  t h e  c a l c i u m  l e a c h  r a t e  o f  b o r o s i l i c a t e  
g l a s s  c hanged  from a b o u t  3 t im e s  low er  a t  t h e  i n t e r m e d i a t e  f l o w ,  t o  
a b o u t  4 t i m e s  h i g h e r  t h a n  t h a t  o f  Syn roc -D  a t  t h e  h i g h e s t  f lo w .  
O v e r a l l ,  t h e  l e a c h i n g  b e h a v i o r  o f  c a l c i u m  c l o s e l y  r e s e m b l e s  t h a t  o f  
s t r o n t i u m .

Manganese  a l s o  has  no c o m p a r a t i v e  d a t a  a t  40*C,  o r  w i t h  h i g h -  
a lu m in um  and  h i g h - i r o n  s l u d g e s .  The c o m p a r i s o n  o f  m an g a n e se  l e a c h ­
in g  p r o p e r t i e s  o f  b o r o s i l i c a t e  g l a s s  and  S y n r o c -D ,  w i t h  c o m p o s i t e  
s l u d g e  o n l y ,  i s  sum m ar ized  i n  T a b l e  44 f o r  2 8 - d a y  MCC-1 and  MCC-2 
t e s t s .  I n  DI w a t e r ,  t h e  c o m p a r i s o n s  a r e  i n d e t e r m i n a t e ,  b u t  i n  
s i l i c a t e  w a t e r  and  b r i n e ,  t h e  l e a c h  r a t e  o f  Syn roc -D  i s  5 t o  more 
t h a n  27 t im e s  l o w e r .  The d a t a  a r e  shown i n  F i g u r e s  34 and  35 ,  and  
i n  T a b l e  45 .

E f f e c t s  o f  Leaching C ond i t ions

The c o m p a r a t i v e  l e a c h i n g  t e s t s  d e s c r i b e d  i n  t h e  p r e c e d i n g  
s e c t i o n s  w e re  r u n  by e x p l i c i t l y  v a r y i n g  t h e  s i m u l a t e d  w a s t e  compo­
s i t i o n ,  t h e  l e a c h a n t  c o m p o s i t i o n ,  and  t h e  t e m p e r a t u r e .  The e f f e c t s  
o f  t h e s e  d i v e r s e  c o n d i t i o n s  on t h e  l e a c h  r a t e s  o f  b o r o s i l i c a t e  
g l a s s  and  S y n r o c -D ,  a s  d e r i v e d  from t h e  d a t a ,  w i l l  be  d i s c u s s e d .
The e f f e c t  o f  f low  r a t e  f rom t h e  MCC-4 t y p e  t e s t s  a l s o  w ^ l l  be  
s u m m a r i z ed .  A number o f  o t h e r  v a r i a b l e s  w e re  n o t  s t u d i e d  i n  t h e  
c o m p a r a t i v e  t e s t s .  T h e s e  i n c l u d e  pH, Eh,  SA/V, p r e s s u r e ,  r a d i a t i o n  
d o s e ,  and  s u r f a c e  c o n d i t i o n .  However ,  v a r i o u s  i n d i v i d u a l  s t u d i e s  
on b o r o s i l i c a t e  g l a s s  o r  S yn roc -D  have  a d d r e s s e d  many o f  t h e s e  
e f f e c t s .
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TABLE 38

Summary o f  C o m pa r i sons  o f  
S i l i c o n  L e a ch  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and Synroc -D  Ceramic

T e m p e r a t u r e

90*C

L e a c h a n t

D e i o n i z e d  W ate r  
S i l i c a t e  W ate r  
B r i n e

RATIO^

2 . 5
4 . 2

>1 .3

150*C D e i o n i z e d  W ate r  
S i l i c a t e  W ate r  
B r i n e

2 . 0
3 .2
0 . 5 2

a .  R a t i o  o f  a v e r a g e s  o f  b o r o s i l i c a t e  g l a s s  t o  Synroc -D  
l e a c h  r a t e s ,  b o t h  w i t h  c o m p o s i t e  s l u d g e ,  f rom MCC-1 
and  MCC-2 s t a t i c  l e a c h  t e s t s .
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TABLE 39

Com pari so n  o f  S i l i c o n  Lea ch  R a t e s
from 2 8 - d a y  MCC-1 and MCC-2 T e s t s  w i t h  C o m p o s i t e  S l u d g e

S i l i c o n  Leach Rate ,

Temperature

90’ C

150“C

L e a c h a n t R ef .
B o r o s i l i c a t e

G l a s s
Synroc-D
Ceramic RATIO

D e i o n i z e d  W ate r a 1.66 ±0.02 0 .50  ±0.02 3.3^
c 0.96 ±0.02 - -
d - 0.54 -
e 1.31 0.52 2.5

S i l i c a t e  W ate r a 0.77  ±0.02 0 .13  ±0.05 5 .9
c 0.56 ±0.02 - -
d - 0.19 -
e 0.67 0.16 4 .2

B r i n e a 0.083±0.009 <0.08 >1.0
c 0.32 ±0.03 - -
d - 0.22 -
e 0.20 <0.15 >1.3

D e i o n i z e d  W a te r a 4 .48  ±0.06 1.42 ±0.03 3 .2
c 4.28 ±0.06 - -
d - 2.87 -
e 4.38 2.15 2.0

S i l i c a t e  W ate r a 3.18 ±0.32 — —
c 2.96 ±0.21 - -
d - 0.954 -
e 3.07 0.954 3.2

B r i n e a 0 .65  ±0.04 1.26 ±0.33 0 .52
c 1.41 ±0.02 - -
d - 2 .68 -
e 1.03 1.97 0.52

a .  From t e s t s  performed by MCC, Reference  43.
b.  Bold d a t a  d e s ig n a t e  an i n t r a - l a b o r a t o r y  comparison.
c .  Reference  13.
d. Reference  5.
e .  Average of  i n t e r - l a b o r a t o r y  d a ta .
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TABLE 40

S i l i c o n  Leach Rates from MCC-4 Low-Flow-Rate T es ts^  

S i l i c o n  Inc rem en ta l  Leach Rate ,  g / (m ^)(day)

b.  Flow r a t e  of de ion ized  water  at  90‘’C.

0.0014^ mL/min 0.010^ mL/min 0.099^ mL/min

Time, 
days

B o r o s i l i c a t e
Glass

Synroc- 
Ceramie

•D B o r o s i l i c a t e  
Glass

Synroc-D
Ceramic

B o r o s i l i c a t e  Synroc-D 
Glass Ceramic

2 0.04 0.12 2.12 1.33 6.‘65 . 4.61

10 1.00 0.53 2.60 2.10 5.50 4 .35

17 1.14 0.47 2.52 2.12 4.85 3.33

24 1.10 0.36 2.56 2.16 4.92 3 .58

28 1.18 0.51 2.37 1.92 4.66 2.65

a .  T es t s  performed by MCC, Reference  43.
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TABLE 41

Summary o f  C o m pa r i sons  o f  
C a lc iu m  L e a ch  R a t e s  o f  B o r o s i l i c a t e  G l a s s  and Synroc -D  Ceramic

T e m p e r a t u r e  L e a c h a n t __________ RATIO^

90°C D e i o n i z e d  W a te r  <0.035
S i l i c a t e  Water <0.11

150"C Deionized Water 0.067
S i l i c a t e  Water <1.3

a .  R a t i o  o f  a v e r a g e s  o f  b o r o s i l i c a t e  g l a s s  t o  Syn roc -D  l e a c h  
r a t e s ,  b o t h  w i t h  c o m p o s i t e  s l u d g e ,  f rom MCC-1 and MCC-2 
s t a t i c  l e a c h  t e s t s .
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TABLE 42

Com pari son  o f  C a lc iu m  Leach  R a t e s
from 2 8 - d a y  MCC-1 and MCC-2 T e s t s  w i t h  C o m p o s i t e  S lu d g e

Temperature

90*C

Leachant

Deionized Water

R e f .

a

c
d

Calcium Leach Rate ,
________g/(m ^)(day)_____
B o r o s i l i c a t e  Synroc-D 

Glass Ceramic

<0.0049

<0.0049

0.11 ±0.006

0.16

0.14

RATIO

<0.045^^

<0.035

S i l i c a t e  Water a <0.005 0 .030 ±0.0006 <0.17

c -  0.061

d <0.005 0.046 <0.11

Brine <0.04

150*C Deionized Water a

c
d

0 .03  0.271 ±0.010 0.11

0.628

0 .03  0.45 0.067

S i l i c a t e  Water a

c

d

<0.25

<0.25

0.186

0.186 <1.3

Brine 0.516

a. From t e s t s  performed by MCC, Reference  43.
b.  Bold d a t a  d e s ig n a t e  an i n t r a - l a b o r a t o r y  comparison.
c .  Reference 5.
d. Average of i n t e r - l a b o r a t o r y  d a t a .
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TABLE 43

Calcium Leach Rates from MCC-4 Low-Flow-Rate Tes ts^  

__________ Calcium Increm enta l  Leach Rate ,  g / (m ^)(day)__________
u V u

0.0014 mL/min 0.010 mL/min 0.099 mL/min

Time, B o r o s i l i c a t e  Synroc-D B o r o s i l i c a t e  Synroc-D B o r o s i l i c a t e  Synroc-D 
days Glass____  Ceramic Glass____  Ceramic Glass____  Ceramic

2 0 .02 0.03 0 .48 0.26 3.16 1.01

10 -  0 .10 0 .18 0.41 2.91 0 .87

17 -  0 .08  0.16 0.41 3.61 0 .73

24 -  0.11 0 .14  0.45 3.21 0 .76

28 -  0 .10  -  0 .37 2.40 0 .50

a .  T e s t s  performed by MCC, Reference  43.
b.  Flow r a t e  of de ion ized  w ater  a t  90°C.
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TABLE 44

Summary of Comparisons of  
Manganese Leach Rates o f  B o r o s i l i c a t e  Glass and Synroc-D Ceramic

Temperature  Leachant______________  RATIO

90°C Deionized Water 0.34
S i l i c a t e  Water >13
Brine  >27

150°C Deionized Water 0 .3
Brine  5.1

a .  R a t io  of  averages  o f  b o r o s i l i c a t e  g l a s s  to  Synroc-D leach  
r a t e s ,  both  w i th  composi te  s lu d g e ,  from MCC-1 and MCC-2 
s t a t i c  le ach  t e s t s .
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TABLE 45

Com pari son  o f  Manganese  Lea ch  R a t e s
from 2 8 - d a y  MCC-1 and MCC-2 T e s t s  w i t h  C o m p o s i t e  S lu d g e

Temperature

90°C

Leachant Ref.

Deionized Water a 

c 

d

S i l i c a t e  Water a 

c 
d

Manganese Leach Rate ,  
g / (m ^)(day)________

B o r o s i l i c a t e  
G l a s s _______

0.0041 ±0.0021

0.0041

Synroc-D
Ceramic

0.0029
0 . 0 2 2

0 . 0 1 2

0 .013 ±0.006 <0.00015

0.0020  

0.013 <0.001

RATIO

1.4^

0.34

>87

>13

Brine a 0 .19  ±0.02 <0.0070 >27

150'C Deionized Water a 

c 
d

0.005 ±0.001 0 .0033 ±0.0041 1.5
0.034

0.005 0.019 0.3

S i l i c a t e  Water c 0.005

Brine a

c

d

1.49 ±0.12

1.49

0.151 ±0.038 9 .9

0.429

0.290 5.1

a .  From t e s t s  performed by MCC, Reference  43.
b.  Bold d a t a  d e s ig n a t e  an i n t r a - l a b o r a t o r y  compar ison.
c .  Reference  5.
d. Average of  i n t e r - l a b o r a t o r y  d a ta .
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Waste Composition

The data  show th a t  waste composi t ion  ( s ludge  type)  g e n e r a l l y  
d id  not have a l a rg e  e f f e c t  on leach  r a t e s  in  the  comparat ive 
t e s t s .  L e a c h - r a t e  d i f f e r e n c e s  between s ludge types  were t y p i c a l l y  
a f a c t o r  of 3 to 5, and were l e s s  in many ca se s .  The r e l a t i v e  
b ehav io r  of b o r o s i l i c a t e  g l a s s  and Synroc-D, w i th  r e s p e c t  to leach  
r a t e s  of waste  forms c o n ta in in g  the  th re e  s im u la ted  s lu d g es ,  could 
be de termined only fo r  cesium and aluminum, which had o p p o s i te  
e f f e c t s  w i th  Synroc-D.

For most combinations  of element l eached ,  waste form, 
te m p e ra tu re ,  and l e a c h a n t ,  the  28-day leach  r a t e s  w i th  the  
d i f f e r e n t  s ludge types  were in  the  fo l lowing  o r d e r ,  from b e s t  
( low es t  leach  r a t e s )  to  wors t  ( h ig h e s t  le ach  r a t e s ) ;

High-Aluminum < Composite < H igh - I ro n

In some c a s e s ,  forms c o n ta in in g  high-aluminum and composi te  s ludges  
have about the  same leach  r a t e s .  Major ex cep t io n s  to the  above 
o rd e r in g  a r e :

1. fo r  cesium leach ing  from Synroc-D, the  o rd e r  is  r e v e r s e d ;

2. fo r  uranium leach ing  from b o r o s i l i c a t e  g l a s s  in  s i l i c a t e  
w a te r ,  the  o rd e r  i s  r e v e r s e d ,  but the  e f f e c t  is  smal l ;

3. fo r  s i l i c o n  leach ing  from Synroc-D, h igh  aluminum s ludge i s  
s l i g h t l y  worse than  the  o th e r  two s lu d g es .

Cesium leach  r a t e s  showed the l a r g e s t  e f f e c t  of s ludge  type ,  
and a l s o  d i sp la y ed  the  r e v e r s a l  of  o rd e r  between b o r o s i l i c a t e  g l a s s
and Synroc-D. With b o r o s i l i c a t e  g l a s s ,  cesium leach  r a t e s  w i th  
high-aluminum s ludge  were 3 to  9 t imes lower than  w i th  composite 
s ludge ,  which in tu rn  were 2 to 9 t imes lower than w i th  h i g h - i r o n  
s lu d g e .  With Synroc-D, the  leach  r a t e s  w i th  h i g h - i r o n  s ludge  were 
low es t ,  1 to  5 t imes l e s s  than w i th  composi te  s lu d g e ,  which had 
r a t e s  4 to  10 t imes lower than w ith  high-aluminum s ludge .

Data on forms w i th  high-aluminum and h i g h - i r o n  s ludges  were 
not a v a i l a b l e  fo r  a l l  c o n d i t i o n s .  Those c o n d i t i o n s  fo r  which the 
e f f e c t  of s ludge type could be dete rmined a r e :

•  40“C, B o r o s i l i c a t e  G lass ,  DI Water only :  Cs, U, Na, A1
Synroc-D, DI Water only:  Cs , A1

•  90“C, B o r o s i l i c a t e  G lass ,  a l l  3 l e a c h a n t s :  Cs
DI, S i l i c a t e  Water:  U, Na, A1 

Synroc-D a l l  3 l e a c h a n t s :  Cs, Al, Si
DI, S i l i c a t e  Water:  Ca 
DI Water only :  Sr
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Leachant Composition

The data  in preceding s e c t i o n s  a l s o  show Chat leach an t  compo­
s i t i o n  (among the th re e  MCC-defined g e n e r ic  l e a c h a n t s )  d id  not have 
a l a rg e  e f f e c t  in the  comparative  t e s t s .  T y p i c a l l y ,  the  d i f f e r ­
ences in le ach  r a t e  between le ac h a n ts  were only a f a c t o r  of 2 to 4. 
G e n e ra l ly ,  the r e l a t i v e  e f f e c t s  of changes in l eachan t  composi t ion  
were the  same fo r  b o r o s i l i c a t e  g l a s s  and Synroc-D.

Data fo r  DI water  and s i l i c a t e  water  a r e  abundant ,  w ith  some­
what l e s s  da ta  a v a i l a b l e  fo r  b r i n e .  For most combinations  of e l e ­
ment le ached ,  waste form, tem p e ra tu re ,  and sludge type ,  the  28-day 
le ach  r a t e s  w i th  the  d i f f e r e n t  l e ac h a n t s  were in  the  fo l lowing  
o rd e r ,  from b e s t  to wors t :

( s i l i c a t e  W ate r  o r  B r i n e )  < DI W a te r  

The f o l l o w i n g  e x c e p t i o n s  a r e  n o t e d :

1. For uranium: DI water  is  b e t t e r  ( l e a ch e s  l e s s )  than s i l i c a t e
w a te r ,  w i th  bo th  waste  forms; b r i n e  i s  b e s t  w i th  b o r o s i l i c a t e  
g l a s s ,  bu t  wors t  w i th  Synroc-D.

2. For i ro n :  DI water  i s  b e t t e r  than s i l i c a t e  w a te r ,  w i th  boro ­
s i l i c a t e  g l a s s  only ;  b r i n e  i s  wors t  (by a f a c t o r  of 30 ) ,  w ith  
Synroc-D.

3. For.manganese: DI water  i s  b e t t e r  than s i l i c a t e  w a te r ,  which
i s  much b e t t e r  than  b r i n e ,  with  b o r o s i l i c a t e  g l a s s ;  b r i n e  is  
wors t  w i th  Synroc-D.

Temperature

The e f f e c t  of t em pera tu re  on leach  r a t e s  over the  l im i t e d  
range from 40 to  150“C can be d e sc r ib e d  by the  A rrhen ius  e q u a t io n ,

L = k exp(-Eg/RT)

where Eg i s  the  a c t i v a t i o n  energy . From the  28-day leach  r a t e s  
t a b u la t e d  in  the  preceding  s e c t i o n s ,  a c t i v a t i o n  e n e r g ie s  from 3 .4  
to  12.1 k ca l /m o le  were c a l c u l a t e d .  The r e l a t i v e  b e h av io r  of boro­
s i l i c a t e  g l a s s  and Synroc-D with  r e s p e c t  to  tem pera tu re  could be 
de termined only  fo r  cesium and aluminum, fo r  which the  e f f e c t s  were 
o p p o s i t e .

Eg v a lu es  were c a l c u l a t e d  from the  s lope  of  a l i n e  through 
the i n t e r - l a b o r a t o r y  data  po in t s  p l o t t e d  as log L vs 1 /T (“K).  The 
b e s t  l i n e  through the  da ta  was ob ta ined  by l i n e a r  r e g r e s s i o n .
Cases were con s id e red  only i f  da ta  were a v a i l a b l e  a t  a l l  t h r e e
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tem pera tu res  (40, 90,  and 150°C). R esu l t s  a r e  g iven  in  Table  46 
fo r  waste forms with  composite s ludge .  An Eg of  5.5 k ca l /m o le  
corresponds  to a t e n - f o l d  i n c re a s e  in leach  r a t e  from 40 to 150°C, 
whi le  11 kca l /m ole  corresponds  to a h u n d re d - fo ld  i n c r e a s e .

For cesium, the a c t i v a t i o n  e n e r g ie s  fo r  b o r o s i l i c a t e  g l a s s  a r e  
l a r g e r  than those  fo r  Synroc-D. However, fo r  aluminum, the  oppo­
s i t e  t rend  o ccu rs ,  and the a c t i v a t i o n  e n e r g ie s  fo r  Synroc-D a r e  
l a r g e r  than those  of b o r o s i l i c a t e  g l a s s .

For b o r o s i l i c a t e  g l a s s ,  sodium and s i l i c o n  le ach  r a t e s  a r e  
most s e n s i t i v e  to tem p e ra tu re ,  whi le  aluminum leach  r a t e s  a r e  the  
l e a s t ;  cesium and uranium have i n t e r m e d ia t e  t em pera tu re  s e n s i t i v ­
i t i e s .  For Synroc-D, aluminum leach  r a t e s  a r e  most s e n s i t i v e  to 
tem pe ra tu re ,  while  cesium, s t r o n t iu m ,  and ca lc ium a r e  the l e a s t .

Table  46 shows t h a t  the  e f f e c t  of  le ach an t  composi t ion  on Eg 
is  r e l a t i v e l y  sm a l l .  For each waste form and element l eached ,  DI 
and s i l i c a t e  w a ters  g ive  about the  same a c t i v a t i o n  energy . In  most 
c a s e s ,  t h e r e  a r e  i n s u f f i c i e n t  da ta  to  c a l c u l a t e  Eg f o r  b r i n e  
l e a c h i n g .

Flow Rate

Data from comparative  lo w - f lo w - ra te  le ach  t e s t s  performed a t  
th e  MCC were o u t l i n e d  in  the  Elementa l  Leach Rates s e c t i o n .  MCC-4 
type t e s t s  were run a t  90°C in  DI water  w i th  waste  forms c o n ta in in g  
composite  s ludge .  Elements s tu d i e d  fo r  bo th  forms were cesium, 
s t r o n t iu m ,  uranium, sodium, aluminum, s i l i c o n ,  and calc ium.

A v a r i e t y  o f  beh av io r  w i th  flow r a t e  was observed .  A few 
g e n e r a l i z a t i o n s  can be made. F i r s t ,  l each  r a t e s  a t  the  lowest  flow 
s tu d ie d  (0 .0014 mL/min) u s u a l l y  were i n d i s t i n g u i s h a b l e  from r e s u l t s  
o f  s t a t i c  t e s t s  (f low r a t e  0 mL/min). Second, l each  r a t e s  in ­
c reased  m o n o to n ie s l ly  w i th  flow (bu t  not n e c e s s a r i l y  l i n e a r l y ) .  
T h i rd ,  the  i n c r e a s e  in  l e ach  r a t e  w i th  flow was r e l a t i v e l y  smal l ,  
but w i th  some key e x c e p t io n s .  For most of  the  c a s e s ,  a 7 0 - f o ld  
i n c r e a s e  in  flow r a t e  in c re a s e d  28-day le ach  r a t e s  by only a f a c t o r  
o f  2 to  5.

The fo l lowing  ex cep t io n s  a r e  seve re  enough to  preven t  e x t r a p o ­
l a t i n g  the  observed  e f f e c t s  o f  flow r a t e  to  o t h e r  cases :

1. For s t ro n t iu m :  w i th  b o r o s i l i c a t e  g l a s s  the  leach  r a t e
i n c re a s e d  by a f a c t o r  of 400, which caused b o r o s i l i c a t e  g l a s s  
to lo se  i t s  s u p e r i o r i t y  in  t h i s  p ro p e r ty .
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TABLE 46

L ea ch  R a t e  A c t i v a t i o n  E n e r g i e s , ^  k c a l / m o l e

b

Cesium
Stron t ium
Uranium
Sodium
Aluminum
S i l i c o n ^
CaIcium

B o r o s i l i c a t e  Glass
Deionized

Water

7.7

8 . 6  
1 2 . 1
5.3

1 0 . 2

S i 1ica te  
Water

7.6

6 . 6

10.1

Synroc-D
Deionized 

Wa t e r

4.7
5.9

9.0

5.0

S i l i c a t e
Water

3 .4
6 .4

10.1

5.2

a .  From 28-day MCC-1 and MCC-2 t e s t s  a t  40, 90,  and 150°C.
b.  With composi te  s ludge .
c.  For b o r o s i l i c a t e  g l a s s  in b r i n e ,  = 11.5 kca l /m o le .
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2. For uranium: with  b o r o s i l i c a t e  g l a s s  the leach  r a t e  inc reased  
by a f a c t o r  of 10, but w ith  Synroc-D the i n c re a s e  was a f a c t o r  
o f  1000, which g r e a t l y  d im in ished  the s u p e r i o r i t y  of Synroc-D 
in t h i s  p ro p e r ty .

3. For aluminum: with  b o r o s i l i c a t e  g l a s s  the l each  r a t e  in c re a se d
by a f a c t o r  of 40, which g r e a t l y  enhanced the  s u p e r i o r i t y  of 
Synroc-D in t h i s  p ro p e r ty .  Also,  w ith  Synroc-D the aluminum 
leach  r a t e  was g r e a t e r  a t  the  i n t e r m e d ia t e  flow than a t  the  
h ig h e s t  f low.

4.  For calc ium: w i th  b o r o s i l i c a t e  g la s s  the o v e r a l l  change was
not measured,  but from the  in t e r m e d ia t e  to the  h i g h e s t  flow,
the  leach  r a t e  in c reased  by a f a c t o r  of 20, which caused boro­
s i l i c a t e  g l a s s  to lo se  i t s  s u p e r i o r i t y  in t h i s  p ro p e r ty .

Other  F a c to r s

V a r ia b le s  such as pH, Eh, SA/V, p r e s s u r e ,  r a d i a t i o n  dose,  and 
s u r f a c e  c o n d i t i o n  have not been s tu d i e d  in comparative  leach  
t e s t s .  The g e n e ra l  in f lu e n c e  of such f a c t o r s  on waste - fo rm leach ­
ing has been d i s c u s s e d . A  b r i e f  i n d i c a t i o n  of  the  s t a t e  of 
knowledge of these  f a c t o r s  i s  g iven  below.

The e f f e c t  of pH on leach ing  i s  known fo r  b o r o s i l i c a t e  
g l a s s . L e a c h  r a t e s  a r e  lowest in the n e u t r a l  range (pH 5 to 9 ) ,  
bu t  in c r e a s e  by f a c t o r s  of 10 or  more a t  bo th  h igh and low {^. For 
Synroc-D, l e s s  i s  known about the  pH dependence of  l e ac h in g .
Ceramic phases in  g e n e r a l  a r e  more le ac h a b le  a t  low pH than  in  the 
n e u t r a l  range.

The e f f e c t  of Eh on leach ing  of b o r o s i l i c a t e  g l a s s  and 
Synroc-D i s  unknown. Most l e ach ing  exper iments  have been done 
under ambient o x id i z in g  c o n d i t i o n s .  In g e n e r a l ,  e lements  such as 
uranium and o t h e r  a c t i n i d e s  would be expec ted  to  be l e s s  l e ac h a b le  
under reduc ing  c o n d i t i o n s .  Groundwaters in  a l l  p o t e n t i a l  r e p o s i ­
to ry  systems c o n ta i n  l i t t l e  d i s s o lv e d  o x y g e n , a n d  thus  would 
p re sen t  a reducing  environment fo r  l e ac h in g .

The r a t i o  of s o l i d  s u r f a c e  a rea  to l e ac h a n t  volume (SA/V) can 
a f f e c t  the  a p p a r e n t  le ach  r a t e s  of m a t e r i a l s  because  of  c o n cen t ra ­
t i o n  phenomena.  ̂ Some measurements w i th  v a r i a b l e  SA/V have been 
made w i th  b o r o s i l i c a t e  g l a s s .  With Synroc-D, e f f e c t s  of
SA/V have been s tu d ie d  in  MCC-1 and MCC-3 type t e s t s ^  t h a t  a r e  not 
s t r i c t l y  comparable to  the  t e s t s  w i th  b o r o s i l i c a t e  g l a s s .  However, 
in  a l l  c a s e s ,  the  leach  r a t e s  d e c rea se  w i th  in c r e a s in g  SA/V.
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The e f f e c t  of p re s su re s  up to 1500 ps i  on the leach  r a t e  of 
b o r o s i l i c a t e  g la s s  has been s t u d i e d . P r e s s u r e  has l i t t l e  e f f e c t .  
S im i la r  exper iments  have not been done with  Synroc-D.

As d i s cu s sed  in  a l a t e r  s e c t i o n  on R ad ia t io n  S t a b i l i t y ,  r a d i a ­
t i o n  e f f e c t s  may in c r e a s e  l each  r a t e s  by d i s r u p t i n g  the s o l i d  or by 
r a d i o l y s i s  of the  l e a c h a n t .  Exper im enta l  evidence  to da te  sugges ts  
t h a t  r a d i a t i o n  e f f e c t s  have only minor in f l u e n c e  on leach  r a t e s .  
Ex tens ive  measurements have been made with b o r o s i l i c a t e  g l a s s .
Fewer data  a r e  a v a i l a b l e  w i th  Synroc-D.^®

The c o n d i t i o n  of the  s u r f a c e  of the s o l i d  being leached can 
have an e f f e c t  on leach  r a t e s .  P o l i sh ed  samples g e n e r a l l y  have 
lower leach  r a t e s  than unpo l i shed  samples,  fo r  bo th  b o r o s i l i c a t e  
g lass^^  and Synroc-D.^® Film fo rmation  on the s u r f a c e  has a pro­
found e f f e c t  on leach ing  of b o r o s i l i c a t e  g l a s s . V e r y  l i t t l e  is  
known about the  presence  or absence  of p r o t e c t i v e  f i lms dur ing  
leach ing  of  Synroc-D.

PHYSICAL PROPERTIES

The mechanical  and thermal p r o p e r t i e s  of b o r o s i l i c a t e  g l a s s  
and Synroc-D can a f f e c t  the  q u a l i t y  of the  waste  form product.
Once the waste  form is  emplaced in  the  r e p o s i t o r y ,  i t  must only 
w i th s ta n d  r e l a t i v e l y  mild t em pera tu res  and moderate  p r e s s u r e s .  The 
i n t e g r i t y  of the  form, however,  i s  more s e v e re ly  th r e a te n e d  by the 
c o n d i t i o n s  i t  ex p e r ien ces  b e fo re  f i n a l  emplacement. The waste  form 
must be a b l e  to w i th s ta n d  expec ted  and p o t e n t i a l  c o n d i t i o n s  in  the  
p ro c e s s in g  f a c i l i t y ,  in  i n t e r im  s t o r a g e ,  du r ing  shipment to  the  
r e p o s i t o r y ,  and fo r  o p e r a t io n s  w i th in  the  r e p o s i t o r y  i t s e l f ,  w i th ­
out s i g n i f i c a n t l y  impa i r ing  i t s  f u t u r e  performance or r e l e a s i n g  
r a d io n u c l id e s  dur ing  these  o p e r a t i o n s .  Release  from a c c i d e n t s  
could  be caused by le ach in g  or by d i s p e r s i o n  of the  waste .

Mechanical  p r o p e r t i e s  a r e  im por tan t  to  a waste  fo rm 's  long­
term performance.  Whenever f r a c t u r e s  occur ,  a d d i t i o n a l  s u r f a c e  
a rea  i s  formed. This in c re a se d  s u r f a c e  a rea  could be a t t a c k e d  by 
groundwater in  a r e p o s i t o r y ,  r e s u l t i n g  in  more waste  e lements  be ing  
r e l e a s e d .

A s u i t a b l e  waste form must a l s o  be a b l e  to  w i th s ta n d  impacts 
from r a r e ,  bu t  p o s s i b l e ,  a c c i d e n t s  dur ing  t r a n s p o r t a t i o n  or han­
d l i n g .  I f  smal l  p a r t i c l e s  a r e  produced in  an a c c i d e n t ,  these  
p a r t i c l e s  could be d i s p e r s e d  i f  the  waste  form c o n t a i n e r  i s  
b reached .

Thermal p r o p e r t i e s  could a f f e c t  waste  form performance i f  
they r e s u l t  in  u n d e s i r a b l e  phase changes or lead  to  g r e a t e r  
mechanical  s t r e s s e s  than the form can w i th s t a n d .  Other  th e rm a l ly
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r e l a t e d  p r o p e r t i e s  a s s o c i a t e d  with  unwanted chemical  r e a c t i o n s ,  
v o l a t i l i z a t i o n ,  or decomposit ion of p a r t s  of the waste  form must 
a l s o  be cons ide red  in the co n tex t  of the  waste fo rm's  environment.

B o r o s i l i c a t e  g l a s s  and Synroc-D a r e  s i m i l a r  in many of  t h e i r  
mechanical  and thermal p r o p e r t i e s ,  as shown in  Tables  47 and 48, 
r e s p e c t i v e l y D u r i n g  s im u la t io n s  of the  impact from a hypo­
t h e t i c a l  t r a n s p o r t a t i o n  a c c i d e n t ,  the  forms a l s o  show s i m i l a r  
b e h a v i o r .

These p h y s ica l  p r o p e r t i e s  a r e  d i s cu s sed  below in the c o n tex t  
of  t h e i r  e f f e c t s  on performance of the  waste  form.

Mechanica l  Behavior

B o r o s i l i c a t e  g l a s s  and Synroc-D both  belong to the broad 
c a teg o ry  of ceramic m a t e r i a l s .  Ceramics g e n e r a l l y  a r e  noted for  
t h e i r  h igh s t r e n g t h s ,  e s p e c i a l l y  in  compress ion .  However, ceramics 
and g l a s s e s  tend to  be l e s s  d u c t i l e  than o th e r  m a t e r i a l s ,  such as 
m e ta l s ,  and more s u s c e p t i b l e  to  c ra ck in g .

The s t r u c t u r a l  suppor t  and i n t e g r i t y  o f  the waste form i s  
provided by the  c a n i s t e r  dur ing  a l l  normal hand l ing  o p e r a t io n s  
a s s o c i a t e d  w i th  p ro d u c t io n ,  i n t e r i m  s t o r a g e ,  t r a n s p o r t a t i o n  to the 
r e p o s i t o r y ,  and emplacement in  the  r e p o s i t o r y .  The s t r e n g t h  
(Table  47) and impact r e s i s t a n c e  ( d i s c u s s e d  below) of bo th  b o r o s i l ­
i c a t e  g l a s s  and Synroc-D should  be s u f f i c i e n t  to p reven t  any 
s i g n i f i c a n t  d e t e r i o r a t i o n  in  q u a l i t y  of the  two waste  forms dur ing  
th e se  o p e r a t i o n s .

Cracking During P ro d u c t io n

Except p o s s ib ly  fo r  a c c i d e n t s ,  the  g r e a t e s t  s t r e s s e s  e i t h e r  
waste  form would e x p e r ien ce  a r e  due to  t em pe ra tu re  changes dur ing  
p ro d u c t io n .  For t h i s  p e r io d ,  mechanical  and thermal p r o p e r t i e s  of 
the  waste  form a r e  i n t e r r e l a t e d  and must be c o n s id e red  t o g e t h e r .

The c r y s t a l l i n e  ceramic and b o r o s i l i c a t e  g l a s s  p roduc ts  a r e  
formed or c a s t  a t  h igh tem pera tu res  (about 1150°C) and subsequen t ly  
cooled to much lower t em pera tu res  a t  which f i l l e d  c a n i s t e r s  can be 
hand led .  Thermal g r a d i e n t s  occur because  the  c e n t e r  of a l a rg e  
waste  form w i l l  cool more s lowly than i t s  s u r f a c e .  S t r e s s e s  caused 
by th e se  thermal g r a d i e n t s  can be l a r g e  enough to  f r a c t u r e  the  
waste  form. Also,  the  su r rounding  c a n i s t e r  can impose s t r e s s e s  on 
th e  form i f  the  two m a t e r i a l s  c o n t r a c t  a t  d i f f e r e n t  r a t e s  upon 
c o o l in g .  These e f f e c t s  can lead to  two types  of f r a c t u r e :  bu lk
c racks  and s u r f a c e  c r a c k s ,  r e s p e c t i v e l y .
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TABLE 47

M e c h a n i c a l  P r o p e r t i e s  o f  
B o r o s i l i c a t e  G l a s s  and  Synroc -D  Ceramic^

P r o p e r t y B o r o s i l i c a t e  G l a s s S y n r o c - '

T e n s i l e  S t r e n g t h  (MPa)*- 6 2 .1 7 5 . 9 ^

C o m p r e s s i v e  S t r e n g t h  (MPa) 550 280

Y o u n g ' s  Modulus® (GPa) 6 6 .9 139

P o i s s o n ' s  R a t i o ^ 0 . 1 8 0 . 2 8

D e n s i t y  (g /cm ^) 2-.75 4 . 0 0

a .  From R e f e r e n c e s  5 an d  13.
b .  P r e p a r e d  a t  LLNL w i t h  69 wt % l o a d i n g  o f  SRL c o m p o s i t e  s l u d g e  

w i t h o u t  a luminum r e m o v a l .
c .  1 MPa = 1 4 5 .0  p s i .
d .  F o r  S y n r o c - C ,  S y n ro c  f o r m u l a t i o n  f o r  s i m u l a t e d  c o m m e rc i a l  

p o w e r - r e a c t o r  w a s t e .
e .  Y o u n g ' s  M odu lus ,  o r  t h e  m odu lu s  o f  e l a s t i c i t y ,  m e a s u r e s  t h e  

s t i f f n e s s  o f  , t h e  m a t e r i a l .
f .  P o i s s o n ' s  r a t i o  i s  t h e  r a t i o  o f  e q u a t o r i a l  t o  a x i a l  s t r a i n  

u n d e r  a n  a p p l i e d  a x i a l  s t r e s s ,  m u l t i p l i e d  by - 1 .
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TABLE 48

Thermal  P r o p e r t i e s  o f  B o r o s i l i c a t e  G l a s s  and S y n r o c -D  Ceramic^

P r o p e r t y

Therm a l  C o n d u c t i v i t y  
(W/m*K)

B o r o s i l i c a t e  G l a s s  S yn roc -D

0 . 9 5  ( 1 0 0 ‘’C) 1 .85  ( 2 0 ‘“C) 
1.91 ( 2 0 0 “C)

H ea t  C a p a c i t y  
( J / g * K )

T h e rm a l  D i f f u s i v i t y ^  
( m ^ / s )

0 . 8 3  ( 2 5 “C) 

3 . 8  X 1 0 ~ 7

0 . 7 4  ( 2 0 “C)^

6 . 5  X 10“ 7

L i n e a r  The rm a l  E x p a n s i o n  
C o e f f i c i e n t  ( ’ C“ ^) 10 .9  X 10"® 11 X 10-6  d

S o f t e n i n g  P o i n t  (*C) 502

S o l i d u s  T e m p e r a t u r e  C C ) 1270

a .  From R e f e r e n c e s  5 and  13.
b .  F o r  S y n r o c - B ,  " b a s i c "  Syn roc  f o r m u l a t i o n ,
c .  C a l c u l a t e d  f rom o t h e r  p r o p e r t i e s .
d .  F o r  2 2 - 9 5 0 “C.
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The t h e r m a l  g r a d i e n t s  a r e  i m p o r t a n t  o n l y  b e c a u s e  o f  t h e  l a r g e  
s i z e  o f  t h e  w a s t e  forms t h a t  would be p r o d u c e d  i n  t h e  DWPF, In 
s m a l l e r  l a b o r a t o r y - s c a l e  s p e c i m e n s ,  few c r a c k s  o r  f r a c t u r e s  a r e  
o b s e r v e d .  Most o f  t h e  d a t a  on c r a c k i n g  o f  b o r o s i l i c a t e  g l a s s  were 
o b t a i n e d  from f u l l - s i z e  f o r m s ,  0 . 6 1  m i n  d i a m e t e r .  W hi le  Synroc-D  
ha s  n o t  b e e n  p r o d u c e d  w i t h  f u l l - s c a l e  e q u i p m e n t ,  i t s  p e r f o r m a n c e  
c a n  be  e s t i m a t e d  by c o m p a r in g  t h e  p r o p e r t i e s  o f  t h e  c e r a m i c  t o  
t h o s e  o f  g l a s s .

Both  t y p e s  o f  c r a c k i n g ,  b u l k  and s u r f a c e ,  h a v e  b e e n  o b s e r v e d  
i n  f u l l - s i z e  b o r o s i l i c a t e  g l a s s  c a s t i n g s .  C r a c k i n g  i n  h o t -  
i s o s t a t i c a l l y - p r e s s e d  S yn roc -D  forms a l s o  i s  e x p e c t e d ,  b u t  m ig h t  
n o t  be  a s  e x t e n s i v e .

Bulk Fracture

R a d i a l  and a x i a l  c r a c k i n g  due  t o  t h e r m a l  s h o c k  can  o c c u r  f o r  
b o t h  b o r o s i l i c a t e  g l a s s  and  S y n r o c -D .  The c r a c k i n g  i s  o b s e r v e d ^ ^  
i n  b o r o s i l i c a t e  g l a s s  as  i t  c o o l s  q u i c k l y  from 500 t o  450*C.  The 
c r a c k s  e x t e n d  r a d i a l l y  f rom t h e  c e n t e r  o f  t h e  g l a s s  c y l i n d e r  t o  t h e  
s u r f a c e ,  and a r e  e x p e c t e d  t o  i n c r e a s e  t h e  t o t a l  g l a s s  s u r f a c e  a r e a  
by 4X o r  more d u r i n g  n o r m a l  c o o l i n g .  At s u f f i c i e n t l y  s low  c o o l i n g  
r a t e s ,  b u l k  f r a c t u r e  can  be a v o i d e d .  How ever ,  t h i s  c r i t i c a l  c o o l ­
i n g  r a t e  may be  a s  low as  2 ° C / h r  f o r  f u l l - s i z e  c a n i s t e r s .

F a s t  c o o l i n g  a l s o  c o u l d  c a u s e  f r a c t u r i n g  i n  S yn roc -D  mono­
l i t h s .  A l t h o u g h  t h e  c e r a m i c  h a s  a h i g h e r  t h e r m a l  c o n d u c t i v i t y  t h a n  
b o r o s i l i c a t e  g l a s s  ( T a b l e  4 8 ) ,  c o n s i d e r a t i o n  o f  i t s  g r e a t e r  s t i f f ­
n e s s  (m e a s u re d  by Y o u n g ' s  M o d u lu s ,  T a b l e  47)  would  p r e d i c t  a c r i t i ­
c a l  c o o l i n g  r a t e  a b o u t  28% l o w e r  t h a n  f o r  g l a s s .  However ,  t h e  
m i c r o n - s i z e  g r a i n s  o f  t h e  Synroc -D  m i c r o s t r u c t u r e  m ig h t  impede 
c r a c k  f o r m a t i o n  and make t h e  fo rm  more r e s i s t a n t  t o  t h e r m a l  s h o c k ,  
a l t h o u g h  t h i s  e f f e c t  m i g h t  be  o f f s e t  by t h e  p r e s e n c e  o f  t h e  i n t e r -  
g r a n u l a r  g l a s s y  p h a s e .  Commerc ia l  h e a t - r e s i s t a n t  g l a s s e s  and 
g l a s s - c e r a m i c s  c o n t a i n  s m a l l  s o l i d  i n c l u s i o n s ,  w h ic h  c a n  i n t e r f e r e  
w i t h  t h e  p r o p a g a t i o n  o f  c r a c k s .

R e s i d u a l  s t r e s s e s  h a v e  b e e n  o b s e r v e d  i n  S y n r o c - D . ^  H o t - p r e s s e d  
s a m p l e s ,  0 . 1 5  m i n  d i a m e t e r  by 0 . 0 2 5  m h i g h ,  w e re  a n n e a l e d  a t  
950*0 ,  c o o l e d  t o  600*0 a t  5 0 * 0 / m i n ,  t h e n  a t  15*0 /m in  down t o  300*0 .  
T h e s e  s a m p l e s  showed r e s i d u a l  s t r e s s e s .  The s t r e s s e s  w e re  n o t  
o b s e r v e d  i n  S y n ro c -B  m a t e r i a l  ( w i t h o u t  w a s t e ) ,  w h ic h  doe s  n o t  
c o n t a i n  n e p h e l i n e  o r  g l a s s y  p h a s e s .  T h e r e f o r e ,  i n t e r n a l  s t r a i n s  
p r o b a b l y  e x i s t e d  i n  t h e  amorphous m a t e r i a l  i n  S y n r o c - D .  The 
t h e r m a l  g r a d i e n t s  e x p e c t e d  f rom s u c h  a c o o l i n g  s c h e d u l e  a r e  
e q u i v a l e n t  t o  t h o s e  o f  a 0 . 5 6  m d i a m e t e r  m o n o l i t h ,  c o o l i n g  a t  l e s s  
t h a n  5 “0 / h r .
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A n o t h e r  phenomenon o c c u r s  d u r i n g  t h e  c o o l i n g  o f  b o r o s i l i c a t e  
g l a s s ,  which  may make i t  more s u s c e p t i b l e  t o  b u l k  f r a c t u r i n g  t h a n  
t h e  c r y s t a l l i n e  c e r a m i c .  The g l a s s  i s  m o l t e n  a t  h i g h e r  t e m p e r a ­
t u r e s  t h a n  a b o u t  500°C,  b u t  becomes r i g i d  a s  t h e  " g l a s s  t r a n s i t i o n  
t e m p e r a t u r e "  i s  r e a c h e d .  The h o t t e r ,  m o l t e n  c o r e  o f  t h e  g l a s s  
c o o l s  and  s h r i n k s  a f t e r  t h e  s u r f a c e  has  s t i f f e n e d ;  t h i s  p l a c e s  t h e  
g l a s s  c o r e  i n  t e n s i o n .  R a d i a l  c r a c k i n g ,  s h r i n k a g e  v o i d s ,  and  p o r e s  
can  d e v e l o p  when t h e  c o r e  c o n t r a c t s  a s  i t  c o o l s .

Surface Cracking

A n o t h e r  t y p e  o f  f r a c t u r e  has  o c c u r r e d  i n  l a r g e  g l a s s  f o r m s ,  
due  t o  p h y s i c a l  i n t e r a c t i o n  w i t h  t h e  c o n t r a c t i n g  c a n i s t e r  d u r i n g  
c o o l i n g .  F i n e  c i r c u m f e r e n t i a l  c r a c k s  form n e a r  t h e  s u r f a c e  when 
t h e  r i g i d  g l a s s  s h e a r s , a t  a b o u t  350°C.  S i m p l e ,  e f f e c t i v e  
m e a s u r e s  would  p r o b a b l y  be u s e d  i n  DWPF fo rms  p r e p a r a t i o n  to  r e d u c e  
o r  e l i m i n a t e  t h i s  c r a c k i n g .

The r e f e r e n c e  c a n i s t e r  m a t e r i a l  f o r  b o r o s i l i c a t e  g l a s s  p r o d u c ­
t i o n  i s  t y p e  304L s t a i n l e s s  s t e e l ,  w h ic h  ha s  a 50% l a r g e r  t h e r m a l  
e x p a n s i o n  c o e f f i c i e n t  t h a n  does  g l a s s .  The m e t a l  t h u s  s h r i n k s  
f a s t e r  upon c o o l i n g ,  c o m p r e s s i n g  t h e  g l a s s .  G l a s s  bonds  t o  t h e  
s t e e l ,  and  t h e  c a n i s t e r  can  " d r a g "  t h e  g l a s s  s u r f a c e  a l o n g  t h e  
c a n i s t e r  a x i s  b e c a u s e  t h e  g l a s s  i s  c o o l e r  a t  t h e  b o t t o m  t h a n  n e a r  
t h e  t o p  a n d ,  t h e r e f o r e ,  c o n t r a c t s  l e s s  upon c o o l i n g .  S h e a r i n g  due 
t o  t h i s  t h e r m a l  e x p a n s i o n  m is m a tc h  c a u s e s  c r a c k i n g .

The f i n e  c r a c k i n g  i s  o f  c o n c e r n  b e c a u s e  i t  o c c u r s  a t  t h e  
s u r f a c e ,  w here  l e a c h i n g  w a t e r s  would f i r s t  be  e n c o u n t e r e d .  I f  t h e  
c r a c k  s u r f a c e s  a r e  n o t  w i d e l y  s e p a r a t e d ,  h o w e v e r ,  mass  t r a n s p o r t  
o f  l e a c h a n t  and  d i s s o l v e d  w a s t e  e l e m e n t s  would  b e  s lo w  i n  t h e  
c r a c k ,  and  t h e  i n t e r n a l  s u r f a c e  would  n o t  y i e l d  a l a r g e  i n c r e a s e  i n  
w a s t e  fo rm d i s s o l u t i o n .  I f  t h e  c a n i s t e r  i s  b r e a c h e d  b u t  m a i n t a i n s  
i t s  s t r u c t u r a l  i n t e g r i t y ,  t h e  c r a c k s  would p r o b a b l y  r e m a i n  v i r t u ­
a l l y  c l o s e d .

S u r f a c e  f r a c t u r e  can  be  s i g n i f i c a n t l y  r e d u c e d  o r  e l i m i n a t e d  by  
u s i n g  c a n i s t e r  m a t e r i a l s  t h a t  m a tc h  t h e  t h e r m a l  e x p a n s i o n  o f  g l a s s ,  
s u c h  a s  c a r b o n  s t e e l ,  o t h e r  t y p e s  o f  s t a i n l e s s  s t e e l ,  o r  p o s s i b l y  a 
c e r a m i c  l i n e r .  C a n i s t e r  l i n e r s  c o u l d  be  c h o s e n  t o  m a tc h  t h e  p ro p ­
e r t i e s  o f  g l a s s .  L u b r i c a n t s  s u c h  a s  g r a p h i t e ,  w h ic h  can  p r e v e n t  
t h e  g l a s s  f rom  b o n d i n g  t o  t h e  m e t a l ,  h ave  a l s o  p r o v e n  e f f e c t i v e .
One o f  t h e s e  m e thods  wou ld  p r o b a b l y  b e  u s e d  i n  a b o r o s i l i c a t e  
g l a s s - b a s e d  DWPF.

Synroc -D  s h o u l d  n o t  e x p e r i e n c e  s i m i l a r  s u r f a c e  c r a c k i n g .
C a rbon  s t e e l  was c h o s e n  a s  t h e  c o n t a i n e r  f o r  h o t  i s o s t a t i c  
p r e s s i n g , p a r t l y  due  t o  t h e  e x p e r i e n c e s  w i t h  f u l l - s c a l e  g l a s s  
c a n i s t e r s .  C a rbon  s t e e l  an d  S yn roc -D  have  s i m i l a r  t h e r m a l
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e x p a n s i o n  p r o p e r t i e s .  A l s o ,  t h e  t e m p e r a t u r e  would be  t h e  same 
t h r o u g h o u t  t h e  w a s t e  form d u r i n g  c o n s o l i d a t i o n .  The i n i t i a l  temp­
e r a t u r e  g r a d i e n t s  and t h e  a x i a l  s t r e s s e s  c a u s e d  by t h e  f i l l i n g  o f  a 
g l a s s  c a n i s t e r  would n o t  o c c u r .

Impact R esistan ce

D a ta  from im p a c t  t e s t s  i n d i c a t e  how w e l l  t h e  w a s t e  fo rm s  wou ld  
p e r f o r m  u n d e r  t h e  w o r s t  c o n d i t i o n s  o f  h a n d l i n g ,  t r a n s p o r t a t i o n ,  and 
s t o r a g e ,  i n c l u d i n g  p o s s i b l e  a c c i d e n t s .  D u r i n g  an a c c i d e n t ,  t h e  
w a s t e  form c o u l d  s h a t t e r  i n t o  s m a l l e r  p i e c e s ,  y i e l d i n g  s m a l l  
p a r t i c l e s  ( f i n e s )  which  c o u l d  be  d i s p e r s e d  i f  t h e  c o n t a i n e r  were  
b r e a c h e d .  The u s u a l  m e a s u r e  o f  im p a c t  b e h a v i o r  i s  t h e  f r a c t i o n  o f  
t h e  p a r t i c l e s  t h a t  a r e  s m a l l  enough t o  be d i s p e r s e d  i n  t h e  a i r  and 
i n h a l e d .  T h i s  " r e s p i r a b l e "  s i z e  i s  commonly d e f i n e d  a s  l e s s  t h a n  
10 m i c r o m e t e r s  i n  d i a m e t e r .

Samples  o f  b o r o s i l i c a t e  g l a s s  and S y n ro c -D  show a l m o s t  i d e n ­
t i c a l  b e h a v i o r  i n  im p a c t  t e s t s .  The r e s u l t s ^ ^  o f  im p a c t  t e s t s  
p e r f o r m e d  by A rgonne  N a t i o n a l  L a b o r a t o r y  (ANL) a r e  sum m ar ized  i n  
T a b l e  4 9 .  T h e s e  r e s u l t s  f o r  s m a l l - s c a l e  fo rms  do n o t  d i r e c t l y  
p r e d i c t  t h e  b e h a v i o r  o f  l a r g e  m o n o l i t h s ,  b u t  a r e  v a l i d  f o r  com par ­
i n g  t h e  p r o p e r t i e s  o f  t h e  d i f f e r e n t  m a t e r i a l s .

The ANL t e s t  m e thod  was s i m i l a r  t o  t h e  p r o p o s e d  s t a n d a r d  
i m p a c t  t e s t ‘d** f o r  w a s t e  f o r m s ,  MCC-10. The p r o c e d u r e  was d e v e l o p e d  
f o r  u s e  on b r i t t l e  w a s t e  f o r m s ,  and s i m u l a t e s  a s i n g l e  i m p a c t  o f  
10 J /cm ^  e n e r g y  d e n s i t y .  Two s a m p l e s  o f  SRL b o r o s i l i c a t e  g l a s s  
y i e l d e d  0 . 1 4  and 0 . 1 8  wt % r e s p i r a b l e  f i n e s ,  w h i l e  S yn roc -D  
g e n e r a t e d  0 . 1 6  wt % f i n e s .  A n o t h e r  b o r o s i l i c a t e  g l a s s ,  PNL 76-68  
f o r  s i m u l a t e d  c o m m e rc i a l  h i g h - l e v e l  w a s t e ,  e x h i b i t e d  i d e n t i c a l  
b e h a v i o r ,  a s  d i d  s e v e r a l  o t h e r  t y p e s  o f  S y n ro c  ( " S y n r o c - B "  and 
" S y n r o c - C " )  fo rm ed  w i t h  d i f f e r e n t  p r o d u c t i o n  t e c h n i q u e s .

T e s t s  a t  a much h i g h e r  e n e r g y  d e n s i t y ,  140 J / c m ^ ,  w e r e  a l s o  
p e r f o r m e d  w i t h  S y n r o c - B ,  S y n r o c - C ,  and s e v e r a l  t y p e s  o f  b o r o s i l i ­
c a t e  g l a s s . 5 Aga i n ,  t h e  r e s u l t s  f o r  S y n ro c  and b o r o s i l i c a t e  
g l a s s  w e re  e s s e n t i a l l y  t h e  same.

Thermal E ffe c ts

S ynroc -D  i s  fo rm ed  a s  a c r y s t a l l i n e  s o l i d  a t  a b o u t  1150“C. No 
d e g r a d a t i o n  o f  i t s  p r o p e r t i e s  o r  c h a n g e s  i n  i t s  p h a s e  c o m p o s i t i o n s  
would  be e x p e c t e d ,  e v e n  a f t e r  l o n g  p e r i o d s  a t  e l e v a t e d  t e m p e r a ­
t u r e s .  B o r o s i l i c a t e  g l a s s  c o u l d  c r y s t a l l i z e  ( " d e v i t r i f y " )  u n d e r  
e x t r e m e  c o n d i t i o n s .  How ever ,  w i t h  no rm a l  p r o c e s s i n g  and h a n d l i n g ,  
and  f o r  p r o b a b l e  a b n o rm a l  c o n d i t i o n s ,  d e v i t r i f i c a t i o n  s h o u l d  n o t  
be a p r o b le m .

-  119 -



TABLE 49

R e s u l t s  o f  MCC-10 Type Impact  T e s t s ^

W aste  Form
Wt % R e s p i r a b l e  F i n e s  
(<10 vim d i a m e t e r )

B o r o s i l i c a t e  G l a s s

SRL-131 
SRL-131 
PNL 76 -68^

0 . 1 4  tO.OZ'^ 
0 . 1 8  ± 0 .0 5  
0 . 1 7  ± 0 . 0 4

C r y s t a l l i n e  C e ram ic

S yn roc -D  (LLNL) 
S y n ro c -B  (LLNL)^ 
S y n ro c -C  (ANL)® 
S y n r o c -C  (ANL)

0 . 1 6  ± 0 .0 2  
0 . 1 5  ± 0 .0 2  
0 . 1 5  ± 0 . 0 3  
0 . 1 3  ± 0 .0 3

a .  S i n g l e  im p a c t  o f  10 J /cm^ e n e r g y  d e n s i t y ;  f rom R e f e r e n c e  51
b .  S t a n d a r d  d e v i a t i o n .
c .  R e f e r e n c e  g l a s s  f o r  c o m m e r c i a l  p o w e r - r e a c t o r  w a s t e s .
d .  B a s i c  Syn roc  f o r m u l a t i o n ;  c o n t a i n s  no s i m u l a t e d  w a s t e .
e .  S y n ro c  f o r m u l a t i o n  f o r  s i m u l a t e d  c o m m e r c i a l  w a s t e s .
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D e v itr if ic a t io n  o f G lass

In  e a r l y  t e s t s  w i t h  f u l l - s c a l e  c a n i s t e r s ,  s m a l l  c r y s t a l l i t e s  
o f  s p i n e l  (N iF e2 0 i^) o r  a c r a i t e  ( N a F e S i 2 0 g) were  formed and  g rew ,  
e s p e c i a l l y  n e a r  t h e  b o t t o m  o f  c a n i s t e r s .  These  c r y s t a l l i t e s  c o u l d  
n u c l e a t e  s m a l l  c r a c k s  o r  i n c r e a s e  t h e  l e a c h a b i l i t y  o f  t h e  w a s t e  
form.^^

D e v i t r i f i c a t i o n  o c c u r r e d  w i t h  i m p e r f e c t l y - m i x e d  f e e d ,  o r  when 
t h e  g l a s s  was h e l d  ab o v e  500°C f o r  long  p e r i o d s .  However ,  t h e s e  
t e s t s  were  p e r f o r m e d  u s i n g  o l d e r  m e l t i n g  c o n c e p t s :  i n - c a n  m e l t i n g ,
w he re  g l a s s  f r i t  and  c a l c i n e d  w a s t e  were  m e l t e d  t o g e t h e r  i n  t h e  
c a n i s t e r  i t s e l f ;  and  c a l c i n e - f e d  m e l t i n g ,  where  c a l c i n e  and  f r i t  
w e re  combined i n  a c o n t i n u o u s  r a e l t e r ,  and  m o l t e n  m a t e r i a l  c a s t  i n t o  
t h e  c a n i s t e r .

In  t h e  c u r r e n t  r e f e r e n c e  p r o c e s s ,  l i q u i d  w a s t e  and  g l a s s  f r i t  
a r e  s l u r r i e d  i n t o  a c o n t i n u o u s  r a e l t e r .  F o r  t h e s e  w e l l - m i x e d  f e e d s  
and  c o n v e c t i v e  c o o l i n g  o f  f u l l - s c a l e  c a n i s t e r s ,  no a p p r e c i a b l e  
d e v i t r i f i c a t i o n  o c c u r s .

An e x t e n s i v e  l a b o r a t o r y  s t u d y ^ ^  a s s e s s e d  t h e  l i k e l i h o o d  an d  
e f f e c t  o f  d e v i t r i f i c a t i o n  f o r  SRP g l a s s e s .  The s t u d y  c o n c l u d e d  
t h a t  e x t e n s i v e  d e v i t r i f i c a t i o n  i s  u n l i k e l y  d u r i n g  no rm a l  c o o l i n g  o f  
w a s t e - g l a s s  c a n i s t e r s  a f t e r  m a n u f a c t u r e  o r  d u r i n g  s t o r a g e .  D e v i t ­
r i f i c a t i o n  c o u l d  o c c u r  d u r i n g  a n  e x t e n d e d  a c c i d e n t a l  f i r e .  Long 
a n n e a l i n g  t r e a t m e n t s  i n  t h e  p r o d u c t i o n  f a c i l i t y ,  w h ic h  c o u l d  e l i m i ­
n a t e  s m a l l  c r a c k s ,  c o u l d  a l s o  p rom ote  c r y s t a l  g r o w t h .  T h e s e  t e s t s  
a l s o  showed t h a t ,  e v e n  i f  t h e  g l a s s  fo rm  was e x t e n s i v e l y  d e v i t r i ­
f i e d ,  i t s  l e a c h  r a t e s  r a r e l y  i n c r e a s e d  by more t h a n  lOX. T h e r e ­
f o r e ,  d e v i t r i f i c a t i o n  s h o u l d  n o t  g r e a t l y  a f f e c t  t h e  d u r a b i l i t y  o f  
a n  a v e r a g e  g l a s s  w a s t e  fo rm.

A f t e r  e m placem en t  o f  t h e  g l a s s  i n  a  r e p o s i t o r y ,  no c r y s t a l  
g r o w t h  s h o u l d  o c c u r .  Even a t  200*C,  c a l c u l a t i o n s  show t h a t  no 
s i g n i f i c a n t  d e v i t r i f i c a t i o n  wou ld  o c c u r  d u r i n g  b i l l i o n s  o f  y e a r s .

Other Thermal E ffe c ts

V o l a t i l i t y  o f  b o r o s i l i c a t e  g l a s s  was m e a s u r e d  a t  9 0 0 ‘’C. Only  
19 m g /h r  o f  v o l a t i l e s  w e re  e v o l v e d . T h e r e f o r e ,  u n l i k e l y  h i g h -  
t e m p e r a t u r e  e x c u r s i o n s ,  a s  m ig h t  o c c u r  i n  a t r a n s p o r t a t i o n  f i r e ,  
would  n o t  im p a c t  p r o d u c t  s a f e t y .  No s i m i l a r  t e s t s  have  b e e n  
p e r f o r m e d  on S y n r o c -D ,  b u t  v o l a t i l i t y  s h o u l d  be  no g r e a t e r  t h a n  
f o r  g l a s s .

E x p a n s i o n  o f  e i t h e r  w a s t e  fo rm d u r i n g  a t e m p e r a t u r e  e x c u r s i o n  
would  be  t o o  s m a l l  t o  a f f e c t  t h e  i n t e g r i t y  o f  t h e  c o n t a i n e r .  A f t e r  
a l o n g - t e r m  t e m p e r a t u r e  e x c u r s i o n ,  c o o l i n g  s t r e s s e s  c o u l d  a r i s e  i n  
t h e  w a s t e  f o r m s ,  a s  d i s c u s s e d  a b o v e .
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RADIATION STABILITY

A n o t h e r  i m p o r t a n t  c o n s i d e r a t i o n  in  s e l e c t i n g  a s o l i d  form f o r  
i m m o b i l i z i n g  h i g h - l e v e l  w a s t e  i s  t h e  f o r m ' s  s t a b i l i t y  t o  t h e  
e f f e c t s  o f  r a d i a t i o n  g e n e r a t e d  i n  t h e  d e c a y  o f  r a d i o a c t i v e  e l e m e n t s  
i n  t h e  w a s t e  o v e r  l ong  i s o l a t i o n  p e r i o d s  (10^ t o  10^ y e a r s ) .  R a d i ­
a t i o n  c o u l d  p r o d u c e  c h a n g e s  i n  p h y s i c a l  p r o p e r t i e s  and  l e a c h a b i l ­
i t y ,  and  t h u s  a f f e c t  t h e  p e r f o r m a n c e  o f  t h e  w a s t e  fo rm i n  t h e  
r e p o s i t o r y .  C h a r a c t e r i z a t i o n  o f  t h e s e  e f f e c t s  i s  r e l a t i v e l y  w e l l  
a d v a n c e d  f o r  t h e  b o r o s i l i c a t e  g l a s s  fo rm,  b u t  i s  a t  a r e l a t i v e l y  
e a r l y  s t a g e  f o r  c e r a m i c  fo rm s ,  i n c l u d i n g  S y n r o c .

The g e n e r a l  c o n c l u s i o n  from s t u d i e s  o f  r a d i a t i o n  e f f e c t s  on 
b o r o s i l i c a t e  g l a s s  i s  t h a t  t h e  f o r m ' s  p e r f o r m a n c e  i n  a r e p o s i t o r y  
s h o u l d  n o t  be  s i g n i f i c a n t l y  d i m i n i s h e d  by s e l f - i r r a d i a t i o n  f o r  
p e r i o d s  o f  10® y e a r s  o r  l o n g e r .  P r e l i m i n a r y  i n d i c a t i o n s  f o r  
S yn roc -D  a r e  i n c o n c l u s i v e ,  b u t  s u g g e s t  t h a t  t h e r e  s h o u l d  be  no 
m a j o r  d e t e r i o r a t i o n  i n  i t s  a b i l i t y  t o  r e t a i n  w a s t e  e l e m e n t s .

The m echan isms  f o r  r a d i a t i o n  damage and  t h e  m e a s u r e d  a n d / o r  
p r o j e c t e d  e f f e c t s  f o r  SRP h i g h - l e v e l  w a s t e  a r e  d i s c u s s e d  b e lo w  f o r  
b o r o s i l i c a t e  g l a s s  and  S yn roc -D  w a s t e  f o rm s .

Sources o f  R adiation  E ffe c ts

The m a j o r  s o u r c e s  o f  r a d i a t i o n  damage i n  h i g h - l e v e l  w a s t e  
forms  a r e  a l p h a  d e c a y  o f  a c t i n i d e  e l e m e n t s  ( u r a n i u m ,  n e p tu n i u m ,  
p l u t o n i u m ,  and  a m e r i c i u m )  and  b e t a  d e c a y  o f  t h e  f i s s i o n  p r o d u c t s  
( p r i m a r i l y  ^®^Cs and  ^ ® S r ) , i n c l u d i n g  t h e  a c c o m p a n y in g  gamma r a d i ­
a t i o n .  Maximum r a d i a t i o n  d o s e s  t o  SRP h i g h - l e v e l  w a s t e  g l a s s  
d u r i n g  10® y e a r s  o f  s t o r a g e  a r e  e s t i m a t e d  t o  be  4 x 10^® r a d s  o f  
b e t a  r a d i a t i o n ,  7 x 10® r a d s  o f  gamma r a d i a t i o n ,  and  3 x 10^“̂ 
p a r t i c l e s / m ®  from a l p h a  and  a l p h a - r e c o i l  r a d i a t i o n . ® ®  F o r  t h e  
S yn roc -D  fo rm w i t h  i t s  h i g h e r  c o n c e n t r a t i o n  o f  r a d i o n u c l i d e s ,  t h e  
c o m p a r a b l e  d o s e s  wou ld  be  a b o u t  a  f a c t o r  o f  t h r e e  g r e a t e r  t h a n  
t h o s e  f o r  t h e  g l a s s  form.^®

Four  p r i n c i p a l  m echan isms  o f  i n t e r a c t i o n  b e tw e e n  t h e  i n t e r ­
n a l l y  g e n e r a t e d  r a d i a t i o n  and  t h e  w a s t e  form m a t e r i a l  c o u l d  a f f e c t  
t h e  f o r m ' s  l o n g - t e r m  p e r f o r m a n c e  i n  a r e p o s i t o r y  > ®® > ®^.
T h e s e  a r e :

1.  D i s p l a c e m e n t  o f  a tom s  from t h e i r  l a t t i c e  s i t e s  t h r o u g h  
c o l l i s i o n s  w i t h  a l p h a  p a r t i c l e s  and  by r e c o i l  f rom a l p h a  
d e c a y .

2 .  A c c u m u l a t i o n  o f  h e l i u m  a to m s  from a l p h a  p a r t i c l e s  p r o d u c e d  
d u r i n g  d e c a y  o f  a c t i n i d e s .
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3. C h em ica l  t r a n s m u t a t i o n s ,  p r i m a r i l y  f rom t h e  b e t a  d e c a y  o f
t o  5 ° S r  t o  ^ °Z r  (v ia .  ^Oy) .

4 .  I o n i z a t i o n  i n  t h e  w a s t e  form and  L e a c h a n t ,  p ro d u ce d  by i n t e r ­
a c t i o n  o f  b e t a  and  a l p h a  p a r t i c l e s  and  gamma r a y s  w i t h  
e l e c t r o n s .

The c o m b i n a t i o n  o f  t h e s e  mechan isms  c o u l d  p r o d u c e ,  t o  v a r y i n g  
d e g r e e s  d e p e n d i n g  on t h e  n a t u r e  o f  t h e  m a t e r i a l ,  s t r u c t u r a l  c h a n g e s  
( s u c h  a s  volume c h a n g e s ,  m e t a m i c t i z a t i o n  i n  c r y s t a l l i n e  m a t e r i a l s ,  
an d  m i c r o c r a c k i n g ) ,  c h a n g e s  i n  l e a c h a b i l i t y  and  m e c h a n i c a l  p r o p e r ­
t i e s ,  and  a n  a c c u m u l a t i o n  o f  s t o r e d  e n e r g y . M e t a m i c t i z a t i o n  
i s  t h e  t e rm  used  to  d e s c r i b e  t h e  r a d i a t i o n - i n d u c e d  c hange  o f  a n  
o r d e r e d  c r y s t a l l i n e  p h a s e  t o  a n  am orphous  p h a s e .

Sources o f  Data

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  d i s p l a c e m e n t  damage p r o d u c e d  by  
a l p h a  d e c a y  i s  t h e  p r i m a r y  c a u s e  o f  r a d i a t i o n  e f f e c t s  e x p e c t e d  i n  
w a s t e  f o r m s . T h u s ,  most  w a s t e - f o r m  i r r a d i a t i o n  e x p e r i m e n t s  have  
e m p h a s i z e d  a l p h a - d e c a y  e f f e c t s .  The g e n e r a l l y  a c c e p t e d  method f o r  
e v a l u a t i n g  a l p h a - d e c a y  e f f e c t s  i s  by d o p i n g  t h e  w a s t e  form w i t h  t h e  
s h o r t - l i v e d  a c t i n i d e s  o r  ^^®Pu,  t o  a c c e l e r a t e  t h e  a c c u m u l a ­
t i o n  o f  damage by s e l f - i r r a d i a t i o n .

Most  o f  t h e  d a t a  f rom a c t i n i d e  d o p i n g  e x p e r i m e n t s ,  a s  w e l l  a s  
f rom  o t h e r  t y p e s  o f  i r r a d i a t i o n  e x p e r i m e n t s ,  a r e  f o r  g l a s s  w a s t e  
fo rm s ,  p r i m a r i l y  b o r o s i l i c a t e  g l a s s . E x t e r n a l  i r r a d i a t i o n s  o f  
g l a s s  forms have  b e e n  p e r f o r m e d  u s i n g  be ta /gam m a s o u r c e s  t o  
e v a l u a t e  i o n i z a t i o n  e f f e c t s .  I r r a d i a t i o n s  w i t h  c h a r g e d  p a r t i c l e s  
a n d  n e u t r o n s  have  b e e n  employed  t o  s i m u l a t e  a l p h a - d i s p l a c e m e n t  
e f f e c t s .  As y e t ,  no d e f i n i t i v e  e x p e r i m e n t  h a s  b e e n  c o m p l e t e d  t o  
d e t e r m i n e  t h e  e f f e c t s  o f  t r a n s m u t a t i o n .  However ,  t h e  c o n c e n t r a t i o n  
o f  t r a n s m u t e d  e l e m e n t s  i n  t h e  SRP w a s t e  fo rms  w i l l  be  so  s m a l l  a s  
t o  make a s t r o n g  i n f l u e n c e  o f  t r a n s m u t a t i o n  on t h e  o v e r a l l  w a s t e -  
fo rm p r o p e r t i e s  h i g h l y  u n l i k e l y .

E f f e c t s  o f  r a d i a t i o n  on b o r o s i l i c a t e  g l a s s  forms w i t h  SRP 
w a s t e  have  b e e n  s t u d i e d  by a c t i n i d e  d o p i n g ,  e x t e r n a l  gamma i r r a d i a ­
t i o n ,  and  c h a r g e d  p a r t i c l e  i r r a d i a t i o n .  No c o m p a r a b l e
e x p e r i m e n t s  have  b e e n  p e r f o r m e d  f o r  S y n r o c -D .  At p r e s e n t ,  t h e  
i r r a d i a t i o n  b e h a v i o r  o f  S yn roc -D  can  o n l y  be  i n f e r r e d  f rom s t u d i e s  
o f  r a d i a t i o n  damage i n  n a t u r a l  m i n e r a l  a n a l o g s ^ ^ * ^ ^  a n d  from 
i r r a d i a t i o n  e x p e r i m e n t s  on z i r c o n o l i t e  a nd  p e r o v s k i t e . ^
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S tru ctu ra l E ffe c ts

P o t e n t i a l  s t r u c t u r a l  e f f e c t s  o f  i n t e r e s t  i n c l u d e  vo lume 
i n c r e a s e s  ( s w e l l i n g )  and  c r a c k i n g  i n  b o t h  f o rm s ,  and  m e t a m i c t i z a ­
t i o n  i n  t h e  c e r a m i c  fo rm .  S w e l l i n g  and a s s o c i a t e d  c r a c k i n g  in  t h e  
w a s t e  form c o u l d  l e a d  t o  a n  i n c r e a s e  i n  e x p o s e d  s u r f a c e  a r e a  f o r  
l e a c h i n g .  ( B r e a c h i n g  o f  t h e  c a n i s t e r  f rom w a s t e  form s w e l l i n g  
s h o u l d  n o t  be  a p r o b le m  f o r  p e r i o d s  w e l l  beyond  t h e  e x p e c t e d  
c a n i s t e r  l i f e t i m e  o f  100-1000  y e a r s ) .

S t r u c t u r a l  e f f e c t s  i n  SRP b o r o s i l i c a t e  g l a s s  i n d u c e d  by a l p h a  
d e c a y  have  b e e n  o b s e r v e d  t o  be v e r y  s m a l l .  Tests^^>^*^ w i t h  b o r o ­
s i l i c a t e  g l a s s  s a m p le s  doped w i t h  an d  ^^®Pu i n d i c a t e  t h a t
i n t e r n a l  a l p h a  i r r a d i a t i o n  t o  a d o s e  c o r r e s p o n d i n g  t o  a p p r o x i m a t e l y  
10® y e a r s  o f  s t o r a g e  c a u s e s  t h e  g l a s s  t o  expand  by o n l y  a p p r o x i ­
m a t e l y  1%. Volume e x p a n s i o n  o f  g l a s s  a s  a f u n c t i o n  o f  a l p h a
e x p o s u r e  i s  shown i n  F i g u r e  36 .  Some m i c r o c r a c k i n g  i n  t h e  g l a s s
s a m p l e s  was o b s e r v e d  f o r  e x p o s u r e s  >5 x 10^® a lpha s /m ®  o f  g l a s s ;
h o w e v e r ,  t h e  m i c r o c r a c k s  a p p e a r e d  t o  have  no d e t e c t a b l e  e f f e c t  on 
l e a c h  ra t e s .® ®  No e f f e c t s  o f  h e l i u m  a c c u m u l a t i o n  i n  Cm- an d  P u -  
doped s a m p le s  were  o b s e r v e d .  I r r a d i a t i o n  o f  b o r o s i l i c a t e  g l a s s  
s a m p l e s  w i t h  ®®Co gamma r a d i a t i o n  t o  8 . 5  x 10^® r a d  ( w h i c h  r e p r e ­
s e n t s  more t h a n  10® y e a r s  o f  a c c u m u l a t e d  be ta -gam m a d o s e )  r e s u l t e d  
i n  e s s e n t i a l l y  no volume change.®®

An u n d e r s t a n d i n g  o f  s i m i l a r  s t r u c t u r a l  e f f e c t s  i n  t h e  Syn ro c -D  
w a s t e  form i s  ham pered  by t h e  u n a v a i l a b i l i t y  o f  d i r e c t  d a t a  f o r  
m u l t i p h a s e  Synroc  f o r m s .  I n s t e a d ,  t h e  r a d i a t i o n  e f f e c t s  must  be  
i n f e r r e d  p r i m a r i l y  f rom s t u d i e s  o f  n a t u r a l  m i n e r a l  a n a l o g s  and  
l i m i t e d  l a b o r a t o r y  t e s t s  on s i n g l e  p h a s e s .  A l p h a - i n d u c e d  d i s p l a c e ­
men t  e f f e c t s  i n  S y n r o c  would  l i k e l y  o c c u r  i n  t h e  z i r c o n o l i t e  and  
p e r o v s k i t e  p h a s e s ,  w h ic h  would  c o n t a i n  t h e  a c t i n i d e s .  Data  on 
s w e l l i n g  and  m e t a m i c t i z a t i o n  i n  n a t u r a l l y  o c c u r i n g  z i r c o n o l i t e  and  
p e r o v s k i t e  m i n e r a l s  c o n t a i n i n g  u r a n i u m  and t h o r i u m ,  an d  i n  n e u t r o n -  
i r r a d i a t e d  s a m p le s  o f  t h e s e  m i n e r a l  p h a s e s ,  have  b e e n  c o m p i l e d  and  
a n a l y z e d  by Van K onynenbe rg  and  Guinan .^® From t h e  d a t a  c o m p i l e d ,  
z i r c o n o l i t e  an d  p e r o v s k i t e  would  be  e x p e c t e d  t o  become x - r a y  
m e t a m i c t  and  to  s w e l l  a b o u t  2-3% f o r  a n  a l p h a  e x p o s u r e  e q u i v a l e n t  
t o  10® y e a r s  s t o r a g e  o f  a Syn roc -D  fo rm w i t h  SRP w a s t e .®  D i f f e r e n ­
t i a l  e x p a n s i o n  o f  t h e  p h a s e s  w i t h i n  Syn roc  would  p r o b a b l y  c a u s e  
m i c r o c r a c k i n g  a nd  p o s s i b l y  some r e d u c t i o n  i n  s t r e n g t h ;  ho w e v e r ,  t h e  
m a g n i t u d e  o f  t h e s e  e f f e c t s  can  n o t  be  p r e d i c t e d  from e x i s t i n g  d a t a .

E ffe c ts  on Leaching

R a d i a t i o n  can  a f f e c t  t h e  l e a c h i n g  b e h a v i o r  o f  a  w a s t e  fo rm  
by i n c r e a s i n g  t h e  e x p o s e d  s u r f a c e  a r e a  t h r o u g h  c r a c k i n g ,  a s  
d i s c u s s e d  a b o v e ,  and  by i n c r e a s i n g  t h e  f o r m ' s  i n h e r e n t  l e a c h a b i l ­
i t y .  ( R a d i o l y s i s  e f f e c t s  on t h e  l e a c h a n t  would  b e  n e g l i g i b l e  a f t e r
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Frit 131
Frit 18

A F r it  18

D opant Rate, n/qd

Cm-244 5.4 X 1Q1®
Cm-244 1.3 X 10’®

Pu-238 5.2 X 10’^

5 x  10^^ 10^®
Dose, A lpha or A lpha Recoil/gram  Glass

1.5 X 10 18

FIGURE 36. Expansion o f  SRP B o r o s il ic a te  G lass Due to  Alpha and 
A lpha-R ecoil Irr a d ia t io n  (from R eference 55)
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1000 y e a r s ,  and  t h u s  would n o t  be i m p o r t a n t  i n  t h e  long  t e rm  p e r ­
fo rm a nce  o f  t h e  w a s t e  form i n  a r e p o s i t o r y . )

E f f e c t s  o f  r a d i a t i o n  on l e a c h a b i l i t y  o f  b o r o s i l i c a t e  g l a s s  a r e  
v e r y  sma 1 1 . ® L e a c h a b i l i t y  o f  a Cm-doped b o r o s i l i c a t e
g l a s s  ha s  b e e n  m e a s u r e d  in  d e i o n i z e d  w a t e r  a t  23°C by m o d i f i e d  IAEA 
t e s t s . A  s i m i l a r  s e r i e s  o f  t e s t s  was p e r f o r m e d  f o r  a ^ ^ ^ P u -d o p e d
g l a s s  w i t h  a n  a l p h a  dose  2 .3  x 10̂  ̂ t im e s  l ow e r  t h a n  th e  Cm-doped
s a m p l e s .  Leach  r a t e s  f o r  t h e  two sa m p le  t y p e s  r a n g e d  from a b o u t
0 .1  g / ( m ^ ) ( d a y )  i n i t i a l l y  t o  a b o u t  10”  ̂ g / ( m ^ ) ( d a y )  a t  200 d a y s .  
Very l i t t l e  d i f f e r e n c e  i n  l e a c h  r a t e s  was o b s e r v e d  b e t w e e n  t h e  
"damaged"  and  "undamaged"  s a m p l e s ,  a s  shown i n  F i g u r e  37 .  The 
a l p h a  d o s e  i n  t h e  Cm-doped g l a s s  a f t e r  150 days  c o r r e s p o n d e d  to  
a b o u t  10® y e a r s  e x p o s u r e  i n  a n  a c t u a l  SRP g l a s s  w a s t e  fo rm .  Even 
f o r  a l p h a  e x p o s u r e s  w e l l  beyond  t h e  10® y e a r  l e v e l ,  t h e  l e a c h  r a t e  
o f  t h e  Cm-doped g l a s s  was s t i l l  d e c r e a s i n g  w i t h  t i m e .

C u r r e n t  k now le dge  a b o u t  t h e  e f f e c t s  o f  r a d i a t i o n  on S y n r o c  
l e a c h a b i l i t y  has  b e e n  p r i m a r i l y  d e r i v e d  from n a t u r a l  m i n e r a l  
s t u d i e s .  L e a ch  t e s t s  w i t h  n a t u r a l  m i n e r a l s  c o n t a i n i n g  u r a n i u m  
i n d i c a t e  t h a t  b o t h  p e r o v s k i t e  and  z i r c o n o l i t e  h a v e  low l e a c h  r a t e s  
a f t e r  e x t e n s i v e  a l p h a  damage,  b a s e d  on u r a n i u m  a t  200°C i n  d e i o n ­
i z e d  w a t e r . L e a c h  r a t e s  v a r i e d  from a b o u t  4 x 10"*^ g / ( m ^ ) ( d a y )  
t o  2 X 10” ® g / ( m ^ ) ( d a y )  f o r  e s t i m a t e d  a l p h a  d o s e s  o f  a p p r o x i m a t e l y  
4 X 10^“+ a l p h a s  /m® an d  3 x 10^® a l p h a s / m ® ,  r e s p e c t i v e l y .  T h e s e  
r a t e s  were  c o m p a r a b l e  t o  u r a n i u m  l e a c h  r a t e s  m e a s u r e d  i n  Syn roc  
fo rms  made w i t h  s i m u l a t e d  c o m m e r c i a l  xaaste .  Uran iu m  an d  c a l c i u m  
l e a c h  r a t e s  f o r  n a t u r a l  p e r o v s k i t e  and  z i r c o n o l i t e , ®  m e a s u r e d  i n  a 
m o d i f i e d  IAEA t e s t ,  a r e  shown i n  F i g u r e  38 .  T h e s e  r a t e s  a r e  w i t h i n  
a n  o r d e r  o f  m a g n i t u d e  o f  l e a c h  r a t e s  m e a s u r e d  i n  s y n t h e t i c  
Synroc .^® A l t h o u g h  t h e s e  d a t a  a r e  v e r y  l i m i t e d  and  s u b j e c t  t o  
i n t e r p r e t a t i o n ,  t h e y  do s u g g e s t  t h a t  t h e  Syn roc -D  fo rm f o r  SRP 
w a s t e  s h o u l d  r e m a i n  a d u r a b l e  h o s t  f o r  r a d i o n u c l i d e s  f o r  a t  l e a s t  
10® y e a r s .

POTENTIAL IMPROVEMENTS FROM WASTE FORM OPTIMIZATION

Im provem en ts  i n  w a s t e  form q u a l i t y  a r e  e x p e c t e d  f o r  b o t h  
b o r o s i l i c a t e  g l a s s  and  S y n r o c -D .  B e c a u s e  o f  i t s  h i g h e r  l e v e l  o f  
d e v e lo p m e n t  and  i t s  s i m p l e r  p r o d u c t  c h a r a c t e r i s t i c s ,  t h e  r e q u i r e ­
m e n t s  f o r  im p r o v in g  t h e  b o r o s i l i c a t e  g l a s s  w a s t e  fo rm a r e  b e t t e r  
u n d e r s t o o d .  The p o t e n t i a l  f o r  im provemen t  o f  Syn roc -D  i s  l e s s  
c e r t a i n  b e c a u s e  t h i s  p r o d u c t  h a s  b e e n  p r o d u c e d  o n l y  w i t h  
l a b o r a t o r y - s c a l e  e q u ip m e n t  and  s i m u l a t e d  w a s t e .

G l a s s  forms p r o d u c e d  i n  t h e  DWPF c o u l d  b e n e f i t  f rom new f r i t  
c o m p o s i t i o n s ,  f rom h i g h e r  w a s t e  l o a d i n g s ,  and  from s t e p s  t o  
d e c r e a s e  f r a c t u r e .  Ceram ic  forms c o u l d  be  im proved  by m i n i m i z i n g  
t h e  am orphous  p h a s e ,  i n c r e a s i n g  t h e  f r a c t i o n  o f  t h e  c e s i u m  and
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s t r o n t i u m  t h a t  e n t e r s  d u r a b l e  p h a s e s ,  and d e c r e a s i n g  t h e  d e p e n d e n c e  
o f  p r o d u c t  q u a l i t y  on p r o c e s s i n g  p r o c e d u r e s .

P o te n tia l Improvements in  B o r o s il ic a te  G lass

The l e a c h a b i l i t y  o f  b o r o s i l i c a t e  g l a s s  i s  e x p e c t e d  t o  im prove  
b e c a u s e  o f  c h a n g e s  i n  t h e  c h e m i c a l  c o m p o s i t i o n .  Two m a j o r  im p r o v e ­
m en ts  h a v e  b e e n  i d e n t i f i e d ;  new f r i t  c o m p o s i t i o n s ,  and h i g h e r  w a s t e  
l o a d i n g s .

F r it  O ptim ization

New f r i t  composi t ions  have been developed which i n c r e a s e  the  
d u r a b i l i t y  of  b o r o s i l i c a t e  g l a s s  c o n ta i n in g  s im u la ted  SRP w a s t e .  

Leach r a t e s  t h a t  a re  up to  6 t imes lower have been observed fo r  
t h e se  f r i t s .

The new f r i t  composi t ions  in c lu d e  more s i l i c a  than does 
F r i t  131, the  c u r r e n t  r e f e r e n c e  f r i t .  F r i t  131 was developed fo r  
use in  a c a l c i n e - f e d  ceramic  m e l t e r .  The g la s s - f o r m in g  p rocess  now 
invo lves  a s l u r r y - f e d  m e l t e r ,  which can p rocess  a more v i s co u s  
m e l t .  A h i g h e r - v i s c o s i t y  g l a s s  c o n ta i n in g  more s i l i c a ,  which 
produces  a more d u ra b le  p ro d u c t ,  can thus  be accommodated.

Increased Waste Loading

High c o n c e n t r a t i o n s  of  SRP waste (up to  about 50 wt %) have 
been shown to  improve th e  l each  r e s i s t a n c e  of  th e  g l a s s  p ro d u c t .  
Waste e lem en ts ,  p r i m a r i l y  i r o n  and aluminum, a re  b e n e f i c i a l  to  
p roduct  q u a l i t y .  An i n c r e a s e  of  the  r e f e r e n c e  waste  lo ad ing  from 
28 wt % to  35 wt % has decreased  le ach  r a t e s  by 30% in  l a b o r a t o r y  
t e s t s .

For g l a s s e s  c o n ta i n in g  F r i t  131, melt  v i s c o s i t y  i s  lowest 
between 20 and 37 wt % waste  c o n t e n t . A n  in c r e a s e  t o  35 wt % 
would cause no more p ro c e s s in g  d i f f i c u l t i e s ,  a l though  the  e f f e c t s  
o f  waste  load ing  fo r  new f r i t s  must be t e s t e d .  L a b o r a t o r y - s c a l e  
t e s t s  show t h a t  up to  50 wt % waste  oxides  might be i n c o r p o ra te d  
i n t o  the  g l a s s  w i thou t  caus ing  a d e c rea se  in  product d u r a b i l i t y .

Decrease in  Thermal Fracturing

As mentioned in  the  P h y s ic a l  P r o p e r t i e s  s e c t i o n  of t h i s  
r e p o r t ,  th e  e x t e n t  o f  f r a c t u r e  i n  f u l l - s c a l e  g l a s s  m ono l i ths  can be 
improved by thermal  t r e a t m e n t s ,  c a n i s t e r  l i n e r s ,  o r  a c l o s e r  match 
between th e  the rm al  expans ion  c o e f f i c i e n t s  o f  g l a s s  and th e  
c a n i s t e r .
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P o t e n t i a l  Improvements in  Synroc-D Ceramic

The e x p e c t e d  q u a l i t y  o f  Synroc-D  w a s t e  forms c o u l d  be improved  
by two m e t h o d s .  F i r s t ,  f u n d a m e n t a l  c h a n g e s  i n  t h e  w a s t e  form 
c o m p o s i t i o n  c o u l d  p r o v i d e  more d u r a b l e  p r o d u c t  p h a s e s .  S econd ,  
p r o c e s s  s t u d i e s  c o u l d  e n s u r e  t h a t  c o n s i s t e n t  p r o d u c t  q u a l i t y  would 
be a c h i e v e d  w i t h o u t  s t r i n g e n t  p r o c e s s  c o n t r o l .

Ceramic Phase  Improvements

The q u a l i t y  of the c r y s t a l l i n e  ceramic waste form is  d e t e r ­
mined by the  d u r a b i l i t i e s  of  i t s  i n d i v i d u a l  phases .  The nephe l ine  
and amorphous phases ,  which a r e  more prone to l e ach ing  than the  
t i t a n a t e s  and s p i n e l s ,  would be primary t a r g e t s  fo r  waste  form 
improvement.

E a r ly  l a b o r a t o r y  t e s t s  were based on a s i m p l i f i e d  s im u la ted  
waste  composi t ion ,  which did  not in c lu d e  minor components of  the 
s ludge .  I n i t i a l  t e s t s  w i th  s im u la ted  waste  c o n ta in in g  many of 
t h e se  minor components i n d i c a t e  the  Synroc p r o p e r t i e s  should not be 
degraded s i g n i f i c a n t l y .  In  f a c t ,  when Na^POi  ̂ was added a t  the  
l e v e l  expec ted  in  SRP waste  (0 .70  wt %), cesium leach  r a t e s  were 
decreased  by up to a f a c t o r  of f o u r .*  Sodium r e l e a s e  was a l s o  
lowered.  A pparen t ly ,  phosphate  s t a b i l i z e d  the  g l a s s y  phase and 
made i t  more d u ra b le .

Phosphate  could be a b e n e f i c i a l  a d d i t i v e ,  even in  excess  o f  
the  amount in the  s ludge .  I f  more phosphate  i s  added than is  
needed to s t a b i l i z e  the g l a s s ,  the  excess  would be expected  to 
combine w i th  o th e r  e lements  in  the  waste  form. Small amounts of 
m o n a z i te - ty p e  phases ,  which a r e  d u ra b le  r a d i o n u c l i d e  h o s t s ,  
may form. In a d d i t i o n ,  i t  has been proposed** t h a t  phosphates  
could  combine w i th  o th e r  Synroc-D elements  to  form a more du rab le  
hos t  fo r  cesium, analogous to c a r n o t i t e ,  CS2(U02)2P2*^8"

I f  s t r o n t iu m  could be s t a b i l i z e d  in  a low - tem pera tu re  
p e r o v s k i t e  b e f o r e  s i l i c o n  i s  added in  the  p ro c e s s ,  l e s s  s t ro n t iu m  
would e n t e r  the  l e ach ab le  g la s s y  phase.  In LLNL t e s t s  in  which 
s i l i c o n  was added a f t e r  c a l c i n a t i o n ,  the  s t r o n t iu m  leach  r a t e s  
were lowered by more then an o rde r  of m a g n i tu d e . t  This e f f e c t  may 
not be a c h i e v a b le  w i th  a c t u a l  was te ,  which w i l l  c o n ta i n  much more 
s i l i c o n  than was p re sen t  in  the  s im u la ted  s ludge  used by LLNL.

* A. B. Harker (Rockwell Sc ience  C e n t e r ) ,  p r i v a t e  communication.
** C. C. H e r r i c k  (Los Alamos N a t io n a l  L a b o r a to r y ) ,  p r i v a t e  

communication.
t  J .  H. Campbell (Lawrence Livermore N a t io n a l  L a b o ra to ry ) ,  

"Recent Developments in  Synroc-D a t  LLNL," p r i v a t e  
communication.
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Cesium leach  r a t e s  could a l s o  be d ec reased  by a l t e r i n g  the  
DWPF Stage 2 (cesium removal) feed to  Stage 1 ( s o l i d i f i c a t i o n ) .  By 
p r e c o n s o l i d a t i n g  cesium in  h o l l a n d i t e  and b lend ing  the  h o l l a n d i t e  
and c a l c i n e  b e fo re  p r e s s i n g ,  LLNL achieved  a f a c t o r  of 8 to 10 
lower cesium r e l e a s e  r a t e  than fo r  Synroc-D in  which cesium was 
con ta ined  in nephel ine .®  This te ch n iq u e ,  however,  would g r e a t l y  
i n c re a s e  p rocess  complex i ty .  A more c o s t - e f f e c t i v e  method may be 
to  in t ro d u ce  cesium adsorbed on z e o l i t e ,  which i s  the  r e f e r e n c e  
ceramic p rocess  s tu d i e d  in  th e  r e c e n t  P r o c e s s a b i l i t y  A n a ly s i s .
When h e a te d ,  Cs- loaded z e o l i t e  t rans fo rm s  to  p o l l u c i t e  (CsAlSi20g) 
and f e l d s p a r  (CsAlSi^Og),  both  of  which a re  more d u rab le  than 
n ep h e l in e .

F i n a l l y ,  i f  i t  i s  p o s s i b l e  to  t r e a t  high-aluminum waste  s ep a ­
r a t e l y  from the  o th e r  extremes of waste  composi t ion ,  the  sodium 
could be f ixed  in  m agnetop lum bite . Nepheline  would not be 
r e q u i r e d  to  s t a b i l i z e  sodium and, in  th e o r y ,  cesium leach  r a t e s  
could be reduced.

Process F l e x ib i l i t y

The choice  o f  f a b r i c a t i o n  s t e p s  fo r  a waste  form does not 
n e c e s s a r i l y  a f f e c t  expec ted  improvements in  t h a t  waste  form. How­
e v e r ,  the  proposed p rocess  f o r  Synroc-D i s  much more complex than 
the  p rocess  fo r  making b o r o s i l i c a t e  g l a s s . I n  a complex p ro c e s s ,  
product q u a l i t y  may s u f f e r  i f  p rocess  s t e p s  a re  not c a r e f u l l y  con­
t r o l l e d .  Recent experiments®® show t h a t  Synroc-D may be much more 
t o l e r a n t  o f  v a r i a t i o n s  in  waste  feed composi t ion  and in  p rocess  
c o n t r o l  s t e p s  than  had p r e v io u s ly  been assumed. Areas where the  
ceramic may be r e l a t i v e l y  i n s e n s i t i v e  to  the  p rocess  in c lu d e :  
p a r t i c l e  s i z e s ,  o x i d a t i o n / r e d u c t i o n  ( redox) c o n t r o l ,  and a d d i t i v e  
composi t ions .

Synroc-D was o r i g i n a l l y  based on Synroc-C, a proposed ceramic  
waste  form fo r  commercial h i g h - l e v e l  w as te ,  and Synroc-B, a form 
c o n ta i n in g  Sjmroc-C phases but no w a s t e . ^9 Many of  the  p rocess  
concerns  fo r  Synroc-D were based on e x p e r ien ce  w i th  the  commercial 
waste  form.

Synroc-B r e q u i r e s  very  f i n e  p a r t i c l e  s i z e s  both  fo r  i t s  was te  
feed and fo r  i t s  m in e ra l  a d d i t i v e s .® ^  M ic ro m ete r - s ize  p a r t i c l e s  
a re  n e ce s sa ry  because  the  s o l i d  phases a re  formed " s u b - s o l i d u s ; "  
t h a t  i s ,  no l i q u i d  i s  p r e s e n t  d u r ing  forming. In  Synroc-D fo r  SRP 
w as te ,  however, s i l i c o n  and sodium a re  always p r e s e n t .  These 
e lements  form a smal l  amount o f  l i q u i d  du r ing  hot i s o s t a t i c  p r e s s ­
in g .  In  Synroc-D, the  speed a t  which chemical e lements  can a r range  
themselves  i n to  th e  p roper  phases  i s  g r e a t l y  in c r e a s e d ,  and l a r g e r  
p a r t i c l e  s i z e s  might be accommodated.
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Tes ts  with  s im ula ted  waste feeds having l a r g e r  p a r t i c l e  s i z e s  
than those in a c t u a l  SRP waste  show th a t  c a r e f u l  c o n t r o l  of a r t i ­
c l e  s i z e s ,  by e x te n s iv e  b a l l  m i l l i n g ,  may not be n eces sa ry .

Exact c o n t r o l  of o x id i z in g / r e d u c in g  ( " re d o x ” ) c o n d i t io n s  may 
a l s o  not be n e ce s sa ry .  Synroc-C r e q u i r e d  very  reduc ing  c o n d i t io n s  
to fo rce  cesium in to  the h o l l a n d i t e  p h a s e . H o l l a n d i t e  is  not a 
phase in  Synroc-D. Somewhat reduc ing  c o n d i t i o n s  a r e  s t i l l  r e q u i re d  
to ensure  uranium is p resen t  as r a t h e r  than phases con­
t a i n i n g  hexava len t  uranium a r e  more le ac h a b le  than z i r c o n o l i t e  and 
perovsk i te .^® Tes ts  a t  LLNL®® and Rockwell Science  C e n te r ,*  
however, show t h a t  Synroc-D has s i m i l a r  leach  r a t e s  i f  i t  is  
produced under redox c o n d i t io n s  ranging  from "modera te ly  o x id iz in g "  
to "very r e d u c in g . "  In hot p re s s in g  t e s t s  a t  SRL, no u n d e s i r a b l e  
phases were formed in Synroc-D, even though no a t t e m p t  was made to 
c o n t r o l  redox c o n d i t i o n s .

C on t ro l  of the composi t ion of m ine ra l  a d d i t i v e s  may a l s o  be 
l e s s  s t r i n g e n t  than p re v io u s ly  though t .  Up to 100% v a r i a t i o n  in 
major waste  elements  might be accommodated by the  same composi t ion 
of addit ives .®®

* A. B. Harker  (Rockwell Science  C e n te r ) ,  p r i v a t e  communication.
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leach ing  d a ta  on Synroc and b o r o s i l i c a t e  g l a s s ;  A. B. Harker of  
Rockwell fo r  d i s c u s s i o n s  o f  ceramic waste  form p r o p e r t i e s ;
M. J .  P lod inec  and G. G. Wicks of  SRL fo r  p ro v id in g  b o r o s i l i c a t e  
g l a s s  samples and c h a r a c t e r i z a t i o n  d a t a ;  and R. A. Johns,
T. H. Dyches,  and C. A. McConnell of  SRL fo r  a s s i s t a n c e  with  the  
comparative  leach  t e s t s .
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