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INTRODUCTION 

The High Level  Rad ioac t ive  Waste Immobi l iza t ion  Program con- 
duc ted  by t h e  P a c i f i c  Northwest Labora tory  (.PETL) f o r  t he '  Department 
of Energy (DOE) has  a s  one of i t s  o b j e c t i v e s  t o  develop p r o c e s s e s  
f o r  c o n v e r t i n g  h igh  l e v e l  l i q u i d  was t e  (HLLW) from a l t e r n a t i v e  f u e l  
c y c l e s  t o  s o l i d  forms demonstrated t o  be p h y s i c a l l y ,  chemica l ly ,  
and r a d i o l y t i c a l l y , s t a b l e  and i n e r t .  A major p a r t  o f  t h i s  program 
has  been in-depth s t u d i e s  on low-melting (1000-1150°C) b o r o s i l i c a t e  
g l a s s e s  (1 ,2 ) .  To p rov ide  f o r  was te  s t reams n o t  r e a d i l y  v i t r i f i a b l e  
and t o  e n s u r e  t h a t  o t h e r  o p t i o n s  f o r  e n c a p s u l a t i o n  of f i s s i o n  pro- 
duc t  was te  were cons ide red ,  a n  e f f o r t  w a s  i n i t i a t e d  t o  develop 
a l t e r n a t i v e  was t e  forms based upon a  m u l t i b a r r i e r  concept  ( F i g .  1 ) .  
The m u l t i b a r r i e r  concept  aims t o  s e ? a r a t e  t h e  r ad ionuc l ide -  
c o n t a i n i n g  i n n e r  c o r e  m a t e r i a l  and t h e  environment by t h e  use  of  
c o a t i n g s  and meta l  m a t r i c e s .  The r e s u l t a n t . c o m p o s i t e  was te  form 
e x h i b i t s  enhanced i n e r t n e s s  due t o  improved thermal  s t a b i l i t y  and 
mechanical  s t r e n g t h ,  and the added b a r r i e r s  g r e a t l y  improve l e a c h  
r e s i s t a n c e .  

Two o p t i o n s  w e r e  developed f o r  t h e  i n n e r  c o r e  of t h e  mul t i -  
b a r r i e r  concept :  s u p e r c a l c i n e  p e l l e t s  and g l a s s  marbles .  Super-  
c a l c i n e  i s  a c r y s t a l l i n e  assemblage of mutua l ly  compat ib le ,  
r e f r a c t o r y ,  and l e a c h - r e s i s t a n t  s o l i d  s o l u t i o n  phases  i n c o r p o r a t i n g  
HLLW i o n s .  Supe rca l c ine  powder is produced by s p r a y  c a l c i n i n g  t h e  
l i q u i d  was t e  s t r eam t o  which A 1  0  C a O ,  SiO and SrO have been 
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Fig.  1 F l u l t i b a r r i e r  Concept f o r  I s o l a t i n g  High-Level Waste. 

added. Supe rca l c ine  p e l l e t s  a r e  produced by d i s c  p e l l e t i z i n g .  
The amorphous s u p e r c a l c i n e  c r y s t a l l i z e s  i n t o  s o l i d  s o l u t i o n  phases  
a f t e r  subsequent  h e a t  t r ea tmen t .  

Glass  marbles  provided  an  a l t e r n a t i v e  t o  t h e  c a s t  g l a s s  was t e  
form and do n o t  r e q u i r e  t h e  development of a c r y s t a l l i n e  was te  form 
(e .g. ,  s u p e r c a l c i n e ) .  Technology e x i s t s  t o  produce was te  g l a s s  i n  
a  cont inuous  ceramic m e l t e r  (3) .  I n  t h i s  p r o c e s s ,  s i n c e  t h e  g l a s s  
i s  d i r e c t l y  d ra ined  i n t o  a  c a n i s t e r ,  p roduct  q u a l i t y  v e r i f i -  
c a t i o n  is  a  p o t e n t i a l  problem. Marble p roduc t ion  would p rov ide  a  
s e p a r a t e  s t e p  between t h e  m e l t e r  and t h e  c a n i s t e r  t o  a l l o w  f o r  
q u a l i t y  a s su rance  and e a s e  o f  r e c y c l i n g  t o  t h e  m e l t e r  i f  a  below- 
s t a n d a r d  product  i s  produced. 

The development of c o a t i n g s  f o r  s u p e r c a l c i n e  was pursued t o  
p rov ide  an a d d i t i o n a l  p r o t e c t i v e  l a y e r  between che  r a d i o n u c l i d e s  
and t h e  environment.  The c o a t i n g s  i n c l u d e  t h e  a p p l i c a t i o n  of a  
40-um p y r o l y t i c  carbon (PyC) l a y e r  a s  a  b a r r i e r  t o  enhance l e a c h  
r e s i s t a n c e  and a  60-pm A1203 l a y e r  a s  a  b a r r i e r  t o  i n c r e a s e  
o x i d a t i o n  r e s i s t a n c e .  Glass  c o a t i n g  of s u p e r c a l c i n e  by f r i t  and 
g l a z e ,  which i s  a l e s s  complex c o a t i n g  p roces s ,  w a s  a l s o  i n v e s t i -  
ga t ed .  Although c o a t i n g s  o f f e r  a  h igh  l e v e l  of  i n c r e a s e d  i n e r t n e s s ,  
a  h igh  l e v e l  of t e c h n o l o g i c a l  complexi ty i s  a l s o  r equ i r ed .  

T h e ' f i n a l  phase i n  t h e  d e n o n s t r a t i o n  of t h e  m u l t i b a r r i e r  con- 
c e p t  i s  m a t r i x  e n c a p s u l a t i o n  t o  i m p r o v e ' t h e  mechanical  s t r e n g t h  of  
t h e  composite was te  form t o  improve thermal  c o n d u c t i v i t y ,  y i e l d i n g  
lower i n t e r n a l  tempera tures .  A s  t h e  s e l e c t i o n  of t h e  metai m a t r i x  



is  dependent upon t empera tu re  l i m i t a t i o n s  of  t h e  i n n e r  c o r e ,  s e v e r a l  
m a t r i x  m a t e r i a l s  were i n v e s t i g a t e d  and two e n c a p s u l a t i o n  p r o c e s s e s  
were developed:  vacuum c a s t i n g  and g r a v i t y  s i n t e r i n g .  Other  
r e s e a r c h e r s  have s t u d i e d  c a l c i n e  p a r t i c l e s  (4 )  and g l a s s  beads ( 5 j  
i n  me ta l  m a t r i c e s .  

Th i s  paper  d e s c r i b e s  t h e  development of  f o u r  m u l t i b a r r i e r  
was t e . fo rms ,  which were demonstrated by t h e  p roduc t ion  of f o u r  
1 - l i t e r  s t a i n l e s s  s t e e l  c a n i s t e r s ,  each  c o n t a i n i n g  one of  t h e  was t e  
forms ( 6 ) .  These 1 - l i t e r  demonst ra t ions  a r e  d e s c r i b e d  i n  Tab le  I. 

SUPERCALCINE-CERAMIC CORES 

The "Supe rca l c ine  Concept" 

The concept  s t a t e s  t h a t  t h e  mix tu re  of e lements  con ta ined  i n  
h igh - l eve l  n u c l e a r  was te  can  b e  modif ied w i t h  chemica l  a d d i t i v e s  
and the reby  tai lor-made i n t o  an  assemblage of h i g h - i n t e g r i t y  
c r y s t a l l i n e  phases.  Wherever a p p l i c a b l e ,  h i g h - s u r v i v a b i l i t y  
m i n e r a l s  a r e  chosen a s  models f o r  t h e s e  phases  (7-14). 

Research o n  a  h i g h - i n t e g r i t y  ceramic  advanced was te  form began 
i n  1973 (10) .  The des ign  s p e c i f i c a t i o n s  on. t h i s  ceramic waste form 
inc luded  low l e a c h a b i l i t y ,  low was te  v o l a t i l i z a t i o n  d u r i n g  process-  
i n g  and thermodynamic s t a b i l i t y  a t  t empera tu re s  a s  h igh  as 800°C. 
Waste l o a d i n g  w a s  t o  be a s  h igh  as r easonab ly  p o s s i b l e ,  and a t  . 

l e a s t  comparable t o  t h e  c a s t  g l a s s  HLW product .  The f i r s t  s t e p  i n  
p roces s ing  t h i s  ceramic w a s  t o  be  c a l c i n a t i o n  u s i n g  s p r a y  o r  
f l u id i zed -bed  t echno log ie s .  ' The p r e c u r s o r  powder t o  t h i s  ceramic  

Table  1. M a t e r i a l s  and Parameters  Used f o r  t h e  
One-Liter M u l t i b a r r i e r  Demonstrat ions 

I n n e r  Core Coat ing Mat r ix  Encapsu la t ion  

72-68 g l a s s  marble none Pb-1OSn vacuum c a s t  
(1~10 mm d i a )  400" C 

supercalcine 
' (1~7  mm d i a )  

s u p e r c a l c i n e  
(1~7 mm dial  

none A1-12Si vacuum c a s t  
650°C 

g l a s s  g l a z e  A1-12Si vacuum c a s t  
(tl mm t - h i r k )  650°C 

super  c a l c i n e  CVD Cu g r a v i t y  s i n t e r e d  
(1~2 mm d i a )  PyC (40-pm t h i c k )  900°C, 8 h r s  

A1203 (60-pm t h i c k )  



would p h y s i c a l l y  resemble o r d i n a r y  c a l c i n e  b u t  would have s u p e r i o r  
p r o p e r t i e s  when subsequent ly  h e a t  t r e a t e d ,  hence t h e  name "super- 
ca l c ine . "  A f t e r  t h i s  crystallization/sintering s t e p ,  t h e  product  
would become "conso l ida t ed  s u p e r c a l c i n e "  o r  "superca lc ine-ceramics .  " 

Supercalcine-ceramics have been s u c c e s s f u l l y  developed t o  t h e s e  
s p e c i f i c a t i o n s  bu t  have n o t  y e t  been t a i l o r e d  f o r  thermodynamic 
e q u i l i b r i u m  w i t h  any of t h e  c a n d i d a t e  r e p o s i t o r y  rock  t y p e s ,  
a l t hough  many of  i t s  c u r r e n t  m i n e r a l s  shou ld  be s t a b l e  i n  b a s a l t s ,  
s h a l e s ,  and  g r a n i t e s  ... The hydro thermal  s t a b i l i t y  of  e x i s t i n g  pro- 
d u c t s  is  d e s c r i b e d  e l sewhere  i n  t h i s  volume (15 ,20) .  

Once t h e  p r e c u r s o r  s u p e r c a l c i n e  powder has  been formed, t h e r e  
a r e  a t  l e a s t  f o u r  a l t e r n a t i v e  p roduc t s  t h a t  can  be made from i t .  

o C r y s t a l l i z e d ,  b u t  unconsol ida ted  c a l c i n e  (14) 

a Fusion-cast  ceramics 

o Hot-pressed ceramic (11,23)  

e Cores of a  m u l t i b a r r i e r  product  (10) .  

C r y s t a l  Chemistry of  Curren t  Supercalcine-Ceramics 

Two s u p e r c a l c i n e  s y n t h e t i c  mine ra l  models have been developed 
f o r  u se  a s  a c o r e  m a t e r i a l  o f  t h e  m u l t i b a r r i e r  product .  C r y s t a l  
chemis t ry  has  been d e s c r i b e d  p r e v i o u s l y  (12,13) and w i l l  on ly  b e  
summarized he re .  The c r y s t a l  chemical  r o l e s  of  was t e  i o n s  a r e  
g iven  i n  Tab le  2. The formulae i n  t h i s  t a b l e  a r e  on ly  nominal.  
Each of t h e  nominal composi t ions  has  been s y n t h e s i z e d  s e p a r a t e l y  and 
i t s  x-ray d i f f r a c t i o n  p a t t e r n  matched t o  t h e  cor responding  r e f l e c -  
t i o n s  i n  t h e  d i f f r ac tog ra in  of t h e  c r y s t a l l i z e d  superca lc ine-ceramic .  

The major r o l e s  g iven  i n  Tab le  2 have been determined from 
more than  200 c r y s t a l  chemical  and c o m p a t i b i l i t y  s t u d i e s  ( 1 2 ) ,  b u t  
minor s o l i d  s o l u t i o n  and p a r t i t i o n i n g  u f  i o n s  among two o r  more 
phases is r o  be expected.  For  example, Ln is p a r t i t i o n e d  between 
t h e  a p a t i t e  and monazi te  phases and a  s m a l l  amount may a l s o  be  sub- 
s t i t u t i n g  i n  t h e  f l u o r i t e  and t e t r a g o n a l - z i r c o n i a  phases .  The sub- 
micrometer dimensions of most of  t h e  c r y s t a l s  d i s q u a l i f y  r o u t i n e  
e l e c t r o n  microprobe e l emen ta l  c h a r a c t e r i z a t i o n ,  b u t  scanning  t r a n s -  
miss ion  e l e c t r o n  microscopy (STEM) w i l l  b e  u t i l i z e d  f o r  d i r e c t  
c h a r a c t e r i z a t i o n  of e l emen ta l  d i s t r i b u t i o n s  i n  s u p e r c a l c i n e  c r y s t a l s  
i n  che  n e a r  f u t u r e .  

From Tab le  2 i t  can be s e e n  t h a t .  on ly  t h r e e  a d d i t i v e s  a r e  
6 

needed t o ' t a i l o r  t h e  l i q u i d  was t e  composi t ions:  C a ,  A l ,  and S i .  



a  
Tab le  2. C r y s t a l  Chem.ica1 Roles  of Waste Ions  

Nominal Composition 
I o n s  Of S y n t h e t i c  Minera l  S t r u c t u r e  Type 

Sr ,Ln 
b  

(=,ST) 2 ~ n g ( z ~ 4 )  6 ~ 2 C  A p a t i t e  [Ass] 
Ln, [PO41 LnP04 Monazite [PIss] 

(Cs , Rb ,Na)A1Si30jj 
(Ca, S r  , Ba) Moo4 - 
(U,Ce,Zr ...) 02+, 
(Zr,Ce,U ...) O Z + ~  

Fe,Ni,Cr (Ni ,Fe)(Fe,Cr)204 
and 
(Fe, Cr) 203 

P o l l u c i t e  [PI 
S c h e e l i t e  [Sss] . 

F l u o r i t e  [Fss] 
Te t ragonal -  

F l u o r i t e  [Tss] 
S p i n e l  [ S ~ s s  I 

Corundum 

IFe2031 ss 
R u t i l e  

a  Te,Pd,Rh,Tc,Pm,Np,Pu,Am,Cm were n o t  i n c l u d e d ' i n  t h e  
s imu la t ed  waste .  

b ~ n = ~ a ,  ~r ,Nd, ~ m ,  EU, G ~ , Y .  
C 
Add i t i ve  i o n s  a r e  unde r l ined .  

W i t r a t e s  of  C a  and A l . a n d  c o l l o i d a l  s i l i c a  a r e  t h e  l i q u i d  s o u r c e s  
of  t h e s e  elements. T y p i c a l l y ,  tw ice  t h e  s t o i c h i o m e t r i c a l l y  r e q u i r e d  
l e v e l  of a d d i t i v e s  a r e  s p e c i f i e d ,  because  t h e  day-to-day composi t ions  
a r e  expec ted  t o  vary  c o n s i d e r a b l y .  The e x t r a  C a  would f i x  t r a n s i e n t  
exces ses  of  No and t h e  (Al+Si) s e r v e s  t h e  same purpose f o r  t h e  a l k a l i  
e lements .  I f  t h e  exces s  a d d i t i v e s  a r e  not  needed, they  form an  
i n e r t ,  b u t  g e n e r a l l y  x-ray amorphous, ca lc ium a l u m i n o s i l i c a t e  m a t r i x  
f o r  t h e  superca lc ine-ceramic  phases.  

SPRAY CALCINATION 

Process  s i m p l i c i t y ,  an  advanced s t a g e  of  p roces s  development,  
d e n o n s t r a t e d  o p e r a t i n g  c a p a b i l i t y ,  and h i g h l y  d e s i r a b l e  c a l c i n e  
powder c h a r a c t e r i s t i c s  make t h e  s p r a y  c a l c i n e r  i d e a l l y  s u i t e d  t o  t h e  
p r o d u c t i o n  of a  chemica l ly  a l t e r e d  c a l c i n e ,  " supe rca l c ine . "  The 
developmental  s p r a y  c a l c i n e r  c o n s t r u c t e d  a s  p a r t  o f  t h e  Waste F i x a t i o n  
Program (16) was used t o  p r e p a r e  50-kg q u a n t i t l e s  of  two s u p e r c a l c i n e  
composi t ions  (SPC-2 and SPC-4). Both s u p e r c a l c i n e s  s imu la t ed  t h e  
PW-7 b a s t e  composi t ion (17) w i t h  ind iv idLa1  c o n s t i t u e n t s  added i n  a  
n i t r a t e  form (6 ) .  Chemical s u b s t i t u t i o n s  were made a s  i n d i c a t e d  t o  
e l i m i n a t e  r a d i o a c t i v e . m a t e r i a 1  (uranium),  reduce  t h e  amount of 
c o s t l y  m a t e r i a l s  ( ru thenium) ,  and t o  s i m u l a t e  t h e  l a n t h a n i d e s  and 
a c t i n i d e s  ( r a r e  e a r t h  mixture)  p r e s e n t  i n  t h e  was te .  



Spray-calcined m a t e r i a l  c o n s i s t s  of me ta l  o x i d e s ,  a t r a c e  of  
mo i s tu re  and some l e v e l . o f  r e s i d u a l  n i t r a t e s  o r  c a r b o n a t e s ,  depen- 
d i n g  on f eeds tock  composi t ion.  The powder i s  ve ry  f i n e  and t y p i c a l l y  
d i s p l a y s  s u r f a c e  a r e a s  of  10  t o  20 d l g .  

DISC PELLETIZING 

Disc p e l l e t i z i n g  is a n  agglomera t ion  t echn ique  t h a t  forms 
s p h e r i c a l  p e l l e t s  from powders (18) .  The purpose of  p e l l e t i z i n g  
t h e  spray-ca lc ined  s u p e r c a l c i n e  powders was t o  produce c o n s o l i d a t e d  
h igh-dens i ty  s p h e r e s  ( p e l l e t s )  o f  about  1 t o  7 mm d iameter  t h a t  
would b e  s i n t e r e d  and c r y s t a l l i z e d  by subsequent  h e a t  t r e a t m e n t .  
Disc p e l l e t i z i n g  is  a n  optimum method of compacting n u c l e a r  was t e  
composi t ions  when fol lowed .by s i n t e r i n g ;  ' t h i s  is. because  t h e  spray-  
c a l c i n e d  powder i s  h i g h l y  r e a c t i v e .  

The o p e r a t i n g  c a p a c i t y  of t h i s  p roces s  is e x c e p t i o n a l l y  h igh .  
The s m a l l e s t  u n i t  commercially a v a i l a b l e ,  a  16-in d i a  l a b - s c a l e  
p e l l e t i z e r ,  has  a  maximum powder f eed  r a t e  of  35 t o  55 k g l h r .  The 
nex t  s i z e ,  a  3-f t  d i a  u n i t ,  w i l l  p e l l e t i z e  a t  a r a t e  of 135 t o  225 
kg /h r .  With 150 g of ox ides  p e r  l i t e r  of was te  t h e  l a r g e  s p r a y  
c a l c i n e r  ope ra t ed  by PNL has  a p r o j e c t e d  maximum feed  r a t e  of 350 
Rlhr  and a  maximum c a l c i n e  p roduc t ion  o f  52'.5 k g l h r .   his o u t p u t  
could  b'e handled by t h e  l a b - s c a l e  u n i t  a l o n e .  The 3- f t  u n i t  could  
hand le  t h e  maximum s o l i d s  o u t p u t  of  f o u r  l a r g e  s p r a y  c a l c i n e r s .  

SUPERCALCINE SINTERING BEHAVIOR 

The s i n t e r i n g  behavior  of s u p e r c a l c i n e  was s t u d i e d  t o  i d e n t i f y  
parameters  t o  be  used i n  t h e  d e n s i f i c a t i o n  and c r y s t a l l i z a t i o n  of 
s u p e r c a l c i n e  p e l l e t s  p r e p a r a t o r y  t o  t h e  c o a t i h g  p roces s  and t o  
i d e n t i f y  d i f f e r e n c e s  i n  s i n t e r i n g  behavior  between v a r i o u s  prepara-  
t i o n  t echn iques  a n d / o r  s u p e r c a l c i n e  fo rmula t ions .  Two methods were 
used, one i n c o r p o r a t i n g  a  bu lk -v ib ra t ed  sample w i t h  a  d e n s i t y  
t y p i c a l  of d i s c  p e l l e r i z i n g  and t h e  o t h e r  a p r e s s e d  sample r ep re -  
s e n t a t i v e  of s t a n d a r d  s i n t e r i n g  t e s t s .  

For t h e  bu lk  t e s t ,  a lumina c r u c i b l e s  were f i l l e d  and v i b r a t e d  
t o  produce powder samples  w i t h  green  d e n s i t i e s  comparable t o  t h a t  of 
p e l l e t i z e d  s u $ e r c a l c i n e  (0.90 t o  1.15 g/cm3) . The second s e r i e s  of 
s i n t e r e d  samples  were produced by p r e s s i n g  as -prepared  s u p e r c a l c i n e  
powder a t  3400 p s i  i n  a  0.75-in s t e e l  punch and d i e .  Tab le  3 
summarizes t h e  s i n t e r i n g  i n f o r m a t i o n  f o r  p re s sed ,  v i b r a t e d ,  and d i s k  
p e l l e t i z e d  s u p e r c a l c i n e .  



Table  3. S i n t e r e d  Dens i ty  of  S u p e r c a l c i n e  

S i n t e r i n g  Bulk S i n t e r i n  
H a t e r i a l  Temperature Dens i ty ,  g/cm 5 

SPC-2 p re s sed  1100°C 3.22 
SPC-4 p re s sed  1200" C 4 .21 
SPC-2 v i b r a t e d  1200°C 4.06 
SPC-2 p e l l e t i z e d  1175°C 3.84 
SPC-4 p e l l e t i z e d  1230°C 3.60 

GLASS MARBLE PRODUCTION 

The t echn ique  used t o  produce s imu la t ed  wast2 g l a s s  marbles  
f o r  m u l t i b a r r i e r  development is  a  l a b o r a t o r y - s c a l e  v e r s i o n  of a  
p roces s  developed by Corning Glass Works (19) .  The p roces s  i nco r -  
p o r a t e s  t h e  d i r e c t  c a s t i n g  of  a  g l a s s  s t r eam i n t o  v i b r a t i n g  molds. 
The c a v i t i e s  i n  t h e  molds a r e  c y l i n d r i c a l  w i t h  a  hemisphe r i ca l  
bottom. 

The p roduc t ion  of  a c c e p t a b l e - q u a l i t y  s imu la t ed  was te  g l a s s  
marbles  was s u c c e s s f u l l y  demonstrated on a  l a b o r a t o r y  s c a l e  by t h e  
p roduc t ion  of  t h r e e  ki lograms of  marbles .  The l a b o r a t o r y - s c a l e  
v i b r a t o r y  technique  is  s i m i l a r  t o  t h a t  s u c c e s s f u l l y  used by Corning 
Glass  Works; t hus ,  scale-up t o  eng inee r ing - sca l e  p roduc t ion  of was te  
g l a s s  marbles  should  n o t  be too  complex. A major requi rement  f o r  
eng inee r ing - sca l e  p roduc t ion  i s  t h e  d e l i v e r y  of  t h e  g l a s s  from t h e  
fu rnace  t o  t h e  marble  machine. 

PyC AND METAL OXIDE COATINGS BY CVD 

S e v e r a l  approaches were exp lo red  a t  BCL i n  an  e f f o r t  t o  over- 
c o a t  PyC-coated s u p e r c a l c i n e  p a r t i c l e s  w i t h  a me ta l  ox ide .  The PyC 
c o a t i n g  was d e p o s i t e d  i n  a  f l u i d i z e d  bed from C3Hg o r  C2H2. The 
primary f u n c t i o n  of  t h e  PyC l a y e r  is t o  provide  l e a c h  r e s i s t a n c e  t o  
ground water. The meta l  ox ide  c o a t i n g  p r o t e c t s  t h e  PyC l a y e r  from 
o x i d a t i o n  a t  e l e v a t e d  tempera tures  and a l s o  p rov ides  a d d i t i o n a l  
l e a c h  r e s  is t ance  . 

I n  p r e l i m i n a r y  work, SPC-2 s u p e r c a l c i n e  m a t e r i a l  w a s  ove rcoa ted  
wi th .PyC and A1203 i n  a  f l u i d i z e d  bed wi th  Zr02 d i l u e n t  a s  an  expe- 
d i e n t  way of supp ly ing  m a t e r i a l s  f o r  t e s t i n g .  T h i s  method y i e l d e d  
good-qual i ty  Al7O3 and PyC c o a t i n g s  on 20-g beds of  p a r t i c l e s ,  b u t  
t h c  A1203 c o a t i n g s  were o n l y  s u c c e s s f u l  when che s u b s t r a t e  s i z e  was 
l e s s  t han  2  mm. The m o d i f i c a t i o n s  neces sa ry  t o  ex tend  t h i s  p roces s  
t o  beds of more economical s i z e  c o n t a i n i n g  l a r g e r  p a r t i c l e s  (<2 mm) 
were n o t  j u s t i f i e d  i n  comparison t o  s imp le r  approaches.  ' Consequent ly,  
t h e  a p p l i c a t i o n  of A l 2 0 3 . c o a t i n g s  i n  a  drum c o a t e r  were explored .  



Drum c o a t e r  c o a t i n g s  of A1203 were a p p l i e d  d i r e c t l y  t o  super-  
c a l c i n e  c o r e s  and d i d  no t  c r ack  i n  thermal  t e s t s .  The major problem 
w i t h  t h i s  method o f  c r e a t i n g  PyC/A1203 duplex  c o a t i n g s  w a s  t h e  oxida- 
t i o n  l o s s  of  PyC dur ing  t h e  A1203 ove rcoa t ing .  S i l i c a  (Si02)  was 
then  cons ide red  a s  an  a l t e r n a t i v e  t o  A1203 becausz i t  could  be  
a p p l i e d  t o  PyC-coated s u p e r c a l c i n e  c o r e s  under e s s e n t i a l l y  non- 
o x i d i z i n g  c o n d i t i o n s ,  t hus  p r e s e r v i n g  t h e  PyC coa t ing .  PyC w a s  n o t  
ox id i zed  d u r i n g  Si02  o v e r c o a t i n g ,  b u t  t h e  S i02  c o a t i n g  w a s  porous 
and al lowed PyC o x i d a t i o n  d u r i n g  subsequent  t e s t i n g .  Good-quality 
p r o t e c t i v e  c o a t i n g s  were ob ta ined  by f i r s t  o v e r c o a t i n g  t h e  PyC w i t h  
S i02 ,  which then  p r o t e c t e d  t h e  PyC l a y e r  du r ing  app l i ca tLon  of an 
impervious l a y e r  of  A1203. The n e g a t i v e  f e a t u r e  o f  t h i s  approach 
w a s  t h a t  two chemica l ly  d i f f e r e n t  ox ide  l a y e r s  w e r e  r equ i r ed .  Be- 
c a u s e  of t h i s  compl i ca t ion  i n  t h e  drum c o a t i n g  system, a  v i b r a t i n g  
bed system w a s  examined. 

Alumina o v e r c o a t i n g  i n  a  v i b r a t i n g  bed of PyC-coated super -  
c a l c i n e  c o r e s  (2-3 mm) w a s  s u c c e s s f u l l y  a p p l i e d  t o  beds of %lo0  cm3. 
Th i s  w a s  t h e  method used t o  ove rcoa t  %1100 cm3 of  PyC-coated super -  
c a l c i n e  c o r e s  f o r  m a t r i x  e n c a p ~ u l a t i o n ~ t e s t s .  The PyC c o a t i n g s  had 
been a p p l i e d  p r e v i o u s l y  by t h e  f lu id i zed -bed  method. 

GLASS COATING DEVELOPMENT 

One a l t e r n a t i v e  t o  CVD c o a t i n g s  is t h e  a p p l i c a t ' i o n  o f  g l a s s  
c o a t i n g s .  Two techniques  t o  produce such  a  c o a t i n g  were examined on 
a  l a b o r a t o r y  s c a l e .  I n  bo th  c a s e s  a  c o a t i n g  m a t e r i a l ,  g l a s s  f r i t  o r  
g l a z e  s l i p ,  . w a s  a p p l i e d  t o  s i n t e r e d  s u p e r c a l c i n e  s p h e r e s  a t  room 
tempe.rature and hea t ed  t o  form a  cont inuous  g l a s s  c o a t i n g  ove r  t h e  
s p h e r e  s u r f a c e .  The o b j e c t  w a s  t o  produce a n  a c c e p t a b l e  product  f o r  
c h a r a c t e r i z a t i o n .  Process  development and m a t e r i a l  e v a l u a t i o n  w a s  
conducted a s  r e q u i r e d  t o  meet t h i s  end. 

Glass  F r i t  Coat ing 

A ground f r i t  c o a t i n g  'up t o  1 mm i n  t h i c k n e s s  was a p p l i e d  t o  
. s i n t e r e d  s u p e r c a l c i n e  sphe res  5 mm t o  10 m i n  d iameter  u s ing  t h e  
d i s c  p e l l e t i z e r .  The technique  w a s  s i m i l a r  t o  t h a t  used i n  t h e  phar- 
m a c e u t i c a l  i n d u s t r y  t o  c o a t  p i l l s . .  The s i n t e r e d  p e l l e t s  were p l aced  
i n  t h e  r o t a t i n g  p e l l e t i z e r ,  and a  q u a n t i t y  of f r i t  and a f i n e  wa te r  
s p r a y  were s imu l t aneous ly  added. The f r i t  c o a t i n g  b u i l t  up i n  a  
snowbal l ing  f a s h i o n  u n t i l  t h e  coa t ed  p e l l e t s  were removed. Green 
s t r e n g t h  w a s  s u f f i c i e n t  t o  w i t h s t a n d  hand l ing  wi thou t  d e s t r o y i n g  t h e  
c o a t i n g .  Corning code 7740, 7059, and 1723 f r i t s  a l l  produced an  
accep. table  p e l l e t  c o a t i n g  i n  s p i t e  of t h e i r  d i f f e r e n c e s  i n  g r a i n  s i z e  
and composi t ion.  The ground f r i t  c o a t i n g  w a s  conve r t ed  t o  g l a s s  by 
h e a t i n g  t h e  coa t ed  p e l l e t s  on t a b c l a r  aluinina on a  s t a i n l e s s  s t e e l  
t r a y .  



Glaze S l i p  Coat ing 

Spraying  and d ipp ing  t echn iques  were used t o  app ly  t h e  g l a z e  
s l i p  t o  s i n t e r e d  sphe res .  While s p r a y i n g  has  c o n s i d e r a b l e  p roces s  
advantag'es and was q u i t e  promising,  i t  r e q u i r e d  t i g h t  c o n t r o l  of  
s l i p  p r o p e r t i e s .  Dippiag i s  a  more complex p roces s ,  b u t  i t  w a s  no t  
as s e n s i t i v e  t o  t h e  f l u c t u a t i n g  s l i p  p r o p e r t i e s  t h a t  were encountered .  

S ince  t h e  c o n t r o l  of s l i p  c o n s i s t e n c y  i s  a  complex s i t u a t i o n  
f aced  by commercial ceramic g l a z i n g  o p e r a t i o n s ,  a n  a t t e m p t  t o  o b t a i n  
b e t t e r  c o n t r o l  ove r  s l i p  p r o p e r t i e s  w a s  made by u s e  of  a  commercial 
g l a z e  composi t ion,  Ferro-CH-857". The g l a z e  s l i p  w a s  p repa red  by 
t h e  a d d i t i o n  of wa te r  t o  t h e  d r y  g l a z e  powder. One l i t e r  of  coa t ed  
SPC-4 p e l l e t s  w a s  produced by d ipp ing  i n  t h e  prepared  Fe r ro  g l aze .  
The c o a t i n g s  were v i t r i f i e d  a t  1000°C f o r  10 minutes  and r a p i d l y  
cooled  by a i r  quench. 

SELECTION OF MATRIX MATERIALS 

Two types  of p roces ses  were cons ide red  f o r  t h e  e n c a p s u l a t i o n  of 
s o l i d i f i e d  HLW: g r a v i t y - s i n t e r e d  me ta l  powders and vacuum-cast 
a l l o y s .  S e l e c t i o n  of  t h e s e  p r o c e s s e s  i s  based on t h e  c o m p a t i b i l i t y  
of d i f f e r e n t  me ta l s  w i t h  t h e  advanced waste p a r t i c l e  forms, t h e  e a s e  
of t h e  e n c a p s u l a t i o n  p r o c e s s ,  and t h e  o p t i m i z a t i o n  of h igh  thermal  
c o n d u c t i v i t y ,  impact s t r e n g t h ,  and c o r r o s i o n  r e s i s t a n c e .  

Gravi ty-Sin tered  Metal Powder 

Grav i ty - s in t e red  me ta l  a r e  consgdered prime c a n d i d a t e s  
f o r  u s e  a s  me ta l  m a t r i c e s  w i t h  s u p e r c a l c i n e  p e l l e t s ,  t h e  was te  form 
w i t h  t h e  g r e a t e s t  vo lume t r i c  h e a t  g e n e r a t i o n  and t h e  h i g h e s t  allow- 
a b l e  f a b r i c a t i o n  and s t o r a g e  tempera tures .  The pr imary r eason  f o r  
c o n s i d e r i n g  g r a v i t y - s i n t e r e d  m a t r i c e s  i s  t h a t  me ta l s  w i t h  h i g h  melt-  
i n g  p o i n t s  can  be employed (e .g . ,  copper ;  bronze,  s t a i n l e s s  s t e e l s ,  
e t c . ) . ,  Grav i ty  s i n t e r i n g  a l s o  l e n d s  i t s e l f  w e l l  t o  remote ly  o p e r a t e d  
f a b r i c a t i o n  f a c i l i t i e s  because  t h e  p roces s  is  f a i r l y  s imple .  

S ince  g r a v i t y - s i n t e r e d  m a t r i c e s  a r e  formed from n e a r - s p h e r i c a l  
m e t a l  p a r t i c l e s ,  f l n a l  matrix d e n s i t i e s  r ange  from %4O% t o  %65% of  
t h e o r e t i c a l  d e n s i t y .  Compared t o  t h e  c a s t ,  100%-dense me ta l  m a t r i c e s ,  
g r a v i t y - s i n t e r e d  m a t r i c e s  may n o t  o f f e r  t h e  optimum l e a c h  p r o t e c t i o n  
and thermal  c o n d u c t i v i t y  because  of t h e  i n t e r c o n n e c t i n g  p o r o s i t y  of  
t h e  s i n t e r e d  mat r ix .  

" F e r r o - ~ e c h  Inco rpora t ed ,  P i t t s b u r g h ,  PA 15218. 



Vacuum-cast Al loys  

Vacuum-cast a l l o y s  a r e  cons ide red  prime c a n d i d a t e s  f o r  m a t r i x  
e n c a p s u l a t i o n  of  waste-glass  marbles  and g l a s s -coa ted  o r  uncoated 
s u p e r c a l c i n e .  F a b r i c a t i o n  t empera tu re s  f o r  t h e  g l a s s  marble  and 
g lass -coa ted  s u p e r c a l c i n e  was te  forms a r e  l i m i t e d  by t h e  s o f t e n i n g  
p o i n t s  of  t h e  g l a s s e s ,  which a r e  1~600°C. Uncoated s u p e r c a l c i n e  has  
a  f a b r i c a t i o n  tempera ture  l i m i t  of 1200°C, which is above t h e  c a s t -  
i n g  t empera tu re  of  t h e  c a n d i d a t e  meta l  m a t r i x  m a t e r i a l s .  Vacuum- 
c a s t  m a t r i c e s  have many advantages  ove r  t h e  g r a v i t y - s i n t e r e d  
m a t r i c e s  s i n c e  t h e  m a t r i x  w i l l  b e  c a s t  a t  100% d e n s i t y .  

L e a d , . l e a d  a l l o y s ,  aluminum, .and  aluminum a l l o y s  a r e  t h e  b e s t  
c a n d i d a t e s  f o r  vacuum-cast m a t r i c e s  because  of f a b r i c a t i o n  tempera- 
t u r e  r e s t r i c t i o n s  and t h e i r  r e l a t i v e l y  low m e l t i n g  tempera tures .  
Aluminum and i t s  a l l o y s  have h i g h e r  thermal  c o n d u c t i v i t y  v a l u e s ,  
h i g h e r  m e l t i n g  p o i n t s ,  and h i g h e r  s t r e n g t h s  t-han t h e  l e a d  a l l o y s .  
Although a  g r e a t e r  d e n s i t y  of l e a d  p rov ides  i n c r e a s e d  r a d i a t i o n  
s h i e l d i n g ,  t h e  i n c r e a s e d  weight  adds d i f f i c u l t y  i n  hand l ing  and 
t r a n s p o r t i n g  t h e  c a n i s t e r s .  

P r e p a r a t i o n  of One- l i t e r  Demonstration Encapsu la t ions  

The s imu la t ed  was te  p e l l e t s  were poured i n t o  type  316 s t a i n l e s s  
s t e e l  c a n i s t e r s  measuring 65 mm I D  by 305 mm long w i t h  a  w a l l  t h i c k -  
n e s s  of Q5 mm. The c a n i s t e r s  were. con t inuous ly  v i b r a t e d  d u r i n g  
f i l l i n g  t o  f a c i l i t a t e  packing of t h e  p a r t i c l e s .  Encapsu la t ion  of  
CVD-coated s u p e r c a l c i n e  w a s  accomplished by v i b r a t i n g  -100 mesh 
s p h e r i c a l  copper powder i n t o  t h e  vo ids  between t h e  s u p e r c a l c i n e  
p a r t i c l e s ,  s e a l i n g  t h e  c a n i s t e r ,  and s i n t e r i n g  a t  900°C f o r  8 hours  
under a dynamic vacuum.. The c a n i s t e r s  used f o r  vacuum c a s t i n g  had 
a  t u b e  a.t t h e  bottom connected t o  a vacuum pump and a  s e a l e d  t u b e  
a t  t h e  t o p  ex tend ing  i n t o  t h e  c a n i s t e r  through t h e  cover .  The 
c a n i s t e r s  were p rehea ted  under a  dynamic vacuum p r i o r  t o  c a s t i n g ;  
uncoated and g lass -coa ted  s u p e r c a l c i n e  were hea t ed  t o  ~ 6 0 0 ° C  and 
s imu la t ed  waste-glass  marbles  were hea t ed  t o  Q350°C. The p rehea ted  
c a n i s t e r s  were immersed i n  approximate ly  seven  l i t e r s  of  molten 
me ta l ;  t h e  s e a l e d  t u b e  w a s  t hen  seve red ,  and t h e  metal w a s  drawn 
i n t o  t h e  v o i d s  w i t h i n  t h e  c a n i s t e r .  Cas t ing  t empera tu re s  f o r  
Pb-1OSn and A1-12Si were 400°C and 650°C, r e s p e c t i v e l y .  A f t e r  c a s t -  
i n g ,  t h e  c a n i s t e r s  were removed from t h e  c r u c i b l e  and a l lowed t o  a i r  
coo l .  

CONCLUSIONS 

S e v e r a l  a l t e r n a t i v e s  f o r  t h e  immobi l iza t ion  of n u c l e a r  was t e s  
a r e  be ing  cons ide red .  Th i s  paper  d e s c r i b e s  t h e  p roces s  development 
and o n e - l i t e r  l ab - sca l e  demonst ra t ion  o f  f o u r  m u l t i b a r r i e r  concepts .  
C h a r a c t e r i z a t i o n  of t h e  m u l t i b a r r i e r  p roduc t s  a r e  d e s c r i b e d  



e lsewhere  (21 ) .  I n  g e n e r a l ,  proposed was te  farm p r o c e s s e s  have 
p r o p e r t i e s  f a l l i n g  w i t h i n  a  narrow range  (22 ) .  Thus p roces s  com- 
p l e x i t y  and f e a s i b i l i t y  become impor tan t  parameters .  

Based on t h e  m u l t i b a r r i e r  p roces ses  d e s c r i b e d  i n  t h i s  pape r ,  
s e v e r a l  conc lus ions  can  be  made: 

e Grav i ty  s i n t e r i n g  and vacuum c a s t i n g  a r e  bo th  a p p l i c a b l e  
methods f o r  me ta l  m a t r i x  encapsu la t ion .  

a The m u l t i b a r r i e r  concept  of g l a s s  marbles  encapsu la t ed  i n  a  
vacuum-cast l e a d  a l l o y  p rov ides  enhanced i n e r t n e s s  a t  a  
minimum i n c r 2 a s e  i n  t e c h n o l o g i c a l  complexi ty.  

o I f  it wera d e s i r a b l e  t o  develop a  c r y s t a l l i n e  m u l t i b a r r i e r  
was te  f o m ,  uncoated s i n t e r e d  s u p e r c a l c i n e  p e l l e t s  would o f f e r  
enhanced i n e r t n e s s  a t  a  much lower l e v e l  of t e c h n o l o g i c a l  
complexi ty t han  g laze-  o r  CVD-coated s u p e r c a l c i n e .  

e The 16-inch d iameter  p e l l e t i z e r  u n i t  h a s  enough c a p a c i t y  t o  
handle  t h e  o u t p u t  of a  l a r g e  PNL s p r a y  c a l c i n e r  (52.5 kg of  
c a l c i n e / h r )  and i t  can form sp ray -ca l c ined  m a t e r i a l  i n t o  
p e l l e t s  w i t h  d i ame te r s  of 2 mm t o  20 mm having  s t r e n g t h  enough 
t o  w i ths t and  .handl ing  wi thou t  s i g n i f i c a n t  breakage.  

o Chemical vapor d e p o s i t i o n  c o a t i n g  of  s u p e r c a l c i n e  shou ld  be  
pursued on ly  i f  a very  h igh  l e v e l  of  i n e r t n e s s  is r e q u i r e d .  
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