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FOREWORD 

The Shi pp i  ngport  Atomic Power S ta t  i o n  1 ocat ed i n Shi pp i  ngport  , Pennsyl vani a 
was t he  f i r s t  large-sca le,  c e n t r a l  - s t a t  i o n  nuqlear  power p l a n t  i n  t h e  Un i t ed  
States and t h e  f i r s t  p l an t  o f  such s i z e  i n  t h e  wor ld  operated s o l e l y  t o  
produce e l e c t r i c  power. Th is  program was s t 'ar ted i n  1953 t o  con f i rm  t h e  
p r a c t i c a l  appl i c a t i o n  o f  nuc lear  power f o r  la rge-sca le  e l e c t r i c  power 
generat ion. It has prov ided much o f  t h e  technology be ing used f o r  design and 
opera t ion  o f  t h e  commercial, c e n t r a l - s t a t i o n  nuc lear  power p l an t s  now i n  use. 

Subsequent t o  development and successful  ope ra t i on  o f  t h e  Pressur ized Water 
Reactor i n  t h e  Department o f  Energy (DOE) owned r e a c t o r  p l an t  a t  t h e  
Shipp ingpor t  Atomic Power S t a t  ion, t h e  Atomic Energy Commission i n  1965 
undertook a research and development program . t o  des ign and b u i l d  a L i g h t  Water 
Breeder Reactor core f o r  operat i o n  i n  t h e  Sh ipp i  ngport  St a t  ion. 

The o b j e c t i v e  o f  t h e  L i g h t  Water Breeder Reactor (LWBR) program has been t o  
develop a technology t h a t  would s i g n i f i c a n t l y  improve t h e  u t i l i z a t i o n  o f  t h e  
n a t i o n ' s  nuc lear  f u e l  resources empl o y i  ng t h e  we1 1-estab l  i shed water r e a c t o r  
technology. To achieve t h i s  ob jec t i ve ,  work has been d i r e c t e d  toward analy- 
s i s ,  design, component t es t s ,  and f a b r i c a t i o n  o f  a water-cooled, t ho r i um 
ox ide-urani  um ox ide f u e l  c y c l e  breeder r e a c t o r  f o r  i n s t a l  l a t  i o n  and operat i o n  
a t  t h e  Shippi  ngport  Stat ion.  The LWBR core s t a r t e d  opera t ion  i n  t h e  Shipping- 
p o r t  S t a t i o n  i n  t h e  F a l l  o f  1977 and i s  expected t o  be operated f o r  about 4 t o  
5 years. A t  t h e  end o f  t h i s  per iod,  t h e  core w i l l  be removed and t h e  spent 
f u e l  shipped t o  t h e  Naval Reactors Expended Core F a c i l i t y  f o r  a d e t a i l e d  
exami na t i on  t o  v e r i f y  core performance i n c l  ud i  ng an eval  uat i o n  o f  breeding 
c h a r a c t e r i s t i c s .  

I n  1976, w i t h  f a b r i c a t i o n  of t h e  Sh ipp ingpor t  LWBR coTe near ing completion, 
t h e  Energy Research and Development Admin is t ra t ion ,  now DOE, es tab l  ished t h e  
Advanced Water Breeder Appl i c a t  ions (AWBA) program t o  develop and disseminate 
t echn i ca l  in format ion which would a s s i s t  U.S. i n d u s t r y  i n  eva lua t i ng  t h e  LWBR 
concept f o r  commerci a1 -scal  e appl i c a t  ions. The program i s expl  o r i  ng some o f  
t h e  p rob l  ems t h a t  woul d be faced by i ndust ry i n adapt i ng technology conf  i rmed 
i n  t he  LWBR program. I n fo rma t i on  being developed inc ludes  concepts f o r  
commerci a1 -sca le  prebreeder cores which would produce u ran i  um-233 f o r  1 i ght 
water breeder cores wh i l e  producing e l e c t r i c  power, improvements f o r  breeder 
cores based on t h e  technology developed t o  f a b r i c a t e  and operate t h e  
Shipp ingpor t  LWBR core, and o the r  i n fo rma t i on  and technology t o  a i d  i n  
eva l  uat  i ng commerci a1 -sca le  appl  i ca t  i on o f  t h e  LWBR concept. 

A1 1 t h r e e  devel opment programs (Pressur ized  Water Reactor, L i g h t  Water Breeder 
Reactor, and Advanced Water Breeder App l i ca t i ons )  a re  under t h e  t e c h n i c a l  
d i r e c t i o n  o f  t h e  D i v i s i o n  o f  Naval Reactors o f  DOE. They have t h e  goal o f  
developing p r a c t i c a l  improvements i n  t h e  u t i l i z a t i o n  o f  nuc lear  f u e l  resources 
f o r  generat ion o f  e l e c t r i c a l  energy us ing  water-cooled nuc lear  reactors .  

Technical  i n f o rma t i on  developed under t h e  Shippi  ngport ,  LWBR, and AWBA 
programs has been and w i l l  con t inue  t o  be publ ished i n  t echn i ca l  memoranda, 
one o f  which i s  t h i s  present repor t .  
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The development progrmn t o  i d e n t i f y  t h e  c r i t i c a l  
parameters f o r  t h e  process o f  conver t  i ng t h o r i  u~n 
n i t r a t e  s o l u t i o n  i n t o  t h o r i a  powder i s  descr ibed. 
Thor i  uni oxala.te hexahydrate i s  p r e c i p i t a t e d  from t h e  
r e a c t i o n  o f  thor ium n i t r a t e  s o l u t i o n  w i t h  oxal i c  
acid. The r e s u l t i n g  t ho r i um  oxa la te  hexahydrate 
s l u r r y  i s  f i l t e r  pressed i n t o  a  cake which i s  a i r  
ca l c i ned  t o  form t h o r i a  powder. Changes i n  t h e  
c r i t i c a l  process i  ng parameters such as f r e e  n i t r i c  
a c i d  con ten t  o f  t h e  tho r ium n i t r a t e  s o l u t i o n ,  
p r e c i p i t a t i o n  temperature, and c a l c i n i n g  temperature 
a l t e r e d  t h e  t h o r i a  powder c h a r c t e r i  s t i c s ,  and thus  
i t s  c a p a b i l i t y  f o r  be ing f a b r i c a t e d  i n t o  f u e l  
pe l  l e t s .  The o b j e c t i v e  o f  t he  powder p repa ra t i on  
e f f o r t  was t o  o b t a i n  t h o r i a  powders which cou ld  be 
formed b.y convent iona l  ceramic f a b r i c a t i o n  
techniques i n t o  t h o r i a  and t h o r i a - u r a n i a  p e l l e t s  of 
h i gh  d e n s i t y  and h i g h  i n t , e g r i t y  hav ing a n e a r l y  
un i fo rm l a r g e  g r a i n  s t r uc tu re .  Parameters i n  t he  
manufactur i  ng process c r i t i c a l  t o  meet i  ng these 
o b j e c t i v e s  were i d e n t i f i e d  and c l o s e l y  c o n t r o l  l e d  t o  
ensure s a t i s f a c t o r y  process performance. The t h o r i  a  
powders thus  produced were success fu l l y  used f o r  t h e  
manufacture o f  f u e l  p e l l e t s  f o r  t h e  LWBR core. 

THORIA POWDER PROCESS DEVELOPMENT 

(LWBR Devel op~nent Program) 

C.K. Hutch i  son 
R. L l oyd  

I. INTRODUCTION 

The t h o r i a  powder process development prograrn descr ibed i n  t h i s  r e p o r t  

was conducted i n  support  of t h e  L i g h t  Water Breeder Reactor  (LWBR) Program. 

T h o r i a  serves as t h e  f e r t i l e  f u e l  i n  LWBR and i s  t h e  base ox ide  f o r  a l l  o f  t he  

b inary  f u e l  pel  l e t s .  

The LWBR Program i s  develop ing the  technology t o  breed f i s s i l e  m a t e r i a l  

i n  a  1  i g h t  water thermal r e a c t o r  and thereby t o  use a v a i l a b l e  s t o r e s  o f  

nuc lear  fuel more e f f i c i e n t l y .  To ach ieve t h i s  ob jec t i ve ,  a  breeder  r e a c t o r  

core has been designed,. fab r i ca ted ,  and i n s t a l l e d  i n  t h e  e x i s t i n g  p ressur i zed  

water, r e a c t o r  p l  an t  a t  Shi pp ingpor t  , Pennsylvania. 



The LWBR d e s i g n  and t h e  f a b r i c a t i o n  o f  t h e  r e a c t o r  c o r e  were 

accompl ished by t h e  B e t t i s  Atomic Power Labora to ry  under t h e  t e c h n i c a l  

d i r e c t i o n  o f  t h e  D i v i s i o n  o f  Naval Reactors,  DOE. The o p e r a t i o n  o f  t h e  LWBR 

c o r e  i n  t h e  S h i p p i n g p o r t  Atomic Power S t a t i o n  i s  expected t o  c o n f i r m  t h a t  

b r e e d i n g  o f  f i s s i l e  m a t e r i a l  can be achieved i n  a  p r e s s u r i z e d  l i g h t  wa te r  

the rma l  r e a c t o r  u s i n g  a  t h o r i  a  (Tho2) and t h o r i a l u r a n i  a  (Tho2-U02) b i n a r y  f u e l  

system. T h i s  c o r e  r e p r e s e n t s  t h e  f i r s t  l a r g e  s c a l e  f a b r i c a t i o n  o f  a  t h o r i a -  

base b i n a r y  f u e l  o f  h i g h  d e n s i t y  and t h e  f i r s t  use o f  uranium-233 f a b r i c a t e d  

i n t o  ceramic f u e l  i n  a  power r e a c t o r .  

The I-l?IRR c o r e  i s  a seed-b lanket  c o n f i g u r a t i o n  c o n s i s t i n g  o f  an it it '~er% 

r e g i o n  c o n t a i n i  ng 12 movable seed assembl i e s ,  each surrounded by a  b l a n k e t  

assembly. T h i s  i n n e r  r e g i o n  i s  surrounded by an o u t e r  r e f l e c t o r  r e g i o n  

c o n t a i n i n g  15 r e f l e c t o r  modules. The mechanical  des ign  and o p e r a t i n g  

env i ronments  o f  t h i s  c o r e  a r e  desc r ibed  i n  more d e t a i l  i n  re fe rence  ( 1 ) .  

The purpose o f  t h e  development program was t h e  p r o d u c t i o n  o f  a  t h o r i a  

powder w i t h  p h y s i c a l  c h a r a c t e r i s t i c s  compat ib le  w i t h  t h e  manufactur ing 

processes f o r  b o t h  b i n a r y  f u e l  p e l l e t s  and t h o r i a  f u e l  p e l l e t s .  The b a s i c  

f a b r i c a t i o n  process f o r  t h e  p r o d u c t i o n  o f  t h o r i a  base f u e l  p e l l e t s  'was t h e  

c o l d  press and s i n q l e  f i r e  process, There a r e  f i v e  h a s i c  s t e p s  i n  t h i s  

process:  ( 1 )  comminution, ( 2 )  p ress  feed p r e p a r a t i o n ,  ( 3 )  compaction, ( 4 )  

p r e t r e a t m e n t  and s i n t e r i n g ,  and (5 )  p e l l e t  f i n i s h i n g  ( g r i n d i n g ) .  

A. Background 

P r i o r  t o  t h e  p r o d u c t i o n  o f  t h o r i a  powder and f u e l  pe l  l e t s  f o r  t h e  

LlrlBR core ,  severa l  smal l  campaigns o f  f u e l  p r o d u c t i o n  were performed by a  

conmecial vendor f o r  use i n  phys ics  and i r r a d i a t i o n  t e s t s .  I n  these smal l  

campaigns, d i f f i c u l t i e s  were encountered i n  c o n s i s t e n t l y  a c h i e v i n g  a  u n i f o r m  

i n t e r n a l  pe l  l e t  q u a l i t y ,  s p e c i f i c a l l y  w i t h  respec t  t o  h i g h  d e n s i t y ,  uranium 

hornogenei t y ,  and 'yra i -n s t r u c t u r e .  These d i f f i c u l t i e s  were ' t r a c e d  ( i n  p a r t )  

b o t h  t o  t h e  v a r i a b i l i t y  i n  t h e  t h o r i a  powder c h a r a c t e r i s t i c s  which r e f l e c t e d  

t h e  v a r i a b i l i t y  o f  t h e  powder manu fac tu r ing  process and t o  t h e  p e l l e t  

manu fac tu r ing  process. 



It was known from t h e  l i t e r a t u r e ,  References 2 through 5, t h a t  

t h o r i a  powder phys ica l  c h a r a c t e r i s t i c s  such as p a r t i c l e  s i ze ,  p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  and sur face  area a r e  a f u n c t i o n  o f  t h e  powder process parameters 

and t h a t  these parameters a re  op t im ized  f o r  a p a r t i c u l a r  in tended use o f  t h e  

powder. The phys ica l  c h a r a c t e r i s t i c s  o f  a powder which i s  used f o r  t h e  

f a b r i c a t i o n  o f  f u e l  p e l l e t s  by one p roduc t ion  process a re  no t  necessa r i l y  t h e  

optimum c h a r a c t e r i s t i c s  f o r  a d i f f e r e n t  f u e l  p e l l e t  f a b r i c a t i o n  process. 

Consequently, as a r e s u l t  o f  t h e  two p e l l e t  t ypes  (Thor ia  and Thor ia-Urania)  

used f o r  LWBR, each r e q u i r i n g  a unique p e l l e t  manufactur ing process, a bas ic  

powder process w i t h  r e a d i l y  ad jus tab le  process parameters was requ i red .  

Adjustment o f  t h e  process parameters was made t o  change t h e  powder p r o p e r t i e s  

t o  f i t  t h e  g iven p e l l e t  manufactur ing process. 

The t h o r i a  f u e l  pe l  l e t  manufactur ing process requ i  red  a h i ghe r  

surface area t h o r i a  powder ( i  . e . ,  one t h a t  i s  more a c t i v e )  t h a n  t h a t  used i n  

b i n a r y  f u e l  p e l l e t  f a b r i c a t i o n .  I n  t h e  l a t t e r  case, t h e  U02 p resen t  i n  t h e  

b i na ry  f u e l  he1 ped t o  promote' d e n s i f  i c a t i o n .  

Th i s  r e p o r t  descr ibes t h e  devel opment e f f o r t  assoc ia ted w i t h  

d e f i n i n g  t h e  bas ic  s u i t a b l e  process f o r  t h o r i a  powder. .A b r i e f  d e s c r i p t i o n  o f  

t h e  t h o r i a  powder process i s  presented below. 

Th0ri.a Powder Process 

I n  t h c i r  rcv iew,  Reference 2 o f  technology o f  dense t h o r i a  

ceramics, Hepworth and Ruther fo rd  noted t h a t  t h e  d e n s i t y  o f  s i n t e r e d  t h o r i a  

depended on t h e  method o f  powder p repara t ion ,  p r e c i p i t a t i o n  temperature,  and 

c a l c i n i n g  temperature. Thor ia  - powder can be prepared from n i t r a t e ,  

oxycarbonate, c h l o r i d e ,  and oxa la te  s a l t s  and from t h e  hydroxide. Harada, 

Baskin, and Handwerk (Reference 3 )  found t h a t ,  o f  t h e  t ho r i um  s a l t s  

i nves t i ga ted ,  t ho r i um  axal at.e produced t h e  pures t  t h o r i  a (99.9%). I n  

con t ras t ,  t h o r i a  der i ved  from e i t h e r  oxycarbonate o r  t h o r i  um n i  t k a t e  was 

contaminated w i t h  0.5% s i l i c a  and 0.2% a1 k a l  i s a l t s ,  r espec t i ve l y .  LWBR 

des ign c r i t e r i a  r equ i r ed  f u e l  w i t h  few i m p u r i t i e s  t o  min imize p a r a s i t i c  



n e u t r o n  capture .  I n v e s t i g a t o r s ,  References 3-6, have demonstrated t h a t  

c o n s i d e r a b l e  c o n t r o l  can be e x e r c i s e d  over t h e  p-hys ica l  c h a r a c t e r  o f  t h e  

t h o r i a  powder prepared by t h e  o x a l a t e  s a l t  process. 

The bas ic  process used i n  t h e  convers ion  o f  t h o r i u m  n i t r a t e  t o  

t h o r i a  powder by t h e  o x a l a t e  s i l t  process i s  desc r ibed  be1 ow. 

P r e p a r a t i o n  of Thorium N i t r a t e  So lu t i on .  Government Serv i ces  

A d m i n i s t r a t i o n  (GSA) i n v e n t o r y  was t h e  source o f  t h e  t h o r i u m  

f o r  t . h ~  l WRR r n r p .  N a t i o n a l  Lclad Cvmpany o f  Ohio* (NLO) under 

c o n t r a c t  t o  t h c  t 3 c t t i s  Atomic rower Labor*aLury prmepared t h e  

t h o r i u m  . n i t r a t e  s o l u t i o n  by  d i s s o l v i n g  t h o r i u m  n i t r a t e  

t e t r a h y d r a t e  c r y s t a l s  contaminated w i t h  r a r e  e a r t h s ,  e, g. , Dy. 

Eu, Gd, Sm, and t r a n s i t i o n  meta ls  i n  n i t r i c  acid.  The s o l u t i o n  

was p u r i f i e d  by a  s o l v e n t  e x t r a c t i o n  process i n  wh ich diamyl 

arnyl phosphonate (DAAP) i n  a  kerosene d i l  uent  served as t h e  

e x t r a c t i n g  medium. The NLO s o l  vent  e x t r a c t i o n  process i s  

desc r ibed  i n  Reference 7. P u r i f i e d  t h o r i u m  n i t r a t e  s o l u t i o n  

f o r  b o t h  t h e  developnient program and c o r e  powder p r o d u c t i o n  was 

r e q u i r e d  t o  meet t h e  chemis t ry  requ i rements  l i s t e d  i n  Tab le  

I. The concen t ra ted  t h o r i u m  n i t r a t e  sn111t.inn (45n t 50 g 

T h / l i t e r )  was adJut;l:el'l I..o d c u r ~ c e n t r a t l o n  o f  220 + 30 g 

I h / l i t e r  by  t h e  a d d i t i o n  o f  de ion ized  water. To enchance t h e  

growth of t h e  c r y s t a l  1  i t e s  d u r i  ng p r e c i p i t a t i o n ,  n i t r i c  a c i d  

was addcd t o  i n c r e a s e  t h e  a c i d i t y  o f  t h e  t t ~ u r i u m  n i t r a t e  ' 

s o l ~ l t i n n  t o  a c o n c e n t r a t i o n  o r  1.1 f .1 N v n i ~ a l l t y  (see 
References 8 and 9). T h i q  a d d i t i o n  ~f n i t r i c  a c i d  i s  r c f c r r c d  

t o  as f r e e  n i t r i c  acid.  

2. P r e p a r a t i o n  o f  Oxal i c  A c i d  ~ o l u t i o n .  To p reven t  con tamina t ion  

o f  t h e  powder d u r i n g  t h e  p r e c i p i t a t i o n  s tep,  t e c h n i c a l  grade 

oxal  i c  a c i d  d i  h y d r a t e  c r y s t a l  s  wi t h  i m p u r i t y  

-- 
* N a t i o n a l  Lead Company o f  Ohio, Techn ica l  D i v i s i o n ,  

Box 39158, C i n c i n n a t i ,  Ohio 45239 



l e v e l  compat ib le  w i t h  t h e  p u r i t y  requ i rements  o f  t h e  t h o r i a  

powder were obta ined.  The o x a l i c  a c i d  d i  hydra te  c r y s t a l s  were 

d i s s o l v e d  i n  de ion ized  water  a t  a  temperature  o f  57 i 3°C (135 

i 5°F). The oxa l  i c  a c i d  s o l u t i o n  was h e l d  a t  t h i s  tempera tu re '  

t o  p reven t  r e c r y s t a l  l i z a t i o n .  

3. P r e c i p i t a t i o n  o f  Thor i  urn. Oxa la te  Hexahydrate S l u r r y .  The 

oxa l  i c  a c i d  (COOH)2'2H20 s o l u t i o n  was sprayed i n t o  t h e  p u r i f i e d  

t h o r i u m  n i t r a t e ,  Th(N03)4, s o l u t i o n  under c o n t r o l 1  ed c o n d i t i o n s  

(e.g. f r e e  n i t r i c  ac id ,  p r e c i p i t a t i o n  temperature ,  and 

p r e c i p i t a t i o n  r a t e )  t o  p r e c i p i t a t e  t h o r i u m  o x a l a t e  hexahydrate ,  

Th(C204)2*6H20 a c c o r d i n g  t o  t h e  f o l l  owing equa t ion :  

P r e c i p i t a t i o n  temperature  was t h e  temperature  o f  t h e  tho r ium 

n i t r a t e  s o l u t i o n  d u r i n g  t h e  p r e c i p i t a t i o n  of t h o r i u m  o x a l a t e  

hexahydrate. P r e c i p i t a t i o n  r a t e  was a  f u n c t i o n  o f  t h e  a d d i t i o n  

r a t e  o f  oxa l  i c  a c i d  t o  t h e  t h o r i u m  n i t r a t e  d u r i n g  

p r e c i p i t a t i o n .  These parameters a r e  d i  scu'ssed i n  S e c t i o n  11. 

4. F i l t r a t i o n  o f  t h e  S l u r r y  Fo l lowed by l-Jashing and D r y i n g  o f  t h e  

Thor ium Oxal a t e  Hexahydrate Cake. The s l u r r y  was f i l t e r e d  i n  a  

p l a t e - a n d - f r a m e - f i l t e r  press t o  separate  t h e  t h o r i u m  o x a l a t e  

f rnm t.he mother 1  i quor .  The r e s u l t i n g  cake i n  ' t h e  p ress  was 

washed w i t h  d e i o n i z e d  water  u n t i l  a  pH o f  3.0 min.imum was 

o b t a i n e d  i n  t h e  wash water. Next, t h e  cake was dewatered by  

b low ing  f i l t e r e d  a i r  a t  ambient temperature  th rough  t h e  f i l t e r  

cake i n  t h e  press. 

5. C a l c i n a t i o n  o f  Thor ium Oxal a t e  Hexahydrate t o  Thor ia .  

Dehydra t ion  and decomposit i o n  o f  t h e  t h o r i u m  oxa l  a t e  

hexahydrate i n t o  t h o r i a  powder was found t o  occur  i n  stages 

g i v i n g  o f f  water  o f  h y d r a t i o n  i n  t h e  e a r l y  stages o f  h e a t i n g  

and f i n a l l y  decomposing i n t o  Tho2 powder (References 4 and 



6 ) .  I n  genera l ,  t h e  tho r ium oxa la te  hexatiydrate l o s t  water a t  

100 t o  150°C t o  g i v e  t h e  d i hyd ra te  which y i e l d s  t h e  anhydrous 

o x a l a t e  a t  200-300°C, and then  decomposed t o  t h e  ox ide a t  300 

t o  400 "C. These r e a c t  ions  a r e  i 11 u s t r a t e d  be1 ow: 

Cal c i n i n g  

Temperature React i o n  

As t h e  c a l c i n i n g  temperature increases above 400°C, t h e  

c r y s t a l  li t e s  w i t h i n  t h e  powder p a r t i c l e s  grow and t h e  p a r t i c l e s  

themselves shr ink '  as d i scu i sed  by K inosh i ta ,  e t  a1 (Reference 

4).  E l e c t r o n  microscope s tud ies  showed t h a t  t h e  as-cal c i  ned 

powder cons i s t ed  o f  square p l  a t e - l i  ke  p a r t i c l e s  s i m i l a r  t o  t h e  

p recu rso r  o x a l a t e  (References 4, 5 and 8). These square. p l a t e  

1 i ke p a r t i c l e s  . cons i s t ed  o f  aggregates o f  c r y s t a l  1 i tes.  With 

i ncreas i  ng c a l  c i  n i  ng temperature,  f o r  exallipl e f rom 500°C 

(432"t- 5 t o  I IUUVC ( 2 U 1 Z U F )  t h e  c r y s t a l  li t e  s i z e  increases f rom 

100 t o  2100 angstroms and t he  p a r t i c l e  s i z e  decreased from 10 

t o  4 microns. 

Parameters f o r  t h e  p r e c i p i t a t i o n  and c a l c i n a t i o n  process ing 

steps c o n t r o l  t h e  c h a r a c t e r i s t i c s  and s i n t e r a b i  li t y  o f  t h e  

powder. A wide range o f  powders, each w i t h  i t s  own 

c h a r a c t e r i s t i c s  and s i n t e r a b i l i  t y  p rope r t i es  can be formulated 

by adjustment of. these parameters (References 2-6). 



11. OXALATE SALT PROCESS DEVELOPMENT PROGRAM 

The pur.pose of t h e  development program was t w o f o l d :  ( 1 )  t o  determine 

those  process parameters which c o n s i s t e n t l y  produced t h o r i a  powder o f  u n i f o r m  

q u a l i t y ,  and (2 )  t o  eva lua te  t h e  powder c h a r a c t e r i s t i c s  compat ib le  w i t h  a f u e l  

p e l l e t  f a b r i c a t i o n  process which would y i e l d  f u e l  p e l l e t s  meet ing t h e  LWBR 

des ign requirements.  As d iscussed i n  t h e  l i t e r a t u r e ,  References 2 through 6, 

t h e  p r e c i p i t a t i o n  o f  tho r ium o x a l a t e  and t h e  c a l c i n a t i o n  o f  t h o r i u m  o x a l a t e  

i n t o  Tho2 powder a r e  t h e  pr imary  s teps i n  t h e  powder process. For  t h e  former,  

t h e  development program focused on those parameters, namely, p r e c i p i t a t i o n  

temperature,  p r e c i p i t a t i o n  r a t e ,  and f r e e  n i t r i c  ac id ,  which a f f e c t  t h e  r a t e  

o f .  n u c l e a t i o n  and t h e  r a t e  o f  c r y s t a l  growth o f  t h e  t h o r i u m  oxa la te .  These 

r a t e  processes, i n  t u r n ,  have a s t r o n g  i n f l u e n c e  on t h e  f i n a l  powder p h y s i c a l  

. c h a r a c t e r i s t i c s .  F o r  t h e .  c a l c i n a t i o n  s tep  t h e  development program examined' 

t h e  e f f e c t s  o f  temperature  on s u r f a c e  area, average p a r t i c l e  s i ze ,  and b u l k  

d e n s i t y  o f  t h e  c a l c i n e d  powder. 

Under t h e  d i r e c t i o n  o f  B e t t i s ,  t F e  powder development program was 

conducted a t  t h e  DOE Ferna ld  F a c i l i t y ,  which i s  operated by NLO. NLO as pr ime 

c o n t r a c t o r  was r e s p o n s i b l e  f o r  t h e  powder process ing s teps s t a r t i n g  w i t h  

d i  sso l  u t i o n  o f  t h e  t h o r i  um n i t r a t e  t e t r a h y d r a t e  c r y s t a l s  and end ing w i t h  t h e  

packaging o f  t h e  t h o r i u m  o x a l a t e  hexahydrate cake i n  t r a n s f e r  cans. General 

E l e c t r i c  Company* (GE), as subcon t rac to r  t o  NLO, was r e s p o n s i b l e  f o r  t h e  

remain ing powder process ing steps,  which i n c l u d e d  c a l c i n a t i o n ,  b lend ing ,  and 

packaging o f  t h e  powder. 

To min imize p r o d u c t i o n  problems assoc ia ted  w i t h  sca l  i n g  up f rom e i t h e r  

bench o r  p i l o t  r u n  s i z e  powder batches, f u l l  s i z e  (130 f 10 kg )  p r o d u c t i o n  

batches were manufactured i n  t h e  development program. A d e s c r i p t i o n  o f  t h e  

process ing equipment i s  presented i n  Appendlx A, a lony w i  111 CI pr..ocess 

equipment and m a t e r i a l  f l o w  diagram. 

* The General E l e c t r i c  Company's Nuc lea r  Systems Programs f a c i  1 i ty 1 ocated i n  

Evendale, Ohio was t h e  s i t e  f o r  t h i s  phase o f  t h e  program. 



Standard  e m i s s i o n  s p e c t r o g r a p l ~ i c  techn iques w i t h  an es t ima ted  

p r e c i s i o n  o f  t 30% were used t o  de te rm ine  m e t a l l i c  i m p u r i t i e s  and 

r a r e  ea r ths .  

Carbon and s u l f u r  ana lyses were determined by chemical  combust ion 

procedures.  

2. Powder Phys i c a l  C h a r a c t e r i s t i c s  

C r y s t a l  l i t e  shape and s i z c  on s c l c c t c d  powder samples were 

determined u s i n g  scann i  ng e l e c t r o n  microscopy (SEM). 

C h a r a c t e r i z a t i o n  o f  t h e  agglomerates o f  t h e  d i s c r e t e  c r y s t a l l i t e s  

was made b y  t h e  f o l l o w i n g  methods: ( 1 )  average p a r t i c l e  d iamete r  

was measured by  t h e  F i s h e r  sub-s ieve s i z e r ;  ( 2 )  s u r f a c e  area o f  

powders was measured by  Grunauer, ~mmett. ,  and T e l l e r  (BET) n i t r o g e n  

gas a b s o r p t i o n  t e c h n i q u e  u s i n g  t h e  Numec/AFA-4 i ns t rumen t ;  and ( 3 )  

b u l k  d e n s i t y  was measured by t h e  S c o t t  Volurneter. 

Si n t e r a b i  1 i ty  Tes t  

A Si n t e r a b i  1  i t y  T e s t  program, conducted a t  B e t t i  s, was performed t o  

e v a l u a t e  t h e  v a r i o u s  powder batches f o r  p roduc ing t h o r i a  p e l l e t s  o f  

h i g t ~  c le r~s i  t y ,  h i g h  qua1 l t , y ,  and uniform coarse g r a i n  s izes .  A f l o w  

d iagram o f  t h j s  t e s t  program i s  shown i n  F i g u r e  1. 

A t  B e t t i s  t h e  c a l c i n e d  t h o r i a  powder was m i l  l e d  by a  f l u i d  enerqy 

m i c r o n i  z e r  m i  1 1. Commi n u t  i o n  of t.he powder p a r t  i c l  es ., aggl   me rates 
o f  c r y s t a l  1  i tes ,  o c c u r r e d  by s e l  f - a t t r i t i o n .  One pass ~ n i c r o n i z e  

m i l l i n g  u s i n g  t h e  parameters l i s t e d  i n  F i g u r e  1, i nc reased  t h e  as - '  
2  c a l c i n e d  powder s u r f a c e  area by approx ima te l y  1  t o  2 m /gm. 



The f i n e l y  d i v i d e d  m i l  l e d  powder was agglomerated i n t o  g r a n u l e s  by 

1  i q u i d l s o l  i d s  agglomerat ion.  The b i  nde r -so l  v e n t  ( 1  -2 w/o Carbowax 

GOO0 o r g a n i c  b i n d e r  - Oxy lene s o l v e n t )  s o l u t i o n  was i n t r o d u c e d  as a  

sp ray  d u r i n g  t h e  t u m b l i n g  o f  t h e  powder i n  t h e  t w i n  s h e l l  

b lender .  Agglomerates r a n g i n g  i n  s i z e  f rom approx ima te l y  0.004 t o  

0.25 i n c h  d iameter  were formed. These agglo l l lerates were g r a n u l a t e d  

t h r o u g h  a  U.S. Standard 25 mesh screen t o  produce a  s i z e  range f rom 

approx ima te l y  0.004 t o  .030 i n c h  diameter.  S t e r o t e x  (0.2 w/o) d i e  

l u b r i c a n t  was d r y  b lended i n t o  t h e  granu les .  

P e l l e t s  were pressed a t  each o f  6 green d e n s i t y  p o i n t s  a t  2% 

i n t e r v a l s  i n  t h e  range o f  54 t h r o u g h  64 t h e o r e t i c a l  dens i t y (TD) .  

T h i s  green d e n s i t y  range was found t o  be t h e  optimum range t o  

compact pel  l e t s  f r e e  o f  d e f e c t s ,  i .e. c r a c k s ,  and lam ina t ions .  The 

green p e l l e t  d iamete r  was 0.886 i n c h  w i t h  a  l e n g t h  t o  d iamete r  

r a t i o  o f  1.0. 

Green p e l l e t s  were p r e t r e a t e d  i n  a  C02 atmosphere f o r  4  t 1  hours 

a t  'a tempera tu re  o f  425 f 25°C t o  remove t h e  o r g a n i c  b i n d e r  and 

1  u b r i c a n t .  Next t h e  pe l  1  e t s  were s i  n t e r e d  a t  temperatures  r a n g i n g  . . 

f r om 1675 t o  1725OC f o r  12 hours  i n  a  d r y  hydrogen atmosphere 

( i r l l e t  dewpoir i t  ,u,f appr-oximately 45'C). 

Completed pe l  l e t s  were eva lua ted  f o r  v i s u a l  i n t e g r i t y  ( c h i p s  and 

c r a c k s )  ,. geometr ic  d e n s i t y  and meta l  l o g r a p h i c  a t t r i b u t e s  o f  g r a i n  

s t r u c t u r e ,  i n t e r n a l  c racks ,  and g ranu le  s e g r e g a t i o n  which i s  nar row 

r e g i o n s  o f  h i g h  p o r o s i t y  t r a c i n g  t h e  o u t l i n e  o f  t h e  p ress  feed 

granules.  These h i g h  p o r o s i t y  r e g i o n s  rep resen ted  u n d e r s i r a b l  e  

zones o f  mechanical  weakness and reduced thermal  c o n d u c t i v i t y .  

Examples o f  accep tab le  and unacceptab le  g r a n u l e  s e g r e g a t i o n  a r e  

shown i n  F i g u r e  t2. The pe l  l e t  requ i remen ts ,  summarized be1 ow, 

r e f l e c t e d  t h e  mechanical  d e s i g n  requ i remen ts  desc r ibed  i n  Reference 

1. 



A t t r i b u t e  L i m i  t 

1. Geometric D e n s i t y  

a. I n d i v i d u a l  Minimum 93% o f  t h e o r e t i c a l  d e n s i t y  (10.0 grn/cc) 

b. Batch* o r  B lend 97 + 1.5% o f  t h e o r e t i c a l  d e n s i t y  

Average 

2. Metal  1  ography 

a. G r a i n  S i z e  ASTM 3 t o  13, (125 t o  4  microns)  

b. Granule  Segre- R e j e c t  i f  views worse than  r a t i n g  3 

g a t i o n  1 (see F i g u r e  2).  

c. I n t e r n a l  Cracks Max,i~nu~~r c rack  o r  s e r i e s  o f  c racks  

stla1 1  not  exceed an drca equi va l  e r ~ t  t o  

1  / 3  t imes nominal pe l  1  e t  d i  arneter 

t i m e s  .OO5 inch. 

3. Sur face Cracks 

a. S i n g l e  Crack No s i n g l e  crack s h a l l  exceed e i t h e r  

a l e n g t h  exceeding 50% o f  t h e  circum- 

fe rence  o r  a  w i d t h  exceeding 0.010 

inch.  

b. M u l t i p l e  Cracks The combined t o t a l  e x t e r n a l  s u r f a c e  

c r a c k i n g  s h a l l  n o t  exceed an area 

equal t o  100% o f  t h e  c i r cumference  

t imes 0.010 inch.  

- -- 

* Ba tch  r e f e r s  t o  t h e  p e l l e t s  ( 4  t o  10)  pressed a t  each green d e n s i t y  p o i n t  

as p a r t  o f  t h e  s i n t e r a b i l i t y  t e s t .  

Granu le  segrega t ion  r e f e r s  t o  a  t ype  o f  p o r o s i t y  d i s t r i b u t i o n  t h a t  c o n s i s t s  

o f  narrow reg ions  o f  h i g h  p o r o s i t y  t r a c i n g  t h e  o u t l i n e  o f  t h e  press feed  

granu les.  A s u b j e c t i v e  method was developed t o  eva lua te  and determine t h e  

a c c e p t a b i l i t y  o f  t h e  t h o r i a ,  pe l  l e t s  w i t h  r e s p e c t  t o  granu le  segrega t ion  

a t t r i b u t e .  The as -po l i shed  m i c r o s t r u c t u r e ' v i e w  a t  50X was compared t o  a  

s e t  o f  photographic  standards w i t h  rat i 'ngs o f  1. th rough  7 i n  o r d e r  o f  . 

i n c r e a s i  ng s e v e r i t y .  These .standards represented v a r i o u s  degrees of 

g ranu le  d e l i n e a t i o n  by t h e  i n t e r g r a n u l a r  p o r o s i t y ,  rang ing  f rom acceptab le  

t o  unacceptabe c o n d i t i o n s .  Examples o f  r a t i n g s  1, 2, 3 and 7 a r e  shown i n  

F i g u r e  2. 



A. Prec.i p i  t a t i o n  o f  Thor ium Oxal a t e  Hexahydrate 

Two p r e c i p i t a t i o n  parameters were i n v e s t i g a t e d :  ( 1 )  f r e e  n i t r i c  

a c i d c o n t e n t i n t h e t h o r i u 1 n n i t r a t e s o l u t i o n , a n d ( 2 )  p r e c i p i t a t i o n  . 

temperature .  A t h i r d  parameter,  p r e c i p i t a t i o n  r a t e ,  was c o n t r o l l e d  by t h e  . 

sp ray  r a t e  o f  t h e  o x a l i c  a c i d  i n t o  t h e  t h o r i u m  n i t r a t e  s o l u t i o n  and was 

e m p i r i c a l  l y  e s t a b l  i s h e d  a t  2.5 i 0.1 ga l  l o n s  p e r  m i n u t e  (gpm) based on e a r l  i e r  

u n r e p o r t e d  work. T h i s  sp ray  r a t e  was used f o r  a l l  development and p r o d u c t i o n  

batches.  

1. Background 

P r e c i p i t a t i o n  tempera tu re  a f f e c t s  b o t h  t h e  p a r t i c l e  s i  ze and 

p a r t i c l e  d i s t r i b u t i o n  of  t h e  t h o r i u m  oxa la te .  K inosh ta ,  e t  a1 

(Reference 4 )  r e p o r t e d  t h a t ,  . f o r  a  l o w  p r e c i p i t a t i o n  

temperature  o f  6"C, t h e  t h o r i u m  o x a l a t e  cake c o n s i s t s  o f  f i n e  

p a r t i c l e s  o f  a  nar row d i s t r i b u t i o n :  ( 1 )  d i s t r i b u t i o n  maxima o f  

app rox ima te l y  0.8 m ic rons  and ( 2 )  app rox ima te l y  5% o f  t h e  

p a r t i c l e s  g r e a t e r  t h a n  2.5 microns. I n  c o n t r a s t ,  f o r  a  h i g h e r  

p r e c i p i t a t i o n  tempera tu re  of 50°C, t h e  t h o r i u m  o x a l a t e  cake i s  

made up o f  l a r g e r ' p a r t i c l e s  w i t h  a  wide d i s t r i b u t i o n :  (1 )  
d i s t r i b u t i o n  maxima o f  app rox ima te l y  2.0 microns,  and (2 )  

app rox ima te l y  25% g r e a t e r  t h a n  2.5 microns.  

Free n i t r i c  a c i d  i n f l u e n c e s  t h e  growth  o f  l a r g e r  c r y s t a l s  

a c c o r d i n g  t o  Reference 8 and 9. The g r e a t e r  t h e  a c i d i t y ,  t h e  

denser t h e  p r e c i p i t a t e ;  a  g i v e n  amount o f  t h o r i u m  o x a l a t e  

p r e c i p i t a t e d - f r o m  1.5N a c i d  i s  about  h a l f  as voluminous as t h e  

same amount p r e c i p i t a t e d  f rom a  0.5N a c i d  s o l u t i o n  where t h e  

volume o f  t h e  p r e c i p i t a t e  r e f l e c t s  t h e  c r y s t a l  s i ze .  The f r e e  

n i t r i c  a c i d  i n  t h e  t h o r i u m  n i t r a t e  s o l u t i o n  a f f e c t s  t h e  

c r y s t a l  l i t e  s i z e  by c o n t r o l  1 i n g  t h e  c o n c e n t r a t i o n  o f  o x a l a t e  

i ons  a v a i l a b l e  t o  r e a c t  w i t h  t h e  t h o r i u m  ions  t o  fo rm t h e  

t h o r i u m  oxa l  a t e  c r y s t a l  1 i tes.  Reduci ng t h e  c o n c e n t r a t i o n  o f  

o x a l a t e  i ons  a v a i l a b l e  b y  i n c r e a s i n g  t h e  f r e e  a c i d  l e v e l  f a v o r s  

t h e  growth  o f  t h e s e  c r y s t a l  1  i t e s ,  t h e r e b y  r e d u c i n g  t h e  s u r f a c e  

area o f  t h e  powder. 



2. Exper imenta l  Procedure 

F i f t e e n  t h o r i u m  oxal  a t e  hexahydrate batches (Nos. 27 through 

32, 35 th rough  .40, 42, 43, and 44) were p r e c i p i t a t e d  a t  

tempera tu re  r a n g i g  f rom 35 t o  55OC (see Tab le  11). The 

c a l c i n i n g  tempe+ature was h e l d  cons tan t  b u t  t h e  f i l t e r  feed 

pump p ressure  was va r ied .  For  batches 27 th rough  32 t h e  

t h o r i u m  o x a l a t e  hexahydrate s l u r r y  was pumped i n t o  t h e  p l a t e -  

and-frame f i l t e r  press a t  a  pressure o f  45 pounds per  square 

i r ~ c t ~  ( p s i ) ,  Tola batches 35,  3 6 ,  40, 42, dr!J $3 l t ~ t !  slurry was 

pumped i n t o  t h e  p la te-and- t rame press a t  a  pressl.rre o f  175 

p s i .  The pump pressure was increased t o  e l ' i rn inate  t h e  wet 

t h o r i u m  oxal  a t e  cake problem discussed be1 ow i n  s e c t i o n  

II.A.3. F o l l o w i n g  c a l c i n a t i o n  a t  900°C f o r  8 hours i n  a i r  t h e  

powders were c h a r a c t e r i z e d  and eva luated by t h e  s i  n f e r a b i  1  i t y  

t e s t .  

Three t h o r i u m  o x a l a t e  hexahydrate batches 34, 40, and 41A were 

prepared under s i m i l a r  p r e c i p i t a t i o n  c o n d i t i o n s  except t h a t  t h e  

f r e e  n i t r i c  a c i d  c o n t e n t  o f  t h e  t h o r i u m  n i t r a t e  s o l u t i o n  was 

var ied.  The f r e e  n i t r i c  a c i d  con ten t  f o r  batches 34, 40, and 

41A was 1.49, 1 :I/, and 2.U Normal (N), r e s p e c t i v e l y  (Tab le  

11). The t h o r i u m  o x a l a t e  cakes were a l l  c a l c i n e d  a t  900°C f o r  

8 hours i n  a i r .  The r e s u l t i n g  powders were eva luated f o r  t h e i r  

p h y s i c a l  c h a r a c t e r i s t i c s  and s i n t e r a b i l i  t,y. 

3. R e s u l t s  and D iscuss ion  

( a )  P r e c i  p i  t a t i - o n  Temperature 

( i )  Thorium Oxa la te  Hexahydrate: The inc rease  i n  t h e  r a t e  

o f  s e t t l i n g  o f  t h e  t horiurn o x a l a t e  p a r t i c l e s  demonstrated 

t h a t  t h e i r  average p a r t i c l e  s i z e  increased w i t h  i n c r e a s i n g  

p r e c i  p i  t a t  i o n  temperature.  I n  F i g u r e  3  t h e  s e t t l  i ng r a t e  



curves* a r e  presented f o r  5  batches p r e c i p i t a t e d  over a  

temperature range o f  36 t o  53OC. I n  comparing t h e  s e t t l i n g  

r a t e  curves, no te  t h a t  t ho r i um  oxa la te  batch.  40, which was 

p r e c i p i t a t e d  a t  36OC, cont inued t o  s e t t l e  a f t e r  60 

minutes. Th is  behav ior  was i n d i c a t i v e  o f  a  m a t e r i a l  w i t h  

' f i n e  p a r t i c l e  s ize.  I n  con t ras t ,  t ho r i um  oxa la te  batch 43, 

which was p r e c i p i t a t e d  a t  53OC, reached an e q u i l i b r i u m  

c o n d i t i o n  o f  s e t t l i n g  a f t e r  30 minutes as t h e  r e s u l t  o f  i t s  

r e l a t i v e  coarse p a r t i c l e  s ize.  

Examinat ion o f  t h e  tho r ium oxa la te  hexahydrate cake removed 

from t h e  plate-and-frame f i l t e r  press r.eveal ed t h a t  batches 

27 through 32 were wet and soupy which presented two 

prob l  ems: 

. 1. The cake was d i f f i c u l t  t o  l oad  i n  e i t h e r  t r a n s f e r  cans 

o r  Inconel  c a l c i n e  boats. 

2. Powder c h a r a c t e r i s t i c s  were l i a b l e  t o  be a l t e r e d  du r i ng  

c a l c i n a t i o n .  Temperature o f  t h e  preheat zone o f  t h e  

c a l c i n i n g  fu rnace  and t h e  wet and soupy cake were 

f avn rah le  cnndi t i o n s  f o r  t h e  r e d i  sso l  u t i o n  o f  t h e  

o r i g i n a l  c r y s t a l  l i t e s  f o l l owed  by r e c r y s t a l  l i z a t i o n .  

Through t h i s  mechanism bo th  t h e  powder c h a r a c t e r s i t i c s  

and powder s i  n t e r a b i l  i t y  were p o t e n t i a l  l y  

uncont ro l  1 able. 

* The NLO t e c h n i c a l  s t a f f  dev ised a  sem iquan t i t a t i ve  s e t t l . i n g  r a t e  t e s t  

whereby t h e  g r a v i t a t i o n a l  s e t t l i n g  o f  t h e  t ho r i um  o x a l a t e  p r e c i p i t a t e  was 

measured as a  f u n c t i o n  o f  t i m e  up t o  60 minutes. The s e t t l i n g  r a t e  cu rve  

was p l o t t e d  f rom t h e  observed volume o f  s e t t l e d  p r e c i p i t a t e  a t  g i ven  t i m e  

i n t e r v a l s .  The i n i t i a l  volume was 250 m l  o f  t ho r i um  oxa la te  s l u r r y .  



Vary ing  t h e  p r e c i p i t a t i o n  temperature over  a range o f  

35 t o  44OC f o r  batches 27 through 32 d i d  no t  produce a 

d r y  cake cond i t i on .  Therefore,  a  mechanical s o l u t i o n  

was em p l  oyed . 

The e x i s t i n g  f i l t e r  press pump was rep laced w i t h  a pump 

capable  o f  d e l i v e r i n g  a  d i  .scharge maximum pressure t o  

180 pounds per  square i n c h  gage ( p s i g )  f rom 45 ps ig .  

The pump pressure o f  45 p s i g  r e s u l t e d  i n  t h e  non- 

un i form f i l l i n g  o f  t h e  plate-and-frame f i l t . ~ r  press 
w i t h  t h e  thnri11111 n x a l a t e  s l i ~ r r y .  The s l u r r y  was 

dewatered by b low ing  a i r  through t h e  press a t  50 t o  80. 

ps i g  f o r  a  minimum o f  2  hours. The app l i ed  a i r  

p ressure  d i s t u r b e d  t h e  s t r u c t u r e  o f  t h e  tho r ium 

p a r t i c l e s  and fo rced  them i n t o  a  more open s t r u c t u r e  o f  

h i ghe r  f r e e  surface energy. The open s t r u c t u r e  w i t h  

more space between t h e  p a r t i c l e s  was ab le  t o  accomodate 

and r e t a i n  a d d i t i o n a l  water. When dewater ing o f  t h e  

s l u r r y  was completed and t h e  a p p l i e d  f o r c e  removed, t h e  

open s t r u c t u r e  r eve r t ed  back t o  t h e  c losed  s t r u c t u r e  o f  

1  ower f r e e  su r f ace  energy and re leased  t h e  r e t a i n e d  

warer. I h i s  behav io r  o f  t h e  t ho r i um  o x d l a l e  p d r t l c l e s  

under an a p p l i e d  f o r c e  i s  known as d i l a t a n c y  as 

descr ibed  by Waye (Reference 10). The cake was 

observed t o  be wet and soupy when removed from t h e  

p r P s S T  Batches 27 through 32 were fil tcr  pi-eased UI IJ I~  

t h e  above cond i t i ons .  

Pumplng t h e  s l u r r y  i n t o  t h e  press a t  a  maximum pressure 

o f  175 p s i g  r e s u l t e d  i n  t h e  un i f o rm  pack ing o f  t h e  

press. Dur ing  t h e  dewater ing o f  t h e  s l u r r y ,  t h e  

s t r u c t u r e  o f  t h e  t ho r i um  o x a l a t e  p a r t i c l e s  was 

undi  s turbed by the  dewa t e r l  ng a1 r pressure and thereby 

pe rm i t t ed  t h e  s l u r r y  t o  be dewatered t o  a  d r y  cake. 

The pump pressure  o f  125 t o  180 p s i g  was used f o r  t h e  



rema in ing  31  batches o f  t h e  prog.ram (see  Tab le  11). 

The d r y  cake c o n d i t i o n  e l i m i n a t e d  t h e  p o t e n t i a l  f o r  

u n c o n t r o l l e d  d i s s o l u t i o n  and r e c r y s t a l l i z a t i o n  o f  t h e  

t h o r i u m  o x a l a t e  c r y s t a l  l i t e s  d u r i n g  t h e  e a r l y  s tages o f  

c a l c i n a t i o n .  

The minimum p r e c i p i t a t i o n  tempera tu re  f o r  a  f i l t e r a b l e  

t h o r i u m  o x a l a t e  p r e c i p i t a t e  was found t o  b e  

approx ima te l y  36°C. As observed i n  F i g u r e  3, l o w  

p r e c i  p i  t a t i o n  temperatures  f a v o r e d  v e r y  f i n e  

p r e c i p i t a t e s  and t h e r e f o r e  1  ed t o  d i  1  atancy.  Seventy-  

f i v e  -pe rcen t  o f  b a t c h  40, p r e c i p i t a t e d  a t  36OC, became 

wet and soupy when removed f rom t h e  f i l t e r  press.  

P r e c i  p i  t a t  i o n  o f  t h o r i u m  o x a l a t e  .hexahydra te  above 36°C 

r e s u l t e d  i n  a  d r y  cake when t h e  p r e c i p i t a t e  s l u r r y  was 

pumped i n t o  t h e  p la te-and- f rame f i l t e r  p ress  under a  

p ressu re  o f  175 ps ig .  

( i i )  T h o r i a  Powder: The p h y s i c a l  c h a r a c t e r i z a t i o n  

data,  Tab le  111, f rom t h e  powder batches (nos. 27 

thr0ug.h 32, 35, 36, 40, 42, 43, and 44 were f i t t e d  t o  

s t r a i g h t  l i n e  cu rves  by  t h e  method o f  l i n e a r  r e g r e s s i o n  

a n a l y s i s .  The b e s t  f i t  c u r v e s  f o r  s u r f a c e  area, 

average p a r t i c l e  s i z e ,  and b u l k  d e n s i t y  as a  f u n c t i o n  

nf p r e c i p i t a t i o n  tempera tu re  a r e  shown i n  F i g u r e s  4, 5, 

and 6  r e s p e c t i v e l y .  These cu rves  con f i rmed  t h e  t r e n d s  

r e p o r t e d  i n  t h e  1  i t e r a t u r e ,  namely, s u r f a c e  area 

decreased w i t h  i n c r e a s i n g  p r e c i p i t a t i o n  tempera tu re  and 

average p a r t i c l e  s i z e  and b u l k  d e n s i t y  i nc reased  w i t h  

i n c r e a s i n g  p r e c i p i t a t i o n  temperature.  The wet and 

soupy c o n d i t i o n  observed f o r  ba tches 27 t h r o u g h  32 d i d  

n o t  adverse' ly  a f f e c t  t h e  powder c h a r a c t e r i  s t i c s .  A1 so, 

t h e  a d d i t i o n  o f  c a l c i a ' ( C a 0 )  by  c o p r e c i p i t a t i o n  o f  

c a l c i u m  o x a l a t e  ( see  S e c t i o n  11-C) d i d  n o t  a l t e r  t h e  

powder c h a r a c t e r i s t i c s . .  



Powders d e r i v e d  f r o m  a  1  ow p r e c i p i t a t i o n  tempera tu re  

had sma l l  c r y s t a l l i t e s  and t h u s  a  h i g h e r  s u r f a c e  

area. F o r  exampl e, - b a t c h  35 p r e c i p i t a t e d  a t  41 O C  had a  

c a l c i n e d  powder s u r f a c e  area o f  9.78 m2lgm. The h i g h e r  

s u r f a c e  area powder had more s u r f a c e  energy a v a i l a b l e  . 

t o  a c t  ds t h e  d r i v i n g  fo rce  f o r  d e n s i f  i c a t i o n  d u r i n g  

s i n t e r i n g .  I n  c o n t r a s t ,  t h e  h i g h e r  p r e c i p i t a t i o n  

tempera tu re  produced l a r g e r  c r y s t a l  1  i t e s  and 

consequen t l y  a  powder w i t h  a l o w c r  s u r f a c e  area and 

l e s s  sur.face erlergy f o r  d e n s i f  i c a t i o n .  For? c)c~mplc,  

ba tch  43 p r e c i p i t a t e d  a t  53°C had a  c a l c i n e d  powder 
2  s u r f a c e  a rea  o f  7.51 m  /gm. The r e l a t i o n s h i p  o f  t h e  

s i n t e r a b i l i t y  o f  the '  powder t o  s u r f a c e  area i s  

i l l u s t r a t e d  i n  F i g u r e  7A f o r  batches 35 and 43. For 

each g reen  d e n s i t y  p o i n t  t h e  s i n t e r e d  d e n s i t y  ( p e r c e n t  

o f  t h e o r e t i c a l )  f o r  powder ba tch  35 was approx ima te l y  

2% g r e a t e r  t h a n  t h a t  f o r  powder b a t c h  43 w i t h  t h e  l o w e r  

s u r f a c e  area. The s i n t e r a b i l i t y  t e s t  r e s u l t s  f o r  

powder batches 27, 35, 36, 40, 42, and 43 a r e  summaried 

i n  T a b l e  I V ,  i tems 1  th rough  6, r e s p e c t i v e l y .  

P h u t u ~ n  icr*uyrapt~s 1r1 F l y u r e s  8 and 9 I 1  lustrated t h e  

m i c r o s t r u c t u r e  observed i n  t h e  s i n t e r a b i l i  t y  t e s t  

p e l l e t s  f a b r i c a t e d  f rom 2 o f  t h e  6 powder batches. The 

g r a n u l e  s e g r e g a t i o n  over  t h e  10% green d e n s i t y  range 

met t h e  pho tog raph ic  s tandard  r a t i n g  1 i111 ' i t  o f  3  (see 

F i g u r e  2 )  f o r  t h o r i a  p e l l e t s .  However, as can be seen 

f rom F i g u r e s  8  and 9 f o r  batches 35 and 43, 

r e s p e c t i v e l y ,  t h e  g r a i n  s t r u c t u r e  was ve ry  f i n e  

(<ASTM No. 13 (4.0 m i c r o n s ) )  and not  d i s c e r n i b l e  a t  t h e  

l o w  green d e n s i t y  p o i n t s  (54-58%). Secondary 

r e c r y s t a l  l i z a t i o n  was a1 so observed i n  b a t c h  35 i n  t h e  

fo rm o f  idomorph ic  g r a i n s  (see F i g l l r e  8, 64%green 

d e n s i t y  photomicrograph) .  Nonuniform g r a i n  g rowth  was 

a1 so observed i n  powder ba tch  42, i t e m  5  o f  Tab le  I V .  



Undes i rab le  p e l l e t  d e f e c t s  appeared a t  green d e n s i t i e s  

above 60%; these inc luded .  i n t e r n a l  c racks  r e s u l t i n g  

f rom over  compaction o f  t h e  compact and b l o a t i n g  

r e s u l t i n g  from t h e  entrapment o f  gases (CO, C02) 

d e r i v e d  f rom r e s i d u a l  carbon i n  t h e  pe l  l e t .  

( b )  Free N i t r i c  Ac id  

?.. .: :, 

( i )  Thorium Oxala te  Hexahydrate: Free n i t r i c  acid' '. 

i n f l u e n c e d  t h e  p r e c i p i t a t e d  c r y s t a l  l i t e  s i z e  and s i z e  

d i s t r i b u t i o n  as i n f e r r e d  f rom t h e  s e t t l i n g  r a t e  

curves. Comparison o f  t h e  two s e t t l i n g  r a t e  curves i n  

F i g u r e  10 f o r  t h o r i u m  o x a l a t e  batches 40 and 41A 

i l l u s t r a t e d  t h e  e f f e c t  on c r y s t a l  l i t e  s i z e  o f  an 

inc rease  i n  t h e  f r e e  n i t r i c  a c i d  f rom 1.17N t o  2.ON. 

From t h e  d i f f e r e n c e  i n  t h e  s e t t l i n g  r a t e s ,  i t  can be 

i n f e r r e d  t h a t  batch 40 had a  f i n e r  c r y s t a l  1  i t e  s i z e  

than  batch 41A. Batch 40 was s t  ill approaching an 

e q u i l i b r i u m  c o n d i t i o n  a f t e r  60 minutes i n  c o n t r a s t  t o  

batch 41A, which reached an e q u i l i b r i u m  C o n d i t i o n  i n  30 

minutes. Since t h e  2 batches were p r e c i  p i . ta ted  a t  t h e  

same temperature,  36-37'C, t h e  f r e e  n i t r i c  a c i d  c o n t e n t  

o f  2.ON promoted t h e  growth o f  t h e  c r y s t a l  li t e s  i n  

c o n t r a s t  t o  t h e  low f r e e  a c i d  l e v e l  of l .17N which 

i n h i b i t e d  t h e  growth o f  c r y s t a l  l i t e s ,  

( i  i ) Thor ia  Powder: The c h a r a c t e r i  s t i  cs o f  t h r e e  

powder batches, 34, 40, and 41A, r e f l e c t e d  t h e  change 

i n  f r e e  n i t r i c  a c i d  content .  The inc rease  i n  

c r y s t a l  l i t e  s i z e  o f  t h ?  tho r ium o x a l a t e  p r e c i p i t a t e  

w i t h  inc rease  i n  f ree a c i d  l e v e l  r e s u l t e d  i'n a decrease 

i n  t h e  t h o r i a  powder s u r f a c e  area (see F i g u r e  11) and 

i n  a  cor responding inc rease  i n  b o t h  average p a r t i c l e  

s i z e  and b u l k  d e n s i t y ,  ( see  F i g u r e  12). 



D e s p i t e  t h e  e f f e c t  o f  f r e e  n i t r i c ,  a c i d  con ten t  on 

powder su r f ace  area t h e r e  was 1  i t t l e  e f f e c t  on t h e  

response o f  t h e  powders t o  s i n t e r a b i l  i ty .  The t h r e e  

powder batches w i t h  su r f ace  areas o f  8.34, 9.10, and 

13.79 m21gm f o r  batches 34, 41A, and 40, r espec t i ve l y ,  

had n e a r l y  i d e n t i c a l  s i n t e r a b i  1  i t y  curves (see F igure  

7-E and i tems 4, 7, and 8  o f  Table IV)' .  For  example, 

t h e  h i g h  su r f ace  area (13.79 n?lgm) o f  batch 40 d i d  no t  

e f f e c t  t h e  expected increase i n  d e n s i t y  a t  t h e  low end 

(54 th rough  60%) o f  t h e  green d e n s i t y  range. 

( c )  Summary 

From t h e  p r e c i p i t a t i o n  temperature rdnye ( 3 5  t o  55OC) 

i nvcs t iga ted ,  a  unique p r e c i p i t a t i o n  temperature was 

se lec ted  f o r  each o f  t h e  two t h o r i a  powders produced 

f o r  t h e  LWBR program. The p rec i  p i  t a t  i o n  temperature 

se l ec ted  was based on two c r i t e r i a :  ( 1 )  t h e  

p r e c i p i t a t e d  t horium oxa la te  hexahydrate had t o  be 

compat ib le  w i t h  t h e  subsequent o x a l a t e  s a l t  processing 

steps; and (2 )  t h c  r e s u l t i n g  t h o r i a  powders had t o  be 

compat ib le  w i t h  e i t h e r  t h e  t h o r i a  p e l l e t  process o r  t h e  

b i n a r y  (Tho2-U02) pe l  1  e t  process. The p rec i  p i  t a t  i o n  

temperature was se t  a t  43 t 2°C f o r  t h e  powder made f o r  

t h e  t h o r i a  p e l l e t  process w h i l e  t h e  p r e c i p i t a t i o n  

temper tu re  was se t  a t  45 i 2OC f o r  t h e  powder made f o r  

t h e  b i n a r y  pe l  l e t  process. 

P r e c i p i t a t i o n  t .emperat l~res he1 ow 36OC produced a  

n o n f i l t e r a b l e  t h o r i  um oxa la te  p r e c i p i t a t e .  The t h o r i  um 

o x a l a t e  cake when removed from t h e  plate-and-frame 

f i l t e r  press was wet and no t  r e a d i l y  t r ans fe rab le .  I n  

a d d i t i o n ,  t h e  powder phys ica l  charac te r  was sub jec t  t o  

change d u r i n g  c a l c i n i n g  th rough  t h e  mechani sm o f  

r e d i s s o l u t i o n  and r e c r y s t a l  l i z a t i o n  o f  t h e  o r i g i n a l  



c r y s t a l  1  i tes. P r e c i p i t a t i o n  temperatures above 53°C 

r e s u l t e d  i n  a  powder t h a t  was t oo  i n a c t i v e  t o  be 

compat ible w i t h  t h e  two p e l l e t  processes. 

The f r e e  n i t r i c  a c i d  c o n t e n t .  was f i x e d  a t  1.1 + . I N ;  

t h i s  l e v e l  o f  f r e e  ac id  was compat ible w i t h  t h e  above 

se lected p r e c i p i t a t i o n  temperature. The s e n s i t i v i t y  o f  

t he  c r y s t a l l i t e  s i z e  t o  f r e e  ac id  change emphasized t h e  

importance o f  c l o s e l y  c o n t r o l l i n g  t h e  f r e e  a c i d  

concen t ra t i on  i n  t he  thor ium n i t r a t e  so lu t i on .  

Therefore, t h e  f r e e  n i t r i c  ac i d  a d d i t i o n  was c o n t r o l l e d  

B. C a l c i n a t i o n  o f  Thorium Oxalate Hexahydrate 

C a l c i n a t i o n  o f  t h e  thor ium oxa la te  t o  Tho2 powder se ts  t h e  powder 

c h a r a c t e r i s t i c s ,  which i n  t u r n  c o n t r o l  t h e  powder f a b r i c a b i l i t y  and 

s i n t e r a b i l  i ty. The focus o f  t h i s  phase, o f ' t h e  development program was t o  

i d e n t i f y  t h e  c a l c i n e  temperature range over which t hor.ia powders s u i t a b l e  f o r  

t h e  two p e l l e t  processes cou ld  be made. 

1. Background 

Previous i n v e s t i g a t o r s  (References 3, 4, and 5 )  repor ted  an 

increase i n  the average cr .ys ta l1  i t e  s i z e  w i t h  i nc reas ing  

c a l c i n e  temperature over  a range o f  400 t o  1300°C based on X- 

r a y  broadening measurement techniques. . S i m i l a r  changes i n  

c r y s t a l  l i t e  . .  s i ze  were measured i n  e l e c t r o n  micrographs i n  t he  

work o f  Warren and E l  y a r d  (Reference 6). 

E l e c t r o n  microscope (TEM and SEM) s tud ies  repor ted  i n  

References 4, 5, and 6 show t h a t  t h e  t h o r i a  p a r t i c l e  r e ta i ned  a  

shape s i m i l a r  t o  t h a t  o f  t h e  thor ium oxa la te  p a r t i c l e  

precursor.  Warren and E l ya rd  repo r ted  a  decrease i n  average 

p a r t i c l e  s i ze  (10 t o  4  microns) w i t h  inc reas ing  c a l c i n i n g  



t e m p e r a t u r e  (500  t o  1  100°C), f rom e v a l u a t i o n  o f  e'l e c t r o n  

m i c r o g r a p h s  (Re fe rence  6 ) .  I n  c o n t r a s t ,  K i n o s h i t a ,  e t  a1 and 

A1 1  red,  e t  a1 r e p o r t e d  no change i n  average p a r t i c l e  s i z e  w i t h  

i n c r e a s i n g  c a l c i n e  t e m p e r a t u r e  (References 4  and 5). A1 1  

i n v e s t i g a t o r s ,  however, were i n  agreement t h a t  t h e  s u r f a c e  area ' 

o f  t h e  powder decreased w i t h  i n c r e a s i  ng c a l  c i n e  temperature.  

The change i n  powder c h a r a c t e r  w i t h  i n c r e a s i n g  tempera tu re  was 

i n t e r p r e t e d  by  t h e  i n v e s t i g a t o r s  t o  i n d i c a t e  t h a t  a  s i n t e r i n g  

p rocess  was t a k i n g  p l a c e  between t h e  c r y s t a l l i t e s  t h a t  make up 

t h e  p a r t i c l e s .  T h i s  r e s u l t e d  i n  a  decrease i n  t h e  s u r f a c e  

area.  

A  s i m i . l a r  b e h a v i o r  i n  t h e  change o f  t h o r i a  powder c h a r a c t e r  

w i t h  i n c r e a s i n g  t i m e  a t  a g i v e n  c a l c i n e  tempera tu re  was 

r e p o r t e d  by Warren and E l y a r d  i n  Reference 6. However, t h e  

i n c r e a s e  i n  c r y s t a l l i t e  s i z e  and r e d u c t i o n  i n  powder s u r f a c e  

a r e a  o c c u r r e d  a t  a  s lower  r a t e  than  t h a t  observed f o r  

i ncrea s i  ng c a l  c i n e  temperature .  

2. Exper imen ta l  Procedure  

I wo t h o r i  urn oxa l a t e  batches ( 4  1 and 4 4 )  were prepared t o  t h e  

parameters i d e n t i f i e d  i n  T a b l e  11. D u r i n g  t h e  p r e c i p i t a t i o n  o f  

t h e  2 batches t h e  f r e e  n i t r i c  a c i d  l e v e l  and p r e c i p i t a t i o n  

tempera tu re  were 2.ON and 36-37°C f o r  b a t c h  41 and 1.15N and 

43-44°C f o r  b a t c h  44. The t h o r i u m  o x a l a t e  cake f rom each 

p r e c i p i t a t i o n  b a t c h  was d i v i d e d  i n t o  t h i r d s  f o r  c a l c i n i n g  a t  

d i f f e r e n t  temperatures :  a )  one t h i r d  des igna ted  as "A" was 

c a l c i n e d  a t  900°C. b )  one t h i r d  des igna ted  a s  " B "  was c a l c i n e d  

a t  96g°C, and c )  one t h i r d  des igna ted  as " C "  was c a l c i n e d  a t  

1039°C. Time a t  t empera tu re  was 8 hours. The r e s u l t i n g  

powders were c h a r a c t e r i z e d  and eva l  ua ted  by s i  n t e r a b i l  i ty 

t e s t s .  



Twenty batches, which eva luated t h e  r e p r o d u c i b i l i t y  o f  t h e  
. . oxa l  a t e  , s a l t  . process, were prepared accord i  ng t o  t h e  process 

parameters i d e n t i f i e d  i n  Table  I I. The p r e c i p i t a t i o n  

c o n d i t i o n s  o f -  f r e e  n i t r i c  a c i d  (1.1 f . IN) and p r e c i p i t a t i o n  

temperature  (43 + 2°C) were e q u i v a l e n t  t o  p r e c i p i t a t i o n  

c o n d i t i o n s  f o r  t h e  above batch 44. The 20 t h o r i u m  o x a l a t e  

hexahydrate batches (Nos. 46 t h r u  65) were c a l c i n e d  a t  941 2 

17°C. As t h e  p r e c i p i t a t i o n  c o n d i t i o n s  a r e  e q u i v a l e n t  t o  these  

f o r  batch No. 44, t h e  phys ica l  c h a r a c t e r  d a t a  i n  terms o f  

average va l  ues are  inc luded  as p a r t  o f  t h e  r e s u l t s  and 

d i  scuss ion be1 ow. 

3. Resu l t s  and D iscuss ion  

(a)  Cal c i n i  ng Temperature 

Cal c i n e  temperature  i n f l  uenced t h e  p h y s i c a l  c h a r a c t e r  o f  

t h e  t h o r i a  powder. Over t h e  temperature  range i n v e s t i g a t e d  

t h e  s u r f a c e  area o f  t h o r i a  powder was reduced by about 43% 

as t h e  c a l c i n e  temperature  increased f rom 900 t o  1039°C 
2 (see F i g u r e  13). The average s u r f a c e  area (7.84 m / g )  

determined from t h e  data  f o r  . the 20 r e p r o d u c i b i l i t y  batches 

agreed w i t h  t h e  f i t t e d  s u r f a c e  area cu rve  f o r  t h o r i a  

powders prepared under s i m i l a r  p r e c i p i t a t i o n  c o n d i t i o n s  and 

c a l c i n e d  a t  941 + 17°C. The decrease i n  powder su r face  

area r e f 1  ected t h e  i n t r a s i n t e r i n g  o f  t h e  c r y s t a l  li t e s  

w i t h i n  t h e  p a r t i c l e ,  t h e r e b y  reduc ing  t h e  i n t e r c r y s t a l  1  i n e  

poros i t y .  E l e c t r o n  micrographs o f  powder batch 44, (see 

F i g u r e  14) show t h a t  t h e  powder p a r t i c l e s  a r e  aggregates o f  

p l a t e - l i k e  c r y s t a l l i t e s  qnd t h a t  a  round ing  o f  t h e  

c r y s t a l  1  i t e s  developed a's t h e  c a l  c ined  temperature  

increased f r o m  900 t o  1039°C. 



As noted e a r l i e r ,  t h e  e f f e c t  o f  a  h igher  f r e e  n i t r i c  a c i d  

l e v e l  (2.ON) was g rea te r  than  t h e  low p r e c i p i t a t i o n  

temperature (36°C). Thus, t h e  2.ON l e v e l  f o r  batch 41 

promoted t h e  growth o f  t h e  t ho r i um  o x a l a t e  c r y s t a l l i t e s  t o  

an ex ten t  n e a r l y  equ i va l en t  t o  t h e  c r y s t a l  l i t e s  o f  batch 

44, which was p r e c i p i t a t e d  a t  44°C w i t h  a  f r e e  n i t r i c  a c i d  

l e v e l  o f  1.1N. The r e s u l t i n g  su r f ace  areas, a t  a  g iven  
2  c a l c i n e  temperature,  d i f f e r  by o n l y  1  m /g. 

The nverage p a r t i c l e  s i r e ( ' )  showed a s l i g h t  i n c r f t s c  w i t h  

i nc rcas i  ng c a l c i n e  temperature (see Figuve 15). The 

average p a r t i c l e  s i z e  f o r  batch 41 reached a  maximum a t  

about 969°C and then  decreased. Th i s  decrease i n  average 

p a r t i c l e  s i z e  suggested t h a t  a  change i n  t h e  p a r t i c l e  

su r f ace  morphology occurred. The su r f ace  was becoming 

smoother as suggested by t h e  e l e c t r o n  micrographs (see 

F i g u r e  14). The bu lk  d e n s i t y  o f  t h e  powders remained 

re1  a t i  v e l y  cons tan t  w i t h  i nc reas ing  ca l  c i n e  temperature 

(see  F i g u r e  15). 

The s i n t e r a b i l  i t y  d a t a  i n  terms o f  t h e  re1 a t i o n s h i p  between 

t h e  green dens i t y ,  s l n t e r e d  dens i t y ,  and su r f ace  area a re  

shown i n  F i gu res  7-C and 7-D. The i nc reas ing  c a l c i n e  

temperature reduced t h e  powder su r f ace  area and thereby  

a f f e c t e d  s i n t e r a b i l i t y  o f  t h e  powder.. I n  general ,  t h e  

s i n t e r e d  derrsi l y  u f  t he  pe l  l c t s  increased w i t h  i nc reas ing  

green d e n s i t y  f o r  each o f  t h e  powder batches, i tems 8 t h r u  

13 o f  Table  I V .  

Note: ('1 The measurement o f  average p a r t i c l e  s i z e  w i t h  t h e  F i she r  Sub-sieve 

i s  marg ina l  w i t h  f i n e  powders; the .  ana lyzer  i s  a  s i m p l i f i e d  a i r  

permeameter designed f o r  coarse p a r t i c l e  measurement. 



Powder batches 44A and 44B, w i t h  su r face  areas o f  9.82 and 

5.89 d l g m ,  r e s p e c t i v e l y ,  exceeded t h e  min imum average 

s i n t e r e d  d e n s i t y  o f  95.5% over  a  10% green d e n s i t y  range., 

F i gu re  7-D; however, t h e  g r a i n  s t r u c t u r e  development was 

marginal .  Gra in  s i z e  ranged from f i n e r  than ASTM 13 t o  
2  ASTM 5.5. Batch 44C w i t h  a  su r face  area o f  5.71 m /gm 

exceeded t h e  minimum average d e n s i t y  over  a  6% green 

dens i ty . range.  G ra in  s i z e  and granule  segrega t ion  were 

marginal .  The change i n  pe l  l e t  m i c r o s t r u c t u r e  w i t h  

decreasi'ng su r f ace  areas i s  shown i n  F igures  16, 17, and 18 

f o r  powder batch 44. A s i m i l a r  behav io r  was observed f o r  

powder batches 41A, 41B, and 41C, F i gu re  7-C. 

The p ropens i t y  f o r  b lack  c o r i n g  o f  t h e  pel  l e t  i n t e r i o r  was 

observed i n  pe l  l e t s  made from t h e  powder (ba tch  44A), 

F.igure 16. Powder ba tch  4 4 A i n  terms o f  i t s  i s  ca l c i ned  

su r f ace  a i e a  (9.82 d l g m )  p l us  t h e  inc rease  i n  su r f ace  area 

(approx imate ly  1.7 <r&/gm) th rough  m i c r o n i z i n g  was t h e  most 

a c t i v e  powder. I n  con t ras t ,  powder batches 44B and 44C 

w i t h  .lower as-ca lc ined sur face  areas were l e s s  a c t i v e  

powders, and' t h e r e f o r e  had l e s s  tendency f o r  b lack  cor ing.  

The h i g h l y  a c t i v e  powder s i n t e r s  more r a p i d l y  t han  t h e  

lower  a c t i v e  powder. Th is  r e s u l t s  i n  d e n s i f j c a t i o n  o f  t h e .  

p e l l e t  su r f ace  w i t h  sea l ing  o f  t h e  su r face  pores be fo re  t h e  

r e s i d u a l  carbon can be e l im ina ted  by t h e  hydrogen 

atmosphere. The entrapped ca'rbon, unable t o  escape du r i ng  

s i n t e r i n g ,  e i t h e r  forms a  b lack  c o r e  ( F i g u r e  16) o r  i n  t h e  - 
form o f  a  gas b l o a t s  t h e  pe l  1 e t  i nte r i ' o r .  

The tendencies f o r  pe l  l e t  b lack  c o r i n g  and pe l  l e t  b l o a t i n g  
. - -  

were minimized through c o n t r o l  o f  t h e  powder a c t i v i t y .  As 

shown i n  F i gu re  13, i nc reas ing  t h e  c a l c i n e  temperature 

reduced t h e  powder a c t i v i t y ,  and thereby reduced t h e  r a t e  

of d e n s i f i c a t i o n  of t h e  p e l l e t  su r f ace  and consequent ly 



b lack  c o r i n g  and b l oa t i ng .  The twenty  powder batches (46 

t h r u  65) prepared t o  eva luate t h e  r e p r o d u c i b i l i t y  o f  t h e  

o x a l a t e  s a l t  process were ca l c i ned  a t  941 2 17°C which was 

an i n t e rmed ia te  temperature between 900" (ba tch  41A and 

44A) and 969°C (ba t ch  41B and 44B). As noted e a r l i e r ,  t h e  

average su r f bce  a r e a  o f  7.84' m2/gm f o r  t h e  twenty  batches 

agreed w e l l  w i t h  t h e  f i t t e d  su r f ace  area curve ( F i g u r e  

13). E v a l u a t i o n  o f  t e s t  p e l l e t s  f a b r i c a t e d  from these 

powders revea led  t h a t  the, problem o f  pe l  l e t  b lack  co r i ng  

and b l o a t i  nq was n o t  complete ly  e l  im ina ted  f o r  t h e  t h o r i a  

pe l  l e t  process. 

The pel  l e t  b lack  c o r i n g  and b l o a t i n g  problem i n  t h o r i a  

p e l l e t s  was e l i m i n a t e d  by: ( 1 )  c o n t r o l l i n g  t h e  s i n t e r i n g  

parameters, i . e., fu rnace  atraosphere, and hea t ing  r a te ,  and 

(2)  powder a c t i v i t y .  The fu rnace  atmosphere was changed t o  

wet f rom d ry  hydrogen; and t h e  hea t ing  r a t e  l i m i t e d  t o  

115 "C/ h r  maximum. The powder a c t i v i t y  was f u r t h e r  deadened 

by i nc reas ing  t he  nominal c a l c i n e  temperature t o  983OC f rom 

941°C. On t h e  bas i s  o f  t h e  bes t  f i t  su r f ace  area vs 

c a l c i n e  temperature curve f o r  batch 44 presented i n  F i g u r e  
7 

13, t h e  su r f ace  arca o t  6.3 nt /gm was pred lc t r l r l  fur. 1.t1e 

c a l c i n e  temperature o f  983°C. The average su r f ace  area f o r  

t h e  124 p roduc t i on  powder l o t s  was 6.9 m2/gm which was 

w i t h i n  10% of t h e  predict.ed va lue o f  6.3 m2/&. 

However, t h e  r e d u c t i o n  i n  powder a c t i v i t y  t o  reduce t h e  

problem o f  pe l  l e t  c o r i n g  and b l o a t i n g  had t h e  concomitant 

e f f e c t  o f  reduc ing  t h e  s i n t e r e d  d e n s i t y  o f  t h e  t h o r i a  

pe l  l e t s  and un i f o rm  g r a i n  s t r u c t u r e  deve l opment throughout  

t h e  pe l  l e t .  The r e l a t i o n s h i p s  between s i n t e r e d  d e n s i t y  and 

c a l c i n e  temperature,  i s  i l l u s t r a t e d  i n  F i g u r e  19. For a  

constant  yreer i  de r~s . i t y  o f  SO%, t h e  as - s i n te red  d c n s i t y  

decreased w i t h  i ncreas i  ng ca l  c i n e  temperature; t h e  s i  n t e red  

d e n s i t y  f o r  ba tch  41 was equal t o  o r  below t h e  minimum 



average s i  n t e r e d  d e n s i t y  o f  95.5%. A1 so, w i t h  i n c r e a s i n g  

c a l c i n e  temperature  a  d e g r a d a t i o n  i n  t h e  p e l l e t  

m i c r o s t r u c t u r e  was observed, i t e m s  8  t h r o u g h  12 o f  Tab le  

I.V. For  example, t h e  g ranu le  s e g r e g a t i o n  d e t e r i o r a t e d  and 

t h e  g r a i n  s t r u c t u r e  was ex t reme ly  f i n e ,  l e s s  than  ASTM 13 

(4 microns) .  

By i n c r e a s i n g  t h e  green d e n s i t y  f rom 58 t o  62%, t h e  d e n s i t y  

cu rve  was s h i f t e d  upward; now a l l  o f  t h e  average s i n t e r e d  

va lues  were g r e a t e r  than  t h e  95.5% l i m i t .  G r a i n  s t r u c t u r e  

showed a  s l i g h t  improvement b u t  was s t i l l  cons ide red  

marg ina l .  To compensate f o r  t h e  reduced powder a c t i v i t y ,  

c a l c i u m  was added as a  d e n s i f i c a t i o n  a i d  and t h e  s i n t e r i n g  

tempera tu re  was inc reased  t o  promote u n i  f o n  g r a i n  growth 

as d iscussed i n  t h e  f o l l o w i n g  sec t ion .  

The nominal c a l  c i n e  temperature  o f  1039°C was e s t a b l i s h e d  

f o r  t h e  t h o r i a  powder used. i n  t h e  b i n a r y  p e l l e t  process. 

The p h y s i c a l  p r o p e r t i e s  o f  t h e  r e s u l t i n g  powder produced 

accep tab le  b i n a r y  f u e l  meet ing t h e  h i g h  d e n s i t y  and u n i f o r m  

g r a i n  s t r u c t u r e  r e q u i  rements. 

( b )  Summary 

The powder c h a r a c t e r i s t i c s  and s i  n t e r a b i l  i ty  were 

c o n t r o l  1  ed by t h e  c a l c i n e  temperature.  The c h a r a c t e r  o f  

t h e  t h o r i a  powder changed r a p i d l y  w i t h  smal l  changes i n  

c a l c i n e  temperature. T h i s  r a p i d  change i n  powder c h a r a c t e r  

ill u s t r a t e d  t h e  impor tance o f  c l o s e l y  c o n t r o l  1  i ng t h e  

c a l  c i n e  temperature.  Powder s u r f a c e  area, and consequent ly  

t h e  s i  n t e r a b i l  i ty o f  t h e  powder, decreased w i t h  i n c r e a s i n g  

c a l c i n e  temperature.  A h i g h l y  s i n t e r a b l e  powder l e d  t o  

b l a c k  c o r i n g  o r  b l o a t i n g  o f  t h e  p e l l e t  i n t e r i o r .  An 

optimum c a l c i n e  temperature  was s e l e c t e d  t o  meet t h e  

c r i t e r i o n  t h a t .  t h e  powder shou ld  be s u f f i c i e n t l y  a c t i v e  t o  

produce t h e  d e s i r e d  d e n s i t y  and m i c r o s t r u c t u r e  th roughou t  

t h e  pe l  l e t  w i t h o u t  l e a d i n g  t o  c o r i n g  o r  b l o a t i n g .  



C. D e n s i f i c a t i o n  and Gra in  Growth Development 

As was descr ibed  i n  t h e  prev ious sec t i ons  bo th  t h e  d e n s i t y  and 

g r a i n  s t r u c t u r e  were m a r g i n a l l y  acceptable. S i n te red  d e n s i t y  was acceptab le  

a t  green d e n s i t i e s  above 60% o f  t h e o r e t i c a l  d e n s i t y  bu t  t h e  h i gh  frequency o f  

c racked pe l  l e t s  and evidence o f  b l o a t i  ng i n  t h e  m i c r o s t r u c t u r e  made h i ghe r  

green d e n s i t i e s  unacceptable f o r  pe l  l e t  product ion.  Be1 ow a  green dens i t y  o f  

60%, t h e  as - s i n te red  d e n s i t y  was 1% TD below t h e  d e n s i t y  requirements and t h e  

g r a i n  s t r u c t u r e  was unacceptable. 

The g r a i n  s t r u c t u r e  had two major  f a i l i n g s ;  i t  was e i t h e r  

d i  s c o n t i  nuous o r  nonuni t o m  g r a i n  growth. I'he former s t r u c t u r e  occurs when 

some smal l  f r a c t i o n  o f  t h e  g r a i n s  grow t o  a  l a r g e  s i z e  consuming t he  un i fo rm 

g r a i n  s i z e  mat r i x .  The l a t t e r  s t r u c t u r e  occurs when t h e  g r a i n s  a t  t h e  

p e r i p h e r y  o f  t h e  pe l  l e t  ( t o  a  depth o f  50 t o  100 m i l s )  grow u n i f o r m l y  w h i l e  

t h e  i n t e r i o r  o f  t h e  p e l l e t  has a  very  f i n e  g r a i n  s i z e  (<ASTM 13 (4 m ic rons) )  

as il l u s t r a t e d  by t h o r i a  ba tch  35 (see i tem 2, o f  Table  I V ) .  The resu1t.s of 

k i n e t i c  s t ud ies  r epo r t ed  by Smid (Reference 11) demonstrated t h a t  t h e  g r a i n  

growth c h a r a c t e r i s t i c s  o f  t h e  pe l  l e t  su r f ace  were normal and c o n t r o l l e d  by 

u n i n h i b i t e d  g r a i n  boundary su r f ace  t ens ion  fo rces  and t h a t  t h e  g r a i n  growth 

c h a r a c t e r i s t i c s  o f  t h e  pe l  l e t  i n t e r i o r  were nonuniform as a  r e s u l t  o f  t h e  

presence o f  an i m p u r i t y  a c t i n g  as a  g r a i n  growth i n h i b i t o r .  The t r a c e  

i m p u r i t i e s  which i n h i b i t e d  cont inuous g r a i n  growth a t  t h e  p e l l e t  i n t e r i o r  were 

removed b y  v a p o r i z a t i o n  a t  t h e  pe l  l e t  ex te r i o r .  The i n v e s t i g a t i b n  on t h e  
k i n e t i c s  o f  g r a i n  growth i n  Tho2-base s i n t e r e d  compacts i s  repor ted  i n  

Reference 11. 

The cop rec i p i  t a t i o n  o f  ca lc ium oxal a t e  w i t h  tho r ium n x a l   at.^ was 

i n v e s t i g a t e d  t o  a s c e r t a i n  i f  l ow  l e v e l s  (< I50  ppm) o f  ca lc ium cou ld  be 

successful  l y  added as a  densi  f i c a t i o n  aid.  Dur ing  c a l  c i n a t i o n  t h e  ca lc ium 
oxa l  a t e  decomposed i n t o  c a l  c i  a  (CaO). 



1'. Background 

I n v e s t i g a t o r s  repor ted  i n  Reference 12 t h a t  t h e  d r y  b lending o f  

from 0.5 t o  3.0 w/o c a l c i a  i n t o  t h o r i a  powder increased t h e  

s i n t e r e d  dens i t y  up t o  96.5% from 80.2% f o r  t h o r i a  w i thou t  t h e  

c a l c i a  addi t ion.  These i n v e s t i g a t o r s  suggested t h a t  t h e  

increase i n  s . in te r ing  r a t e  was due t o  t h e  r a p i d  d i f f u s i o n  o f  

caZt, ~ h ~ ~ ,  and 0'- through t h e  vacancy s t r u c t u r e  which was 

c rea ted  by t h e  s u b s t i t u t i o n  o f  t h e  d i v a l e n t  ca lc ium i o n  f o r  t he  

quadr iva l  ent  t h o r i  urn. 

Jorgensen' and Schmidt (Reference 13) suggested t h a t  t h e  

a d d i t i o n  o f  c a l c i a  a l lows t h e  s i n t e r i n g  o f  t h o r i a  t o  proceed t o  

t h e o r e t i c a l  dens i t y  by i n h i b i t i n g  d iscont inuous g r a i n  growth 

and p e r m i t t i n g  a  h i g h  d i f f u s i o n  f l u x  o f  vacancies from pores t o  

t h e  g r a i n  boundaries. Di scontinuous g r a i n  growth i s  i n h i b i t e d  

when t h e  s o l i d  s o l u b i l i t y  l i m i t  (2.0 mol % f o r  CaO i n  Tho2) i s  

exceeded and t he  second phase p a r t i c l e s  segregate t o  t h e  g r a i n  
T 

boundary. The c a l c i a  p a r t i c l e s  reduce t h e  r a t e  o f  g r a i n  

boundary m i g r a t i o n  by e x e r t i n g  a  drag on t h e  g r a i n  boundary 

motion. However, f o r  t h e  l ow  l e v e l s  o f  CaO (210 ppm) added t o  

t h e  t h o r i a ,  Smid (Reference 11) pos tu l a ted  t h a t  CaO would no t  

r e s u l t  i n  s i g n i f i c a n t  g r a i n  boundary drag and would t h e r e f o r e  

have no de tec tab le  i n f l u e n c e  on g r a i n  boundary mig ra t ion .  

However, he d i d  propose a  mechani sm whereby these smal l  1  eve ls  

o f  CaO cou ld  poss ib l y  promote d e n s i f i c a t i o n  through acce le ra ted  

d i f f u s i o n s  r e s u l t i n g  from de fec t  s t r u c t u r e s  formed a t  t h e  g r a i n  

.boundary. 

Ca l c i a  was se lec ted  as a s i n t e r i n g  a i d  because o f  i t s  

r e l a t i v e l y  low neutron absorp t ion  c ross-sec t ion  o f  calcium. 

The l e v e l  o f  ca lc ium was l i m i t e d  t o  - < 150 ppm (L 210 ppm CaO) 

t o  min imize neut ron absorp t ion  i n  t h e  core. 



2. Exper imenta l  Procedure 

The amount o f  CaO added t o  t h e  t h o r i a  was s p e c i f i e d  i n  terms o f  

Ca. Three powder batches 37, 38, and 39 were prepared w i t h  

l e v e l s  o f  50, 100, and 150 ppm o f  Ca which was c o - p r e c i p i t a t e d  

as c a l c i u m  o x a l a t e  w i t h  t h e  t h o r i u m  oxa la te .  For  these  batches 

t h e  f r e e  n i t r i c  a c i d  c o n t e n t  and p r e c i p i t a t i o n  temperature  were 

1.15 f .02N and 41-42"C, r e s p e c t i v e l y ,  Tab1 e. I I. The t h o r i u ~ n  

oxa l  a t e  was c a l c i n e d  a t  900°C f o r  8  hours. The r e s u l t i n g  

powders were evaluaed f o r  p h y s i c a l  c h a r a c t e r i s t i c s ,  and 

s i  n t e r a b i  1  i t y .  

3. R e s u l t s  and D iscuss ion  

( a )  d a l  c i a  As a  ~ e n s i f i ' c a t i ' o n  A i d  

Coprec i  p i  t a t i o n  o f  c a l  cium oxal  a t e  w i t h  t h o r i u m  oxal  a t e  d i d  

no t  change t h e  powder character .  Compari son o f  non-ca lc ia  

t h o r i a  powder batches 35 and 36 w i t h  t h e  c a l c i a  bear ing  

batches 37 t h r u  39, Tab le  I V Y  showed t h a t  t h e  s u r f a c e  area 

o f  t h e  powders were w i t h i n  t h e  range o f  9.8 t o  10.8 m2/gn 

average p a r t i c l e  s i z e s  were w i t h i n  t h e  range o f  1.4 t o  1.6 

microns;  and bu lk  d e n s i t i e s  were w i t h i n  t h e  range o f  1.38 * 
.05 gm/cc. 

TI-om t h e  1675°C s i n t e r d b i l  i t y  t e s t s ,  t h e  increasing l c v c l  s 

nf C a n  i n  t-ems o f  Ca f rom 50 t o  150 ppm improved t h e  
d e n s i f i c a t i o n  o f  t h e  powder (see  F i g u r e  7-E) and i tems 14, 

15, and 16 o f  Tab le  IV ) .  From a  green d e n s i t y  o f  56 t h r u  

64%, t h e  as s i n t e r e d  d e n s i t i e s  o f  powder batches 38 and 39 

were n e a r l y  equ iva len t .  Compari son of t h e  1675°C 

s i n t e r a b i l  i t y  t e s t  curves,  F i g u r e  7-F f o r  t h o r i a  powder 

w i t h o u t  c a l c i a  ( b a t c h  35)  w i t h  t h o r i a  powder w i t h  c a l c l a  

( b a t c h  38) il l u s t r a t e d  t h e  improvement i n  s i n t e r e d  dens i t y .  



(b )  Gra.in Growth Development . 

Examinat ion o f  t h e  m i c r o s t r u c t u r e s  (F igu res  20, 21, and 22) 

suggested t h a t  t h e r e  was an' improvement i n  g r a i n  s t r u c t u r e  

e s p e c i a l l y  a t  t h e  low end o f  t h e  green d e n s i t y  range as a  

r e s u l t  o f  t h e  improved d e n s i f  i c a t i o n .  The b lack  o r  w h i t e  

c o r e  observed i n  t h e  m i c r o s t r u c t u r e s  pressed a t  62 and 64% 

of t h e o r e t i c a l  d e n s i t y  suggested t h a t  gases such as CO and 

C02 were entrapped as t h e  consequence o f  i ncomp le te  b i n d e r  

removal, and r e t a r d e d  t h e  g r a i n  growth as noted by a  

r e d u c t i o n  i n  g r a i n  s ize.  
. . 

Un i form g r a i n  growth throughout  t h e  p e l l e t  was achieved by 

i n c r e a s i n g  t h e  s i n t e r i n g  temperature  t o  1725°C f rom 

1675°C. The e f f e c t  o f  t h e  1725°C s i n t e r i n g  temperature  i s  

i l l u s t r a t e d  b y  batch 38 (see F i g u r e  23 and i t e m  17 o f  Tab le  

IV) .  Over t h e  e n t i r e  10% green d e n s i t y  range t h e  g r a i n  

s t r u c t u r e  was un i  form w i t h  no d i  s c o n t i  nuous g r a i n  growth. 

I n  c o n t r a s t ,  non-un i form g r a i n  s t r u c t u r e  was observed i n  

t h e  p e l l e t s  f rom powder batch 38 s i n t e r e d  a t  1675OC ( i t e m  

15 o f  Tab le  IV) .  

Dur ing  t h o r i a  p e l l e t  p r o d u c t i o n  t h e  g r a i n  s t r u c t u r e  was 

c o n t i n u a l l y  improved by s y s t e m a t i c a l l y  i n c r e a s i n g  t h e  

s i n t e r i n q  temperature  t o  1.750°C and f i n a l l y  t o  1790°C. The 

improvement i n  g r a i n  s t r u c t u r e  suggested t h a t  t h e  h i g h e r  

s i n t e r i n g  temperature  enhanced t h e  d i f f u s i o n  r a t e  o f  

i m p u r i t i e s  t h a t  had p r e v i o u s l y  i n h i b i t e d  un i form g r a i n  

growth (Reference 11) and t h a t  t h e  h i g h e r  s i n t e r i n g  

temperat u re  p rov ided  more energy f o r  g r a i n  growth. 

. . . . .  
( c )  ~'ummary 

The a d d i t i o n  o f  sma l l  q u a n t i t i e s  (<210 ppm) o f  c a l c i a  by  

c o p r e c i p i t a t i o n  enhanced t h e  d e n s i f i c a t i o n  o f  t h e  t h o r i a  



p e l  l e t s .  The c a l c i a  a d d i t i o n  d i d  no t  a f f e c t  t h e  powder 

phys i ca l  c h a r a c t e r i s t i c s .  The increase i n  s i n t e r i  ng 

tempera tu re  t o  1790°C f rom 1675°C produced t h e  des i r ed  

inc rease  i n  g r a i n  s i z e  and u n i f o r m i t y  des i r ed  f o r  t h e  LWBR 

core. 

D. I m p u r i t i e s  

Conversion o f  t ho r i um  n i t r a t e  s o l u t i o n  i n t o  Tho2 powder by t h e  

o x a l a t e  s a l t  process d i d  n o t  contaminate t h e  f i n i s h e d  product. Each batch was 

sampl ed and analyzed f o r  i m p u r i t i e s .  Representat ive analyses a r e  1  i sted i n  

Table  V f o r  t h e  va r ious  process parameter cond i t i ons .  Ne i t he r  t h e  range o f  

p r e c i p i t a t i o n  temperatures ( 35  th rough  53°C) eva luated nor  t h e  cop rec i p i  t a t i o n  

o f  ca lc ium a f f e c t e d  t h e  p u r i t y  of t h e  t h o r i a .  The inc rease  i n  boron l e v e l  

( f r o m  - < 1 t o  > 3.0 ppm) c o r r e l a t e d  w i t h  t h e  increase i n  c a l c i n e  temperature 

f r om  900 t o  1039°C. L i m i t  f o r  boron was 1.0 ppm. 

An i n t e n s i v e  i n v e s t i g a t i o n  showed t h a t  t h e  inc rease  i n  boron l e v e l  

came from t h e  Inconel  c a l c i n e  boats. Ana lys is  o f  t ho r i um  o x a l a t e  p r i o r  t o  

c a l c i n a t i o n  revealed t h e  boron con ten t  t o  be l e s s  than  0.2 ppm. Ana lys is  of 

t h o r i a  powder a f t e r  c a l c i n i n q  revea led  boron l e v e l s  o f  2.4 t o  < 10 ppm. Th is  

supported t h e  hypothes is  t h a t  boron contaminat ion occurred i n  t he  c a l c i n e  

step. I n  a d d i t i o n ,  boron uptake appeared t o  c o r r e l a t e  w i t h  t h e  increase i n  

c o r r o s i o n  product  (Fe, N i ,  and Cr)  pickup. The i n t e r a c t i o n  o f  t h e  a c i d i c  

t ho r i um  o x a l a t e  cake w i t h  t h e  Inconel  p l us  t h e  c a l c i n e  temperature o f  1039°C 

r e s u l t e d  i n  an increase i n  c o r r o s i o n  product. Wi th  repeated c y c l i n g  o f  t h e  

Incone l  boats  th rough  t h e  f u rnace  and boron l e v e l  was reduced below t h e  

s p e c i f i c a t i o n  l e v e l  o f  1  ppm. Also,  t h e  c l ean ing  o f  Incone l  boats by Tho2 

g r i t  b l a s t i n g  removed t h e  undes i rab le  c o r r o s i o n  product. 

I I I. THORIUM OXALATE SALT PRODUCTION PROCESS 

S e l e c t i o n  o f  t h e  t horP urn o x a l a t e  s a l t  process parameters was p red ica ted  

on t h e  r e s u l t i n g  t h o r i a  powder be ing  compat ib le  w i t h  t h e  g iven  LWBR p e l l e t  

process. As a r e s u l t  of t h e  need t o  have t h e  powder c h a r a c t e r i s t i c s  o f  t h e  



t h o r i a  and u ran ia  powders s i m i l a r  and t h e  p e l l e t  process d i f f e r e n c e s  (degree 

o f  powder comminution), t h e  powder p r o p e r t i e s  r e q u i r e d  t o  achieve. t h e  same 

h i g h  d e n s i t y  and un i fo rm g r a i n  s t r u c t u r e  were d i f f e r e n t .  The optimum c a l c i n e d  

sur face  areas f o r  t h e  t h o r i a  pe l  l e t  process and t h e  b i n a r y  pe l  l e t  process were 

6 t 2 m2/gm and 4.5 + '1.5 r ? l g m ,  r espec t i ve l y .  The key t ho r i um  oxal  a t e  s a l t  

process parameters were de f i ned  as f o l l  ows : 

B ina ry  (Tho2-U02) 

Thor ia  P e l l e t  Pel 1  e t  

~ r o ' c e s s  Parameter Process Process 

Free N i t r i c  Ac id .  1.1 f . IN 1.1 f .IN 

P r e c i p i t a t i o n  Temperature 43 + .  2°C 45 f 2°C 

Cal c i n e  Temperat u re  983 f 17OC 1039 t 17°C 

(1800 + 30°F) (1900 f 30°F) 

The e n t i r e  p roduc t ion  process parameters a re  summarized i n  Table VI. 

As a remedial  method o f  improving t h e  s i n t e r i n g  r a t e  o f  t h o r i a  p e l l e t s ,  

c a l c i a  was added t o  t h e  t h o r i a  by c o p r e c i p i t a t i o n  as ca lc ium oxalate.  The 

q u a n t i t y  o f  ca lc ium added was 125 + 25 ppm. Ca l c i a  was no t  r equ i r ed  as a  

d e n s i f i c a t i o n  a i d  f o r  t h o r i a  prepared f o r  t h e  b i n a r y  (U02-Tho2) p e l l e t  

process. 

The process .del i nea ted  i n  Tab1 e V I  was empl oyed throughout  powder 

p roduc t ion  t o  manufact ure powder f o r  t h o r i a  pe l  1  ets. The t o1  erances p laced on 

t h e  parameters were smal l  t o  min imize v a r i a b i l i t y  i n  powder charac te r  and 

f a b r i c a b i l i t y .  

'The maximum f i l t e r  press pump, pressure was increased t o  150 p s i g  f rom 

125 ps i g  t o  reduce' t h e  frequency o f  t h e  wet cakes c o n d i t i o n  d e s c r i b e d  e a r l  i e r  

i n  t he  r e p o r t  and observed i n  e a r l y  product ion.  Approximately 8% o f  t h e  

e a r l i e r  t ho r i um  oxa la te  cakes were wet. The r a t e  o f  wet cakes was reduced t o  

l e s s  than  0.5% f o l l o w i n g  t h e  inc rease  i n  t he  maximum f i l t e r  press pump 

pressure. 



Produc t i on  o f  t h o r i a  powder was mainta ined a t  a  r a t e  o f  1360 t o  2050 

k i log rams per week. The powder was blended i n t o  l o t s  o f  800 f 25 ki lograms, 

and each l o t  was eva lua ted  and c e r t i f i e d  as meet ing t he  chemical and phys ica l  

p r o p e r t y  requi rements  of t h e  powder s p e c i f i c a t i o n ,  Tables V and V I I ,  

r e s p e c t i  vely.  

Powder c h a r a c t e r i s t i c s  f o r  powder p roduc t i on  a re  summarized i n  Table 

V I I .  The data demonstrated t h a t  t h e  powder process parameters were bo th  

p r o p e r l y  d e f i n e d  and c o n t r o l  l e d  throughout product ion.    he powder 

c h a r a c t e r i s t i c s  o f  t h e  2  t ypes  o f  powder met t h e  To ta l  Order Q u a n t i t y  (TOQ) 

s t a t i s t ' i c a l  requirements,  w i t h  t h e  excep t ion  o f  95/99 upper 1  i m i t s  f o r  bu l k  

d e n s i t y  and average p a r t i c l e  s i z e  f o r  t h e  f i r s t  62 l o t s  o f  binar.y Tho2 

powder. The b u l k  d e n s i t y  d e v i a t i o n  o f  1.62 versus 1.60 gm/cc and average 

p a r t i c l e  s i z e  d e v i a t i o n  o f  2.38 versus 2.30 were i n s i g ~ ~ i f i c a n t  and d i d  no t  

a f f e c t  pe l  1  e t  manufactur ing.  

I V .  SUMMARY OF RESULTS 

Through a  s e r i e s  o f  exper imental  batches t h e  oxa la te  s a l t  process 

parameters f o r  c o n v e r t i  ng t h o r i  urn n i t r a t e  so l  u t i o n  i n t o  t b o r i a  powder were 

i n v e s t i g a t e d  t o  determine t h e  r e l a t i o n  between t h e  process parameters and t h e  

phys i ca l  charac te r  o f  t h e  powder. The r e s u l t s  o f  these experiments revea led  

t h a t  smal l  changes i n  p r e c i p i t a t i o n  temperature ( F i g u r e  4 ) -  f r e e  n i t r i c  ac i d  

( F i g u r e  l l ) ,  and c a l c i n e  temperature (F i gu re  13) a l t e r e d  t h e  phys i ca l  

cha rac te r  of t h e  powder. The da ta  demonstrated t h e  importance o f  c o n t r o l l i n g  

t h e  se lec ted  process parameters t o  t i g h t  to lerances.  The s p e c i f i c  lessons 

l ea rned  i n  t h e  development e f f o r t  a re  summarized as f o l l o w s :  

a. Free n i t r i c  a c i d  i n f l uenced  t h e  p r e c i p i t a t e d  cr.ysta1 l i t e  s i z e  and 

s i z e  d i s t r i b u t i o n .  As t h e  f r e e  n i t r i c  ac i d  content  o f  t h e  tho r ium 

n i t r a t e  s o l u t i o n  increased, an environment r e s u l t e d  t h a t  enhanced 

t h e  growth o f  t ho r i um  oxa la te  c r y s t a l  1  i t e s .  Therefore,  t h e  f r e e  

N i t r i c  a c i d  con ten t  o f  t h e  t ho r i um  n i t r a t e  s o l u t i o n  was c o n t r o l l e d  

t o  f 0.1N. 



b. P r e c i p i t a t i o n  temperature a f fec ts  bo th  t h e  p a r t i c l e  s i z e  and 

p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  p r e c i p i t a t e d  t ho r i um  oxala te .  

When t h e  p a r t i c l e  s i z e  i s  t o o  f i n e ,  t h e  tho r ium oxa la te  cannot be 

r e a d i l y  f i l t e r e d  'pressed. The wet soupy thor ium o x a l a t e  cake i s  

d i f f i c u l t  t o  handle and has t h e  p o t e n t i a l  t o  undergo p a r t i c l e  s i z e  

change by r e c r y s t a l  l i z a t i o n  e a r l y  i n  t h e  c a l c i n e  cycle.  A coarse 

p a r t i c l e  s i z e  p r e c i p i t a t e  can r e s u l t  i n  an i n a c t i v e  powder. The 

devel opment e f f o r t  demonstrated t h a t  w i t h  i nc reas ing  p r e c i p i t a t i o n  

temperature, t h e  p a r t i c l e  s i ze  increased. The p r e c i p i t a t i o n  

temperature se lec ted  was based on two c r i t e r i a :  ( 1 )  t h e  

p r e c i p i t a t e d  thor ium oxa la te  had t o  be compat ib le  w i t h  t h e  

subsequent oxa la te  s a l t  process ing steps; and (2) t h e  r e s u l t i n g  

t h o r i a  powders had t o  be compat ib le  w i t h  e i t h e r  t h e  t h o r i a  p e l l e t  

process o r  t h e  b i n a r y  (Tho2-U02) pe l  1  e t  process. 

c. A d d i t i o n  o f  smal l  q u a n t i t i e s  ( <  210 ppm) o f  c a l c i a  by 

coprec i  p i t a t i o n  improved t h e  d e n s i f i c a t i o n  o f  t h o r i a  pe l  l e t s  d u r i n g  

s i n te r i ng .  Crack f r e e  p e l l e t s  prepared from t h o r i a  powder w i t hou t  

t h e  c a l c i a  a d d i t i o n  s i n t e r e d  t o  d e n s i t i e s  t h a t  were 1% TD below t h e  

96.5% l i m i t .  S i  n te red  pe l  l e t  d e n s i t i e s  o f  98.1% TD were achieved 

us ing t h o r i a  powder w i t h  c a l  c i a  add i t i on .  The phys ica l  p r o p e r t i e s  

o f  t h o r i a  powder were no t  a l t e r e d  by t h e  c a l c i a  add i t i on .  

d. ~ a r l y  development t h o r i  um oxa la te  hexahydrate cakes removed from 

t h e  plate-and-frame f i l t e r  press were found t o  he so~.~py and . 

consequent ly d i f f i c u l t  t o  t r a n s f e r  t o  e i t h e r  t r a n s f e r  con ta i ne rs  o r  

Inconel  c a l c i n e  boats. I n  add i t i on ,  bo th  t h e  powder 

c h a r a c t e r i s t i c s  and powder s i n t e r a b i l i ' t y  were p o t e n t i a l l y  

u n c o n t r o l l a b l e  through t h e  mechanism o f  r e d i s s o l u t i o n  o f  t h e  

o r i g i n a l  c r y s t a l  1  i t e s  f o l l owed  by r e c r y s t a l  1  i z a t i o n  d u r i n g  t h e  

e a r l y  stages o f  c a l c i n i n g .  

A p p l i c a t i o n  o f  va r i ous  p r e c i p i t a t i o n  temperatures rang ing  from 35 

t o  4 4 O C  f a i l e d  t o  e l  im ina te  t h e  wet and soupy cake cond i t i on .  The 

problem was reso lved  by r e p l a c i n g  t h e  f i l t e r  press pump. The new 



pump had t h e  c a p a b i l i t y  o f  d e l i v e r i n g  a  d ischarge pressure o f  

approx imate ly  180 p s i g  i n  c o n t r a s t  t o  t h e  rep laced pump's d ischarge 

p ressure  o f  45 ps ig .  

Pumping t h e  s l u r r y  i n t o  t h e  press a t  t h e  h igher  pump pressures (125 

t o  180 p s i g )  r e s u l t e d  i n  uni form packing o f  t h e  press. The un i fo rm 

s t r u c t u r e  o f  t h e  t ho r i um  o x a l a t e  p a r t i c l e s  was und is tu rbed  by t h e  

dewate r ing  a i r  pressure and thereby pe rm i t t ed  t h e  s l u r r y  t o  be 

dewatered t o  a  d r y  cake. 

The dr.y cake was more s u i t a b l e  f o r  i n  process hand l ing  and 

e l  im ina ted  t h e  p o t e n t i  a1 f o r  u n c o n t r o l l  ed d i s s o l u t i o n  and 

r e c r y s t a l  l i z a t i o n  o f  t h e  t ho r i um  oxal a t e  c r y s t a l  l i t e s  du r i ng  t h e  

c a r l y  stages o f  c a l c i n a t i o n .  

e. C a l c i n i n g  was done i n  two stages: ( 1 )  low temperature stage and ( 2 )  

h i g h  temperature s t  age. The 1  ow temperature s tage conver ted t h e  

t h o r i u m  oxal  a t e  hexahydrate i n t o  Tho2 powder and t h e  h i g h  

temperature s tage e s t a b l i s h e d  t h e  phys i ca l  p r o p e r t i e s  o f  t h e  

powder. 

The decomposi t ion o f  t h e  t ho r i um  oxa la te  d u r i n g  t h e  low temperature 

s tage  reduced t h e  volume o f  t h e  cake by approx imate ly  30 t o  50%. 

F o l l o w i n g  t he  l o w  temperature c a l c i n e  stage, t h e  powder from two 

c a l c i n e  boats was combined i n t o  one c a l c i n e  boat. However, 

i ncompl e t e  convers ion o f  t h e  t h o r i  um oxal  a t e  t o  Tho2 powder r esu l  t s  

i n  a  bu l ky  cake which i s  d i f f i c u l t  t o  conso l i da te  from two boats  

i n t o  one boat. 

Three methods o f  o b t a i n i n g  complete decomposi t ion o f  t h e  tho r ium 

o x a l a t e  were considered; these  were t h e  f o l l o w i n g :  

1 )  Reducing t h e  bed d e p t h . o f  t h e  tho r ium oxa la te  i n  t h e  c a l c i n e  

boat f rom 6 inches t o  approx imate ly  3 t o  4 inches. 



2)  S t i r r i n g  o f  t he  thor ium oxa la te  du r i ng  ca l c i n i ng .  

3 )  A l t e r  t h e  temperature p r o f i l e  o f  t h e  low temperature c a l c i n e  

furnace. 

The f i r s t  two items were imp rac t i ca l  t o  implement as t h e  methods 

r e s u l t e d  i n  a  reduc t i on  i n  p roduc t ion  ra te .  

To op t im ize  t h e  1 ow temperature c l a c i n i n g  temperature p r o f i l e ,  

t h o r i  um oxa la te  mater i  a1 was processed th rough t h e  furnace under 

t h e  cond i t i ons  summari zed be1 ow: 

Test Furnace Furnace Contro l  Temperature Se t t i ngs  Thor i  um Oxalate 

No. Stok ing Speed Zone 1 Zone 2 Zone 3 and 4 Time Above 300°C 

1 2 f t . /hr .  540 "C 700 "C 700 "C 3  hrs. minimum 

. 2  2 54 0 54 0 700 1 hr. 

3 .  4  540 700 700 0 

A thermocouple bu r i ed  i n  t he  thor ium oxa la te  cake measured the  

temper'ature o f  t h e  cake as i t  proceeded through t h e  furnace. 

Thorium oxa la te  s t a r t s  t o  decompose i n t o  Tho2 powder a t  300°C. The 

temperature p r o f i l e  de f ined  by t e s t  No. 1, as noted above, r e s u l t e d  

i n  t he  thor ium oxa la te  cake being above 300°C f o r  a  minimum. o f  3  

hours. Th i s .p rov ided  t h e  cond i t i ons  f o r  decomposit ion o f  t h e  

t ho r i um oxa la te  i n t o  Tho2 powder. Dur ing powder product ion,  t h e  

temperature p r o f  i 1 e o f  t h e  1 ow temperature furnace was c o n t r o l  1  ed 

t o  t h e  cond i t i ons  o f  t e s t  1. 

F i n a l  powder phys ica l  p r o p e r t i e s  were es tab l  i shed du r i ng  t he  h i gh  

temperature stage. Contro l  o f  t h e  as-received t ho r i a  powder 

sur face  area and p a r t i c l e  s i z e  i s  impor tant  t o  ensure proper  

m i c r o n i z a t i o n  i n  terms o f  su r face  area increase and mix ing  o f  U02 

and Tho2 powders i n  o rde r  t o  s i n t e r  t o  d e n s i t i e s  g rea te r  than 96.5% 

blend average, t o  achieve g r a i n  growth du r i ng  s i n t e r i n g  and t o  



ensure  a  s a t i s f a c t o r y  homogeniza t ion  o f  u r a n i a  mixed w i t h  t h e  

t h o r i a .  The c a l c i n e  tempera tu re  was c o n t r o l  1  ed t o  a  tempera tu re  

t o l e r a n c e  o f  f 30°F (f 17°C) t o  ach ieve  a  powder o f  c o n s i s t e n t  

p h y s i c a l  p r o p e r t i e s .  

The process parameters  were e s t a b l i s h e d '  t o  produce two d i f f e r e n t  t h o r i a  

powders; each powder was des igned t o  be compat i b l e  w i t h  one o f  t h e  two p e l  l e t  

manu fac tu r ing  processes. The f r e e  a c i d  was 1.1 f . l N  f o r  t h e  two powder 

processes.  The p r e c i p i t a t i o n  tempera tu re  was 43 i 2°C f o r  powder made f o r  t h e  

t h o r i a  pe l  l e t  process w h i l e  t h e  p r e c i p i t a t i o n  tempera tu re  was 45 + 2°C f o r  

powder made f o r  t l i e  b i n a r y  pe l  l e t  process. The c a l c i n e  temperatures  were 

983 2 17°C f o r  t h o r i a  pe l  l e t  p rocess powder and 1039 + 17°C f o r  b i n a r y  pe l  l e t  

p rocess powder. 

W i t h  t h e  unders tand ing  o f  how t o  a l t e r  t h e  p h y s i c a l  c h a r a c t e r  o f  t h e  

t h o r i a  powder t h r o u g h  c o n t r o l  o f  t h e  o x a l a t e  s a l t  process parameters, a  t h o r i a  

powder was produced t o  be c o m p a t i b l e  w i t h  t h e  developed p e l l e t  f a b r i c a t i o n  

processes.  A s i n t e r a b i  1  i ty  t e s t  program was perfonned t o  e v a l u a t e  t h e  v a r i o u s  

powder batches f o r  p r o d u c i n g  t h o r i a  pe l  l e t s  o f  h i g h  d e n s i t y ,  h i g h  q u a l i t y ,  and 

u n i f o r m  g r a i n  s ize .  The f l o w  d iagram o f  t h i s  t e s t  program i s  shown i n  F i g u r e  

1. S i n t e r a b i l i t y  t e s t  program t e s t  p e l l e t s  were compacted t o  a  s i z e  o f  0.896 

i n .  d iamete r  and .890 i n .  l e n g t h .  T h i s  s i z e  p e l l e t  was s e l e c t e d  as  i t was 

c o n s i d e r e d  t o  be t h e  most d i f f i c u l t  pe l  l e t  t o  make w i t h  r e s p e c t  t o  h a n d l i n g  

t h e  p e l l e t  i n  t h e  green s t a t e  and a c h i e v i n g  a  h i g h  d e n s i t y  p e l l e t  w i t h  u n i f o r m  

g r a i n  s i z e  i n  c o n t r a s t  t o  t h e  b l a n k e t  and seed s i z e  pe l  l e t s .  

Many o f  t h e  process development problems a r e  summaried above. The 

prob lems o f  c o n t a m i n a t i o n  o f  t h e  po\vder e i t h e r  by  t h e  s t a r t i n g  m a t e r i a l s  o r  by 

t h e  process have n o t  been discussed.  The lessons l e a r n e d  i n  r e s o l v i n g  t h e  

powder c o n t a m i n a t i o n  a r e  summarized as f o l l o w s :  

a. To m i n i m i z e  c o n t a m i n a t i o n  o f  t h e  Tho2 powder from s t a r t i n g  

m a t e r i a l  s, spec i  f i  c a t i o n  r e q u i  rements were imposed on t h e  vendor 

s u p p l y i n g  t h e  m a t e r i a l s  such as o x a l  i c  a c i d  c r y s t a l s .  The 

c h e m i s t r y  requ i remen ts  f o r  oxa l  i c  a c i d  c r y s t a l s  were as f o l l o w s :  



1. H2C20 2H20 (oxa l  i c  ac i d )  99.5% m i  n. 

2. Ca 125 ppm max. 
3. S u l f a t e  1000 ppm max. 

4. I n d i v i d u a l  Cat ions 80 ppm max. 

5. To ta l  In ipur i  t i e s  1000 pprrl max. 

a. Dur ing t h e  f i r s t  p roduc t ion  pe r i od  (1970 - 1973) t h e  s u l f a t e  l e v e l  

i n  t h e  o x a l i c  ac i d  c r y s t a l s  was w i t h i n  t h e  s p e c i f i c a t i o n  

requirements. The s u l f a t e  l i m i t  was re l axed  t o  1500 ppm t o  

accommodate schedular cons idera t ions  i n  t he  second p roduc t i on  

pe r i od  (1974-1975). 

Metal l og raph i c  eval u a t i o n  o f  s i  n te red  pe l  l e t s  made from Tho2 powder 

p r e c i p i t a t e d  from oxal  i c  a c i d  o f  h i g h  s u l f a t e  .l eve1 s  (1000-1500 

ppm) revealed second phase a t  t h e  g r a i n  boundaries. Scanning 

e l e c t r o n  microscope examinat ion i d e n t i  f . ied t h e  ,presence o f  

t r a n s i t i o n  metal su l f i des .  The t r a n s i t i o n  metal s u l f i d e s  second 

phase was no t  observed i n  pe l  l e t s  produced from Tho2 powders 

p r e c i p i t a t e d  from oxal i c  ac i d  w i t h  s u l f a t e  l e v e l s  o f  - < 1000 ppm. 

Oxa l i c  a c i d  w i t h  s u l f a t e  l e v e l s  exceeding 1000 ppm was no t  

pe rm i t t ed  t o  be used i n  t he  p r e c i p i t a t i o n  s tep  o f  t h e  process. 

b. Thorium oxa la te ' cake  p e r i o d i c a l l y  was observed t o .  e x h i b i t  y e l i o w  

d i  scol  o ra t ion .  The ye1 low d i  sco l  o r a t i o n  o f  t h e  cake was a t t r i b u t e d  

t o  i r o n  contaminat ion o f  bo th  t h e  o x a l i c  a c i d  s o l u t i o n  and 

de ion ized  water. 

S ta in1  ess s t ee l  c o r r o s i o n  product  r e s u l t i n g  f rom t h e  i n t e r a c t i o n  o f  

t h e  o x a l i c  a c i d  w i t h  t h e  s t a i n l e ~ s  s tee l  s to rage  tanks was t h e  

source o f  t h e  h i g h ' i r o n  l e v e l s  i n  t h e  ac i d  so l u t i on .  The i r o n  

l e v e l  i n  t h e  a c i d  s o l u t i o n  was c o n t r o l l e d  by ma in ta i n i ng  t h e  

temperature o f  t h e  a c i d  s o l u t i o n  below 140°F and d i sca rd i ng  the  

ac i d  s o l u t i o n  i f  t h e  Fe l e v e l  exceeded 500 pprn. 



I r o n  con tamina t ion  o f  de i on i zed  water was v i s u a l l y  i d e n t i f i a b l e  by 

a  d i s c o l o r a t i o n  o f  t h e  water. Process c o n t r o l s  were es tab l i shed  t o  

ensure t h a t  water f rom t h e  de ion i ze r s  was f r e e  o f  d i s c o l o r a t i o n  

be fo re  be ing p laced i n  s to rage  tanks. These c o n t r o l s  were t h e  

f o l  l ow ing :  

1. Ma in ta i n i ng  a  f l o w  o f  water through t he  p i p i n g  l ead ing  t o  t h e  

d e i o n i z e r s  a t  a l l  t imes. 

2. Examinat ion o f  t h i s  f l o w  o f  water ( i t e m  1.) above, f o r  c o l o r  

p p r i n r l i r a l l y .  

3. S t a r t i n g  a  f l o w  o f  water  from t h e  de ion i ze r s  and examining t h i s  

f l o w  f o r  c o l o r  be fo re  d i v e r t i n g  t h e  f l o w  t o  s torage tanks. 

4. V e r i f y i n g  and t a g i  ng t h e  water i n  t h e  s torage tanks as f r e e  o f  

c o l o r  p r i o r  t o  use. 

5. Changing t h e  i n - l i n e  f i l t e r s  a f t e r  p r e p a r a t i o n  o f  each batch o f  

oxa l  i c  ac i d  sol  u t  ion. 

c. Fore ign  b lack  p a r t i c l e s  observed i n  bo th  the  t ho r i um  oxa la te  

p r e c i p i t a t e  and t h e  t h o r i a  powder were considered as a  poss ib l e  

cause o f  b lowholes observed on t h e  sur face  o f  t h o r i a  pel  l e t s  and 

b i n a r y  pe l  l e t s .  To e l  im ina te  these unacceptable f o r e i g n  p a r t i c l e s  

t h e  f o l l  owing a c t i o n s  were performed: 

1. The g r a p h i t e  packing i n  t h e  packing g land on t h e  p r e c i p i t a t i o n  

t ank  a g i t a t o r  was rep laced  w i t h  a  ny l on  bushing. 

2. Three o l d  p l ug  cocks i n  t h e  heel ( r e s i d u e  thor ium o x a l a t e  

s l u r r y )  were rep laced  w i t h  t e f l o n  l i n e d  s t a i n l e s s  s t ee l  p lug  

cocks. 

3. The e x i s t i n g  sten1 pack ing i n  t h e  needle va lve  c o n t r o l l i n g  t h e  

f l o w  o f  o x a l i c  a c i d  s o l u t i o n  was rep laced  w i t h  t e f l o n  packing. 



d. Inc reas ing  t h e  ca l  c i n e  temperature t o  1039°C f rom 983°C r e s u l t e d  i n  

a  contaminat ion o f  t h e  powder w i t h  n i c k e l .  The l e v e l  o f  n i c k e l  

increased from t y p i c a l l y  10 t o  25 ppm t o  l e v e l s  o f  40 t o  90 ppm 

versus t h e  s .pec i f i ca t i on  1  i m i t  o f  50 ppm. 

Source o f  t h e  n i cke l  contaminat ion was t r aced  t o  Inconel  co r ros i on  

product found i n  t h e  t ho r i a  powder f o l l  owi ng t h e  h i g h  temperature 

ca l c i n i ng .  The i n t e r a c t i o n  o f  t h e  a c i d i c  tho r ium o x a l a t e  w i t h  t h e  

c a l c i n e  boat  du r i ng  c a l c i n i n g  promoted t h e  spa1 li ng o f  t h e  Inconel  

boat i n t o  t h e  powder. 

Tho r i a  g r i t  b l a s t i n g  o f  t h e  i n t e r i o r  and e x t e r i o r  Inconel  boats 

a f t e r  each c a l c i n e  run  e f f e c t i v e l y  removed n e a r l y  a l l  o f  t h e  

Inconel  co r ros i on  scale. I n  add i t i on ,  t h e  s p e c i f i c a t i o n  1  i m i t  f o r  

n i c k e l  was ra i sed  t o  100 ppm f rom 50 ppm f o r  b i n a r y  t h o r i a  . 

powder. The l e v e l  o f  n i c k e l  contaminat ion was reduced t o  

acceptable 1  eve1 s. 
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TABLE I 

IMPURITY REQUIREMENTS FOR THORIUM NITRATE SOLUTION 

I m p u r i t y  S p e c i  f i c a t i o n  L i m i t  

R a r e  E a r t h s  



TABLE I 1  
PROCESS CONVERSION PARAMETERS 

Batch  No. 
Tho r i  um N i t r a t e  Sol  ' n. 

Concentr .3 t ion (gm/ l )  
F ree  Ac id  (N )  
C3 A d d i t i o n  (ppm) 

(ppm added/ppm analyzed) 

Oxal i c  Ac id  So l 'n .  

Concen t r3 t i on  (w/o) 
Temperature (OC) 

P r e c i p i t a t i o n  

Temperature ( " C )  Ac tua l  
A d d i t i o n  Rate (Gal ./Min.) 
D i g e s t i o n  Time (Min.) 

F i l t r a t i o n  

F i l t e r  Feed Pump Press ( p s i g )  
Wash Time (Min.) 
A i r  Time (Min.) 
pH Wash 'dater 
Cake C o n d i t i o n  

C a l c i n i n g  

Max. Temperature ("C) 
Time {Hours) 

2 7 - 

196 
1.09 
None 

20.13 
62 

43-44 
2.5 

15 

4 5 
3 0 

125 
4.2 
Wet 

900 
8 

2 8 - 

200 
1.12 
None 

20.8 
5 7 

39-40 
2.5 

15 

4 5 
90 

125 
3.4 
Wet 

900 
8 

200 199 198 
1.13 1.14 1.13 
None None None 

45 4 5 
90 95 

125 12 5 
3.6 3.2 
Wet Wet 

20.6 
5 7 

35-36 
2.5 

15 

45 
136 
125 
3.0 
Wet 

90 0 
8 

3 2 - 

198 
1.10 
None 

20.6 
5 7 

38-39 
2.5 

15 

4 5 
93 

130 
3.3 
Wet 

90 0 
8 

34 - 

196 
1.49 
None 

20.74 
5 6 

38-39 
2.5 

15 

175 
154 

. 128 
3.2 
Dry 

90 0 
8 

3 5 - 

193 
1.13 
None 

20.24 
5 8 

41-42 
2.5 

16 

175 
114 
125 
3.2 
D r y  

90 0 
8 

198 
1.15 
None 



TABLE P I  ( con t  i nu ted )  
PRC*CESS CONVERSION PARAMETERS 

Reproduci b i l  i t y  
Phrase 

4 3 - 44 - 46 t h r u  65 Batch 140. 

Concentrat i o n  (gm/ 1) 
Free Ac i d  (N) 
Ca A d d i t i o n  (ppm) 

19 8 198 
1.17 2.0 
None None 

195 198 199 + 3 
1.06 1.15 1.07 t o  1.18 
None None 125 5 25 

Oxal i c Ac id  Sol ' n. 

Concen t ra t ion  (w/o) 
Temperature (OC) 

P r e c i p i t a t i o n  

Temperature ("C) Actua l  
A d d i t i o n  Rate (Gal./Min.) 
D i g e s t i o n  Time ( M i  n. ) 

F i l t r a t i o n  

F i l t e r  Feed Pump Press ( ps i g )  
Wash Time (Min.) 
A i r  Time (Mi n.) 
pH Uash Water 
Cake Cond i t i on  . 

175 175 
215 '1 70 
125 130 
3.1 3.1 
Dry Dry 

3.15 3.1 
Wet Dry 

C a l c i n i n g  

Max. Temperature (OC) 

Time t(ours 



Batch No. 

Avg. P a r t i c l e  C jze  (m ic rons)  
Sur face Area (m Igm) 
&I1 k  Dens i t y .  (gmlcc)  ., 

Batch No.. 

Avg. P a r t i c l e  S 'ze  (m ic rons)  
Sur face Area (m Igm) 
Bulk  Dens i t y  (gmlcc)  

Batch No. 

A-49. . P a r t i c l e  S 'ze (m ix rons)  3 Sur face  Area (m Igm) 
Bul k  Dens i t y  (gmlcc)  

TABLE I 1 1  
THORIA POWDER CHARACTERISTICS - NLO DEVELOPMENT PROGRAM 

Reproduc ib i l  i t y  Phase 
46 t h r u  65 

43 - 44A - 44B - 44C - Average Range 



TABLE I V  
S I  VTERABILI-Y TESTS: EVALUATION OF Tho; POWDEES 

Batch S i n t e r i n g  X Grsen % S i n t e r e d  Cracks Granule G r a i n  S ize  (ASTM No.) 
No. Temp "C Dznsi  t:4 D e n s i t y  I n t e r n a l  E x t e r n a l  S e g r e g a t i m  Edge Mid Pt. + Center  

1 27 1675 54 94.2 313 017 1 - 5 N. D. N. D. 
56 94.3 3 13 0 I 7  1-5 N.D. N.D 
58 94.7 3 13 01  7 1-5 12.3 13-N. D. 
60 95.2 3 13 0 17 2-5 N. D. -D N. D. 
6 2 96.2 213 017 2-7 9.7-N.D. N. D. 

35 1675 54 95.4 0 I 3  0 I 7  1-1 N.D. N.D 
5 6 95.6 2 13 017 1-2 8.7-NOD. 9.9-N. D. 
5 8 96.0 0 13 0 17 1-3 N. D. N. D. 
6 0 96.9 013 017 1-2 10.7-N.D. 8.7-N. D. 
62 97.3 2 13 5 I 7  1- 1 9.1 11.1-N.D. 
64- 97.8 113 517 1-1 9.8 10.8-N. D. 

3 6 1675 54 95.4 2 73 6 17 1-1 N. D. N.D. 
56 96.4 113 1 / 7 1-4 . N. D. N. D. 
5 8 96.5 2 13 0 17 1-2 N. D. N. D. 
60 97.1 113 017 1- 1 10.4-N. D. N.D. 
62 98.3 0 I 3  0 I 7  1- 1 9.9-N. D. 10.5-N.D. 
6 4 98.9 013 017 1-2 9.9 9.9-N. D. 

N.D. - G r a i n  S t r u c t u r e  n o t  d i s c e r n i b l e  a t  a m a g n i f i c a t i o n  o f  250X. 

* - The r a t i o  ( a l b )  r e f e r s ,  t o  t h e  number o f  m e t a l l o g r a p h i c  samples ( a )  r e j e c t e d  o u t  o f  t h e  number o f  
metal  l og raph ic  sarr~pl es. ( b )  inspected.  



TABLE I V  (cont inued)  

Tho2 
Batch S i  n t e r i  ng 

No. Temp "C 
N r e e r  % S in te red  Cracks Granule Gra in  S ize  (ASTM No.) 
Dens i ty  Dens i t y  I n t e r n a l  Externa l  Segregat ion Edge Mid P t .  + Center 

54 94.7 013 017 1-1 N. D. N.D. 
5 6 94.6 013 017 1-1 N.D. N. D. 
58 95.7 113 717 1-1 N.D. N. D. 
60 97.0 2 13 7 17 1-1 7.0-N.D. 7.0-N'.D. 
6 2 97.5 - 7/7 - - - 

N.D. 
N. D. 
N.D. 
12.2-N.D. 
8.7 
8.6 

N.D. 
N.D. 
N. D. 
N.D. 
5.3 
5.4 

N.D. 
N. D. 
N.D. 
N.D. 
N.D. 
N.D. 

N.D. 
N. D. 
N.D. 
N.D. 
N.D. 
N. D. 

N.D. 
N.D. 
11 .o 
10.2 
9.3 
917 

N.D. 
N. D. 
N.D. 
9.8 
9.6 
9.9-N.D. 

41 A 1675 
(Cal c i  ne 
Temp o f  
900°C 

N. D. 
N. D. 
N.D. 
N.D. 
7.8-N.D. 
D-N.D. 

N.D. 
N.D. 
N,. D . 
D-N.D. 
9.4 
,10.7 



TABLE I V  (cont inued)  

Tho, 
L 

Batch S i  n t e r i n c  
No. Temp "C 

%. G r e e i  % S i n t e r e d  
D e n s i t y  Densi t )  . 

Cracks 
I n t e r n a l  E x t e r n a l  

Gra in  S i z e  (ASTM No.) 
Edge Mid Pt. + Center 

4  1  B  16 75 
( C a l c i n e  
Temp o f  
969 "C)  

4  1 C 1675 
( C a l c i n e  
Tern;) o f  
1039°C) 

N. D. N. D. 
N. D. N.D. 
N. D. N. D. 
10.2-D 10.2-N.5. 
10.5 11.0 
9.9-D 10.6 

44A 1675 
(Ca lc ine  
Tem? o f  
900 "C ) 

44B 1675 
(Ca lc ine  
Tern3 o f  
969 "C ) 

44C 1675 
(Cal c i  ne 
Tern2 o f  
1033 "C) 



TABLE I V  (cont inued)  

Batch S i n t e r i n g  % Green % S i n t e r e d  Cracks Granule Gra in  S i z e  (ASTM No.) 
No. Temp O C  D e n s i t y  D e n s i t y  I n t e r n a l  Ex te rna l  Segregat ion Edge Mid Pt. + Center  

14 3 7 1675 5 4 95.1 113 O/ 7 1-2 N. D. 13.5-N. D. 
.(Ca-61 56 96.0 113 . 017 1-5 N. D. N. D. 
P pm, 58 95.9 0 13 017 1-2 N.D. 12.6-N.D. 

, 60 98.2 0 13 0 I 7  1-1 9.2 10.8-N.0. 
52 97.9 013 017 1- 1 5.3 8.2-N. D. 
6 4 97.8 2 I 3  6 17 1-2 8.9 11.3-N.D. 

15 3 8 1675 5 4 95.7 113 017 1-2 N. D. 10.1 
(Ca- 120 56 97.1 1 13 0 17 1 -3 11.2-N. D. 8.6-N.D. 
P P ~ )  5 8 98.4 013 017 1- 1 10.6-N. D. .7.6 

6 0 98.5 1 I 3  0 17 1- 1 9.1 6.7 
62 98.4 113 217 1- 1 9.3 7.4 
64 98.4 0 I 3  4 I 7  1-2 10.2. 9.5 

16 3 9 1675 54 97.0 013 017 1-2 10.1 N. D. 
(Ca- 170 5 6 97.4 1 13 0 /7 1- 1 10.3 12.5-N.D. 
P Pm 5 8 98.0 ' 013 O/ 7 1-.I 9.8 11.5 

60 98.4 0 I 3  0 I 7  1-1 10.1 11.4 
6 2 98.7 113 217 1- 1 11 .O 11.1-N.D. 
6 4 98.7 2 13 .7 17 1 - 1 9.7 10.7-N.D. 

(1)  Sarnpl es were t o o  severe ly  cracked f o r  geometr ic d e n s i t y  deterrni nat ion.  



Batch  No. 
I m p u r i t y  

A 1 
B 
C 
C a 
C1 + B r  
C 0 
C r  
Cu 
F 
Fe 
H g 
Mg 
Mn 
Mo 
N 
N i 
S i 
T i  
U 
v 
DY 
Eu 
Gd 
Sm 
%Th 

TABLE V 
REPRESENTATIVE IMPURITY ANALYSES OF DEVELOPMENT PCWDER BATCHES 

Maxirum 
A1 1 ovab l  e 
L i n i t  (ppm) - 3 C 

Devel opment program 
43 - 448 - 

Ppt. temp Ppt. Temp C a l c i n e  
= 3 E - 3 3 O C  = 53°C Temp. = 

,300 "C 

C a l c i n e  
Temp. = 
1039 "C 

C a l c i n e  
l e v e l  = 
155 ppm 



TABLE V I  
PRODUCTION THORIUM OXALATE CONVERSION PROCESS PARAMETERS 

Process Step Thor ia  w i t h  Ca A d d i t i o n  

1. P u r i f i c a t i o n  o f  Thor i  um N i t r a t e  a. Process parameters descr ibed i n  Reference ( 7 )  

2. P r e p a r a t i o n  o f  Thorium N i t r a t e  S o l u t i o n  a. Thorium Concent ra t ion:  220 t 30 gm. Th / l  i t e r  
b. Free HN03: 1.'1 f. 0.1N 
c. Batch s i ze :  285 2 25 16. Th 

3. A d d i t i o n  o f  Calcium i n  t h e  Form o f  a. Q u a n t i t y :  46.8 f 0.1 gm. ca lc ium n i t r a t e / 1 0 0  lb.  
Calc ium N i t r a t e  C r y s t a l s  t o  Thorium N i t r a t e  equi v a l e n t  Tho2 t o  y i e l d  125 f 25 pprn 
S o l u t i o n  (App l ies  t o  t h o r i a  pow3er w i t h  
c a l  c i  urn addi t i o n ) .  b. M ix ing  t ime:  Minimum o f  5  minutes 

4. P r e p a r 3 t i o n  o f  Oxal i c  Ac id  So1u;ion 

5. P r e c i p i t a t i o n  o f  Thorium Oxala te  

6. F i l t r a t i o n  and D r y i  ng by Plate-and-Frame 
Press 

a. Concent ra t ion:  20.45 f 0.60 w/o oxa l  i c  a c i d  
b. Mix ing t ime:  Minimum o f  5  minutes 
c. Temperature: 135 f 5OF (5 + 3°C) 

a. Temperature o f  tho r ium n i t r a t e :  
1. Thor ia  w i t h  ca lc ium a d d i t i o n :  110 t 3°F (43" f 2°C) 
2. Thor ia  w i t h o u t  ca lc ium a d d i t i o n :  113 t 3"F(45" + Z°C) 

b. ~ e m p e r a t u r e  o f  o x a l i c  ac id :  135 f 5'F (57 i 3°C) 
c. Spray r a t e  o f  o x a l i c  ac id :  2.5 f. 0.1 gpm 
d. Q u a n t i t y :  5  t 2  w/o excess o f  t h e  s t o i c h i o m e t r i c  

q u a n t i t y  o f  oxa l  i c  a c i d  
e. D i g e s t i o n  per iod:  lllinimum o f  15 minutes a t  temperature  

of 110 + 3°F (43 f 2°C) 

a. Pump pressure:  100 t o  150 p s i g  
b. F i l t e r  c l o t h :  Po lypropy lene f e l t  o f  0.070" t h i c k  by 

25" wide 
c. Wash cake w i t h  de ion ized  H20 u n t i l  pl-i 3.0 and a  

minimum wash t i m e  o f  90 minutes us ing  f l o w  r a t e  o f  
5-12 gpm 

d. A i r  d r y  f o r  a  minimum o f  120 minutes 



TABLE V I  ( c o n t i n u e d )  

Process 5 , t ~ p  

7. Packaging and Shipmznt 

8. A i r  C a l c i n a t i o n  o f  T h o r i m  O r 3 l a t e  t o  
Tho2 Powder by a  2-s tage Thermzl Cycl e  

9. B lend ing  and Packaging 

T h o r i a  , w i t h  Ca A d d i t i o n  

a .  Thorium o x a l a t e  cake removed f rom t h e  press  and packaged 
i n  p o l y e t h y l e n e  ' tags ( 2 )  i n s i d e  o f  5 - g a l l o n  s t e e l  can o r  
packaged i n  5-gal l lon p c l y e t h y l e n e  con ta ine rs .  Then t h e  
c o n t a i n e r s  a r e  sk ipped t o  t h e  vendor (GE) f o r  c a l c i n a t i o n  
and b lend s teps  o f  t h e  process. 

a. Low temperature  $ t a g ?  
(1 )  Bed depth:  6 "  marimurn 
( 2 )  T e ~ n p e r a t u r ~ :  13ClC + 30 -75°F (705 + 16 - 42°C) 
( 3 )  Atmosphere: A i r  

b. H igh temperature  s tage  
( 1 )  6ed depth:  6 "  max'mum 
( 2 )  Tenperat u r ~ :  

a. T h o r i a  w i th i  c c l c i u m  a d d i t i o n s :  
1800" + 30'"F 1383" 2 17°C) 

b. T h o r i a  wi thout .  c a l  ciurn a d d i t i o n s :  
190" f SO0F' (1039 f 17°C) 

( 3 )  Time a t  t e r p e r a t u r e :  3 + 0.25 h r .  
(4 ) Atniosphere: A . i r  

a. Blend s i x  powder batches i n  a  20 cu  f t  
s t a i n 1  ess s t e e l  t w i  n she1 1 b lender  f o r  30 + 5  minutes.  
Nominal powder l o t  s i z e  o f  700 kgs. 

b. Sample l o t  f o r  chemis t r y  and p h y s i c a l  p r o p e r t y  
c h a r a c t e r i z a t i o r .  

c. Powder (12.5 kg) packaged i n s i d e  p o l y e t h y l e n e  bags ( 2 )  
i n s i d e  o f  3.5 g e l l o n  s t e e l  can. 



TABLE V I  I 
PRODUCTION Tho2 POWDER CHARACTER IST ICS SUMMARY 

Maximum 
P a r t i c l e  Bulk 

S u r f  c e  Area** 2 S i  ze D e n s i t y  
(m 1 9 )  (m ic rons )  ( gmlcc) 

A. Tho3 Powder w i t h  Calcium A d d i t i o n  

No. o f  L o t s  124 
Mean 7.435 
Standard  D e v i a t i o n  0.459 
95/95' LL 6.42 
L i m i t s  UL 8.44 
TOQ Spec. L i m i t s  4.0-8.0 

3. Tho3 Powder w i t h o u t  Ca lc ium A d d i t i o n  

No. o f  L o t s  62 
Mean 5.65 
S t a n d f a r d  D e v i a t i o n  .318 
95 195 LL 4.92 
L i m i t s  UL 6.39 

2  3 No. o f  L o t s  
Mean . 5.53 
Standard D e v i a t i o n  .244 
95/95 LL 4.88 
L i m i  t s  UL 6.19 
TOQ Spec. L i m i t s  3.0-6.0 

Average 
P a r t  i c l  e  

S i z e  
(m ic rons )  

P o r o s i t y  
( v / o )  

* Out o f  spec i ' i ca t i on  c o n d i t i o n  t h a t  'was accepted. 
** B i a s  c o r r e c t e d  based on o v e r i n s p e c t i o n  data,  f o r  Tho2 w i t h  Ca a d d i t i o n  K = 1.075 and f o r  

Tho2 w i t h o u t  Ca addi  t i  on. K=1.175. 



FIGURE 1 

SlNTERABlLlTY TEST FLOW DIAGRAM 

RECEIVE Tho, POWDER. 
t 

1 PASS MICRONIZE 
FEED RATE: 150 5 2 5  GMIMIN. 
FEED PRESSURE: 95  f 5 PSI 
GRINDING PRESSURE: 50 2 5  PSI 

t 
LIQUIDISOLID AGGLOMERATION 
1.0 WIO CARBOWAX 
OXYLENE MIXING VEHICLE 
25 KG. BATCH SIZE 

18 MESH SCREEN 

t 
AIR DRY GRANULES 
TEMPERATURE: 50 + O  -5OC 
TIME: 2 HRS. - 0  + 15 MIN. 

t 
PRESSING LUBRICANT ADDITION 
0.2 WIO STEROTEX 
BLEND TIME: 10 2 1 MINUTES 

PRESSIN 
COMPACT 4 TO 15 PELLETS AT EACH OF 6 GREEN 

DENSITY POINTS. 
PELLET DIAMETER: 396" 

t 
PRETREATMENT 
TEMPERATURE: 425 2 25OC 
TIME: 4 2 1 HRS. 
ATMOSP ERE: 100 CFH OF CO, 

SlNTERl 1 G 
TEMPERATURE: 1675 2 25OC FOR DEVELOPMENT BATCHES UNLESS 

OTHERWISE SPECIFIED AND 1725 t 25OC FOR REPRODUCIBILITY 
POWDER 

TIME; 12 HRS. MINIMUM 
ATMOSP ERE: 150 2 2 5  CFH DRY Hz 1 
EVALUATION 

1. VISUAL EXAMINATION FOR SURFACE CRACKS. 
2. GEOMETRIC DENSITY 
3. METALLOGRAPHY 

A. GRANULE SEGREGATION 
B. GRAIN STRUCTURE 
C. INTERNAL CRACKS 



FIGURE 2 
AS-POLISHED METALLOGRAPHIC PELLET CROSS SECTIONS 

OF GRANULE SEGREGATION 

: F I G .  2-8 A C C E P T A B L E  G R A N U L E  
S ) SEGREGATION-RATING NO. 2 (50x1 

FIG.  2-C ACCEPTABLE G R A N U L E  FIG. 2 - D  UNACCEPTABLE GRANULE 
SEGREGATION-RATING NO. 3 (50x1 SEGREGATION-RAT! N G  NO. 7 (50x1 



FIGURE 3 
SETTLING RATE CURVES FOR THORIUM OXALATE BATCHES 

PREPARED AT VARIOUS PRECIPlTbTICN TEMPERATURES 

BATCH 40, P3t TEMP 36OC 

BATCH 36, Ppt TEMP 41-42OC 
- 

BATCH 43, Ppt TEMP 53OC 
Ppt TEMP 43-48O C 

1 I I I I 

0 10 20 3 0  40 5 0  60 
TIME, MIN 



FIGURE 4 
SURFACE AREA AS A FUNCTION OF PRECIPITATION TEMPERATURE 

I I I 1 I I 

THORIA POWDER-LINEAR 
REGRESSION ANALYSIS - 
(FREE NITRIC ACID OF 1.1 N) 

- - iU - 

- 
'a 

- 

'* 
- - 

- .\ BEST f IT CURVE - 
FITTED MODEL: 9 = 23.50-.31 X 

- - 

- - 

< I I ' I I I I 6.00 
30 3 5  4 0  4 5  5 0  55 60 65 

PRECIPITATION TEMPERATURE, O C  



FIGURE 5 
AVERAGE PARTICLE SIZE AS A FUNCTION 

OF PRECIPITATION TEMPERATURE 

1 I 1 

- - 

THORIA POWDER-LINEAR - REGRESSION ANALYSIS - 
(FREE NITRIC AClD OF I. I N) 

- 

BEST FIT CURVE 
FITTED  MODEL:^= -07 X-1.52 

I I I I I I 

PRECIPITATION TEMPERATURE, "C 

FIGURE 6 
BULK DENSITY AS A FUNCTION OF PRECIPITATION TEMPERATURE 

I I I 

b - 
() THORIA POWDER-LINEAR 

REGRESSION ANALYSIS 
(FREE NITRIC AClD OF I. I N) - 

BEST FIT CURVE 
FITTED MODEL: 9= .02  X + .44 

I 1 I 1 .oo 
3 0  35 40 4 5  5 0  5 5  60 65 

PRECIPITATION TEMPERATURE, O C  



FIGURE 7 

SlNTERABlLlTY TEST EVALUATION POWDERS 

I I I I I I I 
J 

FIGURE 7-A - & - 

- /-.D X T ' 2  - 

- ## - 
q0 ' 

- luO - 
SlNTERlNO TEMP 167S°C SURFACE AREA 

- o BATCH 35, ~ p t  TEMP 41°c 9.78 m2/gm - 
0 BATCH 43, Ppt TEMP 53OC 7 .5  1 m2/gn 

1 1 I I I I I 88 
52 54 56 58 60 62 64 66 68 

% GREEN DENSITY 

SINTERING TEMP 167SoC SURFACE AREA 

0 BATCH 40, FREE ACID: I.E7N 13;79m2/gm 
A BATCH 34, FREE ACID: 1.49 N 8 .34 m2/gm 
o BATCH ~ I A ,  FREE ACID: LON 9.10 m2/gm 

88 
52 54 56 58 60 62 64 66 68 

% GREEN DENSITY 

LEGEND 
A ACCEPTABLE GRAIN STRUCTURE 

O C) A PARTIAL GRAIN STRUCTURE 
0 0 A GRAIN STRUCTURE FINER THAN ASTM 13 

0 m Om Am m EQUAL GRANULE SEGREGATION 
RATING OF I TO 7. 



FIGURE 7 (COIJT) 
SlNTERABlLlTY TEST EVALUATION OF Tho2 POWDERS 

I I I I I I I 
FIGURE 7 - C  I 

- - 

- 

7 - 
CAL Mu 

0 EATCH 41 A, 900°C 9.10 m2/gm - OEATCH 41 8, 9 6 9 0 ~  6.35 m2/gm 

A BATCH 41 C, 1 0 3 9 0 ~  4.94 m2/gm 
I I I I 1 I I 

1 1 

I 

- 2 
- 

2 - - 
SlNTERlNG TEMP 167S°C 

Ca LEVEL 

- 0 BATCH 37, 6 l ppm 
- 

ABATCH 38, l2OPPm 

- OBATCH 39, 170 PPm - 

I I I I I 1 88 
52 54 56 58 60 62 64 66 68 

% GREERJ DENSITY 

I I I I I I 1 
FIGURE 7-D I 3 

- - 

5 - 
I 

- 

5 SlNTERlNG TEMP 1675OC SURFACE - - 
CALTEMP AREA 

O BATCH 4 4 ~ ,  9o0°c 9.82 m2/gm 
-  BATCH 448, 9 6 9 0 ~  5.89m2/gm - 

A BATCH 44C, 103g0C 5.71 m2/gm 
I I I I I 1 1 

I 1 I I 

- 
- 

I - - 

- - 
0 BATCH 38, SINT TEMP 1725OC 

- 0 BATCH 38, SINT TEMP 1675OC - 
A BATCH 35, SINT TEMP 1675OC 

I I I I I I I 88 
52 54 56 58 60 62 64 66 68 

% GREEN DENSITY 



FIGURE 8 
PHOTOMICROGRAPHS OF BATCH 35 SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1675 O C  

% GREEN' DENSITY 

\ 

P+tbtOtrlCRQ.ORJrPH MBCM REWEALS 
THE W U t Q  FEATURES OeSeaVEO 0"N 
Ti+€ TR-ERSE ANLl LONtYn(OlEML 
cRoSs-8$CtlorJS. THE r n H ; R O g ) a P H  

AS POLISHED METqlLOGRAPHfC 
PELLET CROSS S&C?~OWS 

15QX, REDUCED 
22% IN P ~ ~ Q ~ B S  

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

(250X, REDUCED 
22% IN PRlMTlNGJ 



FIGURE 9 
PHOTOMICROGRAPHS OF BATCH 43 SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1675OC 

O/o GREEN DENSITY '10 SINTERED DENSITY 

94.1 
/ 

CROSS SECTIONS 
t- I / 2 X , REDUCED \L 
22% IN PRINTING 

PHOTOMICROGRAPH ABOVE RE- 
THE MACRO FEATURES OBSERVEDON 
THE TRINSJERSE kND. UJNGlTUMMAL 
CROSS-SECTIONS. THE PHOTOMlGRWRAPH 

AS POLISHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

1 50 X , REWCED 
2 2% IN PRINTING ) 

TO THE LEFT hND TO T'HE RIOWT REVUL 
TYPICAL UICR6STRtNlUREs OF THE 
AS-POLISHED AND CrCHECI PELLET 
CROSS-WTI~NS. TIIE W t t M L  BREEN 
~ S I T Y  OF ucn  GROUP OF 3 PELLETS 
IS t ~ e ~ 7 t m e ~  TO THE RIGHT QF THE 
AS-POUSHE0 PW97OMlCR061EAPHS AND 
THE RESULTING SIMTERED MNSFTY IS 
IDEHTlFlED TO! THE LEFT OF THE ETCHED 
PHOTOMlCRoGRAPHS. 

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTtQNS 

( 25.0 X , REDUCED 
2270 IN PRINTING ) 



FIGURE 10 
SETTLING RATE CURVES FOR THORIUM OXALATE BATCHES 

AS A FUNCTION OF FREE NITRIC ACID 

BATCH 40, FREE AClD=l.I7N 

- - 

BATCH 41A, FREE ACID= 2 .00N  

- - 

J 

I I I I 1 I I 
0 10 20 30 4 0  50 60 

TIME, MIN 
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FIGURE 13 
SURFACE AREA AS A FUNCTION OF CALCINATION TEMPERATURE 

I 
THE AVERAGE FOR REPRODUCIBILITY BATCH 
NOS. 46 THRU 65 - FREE NITRIC AClD = 
[.IN & Ppt TEMP=43OC 

0 BATCH 4 4  - FREE NITRIC1 ACID= 1.15N & - 
Ppt TEMP = 44OC 
BATCH 41 - FREE NITRIC AClD = 2.ON & 
Ppt TEMP = 36OC 

- 

- - 

- - 

- - 

I - J I I I 

CALCINE TEMPERATURE, OC 



BATCH 44A 
PREClPl TATION TEMP: 43-44OC 

CALCINED AT 900*C 
( 3 5 0 0  X, REDUCED 22% IN PRINTING) 

BATC-I 4 4 8  
PRECIPITATIOH TEMP: 43-44OC 

CALCINED AT 969'C 
( 3 5 0 0  X,  REDUCED 22 O/o IN PRINTING ) 

BATCH 44C 
PRECIPITATION TEMP: 43-44OC 

CALCINED AT 10;49°C 
( 3 5 0 0  X ,  REDUCED 22OA IN PRINTING 



FIGURE 15 
AVERAGE PARTICLE SlZE AND BULK DENSITY AS A 

FUNCTION OF CALCINE TEMPERATURE 

h 

I I I I 
AVERAGE BULK DENSITY FOR REPRODUCIBILITY 
BATCHES 46 THRU 65 

W AVERAGE PARTICLE SlZE FOR REPRODUCIBILITY 
BATCHES 46 THRU 65 

- - 

- - 

- - 
0 BATCH 41 BULK DENSITY 
+ BATCH 41 AVERAGE PARTICLE SlZE 
0 BATCH 44 BULK DENSITY 

BATCH 44 AVERAGE PARTICLE SlZE 
1 1 I I b 0 . 5 0  0.50 

900 950 lo00 1050 
CALCINATKIN 'TEMPERATURE, OC 



FIGURE 16 
PHOTOMICROGRAPHS OF BATCH 4 4 A  SlNTERABlLlTY TEST 

SAMPLES SINTERED AT !67S°C 

Oh GREEN DENSITY O/o SINTERED DENSITY 

, , '- 

i 
d 

" '~ .,*,~*v,- c.7> , *, ,:<$:@fl 
""P 

CROSS SECTIONS ]/ 22% -l/2X, IN PRINTING) REDUCED \\ 
PHOTOMICROGRAPH ABOVE REVEALS 
THE MACRO FEATURES OBSERVED ON 
THE TRANSVERSE AND LONGITUDINAL 

POLISHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

(50 X, REDUCED 
22% IN PRINTING) 

CROSS-SECTIONS. THE PHOTOMICROGRAPH 
TO THE LEFT AND TO THE RIGHT REVEAL 
TYPICAL MICROSTRUCTURES OF THE 
AS-POLISHED AND ETCHED PELLET 
CROSS-SECTIONS. THE NOUlNAL GREEN 
DENSITY OF EACH GROUP OF 3 PELLETS 
IS IDENTIFIED TO THE RIGHT OF THE 
AS-POLISHED PHOTOMICROGRAPHS AND 
THE RESULTING SINTERED DENSITY IS 
lDENTlFlED TO THE LEFT OF THE ETCHED 
PHOTOMICROGRAPHS. 

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

(250X, REDUCED 
22Vo IN PRINTING) 



FIGURE 17 
PHOTOMICROGRAPHS OF BATCH 44 B SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1675OC 

Ok GREEN DENSITY Ok SINTERED DENSITY 

AS POLISHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

(50X,  REDUCED 
22% 1N PRINTING) 

TO Tnr LEIT AND TO THE RIGHT REVEAL 
TYPICAL MICROSTRUCTURES OF THE 
AS-POLISHED AND ETCHED PELLET 
CROSS-SECTIONS. THE NOMINAL GREEN 
OENSlTY O f  EACH GROUP OF 3 PELLETS 
IS I D N l P l E D  TO THE RIGHT OF THE 
AS-POUSHE0 PHOTOMICROGRAPHS AND 
THE RESULTING SlNTERED DENSITY IS 
IMNTIFIED TO THE LEFT OF THE ETCHED 
PHQTQMICRQORIPHI. 

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

125U X ,  H t U U C t U  
22% IN PRINTING) 



FIGURE 18 
PHOTOMICROGRAPHS OF BATCH 4 4 C  SINTERABILITY TEST 

SAMPLES SINTERED AT I675OC 

. . - -- - -, - -- - . 
TO RIE LEFT AND TO THE R I W  W%EAL 
TYPICAL MICROSTRUGTURW OF T IE  
*S-FOUSWED AND ETCHED PELLET 
Clloss+ECTIOMS. THE MOMINAL 6 E E N  
DElYSlTY OF EACH GROUP OF S PULETI 
IS I ~ I P I E D  TO THE RIGHT OF TH€ 
As9.OuSHED PHOTOUICW6RAPnS ANQ 
TW RESULTIMQ SlNTERED DENSITY IS 
IDUETlCtED TO THE LEFT OF THE . 
m M 1 C R W R A P  

AS POLI SMED METALLOGRAPHIC ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIOFSS PELLET CROSS SECTIONS 

( 50 X , REDUCED ( 2 50 X , REtNJCED 
22% IN PRHUTING ) 22% IN PRINTING ) 



FIGURE 19 
RELATIONSHIP BETWEEN SINTERED DENSITY 

AND CALCINE TEMPERATURE 

I I I I 
- 

GREEN - - 
DENSITY 

- 

- 

-.I 

0 BATCH 41 
- 0 BATCH 44 - 
- - 

I I I I 88 
900 950 I000 1050 1 100 

C ~ L C ~ N E  TEMPERATURE. OC 



FIGURE 20 
PHOTOMICROGRAPHS OF BATCH 37 SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1675OC 

% GREEN DENSITY % SINTERED DENSITY 

CROSS SECTIONS 
(&I/ZX, REDUCED 
22% IN PRINTING) 

PHOTOMICROGRAPH ABOVE REVEALS 

THE MACRO FEATURES OBSERVED ON 
THE TRANSVERSE AND LONGITUDINAL 
CROSS-SECTIONS. THE PHOTOMICROGRAPH 

AS POLISHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

(50X.  REDUCED 
22% IN PRINTING) 

TO THE LEFT AND TO THE RIGHT REVEAL 
TYPICAL MICROSTRUCTURES OF THE 
AS-POLISHED AND E'TCHED PELLET 
CROSS-SECTIONS. THE NOMINAL GREEN 
DENSITY OF EACH GROUP OF 3 PeLLE-rs 
IS IDENTIFIED TO THE RIGHT OF THE 
AS-POLISHED PHOTOMICROGRAPHS AND 
THE RESULTING SINTERED DENSITY IS 
IDENTIFIED TO THE LEFT OF THE ETCHED 
PHOTOMICROGRAPHS. 

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

(250X, REDUCED 
22% IN  PRINTING) 



FIGURE 2 1 
PHOTOMICROGRAPHS OF BATCH 38 SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1675OC 

eWOMMlCROGR&PH &WVE REVEALS 
t4ra FUWWS m w c o  O I ~  
THE urp LcqefTlsDINJIL 
cmxb~~om. mE mwtcaooR*m 
TOTHE L M  Lis(B TO TkC W W T  REVEAL 
TYPtCAL MICROSTRUCTURES OF THE 
AS-eOUSHED AND ETCHED PCLLET 
C M ) 9 S M O M S .  WE hOMlNAL MEEN 
DENSWY OF EACM 6R8UP Of 3 PELLETS 
IS torramneb TO THE tmm OF T))E 
~ S - P O L ~ I . ~ ~ D  ~W~&B~&~YIS  U(D 
THE RESulTIN6 S~NTE@@ mbWtTV IS 
IDENTIREP T0 THS LfFT OF THE ETCHED 

ETCHED WIETALUXiRAPWIC 
PELLET CROSS SGTFONS 

(ZSQX, R&OUG€D 
22% tar .w?t#TI NS l 



FIGURE 22 
PHOTOMICROGRAPHS OF BATCH 39 SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1675OC 

O/o GREEN DENSITY To SINTERED DENSITY 

\ -  -- CROSS SECTIONS 
(-1/2 X , REDUCED 

22% IN PRINTING) 

/ CROSS-SECTIONS. THE PHOTOMICROGRAPH \ 

AS POLISHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

( 50 X , REDUCED 
22% IN PRINTING) 

PHOTOMICROGRAPH ABOVE REVEALS 
TtlC MAOnO TCATUnCO ODOCRYCD ON 
THE TRANSVERSE AND LONGITUDINAL \ 
TO THE LEFT AND TO THE RIGHT REVEAL 
TYPICAL MICROSTRUCTURES OF THE 
AS-POLISHED AND ETCHED PELLET 
CROSS-SECTIONS. THE NOMINAL GREEN 
DENSITY OF EACH GROUP OF 3 PELLETS 
IS IDENTIFIED TO THE RIGHT OF THE 
AS-POLISHED PHOTOMICROGRAPHS AND 
THE RESULTING SINTERED DENSITY IS 
IDENTIFIED TO THE LEFT OF THE ETCHED 
PHOTOMICROGRAPHS. 

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

( 2 5 0  X ,  REDUCED 
22% IN PRINTING ) 



FIGURE 23 
PHOTOMICROGRAPHS OF BATCH 38 SlNTERABlLlTY TEST 

SAMPLES SINTERED AT 1725OC 

O/o GREEN DENSITY Ye SINTERED DENSITY 

T I -  

/ CROSS SECTUlMS 
(-II2X. REDUCED / 22% IN PRINTING) \ 

/ PHOTOMlCROORAPH ABOVE REVEALS 
THE MACRO FEATURES OBSERVE0 ON 
THE 'rRANSVi3SE Alse LONBITUDINAL \ 
CROSS-SMIONL THE PnoToMfCAOORUICI 
TO THE LEFT AND TO THE RI W REVEAL 
TYPICAL MICRMTRUf3!MEt OF rHE 
AS-POLISHED AND ETCHED PELLET 
CROSS-SECTIONS. THE NOMINAL GREEN 
DENSITY OF EACH GROUP OF 3 PELLETS 
IS IMWTlFlED TO THE RIGHT OF THE 
AS-POUSHE0 PHOtOMIGRO@RAPHS AND 
THE RESULTIN6 SINTERED DENSITY IS 
IOENl'lFlEO TO THE LEFT OF THE ETCnED 
PIWTOMICROORAPHS. 

AS POLISHED M € T A L L ~ P W C  
PELLET CROSS SECTIONS 

twx, RE@W€D 
22% I# PRINTING) 

ETCHED METALLOGRAPHIC 
PELLET CROSS SECTIONS 

( 2 5 0 X ,  REDUCED 
22% IN PRINTING) 



APPENDIX A  

THORIUM. OXALATE - Tho2 POWDER 

P.ROCESSING EQUIPMENT 

To min imi  ze product i o n  problems assoc ia ted  w i t h  s c a l i n g  up from e i t h e r  bench 

o r  p i l o t  run  s i z e  powder batches, f u l l  s i z e  (130 f 10 kg) p r o d u c t i o n  batches 

were manufactured i n  t h e  development program. D e s c r i p t i o n  o f  t h e  p rocess ing  

equi pment and m a t e r i a l  process ing i s  presented herein.  F i g u r e  A-1 il l u s t r a t e s  

t h e  process equi  pment lmater i  a1 f l o w  f o r  t h e  t h o r i u m  o x a l a t e  convers ion  

process. 

1. Thorium N i t r a t e  S o l u t i o n  Makeup Tank 

A  1250 g a l l o n  dished-bottom tank f a b r i c a t e d  f rom Type 304 s t a i n l e s s  s t e e l  

was used t o  d i l u t e  t h e  p u r i f i e d  t h o r i u m  n i t r a t e  s o l u t i o n .  Thorough m i x i n g  

o f  t h e  s o l u t i o n  was by a  h i g h  speed s t i r r e r .  

Concentrated tho r ium n i t r a t e  (450 gm T h l l i t e r )  s o l u t i o n ,  t r a n s f e r r e d  f rom 

s to rage  tanks t o  t h e  t h o r i u m  n i t r a t e  s o l u t i o n  makeup tank,  wa.s d i l u t e d  

w i t h  f i l t e r e d  de ion ized  water and concen t ra ted  n i t r i c  a c i d  t o  a d j u s t  b o t h  

t h e  tho r ium c o n c e n t r a t i o n  t o  190 t o  250 gm T h o r i u m l l i  t e r  and n o r m a l i t y  of 

t h e  f ree  n i t r i c  a c i d  t o '  0.9 t o  2.0 normal. P roduc t ion  ba tch  c o n c e n t r a t i o n  

was 200. + 10 gms T h / l  i t e r  and a  normal i t y  o f  1.1 f 0.1. 

2. O x a l i c  A c i d  Makeup Tank 

Type 304 s t a i n l e s s  s tee l -d ished-bot tom tank o f  400 g a l l o n s  c a p a c i t y  w i t h  

steam h e a t i n g  c o i l s  was used t o  makeup t h e  o x a l i c  a c i d  s o l u t i o n .  

A g i t a t i o n  was by a  proper1 l e r - t y p e  a g i t a t o r .  Temperature o f  t h e  a c i d  

s o l u t i o n  was measured by thermocouples and c o n t r o l l e d  by an automat ic  

r e c o r d e r - c o n t r o l  1  er. 



3. P r e c i p i t a t i o n  Vessel 

Type 304 s t a i n l e s s  s t e e l  d i s h  bottom 400 g a l l o n  capac i t y  vessel  f i t t e d  

w i t h  i n t e r n a l  s t a i n l e s s  s t e e l  c o i l s  which were connected t o  both c o o l i n g  

water  and steam sources. Heat ing o f  t h e  tank contents  was by manual 

c o n t r o l  o f  steam t o  t h e  co i l ' s ;  c o o l i n g  was through automat ic c o n t r o l  

system o f  coo l i ng  water  t o  t h e  c o i l s .  As p r e c i p i t a t i o n  o f  tho r ium oxa la te  

i s  an exothermic r e a c t i o n ,  c o o l i n g  of t h e  batch t o  a  g iven  temperature 

( r e f e r r e d  t o  as p r e c i p i t a t i o n  temperature) i s  necessary f o r  c o n t r o l  1  i ng 

t h e  c r y s t a l l i t e  s i z e  o f  t h e  p r e c i p i t a t e d  thor ium oxala te .  

Thorium n i t r a t e  s o l u t i c n  was t r ans fe r red  from t,he makeup tank t o  t he  

p r e c i p i t a t i o n  vessel .  Oxa l i c  ac i d  was sprayed i n t o  t h e  tank through 4 

sprayheads mounted on 'a movable f i x t u r e .  The oxal i c  ac i d  spray - t ho r i um  

n i t r a t e  so l  u t i o n  i n t e r a c t i o n  area was he ld  r e l a t i v e l y  constant  by 

p e r i o d i c a l  l y  moving t he  spray head f i x t u r e  up as t h e  depth o f  t h e  tho r ium 

oxa la te  s l  u r r y  increased. 6y ma in ta i  n i  ng a  constant  spray - ' s o l u t i o n  

i n t e r a c t i o n  area., th rough  c o n t r o l  o f  t he  spray head- to -so lu t ion  su r face  

d is tance ,  and c o n t i n u a l  a g i t a t i o n  o f  t h e  tho r ium n i t r a t e  so l u t i on - t ho r i um  

oxal  a t e  s l u r r y ,  . t h e  c o n d i t i o n s  f o r  nucleat. ion o f  c r y s t a l  l i t e s  and t h e i r  

growth were e q u i l i b r a t e d .  

Oxal i c  ac i d  f l o w  r a t e  was c o n t r o l l e d  manual ly by a  needle va lve  and was 

measured by bo th  a  magnet ic i n d u c t i o n  flowmeter, which a1 so recorded t h e  

f l ow ,  and a  ro tamete r  which was a  backup system. 

4. Plate-and-Frame F i l t e r  Press 

A 1C cu. ft., 2 ft. x  2 ft., frame c rcss f low wash f i l t e r  press was used t o  

f i l t e r  t h e  t ho r i um  oxa la te  s l u r r y .  The f i l t e r  press cons is ted  o f  a  metal  

frame on which a l t e r n a t i n g  s t a i n l e s s  s t ee l  p l a t e  and frames were 

suspended. F i l t e r  c l o t h s  were placed on each s i d e  of t h e  frame t o  form a  

rec tangu la r  c a v i t y  w i t h  the  p l a t e s  and frames pressed together.  A t  t he  

s t a r t  o f  t h e  f i l t e r i n g  cyc le ,  t h e  press was f i l l e d  w i t h  de ion ized  water 

t hen  t h e  thor ium oxa la te  s l u r r y  was pumped i n t o  t he  press a t  150 p s i g  



maximum d i s p l a c i n g  t h e  de ion ized water. Next, t h e  l i q u o r  was removed by 

washing w i t h  de ion ized water. The wash water f lowed counter-current  t o  

t h e  f l o w  o f  t h e  thor ium oxa la te  s l u r r y .  Th is  permi t ted  t h e  wash water t o  

be admi t ted behind t h e  f i l t e r  c l o t h  on each frame and pass through t h e  

cake over t h e  e n t i r e  frame area. The wash cont inued u n t i l  a: pH o f  - >3.0 

was reached on t h e  wash water. The washed f i l t e r  cake was dewatered by 

blowing f i l t e r e d  a i r  a t  ambient temperature through t h e  thor ium oxa la te  

press. 

Upon complet ion o f  d r y i ng  t h e  cake, t h e  cake was dropped from t h e  frames 

onto a s t a i n l e s s  s tee l  pan where i t  was packaged i n t o  5 -ga l lon  t r a n s f e r  

cans l i n e d  w i t h  po lye thy lene  o r  5-gal l o n  po lye thy lene  containers.  

5. Ca l c i na t i on  Equipment 

A i r  c a l c i n a t i o n  o f  thor ium oxa la te  was d i v i d e d  i n t o  two stages: ( 1 )  low 

temperature stage and ( 2 )  h i gh  temperature stage. Th is  approach enabled 

t h e  des i red p roduc t ion  r a t e  o f  2050 kgs (4510 l b s )  p e r  week t o  be achieved 

as we1 1 as removal o f  t h e  l a r g e  q u a n t i t y  o f  1 i q u i d  and p o t e n t i a l l y  

co r ros i ve  vapor from t h e  t ho r i um oxa la te  hexahydrate i n  t h e  dehydrat ion 

and decomposit ion o f  t h e  oxalate.  

a. Low Temperature Furnace 

Th i s  furnace had a 13 ft ho t  zone which was heated by s i l i c o n - c a r b i d e  

(S i c )  r e s i  stance heat i ng e l  ement s. The hot  zone t emperat ure was 

c o n t r o l l e d  t o  a maximum temperature o f  760°C (1400°F) by f o u r  

c o n t r o l  l e r s .  The t h o r i  um oxa la te  hexahydrate cake was 1 oaded i n t o  

Inconel  c a l c i n i n g  boats, i n  pa i r s ,  which were t r anspo r ted  through t h e  

furnace on a 26 i n c h  wide v a r i a b l e  speed cont inuous-feed b e l t .  

b. High Temperature Furnace 

Th is  furnace had a 16 ft. hot  zone which was heated by S i c  hea t ing  

elements w i t h  operat i ng temperature capabi 1 i t  i es up t o  1040°C 



(1900°F). The hot zone was divided into 3 heating zones with each 

separately control 1 ed by over-temperature control lers  and the  

temperature of each zone was recorded on a s t r i p  recorder. The 

Inconel calcining boats were pushed through the furnace single f i l e  by 

an a i r -ac t ivated hydraul i c  ram system. 

Powder batches were blended in a 20 cu f t  s t a in less  steel t.win she1 1 

blender with a maximum capacity nf 910 kgs (2088 lbs ) .  



FIGURE A-l 
THORIUM O X A L A T E  - CONVERSION PROCESS EOUIPMENT/MATERIAL FLOW D I A G R A M  - - - - 
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