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METHOD FOR PRODUCING NUCLEAR FUEL 

Background o f  t h e  I n v e n t i o n  

T h i s  i n v e n t i o n  r e s u l t e d  f rom a  c o n t r a c t  w i t h  t h e  Un i t ed  S ta tes  

5 Department o f  Energy and re1 a t e s  t o  a  method f o r  fo rm ing  nuc lear  fue l .  

More p a r t i c u l a r l y ,  t h e  i n v e n t i o n  r e1  a tes  t o  t h e  p roduc t i on  o f  nuc lear  

f u e l s  i n  p e l l e t  form. " 

Fuel  rods  f o r  some nuc lea r  r e a c t o r s  a r e  loaded w i t h  pel l e t s  each 

formed f rom s i n t e r e d  spheres made o f  a  f i s s i l e  m a t e r i a l  and hav ing  

10 d iamete rs  i n  t h e  range o f  about 100-100OUm. The so -ca l l ed  microspheres 

o f  such nuc lear  f u e l  p e l l e t s  must possess va r i ous  p r o p e r t i e s  t h a t  a re  

d i f f i c u l t  t o  a t t a i n ,  i n c l u d i n g  a s p e c i f i c  un i f o rm  composi t ion,  h i g h  

d e n s i t y ,  and t he  c a p a b i l i t y  o f  be i ng  compacted and s i n t e r e d  i n  pel  l e t s  

f r e e  o f  c racks  and un i f o rm  i n  s t r u c t u r e .  P r e f e r a b l y  microspheres 

15 shou ld  .be d u s t - f r e e ,  conven ien t  t o  handle and feed, and adapted t o  com- 

p a c t  o r  deform d u r i n g  p e l l e t  p ress i ng  t o  p rov i de  a  s t r u c t u r e  t h a t  does 

n o t  r e t a i n  microsphere f ragments o r  vo i ds  between t h e  microspheres.  

At tempts  have been made t o  form microspheres f o r  use i n  nuc lear  

f u e l  pe l  l e t s  by an "ex te rna l  ge l  a t i o n "  process which, g e n e r a l l y  

20 descr ibed ,  u t i l i z e s  ammonia t o  p r e c i p i t a t e  a c t i n i d e  meta l  s a l t s  as 

hyd ra ted  ox ides  t o  conve r t  drops c o n t a i n i n g  t h e  s a l t s  i n t o  so l  i d  ge ls .  

A success fu l  appl i c a t ' i o n  o f  t h i s  s imp le  concept i s  almost imposs ib le .  
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The p r e c i p i t a t e s  a re  so weak o r  have such an extreme s h e l l  s t r u c t u r e  

t h a t  t he  d r i e d  p roduc ts ,  a re  f ragments,  ho l  l ow  p a r t i c l e s ,  o r  c o l  lapsed. 

she1 1  s. P r a c t i c a l  ex te rna l  ge l  a t i o n  processes depend on, t he  

p re -ex i s t ence  of  a  polymer s t r u c t u r e  i n  t h e  drops t o  be g e l l e d  which 

5 suppor ts  and hardens t h e  so l  i d  r e s u l t i n g  f rom r e a c t i o n  w i t h  ammonia. 

One t ype  of polymer s t r u c t u r e  i s  p rov ided  by. t he  a d d i t i o n  o f  water -  

s o l u b l e '  o rgan ic  polymers sllch as p o l y v i n y l  a l c o h o l ,  methy l  c e l l  u l ose  

d e r i v a t i v e s ,  and na tu ra l  gum o r  s t a r c h  d e r i v a t i v e s .  A second a d d i t i v e  

i s  o f t e n  employed t o  promote o r  improve t h e  e f f e c t s  o f  t h e  p r imary  

10 polymer. . h o t h e r  t ype  o f  polymer s t r u c t u r e  i s  a  c o l l o i d a l  d i s p e r s i o n  

o f  t he  a c t i n i d e  meta l ,  u s u a l l y  a  Tho2 s o l .  The t h o r i a  s o l s  may be 

e i t h e r  c o l l o i d a l  Tho2 w i t h  a smal l  amount o f  HNO3 as a  d i s p e r s i n g  

agen t ,  o r  they  may be prepared by n e u t r a l i z i n g  Th(N03)4 s o l u t i o n  w i t h  

ammonia and d i g e s t i n g  t o  g i v e  a  Tho2 s o l  w i t h  a  h i g h  NH4P,!03 con ten t .  

15 Metal  ox i de  s o l s  and o rgan ic  polymers a re  a l s o  used i n  combination.. 

Fo r  bo th  t h e  o rgan ic  and t h e  Tho2 polymers,  t he  feed "b ro th "  con- 

c e n t r a t i o n s  f o r  ge l  a t i o n  a re  c a r e f u l  l y  se lec ted  t o .  g i v e  t h e  maximum 

polymer s t r u c t u r e  p o s s i b l e  w i t h o u t  premature so l  i d i f i c a t i o n .  The 

b r o t h s  then commonly have a  h i g h  v i s c o s i t y  up t o  t h e  p o i n t  o f  be ing  

20 d i f f i c u l t  t o  pump and form i n t o  drops. V i s c o s i t y  measurements a re  com- 

monly used as a  c o n t r o l  procedure f o r  t h e  feed makeup. Feed b r o t h  con- 

c e n t r a t i o n s  a re  such t h a t  a  smal l  i n c rease  i n  c o n c e n t r a t i o n  w i l l  r e s u l t  

i n  a  l a r g e  inc rease  i n  v i ' s c o s i t y ,  t h a t . i s ,  g e l a t i o n .  The r e a c t i o n  w i t h  

ammonia d u r i n g  g e l a t i o n  forms hydra ted  ox ides,  the reby  l e a v i n g  l e s s  

2 5  water a v a i l a b l e  t o  t h e  o r i g i n a l  polymer p resen t  and t h e  polymer s o l  i s  
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changed t o  a  gel  . Thus, t h e  ge l  spheres show b o t h  t h e  s t r u c t u r e  from 

t h e  g e l a t i o n  o f  t h e  c o l l o i d a l  component o f  t h e  b r o t h  and t h e  hydrated 

ox i des  p r e c i p i t a t e d  by  r e a c t i o n  w i t h  ammonia. 

Tes t s  made w i t h  e x t e r n a l  ge l . a t i on  w i t h  bo th  o rgan ic  polymers and 

5 Tho2 s o l s  i n  feed b r o t h s  have shown t h a t  when spheres a r e  b a s i c a l l y  

Tho2 g e l ,  t h e  d r i e d  ox ides  a re  ' ve ry  hard  and u n s u i t a b l e  f o r  f a b r i c a t i o n  

o f  pel  l e t s .  P o l y v i n y l  a1 coho1 po1,ymers a1 so hard ge l  spheres 

which compact p o o r l y .  Some produc ts  u t i l  i z i n g  methy l  c e l l  u lose  d e r i v a -  

t i v e s  as t h e  o rgan i c  polymer a re  s o f t e r  and compact b e t t e r  than  those 

10 w i t h  p o l y v i n y l  a l coho l  polymers o r  Tho2 s o l  s. However, t h e  o rgan ic  

c o n c e n t r a t i o n s  r equ i r ed .  t o  g i v e  t h e  s o f t e r  p roduc ts  r e s u l t  i n  t r o u b l e -  

some feed v i s c o s i t i e s  and i n  washing and d r y i n g  d i f f i c u l t i e s . .  

Summary o f  the Invention 

It i s  a  p r ima ry  o b j e c t  o f  t h i s  i n v e n t i o n  t o  p rov i de  an e f f e c t i v e  

1 5  method f o r  fo rm ing  h i g h - q u a l i t y  nuc lear  f u e l  p e l l e t s  o f  t h e  compacted 

mic rosphere  type.  

Another o b j e c t  o f  t h e  i n v e n t i o n  i s  t o  p r o v i d e  a  process which 

forms microspheres hav ing t h e  proper d e n s i t y ,  cbmpactab i l  i t y ,  and s i n -  

t e r i n g  c h a r a c t e r i s t i c s  f o r  use i n  f a b r i c a t i o n  o f  nuc l ea r  f u e l  pel  l e t s .  

2 0 S t i l l  another  o b j e c t  o f  t h e  i n v e n t i o n  i s  t o  p r o v i d e  a  method by 
. . 

means o f  which h i g h  qua1 i t y  microspheres f o r  nuc lea r  f u e l  pe l  l e t s  can 

b e  formed w i t h o u t  u s i n g  process streams t h a t  cause waste d i sposa l  

p r o b l  ems. 

These o b j e c t s  and o t h e r  advantages a r e  a t t a i n e d  by a  process which 

25 i n c l u d e s  as a s t e p  t h e r e o f  t h e  par t . ia1 p r e c i p i t a t i o n  o f  a c t i n i d e  me ta l s  



i n  a  feed s o l u t i o n  t o  prepare a  f i n e ,  we1 1-suspended s l u r r y  as a  sup- 

p o r t  medium which rep laces  t h e  convent iona l  o rgan ic  polymer o r  Tho2 s o l  

used f o r  t h i s  purpose. A p re fe r red  process i n  accordance w i t h  t h e  

i n v e n t i o n  comprises t h e  s teps o f :  ( 1 )  fo rming  a  f i r s t  s o l u t i o n  wherein 

5  an a c t i n i d e  s a l t  such as u rany l  n i t r a t e ,  p lu ton ium n i t r a t e  o r  t ho r i um 

n i t r a t e ,  o r  a  m i x t u r e  o f  these compounds, i s  d i sso l ved  i n  water;  ( 2 )  

m i x i n g  t h e  a f o r e s a i d  f i r s t  s o l u t i o n  w i t h  a  second aqueous sol  u t i o n  con- 

t a i n i n g  a  reagent  consisting o f  ammonium hydrox ide,  ammonium oxa la te ,  

oxa l  i c  ac id ,  o r  a  m i x t u r e  o f  these  compounds, t h e  amount o f  t he  reagent 

10 o r  reagents  i n  t h i s  second so l  u t i o n  be ing  s u f f i c i e n t  t o  r e a c t  w i t h  a  

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

form a  p r e c i p i t a t e ,  and a  second p o r t i o n  o f  t he  a c t i n i d e  s a l t  o r  s a l t s  

be ing  l e f t  d i sso l ved  i n  t he  r e s u l t a n t  s o l u t i o n ;  ( 3 )  screening from the  

s l u r r y  formed by t h e  a f o r e s a i d  p r e c i p i t a t e  and t h e  f i r s t  and second 

15 s o l u t i o n s  any so l  i d s  exceeding a  predetermined s i  ze; ( 4 )  pass ing the  

screened s l u r r y  th rough  a  nozz le  t o  form drops hav ing a  predetermined 

maximum s i z e ;  ( 5 )  pass ing t h e  drops th rough an atmosphere o f  ammonia 

gas and i n t o  ' a  concen t ra ted  aqueous so l  u t  i o n  o f  ammoni urn hydrox ide  t o  

ge l  t he  d rop  i n t o  s o l i d i f i e d  spheres; ( 6 )  washing t h e  spheres w i t h  

20 water o r  d i l u t e  s o l u t i o n s  t o  remove occ luded m a t e r i a l  s  theref rom;  ( 7 )  

d r y i n g  t h e  washed spheres i n  an oven a t  a  temperature i n  t h e  range of 

about 150-400°C; (8)  c a l c i n i n g  t h e  d r i e d  spheres a t  a  temperature i n  

t h e  range o f  about 400-8UU°C i n  a  96% argon - 4% hydrogen atmosphere 

f o r  f o u r  hours f o l l o w e d  by c o o l i n g  t o  room tempreature i n  an atmosphere 

25 o f  carbon d i o x i d e ;  ( 9 )  p ress ing  t h e  c a l c i n e d  spheres i n t o  p e l l e t s ; - a n d  



( 10 )  s i n t e r i n g  t h e  pe l  l e t s  a t  a  temperature o f  1450 t o  1700°C i n  a  96% 

argon - 4% hydrogen atmosphere f o r  four  hours  f o l l o w e d  by c o o l i n g  t o  

room temperature i n  an atmosphere of  argon o r  carbon d i o x i d e .  

Description o f  the  Drawing 

5 The s i n g l e  drawing , i s  a  diagrammatic r e p r e s e n t a t i o n  o f  apparatus 

used f o r  fo rm ing  t h e  microspheres i n  t e s t s  r u n  t o  demonst ra te  t h e  e f f i -  

cacy o f  t h e  i n v e n t i o n .  

Detai  1 ed Descr i p t  i on 

. The compos i t i on  and t h e  s i  n t e r i n g  c h a r a c t e r i s t i c s  o f  a c t i n i d e  

10 ox i de  microspheres a r e  c o n t r o l l i n g  requi rements  f o r  t h e i r  use i n  

n u c l e a r  f u e l  pe l  l e t s .  ~ x p e r i m e n t a l  . r e s u l t s  show t h a t  h i gh -s t r eng th ,  

h a r d  microspheres which have a  g lassy  appearance and which a re  b r i t t l e  

f o rm  p e l l e t s  w i t h  an unacceptable low d e n s i t y  and h i g h  p o r o s i t y .  

M ic rospheres  hav ing  a  g r a i n y  s t r u c t u r e  and lower  c rush  s t r e n g t h  

15 general  l y  have b e t t e r  s i n t e r i n g  c h a r a c t e r i s t i c s .  Microspheres hav ing  a 

b u l k  d e n s i t y  o f  1.2 t o  ~ . 5 ~ / c m ~  have been found s u i t a b l e  f o r  use i n  

p r e s s i n g  f u e l  pe l  1  e t s .  

I n  a  p r e v i o u s l y  known ex te rna l  g e l a t i o n  process f o r  fo rm ing  f u e l  

pe l  1  e t  microspheres,  drops.  c o n s i s t i n g  o f  an a c t i n i d e  metal  n i t r a t e  

20 d i s s o l  ved i n  water a re  ,gel l e d  ( o r  so l  i d i f i e d )  by passage th rough  ( 1 )  

ammonia gas, which forms a  cohes ive  ge l  l e d  l a y e r  a t  t h e  su r f ace  o f  each 

d rop ,  and ( 2 )  an aqueous s o l u t i o n  o f  ammonium hydrox ide ,  which r e a c t s  

w i t h  t h e  a c t i n i d e  metal n i t r a t e  i n  t h e  l i q u i d  u n d e r ' t h e  a f o r e s a i d  l a y e r  

t o  complete t h e  g e l a t i o n  o f  t h e  drops. For example, i n  accordance w i t h  

25 t h e  p r e v i o u s l y  known procedure,  ge l  1 ed spheres c o n t a i n i n g  t ho r i um  
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hydrox ide  would be ob ta ined  by fo rming  an. aqueous so l  u t i o n  o f  t h o r i  um 

n i t r a t e  and pass ing drops o f  t h i s  s o l u t i o n  th rough ammonia and an 

aqueous so l  u t i o n  o f  ammonium hydrox ide.  The gel  l e d  spheres thus  

ob ta i ned  would then  be c a l c i n e d  t o  conve r t  t h e  t ho r i um hydrox ide  t o  

5  thor ium d i o x i d e  spheres f o r  use i n  forming s i n t e r e d  f u e l  pel  l e t s .  

However, i t  has been found t h a t  t ho r i um d i o x i d e  microspheres formed i n  

t h i s  manner do n o t  have t h e  proper  c h a r a c t e r i s t i c s  f o r  fo rming  good 

s i n t e r e d  f u e l  p e l l e t s .  Using t he  same t ype  o f  aqueous t ho r i um n i t r a t e  

s o l u t i o n  t h a t  i s  used i n  t h e  above-described process as a s t a r t i n g  

10 m a t e r i a l ,  t h e  process o f  t h i s  i n v e n t i o n  produces t ho r i um ox ide  

microspheres t h a t  have t h e  qua1 i t i e s  r e q u i r e d  for. f u e l  pel  1  e t  

manufacture.  I n  a  subsequent p a r t  o f  t h i s  s p e c i f i c a t i o n ,  examples a r e  

presented t o  i l l u s t r a t e  s p e c i f i c  t ypes '  o f  f u e l  p e l l e t s  t h a t  can be made 

b y  t h e  process o f  t h i s  i n v e n t i o n .  However, persons s k i l l e d  i n  t h e  a r t  

15 o f  nuc lear  f u e l  manufacture w i l l  recogn ize  t h a t  t h e  process o f  t h e  

i n v e n t i o n  can be used t o  make o the r  f u e l  pel  l e t  composi t ions,  and t h a t  

v a r i a t i o n s  can be made i n  t h e  presented examples w i t hou t  d e p a r t i n g  f r om 

t h e  p r i n c i p l e s  on which t h e  process i s  based. 

The apparatus i l l u s t r a t e d  i n  t h e  accompanying drawing was used f o r  

20 fo rming  microspheres i n  each o f  t h e  s p e c i f i c  examples descr ibed  

h e r e i n a f t e r .  The feed s l u r r y  10 prepared f o r  each example was h e l d '  i n  

a  feed vessel 1 2  p ressu r i zed  by a i r  f rom a condu i t  14 connected t o  a .  , 

, r e g u l a t o r  general  l y  des ignated by re fe rence  number 16. A second con- 

du i  t 18 connected vessel  12 w i t h  a  nozz le  20 v i b r a t e d  by a v i b r a t o r  24. 

25 A i r  pressure i n  vessel  12 was i n d i c a t e d  by a manometer 26 and was 
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ad jus ted  t o  cj ive t h e  des i r ed  t r a j e c t o r y  t o  drops 28 o f  the feed s l u r r y  

d ischarged f rom nozz le  20 and passed th rough a  ho le  30 i n  t he  s i d e  o f  a  

beaker 32. Drops 28 were passed th rough an atmosphere o f  ammonia gas 

34 supp l i ed  t o  beaker 32 a t  a  r a t e  o f  2000 cm3/min th rough a  condu i t  36 

5  extended through an ape r tu re  i n  t h e  beaker cover 37, t h e  b r i e f  exposure 

o f  t h e  drops t o  t h i s  atmosphere g e l l i n g  t h e  outermost p o r t i o n  o f  each 

drop.  Ge la t i on  o f  t he  drops was completed i n  an aqueous s o l u t i o n  38 o f  

3.0 t o  15 molar ammonium hyd rox ide  w i t h  ammonium . n i t r a t e  added f o r  some 

t e s t s .  A few drops o f  Span 80, a  s u r f a c t a n t ,  were added i n  some cases 

10 t o  min imize coalescense o f  drops. 

Best  r e s u l t s  f o r  d rop  f o rma t i on  were ob ta ined  when a  j e t  was 

d ischarged from nozz le  20 a t  a  v e l o c i t y  i n  t he  range o f  50 t o  150 cm/sec 

Lower v e l o c i t i e s  d i d  n0.t c a r r y  t h e  drops i n t o  t h e  beaker p r o p e r l y  w h i l e  

h i ghe r  v e l o c i t i e s  c a r r i e d  t h e  drops t o o  f a r  o r  impac ted . the  drops t oo  

15  hard  on t h e  sur face  o f  s o l u t i o n  38. Breakup o f  a  j e t  tends t o  occur a t  

l e n g t h s  o f  4  t o  5  t imes  t h e  j e t  d iameter ,  and each fragment o f  t h e  j e t  

i s  formed i n t o  a  sphe r i ca l  d rop  w i t h  a  d iameter  o f  about t w i c e  t h e  j e t  

d iameter .  R e g u l a r i t y  o f  j e t  breakup and u n i f o r m i t y  o f  d rop  diameter 

a r e  promoted by imposing a  v i b r a t i o n  on t h e  j e t  w i t h  a  f requency near 

20 t h e  n a t u r a l  f requency o f  j e t  fo rmat ion .  Drop f o rma t i on  was observed 

w i t h  a  s t roboscop ic  l i g h t ,  and t h e  f requency o f  v i b r a t i o n  o f  v i b r a t o r  

24 was ad jus ted  t o  g i v e  t h e  bes t  d rop  f o rma t i on  appearance w i t h  spaces 

between t h e  drops s l  i g h t l y  g r e a t e r  than  t h e  0.35mm 'd iameter .  The 

f o l l o w i n g  da ta  f o r  a  0..35mm nozz le  o r i f i c e  and a  j e t  v e l o c i t y  o f  120 

25 cm/sec a r e  g iven  as an i l l u s t r a t i o n :  j e t  d iameter  = 
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same as nozz le  o r i f i c e  d iameter ;  c ross -sec t i ona l  area o f  j e t  = 0.096 

mm2; j e t  f l o w  = 6.9 cm3/min; volume o f  0.70 mm d iameter  d rop  = 

0.180 10-3 cm3; d rop  f o rma t i on  frequency = 6.910.180 10-3 = 38,000 , 

drops/min ; v i b r a t i o n  frequency = 640 c y c l  es lsec.  

Gel rnicrospheres 42 c o l l e c t e d  i n  beaker 32 were a1 lowed t o  age i n  

t h e  g e l a t i o n  l i q u i d  f o r  30 t o  100 minutes and were then p laced on a 40 

mesh screen i n  a  wash vessel and washed w i t h  0.3 t o  0.5 molar ammonia 

t iydr~ux.ide s o l u t i o n . ,  Drying was u s u a l l y  done i n  t he  same screen- 

equipped vessel ,  water i n  t h e  gel  microspheres be ing  vapor ized a t  a  

10 r a t e  determined by t h e  r a t e  a t  which heat  was supp l ied  f o r  t h i s  

ope ra t i on .  Wi th  steam d ry i ng ,  water was evaporated a t  100°C w i t h  heat  

t r a n s f e r r e d  from an oven a t  a  h igher  temperature ( u s u a l l y  225 t o  250°C) 

t o  t he  microspheres i n  an atmosphere o f  t h e i r  own vapor. The i n d i v i -  

dual  spheres remained a t  100°C f o r  va ry i ng  t imes,  f rom a few minutes 

1 5 .  f o r  a  smal l  sample such as a mono1 ayer t o  more than 24 hours  f o r  the  

c e n t e r  o f  f ou r  1  i t e r  batches. With a i r  d r y i ng ,  water was evapoiated a t  

t h e  wet-bul b temperature o f  a  l a r g e  f l o w  o f  d r y  a i r .  Th i s  temperature 

can be as l ow  as 14°C f o r  a i r  supp l ied  a t  room temperature and as h i g h  

as  20°C f o r  warm o r  ho t  a i r  a t  60 t o  80°C when t h e  a i r  i s  heated by 

20 low-pressure steam i n  a  heat  exchanger. 

Example I 

A s o l u t i o n  c o n t a i n i n g  1.08 moles o f  uranium as u rany l  n i t r a t e  and 

0.36 mole o f  cer ium as cerous n i t r a t e  i n  0.55 l i t e r  o f  water was 

t h o r o u g h l y  mixed w i t h  an aqueous so l  u t i o n  o f  ammoni um hydrox ide  a t  0°C. 

25 Cerium n i t r a t e  may be used as a s u b s t i t u t e  fo.r p lu ton ium n i t r a t e  i n  
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nuc l  ear f u e l  research because t h e  chemical and thermal decomposit ion 

behav io r  o f  cer ium n i t r a t e  i s  s i m i l a r  t o  t h a t  o f  p l u ton ium n i t r a t e .  

' . The f i n a l  volume and amount o f  ammonium hydrox ide  added t o  t h e  u rany l  

n i t r a t e  and cer ium n i t r a t e  s o l u t i o n  were c a l c u l a t e d  t o  g i v e  t h e  

5 f o l l o w i n g  r e l a t i o n s h i p s :  U/Ce = 3 mole/mole; U+Ce = 4.05 - N ;  N03' = 

4.31 - N; N H ~ +  = 2.3 - N. A y e l l o w  s l u r r y  was ob ta ined  c o n s i s t i n g  o f  a  

p r e c i p i t a t e  o f  hydra ted  uranium and cer ium ox ides  and l i q u i d  

c o n t a i n i n g  unreacted urany l  n i t r a t e  and cer ium n i t r a t e .  The s l u r r y  was 

i n i t i a l l y  ve ry  f l  u i d  and th ickened w i t h  con t inued  a g i t a t i o n .  A f t e r  1.5 

10  hours,  t h e  s l u r r y  had a pH o f  2.85 and t h e  appearance o f  a  t h i c k  y e l l o w  

p a i n t .  The s l u r r y  was then  f ed  th rough a nozz le  hav ing t h r e e  280 

mic ron  diameter ho les  f o r  fo rming  j e t s ,  t h e  nozz le  be ing  v i b r a t e d  t o  

fo rm 120,000 drops per minute.  The drops were s o l i d i f i e d  by means o f  

t h e  ammonia gas atmosphere and concent ra ted  .ammoni um hydrox ide  so l  u t i o n  

15 i n  beaker 32 descr ibed  here inbe fo re .  The r e s u l t a n t  wet spheres con- 

s i s t i n g  of  a  uranium ox ide-cer ium o x i d e  ge l  and hav ing a diameter o f  

about 650 microns were washed w i t h  water and d r i e d  i n  an oven a t  225OC 

t o  g i v e  290 g o f  d r i e d  spheres hav ing an average d iameter  o f  450 

mic rons  and a bu l  k  d e n s i t y  o f  1.25 g/cm3. The d r i e d  spheres were 

20 calc i .ned by m a i n t a i n i n g  them a t  a  temperature o f  600°C f o r  f o u r  hours 

i n  a  96% argon - 4% hydrogen atmosphere and then  c o o l i n g  them t o  room 

temperature i n  an atmosphere o f  carbon d iox ide .  ~ h e ' c a l c i n e d  spheres 

were pressed i n t o  p e l l e t s  a t  241 Mpa (3SK p s i ) ,  s i n t e r e d  a t  14SU°C f o r  

f o u r  hours i n  a  96% argon - 4% hydrogen atmosphere, and cooled i n  argon 

25 or carbon d iox ide .  The spheres formed a s i n t e r e d  p e l l e t  hav ing a good 

m i c r o s t r u c t u r e  and good d e n s i t y  o f  92% o f  t h e  t h e o r e t i c a l  d e n s i t y  f o r  

(U,  Ce)02. 
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Cxample I 1  

An aqueous s o l u t i o n  c o n t a i n i n g  u rany l  n i t r a t e ,  t ho r i um n i t r a t e ,  

and arnmonium n i t r a t e  was t ho rough l y  mixed w i t h  a  hot  aqueous s o l u t i o n  

o f  ammonium oxa la te .  From t h e  amounts mixed, t h e  s l u r r y  concen t ra t i ons  

5 were: U/Th = 3.0 mole/mole; U+Th = 4.24 - N; N H ~ +  = 2.40 - N;  N03' = 4.38 

N;  and c204-2 = 1.11 N. A f t e r  one hour o f  m i x i ng ,  t h e  ob ta ined  y e l l o w  - - 

s l u r r y  c o n s i s t i n g  o f  a  rnixed p r e c i p i t a t e  o f  uranium and t ho r i um and 

1 i q u i d  c o n t a i n i n g  unreacted u rany l  n i t r a t e  and ' t h o r i  um n i t r a t e  had t h e  

appearance o f  t h i c k  y e l l o w  p a i n t  and a pH o f  2.70. The s l u r r y  was 

10  d ischarged.  f rom a nozz le  hav ing a s i n g l e  480pm diameter  h o l e  t o  form 

27,000 drops per m i n u t e .  The drops were s o l i d i f i e d  i n  ammonia gas and 

concent ra ted  ammonium hydrox ide  as descr ibed  here inbe fo re .  The 

r e s u l t a n t  wet spheres c o n s i s t i n g  o f  a  mixed ge l  o f  uranium and t ho r i um 

15 and hav ing  a diameter o f  about 950pm were washed w i t h  water and d r i e d  

b y  exposure t o  warm a i r  f o l l owed  by hea t i ng  a t  225°C i n  an oven. The 

d iameter  o f  t h e  d r i e d  spheres was' found t o  be 550pm. For t h e  same s i n -  

t e r a b i l  i t y  t e s t  c o n d i t i o n s  s p e c i f i e d  i n  Example I, s i n t e r e d  pe l  l e t s  

hav ing  a good m i c r o s t r u c t u r e  and a d e n s i t y  o f  75% o f  t h e o r e t i c a l  f o r  

20 (U, T ~ ) o ~  were formed. A h i ghe r  s i n t e r i n g  temperature than 1450°C 

would be expected t o  produce pel  l e t s  o f  h i ghe r  d e n s i t y  .as Tho2 pe l  1  e t s  

genera l  l y  requ i  r e  s i  n t e r i  ng temperatures .h igher  than t h a t  va l  ue. 

~xampl  e'  I I I 

A m i x t u r e  o f  e l g h t y  grams o f  ammonium o x a l a t e  i n  170 cm3 o f  h o t  

25 water . . was t ho rough l y  a g i t a t e d  i n  a  o n e - l i t e r  beaker. A s o l u t i o n  con- 

t a i n i n g  ammonium n i t r a t e ,  t ho r i um n i t r a t e ,  and u rany l  n i t r a t e  (1.95 Y 

Th, 0.65.M - U, 7.8 - M NO3') a t  a temperature o f  2°C wa.s r a p i d l y  added t o  

, . 



t h e  ammonium oxal  a t e  sol  u t i o n  w i t h  s t i r r i n g ,  fo rm ing  a s t a b l e  suspen- 

s i o n  w i t h  t h e  appearance and v i s c o s i t y  o f  t h i n  y e l l o w  p a i n t .  From t h e  

amounts n i xed ,  t h e  s l u r r y  c o n c e n t r a t i o n s  were: 4.54.N - ~h4' ;  0.76 - N 

~ 0 ~ ~ ' ;  2.75 - N NH~';  4.57 - N NO3-; and 2.75 - N c204-2. The suspension was 

5 passed th rough  a 120 mesh screen (125 micrometer  openings) w i t h o u t  any 

r e t e n t i o n  o f  s o l i d s  and was then f e d  t o  a  v i b r a t e d  t h ree -ho le  feeder  

( 2 8 0 ~ m  ho les )  t o  form 135,000 d rops  per minute.  The drops were . s o l i -  . 

d i f i e d  i n  ammonia gas and concen t ra ted  NH40H so l  u t i o n ,  and t h e  gel  

.spheres (63OUm d iamete r )  thus  ob ta ined  were washed w i t h  water and d r i e d  

10  i n  an oven a t  225OC t o  form 150 grams o f  d r i e d  gel  spheres ( 3 5 0 ~ m  

d iamete r ,  1.49 g/cm3 b u l k  d e n s i t y ) .  For t h e  same s i n t e r a b i l  i t y  t e s t  

c o n d i t i o n s  presented i n  Example I, pel  l e t s  were formed which had a good 

m i c r o s t r u c t u r e  and a d e n s i t y  o f  80% o f  t h e o r e t i c a l  d e n s i t y  f o r  (Th, 

U)02. As Tho2 pe l  1  e t s  general  qy  r e q u i r e  a  s i n t e r  i n g  temperature 

15  h i ghe r  than  1450°C, a  h i ghe r  p e l l e t  d e n s i t y  would be expected w i t h  s i n -  

t e r i n g  a t  a  h igher  temperature than  t h a t  used i n  t h e  t e s t .  

Example I V  

Urany l  n i t r a t e  i n  an aqueous sol  u t i o n  was p a r t i a l  l y  p r e c i p i t a t e d  

b y  m i x i n g  t h e  so l  u t i o n  w i t h  an aqueous so l  u t i o n  o f  ammonium hydrox ide  

20 t o  form a s l u r r y  hav ing a pH o f  2.41. From t h e  amounts mixed, t h e  

s l u r r y  concen t ra t i ons  were: 3.52 - N ~ 0 ~ 2 ' ;  2.73 - N N H ~ * ;  and 3.89 - N 

NO3-. The s l u r r y  was formed i n t o  drops by d i scha rg i ng  i t from a v i b r a t i n g  

nozzle., and these d r o p s  were so l  i d i f e d  by c o n t a c t  w i t h  ammonia gas and 

a concen t ra ted  aqueous s o l u t i o n  o f  ammonium hydrox ide.  The ge l  spheres 

25 were washed w i t h  water,  d r i e d ,  c a l c i n e d ,  and formed i n t o .  s i n t e r e d  
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p e l l e t s  hav ing a good microstructure and a  d e n s i t y  o f  31% o f  the  

t h e o r e t i c a l  densi  t y  f o r  U02. 

Example V 

Thorium n i t r a t e  i n  an aqueous s o l u t i o n  (5.7 N Th(N03)2) was par-  

5 t i a l l y  p r e c i p i t a t e d  by m ix i ng  t h e  s o l u t i o n  w i t h  an aque.ous s o l u t i o n  o f  

ammonium hydrox ide  and ammonium o x a l a t e  t o  form a  s l u r r y  hav ing a  pH o f  

2.02. From the  amounts mixed, t h e  s l u r r y  concen t ra t i ons  were: 5.7 - N 

~ 1 1 ' ~ ;  3.33 1 NH~'; 5.89 - N N03-; and 1.43 - N c204-2. The s l  u r r y  was 

formed i n t o  drops by d i scha rg ing  i t  f rom a  v i b r a t i n g  nozz le ,  and these 

10 drops were s o l i d i f e d  by  c o n t a c t  w i t h  ammonia gas and a  concent ra ted  

s o l  u t i  on o f  ammoni um hydrox ide.  The ge l  spheres.  were washed w i t h  

water ,  d r i e d ,  and t he  c a l c i n e d  Tho2 gel  p a r t i c l e s  showed t h e  oxa la te  

s t r u c t u r e  known t o  be p r e f e r r e d  f o r  t h e  p r e p a r a t i o n  o f  p e l l e t s .  

A s l u r r y  prepared by the  p a r t i a l  p r e c i p i t a t i o n  process of t h i s  

15  i n v e n t i o n  f o r  use i n  fo rming  drops t o  be so l  i d i f i e d  by e x t e r n a l  g e l a t i o n  

i s  a  two phase system and i s  n o t  a t  thermodynamic equi  1  i b r i u m .  Therefore,  

t h e  p r o p e r t i e s  o f  such s l  u r r i e s  a re  n o t  f i x e d  by compos i t ion  b u t  a re  

a1 so dependent on m ix i ng  c o n d i t i o n s  f o r  t h e  s l  u r r i e s  , i n c l  ud ing  

temperature,  degree o f  a g i t a t i o n ,  and a d d i t i o n  procedures. Feed 

20 v a r i a b l e s  f o r  d rop  f o rma t i on  i n t e r a c t  and thus  i t  i s  n o t  p o s s i b l e  t o  

s t a t e  s imp le  op t ima l  va l  ues f o r  t h e  d i f f e r e n t  f a c t o r s  i nvo l ved .  Higher 

s l u r r y  v i s c o s i t i e s  tend t o  r e s u l t  i n  l e s s  smashing and c rack ing  o f  gel 

spheres d u r l n g  the pel l e t - f o r m i n g  procedures, b u t  t h e y  can a1 so cause 

d i f f i c u l t i e s  i n  d rop  fo rmat ion .  If a  s l u r r y  i s  t o o  t h i c k  a f t e r  m ix ing  

25 and d i g e s t i o n ,  i t has been found t h a t  l a r g e  a d d i t i o n s  o f  water a r e  
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r e q u i r e d  t o  reduce v i s c o s i t y  , and t he  gel  a t i o n  r e s u l  t s  a f t e r  such 

t h i n n i n g  a re  u s u a l l y  poor.  The pH o f  a  s l u r r y  i s  dependent on i t s  a c i d  

d e f i c i e n c y  and ' t h e  t i m e  lapsed a f t e r  m ix ing .  The bes t  feed s l u r r i e s  

were. found t o  have pH va lues  i n  t h e  range o f  2.4 t o  2.8, bu t  pH a l one  

5  i s  n o t  a  s u f f i c i e n t ' f e e d  e v a l u a t i o n  c r i t e r i o n .  I n  o rde r  t o  o b t a i n  . 

t hese  pH va lues ,  e i t h e r  t h e  i n i t a l  Th-U-Pu s o l u t i o n  i s  a c i d  d e f i c i e n t  

o r  NH40H i s  added f o r  s l u r r y  p repa ra t i on .  A h i g h  f r a c t i o n  o f  t h e  meta l  

n i t r a t e  rema in ing  i n  s o l u t i o n  a f t e r  t h e  p a r t i a l  p r e c i p i t a t i o n  tended t o  

g i v e  l ow  pH v a l  ues, u n p r e d i c t a b l e  v i s c o s i t i e s ,  and excess ive  c r a c k i n g  

10  o r  smashing of gel  spheres. A 1  ow f r a c t i o n  o f  t h e  metal  n i t r a t e  

r ema in i ng  i n  s o l u t i o n  a f t e r  t h e  p a r t i a l  p r e c i p i t a t i o n  tended t o  g i v e  

h i g h  pH va lues  and incomple te  d i s p e r s i o n  o r  suspension o f  t h e  p r e c i p i -  

t a t i o n  s o l i d s .  For p r e p a r a t i o n  o f  spheres c o n t a i n i n g  o n l y  uranium, t h e  

b e s t  r e s u l t s  were ob ta ined  w i t h  an 'ac id  d e f i c i e n t  uranium-type p r e c i p i -  

1 5  t a t i o n  (no oxal  a t e )  as t h e  oxa l  a t e  p r e c i p i t a t e s  gave excess ive  

v i s c o s i t i e s ,  l ow  pH ' va lues ,  and g lassy  s h e l l  s t r u c t u r e s  i n  t h e  ge l  

spheres. For p r e p a r a t i o n  o f  spheres c o n t a i n i n g  thor ium,  some o x a l a t e  

p r e c i p i t a t i o n  i s  necessary t o  improve t he  ceramic p r o p e r t i e s  o f  t h e  

p roduc t  and t o  g i v e  t h e  optimum combinat ion o f  degree o f  p r e c i p i t a t i o n  

20 and pH. Use o f  an a c i d - d e f i c i e n t  s o l u t i o n  w i t h  t ho r i um  p rov i des  s tan-  

dard  e x t e r n a l  g e l a t i o n  f o r  a  t ho r i um  d i o x i d e  so l  and produces hard,  

g l ossy ,  spheres w i t h  poor ceramic p r o p e r t i e s .  M i x i n g  o f  h o t  so l  u t i o n s  

appears t o  f avo r  c r y s t a l  growth and undes i r ab le  sepa ra t i on  o f  s o l i d s  

f r om  supernate.  Coo l ing  t o  remove t h e  heat  o f  n e u t r a l i z a t i o n  and 

25 t he reby  l i m i t  d i g e s t i o n  temperature may improve r e s u l t s .  
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The p a r t i a l  p r e c i p i t a t i o n  s l  u r r i e s  general  l y  r e q u i r e  30 t o  120 

minutes o f  d i g e s t i o n  w i t h  g o o d , a g i t a t i o n  t o  approach cons tan t  

v i s c o s i t i e s .  The nozz les  o r  o r i f i c e s  used f o r  fo rm ing  drops from the  

s l u r r i e s  must be p r o t e c t e d  f rom any l a r g e  p a r t i c l e s  o f  p r e c i p i t a t e  by 

5 use o f  a  screen w i t h  openings about 113 t h e  s i z e  o f  t h e  nozz le  openings 

o r  feed o r i f i c e s .  The j e t  v e l o c i t i e s  f rom nozz les  o r  o r i f i c e s  must be 

c o n t r o l  l e d  t o  p r o v i d e  t h e  proper  t r a j e c t o r y  o f  drops th rough  t h e  ammo- 

n i a  gas. I t  appears p reFerab le  t o  use a  b a t c h  makeup o f  a  p a r t i a l  p re -  

c i p i t a t i o n  s l u r r y  w i t h  pumping th rough  a  screen t o  a  tank  f eed ing  t h e  

10 s l u r r y  t o  a  nozz le  o r  o r i f i c e ,  and w i t h  a i r  p ressure  be ing  a p p l i e d  t o  

t h e  feed tank  t o  c o n t r o l  t h e  v e l o c i t y  o f  t h e  d rop- fo rming  j e t s .  

The p a r t i a l  p r e c i p i t a t i o n  process o p e r a t i o n s  o f  t h i  s  i n v e n t i o n  a r e  

r e1  a t i  ve l  y  simp1 e  compared t o  many o the r  ge l  sphere- forming processes. 

The absence o f  o rgan ic  s o l u t e s  f rom t h e  feed  and t h e  absence o f  an 

1 5  o rgan ic  fo rm ing  o r  wash l i q u i d  e l i m i n a t e  many c o m p l e x i t i e s  o f  o t he r  

processes. S ince t h e  fo rm ing  l i q u i d  and t h e  wash s o l u t i o n  used i n  t h e  

process o f  t h i s  i n v e n t i o n  a r e  b o t h  aqueous s o l u t i o n s  c o n t a i n i n g  ammonium 

hydrox ide ,  sepa ra t i on  o f  ge l  spheres t o  e l i m i n a t e  t r a n s f e r s  o f  l i q u i d  

i s  n o t  necessary. 

2 0 A combined g e l a t i o n  chamber and con t inuous  washer w i t h  d i scha rge  

o f  a  s l u r r y  o f  spheres i n  wash s o l u t i o n  a r e  proposed f o r  process 

scale-up. The con t inuous  washer would use a  c o u n t e r c u r r e n t  f l ow of 

wash, th rough  a  inov-ir~g or packed bed t o  make e f f i c i e n t  use o f  wash sol  u- 

t i o n  and t o  m in im ize  chemical  c o n c e n t r a t i o n  shock e f f e c t  on spheres. 

25 Spheres f rom t h e  bot tom o f  a packed bed would be c a r r i e d  i n t o  a  

f l u i d i z e d  bed which a l l o w s  a con t inuous ,  c o n t r o l l e d  removal o f  washed 

spheres . 
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I t .  w i  11 be recognized t h a t  m o d i f i c a t i o n s  .can be made i n  t h e  

exampl es presented here inabove w i t h o u t  d e p a r t i n g  f rom t h e  p r  i n c i  p l  es o f  

t h e  i n v e n t i o n .  For example, o x a l i c  a c i d  can be used i n s t e a d  o f  ammo- 

nium o x a l  a t e  t o  form p a r t i a l  p r e c i p i t a t i o n  s l  u r r i e s  c o n t a i n i n g  t h o r i  um. 
, - 



METHOD FOR PRODUCING !&!CLEAR FUEL 

Abs t rac t  o f  t h e  D i sc l osu re  

Nuclear  f u e l  i s  made by c o n t a c t i n g  an aqueous s o l u t i o n  c o n t a i n i n g  

an a c t i n i d e  s a l t  w i t h  an aqueous so l  u t i o n  c o n t a i n i n g  ammoni urn 

5 hydrox ide,  ammonium oxa la te ,  o r  o x a l i c  a c i d  i n  an amount t h a t  w i l l  

r e a c t  w i t h  a  f r a c t i o n  o f  t h e  a c t i n i d e  s a l t  t o  form a  p r e c i p i t a t e  con- 

s i  s t i n g  o f  t he  hydrox ide  o r  o x a l a t e  o f  t h e  a c t i n i d e .  A  s l u r r y  con- 

s i s t i n g  o f  t h e  p r e c i p i t a t e  and s o l u t i o n  c o n t a i n i n g  t he  unreacted a c t i -  

n i d e  s a l t  i s  formed i n t o  drops which a r e  ge l l ed ,  c a l c i n e d ,  and pressed 

10 t o  form pel l e t s .  






