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THE SPHERE-CAL PROCESS: FABRICATION OF FUEL PELLETS 
FROM GEL MICROSPHERES 

S. M. T iegs ,  P. A. Haas,* and R. D. Spence" 

ABSTRACT 

The sphere-cal process  uses  gel-derived microspheres as 
f e e d  m a t e r i a l  f o r  f u e l  p e l l e t  f a b r i c a t i o n .  Microspheres,  
because of t h e i r  free-flowing and dus t - f r ee  n a t u r e ,  are improved 
p e l l e t  press feed  over convent iona l  powder-derived material. 
The b a s i c  sphere-cal process  c o n s i s t s  of microsphere g e l a t i o n ,  
d ry ing ,  and c a l c i n i n g  followed by p e l l e t  p re s s ing  and s i n t e r i n g .  
We s t u d i e d  each of t h e s e  process  s t e p s  t o  t r y  t o  determine t h e  
impor tan t  parameters f o r  t h e  product ion  of h igh  q u a l i t y  U02, 
Th02, and (Th,U)O2 f u e l  p e l l e t s .  

We conducted a s t a t i s t i c a l  experiment t o  s tudy  va r ious  
microsphere c a l c i n i n g  tempera tures ,  forming p r e s s u r e s ,  and 
p e l l e t  s i n t e r i n g  rates. The r e s u l t s  were used t o  select  param- 
eters f o r  a s t anda rd  p e l l e t  f a b r i c a t i o n  sc reen ing  t e s t ,  which 
w a s  a modified ASTM s i n t e r a b i l i t y  test  procedure. P e l l e t s  were 
f a b r i c a t e d  from ba tches  of microspheres produced by us ing  
v a r i o u s  g e l a t i o n  and dry ing  cond i t ions .  Urania microspheres 
were formed by i n t e r n a l  g e l a t i o n ,  and t h o r i a  and mixed t h o r i a -  
u r a n i a  sphe res  were produced by e i t h e r  i n t e r n a l  or e x t e r n a l  
g e l a t  ion. 

t h a t  U02 s i n t e r e d  p e l l e t  d e n s i t i e s  i n c r e a s e  both with decreas ing  
c a l c i n a t i o n  tempera ture  (1000-600"C) and wi th  dec reas ing  forming 
p r e s s u r e  (414-138 MPa). Thermogravimetric a n a l y s i s  r e s u l t s  
i n d i c a t e  t h a t  a minimum c a l c i n a t i o n  tempera ture  of 600°C is  
necessa ry  f o r  complete r e d u c t i o n  of t h e  UO3 g e l  microspheres t o  
U02. Batch sc reen ing  tes t  r e s u l t s  sugges t  t h a t  use of minimum 
g e l  ag ing ,  f i ne - s i zed  microspheres (50-400 urn), and f a s t  drying 
(warm a i r  or oven) w i l l  produce t h e  h i g h e s t  q u a l i t y  U02 p e l l e t s .  
Thoria and tho r i a -u ran ia  microspheres produced by i n t e r n a l  
g e l a t i o n  o r  by e x t e r n a l  g e l a t i o n  (KFA method) were hard and 
compacted poor ly ,  r e s u l t i n g  i n  pe l l e t s  wi th  a remnant sphere 
s t r u c t u r e .  However, t ho r i a -u ran ia  microspheres produced by t h e  
SNAM e x t e r n a l  g e l a t i o n  process  were s o f t e r ,  r e s u l t i n g  i n  more 
homogeneous p e l l e t s .  

Development work t o  d a t e  has shown t h a t  t h e  sphere-cal 
p rocess  i s  a promising a l t e r n a t i v e  t o  convent iona l  f u e l  p e l l e t  
f a b r i c a t i o n .  Exce l l en t  pel le ts  wi th  homogeneous mic ros t ruc tu res  
and h igh  d e n s i t i e s  have been produced from u r a n i a  microspheres.  
Thoria-urania microspheres produced by t h e  SNAM e x t e r n a l  g e l a t i o n  
process  are a l s o  promising p e l l e t  p r e s s  feed  material. Future  
work w i l l  be d i r e c t e d  toward op t imiza t ion  of t h e  sphere-cal 
p rocess  parameters. 

From r e s u l t s  of t h e  s t a t i s t i c a l  experiment,  w e  determined 

*Chemical Technology Divis ion .  
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I N T R O D U C T I O N  

An a l t e r n a t i v e  process  f o r  f a b r i c a t i o n  of nuc lear  f u e l  pe l le t s  is 

t h e  sphere-cal process .  This process  uses microspheres r a t h e r  than 

powder-derived g ranu les  as feed  material f o r  p e l l e t  press ing .  The 

sphere-ca l  process  has s e v e r a l  advantages over convent iona l  p e l l e t  

f a b r i c a t i o n  methods. 

The sphere-cal process  is s i m p l e r ,  r e q u i r i n g  fewer steps f o r  pe l le t  

f a b r i c a t i o n  than powder processes .  The g e l  microspheres are i n h e r e n t l y  

f r e e  flowing. Therefore ,  p res lugging  and g r a n u l a t i o n ,  which are neces- 

s a r y  f o r  powder t o  produce free-flowing feed  material f o r  au tomat ic  

p e l l e t  presses, may be e l imina ted .  Powder m i l l i n g ,  which may cause 

i m p u r i t i e s  t o  be in t roduced  i n t o  t h e  f u e l  material, i s  unnecessary i n  

t h e  sphere-cal process.  Furthermore,  powder blending would not be 

necessa ry  t o  produce mixed-oxide o r  d i v e r s i o n  res is tant  f u e l  pe l le t s .  

Homogeneous heavy metal load ings  and uniform sp ikan t  d i s p e r s i o n  would 

be more e a s i l y  a t t a i n e d  by t h e  sphere-cal process  s i n c e  mixed n i t r a t e  

i o l u t i o n s  a r e  used f o r  g e l  microsphere formation. P e l l e t  c e n t e r l e s s  

g r ind ing  may a l s o  be e l imina ted  as a r e s u l t  of t h e  more uniform d i e  

load ing  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  of t h e  gel-derived microspheres ,  

which may p e r m i t  s i n t e r i n g  t o  s i z e .  

The sphere-ca l  process  is r e a d i l y  adap tab le  t o  remote process ing  

whi le  producing t h e  convent iona l  p e l l e t  f u e l  form. It is  e s p e c i a l l y  

s u i t e d  f o r  f u e l  r e f a b r i c a t i o n  s i n c e  g e l  microspheres are produced from 

n i t r a t e  s o l u t i o n s .  Because t h e  microspheres are f r e e  f lowing ,  they  are 

s u i t a b l e  €or  pneumatic t r a n s p o r t .  Material holdup problems would be 

reduced by t h e  use of microspheres r a t h e r  than  powder. Therefore ,  

material a c c o u n t a b i l i t y  and sa fegua rds  ope ra t ions  would be improved. 

S ince  the  g e l  microspheres are r e l a t i v e l y  dus t  f r e e ,  t h e  spread  and 

bui ldup  of contamination would be minimized. This  would reduce both 

personnel  r a d i a t i o n  exposure and equipment decontamination t i m e s .  

Our development work i s  ongoing t o  produce u r a n i a ,  t h o r i a ,  and 

mixed tho r i a -u ran ia  f u e l  p e l l e t s  by t h e  sphere-cal process .  The b a s i c  

sphere-ca l  process  i s  shown i n  Fig. 1. F i r s t ,  microspheres are produced 
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PELLET r-l PRESS1 NG 

PELLET r-l SINTERING 

Fig. 1. Sphere-Cal Process.  

by chemical g e l a t i o n  - i n t e r n a l  g e l a t i o n  f o r  u ran ia  microspheres and 

e i t h e r  i n t e r n a l  or ex te rna l  g e l a t i o n  f o r  t h o r i a  and mixed thoria-urania  

microspheres.  The microspheres are d r i e d  and then c a l c i n e d  t o  remove 

water and o rgan ic s  remaining a f t e r  g e l a t i o n .  

uranium oxide,  which is  i n  t h e  form of UO3,  i s  reduced by use of mixed 

During c a l c i n a t i o n  the  

argon-hydrogen. The ca l c ined  microspheres are then  co ld  pressed  t o  

form pellets. The p e l l e t s  are s i n t e r e d  i n  a reducing  atmosphere t o  

produce t h e  sphere-cal products  - U02, Th02, or  mixed (Th,U)O2 f u e l  

pel le ts .  The sphere-cal f u e l  forms ( d r i e d  microspheres ,  ca l c ined  

microspheres ,  as-pressed pe l le t s ,  and s i n t e r e d  p e l l e t s )  are shown i n  

Fig.  2. Each of t h e  sphere-cal processes  w i l l  be descr ibed  i n  d e t a i l  

i n  t h e  fo l lowing  s e c t i o n s  toge the r  w i th  resu l t s  of our development work 

t o  da t e .  
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Fig.  2. Fuel Forms During t h e  Sphere-Cal Process.  

Previous  development work i n  t h i s  area has been mainly concen t r a t ed  
1-4 on t h e  use of so l -ge l  der ived  powders or sha rds  f o r  p e l l e t  f a b r i c a t i o n .  

However, a b r i e f  development program w a s  conducted on f a b r i c a t i o n  of 

(U,Pu)O2 p e l l e t s  from microspheres formed by water e x t r a c t i o n .  R e l a t i v e l y  

low-density pe l l e t s  wi th  a remnant microsphere s t r u c t u r e  were produced 

dur ing  t h i s  program. 

p rocess  t o  u t i l i z e  microspheres formed by t h e  SNAMt e x t e r n a l  g e l a t i o n  

method f o r  t h e  f a b r i c a t i o n  of (U,Pu)O2 f u e l  p e l l e t s .  

P r e s e n t l y ,  t h e  I t a l i a n s  a t  CNEN*6 are developing a 

*Cornitat0 Nazionale per L ' ene rg ia  Nucleare,  Casaccia,  Roma, I t a l y .  

tSNAM P r o g e t t i  S.p.A., I t a l y .  
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MICROSPHERE GELATION 

Microspheres t h a t  were eva lua ted  f o r  use as sphere-cal process  feed  

material were produced by s e v e r a l  g e l a t i o n  methods. Urania microspheres 

were formed by i n t e r n a l  g e l a t i o n ;  t h o r i a  sphe res  were produced by e x t e r n a l  

g e l a t i o n ,  and mixed tho r i a -u ran ia  sphe res  were f a b r i c a t e d  by e i t h e r  

i n t e r n a l  or e x t e r n a l  g e l a t i o n .  

I n i t i a l l y ,  f lowshee ts  and procedures developed f o r  product ion  of 

microspheres f o r  t he  ~ p h e r e - p a c ~ - ~  process  were a p p l i e d  t o  prepare  g e l  

sphe res  f o r  t h e  sphere-ca l  process .  Based on r e s u l t s  from sphere-cal 

ba tch  sc reen ing  tests,  t h e  g e l  sphere  p r e p a r a t i o n  c o n d i t i o n s  have been 

modified t o  improve the  g e l  sphere  p r o p e r t i e s  as they  relate t o  p e l l e t  

f a b r i c a t i o n .  The b a s i c  g e l a t i o n  f lowshee ts  used f o r  t he  p r e p a r a t i o n  of 

microspheres  f o r  t h e  sphere-cal process  w i l l  be desc r ibed  i n  the  fo l lowing  

s e c t i o n s .  

Urania Microspheres 

The microspheres used f o r  t he  product ion  of U O 2  f u e l  pe l le t s  were 

formed by i n t e r n a l  g e l a t i o n  (modified KEMA* p rocess ) .  lo* l1 

s o l u b l e  chemical t h a t  releases ammonia when hea ted  i s  used to  p r e c i p i -  

t a t e  t h e  heavy metal t o  g e l  sphe res  i n t e r n a l l y .  Since the  ammonia donor 

and t h e  heavy metal ions  are d i s so lved  i n  t h e  same s o l u t i o n ,  t h e  g e l a t i o n  

occurs  r a p i d l y  and uniformly throughout the drop. 

A water- 

The f lowshee t  f o r  i n t e r n a l  g e l a t i o n  i s  shown i n  Fig. 3. Firs t ,  a 

b r o t h  is prepared ,  which c o n t a i n s  an  a c i d - d e f i c i e n t  s o l u t i o n  of t he  

heavy metal ( i n  t h i s  case uranium) w i t h  urea  added and an ammonia donor 

s o l u t i o n  of hexamethylenetetramine [HMTA, (CH2)6N4 1. The b ro th  i s  pumped 

through a d i s p e r s i o n  device  t h a t  forms drops ,  which are then g e l l e d  i n  a 

h o t  organic  medium. The g e l a t i o n  r e a c t i o n  is 

*Keuring van E lec ro techn i sche  Mate r i a l en ,  Arnhem, Netherlands.  
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HEAVY METAL (U,Th) 
NITRATE SOLUTIONS 

I FEED 
ADJUSTMENTS 

UREA -)1 

P R E PARATl ON 

FOR M AT1 0 N Q 
IN ORGANIC 

(at 50 -iOO"C) 

DILUTE NH40H L WASHING -NHqN03, HMTA, 
UREA, ",OH 

DRY I NG 

MICROSPHERE FEED FOR 
SPHERE-CAL PROCESS 

Fig. 3. Microsphere P repa ra t ion  by I n t e r n a l  Gela t ion .  

The organic  medium i s  then  removed by an a i r  purge o r  wi th  a s u i t a b l e  

so lven t  (e.g., i sop ropy l  a l c o h o l ) ,  and the  spheres  are washed with 

d i l u t e  aqueous ammonia (NH4OH) t o  remove HMTA, u rea ,  and ammonium 

n i t r a t e  (NH4N03). With proper g e l a t i o n  condi tons  t h e  spheres  are 

opaque and have a l a r g e  enough c r y s t a l l i t e  s i z e  so t h a t  t h e  urea ,  

HMTA, and NH4N03 can be e a s i l y  washed out .  
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Standard  b ro th  p r e p a r a t i o n  inc ludes  t h e  fo l lowing  mole r a t i o s  of 

t h e  components: 1.5-1.7 NO3-/U, 1.1-1.3 HMTA/U, and 1.25 urea/U. The 

b r o t h  is he ld  a t  -5 t o  0°C t o  reduce t h e  decompositon ra te  of HMTA and 

thus  prevent  premature g e l a t i o n .  Also, urea i s  added t o  complex t h e  

u r a n y l  i ons  ( U 0 z 2 + )  t o  h e l p  prevent  them from r e a c t i n g  wi th  the  slowly 

decomposing HMTA. 

The c h i l l e d  b ro th  i s  then pumped t o  a d i s p e r s e r ,  which forms drops 

of t h e  r e q u i r e d  s i z e  i n  the  hot  immiscible organic  l i q u i d .  Microspheres 

were formed by two d i f f e r e n t  methods f o r  use as sphere-cal feed  material. 

Coarse sphe res ,  about 600 pm when d r i e d ,  were formed by us ing  a v i b r a t e d  

n o z z l e ,  which produces a narrow range of sphere  s i z e s .  Fine sphe res ,  

about 100 u m  when d r i e d ,  were formed i n  a t u r b u l e n t  shear  nozz le  t o  

i n c r e a s e  the  sphere  product ion  rate. This produces spheres  with a much 

wider range of s i z e s .  From p re l imina ry  r e s u l t s  i t  appears  t h a t  a d r i e d  

g e l  sphere  of about 200 pm is optimum, and microspheres i n  t h i s  s i z e  

range  may be produced i n  e i t h e r  t h e  coa r se  or f i n e s  forming equipment. 

I n  t h e  hot  l i q u i d  the  rate of HMTA decomposition overcomes the  

urea-uranyl i o n  complex and causes  p r e c i p i t a t i o n  of ammonium d i u r a n a t e ,  

r e s u l t i n g  i n  g e l a t i o n  of t he  drops. Two d i f f e r e n t  organic  l i q u i d s ,  

2-ethyl-1-hexanol (2-EH) and t r i c h l o r o e t h y l e n e  (TCE), were used dur ing  

t h e  product ion  of u r a n i a  spheres  f o r  sphere-cal feed. Organic tempera- 

t u r e s  between 45 and 8 8 ° C  were 'used  f o r  g e l a t i o n .  

S e v e r a l  u r a n i a  batches were produced by a modified i n t e r n a l  g e l a t i o n  

p r o c e s s  - the "H" p rocess .  The b r o t h  w a s  p r e p a r e d  with the following 

mole ratios of t h e  components: 

2.0 urea/U. Higher d r i e d  sphere bulk d e n s i t i e s ,  which are d e s i r a b l e  f o r  

improved compaction r a t i o s ,  were obta ined  by t h i s  process.  However, t h e  

microspheres were much harder  and compacted poorly. R e s u l t s  of sphere- 

ca l  tests t h a t  used material formed by t h e  "H" p rocess  w i l l  be d i scussed  

i n  a la ter  s e c t i o n  of t h i s  r e p o r t .  

2.2 NO3-/U, 0.5 NH4+/U, 2.0 HMTA/U, 

Urania microspheres used as sphere-cal feed  were produced i n  both 

l a b  scale equipment (wi th  batch p r e p a r a t i o n  of b ro th  and t y p i c a l l y  0.1 t o  

0.6 kg product per  t e s t )  and engineer ing  scale equipment (wi th  continuous 

p r e p a r a t i o n  of b ro th  and a capac i ty  t o  produce l a r g e r  q u a n t i t i e s  of 

material per tes t ) .  
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Thoria and Thoria-Urania Microspheres 

Thor ia -urania  microspheres (about 12-25% U) used as sphere-cal 

f eed  material were produced by e i t h e r  i n t e r n a l  or e x t e r n a l  g e l a t i o n .  

One ba tch  of pure t h o r i a  spheres  produced by e x t e r n a l  g e l a t i o n  w a s  a l s o  

t e s t e d  t o  determine i t s  s u i t a b i l i t y  as feed  f o r  t h e  sphere-cal process .  

The i n t e r n a l l y  g e l l e d  tho r i a -u ran ia  sphe res  were formed according 

t o  t h e  same flowsheet (see Fig. 3 )  as the  i n t e r n a l l y  g e l l e d  u ran ia  

sphe res .  Best r e s u l t s  were obta ined  when the  b ro th  w a s  prepared from 

a s o l u t i o n  of thorium n i t r a t e  mixed with powdered UO3. The thorium- 

uranium feed  w a s  prepared wi th  the  fo l lowing  r a t i o s :  

urea/U = 2.0, N03-/(Th + U )  = 3.0. 

d r i e d )  con ta in ing  approximately 25% uranium were produced by t h i s  

method f o r  use i n  sphere-cal t e s t i n g .  

HMTA/N03- = 0.7, 

Microspheres (about  300 u m  when 

Mixed tho r i a -u ran ia  microspheres were formed according t o  two 

d i f f e r e n t  e x t e r n a l  g e l a t i o n  f lowshee ts  - t h e  Italian-SNAM process  l2 
and t h e  German KFA*-JGlich process.  l3 

produced by t h e  KFA e x t e r n a l  g e l a t i o n  process .  

Thor ia  microspheres were a l s o  

The o r i g i n a l  e x t e r n a l  g e l a t i o n  method w a s  t h e  Italian-SNAM process ,  

which is  a gel-supported p r e c i p i t a t i o n  process .  The flowsheet f o r  t h i s  

process  i s  shown i n  Fig. 4. To form microspheres by t h e  SNAM process ,  

a water -so luble  o rgan ic  polymer i s  added t o  t h e  heavy metal s o l u t i o n .  

This  polymer suppor t s  t h e  par t ic le  s p h e r i c a l  shape dur ing  g e l a t i o n .  

Bes ides  the  polymer a modi f ie r  i s  added t o  p r o t e c t  t he  polymer from 

a c i d  a t t a c k  and t o  a d j u s t  t h e  v i s c o s i t y .  

The spheres  are formed by d r ipp ing  t h e  b ro th  from a c a p i l l a r y  o r  

by flowing t h e  b r o t h  through a v i b r a t i n g  nozz le  i n t o  a i r .  S p h e r i c a l  

d rops  form from the  e f f e c t  of s u r f a c e  t e n s i o n  be fo re  exposure t o  the  

p r e c i p i t a t i o n  chemical. Deformation may occur as the  spheres  impinge 

upon t h e  p r e c i p i t a t i n g  chemical medium. To prevent  t h i s  t h e  d r o p l e t  

i s  exposed t o  ammonia gas t o  s t r e n g t h e n  t h e  s u r f a c e  of t h e  sphere.  The 

d r o p l e t  i s  then  completely g e l l e d  i n  a s o l u t i o n  of ammonium hydroxide 

("40H 1 

*Kernforschungsanlage, JGl i ch ,  West Germany. 
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FORM AT I ON 

I 

ORNL-DWG 79-9260 

HEAVY METAL (U,Th) 
NITRATE SOLUTIONS +, ADJUSTMENTS 

SURFACE 
NH, GELATION 

“ q o H 4  AND AGING I 

DILUTE “,+OH WASHING NHqNO,, “,OH 

DRY I NG 

MICROSPHERE 9 FEED FOR 

SPHERE -CAL PROCESS 

Fig. 4. Microsphere P r e p a r a t i o n  by Ex te rna l  Gela t ion .  

The spheres  are aged i n  the  ammonium hydroxide u n t i l  g e l a t i o n  has 

been completed through t o  t h e i r  c e n t e r s .  

d i l u t e  ammonium hydroxide. 

cause sphere c racking  dur ing  dry ing ,  are removed dur ing  t h e  washing 

process .  

They are then washed with 

S a l t s  such as ammonium n i t r a t e ,  which may 
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To produce mixed tho r i a -u ran ia  microspheres by t h e  SNAM process  

f o r  sphere-ca l  t e s t i n g ,  a thorium-containing s o l  and a uranium-bearing 

s o l u t i o n  were mixed. The thorium-containing s o l  was prepared from a 

thorium n i t r a t e  [Th(N03)4] s o l u t i o n  p r e n e u t r a l i z e d  approximately 75% 

t o  Th(OH)4 by NH4OH a d d i t i o n .  

hydroxypropyl me thy lce l lu lose  (Methocel) polymer (about 7 kg/m3). 

s o l  had a f i n a l  heavy metal c o n c e n t r a t i o n  of 0.7 M Th. The uranium- 

bea r ing  s o l u t i o n  w a s  prepared from a u rany l  n i t r a t e  s o l u t i o n  wi th  no 

p re t r ea tmen t  necessary.  A Methocel polymer and a t e t r a h y d r o f u r f u r y l  

a l c o h o l  (TFA) modi f ie r  were mixed wi th  the  u rany l  n i t r a t e .  The f i n a l  

uranium s o l u t i o n  was 0.7 M U ,  20% TFA, and 7 kg/m3 Methocel. Spheres 

con ta in ing  about 20% U w i th  a d r i e d  s i z e  about 700 ym i n  diameter 

were produced from a mixture of t hese  two s o l u t i o n s .  The spheres  were 

formed with a vibrating nozzle, although the broth was fairly viscous. 

These sphe res  were promising sphere-cal material because of t h e i r  s o f t  

g e l  s t r u c t u r e ,  as w i l l  be d i scussed  i n  a la ter  s e c t i o n  of t h i s  r e p o r t .  

The r e s u l t i n g  sol w a s  then  mixed with a 

The 

Thoria-urania microspheres produced by t h e  KFA-Julich external 

g e l a t i o n  process  were formed from a mixture of thorium n i t r a t e  and 

u rany l  n i t r a t e .  This  heavy metal s o l u t i o n  w a s  n e u t r a l i z e d  with ammonia 

gas  t o  a pH end po in t  of about 4.0. A t t e m p t s  t o  produce a s o l  with 

g r e a t e r  than  15% U were unsuccessfu l .  No polymer or o the r  a d d i t i v e s  

were used i n  t h e  KFA process .  

The sphe res  were formed from t h e  r e s u l t i n g  s o l  by a method similar 

t o  t h e  SNAM process.  The s o l  was pumped through a v i b r a t i n g  nozz le  t o  

form sphe res  i n  a i r .  The spheres  were s u r f a c e  hardened with ammonia 

gas  and g e l l e d  i n  a mixture of ammonium hydroxide and ammonium n i t r a t e .  

Mixed tho r i a -u ran ia  microspheres con ta in ing  about 1 2 %  U (about 700 u m  i n  

diameter when d r i e d )  were produced by t h e  KFA process .  

sphe res  (about  700 pm i n  diameter when d r i e d )  f o r  sphere-cal p e l l e t i z i n g  

tes ts  were a l s o  produced by t h e  KFA e x t e r n a l  g e l a t i o n  process  with use 

of a thorium n i t r a t e  s o l  produced with ammonia gas n e u t r a l i z a t i o n .  

Thoria micro- 

Thoria and tho r i a -u ran ia  microspheres produced by i n t e r n a l  g e l a t i o n  

o r  by KFA-JGlich e x t e r n a l  g e l a t i o n  processes  proved too  hard t o  e a s i l y  

compact i n t o  pel le ts  and t h e r e f o r e  were not as promising as spheres  
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produced by t h e  SNAM e x t e r n a l  g e l a t i o n  process  f o r  use as sphere-cal 

f e e d  material. These r e s u l t s  w i l l  be d iscussed  i n  more d e t a i l  i n  a 

l a t e r  s e c t i o n  of t h i s  r e p o r t .  

MICROSPHERE DRYING 

The microspheres were d r i e d  fo l lowing  g e l a t i o n  and washing t o  

remove r e s i d u a l  water and low-boiling organics .  Drying must be p rope r ly  

c o n t r o l l e d  so  t h a t  c r acks  or o the r  microsphere d e f e c t s  are not produced. 

The rate of dry ing  must be l i m i t e d  t o  a l low t h e  water t i m e  t o  escape 

from t h e  sphe res  without producing cracks.  Dried spheres  wi th  a h igh  

bulk  d e n s i t y  are d e s i r a b l e  f o r  p e l l e t  p re s s ing  t o  minimize the  compac- 

t i o n  r a t i o .  

We have t e s t e d  s e v e r a l  d ry ing  techniques :  d ry ing  by us ing  a vacuum 

t o  p u l l  room temperature (RT) a i r  through t h e  w e t  g e l  beads and dry ing  

i n  an oven a t  220°C. I n  t h e  lat ter case  t h e  w e t  g e l  beads were placed 

i n  a con ta ine r  wi th  a r e s t r i c t e d  opening and were t h e r e f o r e  d r i e d  i n  a 

humid or steam atmosphere. To i n c r e a s e  t h e  d r i e d  sphere  d e n s i t i e s ,  we 

developed a w a r m  a i r  dry ing  technique. 

be ing  passed through t h e  bed of g e l  spheres .  By t h i s  method i n t e r n a l l y  

g e l l e d  u ran ia  sphere  d e n s i t i e s  were inc reased  about 25% over spheres  

d r i e d  by convent iona l  procedures.  

A i r  was hea ted  t o  60°C before  

MICROSPHERE CALCINING 

Ca lc inca t ion  of t h e  g e l  microspheres is necessary  f o r  c o n t r o l l e d  

release of water and r e s i d u a l  o rgan ic s  thay remain fo l lowing  microsphere 

g e l a t i o n  and drying. It is  a l s o  necessary ,  i n  t h e  case of uranium- 

c o n t a i n i n g  material, f o r  r e d u c t i o n  of t h e  oxygen-to-metal r a t i o  (O/M) 

be fo re  p e l l e t i z i n g .  Theref o r e ,  an i n e r t  gas-hydrogen mixture is used 

du r ing  c a l c i n a t i o n .  

During p re l imina ry  experiments t o  determine a s a t i s f a c t o r y  calci- 

n a t i o n  temperature, '  u r a n i a  microspheres (ba t ch  GT-371) were ca l c ined  a t  

400, 600, and 800°C i n  A r 4 %  H2. W e  used a hea t ing  schedule  of 10O0C/h 
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w i t h  a 4-h hold t i m e  a t  temperature.  Pe l le t s  were co ld  pressed a t  138 

t o  414 MPa (20,OOMO,OOO p s i )  and s i n t e r e d  a t  1450°C i n  AI-+% H 2 .  

Exce l len t  p e l l e t s  wi th  homogeneous m i c r o s t r u c t u r e s  were f a b r i c a t e d  

from t h e  microspheres c a l c i n e d  a t  600°C. Pel le t  d e n s i t i e s ,  measured by 

mercury pycnometry, were as h igh  as 95.2% of t h e o r e t i c a l  d e n s i t y  (T.D.). 

A l l  t h e  p e l l e t s  formed from microspheres t h a t  were c a l c i n e d  a t  400°C 

cracked a p a r t  during s i n t e r i n g ,  and t h e  p e l l e t s  pressed  from the  800°C 

c a l c i n e d  spheres  were lower i n  dens i ty .  

Thermogravimetric a n a l y s i s  (TGA) of a batch of u r a n i a  microspheres 

revea led  t h a t  600°C was a good c a l c i n a t i o n  temperature.  

d r i e d  microspheres was hea ted  t o  900°C i n  A r 4 %  H 2 ,  whi le  weight l o s s  

and water e v o l u t i o n  were cont inuous ly  monitored. Reduction of t he  

material appeared t o  be complete wi th  s t a b i l i z e d  weight loss  and water 

e v o l u t i o n  by 550"C, as shown i n  Fig. 5. 

A sample of 

ORNL-DWG 70-1 9304R2 

I I I I I I I I I 

UNDER Ar-4% H2 FLOW UNDER Ar-4% H2 FLOW SAMPLE 
WEIGHT 

I I I I I I 1 I I 
0 200 400 600 800 

TEMPERATURE ("C) 

WATER CONTENT 
IN OFF-GAS STREAM 

Fig. 5. Weight Loss and Water Evolu t ion  During Thermogravimetric 
Analys is  of Urania G e l  Microspheres.  
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The O / M  r a t i o s  of two batches of u r a n i a  microspheres  (GT-371 and 

IGT-60) w e r e  measured fol lowing c a l c i n a t i o n  runs  made a t  var ious  tempera- 

t u r e s  (400-1000°C). Our r e s u l t s ,  t h a t  i s ,  O / M  r a t i o  va lues  from 2.2 

t o  2.7, were unexpected. Therefore ,  w e  concluded t h a t  t h e  microspheres 

had oxidized upon exposure t o  room air  fol lowing c a l c i n a t i o n .  A sample 

of u r a n i a  microspheres (IGT-61B) c a l c i n e d  a t  620°C w a s  removed under 

i n e r t  atmosphere p r o t e c t i o n .  An O/M r a t i o  of 2.0 was measured f o r  t h i s  

sample,  showing t h a t  t h e  r e d u c t i o n  r e a c t i o n  w a s  complete a t  t h i s  calci-  

n a t i o n  temperature.  This  sample w a s  then  exposed t o  room a i r ,  and i t  

reoxid ized .  The O/M r a t i o  w a s  2.40 a f t e r  10 min i n  a i r  and 2.48 a f t e r  

1 h. 

A s  shown i n  Fig. 6 t h e  O/M r a t i o  decreases  wi th  i n c r e a s i n g  calci-  

n a t i o n  temperature .  It appears  t h a t  increased  c a l c i n a t i o n  temperature  

reduces  t h e  p o t e n t i a l  f o r  microsphere reoxida t ion .  This  f i n d i n g  i s  

c o n s i s t e n t  wi th  r e s u l t s  showing t h a t  t h e  s i n t e r a b i l i t y  of t he  micro- 

s p h e r e s  i s  reduced as c a l c i n a t i o n  temperature  i n c r e a s e s .  These r e s u l t s  

w i l l  be d iscussed  i n  t h e  p e l l e t  s i n t e r i n g  s e c t i o n  of t h i s  r e p o r t .  

ORNL-DWG 78-4938OR 

2 6 c  

? 
0 

I 

I 

uo* 2.0 

CALCINING TEMPERATURE ("C) 

Fig. 6. The O/M Rat io  
of Calcined Urania Microspheres 
Following Room A i r  Exposure f o r  
S e v e r a l  Days (Batches GT-371, 
About 250-pm spheres  and IGT-60, 
About 800-pm spheres) .  
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We have i n i t i a t e d  development work t o  determine a method t o  i n c r e a s e  

t h e  ox ida t ion  r e s i s t a n c e  of t h e  microspheres fo l lowing  c a l c i n a t i o n  without 

a p p r e c i a b l y  reducing sphere  s i n t e r a b i l i t y .  Doubling t h e  hold t i m e  a t  

tempera ture  from 4 t o  8 h dur ing  c a l c i n a t i o n  a t  600°C d i d  not appear t o  

s t a b i l i z e  t h e  microspheres.  

hydrogen appeared t o  be e s p e c i a l l y  r e a c t i v e  and oxid ized  completely t o  

U3O8 (O/M = 2.67) upon exposure t o  room air .  

Microspheres c a l c i n e d  a t  600°C i n  pure 

Thor ia  and mixed tho r i a -u ran ia  microspheres were not ca l c ined  be fo re  

p r e s s i n g  s i n c e  c a l c i n i n g  a t  even low tempera tures  caused s e v e r a l  micro- 

sphe re  ba tches  t o  become very  hard t o  compact. However, t ho r i a -u ran ia  

microspheres formed by t h e  SNAM e x t e r n a l  g e l a t i o n  process  have a s o f t  

g e l  s t r u c t u r e ,  and our development work i s  ongoing t o  opt imize  the  calci- 

n a t i o n  cond i t ions  f o r  t h i s  material t o  be used as p e l l e t  p re s s  feed. 

PELLET PRESSING 

Microspheres were co ld  pressed  i n t o  c y l i n d r i c a l  p e l l e t s  wi th  a 

manual h y d r a u l i c  p r e s s  and forming p r e s s u r e s  from 138 t o  414 MPa (20,OOCb 

60,000 p s i ) .  

12.7 mm (1/&1/2 in . )  were used. P e l l e t  l e n g t h  t o  diameter r a t i o s  (L/D) 

were u s u a l l y  between 1 and 2. A s o l u t i o n  of stearic a c i d  i n  ace tone  w a s  

used as a d i e  l u b r i c a n t .  Other p e l l e t  l u b r i c a n t s  and b inde r s  such as 

S te ro tex*  and Carbowaxt d id  not  appear t o  be necessa ry  f o r  s u c c e s s f u l  

p e l l e t i z i n g  . 

Dies wi th  two movable punches and d iameters  from 6.35 t o  

Calc ined  u r a n i a  microspheres deformed r e a d i l y  under p r e s s u r e  t o  form 

good compacts. 

measured s i n c e  they  r e a d i l y  deformed, and a break p o i n t  could not  be 

e a s i l y  d i s t ingu i shed .  

( u n s i n t e r e d )  p e l l e t .  A po l i shed  s u r f a c e  view is  shown i n  Fig. 8. This 

p e l l e t  w a s  f a b r i c a t e d  from microspheres (IGT-60) c a l c i n e d  a t  1000°C, 

which should have g r e a t e r  c rush ing  s t r e n g t h  than microspheres c a l c i n e d  

The c rush ing  s t r e n g t h  of t h e s e  microspheres could not  be 

F igu re  7 shows a f r a c t u r e  s u r f a c e  of an as-pressed 

*Product of C a p i t o l  C i t y  Products  Company, D iv i s ion  of Stokely- 

tProduct  of Carbide and Carbon Chemicals Company, Div is ion  of Union 

Van Camp, Inc., Columbus, Ohio. 

Carbide Corpora t ion ,  South Char les ton ,  West Vi rg in i a .  
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Fig.  7. F r a c t u r e  Surface  of &-Pressed Urania P e l l e t  (Batch IGT-60, About 800-um Spheres ,  
1000" Calcine) .  
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Fig.  8. Pol i shed  S e c t i o n  of &-Pressed Urania Pellet  (Batch IGT-60, 
About 800-pm Spheres ,  1000° Calc ine ) .  

a t  600°C. The forming p r e s s u r e  w a s  138 MPa (20,000 p s i ) ,  and the  

microspheres  deformed r e a d i l y  t o  f i l l  i n  t h e  voids  between spheres.  

However, most ba tches  of t h o r i a  and mixed tho r i a -u ran ia  micro- 

s p h e r e s  were ve ry  hard  t o  compact and f r a c t u r e d  r a t h e r  than deforming 

under pressure .  A t y p i c a l  m i c r o s t r u c t u r e  of a s i n t e r e d  mixed tho r i a -  

u r a n i a  p e l l e t  i s  shown i n  Fig. 9. Remnants of t h e  o r i g i n a l  microspheres 

are c l e a t l y  v i s i b l e  toge the r  wi th  sha rds  from f r a c t u r e d  spheres .  The 

mixed tho r i a -u ran ia  sphe res  were not  c a l c i n e d  before  p re s s ing  s i n c e  

c a l c i n i n g  a t  even low tempera tures  caused the  microspheres t o  become 

ha rde r  t o  p re s s .  Pel le ts  wi th  t h i s  appearance were produced from 

t h o r i a  and mixed tho r i a -u ran ia  microspheres formed by e i t h e r  i n t e r n a l  

o r  external g e l a t i o n  (KFA method). Pel le ts  pressed  from urania  micro- 

sphe res  formed by t h e  "H" p rocess  ( i n t e r n a l  g e l a t i o n )  a l s o  had a similar 

t y p e  mic ros t ruc tu re .  This process  a p p e a r s  t o  produce spheres  too  hard 

t o  be s u i t a b l e  as sphere-ca l  feed  material. 



Fig. 9. A (Th,U)O2 Pellet with Remnant Microsphere Structure (Batch GT-484, About 300-pm Spheres, 
Internal Gelation, T h / U  = 3). (a) As polished. (b) Etched (30 H3PO4:l HF). 
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Thoria-urania microspheres formed by the  SNAM e x t e r n a l  g e l a t i o n  

process  gave promising r e s u l t s  s i n c e  they  have a much s o f t e r  g e l  s t r u c t u r e ,  

P e l l e t s  pressed  from SNAM-type microspheres were more homogeneous, and 

i n d i v i d u a l  sphere  remnants were not a s  v i s i b l e  s i n c e  the  microspheres 

s i n t e r e d  toge the r  b e t t e r .  Our development work i s  ongoing t o  optimize 

t h e  c a l c i n a t i o n  c o n d i t i o n s  f o r  SNAM-type microspheres t o  be used as 

sphere-ca l  feed  material. 

We performed a s t a t i s t i c a l  experiment t o  s tudy  va r ious  uran ia  micro- 

sphe re  c a l c i n i n g  tempera tures ,  forming p r e s s u r e s ,  and s i n t e r i n g  rates. 

The l e v e l s  of t he  v a r i a b l e s  are shown i n  Table 1. R e s u l t s  showed t h a t  

green  p e l l e t  d e n s i t i e s  i n c r e a s e  wi th  i n c r e a s i n g  forming p r e s s u r e ,  as shown 

i n  Fig. 10, and t h a t  s i n t e r e d  p e l l e t  d e n s i t i e s  decrease  with i n c r e a s i n g  

forming p r e s s u r e ,  as shown i n  Fig. 11. The l a t t e r  r e s u l t  was unexpected 

but  may p o s s i b l y  be expla ined  by t h e  f a c t  t h a t  many p e l l e t s  i n  t h i s  

experiment conta ined  cracks .  P e l l e t  feed  material had oxid ized  upon 

exposure t o  air  fo l lowing  c a l c i n i n g ,  and t h e r e f o r e ,  the  pe l le t s  underwent 

r e d u c t i o n  dur ing  s i n t e r i n g .  Pel le ts  wi th  h ighe r  green d e n s i t y  may have 

been more prone t o  c rack ing  as a r e s u l t  of t h e  release of t rapped  water 

vapor dur ing  p e l l e t  r educ t ion .  l4 

Table  1. S t a t i s t i c a l  Experiment 32 x 2 Design 

~ ~~ 

Process  Var i ab le s  Levels  

Ca lc in ing  t e m p e r a t u r e  600, 800, 1000 

Forming p res su re  (MPa) 138, 276, 414 

S i n t e r i n g  schedule  (1 )  100°C/h t o  1450°C 

( " c )  

( 2 )  100°C/h t o  450°C 
and 300°C/h t o  
1450°C 
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Fig. 10. Green P e l l e t  D e n s i t i e s  Inc reased  with I n c r e a s i n g  P res su re .  

Fig.  11. S i n t e r e d  P e l l e t  D e n s i t i e s  Decreased wi th  I n c r e a s i n g  Pressure .  
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PELLET SINTERING 

For ease of comparison of t h e  s i n t e r a b i l i t y  and q u a l i t y  of var ious  

g e l  microsphere ba tches ,  we s e l e c t e d  a s i n g l e  s i n t e r i n g  schedule.  This 

schedule  had been shown15 t o  be s a t i s f a c t o r y  €or  s i n t e r i n g  i n d i v i d u a l  

u r a n i a ,  t h o r i a ,  and thor ia -urania  microspheres  t o  g r e a t e r  than 99% T.D. 

Our schedule  (Fig.  12) was a h e a t i n g  rate of 100°C/h t o  450°C followed 

by a h e a t i n g  rate of 300°C/h t o  1450OC. The p e l l e t s  were allowed t o  

soak during a 4-h hold a t  1450OC. Then they  were cooled slowly as t h e  

furnace  cooled t o  room temperature  a t  a rate of approximately 100°C/h. 

A reducing atmosphere, Ar-4% H 2 ,  w a s  used during t h e  heatup and soak 

p e r i o d s ,  and argon was used dur ing  furnace  cool-down. 

ORNL-DWG 79-90i2R 
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Fig. 12. Sphere-Cal Pellet  S i n t e r i n g  Schedule.  
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To confirm t h a t  t h i s  s i n t e r i n g  schedule  was s a t i s f a c t o r y ,  a slower 

h e a t i n g  r a t e  was t e s t e d  i n  a s ta t i s t ica l  experiment ( s e e  Table 1). Half 

of t he  u r a n i a  pel le ts  i n  t h e  experiment were s i n t e r e d  by us ing  the  

s t anda rd  schedule  descr ibed  above, and h a l f  were f i r e d  with a hea t ing  

ra te  of 100"C/h t o  the  s i n t e r i n g  tempera ture  of 1450°C. R e s u l t s  from 

t h i s  experiment were inconc lus ive  s i n c e  many of t he  p e l l e t s  c racked ,  but 

l i t t l e  d i f f e r e n c e  w a s  d e t e c t e d  between the  two s i n t e r i n g  schedules.  

In t h e  same s t a t i s t i c a l  experiment ( t o  s tudy  c a l c i n i n g  tempera ture ,  

forming p r e s s u r e ,  and s i n t e r i n g  schedule)  w e  determined t h a t  t he  s i n t e r a -  

b i l i t y  of uran ia  microspheres w a s  reduced as the  c a l c i n a t i o n  temperature 

increased .  S i n t e r e d  p e l l e t  d e n s i t i e s  decreased with i n c r e a s i n g  calci- 

n a t i o n  tempera ture ,  e s p e c i a l l y  above 800°C, as shown i n  Fig. 13. Scanning 

e l e c t r o n  microscope (SEM) micrographs of t h e  f r a c t u r e d  s u r f a c e  of a 

p e l l e t  from t h i s  experiment,  which conta ined  sphe res  c a l c i n e d  a t  lOOO"C,  

are shown i n  Fig. 14. I n d i v i d u a l  spheres  d id  not s i n t e r  t oge the r  w e l l ,  

and c racks  between spheres  were s t i l l  p re sen t .  

ORNL-DWG 78-193840R 
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Fig. 13. S i n t e r e d  Pellet  D e n s i t i e s  Decreased with I n c r e a s i n g  
C a l c i n a t i o n  Temperature. 
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ORNL-DWG 78-19612 

Fig. 14. Incomplete Sintering Between Microspheres Comprising a 
UO2 Pellet (Batch IGT-60, About 800-1-lm Spheres, 1000°C Calcine). 
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Many of t he  t h o r i a  and thor ia -urania  microsphere ba tches  s i n t e r e d  

poorly,  even when t h e  p e l l e t s  were formed from uncalcined spheres .  The 

t h o r i a  and thor ia -urania  microspheres ,  produced by e i t h e r  i n t e r n a l  or 

e x t e r n a l  g e l a t i o n  (KFA method), s i n t e r e d  i n d i v i d u a l l y  r a t h e r  than between 

s p h e r e s  ( s e e  Fig. 9) .  However, thor ia -urania  microspheres produced by 

t h e  SNAM e x t e r n a l  g e l a t i o n  process  s i n t e r e d  toge ther  b e t t e r  and are 

promising sphere-cal  feed material. 

SPHERE-CAL BATCH SCREENING TESTS 

Twenty-one u r a n i a ,  one t h o r i a ,  and f i v e  thor ia -urania  g e l  micro- 

sphere  ba tches  were t e s t e d  f o r  sphere-cal performance wi th  a s tandard  

s c r e e n i n g  t e s t ,  which was a modified ASTM s i n t e r a b i l i t y  tes t  procedure \ 

(ASTM s p e c i f i c a t i o n  C-753-73, Sect. A2.2). The batches d i f f e r e d  from 

each o t h e r  i n  t h a t  v a r i o u s  sphere forming and dry ing  c o n d i t i o n s  were 

used during t h e i r  product ion.  A sample of microspheres from each of t h e  

u r a n i a  batches w a s  c a l c i n e d  a t  600°C i n  A r 4 %  H2. 

u r a n i a  spheres  were no t  ca lc ined .  The microspheres were then pressed with 

forming p r e s s u r e s  between 138 and 414 MPa (20,000 and 60,000 p s i ) .  We 

used as h igh  a p r e s s u r e  as p o s s i b l e ,  u n t i l  end capping w a s  observed, 

t o  o b t a i n  maximum green p e l l e t  d e n s i t i e s .  The p e l l e t s  were then s i n t e r e d  

a t  1450°C i n  Ar-4% H2 by us ing  t h e  s tandard  schedule  (see Fig. 12):  

100°C/h h e a t i n g  rate t o  450"C, then 300"C/h h e a t i n g  ra te  t o  1450°C. 

The t h o r i a  and t h o r i a -  

Green and c a l c i n e d  microsphere s i z e ,  green and c a l c i n e d  sphere t a p  

d e n s i t y ,  c a l c i n e d  sphere O/M r a t i o ,  green and s i n t e r e d  p e l l e t  geometric 

d e n s i t y ,  s i n t e r e d  p e l l e t  d e n s i t y  (measured by mercury pycnometry), sphere 

weight loss during c a l c i n i n g ,  p e l l e t  weight loss  during s i n t e r i n g ,  and 

p e l l e t  d i a m e t r i c a l  shr inkage were measured. Also, t h e  g e l  microspheres 

themselves were c h a r a c t e r i z e d  as t o  s i n t e r a b i l i t y .  Unpressed micro- 

spheres  from each batch were measured f o r  s i n t e r e d  sphere s i z e ,  d e n s i t y ,  

and weight l o s s  during s i n t e r i n g .  The heavy metal r a t i o  (Th/U) w a s  

determined f o r  t h e  mixed thor ia -urania  batche's. Also pol i shed  c r o s s  

s e c t i o n s  of r e p r e s e n t a t i v e  p e l l e t s  from each g e l  microsphere batch were 

examined f o r  p o r o s i t y  d i s t r i b u t i o n ,  g r a i n  s i z e ,  and i n t e r n a l  cracking or 

o t h e r  d e f e c t s .  These measurements f o r  a l l  of t h e  g e l  microsphere batches 

t h a t  were t e s t e d  are t a b u l a t e d  i n  t h e  Appendix. 

! 1. 
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We compared r e s u l t s  of t h e  sphere-cal p e l l e t  f a b r i c a t i o n  sc reen ing  

tests with t h e  g e l  microsphere forming and drying cond i t ions  f o r  each 

batch. Mic ros t ruc tu res  from the  U02 p e l l e t s  could be ca t egor i zed  i n t o  

one of t h r e e  g e n e r a l  groups: pe l le t s  wi th  h igh  d e n s i t y  matrices (Fig.  15> ,  

p e l l e t s  wi th  p o r o s i t y  l o c a t e d  mainly around remnant sphere boundaries 

(F ig .  1 6 ) ,  and p e l l e t s  w i th  i n t e r n a l  c racks  (Fig.  17).  

Our p re l imina ry  conclus ions  are d i scussed  below. Pe l le t s  having 

dense matrices were o f t e n  produced from ba tches  of c a l c i n e d  spheres  having 

O / M  r a t i o s  approaching 2.67, which corresponds t o  U308. However, most 

of t h e s e  p e l l e t s  c r ack  a p a r t  dur ing  s i n t e r i n g  as a r e s u l t  of water vapor 

release dur ing  r e d u c t i o n ,  phase changes, o r  excess ive  shr inkage .  Pe l le t s  

w i t h  a s t r u c t u r e  con ta in ing  p o r o s i t y  around remnant sphere  boundaries 

were o f t e n  produced from microsphere ba tches  d r i e d  slowly wi th  room 

tempera ture  air. 

The aging changes i n  w e t  g e l  appear t o  cause sphere d i s t o r t i o n s  

and reduced d r i e d  g e l  d e n s i t i e s .  Aging a l s o  appears t o  c o n t r i b u t e  t o  

g r o s s  c racking  and o the r  d e f e c t s  i n  pe l le t s .  Drying wi th  room temperature 

a i r  seems t o  c o n t r i b u t e  t o  p e l l e t  c r ack ing ,  bu t  t h i s  may be an e f f e c t  of 

w e t  ag ing  dur ing  t h e  slow dry ing  process .  I n  a d d i t i o n ,  p e l l e t s  pressed  

from sphe res  with d iameters  l a r g e r  than  400 u m  u s u a l l y  conta ined  more 

i n t e r n a l  c racks .  

P e l l e t  inhomogeneity w a s  a problem when s e v e r a l  ba tches  of g e l  

microspheres  w e r e  mixed, as shown i n  Fig. 18. Even wi th in  a ba tch  g r a i n  

s i z e  and p o r o s i t y  d i s t r i b u t i o n  sometimes v a r i e d  between i n d i v i d u a l  spheres  

compr is ing  a p e l l e t .  This  was more o f t e n  the  case f o r  microspheres 

c a l c i n e d  a t  tempera tures  approaching 1000°C. 

R e s u l t s  t o  d a t e  sugges t  t h a t  t h e  sphere-cal cond i t ions  t h a t  w i l l  

produce t h e  h i g h e s t  q u a l i t y  U02 p e l l e t s  are: minimum g e l  ag ing ,  f i n e  

microspheres (50-400 um), f a s t  dry ing  (warm a i r  or oven), a c a l c i n a t i o n  

tempera ture  of 6OO0C, and a low O/M r a t i o .  

produced from microspheres ( b a t c h  GT-371) having minimum g e l  aging (about 

5 h ) ,  w i th  a diameter of about 250 pm when d r i e d ,  d r i e d  a t  220°C i n  an 

oven wi th  a steam atmosphere, and c a l c i n e d  a t  600°C i n  Ar-4% H2. 

p e l l e t s  wi th  homogeneous m i c r o s t r u c t u r e s  and high d e n s i t i e s  (95.2% T.D.) 

were f a b r i c a t e d  from these  microspheres ,  as shown i n  Fig. 19. However, 

The bes t  u ran ia  p e l l e t s  were 

Exce l l en t  



Fig. 15. Representative Microstructure of a U02 Pellet with High Density Matrix (Batch FGT-8, 
About 50-pm Spheres, 450°C Calcine). (a) Polished section. (b) Etched (H2SO4: 2H202:7H20). 
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Fig.  17. Representative Microstructure of a U02 Pellet with Internal Cracks (Batch IGT-60, About 
800-pm Spheres, 6OOOC Calcine). (a) Polished section. (b) Etched (H2S04:2H202:7H20). 



28 

Fig.  18. P e l l e t  Inhomogeneity (Mixed Batch, About 100-pm Spheres ,  
6OOOC Calc ine) .  Etched (H2S04:2H202:7H20). 

t h e s e  microspheres  oxid ized  dur ing  handl ing i n  air  fol lowing c a l c i n a t i o n ,  

and development work is necessary  t o  determine a method t o  s t a b i l i z e  

c a l c i n e d  microspheres.  Our a t t e m p t s  t o  reproduce the  e x c e l l e n t  r e s u l t s  

from t h i s  microsphere ba tch  have been only p a r t i a l l y  s u c c e s s f u l  with 

o t h e r  ba t ches  of g e l  microspheres.  



29 

Fig. 19. A U02 Fuel  P e l l e t  Fabr ica ted  from G e l  Microspheres (Batch 
GT-371, About 2507m Spheres,  6OOOC Calcine) .  
( b )  Etched (H2S04:2H202:7H20). 

(a) Pol i shed  s e c t i o n .  
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The b e s t  t ho r i a -u ran ia  pel le ts  were produced from microspheres (ba t ch  

MGT-104) formed by t h e  SNAM e x t e r n a l  g e l a t i o n  p rocess ,  which have a s o f t  

g e l  s t r u c t u r e .  These microspheres ,  which conta ined  about 20% U ,  had a 

diameter of about 700 u m  when d r i e d  and were d r i e d  a t  200°C i n  an oven 

wi th  a steam atmosphere. The SNAM-type microspheres compacted e a s i l y  and 

s i n t e r e d  toge the r  t o  produce a f a i r l y  homogeneous s t r u c t u r e  (90.2% T. D. 1, 
as shown i n  Fig. 20. S ince  t h e s e  microspheres were not  ca l c ined  before  

p r e s s i n g ,  ho le s  i n  the  p e l l e t  s t r u c t u r e  were probably caused by the  

decomposition and release of t he  g e l  suppor t  polymer and o the r  organics  

dur ing  s i n t e r i n g .  Our development work is  ongoing t o  optimize the  calci- 

n a t i o n  c o n d i t i o n s  of SNAM-type microspheres t o  be used as sphere-cal feed  

material. 

SUMMARY 

We s t u d i e d  each sphere-ca l  process  s t e p  (microsphere g e l a t i o n ,  d ry ing ,  

c a l c i n i n g ,  p e l l e t  p r e s s i n g ,  and s i n t e r i n g )  t o  t r y  t o  determine t h e  

impor tan t  parameters f o r  t h e  product ion  of h igh  q u a l i t y  U02, Th02, and 

(Th,U)O2 f u e l  pe l le t s .  Urania microspheres  used as p e l l e t  p r e s s  feed  

material were formed by i n t e r n a l  g e l a t i o n ,  while t h o r i a  and mixed t h o r i a -  

u r a n i a  microspheres were produced by e i t h e r  i n t e r n a l  or e x t e r n a l  g e l a t i o n .  

E x c e l l e n t  uranium oxide (U02) f u e l  p e l l e t s  wi th  homogeneous micro- 

s t r u c t u r e s  and d e n s i t i e s  ( g r e a t e r  than 95% T.D.) were produced from gel-  

de r ived  microspheres.  R e s u l t s  t o  d a t e  sugges t  t h a t  t h e  sphere-cal process  

c o n d i t i o n s  t h a t  w i l l  produce the  h i g h e s t  q u a l i t y  U02 p e l l e t s  are: minimum 

g e l  ag ing ,  f i n e  microspheres (50-400 pm), f a s t  d ry ing  (warm air o r  oven), 

a c a l c i n a t i o n  tempera ture  of 6OO0C, and a low O/M r a t i o .  From a statis-  

t i c a l  experiment we determined t h a t  U 0 2  s i n t e r e d  p e l l e t  d e n s i t i e s  i n c r e a s e  

both  wi th  dec reas ing  c a l c i n a t i o n  tempera ture  (1000-600°C) and wi th  

dec reas ing  forming p r e s s u r e  (414-138 MPa). Thermogravimetric ana lyses  

r evea led  t h a t  a minimum c a l c i n a t i o n  tempera ture  of 600°C w a s  necessary  

t o  ensure  complete r e d u c t i o n  of t h e  U03 microspheres t o  U02. However, 

upon exposure t o  room a i r  fo l lowing  c a l c i n a t i o n ,  t h e  microspheres p a r t i a l l y  

r eox id ized .  
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Thoria  and mixed thor ia -urania  microspheres produced according t o  

i n t e r n a l  or e x t e r n a l  (KFA process)  g e l a t i o n  f lowshee ts  were hard and 

compacted poorly,  even as d r i ed .  P e l l e t  m i c r o s t r u c t u r e s  conta in ing  

remnant microspheres  and shards  were obta ined ,  and microspheres s i n t e r e d  

i n d i v i d u a l l y  r a t h e r  than  s i n t e r i n g  between spheres .  Urania microspheres 

produced by t h e  "H" p rocess  gave similar r e s u l t s  . However, thor  ia-urania  

microspheres  produced by t h e  SNAM e x t e r n a l  g e l a t i o n  process  were s o f t e r ,  

compacted e a s i l y ,  and s i n t e r e d  t o g e t h e r  t o  produce a more homogeneous 

p e l l e t  s t r u c t u r e .  

Our f u t u r e  development work w i l l  be d i r e c t e d  toward opt imiza t ion  

of sphere-cal  process  parameters.  I n  p a r t i c u l a r ,  c a l c i n a t i o n  schedules  

w i l l  be s t u d i e d  t o  s t a b i l i z e  t h e  O/M r a t i o  of urania-bear ing microspheres 

without  apprec iab ly  decreas ing  t h e i r  s i n t e r a b i l i t y .  Optimum microsphere 

s i z e ,  g e l a t i o n  medium, and dry ing  c o n d i t i o n s  must a l s o  be determined f o r  

u r a n i a  sphere-cal  feed  material. Our development work will cont inue 

toward d e f i n i n g  a (Th,U>02 sphere-cal  f lowsheet  with emphasis on g e l a t i o n  

and c a l c i n a t i o n  condi t ions .  
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Table A l .  Urania Sphere-Cal Feed Material 

Sphere Weight 
Sphere Mercury Tap Density, 

g/cm3 O I U  Ratio Density 
____ During During (% T.D.) 
Dried Calcined Calcining Sincering 

Gelation wet Drying Calcination Sphere Size, Urn 
Batch F ~ ~ ~ ~ ~ ~ ~ ~ a  E:zi;:t::3 Organice Temperature Agingd COnditionSe Temperature 

("C) (h) ("c) Dried Calcined Sintered 

GT-371 

GT-371 

GT-371 

GT-412 

GT-357 

IGT-60 

IGT-60 

IGT-60 

IGT-60 

J-819 
(Mixed) 

IGT-68-69B 

GT-469 

IGT-618 

5-829 
(Mined) 

(Mined) 
3-829 

FGT-8 

FGT-8 

IGT-76 

FGT-1 

FGT-ZOA-I 

FGT-10 

GT-468 

IGT-6lA 

FGT-238 

FGT-23A 

H06 

FGT-21 

FGT-20 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

S tapdard 

Standard 

S tandard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

Standard 

"H" 
Process 

Standard 

Standard 

Lab, F. 

Lab, F. 

Lab, F. 

Lab. F. 

Lab, S.C. 

Interim, S.C. 

Interim, S.C. 

Interim, S.C. 

Interim, S.C. 

Lab, F. 

Interim, S.C. 

Lab, F. 

Inrerim, s.c 

Lab. S.C 

Lab, S.C. 

Interim, F. 

Interim, F. 
Interim, S.C. 

Interim, F. 

Interim, F. 

Interim, F. 

Lab, F. 

Interim, S.C. 

Interim, F. 

Interim, F. 

Lab 

Interim, F. 

Interim. F 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 

TCE 
(Most) 

TCE 

TCE 

TCE 

TCE 
(Most) 

TCE 
(Most ) 

2EH 

2EH 

TCE 

ZEH 

2EH 

2EH 

TCE 

TCE 

2EH 

2EH 

2EH 

2EH 

2EH 

65 

65 

65 

58 
72 

70 

70 

70 

70 
65 
(Most) 

70 

50 

70 

70 
(Most) 

70 
(Most) 

53 

53 

53 

45 

50 

50 

50 

70 

50 

50 

88 

50 

50 

5 

5 

5 

10 

5 

140 

140 

140 

140 

300 

5 

800 

20 

20 

11) 

120 

10 

60 

10 

800 

40 

40 

5 

60 

80 

Steam 220'C 

Steam 220'c 

steam 220oc 

Air R.T. 

steam 220'C 

steam 2220°C 

steam %220°C 

steam 2220-c 

steam ""22O1C 
Air R.T. 
(M0-t) 

steam 200'C 

steam 220oc 

steam 200-1: 

S t e a m  220°C 

sceam 220oc 

steam 200oc 

steam 200-c 

steam 210-c 

Air R.T. then 
oven 2OODC 

Air 8O'C then 
oven 220°C 

oven 200'C 

(Most) 

(Most) 

Air R.T. then 

A i r  R.T. 

A i r  R.T. 

Air R.T. then 
Oven 225°C 

Air R.T. then 
oven 225°C 

A i r  60°C then 
Oven 225°C 

Air R.T. then 
Oven 225-C 

Air R.T. then 
oven 225°C 

400 250 271 85 0.79 

600 250 226 85 0.79 1.02 

800 250 222 85 0.79 

600 68.5 60.5 37.5 1.32 2.28 

600 601 535 262 0.78 0.99 

500 786 797 0.65 

600 786 557 397 0.65 0.88 

800 786 397 0.65 

1000 786 397 0.65 

600 280 39.6 1.58 

450 

450 271 

0.76 0.99 

105 0.88 1.28 

450 323.5 0.75 0.99 

450 488 390 0 . 8 1  1.09 

600 488 370 0.81 1.11 

450 39 0.773 

600 1.04 

600 567 486 1.00 1.42 

600 82 113 0.70 0.88 

600 161 109 1.52 

600 212 137 0.97 1.29 

600 215 180 1.44 2.03 

600 626 502 1.06 1.47 

600 36 33 1.46 1.98 

600 32 34 1.52 2.19 

600 181 151 2.17 3.67 

600 38 26 1.02 1.62 

600 155 274 1.23 1.65 

2.690 

2.735 

2.632 

2.426 

2.352 

2.440 

2.398 

2.262 

2.203 

2.450 

2.59 

2.56 

2.63 

2.46 

2.511 

2.453 

2.506 

2.328 

2.270 

2.457 

2.274 

2.28 

2.372 

2.34 

10.9 13.8 

11.5 13.8 

10.4 13.8 

18.8 18.8 

17.2 18.3 
12.4 

7.0 11.5 

9.6 11.5 
9.8 

9.9 11.5 

10.0 11.5 

6.9 

10.5 12.5 

15.4 15.2 
15.4 

7.7 10.2 
10.1 

11.25 

13. I 

9.5 

9.2 

9.4 12.2 
10.0 

5.6 

4.5 

16.8 

16.1 
7.1 

7.6 

9 . 1  

7.4 

7.3 

93.0 

93.0 

93.0 

100 

98.3 

96.3 
96.3 

96.3 

96.3 

98.5 

96.6 

93.3 
97.9 

69.2 
96.9 

W 

91.1 

'Standard indicates mole ratios of broth components as follows: 

bf. is abbreviation for fines; S.C. is abbreviation for small  coarse.  

CTCE is abbreviation f o r  trichloroethylene; 2EH is abbreviation f o r  2-ethyl-1-hexanal. 

'wet aging indicates elapsed time between g e l a t i o n  and f i n a l  drying as 5. 10 ,  20, 4 0 ,  60, etc. h. 

eSteam indicates drying in an oven in a partially closed container to provide a humid drying atmosphere 

1.1-1.3 HMTAlU, 1.25 u r e a l U ,  1.5-1.7 NO3-N. "H" Process indicates mole ratios of broth components as f o l l o w s :  
2.0 HMTAIU, 2.0 urealu, 2.2 N 0 3 - N .  0.5 NH,+/U. 

indicates engineering scale with continuous preparation of broth and more than 0.6 kg product per test. 
Lab indicates small scale with batch preparation o f  brorh and typically 0.1 to 0.6 kg  product per  test. Interim 
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Table A2. U02 Sphere-Cal P e l l e t s  

C a l c i n a t i o n  
Batch  P e l l e t  Tempera ture  

("C) 

Forming Green Bulk S i n t e r e d  Mercury Weight D i a m e t r i c a l  
Pressure D e n s i t y a  Bulk D e n s i t y  D e n s i t y  Loss S h r i n k a g e  I ~ ~ ~ ~ ~ ~ t y  

(MPa) ( X  T.D.) (% T.D.) ( I  T.D.) (%) (%) 
M i c r o s t r u c t u r e  

GT-371 

GT-371 

GT-371 

GT-371 

GT-371 

GT-371 

GT-371 

GT-371 

GT-371 

GT-371 

61-371 

GT-412 

GT-412 

GT-412 

GT-357 

GT-357 

GT-357 

IGT-K 

IGT-60 

IGT-60 

IGT-60 

IGT-60 

IGT-60 

5-819 

J-819 

J-819 

SP-1-1 

SP-1-2 

SP-7-4 

SP-2-9 

SP-3-1 

SP-4-4 

SP-5-7 

SP-6-9 

SP-10-1 

SP- 11- 4 

SP-12-7 

SP-13-1 

SP-14-4 

SP-15-7 

SP-16-lb 

SP-16-4b 

SP-16-7b 

SP-17-1 

SP-17-4 

SP-17-7 

SP-19-1A 

SP-19-4 

SP-19-7 

SP-19-IB 

SP-19-2 

SP-19-3 

IGT-68-69B SP-25-1 

GT-469 

IGT-618 

IGT-618 

3-829 

3-829 

FGT-8 

FGT-8 

FGT-8 

FGT-8 

FGT-8 

FGT-8 

FGT-8 

IGT-76 

SP-25-2 

SP-27-1  

SP-27-2 

SP-31-1 

SP-31-2 

SP-34-1 

SP-34-2 

SP-38-1' 

SP-38-2' 

SP-38-3' 

SP-39-lC 

SP-39-2d 

SP-34-3 

400 

400 

400 

400 

600 

600 

600 

600 

800 

800 

800 

600 

600 

600 

600 

600 

600 

600 

600 

600 

6011 

600 

600 

600 

600 

600 

450 

450 

450 

450 

450 

600 

450 

450 

450 

450 

450 

450 

450 

600 

138 

1 3 8  

207 

276 

138 

207 

276 

276 

138 

207 

276 

1 3 8  

207 

276 

138 

2117 

276 

138 

207 

276 

138 

207 

276 

138 

207 

276 

172 

172 

172 

172 

207 

207 

207 

207 

1 3 8  

207 

276 

138 

207 

207 

31 .8  

31.7 

38.0 

39.5 

3 6 . 1  

34.0 

42 .9  

44 .2  

38 .8  

42 .1  

4 4 . 1  

4 1 . 1  

45.7 

4 9 . 1  

44.7 

4 7 . 2  

49 .8  

44 .6  

47 .2  

50 .7  

42 .9  

45.5 

47 .5  

4 3 . 0  

46 .0  

4 9 . 1  

41 .4  

40.9 

4 2 . 1  

42 .9  

46.6 

47 .9  

3 9 . 8  

38.7 

3 4 . 9  

34.4 

39 .5  

35 .6  

40 .2  

45.4 

78 .3  

8 7 . 9  

8 9 . 6  

87 .2  

8 6 . 9  

8 7 . 5  

88 .6  

92.2 

96 .5  

9 5 . 1  

9 5 . 1  

94 .5  

9 3 . 3  

9 3 . 7  

94.2 

94 .5  

84 .6  

85 .9  

80 .4  

86 .9  

8 8 . 9  

9 2 . 2  

9 1 . 3  

8 8 . 0  

92 .0  

93.4 

94 .8  

3 . 4  

6 . 4  

1 0 . 1  

7 . 8  

93.4 3 . 8  

95 .2  2 . 8  

3 . 1  

3 . 8  

90 .5  3.8 

3.4 

90 .6  3.4 

9 3 . 1  1 . 9  

9 6 . 3  1 . 9  

9 7 . 4  2 . 2  

98.4 2 .7  

98.9 2 . 4  

9 9 . 1  2 . 8  

2 . 3  

97 .5  2 .2  

96.2 2 . 7  

4 . 8  

4 .0  

7 . 5  

9 1 . 3  2.7 

3 . 0  

99 .1  3 . 1  

2 .0  

4 .0  

5 . 5  

3 . 9  

4.7 

4 .6  

8.1 

8 . 1  

9 . 0  

1 0 . 9  

8 . 3  

8 . 8  

10 .9  

3 .4  

2 6 . 5  

24.5 

2 3 . 3  

22.4 

23.9 

2 2 . 5  

1 9 . 8  

19 .4  

22 .3  

2 0 . 1  

19 .5  

23.6 

21.8 

2 0 . 2  

25 .1  

2 0 . 3  

18 .9  

2 1 . 4  

19 .9  

1 8 . 5  

2 0 . 9  

1 9 . 4  

17 .7  

21.4 

18 .7  

22 .9  

23 .7  

21.9 

22 .3  

2 1 . 0  

20 .7  

2 1 . 2  

22.4 

2 1 . 1  

25.2 

2 3 . 3  

Cracked 

Cracked 

Cracked 

Cracked 

Good 

Good 

Cracked 

Cracked 

Good 

Cracked 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Cracked 

Good 

Good 

Cracked 

Good 

Cracked  

Good 

Broke 

Good 

S l i g h t l y  
c r a c k  e d 

S l i g h t l y  
c r a c k e d  

Good 

Good 

Cracked 

Cracked 

Broke 

Broke 

Broke 

Broke 

Broke 

Broke 

Broke 

Broke 

Homogeneous. 

E x c e l l e n t  homogenei ty .  

E x c e l l e n t  homogenei ty .  

Very homogeneous,  s t r e s s  c r a c k .  

Some p o r o s i t y  a round remnant  s p h e r e s .  

l n ~ e r n a l  c r a c k s ,  few bad s p h e r e s .  

I n t e r n a l  c r a c k s ,  few bad s p h e r e s .  

Internal c r a c k s ,  few bad s p h e r e s .  

I n t e r n a l  c r a c k s ,  f e w  bad s p h e r e s .  

I n t e r n a l  c r a c k s ,  f e w  bad s p h e r e s .  

Internal c r a c k s .  

I n t e r n a l  c r a c k s  

S p h e r e - t o - s p h e r e  v a r i a b i l i t y ,  some 
p o r o s i t y  around rernnanc spheres. 

Few c r a c k s  and bad s p h e r e s .  

Some p o r o s i t y  a round remnant s p h e r e s ,  
f e w  bad s p h e r e s .  

Few c r a c k s  and bad s p h e r e s .  

Some " a r a b i l i t y  between s p h e r e s ,  
small amount o f  p o r o s i t y  a round 
remnant s p h e r e s .  

Very d e n s e ,  homogeneous m a t r i x .  

Very d e n s e ,  homogeneous m a t r i x .  

Poor ,  i n t e r n a l  c r a c k s ,  v o i d s .  

Poor,  i n t e r n a l  c r a c k s ,  v o i d s .  

Poor. i n t e r n a l  c r a c k s ,  v o i d s .  

P o o r ,  i n t e r n a l  c r a c k s ,  v o i d s .  

Few i n t e r n a l  v o i d s .  

Few i n t e r n a l  v o i d s ,  d e n s e  m a t r i x  
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Table A2. (Continued) 

C a l c i n a t i o n  Farming Green Bulk S i n t e r e d  Mercury Weight D i a m e t r i c a l  
Batch P e l l e t  Tempera ture  P r e s j u r e  u e n s i t y a  Bulk D e n s i t y  D e n s i t y  Loss S h r i n k a g e  

('C) (MPa) ( %  T.U.) (% T.D.) ( 9 :  T.U.) (%) 
I n t e g r i t y  

FGT-1 

FGT-1 

FGT-1 

FGT-I 

FGT-20AI 

FGT-ZOAI 

FGT-10 

FGT-I0 

FGT-10 

GT-468 

GT-468 

~ ~ - 4 6 8  

IGT-61A 

IGT-61A 

FGT-238 

FGT-238 

FGT-23A 

FGT-23A 

H06 

H06 

FGT-21 

FGT-21 

FGT-20 

FGT-20 

SP-31-3 

SP-37-1' 

SP- 31- 2' 

sP-37-3c 

SP-42-1 

SP-42-2 

SP-44-1 

SP-44-2 

SP-44-3 

SP-45-1 

SP-45-2 

SP-45-3 

SP-46-1 

SP-46-2 

SP-47-1 

SP-47-2 

SP-48-1 

SP-48-2 

SP-49-2 

SP-49-3 

SP-50-1 

SP-50-2 

SP-51-1 

SP-51-2 

600 

600 

600 

600  

600  

600  

6 00 

600  

600  

600  

600  

600  

600  

600  

600  

600 

6 0 0  

600 

600  

600  

600  

600  

600  

600  

207 

138  

207 

276 

34 5 

216 

207 

276 

345 

207 

276 

345 

20 7 

216 

201 

216 

207 

276 

207 

276 

207 

276 

138 

207 

45 .8  

4 1 . 0  

4 5 . 9  

48.9 

49.9 

46.4 

46 .6  

4 9 . 7  

50.7 

46.4 

4 9 . 3  

51.2 

40.4 

46 .4  

4 1 . 0  

43 .9  

4 2 . 9  

44 .4  

49.7 

5 1 . 2  

39.7 

39 .6  

36.8 

39.6 

8 2 . 4  

8 6 . 1  

8 9 . 3  

95.2 

9 2 . 0  

8 6 . 6  

8 6 . 9  

86.4 

8 8 . 0  

9 0 . 6  

81.1 

88.7 

88 .9  

86 .0  

8 7 . 2  

7 6 . 3  

78 .7  

8 5 . 2  

8 2 . 8  

87 .3  

3 . 1  

9 4 . 5  5 .4  

9 6 . 2  4 . 4  

5 . 1  

2.6 

3 . 1  

4.6 

5 . 2  

6 . 2  

2 .8  

2 .1  

12.R 

2 . 6  

2.0 

3 . 1  

3 .4  

2 . 1  

2 . 1  

2 . 8  

3 . 4  

2 .8  

3.0 

1.1 

2.6 

20.6 

18 .3  

18.2 

20 .4  

21 .1  

19.9 

18.8 

17.9 

1 9 . 9  

1 9 . 4  

18 .4  

2 2 . 5  

18.9 

20 .6  

20.2 

1 4 . 5  

14 .7  

23 .3  

22 .3  

2 3 . 1  

23 .4  

Broke 

Good 

Good 

Good 

Cracked 

Good 

Cracked 

Cracked 

Cracked 

Cracked 

Cracked 

Cracked 

Good 

F laked  

Broke 

Broke 

Broke 

Broke 

Crumb 1 y 

Crumbly 

Broke 

Good 

Good 

Good 

Very d e n s e  m a t r i x ,  few r e w a n t  
s p h e r e s .  

Some i n t e r n a l  cracks, v o i d s ,  and 
p o r o s i c y  a round remnant s p h e r e s .  

Some i n t e r n a l  c r a c k s  and v o i d s  near 
e d g e .  

I n t e r n a l  c r a c k s ,  edge  d i s c o l o r a t i o n .  

End c a p p i n g ,  some p o r o s i t y  a round 
remnant s p h e r e s .  

Some por-os icy  a round remnant s p h e r e s .  

I n t e r n a l  cracks. 

I n t e r n a l  c r a c k s .  

I n t e r n a l  cracks. 

I n t e r n a l  c r a c k s  and  v o i d s .  

Internal c r a c k s  and  v o i d s .  

I n t e r n a l  c r a c k s  and v o i d s .  

Feu i n t e r n a l  c r a c k s .  

Few i n t e r n a l  c r a c k s .  

Some p o r o s i t y  around remnant  s p h e r e s ,  
end  c a p p i n g .  p r e s s i n g  l a m i n a t i o n .  

Some p o r o s i t y  a round remnant  s p h e r e s .  

Some p o r o s i t y  a round remnant  s p h e r e s .  

Some p o r o s i t y  around remnant s p h e r e s .  

Internal c r a c k s ,  remnant s p h e r e  
s f r m ~ u r e  w i t h  l i t t l e  s i n t e r i n g  
be tween sphe res .  

I n t e r n a l  c r a c k s ,  remnant  s p h e r e  
s t r u c t u r e  w i t h  l i t t l e  s i n t e r i n g  
berueen s p h e r e s .  

Some p o r o s i t y  a round remnant s p h e r e s ,  
p r e s s i n g  l a m i n a t i o n .  

Few l a r g e  c r a c k s ,  some p o r o s i t y  
a round remnant s p h e r e s .  

P o r o s i t y  a round remnant  s p h e r e s  

'Green b u l k  d e n s i t y  is expressed i n  te rms  of p e r c e n t  o f  t h e o r e t i c a l  UO2 d e n s i t y .  

b s m t e r i n g  f u r n a c e  blew f u s e  at 1 0 0 0 ° c ;  p e l l e t s  were r e f i r e d  LO 1450'C and h e l d  a t  t e rnpera tur?  for 2 h 

' S t e r o t e x  was added t o  t h e  p e l l e t  p r e s s  f e e d .  

dCarbawax was added t o  t h e  p e l l e t  p r e s s  f e e d .  



Table A 3 .  Thoria  and Thoria-Urania Sphere-Cal Feed Materiala 

Sphere S i z e ,  Tap Sphere Weight Sphere 
Batch Gela t ion  Th/U Gelat ion Drying um Density Loss During Mercury 

Flows hee t Rat io  Conditions Conditionsb S i n t e r i n g  Density Dried 
Dried S in te red  (g/cm3) (%> (% T.D.) 

MGT-103 I n t e r n a l  3.60 PercC mineral  Steam-220°C 2463 
g e l a t i o n  o i l ,  95°C 

1.72 16.9 89.5 

MGT-104 External ,  3.97 NH3 gas,  then Steam-200°C 724 57 3 2.23 
SNAM NBLOH 

Th-U-3.84 Externa l ,  7 .27  NH3 gas ,  then Steam-220"C 
KFA- J i i l i ch  N H 4 0 H  + NH4N03  

MGT-111  Externa l ,  100% Tho2 NH3 gas,  then Steam-224°C 
KFA-Julich NH40H + NH4N03 

MGT-127 Externa l ,  5 .93 "3 gas ,  then Steam-220°C 
KFA-Jiilich NH4OH + "+NO3 

GT-484 I n t e r n a l  2.86 T C E , ~  6goc Steam-25O"C 
g e l a t i o n  

2.20 

2.65 

2 . 1 1  

2.09 

3.4 100 

3.3 100 

4.0 100 

%ote:  

bSteam i n d i c a t e s  drying i n  an oven i n  a p a r t i a l l y  c losed container  t o  provide a humid drying environment. 

CPerc i s  abbrevia t ion  f o r  perchloroethylene,  TCE i s  abbrevia t ion  f o r  t r i c h l o r o e t h y l e n e .  

The t h o r i a  and mixed thoria-urania  batches were n o t  calcined before  press ing .  

c- 
0 
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Table A4.  Thoria  and Thoria-Urania Sphere-Cal Pelletsa 

M i c r o s t r u c t u r e  P e l l e t  C o m p o s i t i o n  Forming G r e e n  B u l k  S i n t e r e d  M e r c u r y  W e i g h t  Diamet r ica l  

I n t e g r i t y  B a t c h  P e l l e t  P r e s s u r e  D e n s i t y  B u l k  D e n s i t y  D e n s i t y  Loss  S h r i n k a g e  
U02 (%) Tho2 (%) (ma) (% T.D.) (% T.D.)  (% T.D.) (%) (%) 

MGT-103 YP-18-1 2 1 . 7 4  78 .26  345 3 4 . 3  76 .9  1 7 . 8  3 0 . 4  C r a c k e d  Remnant s p h e r e s  a n d  s h a r d s ,  
i n t e r n a l  c r a c k s .  

MGT-104 SP-22-1 20 .12  79 .88  345 4 0 . 1  9 0 . 2  9 7 . 1  8 . 0  2 6 . 9  Good I n t e r n a l  c r a c k s ,  v o i d s .  

Th-U-3.84 SP-28-1 1 2 . 0 9  8 7 . 9 1  345  41 .5  

MGT-111 SP-41-1 0 100 345 3 9 . 9  73 .7  

9 . 9  2 4 . 8  C r a c k e d  Remnant s p h e r e s  a n d  s h a r d s ,  
i n t e r n a l  c r a c k s .  

1 0 . 4  2 2 . 3  C r a c k e d  Remnant s p h e r e s  a n d  s h a r d s ,  
i n t e r n a l  c r a c k s .  

MGT-127 SP-41-2 1 4 . 4 3  8 5 . 5 7  276 40 .6  8 9 . 1  8 . 4  2 6 . 2  Good Remnant s p h e r e s  a n d  s h a r d s ,  
i n t e r n a l  c r a c k s .  

GT-484 SP-41-4 2 5 . 9 1  7 4 . 0 9  345 4 4 . 3  7 5 . 3  5 . 5  1 8 . 2  Crumbly Remnant s p h e r e s  a n d  s h a r d s ,  
i n t e r n a l  c r a c k s .  

GT-484 SP-42-3 2 5 . 9 1  7 4 . 0 9  276 4 2 . 2  70 .9  6 . 9  1 8 . 3  Crumbly Remnant s p h e r e s  a n d  s h a r d s ,  
i n t e r n a l  c r a c k s .  

‘Note: The t h o r i a  a n d  mixed t h o r i a - u r a n i a  b a t c h e s  w e r e  n o t  c a l c i n e d  b e f o r e  p r e s s i n g .  
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