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1. PROCESS DEMONSTRATION AND 233U DISTRIBUTION 

J. R.  P a r r o t t  

Storage and Dis t r ibu t ion  F a c i l i t i e s  

With i t s  high y i e l d  of 2.29 neutrons per  thermal neutron absorbed, 

233U i s  a t t r a c t i v e  as a breeder reac tor  fue l .  

nature,  and because the  use of t he  233U produced from it avoids the  

need f o r  uranium isotope separat ion,  there  i s  a s t rong i n t e r e s t  i n  t he  

thorium f u e l  cycle.  

the  amount of 233U avai lab le  from the  ORNL nat iona l  storage f a c i l i t i e s  

f o r  use by experimental is ts  and others .  This 233U w a s  made by i r r a d i -  

a t i n g  Tho2 t o  low burnup t o  produce mater ia l  w i t h  a low 

( l e s s  than 5 ppm), thus g rea t ly  reducing the  handling problems usually 

associated with U as a r e s u l t  of t he  high-energy gamma-emitting 

daughters of U. 

The Building 3019 f a c i l i t i e s  f o r  s torage,  d i sso lu t ion ,  and puri-  

f i c a t i o n  were discussed i n  d e t a i l  previously' and w i l l  not be fu r the r  

Thorium i s  abundant i n  

During the  pas t  year the  AEC increased by 114 kg 

232 U content 

233 

232 

discussed here.  

Dis t r ibu t ion  Ac t iv i t i e s  Summary 

233 
During 1966, 41 shipments containing 128 kg of U were received 

by O m .  During the  same period, 54 shipments containing a t o t a l  of 128 

kg of U were made. The bulk of the  mater ia l  w a s  received as f r e sh ly  

pu r i f i ed  n i t r a t e  so lu t ion  and t r ans fe r r ed  t o  other  s i t e s  without re- 

pu r i f i ca t ion .  Approximately 73 kg of U w a s  exchanged with Nuclear 

Fuels Services,  Erwin, Tennessee. Nuclear Fuels Services i s  the  f u e l  

f ab r i ca t ion  contractor  f o r  the  B e t t i s  Light-Water Breeder Reactor 

program. The mater ia l  o r ig ina l ly  a l l o t t e d  t o  t h i s  program w a s  s l i g h t l y  

lower i n  i so topic  enrichment than t h a t  re turned t o  the ORNL pool. 

Approximately 73 kg of 233U as uranyl n i t r a t e  w a s  temporarily 

233 

233 

t r ans fe r r ed  t o  the  Neutron Physics Division f o r  use i n  c r i t i c a l i t y  ex- 

periments. 

During the  year ,  four  solvent ex t rac t ion  runs were made f o r  t he  

pu r i f i ca t ion  of 40 kg of 233U. 
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! activities of the 233U handling group f o r  1966 are compa 
ivious years in Fig. 1.1. The inventory of material at th 
is shown in Table 1.1. 
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Fig. 1.1. Uranium-233 Receipts and Shipment. 
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Table 1.1. Inventory of  233U i n  Building 3019 

Quantity 
0%) Form 2 3 ~  Content I s o t  op i  c 

(pq) ( P P d  

0.546 

2.276 

98.013 

19.312 

2.179 

13.647 

13.954 

72,700 

Ni t r a t e  

UO 2-Th0 

u02 

N i t  rat e 

Scrap ( s lag ,  uo e t c . )  
2’ 

u02 
Ni t ra t e  

N i t r a t e  (temporarily 
assigned t o  Neutron 
Phy s i c s ) 

23.794 

2.205 

5.052 

Total:  253.678 

u02 

u02 

2 3 3 ~  metal 

91 

91  

91  

97 

91-98 

97 

98 

98 

9 3 9 8  

78 

98 

50 

50 

250 
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‘5. R. Pa r ro t t ,  S ta tus  and Progress Report f o r  Thorium Fuel Cycle 
Development f o r  Period Ending December 31, 1965, ORNL-4001, pp. 1-10. 
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2. THORIUM-URANIUM F3CYCL;E FACILITY 

A. R. Imine 

The engineering-scale demonstration of processes developed on the 

bench scale requires design decisions, prototype construction, drawings 

for plant and equipment layout, and estimates of cost. A major design 
effort is being devoted to the TURF. 

remote processing and fabrication equipment for Th-233U fuels of various 
types. 

vided so that highly irradiated fuel assemblies can be accommodated 

after a three-month decay period. The heavy shielding a l s o  avoids 

limitations on 232U content or decay time after removal of 232U decay 
products and permits the fabrication of fuels from irradiated uranium 

and thorium that have been only partially decontaminated from fission 

products. The four operating cells in the facility are each 20 ft wide 
and have a combined length of 106 ft. 

The TURF is to afford adequate shielded space for development of 

Sufficient shielding (5.5 ft of normal concrete) is being pro- 

TURF Construction 

J. W. Anderson D. M. Shepherd J. P. Jarvis 

A contract for the construction of the Thorium-Uranium Recycle 
Facility was signed with Blount Brothers Construction Company of Mont- 
gomery, Alabama, on May 6, 1965. 

At the end of 1965, the facility was estimated to be 39.5% com- 
plete. The exterior w a l l s  of concrete block were essentially complete, 

and the roof was nearly complete. Cell F and the concrete for the fuel 
storage basin had been completed. Underground piping and ductwork be- 

low the cell floors had been nearly completed. Some of the processing 

cell floors were complete, and three of the cellE walls had been 

poured up to elevation 851 ft even, just above the first floor level. 
The first course of stainless steel liner plates had been placed on 

the walls in cells C and G. 

During 1966, facility construction work progressed to 93% comple- 

tion. Figures 2.1 and 2.2 show the east cell operating area and the 

c 



Fig .  2.2. Cell Roof Area in TURF. 
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c e l l  roof area,  respect ively,  with completion of t he  outs ide w a l l s  and 

roof. Outside paint ing,  with the  exception of t h e  usual touch-up work, 

w a s  completed. All c e l l  concrete, except f o r  t he  c e l l  B roof,  w a s  

poured. All c e l l  l i n e r s ,  with the  exception of c e l l s  B, C, and D 

f l oo r s ,  were completed. C e l l  A w a s  erected and i s  now awaiting pro- 

t e c t i v e  coating and i n s t a l l a t i o n  of t he  windows. 

Most of t h e  equipment and mater ia ls  furnished by the  contractor  

Exceptions were c e r t a i n  equip- a r r ived  on the  job during t h i s  period. 

ment f o r  c e l l  A and the  a i r lock ,  the  f u e l  element t r a n s f e r  por t  f o r  

c e l l  E, t he  f u e l  element conveyor, the  V o g t  valves f o r  t he  C02 system, 

and valves f o r  t he  f i l t e r  p i t s .  

1967. Some delay i n  completion of t he  TURF may r e s u l t  from t h e i r  l a t e  

delivery.  

These items should a r r ive  ea r ly  i n  

Except f o r  c e r t a i n  small, f loor -s lab  areas near c e l l  B on the  t h i r d  

f loo r ,  t he  i n t e r i o r  w a l l s  and f loo r s  were completed throughout t he  

building. 

transformers, motor cont ro l  centers ,  multiconductor cables and cable 

t r ays ,  l igh t ing ,  and the  emergency generator s e t .  Mechanical work in- 

cluded major items such as fa?x-ica.t;ion of t he  CO f i re -pro tec t ion  sys- 2 
tem piping, i n s t a l l a t i o n  of the  waste tank p i t ,  i n s t a l l a t i o n  of heat ing 

and ven t i l a t ing  un i t s  with associated ductwork, and miscellaneous me- 

chanical services .  

E l e c t r i c a l  work included the  i n s t a l l a t i o n  of panels, motors, 

Protect ive coating w a s  applied i n  ce r t a in  areas  of t he  building, 

p r inc ipa l ly  the  mechanical and e l e c t r i c a l  equipment rooms, c e l l  F and 

c e l l  F corr idor ,  the  w a r m  shop, and the  chemical makeup room. Other 

la rge  areas of the  bui lding have been prepared f o r  the  appl icat ion of 

pro tec t ive  coating. The preparat ion work includes the  i n s t a l l a t i o n  of 

t r a n s i t e  enclosures on the  t ru s ses  on the  high bay and preparat ion of 

t he  concrete w a l l s  of c e l l  E t o  receive pro tec t ive  coating. O f  the  

areas  t h a t  have been coated, only the  waste tank p i t  and the  w a l l s  and 

c e i l i n g  of c e l l  F have been completed with the  f i n a l  coat.  The o f f i ce  

a rea  has received i t s  f i r s t  pa in t ing  and i s  being prepared f o r  f i n a l  

pa in t ing  and i n s t a l l a t i o n  of f l o o r  t i l e .  
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Shield doors 1, 2, and 3, furnished by ORNL r a the r  than by the  

contractor ,  were i n s t a l l e d  and t e s t ed .  The doors were delivered a t  a 

l a t e r  date  than had been scheduled, due t o  d i f f i c u l t i e s  a t  the  manu- 

f ac tu re r ' s  p lan t ,  r e su l t i ng  i n  a setback i n  construction completion 

date  and addi t iona l  expense. Completion of the  f a c i l i t y  i s  now sched- 

uled f o r  t he  l a t t e r  p a r t  of May 1967. 

were granted t o  the  contractor  because of delay i n  del ivery of sh ie ld  

doors and because of various work stoppages. A l l  of t he  remaining 

mater ia ls  furnished by OECNL f o r  i n s t a l l a t i o n  by the  fixed-price con- 

t r a c t o r  were del ivered during 1966 and e i t h e r  have been given t o  the  

contractor  or  a re  being held by ORNL u n t i l  the  contractor  i s  ready t o  

i n s t a l l  them. 

Contract extensions t o  t h a t  time 

A considerable number of other  items t h a t  w i l l  be i n s t a l l e d  by the  

l o c a l  contractor  o r  ORNL were a l so  procured during t h i s  period. These 

include the  lead-glass  viewing windows and t he  p a r t i a l  del ivery of t he  

copper-lined, zinc bromide window tanks.  There were problems with these 

tanks - primari ly  with the  copper mater ia l  and welding - which now ap- 

pear t o  be resolved; t he  tanks a re  now being fabr ica ted  without d i f f i -  

cu l ty .  

Portions of t h e  c e l l  crane and manipulator system were compLeted, 

tes ted ,  and delivered. These port ions included the  equipment f o r  c e l l s  

F, E, and A. Tests of crane and manipulator systems f o r  c e l l s  B, C, 

and D i n  November indicated t h a t  c e r t a i n  modifications and correct ive 

work a re  required. Completion of these systems i s  expected ear ly  i n  

1967. A la rge  quant i ty  of motor cont ro l  cable, associated w i t h  the  

i n s t a l l a t i o n  of t he  c e l l  crane and manipulator systems, w a s  ordered 

because we an t ic ipa ted  t h a t  t he  copper shortage would delay delivery.  

Approximately 75% of t h i s  cable has now been delivered. 

Other items procured during t h i s  period include master-slave 

manipulators, t he  waste tank sampling s t a t ion ,  Raschig r ings for in- 

s t a l l a t i o n  i n  the  waste tanks,  c e l l  service sh i e ld  and s e a l  plugs and 

dust covers of 4-in.  bent service sleeve, equipment mounting pads fab- 

r i ca t ed  from 1'7-4 PH s t a i n l e s s  s t e e l ,  and s p e c i d  i n - c e l l  f i l t e r s .  
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Design of Sol-Gel 

A. R. I m i n e  J. M. Chandler 

Process Equipment 

F. L. Hannon J. W. Snider 

The design group i s  providing counsel on process a l t e rna t ives  and 

a s s i s t i n g  t h e  development groups by designing t e s t  equipment. 

s t a t u s  of t h e  various process s t eps  i s  discussed below. 

The 

Uranyl Ni t r a t e  Solut ion Storage and Dispensing 

We designed a system f o r  t he  s to r ing  and dispensing of accurately 

measured quan t i t i e s  of uranyl n i t r a t e  solut ion.  It is  now being con- 

s t ruc t ed  and w i l l  be i n s t a l l e d  i n  t h e  TURF. The main reason f o r  f ab r i -  

ca t ing  t h i s  equipment now i s  t o  gain experience with the  spec ia l  design 

fea tures  f o r  remote handling and operabi l i ty .  m e  cos t  of f ab r i ca t ing  

t h i s  equipment has been excessive, but  we have discovered means t o  

mater ia l ly  reduce t h e  d i f f i c u l t y  of construction. 

and p a r t i a l l y  t e s t e d  with encouraging r e s u l t s  a prototype device, 

which cons i s t s  of an "acid-egg," o r  blow-case, which can be emptied a t  

a cont ro l led  r a t e  t o  provide a metered flow. 

t h i s  i s  ready f o r  p l an t  use. 

We have designed 

More work i s  needed before 

Uranium Reduction 

Both methods f o r  making a urania  s o l  ( i . e . ,  p rec ip i ta t ion-pept i -  

zat ion and solvent ex t r ac t ion )  require  a feed of uranium(1V) solut ion.  

The procedures now used i n  laboratory and engineering-scale equipment 

f o r  reduction of uranium(V1) t o  (IV) a re  undesirable f o r  p l an t  operat ion 

because of e i t h e r  d i f f i c u l t  separat ions of so l id s  and l i q u i d s  o r  t h e  

many problems imposed by high-pressure operation. Preliminary t e s t s  

have indicated t h a t  a process operating a t  atmospheric pressure and 

employing c a t a l y s t  deposited on l a rge  p a r t i c l e s  can be developed t o  

avoid these  problems. Present development and design work i s  d i rec ted  

t o  a t t a i n i n g  these  goals.  

Reduction of hexavalent uranium requires  intimate contact  between 

gas, so l id ,  and l i qu id .  Methods being considered t o  achieve t h i s  are:  

(1) a t r i c k l e  c o l m  i n  which uranyl n i t r a t e  so lu t ion  would flow over 

a bed of c a t a l y s t  p a r t i c l e s  while i n  a hydrogen atmosphere, and 



(2) several  forms of a s l u r r y  reac tor  i n  which the  l i qu id  phase would be 

continuous with ca t a lys t  p a r t i c l e s  i n  suspension and hydrogen gas 

bubbled through the  mixture. 

So l  Preparation 

We are  considering two methods f o r  use i n  t h e  TURF f o r  preparat ion 

of  urania- thoria  s o l s  having 0.1 t o  0.25 mole f r ac t ion  urania: 

blending separately prepared urania  and t h o r i a  sols and (2)  amine ex- 

t r a c t i o n  of n i t r a t e  from a so lu t ion  of uranium and thorium n i t r a t e s .  

Blended so ls  would be composed of urania  sol - prepared by pre- 

(1) 

c ip i t a t ion ,  washing of t he  p rec ip i t a t e ,  and pept iza t ion  of t he  washed 

so l id s  - and t h o r i a  s o l  prepared by steam den i t r a t ion  of thorium n i t r a t e  

and dispers ion of t he  r e su l t an t  t h o r i a  i n  water. 

been used t o  make a l l  t he  l a rge  quant i t ies  ( i . e . ,  kilogram batches) of 

urania- thoria  microspheres of high urania  content prepared a t  ORNL t o  

This procedure has 

date.  

f l u i d  handling operations f o r  t he  so l id s  handling operations required 

by f i l t r a t i o n  techniques used e a r l i e r  i n  preparing urania  s o l  by pre- 

c ip i ta t ion-pept iza t ion .  Design personnel observed and ass i s t ed  i n  the  

operation of t h i s  equipment f o r  prec ip i ta t ion-pept iza t ion  and counter- 

current  decantation. It w a s  redesigned severa l  times i n  an eventually 

successful  e f f o r t  t o  avoid problems with plugging of t r a n s f e r  l i n e s  

and d i f f i c u l t i e s  i n  pumping a s l u r r y  of t h e  p rec ip i t a t e .  Success w a s  

a t ta ined  l a rge ly  by changing from s m a l l  tor tuous tubes t o  much l a r g e r  

s t r a i g h t  tubes and by r e s t r i c t i n g  pumping t o  only r e l a t i v e l y  d i l u t e  

(-0.2 - M) s l u r r i e s .  

We reported previously’ t he  design of a system t o  subs t i t u t e  

The design and construction of engineering-scale equipment f o r  

development of t h e  amine ex t rac t ion  process f o r  sol preparation w a s  

completed. This equipment, while performing qui te  well  i n  cold service,  

must be modified f o r  remote i n - c e l l  operations.  I n  pa r t i cu la r ,  a more 

compact design f o r  t he  mixer-set t lers  i s  required. 

O f  t he  t w o  processes f o r  preparat ion of mixed s o l s ,  amine ex t rac t ion  

i s  preferred as an engineering operation. 

are  these: 

The apparent ma jo r  advantages 
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1. such s o l s  have e s s e n t i a l l y  no undispersed material;  

2. there  i s  l e s s  d i f f i c u l t y  with cont ro l l ing  and measuring uranium-to- 
thorium r a t i o  i n  blending n i t r a t e  solut ions,  which a re  used as feed 
t o  t he  ex t rac tors ,  than i n  blending sols;  

3 .  mechanical and cont ro l  problems are  l e s s  d i f f i c u l t .  

Sphere Forming 

The process and equipment development f o r  sphere forming i s  f a r t h e r  

advanced than any of t he  other  aspects of microsphere preparation; hence, 

t he  TURF equipment design f o r  t h i s  aspect w i l l  be s t a r t e d  f irst ,  i n  

January 1967. A s ing le  pump w i l l  c i r c u l a t e  2-ethyl-1-hexanol, and t he  

equipment w i l l  be arranged t o  permit use of a wide va r i e ty  of drop 

formers. Other than the  drop former, t h e  major remaining mechanical 

problem i s  inspect ion of t h e  spheres, e i t h e r  as they a re  formed or as  

they leave the  sphere-forming column. 

methods a re  being considered. The o p t i c a l  method may reveal  f l a w s  i n  

p a r t i c l e  s t ruc tu re  and s i ze ,  whereas t h e  photoe lec t r ic  device can re- 

po r t  only t h e  diameter of t he  p a r t i c l e s .  

Optical  and photoe lec t r ic  

Drying and Fi r ing  

Study of drying and f i r i n g  techniques has l e d  t o  t h e  conclusion 

t h a t  batch operat ion i s  preferable  f o r  t he  TURF. Both t h e  dryer and 

the  furnace would use f lu id i zed  t r a n s f e r  of p a r t i c l e s  i n t o  and out of 

t he  process vessels .  A movable product-withdrawal tube may be needed 

t o  assure removal of p a r t i c l e s .  We have designed and constructed a 

u n i t  t h a t  cannot contaminate the  outs ide of t he  equipment and does not 

have s l i d i n g  seals. 

dry up t o  15 kg pe r  batch w a s  designed f o r  use i n  engineering s tudies .  

This u n i t  employs an i n t e g r a l  e l e c t r i c a l l y  driven steam generator t o  

supply hea t  a t  a known and cont ro l lab le  temperature. 

a furnace cons is t ing  of an alumina vesse l  f i t t e d  with a number of noz- 

z les ,  heated by molybdenum r e s i s t o r s ,  and housed i n  a gas- t ight ,  in- 

su la ted  metal container.  A prototype ceramic vesse l  i s  on order; it 

w i l l  be t e s t e d  f o r  l eak  r a t e  and du rab i l i t y .  

A dryer t h a t  can a t t a i n  a temperature of 260°C and 

We have planned 
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Fueled- Graphite Ref ab r i  c a t  ion Equipment 
2 

J. D. Sease S. E.  B o l t  

We began t o  develop and design a remote fabr ica t ion  l i n e  t h a t  w i l l  

be i n s t a l l e d  i n  the  TURF t o  demonstrate t he  re fabr ica t ion  technology of 

High-Temperature Gas-Cooled Reactor (HTGR) f u e l  elements. 

HTGR f u e l  elements cons is t  of graphite blocks with f u e l  holes and holes 

f o r  the  passage of t he  coolant gas. The f u e l  holes a re  f i l l e d  with 

pyrolytic-carbon-coated microspheres of t h o r i a  and urania  i n  a carbona- 

ceous matrix. For the  design of the  fabr ica t ion  l i n e ,  t he  reference 

f u e l  element i s  based on the  proposed design of t he  Public Service of 

Colorado Company Fort  S t .  Vrain Reactor (PSC) f u e l  element and cons is t s  

of a 3.5-in.-diam hexagonal block modified t o  f i t  the  ex i s t ing  Peach 

Bottom core. A segment of t he  reference f u e l  element, including the  

per t inent  design features ,  i s  shown i n  Fig. 2.3. Even though the  

modified Peach Bot tom element w i l l  be the  design reference, t he  process 

equipment w i l l  be such t h a t  only minimum retool ing w i l l  be required t o  

make the  l a r g e r  elements f o r  PSC (14.5-in.-diam hexagonal block con- 

t a in ing  216 f u e l  ho les ) .  

l i n e  has been establ ished a t  10 kg/day each of f i s s i l e  and f e r t i l e  ma- 

t e r i a l .  The f l e x i b i l i t y  of the  design w i l l  permit handling and f ab r i -  

Advanced 

The design production r a t e  f o r  t h e  fabr ica t ion  

236U02, and Tho t h a t  may be se lec ted  ea t ing  any combination of 235U0,, 2 
f o r  the optimum f u e l  cycle. The production capacity of the  present 

design i n  a 24-hr day, with a 70% plant  f ac to r ,  i s  approximately 30 

Peach Bottom segments 30 i n .  long or  two PSC elements 29 in .  long. 

The process flow diagram f o r  the  TURF fueled-graphite re fabr ica t ion  

l i n e  i s  shown i n  Fig. 2.4. A general d iv is ion  of t h i s  process l i n e  i n  

the  TURF hot c e l l s  based on contamination l e v e l s  i s  represented by the  

shading around segments of t he  flowsheet; t h e  operations t h a t  involve 

po ten t i a l  contamination o r  d i r e c t  contact with f u e l  p a r t i c l e s  w i l l  be 

ca r r i ed  on i n  c e l l  D; t he  r e l a t i v e l y  clean operations of element as- 

sembly and inspection w i l l  be ca r r i ed  on i n  c e l l  E. 

The re fabr ica t ion  process can be divided i n t o  three  general  op- 

e ra t ions :  p a r t i c l e  se lec t ion  and coating, fue l - s t i ck  fabr ica t ion ,  and 

element assembly. P a r t i c l e  se lec t ion  and coating w i l l  be done on a 
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batch bas is .  F i r s t ,  bare sol-gel  microspheres i n  t h e  approximate s i z e  

range of 210 t o  250 p i n  diameter w i l l  be cu l led  t o  remove any i r regu-  

l a r l y  shaped o r  broken p a r t i c l e s  and c l a s s i f i e d  t o  remove out-of-size 

microspheres. 

w i l l  be taken t o  qual i fy  the  batch, and the  batches w i l l  be s tored.  

The basic  batch weight t o  t h i s  point  w i l l  be 10 kg. 

spheres w i l l  be weighed out i n  approximately 1-kg increments and f i r s t  

t r ans fe r r ed  t o  the  buf fer  coating furnace, where a pyro ly t ic  carbon 

coating of 1.0 g/cm 

The qua l i ty  of the  buf fer  coating w i l l  be checked on a sample with an 

i n - c e l l  p a r t i c l e  analyzer. A high-density coating of approximately 

2.0 g/cm3 and approximately 50 1 ~ -  t h i ck  w i l l  be applied over t he  l o w -  

densi ty  buf fer  coating. 

with an i n - c e l l  p a r t i c l e  analyzer. The duplex-coated product w i l l  be 

monitored f o r  surface alpha contamination, shape separated, and c l a s s i -  

f i e d  t o  remove out-of-shape and out-of-size p a r t i c l e s .  Then a l l  of the  

coater  batches from a given sol-gel  batch w i l l  be col lected,  blended, 

and sampled t o  qual i fy  the  composite coating proper t ies  f o r  t he  batch. 

A batch weight w i l l  next be taken f o r  inventory, samples 

For coating, micro- 

3 and approximately 50 p t h i ck  w i l l  be deposited. 

The product w i l l  then be analyzed f o r  qua l i ty  

I n  s t i c k  fabr ica t ion ,  t he  coated f i s s i l e  p a r t i c l e s  made i n  the  

TURF w i l l  be weighed out i n  batch quan t i t i e s  f o r  one f u e l  s t i c k  loading 

and then blended with weighed quan t i t i e s  of coated p a r t i c l e s  containing 

23% and thorium from an outside source t o  make up the  loading f o r  one 

f u e l  s t i c k .  The f u e l  w i l l  be fed i n t o  a s t i c k  mold, and a paste  con- 

t a in ing  charcoal and a polymer w i l l  be in jec ted  i n t o  the  i n t e r s t i c e s  of 

t he  packed bed of f u e l  p a r t i c l e s .  

be polymerized t o  form a hard s t i c k  of f u e l  p a r t i c l e s  i n  a carbonaceous 

matrix. After e j ec t ion  from the  mold, t he  s t i ck ,  approximately 0.450 

i n .  i n  diameter x 29 in .  long, w i l l  be checked f o r  surface contamination 

with a direct-probe alpha monitor, inspected f o r  homogeneity by a gamma 

o r  x-ray at tenuat ion system, and weighed. 

The compound i n  t h e  paste  w i l l  then 

I n  element assembly, t he  f u e l  s t i c k s  w i l l  be f i r s t  i n se r t ed  i n t o  

the  f u e l  holes of a premachined graphite f u e l  element block. After  

alpha monitoring f o r  surface contamination, t he  element w i l l .  be baked 

a t  approximately 1000°C t o  carbonize the  polymer i n  the  f u e l  s t i cks .  
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I n  the  case of t h e  modified Peach Bottom element, f u e l  element segments 

w i l l  be assembled i n t o  a 12-ft-long f u e l  element t h a t  i s  compatible 

with t h e  e x i s t i n g  Peach Bottom core and core-loading system. 

We have developed a working flow diagram and have completed con- 

ceptua l  designs f o r  most of t h e  process equipment. Most of the  design 

e f f o r t  has been concentrated on a prototype remote coat ing system (see  

Chap. 4 ) ,  which i s  now being fabr ica ted .  A c r i t i c a l - p a t h  schedule has 

been developed and w i l l  be used i n  t h e  execution of t h i s  p ro jec t .  The 

scheduled da te  f o r  t h e  equipment t o  be f ab r i ca t ed  and i n s t a l l e d  i n  t h e  

", ready f o r  "cold" shakedown runs, i s  l a t e  1969. A d e t a i l e d  de- 

s c r i p t i o n  of t h e  development work i n  support of t he  TURF fue led  graphi te  

f ab r i ca t ion  l i n e  i s  contained i n  Chap. 4.  
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3. SOL-GEL PROCESS DEVELOPMENT 
W. D. Bond P. A. Haas 

The so l -ge l  process cons i s t s  of t h ree  p r inc ipa l  operations : (1) 
preparing an aqueous so l ,  ( 2 )  removing water from the  sol t o  give g e l  

p a r t i c l e s ,  and ( 3 )  drying and f i r i n g  a t  cont ro l led  conditions and ac- 

cording t o  a d e f i n i t e  program t o  remove v o l a t i l e  compounds, s i n t e r  t he  

p a r t i c l e s  t o  a control led densi ty  (usua l ly  t o  e s s e n t i a l l y  the  theore t -  

i c a l l y  a t t a inab le  dens i ty) ,  and cause any necessary chemical reductions 

o r  conversions. The development of the  so l -ge l  process f o r  t he  thorium 

f u e l  cycle has recent ly  emphasized production of microspheres of mixed 

thoria-urania  s o l s  containing g rea t e r  than 10% UO 

may be prepared e i t h e r  by mixing urania  and t h o r i a  s o l s  or d i r e c t l y  

from a mixed so lu t ion  of thorium and uranyl n i t r a t e s .  Gelation of sol 

drops by ex t rac t ion  of water t o  give s m a l l  spher ica l  p a r t i c l e s  (micro- 

spheres) i s  the  adaptat ion of the  so l -ge l  process of g rea t e s t  current  

i n t e r e s t .  Continuing development of equipment and process chemistry 

s tud ies  a re  reported i n  t h i s  chapter. 

Such mixed sols 2' 

Preparat ion of U r a n i a  Sols 
by a Prec ip i ta t ion-Pept iza t ion  Process 

P. A. Haas J. P. McBride 

The several  p rec ip i ta t ion-pept iza t ion  flowsheets f o r  preparat ion 

of aqueous urania  sols cons is t  of t he  same p r inc ipa l  operations.  The 

d i f fe rences  are i n  the  chemical conditions of individual  operations 

( t h e  pH, t he  addi t ion and concentration of formic acid,  e t c . )  introduced 

t o  simplify o r  improve the  process s teps .  The principal.  operations are:  

1. reduction of uranyl n i t r a t e  by hydrogen i n  the  presence of a hydro- 
genation ca t a lys t ,  such as platinum on alumina, t o  y i e l d  a p a r t i a l l y  
hydrolyzed uranous n i t r a t e ;  

2. p rec ip i t a t ion  of uranous hydroxide by ammonia; 

3. washing the  p r e c i p i t a t e  t o  remove adsorbed and occluded salts  such 
as amonium n i t r a t e ;  

4.  dispersion of t he  washed p r e c i p i t a t e  with NO - as the  pept iz ing ion 
t o  form a concentrated sol. 3 



Chemical development of urania sol preparation has proceeded i n  

two stages.  The f i r s t  was t h e  development of a labora tory  process f o r  

preparing aqueous urania sols by a p rec ip i t a t ion -pep t i za t ion  method and 

the  production by t h i s  method of kilogram q u a n t i t i e s  of urania micro- 

spheres, some containing f u l l y  enriched uranium.” The second s tage  

has been modification of t h e  labora tory  process t o  make it amenable t o  

engineering scaleup. 

Laboratory Preparation of Urania Sol  

A flowsheet f o r  t h e  labora tory  prepara t ion  of urania s o l  i s  given 

i n  Fig. 3.1. It begins with t h e  preparation of a uranous n i t r a t e  solu- 

t i o n  by t h e  c a t a l y t i c  reduction of a uranyl n i t r a t e  so lu t ion  containing 

excess n i t r i c  acid.  The so lu t ion  i s  f i l t e r e d  t o  remove t h e  c a t a l y s t .  

I n  t h i s  flowsheet ( the  n i t ra te - formate  flowsheet) formic a c i d  i s  added 

t o  t h e  f i l t e r e d  so lu t ion ,  and t h e  hydrous oxide i s  formed by p rec ip i -  

t a t i n g  uranium(1V) w i t h  an aqueous ammonia so lu t ion  containing hydrazine. 

The p r e c i p i t a t e  i s  co l l ec t ed  by f i l t r a t i o n  and washed t o  remove excess 

e l e c t r o l y t e s .  The washed f i l t e r  cake i s  then heated a t  60 t o  65” t o  

produce a f l u i d ,  s t a b l e  sol. Suf f i c i en t  n i t r a t e  ion  i s  l e f t  i n  t h e  

washed cake t o  cause it t o  pept ize  t o  a s o l  upon heating. Precautions 

a r e  taken t o  p r o t e c t  t h e  mater ia l  from a i r  oxidation by t h e  use of a 

blanket gas (argon) during a l l  s tages  of the  process following the  re- 

duction. Sol concentrations of 1 .2  t o  1 .6  M U a r e  achieved. Ammonia 

must be added i n  t h e  p r e c i p i t a t i o n  s t e p  u n t i l  a pH between 7 and 8 i s  

reached i f  t h e  washed f i l t e r  cake i s  t o  be transformed t o  a sol by hea t -  

ing. The add i t ion  of formic a c i d  t o  t h e  uranium(1V) n i t r a t e  so lu t ion  

i s  necessary t o  maintain a high uranium(1V) content (more than  85$ of 

t he  t o t a l  uranium) i n  t h e  p r e c i p i t a t e  and t h e  subsequent sol. 

formate and n i t r a t e  a r e  present i n  t h e  f i n a l  sol (Table 3.1). 

absence of formic ac id ,  t h e  uranium(1V) content of t h e  hydrous oxide 

would be down t o  about 8% of t h e  t o t a l  uranium, which i s  i n  con t r a s t  t o  

t he  more than 9976 t o t a l  uranium which i s  present  i n  t h e  o r i g i n a l  uran- 

i u m ( 1 V )  n i t r a t e  so lu t ion .  I n  addi t ion ,  t he  formic a c i d  s impl i f i e s  pH 

con t ro l  i n  t h e  p r e c i p i t a t i o n  s t e p  and decreases t h e  amount of water needed 

f o r  washing t h e  f i l t e r  cake. 

- 

Both 

I n  t h e  
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Fig. 3.1. Flowsheet for the Laboratory Preparation of Urania 
Sol by Precipitation-Peptization. 

Table 3.1. Properties of Urania Sols  Prepared 
by the Laboratory Precipitation-Peptization Method 

Uranium U(IV) Specific 
Concentration Content Ratio Rat io (E> ($I of u) 

1.23 87 0.13 0.44 1.317 
1.27 85 0.07 0.38 1.319 

1.48 86 0.45 1.369 

1.49 84 0.14 0.45 1.373 
1.61 86 0.11 0.31 1.404 

1.62 87 0.11 1.405 



Development of an Engineering-Scale Flowsheet 

Development of a process f o r  t h e  continuous production of urania  

sol (enriched i n  235U) at  t h e  r a t e  of severa l  kilograms per  day i n  

c r i t i ca l i t y -p roof  equipment required modification of t h e  laboratory 

process. The f i l t e r i n g  and washing s teps  i n  the  laboratory process 

posed c r i t i c a l i t y  and handling problems and made d i f f i c u l t  t he  pro- 

duction of sols having a prescr ibed nitrate-to-uranium ra t io .  

we d i rec ted  a t t e n t i o n  t o  development of a process i n  which the  hydrous 

oxide w a s  p rec ip i ta ted ,  washed completely f r e e  of e l e c t r o l y t e  by de- 

cantat ion,  and peptized by t h e  addi t ion of a cont ro l led  amount of t h e  

pept iz ing e l ec t ro ly t e ,  n i t r i c  acid.  

Hence, 

The current  flowsheet for t h e  engineering-scale preparat ion of 

uran ia  sol i s  Fig. 3.2. 

c a t a l y t i c  reduction with hydrogen of a 0.5 M UO, 2+ so lu t ion  containing 

1 M NO3- and 0.25 - M HCOO'. After  reduction and c a t a l y s t  removal, con- 

cent ra ted  formic ac id  i s  added t o  t h e  reduced so lu t ion  t o  give a formate- 

to-uranium r a t i o  between 0.6 and 1.0 ( t h i s  adjustment i s  necessary be- 

cause p a r t  of t h e  o r i g i n a l  formate i s  l o s t  i n  t he  reduction s t e p ) .  

hydrous oxide i s  then p rec ip i t a t ed  by the  addi t ion of 3.5 M NH OH o r  

3.0 - M NH40€&0.5 - M Np4*H,0 t o  about pH 9.0. 

9, but  may be as low as 8. 
of e l e c t r o l y t e  by decantation w i t h  e i t h e r  water o r  0.01 - M N;tH4-H20 ( see  

below). The washed p r e c i p i t a t e  i s  resuspended, n i t r i c  and formic acids  

a re  added, and t h e  suspension i s  s t i r r e d  a t  60 t o  65°C u n t i l  peptized. 

A uranium(1V) so lu t ion  i s  prepared by the  

- 2  

- 

The 

- 4  
The pH should not  exceed 

The r e su l t i ng  p r e c i p i t a t e  i s  washed f r e e  

The use of a uraniwn(VI) feed so lu t ion  containing a lower n i t r a t e -  

to-uranium r a t i o  than t h a t  used i n  the  laboratory process w a s  prompted 

by development s tud ie s  showing t h a t  a s t a b l e  uranium(IV) so lu t ion  con- 

t a in ing  a nitrate-to-uranium r a t i o  of 2 could be prepared i f  a s m a l l  

amount of formic ac id  were added before reduction.2 

t h a t  when the  uranium i s  completely reduced, t h e  so lu t ion  i s  acid- 

de f i c i en t  [ the amount of n i t r a t e  ion  present  is  less than t h a t  required 

t o  be s to ich iometr ica l ly  equivalent t o  the  uranium(1V)l. The use of 

hydrazine i n  the  p rec ip i t a t ion  and washing s t eps  and the  addi t ion of 

formic i n  addi t ion  t o  n i t r i c  ac id  i n  t h e  pept iza t ion  s t e p  a re  t o  cont ro l  

It should be noted 

. 
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Fig. 3.2. Flowsheet f o r  the Engineering-Scale Preparation of 
Urania Sol by Precipitation-Peptization. 
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aging i n  t h e  p r e c i p i t a t e  and t o  increase sol yie lds .  Laboratory s tudies  

on the  engineering flowsheet using ammonia as the  p r e c i p i t a t i n g  reagent, 

water as t h e  wash solut ion,  and decantation washing, where t h e  per iod 

between p r e c i p i t a t i o n  and pept iza t ion  w a s  as long as 48 hr ,  showed an 

apparent aging i n  t h e  p r e c i p i t a t e  such t h a t  pept iza t ion  w a s  not  always 

achieved and sol y i e l d s  were not as high as desired (?.e. ,  t he re  w a s  too 

much undispersed p r e c i p i t a t e ) .  Out of t e n  preparat ion attempts, only 

s i x  produced good sols. The use of hydrazine i n  the  p r e c i p i t a t i o n  and 

washing s t eps  and formic ac id  i n  the  pept iz ing s t ep  has made t h e  process 

more reproducible and increased s o l  y i e l d s  t o  grea te r  than 9%. 

Table 3.2 shows the  e f f e c t s  of t he  p rec ip i t a t ing  reagent and wash 

so lu t ion  on s o l  y i e l d s  and s o l  proper t ies  where t h e  hydrous oxide pre- 

c i p i t a t e  w a s  washed by decantation and peptized by t h e  addi t ion  of 

n i t r i c  acid.  Observe t h a t  with ammonia as the  p rec ip i t a t ing  reagent 

and e i t h e r  hydrazine formate o r  hydrazine as t h e  wash so lu t ion  we ob- 

t a ined  marked increases  i n  s o l  y i e ld .  The use of armnonia and hydra- 

zine mixtures as t h e  p rec ip i t an t s  a l s o  resu l ted  i n  high y i e ld .  Highest 

y i e lds  of s o l  were obtained with 3.5 M NH OH so lu t ion  as t h e  p rec ip i t an t  - 4  
and 0.01 M N$4*H20 wash (UNR-5) and with 3.0 M NH OH-O.5 M N H OH 0 

and 0.01 - M N2H5COOH wash. 

suggested by a s e r i e s  of laboratory experiments i n  which t h e  hydrous 

oxide w a s  recovered by f i l t r a t i o n  and washed i n  place on a f i l t e r  t o  

minimize the  time required f o r  washing, and i n  which t h e  washed pre- 

c i p i t a t e  w a s  peptized with various addi t ions of e l ec t ro ly t e .  I n  a 

t y p i c a l  preparat ion,  we reduced with hydrogen 300 g of uranium i n  a 0.5 

M U02(N0 ) 

Formic acid w a s  added t o  increase i t s  concentration; t he  reduced solu- 

t i o n  w a s  divided i n t o  t w o  port ions and p rec ip i t a t ed  with e i t h e r  3.5 - M 

NH OH o r  3.0 M NH OK-0.5 M N H 'H 0. 4 - 4  - 2 4  2 
washed with 9 l i t e r s  of d i s t i l l e d  water on a BGchner funnel, using No. 

42  Whatman paper. N i t r i c  ac id  o r  ni t r ic-formic ac id  so lu t ions  were 

then added t o  the  p r e c i p i t a t e  t o  form s o l .  

time between p rec ip i t a t ion  and pept iza t ion  w a s  less than 1 h r . )  

- 4  - 2 4  2 - 

The use of both formic and n i t r i c  acids  i n  t h e  pept iz ing s t e p  w a s  

0.25 - M HCOOH solut ion,  using a palladium-on-thoria ca t a lys t .  - 3 2- 

The r e su l t i ng  p r e c i p i t a t e  was 

(For most preparat ions,  the  

. 



Table 3.2. Effect of Precipitation Conditions on Uronia Sol Preparotion by Decontotion Washinga 

Precipitation Conditions 
Sol  Properties 

Sol 
Yield 
(a) Concentration Content Uranium Uranium 

Uranium UtIV) Nitrate-to- Formate-to- Wash 

Solution 

Formate -t o- 

Preparation Uranium 
Reagent Mole Ratio 

in Feed ( M )  (% of U) Mole Ratio Mole Ratiob 

NUFD-13A 

NUFD-13B 

NUFD -14A 

NUFD-14B 

NUFD-16A 

NUFD-16B 

UNR -2 

UNR-5 

UNR-7 

UNR-9M 

UNR-6 

UNR-1 

0.94 

0.98 

0.87 

0.53 

0.79 

0.77 

0.82 

0.59 

0.61 

0.84 

0.61 

0.79 

3.5 M NH,OH 

3.5 M NH,OH 

3.5 M NH40H 

3.5 M NH,OH 

3.5 M NH,OH 

3.5 M NH,OH 

3.5 M NH,OH 

3.5 M NH,OH 

3.5 M NH,OH, 

0.2 M N,H, H,O 

3.5 M NH,OH, 

0.2 M N 2 H 4 '  H 2 0  

2.5 M NH,OH, 

1 .0  M N , H ;  H,O 

3.0 M NH40H, 

0.5 M N2H4 H,O 

H2O 

0.05 M HCOOH 

0.013 M HCOOH 

0.007 M HCOOH 

0.01 M NH,COOH 

0.01 M N,H,COOH 

0.01 M N 2H ,COOH 

0.01 M N2H4 * H 2 0  

0.01 M N2HSCOOH 

0.02 M N,H,COOH 

0.01 MN,H,COOH > 

0.01 M N ,H,COOH 

72 

69  

79 

59 

66 

86 

84 

95 

92 

94 

, 9 0  

96 

0.70 

0.87 

0.75 

0.45 

0.58 

0.71 

0.74 

0.65 

0.85 

0.88 

0.62 

0.54 

86 

84 

87 

88 

83 

87 

88 

85 

87 

87 

84 

87 

0.18 

0.22 

0.17 

0.29 

0.16 

0.23 

0.23 

0.16 

0.16 

0.11 

0.16 

0.23 

0.33 

0.50 

0.40 

0.30 

0.16 

0.19 

0.06 

0.13 

0.29 

0.12 

0.16 

aSol preparation conditions: 0.5 M U(1V) solution; NO,-/U mole ratio of 2.0; precipitate to pH 9, wash by decantation, peptize by addition of 

HNO,(NO,-/U mole ratio = 0.14) and stirring a t  60 to 65OC. 

bAnalyzed a s  carbon. 
'Peptized with HN03 and HCOOH; NO,-/U mole ratio = 0.14; HCOO-/U mole ratio = 0.20. 
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Table 3 . 3  shows t h e  e f f e c t  of t h e  p rec ip i t a t ing  reagent and pept iz ing 

conditions on sol y ie ld  and s o l  propert ies .  

The h ighes t  y i e l d s  of s o l  w e r e  obtained by adding both n i t r i c  and 

formic acids  t o  t h e  sol a t  r a t i o s  t o  t h e  uranium of 0.15 and 0.20, re- 

spect ively,  independent of t he  p r e c i p i t a t i o n  conditions.  When t h e  

r a t i o  of n i t r a t e  t o  uranium w a s  high i n  the  reduced so lu t ion  (prepara- 

t i o n  A-3403-115), t h e  s o l  y i e l d  w a s  acceptable but  t he  uranium(1V) con- 

t e n t  of t he  f i n a l  s o l  w a s  lower than i n  the  other  preparat ions.  

'I Jrani a So l  Charac te r i s t ics  

Urania sols produced by the  laboratory flowsheet are general ly  

very f l u i d  and exhib i t  good s t a b i l i t y  on standing severa l  months. 

Those prepared by t h e  engineering flowsheet, although f l u i d  when pre- 

pared, have shown various degrees of s t a b i l i t y .  While some have re- 

mained f l u i d  f o r  as long as four  months, others  have thickened and 

ge l led  on standing four  days, even though they d i f f e r  very l i t t l e  from 

t h e  f l u i d  sols i n  t h e i r  chemical proper t ies .  The thickened sols exhib i t  

a long-term thixotropy i n  t h a t  they may be shaken t o  r e s to re  f l u i d i t y  

and do not thicken again u n t i l  after standing severa l  days. Studies  

t o  r e l a t e  sol proper t ies  and reproducib i l i ty  t o  various process var iab les  

and t o  de l inea te  sol cha rac t e r i s t i c s  associated with the  thickening 

process are under way. 

Studies  on the  x-ray c r y s t a l l i t e  s i z e s  of s o l s  produced by the  

engineering flowsheet have shown t h a t  they are  a f fec ted  by t h e  pre- 

c i p i t a t i o n  conditions.  Those preparat ions i n  which 3.5 M NH OH w a s  

used as the  p rec ip i t an t  have c r y s t a l l i t e  s i z e s  varying between 62 and 

84 A, regardless  of whether hydrazine w a s  used i n  the  wash solut ion.  

When 3.0 M NH OI4-0.5 M N H *H 0 w a s  used as the  p r e c i p i t a t i n g  reagent, 

t he  c r y s t a l l i t e  s i z e s  var ied between 90 and 96 A. 

- 4  

- 4  - 2 4  2 

Eauitment Develonment and Urania Sol  Production 

The laboratory flowsheets f o r  urania  sol preparat ion a re  used i n  

t h ree  ways: t o  prepare sols f o r  use i n  preparat ion of UO microspheres 

f o r  i r r a d i a t i o n  specimens; t o  prepare s o l  f o r  use i n  development of t he  
2 



. . 

Table 3.3. Effect of Precipitation Conditions on Urania Sol Preparation Using Filtration-Washinga 

Peptization Conditions Sol  Properties 
Sol 

Precipitating Nitric Acid-to- Formic Acid-to- Y ie  Id Uranium U(IV) Nitrate-to- Formate-to- Preparation 
Uranium Reagent Uranium Uranium Concentration Content Uranium 

Adjust men t Adjust me nt ( M )  (7'0 of U) Mole Rat io  Mole Ratio 

A -3403 -83' 

A -3403 -85 

A -3 4 03 -9 0 

A -3403 -96 

A -3403 -97 

A-3403-100 

A -34 03-1 07 

A-3403-111 

A-3403-1 15' 

3.0 M NH40H, 

0.5 M N 2 H 4 .  H,O 

3.0 M NH,OH, 
0.5 M N 2 H 4 *  H,O 

3.0 M NH,OH, 

0.5 M N2H4 '  H,O 

3.5 M NH,OH 

3 .0  M NH,OH, 

0.5 M N 2 H 4 -  H,O 

3.0 M NH40H, 

0.5 M N,H; H,O 

3.5 M NH,OH 

3.5 M NH,OH 

3.5 M NH,OH, 

0.5 M N,H; H,O 

0.1 

0.1 

0.1 

0.1 

0.15 

0.15 

0.15 

0.19 

0.15 

0 

0 

0.2 

0.2 

0.2 

0.2 

0.2 

O d  

0.2 

82 

59c 

96 

72 

98 

99 

99 

92 

96 

1.13 

0.95 

1 .60  

1.26 

1.62 

1.40 

1.27 

1.19 

1.04 

84 

86 

89 

88 

88 

85 

82 

82 

79 

0.13 

0.12 

0.14 

0.13 

0.17 

0.15 

0.21 

0.17 

0.15 

0.05 

0.01 

0.30 

0.24 

0.24 

0.23 

0.24 

0.008 

rc 
w 

aSol preparation conditions: 0.5 M U ( I V )  solution; NO,-/U mole ratio = 2, HCOO-/U mole ratio -0.5; precipitate to pH 9; filter and wash in place; 

'0.5 M U(1V) solution; NO,-/U mole ratio = 4.6; HCOO-/U mole ratio = 0.6. 
'18 hr between precipitation and peptization. 

dO.O1 MN,H,COOH wash. 

zdd HNO, or HN0,-HCOOH and peptize by heating and stirring a t  60 to 65OC. Time between precipitation and peptization <1 hr .  
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process f o r  forming UO microspheres; t o  provide a bas i s  f o r  develop- 

ment of remotely operated equipment f o r  preparat ion of urania  s o l s  i n  

the  TlTRF. The flowsheets f o r  these severa l  appl icat ions have been 

somewhat d i f f e ren t ,  depending on the  use intended and t h e  sca le  of t he  

work. 

2 

The reduction of uranyl n i t r a t e  t o  uranous n i t r a t e  i s  a necessary 

preliminary s t ep  and i s  r e l a t i v e l y  independent of the  remaining pre- 

c ip i ta t ion-pept iza t ion  flowsheet. Reduction a t  atmospheric pressure 

with a f i n e l y  divided ca t a lys t  was used f o r  batch preparat ions i n  lab-  

oratory apparatus. 

a re  a t  300 ps ig ,  using 0.5% P t  on 1/8- in .  alumina p e l l e t s .  

t i o n  operation i s  continuous; uranyl n i t r a t e  i s  fed by a diaphragm pump. 

This system i s  not e n t i r e l y  adequate, and we have work i n  progress t o  

develop an improved reduction flowsheet f o r  remote operation. 

A t  present t he  l a r g e r  sca le  reduction operations 

The reduc- 

The f i r s t  reproducible so l -ge l  flowsheet f o r  urania  was applied t o  

preparat ion of microspheres f o r  i r r a d i a t i o n  specimens, and over 1 0  kg 

of enriched urania  has been made i n t o  sols. C r i t i c a l i t y  was prevented 

by l imi t ing  batch s i z e  t o  300 g of uranium. Laboratory apparatus w a s  

p r a c t i c a l  and convenient f o r  t h i s  batch s ize;  therefore ,  t he  enriched 

urania  microspheres present ly  i n  i r r a d i a t i o n  specimens were a l l  made i n  

batch laboratory apparatus, using the  flowsheet f o r  p rec ip i t a t ion  t o  

pH of 7 t o  7.5. T h i s  combination w i l l  not be used i n  the  fu ture :  some 

addi t iona l  p rec ip i t a t ions  of enriched urania  s o l s  w i l l  be with the  pH 

9 flowsheet i n  the  batch laboratory apparatus. 

Most of t he  na tu ra l  urania  s o l s  formed i n t o  microspheres during 

the  year  were prepared i n  a batch apparatus w i t h  a capacity of 1 kg of 

UO , using the  pH 9 flowsheet. We d id  a l l  t he  p rec ip i t a t ion ,  washing, 

and dispers ion operations i n  a s ing le  vessel ,  which had a porous 12-in.- 

d i m  s t a i n l e s s  s t e e l  p l a t e  as t h e  bottom and a slow-speed, paddle-type 

ag i t a to r .  The supernate was removed by f i l t r a t i o n  a f t e r  p rec ip i t a t ion  

and a f t e r  each of  four  washing s teps .  

l i t e r s  of water with 5 l i t e r s  of s l u r r y  o r  cake remaining on t h e  f i l t e r .  

We peptized by a combination of a g i t a t i o n  and heat ing a f t e r  addi t ion of 

n i t r i c  and formic acids .  

For each wash, we ag i t a t ed  10  
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We designed and fabr ica ted  a continuous urania  s o l  preparat ion system 

(Fig.  3.3) t o  meet the  requirements f o r  both remote operation and large-  

sca le ,  c r i t i c a l l y  safe operation with enriched uranium. This system con- 

sists of two continuous p rec ip i t a to r s ,  s i x  countercurrent mixer-decanter 

s tages ,  and two continuous pept izers .  

while t he  s o l i d s  a r e  t r ans fe r r ed  by gas-operated pumps. 

s t a l l e d  p rec ip i t a to r s ,  gas-operated pumps, and pept izers  were inadequate 

f o r  t r a n s f e r  of p rec ip i t a t e s  and were replaced by un i t s  of modified design. 

A f t e r  two 70-hr runs with n a t u r a l  uranium we concluded the  following. 

The continuous p r e c i p i t a t o r s  a re  mechanically and chemically 

The wash w a t e r  flows by gravi ty ,  

The i n i t i a l l y  in-  

1. 

acceptable. 

2. P rec ip i t a t ion  can be cont ro l led  by metered flow, but  pH indi-  

ca tors  i n  the  s lur ry  a re  not  dependable f o r  ind ica t ing  end poin t .  

3 .  Washing i s  exce l len t  i f  t he  proper flows of s l u r r y  and wash 

l i q u i d  a re  maintained. 

4.  The t r a n s f e r  of s l u r r y  between s tages  i s  s t i l l  a source of 

t rouble .  The operation during the  second 70-hr run w a s  acceptable f o r  

d i r e c t  operat ion and v i sua l  observation, but  would have been too  d i f f i -  

c u l t  f o r  remote operation. 

5. The pump we a r e  now using f o r  t r a n s f e r  of s e t t l e d ,  washed pre- 

c i p i t a t e  from the  f i n a l  washer t o  the  continuous pept izers  i s  not ac- 

ceptable.  

6.  The continuous pept izers  can probably produce adequately d is -  

persed s o l s  of acceptable compositions i f  t he  s lu r ry ,  n i t r i c  acid,  and 

formic acid flows can be control led.  (These requirements were not met 

f o r  any extended period of operat ion.)  However, t he  as-produced s o l s  

a r e  too  d i l u t e  f o r  use i n  preparing microspheres. 

7. Compaction of t he  washed p r e c i p i t a t e  t o  give a uranium concen- 

t r a t i o n  g rea t e r  than 0.7 M i n  the  s o l  w i l l  be very d i f f i c u l t  t o  achieve; 

e i t h e r  a sol concentration s t e p  such as evaporation o r  dewatering 

(squeezing) the  p r e c i p i t a t e  on a f i l t e r  w i l l  probably be necessary. 

- 

A 12-ft-highY 4-in.-ID column w a s  t e s t e d  as an a l t e r n a t i v e  t o  the  

decanta t ion-se t t le rs  f o r  countercurrent washing of t he  uranous hydroxide 

p rec ip i t a t e .  The wash column t e s t s  showed good mechanical operation and 

adequately s a t i s f i e d  the  chemical flowsheet requirements f o r  e i t h e r  a 
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Fig. 3.3. Equipment Used for the  Production of Urania Sol. 
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batch p r e c i p i t a t o r  o r  continuous p rec ip i t a to r s .  

the  advantage of shor te r  residence time and l e s s  mater ia l  holdup than 

the  equipment shown i n  Fig. 3.3. 

The wash column has 

So l  Preparation by Amine Extract ion 

J. G. Moore 

We have developed and demonstrated on a laboratory sca le  a simple 

solvent ex t rac t ion  process t o  ex t r ac t  n i t r a t e  from aqueous solut ions of 

thorium and uranyl n i t r a t e  mixtures by long-chain a l ipha t i c  amines, al- 

lowing mixed thorium-uranium oxide so ls  t o  be prepared d i r e c t l y  from 

aqueous solut ions containing 0 t o  68 mole % U02(N03)2. 

shows, as  a typ ica l  example, t he  flowsheet conditions used i n  t h i s  amine 

deni t ra t ion  process 

with a thorium-to-uranium atom r a t i o  of about 3.5, one of t he  compo- 

s i t i o n s  being s tudied f o r  high-temperature gas-cooled reac tor  fue l s .  

Figure 3.4 

3 t o  prepare a sol and subsequent oxide microspheres 

One volume of an aqueous solut ion about 0.21 M i n  Th(N0 ) and - 3 4  
0.06 - M i n  U02(N03);? i s  contacted for at  l e a s t  2 min with about 1 .9  

volumes of 0.75 M Amberlite LA-2 ( the  highly branched secondary amine 

- n-lauryltrialkylmethylamine ) i n  - n-paraff i n ,  t he  commercial equivalent 

of n-dodecane. To ensure rapid phase separation, the  ex t rac t ion  i s  

made a t  50 to 60OC with the  organic phase continuous. The elevated 

temperature a l s o  decreases uranium losses  by decreasing the  amount of 

uranium extracted by the  amine. I n  the  f i r s t  stage,  80 t o  90% of the  

t o t a l  n i t r a t e  i s  extracted,  After  t he  phases separate,  the  aqueous 

phase i s  heated a t  l e a s t  1 0  min at 95 t o  100°C. 

the  aqueous phase from yellow-orange t o  dark red. Simultaneously, n i -  

t r a t e  i s  released, which i s  then extracted by the  amine i n  a second 

stage.  Greater than 91% of the  t o t a l  n i t r a t e  i s  removed i n  the  two 

s tages ,  y ie ld ing  a sol with a ni t ra te- to-metal  mole r a t i o  of about 0.2. 

I n  t h i s  p a r t i c u l a r  example, we evaporated the  s o l  t o  give a f i n a l  sol 

t h a t  w a s  1.10 M i n  thorium, 0.32 M i n  uranium, 0.30 M i n  n i t r a t e ,  and 

0.01 M i n  carbon i n  an unspecified form. 

- 

- 

This digest ion changes 

- - - 
- 
The c r y s t a l l i t e  s i ze  according t o  x-ray analysis  was 35 t o  40 A. 

Spheres were formed by in j ec t ing  t h i s  s o l  i n t o  2-ethyl-1-hexanol con- 
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O R N L  D W G  67-9774 

0 . 5 V o l .  I .9 Vol 

M i x E R -Is E T  T L  E R + 0.75 4 AMBERLITE ORG MIXER-SETTLER 
LA-2  IN N-PARAFFIN 

1.9 Vol 
ORG 

MIXER-SETTLER MIXER-SETTLER 
> 2  Min 

1.0 VOl 5 0 - 6 0 ° C  
>IO Min 
95-IOOOC 

I 
1 . 1  M Th 
0.32M U 
0.30M NO3 
0.01 M c 

L 

SPHERE 
FORMER 

I 

DRY CALCINE REDUCE 
100-180°C 1150°C Ar-4%H2 
20 -24  Hr 4 H r  at 1150°C 

Fig. 3.4. Amine Denitration Process. 

r 
PRODUCT 

Th/U= 3 . 5  
O / U = 2 . 0 0 3  
> 9 5 O/- T D 

t a in ing  0.5 vol  H20 and su i t ab le  sur fac tan ts .  The ge l led  spheres 

were dr ied  overnight a t  100°C, held a t  170 t o  1 8 0 ° C  f o r  about 5 hr ,  

then calcined i n  a i r  a t  1150°C. 
f i r i n g  i n  Ar-L+% H2 f o r  4 hr  a t  115OOC. 
black and had an oxygen-to-uranium r a t i o  of 2.003. 

product microspheres w a s  g rea te r  than 95% of theo re t i ca l .  

spheres 150 t o  350 p i n  diameter r e s i s t e d  crushing forces  of 940 t o  

Final ly ,  t he  uranium w a s  reduced by 

The r e su l t i ng  spheres were shiny 

The densi ty  of t he  

Individual  

2000 g. 

After  t h e  n i t r a t e  ex t rac t ion  i s  completed i n  the  l as t  stage,  t he  

amine n i t r a t e  i s  converted back t o  f r e e  amine by contact with a t  l e a s t  

1.05 moles of sodium carbonate per  mole of  amine n i t r a t e ,  I n  t h i s  

example, the  1 .9  volumes of organic phase would be contacted with about 

1 volume of 1 M Na2C03; t h i s  would be followed by a wash with 0.5 vol- 

ume of  H20. 
ext rac t ion  s tage.  

- 
The amine would then be ready f o r  use again i n  t h e  f i rs t  
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To date ,  t he  overa l l  process has been demonstrated on a laboratory 

sca le  with s o l s  having 17 t o  26 mole $ U; however, t h e  amine deni t ra t ion  

procedure has been used t o  prepare s t ab le  thorium-uranium sols with 0 

t o  68 mole % U (Table 3.4) .  A multiple contact procedure w a s  used t o  

ensure t h a t  n i t r a t e  equilibrium had been reached. 

t he  ex t rac tab le  n i t r a t e  was extracted i n  the  f i r s t  t w o  ex t rac t ion  s tages .  

The amount of ex t rac tab le  n i t r a t e  ranged from 93 t o  95% of  t he  t o t a l  

aqueous n i t r a t e .  

From 98 t o  99.6% of 

The ni t ra te- to-metal  mole r a t i o  a f t e r  the  f i r s t  ex t rac t ion  de- 

The creased with increasing uranium content from 0 t o  50 mole $ U. 

equilibrium n i t r a t e  value also varied regular ly  with uranium, but  only 

up t o  about 25 mole $ and then, under these conditions,  remained a t  a 

value of about 0.16 mole of  n i t r a t e  per  mole of t o t a l  metal. 

We have also prepared sols with such amines as Adogen 364, Di- 
t r i d e c y l  P, 1-nonyldecylamine, and Primine JM-T; however, most of our 

development work used the  Amberlite LA-2, an e f f ec t ive  ex t rac tan t ,  

which does not require  any addi t ive t o  the  d i luent  and i s  commercially 

avai lable .  An equimolar amount of t he  amine per  i n i t i a l  n i t r a t e  would 

be su f f i c i en t  t o  ex t r ac t  the  n i t r a t e  i n  a contactor with pe r fec t  e f -  
f iciency; however, we used 1.2 t o  1.5 moles of amine per  mole of n i t r a t e  

t o  ensure n i t r a t e  equilibrium. 

Several  d i luents  were used: - n-dodecane, - n-paraffin,  di-isopropyl- 

benzene, diethylbenzene, and Amsco 125-82. Most of t h e  development 

work used 0.6 t o  0.75 M amine i n  n-dodecane o r  n-paraffin,  s ince these 

solut ions had s l i g h t l y  b e t t e r  phase separat ion cha rac t e r i s t i c s  and 

handling proper t ies  than more concentrated solut ions or other  d i luents .  

The control  of concentration of t he  aqueous phase i s  more c r i t i c a l ;  it 

must be l e s s  than 0.6 M i n  t o t a l  metal ions t o  prevent the  formation of 

so l id s  during extract ion.  Although these so l id s  w i l l  l i q u e e  on heating, 

they could become a source of t rouble  i n  a continuous process. 

- - - 

- 

Equilibrium i s  achieved very rapidly i n  the  ex t rac t ion  s tages ,  and 

1 min of thorough mixing i s  su f f i c i en t  t o  compensate for possible  mixing 

var ia t ions;  however, a minimum of 2 min contact time was used i n  a l l  t he  

ex t rac t ion  s teps .  A 5-min contact a t  a temperature of 50 t o  6OoC re- 

duced the  thorium and uranium ext rac t ion  losses  t o  l e s s  than 0.02 and 

0.01%, respect ively.  
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F i r s t  Extraction Second Extract ion Third Extract ion Fourth Extract ion 
U / ( U  + Th) 

%) N03-/metal pH N03"/metal pH N03-/metal PH NO3 - / m e t a l  PH 
~~~ - ~- 

0 

2.5 

5.3 

9.4 

1 8  
26 

35 

53 

68 

-~ - 

0.73 

0.68 

0.67 

0.62 

0.55 

0.45 

0.39 

0.26 

0.25 

- 

4.46 

4.24 

5.00 

4.71 

4.84 

4.13 

4.76 

4.92 

5.06 

- ~~ 

0.31 

0.30 

0.28 

0.25 

0.21 

0.19 
0.23 

0.20 

0.16 

~~ 

4.33 

3.93 

4.09 

4.61 

5.02 

4.27 

4.67 

5.12 

5.46 

0.28 

0.28 

0.24 

0.24 

0.20 

0.16 

0.19 

0.20 

Gelled 

4.99 

4.74 

4.57 

4.84 

4.38 

4.46 

4.67 

5.14 

0.28 

0.26 

0.25 

0.23 

0.19 

0.16 

0.16 

0.18 

4.31 

4.47 

4.65 

4.88 

4.46 

4.50 

4.77 

5.06 

a S t a r t i n g  solut ion:  0.22 t o  0.3 M Th(N03)4 with s u f f i c i e n t  UO2(NO3)2 t o  give the  indicated 

0.77 M Amberlite LA-2 i n  - n-paraffin,  1 . 5  
mole percentage of U02 i n  the f i n a l  prGduct. 
separated by 20-min digestions a t  about 100°C. 
moles per  mole n i t r a t e  ion. Cocurrent flow. 

Procedure: 
Amine: 

four  6-min contacts a t  50 t o  6 O o C  
- 

. I 
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. 

It is necessary to heat the aqueous phase after partial denitration 
in the first extraction stage to form a sol and release more extractable 
nitrate. 

at 95 to 100°C is necessary. 
a second amine extraction, have nitrate-to-metal. mole ratios of about 

0.3, compared to about 0.17 after 10 min or more. Similarly, a higher 

nitrate value is obtained if the digestion temperature is lowered to 

80 or 90°C. 

For maximum effectiveness, a digestion period of 8 to 10 min 
Shorter digestions yield sols that, after 

Microspheres are formed by injecting the thoria-urania so ls  into 

a dehydrating medium such as 2-ethyl-1-hexanol containing suitable 

surfactants to prevent the droplets from coalescing or clustering. The 

s o l s  prepared by the amine denitration process were especially sensitive 

to the type and concentration of surfactant used in the sphere-forming 

column. 

U02 s o l  formed by blending thoria and uraaia sols in the ratio 3.5 to 

1, we used 2-ethyl-1-hexanol containing 0.3 vol  % Span 80 (sorbitan 
monooleate) and 0.5 v o l  % Ethomeen S-15 (a condensation product of a 
primary fatty amine with ethylene oxide). In contrast, as little as 

0.1 vol $ of either the Span 80 o r  Ethomeen S-15 caused severe cracking 
or flaws in spheres formed from a s o l  of similar composition produced 

by the amine denitration process. Surfactant concentrations of around 

0.04 vol $ produced excellent spheres. 
good spheres and were not quite as critical in their concentration 

levels were Alkanol OE, a long-chain alcohol-ethylene oxide condensation 
product, and bis(2-ethoqethy1)phthalate. 

For e~ample,~ in the formation of microspheres from a Tho2- 

Other surfactants that produced 

The sphere-forming characteristics of the sols are dependent on 

the temperature used before, during, and after evaporation of the s o l  

as well as on the rate of drying and the final nitrate-to-metal mole 

ratio. For example, sols that were evaporated under vacuum at 30 to 
38°C were much more sensitive to column conditions than sols that had 
been evaporated slowly at atmospheric pressure and reflux temperature 

(-lOO°C); however, the former became more amenable to sphere formation 

if digested at a temperature of 70 to loo°C after the evaporation 
(Table 3.5). 
taining 1 vol $, H 0 and equal concentrations of Span 80 and Ethomeen 

These spheres were made by use of 2-ethyl-1-hexanol con- 

2 
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S-15. The sol was evaporated under vacuum and then digested for 30 min 
at either 70 to 80°C or 100°C. The effect of surfactant concentration 

on the percentage yield of whole spheres after drying was used as a 

measure of sensitivity. O n l y  0.08 vol  $ of each of the surfactants was 
required to reduce the yield from undigested s o l  to 50$, but 0.15 vol  $ 
was required for the same effect after the s o l  had been digested at 

70 to 80°C. 
the refluxed sol. Similarly, less sensitivity was observed with sols  

with lower nitrate-to-metal ratios. For example, s o l s  with a ratio of 
0.20 were less sensitive than those with a ratio of 0.29. However, the 

sensitivity of the latter could be reduced by decreasing the rate of 

dehydration of the spheres in the forming column by simply raising the 

water content of the 2-ethyl-l-hexmol to 1.5 or even 1.8 vol $. 

At this concentration the yield was still about 90% for 

Table 3.5. Effect of Surfactant Concentration 
and Sol  Digestion on Microsphere Yield 

Yield ($)b 

Surfactant (vol $1" Digested at 
Undigested 

span 80 Ethomeen S-15 70-80" 100" 

0.04 0.04 97 90 97 
0.06 0.06 
0.08 0.08 

85 85 90 
50 90 98 

0.10 0.10 25 90 95 

0.15 0.15 50 90 

?Dehydrating medium: 
H 0 and the listed surfactants. 

bApproximate. 

2-ethyl-1-hexanol containing 1 vol $ 
2 
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Preparation of Mixed Oxide So l s  

A. B. Meservey 

We have s tudied coprec ip i ta t ion  of thorium and uranium hydroxides 

as an a l t e r n a t e  approach t o  the  sol-gel  preparat ion of thor ia -urania  

fue l s .  

to-uranium r a t i o s  of about 3 i n  t he  f i n a l  oxide, s ince t h i s  i s  about 

the  value f o r  what appear t o  be the  most usefu l  f u e l s  f o r  reac tors  t h a t  

u t i l i z e  thorium. The o r ig ina l  ORNL so l -ge l  process5y6 i s  l imi t ed  t o  

uranium concentrations l e s s  than about 10%. We a l so  determined the  

accuracy with which we could mix s o l s  t o  make a desired composition 

and character ized microspheres made with t h i s  method of s o l  preparat ion.  

This approach uses uranium(V1) and emphasizes a t t a in ing  thorium- 

Sol-Gel Process Employing Mixed UO?-ThO? Sols 

We have examined two approaches t o  the  preparat ion of UO -Tho s o l s  2 2 
f o r  a l l  compositions. One involves simply mixing UC so ls  prepared by 

the  formate method (described above) with Tho 

deni t ra ted  thoria.’  

uranium(1V) hydroxides and then pept iz ing them t o  a s t ab le  s o l .  

2 
s o l s  prepared from steam- 2 

The o ther  method involves coprec ip i ta t ing  thorium- 

Because 

of the  promise of the solvent-extract ion process f o r  UO -Tho sol prep- 2 2 
ara t ion ,  no work beyond demonstration t h a t  sols could be prepared by 

the  coprec ip i ta t ion  approach w a s  performed. We demonstrated the  mixed 

sol method through f i n a l  product microsphere evaluat ion and prepared 

i r r a d i a t i o n  t e s t  specimens from these mater ia ls .  

W e  thought t h a t  one of t he  major problems with t he  s o l  mixing 

method would be close cont ro l  of the  thorium-to-uranium r a t i o ;  however, 

t h i s  w a s  not the  case. We demonstrated t h a t  f u e l  composition can be 

control led very c lose ly  (Table 3 . 6 ) .  

on t h e  150-g sca le .  The s o l s  were mixed i n  ca l ib ra t ed  glassware. To 

obtain the  d i f f e r e n t  degrees of  uranium enrichment required f o r  some 

appl icat ions,  t he  UO 

The preparat ions were demonstrated 

so ls  t h a t  were mixed with the  t h o r i a  sol were 2 
prepared by mixing a UO sol of 93.18% enrichment with a na tu ra l  UO, 

2 L 

s o l .  The UO -Tho s o l s  were formed i n t o  g e l  microspheres i n  a t y p i c a l  

sphere-forming operation, and 40 t o  60% of the  microspheres were i n  t h e  

desired 210- t o  297-p-dim range ( a f t e r  ca l c ina t ion )  and were of ex- 

2 2 



Table 3.6. Proper t ies  of Fired Th02-U02 Microspheres Prepared from Mixed Tho -UO Solsa 2 2  
Gas Release Uranium Enrichment Density 

C t o  1200ec Th/U Weight Rat io  Surf ace 

( PPm ) i n  Vacuum Are a Prep. 
Code 

(m2/d ( cmyg)  
Desired Measured 3 % of 

(%) ($1 g/cm The o r e t  ic a1 Desired Measured 

w OL- 2 0.3333 0.3337 43.5 43.3 10.34 96.5 0.004 <20 0.02 c 

OL- 3 1.000 1.005 65.3 65.04 10.31 98.3 0.006 30 0.01 
OL-4 1.857 1.886 93.18 10.08 97.5 0.005 20 0,011 

%mete r :  25Ck297 p; f i r i n g  conditions: Ar-4% H2 t o  650°C a t  30O0C/hr; C02 t o  llOO°C a t  20O0C/hr; 
Ar-4% H2 a t  1100°C f o r  4 hr .  
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c e l l e n t  qua l i ty .  High density and low carbon content of f u e l  p a r t i c l e s  

were achieved f o r  each preparation; t h i s  i s  t y p i c a l  of t h i s  preparat ion 

method. 
7 We have demonstrated the  preparative ?lethod on the  kilogram-scale 

f o r  UO -Tho microspheres i n  which thoriwnruranium atom r a t i o s  were 4.8 
and 3.4. These microspheres were prepared from highly enriched uranium 

and are  being used i n  coated-part ic le  i r r a d i a t i o n  t e s t s  i n  the  Dragon 

Reactor. The spheres had very high density,  good crushing s t rengths ,  

and e s sen t i a l ly  "geometric" surface a rea  (Table 3.7).  

measurements showed t h a t  so l id  so lu t ion  was achieved. The spheres pro- 

duced by the  1400°C f i r i n g  i n  hydrogen were amber colored and t rans-  

parent,  unlike spheres f i r e d  a t  1100°C i n  Ar-4% H2. 

graphic sect ions of the  1400°C-fired spheres are  shown i n  Fig. 3.5 .  

2 2  

X-ray d i f f r ac t ion  

Typical metallo- 

A number of i n t e re s t ing  color  e f f ec t s ,  which a re  not understood, 

were noted throughout the  f i r i ngs .  

spheres were not t ransparent  and were pale green and black i n  about 

equal numbers. 

oxygen-to-uranium r a t i o  was l e s s  than 2.006. These values are  accept- 

able .  However, we decided t o  r e f i r e  the  spheres i n  pure hydrogen i n  

case the  color  difference was caused by minor var ia t ions  i n  the  oxygen- 

to-uranium r a t i o  o r  degree of s o l i d  so lu t ion  among the  individual  

spheres. 

4 hr ,  and three  d i f f e ren t  colors of spheres resu l ted .  I n  addi t ion t o  

t he  blacks and pale  greens, ha l f  of the  spheres were amber colored and 

t ransparent .  The mater ia l  was then f i r e d  t o  1400°C i n  hydrogen; a l l  

of the  spheres were converted t o  t he  amber-colored t ransparent  type,  

After the  1100°C f i r i n g ,  t he  micro- 

The density w a s  97 t o  98% of theo re t i ca l ,  and the  

A t e s t  sample was f i r e d  t o  1150°C i n  hydrogen and held f o r  

Sol-Gel Process Employing Coprecipitated U q  -Tho2 Sols 

We developed a coprecipi ta t ion method f o r  the  preparat ion of UO - 2 
Tho2 sols and demonstrated t h i s  process on a laboratory sca le  through 

the  f i n a l  dense UO -Tho calcined microsphere product f o r  a thorium-to- 

uranium atom r a t i o  of  3. Other p rec ip i t a t ion  approaches t h a t  we t r i e d  

included pept izat ion of thorium hydroxide p rec ip i t a t e s  with uranyl 

n i t r a t e  and addi t ion of UO t o  sols prepared from p rec ip i t a t ed  thorium 

hydroxide. Although sols could be readi ly  formed by these methods, 

2 2  

3 
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T a b l e  3.7. Analyses of U02-Th02  Microspheres (97.69% 2 3 5 U )  After F i r ing  

F i r s t  firing - fired to llOO°C and reduced for 2 hr in  Ar-4% H ; cooled to 25OC in Ar 
Second firing - the  210- to 297-p-diam fraction from the f i r s t  firing was  fired to 14OO0C 

2 

and reduced 4 hr in H ; cooled to 25OC in Ar 
2 

Sample  NO.^ 

3371-78-1400' 3371-80-1400 33 7 1-82-1 400 

Sol preparation No. 

Th/U atom ratio' 

u, % 

Th,  '70 

Hg porosimetry 
Density, g/cm3 

Density, % of theoretical 
Porosi ty ,  % 

Resis tance  to crushing, g 

Surface area,  m 2 / g  

X-ray crystal l i te  s i z e ,  A 

Lat t ice  parameter 

Carbon, ppm 

Aluminum, ppm 

Gas  re lease  to 120OoC in vacuum 

Tota l  volume, cm3/g 
Composition, vol % 

H Z  

H 2 °  

coz 
O2 

N 2  + CO 
Ar 

Weight of 210- to 297-p-diam fraction, g 

Screen analysis ,  e wt % 

>297 p 
249-297 p 
210-249 p 
1 2 1 0  p 

47-27-97 

3.41 

10.95 

37.3 

10.13 

99.3 
<1 

1152 

0.004 

1537 

5.5679 

< 10 

100 

0.011 

91.4 
0.69 
7.92 

439.2 

20.6 
65.9 

0.6 
12.9 

47-27-97 

3.41 

10.95 

37.3 

10.17 

99.7 
<1 

1008 

0.003 

1280 

5.5680 

< 10 

110 

0.007 

68.8 

5.24 
13.4 
0.26 
12.0 
0.26 

539.3 

9.2 
74.9 

1.7 
14.2 

47-49A-97 

4.79 

8.18 

39.2 

10.11 

99.6 
<1 

907 

0.004 

1348 

5.5679 

< 10 

110 

0.007 

81.1 

2.16 
16.2 
0.27 
0.27 

1295.1 

15.5 
69.0 
3.2 

12.2 

aAll ana lyses  on 140O0C-fired material except  a s  indicated. 
bContained some "cherry-pitted" spheres .  

'Analysis on coated par t ic les .  

'Calculated geometric surface area of 210- to 297-p-diam spheres  is 2.0-2.8 x 
eAfter llOO°C firing. 

m2/g. 

. 
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t h e i r  nitrate-to-metall r a t i o s  were higher than those obtained by the  

coprecipi ta t ion method, and d i f f i c u l t y  w a s  encountered i n  the  sphere 

forming process. This work i s  reported elsewhere. 8 

The coprec ip i ta t ion  method of s o l  preparat ion combines "reverse 

s t r i k e "  coprec ip i ta t ing  of t he  hydrous oxides i n  excess ammonia a t  

80 k 5OC,  washing hydrous oxide f i l t e r  cake f r e e  of n i t r a t e ,  bo i l i ng  

the  aqueous s l u r r y  of t he  f i l t e r  cake t o  remove res idua l  ammonia, and 

then dispers ing the  cake with n i t r i c  acid t o  form a s o l .  

Typical laboratory-scale preparat ion of s o l s  consis ted of 0.5- 

mole batches of the  mixed oxides. A 0.5 M UO (NO ) --Th(B03)4 so lu t ion  

was added a t  a near ly  constant r a t e  over a 20-min per iod t o  a 75% ex- 

cess of 3 M NH OH, and the  p rec ip i t a t ion  temperature w a s  maintained a t  

80 4 5OC. The p rec ip i t a t e  w a s  then washed e s s e n t i a l l y  f r e e  of  n i t r a t e  

with 10 cake volumes of about 0.08 M NH OH a t  80 2 5 ° C .  

procedure reduces the  NO -/(Th + U )  mole r a t i o  t o  about 0.003, and the  

NH +/(Th + U )  mole r a t i o  becomes 0.05. The remaining ammonium ion i s  

reduced t o  the  range 1 0  t o  30 ppm by boi l ing  an aqueous s l u r r y  of  t he  

f i l k e r  cake u n t i l  the  pH of t h e  condensed steam drops from i t s  i n i t i a l  

value of approximately 10 t o  about 6. The hydrous oxides have an x-ray 

c r y s t a l l i t e  s i ze  l e s s  than 30 A. 

- 2 3 2  

- 4  

The washing - 4  
3 

4 

A three-s tep  process i s  used t o  disperse  the  hydrous oxides t o  

sols t o  a t t a in  ni t ra te- to-metal  r a t i o s  low enough f o r  use of t he  sol i n  

our conventional sphere forming process. The three-s tep process gives 

ni t ra te- to-metal  oxide mole r a t i o s  of 0.13 t o  0.14, whereas a s ingle  

s t e p  gives 0.19. The three-s tep  dispers ion process follows: 

1. One-third of  t he  hydroxide s l u r r y  i s  boi led  w i t h  s u f f i c i e n t  

n i t r i c  acid t o  give a ni t ra te- to-metal  r a t i o  of 0.40; a c l e a r  red s o l  

quickly forms. 

2. The second one-third of the  hydroxide s l u r r y  i s  added t o  the  

red sol and boi led f o r  about 20 min; t h i s  pept izes  a l l  of t h e  added 

hydroxides, and a nit ra te- to-metal  r a t i o  of 0.20 i s  obtained. 

3. The remaining t h i r d  of t he  hydroxides is  then added, and 

bo i l ing  i s  continued a t  r e f lux  f o r  about 8 h r  o r  u n t i l  t he  sol becomes 

a c l e a r  dark red. The f i n a l  ni t ra te- to-metal  r a t i o  i s  0.13 t o  0.14. 

. 
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The sol may then be concentrated by evaporation t o  1 .5  - M (Th + U ) .  

The x-ray c r y s t a l l i t e  s i zes  of the  dispersed p a r t i c l e s  of the  s o l  a re  

40 t o  45 A. 

The sol i s  e a s i l y  formed i n t o  microspheres by the  standard method 

(using 2-ethyl-1-hexanol containing 1.1% H20, 0.3% Span 80, and 0.5% 

Ethomeen S/15).  

Tho 

4 h r  with A d %  H2. 
caused cracking during heat ing t o  3OO0C, but  cracking could be elimi- 

nated e n t i r e l y  by using a slower r a t e .  The crushing s t rength  of 177- 
t o  250-p-dim f i r e d  spheres w a s  about 1700 g. 

The ge l  spheres a re  converted t o  t h e o r e t i c a l l y  dense 

UO microspheres by f i r i n g  i n  a i r  t o  1200°C and then reducing f o r  

Temperature r i s e  r a t e s  g rea t e r  than about 2O0C/hr 
2- 2 

Mic rosphe r e  Preparat ion Process Development 

S .  D. Clinton P. A.  Haas 

We have developed a process f o r  converting so l s  i n t o  ge l  micro- 

spheres of c lose ly  cont ro l led  s i ze  i n  the-range 50 t o  700 p i n  diameter. 

I n  t h i s  process, drops of s o l  a re  ge l led  by ex t rac t ion  of water i n t o  

an immiscible organic l i q u i d  such as 2-ethyl-1-hexanol. The following 

f i v e  operations a re  required: 

1. dispersion of the  sol i n t o  droplets ,  

2. 

3. separat ion of the  ge l  microspheres from the  l i qu id ,  

4.  recovery of t he  immiscible l i q u i d  f o r  reuse, 

5. drying of t he  ge l  microspheres. 

suspension i n  an immiscible l i q u i d  t h a t  w i l l  e x t r a c t  water t o  cause 
g e l a t i  on, 

The s i ze  of t he  product microspheres i s  determined i n  the  f i r s t  s tep .  

I n  the second s tep ,  the  ex t rac t ion  of water causes ge la t ion  and thus 

converts the  droplet  of s o l  i n t o  a s o l i d  sphere. 

holds the  drop i n  a spher ica l  shape. The maximum droplet  s i ze  i s  

l imited,  s ince very l a rge  drops (> 1000 p) w i l l  d i s t o r t .  

t i o n  of the water i s  e s s e n t i a l  t o  obtaining a dense s t rong microsphere. 

I f  t he  water i s  ex t rac ted  too  rapidly,  t he  drop breaks i n t o  fragments 

o r  forms a hollow p a r t i c l e .  

immiscible l i q u i d  t o  prevent coalescence of t he  s o l  drops, des t ruc t ion  

I n t e r f a c i a l  tension 

Slow extrac- 

A sur fac tan t  must be dissolved i n  the  
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of the  sol drops on the  vesse l  w a l l ,  and c lus t e r ing  of p a r t i a l l y  d r i ed  

drops. The remaining three  operations a re  simple i n  pr inc ip le .  The 

dr ied  ge l  spheres may be calcined t o  give oxide spheres of near-theoret-  

i c a l  dens i t i e s .  

Sol Disperser Development 

Many sphere-forming column operating d i f f i c u l t i e s  would be mini- 

mized if we produced even more uniform sol drop s izes;  therefore ,  we 

have t e s t e d  a va r i e ty  of sol dispersion devices. Drops can be formed 

f rom a s o l  mass by applying one or more forces  such as gravi ty ,  cen- 

t r i f u g a l  f i e l d ,  shear,  i n e r t i a ,  i n t e r f a c i a l  tension, and e l e c t r o s t a t i c  

repulsion. To obtain uniform drops and control led diameters, both the  

force and t h e  configuration of t he  s o l  where the  force i s  appl ied must 

be uniform, and one o r  both must be cont ro l lab le .  For a l l  d i spersers  

t e s t e d  the  sol i s  fed  through o r i f i c e s  o r  c a p i l l a r i e s  0.004 t o  0.030 i n .  

i n  diameter. The two-fluid nozzles have been the  most usefu l  sol dis -  

pers ion devices because they a re  r e l i a b l e ,  they give good uniformity, 

and drople t  s i z e  i s  e a s i l y  cont ro l led  over the  whole sol drop s i z e  

range of i n t e r e s t  (200 t o  2000 p i n  diameter). 

A new type of s o l  d i sperser  i s  being developed i n  which a hy-po- 

dermic needle or cap i l l a ry  i s  mechanically connected t o  a loudspeaker 

and vibra ted  by it. Power i s  supplied t o  t he  speaker i n  the  form of a 

s ine  wave a t  a cont ro l led  frequency and amplitude. The mechanical. sup- 

po r t  from t h e  speaker cone t o  the  sol-feeding cap i l l a ry  must be e i t h e r  

r i g i d  or supported v e r t i c a l l y  i n  such a manner as t o  minimize any 

secondary v ibra t ions  t h a t  might be imposed on the  v ibra t ing  sol stream. 

I n  our work a pYece of  thin-walled s t e e l  tubing w a s  fastened t o  a Luci te  

disk, which w a s  glued t o  the  inner  cone of the  speaker. The cap i l l a ry  

w a s  mounted on the  end of  t he  tubing, and the  whole assembly w a s  v ibrated 

by the  speaker c o i l .  

t h e  end of t he  v ib ra t ing  cap i l l a ry  would be submerged i n  2-ethyl-l-  

hexanol a t  t h e  top  of t he  tapered column. The s o l  drople t  s i z e  w a s  

cont ro l led  by f i x i n g  the  sol flow r a t e  and vibra t ion  frequency (see 

Fig. 3.6). 

dispers ion of e i t h e r  one or two equal ly  s ized  drops per  cycle and t o  

The tubing support w a s  bent a t  a 90" angle s o  t h a t  

We adjusted the  v ibra t ion  amplitude t o  produce a s t ab le  sol 
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Fig. 3.6. Single  Capi l lary Vibrating a t  60 Hz t o  Disperse 
9.6 em3 of UO;! Sol per  Minute i n t o  1370-p-diam Droplets. 
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eliminate s a t e l l i t e  drople t s .  During ce r t a in  conditions a t  increased 

amplitudes, four  drops per  cycle of apparently uniform s i z e  could be 

formed, but  i n  general  t h i s  mode of operation w a s  not s t ab le .  The t o t a l  

cap i l l a ry  displacement f o r  forming t w o  drops per  cycle ranged from about 

1/4 in .  a t  20 Hz down t o  1 /32  in .  a t  200 Hz. 

We made i n i t i a l  speaker v ibra t ion  t e s t s  using a Lucite o r i f i c e  

p l a t e  t o  disperse  the  sol, but  the  v ib ra t iona l  energy seemed t o  have 

l i t t l e  or no e f f e c t  on the  droplet  formation. Subsequent t e s t s  with 

a v ibra t ing  No.  22 hypodermic needle produced s i z e  d i s t r ibu t ions  t h a t  

compared favorably with the  bes t  r e s u l t s  from the  two-fluid nozzle 

(Table 3.8). During the  f i r s t  v ib ra t ing  needle t e s t ,  t he  predicted 

mean p a r t i c l e  s i z e  w a s  t he  same as a 40 mesh-screen, and t h e  screen 

analysis  indicated 94 w t  $, of the  product w a s  between 45 and 35 mesh. 

Two more v ib ra t ing  needle t e s t s  produced 98 w t  $ of the  calcined oxide 

spheres within two adjacent screen s i zes .  The amplitude of v ib ra t ion  

f o r  these th ree  t e s t s  ranged from 1.5 t o  4.0 v. During t h e  i n i t i a l  

v ib ra t iona l  runs, t he  amplitude o r  voltage was very dependent on the  

mechanical coupling from the  speaker and the  method of holding the  

rubber tubing connecting the  sol pump t o  the  v ibra t ing  needle. 

The f i r s t  attempt a t  scale-up of sol flow r a t e  was t o  v ib ra t e  

four  15-mil-ID c a p i l l a r i e s  attached i n  p a r a l l e l  t o  a speaker and t o  

use one infusion pump f o r  the  s o l  feed (see Fig. 3.7). 

t h i s  approach produced s i z e  d i s t r ibu t ions  of cancined spheres a t  l e a s t  

comparable t o  pas t  experiences with the  two-fluid nozzle (Table 3 .9) .  

Although t h e  s i z e  uniformity f o r  four  v ib ra t ing  c a p i l l a r i e s  w a s  not as 

good as  f o r  a s ing le  v ibra t ing  needle, t he  s i z e  d i s t r i b u t i o n  r e s u l t s  

were encouraging, and no d i f f i c u l t y  was encountered with plugging of 

any of t he  four  p a r a l l e l  c a p i l l a r i e s .  By comparing pressure d r o p f l o w  

r a t e  c h a r a c t e r i s t i c s  through t h e  c a p i l l a r i e s  with water, we determined 

the  apparent v i scos i ty  of the  3.0 M t h o r i a  feed sol t o  be 4 t o  5 cent i -  

poises.  With apparent v i s c o s i t i e s  of about 5 cent ipoises ,  t h e  rheology 

of t he  sol probably favors a Newtonian behavior, which would produce 

equal s o l  flow r a t e s  through equal p a r a l l e l  res i s tances .  If the  sol 

has a tendency t o  be th ixot ropic ,  t he  v ib ra t iona l  energy i n  t h e  capi l -  

l a r i e s  could be bene f i c i a l  i n  lowering t h e  e f f ec t ive  s o l  v i scos i ty .  

Four runs using 

- 
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Table 3.8. Comparison of Product Sizes  of Calcined 
Thoria Microspheres from a Vibrating Hypodermic Needle 

and from a Two-Fluid Nozzle 

Conditions Two- F lu i  d Single Vibrating Needle Nozzle 

97.8 
2.2 

270 

1.2 1.2 4.8 1.2 a 3  Sol  feed r a t e ,  em /min 

Vibration frequency, Hz 20 40 70 
Mode of sol dispersion, drops/cycle 2 2 1 

Predicted mean s i ze ,  p 420 330 550 
Product d i s t r ibu t ions ,  w t  $ 

b -30 + 35 o r  500 t o  590 p 

-35 + 40 or 420 t o  500 p 49.0 
-40 + 45 o r  350 t o  420 p 45.4 0.2 
-45 + 50 or  297 t o  350 p 5.6 98.3 2.9 
-50 + 60 or 250 t o  297 p 1.5 92.0 
-60 o r  < 250 p 5.3 

?Phoria so1 i s  3.0 - M Th. 
b 

U.S. s ieve mesh. 

Table 3.9. Product Sizes  of Calcined Thoria Microspheres 
from Four Vibrating Capi l la r ies  i n  P a r a l l e l  

Conditions Run I Run I1 Run I11 Run I V  

4.8 Sol  feed r a t e ,  “ 3  em /min 

Mode of  s o l  dispersion, drops/cycle 

Vibration frequency, Hz 50 

2 

Predicted mean s i z e ,  p 310 
Weight of product, g 266 
Product d i s t r ibu t ion ,  w t  $ 

-35 + 40b o r  420 t o  500 p 

-40 + 45 or 350 t o  420 p 0.8 
-45 + 50 or  297 t o  350 p 27.3 
-50 + 60 o r  250 to 297 p 68.9 

-60 or < 250 p 2.9 

9.6 
50 
2 

390 
346 

1.4 
70.1 

23.5 
4.9 

9.6 
50 
2 

390 
720 

0.1 

61.9 

37.6 
0.4 

19.2 
200 

2 
310 
314 

30.4 
62.6 

7.0 
~~ 

a 

b 
Total  t o  four  c a p i l l a r i e s .  

U.S. s ieve mesh. 
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Fig. 3.7. Four P a r a l l e l  Capi l la r ies  Vibrating a t  93 Hz t o  
Disperse 20 cm3/min of Th02-25% UO 3 Sol  i n t o  960-p-diam Droplets. 



45 

With the  mult iple  v ibra t ing  c a p i l l a r i e s  it was d i f f i c u l t  t o  de- 

termine the  mode of sol dispersion through each capi l la ry .  

four  previously mentioned t e s t s ,  we increased the  v ibra t iona l  amplitude 

unt i l  all of the  sol streams were producing two drops per cycle.  Be- 

cause of differences i n  mechanical coupling from the  speaker o r  s l i g h t  

differences i n  s o l  flow r a t e s ,  t he  change f rom one t o  t w o  drops per  

cycle from each cap i l l a ry  did not always occur a t  exact ly  the  sane 

amplitude. We determined the  mode of s o l  dispers ion v i sua l ly  with the  

a id  of a stroboscope. A s  t he  v ibra t iona l  frequency was increased, t he  

number of s o l  droplet  streams produced by the  multiple c a p i l l a r i e s  be- 

come more d i f f i c u l t  t o  resolve.  

During the  

We made a v ibra t ion  t e s t  using a s ing le  needle with the  2-ethyl-l- 

hexanol i n  the  tapered column at  a temperature of 60°C ins tead  of the  

normal 25 t o  30°C. 
frequency was 90 Hz, and t h e  mode of sol dispersion was t w o  drops per  

cycle. The predicted mean product s i z e  w a s  325 p, and 93 w t  % of the  

f i r e d  spheres were between 297 and 350 p. There w a s  e s s e n t i a l l y  no 

cracking of t he  calcined oxide, and the  p a r t i c l e  densi ty  was within 

98% of theo re t i ca l .  The ge la t ion  time f o r  t he  t h o r i a  s o l  d rople t s  i n  

the  organic l i q u i d  a t  60°C was about ha l f  t h a t  required a t  the  norma 

operating temperature. Since there  w a s  no evidence of  increased par- 

t i c l e  cracking, the  higher temperature could e s s e n t i a l l y  double the 

capacity of a given column. 

a t  6OoC, but  we had t o  terminate the  run because of increased droplet  

coalescence and p a r t i c l e  c lus te r ing .  

3 The s o l  flow r a t e  was 2.4 cm /min, t h e  v ibra t ion  

We attempted t o  make a 500-p-dim product 

The r e s u l t s  ce r t a in ly  ind ica te  t h a t  the  e f f e c t  of higher organic 

temperature on the  gelat ion of s o l  drops should be a subject  f o r  

fu r the r  study. 

could conceivably be minimized by shor te r  contact time between the  s o l  

droplets  and organic solvent.  

The res idua l  carbon problem i n  urania  ge l  spheres 

Thoria and urania  so ls  with apparent v i s c o s i t i e s  between 15 and 20 

cent ipoises  proved t o  be d i f f i c u l t  t o  disperse  i n t o  uniformly s ized 

drople t s  with the  ex i s t ing  v ibra t ion  system. 

12-in.-diam speakers were burned out i n  our attempts t o  disperse  sols 

The voice c o i l s  of th ree  
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of higher v i s c o s i t i e s .  

ial speaker seems t o  have more res i s tance  t o  burnout with increasing 

load on t h e  speaker cone, bu t  a more r e l i a b l e  source of v ibra t ion  w i l l  

be required i n  the  fu ture  t o  prove the  effect iveness  of v ib ra t ing  capi l -  

l a r i e s  as  a s o l  dispers ion method. An e lec t ronic  shaking device de- 

signed t o  v ibra te  under spec i f ied  loads was ordered f o r  these  s tud ies .  

We w i l l  continue t e s t s  of t h i s  type of sol disperser .  

A recent ly  acquired 8-in.-diam two-way diffax-  

Preparation of Microspheres by Dispersion and Suspension Through Mechan- 
i c a l  Agitation 

Sol-gel microspheres of r e l a t i v e l y  nonuniform diameter and l e s s  

than 80 p i n  mean diameter can be prepared e a s i l y  and e f f i c i e n t l y  by 

use of mechanical ag i t a t ion  t o  disperse  and suspend the  drople t s  i n t o  

2-ethyl-1-hexanol (2EH) during the  ex t rac t ion  of water. 
9 

previously t e s t e d  

(< 44-p-dim) t h o r i a  microspheres. 

The procedures 

were applied t o  preparat ion of 2.5 kg of -325 mesh 

The y i e lds  from three  t e s t s  (Table 3.10) show the  need f o r  an i m -  

proved product co l l ec t ion  system. I n  the  f i r s t  t w o  tests,  the mixer 

discharged i n t o  t h e  microsphere preparat ion column, which i s  6 in.  i n  

diameter a t  t h e  top. 

s e t t l e r .  The lo s ses  tabulated a re  near ly  a l l  from entrainment of f i n e  

microspheres out of t he  s e t t l e r s .  The l o s t  mater ia l  was probably es- 

s e n t i a l l y  a l l - 3 2 5  mesh, and the  y i e l d s  of t he  second and t h i r d  tests 

on t h i s  bas i s  a r e  consis tent  with the  a g i t a t o r  speeds used. The much 

l a r g e r  a rea  of t h e  paddle a g i t a t o r  ac tua l ly  provided a higher average 

ag i t a t ion  f o r  t h e  f i rs t  t e s t  than f o r  t he  other  t e s t s  with smaller 

paddles a t  higher speeds. However, the  higher loca l ized  ag i t a t ion  f o r  

t he  smaller paddles dispersed the  s o l  i n t o  smaller drops. 

The t h i r d  t e s t  used a f l a t  11-3/4 X 13-3/4 in .  

Microsphere Preparat ion Without F lu id iza t ion  - Concatenated Column 

Operation of a continuous fluidized-bed column requires  uniform 

s o l  drop s i zes  and an accurate matching of t he  f lu id i z ing  flows t o  the  

drop s i z e .  

bed may increase the  c lus t e r ing  o r  coalescence. We considered a l t e r -  

nat ives  t o  t h e  f lu id i zed  bed i n  a column f o r  suspending sol drops during 

Also, t he  accumulation of SOL or g e l  spheres i n  a f lu id ized  



a Table 3.10. Yields from Mechanical Agitator Systems f o r  Preparing Thoria Microspheres 

Agitator  

Number of paddles 

Paddle dimensions 

Speed, rpm 

S e t t l e r  

2EH t o  mixer, cm /min 

Average mixer holdup time, min 

2EH flow t o  column, cm2'/min 

Tho2 feed, g 

Tho2 col lected,  g 

% of feed 

3 

2 

< 44 p col lected,  $ of feed 

< 44 p produced, $ of feed C 

4 6 5 3  p collected,  $ of feed 

5 3 7 4  p collected,  of feed 

> 74  p collected,  % of  feed 

4 

1-1/4 X 1 in .  high 

660 

Column 

390 

5 

400 

1150 

822 

72  

26 

54 

19 

19 
8 

3 

3 /4  i n .  diam 

1250 

c olumn 

390 

5 

400 

1200 

644 

54 

49 

95 

3 

1 

0.5 

b 
3 

3 / 4  i n .  diam 

1250 

l l - 3 / 4  X 13-3/4 i n .  pan 

550 

6 

b 

900 

782 

87 

70 

83 

10 
3 

4 

?Feed: 4.8 cm3/min o f  2.5 M Tho s o l .  

bThree round paddles attached t o  sha f t  a t  120" with 2 i n .  maximum OD o f  assembly, 
- 2  

Assuming all mater ia l  not col lected was spheres smaller than 44 IJ. l o s t  by entrainment. C 



t h e  ex t r ac t ion  of water t o  cause ge la t ion  with the  e q e c t a t i o n  of 

avoiding one o r  both of these l imi t a t ions .  

t h a t  i s  long enough t o  give t h e  required holdup time without f lu id i za -  

t i o n  i s  p r a c t i c a l  and a t t r a c t i v e  f o r  s m a l l  microspheres," but  i s  not  

p r a c t i c a l  f o r  ge la t ion  of t he  l a r g e r  (2800 p) t h o r i a  o r  urmia s o l  drops, 

whlch a re  usually t h e  prefer red  s i ze .  

A "fall-through'' column 

Therefore, we t e s t e d  apparatus with cocurrent f l o w  of so l  drops and 

2F,H f o r  suspending l a r g e r  s o l  drops f o r  t h e  longer times necessary f o r  

gelat ion.  Simple c o i l s  of s m a l l  diameter tubing were not  s a t i s f ac to ry .  

Staged columns with cocurrent flow through both upflow and downflow 

stages appear more p r a c t i c a l  f o r  l a r g e r  s o l  drops than simple "fall- 

through" columns without f lu id i za t ion .  

quirements f o r  uniform product and f o r  f l e x i b i l i t y  with respect  t o  
product diameter and composition, we f i n d  the  regular  f l u id i zed  bed type 

of microsphere column more su i t ab le  f o r  use i n  the  TURF. The cocurrent 

multistage columns w i l l  not be t e s t e d  fu r the r  a t  present .  

10 

Considering the  s t r ingen t  re- 

One cocurrent multistage column t e s t e d  w a s  a "concatenated" glass 

column with s i x  8-ft-high s tages  - t h ree  2-in.-ID downflow stages and 

th ree  3/4-in.-ID upflow stages.  The s tages  were connected by 3/8-in.-ID 

bends with 2-in.-long tapered sec t ions  f o r  the  diameter changes. A t w o -  

f l u i d  nozzle fed  s o l  drops i n t o  the  top  of t he  f i r s t  downflow stage along 

with an added flow of 2EH t o  give the  se lec ted  t o t a l  flow of 2EH. 

sol drops or g e l  spheres moved through the  downflow stages a t  a ve loc i ty  

equal t o  the  sum of t h e i r  s e t t l i n g  ve loc i ty  and the  2EH ve loc i ty .  I n  

the  upflow stages,  t h e i r  ve loc i ty  was the  2EH ve loc i ty  minus t h e i r  

s e t t l i n g  ve loc i ty .  The concatenated column produced good samples of 

t h o r i a  microspheres. 

The 

We must s e l e c t  t he  design of t h e  column and the  operating conditions 

t o  avoid t h e  following d i f f i c u l t i e s :  

1. discharge of incompletely ge l led  drops because of inadequate holdup 
time , 

2. accumulation of drops because of inadequate 2EH v e l o c i t i e s  and then 
coalescence o r  c lus t e r ing  of t h e  accumulated drops, 

3. breakup of drops because of excessive turbulence,  

4. deposi t ion of drops on the  w a l l s  a t  regions of turbulence o r  i m -  
pingement. 
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Smooth tapers  without any sudden diameter changes a re  necessary t o  avoid 

the  second and t h i r d  d i f f i c u l t i e s .  The dimensions described and a 2EH 

flow rate of about 1 l i te r /min  were adequate t o  avoid the  accumulation 

of ge l  spheres f o r  t h o r i a  sol drops t h a t  yielded 300- o r  400-r~- calcined 

Tho microspheres. The drops from the  f i r s t  top  end sect ions t e s t e d  

broke because of excessive turbulence a t  a sudden increase i n  tubing 

diameter from 3/8  i n .  t o  2 i n .  

breakup a t  t h i s  point .  

nat ion (o r  1100-p sol drops) were the  maximum s i z e  possible  with the  

s i x  s tages  described. To prepare l a r g e r  products, longer holdup times 

would be necessary t o  ensure gelat ion,  and higher ve loc i t i e s  would be 

needed t o  avoid accumulation i n  t h e  column. Thus many more o r  longer 

s tages  would be required. 

2 

Tapered enlargements elimi-nated the  

About 500-p-diam ThoZ microspheres a f t e r  ca l c i -  

The concatenated column reduces the  c lus te r ing ,  coalescence, and 

deposit ion on w a l l s ,  but it i s  not a complete so lu t ion  t o  these problems. 

I n  one t e s t  with a urania sol i n  the  regular  column, c lus t e r ing  and 

deposit ion on the  walls were very bad. 

i n  the  main sect ions of t he  concatenated column, but  there  were small 

amounts of c lus t e r ing  o r  deposit ion i n  regions of turbulence o r  low 

ve loc i ty .  

quately dr ied when they l e f t  t he  column, and they coalesced i n  the  

product co l l ec to r .  

sol drops of t he  same s i ze .  The slower drying of urania  or  mixed sols 
as compared with t h o r i a  had been noticeable i n  other  s tudies ,  but t h i s  

t e s t  w a s  t he  c l ea re s t  example of the  slower drying. 

These problems were in s ign i f i can t  

The urania  s o l  drops (720 p i n i t i a l  diameter) were not ade- 

This i s  much slower drying than w e  found w i t h  t h o r i a  

I n  general, t he  p o t e n t i a l  advantages of t he  concatenated column are  

rea l ized  only if the  end sect ions a re  ca re fu l ly  designed t o  give smooth, 

gradual tapers  without any s ign i f i can t  d i scont inui t ies  o r  turbulence. 

Since the  cocurrent flow of 2EH must be rapid enough t o  avoid s e t t l i n g  

out of drops a t  any locat ion,  the  holdup time per  stage w i l l  be much 

l e s s  than the  holdup time of a "fall- through" column of t he  same length.  

Thus the  t o t a l  length of concatenated column stages must be much grea te r  

than the  length of a simple "fall- through" column before l a r g e r  spheres 

can be prepared. 



Drving of Thoria G e l  SDheres 

We inves t iga ted  empir ical ly  conditions t o  avoid cracking of t h o r i a  

ge l  microspheres during f i r i n g .  I n  general ,  t he  f a c t o r s  t h a t  minimize 

cracking are  those t h a t  minimize composition gradients  within the  g e l  

microspheres. The drying conditions were the  important var iab les ,  and 

the  bes t  conditions were superheated steam t o  a final. drying temperature 

of 200°C. 

prepared from regular  t h o r i a  sols were as follows: 

The p r inc ipa l  observations made during drying of g e l  spheres 

1. The sphere diameter i s  a p r inc ipa l  var iable;  t he  tendency 

toward cracking increases  as  the  diameter increases .  I f  the  f i r e d  

products a re  l a r g e r  than 500 p i n  diameter, the  optimum drying conditions 

(superheated steam t o  a f i n a l  drying temperature of 200°C) are  necessary 

t o  minimize cracking. 

the  optimum conditions a re  not necessary. The amount of cracking f o r  

diameters of 250 t o  500 p i s  var iable;  the  b e s t  drying condi t ions can 

usual ly  be compromised without excessive cracking. 

For calcined product diameters l e s s  than 250 p, 

2. The amount of cracking i n  the  f i r e d  spheres decreases as the  

m a x i m u m  drying temperature increases  from 100°C t o  200°C. 

3. The presence of superheated steam i n  the  drying atmosphere 

promotes the  removal of 2EH from the  g e l  and reduces the  amount of 

cracking during f i r i n g .  Drying i n  a i r  may permit an exothermic oxidation 

reac t ion  while r e l a t i v e l y  l a rge  amounts of B H  remain on t h e  ge l  and thus  

give very rap id  temperature r i s e s  and excessive cracking. I n e r t  atmos- 

pheres (argon or ni t rogen)  without steam remove 2EH rapidly only a t  

temperatures exceeding 180°C, as compared with rapid s t r i p p i n g  a t  120 

t o  140°C by steam. 

For t h o r i a  microspheres, t he  present ly  prefer red  drying and f i r i n g  

conditions are:  

Drying Argon atmosphere 25 t o  110°C i n  1 hr 
Argon plus  steam atmosphere 110 t o  200°C i n  6 h r  

F i r ing  A i r  atmosphere 
A i r  atmosphere 
A i r  atmosphere 

100 t o  5OO0C a t  100"C/hr 
500 t o  1150°C at 300"C/hr 
A t  1150°C f o r  4 h r  
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Microsphe re Preparation Column Chemistry 

A. T. aeinsteuberll 

. 

In the microsphere forming process, gel microspheres are formed by 

dispersing s o l  droplets into the organic solvent 2-ethyl-1-hexanol, 

which extracts water from the droplets to form the microspheres. To 
stabilize the droplets during water extraction, we use small amounts of 

surfactants. The current choice of surfactants is Span 80 and Ethomeen 
S/15. 
moval of water by continuous distillation at pot temperatures of 140 to 
155OC. 

The organic solvent is recycled for column operation after re- 

We do not understand the chemical behavior of the various species 

in the solvent, nor do we know the effects of the distillation process 

on them. We have obtained control of the microsphere forming by em- 

pirical methods, which have been very successful in most instances. 

began this investigation with the hope that it would provide information 

for improvement of column operation and, in particular, that it would 

lead to conditions permitting long-term operation with the same solvent. 

Since surfactants are depleted both by adsorption on the microspheres 

and by degradation during operation, and periodic addition of surfactants 

is required, we examined the changes that occur during operation. 

examined analytical methods that might be used to measure surfactant 
concentrations, changes that occur during solvent purification by dis- 

tillation, and extraction of components from the organic medium into the 

sol and gel spheres. 

We 

We 

Analytical Methods 

We examined measurements of surface tension and conductivity as pos- 

sibilities to rapidly analyze surfactant concentration during operation. 

These measurements, if meaningful, could be used routinely to determine 

surfactant concentration and to ascertain when surfactant should be added. 

Surface tension measurements were not sufficiently sensitive to surfactant 

concentration to be useful, but the conductivity measurement was sufficient- 

ly sensitive to be used to measure Ethomeen S/15 concentration. 

There was essentially no change in the surface tension, as measured 

against an air interface, of water-saturated 2-ethyl-1-hexanol containing 
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e i t h e r  Span 80 o r  Ethomeen S/15 f rom 0 t o  0.5 vol  

t e r f a c i a l  t ens ion  measurements were somewhat more 

but were not s u f f i c i e n t l y  so.  Ethomeen S/15 gave 

those shown f o r  Span 80 i n  Fig. 3.8. We measured 

$ of sur fac tan t .  In- 

s ens i t i ve  (Fig.  3 . 8 ) ,  

r e s u l t s  s i m i l a r  t o  

with a r i n g  tensiom- 

e t e r - and  observed v i scoe la s t i c  f i lms a t  all sur fac tan t  concentrations,  

which covered t h e  range 0.05 t o  2.0 vol  5. 
t he  f i lm does not break sharply but  s t r e t ches  considerably before the  
break. The measured values were not  very reproducible, and t h e  smoothed 

curve i s  an averaging of points .  

With the  du No;;Y r i n g  method, 

Conductance w a s  a sens i t i ve  measure of Ethomeen S/15 concentration 

(Table 3.11). 

e s s e n t i a l l y  nonconductive, bu t  when equi l ibra ted  with n i t r i c  acid,  

which i s  ex t rac ted  by t h e  Ethomeen S/15, it i s  s u f f i c i e n t l y  conductive 

t o  provide a usefu l  measurement. A s m a l l  amount of n i t r i c  ac id  i s  

always i n  equilibrium with the  sols, and addi t iona l  HN03 can be equ i l i -  

brated with a sample of t he  alcohol containing sur fac tan ts  i f  desirable .  

Ethomeen S/15 i n  water-saturated 2-ethyl-1-hexmol i s  

Solvent Changes During D i s t i l l a t i o n  

To simulate the  d i s t i l l a t i o n ,  d i l u t e  n i t r i c  ac id  (pH = 2.0) w a s  

continuously infused i n t o  bo i l ing  2EH t h a t  contained Span 80 and Etho- 

meen S/15 sur fac tan ts .  N i t r i c  ac id  i s  known t o  be ex t rac ted  i n t o  2EH 

t o  a s l i g h t  extent-from t h e  n i t r i c - ac id - s t ab i l i zed  s o l s .  W e  then de- 

termined the  Span 80 concentration by in f r a red  ana lys i s  f o r  i t s  carbonyl 

group and determined t h e  amine and n i t r a t e  contents chemically. The 

. 

ORNL DWG 67-470 

-i 2oi 

SPAN 80 CONC. ( v O I  % )  

Fig.  3.8. Effect  of Span 80 Concentration on I n t e r f a c i a l  Tension. 
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r e s u l t s  showed t h a t  n i t r a t e  and amine disappeared (Table 3.12) .  

Span 80 concentration apparently increased. 

t o  show t h a t  some organic species,  probably the  2EH, i s  oxidizing t o  

form carbonyl groups. 

sult of our f a i l u r e  t o  exclude a i r  i n  t h i s  experiment, we performed a 

second s e t  of experiments. I n  one of the  experiments, the 2EH contain- 

ing on ly  Ethomeen S/15 w a s  bo i led  i n  air, and i n  another, the  2EH con- 

t a in ing  n i t r i c  acid and Ethomeen S/15 was boi led under argon. The re- 

The 

We i n t e r p r e t  t h i s  r e s u l t  

Since some of t he  oxidation may have been a re- 

Table 3.11. Conductance of 2-Ethyl-1-hexanol 
Solutions Containing Ethomeen" 

Ethomeen S/15 Concentration 
(vel $4 Relative Conductance 

~~ - 

0 

0.3 

0.714 
2.71 

0.4 3.56 

0.6 4.98 

1.6 8.13 

a Conditions: 20 volumes of HNo3 a t  pH = 2.00 equi l ibra ted  w i t h  1 
volume of alcohol before measurement. 

a Table 3.12. Changes i n  Boiling 2-Ethyl-1-hexanol 
During Continuous Infusion of N i t r i c  Acid 

Content (millimoles) 

NO3 - Span 80 Ethomeen S/15 
mO3 Addedb 
(millimoles ) 

Boi l ing  
Time 

(days 

0 0.0 0.0 15.1 8.8 
1 1.1 0.52 19.5 9.0 

2 2.8 0.34 20.0 7.0 

3 9.6 0.05 26.6 2.8 

4 14.3 0.23 31.4 1.8 

5 17.1 0.48 37.9 2.0 

a 

b 
Solution boi led i n  140 t o  160°C range. 

pH = 2.0. 
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sults show t h a t  both a i r  and n i t r i c  acid cause oxidation (Table 3.13). 

The Ethomeen S/15 i n  2-ethyl-1-hexanol w a s  s t ab le  i n  t h e  absence of 

n i t r i c  acid.  Analysis of t he  organic phase throughout t he  course of a 

continuous microsphere forming run shows the  same general  t rends  as i n  

our d i s t i l l a t i o n  experiments (Fig.  3.9) .  The implications of  these  re- 

sults on long-term operation of a continuous sphere forming column are  

not c l ea r ,  bu t  it may be necessary t o  have b e t t e r  knowledge as well  as 

cont ro l  of  t he  composition of t h e  2-ethyl-1-hexanol phase than we now 

have. 

Equi l ibra t ion  Studies  with Tho2 Sols and Gels 

The objec t  of severa l  experiments was t o  determine i f  Span 80 or 

Ethomeen S/15 were adsorbed on a Tho2 surface.  

t h a t  only very s m a l l  amounts, i f  any, a re  adsorbed. Span 80 i n  concen- 

t r a t i o n s  ranging from 0.13 t o  2 vol  $ w a s  equ i l ib ra t ed  with sol and with 

dr ied  ge l  f o r  periods of one day. Within t h e  l i m i t s  of accuracy of t he  

measurements, no Span 80 w a s  adsorbed (Table 3.14). In f r a red  adsorption 

of t he  carbonyl group a t  1727 cm-l w a s  used as t h e  ana ly t i ca l  method f o r  

Span 80. I n  s i m i l a r  equ i l ib ra t ion  experiments with Ethomeen S/15, simi- 

la r  r e s u l t s  were obtained (Table 3.15). 

acid from the  Tho2 g e l  is  a very slow process, as  indicated by the  

nitrate-to-amine r a t i o s .  

The r e s u l t s  ind ica te  

Extract ion of res idua l  n i t r i c  

Table 3.13. Oxidation of 2-Ethyl-1-hexanol 

Boiling HNO3 Added Content (millimoles ) 
Time Atmosphere (mill imoles) 

(days) NO3' Carbonyl Group Ethomeen S/15 

0 A i r  0.0 0.0 0.00 8.4 
1.5 A i r  0.0 0.0 0.00 8.4 

2.5 A i r  0.0 0.0 1.12 8.4 

0 Argon 0.0 0.0 0.00 

2.5 Argon 14.1 0.13 5.4 
1 .5  Argon 6.7 0.73 2.9 

8.4 

5.2 

0.9 
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Fig. 3.9. Changes i n  Organic Solvent During Continuous Operation 
of a Sphere-Forming Column. 

Table  3.14. Equi l ibrat ion of 2EH Containing Span 80 

with Tho2 Sols and Gels 

Conditions: One-day equilibration with 2 M Thoz sol 

or l lO°C dried g e l  

Span 80 Concentration 

in 2EH, vol 70 

Initial Final  
T h o z  

Sol  0.13 0.16 

0.80 0.81 
2.0 2.0 

0.13 0.16 
0.80 0.87 
2.00 2.04 

Ge 1 
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T a b l e  3.15. Composition of 2EH Containing Ethomeen 5/15 After Equil ibration with Tho S O I S  2 

Equilibration 
Time  (days) 

Ethomeen Concentration 

(W Molarity of 
Thoz 

Initial Final 

Final 

Nitrate : Amine 
Ratio 

3.5 2.0 0.018 0.016 0.30 

0.019 0.019 0.18 

10 7.3 

8.6 

0.035 0.031 

0.0086 0.0086 

0.0086 0.0085 

0.30 

0.86 

0.61 

9.6 0.0086 0.0085 0.94 
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4. FUELED GRAPHITE DEVELOPMENT 

J. D .  Sease 

. 

We are designing processing equipment f o r  i n s t a l l a t i o n  i n  t h e  

Thorium-Uranium Recycle F a c i l i t y  (TURF) t o  demonstrate r e fab r i ca t ion  

technology of HER f u e l  elements. The design of t h e  TURF r e fab r i ca t ion  

l i n e  requires  a thorough understanding of the processing s teps  required 

i n  f ab r i ca t ing  fueled-graphite elements. 

c r i t i c a l - p a t h  schedule have indicated t h a t  before a la rge  port ion of 

t he  de t a i l ed  design of t h e  l i n e  can be undertaken, a number of s t eps  

i n  t h e  process must be f u r t h e r  del ineated and developed. I n  some cases, 

w e  must develop spec ia l  processes t o  s a t i s f y  t h e  requirement of remote 

operation i n  t h e  TURF. I n  developing processes f o r  t h e  f ab r i ca t ion  

l i ne ,  our main object ive i s  t o  develop processes tha t .wi l1  r e s u l t  i n  

t he  lowest possible  f u e l  cycle  cos t  for t h e  remote fueled-graphite l i n e .  

This object ive is  being m e t  by a comprehensive development program i n  

d i r e c t  support of t h e  TUKF fueled-graphite design e f f o r t .  The progress 

of t h i s  work during the  l a s t  year i s  reported i n  four  main categories:  

par t ic le  handling, p a r t i c l e  coating, p a r t i c l e  inspection, and p a r t i c l e  

blending and bonding. 

inspect ion of t h e  f u e l  element. 

Preliminary s tudies  and the 

N o  development work has been done on assembly and 

P a r t i c l e  Handling 

8 Each day 10 kg or 10 pa r t i c l e s  of recycle  f i s s i l e  material must 

be stored, weighed, t ransferred,  coated, c l a s s i f i ed ,  shape -separated, 

inspected, blended, and dispersed i n  passage through the  f ab r i ca t ion  

l i n e .  F e r t i l e  material i s  added a t  the blending and dispensing s t e p .  

We must design equipment and develop techniques tha t  permit remote opera- 

t i o n  of the production l i n e  i n  a manner cons is ten t  wi th  the very high 

degree of qua l i t y  cont ro l  required t o  produce acceptable  f u e l  elements. 

Most of t he  commercially ava i l ab le  equipment cannot s a t i s f y  our requi re -  

ments; e i t h e r  it i s  designed t o  handle tonnage quan t i t i e s  o r  it i s  

labora tory  equipment and thus not r ead i ly  adaptable t o  remote o r  



automatic operation. Also, conventional bulk-handling equipment would 

impart t oo  much mechanical damage t o  t h e  coated p a r t i c l e s .  

Fue l  Transfer  System 

W e  are developing a pneumatic system, using an a i r  j e t  t o  t r a n s f e r  

p a r t i c l e s  i n  the TURF. I n  preliminary tests w e  developed a system tha t  

can t r a n s f e r  microspheres 25 f t  ho r i zon ta l ly  and 7 f t  v e r t i c a l l y .  W e  

have developed a loop system and w i l l  use  it t o  develop f u l l y  t h e  t ransfer  

and valving systems required f o r  t he  design of t he  TIIRE' fueled-graphi te  

l i n e .  

Shape Separation 

A f e w  imperfect ly  coated or out-of  -round p a r t i c l e s  are invar iab ly  

produced i n  the sphere formation and coat ing processes.  To r e j e c t  

cupped, faceted,  o r  ovate material and t o  minimize the  amount of accept -  

ab le  kernels  or coated f u e l  i n  t h e  r e j e c t  material, a shape separa t ion  

system i s  being developed. The f i r s t  system t h a t  was inves t iga ted  and 

t h e  system genera l ly  used f o r  sphere shape separat ion employs a f l a t  

p l a t e  mounted on a v ibra tory  feeder  s l i g h t l y  i n  l i n e  with, b u t  opposite 

i n  d i r ec t ion  to,  the  feeding ac t ion  of t he  v ibra tor .  P a r t i c l e s  are fed 

onto the  middle of t h e  p la te ;  nonspherical  p a r t i c l e s  are moved up the  

p la te  by the  v ibra tory  force,  while sphe r i ca l  pa r t i c l e s ,  which are 

r e l a t i v e l y  unaffected by the v ibra tory  feeding act ion,  roll down t h e  

p l a t e .  Since the spheres roll down t h e  inc l ine ,  in te r fe rence  w i t h  t he  

nonspheres i s  prevalent .  A t  h igher  feed ra tes ,  t h e  degree of i n t e r -  

f erence increases .  

W e  developed a new system t h a t  obtains  separa t ion  when the  i n c l i n e  

down which the  sphe r i ca l  p a r t i c l e s  r o l l  i s  or ien ted  about goo with 

respec t  t o  the l i n e  of a c t i o n  of the v ibra t ion .  

ment of t h i s  setup i s  shown i n  F ig .  4.1. 
p a r t i c l e s  form a massed a r r a y  a t  t h e  point  of feed onto the p l a t e  and 

separate as t h e  mass spreads out.  Separation occurs i n  only 2 t o  3 i n .  

of travel, and about 400 g/hr can be processed a t  t he  s ing le  feed point.  

With mult iple  feed points  the system can be e a s i l y  sca led  t o  several 

kilograms p e r  hour. 

The general  arrange-  

With th i s  arrangement, t h e  
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Class i f  i ca t ion  

Development of a main-line s i z e  c l a s s i f i c a t i o n  system capable of 

grading coated f u e l  microspheres wi th in  +5 1-1 i s  required t o  eliminate 

the  badly oversize or undersize microspheres. T e s t s  and s tudy of com- 

mercial ly  ava i lab le  c l a s s i f i c a t i o n  equipment indicated tha t  inadequate 

s i z i n g  i s  usual ly  caused by inaccurate  screen openings or by "blinding" 

of t he  openings by the  p a r t i c l e s  being processed. From a remote processing 

standpoint, bl inding of t h e  screen openings i s  of g rea t  concern. A 

system t h a t  w i l l  accura te ly  c l a s s i f y  shape-separated microspheres has 

been developed, using a v ibra tory  feeder and square -holed etched micro- 

mesh s ieves .  This t es t  assembly can v i r t u a l l y  e l iminate  bl inding f o r  a 

l imited flow rate, bu t  it has not  y e t  been sca led  up t o  the l a r g e r  s ieve  

areas required f o r  t he  TURF process equipment. The general  arrangement 

of t h e  c l a s s i f i c a t i o n  system i s  shown i n  F ig .  4.2. 

- 

The angle between the  surface of the micro-mesh and t h e  center  l i n e  

of t h e  magnet ( p  + y )  w a s  s e t  s o  t h a t  the mesh is  pul led from under t h e  

microspheres, and yet,  on the upward or re turn  s t roke  t h e  mesh i m p a r t s  

a minimum of impact as it h i t s  the faLling p a r t i c l e  i n  m i d a i r .  The upper 

l i m i t  of t he  angle B + y was estimated with the displacement diagram 

shown i n  F ig .  4.3. Experimentally, bl inding was minimized with the ve r -  

t i c a l  component of t he  mesh displacement between 0.040 and 0.045 i n .  
W i t h  the angle used, the magnet l i t e r a l l y  jerks the  micro-mesh from 

under a s t a t iona ry  microsphere. With y a t  too  s teep an angle, bouncing 

of t h e  microspheres leads t o  poor c l a s s i f i c a t i o n .  Data on t h e  degree 

of c l a s s i f i c a t i o n  of coated f u e l  a r e  now being taken. 

P a r t i c l e  Singular ize  r 

The successful  operation of an  in - l ine  p a r t i c l e  counter and s i z e  

analyzer  (see next subsection) requires  t h a t  t he  p a r t i c l e s  be f ed  t o  the  

o p t i c a l  window of the  instrument i n  s ing le  f i l e  and spaced a t  d i sc re t e  

i n t e rva l s  without coincidence of more than one p a r t i c l e  i n  the window. 

W e  have developed a device t h a t  can feed 417- t o  500-p-diam glass  beads 

i n  s ing le  f i l e  a t  a ra te  of 120,00O/min. High-speed photographs of t h e  

p a r t i c l e s  as they  emerge from t h e  feeder  showed t h a t  t h e  spacing between 
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Fig. 4.2. Micro-Mesh C l a s s i f i e r .  Q: is  t h e  angle o f  t h e  
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par t i c l e s  i s  a t  l eas t  0 .1  i n . ,  which i s  adequate t o  prevent coincidence 

i n  the  instrument. The device, which i s  qu i t e  simple (Fig.  4.4), con- 

s i s t s  of a cont ro l led  a i r  j e t  i n  t he  bottom of a hopper and d i r ec t ed  

toward a r e s t r i c t e d  discharge por t .  

P a r t i c l e  Coating 

R.  B. P r a t t  S.  E .  Bol t  1 

The coating of nuclear  f u e l  p a r t i c l e s  with pyro ly t ic  carbon i s  

probably the  most expensive s t e p  i n  f ab r i ca t ing  H E R  f u e l  elements. 

The p r inc ipa l  requirement f o r  these  coatings i n  the  t e n t a t i v e  spec i f i ca -  

t i o n s  f o r  the Peach Bottom hex-block f u e l  element i s  tha t  t h e  p a r t i c l e s  

should have duplex pyro ly t ic  carbon coatings.  The i n t e r i o r  l aye r  i s  

l e s s  dense than 1.2 g/cm3 and the  outer  l aye r  i s  t o  be i so t rop ic  and 

denser than 2.0 g/cm3. 

descr ibing the  b e s t  combinations of processing parameters, gases, and 

equipment required f o r  remotely coating f u e l  p a r t i c l e s  t o  these  s p e c i f i -  

cat ions.  We have inves t iga ted  th ree  coating systems: f l u i d i z e d  bed, 

entrained bed, and a ro t a ry  drum. Since J u l y  we have concentrated our 

e f f o r t s  on t h e  fluidized-bed system and the  design of a remote prototype. 

W e  are d i r ec t ing  our developmental work toward 

Fluidized-Bed Coating DeveloDment 

The fluidized-bed coat ing system a p p e a r s  t o  be the  most s u i t a b l e  

system f o r  remote appl ica t ion  and i s  the  system w e  in tend t o  i n s t a l l  i n  
t h e  TURF. Our major progress t h i s  year i n  d i r e c t  support of t he  engineer- 

i ng  of the  TURF remote fueled-graphi te  l i n e  was the development of oper- 

a t i n g  parameters and techniques f o r  making the  l o w d e n s i t y  buf fer  coatings 

with acetylene i n  a 5-in.  f luidized-bed coating system. W e  demonstrated 

t h e  deposi t ion of bu f fe r  coatings w i t h  cont ro l led  dens i t i e s  from 0.5 t o  

1 .3  g/cm3 a t  processing rates of about 10 kg/day i n  our laboratory-type 

equipment on 2 3 0 ~  -diam f u e l  p a r t i c l e s .  I n  addi t ion,  w e  made cursory 

runs t o  produce high-density i so t rop ic  coatings from methane, propane, 

and propylene, using both s i n g l e -  and mul t io r i f i ce  gas nozzles.  
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Fig. 4.3. Displacement Diagram. S is the distance of free fall 
of a particle from rest in 1/60 sec (0.0535 in.). Sm is the vibratory 
amplitude of the magnet, about 0.070 in. S, is the displacement along 
the surface of the sieve. 

0 R N L- D W G 67- 46 3 4 
I 

Fig. 4.4. Particle Singularizer. 
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Equipment and Procedures. - The f luidized-bed p a r t i c l e  coating 

work has been done i n  t he  Coated-Particle Development Laboratory (CPDL), 

which i s  equipped w i t h  hood-type enclosures f o r  cont ro l  of alpha contam- 

ina t ion .  Within the  CPDL, prepared thoria-urania  sols a r e  converted i n t o  

microspheres by the  so l -ge l  microsphere process, calcined f o r  dens i f ica  - 
t ion,  and then coated with pyrolyt ic  carbon i n  a fluidized-bed furnace.  

The las t  of these  i s  our concern here. The high-temperature graphi te -  

element res i s tance  furnace i s  t he  p r inc ipa l  component of t he  coating 

systems. The coat ing furnace i n  i t s  current  configuration i s  shown i n  

F ig .  4.5. 
o r i f i c e  nozzle because it allows bottom unloading and i s  comparatively 

more simple. This f igu re  a l s o  i l l u s t r a t e s  a top  unloading system, which 

mechanically t h r u s t s  a suct ion tube i n t o  the  f lu id i zed  bed and evacuates 

the  p a r t i c l e s  t o  a cooling chamber. Although the top  unloading system 

functions as intended, we p re fe r  bottom unloading. 

2 

A s ing le - in l e t  nozzle has replaced the  previously used mul t i -  

We made a number of modifications and addi t ions t o  coating systems 

during the  p a s t  year.  A bag f i l t e r  system f o r  soot  removal was i n s t a l l e d  

and has given very s a t i s f a c t o r y  serv ice .  There has been no down time 

because of f i l t e r  blockage i n  over 200 coating runs. A water-cooled 

b a f f l e  and hea t  exchanger were i n s t a l l e d  above the  hydrogen burnoff flame 

t o  cool  t he  exhaust gases t o  permit high hydrocarbon gas flows. A 

furnace -top component cons is t ing  of a l5- in .  d i a m  water -cooled metal  

chamber was i n s t a l l e d  t o  f a c i l i t a t e  maintenance and t o  support t he  coa ter  

i n t e rna l s .  This system uses an ex i s t ing  jackscrew system f o r  component 

disassembly t o  minimize handling of components during cleanup. A me- 

chanical dr ive  system f o r  t he  suc t ion  sampling and unloading tube and 

bed thermocouple i s  mounted on top  of t he  water-cooled chamber. We i n -  

s t a l l e d  a new gas flow cont ro l  panel, which enables us t o  a d j u s t  coating 

gas flow r a t e s  while venting it t o  the  exhaust burner and l e v i t a t e  t he  

p a r t i c l e s  with an i n e r t  c a r r i e r  gas while t h e  f lu id i zed  bed i s  being 

s t a b i l i z e d  a t  the  des i red  temperature. A t imer-controlled,  t h ree  -way 

valve controls  the hydrocarbon gas and c a r r i e r  gas.  Multiple flow paths 

and ranges f o r  s i x  gases provide f l e x i b i l i t y .  

The f i r s t  s t e p  i n  coat ing i n  the f lu id i zed  bed i s  t o  load the 

des i red  charge of  so l -ge l  microspheres pneumatically i n t o  the reac t ion  
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Fig. 4.5. Current Configuration of the 5-in. Coating System, 
Showing Pertinent Components. 



cone of the furnace, i n  which they  are levi ta ted by an appropriate  

c a r r i e r  gas flow. We then establish temperature equilibrium and 

introduce the  coating gas.  The gases e n t e r  t h e  reac t ion  cone through 

a nozzle, which controls  t h e  degree of bed f l u i d i z a t i o n  and p a r t i c l e  

motion within the  system. When the  system i s  a t  temperatures above 

1000°C, the  hydrocarbon cracks and deposi ts  pyro ly t ic  carbon on t h e  sol- 

gelmicrospheres .  The process a l s o  produces soot  and hydrogen, which 

are removed from t h e  furnace as waste. A graphi te  s leeve above the  

reac t ion  cone accommodates the increase i n  charge volume as t h e  coat ing 

progresses. Above t h e  s leeve is a deentrainment region, where lower 

gas v e l o c i t i e s  allow ent ra ined  p a r t i c l e s  t o  f a l l  back i n t o  the reac t ion  

cone. 

W e  cont ro l  coating temperatures by cont ro l l ing  the w a l l  temperature 

of t he  reac t ion  cone, which i s  measured by a thermocouple and an o p t i c a l  

pyrometer. W e  s e l e c t  t h e  cont ro l  point  from a ca l ib ra t ion  curve t h a t  

establishes the  re la t ionship  between the  bed and w a l l  temperatures f o r  

the charge s i z e  and flow rate of i n t e r e s t .  I n  general, t he  reac t ion  

cone wall temperature under s tab i l ized  conditions i s  100 t o  120°C higher  

than the  bed temperature. 

For acetylene coat ing runs of sho r t  duration, w e  maintain t h e  

furnace power a t  a constant s e t t i n g  because temperature adjustments a r e  

impract ical  f o r  t h e  sho r t  run times. For o the r  hydrocarbons, the endo- 

thermic reac t ion  requires  t h a t  input  power be ad jus ted  t o  maintain a 

constant reac t ion  cone wall temperature. 

In  a l l  of our experiments, t he  mean diameter of the  charge mater ia l ,  

so l -ge l  Tho2 microspheres, w a s  230 p.. 

c la s s i fy ing  the incoming material  i n t o  101-1 increments w i t h  precis ion 

micro -mesh screens3 and blending cont ro l led  proportions t o  give a constant 

mean p a r t i c l e  diameter. Analy t ica l  techniques used f o r  evaluat ing coatings 

include microradiography f o r  determination of kerne l  diameter and coating 

thickness,  mercury displacement f o r  determination of coating volumes, 

and weights before and a f t e r  burning off  the  carbon f o r  determination 

of coating weights. Coating dens i t i e s  are ca lcu la ted  from these  weights 

and volumes. A more de t a i l ed  descr ip t ion  of p a r t i c l e  inspect ion i s  

contained l a t e r  i n  t h i s  chapter.  

This mater ia l  w a s  obtained by 
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Coating Resul ts .  - Our inves t iga t ion  of coat ing processes included 

work with the  previously described4 mul t io r i f  i c e  nozzle systems and 

s i n g l e - i n l e t  nozzle systems and t h e  inves t iga t ion  of coat ing proper t ies  

on coatings deposi ted from methane, propane, and acetylene.  

I n i t i a l l y ,  we employed a mul t io r i f i ce  dual-flow nozzle system, 

t h e  design of which was based upon previous room-temperature model 

s tud ies .  I n  our i n i t i a l  e f f o r t s ,  we es tab l i shed  the e f f e c t  of tempera- 

t u r e  on coat ing dens i ty  for coatings deposited from methane i n  t h e  5-in. 

coating furnace.  The r e s u l t s  are shown i n  F ig .  4.6. To depos i t  coatings 

a t  temperatures above 2150°C, we had t o  depos i t  a s e a l  coat ing of 1.6 t o  

1.8 g/cm3 f o r  t he  Tho2 microspheres t o  prevent conversion t o  ThC2. 

dens i ty  pyro ly t ic  carbon coatings can be deposited from methane i n  t h e  

5-in. coat ing furnace on charges as l a rge  as 2000 g. Coating d e n s i t i e s  

a s  high as 1.96 g/cm3 can be deposited a t  temperatures near  2300OC. 

High- 

Tle objec t  of cursory experiments using propane as the hydrocarbon 

gas i n  t h e  mul t io r i f i ce  nozzle system was t o  f i n d  a process t h a t  could 

depos i t  high-densi ty  coatings a t  lower temperatures.  The e f f e c t  of 

temperature on propane coat ing proper t ies  i s  shown i n  F ig .  4.7. 
d e n s i t i e s  near 2.0 g/cm3 were achieved, and t h e  coat ing dens i ty  was 

r e l a t i v e l y  i n s e n s i t i v e  t o  temperature and gas f l u x  va r i a t ions  i n  t h e  

range inves t iga ted .  Coating ra te  and deposi t ion e f f i c i ency  are  increased 

by increas ing  t h e  gas f l u x  and temperature. Although t h e  f i g u r e  does 

not  show it, the  coat ing thickness  va r i a t ion  within a batch character ized 

by the u n i t  s tandard devia t ion  i s  very s m a l l .  

t h e  coa t ing  th ickness .  

Coating 

It ranges from 5 t o  8% of 

Low-density coat ings are of i n t e r e s t  f o r  use as a n  inne r  bu f fe r  

coat ing placed ad jacent  t o  the nuclear  f u e l  kernel .  

coat ing i s  t o  provide void volume f o r  f i s s i o n  gases and t o  p r o t e c t  t h e  

outer  high-densi ty  coat ing from f i s s i o n  product r e c o i l  damage. 

The purpose of t h i s  

Low-density coatings i n  t h e  range of in te res t ,  l e s s  than 1.2 g/cm 3 , 
are deposi ted from acetylene.  I n  experiments using the  mul t io r i f i ce  

nozzle system w e  demonstrated tha t  acetylene coatings can be deposi ted 

i n  a 5-in. coa ter  without excessive temperature problems because of t he  

exothermic r eac t ion  of acetylene.  The hea t  of reac t ion  of acetylene i s  

represented by 
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C2H2 2C + H2 + QR 7 

'0 

R' &R = heat of r e a c t i o n  a t  T 

T = r e a c t i o n  temperature,  

Q = heat of r e a c t i o n  a t  T 

R 

0 07 

a t  25OC = 3747 Btu/lb, 

&R a t  l l O O ° C  = 2140 Btu/ lb .  

QO 

I n  general ,  dur ing  coa t ing  wi th  ace ty l ene  t h e  exothermic r e a c t i o n  

h e a t  r ep resen ted  by &R causes t h e  mean bed temperature  t o  inc rease  i f  

t h e  power inpu t  i s  kep t  cons t an t .  During t h e  course of t h e  runs, observed 

w a l l  temperature  inc reases  ranged from 20 t o  3OoC. 

t h e  ace ty l ene  i s  no t  s i g n i f i c a n t  i n  comparison t o  t h e  t o t a l  furnace  power 

input .  The experimental  condi t ions  were as fol lows:  t h e  bed temperature  

was s t a b i l i z e d  a t  l l O O ° C  before  ace ty l ene  w a s  int roduced;  t h e  ace ty l ene  

f low was 39 l i t e r s / m i n .  

furnace  w a s  2300 Btu/min and t h e  heat supp l i ed  by t h e  ace ty l ene  r e a c t i o n  

was 220 Btu/min. 

f e r en t  r e s u l t s .  

The h e a t  i n p u t  of 

For t h e s e  condi t ions  t h e  power i n p u t  t o  the 

Other furnace condi t ions  would produce somewhat d i f -  

We obta ined  a d d i t i o n a l  data us ing  a s i n g l e - i n l e t  nozzle  system. 

Coatings produced by t h e  m u l t i o r i f i c e  system showed no s i g n i f i c a n t  

advantages over  the s i n g l e  - i n l e t  nozzle  systems, which have t h e  capa-  

b i l i t y  of bottom unloading. I n  add i t ion ,  t h e  s i n g l e  - i n l e t  systems are 

e a s i e r  t o  c o n s t r u c t  and opera te .  All of t h e  fo l lowing  r e s u l t s  were 

obtained wi th  t h e  s i n g l e - i n l e t  system. 

The e f f e c t  of temperature on t h e  d e n s i t y  of coa t ings  produced from 

ace ty l ene  i s  shown i n  F i g .  4.8. Resu l t s  are shown f o r  t h r e e  gas flow 

condi t ions,  two of which use  pure ace ty l ene  and one C25-33 mole $, H e .  

The charge s i z e  and k e r n e l  diameter remain cons tan t  f o r  each flow con- 

d i t i o n .  Flow rates are expressed i n  terms of gas flux, which i s  e x -  

pressed  i n  cubic  cent imeters  of gas p e r  minute p e r  square cent imeter  of 
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3 -1 -2 k e r n e l  su r f ace  a r e a .  G a s  f l uxes  of 2 . 0  and 3.0 em min cm rep resen t  

the l a t i t u d e  of flows w i t h  23011 ke rne l s  and 500-g charges i n  t h i s  system. 

With gas f l u x e s  g r e a t e r  t han  3.0 em3 min-l  em2,  p a r t i c l e s  a r e  en t r a ined  

and blown out  of t h e  system. Below a gas f l u x  of 2 .0  em3 min- l  em-* t h e  

p a r t i c l e s  a r e  incompletely f l u i d i z e d .  

The d e n s i t y  i n  a l l  cases  inc reases  wi th  temperature .  The d i f f e r e n c e  

i n  d e n s i t i e s  ob ta ined  from undi lu ted  ace ty l ene  w i t h  gas f l u x e s  of 2.0 

and 3.0 and those  from helium d i l u t i o n  i s  most probably caused by d i f -  

fe rences  i n  t h e  r a t e  of hydrogen evolu t ion  dur ing  polymerizat ion-carboni-  

z a t i o n  of t h e  ace ty l ene .  

of amount of carbon depos i ted  t o  carbon supp l i ed )  increased  g radua l ly  

from 50 t o  60% as t h e  temperature  w a s  increased  from 900 t o  12OO0C, wi th  

no p a r t i c u l a r  d i f f e rences  noted among t h e  t h r e e  f low condi t ions .  

Fo r  t h e s e  runs, t h e  coa t ing  e f f i c i e n c y  ( r a t i o  

A more d e t a i l e d  s tudy  on t h e  e f f e c t  of helium d i l u t i o n  on t h e  

ace ty lene  coa t ing  d e n s i t y  i s  shown i n  F i g .  4.9. Var i a t ion  of t h e  helium 

d i l u t i o n  from 0 t o  50 mole $I can produce coa t ing  d e n s i t i e s  from 0.5 t o  

1 .3  g/cm 3 . The coa t ing  e f f i c i e n c y  remains e s s e n t i a l l y  cons tan t  a t  

approximately 55% throughout t h e  temperature  range. 

t i o n  e f f i c i e n c y  remains cons tan t ,  an  inc rease  i n  coa t ing  d e n s i t y  i s  

r e f l e c t e d  by a decrease i n  coa t ing  ra te  as t h e  amount of d i l u t i o n  i s  

increased .  

S ince  t h e  depos i  - 

A s  shown i n  F i g .  4.10, i nc reas ing  t h e  charge weight has l i t t l e  

e f f e c t  on t h e  coa t ing  p r o p e r t i e s .  The coa t ing  d e n s i t y  increased  s l i g h t l y  

and t h e  average coa t ing  ra te  decreased s l i g h t l y  while  t h e  coa t ing  e f f i -  

c iency  remained e s s e n t i a l l y  cons t an t .  The s l i g h t  d e n s i t y  inc rease  w i t h  

charge s i z e  i s  probably a r e s u l t  of increased  excess  heat from t h e  

ace ty lene  decomposition. The coa t ing  th i ckness  v a r i a t i o n  wi th in  a batch, 

as represented  by u n i t  s tandard  devia t ion ,  improves wi th  increased  charge 

s i z e .  A d e s i r a b l e  c h a r a c t e r i s t i c  of l a r g e  charge s i z e s  i s  an  inc rease  

i n  gas i n l e t  ve loc i ty ,  which r e s u l t s  i n  s i g n i f i c a n t l y  less  p y r o l y t i c  

carbon bui ldup on t h e  r e a c t i o n  cone and i t s  p a r t s .  Charges g r e a t e r  t han  

1-500 g would r e q u i r e  equipment modi f ica t ion .  

The s p h e r i c i t y  of a l l  t h e  ace ty lene-der ived  coa t ings  has been 

excep t iona l ly  good. A t y p i c a l  microradiograph of p a r t i c l e s  coated from 
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ace ty lene  i s  shown i n  F i g .  4.11. 
low-density-coated p a r t i c l e s  taken i n  b r i g h t  f i e l d  and po la r i zed  

l i g h t  are  seen i n  F i g .  4.12. The pore s i ze ,  as determined by mercury 

porosimetry, i s  approximately 0.2 p. 

Photomicrographs of t y p i c a l  

D r u m  Coater 

We designed t h e  drum coa te r5  t o  c o a t  very  l a r g e  p a r t i c l e s  and t o  

handle l a r g e  charge s i z e s .  The process c o n s i s t s  i n  passing a hydro- 

carbon gas over a charge of nuc lear  f u e l  p a r t i c l e s  i n  a hea ted  c y l i n -  

d r i c a l  drum r o t a t i n g  about a h o r i z o n t a l  a x i s .  Thus, mechanical. motion 

i s  imparted t o  the p a r t i c l e s  i n  a manner tha t  i s  n o t  g r e a t l y  a f f e c t e d  

by p a r t i c l e  s i z e  or charge s i z e .  

Most of our  e f f o r t  was shakedown opera t ion  of t h e  equipment. We 

conducted prel iminary runs wi th  very  i r r e g u l a r  s i l i c o n  carb ide  p a r t i c l e s  

i n  the  800- t o  l400-p s i z e  range.  

d i d  po in t  o u t  t h e  l i m i t a t i o n s  and d e f i c i e n c i e s  of t h e  equipment as 

designed. Some of the mechanical d e f i c i e n c i e s  were e l imina ted  by minor 

modi f ica t ions .  Evaluat ion of t h e  r e s u l t s  of t hese  runs w a s  q u a l i t a t i v e  

r a t h e r  than  q u a n t i t a t i v e  because of t h e  i r r e g u l a r i t y  i n  shape and t h e  

composition ( S i c )  of the s u b s t r a t e .  

The 14  explora tory  runs conducted 

Four runs were made w i t h  s o l - g e l  t h o r i a  microspheres i n  t h e  500- 

t o  700-p-diam s i z e  range. None was success fu l  i n  meeting t h e  ob jec t ive  

of depos i t i ng  a s u b s t a n t i a l  l a y e r  of p y r o l y t i c  carbon on t h e  p a r t i c l e s .  

The mechanism f o r  t r a n s f e r r i n g  t h e  h e a t  from t h e  drum w a l l  t o  t h e  

p a r t i c l e s  and thence t o  t h e  coa t ing  gas t o  cause pyro lys i s  was inade-  

quate .  

coa t ing  depos i t i on  r a t e  and e f f i c i e n c y  w i t h  methane and propane were 

very  low, as seen i n  Table 4.1. 

Most of t h e  gas passed through the appara tus  undecomposed. The 

F u r t h e r  e f f o r t  with t h e  r o t a r y  drum c o a t e r  was abandoned. The 

conclusions drawn from t h i s  e f f o r t  a r e :  

1. The s c a l e  of t h e  experiment (charge s i z e  5 t o  10 kg) was 

much t o o  g r e a t  t o  embark upon without  the advmtage  ef c o n t r o l l e d  

l aba ra to ry - sca l e  s t u d i e s  of t h e  process and development of t h e  b a s i c  

equipment . 
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Table 4.1. Summary of Rotary Drum Coating Runs 

Coating Coating 
Temperature A p p l i e d  Rate E f f i c i e n c y  

Gas ("C> ( P I  (y /h r )  (%) 

1700 4 0.8 CH4 
CH4 1700 11 4.9 
CH4 1350 8 2 . 1  

3H8 1350 5 1.7 

5 
1.5 
10 

3 

2.  Development of an  e f f i c i e n t  py ro ly t i c  carbon coa t ing  process 

i n  a h o r i z o n t a l  r o t a r y  drum does no t  appear  p r a c t i c a l .  

3. It i s  most d i f f i c u l t  t o  prevent  t h e  l a r g e  accumulation of 

py ro ly t i c  carbon depos i t s  on t h e  su r faces  of t h e  drum and i n  t h e  gas -  

flow passages.  

Ent ra ined  Bed 

The en t r a ined  bed5 system was developed as an a l t e r n a t e  technique 

f o r  coa t ing  nuc lear  f u e l  p a r t i c l e s .  It i s  operated i n  an e l e c t r i c a l l y  

hea ted  furnace .  P a r t i c l e s  a r e  en t r a ined  by t h e  coa t ing  gas and c a r r i e d  

up through t h e  i n s e r t ,  providing a r i c h  gas- to-so l ids  con tac t  dur ing  

t h i s  po r t ion  of t h e i r  cyc le .  Above t h e  i n s e r t  t hey  a r e  deent ra ined  by 

t h e  sudden enlargement of flow a r e a .  

s ta r t  t h e i r  downward p a t h  t o  t h e  a r e a  of entrainment  t o  begin another  

cyc le .  By proper adjustment of i n s e r t  he igh t  w i t h  r e spec t  t o  charge 

s i z e  and gas flow, very  l i t t l e ,  i f  any, of t h e  coa t ing  gas w i l l  bypass 

t h e  i n s e r t  and t r a v e l  up through t h e  packed bed. 

They f a l l  i n t o  t h e  packed bed and 

We conducted 34 coa t ing  experiments i n  t h e  en t r a ined  bed appara tus .  

Operat ional  l i m i t s  of t h e  system as w e l l  as coa t ing  parameters were 

determined. The r e s u l t s  of t h e  coa t ing  runs were no t  t o o  d i f f e r e n t  from 

those  obta ined  i n  t h e  f l u i d i z e d  o r  spout ing bed. 

The en t r a ined  bed does appear  t o  have t h e  c a p a b i l i t y  of s a t i s -  

f a c t o r i l y  coa t ing  s l i g h t l y  l a r g e r  charge s i z e s  than  t h e  f l u i d i z e d  bed. 
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However, t h i s  inc rease  i n  charge capac i ty  i s  gained a t  t h e  expense of 

an a d d i t i o n a l  p iece  of hardware ( t h e  i n s e r t )  wi.thin t h e  bed. 

and i t s  support ing s t r u c t u r e  a r e  q u i t e  s u s c e p t i b l e  t o  t h e  depos i t i on  of 

carbon upon them, r equ i r ing  f requent  maintenance. Thus, any charge s i z e  

advantage i s  negated i f  t h i s  problem cannot be overcome. 

The i n s e r t  

The entrained-bed experiments were conducted i n  t h e  same furnace 

as t h e  f lu id ized-bed  experiments.  The c o n f l i c t  over use of t h e  furnace  

and a u x i l i a r y  support ing f a c i l i t i e s  began t o  become a real  hindrance 

t o  t h e  eva lua t ion  of t h e  coa t ing  process i n  e i t h e r  system. Accordingly, 

t h e  en t r a ined  bed e f f o r t  was terminated without  pre judice  i n  f avor  of 

t h e  s i m p l e r  f l u i d i z e d  or spout ing bed system. A r e p o r t  desc r ib ing  t h i s  

work has been w r i t t e n .  6 

The conclusions drawn from t h e  en t r a ined  bed coa t ing  experiments 

were : 

1. S a t i s f a c t o r y  h igh-dens i ty  py ro ly t i c  carbon coa t ings  can be 

obtained by use of methane o r  propane as t h e  coa t ing  gas .  

2. The i n s e r t  r equ i r ed  wi th in  the bed i s  q u i t e  s u s c e p t i b l e  t o  

carbon buildup, which i n t e r f e r e s  with proper movement of t h e  coa t ing  

gas.  We doubt t h a t  product q u a l i t y  c o n t r o l  can be ensured without  

f r equen t  maintenance o r  replacement of the i n s e r t .  

Prototype Remote F lu id i zed  -Bed Coater  

W e  completed t h e  design o f  a remote prototype coa te r .  T h i s  u n i t  

w i l l  permit development of ope ra t iona l  and maintenance techniques t h a t  

are d i r e c t l y  app l i cab le  t o  t h e  f u e l e d  g raph i t e  l i n e  t o  be i n s t a l l e d  i n  

t he  T W .  

The coa t ing  system c o n s i s t s  of a 5 -in. - d i a m  f lu id ized-bed  coa te r  

and i t s  furnace,  se rv ices ,  loading  and unloading system, and i n s t r m e n t a -  

t i o n  t o  monitor and c o n t r o l  t h e  process .  The design i s  based on the low- 

temperature coa t ing  process i n  which propane or propylene i s  used f o r  

t h e  h igh-dens i ty  coa t ing  and ace ty l ene  f o r  t h e  low-densi ty  coa t ing .  

However, t h e  coa te r  w i l l  accommodate t h e  high-temperature process  us ing  

methane i f  t h i s  should be necessary.  

The design of t h e  coa ter ,  i t s  furnace,  and s e r v i c e  disconnects  i s  

shown i n  F i g .  4.13. The assembly c o n s i s t s  of t h e  fol lowing f u n c t i o n a l  



modules: t h e  base; t h e  subbase, i nc lud ing  disconnect  blocks;  t h e  

water-cooled s h e l l  and t h e  furnace  i n t e r n a l s ,  inc luding  t h e  coa t ing  

chamber; t h e  g a s - i n j e c t o r  manifold; and t h e  hea t ing  element.  The des ign  

of t h e s e  modules r e f l e c t s  our t h ink ing  tha t  the c o a t e r  w i l l  r e q u i r e  more 

maintenance than  o t h e r  p ieces  of equipment i n  the  product ion l i n e .  For 

example, t h e  coa t ing  chamber may have t o  be rep laced  f r e q u e n t l y .  To 

permit t h i s ,  a i r - o p e r a t e d  clamps r e l e a s e  t h e  t o p  head, and t h e  head i s  

l i f t e d  o f f  by the i n - c e l l  manipulator  withdrawing wi th  it t h e  d e e n t r a i n -  

ment chamber and t h e  coa t ing  chamber. This  opera t ion  i s  shown as t h e  

f i r s t  sepa ra t ion  i n  F ig .  4.14. A replacement assembly i s  i n s e r t e d ,  and 

t h e  clamps a r e  c losed  t o  complete the opera t ion .  The rep laced  sub- 

assembly i s  moved i n t o  t h e  decontamination c e l l  f o r  cleanup and then  

i n t o  t h e  glove-maintenance a r e a  f o r  r e p a i r  or renovat ion.  With t h e  

coa t ing  chamber and furnace  s h e l l  removed from t h e  base a t  t h e  second 

sepa ra t ion  l i n e ,  the gas i n j e c t o r  can be simply pu l l ed  up ou t  of i t s  

socket  and rep laced  wi th  ano the r  u n i t .  Because of t h e  f r a g i l e  cons t ruc t ion  

of t h e  h e a t i n g  element we p lan  t o  move t h e  furnace  s h e l l ,  i nc lud ing  i n -  

t e r n a l s ,  t o  the glove-box f a c i l i t y  for normal replacement of t h i s  i t e m .  

However, t h e  hea t ing  element can be rep laced  without  moving t h e  furnace  

s h e l l .  

All s e r v i c e s  e n t e r  t h e  furnace  through t h e  s e r v i c e  block and subbase.  

The r e l e a s e  of t h s e e  t i e  b o l t s  and two s e r v i c e  b lock  b o l t s  w i th  an  impact 

wrench w i l l  p e r m i t  removal of t h e  furnace  and i n t e r n a l s  from t h e  subbase 

assembly. The replacement of t h e  subbase o r  base w i l l  r e q u i r e  more 
e f f o r t ,  b u t  t h e s e  u n i t s  a r e  expected t o  r e q u i r e  only  in f r equen t  main- 

tenance.  I n  summary, t h e  coa t ing  system design r e f l e c t s  a maintenance 

philosophy of i n - c e l l  modular replacement coupled w i t h  renovat ion  i n  
t h e  glove -maintenance a r e a  of t h e  T W  . 

We are now designing an  e f f l u e n t  d i s p o s a l  system amenable for 

remote a p p l i c a t i o n  f o r  t h e  prototype c o a t e r .  The e f f l u e n t s  from t h e  

coa t ing  opera t ions  w i l l  have a wide range of composition of uncracked 

hydrocarbons, as w e l l  as hydrogen and s o o t .  The system be ing  designed 

w i l l  remove t h e  p a r t i c u l a t e  matter i n  roughing and abso lu te  f i l t e r s  and 

pass the gaseous products i n t o  t h e  atmosphere above t h e  bu i ld ing .  
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Continuous monitor ing of t h e  system and i t s  environment f o r  hazardous 

mixtures of gases  coupled wi th  a system of i n t e r l o c k s  that au tomat i ca l ly  

i n i t i a t e  emergency a c t i o n s  t o  e l i m i n a t e  the hazard make up a major p a r t  

of t h i s  design.  The ins t rumenta t ion  of  t h e  prototype c o a t e r  and e f f l u e n t  

d i s p o s a l  system i s  being designed f o r  automatic  and remote ope ra t ion .  

The instruments  w i l l  be compatible wi th  the data logging and handl ing  

system planned f o r  t h e  TURF. 

P a r t i c l e  Ins  pe e t  ion  

W .  H. Pechin B. E .  F o s t e r  S. D .  Snyder S.  E .  Bo l t  7 

I n  the p resen t  concept of p a r t i c l e  inspec t ion ,  t h e  ba tch- to-ba tch  

c o n t r o l  of t h e  coa t ing  process  w i l l  be based on samples fed to an  on-  

stream senso r  f o r  de te rmina t ion  of p a r t i c l e  s i z e  d i s t r i b u t i o n  and number 

of p a r t i c l e s  pe r  u n i t  weight.  J u s t  before  t h e  f u e l  element f i l l i n g  

s t e p ,  another  sample  w i l l  be taken  and t r a n s f e r r e d  t o  an  a n a l y t i c a l  

glove box, i n  which var ious  in spec t ions  necessary f o r  q u a l i t y  cont ro l ,  

such as de termina t ion  of coa t ing  d e n s i t i e s  and p a r t i c l e  s i z e  and shape, 

w i l l  be made. We have ordered equipment f o r  on-stream inspec t ion .  

Low -Density Coatings 

One of the d i f f i c u l t i e s  i n  determining t h e  c h a r a c t e r i s t i c s  of t h e  

process f o r  apply ing  low-densi ty  coa t ings  was t h e  l a c k  of a scheme f o r  

measuring the d e n s i t i e s  of t h e s e  coa t ings .  Because of t he  porous na tu re  

of t h e  coat ing,  gas displacement and most l i q u i d  displacement methods of 

measuring volume produced va lues  t h a t  were nea re r  t o  t h e  volume of t h e  

ma t r ix  than  t o  the bulk  volume of t h e  coa t ing .  We at tempted t o  c a l c u l a t e  

t h e  coa t ing  volume from coat ing  th i cknesses  measured from microradiographs 

of t h e  coated p a r t i c l e s .  However, s i n c e  t h e  c a l c u l a t i o n s  involve cubing 

t h e  l i n e a r  measurements and thus  magnifying t h e  e r r o r s ,  t h i s  method 

produced t o o  g r e a t  a s c a t t e r  i n  the d a t a  t o  proper ly  eva lua te  t h e  coa t ing  

condi t ions .  

The method now being used s u c c e s s f u l l y  c o n s i s t s  i n  determining t h e  

volume of t h e  coa ted  p a r t i c l e  w i t h  a mercury porosirneter and determining 

t h e  weight of t h e  coa t ing  by burning o f f  t h e  carbon. These data can a l s o  
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be used t o  c a l c u l a t e  t h e  coa t ing  thickness ,  b u t  determining t h e  

s tandard  dev ia t ion  of t h e  coa t ing  th ickness  s t i l l  r equ i r e s  measurement 

from a microradiograph. 

High-Density Coatings 

The requi red  p rope r t i e s  of t h e  h i g h d e n s i t y  coa t ing  a r e  t h e  

dens i ty ,  t h e  an iso t ropy ,  and t h e  c r y s t a l l i t e  s i z e .  We p resen t ly  deter-  

mine t h e  d e n s i t y  by an  ex tens ion  o f  t h e  method f o r  low-densi ty  coa t ings .  

This w i l l  r equ i r e  some modif icat ion t o  c o r r e c t  f o r  i n f i l t r a t i o n  of t h e  

low-density coa t ing  wi th  carbon dur ing  the  a p p l i c a t i o n  of t h e  o u t e r  

coa t ing .  

I n  t h e  p a s t ,  t h e  an i so t ropy  of t h e  h igh-dens i ty  coa t ing  has been 

measured on coa t ings  s t r i p p e d  from carbon d i sks  placed i n  t h e  bed dur ing  

t h e  coa t ing  run. We s t a r t e d  t o  determine t h e  f e a s i b i l i t y  of  measuring 

an i so t ropy  and c r y s t a l l i t e  s i z e  d i r e c t l y  from t h e  coated p a r t i c l e s .  

Carbon Coating Thickness Determination 

We are developing an  x-ray a t t e n u a t i o n  technique and a s s o c i a t e d  

equipment f o r  use as an i n - l i n e  process monitor f o r  determining t h e  

average carbon coa t ing  th i ckness  on a small  ba t ch  of Tho2 microspheres.  

The developmental equipment and accesso r i e s ,  shown i n  F ig .  4.15, c o n s i s t  

of a 2 -curie 2 4 1 ~  r a d i a t i o n  source,  N a I (  Tl) photomul t ip l ie r  d e t e c t o r  

combination, mechanical scanner, high -voltage power supply, d i g i t a l  

vol tmeter ,  s i g n a l  processing instrumentat ion,  and microsphere hopper o r  

containment c e l l .  

The microspheres a r e  placed i n  t h e  trough-shaped hopper shown i n  

t h e  c e n t e r  of F i g .  4.15 and are d i r e c t e d  i n t o  t h e  v e r t i c a l l y  o r i en ted  

containment c e l l .  The c e l l  i s  1/16 i n .  t h i ck ,  1 i n .  high, and 2 i n .  

long with 0.020-in. bery l l ium s i d e  windows. The r a d i a t i o n  from t h e  

source i s  co l l imated  t o  3/8 i n .  i n  diameter a t  t h e  s u r f a c e  of t h e  b e r y l -  

l i u m  window. The microsphere ke rne l  t ransmi ts  very  l i t t l e  of t h e  60- 
kev gamma r a d i a t i o n .  Most of t h e  r a d i a t i o n  passes  through t h e  carbon 

coat ing,  which e f f e c t i v e l y  sepa ra t e s  t h e  ke rne l s  i n  the containment c e l l .  

A s  t h e  coa t ing  th ickness  increases ,  t h e  ke rne l s  are f a r t h e r  a p a r t ;  there-  

fore ,  t h e  q u a n t i t y  of r a d i a t i o n  t r ansmi t t ed  through the c e l l  of microspheres 
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i s  a func t ion  of t h e  carbon coa t ing  th ickness .  

t h e  t r ansmi t t ed  r ad ia t ion ,  and t h e  d i g i t a l  vo l tmeter  d i sp l ays  t h e  

r e s u l t a n t  s i g n a l .  

The d e t e c t o r  monitors 

We obtained a c a l i b r a t i o n  curve of vo l tmeter  readout  vs coa t ing  

th ickness  f o r  microspheres w i t h  a nominal k e r n e l  diameter  of 230 i ~ .  and 

coa t ing  th ickness  ranging from 1-3 t o  172 p. The p rec i s ion  of t h i s  

measuring technique i s  about  +2 p throughout t h e  f u l l  range. - 
W e  a r e  p re sen t ly  developing c a l i b r a t i o n  curves f o r  ke rne l  diameters  

of 223 and 250 p with  coa t ing  th icknesses  ranging from 10 t o  170 p. 

S i z e  Analysis  and Counting 

Determination of p a r t i c l e  s i z e  and of the number of p a r t i c l e s  i n  

a given weight of material i s  necessary i n  t h e  f a b r i c a t i o n  l i n e  f o r  

process and q u a l i t y  c o n t r o l  and f o r  material balance.  Rapid determina-  

t i o n  and eva lua t ion  of t h i s  information a t  s e v e r a l  s t e p s  i n  t h e  process 

a r e  important.  We are procuring a p a r t i c l e  count ing and measuring 

system c o n s i s t i n g  of (1) an o p t i c a l  sens ing  u n i t ,  ( 2 )  ampl i f i ca t ion  

assembly, ( 3 )  t e n  c o u n t e r d i s p l a y  un i t s ,  ( 4 )  range s e l e c t o r s ,  and 

( 5 )  scanner  and p r i n t e r  assembly. It w i l l  be a b l e  t o  count p a r t i c l e s  

a t  a ra te  of 3000/sec, determine t h e  s i z e ,  r e g i s t e r  each count i n  t h e  

proper s i z e  range, and give a p r i n t e d  record  of the a n a l y s i s .  The 

c o u n t e r d i s p l a y  units provide t e n  minor s i z e  ranges a t  L O - p - d i a m  i n t e r v a l s ;  

f o u r  major ranges a v a i l a b l e  w i l l  be 200, 300, 400, and 500 p. The system 

w i l l  p e r m i t  us t o  quick ly  determine t h e  number and s i z e  d i s t r i b u t i o n  of 

p a r t i c l e s  i n  very  l a r g e  samples. 

Blending and Bonding F u e l  P a r t i c l e s  

J. M. Robbins R. L.  Hamner 

We are developing techniques f o r  loading t h e  f u e l  ho les  according 

t o  t h e  t e n t a t i v e  s p e c i f i c a t i o n s  s e t  f o r  t h e  PSC i n i t i a l  core .  These 

r equ i r e  t h a t  the coated f i s s i l e  and f e r t i l e  f u e l  p a r t i c l e s  be of two 

d i f f e r e n t  s i z e s  (approx 400 and 600 p i n  diameter), be homogeneously 

blended and loaded i n  t h e  f u e l  ho les  t o  a packing d e n s i t y  of 60 t o  64 
v o l  %, and be bonded t o g e t h e r  so t h a t  they  w i l l  n o t  s p i l l  f r e e l y  i n t o  



a2 

t h e  r e a c t o r  i n  case a f u e l  element i s  broken. Also, as much carbon as 

poss ib le  should be provided i n  t h e  bonding material f o r  cesium abso rp t ion .  

Our main problems f o r  study, based on t h e  s p e c i f i c a t i o n s  f o r  f u e l  

loading, have been t h e  bonding and t h e  blending of f u e l  p a r t i c l e s .  These 

have been approached s e p a r a t e l y  s i n c e  n e i t h e r  depends upon t h e  o t h e r .  

Blending S tud ie s  

We eva lua te  blends of two s i z e  f r a c t i o n s  of f u e l  p a r t i c l e s  by 

screening  samples t o  t h e i r  o r i g i n a l  s i z e  f r a c t i o n s ,  weighing the screened 

f r a c t i o n s ,  and c a l c u l a t i n g  the weight r a t i o  of screened f r a c t i o n s  from 

each sample .  I n  our  blending s tud ie s ,  we used ba tches  of p y r o l y t i c -  

carbon-coated Tho2 microspheres having average diameters  of 400 and 

600 p. These were blended i n  a weight r a t i o ,  l a rge- to-smal l ,  of 1.5. 
We employed var ious  convent ional  means of blending, such as tumbling 

i n  a c y l i n d r i c a l  con ta ine r  or i n  a "V" blender ,  without  success .  The 

p a r t i c l e s  are extremely f ree- f lowing  and segrega te  r e a d i l y  dur ing  such 

blending ope ra t ions .  We improved t h e  r e s u l t s  of convent ional  blending 

by apply ing  a fi lm of r e s i n  t o  the p a r t i c l e s  t o  make them s l i g h t l y  

s t i c k y  and the reby  reduce t h e i r  f r eeness  of flow. This proved t o  be 

imprac t i ca l  because of the d i f f i c u l t y  i n  c o n t r o l l i n g  the a p p l i c a t i o n  of 

t h e  r e s i n  f i lm .  

Our most encouraging approach t o  t h e  blending problem has been t o  

blend the p a r t i c l e s  by f e e d  con t ro l .  T h i s  method r equ i r e s  tha t  given 

weights of p a r t i c l e s  of two d i f f e r e n t  s i z e s  by f e d  s imultaneously i n  

some manner i n t o  a common c o l l e c t o r .  W e  demonstrated t h e  f e a s i b i l i t y  

of t h i s  method by a d j u s t i n g  the o r i f i c e s  of two f e e d  hoppers, one con- 

t a i n i n g  40 g of 40011-diam p a r t i c l e s  and the o t h e r  conta in ing  60 g of 

600Vdiam p a r t i c l e s ,  s o  t h a t  t h e  feed t i m e s  of the p a r t i c l e s  from the 

hoppers i n t o  a c o l l e c t o r  tube  were co inc ident .  I n  blends obta ined  by 

t h i s  technique, t h e  l a r g e s t  dev ia t ion  from t h e  i d e a l  b lend  was 8% i n  

t h e  samples taken a t  1 - in .  i n t e r v a l s  from a 15-in.- long c o l l e c t o r  tube;  

95% of t h e  d e v i a t i o n  values  obta ined  were below 5%. We a t t r i b u t e d  

t h e s e  dev ia t ions  p r imar i ly  t o  t h e  o r i f i c e  shape. W e  observed t h a t  

p a r t i c l e s  f lowing from hoppers wi th  round o r i f i c e s  sometimes br idged  f o r  
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a f r a c t i o n  of a second. This caused a l a y e r  of p a r t i c l e s  from one 

hopper t o  form i n  the c o l l e c t o r  tube dur ing  t h e  time of br idging  i n  

t h e  o the r  hopper. This i s  i l l u s t r a t e d  i n  F i g .  4.16, which shows a 

radiographed s e c t i o n  of a f u e l  s t i c k .  

t h e  l a r g e  p a r t i c l e s  fed from one hopper br idged a t  i n t e r v a l s  dur ing  t h e  

feed, r e s u l t i n g  i n  a depos i t  of s m a l l  p a r t i c l e s  from t h e  o t h e r  hopper 

during t h e  time of br idging .  

During loading  of t h i s  s t i c k ,  

We a r e  c u r r e n t l y  experimenting w i t h  f eed  c o n t r o l  of p a r t i c l e s  through 

r ec t angu la r  o r i f i c e s .  These show l i t t l e  tendency t o  permit br idging  

provided t h e  o r i f i c e  opening i n  t h e  smal le r  dimension i s  a t  least  t h r e e  

p a r t i c l e  diameters .  

Bonding S tud ie s  

I n  most of our  bonding experiments, we used p y r o l y t i c  -carbon -coated 

(Th,U)C p a r t i c l e s  having an average diameter  of 400 p. Approximately 

0 .5- in .  - I D  g raph i t e  tubes were used as s imulated f u e l  holes  i n  prel iminary 

experiments.  

I n  our  i n i t i a l  s tud ie s ,  we demonstrated t h a t  a l i q u i d  phenolic 
8 r e s i n  surrounding t h e  par t ic les  provides a s a t i s f a c t o r y  bond a f t e r  c a r -  

bonizing a t  1000°C i n  a helium atmosphere. However, t h e  r e s i d u a l  carbon 

provided by t h e  bond r e s i n  alone, approximately 0.55 g/cm3, may not  be 

s u f f i c i e n t  t o  meet t he  requirements f o r  cesium absorp t ion .  

2 
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t t  t 
Fig .  4.16. Radiograph of Fuel  S t i c k  Sec t ion  Containing 400- and 

Dark bands show 600-p Coated Fuel  P a r t i c l e s  Blended by Feed Control .  
l a y e r s  of t h e  smal le r  p a r t i c l e s  depos i ted  dur ing  b r idg ing  of t h e  l a r g e r  
p a r t i c l e s  i n  t h e  feed  hopper. 3X. 



To provide ma t r ix  carbon i n  the f u e l  bed i n  a d d i t i o n  t o  t h a t  

provided by t h e  r e s i n ,  w e  a t tempted t o  v i b r a t e  var ious  forms of powdered 

carbon i n t o  the i n t e r s t i c e s  of t h e  f u e l  p a r t i c l e s  before  a d d i t i o n  of the 

r e s i n .  This approach was n o t  success fu l  because t h e  low-densi ty  powders 

packed a t  t h e  t o p  of t h e  f u e l  bed and pene t r a t ed  t h e  bed only  s l i g h t l y .  

We a t tempted  t o  form a high-carbon-content bond from a polyacenapthy- 

l ene  p i tch ,  which has a low mel t ing  p o i n t  (110OC) and a h igh  coking va lue  

(6%). The p i t c h  w a s  in t roduced  i n  s o l i d  form as a coa t ing  on t h e  p a r t i -  

c l e s .  We a p p l i e d  t h i s  coa t ing  by tumbling t h e  f u e l  p a r t i c l e s  with p i t c h  

ground t o  a -&-mesh powder and c o n s i s t e n t l y  obta ined  about 9 w t  

4 of p i t c h  on t h e  f u e l  p a r t i c l e s .  Pouring t h e  p i tch-coa ted  p a r t i c l e s  

i n t o  t h e  f u e l  ho les  and hea t ing  a t  1000°C f o r  carboniza t ion  formed an  
e x c e l l e n t  bond; however, the  p i t c h  when added i n  t h i s  manner expanded 

t h e  f u e l  bed and decreased t h e  f u e l  loading  from 64 t o  53 v o l  4. 
A b e t t e r  approach t o  t h e  bonding problem was t o  pour t he  f u e l  

p a r t i c l e s  i n t o  a g raph i t e  tube  and i n j e c t  a mixture o f  l i q u i d  phenol ic  

r e s i n  and 15 w t  % charcoa l  powder i n t o  t h e  f u e l  bed wi th  a convent ional  

grease gun. By t h i s  method, we ob ta ined  good bonding of p a r t i c l e s  i n  
f u e l  beds up t o  1-5 i n .  long, wi th  a 64 v o l  '$ f u e l  loading, and 0.7-g/cm 

ma t r ix  carbon conten t .  

bed showing t h e  na tu re  of t h e  bond formed i n  t h i s  manner. The bonding 

carbon obviously sh r inks  dur ing  carbonizat ion,  bu t  t h e  shr inkage a p -  

p a r e n t l y  does not  damage t h e  methane-deposited coa t ings  on t h e  f u e l  

p a r t i c l e s .  

3 

F i g u r e  4.17 i s  a pol i shed  s e c t i o n  from a f u e l  

The d i r e c t  loading  and bonding of f u e l  p a r t i c l e s  i n t o  a g r a p h i t e  

f u e l  block by the i n j e c t i o n  technique desc r ibed  poses a t  l e a s t  t h r e e  

major problems: 

block could no t  be e a s i l y  r e c t i f i e d ,  and t h e  f u e l  b lock  would probably 

have t o  be r e j e c t e d ;  ( 2 )  we f o r e s e e  no s a t i s f a c t o r y  means of i n spec t ing  

i n d i v i d u a l  f u e l  ho les  i n  a mul t iho le  f u e l  block f o r  fuel loading  and 

homogeneity; ( 3 )  the g raph i t e  f u e l  block absorbs r e s i n  dur ing  i n j e c t i o n ,  

and e i t h e r  it must be s a t u r a t e d  w i t h  r e s i n  be fo re  f u e l  loading, o r  t h e  

walls of t h e  f u e l  ho les  must be sea l ed  i n  some manner t o  prevent  r e s i n  

abso rp t ion .  

(1) mistakes made dur ing  t h e  course of loading  t h e  f u e l  



I rormea a r e  r i g i a  ana szrong ana may oe r e a u u y  111- 

*tion in to  the  f u e l  block. Figure 4.18 shows a 

.ck, as cured, formed by the molding technique. 

I may be inser ted in to  the graphite f u e l  block af ter  

ley may be inser ted in to  the f u e l  block and then 
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Fig. 4.18. Fuel Stick, i n  the  A s - C u r e d  State,  with a 64 vol  '$ 
Loading of Pyrolytic-Carbon-Coated Thoria Microspheres and a Matrix 
Carbon Content of 0 .8  g/cm3. 

carbonized; w e  prefer  the l a t te r  approach, s ince t h e  f u e l  s t i cks  i n  the  

as-cured s t a t e  a re  i n  t h e i r  s t rongest  form and since they frequently 

warp during carbonization unless res t ra ined.  

We a r e  current ly  improving our mold design f o r  more e f f i c i e n t  

operation i n  the remote fabr ica t ion  process. 

decrease the  time required f o r  curing the  resin.  

8ooc, ;the temperature t h a t  we have used i n  preparing f u e l  s t i cks .  

a long curing t i m e  i s  undesirable f o r  fabr ica t ing  f u e l  elements i n  
production quant i t ies .  

range of 2 t o  3 hr. 

temperature, prepolymerization, and vacuum treatment on the curing of 

the res in .  

We are a l so  t ry ing  t o  

It requires 40 hr  a t  

Such 

We hope t o  decrease the  r e s in  curing t i m e  t o  a 
Our s tudies  w i l l  include the  e f f ec t s  of time, 
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5 -  IRRADIATION OF COA'ITCD-PARTICLJC FUELS 
1 A .  R. Olsen J. H. Coobs J. W. Prados 

Coated-part ic le  f u e l s  f o r  use i n  high-temperature gas -cooled 

r eac to r s  have been i r r a d i a t i o n  t e s t e d  f o r  a number of years .  Recent ly  

the  a b i l i t y  of p y r o l y t i c  -carbon -coated (Th, U)C2 and (Th, U)O, micro - 
spheres t o  meet t h e  performance requirements of several demonstration 

r eac to r s  has been demonstrated. As p a r t  of a cooperat ive e f f o r t  

wi th  the Gas-Cooled Reactor Program a t  ORNL, we have been t e s t i n g  t h e  

performance of s o l - g e l d e r i v e d  U02 and (Th,U)02 microspheres.  

experiments, the r e s u l t s  a r e  compared wi th  the r e s u l t s  of tes ts  on 

similar coated p a r t i c l e s  having s i n t e r e d  f u e l  ke rne l s .  A l l  t e s t s  are 

compared with p red ic t ed  performance based on our mathematical model of 

coated - p a r t i c l e  behavior.  9,10 
performance of s o l  -gel d e r i v e d  microspheres were repor ted  previous ly .  

The program has been expanded t o  i n v e s t i g a t e  f u e l  k e r n e l  va r i a t ions ,  

such as diameter and composition, t o  improve our  es t imates  of model 

parameters.  

I n  t h e s e  

Some e a r l y  r e s u l t s  on the i r r a d i a t i o n  
11 

To supplement t h e  s t a t i c  and purged instrumented capsules  used f o r  

i r r a d i a t i o n  t e s t s  i n  t h e  p a s t ,  w e  began a series of i r r a d i a t i o n s  using 

a s t a t i c  noninstrumented capsule designed f o r  simultaneous h igh-  and 

low-temperature t e s t i n g  of annular  a r r ays  of loose coated p a r t i c l e s  i n  

ind iv idua l  conta iners  w i t h i n  the capsule .  The b a s i c  design of t h e  

capsule  used wi th  t h e  f i r s t  two t e s t s  i n  t h i s  s e r i e s  i s  shown i n  F i g .  5.1. 
The d e s i r e d  opera t ing  f u e l  temperatures of 400 and 140OOC are obtained 

by varying the dimensions of a he l ium- f i l l ed  gap between t h e  g raph i t e  

sleeves and t h e  metal tube.  W e  include a series of m e l t  wires  t o  provide 

an estimate of the  temperatures achieved. A s t a i n l e s s  s t e e l  tape,  which 

extends the f u l l  l ength  of t h e  capsule, monitors t h e  neutron f l u x .  

Comparison of Tes t  Results with Model Predic t ions  

The f i r s t  capsule  i n  t h i s  series of tes ts ,  designated ORNL 4389, 
contained two d i f fe ren t  batches of coated p a r t i c l e s  prepared a t  ORNL with  

two-layer coa t ings  on h igh ly  enriched f u e l  kerne ls  of s i n t e r e d  U02 and 

melted UC2. Coating densi ty ,  anisotropy,  c r y s t a l l i t e  s i ze ,  and 
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micros t ruc ture  were sys t ema t i ca l ly  v a r i e d  by c o n t r o l l i n g  t h e  depos i t i on  

condi t ions .  ""' 
i s o t r o p i c ,  porous, low d e n s i t y  laminar ,  or high-dens i ty  laminar  p y r o l y t i c  

carbon depos i t s .  The o u t e r  coat ings,  nominally 70 p th ick ,  were h igh -  

d e n s i t y  i s o t r o p i c  o r  g ranu la r  py ro ly t i c  carbon depos i t s .  The capsule  

was i r r a d i a t e d  i n  an  ETR X-basket f a c i l i t y  f o r  t h r e e  r e a c t o r  cyc les  a t  

a peak thermal  f l u x  of 1 x 1014 neutrons em 

peak unperturbed dose of 5.92 x lo2' neutrons/cm . 

Inne r  coat ings,  nominally 50 p t h i ck ,  were l o w d e n s i t y  

-2 -1 s e e  
2 

and accumulated a 

We eva lua ted ' t he  performance of t h e  var ious  coated p a r t i c l e s  by 

v i s u a l  and metal lographic  examination. D e t a i l s  of the p r e i r r a d i a t i o n  

and p o s t i r r a d i a t i o n  examinations have been repor ted  elsewhere.  

Based on an examination of t h e  mel t  wires and t h e  f u e l  burnup l eve l s ,  

t h e  temperature regimes dur ing  i r r a d i a t i o n  were approximately 1000°C i n  

t h e  high-temperature conta iners  and 4OO0C i n  t h e  low-temperature con ta ine r s .  

F u e l  burnup i n  the experiment ranged from 11 t o  23% FIMA ( f i s s i o n s  per  

i n i t i a l  heavy metal atom). 

r e s u l t s  w i t h  those  p red ic t ed  by our  mathematical  model. 

14-17 

Figure  5.2 g raph ica l ly  compares the observed 

If t h e  model assumptions were comprehensive, t h e  parameters were 

known accura te ly ,  and t h e r e  were no v a r i a t i o n s  i n  coa ted -pa r t i c l e  

p rope r t i e s  i n  a given batch, a l l  symbols above t h e  shaded boundary 

should be f i l l e d ,  and a l l  below t h e  boundary should be open. Only t h r e e  

batches of coated p a r t i c l e s ,  as represented  by f o u r  po in t s  on t h e  p lo t ,  

showed f a i l u r e s  (<lo%) a t  burnup l e v e l s  s i g n i f i c a n t l y  below t h e  p r e -  

d i c t e d  values .  The one oxide batch had a l o w d e n s i t y  laminar  i n n e r  l a y e r  

tha t  was seve re ly  damaged and f a i l e d  t o  p r o t e c t  the o u t e r  l a y e r  from 

f i ss ion- f ragment  damage. 

a combination of f u e l  migrat ion arid an  inadequate inne r - l aye r  th ickness  

(<3O p)  on some p a r t i c l e s  led t o  f i ss ion- f ragment  damage of the o u t e r  

coa t ing  and premature f a i l u r e .  

I n  the case of t h e  two UC2 batches,  apparent ly  

The model includes a number of poorly known parameters, such as f u e l  

swel l ing,  f i s s i o n  -gas r e l ease ,  py ro ly t i c  -carbon dens i f i ca t ion ,  py ro ly t i c  - 
carbon mechanical p rope r t i e s ,  and t h e  e f f e c t s  of f a s t  neutron damage as 

manifested i n  s t r e s s - induc ing  dimensional changes from a n i s o t r o p i c  growth 

and i r r ad ia t ion - induced  creep.  If one cons iders  t h e  u n c e r t a i n t i e s  i n  

these  parameters, t oge the r  wi th  t h e  known p a r t i c l e - t o - p a r t i c l e  v a r i a t i o n  
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i n  p rope r t i e s  of py ro ly t i c  carbon depos i t s  w i th in  a s i n g l e  coa t ing  batch, 

t h e  observed agreement between p red ic t ions  and experimental  r e s u l t s  i s  

h i g h l y  g r a t i f y i n g .  

Comparison of Sol-Gel-Derived Microspheres wi th  S i n t e r e d  
Sphero ida l  F u e l  Kernels 

I d e a l  ke rne l s  f o r  coa ted -pa r t i c l e  f u e l s  are s p h e r i c a l  ceramic 

bodies  of c o n t r o l l e d  d e n s i t y  and composition. The s o l - g e l  process w i l l  

produce nea r ly  p e r f e c t  microspheres of U02 and ( T h , U ) 0 2  wi th  c o n t r o l l e d  

s i z e  and composition. During t h e  p a s t  year,  two t e s t s  k i t h  s o l - g e l  U02 

coated wi th  c a r e f u l l y  cha rac t e r i zed  py ro ly t i c  carbon depos i t s  were con- 

ducted t o  burnup l e v e l s  of approximately 25 and 5% FIMA. 
Enriched U02 microspheres used i n  t h e s e  t e s t s  had an average 

diameter of 220 p and were prepared i n  two batches having d e n s i t i e s  90 

and 94% of t h e o r e t i c a l .  The lower burnup experiment ms e s s e n t i a l l y  a 

d u p l i c a t e  of t h e  noninstrumented i r r a d i a t i o n  capsule  t e s t  descr ibed  

above. A v a r i e t y  of twG-layer coat ings similar t o  those used on the 

s i n t e r e d  f u e l  ke rne l s  w a s  used. The inne r  l a y e r s  were laminar,  i s o t r o p i c ,  

o r  porous depos i t s  of var ious  th icknesses  and d e n s i t i e s ,  while t h e  o u t e r  

l a y e r s  were a l l  h igh-dens i ty  g ranu la r  o r  i s o t r o p i c  depos i t s  a l s o  of 

varying th i ckness .  The p a r t i c l e s  i r r a d i a t e d  t o  t h e  h ighe r  burnup were 

coated wi th  t h r e e  l a y e r s :  

and 60 p of h igh-dens i ty  g ranu la r  p y r o l y t i c  carbon. 

49 p of porous, 20 p of h igh-dens i ty  laminar, 

P a r t i c l e s  wi th  t h e  two-layer coa t ings  on s o l - g e l  microspheres were 

i r r a d i a t e d  in the  ETR a s  experiment ORNL 43-97 f o r  three reactor  cycles 

a t  a peak thermal  f l u x  of 1 x neutrons 

a peak unperturbed dose of 5.75 x lo2' neutrons/cm2. 

coated w i t h  three l a y e r s  were i r r a d i a t e d  i n  a s p e c i a l l y  designed i n -  

strumented sweep capsuleL8 i n  a l a t t i c e  pos i t i on  i n  the ORR.  

temperature i n  t h i s  experiment g radua l ly  changed from 1350 t o  llOO°C i n  

achiev ing  approximately 50% FIMA. The f i s s ion -gas  r e l e a s e  measurements 

and d e t a i l e d  i r r a d i a t i o n  h i s t o r y  f o r  t h i s  experiment have been repor ted  

elsewhere.  19*' Performance of t h e  var ious  coa ted -pa r t i c l e  samples was 

eva lua ted  by macroscopic and metal lographic  examination. 

s ec - l ;  t hey  accumulated 

The p a r t i c l e s  

The f u e l  

We compared 
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t h e  r e s u l t s  with previous experiments and w i t h  t he  p red ic t ed  behavior  

based on our  mathematical model. 

The examination and eva lua t ion  of experiment 43-97 ( t h e  non- 

instrumented capsule)  i s  n o t  complete i n  t h a t  t h e  f i n a l  burnup ana lyses  

are not  a v a i l a b l e .  The available da ta  ind ica t e  a burnup range from 

approximately 11 t o  27% FIMA, which i s  comparable t o  experiment 43-89 
with s i n t e r e d  f u e l  ke rne l s .  Evidence t h a t  t h e  intended ope ra t ing  

temperatures of 400 and 1400OC were achieved is  der ived from t h e  m e l t  

wires and t h e  d i s t i n c t  p l a s t i c i t y  of t h e  U02 f u e l  ke rne l s .  

g e l d e r i v e d  p a r t i c l e s  performed as w e l l  as t h e  previous s i n t e r e d  f u e l s  

with similar coa t ings .  Based on t h e  prel iminary burnup data ,  the 

p a r t i c l e s  i n  t h e  noninstrumented capsule  reaff i rmed t h e  model pred ic t ions ,  

w i t h  l i t t l e  or no damage seen f o r  those  samples pred ic ted  t o  survive,  

while t h e  samples  designed t o  f r a c t u r e  showed f a i l u r e  percentages rang-  

i n g  from 10 t o  100%. 

The sol- 

The th ree - l aye r  coated p a r t i c l e s  showed no f a i l u r e s ;  and only 1 of 

100 p a r t i c l e s  examined meta l lographica l ly  showed de tec t ab le  damage. None 

of t h e  so l -ge l  U02 f u e l  p a r t i c l e s  i n  e i t h e r  experiment developed any 

g ra in  s t ruc tu re ,  bu t  a l l  contained t h e  shiny m e t a l l i c  inc lus ions  and 

pores t y p i c a l  of U02 a f te r  apprec iab le  burnup. 

F igure  5.3, which compares t h e  p r e -  and p o s t i r r a d i a t i o n  micros t ruc tures  

f o r  t h e  s o l - g e l  f u e l  kerne ls  i n  t h i s  experiment. 

This can be seen i n  

The r e s u l t s  of eva lua t ions  of a l l  t h e  tes ts  completed t o  d a t e  l ead  

t o  the fol lowing conclusions: 

1. Coated p a r t i c l e s  must incorpora te  a t  l eas t  three f e a t u r e s  t o  

ensure adequate i r r a d i a t i o n  s t a b i l i t y :  provis ion f o r  s h i e l d i n g  t h e  

ou te r  coa t ing  from d i r e c t  f i s s i o n  r e c o i l  damage, adequate volume i n  o r  

ad jacen t  t o  t h e  f u e l  kernel ,  and mechanical decoupling (a d i s t i n c t  

phys ica l  s epa ra t ion )  between i n n e r  and o u t e r  coa t ing  l a y e r s .  

2.  Proper ly  designed two-layer py ro ly t i c  carbon coat ings on 

oxide and d i ca rb ide  f u e l  kerne ls  w i l l  provide exce l l en t  performance a t  

burnup l e v e l s  i n  excess of 25% FIMA. 

3 .  Dense s o l - g e l d e r i v e d  U02 microspheres w i l l  perform as w e l l  as 

s i n t e r e d  U02 or bed-melted UC;! f u e l  kerne ls  when coated w i t h  p roper ly  

designed py ro ly t i c  carbon coa t ings .  



. 

. 
r1g. ).>. IyIuIyvI~-"~I"uII-"uc*"~-u " V I  U L I  "y -- - 

(a) Unirradi'ated; etched. 
t o  1350°C i n  F9 High-Burnup Experiment. 

(b) I r rad ia ted  t o  50 a t .  $ burnup a t  1100 
A s  polished. 
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The e f f e c t s  of f a s t -neu t ron  damage on coa t ing  performance, as 

manifested i n  s t r e s s - induc ing  dimensional changes, could no t  be t e s t e d  

i n  t h e  experiments completed t o  date because t h e  f a s t -neu t ron  (>0.2 Mev) 

doses a t t a i n e d  were a l l  less than  lo2' neutrons/cm . 2 

Summary of I r r a d i a t i o n  Tests on S o l  -Gel -Derived 
Fuels  as Coated P a r t i c l e s  

I n  t h e  i r r a d i a t i o n  t e s t s  completed, w e  have e s t a b l i s h e d  the use- 

f u l n e s s  of t h e  mathematical  model f o r  p r e d i c t i n g  behavior  of coated 

p a r t i c l e s  with s o l - g e l d e r i v e d  f u e l  ke rne l s .  I n  an  ope ra t ing  h igh -  

temperature  gas-cooled r eac to r ,  bo th  t h e  fue l  composition and t h e  

i r r a d i a t i o n  condi t ions  w i l l  va ry  wi th  core  pos i t i on .  W e  have analyzed 

t h e  var ious  parameters included i n  t h e  mathematical  model and developed 

a cr i t ical-path schedule f o r  t ime ly  i r r a d i a t i o n  tes t s  required t o  

eva lua te  t h e s e  parameters.  The experiments i n  t h i s  program involv ing  

s o l - g e l d e r i v e d  f u e l s  a r e  l i s t e d  i n  Table 5.1. 
We are us ing  t h e  mathematical  model i n  des igning  a l l  of our  

i r r a d i a t i o n  experiments and are  us ing  t h e  experimental  r e s u l t s  t o  

re f ine  t h e  model parameters.  The s p e c i f i c  performance p red ic t ions  

from the mathematical  model w i l l  be use6 t o g e t h e r  w i t h  t h e  process  develop 

ment r e s u l t s  t o  e s t a b l i s h  optimum economic s p e c i f i c a t i o n s  f o r  coa ted-  

p a r t i c l e  f u e l s  f o r  a v a r i e t y  of s p e c i f i c  r e a c t o r  requirements.  
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Table 5 .1 .  Summary of I r r a d i a t i o n  Tes t s  on Coated-Par t ic le  S o l C e l  Fue l s  

Fuel  Fue l  

S i ze  P a r t i c l e  of Temperature Gas Release   urn up 
Kernel Coated Type I r r a d i a t i o n  F i s s ion  Peak 

Experiment Fuel  V a r i e t i e s  (P )  Variations" Experiment ( O C )  Rate' ( 4 6  F I M A ~ )  S t a t u s  Objective 

43 -99 S in te red  UOg 220 
and bed- 
melted UC2 

43 -97 So l -ge l  and 210 
s i n t e r e d  U02 

43 -98 Sol -ge l  280 
( U , T h ) O 2  

43 -104 Sol -ge l  230 
(U, Th)Og 
and so l -ge l  

"02 

43 -105 So l -ge l  450 
(m,u)02 

Loop 1-14 So l -ge l  Tho2 240, 210 
and ( U , ~ ) O ~  

Loop 1-15 So l -ge l  Tho2 230, 340 

B e d a e l t e d  UCp 380, 180 
and (U,Th)02 

and (U,Th)C2 

B 9-19 So l -ge l  2 10 
(Th,U)02 

12 1 400, 1000 

10 

11 

2 

L 

1 

1 400, 1400 

1 400, 1400 

1 400, 1400 

1 400, 1400 

4 1350, 675 4.2 x 

25 Examined Compare coated p a r t i c l e  
model performance cha r -  
a c t e r i s t i c s  with f u e l  
performance 

27 Being examined Compare so l -ge l  micro- 
sphere performance wi th  
s i n t e r e d  spheroids 

20 In - r eac to r  Tes t  f u e l  p a r t i c l e s  p re -  
pared f o r  i r r a d i a t i o n  i n  
Dragon; i nves t iga t e  c o a t -  
i ng  opt imiza t ion  and f a s t -  
f l u x  e f f e c t s  on p a r t i c l e  
performance 

25 In - r eac to r  Determine the  e f f e c t s  of 
t h e  Th/U r a t i o  on f u e l s  
with a cons tan t  f i s s i l e  
conten t  

25 I n  prepara t ion  Evaluate t h e  performance 
of f e r t i l e  f u e l s  and f a s t -  
f l u x  e f f ec t s ,  inc luding  
r ad ia t ion  creep on coa ted-  
p a r t i c l e  behavior 

2.7 Examined Evaluate the  performance 
of l a rge  beds of loose  
coated p a r t i c l e s  and t h e  
performance and f i s s i o n -  
gas r e t en t ion  of coated 
so l -ge l  oxide kerne ls  

4 1400, 675 2 x 10' t o  2 x 12 Being examined Same a s  LOOP 1-14, wi th  
con t ro l l ed  coolant p u r i t y  
and a preliminary t e s t  of 
a l i g h t l y  bonded bed of 
coated p a r t i c l e s  

Tes t  s t a b i l i t y  of so l -ge l  
-6 3 1200 2 x 10 

oxide a s  a coated p a r t i c l e  
0.7 Examined 

W 
u 



Table 5 .1 .  (continued) 

F u e l  FULL 

S ize  P a r t i c l e  oi' Temperature Gas Release Burnup 
Kernel Coated Type I r r a d i a t i o n  F i s s i o n  Pcak 

Rate' ($ FIMA~)  s t a t u s  Experiment Fue l  V a r i e t i e s  ( v )  Veriations" Experimentb ("c) Objective 

0 1 4  Sol-ge l  210 
(Th,UjO, and 

bed -melt,$d 
(Th,U)C2 

F-9 HIBUF Sol -ge l  UO2 150 
Bed-melted UC2 125 

2 1130 0.03 Examined Tes t  fue l ed  g raph i t e  sphere 
conta in ing  loose  coated 
p a r t i c l e s  wi th in  an  a r r a y  
of machined holes  

Evalua te  t h e  f i ss ion-product  
r e t e n t i o n  and i r r a d i a t i o n  
s t a b i l i t y  of coated p a r t i c l e s  
a t  extended burnup l e v e l s  

Same a s  F-9  HIBUF inc luding  
some S i c  coa t ings  

Tes t  of mathematical  model 
f a i l u r e  pred ic t ions  under 
monitored gas - re lease  
condi t ions  

Evalua te  low -temperature \o 
performance of py ro ly t i c  m 
carbon coa t ings  

Sane a s  B 9-32 

T e s t  r e t en t ion  of s o l i d  
f i s s i o n  products 

Evalua te  so l -ge l  oxide f u e l s  
as coated p a r t i c l e s  i n  a 
f u e l  element of an  opera t ing  
High-Temperature Gas -Cooled 
Tes t  Reactor 

2 3 50 Being examined 

F-9 H I B L P - Z  Sol -ge l  U02 265-15C 
Bed-melted UCg 1% 

B 9-31 Sol -ge l  U02 210 

In - reac to r  12 

23 Being examined 

9 

1 

1400 1 :. B 9-32 s o l - g e l  u02 280 1 3 25 In - reac to r  

1400 1 I 10-7 

1000 

A 9 3  So l -ge l  U02 270 

A 9-9 Sol -ge l  U02 240 
Bed-melted UC2 210 

Dragon So l -ge l  280 
(m,u)02 

2 

8 

15 In - r eac to r  

I n  prepara t ion  

2 5 700 t o  1100 In - r eac to r  
Dec. 1966 t o  
May 1968 

aCoated p a r t i c l e  v a r i a t i o n s  inc lude  both coa t ing  parameter and f u e l  composition va r i ab le s  t o  make up t h e  d i f f e r e n t  types  of coated p a r t i c l e s  i n  a t e s t .  

bl. Noninstrumented s t a t i c a t m o s p h e r e  capsules .  2 .  Instrumented s t a t i c a t m o s p h e r e  capsules .  3. Instrumented sweep-gas capsules .  4. Instrumented 

'Release - to -b i r th  r a t e  r a t i o  for 8$r. 

'Fissions per  i n i t i a l  me ta l  atom. 

c i r c u l a t e d  gas loop experiments.  5.  Test  r eac to r  f u e l  rods.  
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6. BULK OXIDE PROCESS DEVELOPMENT 

R .  B.  F i t t s  

Bulk oxides i n  t h e  form of pe l l e t s  a r e  t h e  predominant f u e l  

employed i n  t oday ' s  power r e a c t o r s .  They a r e  a l s o  t h e  lead ing  f u e l  

candidates  f o r  some of t h e  most promising advanced r e a c t o r  concepts.  

This  i s  due p r i n c i p a l l y  t o  t h e i r  e x c e l l e n t  i n - r e a c t o r  performance. 

S ince  they  may be opera ted  t o  h igh  burnup and f u e l  p e l l e t s  c o s t  r e l a t i v e l y  

l i t t l e  t o  produce, t h e  f u e l  f a b r i c a t i o n  c o s t  p e r  u n i t  of power generated 

is low. There is ,  however, always an incen t ive  t o  develop a more eco-  

nomical f u e l  f a b r i c a t i o n  process,  and t h i s  becomes a n e c e s s i t y  f o r  t h e  

advanced r e a c t o r s  f o r  which f u e l  f a b r i c a t i o n  i s  a more s i g n i f i c a n t  p a r t  

of the t o t a l  power cos t .  

Development of new methods, such as v i b r a t o r y  compaction of powders, 

has been at tempted i n  t h e  p a s t  f o r  t h e  f a b r i c a t i o n  of bu lk  oxides f o r  

use i n  present  power r e a c t o r s .  None have been adopted commercially 

because they  o f f e r e d  l i t t l e ,  i f  any, economic advantage over  t h e  s t anda rd  

p e l l e t i z a t i o n  technique.  However, two f a c t o r s  provide renewed incen t ive  

t o  sea rch  f o r  be t te r  ways of f a b r i c a t i n g  t h e s e  materials. 

The s o l - g e l  process i s  one new f a c t o r .  It permits f a b r i c a t i o n  of 

oxide f u e l s  by a t  l eas t  two new rou te s  (compaction of microspheres and 

ex t rus ion ) ,  and it may produce a be t te r  p e l l e t i z a t i o n  process .  The 

o t h e r  f a c t o r  i s  t h e  new se t  of phys i ca l  requirements f o r  oxide f u e l  t o  

be  used i n  advanced r e a c t o r s .  Fo r  ins tance ,  l iquid-metal-cooled fas t  

breeder r e a c t o r s  r equ i r e  oxide having l o w e r  d e n s i t y  and f a b r i c a t e d  t o  

much smaller diameter than  present  f u e l s .  I n  add i t ion ,  t h e i r  recyc led  

f u e l s  must be f a b r i c a t e d  remotely because of high r a d i o a c t i v i t y .  These 

changes i n  f u e l  prepara t ion  and s p e c i f i c a t i o n s  can have s i g n i f i c a n t  

e f f e c t s  on t h e  economics of f u e l  f a b r i c a t i o n .  

We a r e  t h e r e f o r e  i n v e s t i g a t i n g  var ious  new methods of f a b r i c a t i n g  

bulk oxides, and t h e  most promising of t hese  techniques a r e  d iscussed  

below. 
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P e l l e t i z i n g  

J .  G.  S t r a d l e y  J. M .  Robbins 

Our s tudy  of t h e  use of so l -ge l -der ived  oxide f u e l  powders has 

continued. " * 
because of the r e l a t i v e l y  low-temperature s i n t e r i n g  r equ i r ed  t o  a t t a i n  

moderate d e n s i t i e s ,  the  homogeneous na tu re  of t h e  mixtures  of f e r t i l e  

and f i s s i l e  materials, and t h e  s u i t a b i l i t y  of t h e  s o l - g e l  process  t o  t h e  

recyc le  of f u e l s .  

S o l - g e l d e r i v e d  materials a r e  of i n t e r e s t  f o r  p e l l e t i z i n g  

This year,  w e  emphasized t h e  f a b r i c a t i o n  of small specimens for t h e  

determinat ion of mechanical p r o p e r t i e s  and l a r g e  specimens f o r  s t u d i e s  

of thermal  conduct iv i ty .  W e  made a l l  of t h e s e  specimens from convent ional  

s o l - g e l  material. Chemical ana lyses  of t h e  as - rece ived  m a t e r i a l s  a r e  

shown i n  Table 6.1. 

Table 6.1. Chemical Analyses of Sol-Gel-Derived Mate r i a l s  
Used f o r  F a b r i c a t i n g  T e s t  Specimens 

Uranium Thorium Oxygen -to -Uranium 
Batch ( w t  %) ( w t  % >  Rat io  

~~ 

TU -2 5 .5  78.9 

TU -4 6.5 77.3 

2 - 9 9  

3.00 

We f a b r i c a t e d  18 l a r g e  specimens (approximately 2.6 i n .  i n  diameter  

x 0.5 i n .  long)  f o r  conduc t iv i ty  measurements as shown i n  Table 6.2.  

t y p i c a l  specimen i s  shown i n  F i g .  6.1. 
for a l l  specimens cons i s t ed  of :  

A 
The gene ra l  f a b r i c a t i o n  scheme 

1. gr ind ing  t h e  d r i e d  sol t o  -200 mesh, 

2. c a l c i n i n g  t h e  -200 mesh powder, 

3. adding water as a l u b r i c a n t ,  

4. cold forming i n  a s t e e l  d i e ,  

5 .  i s o s t a t i c a l l y  p re s s ing  a t  20,000 p s i ,  

6. 
7. 

s i n t e r i n g  i n  a i r  a t  145OoC, 
reducing i n  hydrogen a t  1450°C. 



. 

Table 6 .2 .  Fabr i ca t ion  His tory  and Resul ts  on (Th,U)02 S o l G e l  
Thermal Conductivity Specimens 

Powder Bulk Density (g/cm 3 ) Calcining Water 
Temperature Added I s  os t a t i c a l l y  Hydrogen - 

S pe c imen Batch ( O C )  (wt % >  Pressed A i r S i n t e r e d a  Reducedb 

A 
F 
E 
C 
SC 
UC 
TC 
vc  

No number 
L ' C  

N' 
M' 
K' 
2 
3 
5 
6 
7 

TU -2 300 
Tu -2 300 
TU -2 300 
Tu-2 400 
Tu -2 400 
Tu -2 400 
Tu -2 400 
Tu-2 400 
Tu -2 650 
Tu -2 650 
Tu -2 650 
Tu-2 650 
Tu -2 650 

Tu -4 200 
Tu -4 200 
TU -4 200 
Tu -4 200 

TU-4 Not ca lc ined  

6 
6 
6 
9 
6 
6 
6 
6 
6 
6 
6 
6 
6 

Dry 
3 
5 
5 
6 

5 -03 
5.04 
5.02 
4.79 
4.87 
4.87 
4.87 
4.87 
4.62 
4.82 
4.88 
4.83 
4.88 
4.94 
5.26 
5.08 
5.08 
5.18 

9-29  
9.19 
9.12 
8.71 
8.70 
8.71 
8 .71  
8.70 
8.55 
8.60 
8 .61  
8.63 
8.58 
8.79 
9 -17  
9-17  
9.16 
9.21 

9-33 
9-15  
9.11 
8.76 
8.67 
8.68 
8.67 
8.72 
8.53 
8.59 
8.61 
8.55 
8.57 
8.85 
9.20 
9.1-3 
9 -13  
9.21 

145OoC, 1 h r .  
a 

b14500C, 40 min. 
C Se l ec t ed  for thermal  conduct iv i ty  measurements 
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Fig. 6.1 
Thermal Condu 

. Typical Sol-Gel (Th 
c t i v i t y  Measurements. 

,U)O, Specimen Fabricated for 
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S i x  p e l l e t s  a r e  requi red  f o r  measuring thermal  conduct iv i ty  a t  a 

given dens i ty .  An adequate number of t h e  specimens f a b r i c a t e d  f e l l  i n t o  

t h e  proper d e n s i t y  range t o  be used f o r  measurements a t  8.65 g/cm . The 

remaining specimens w i l l  be used as spacers  t o  provide t h e  proper s t a c k  

he ight .  Ul t imate ly  w e  w i l l  supply s i x  specimens each a t  a lower and a 

h igher  dens i ty .  Thus, the conduct iv i ty  a t  t h r e e  d e n s i t i e s  can be measured 

t o  e s t a b l i s h  the v a r i a t i o n  of thermal  conduct iv i ty  o f  s o l - g e l d e r i v e d  

(Th, U ) 0 2  w i t h  dens i ty .  

x 0.3 i n .  long)  from so l -ge l -der ived  (Th,U)02 and Tho2. 

proximately 6 w t  $ water  wi th  -200 mesh powder and co ld  formed t h e  

mixture i n  a s t e e l  d i e .  We then  i s o s t a t i c a l l y  pressed t h e  u n i a x i a l l y  

formed p e l l e t s  a t  60,000 p s i  and s i n t e r e d  them i n  two s t e p s .  

hea ted  them t o  1 4 5 O o C  i n  a i r  t o  t ake  advantage of t h e  h ighe r  d e n s i t y  

obtainable '  by s i n t e r i n g  i n  a i r .  

t he  (Th,U)02 t o  1 4 5 O o C  i n  hydrogen. 

to-uranium r a t i o  to s to i ch iomet r i c  i n  t h e  urania-bear ing p e l l e t s  and 

f u r t h e r  d e n s i f i e d  t h e  pure Tho2 p e l l e t s .  

a r e  shown i n  Table 6.3. 

3 

We f a b r i c a t e d  24  small p e l l e t s  (approximately 0.2 i n .  i n  diameter  

W e  mixed a p -  

F i r s t  w e  

Then we hea ted  t h e  Tho2 t o  1750°C and 

I n  t h i s  manner we reduced t h e  oxygen- 

Typica l  f a b r i c a t i o n  d e t a i l s  

Table 6.3. Fabr i ca t ion  His tory  and Resul t s  on Tho2 and 

(Th,U)02 Sol -Gel  Thermal Creep Specimens 

Powder Bulk Densi ty  ( g/cm3) 
Calcining 

Temperature I s o s t a t i c a l l y  
M a t e r i a l  Batch ( O C >  Pressed S i n t e r e d  

Tu -5 400 5 .25a 8.8b 

None 5 .76c 9. 57c 

a Average for 2 p e l l e t s .  

bAverage f o r  3 pe l l e t s .  

Average f o r  6 p e l l e t s .  C 
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A comparison of Tables 6.2 and 6.3 shows t h a t  t h e  s m a l l  p e l l e t s  of 

(Th,U)02 s i n t e r e d  t o  a h ighe r  d e n s i t y  than  t h e  l a r g e  specimens. 

t h e  l a r g e r  specimens were i s o s t a t i c a l l y  pressed a t  a lower pressure  than  

t h e  s m a l l  p e l l e t s  because of equipment l i m i t a t i o n .  Also, t h e  l a r g e  p e l l e t s  

t end  t o  c rack  dur ing  s i n t e r i n g  when they  a r e  f a b r i c a t e d  t o  h igh  d e n s i t i e s .  

However, 

The Tho2 s o l - g e l  specimens reached only 88% of t h e o r e t i c a l  dens i ty ,  

even though t h e y  were i s o s t a t i c a l l y  pressed a t  60,000 p s i .  However, Daniels 
3 and Wadsworth have r epor t ed  s i m i l a r  r e s u l t s  f o r  s o l - g e l  Tho2. T h e i r  

procedure was t o  crush, screen, press, and s i n t e r  specimens t h a t  were 

only 84% of t h e o r e t i c a l  dens i ty .  

p a r t i c l e s  s i n t e r e d  t o  n e a r l y  t h e o r e t i c a l  dens i ty ,  b u t  t hey  were t o o  l a r g e  

t o  s i n t e r  t o g e t h e r  t o  e l iminate  t h e  bulk  po ros i ty .  

They found t h a t  t h e  i n d i v i d u a l  g e l  

S o l G e 1  Ext rus ion  

W e  a r e  developing ex t rus ion  as a f a b r i c a t i o n  technique f o r  s o l - g e l -  

de r ived  m a t e r i a l s  such as Tho2, (Th,U)02, U02, and (U,Pu)02. The e x t r u s i o n  

process  i s  a low -cost, h igh - ra t e  -of -production method for forming ceramics, 

even i n  complex shapes.  This f a b r i c a t i o n  technique o f f e r s  advantages 

f o r  t h e  product ion of long small-diameter  f u e l  p ieces  wi th  good c a n t r o l  

of t h e  diameter. D i s t i n c t  reduct ions  i n  gr inding,  inspec t ion ,  and handl ing  

cos t s  a r e  poss ib l e .  So l -ge l  ma te r i a l s ,  i n  a d d i t i o n  t o  t h e i r  low s i n t e r -  

i ng  temperature  and inhe ren t  homogeneity, a r e  a t t r a c t i v e  Sor  ex t rus ion  

because of t h e  p l a s t i c  p r o p e r t i e s  o f  t h e  "sol-gel c lay"  t h a t  a l low f a b r i -  

c a t i o n  by a novel  ex t rus ion  technique without  t h e  a d d i t i o n  of extraneous 

organic  b inders  o r  p l a s t i c i z e r s .  Thus, we a r e  forming e s s e n t i a l l y  pure 

f u e l .  This process  r e a d i l y  incorpora tes  d i r e c t  recyc le  of s c rap  m a t e r i a l s  

and al lows t h e  f a b r i c a t i o n  of f u e l s  having a wide range o f  d e n s i t y .  

P repa ra t ion  of Thoria S o l G e l  "Clay" ( A .  B. Meservey) 

The material t h a t  i s  fundamental t o  t h e  s o l - g e l  ex t rus ion  process  

and t h a t  makes it a unique process,  i s  t h e  s o l - g e l  c l a y .  I n  t h e  t h o r i a  

system, t h i s  c l a y  i s  produced by t h e  aqueous d i g e s t i o n  of s team-deni t ra ted  

t h o r i a  powder wi th  a s l i g h t  excess of n i t r i c  a c i d  over t h a t  r equ i r ed  t o  

form a s o l .  The t h o r i a  goes through a sol s t a g e  and then, as evaporat ion 

proceeds, coagulates  t o  a f i n e l y  d iv ided  p r e c i p i t a t e .  This  p r e c i p i t a t e ,  

when sepa ra t ed  by f i l t r a t i o n ,  i s  t h e  s o l - g e l  c l ay .  



. 

The material exhibits most of t h e  phys ica l  and mechanical 

c h a r a c t e r i s t i c s  o f  a n a t u r a l  c l ay .  It d i f f e r s  from t h e  material used 

i n  ord inary  ceramic ex t rus ion ,  as app l i ed  t o  h igh-pur i ty  oxides, i n  tha t  

the p a r t i c l e s  are held toge the r  by complex bonds between water, ac id ,  

and the  p a r t i c l e s .  I n  o t h e r  techniques,  o rganic  p l a s t i c i z e r s  are added 

t o  powders of much l a r g e r  p a r t i c l e  s i z e  t o  produce a p l a s t i c  mass. The 

u t i l i z a t i o n  of s o l - g e l  c l a y  as t h e  ex t rus ion  mass pe rmi t s  t h e  ex t rus ion  

of what i s  e s s e n t i a l l y  a pure oxide m a t e r i a l  conta in ing  only a d i lu t e  

a c i d .  

Thoria  S o l G e l  Ext rus ion  ( R .  B. F i t t s )  

The working m a t e r i a l  i n  t h e  i n i t i a l  development work on t h e  s o l - g e l  

ex t rus ion  process was t h o r i a .  The advanced s t a t e  of t h o r i a  s o l - g e l  

work i n  general ,  as compared t o  o t h e r  m a t e r i a l s  such as urania ,  meant 

that  s u b s t a n t i a l  q u a n t i t i e s  could be made a v a i l a b l e  f o r  t he  work. 

Ext rus ion  i s  used ex tens ive ly  i n  commercial f a b r i c a t i o n  and c o n s i s t s  

i n  press ing  a p l a s t i c  mass through a d i e .  

i l l u s t r a t e s  t h e  gene ra l  technique of forming ceramic bodies  from s o l - g e l  

c l a y .  If we follow t h e  process  rou te  given by t h e  l e f t -hand  side of t h i s  

f i gu re ,  t h e  c l a y  i s  extruded and a i r  d r i e d  a t  room temperature and then  

ca l c ined  a t  l150°C t o  y i e l d  9 8 - d e n s e  Tho2. 

t a i n e d  f o r  s o l i d  rods up t o  0.080 i n .  i n  diameter  and cored rods w i t h  

w a l l  t h i ckness  up t o  0.050 i n .  

i n .  made from pure c l a y  y i e l d  excess ive ly  cracked f i n i s h e d  products .  

An a l t e r n a t e  approach t o  the d i r e c t  ex t rus ion  of c l a y  material, 

which i s  i n d i c a t e d  on t h e  r ight-hand side of F i g .  6.2, i s  t o  mix t h e  

c l a y  w i t h  var ious  powders. 

material, such as recyc led  scrap,  and l i g h t l y  ca l c ined  material, such 

as dried sc rap  t h a t  has been heated t o  600Oc for 1 h r .  These powders 

may also be obta ined  d i r e c t l y  from dried s o l - g e l  m a t e r i a l  by gr inding  and 

a n  appropr i a t e  h e a t  t rea tment .  

wi th  t h e  c l ay  when processed (extruded, a i r  dr ied ,  and ca l c ined  a t  l150°C) 

w i l l  y i e l d  compacts having from 70 t o  98% of t h e o r e t i c a l  dens i ty .  We 

have f a b r i c a t e d  t h o r i a  ex t rus ions  up t o  0.3 i n .  i n  diameter over  t h i s  

The f low sheet ,  F i g .  6.2, 

This  d e n s i t y  has been ob- 

Thicknesses g r e a t e r  than  0.050 t o  0.080 

Powders that  w e  have s t u d i e d  inc lude  f i r ed  

A mixture of one o r  bo th  types of powder 
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e n t i r e  d e n s i t y  range, and we have produced 0.430-in. - d i a m  p ieces  a t  95% 
of t h e o r e t i c a l  d e n s i t y  by t h i s  rou te .  

We conducted a l l  of our  experiments t o  date, w i th  t h e  except ion of 

t h e  0 .430- in .d iam pieces  mentioned above, wi th  t h e  s imples t  type  of 

l abora to ry  ex t rus ion  appara tus .  This cons i s t ed  of a s m a l l  l abo ra to ry  

press ,  a l - i n .  powder d i e  tha t  was adapted f o r  ex t rus ion ,  and a l abora to ry -  

s c a l e  sigma mixer. 

the working material. 

no d i f f e rence  i n  t h e  handl ing p rope r t i e s  of the two m a t e r i a l s .  

Most of t h i s  work has used 10 t o  12 M - Tho2 c l a y  as 

Some t e s t i n g  of 10 M - Tho2+% U02 c lays  i n d i c a t e s  

I n i t i a l  r e s u l t s  from t e s t s  on ex t rus ion  of pure as - rece ived  c lays  

revea led  16% d iame t ra l  shr inkage on dry ing  and a similar amount of f i r i n g  

shr inkage.  

and good mechanical s t r e n g t h ;  however, i n  diameters  over about  0.080 i n .  

t h e s e  specimens conta in  a network of f i n e  cracks,  as shown i n  F i g .  6.3. 
We have at tempted t o  reduce or e l imina te  t h i s  cracking by a d j u s t i n g  t h e  

moisture  conten t  of t h e  pure clay,  by i s o s t a t i c  p re s s ing  of t h e  d r i e d  

extrusion,  by t r y i n g  var ious  drying techniques,  and by adding powders t o  

t h e  c lay .  Adjustment of water conten t  from 14.9 t o  22.6% by weight by 

e i t h e r  a d d i t i o n  of water o r  evaporat ion appeared t o  have l i t t l e  e f f e c t  

on t h e  f i n a l  f i r e d  s t r u c t u r e .  I s o s t a t i c  press ing  fol lowing ex t rus ion  

a l s o  appeared t o  have l i t t l e  i f  any e f f e c t .  

These samples  showed h igh  s i n t e r e d  d e n s i t y  (99% of t h e o r e t i c a l )  

We made several prel iminary a t t e m p t s  t o  reduce c racking  o f  ex t rus ions  

by varying t h e  condi t ions  of drying.  Samples are normally d r i e d  l y i n g  

on a co t ton  pad i n  normal room a i r .  We v a r i e d  t h e  moisture  content  of 

t h e  drying a i r ,  the temperature of drying, and the  method of sample 

support  during drying.  

was uniform, b u t  none of the  th ings  we t r i e d  had a s i g n i f i c a n t  e f f e c t  

on i n t e r n a l  cracking.  Samples dried i n  a low-moisture atmosphere broke 

apar t  r a t h e r  v i o l e n t l y  when exposed t o  ambient room a i r  before  f i r i n g .  

They completely d i s i n t e g r a t e d  i n  1 t o  2 min. 

t o  rehydra t ion  of t h e  g e l .  

Sample bowing w a s  markedly reduced where dry ing  

We a t t r i b u t e  t h i s  behavior  

Our experience i n d i c a t e s  tha t  a d d i t i o n  of powders t o  t h e  c l a y  before  

ex t rus ion  i s  t h e  best method f o r  reduct ion  of sample cracking.  We have 

inves t iga t ed  the e f f e c t s  of powder p a r t i c l e  s i z e ,  morphology, and hea t  
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t rea tment  on t h e  e f f e c t i v e n e s s  of powder add i t ions  t o  t h e  c l a y .  P a r t i c l e  

s i z e s  g r e a t e r  t han  325 mesh (44 p)  lead t o  some su r face  roughening and 

a reduct ion  i n  t h e  green s t r e n g t h  of t h e  ex t rus ions .  F o r  this  reason, 

most of our  work has been with p a r t i c l e  s i z e s  less than  325 mesh (smaller 

than  44 p). 
We have added powders (1) i n  t h e  as-dried and crushed condi t ion,  

(2 )  a f te r  a 600Oc 1-hr c a l c i n i n g  h e a t  treatment, and (3 )  i n  t h e  f u l l y  

s i n t e r e d  condi t ion .  Addit ion of over  5 t o  1% of t h e  as-dried powder 

l eads  t o  a clay-powder mixture t ha t  i s  t o o  d r y  t o  ex t rude .  L i g h t l y  

ca l c ined  (600Oc) powder a d d i t i o n s  i n  t he  amounts of 15 t o  3% by weight 

of t h e  clay-powder mixture  y i e l d  an  ex t rus ion  mass wi th  much g r e a t e r  

p l a s t i c i t y  than  i n  any of t h e  o t h e r  mixtures .  This p l a s t i c i t y  g r e a t l y  

assists t h e  product ion of c rack- f ree  ex t rus ions ,  poss ib ly  because of 

t h e  enhanced a b i l i t y  of t h e  s t r e s s e s  t o  r e l a x  i n  t h e  extruded body dur ing  

dry ing .  

F u l l y  s i n t e r e d  powder f i r e d  a t  l150°C f o r  1 h r  may be used i n  t h e  

as-crushed condi t ion  o r  may be b a l l - m i l l e d  before  use .  The a d d i t i o n  of 

crushed powder t o  t h e  c l a y  caused t h e  g r e a t e s t  reduct ion  i n  d ry ing  and 

f i r i n g  shr inkage and a l s o  y i e lded  ex t rus ions  of lower d e n s i t y  and w i t h  

more angu la r  porosizy,  as shown i n  F i g .  6 .4 .  The a d d i t i o n  of ba l l -mi l l ed  

powder, w e t  -milled t o  a " s t ab le"  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  reduced 

shr inkage b u t  n o t  as markedly as did a d d i t i o n  of t h e  angu la r  crushed 

p a r t i c l e s .  This  m a t e r i a l  s t ab i l i ze s  the ex t rus ions  w i t h  respect t o  

c racking  a lmost  as w e l l  as does the angu la r  powder. It a l s o  y i e l d s  a 

denser  product wi th  more rounded poros i ty ,  b u t  w i t h  lower s t r e n g t h .  

Examples of r e s u l t s  of va r ious  mixtures  w i t h  t h e  shr inkage and d e n s i t y  

obta ined  are shown i n  Table 6.4. 
From a process  s tandpoint ,  powder a d d i t i o n s  t o  t h e  c l ays  o f f e r  

s e v e r a l  advantages.  They provide a means t o  c o n t r o l  t h e  f i n a l  f i r e d  

dens i ty ,  reduce t h e  amount of dry ing  and f i r i n g  shr inkage and thus  i n -  

c rease  %he dimensional cont ro l ,  and improve t h e  economy of the f u e l  

cycle  by u t i l i z i n g  sc rap  m a t e r i a l s  f o r  t h e  powder a d d i t i o n s .  

We made u s e f u l  ex t rus ions  of two types by t h i s  process  f o r  use i n  

i r r a d i a t i o n  capsules .  F i r s t ,  w e  made Tho2 buckets  t o  ho ld  wires  (of  

var ious  compositions) t h a t  mel t  t o  i n d i c a t e  c e n t r a l  temperature  i n  a 
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Fig. 6.3. Pure Tho2 Clay Extrusion A f t e r  F i r ing  t o  0.117 i n .  
i n  Diameter and 9% of Theoretical Density. 12X. 

Fig. 6.4. Fired Tho2 Extrusion (95% Clay Plus 5% Fired Crushed 
Fowder), 0.182 in .  i n  Diameter, 83% of Theoretical  Density. 
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coa ted -pa r t i c l e  i r r a d i a t i o n  experiment.  

dense and 3/8 i n .  t a l l  x 0.125 i n .  OD x 0.060 i n .  ID .  

may be seen i n  F ig .  6.5. 

These buckets  were 96.5% 
The s t r u c t u r e  

We a l s o  made 72%dense  Tho2 i n s u l a t o r s  f o r  use a t  t h e  end of t h e  

f u e l  column i n  i r r a d i a t i o n  t e s t s  of v i b r a t o r i l y  compacted microsphere 

f u e l .  

They were made by c u t t i n g  t h e  extruded rod t o  l eng th  a f t e r  it had dr ied ,  

smoothing t h e  ends, and then  f i r i n g .  These ex t rus ions ,  a l though low i n  
densi ty ,  a r e  very hard  and show no tendency t o  s p a 1 1  o r  "chalk." Their 

s t r u c t u r e  i s  shown i n  F i g .  6.6. 

These were made 1/4 i n .  t a l l  x 0.229 + - 0.001 i n .  i n  diameter. 

The r e s u l t s  t o  da t e  i n d i c a t e  t h a t  pure t h o r i a  and tho r i a -u ran ia  

s o l  c lays  can be extruded without  add i t ions  t o  produce h igh-dens i ty  

f u e l s  conta in ing  some f i n e  i n t e r n a l  cracking.  These same c lays  wi th  

powder add i t ions  w i l l  produce h igh -  or l o w d e n s i t y  f u e l s  wi th  no i n t e r n a l  
cracking.  Although we have made l i t t l e  e f f o r t  t o  c o n t r o l  diameter  and 

bow, we have produced 3 -in.  -long, 80% -dense, 0.230 - in .  - d i a m  ex t rus ions  

t h a t  v a r i e d  l e s s  than 0.0005 i n .  i n  diameter  from end t o  end. The 

outward appearance and micros t ruc ture  of t h i s  type  of ex t rus ion  are 

shown i n  F ig .  6.7. 
s t r u c t u r e  i s  caused by t h e  l ack  of pene t r a t ion  of mounting material t o  

t h i s  region.  Nearly a l l  of t h e  po ros i ty  i n  these  ex t rus ions ,  e i t h e r  

h igh  o r  low dens i ty ,  i s  su r face  connected. 

The dark  a r e a  i n  t h e  c e n t e r  of t h e  p e l l e t  micro- 

Uran ia  S o l G e l  Clay ( K .  H .  McCorkle, J. P .  McBride) 

P r a c t i c a l  r e a c t o r  a p p l i c a t i o n  of t h e  s o l - g e l  ex t rus ion  process 

r equ i r e s  i t s  ex ten t ion  t o  t h e  urania  system. We expect t h a t  the most 

d i f f i c u l t  p a r t  of t h i s  work w i l l  be the  prepara t ion  of a s a t i s f a c t o r y  

s o l - g e l  c l ay .  Once such a material i s  obtained, t h e  gene ra l  type of 

process employed i n  t h e  thor ia -base  work (see above) should yield 

s a t i s f a c t o r y  r e s u l t s .  

Our i n i t i a l  work wi th  uran ia  i n d i c a t e s  t h a t  pas t e s  prepared from 

chlor ide  - s t a b i l i z e d  systems w i l l  form s o l - g e l  c l a y  s a t i s f a c t o r y  f o r  

ex t rus ion ,  whereas those  prepared from n i t r a t e - s t a b i l i z e d  systems w i l l  

no t .  One can prepare ch lo r ide  sols t h a t  a r e  4 t o  5 t i m e s  as concentrated 
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as t h e  n i t r a t e  sols: 

t h e  ch lor ide  sols may be d r i e d  d i r e c t l y  t o  give concent ra ted  c l ays  

(approximately 9.8 M),  - while the  n i t r a t e  systems th i cken  and g e l  a t  about  

2 M .  Using a modified s o l - g e l  process,  we prepared n i t r a t e - s t a b i l i z e d  

pastes conta in ing  uranium concent ra t ions  of 4.6 and 4.8 M, - b u t  t h e  r e s u l t s  

of ex t rus ion  t e s t s  were n o t  encouraging. A c h l o r i d e - s t a b i l i z e d  c l a y  

conta in ing  approximately 9.75 M - U was made by concent ra t ing  a ch lo r ide  

sol prepared by a method s imilar  t o  t h a t  i n  t h e  l abora to ry  prepara t ion  

f lowsheet  f o r  uran ia  ( s e e  F i g .  3.1), b u t  with ch lo r ide  s u b s t i t u t e d  for 
n i t r a t e .  

had been ca lc ined  a t  400°C formed a m a t e r i a l  having t h e  kind of p l a s t i c i t y  

and smoothness t h a t  cha rac t e r i zed  t h e  t h o r i a  s o l - g e l  c l a y  and most con- 

ven t iona l  ex t rus ion  ma te r i a l s .  

6 t o  9 M as compared with 1 .5  t o  2 M. - I n  add i t ion ,  - 

- 

T h i s  c l ay  when blended wi th  a sol-gel-prepared U02 powder t h a t  

The f i r s t  n i t r a t e - s t a b i l i z e d  paste (NP-I) was made by p r e c i p i t a t i n g ,  

wi th  3.5 M NH4OH t o  pH 7, 300 g of uranium from a uranium(IV) s o l u t i o n  

conta in ing  O . 5 l M  U, 1.0 M NO and 0.2 M HCO H, recover ing  t h e  hydrous 

oxide by f i l t r a t i o n ,  and washing t h e  f i l t e r  cake i n  p lace  wi th  9 l i t e r s  

of d i s t i l l e d  water and 2 l i t e r s  of ace tone .  The cake was hea ted  a t  62Oc 
f o r  2 .5  hr  under an  argon f lush ,  which c a r r i e d  out  about  250 m l  of l i q u i d .  

We then  added 100 ml b€ water, s t i r r e d  and hea ted  t h e  mixture, and allowed 

t h e  r e s u l t a n t  sol o r  f i n e  suspension t o  stand. 

uran ia  had s e t t l e d  t o  a s ludge conta in ing  5 1  w t  $I U (approximately 4.6 M )  - 
w i t h  n i t r a t e  -to -uranium and carbon -to -uranium mole r a t i o s  of 0.06 and 

1.14 r e spec t ive ly .  

i ng  a s l i g h t  d i l a t a n c y  and considered s u i t a b l e  f o r  ex t rus ion  t e s t i n g .  

- - 
- - 3 '  - 2  

A f t e r  60 hr, a l l  t h e  

The recovered u ran ia  sludge was a s t i f f  paste ,  show- 

We i n i t i a t e d  t h e  prepara t ion  of  t h e  second p a s t e  (Np-2)  by p rec ip -  

i t a t i n g  t h e  hydrous uran ia  as descr ibed  above and washing t h e  f i l t e r  

cake with 9 l i t e r s  of water  and 2 l i t e r s  of methanol. The f i l t e r  cake 

w a s  hea ted  and s t i r r e d  i n  argon f o r  1 hr a t  6ooc and 4 h r  a t  7OoC. 

experiment produced a runny " j e l l y "  conta in ing  3.54 M - U [87$ U(IV)] with 

n i t r a t e  - to  -uranium and carbon -to -uranium mole r a t i o s  of 0.04 and 0.55 
r e spec t ive ly ;  and t h e  j e l l y  showed an  x-ray c r y s t a l l i t e  s i z e  of 80 A .  

To s t i f f e n  t h e  j e l l y ,  a uran ia  powder was prepared and added a t  a r a t i o  

of about 1 t o  3 of the o r i g i n a l  j e l l y .  The r e s u l t i n g  pas t e  was moved 

e a s i l y  w i t h  a spa tu l a ,  showed no d i la tancy ,  and held i t s  shape. The 

The 



pas t e  contained 58 w t  % U (approximately 4.84 M ) ,  - had a uranium(N) 

content  of 81% of t h e  t o t a l  uranium, and n i t ra te - to-uranium and carbon- 

to-uranium mole r a t i o s  of 0.09 and 0.04 r e spec t ive ly .  

s e s  appear t o  be i n  e r r o r .  

The carbon ana ly -  

The urania  powder was prepared by p r e c i p i t a t i n g  t h e  hydrous uran ia  

from a uranium(N)  s o l u t i o n  conta in ing  0.5 M U-1.0 M NO - 4 . 2 5  M HC02H- 

0.66 M urea w i t h  3.5 M NH40H t o  pH 9.  The hydrous oxide was recovered 

by f i l t r a t i o n  and washed i n  p lace  w i t h  9 l i t e r s  of 0.015 N2H4-H20 and 

2 l i t e r s  of methanol. The w e t  cake was d r i e d  under argon a t  l O O O C  f o r  

28  hr  t o  give a lumpy, b lack  powder. 

[ 87% U( N )  1, had n i t r a t e  - to  -uranium and carbon-to -uranium mole r a t i o s  

of 0.02 and 0.16, respec t ive ly ,  and had a n  x-ray c r y s t a l l i t e  s i z e  of 33 A .  

- - 3  - 
- - 

The powder contained 74 w t  $ U 

For t h e  prepara t ion  of the c h l o r i d e - s t a b i l i z e d  pas te  o r  c l a y  (CP- l ) ,  

t he  hydrous uran ia  was p r e c i p i t a t e d  from a uranium( N )  ch lo r ide  s o l u t i o n  

containing 0.51 M - U[99.1% U(IV)]-2.21 M - C 1 -  by t h e  a d d i t i o n  of 3.5 M_ m40H 

t o  pH 7.5. The p r e c i p i t a t e ,  conta in ing  300 g of uranium, was recovered 

by f i l t r a t i o n  on a 24-in.  Bzchner funnel  and washed with 8 l i t e r s  of 

water ( i n  1 - l i t e r  increments)  u n t i l  i n c i p i e n t  pep t i za t ion  occurred.  

washed f i l t e r  cake contained 13.78% U and had a uranium(N)  conten t  98% 
of t h e  t o t a l  uranium and a chloride-to-uranium r a t i o  of 0.395. T h i s  cake 

was hea ted  a t  6 1 O c  f o r  1 h r  and allowed t o  s e t t l e  64 h r .  

t o t a l  volume was h e e l .  

t o  s e t t l e  f o r  20 h r .  This  t i m e  t h e r e  was no h e e l .  

The 

About ha l f  t he  

The s o l  was hea ted  t o  67Oc f o r  1 hr  and allowed 

The a n a l y s i s  f o r  t h i s  s o l  was U, 0.667 5; U ( I V ) ,  99% of t o t a l  

uranium; C l - / U  mole r a t i o ,  0.375; dens i ty ,  1.673 g / l i t e r ;  x-ray c r y s t a l -  

l i t e  s i z e ,  31 A .  

The s o l  w a s  evaporated from 0.667 M t o  2 . 4  M under vacuum, a t  which - - 
po in t  it began t o  th i cken .  Uranium t r i o x i d e  was added t o  t h i s  s o l  a t  a 

mole r a t i o  of 0.03 t o  t h e  t o t a l  uranium t o  r e s t o r e  f l u i d i t y  (a pecu l i a r  

phenomenon observed with c h l o r i d e - s t a b i l i z e d  sols), and evaporat ion 

continued under 29 i n .  of vacuum a t  60 t o  65%. 
Analysis  of t h e  r e s u l t i n g  material was U, 67.82 w t  % (z9.75 5); 

U ( I V ) ,  88 .9  of t o t a l  uranium; CI-, 3.6 w t  8; cl-/u mole r a t i o ,  0.358. 



116 

I n i t i a l  ex t rus ion  tes ts  with t h e  above c l a y  were very  encouraging, 

and, f o r  t h e  present ,  p repara t ion  work w i l l  concent ra te  on c h l o r i d e -  

d i spe r sed  systems. I n s o f a r  as poss ib le ,  t h e  paste p repa ra t ion  methods 

i n v e s t i g a t e d  w i l l  be those  most e a s i l y  adapted t o  t h e  u ran ia  s o l - g e l  

processes under c u r r e n t  i n v e s t i g a t i o n .  

Urania S o l G e l  Ext rus ion  (J .  M .  Robbins, J .  G.  S t r ad ley ,  R. L .  Hamner) 

W e  are i n v e s t i g a t i n g  t h e  f e a s i b i l i t y  of ex t ruding  U02 c l ays  w i t h  

t h e  a n t i c i p a t i o n  tha t  t h i s  work can be extended t o  U02-Pu02 materials 

f o r  f a s t - r e a c t o r  f u e l  s t u d i e s .  Our ex t rus ion  opera t ions  were e s s e n t i a l l y  

t h e  same as those  f o r  the ex t rus ion  of convent ional  materials; t h a t  is ,  

t h e  c lays  were p laced  i n  a s t e e l  d i e  case  f i t t e d  wi th  an e x t r u s i o n  d i e ,  

evacuated t o  remove a i r ,  then  forced  through t h e  d i e  opening under p r e s -  

su re  w i t h  a s t e e l  punch. Most of the materials were extruded v e r t i c a l l y  

through d i e  openings of 1/16 o r  1/8 i n .  i n  diameter .  

The m a t e r i a l s  f o r  ex t rus ion  were s t o r e d  under an  argon atmosphere 

u n t i l  ready f o r  use t o  prevent  excess ive  ox ida t ion  by a i r .  The e x t r u s i o n  

opera t ions ,  which r e q u i r e  only a s h o r t  t ime (approximately 1-5 min), were 

performed i n  a i r .  

The materials f o r  experimental  ex t rus ions  were of f o u r  d i f f e ren t  

types :  

(Np-1 )  approximately 4.6 M, - formed by i n t e r r u p t i n g  the usual n i t r a t e -  

formate f lowsheet  f o r  s o l  prepara t ion  be fo re  a sol was formed, ( 3 )  a 

hydrous U02 f i l z e r  cake conta in ing  approximately 30 w t  $ of t h e  same 

material dried and powdered (NP-2) ,  and ( 4 )  a U02 c l a y  (CP-1) approx i -  

mately 9.75 M, prepared from ch lo r ide .  

(I) a U02 s o l  approximately 0.7 M, - ( 2 )  a hydrous U02 f i l t e r  cake 

- 
We fa i l ed  t o  form a c l a y  from the 0.7 M u ran ia  s o l  by evapora t ion  - 

i n  vacuum; as t h e  m a t e r i a l  approached t h e  cons is tency  f o r  e x t r u s i o n  

(approximately 15  w t  % l i q u i d s ) ,  l a r g e  g e l  fragnents began t o  form and 

t h e  materials could no t  be extruded.  The prepara t ion  of t h e  l a s t  t h r e e  

materials i s  desc r ibed  above. 

The f i rs t  ex t rus ions  from t h e  hydrous U02 f i l t e r  cake ( N P - l ) ,  a s -  

received,  cracked r a p i d l y  dur ing  drying, probably because of rapid and 

excess ive  shr inkage .  We dr ied ,  powdered ( t o  325 mesh), and ca l c ined  
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Some of t h i s  m a t e r i a l  a t  4OO0C i n  Ar -4$  H2 f o r  a d d i t i o n  t o  t h e  ba tch  t o  

reduce shr inkage.  

rece ived  ba tch  i n  a Waring Blendor, us ing  3 em3 of acetone per  gram of 

s o l i d s  as t h e  veh ic l e .  Since we found tha t  t h e  oxygen-to-uranium r a t i o  

of t h i s  material increased  only  from 2.201 t o  2.267 dur ing  a two-day 

exposure t o  a i r  a t  room temperature,  t h e  opera t ions  of blending and 

evaporat ion t o  ex t rus ion  cons is tency  were done i n  a i r .  The ex t rus ions  

from t h i s  material d i d  no t  crack during drying, b u t  t hey  had rough s u r -  

f aces  and deformed r e a d i l y .  

1 h r  i n  Ar-!+% H2, t h e  ex t rus ions  exh ib i t ed  a l i n e a r  shr inkage of 41% from 

t h e  extruded s t a t e .  

We blended 30 w t  % of t h e  ca l c ined  powder with the as-  

A f t e r  a s i n t e r i n g  t rea tment  a t  1000°C f o r  

The f i n a l  d e n s i t y  was 6.2 g/cm3 (56.2% of t h e o r e t i c a l ) .  

We could not  extrude t h e  hydrous U02 f i l t e r  cake conta in ing  dr ied ,  

powdered m a t e r i a l  (NP-2) .  

r a t e d  under pressure  and t h e  l i q u i d  was fo rced  from t h e  d ie ,  l eav ing  a 

compacted mass of s o l i d s  behind. 

The s o l i d s  and l i q u i d s  i n  t h i s  m a t e r i a l  sepa-  

Our most encouraging r e s u l t s  were obta ined  from the  c h l o r i d e -  

prepared c l a y  (CP -1). Extrus ions  of t h i s  ma te r i a l ,  as -received, were 

unsa t i s f ac to ry ;  t hey  broke i n t o  s e c t i o n s  dur ing  ex t rus ion  and developed 

shr inkage and dry ing  cracks very  quickly.  Se l f - loading  of the weak, 

heavy ex t rus ions  as they  came from t h e  v e r t i c a l l y  pos i t ioned  d i e  probably 

cont r ibu ted  t o  t h e  breaking phenomenon. 

uran ia  powder (325 mesh) ca l c ined  a t  400°C w i t h  t h e  concent ra ted  sol i n  

methyl a lcohol ,  evaporated t h e  mixture t o  a 13 w t  $ l i q u i d  content,  and 

extruded t h e  m a t e r i a l  i n  a h o r i z o n t a l  p o s i t i o n .  This  e l imina ted  both 

t h e  breaking and cracking of the ex t rus ions .  The ex t rus ions  were s i n -  

t e r e d  a t  l O O O O C  f o r  1 h r  i n  A r A %  H2. 

dur ing  hea t ing  was employed t o  suppress  a s t r o n g  exotherm beginning a t  

35OoC as shown by d i f f e r e n t i a l  thermal  a n a l y s i s .  Cha rac t e r i za t ion  of 

t h e  ex t rus ions  i s  given below. 

We blended 30 w t  $J of s o l - g e l  

A soak per iod  of 2 h r  a t  325OC 

Density, g/cm3, $I of t h e o r e t i c a l  
Green, a f t e r  dry ing  a t  room temperature  5.5, 50.1- 
Sin te red  6.94, 63 

Linear shrinkage, a f t e r  s i n t e r i n g ,  from t h e  

Res idua l  ch lo r ine  content  a f t e r  s i n t e r i n g ,  % 
V i s u a l  examination a f t e r  s i n t e r i n g  Some micro- 

as-extruded s ta te ,  % 27 

Oxygen-to-uranium r a t i o  a f t e r  s i n t e r i n g  2.086 
0.14 

cracking observed 
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The c h l o r i d e  m a t e r i a l  w a s  t h e  only  c l a y  prepared f o r  ex t rus ion  

t h a t  approached p l a s t i c i t y ;  the  o t h e r  c l ays  were nonp las t i c  and had a 

"g lue l ike"  q u a l i t y ,  which made them extremely d i f f i c u l t  t o  handle .  Also, 

t h e  ex t rus ions  from t h e  ch lo r ide  s o l  were t h e  only ones t o  have smooth 

su r faces  and t o  exhibi t  t h e  proper ty  of l'toughness'' t h a t  i s  observed i n  

most convent ional  oxide ex t rus ions .  

The e x t r u s i o n  of so l -de r ived  urania ,  a t  present ,  must be considered 

t o  be i n  t h e  pre l iminary  s t a g e  of development. The prepara t ion  of s u i t a b l e  

c l ays  i s  complex, and t h e  ex t rus ion  of such materials i s  very  much i n  t h e  

"art" s t a g e .  We conclude from our  pre l iminary  experiments:  

1. Clay p repa ra t ion  d i r e c t l y  from n i t r a t e - d e r i v e d  sols i s  unsatis- 

f a c t o r y  because of  t h e  g e l l i n g  problem encountered dur ing  s o l  concentra-  

t i o n .  

2 .  Hydrous UO f i l t e r  cakes are nonp las t i c  and t h e  ex t rus ions  from 2 
such materials have rough su r faces  and c o n s i s t e n c i e s  resembling too th-  

pas t e .  

3. A ch lor ide-so l -der ived  c l a y  appears  t o  be s u i t a b l e  f o r  e x t r u s i o n  

because it e x h i b i t s  a c h a r a c t e r i s t i c  approaching p l a s t i c i t y ,  which i s  a 

b a s i c  requirement f o r  good ex t rus ions .  However, t h e  h igh  r e s i d u a l  

c h l o r i n e  content  i n  t h e  ex t rus ions  af ter  s i n t e r i n g  a t  1000°C cannot  be 

t o l e r a t e d ,  and developmental s t u d i e s  must be  made t o  o b t a i n  a ch lo r ine -  

f r e e  product .  

V ib ra to ry  Compaction of Microspheres 
by the Sphere -Pac Technique 

A .  R.  Olsen 

The f e a s i b i l i t y  of u t i l i z i n g  high-energy v i b r a t o r y  compaction w i t h  

s o l - g e l d e r i v e d  dense f u e l  fragments t o  f a b r i c a t e  f u e l  rods has been 

e s t a b l i s h e d .  Pre l iminary  economic eva lua t ions  have shown t h a t  t h i s  

process i s  cheaper than s tandard  p e l l e t  processes ,  p a r t i c u l a r l y  f o r  

remote f a b r i c a t i o n .  It does, however, r equ i r e  complicated remote equip-  

ment f o r  crushing, gr inding,  and s i z i n g  ope ra t ions .  The use of s o l - g e l  

microspheres wi th  low-energy v i b r a t o r y  compaction, Sphere-Pac, o f f e r s  a n  

a l t e r n a t e  process .  E l imina t ion  of t h e  powder prepara t ion  equipment wi th  

i t s  a t t e n d a n t  d u s t i n g  problems would improve inventory  c o n t r o l  and reduce 

equipment maintenance problems. The disadvantages of t h i s  process  are 

t h e  need f o r  a two-step loading  procedure, the l i m i t  on p r a c t i c a l  loading  

4 



d e n s i t i e s ,  and u n c e r t a i n t i e s  about  i n - r e a c t o r  performance c h a r a c t e r i s t i c s ,  

p a r t i c u l a r l y  t h e  thermal  conduct iv i ty  of a packed bed. 

During t h e  p a s t  year, we conducted l i m i t e d  l abora to ry  experiments 

us ing  a v a i l a b l e  s o l - g e l  microspheres t o  i n v e s t i g a t e  loading  procedures, 

equipment requirements,  t i m e  cycles ,  and a t t a i n a b l e  packing d e n s i t i e s .  

This  i n v e s t i g a t i o n  of sphere packing i n  c y l i n d r i c a l  conta iners  w a s  based 

on repor ted  work of o thers ,  5'6 and was aimed a t  providing f u e l  rods f o r  

i r r a d i a t i o n  t e s t i n g  of t h e  performanee c h a r a c t e r i s t i c s .  

I n  t h e  work, we used spheres  i n  two s i z e  f r a c t i o n s .  The coarse  s i z e  

f r a c t i o n  has been -35 +40 mesh (500- t o  420-pdiam)  microspheres produced 

by t h e  s o l - g e l  column-forming techniqueJ7  while t h e  f i n e  f r a c t i o n  was 

-325 mesh (< 4 4 ~  - d i a m )  microspheres produced by the s o l - g e l  " s t i r r e d - p o t "  
forming technique.  8 

We have found t h a t  s e q u e n t i a l  loading  i n  which t h e  coarse  f r a c t i o n  

i s  f i r s t  loaded i n t o  t h e  tube  and t h e  f i n e  f r a c t i o n  then  i n f i l t r a t e d  from 

the t o p  produces t h e  h ighes t  d e n s i t y  and most uniform packing. W e  t e s t e d  

a v a r i e t y  of energy inputs  and v i b r a t i o n a l  f requencies .  Frequency had 

l i t t l e  e f f e c t  on dens i ty ,  b u t  60 Hz provides t h e  h ighes t  loading r a t e .  

Energy input  with l e s s  than  l 5 g  a c c e l e r a t i o n  i s  adequate .  The v i b r a t i o n a l  

modes t h a t  included l a t e r a l  components provided more r ap id  and denser  

packing than  pure ly  a x i a l  v i b r a t i o n .  A l i g h t  fo l lower  rod on t o p  of t h e  

f i n e - p a r t i c l e  bed during i n f i l t r a t i o n  w i l l  prevent  expansion of t h e  

coa r se -pa r t i c l e  bed and the a t t e n d a n t  segrega t ion;  bu t  t o  minimize con- 

taminat ion of t h e  upper p a r t  of t h e  tube,  w e  use a funnel  with a screen  

i n  the bottom t o  r e s t r a i n  the  coarse  bed. We have no t  optimized a l l  of 

t h e  variables. However, by us ing  t h e  two s i z e  f r a c t i o n s ,  w e  r o u t i n e l y  

a t t a i n  packed d e n s i t i e s  from 83 t o  85% us ing  a coarse- to- f ine  s i z e  

f r a c t i o n  volume r a t i o  of 2.7. Higher volume packing d e n s i t i e s  a r e  

a t t a i n a b l e  with t e r n a r y  loadings,  and we sha l l  i n v e s t i g a t e  these .  

- 

The cu r ren t  t a r g e t  d e n s i t y  f o r  high-burnup oxide f u e l s  f o r  l i q u i d -  

metal  f a s t  breeder  r e a c t o r  f u e l  elements i s  85%; so  we are  f a b r i c a t i n g  

and t e s t i n g  f u e l  rods conta in ing  packed beds of microspheres of (Th,Pu)O 

and (U,Pu)02. 
2 

These tes t s  are  d iscussed  i n  Chapter 7 .  
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I n  add i t ion  t o  t h e  i r r a d i a t i o n  tes ts ,  w e  have begun t o  determine 

t h e  thermal  conduct iv i ty  o f  packed beds of microspheres.  I n i t i a l  tes ts  

were made on 98%-dense Tho2 microspheres with a packed bed f u e l  d e n s i t y  

of 82.2% of t h e o r e t i c a l  i n  a helium atmosphere. 

has been measured up t o  gOO°C i n  a r a d i a l  hea t  f low apparatus .  

t h e r e  were some anomalies i n  t h e  f i r s t  t e s t ,  t he  bed conduct iv i ty  

ranged between 0.0135 w cm-l ("C)-' a t  300°C and 0.0118 w cm-l ("C)-' 

a t  20OoC. 

t o  i n v e s t i g a t e  an apparent  increase  i n  conduct iv i ty  a t  t h e  h igher  t e m -  

pera tures .  W e  a l s o  plan t o  measure t h e  conduct iv i ty  of packed beds of 

microspheres of U02 and (U,Pu)02. 

Thermal conduct iv i ty  

Although 

These measurements are being repeated and extended t o  l l O O ° C  
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7 .  IRRADIATION OF BULK OXIDE FUELS 
A. R. Olsen R. B. Fitts 

As part of the evaluation of processes under development for pre- 
paring nuclear fuels and fabricating the fuel elements, a continuing 
program for testing the irradiation performance is essential. In the 

Thorium Fuel Cycle Program we have been testing coated-particle fuels 
as reported in Chap. 5 and continuing the irradiation of bulk thoria- 
base fuels as pellets or particles vibratorily compacted into tubes. 1,2 

During the past year, we started an irradiation program to characterize 

sol-gel-derived fuels that show promise for fast reactors. 

Irradiation of Thorium-Bearing Bulk Oxide Fuels 

We continued the irradiation testing of powder-compacted sol-gel 

oxide and pelletized fuels. We also began the irradiation of low-energy 

vibratorily compacted sol-gel oxide microspheres. The tests currently 

in-reactor or under examination are outlined in Table 7.1. 

Effects of Extended Burnu-c 

Three rods containing pellets of Tho -4.4% U02 fuel attained an 
2 

estimated burnup of l5O,OOO Mwd/MT Th + U. 
reported earlier.3 

postirradiation examination is scheduled for early 1967. 

The rods are similar to those 
They were removed from the reactor in December, and 

We examined the last rod of the M'JLR-1 group containing vibratorily 

compacted sol-gel Tho -4.5% U02. 
to compare sol-gel-derived powder fuels with similar arc-cast powder 

fuels and pelletized fuels, Burnup values and fission-gas release data 

are compared in Table 7.2. 

This test group was started in 1961 2 

The irradiation performance of all three fuel types is comparable 

according to the results of these tests. There are some variations in 

the fission-gas release rates. These may be associated with variations 

in the test conditions over the prolonged exposure periods. The 

similarity in performance and the effects of extended burnup have been 

discussed previously. 2,4-6 



T a b l e  7.1. Thorium F u e l  C y c l e  Program P o w d e r - P a c k e d  Rods Current ly  B e i n g  I r radiated or B e i n g  Examineda 

Peak  Burnup Linear  Density Fuel  Rod 

Designation Number O f  Type  of  Oxide (% of  Dimensions (cm) Heat  (Mwd per tonne of 

metal)  Rat ing  

OD (w/cm) 
Theoretical)  Length Rods  

Objective S ta tus  

MTR-I1 2 Sol-Gel S 88 to 89 57 0.8 0.06 600 100,000 Obtain higher h e a t  

Th02-4.5% U 0 2  rating by increas ing  
Vi-Pac enrichment 

MTR-111 6 Sol-Gel 35 86 to 89 30 1.1 0.06 820 100,000 Compare oxide  ca lc in ing  

ThO2-4.5% uo2 atmospheres and higher 
Vi -Pac  h e a t  ra t ings  obtained by 

increas ing  diameter 

ETR-I1 6 BNL Sol-Gel 90 48 1.3 0.09 630  30,000 to Study ef fec ts  of remote 
Th02-4% 2 3 3 ~ ~ 2  100,000 fabrication and oxide 

Vi-Pac reca lc in ing  

ETR-I11 7 Sol-Gel Tho2 

ETR-IV 6 Sol Gel 

88 48 1.3 0.09 770 10,000 to Study Tho, blanket material  

7 0,000 with gradually increas ing  

h e a t  ra t ing  and provide high- 

protactinium low-fis sion- 

product material  for chemical 

84 

Sphere-Pac 4 Sol-Gel Tho2-% PuOz 8 4  
Sphere-Pac 

Pe l le t  Rods 3 ThOz-4.5% UO, 91  

24 1.3 0.09 650 to 20,000 to 

7000 100.000 

19 0.64 0.025 650 to 10,000 
1000 

11.4 0.79 0.06 400 150,000 

process ing  

Study sol-gel T h 0 2 - P u 0 2  
microsphere performance a s  

vibratorily compacted beds 

a t  various h e a t  ratings and 

burnup l eve l s  

T e s t  sol-gel T h 0 2 - P u 0 2  
microspheres  with high 

c ladding  temperatures 

Inves t iga te  swel l ing  and 

gas  r e l ease  of ThO,-base 

fue ls  a t  very high bumup 

Being  examined 

In reactor 

1 Being  examined 

5 In reactor 

t- 
N 

4 Rods  in reactor N 
3 Rods in p rocess  

In reactor 

Being examined 

Being  examined 

sETR-II, ETR-111, and ETR-IV rods are clad with Zircaloy-2; a l l  other fuel rods are c l ad  with type 304 s t a in l e s s  s tee l .  

. 
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Table 7.2. Comparative Operating Conditions f o r  
Various Tho U02 Fuels (MTR-I  Group) 2- 

Fue 1 
TC 85Kr 

( $) (w/cm) 

Time -Averaged 
Peak Linear 

I r r a d i a t i o n  
$'I' kde Release 

Maximum Burnup Fue 1 Time 
Form (Reactor (fissions/cm3) (4 FIMA) (w/cm, Heat Rating 0 

Power Days) 

Arc-fused v i  -paca 
Tho2-4.5$ u02 V i  -Pac 

V i  -Pac 

S o l  -ge 1 V i  -Pac 
ThO2+.5% u02 V i  -Pac 

V i  -Pac 
V i  -Pac 

Pressed and s i n t e r e d  P e l l e t  
ThO2-!t.5$ UO2 P e l l e t  

P e l l e t  
P e l l e t  

b 

110 
376 
70 7 

110 
375 
691 
1107 

905 
660 
497 
40 6 

x 1020 
2 .5  
8.6 

14.4 

2.9 
8.2 
16.5 
26.4 

26.4 
21.1 

8 . 1  
11.0 

1.2 
4 .2  
7 .1  

1 .4  
4.0 
8 . 1  

12.5 

12.0 
9.6 
3.7 
5 .O 

2 99 
297 
267 

341 
286 
311 
303 

420 
461 
270 
3 94 

33.8 
33.7 
31.6 

37.8 
32.8 
34.6 
34.2 

44.8 
48.2 
31.5 
42.6 

2 . 4  
7 . 2  
6 .4  

0.5 W 

P 
I2 

13.2 
17.0 

2.6 

22.8 
12 .4  

C 

C 

% i b r a t o r i l y  compacted to a dens i ty  85 t o  87% of t h e o r e t i c a l .  

b P e l l e t s  pressed from coprec ip i ta ted  powders and s in t e red  t o  93% of t h e o r e t i c a l  dens i ty .  
C Gas samples d i lu t ed  with a i r  i n  sampling and p a r t i a l l y  l o s t .  
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One striking feature has been a macrostructural phenomenon. At 

the operating conditions of these tests the fuel temperatures are such 

that sintering and grain growth occur initially in the center. Under 

the cyclic operating conditions, this leads to the formation and gradual 

migration of a circumferentially oriented crack in the fuel. At low 

burnup this crack is near the fuel center, and it moves out toward the 

cladding as burnup progresses. In the latest test examined, the com- 

pacted powder sol-gel fuel had sintered all the way out to the cladding. 

This can be seen in the macroscopic views shown in Fig. 7.1. This 

condition exists throughout the length of the fuel column from the peak 
burnup section at 126,000 Mwd/MT of metal (26.4 x lo2' fissions/cm 3 ) to 

the low burnup end at only 24,000 Mwd/MT of metal. 

the sintering is not strongly influenced by burnup but that it is 

strongly dependent on the time at operating temperatures. 

This suggests that 

A composite photomicrograph of the fuel from the high-burnup end 

of this rod is shown in Fig. 7.2. This shows not only the sintering 

but also the more or less uniform distribution of porosity from the 

surface to the center of the fuel. Previous tests with this fuel mate- 

rial had indicated a growth of equiaxed grains in the fuel center area. 

We did not observe an equiaxed grain growth region in the fuel of this 

very-high-burnup rod. Although no clear explanation of this difference 

is available, the widespread internal porosity in the fuel and the low 

gas release values indicate that low central fuel temperatures prevailed 

during the later stages of irradiation. Lower temperatures would not 

only reduce the rate of grain growth, but would also allow trapped 

fission-gas bubbles to disrupt any previously established grain struc- 

ture. A similar distribution of porosity and lack of grain growth was 
seen in the highest burnup pelletized fuel rods examined to date, but 

the gas release was an order of magnitude higher. Examination of some 
of the sol-gel powder-packed rods and the very-high-burnup pellet rods 

should provide a better understanding of these structural changes. 
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Effects of Higher Heat Ratings and Calcining Atmospheres 

The effects of higher heat ratings during irradiation and the 

influence of processing variables such as fuel firing atmospheres are 

being studied in a series of tests. The results of very high heat 

ratings from ETR group I tests at 1000 w/cm were discussed previously. 
Two rods, constituting the MTR-11 group, were operated at intermediate 

linear heat ratings of 600 w/cm to a burnup of 100,000 Mwd/MT of heavy 

element. 

and are scheduled for examination early in 1967. 

7 

These rods were removed from the reactor in December 1966 

None of the fuel rods from MTE group 111, which contain sol-gel 
powder-packed fuels fired in air, nitrogen, or Ar5% H2 have attained 
the scheduled burnup levels. These rods will provide information on 
the effects of the calcining atmosphere used in the sol-gel-process 

firing stage. All rods in this group have attained burnup levels in 

excess of 60,000 Mwd/MT of metal and are functioning without incident. 

Performance of Remotely Fabricated Fuel Rods 

At the end of the Kilorod Program, to demonstrate semiremote 
fuel rods, 8,9 we fabrication of vibratorily compacted ( 2 3 3 U , ~ ) 0  

fabricated a group of irradiation test rods in the Kilorod facility. 

We inserted six of these rods in the Engineering Test Reactor as 

irradiation test group ETR 11. The details of the fabrication procedures 

and preirradiation examinations have been reported elsewhere. 

2 

10 

We are currently examining one of these rods - experiment 43-83. 
This experiment failed in the reactor after a peak unperturbed dose of 

20 x lo2' neutrons/cm2. 

a time-averaged linear heat rating of 6 9  w/cm, was 21,000 Mwd/MT of 
metal, about 70% of the scheduled exposure. 
occurred in the gas plenum region about 1 in. below the top weld and 

approximately 2 in. above the fuel column. We probably cannot precisely 

determine the cause of failure, since the rod was severely damaged in 

postirradiation handling at the reactor site. 

was sheared, and the plug was forced down into the gas plenm region, 

causing additional fracture of the tube wall. The microstructure of the 

The peak burnup in this rod, which operated at 

The failure apparently 

The top end plug weld 
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Zircaloy-2 at the failure area shows a normal hydride content. 

unusual feature seems to be a relatively high concentration of twinning 

in localized regions, indicating possibly a postanneal straightening 

operation during tube fabrication. Examination of other tubing from 

the same lot of material showed similar areas, although somewhat reduced 

in extent. 

The only 

Macroscopic examination of sections through the fueled portion of 

the rod showed no unusual features that might have caused the failure. 

However, in preparing one of these sections for metallographic examina- 
tion we discovered a crack in the Zircaloy-2 cladding. When first noted, 

it was located only midway through the cladding. Subsequent polishing 

revealed a crack extending from the inside surface 90% of the way through 
the cladding. There is no evidence of reaction products or other 

peculiarities in the fuel adjacent to the crack. This cladding failure 

may be a result of the severe mechanical stressing during postirradiation 

handling. 

Although the examination of this rod is not complete, it now appears 

that the failure resulted from a spot in the cladding with undetected 

poor corrosion resistance. The fact that the other five rods in this 

group are still in the reactor and performing without incident at peak 

unperturbed exposure levels in excess of 33 x lopo neutrons/cm2 tends 
to support this preliminary conclusion. 

Tests of (Thy Pu) 0, Sol- Gel- Derived Fuels 
L 

The use of plutonium from current power reactor fuels has been 
proposed for the fissile enrichment in thorium-base fuels. The advantages 

offered are potentially both economical and technological. Pending the 

development of fast breeder reactors, plutonium may be less expensive 

than highly enriched 235U. 
the plutonium during reprocessing; thus the 236U contamination associated 
with 235U fissile enrichment is avoided. 

We have previously’’ tested, with some success, sol-gel-derived 

In addition, bred 233U can be separated from 

thoria shards mixed with P u O  powder in vibratorily compacted fuel rods. 

The development of a sol-gel process for PuO has made possible a sol- 

gel-derived (Thy Pu) O2 fuel. 

2 

2 



. 
We a r e  current ly  completing the  fabricat ion of s i x  i r r ad ia t ion  

t e s t  rods, ETR group IV, i n  which sol-gel  Th02-5% Pu02 microspheres a r e  

being loaded by the  Sphere-Pac process (Chap. 6 ) .  
0.500-in.-diam x 0.035-in.-wall Zircaloy-2 tubes containing a 6.75-in. 

fue l  column. These tests a re  scheduled f o r  inser t ion  i n  the  ETR ea r ly  

i n  1967 under conditions outlined i n  Table 7.3. 

These rods w i l l  be 

I r rad ia t ion  Testing of Sol-Gel-Derived Urania-Base Fuels 

The v e r s a t i l i t y  of the sol-gel  process i n  producing a var ie ty  of 

d i f f e ren t  forms f o r  f u e l  rod fabr icat ion and the resu l tan t  intimate 

mixtures of components make it a poten t ia l  process fo r  producing (U, Pu)O 
fue ls  fo r  fast reactors .  

2 

We began a se r i e s  of noninstrumented screening i r r ad ia t ion  t e s t s  

on sol-gel-derived (U, Pu) 0 

include a l l  of t he  fabricat ion processes discussed i n  Chap. 6, the 

i n i t i a l  t e s t s  w i l l  invest igate  the  performance l imitat ions of sol-gel  

microspheres fabr icated in to  t e s t  rods by the  Sphere-Pac process. The 

f irst  two capsules i n  t h i s  s e r i e s  of t e s t s ,  ident i f ied  as  43-99 and 

43-100, contained both (Th,F 'u)O and (U,Pu)O fue ls .  

fue ls .  Although our program w i l l  eventually 2 

2 2 
The new capsule design shown i n  Fig. 7.3 permits operation with 

low cladding r e s t r a i n t  and surface temperatures on the  cladding between 

Table 7.3. I r rad ia t ion  Conditions Planned for Sol-Gel-Derived 
Tho2-&-% Pu02, T e s t  Group E!FR-IV 

Peak Linear Peak Target 
Experiment Heat Rating Burnup 

(w/cd (Mwd/M!I' of metal) 

106 

10 8 
109 
110 

111 

107 

650 

850 

850 

650 

1000 

1000 

20,000 

20,000 

50, ooo 
100,000 

100,000 

100,000 
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jEND SPACER / NaK 

ORNL-DWG 6 6 - 7 3 2 5 R A  

END SPACER 

i M I D D L E  SPACER /NaK [VOID SPACE 

\ Z r - 2  CAPSULE \FUEL ELEMENT 
(0.500 OD X 0.035 WALL) 

IRRADIATION CAPSULE ASSEMBLY 

\SPRING 

u 
4 INCH 

GAS PLENUM 
(FIBERFRAX) 

EXTRUDED ThoE 
INSULATOR (76% TD) 1 FUEL 

'304 STAINLESS STEEL 304 STAINLESS STEEL CLAD 
(0.250 OD X 0.040 WALL) END PLUG 

FUEL ELEMENT 

Fig. 7.3. Capsule for Irradiation Tests. 

450 and 6 0 0 ° C .  

less steel spacers. 

as shown in Table 7.4. 
Table 7.5. Both capsules were inserted in separate X-basket positions 
in the ETR at the start of cycle 85. 
which occurs in the 93$-enriched P20$ Fu fuel, was calculated to be 
650 w/cm. On December 13, 1966, near the end of ETR cycle 85, capsule 
43-99 failed. The reactor history just before the failure included 16 
continuous days of full-power operation, interrupted by a short zero- 

power cycle and a return to full power for 2 hr. 
report that the failure was abrupt. Cooling water analyses indicated 

essentially total loss of NaK and failure of a rod containing (Th,Pu)O 

but no (U,pU)02. 

the Idaho hot cells revealed a 1/8-in.-diam hole in the Zircaloy capsule 

wall some 16 in. from the bottom of the capsule. This would place the 

failure near the middle spacer between fuel rods 2 and 3. The rest of 

the capsule appeared to be in excellent condition. Further examination 

Four fuel rods are in each capsule, separated by stain- 

Capsules 43-99 and 43-100 were loaded identically, 
The sol-gel fuel characteristics are shown in 

The maximum linear heat rating, 

The reactor operators 

2 
A limited preliminary examination of the capsule in 



Table 7.4. Vibratorily Compacted Fuel Rods for Irradiation Capsules 43-99 and 43-100 

Fuel Density 
Var ia t i onc b Irradiation Fuel Average 

Rod Capsule and Fuel Height Fuel Density 
Position" Material (in.) (g/cm3) (%, +I 

2 

3 
4 

5 
7 
8 

9 
10 

43- 99- 2 

43- 99- 4 
43- 100- 2 

43- 100- 2 

43- 99- 3 
43- 99- 1 
43- 100- 1 

43- 100- 3 

3-15 
3.16 
3-13 
3-15 
3.14 
3-13 
3.14 
3.13 

8.40 
8.38 
8.45 
8.39 
8.38 
8.41 
8.39 
8.39 

2 

1 

1 

1 - 5  
1 

4 
1 

1 

a 

bCalculated from height, weight, and inside diameter of cladding. 

Last number indicates position in capsule numbered from bottom up. 

C Determined by transmission gama scan along fuel rod. 
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at the Idaho hot cells could not be performed because they are not 
equipped for safe plutonium handling. The capsule has been placed in 

a sealed heavy-walled aluminum pipe, and arrangements are being made to 

ship it to ORNL as soon as possible for detailed examination. 

Since no plausible explanation for the failure is immediately 

apparent, continued irradiation of the duplicate capsule 43-100 has 
been deferred, even though it appears to have performed well and there 

is no indication of an incipient failure. 

Additional capsules in this series will have outer tubes of type 

Although this aggravates the flux perturbation, 304 stainless steel. 
the problems associated with autoclave testing of Zircaloy-2 with this 

capsule design and the unexplained failures of experiments 43-83 and 
43-99 justify the use of a material less sensitive to contamination- 
induced water corrosion. 
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8. ADVANCED S O L G E L  STUDIES 

K. J. Notz R. L. Hamner W. D. Bond 

Preparation of Thorium and Uranium Carbides 

Thorium dicarbide can be prepared by the reaction 

Tho2 + 4 C  - ThC + 2C0, 2 
which is thermodynamically possible’ above 1430°C at a carbon monoxide 

pressure below 1 torr. Sol-gel processes under study this past year 

utilize the above reaction in two ways. In one, dense thoria micro- 

spheres are prepared by the usual sol-gel procedure, and then reacted 

with graphite in a rotating kiln. In the other, thoria and carbon black 

are combined at the sol stage, then converted to microspheres, and 

finally caused to react in a suitable furnace. 

a dense product at reaction temperatures near 2150°C, provided the initial 

carbon content (picked up during sphere formation) is low enough.2 

high temperature is required for kinetic reasons, since the process is 

limited by the rate of diffusion through the dense thoria core and through 

a dense layer of carbide product. 

far more favorable kinetically, since the carbon and thoria are intimately 

blended. Both methods are discussed below. 

The former method yields 

The 

The second method will obviously be 

Preparation of ThC, Microspheres by Thoria-Carbon Sol Route 
L 

Initial work by Kelly, Kleinsteuber, Clinton, and Dean3 showed 

that carbon black could be incorporated in thoria and thoria-mania so l s  

and the resulting mixed s o l s  formed into microspheres and converted to 

ThC2 or (Th,U)C 

argon. Their feasibility study suggested that the major problems in- 

volved in perfecting this process would include minimizing the free 

carbon content, decreasing the porosity, and attaining a high density. 
The present work was begun late in 1965, and the early results have been 
summarized. This early work affirmed that although reasonably pure ThC 

could be made by this process, serious problems would be encountered in 

minimizing free carbon content, residual oxygen, and porosity. 

by firing at 1600 to 1750°C under vacuum or in flowing 2 

4 
2 
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The principal result this past year was the development of a 

technique that yielded T h C  

by starting with a gel of an oxide and carbon black. The two critical 

factors are the use of small microspheres and slow chemical conversion 

at a critical sintering temperature. To achieve the proper balance be- 
tween conversion rate and sintering, the reaction is carried out at 

1950 to 20OO0C under argon until nearly complete and then finished under 
vacuum. With large spheres and especially with shards the shrinkage 

pattern is disrupted and large voids appear in the product. 

conversion under vacuum, which occurs at about 1600°C, yields a very 

porous carbide. Thus, the major potential advantage of the mixed s o l  

route, namely, a much lower reaction temperature, cannot be fully real- 

ized in practice. However, a temperature reduction of about 200' can 

still be realized over the reaction of sintered oxide with graphite, 

if 7 to 9% porosity (most of it closed) can be tolerated. 

microspheres denser than 90% of theoretical 
2 

Likewise, 

Preparation of Carbon-Thoria Sols .  - As explained in a later section 

of this chapter, thoria s o l s  act both as dispersant and stabilizer for 

carbon blacks. Although both acidic and alkaline carbons are dispersed 

equally well by thoria, the former yield a more permanent mixed s o l ;  

some of the older preparations have been on hand for over a year and are 

still stable, whereas the alkaline carbons give mixed s o l s  that tend to 

gel and become lumpy within a week or so. The surface area of the carbon 
black is not important except for extremes in both directions: if the 

2 surface area is very high (>lo00 m /g), the mixed sol is too viscous; if 

very low (<30 m /g), the mixed sol is difficult to prepare. 

convenience, pelletized carbon black is much preferred over the fluffy 
form. A very suitable carbon black for the present purpose is Spheron 9 
(Cabot Corp.). 

2 For handling 

This is a channel black with a specific surface area of 
2 

During the blending process the carbon black pellets must be broken 
lo5  m /g, a nominal volatile content of 5%, and an aqueous pH of 4.5. 

up to the surface area aggregates (see Chap. 9). 
separated to this degree, the thoria sol acts as a dispersing agent, 

promoting further separation of the carbon into individual crystallites. 

Three blending methods have been tested: recirculation through a centri- 

fugal pump recycle loop, ball milling, and ultrasonic agitation. Ultra- 

After the carbon is 
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sonic ag i ta t ion  w a s  t he  most successful. This method had been used 

e a r l i e r  t o  prepare mania-  carbon sols. 
a Branson model S-110 sonic generator, with a power output of about 110 w 

a t  20 kHz, achieved good blending of 100-ml batches i n  about 7 o r  8 min. 

During t h i s  t i m e ,  the  diss ipated energy heats t he  so l ,  and i f  external  

cooling i s  not applied the  temperature of t he  s o l  rises t o  about 60 or  

or  70°C. 

ture  r ise a ids  the  d ispersa l  a l i t t l e .  

In t h e  present preparations, 

A s  long as the  s o l  i t s e l f  i s  not heat  sensi t ive,  t h i s  tempera- 

Conversion of Oxide Shards t o  Carbide. - Although the  objective of 

t h i s  program i s  t o  produce dicarbide microspheres, we f e l t  t h a t  a log ica l  

approach w a s  t o  f irst  work with shards, thereby temporarily avoiding the  

added d i f f i c u l t i e s  associated with sphere forming. We used g e l  fragments 

t o  study empirically the  e f f ec t s  of carbon-to- t ho r i a  r a t io ,  atmosphere, 

and temperature on the  carbide product. It w a s  soon apparent t h a t  gross 

porosi ty  i n  the  product w a s  a major problem. 

of t he  holes present i n  a typ ica l  T h C  

Mixed sols  prepared by other blending methods and with d i f f e ren t  carbon 

blacks yielded s i m i l a r  products. 

Figure 8.1 shows the  s i z e  

product prepared from shards. 
2 

400 p 
I 1 

Fig, 8.1. T h C  Shard Showing Gross Porosity. 2 
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It should be noted that incorporation of carbon in thoria sol-gel 

practically guarantees a porosity problem. As little as several parts 

per million of carbon present in dense thoria causes objectionable porosity 
in carbide made from the sintered oxide and graphite.2 

related to the oxide-carbon black-gel process, up to 65% porosity was 
deliberately introduced in sintered thoria through the use of carbon 
(see later section of this chapter). 

for the production of ThC by the oxidecarbon black-gel process is to 

minimize and control porosity, rather than to eliminate it completely. 

Even though shards give a physically unacceptable carbide because 

of gross porosity, we obtained useful data from shards. 
temperatures for both argon atmosphere and vacuum were determined, as 

shown in Table 8.1. "Soluble Thorium" is a measure of the degree of 

conversion, since the carbides dissolve in nitric acid but Tho does not. 

Under argon, complete reaction requires a temperature of at least 1950°C; 

at 2050°C or above sintering becomes objectionable. 

optimum temperature under argon. 
occurred, even after 4 hr. 
appear to be questionable; however, it seems clear that a minimum tempera- 

ture of about l@O"C is required. 

sample suggests that temperature cycling may be beneficial. 

and pore size distribution measurements (by mercury intrusion) on the 

vacuum series samples show two interesting trends. The total pore volume 

remains more or less constant during conversion to carbide, the values 
being 23, 16, 24, 27, and 16%, respectively, at 1480, 1570, 1680, 1780, 
and 1gOO"C; but the size distribution shifts drastically from 100-1000 A 

to 1-20 p between 1480 and 1570" (i.e., as conversion nears completion). 
Conversion under vacuum also seems to encourage retention of more free 
carbon than conversion under argon, which in turn causes a higher pro- 

portion of monocarbide in the final product. 

Also, in a study 

Therefore, a more reasonable goal 

2 

Minimum conversion 

2 

Thus, 2000°C is the 

At 1550°C no significant reaction had 

The chemical analyses on the vacuum runs 

The superior conversion on the 1570°C 

Pore volume 

On 11 other carbide conversions of shards, complete chemical 

analyses (thorium, oxygen, total carbon, and free carbon) of the products 

were obtained. Single-phase ThC structure (by x-ray diffraction) was 

achieved when the ratio of thorium to combined carbon was 1.85 or greater; 

the maximum thorium-to-carbon ratio found was 1.87. These values are 

2 
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s l i g h t l y  lower than the  lower phase l i m i t  of 1.88 t o  1.91 repor ted  by 

Bradley and F e r r i s ,  but  t h i s  may be caused by t h e  r e l a t i v e  i n s e n s i t i v i t y  

of x-ray d i f f r a c t i o n  f o r  de t ec t ing  minor phases. We encountered problems 

i n  g e t t i n g  r e l i a b l e  f ree-carbon determinations,  bu t  i n  genera l  t h e  f r ee -  

carbon content w a s  about 400 ppm when ThC was a l s o  present  and h igher  than  

t h a t  (up t o  7000 ppm) i n  t h e  s ingle-carbide-phase products .  The r e s i d u a l  

oxygen contents  ranged between 200 and 1100 ppm. 

6 

Table 8.1. Conversion of Tho2 Shards t o  Carbide 

React ion Chemical Analyses (%) X- Ray D i f f r a c t  iona 
Temperature Time Free Carbon Soluble Th Tho, ThC ThC, 

1550 

17 50 

1850 

1950 

2O5Ob 

2150' 

4 

3 
2.5 

1 

1 

1 

Under Argon 

11.8 o .05 

10.2 8.62 

5.4 44.65 
0.10 83 69 
0.11 89.59 
1.82 87.02 

I n  Vacuum 

P 

P w k  

P w k  

wk P 

wk P 

P 

6 
3.5 
3 
2 

2 

3.25 53.1 
0.21 74.3 
1.28 63.3 
1.10 69.8 
1.07 71.2 

P P 
P P P 

P P 
P P 
P P 

a P ind ica t e s  phase present ;  wk ind ica t e s  phase w a s  only weakly 
observed. 

bProduct w a s  l i g h t l y  s i n t e r e d .  

Product w a s  p a r t i a l l y  fused. C The high free-carbon content i s  due 
t o  r eac t ion  with t h e  c ruc ib l e .  

dDue t o  power f a i l u r e ,  t h i s  run w a s  cooled and then  reheated.  



140 

Since t h o r i a  sols contain n i t r a t e ,  the  react ion between carbon and 

n i t r a t e  i s  of i n t e r e s t  because it w i l l  influence the  e f f e c t i v e  carbon- 

to- thor ia  r a t i o .  Preliminary experiments, which simulated the  reac t ion  

conditions ex is t ing  i n  carbon-thoria gels ,  showed t h a t  t h e  stoichiometry 

of the  carbon-nitrate react ion i s  a function of the  manner i n  which t h e  

n i t r a t e  i s  present.  Ni t ra te  i n  three  forms [NH NO 
w a s  added t o  carbon-thoria sols, which were then dr ied  t o  ge ls  and heated 

t o  400°C under argon. 

carbon, from which the  carbon-to-ni t ra te  react ion r a t i o  w a s  calculated.  

For n i t r a t e  present as NH NO no carbon w a s  consumed; the  ammonium 

n i t r a t e  simply decomposed t o  water and ni t rous oxide. With n i t r i c  acid, 

about one-third carbon atom w a s  consumed per n i t r a t e  ion, and with 

thorium n i t r a t e  about 1 l /3 .  
with Th(N0 ) 
lower temperatures. Work on these react ions i s  continuing. 

HN03, and Th(N0 ) 1 4 3' 3 4  

The residues were analyzed f o r  t h e i r  remaining 

4 3  

The lower react ion r a t i o  with HNO than 3 
i s  probably caused by the  v o l a t i l i t y  of the  ac id  a t  

3 4  

Conversion of Microspheres t o  Carbide. - Microspheres can be formed 

from mixed carbon-thoria sols i n  2-ethyl-1-hexanol i n  a manner analogous 

t o  pure t h o r i a  sols, except that t h e  choice of sur fac tan t  i s  more c r i t i -  

c a l  and, even under the  most favorable conditions, some carbon "shedding" 

(loss of carbon t o  the organic phase) occurs. After t e s t i n g  a v a r i e t y  

of  surfactants ,  we found the  optimum combination w a s  0.2 vol $J Span 80 
and 0.2 vol  % Ethomeen S/15. 
column but causes a rough surface on the spheres. Addition of t h e  

Ethomeen S / l5  smooths the  surfaces .  

c lus te r ing  but  not as well  as Span 80. 
Fig. 8.2. 

The Span 80 controls  c lus te r ing  i n  the  

Ethomeen S/ l5  alone p a r t i a l l y  controls  

Typical spheres a r e  shown i n  

Once the  g e l  beads have been formed and allowed t o  harden enough 

t o  handle (about 1 h r ) ,  fur ther  exposure t o  2-ethyl-I-hexanol has no 

e f f e c t  on e i t h e r  s i z e  o r  carbon-to-thoria r a t i o .  Fresh beads were 

compared with some t h a t  had remained i n  contact with t h e  solvent f o r  

t h r e e  days. For two d i f f e r e n t  sols, the  respect ive carbon-to-thoria 

r a t i o s  were 4.19 vs 4.24, and 3.79 vs 3.79. 
i n t o  beads of th ree  s i z e s :  200, 300, and 400 p. Aging i n  solvent f o r  

th ree  days caused no detectable  change i n  s i z e .  Drying a t  110°C caused 

a l l  th ree  t o  shrink about 10 vol  $. 

The above sols were formed 

Fi r ing  a t  1 b O " C  caused a t o t a l  
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temperature cycling (see Table 8.1, note d ) .  

so. 

vacuum, using none, one, o r  two thermal cycles. Chemical reaction was 

This did not prove t o  be 

Seven t r i a l s  were made a t  temperatures of 1600 t o  1750°C under 
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essentially complete in all cases, but the products were fine-grained 

and porous, with porosities ranging from 19 to 49%. 
obviously under-sintered, since they “pop-corned” on exposure to air 

(due to high internal surface area) and showed a very fine-grained 

structure on the metallograph. 

These products were 

The above observations suggested the use of a higher temperature to 

promote sintering and the use of an argon atmosphere to retard the reac- 

tion rate. 

used to monitor the reaction, which took 1 to 4 hr at 1850 to 2050°C. 
Near the end of the reaction the CO concentration in the argog sweep 
gas dropped, and a vacuum was then applied to complete the conversion. 

The equilibrium CO pressure over ThC - Tho is about 1 atm at these 

temperatures.7 

gas contained about 4000 ppm CO at steady state, which is controlled in 

this case by diffusion of CO out of the sample crucible. 

obtained. Results are summarized in Table 8.2. Taking 9.60 g/cm3 as 
the density of ThC the observed particulate densities are 91 and 93% 
of theoretical. 

ties are about 6 to 8%. This is evident in cross sections (Fig. 8.3). 
(Since helium and mercury intrusion densities are the same within ex- 

perimental error, there are no open pores in the range 5 to 120 A either.) 
The crushing strength of these spheres is adequate for most purposes, 

although less than sometimes obtained with other sol-gel microspheres. 

The external appearance is not as uniform as would be desired (Fig. 8.4) 
and might be significant in terms of surface fine structure. Both oxygen 
and free carbon contents are reasonably low, and it may be difficult to 

decrease them much further. 
conducted at 1950°C or above, the free carbon ranged between TOO and 

190 ppm and oxygen between 300 and 1100 ppm. This aspect of the 

problem is currently under study. 

An infrared in-line CO analyzer (Beckman, model 315) was 

2 2 
Under the conditions used for these runs, the argon sweep 

From six such runs, products denser than 9% of theoretical were 
a 

2’ 
Since the open porosities are about l%, closed porosi- 

Considering only the five runs in Table 8.2 

In general terms, the explanation for the success of the firing 

method finally adopted must revolve about a critical balance between 

grain growth, sintering, and chemical conversion. First of all, the 
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Table 8.2. Properties of Thorium Carbide Microspheres 

Run 11- 146 11- 148 11- 150 111- 14 111- 16 111- 18 
Max. Temp., OC 

Time at temp., hr 

X- ray diffract ion" 

Th02 
ThC 

ThC2 

Thorium, '$ 

Total Cy % 

Oxygen, % 
Material balance 

Free C, '$ 

Value of x in ThC 
X 

Density, g/cm 3b 

Particulate 

Hg Intrusion 

Helium 
C Open porosity, % 

20 50 

1 

? 

v wk 

P 

90.93 

9.09 

o .096 

1950 

2.5 

0 

0 

P 

91. * 25 

8.74 

0 .Ob5 

100.12 100.04 

0.12 0.12 

1.92 1.83 

> 8.75 8.83 
8.84 8.95 

< 1  1 * 3  

700 790 d Crushing strength, g 

1850 1975 1975 2030 

4 2.5 2 - 5  4e 

? 

wk 

P 

90.88 

8.85 

0.360 

100.09 

0.47 

1.83 

0 

v wk 
P 

91 * 23 

8.57 

0.033 

99.83 

0.066 

1.81 

0 0 

v wk v wk 

P P 

91.23 91.45 

8.52 8.65 

0.032 0.106 

99.78 100.21 

0.106 0.186 

1.79 1.80 

8.75 > 8.91 > 8.76 > 8.97 
8.87 9.00 8.84 9.06 

9.04 8.77 9.10 

1.4 < 1 < 1  < 1  

940 800 700 

~ ~~~ 

a P indicates phase present; v wk, very weak; wk, weak; ?, may be 
present; 0, not detected. 

b"Particulate" density means the bulk density of single spheres; 
"Hg intrusion" density is the density after subtracting the volume occupied 
by mercury at l5,OOO psi. 
the "open porosity" for pores larger than 120 A. 
tracts all pore volumes down to about 5 A. 

The difference between these two values give 
The helium density sub- 

C Defined in note b. 

%orrected to 240 p diameter, by assuming that crushing strength is 
proportional to the square of the diameter. 

Temperature was gradually increased from 1700 to 2030°C during the e 

4 hr. 
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Fig. 8.3. Cross Section of T h C 2  Microspheres. (a) Fired 4 hr 
a t  up t o  1870"~. (b) Fired 1 hr at  up t o  2050°C. 



F 

' /  

Fig. 8.4. ThC2 Microspheres. 

of the carbon greatly retards sintering of ' 
method would not work at all (note, e.g., the perma 

dense thoria by small amounts of carbon ). If conv 
occurs at too l o w  a temperature, sintering of the g&,  

the outside dimensions, and further heating simply ci 

small pores into large internal pores. Under a carbon m 

pressure of about 1 atm, conversion to carbide occurs at 
where grain growth is optimized, and the entire particle 

a high density, provided the shrinkage path is not t _I 

presence of carbon monoxide during this process may 

grain growth by enhancing diffusion on the solid Sur 

9 

Preparation of ThC, Microspheres by Conversion of Sintered Oxide 
L 

The outlook for pyrolytic-carbon-coated UO 2 and (Th,U)02 micro- 
spheres as potential fuels for high-temperature gas-cooled reactors 
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continues to be favorable from the standpoint of chemical and radiation 

stability. However, we must still consider the possibilities of dicar- 

bide fuels for this application and the simplest method for remotely 

preparing these fuels. 

We showed in previous studiesg that dense T h C  and ( T h , U ) C 2  

microspheres could be prepared by heating dense sol-gel Tho and 

(Th,U)02 microspheres with equal weights of carbon at 2150 t 5 0 ° C ;  

this was accomplished in a graphite crucible rotating at 40 rpm under 
a flowing argon atmosphere. We prepared hy-postoichiometric UC micro- 2 
spheres (UC 

but these were porous because of the residual carbon (0.6 wt %) in the 
starting material. 

2 

2 

) in the same manner at a lower temperature ( 2 0 O O 0 C ) ,  1 . 5  

In our continuing process studies, we were concerned primarily 

with further simplification of the conversion process. Also, we ex- 

tended our studies to the preparation of UC microspheres from sol-gel 

UO microspheres. 2 
The sol-gel microspheres used as starting materials in our previous 

studies were calcined at 1 1 5 0 ° C  in air or argon for the removal of 

volatiles and for densification before conversion. A more efficient 
process would evolve if the sol-gelmicrospheres, after drying at 1 2 O o C ,  

could be calcined to dense oxide particles and converted to dicarbide 

particles in the same environment in one operation. 

We demonstrated that the combined calcination-conversion approach 

was feasible, using 600-p Tho sol-gel microspheres, provided the heat- 
ing rate did not exceed 230°C/hr below a temperature of 700°C and the 
crucible did not rotate more than about one revolution per hour below 

a temperature of llOO°C. 
resulted in cracking of the particles. Excessive rotation of the 
crucible during the time required for calcination caused packing of 

carbon against the crucible walls; this reduced oxide-to-carbon contact 

and the amount of carbon available for particle separation, which, in 

turn, resulted in sintering of particles together and incomplete con- 

version of the particles to the dicarbide. 

2 

Excessive heating rates during calcining 

In the combined calcination-conversion process, carbon contained 

in the starting material is not removed during calcination in the argon 



atmosphere and therefore will be present during conversion. 

ly noted' that appreciable quantities of residual carbon in UO 

spheres resulted in a porous product after conversion to carbide. To 
study further the effects of residual carbon on the final product, we 

converted 600-p-dim sol-gel Tho 

residual carbon to ThC by the combined-operations process; for compari- 

son, the carbon content of oxide particles from the same batch of start- 

ing material was reduced to 100 ppm by air calcination at 1000°C before 

conversion to carbide under the same conditions of time and temperature 

(6 hr at 22OO0C). 
showed the high-carbon-content oxide particles to have much greater 

porosity after conversion than the low-carbon-content particles. 

We previous- 
micro- 2 

microspheres containing 1.5 wt $ 
2 

2 

Metallographic examination (Fig. 8.5) of the products 

Conversion of UO to UC 
? 

Uranium monocarbide microspheres are of interest for use in metal- 

clad fuel elements. Harder, Read, and Sowden'' prepared stoichiometric 

UC by low-temperature (850"~) hydrogen treatment of hyperstoichiometric 
UC powder. We are investigating the feasibility of preparing UC micro- 

spheres similarly from hypostoichiometric UC 2. 
We prepared UC microspheres containing platelets of UC by heating 

1.5 
UO sol-gel microspheres with carbon at 2000°C. These particles were 

then heated in hydrogen for 24 hr at the prescribed temperature" of 

850"c. The treated particles had a dark gray crust of material that 
was badly cracked and tended to spall. We were unable to identify this 

material metallographically or by a Debye-Scherer x-ray diffraction 
pattern. The unreacted cores of the particles were apparently unchanged 

by the hydrogen treatment. 

2 

Results from heating the UC microspheres in a tungsten crucible 
1- 5 

in hydrogen at 1gOO"C for 1 to 2 hr were encouraging. 

examination showed the material treated under these conditions to be a 

UC matrix containing thin platelets of UC 

tration was low, since only UC was detected in a Debye-Scherer x-ray 

diffraction pattern. These results appear to be inconsistent with the 

findings of Harder, Read and Sowden,10 who reported that 850°C was the 

optimum temperature and that above 1100°C very little reduction occurred. 

Metallographic 

Apparently the UC2 concen- 2- 
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Fig. 8.5. Microstructures OS ' I ' Y ~ C ; ~  mcrospneres rrepar-eu uy 
Heating Oxide Par t ic les  of Different Carbon Content with Lampblack a t  
220OOC f o r  6 hr. A s  polished. 75X. (a) 100 ppm i n i t i a l  carbon. 
(b) 1.5 w t  % i n i t i a l  carbon. 

. 



To determine whether our results of heating in hydrogen at lgOO°C may 
have been influenced more by the "gettering" of carbon by the tungsten 

crucible than by the hydrogen treatment, we heated the UC 

at l_gOO"C for 2 hr in a tungsten crucible in an argon atmosphere. Al- 
though some increase in UC content was evident by metallographic examina- 
tion after this treatment, it was not as extensive as that obtained by 

hydrogen treatment of the UC microspheres. Furthermore, the carbon 

reduction obtained by hydrogen treatment of UC 

tungsten powder appeared to be insignificant, and we observed in the 
microstructure of the particles unidentified phases that had not been 

observed in the previous experiments. 

microspheres 
1.5 

1- 5 
particles buried in 1.5  

We concluded that the presence of tungsten influenced the carbon 
reduction in the UC 

the most important factor. 
particles but that the hydrogen treatment was 1-5 

Porous Oxides 

K. J. Notz 

Laboratory studies are being carried out on methods by which con- 

trolled porosity can be built into sol-gel uranium and thorium oxide 
microspheres. 

material to be volatilized is introduced at the s o l  preparation step 

and then volatilized in the gel-firing step. 

preparation of porous thoria by the volatilization of carbon by oxida- 

tion from thoria-carbon gels, porous UO by chloride volatilization, 

We are presently investigating methods whereby the 

We have examined the 

2 
and porous Tho2, U02, and Tho -UO by volatilization of MOO introduced 

2 2  3 
as molybdic acid in the oxide s o l .  

and Tho -UO by Incorporation of 4 9  -2 Preparation of Porous UO 
Chloride or MOO (T. A. Gens'') 3 

Urania microspheres with porosities between 1 and 44% (see Fig. 
8.6) were made by firing gel spheres prepared from UC14. 

chloride in the gel spheres, and thus the porosity of the products, could 

be controlled by varying the volume of ammonium hydroxide solution used 

as a leachant. 

above 25%. 

range from 0.01 to 10 p. 

The amount of 

Most of the pores were about 1 p in diameter at porosities 

At lower porosities the pore sizes were distributed over a 



P 

F 

Fig. 8.6. U02 Microspheres with 44% 
Chloride-Containing G e l .  The pores a re  U n l l u r - u u y  ULD L,I .LUUL,CU ULLLUUW- 

out t h e  mic rospheres . 
Urania o r  thor ia  microspheres of 20 t o  35% porosity G o d d  be pre- 

pared from ge ls  containing MOO 

made, and t h a t  w a s  a t  43% porosity. 

i t y  could be controlled by varying the  molybdenum-to-uranium r a t i o  i n  

t h e  sols from 0 . 1 t o  0.8. The f i n a l  products c losely resembled the  

products described i n  t h e  preceding paragraph except t ha t  t h e  pore s izes  

tended t o  be la rger  and pore s i z e  increased with increasing porosi ty  

(Fig. 8.7). 
a range of molybdenum-to-thorium ra t io s  from 0.4 t o  0.6. 

Only one UO 2 2  -Tho preparation was 3' 
In  the  UO preparations, the  poros- 2 

The porosity introduced i n  Tho2 w a s  not reproducible over 

The preparation 

of porous U02, Tho2, and UO -Tho 

described i n  more d e t a i l  i n  t op ica l  reports.  

by vo la t i l i z ing  chloride o r  MOO i s  
3 12,1.3 

2 2  

Preparation of Porous Thoria by Incorporation of Carbon 

(K. J. Notz, A. H. Mesch,14 C.  K. Neulander14) 

For cer ta in  nuclear applications,  a l imited amount of controlled 

porosi ty  i s  desirable  i n  Tho 

t h o r i a  (and other oxide fue ls  as  well) i s  t o  incorporate carbon black 

i n  the  oxide s o l  and subsequently burn out t he  carbon. 

One way of introducing porosi ty  in to  
2' 

The f e a s i b i l i t y  



151 

Fig. 8.7. Porous UOg Microspheres Made frc 
Uranium( IV) Sols. Porosity is 19.2% in (a) and ; 
molybdenum- to-uranium atomic ratios in the respec 
and 0.29. 

was demonstrated several years ago15 at a porosit 

During the past year, this work was continued to 
and control of the pore size distribution. 

In addition to nuclear applications, porous 
with pore sizes in the 100- to 1000-A range may b 

graphic media for the separation of biologically 
Below 100 A, molecular sieves are available, and : 

tional filters can be obtained. Therefore, if PO: 
with a controlled pore size in the above range, i. 
value in other areas of research. 

)m Chloride-Containing 
29.7% in (b). The 
:tive sols were 0.10 

y level of 1 to 4%. 
seek higher porosities 

inorganic materials 

e useful as chromato- 

important compounds. 
zbove 1000 A conven- 
rous thoria can be made 

t may have potential 

Work on this problem during the past year dealt only with shards; 

The primary variables studied so far current work is on microspheres. 

are carbon-to-thoria ratio and variations in the firing cycle that both 

densifies thoria and burns out the carbon. The best control and maximum 

porosity for a given carbon content is obtained if the mixed gel is first 

densified at about 1400°C and the carbon burned out afterward. 

method has given porosities up to 64%, with the pore sizes in the 120- 
to 2000-A range. Typical data are shown in Fig. 8.8. Details of this 

This 

work will be published as a topical report. 16 
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Fig. 8.8. Porosity of Sol-Gel Thoria from Which Incorporated 
Carbon Was Burned Out. 

Properties of CarbopMetal Oxide Sols 
K. J. Notz 

To b e t t e r  understand the  problems associated with the  preparation 

of carbon-thoria sols, which a re  subsequently used t o  make ThC2 micro- 

spheres, we studied the  properties of these sols and a l so  of other metal 

oxide- carbon sols. Electron microscopy, "viscosi ty  t i t r a t i o n s " ,  elec- 

t rophoret ic  measurements, and other physicochemical methods were employed. 

So far only urania sols have interacted with carbon blacks i n  a manner 

analogous t o  thor ia  sols. 

boehmite (AlOOH),  zirconia, and europium hydroxide - behaved d i f fe ren t ly .  

The other sols t ha t  we examined - s i l i c a ,  
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The thoria s o l s  we prepare by stem-stripping of the tetranitrate 

have a crystallite size of about 70 A and are acid-stabilized (i.e., 
positively charged). 

blacks, thereby forming very stable, very fluid, and relatively concen- 

trated thoria-carbon s o l s .  The rather dramatic effect of a thoria sol 

on an 8 M carbon black paste is shown in Fig .  8.9. As the thoria con- 

centration is increased, the viscosity decreases greatly, attaining a 

minimum at a carbon-to-thoria mole ratio of about 8. 
concentrations the viscosity increases slightly because of the additional 

thoria. A curve of this type, in which viscosity is used to determine an 
end point, may be termed a viscosity titration. Similar titrations at 

other initial concentrations and also in the opposite direction (i.e., 

adding carbon black to a thoria sol) gave similar curves and end points 

at carbon-to-thoria mole ratios of about 8. Thks we conclude that there 

is a fixed carbon-thoria interaction ratio. This ratio is a function of 

These s o l s  can disperse and stabilize carbon 

- 

2 At higher Tho 

ORNL DWG. 67-6938 

0 I 2 

THORIA CONCENTRATION, "molarity" 

Fig. 8.9. Viscosity Titration of an 8 - M Suspension of Spheron 
9 (a Carbon Black) by a Thoria Sol. 



the  s p e c i f i c  surface area (or ,  equivalently, of p a r t i c l e  s ize ,  s ince t h e  

two a r e  inversely r e l a t e d ) .  

s i z e  of 35 A -- only ha l f  as la rge  as the steam-stripped t h o r i a  - i s  

used, the  end point  i n  a v i s c o s i t y  t i t r a t i o n  occurs a t  a carbon-to- 

t h o r i a  mole r a t i o  of about 1.5. The end point a l s o  varied with t h e  

p a r t i c l e  s i z e  o f  t h e  carbon. 

r a t i o  i s  dependent on t h e  p a r t i c l e  s i z e  of the  carbon as wel l  as t h e  

c r y s t a l l i t e  s i z e  of the  thor ia .  

When a prec ip i ta ted  t h o r i a  with a c r y s t a l l i t e  

Thus the  thoria-carbon i n t e r a c t i o n  mole 

Electron micrographs suggest t h a t  t h e  Tho p a r t i c l e s  a c t  as a 2 
protect ive col loid,  a t taching t o  t h e  carbon surfaees .  This i s  a l s o  borne 

out by measurements of the  z e t a  po ten t ia l :  the  thor ia  sols have a ze ta  

p o t e n t i a l  of +67 mv compared t o  +55 mv f o r  t h e  mixed carbon-thoria so l ,  

whereas conventional aqueous carbon black sols have a negative z e t a  

po ten t ia l .  

The i n t e r a c t i o n  between t h o r i a  and carbon black must be f a i r l y  

and carbon strong, s ince attempts t o  separate and recover both Tho 

from blended sols have not been successful.  

sol with approximately 4 - M H C 1  converted t h e  t h o r i a  t o  a soluble  chloride, 

leaving a carbon residue. This residue w a s  then examined under t h e  

e lec t ron  microscope and i t s  s p e c i f i c  surface areas w a s  a l s o  measured. 

The recovered carbon, which amounted t o  81% of t h e  o r i g i n a l  amount, 

w a s  v i r t u a l l y  unchanged. 

2 
However, ref luxing the  mixed 

Urania sols behaved i n  a s i m i l a r  manner toward carbon black. I n  

f a c t ,  about t h e  same s t a b i l i z i n g  and dispersing e f f e c t  w a s  noted as f o r  

t h o r i a .  I n  v i s c o s i t y  t i t r a t i o n s  with UO sols, the  end point  occurred 

a t  about t h e  same carbon-to-metal r a t i o  as with thor ia  a f t e r  a p a r t i c l e  

s i z e  correct ion w a s  applied.  The urania  sols were very much l i k e  t h e  

t h o r i a  sols: t h e  c r y s t a l l i t e  s i z e  of the  former w a s  50 A, and both oxide 

sols were p o s i t i v e l y  charged. 

2 

The other oxide sols t e s t e d  for t h e i r  dispersing a b i l i t y  toward 

carbon black gave negative r e s u l t s .  The s i l i c a  s o l  had s m a l l  c rys ta l -  

l i t e s  (75 A )  but w a s  negatively charged. The other  sols were pos i t ive  

but had la rge  p a r t i c l e  s i z e s :  

and AlOOH, 100 x 1000 A. From these da ta  one would conclude t h a t  an 
oxide s o l  sui-table f o r  dispersing and s t a b i l i z i n g  carbon black must 

consis t  of small (<DO A i n  the  longest dimension) pos i t ive ly  charged 

p a r t i c l e s .  

E u ( O H ) ~ ,  300 x 2000 A; b o 2 ,  50 x 300 A; 
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9. DRYING, SINTERING, AND GAS EVOLUTION 
ON SOLGEL U02 MICROSPHERES 

W. D. Bond 

Drying and sintering studies are being made on 

STUDIES 

sol-gel UO micro- 2 
spheres to establish firing conditions that yield products having low 

carbon content (< 100 ppm) and near-theoretical density. 
problem in firing UO gel microspheres resides in the removal of carbon, 

which is introduced by the microsphere-forming step as sorbed 2-ethyl-l- 

hexanol and surfactant. Low-temperature drying methods, such as steam 

drying to 200°C or washing at room temperature with acetone or methanol, 
did not remove carbon to acceptable levels. We find a mild oxidizing 

gaseous atmosphere is required to remove carbon and achieve high density 

during the firing. It appears that chemical reaction with either steam 

or carbon dioxide is required to remove the final traces of carbon com- 

pounds. Reducing atmospheres, such as hydrogen, or neutral atmospheres, 

such as argon, do not achieve the desired carbon levels. Firing in an 

atmosphere containing .has been far more successful than in one 

containing carbon dioxide, although in many cases carbon dioxide has 

yielded adequate results. The difficulty in removing carbon with these 

atmospheres resides in the fact that the maximum shrinkage rate and pore 

closure occur in the temperature interval 400 to 6oO°C,  where carbon is 

oxidized. Carbon dioxide is more effective in promoting sintering and 

pore closure than is steam, and we consider this to be a disadvantage in 

that it leads to trapping of the carbon compounds and hence tends to 
block densification. The enhancement of sintering may be due to oxida- 

tion of the UO by carbon dioxide or steam. Studies by thermogravi- 

metric analysis (TGA) show that the U02+x is oxidized by carbon dioxide 

or steam at temperatures below which the carbon is oxidized. This result 

is in agreement with thermodynamic calculations. 

The major 

2 

2+x 

The most effective atmosphere that we have used for attaining low 

2 carbon and high density is Ar-H -H 0. 
saturated with water vapor at 9 ° C  (-40 moles H O/mole H ) and have 
found it to be effective in small-scale firings. We have not as yet 

investigated other proportions of Ar-4% H and steam. Thermodynamic 

We have been using Ar-4% H 

2 2 

2 2  

2 



158 

calculations show that the composition presently used reduces UO up 
to ~OOO"C at all values of x from 0.05 or greater (x in our uo gels 2+x 
ranges from 10.1 to 0.35), but it oxidizes carbon or hydrocarbons. On 

the other hand, argon-steam or carbon dioxide atmospheres are oxidizing 
to the U02+x under the same conditions. 

2+x 

In the past year, we performed basic studies on the effects of 
gels in an attempt to various atmospheres on the sintering of UO 

understand both carbon removal and UO densification. Fundamental studies 

of the variables of isothermal shrinkage rate, crystallite growth, and 

surface area decrease were made. Data on differential thermal analysis 

(M'A), thermogravimetric analysis (TGA), and gases evolved on heating 

were used also to study reactions and phenomena occurring during the 

firing of UO gels in various atmospheres. Based on the fundamental 2 
studies, we specified a drying and firing schedule, which on a laboratory 

(5- to 10-g) scale yielded microspheres of low carbon content and high 
density. Firing procedures involving a variety of semiempirically chosen 

atmospheres and soaking conditions were evaluated for their effectiveness 

in carbon removal and densification in 10- to 300-g firings. Low- 

temperature drying conditions were again examined for their effectiveness 

in carbon removal. 

2+x 

2 

Isothermal Shrinkage of Sol-Gel Urania Microspheres 

R. L. Hamner 1 H. Beutler 

Individ-ual urania gel microspheres were held at carefully controlled 

temperatures in a hot-stage microscope, and the process of shrinkage was 

followed by sequence photography. We determined isothermal shrinkage on 

six spheres in dry hydrogen in the temperature range 680 to 1000°C. 
differentiate between dimensional changes due to drying and sintering 

we soaked the spheres for 12 hr at 400°C before each determination. 
During this soaking treatment, in which the volatiles were removed, we 

observed cortsistently a linear shrinkage of 8 to 10%. 
experiments are shown in Fig. 9.1. A s  in the case of thoria particles, 

the shrinkage followed a law of the form aT./Lo n: t 

ture. The isotherms differ, however, from those expected from simple 

To 

Results of our 

n at constant tempera- 
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Fig. 9.1. Isothermal Shrinkage of Sol-Gel UO Microspheres in 2 Hydrogen. 

sintering theory in that log-log plots of the fractional shrinkage vs 
time are not linear but decrease in slope with increasing shrinkage. 

The slope of the shrinkage isotherms decreases from 0.20 to 0.1 as .aL/L 

values increase from 0.04 to around 0.1. 
served was 24% after 1 hr at 9 9 0 ° C ,  compared to 26% predicted for 
theoretical density. 

0 
Maximum linear shrinkage ob- 

Changes of Crystallite Size, BET Surface Area, and Bulk 
Density During Drying and Sintering of Urania Microspheres 

R. L. Hamner 1 H. Beutler 

We carried out two series of isothermal heat treatments on sol-gel 
UO microspheres to investigate the effects of time and temperature on 

crystallite size, BET surface area, and bulk density. We selected 

temperatures of 300, 500, 700, and 90°C and heat treatment times of 
1 to 24 hr. 
Ar-4% H2. 
with water at room temperature. The microspheres were contained in 

fused silica boats and heat treated inside a silica carrier tube in a 

2 

The sintering atmosphere for the first series was dry 

In the second series the argon-hydrogen mixture was saturated 
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laboratory muffle furnace. 

t u r e  were i n i t i a l l y  charged together i n t o  the  cold furnace. The tempera- 

t u r e  w a s  ra i sed  t o  the  required l e v e l  and control led t o  210°C. After 

i n t e r v a l s  of 1, 2, 5, and 24 hr ,  t h e  samples were moved i n t o  t h e  cold 

end of the  ca, r r ier  tube. 

one temperature were exposed t o  t h e  same heatup cycle.  

t r e a t e d  sample we determined the x-ray c r y s t a l l i t e  s i z e  (from the  broad- 

ening of 111, 220, 311 r e f l e c t i o n s ) ,  the  BE?C surface area, and t h e  bulk 

dens i ty  by mercury porosimetry. Experimental r e s u l t s  a r e  summarized i n  

Fig. 9.2. 

A l l  the  samples heat t r e a t e d  a t  one tempera- 

By t h i s  means a l l  t h e  samples heat t r e a t e d  a t  
For each heat 

I n  dry  A r - 4 $  H2 we did not observe c r y s t a l l i t e  growth or  
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. 

change in surface area at heat treatments for 24 hr at 500°C and below. 
Above 500°C the crystallite size increased and the BET surface area 
decreased with both time and temperature. 

When the materials were heated for 24 hr at g 0 0 " C  the average 

crystallite size increased from 69 A (crystallite size of original gel) 
to 247 A, and the surface area decreased from 69.7 m /g (BET surface 
area of original gel) to 1.03 m /g, which is approximately 500 times 
larger than the geometrical surface area of the microspheres used. 
bulk density increased even after heat treatments at 300°C, although 

crystallite size and BET surface area did not change. As previously 

discussed, the density increase at low temperature is associated with 

the removal of volatiles and subsequent reordering of crystallites and 

agglomerates thereof to a closer packing. "he change in bulk density 

with both time and temperature is in good agreement with our previously 

discussed shrinkage data obtained by hot-stage microscopy on single 

microspheres. 

2 

2 

The 

The relationship between fractional shrinkage, crystallite growth, 
2 and surface area decrease is shown in Fig. 9.3. Data previously ob- 

tained for the densification of thoria are shown for comparison. The 

relationships between shrinkage, crystallite growth, and surface area 

decrease for both thoria and urania are remarkably similar and appear 

independent of temperature. This suggests a similar activation energy 

for both densification and crystallite growth. 

The presence of water vapor lowered the temperature at which 

crystallite growth and surface area reduction started and enhanced the 

process of densification over the whole range of conditions investigated. 

After a heat treatment for 24 hr at g0O"C in wet Ar-4$ H2, the density 
increased to 10.14 g/cm , the crystallite size increased to 62c A, ard 
the surface area decreased to 0.008 m /g, a value only 4 times higher 
than the geometrical surface area of the spheres used. 

3 
2 

The increase in densification rate due to the addition of water 

vapor - which we observed either directly in changes of bulk density 

or indirectly in changes of crystallite growth and surface area reduction 

with time - corresponds to a temperature increase of 100 to 150°C in 
treatments in a dry atmosphere. 
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Di f fe ren t ia l  Thermal Analyses of Sol-Gel Urania 

R .  L. Hamner 1 H. Beutler 

We employed d i f f e r e n t i a l  thermal analyses (DTA) as addi t ional  means 

of invest igat ing the  drying and s in te r ing  behavior of so l -ge l  urania.  

A t yp ica l  ETA pattern,  which we obtained during the  heating of  crushed 

UO microspheres i n  Ar -4% H a t  a uniform r a t e  of 1O0C/min, i s  shown i n  

Fig. 9.4. 
interrupted by a strong energy-release peak a t  220°C. 

surface energy i s  detected a t  730°C and peaks a t  870°C. 

the  endothermic peaks t o  the  evaporation of res idual  vo la t i l e s .  The 
sharp exotherm s t a r t i n g  a t  220°C i s  typ ica l  of both tho r i a  and urania 

2 2 
Two pronounced energy-absorption peaks a t  170 and 470°C a r e  

A re lease  of 

W e  a t t r i b u t e  

Area, 
U02 and 
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Fig. 9.4. Differential Thermal Analysis Pattern of Sol-Gel 
UO Microspheres. 2 

microspheres. Since this exotherm is observed only for gels that contain 

residual organic solvents and surfactants, we attribute this energy re- 

lease to the oxidation of organic compounds by nitrate. This reaction 

has caused severe cracking of Tho microspheres heat treated in bulk 2 
charges. 

can be successfully suppressed by exposing the microspheres to super- 

heated steam at 150°C for 8 hr before the critical temperature region 
(200 to 250°C) is passed. 

We have demonstrated by DTA that the organic-nitrate reaction 

On the basis of our previously discussed study of changes in BET 

surface area and crystallite growth, we expected the energy release 

peak due to sintering to start at a lower temperature. We suspected 

that concurrent removal of residual volatiles during the initial states 

of sintering resulted in an apparent shift of the surface energy release 

peak. We subsequently investigated the surface energy release pattern 

of urania gel fragments that did not contain residual organics. In 

addition we precalcined the sample in the DTA apparatus for 4 hr at 400°C 
before final heatup to remove residual volatiles. The release of sur- 

face energy started at 600°C and peaked at 700"C, in agreement with 
crystallite growth and surface area decrease measurements. 
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We investigated the effect of steam-Ar-4$ H and carbon dioxide 2 
atmospheres on the surface energy release pattern. 

water vapor shifted the surface energy release peak approximately 100°C 

downward in temperature, but the intensity and general pattern of the 
peak remained remarkably similar to the one obtained in dry Ar-4% H2. 
The carbon dioxide atmosphere caused a drastic lowering of the tempera- 
ture where surface energy release started (see Fig. 9.5). 
occurred with:in a very narrow temperature range and was completed at 
650"~. 
in carbon dioxide confirmed that both sintering and crystallite growth 

were greatly 'enhanced. 

helium pycnometer, the bulk density of the microspheres after this 

The addition of 

The release 

An isothermal heat treatment of microspheres at 650"c for 24 hr 

As measured by both mercury porosimetry and 

3 treatment was 10 g/cm , indicating complete closure of surface pores. 
X-ray diffraction revealed preferential crystallite alignment in the 

[220] direction. 
these effects are associated with oxidation of urania during sintering 

So far we have not been able to demonstrate whether 
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Fig. 9.5. Comparison of Differential Thermal Analysis Patterns 
of Sol-Gel TJOg Fragments Heated at 10°C/min in Two Atmospheres. 
Samples had been precalcined 4 hr at b0"C in Ar4% H2. 
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in C02. 

due to CO a disadvantage. Removal of carbon by COP before sintering 

(below 400°C) is extremely slow, and removal during sintering appears 

to lead sometimes to low densities (see previous section). 

We consider the drastic acceleration of the sintering process 

2 

We conclude that the study of the surface energy release by DTA is 

a convenient means to characterize the sinterability of sol-gel materials. 

It enables the determination of upper temperature limits for removal of 

residues before sintering. For the particular UO sol-gel material in- 

vestigated, these temperature limits are: 
2 

Drying Atmosphere Maximum Drying Temperature 

Dry Ar-4% H2 550°C 
Steam-Ar-@ H2 450°C 

Carbon dioxide 400°C 

UO Oxidation Studies by Thermogravimetric Analysis 2 
W. D. Bond 

Additional thermogravimetric analysis experiments were performed 

beyond those previously rep~rted.~ We showed that the UO gels are 

readily oxidized by carbon dioxide or argon-steam mixtures in the range 

400°C and upy but carbon oxidation is not very rapid until the tempera- 

ture reaches 500°C. The weight change pattern at constant temperatures 

above 500°C indicated that the U02+x and the sorbed carbon-bearing 

species were simultaneously oxidizing. In the initial stages the rate 

of U02+x oxidation apparently exceeded the rate of carbon oxidation, but 
after 2 to 5 min the carbon oxidized faster. After oxidation in CO to 2 
65oocy the U02 samples had lost 9% of their BET surface areas. The 

oxidation of UO with carbon dioxide o r  steam is in agreement with 2+x 
thermodynamic calculations. 4' 
indicate5 that the oxidation of UO 

removal step by using as little as 0.1% CO in the carbon dioxide or 

0.1% H2 in steam. 
steam atmosphere. 

2+x 

The thermodynamic calculations also 
can be prevented during the carbon 

2+x 

Future TGA studies will seek the effect of the hydrogen- 



F i r i n g  i n  Various Atmospheres 

W. D. Bond 
. 

In  the  f i r i n g  of UO gelmicrospheres,  we heat  up and soak the  g e l  2 
i n  atmospheres t h a t  can p o t e n t i a l l y  reac t  with and remove t h e  carbon and 

then densify t h e  gel .  

reduce t h e  UO,,, t o  U02.00. 

previously reported f o r  CO 2 
studied Ar-H 0, A r - H  -H 0, and room-temperature exposure t o  a i r  followed 

by f i r i n g  i n  an A r - 4 %  H atmosphere. We observed e f f e c t s  with carbon 

dioxide f i r i n g s  t h a t  we d id  not encounter i n  our e a r l i e r  work. In  the  

present work with carbon dioxide, we near ly  always obtain a mixture of 

brown and black spheres, and the  p a r t i c l e  densi ty  of t h i s  mixture i s  

frequently l e s s  than the  minimum desired 95% of  t h e o r e t i c a l .  We never 

observed t h i s  i n  our e a r l i e r  work, where the f i r e d  spheres were always 

a uniform black. The brown spheres appear t o  be l e s s  dense than the 

black ones and general ly  contained f ine ,  closed porosity.  W e  a r e  a t  

present attempting t o  determine what causes t h i s  previously unobserved 

phenomenon. 

we f i r e  i n  la rge  batches (>loo. g)  but not i n  s m a l l  batches (a0 g )  . 

The f i n a l  s i n t e r i n g  i s  then done i n  A r - 4 %  H2 t o  

We performed addi t iona l  s tud ies  beyond those 
<- 

and A r - 4 %  H2 atmospheres. I n  addi t ion  we 

2 2 2  

2 

We a l s o  observe t h i s  e f f e c t  i n  A r - 4 %  H2-H20 atmospheres when 

Typical Fir ing  Results 

Some t y p i c a l  r e s u l t s  of the  f i r i n g s  using various atmospheres are 

shown i n  TabILe 9.1. The exact time schedules of f i r i n g s  a r e  given i n  

Table 9.2. 
e f f e c t i v e  f o r  g e l s  having oxygen-to-uranium r a t i o s  g r e a t e r  than 2.3, 

and even t h i s  may depend on t h e  amount of excess oxygen i n  U@9+x re la -  

t i v e  t o  the mount of sorbed carbon compounds. Apparently, the  excess 

oxygen can reac t  with the  sorbed organic mater ia ls .  Exposure of the  ge ls  

t o  a i r  a t  room temperature before f i r i n g  i n  Ar -4% H 

only f o r  t h e  ge ls  with the  higher oxygen-to-uranium r a t i o s .  F i r i n g  i n  

argon r a t h e r  than i n  Ar-4% H We 

thought t h a t  argon would be more e f fec t ive  than A r - 4 %  H 

oxygen i s  re ta ined  t o  higher temperatures i n  the argon atmospheres. With 

the  A r - 3 %  H20, excel lent  dens i ty  w a s  always at ta ined,  but the  carbon con- 

t e n t  w a s  most of ten  100 t o  200 ppm. 

It i s  evident from t h e  da ta  t h a t  f i r i n g  i n  A r - 4 %  H i s  only 2 

- 

w a s  a l s o  e f f e c t i v e  2 

does not improve t h e  carbon removal. 2 
because excess 2’ 

With argon-hydrogen-steam mixture, 



Table 9.1. Firing of U02 Gel Microspheres in Various Atmospheresa 

Final Product Analysis“ 

Microsphere Gel Analysis Firing‘ Carbon Densitye (g cm3) 
Preparation O/U Net C (ppm) Code (ppm) Hg at 210 p s i  Hg at 15,!00 psi Helium 

11-15-1550 2.37 0.50 Ar-4% H 70 10.83 10.83 10.94 2 
Air(Ar- 4$H2) 30 10.9 

Ar < 20 10.80 

cop- 1 < 20 10.84 
CO -B < 20 10.37 10.59 2 

11- 10- 1215 2.34 1.02 Ar-4$ H2 50 10.81 

Ar 90 10.77 
co -1 < 20 10.70 
Ar- 4$H2-H20 60 10.6 
2 

10.8 

10-20-1600 2.27 1.94 Ar-4$ H 5 500 10.4 10.6 10.6 2 
co2- 1 120 10.70 10.81 
A r - 3 %  H 2 0  110 10.72 10.9 

11-7-1545 2.23 1.75 cop- 1 160 10.9 

CO -B 50 10 *79 2 

10-19-2310 2.20 0.93 Ar-4% H2 2340 10.5 

Ar 3100 10.7 
c0 -1 90 10.71 
Ar-3$ H20 180 10.70 

11-4-1530 2.19 1 . 5 2  Ar-4% He 2320 10 .3  

2 

11- 2- 1504 2.18 2.26 Ar-4$ H2 5700 10.5 
Air-Ar- 4$H 3900 10.4 
co -1 eo 10.07 

Ar-3qb H20 < 20 10.58 

2 

2 CO -B < 20 10.44 

10.5 

10.94 
11.02 

10.45 

47- 56- 93 2.18 A r - 4 %  H 8000 10.1 2 
CO -1 810 9.93 9.93 10.01 2 

. 

~ ~ 

aMicrospheres were 4 0  li in diameter. Samples were 100 to 300 g for firings in C02 or H20 
atmospheres and were 10 to 25 g for firings in A r - 4 %  H2 or Ar atmospheres. 

bFormate-derived carbon is subtracted from the total carbon. 

‘Firing conditions defined in Table 9.2. 

dOxygen-to-uranium ratios on final material were 2.002 or less. 

eTheoretical density is 10.97 g/cm 3 . 
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Table 9.2. Firing Schedules for  Table 9.1. 

Heating Conditions Hold Conditions - 
Firing Code Temperature 

Atmosphere Rise Rate Rang e Atmosphere Temperature Time 
( C/hr) ("C) ("C) (hr) 

2 Ar-4$ H2 Ar-4% H 

2 Air-Ar-4% H 

Ar-4% H 2 

A r  A r  

co -1 AT-&% H2 2 
C02 

CO, -B COP 
C02 

COP 

2 
Ar-4% H 

2 

2 

2 

2 2  

2 2  

2 

Ai--4% H 

Ar-4$ H2-H2Oa Ar-4$ H 

A r - 4 %  H -H 0 

A:?--$ H -H 0 

A::-3% H 0 

A:?-3$ H20 
A r - 3 %  H20 

300 

300 

300 

450 
300 

200 

50 
25 

50 
300 

300 

200 

300 

50 
25 

25-l200 

25-1200 

25- io00 

25- 450 
450- 850 
850- 1100 

25-400 
400- 600 
600- 950 
950- 1200 

25-150 
150-450 
450- 1000 

25-400 
400- 1000 

Ar-4$ H2 
A i r  

Ar-4% H2 

Ar-4% H2 

Ar-4$ H2 

Ar-4$ H2 
c02 

2 Ax--&$ H 

Ar-4$ H2-H20 

Ar-4% H -H 0 

Ar-kqb H2 

Ar-3$  H20 
Ar-4$ H2 

2 2  

1200 

25 
1200 

1000 

450 
850 
1100 

1200 

150 

450 
1000 

400 

1000 

4 
24 

4 

4 

0.5 
1 . 5  
2- 4 

2- 4 

2 

20 

2 

20 

2- 4 

"Ar-4% H2 saturated a t  9°C. 

bArgon sa tu ra te i i  at room temperature. 

the P - l l - l O - l 2 l 5  product was multicolored like the products fired in 

carbon dioxide. This was not observed in smaller-scale firings. 

The firings in carbon dioxide almost invariably produced mixtures 

of black and brown spheres, and only with the 11-7-1545 gel did we ob- 
tain a uniform black product. 

the brown spheres, the lower was the density. The firings in carbon 

dioxide atmospheres appear to be reproducible within a given batch 

preparation but not on different batches of practically the same O/U 

ratio. Occasionally, we obtain very low-density material, in which the 

pores are closed, with firing in carbon dioxide. Refiring these low- 

density spheres to 1500°C in Ar-4510 H 2 
in density. We do not understand this variability in the carbon dioxide 

firings, but we suspect it may have to do with the nature of the excess 

In general, the greater the percentage of 

produces practically no increase 

c 

. 

. 

. 



oxygen in the UO 

compounds in different microsphere preparations. The excess oxygen in 

some cases could possibly be mainly on the surface of the 50- -50 100-A 

UO crystallites, whereas in other cases it may be uniformly distributed 

through the U02+x crystalline lattice. 

with Ar-4% H -H 0 atmospheres, this work will be extended to the 300- 
to 500-g scale in the coming year. We believe that the chemical varia- 

tion kinetics, mass transfer kinetics, or both can be adjusted for 

larger-scale preparations. Some of the other atmospheres such as carbon 

dioxide, argon, or argon-steam might well work if the proper soaking 

conditions are used. However, we do not plan to investigate them thor- 

oughly unless the Ar-4% H -H 0 atmosphere requires unusually long 
soaking periods. 

and variations in the degree of sorption of organic 2+x 

2 

Since excellent results have been obtained on small-scale firings 

2 2  

2 2  

Low-Temperature Drying Studies (W. D. Bond) . 

. 

Studies of low-temperature drying in argon or steam show that 

carbon is not effectively removed by these atmospheres (Table 9 . 3 ) .  
Even after drying to 350 or 400°C the gels still contained about 0.5% 
net carbon. The drying results show that steam is slightly more effec- 

tive than argon. The measured nitrate-to-uranium ratios show that 

nitrate removal is nearly complete at 180 to 20OoC. 
original sols  is about 0.15. For gels treated below 2OO0C, the amount 

of steam used did not appear to be critical, as long as at least 2 g 

of steam was used for each gram of UO gel. The rate of removal became 

very slow when more steam was used. The drying results indicated that 

the carbon-bearing substances are very strongly sorbed. 

The ratio in the 

2 

Drying and Sintering Schedule for Sol-Gel Urania Microspheres 

R. L. Hamner H. Beutler 6 

Based on our preliminary characterization studies of sol-gel urania 

microspheres by differential thermal analyses (IYTA), hot stage microscopy, 

crystallite size determinations, and BET surface area measurements, we 
sought to establish a drying and sintering schedule designed to obtain 

high-density low-carbon-content urania microspheres. Our approach was 



Table 9.3. Drying o f  UO G e l  Microspheres" 2 

Drying Conditionsb Gel Analysis 
Gel Microsphere To ta l  Steam Bulk Density Carbon ( w t  8) 
Preparation ~ b l l l u b p l l c ~  Time T ?kx Time O/U nm - / T T  ~ ~ t , ~ i  N e t C  H5 -3 ' - 

A+----L- --- 
( h r )  ("c) ( h r )  (g/cm ) 

100-19-2340 
10- 20- 1600 
11- 2- 1504 
11- 4- 1530 
11-7-1545 
11- 8- 1400 
11- 9- 130 1 
11- 10- 1215 

11- io- 1520 

11- 15- 1550 

3- 3- 1515 
3- 3- 1515 
47- 24- 97 

Argon 

Argon 

Argon 

Steam 

Steam 

Steam 

Steam 

Steam 

Steam 

Steam 

Steam 

Steam 

Argon 

16 .0 
6.5 
5.5 
22 

22 

22 

22 

24 
24 
48 
20 

20 

21.5 

195 
182 
188 
180 
160 
157 
152 
160 
140 
15 4 
10 5 
3 50 
400 

0 

0 

0 

4 
4 
4 
4 
4 
2.5 
2-7 
4 
4 
0 

4.65 
4.34 
3.90 
4.03 
4.45 
4.64 

4.72 
5 -09 
4.63 

2.20 0.002 

2.27 0.008 

2.19 0.001 

2.34 0.01 

2.30 0.005 

2.34 0.009 
2.36 0.016 

2.18 

2.18 0.004 

2.23 0.004 

2.37 0.02 

1.92 
2 -73 
2-75 
2.22 

1.92 
1.51 
1.60 
1.44 
1.14 
1.08 

2-93 
1.05 
1.20 

0.93 
1.94 
2.26 
1.52 
1.75 
1.44 
1.45 ;= 
1.02 

P 

0.56 
2.00 

0.62 
0.50 

a 

bSamples repor ted  d r i ed  i n  steam were f i r s t  heated t o  120°C i n  argon; then  steam w a s  introduced.  

Formate-derived carbon i s  subt rac ted  from t o t a l  carbon. Work on d r i e d  g e l  fragments shows t h a t  

Tested i n  100- t o  300-g batches a t  flow rates of A r ,  1 l i t e r /min ;  steam, 2 t o  3 g/min. 

C 

formate does not  con t r ibu te  carbon t o  a product f i r e d  a t  1100°C. 

. . 
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. 

to remove as large a quantity of residuals (nitrates, organics, carbon) 
as possible during the drying step, before the beginning of sintering. 

The atmosphere and the heating schedule were the major variables con- 
s idered. 

In the past, carbon dioxide has been used extensively as the atmos- 

phere for sintering urania microspheres, mainly because it is effective 

in removing carbon. However, microspheres sintered in a carbon dioxide 

atmosphere often have low densities (<95% of theoretical). Our hypothesis 

regarding these low densities is that the residuals in urania microspheres 

are not removed to an appreciable degree in carbon dioxide before the 

beginning of sintering at a temperature just above 400°C; consequently, 

they become trapped during the early stages of sintering and cause low 

densities. 

Sintering of urania microspheres in steam-Ar-4% H begins just above 2 
450°C. However, in preliminary experiments on one batch of UO gel the 

nitrate content was reduced from 0.26% (2600 ppm) to 40 ppm and the car- 
bon content from 1.6% to b 0  ppm by soaking urania microspheres for 16 
to 24 hr at 450°C (before sintering began) in this atmosphere. For this 
reason, we selected steam-Ar-k% H 
sintering schedule for urania microspheres. 

2 

as the atmosphere for our drying and 2 

Another important polnt to be considered in drying urania micro- 

spheres during the heating schedule is the exothermic reaction (we 

believe between organic material and nitrate) shown by differential 

thermal analysis (Fig. 9.5) to occur at 22OoC. This reaction might lead 
to a temperature excursion in which the temperature of sintering may be 

reached quickly before the residuals are removed. We demonstrated by 

differential thermal analysis that this exotherm could be suppressed by 

soaking in steam-Ar-4% H2 at 150°C, just below the temperature at which 

the exotherm begins. 
Based on these considerations, we designed a tentative schedule for 

drying and sintering urania microspheres as follows: 

1. As a precaution against oxidation of urania, the residual or- 

ganics, or both, deoxygenate the water in the steam generator for 16 hr 
by passing Ar-4$ H through the water heated at 9 ° C .  2 



2.  Heat the microspheres to 150°C in a dry gas, introduce steam at 
this temperature, and soak for 2 hr to suppress the nitrate-organic 
reaction. 

3. Heat to 450°C and soak for 16 hr at this temperature (just below 
the threshold temperature for sintering) to remove residual nitrates and v 

O J  " b L 1 b U U I L  , . , .LYILL"rU.  .,r V V Y L L  ILU .LA., - L u - A - - -  ry'""&-- --.,-- - A - A - - - - - -  

and the particles were glossy black. 

of particles from one of the batches after sintering at 1000°C. 

results of sintering the particles according to the prescribed schedule 

Figure 9.6 shows the microstructure 
Other 

t a 

L c 

. 

ure of Urania Sol-Gel Microspheres 
o 1000°C. Etchant: 70 H2C-20 H202-10a 
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are shown in Table 9.4. 
sound high-density low-carbon-content urania microspheres can be obtained 

by drying and sintering in steam-Ar-4% H . 

These results show that f o r  small samples, 

2 
We are now studying the rate of carbon and nitrate removal from the 

microspheres as a function of time and temperature to optimize the 

sintering schedule. 

Gas Evolution from Sol-Gel Microspheres 7 
D. N. Hess C. F. Weaver B. A. Soldano H. F. McDuffie 

Sol-gel microspheres of Tho, and UO, evolved gases when heated, as 
L L 

did the ThO2-3% U02 sol-gel materials previously reported. 879 We tried 
to remove these gases and carbon, which are generated by interaction and 

pyrolysis of the water, nitrates, organic solvents, and surfactants in- 
cluded in the sol-gel materials during their preparation. Such removal 

is considered desirable because excess gas pressure or reactions between 

the gas and metal might occur in sealed fuel elements and cause rupture 
during reactor operation. 

Table 9.4. Results of Heating Urania Sol-Gel Microspheres 

2 to 1000°C in Steam-Ar-4% H 

O/U Ratio Carbon Content (%) 
Ini t ial Final Initial Final Dens it ya 

(alcm3) 

b 2.003 

2.303 2.001 

2.354 -G .001 

2.326 2.002 

b 0.004 10.45 
1.63 0.003 11.0 

1.51 a .002 10.93 
0.72 a .002 10.87 

a 

10.97 g/cm3. 
As determined by mercury porosimetry. Theoretical density is 

bNot determined. 



The following conditioning scheme, comprising a sequence of exposures 

to flowing gases at atmospheric pressure, successfully produced a low 

carbon content, a low oxygen-to-uranium ratio, and a high density: 

Treatment Time Temperature Gas 
(hr 1 ("a 

8 

16 
2 

2 

2 

16 

2 

2 

16 

1 2/3 
2 

3/4 

170 
2 50 

350 
450 
Cool 
Store 

25 e 550 
5 50 
650 
Cool 

Store 

25 - 850 
850 
850 
850 
1000 

Ar-H 0 

Ar-4$ H2-H20 

Ar-4$ H2-H20 
Ar-4% H2-H20 
Ar-4$ H2-H20 
He 

2 

Ar-4$ H2-H20 
Ar-4$ H -H 0 
Ar-4$ H -H 0 
Ar-4$ H2-H20 

He 

Ar-4$ H2-H20 
Ar-4% H2-H20 

2 2  

2 2  

CO2-75% H 2 0  

H2 

H2 

The wet gas used was prepared by saturation with water at about 95"c, 
giving about 3 moles H 0 to 1 mole Ar-4$ H2. The flow of water vapor 

was necessary- to remove carbonaceous material and thus produce a low 

final concentration of carbon in the UO microspheres. 2 
hr at 170°C was a convenient (overnight) period but probably can be 

reduced to as little as 2 hr. The water vapor also seems to prevent 

fragmentation of the spheres. 

Its final ox:'gen-to-uranium ratio was 2.001, its carbon content 0 .00%, 

and its density 10.82 g/cm3 (measured with 210 psi Hg). 

shiny and black with no fines but of nonuniform size. 

2 

The initial 16 

The 9.976-g sample lost 15% of its weight. 

The product was 

The mixture of carbon dioxide and steam was superior to either 

compound used alone for increasing the rate of sintering. Carbon removal 
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had to be complete before the mixture was added, since the densification 

trapped any remaining carbonaceous material either mechanically or by 

carbide formation.lO'll The final use of pure hydrogen to counter the 

oxidizing effect of the mixture of carbon dioxide and steam produced the 

low oxygen-to-uranium ratios. 

We expect that the same processing scheme would be applicable to 

microspheres consisting of any Tho -UO solid solution, although no 
experimental information is available for such materials. For the pure 

Tho2, the hydrogen in the processing scheme is both unnecessary and 

harmless. Since excess oxygen in UO aids sintering,I2 longer densi- 

fication times would be required for Tho -rich samples. 

2 2  

2+x 

2 
Experiments have been performed to help understand the complex 

chemistry of the conditioning scheme described previously. Primary 

attention was given to identification of off-gases and to oxidation- 

reduction reactions involving the processing gases H 0, C02, and H2. 2 
The air-dried Tho microspheres yielded CO CO, H2, NO, N2, and 2 2' 

organics upon heating in vacuum. The first three predominated. The 

largest amount of gas evolution occurred at the following temperature 

intervals: 240 to 260, 400 to 460, and 700 to 760°C. Above 76OoC, 
only a negligible amount of gas remained. 

The wet UO microspheres yielded C02, CO, H2, N2, 02, NO, and 
2 

organics when heated with steam and evacuated. The temperature intervals 

of maximum gas evolution appeared to be 150 to 250 and 400 to 650"~. 
The principal organic gas evolved (primarily in the 300 to 350°C range) 
was CH4. 

weight organic products previously noted with Tho microspheres. 

This is in contrast to the production of higher-molecular- 

2 

2 
thermal cracking of the organics occurs, while in the wet UO matrix 

catalytic cracking is dominant. The latter case is expected to produce 

lower-molecular-weight products. That the lighter products would be 

more easily removed from the microspheres provides a partial explanation 

of why water vapor enhances the removal of carbonaceous materials. 

A possible explanation13 for the difference is that in dry Tho 

2 

The oxidation-reduction reactions 

+ H2 H 0, 2 l-01 
u02+x 

u02+x 
[OI + co == co*, 
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are intimately involved in the processing chemistry. We have observed 

that UO -Tho (Kilorod material) as well as UO microspheres usually, 

but not always, react with water vapor to produce hydrogen. This reac- 

tion has recently been reported in the literature, and its thermodynamics 

are well described. 

proceeds to a measurable extent depends on the value of x. 

why on occasion the UO 
carbon dioxide. 

from a sol-gel source is not prevented kinetically from reacting accord- 

ing to Eqs. ((1) and (2) by its chemical impurities. A sample was ground 

to -270 mesh and reacted with carbon monoxide at 1200°C until no further 

reduction occxrred. This product was readily oxidized by either water 

vapor or carbon dioxide producing hydrogen or carbon monoxide respectively. 
Once the oxidizing reaction had proceeded to its limit the solid product 

could again easily be reduced with carbon monoxide. 

those in the literature indicate that there are probably no kinetic 

barriers associated with using these reactions, so we have a firm base 

for studying their rates and optimizing the processing scheme for the 

s 01- gel U02 inicrospheres . 

2 2 2+x 

14 It is clear that whether or not reaction (1) 
This explains 

microspheres will not reduce water vapor or ;it-x 
An experiment was carried out to confirm that UO 2+x 

These results and 
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