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FOREWORD 

The Shi p p i  ngport  Atomic Power S t a t i o n  1 ocated i n  Shi pp i  ngport, Pennsylvania 
was the  f i  r s t  1 arge-scal e, cen t ra l  - s t a t i o n  nucl ear  power p l  a n t  i n  the  Uni ted 
States and the  f i r s t  p l a n t  o f  such s i ze  i n  the  wor ld operated s o l e l y  t o  produce 
e l e c t r i c  power. Th is  program was s t a r t e d  i n  1953 t o  conf i rm the  p r a c t i c a l  
a p p l i c a t i o n  o f  nuclear  power f o r  la rge-sca le  e l e c t r i c  power generation. It has 
provided much o f  t h e  technol ogy being used f o r  design and operat ion o f  the 
commerci a1 , c e n t r a l  - s t a t i o n  nucl ear power p l  ants now i n  use. 

Subsequent t o  development and successful operat ion o f  the  Pressurized Water 
Reactor i n  the  Atomic Energy Commission (now Department o f  Energy, DOE) owned 
reac to r  p l a n t  a t  t he  Shippingport  Atomic Power Sta t ion ,  t he  Atomic Energy Com- 
mission i n  1965 undertook a research and development program t o  design and b u i l d  
a L i g h t  Water Breeder Reactor core f o r  opera t ion  i n  the  Shippingport  Stat ion.  

The o b j e c t i v e  o f  the L i g h t  Water Breeder Reactor (LWBR) program has been t o  
develop a technol ogy t h a t  woul d s i g n i f i c a n t l y  improve the  u t i l  i z a t i o n  o f  t he  
na t ion ' s  nucl ear f u e l  resources empl o y i  ng the  we1 1 -establ  i shed water reac to r  
technology. To achieve t h i s  ob jec t ive ,  work has been d i rec ted  toward analys is ,  
design, component tes ts ,  and f a b r i c a t i o n  o f  a water-cool ed, t h o r i  um oxide- 
uranium oxide fue l  cyc le  breeder reac to r  f o r  i n s t a l l a t i o n  and operat ion a t  the  
Shippi ngport Stat ion.  The LWBR core s t a r t e d  opera t ion  i n  the Shi pp i  ngport Sta- 
t i o n  i n  the  F a l l  o f  1977 and w i l l  f i n i s h  r o u t i n e  power operat ion on October 1, 
1982. A f t e r  End-of-L i fe core tes t i ng ,  the  core w i l l  be removed and the  spent 
f u e l  shipped t o  the  Naval Reactors Expended Core F a c i l i t y  f o r  d e t a i l e d  exam- 
i n a t i  on t o  v e r i  fy core performance i n c l  ud i  ng an eval u a t i  on o f  breedi  ng 
cha rac te r i s t i cs .  

I n  1976, w i t h  f a b r i c a t i o n  o f  the  Shi pp i  ngpor t  LWBR core near ing completion, 
the Energy Research and Development Admin is t ra t ion ,  now DOE, es tab l ished t h e  
Advanced Water Breeder App l ica t ions  (AWBA) program t o  develop and disseminate 
technical  i n fo rma t ion  which would a s s i s t  U. S. i ndus t ry  i n  eva luat ing  the  LWBR 
concept f o r  commercial-scale app l ica t ions .  The AWBA program, which i s  
concluding i n  September, 1982, has explored some o f  the problems t h a t  would be 
faced by i n d u s t r y  i n  adopting technology conf irmed i n  the  LWBR program. 
In format ion  a l ready developed inc ludes concepts f o r  commercial-scale prebreeder 
cores which would produce uranium-233 f o r  l i g h t  water breeder cores wh i l e  
producing e l e c t r i c  power, improvements f o r  breeder cores based on the technology 
developed t o  f a b r i c a t e  and operate the  Shippingport  LWBR core, and other  
in format ion  and technol ogy t o  a i d  i n  eva luat ing  commercial -scale appl i c a t i o n  o f  
the  LWBR concept. 

A l l  th ree development programs (Pressur ized Water Reactor, L i g h t  Water 
Breeder Reactor, and Advanced Water Breeder App l i ca t i ons )  have been conducted 
under the  t e c h r ~ i c a l  d i r e c t i o n  o f  the  O f f i c e  o f  t he  Deputy Ass is tan t  Secretary 
f o r  Naval Reactors o f  DOE. 

Technical i n fo rma t ion  developed under the  Shippingport,  LWBR, and AWBA pro- 
grams has been and w i l l  cont inue t o  be pub1 i shed i n  techn ica l  memoranda, one o f  
which i s  t h i s  present  repor t .  
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Highly ac t i ve  oxide fue l  powders, composed o f  U02, 
U02-Th02, or  Th02, were compacted i n t o  u l  t r a -h i  gh 
densi ty pel l e t s  wi thout  the use o f  binders. The 
ob ject ive  o f  the study was t o  se lec t  the optimum 
d i e  l u b r i c a n t  f o r  compacting these powders i n t o  
p e l l e t s  i n  preparation f o r  s i n te r i ng  t o  dens i t ies  
i n  excess o f  97% Theoretical Density. The resu l t s  
showed t ha t  s in tered density was a funct ion o f  
both the l u b r i c a n t  bulk density and concentrat ion 
w i th  the lowest bulk density l ub r i can t  g iv ing  the 
highest  s in tered dens i t ies  w i th  a l u b r i c a n t  
concentrat ion o f  0.1 weight percent. Five ca l  c i  um 
and z inc  stearates were evaluated w i t h  a calcium 
stearate w i t h  a 15 1b / f t 3  bulk density being the 
best 1 ubr i can t  . 

COMPACTION OF AWBA FUEL PELLETS WITHOUT BINDERS 
( AWBA Devel opment Program) 

I . INTRODUCTION 

Fuel p e l l e t s  f o r  the L i g h t  Water Breeder Reactor (LWBR) and Advanced Water 

Breeder Reactor (AWBA) programs have t r a d i t i o n a l l y  been fabr icated w i t h  organic 

binders and d i e  lubr icants .  This was necessary t o  achieve high dens i t ies  and 

low poros i ty  microstructures. Pel 1 e t  dens i t ies  i n  excess o f  97% o f  theore t i ca l  

were desired t o  maximize the f e r t i l e  (Tho2 ) fuel loading and t o  achieve 

dimensionally stable pel 1 e t s  . 
S i  nce commerci a1 reactors operate w i t h  1 ower density pel 1 ets, commercial 

U02 pel  1 e ts  can be made wi thout  binders using a b i  nderl  ess precompaction 

technique known as slugging i n  conjunct ion w i t h  a h igh ly  e f f i c i e n t  d i e  l u b r i -  

cant. The study described i n  t h i s  repor t  was undertaken t o  determi ne i f  the 

h igh ly  ac t i ve  LWBRIAWBA powders coul d be fabr icated i n t o  fue l  pel 1 e t s  using the 

commerci a1 fab r i ca t ion  techniques wi thout  degrading the pel 1 e t  densi ty 

requl  rements. 

I I . BACKGROUND 

Highly ac t i ve  powders were required f o r  the LWBRIAWRA programs t o  

reproduci b l y  fab r i ca te  high density pel  1 e t s  . These powders were made h igh ly  

ac t i ve  (ac t iva ted)  by m i l l i n g  i n  a high pressure a i r  m i l l  known as a micronizer 

(Reference ( a ) ) .  This m i l l i n g  increases the surface area and lowers the bulk 



densi ty o f  the powder. The lower bulk densi ty reduces both f lowabi l  i t y  and 

compact ib i l i ty .  I n  the past, binders have always been needed t o  overcome these 

cha rac te r i s t i c s  o f  ac t i va ted  powders and permit the compaction o f  h igh density 

pe l l e t s .  The binder counteracts the e f f ec t s  o f  the m i l l . i ng  operation by (1') 

increasing the bu lk  densi ty o f  the mater ia l  which improves compacti b i l  i ty,  (2) 

increasing the f low charac te r i s t i cs  which improves d i e  f i l l  ing, and ( 3 )  

supply i  ng the agent f o r  we1 ding the p a r t i c l e s  together. 

Two d i f f e r e n t  processing techniques were used t o  incorporate the binder 

which was a polyethylene glycol  known as Carbowax 6000. These techniques were 

the 1 iqu id /so l  i d s  and wet agglomeration processes and are described i n  de ta i l  i n  . . . A 

Appendix I. 

The microst ruc tures o f  LWBR and AWBA p e l l e t s  were h igh ly  dependent upon the 

aggl omerati ng techniques. Pores i n  wet agglomerated pel 1 e ts  were small and 

uni formly dispersed. Larger randomly dispersed pores were normally observed i n  

pe l  1 e t s  manufactured by the 1 i qui d/sol i d s  process, where the pores were formed 

by the dry blended d ie  lubr icant .  I f  the agglomeration was not  ca re fu l l y  

con t ro l  1 ed, h igh densi ty press feed granules would be produced, which woul d not  

crush during compaction. As a resu l t ,  the p e l l e t  microstructures would show the 

out1 i ne o f  the o r i g i n a l  granules del i neated by interconnected pores. These 

interconnected pores represented undesireable zones o f  mechanical weakness and 

decreased thermal conduc t i v i t y  . 
The ob jec t i ve  o f  t h i s  study then was t o  provide a simpler process f o r  

making s t r u c t u r a l l y  sound, h igh densi ty fue l  pe l le ts .  The modi f ied process 

woul d e l  i m i  nate the operations and equipment f o r .  agglomerating w i th  binders and 

f o r  then removing the binders from the pressed pel l e t s  p r i o r  t o  the s i n te r i ng  

operation. 

I I I. EQUIPMENT AND MATERIAL 

Certa i  n speci a1 i zed  equipment essenti  a1 t o  the f ab r i ca t i on  o f  h igh density 

b i  nder l  ess pe l  1 e t s  are described i n  t h i s  section. These i ncl ude: 

1) Micronizer - A J e t  Pu lver izer  model w i th  a 4 inch diameter gr ind ing chamber. 

Operates w i th  h igh pressure (100 p s i )  low humidity a i r .  



2) Turbula Blender - A r o ta r y  blender w i t h  an adjustable cage capable o f  

accommodating a wide va r i e t y  o f  container sizes. Blender has three 

operat ing speeds cont ro l  l e d  by p u l l  ey wheels and a be1 t. Blender operates 

w i t h  a  gent le motion t ha t  does no t  ham the f r a g i l e  powder granules. 

3)  Compacting Press - A 45 t on  double ac t ion  Dorst  press. Dies were 

c y l i n d r i c a l  and made from too l  steel  w i t h  a  tungsten carbide- l ined 

cy l  i n d r i c a l  cav i t y  . Punches were cy l  i ndr ica l  w i t h  tungsten carbide shanks 

mounted i n  too l  steel  bases, t h a t  were made t o  fit the appropriate d i e  

c a v i t y  w i t h  0.001 i nch maximum c l  earance. 

4) S in te r ing  Furnace - A co ld  wal l  cont ro l  l e d  atmosphere furnace made by Vacuum 

Indus t r ies  Div. o f  the GCA Corp., Summerville, Mass. The ho t  zone was l i n e d  

w i th  tungsten sheet and heated w i t h  tungsten e l  ements . Maximum operating 

temperature was 2000°C i n  a  f l  owl ng hydrogen atmosphere (50 CFH) . Heating 

and cool ing ra tes and soaking t ime and temperature were con t ro l led  by a  

microprocessor. Heating and coo l ing ra tes  were con t ro l led  a t  llS°C/hr.. 

The mater ia ls used i n  t h i s  study consisted o f  fue l  powders and organic 

1  ubr icants.  The f ue l  powders i ncl  uded oxal a te  p rec ip i t a ted  Tho2 act iva ted by 

2  pass micronizing, U02-Tho2 made by 2  pass comicronizing ue02 made by the Oak 

Ridge National Laboratory (ORNL) w i t h  Th02, h igh ly  enriched U02 made by 2  pass 

comicroni i ing ORNL ue02 w i t h  ud02 suppl ied by the Columbia p l an t  o f  

Westinghouse, and low enriched reactor  grade ue02 suppl ied by the Babcock and 

Wilcox Co. The other mater ia ls  evaluated were the organic lub r i can ts  

themselves. These were the stearates o f  calcium and zinc, which are me ta l l i c  

soaps widely used as lub r i can ts  and mold release agents i n  industry.  Physical 

appearance and bulk dens i t ies  o f  the stearates evaluated appear i n  Table I. The 

stearates were suppl ied by the Chemical D iv i s ion  o f  the Mall  inckrodt  Co. 

I V .  EXPERIMENTAL PROCEDURE 

These separate f ue l  systems (UOp, U02-Tho2 and Tho2) were evaluated f o r  

b inder less pressing performance using 6 d i e  lub r i can ts  a t  two primary 

concentrat ion l eve l  s  . Performance, which was evaluated over a  range of pressed 

densi t ies,  was measured by the s in tered p e l l e t  dens i t ies  and by the i n t e g r i t y  o f  

the  p e l l e t  microstructures.  A1 so evaluated was the response o f  the powder w i t h  

and wi thout  f i nes  (-80 mesh mater ia l  ) . 



The process out1 i n e  f o r  b inder less pressing i s  shown i n  Figure 1 where i t  

i s  i d e n t i f i e d  as the AWBA dry process. The as-received oxide fue l  powders were 

i n i t i a l l y  blended together i n  a 4 quar t  V-blender i n  an operation ca l l ed  primary 

blending. I t s  purpose was t o  provide a homogeneous mixture o f  the two oxides 

when making a b inary  ue02-~h02 composition o r  when d i l u t i n g  f u l l y  enriched 

(93.14% U-235) ue02 w i t h  ud02. Fu l l y  enriched ue02 was never compacted i n  i t s  

v i r g i n  form bu t  was d i l u t e d  w i t h  ud02 t o  provide a U235  enrichment between 9% 

and 33% f o r  i r r a d i a t i o n  t e s t  loadings. Primary blending was not necessary when 

processing a s i ng le  oxide system such as Tho2 o r  low enriched commercial grade 

ue02. 

A f t e r  blending, the  powder was ac t i va ted  bey micronizing. Each batch o f  

powder was micronized twice t o  provide a powder w i th  a surface area i n  excess of 

5.0 sq. meters/gram (m2/gm) as measured on, a Micromeretics Model 2200 Surface 

Area Analyzer. The actual powder surface areas are 1 i sted i n  Tab1 e I . Experi - 
ence has shown t h a t  two microniz ing passes are necessary t o  obtain chemically 

homogeneous double oxide pe l  l e t s  w i th  dens i t ies  i n  excess o f  97% o f  theoret ica l  

densi ty (TD) (Reference (a ) ) .  To inves t iga te  the e f f e c t  of microniz ing upon 

powder compaction and s i n t e r a b i l i t y  when not using binders, one h a l f  o f  the 

11.4% ue02-~h02 batch was separated a f t e r  the f i r s t  microniz ing pass and he ld  

f o r  compaction wi thout  any f u r t he r  ac t i va t ion .  

Since the commercial UO2 powder i s  compacted i n t o  p e l l e t s  wi thout  the use 

of binders, it was used as a cont ro l  i n  t h i s  study against which the compaction 

behavior of the AWBA fue l  powders was measured. Since t h i s  powder was t o  serve 

as a standard i n  the as-received condi t ion,  no microniz ing ac t i va t i on  was 

performed. 

A f te r  microniz ing ( o r  i n  the unmicronized s ta te  f o r  the commercial U02), 

the powder was slugged wi thout  organic add i t ives i n t o  1/2 inch th ick  40% dense 

compacts (s lugs) i n  a 1.25 inch  diameter die. A f t e r  e j ec t i on  from the die, i f  

the slugs were s o f t  and f r i ab le ,  they were crushed by hand on the d i e  tab le  and 

r e s l  ugged, which substant i  a1 ly improved the green strength. A1 1 Th.02 and UO2- 

Tho2 powder was double slugged. The UOn powders were more compactible and were 

s u f f i c i e n t l y  st rong a f t e r  a s i ng le  slugging t o  be granulated. 



TABLE I. PHYSICAL CHARACTERISTICS OF THE FUEL POWDERS AND THE LUBRICANTS 
AND A PELLET DENSITY TABULATION 

A. Powder Surface Areas 

1. 11.4% ue02-~h02 - 1 pass 

B . Lubr icant  Proper t ies  

I d e n t i t y  
Bulk Densi ty  

TY pe Form ( l b / f t 3 )  

1. CA-38 Cal cium. Stearate Granul a r  38 

2. CA-22 Cal c i  um Stearate Fine Powder 22 

3. CA-15 Cal cium Stearate Fine Powder 15 

Zinc Stearate Fine Powder 

Zi  nc Stearate Fine Powder 

6. Sterotex Glycery l  Es ter  Fine Powder 
o f  S t e a r i c  Ac id  

C. Maximum Sin tered Fuel Pel l e t  Density Achieved w i t h  Each Lubr i can t  (% TD) 

CA-38 CA-22 CA-15 ZN-23 ZN-16 Stero tex  ----- 
1'. ' 11.4% ue02-~h02-1 pass 95.0 95.3 95.5 95.0 95.3 94.9 

2. 11.4% ue02-~h02-2 pass 96.7 - 97.3 - 97 .O - 



The i nd i v i dua l  slugs (which weighed about 50 grams) were hand granulated 

through a 16 mesh sieve. The granulated powder batch was s p l i t  i n  ha l f ,  and the 

-80 mesh f i nes  were removed from one o f  the two batches. The f i nes  i n  each o f  

the d iv ided batches ranged between 16 and 26% o f  the batch weight. Each 

granul a t i o n  cond i t i on  was compacted i n t o  p e l l e t s  t o  determine the e f f e c t  o f  the 

f i nes  upon compacti b i l  i ty . A f 1 ow diagram showing the experimental design used 

t o  evaluate each o f  the fue l  systems i s  shown i n  Figure 2. 

The d i e  1 ubr icants were added d i r e c t l y  t o  the granulated powder. Two 

1 ubr i can t  l e v e l s  were i n i t i a l l y  tested: 0.1% and 0.25%, expressed as a weight 

percentage o f  the powder charge. A f t e r  adding the l ub r i can t  i n  the prescribed 

amount t o  the powder, the i nd i v i dua l  containers were placed on a Turbula blender 

f o r  blending ( Figure 22) .  The blender was run a t  i t s  slowest speed f o r  one 
minute f o r  a l l  types o f  powder. A f u r t h e r  study reported l a t e r  i n  t h i s  repor t  

(Section V .2(a)) evaluated the e f f e c t  of increasing the blending time t o  2 and 4 

minutes and in t roduc ing new l u b r i c a n t  add i t i on  l eve l s  o f  0.05 and 0.15% using 

Tho2 powder. 

Press feeds representing the  three fue l  systems were compacted i n t o  r i g h t  

c i r c u l a r  c y l  i n d r i c a l  p e l l e t s  i n  carbide 1 ined dies w i th  d i e  diameters o f  0.307 

o r  0.383 inch. A1 1 p e l l e t s  were compacted using double act ion pressing over as 

wide a range o f  pressed dens i t ies  as could be achieved s t a r t i n g  a t  56% TD. 

Upper 1 i m i t s  va r ied  between 62 and 65% TD depending upon the fue l  system being 

pressed. The upper 1 i m i t  was reached when p e l l e t s  began t o  crack o r  break 

dur ing  pressing . 
A f t e r  compaction, a1 1 pe l  1 e t s  were s in tered i n  hydrogen w i t h  a dewpoint o f  

-6O0F a t  180U°C f o r  12 hours i n  a co ld  wal l  tungsten 1 i ned batch furnace. 

Pe l . le ts  were inspected f o r  geometric dimensions, weights, physical appearance 

and y i e l ds .  The geometric dimensions and weights were used t o  ca lcu la te  

i nd i v i dua l  pel  1 e t  densi t ies.  Representative pel  1 e t s  were selected from the 

densi ty ser ies  f o r  metal 1 ographic evaluat ion . 



V.  EXPERIMENTAL RESULTS 

1. U02-THO2 SYSTEM 

Figure 2 shows the experimental design t h a t  would permit  each o f  the 6 

lub r i can ts  ( the  5 metal1 i c  stearates suppl ied by the Chemical D iv i s ion  o f  the 

Mal l inckrodt  Co. and Sterotex) t o  be tes ted w i th  each a t t r i b u t e  o f  i n t e r e s t  

using the 1 pass act iva ted powder from the U02-Tho2 system. A f t e r  these p e l l e t s  

had been evaluated, the var iables were reduced t o  i n c l  ud.e only the most 

promising lub r i can ts  and the most ac t i ve  o f  the micronized powder. The U02-Tho2 

system was chosen f o r  the i n i t i a l  work since t h i s  was the fue l  system used i n  

the LWBR Core. 

The s i n te rab i l  i t y  curves (Figure 3) f o r  the f u l l y  ac t iva ted ue02-~h02 

powder (two microniz ing .passes), which used the 1 owest bulk density ca l  c i  um 

stearate (15 1 b / f t 3 )  tested, i nd i ca te  excel1 en t  compacti b i l  i t y  'over a wide 

pressed density range w i th  no cracks o r  laminations observed u n t i l  the 'pressed 

density exceeded 63%. The highest s in tered densi t ies,  which exceeded the 97% 

ta rge t  over the e n t i r e  pressed density range, were obtained using 0.1% calcium 

stearate. Powder compac t ib i l i t y  was no t  a f fec ted  by the -80 mesh f ines  a t  the 

0.1% addi t ion leve l  as can be seen by the s i m i l a r i t y  o f  the curves f o r  the 

-16/+80 and the -16 mesh mater ia l .  Increasing the 1 ubr icant  leve l  t o  0.25% low- 

ered the s in tered densi ty about 1%. Retention o f  the -80 mesh f i nes  a t  the 

.0.25% add i t i ve  l eve l  a1 so tended t o  have a negative e f f e c t  upon the densi f ica-  

t ion.  These same condi t ions were tested using the o ther  lub r i can ts  i n  each o f  

the other fue l  systems (U02 and Th02) w i th  s im i l a r  resu l t s ,  i .e., the 0.1% 

addi t ion y i e l d i n g  the highest  s in tered dens i t ies  w i t h  or  w i thout  the presence o f  

the f ines. Owi  ng t o  the simi 1 a r i  t y  o f  the resul t s  w i t h  those seen i n  F i  gure 3, 

the s i n t e r a b i l i t y  curves representing condi t ions other than the 0.1% 

concentrat ion l eve l  using the -16/+80 powder f r a c t i o n  are not  shown f o r  the 

other fue l  types. 

Each microniz ing pass act iva tes the powder by increasing the surface 

area. One microniz ing pass does not s u f f i c i e n t l y  ac t i va te  the powder t o  a l low 

dens i f i ca t ion  t o  97% TD. The curves i n  Figures 4 and 5 c l e a r l y  show the 

increase i n  powder a c t i v i t y  imparted by the second microniz ing pass. These 



curves a lso show t h a t  the a b i l i t y  o f  p e l l e t s  t o  reach a h igh densi ty  i s  a 

f unc t i on  o f  the l u b r i c a n t  bulk density, i .e., the lower the l u b r i c a n t  bulk 

densi ty ,  t he  higher the s in te red  pel 1 e t  density. 

Sterotex, when used as a dry l u b r i c a n t  w i thout  a binder, c l e a r l y  does no t  

have good l u b r i c a t i n g  p roper t ies  (Figure 5). The number o f  crack f r ee  p e l l e t s  

t h a t  could be compacted a t  each green densi ty was so low w i t h  the one pass 

micronized powder t h a t  Sterotex was no t  even tes ted w i t h  two pass powder. 

However, Sterotex always provided adequate d i e  l u b r i c a t i o n  when used i n  powder 

i n  conjunct ion w i t h  a b inder as can be seen i n  Figure 14. where the Sterotex was 

added i n  dry form t o  the granules a f t e r  agglomeration i n  the I-WRR prncess o r  was 

d iso lved i n  the oxylene so l u t i on  dur ing agglomeration i n  the process which 

produced the AWBA-1 pe l  1 ets. 

The calcium s tearate  w i t h  a bulk densi ty  o f  22 l b s / f t 3  (CA-22) and the z inc 

s teara te  w i t h  a 23 1 b / f t 3  densi ty  (ZN-23) were e l iminated from fu r t he r  t r i a l s  

s ince the lower bulk densi ty  stearates were be t t e r  performers as can be seen i n  

Figures 4 and 5. The very h igh densi ty  calcium stearate i d e n t i f i e d  as CA-38 was 

used throughout the study due t o  i t s  h igh f l owab i l  i t y .  A1 1 the stearates except 

f o r  t h i s  one were f l u f f y  and had poor f l o w a b i l i t y ,  CA-38 was a f r ee  f lnwing 

granul a r  1 ub r i can t  w i t h  no tendency toward c l  umping. The super ior  f l  ow charac- 

t e r i s t i c s  were s u f f i c i e n t  reason t o  inc lude t h i s  l u b r i c a n t  i n  the remainder o f  

the tes t .  

(a)  Metal 1 ographic Resul t s  

Photographs-of representa t ive  p e l l e t  microstructures o f  U02-Tho2 

p e l l e t s  made w i t h  CA-15 are shown i n  Figure 15. The photographs show t h a t  

the o r i g i n a l  powder granules are  re ta ined i n  the p e l l e t  s t ructure.  The 

granules, which have been f l a t t ened  b u t  no t  crushed dur ing compaction, are 

out1 ined by f i n e  pores. The concentrat ion o f  the pores increases as the 

1 ubr i can t  content increases from 0.1% t o  0.25%. These pel 1 e t  st ruc tures 

were a l l  acceptable f o r  use i n  AWBA i r r a d i a t i o n  tes ts .  

Photographs o f  the micros t ruc tures o f  U02-Tho2 pel 1 e ts  made w i th  the 

CA-38 and ZN-16 l ub r i can t s  are shown i n  F igure  16. The s t ruc tu re  o f  the 

p e l l e t s  made w i t h  the ZN-16 l u b r i c a n t  i s  qu i t e  s i m i l a r  t o  t h a t  achieved 



wi th  the CA-15 lubr icant .  The CA-38 produced lower densi ty  p e l l e t s  

contain ing d isc re te  spherical pores l a rge r  than the pores produced by the 

other 1 ubr icants.  

The t h o r i  a powder a1 so exh ib i ted  good compacti b i l  i t y  when eval uated 

w i th  these three l ub r i can t s  (ZN-16, CA-15, and CA-38) w i t h  both CA-15 and 

ZN-16 producing acceptable r e s u l t s  a t  the upper end o f  the densi ty  range. 

Sintered dens i t i es  o f  98% were obtained a t  the upper end o f  the curve w i t h  

CA-15 as can be seen i n  Figure 6. Microstructures o f  these p e l l e t s  are seen 

i n  Figure 17 and are qu i t e  s im i l a r  t o  the s t ruc tu re  o f  equivalent  U02-Tho2 

p e l l e t s  except t h a t  the d isc re te  pores produced by CA-38 are now 

interconnected by a network o f  f i n e  b u t  acceptable cracks. 

(a)  Re la t ion Between S i  ntered Density, Lubr icant  Concentration and Bl ending 

Time 

Lubr icant  l e v e l s  (using CA-15) o f  0.05, 0.10, and 0.15% were examined 

w i t h  blending times o f  1, 2, and 4 minutes. Approximately equ iva lent  

densi ty  r e s u l t s  were obtained f o r  the 0.10 and 0.15% addit ions. Results 

were e r r a t i c  f o r  the 0.05% add i t i on  as apparently there i s  i n s u f f i c i e n t  

l u b r i c a n t  present f o r  a uniform dispersion. The r e s u l t s  are shown i n  

Figures 7, 8, and 9. There i s  a lso a s l i g h t  dependency upon blending t ime 

espec ia l ly  a t  the 0.10% add i t i on  l eve l  where dens i t i es  increased as a 

funct ion o f  blending time. The photomicrographs i n  Figure 18 show t h a t  the 

i ntragranul a r  po ros i t y  increases d i r e c t l y  w i th  increasing 1 ubr i can t  concen- 

t r a t i on ,  b u t  there are no v i s i b l e  changes i n  po ros i t y  d i s t r i b u t i o n  f o r  

increases i n  blending time. 

(b )  Large Diameter Thoria Pe l l e t s  

i a r g e  diameter annular t h o r i a  p e l l e t s  w i t h  a 1.033 inch  outs ide 

diameter (OD) and a 0.538 inch i ns i de  diameter ( ID) were a1 so made. These 

p e l l e t s  were compacted from a bindered powder i n  a d i e  w i t h  a 1.25 inch OD 

using a 0.635 inch core rod t o  form the ID.  These pel1 e ts  were compacted 



t o  a  leng th  o f  0.625 inch. A t e s t  ser ies o f  b inder less t h o r i a  p e l l e t s  were 

compacted using t h i s  t oo l i ng  t o  f u r t he r  examine the compac t ib i l i t y  o f  the 

binder less powders. One tenth  percent o f  the z inc stearate i d e n t i f i e d  as 

ZN-16 was blended w i th  -16 mesh granules o f  slugged t ho r i a  powder. The 

dens i f i ca t i on  curve for  these pel 1  e t s  i s  shown i n  Figure 10. The powder 

compacted we1 1 a t  pressed dens i t ies  up t o  60% TD d l  though a s p r i  ngl oaded 

upper punch t o  maintain topside pressure on the p e l l e t  during e j ec t i on  from 

the d i e  was requ i red a t  60% green densi ty t o  suppress crack formation. The 

slope o f  the s i n te rab i l  i t .y  curve i n  Fiqure 10 ind icates t h a t  s in tered 

dens i t ies  might  have exceeded 97% had the powder been compacted a t  higher 
green dens i t ies ,  a1 though the t a rge t  density o f  95% TD f o r  these la rge  

diameter pel  1  e ts  was eas i l y  exceeded a t  a l l  green densi t ies.  

U0 2 System 

Two types o f  U02 were examined. One was a highly-enriched ue02 made 

by micron iz ing a  mixture o f  17.8% ~ ~ ~ ~ 0 2  (93.14% u ~ ~ ~ )  and 82.2% ud02 t o  

provide a  powder w i th  an enrichment o f  16.7% u ~ ~ ~ .  the other U02 was a 

commerci a1 l y  produced reactor  grade (2.8% u~~~ 1 powder obtained from the 

Babcock and W i l  cox Co., which was used as a  standard against which t o  

compare the compaction performance o f  the AWBA powders wi thout  b i  nders. 

The h i gh l y  enriched double micronized U02 proved t o  be a very ac t i ve  

powder w i t h  s in tered p e l l e t  dens i t i es  exceeding 97% over the e n t i r e  green 

densi ty range. I n  some cases, dens i t i es  were wel l  over 98% as can be seen 

i n  Figure 11. Over most o f  the range, the densi ty curves were again ranked 

according t o  the l ub r i can t  bulk denst t ies  w l th  the lowest bulk density 

lub r i can ts  producing the highest  p e l l e t  densi t ies.  The photomicrographs i n  

Figure 19 show the microstructures for  each o f  the three lub r i can ts  

tested. The s t ruc tu re  o f  these p e l l e t s  shows tha t  shrinkaqe cracks were 

generated by the rap id  dens i f i ca t ion  o f  t h i s  h igh ly  ac t i ve  powder. 

Since the program ob ject ive  was t o  determine i f  the h igh ly  ac t iva ted 

micronized powders would binder less press as wel l  as the less  act i 've 

commercial U02 powder, the low enriched commercial U02 was not  ac t iva ted by 

micronizing, and, consequently, p e l l e t s  d i d  not  reach as high a  s in tered 



densi ty i n  a l l  cases although dens i t i es  d i d  exceed 97% using CA-15 a t  the 

higher green dens i t i es  (Figure 12). Only the CA-15 and ZN-16 l ub r i can t s  

were tes ted w i t h  the commercial U02 w i t h  calcium stearate again producing 

the highest  densi ty  pe l l e t s .  The microst ruc tures shown i n  Figure 20 

contain more f i n e  poros i t y  than seen i n  the pel 1 e t s  produced from the 

h igh ly  ac t i va ted  AWBA powders. The powder granules do not  seem t o  be as 

c l e a r l y  del ineated by pores as was the case when using the AWBA powders.. 

The increase i n  t o t a l  poros i ty  i s  cons is tent  w i t h  the lower p e l l e t  

densi t ies.  

4. S in te r ing  Comparison 

A compi lat ion o f  the s i n t e r a b i l i t y  curves f o r  each o f  the oxides 

examined. using a 0.1% CA-15 stearate l u b r i c a n t  concentrat ion w i t h  the 

-16/+80 powder f r a c t i o n  i s  presented i n  F igure  13. These curves a l low a 

d i r e c t  comparison o f  the s i n t e r i ng  behavior o f  the b i  nderless pel 1 ets '  i n  

a l l  the systems examined. The very h igh a c t i v i t y  o f  the h igh ly  enriched 

U02 powder can r e a d i l y  be seen i n  t h i s  p l o t .  

5. Comparing the Three Press Feed Techniques, 

A comparison can be made between the two bindered and one b inder less  

process using two pass ac t i va ted  t h o r i a  powder. This comparison i s  shown 

i n  Figure 14 where the LWBR t h o r i a  powder was prepared f o r  pressing by 

using the l i q u i d / s o l i d s  process shown i n  Figure 1. The AWBA-1 curve repre-  

sents p e l l e t s  made by the wet process, a lso  shown i n  Figure 1. F i n a l l y ,  

the AWBA-2 p e l l e t  densi ty  curve represents those p e l l e t s  made by the AWBA 

binder less process and i s  one o f  the fami ly  o f  curves repre'sented i n  

Figure 6. P e l l e t s  made w i t h  b inders cons is ten t l y  reached higher densi- 

t i es .  It should. be noted t h a t  these curves represent optimum dens i t i es  

reached by small t e s t  ser ies  o f  pe l l e t s .  For instance, t h o r i a  seed p e l l e t s  

made f o r  the LWBR core by the l i q u i d / s o l i d s  process had a mean densi ty o f  

98.0% TD whi le  those produced i n  the t e s t  ser ies  had a mean densi ty o f .  

99.0% indicating t h a t  i t  i s  no t  reasonable t o  expect dens i t i es  as h igh as 

predicted by these curves under product ion condit ions. 



V I .  GRAIN STRUCTURE 

The development o f  grains i n  the range o f  A S M  4  t o  8 i n  t h o r i a  and thor ia -  

base fue l  p e l l e t s  requ i res  the add i t i on  o f  moisture t o  the hydrogen s i n te r i ng  

atmosphere. Thi s  so-cal l  ed "wet" hydrogen atmosphere general ly consi sted o f  

t o t a l  l y  saturated hydrogen a t  room temperature. The b i  nderl  ess pel 1  e ts  were a1 1  

s in te red  i n  a  dry  hydrogen atmosphere w i t h  a  dewpoint o f  -60°F, and therefore, 

g ra i n  growth was ne i the r  expected nor observed. The etched s t ruc ture  consisted 

o f  small uni formly d i s t r i b u t e d  grains which were given an ASTM. gra in  s ize r a t i n g  

o f  11 t o  f i n e r  than 13. A t yp i ca l  g ra in  s t ruc ture  f o r  b inder less p e l l e t s  s in-  

te red  i n  a  dry  hydrogen aatmosphere i s  shown i n  Figure 21 a t  400X. 

V I I .  SUMMARY OF RESULTS 

The study showed t h a t  the AWBA/LWBR p e l l  e t  making process can be simp1 i f i e d  

by the binder less compaction o f  powders w i t h  calcium and z inc stearates. 

Compaction w i t h  these stearates can produce acceptable high density pel 1  e t s  from 

h igh l y  ac t i ve  powders. These p e l l e t s  are f ree from re jec tab le  cracks and 

i n te rna l  defects such as pore clumping and excessive granul e  del ineat ion.  Fuel 

systems eval uated i ncl uded the U02-Th02, Th02, and U02 systems. Densi f i c a t i o n  

o f  the p e l l  e t s  i n  each system was a func t ion  o f  the bulk densi ty o f  the 

l u b r i c a n t  where the stearates w i t h  the lowest bulk dens i t ies  produced the 

highest  dens i t i es  i n  the s in tered pel 1  ets. 

Maximum dens i t i es  reached i n  each system using the lowest bulk density 

calcium stearate (15 1 b s / f t 3 )  and z inc stearate (16 l b / f t 3 )  are as follows: 

Maximum 
P e l l e t  Green Pel 1  e t  S i  ntered 

Fuel System Lubr icant  Density (% TD) Density ( %  TO) 

U0 2-Tho 2 

U0 2-Tho7 

Tho 2 

Tho2 

U02 (Highly Act ive) 

U02 (Highly Act ive) 

~ 0 2  (Commercial) 

UO 2 (Commerci a1 

Cal cf  urn Stearate 

Z i  nc S teara t e  

Cal c i  urn Stearate 

Zinc Stearate 

Cal cium Stearate 

Z i  nc Stearate 

Cal c i  um Stearate 

Z i  nc Stearate 



VIII. CONCLUSIONS 
1. Highly active oxide fuel powders from the U02, U02-Th02, and Tho2 systems 

can be compacted and sintered into high density (greater  than 97%) pe l le t s  
without the assistance of binders. 

2. Calcium and Zinc s tearates  w i t h  low bulk densit ies (15 t o  16 l b / f t 3 )  were 
the best die lubricants of those t sted as determined by sintered pe l l e t  
densities. 

3. The highest sintered densit ies were achieved w i t h  additive concentrations of 
0.1%. 

4. Powder granule distribution had l i t t l e  e f fec t  so long as the fines (-80 mesh 
material) d i d  not exceed 25%. 

5. Pel 1 e t  microstructures were eval uated as being equival ent  to  structures 
observed i n  pe l le t s  made w i t h  binders w i t h  exception of grain size.  

6. Grain growth was limited since the pe l l e t s  were not sinterd i n  wet hydrogen. 
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(a) 0. l O/o CA -38 STEARAT E 5 0 X  
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FIGURE 19. MICROSTRUCTURES OF HIOH ENRlCHED UQ2 
PELLETS MADE FROM MICRONIZED POWDER WITH 

THREE DIFFERENT STEARATES. 
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FIGURE 20- MICROSTRUCTURES OF  LOW E N R I C H E D  U 0 2  
P E L L E T S  MADE FROM COMMERCIAL POWDER WITH 

TWO D I F F E R E N T  STEARATES.  
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APPENDIX I 

TECHNIQUES FOR AGGLOMERATING FUEL POWDERS WITH BINDERS 

The binder used throughout the LWBR and AWBA programs was a polyethylene 

g lyco l  known as Carbowax 6000. Binder contents were on the order o f  1.25% o f  

the powder weight. The d i e  lub r i can t ,  which was needed t o  reduce both the 

i n t e r p a r t i c l e  f r i c t i o n a l  forces and the f r i c t i o n a l  forces between the p a r t i c l e s  

and the wal l  o f  the die, was a dry powdery organic stearate known as Sterotex. 

Two d i f f e r e n t  agglomerating techniques were used t o  incorporate the binder. 

These techniques are described below and are shown i n  the processing sequence i n  

the flow diagram i n  Figure 1. It w i l l  be noted t h a t  a l l  three processes s t a r t  

w i th  blending and ,microni z ing operations t o  ensure t h a t  the powder i s 

homogeneous before and a f t e r  ac t iva t ion.  

The LWBR fue l  powders were agglomerated w i th  the Carbowax binder i n  a 

1 i qu id l so l  i d s  blender (Reference (b) ). This type o f  blender uses a spraying 

technique t o  wet the powder w i t h  a so lu t i on  o f  the binder whi le it i s  being 

tumbled. The powder i s  granul ated w i t h i n  the blender by chopping i t  w i th  a 

bladed i n t e n s i f i e r  bar. The solvent f o r  the binder i s  a mixture o f  

d ich l  orodi f l  uormethane and methyl ene chl  o r ide  known commerci a1 l y  as Oxyl ene M- 

6. The Sterotex d i e  l u b r i c a n t  could not  be added w i t h  the binder dur ing 

l i q u i d l s o l  i d s  agglomeration and was dry blended i n t o  the granulated powder p r i o r  

t o  pressing. The 1 i qui d/sol i d s  aggl omerati ng technique was capable o f  hand1 i ng 

the la rge  batch sizes required f o r  the manufacture o f  LWBR core fue l .  

The smaller batch sizes used f o r  the manufacture o f  AWBA development and 

i r r a d i a t i o n  t e s t  p e l l e t s  were be t t e r  accommodated by a technique known as wet 

agglomeration (References (c) ,  (d), (e ) ) .  I n  the wet process, the dissolved 

binder and l u b r i c a n t  are added t o  the fue l  powder i n  a mixer bowl w i t h  a 

s u f f i c i e n t  quant i ty  o f  the Oxylene solvent  t o  form a very f l u i d  s lu r ry .  A 

p l  anetary mixer then agglomerates the s l u r r y  u n t i l  the resul  ti ng mixture i s  dry 

enough t o  granulate through a sui  tab ly -s i  zed sieve. The granulated press feed 

mater ia l  produced by the wet technique had a very uniform dispersion o f  the 

'binder and d i e  lubr icant .  This press feed mater ia l  was h igh ly  compactible and * 

would general ly produce s in tered pelqets having microstructures contain ing only 

small uni formly dispersed pores, which i s  the desired microstructure.  



A1 though the agglomeration process coul d be cont ro l  1 ed so as t o  produce 

s o f t  f u l  l y  compactible granul es, both the wet and 1 i q u i  d/sol i d s  processes were 

t ime consuming. Both processes a1 so encountered 1 i m i  ti ng c r i t i c a l  i t y  

r e s t r i c t i o n s  on batch s ize  due t o  the Oxylene solvent  which i s  a neutron 

moderator. F i  nal  l y  , the presence o f  the binder requires an addi t iona l  furnaci  ng 

operat ion p r i o r  t o  s i n te r i ng  t o  debinder the pe l le ts ,  which adds subs tan t ia l l y  

t o  the manufacturing costs. 

Owing t o  the la rge  amount o f  b inder present (1.25%) a special furnace i s  

requ i red f o r  debindering. This furnace uses a f lowing CO, atmosphere t o  remove 

the binder wi thout  ox i d i z i ng  the p e l l e t s  a t  a temperature o f  925°C. This 

- 
furnace r~eeds d pr~yrammable heatlhg r a t e  t o  prevent- too-rapid heating o f  the- . -. _ 

- .  + - 

pe l  1 e t s  through the binder decomposition temperature (around 400°C). 


