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MANUFACTURE OF THE ThOz-UOz CERAMIC FUEL 
PELLETS FOR BORAX-IV 

by 
J. H. Handwerk, C. L. Hoenig, and R. C. Lied 

ABSTRACT 

P r e l i m i n a r y investigation indicated that it was pos ­
sible to p r e p a r e t ho r i a -u r an i a solid solutions by s in ter ing 
in a i r a mix ture of Th02 and UsOg- The U3O8 on heating in 
a i r was found to d i sas soc ia t e , and when heated with Th02, 
the resul tan t body was e s s e n t i a l l y a Th02-U02 solid solution. 

The methods used in p repar ing and granulat ing the 
ThO^ and U3O8 for the BORAX-IV loading a r e d i scussed in 
detai l . This m a t e r i a l was dry p r e s s e d using p r e s s u r e s f rom 
13,000 to 15,000 ps i . The p r e s s e d pel lets were loaded into 
alumina cruc ib les andf i red to a peak t e m p e r a t u r e of 1700°C 
to 1750°C. The fired ware was foimd to have an average ap­
parent density of 9.8 g / cc . 

The pel lets were loaded into aluminiim- 1 w/o Ni tube 
plates and the annulus between the pellet and the tube was 
filled with lead. After closing the open end of the tube p la tes , 
the plates were spot welded into a subassembly . 

INTRODUCTION 

Thorium as a source m a t e r i a l for U^ is of impor tance in the field 
!r r e a c t o r s . Th 

a f issionable m a t e r i a l . 
of power r e a c t o r s . Through the Th-U cycle , thor ium can be conver ted to 

Both thor ium and u ran ium meta l a r e suscept ible to co r ros ion by 
water , and these me ta l s mus t be carefully clad with a co r ro s ion r e s i s t an t 
m a t e r i a l when used in water cooled r e a c t o r s . The oxides of these me ta l s 
a r e r e s i s t an t to co r ros ion by water , and these m a t e r i a l s when fabr icated 
would appear to be m o r e suitable for nuc lear fuels in power r e a c t o r s . 

The work of Corwin and Eyerly^^^ had shown that UO2 and Th02 could 
be fabr icated by conventional c e r a m i c methods , and that these m a t e r i a l s a r e 
suitable for use as r e f r ac to r i e s in mel t ing me ta l s such as u ran ium. Ware 
formed f rom UO2 mus t be s in te red in a vacuum or in a protect ive a tmosphere 
to prevent the oxidation of UO2 to UsOg- This oxidation is accompanied by an 
i n c r e a s e in volume, which r e su l t s in ruptur ing the w a r e . Th02, unlike UO2, 
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forms no higher oxide, and may be s in tered in a i r . Both UO2 and Th02 have 
face centered cubic or fluorite type s t ruc tu re s and as shown by Lambertson^^/ 
and o the r s , they form a complete s e r i e s of solid solutions. This stabil i ty of 
Th02 as well as i ts convers ion to U^" would indicate the possibi l i ty of a r e a c ­
tor fuel composed p r i m a r i l y of Th02 spiked with sufficient UO2 to cause the 
reac to r to be c r i t i ca l . 

PRELIMINARY CONSIDERATIONS 

Thor i a -Uran ia Mixtures 

The work of Warde^ ' and Hoekstra' '*) indicates that U3O8 is s table in 
oxidizing a tmosphere up to approximately 1150°C. With prolonged heating 
above this t e m p e r a t u r e range U3O8 decomposes to a lower oxide, and, even­
tually to UO2. In o rde r to e l iminate the use of a protect ive a tmosphere in 
s in ter ing UO2, and in o rde r to avoid the disrupt ive volume change of UO2 to 
U3O8, which occurs when UO2 is heated in a i r , Th02-U02 solid solutions were 
p r epa red with UO2 added as an equivalent amount of U308.^ ' 

Mixtures of Th02 and U3O8 containing up to 30 w/o UO2 (added as an 
equivalent amoiint of U3O8) were dry p r e s s e d into sma l l r ight cy l inders i / 4 " 
in d iameter by l / 2 " in length. These composi t ions were f i red to 1700° to 
1750°C in a i r . The resul tan t ware appeared to be free of c r acks or other v i ­
sible defects . Composit ions containing up to 25 w/o UO2 underwent no vis ible 
changes when reheated to 1750°-1850°C in a i r , and composi t ions containing 
up to 30 w/o UO2 did not appear to change when rehea ted in a i r to 1400°C for 
per iods as long as 96 hours . The average apparent densi t ies of these samples 
ranged from 7.85 g /cc for composi t ions containing 97 j w / o Th02 and 2-2 w/o 
UO2 to 7.00 g /cc for composi t ions containing 70 w/o Th02 and 30 w/o UO2. 

X- ray diffraction analyses of composi t ions containing up to 6O v//o 
UO2 (added as U3O8) indicated that U02-Th02 solid solutions were formed. 
F o r composit ions containing 60 w/o or m o r e UO2 the re was cons iderable l ine 
broadening of the x - r a y pa t t e rns with evidence of an additional phase . These 
observat ions para l le l the work of Hvmd^ ' who observed the format ion of a 
f luori te- type phase from composit ions containing up to 56.5 mol percen t U3O8 
and Th02 with the appearance of excess U3O8 during the fir ing of composit ions 
containing m o r e than 56.5 mol pe rcen t U308. X- r ay diffraction analyses for 
composi t ions containing up to 30 w/o UO2 showed c h a r a c t e r i s t i c pa t te rns of 
the f luor i te- type. No ext raneous l ines were obse rved even though a careful 
s e a r c h was made for any U3O8 l ines . However, t he re was evidence that all 
the U3O8 was not reduced to UO2, but probably to some oxide with a me ta l to 
oxygen rat io of 1. to 2.3 (UO2.3). 

Specimens of two t h o r i a - u r a n i a bodies were i r r ad i a t ed in both the 
MTR and the CP-5 r e a c t o r s . The f i r s t body was composed of 97 j w / o Th02 
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and 2-J w/o UO2 while the second body was composed of 90 w/o Th02 and 
10 w/o U02. The UO2 content of these bodies was above 90% enr ichment 
and was added as an equivalent amoiint of U308. The sample p repara t ion 
and i r rad ia t ion t e s t s made in the MTR reac to r a r e r epor t ed by Kittel and 
Handwerk.V'J Pos t i r r ad ia t ion examination revea led that spec imens of the 
two bodies did develop some c r acks and that some fragmentat ion had oc­
cu r red . However, in genera l the condition of the slugs appeared to be 
good. A typical i r r ad ia t ed spec imen of the 90 w/o Th02 - 10 w/o UO2 body 
is shown in F igure 1. This spec imen was encased in a luminum - 1 w/o 
nickel with the annulus between the pel let and can filled with a welding gas 
having the approximate composit ion of 80% He and 20% A. The pel let was 
i r r ad i a t ed to a burn up of 0.64 a /o of the me ta l . 

The re su l t s of the i r rad ia t ion t e s t s on the two bodies made in the 
C P - 5 r e a c t o r have been r epor t ed (Granacki et a l ' ° ' ° ' ^ / ) . Pos t i r r ad ia t ion 
examination of spec imens of the 97 2 w /o Th02 - 2-j \;^/o UO2 body indicated 
that the f ission products w^ere apparent ly quite w^ell contained within the 
capsules.v°) After opening the capsules the pel le ts were found to be intact , 
how^ever, mic roscop ic examination revea led that the pel le ts were cracked. 
Pos t i r r ad i a t ion examination of the 90 w/o Th02 - 10 w/o UO2 spec imens 
revea led that the a luminum - 1 w/o nickel cans w^ere coated w^ith a heavy 
deposit of i ron oxide.'•'•^/ Noticeable dis tor t ion had occu r r ed in the j acke t s , 
and in some cases the lead which was used to fill the annulus was vis ible 
in the ruptured wall of the can. Examinat ion of the pel le ts was accom­
pl ished by par t ia l dissolution of the j acke t s . Some of the pel le ts had r e ­
mained intact with only a min imum of end spalling while other pel le ts were 
found to be f ragmented. 

FUEL FABRICATION 

The p r e l i m i n a r y t e s t s indicated that a t h o r i a - u r a n i a solid solution 
fuel would be feasible , and that these solid solutions could be formed by 
s in ter ing a mix ture of Th02 and U308- The low t h e r m a l conductivity of the 
c e r a m i c indicated a high cen t ra l me ta l t e m p e r a t u r e , and in o r d e r to min ­
imize this high cen t ra l t e m p e r a t u r e , the fuel design was suggested as a rod 
or pin with as smal l a d iamete r as could be fabr icated. This d i ame te r for 
the cera jnic fuel rods was es tabl i shed at l / 4 " , for this s ize was cons idered 
the min imum size pel le t which could be eas i ly dry p r e s s e d . 

The r eac to r was designed to contain 72 subas sembl i e s . Each sub­
as sembly was composed of s ix tube p l a t e s , and each tube plate contained 
eight tubes . The length of the fuel in each tube was set at 24". On the bas i s 
of a 72 subassembly r e a c t o r with each subassembly composed of 48 fuel 
rods 24" in length, approximate ly 83,000" of fuel woxild be r equ i red , or on 
bas i s of pe l le ts l / 2 " in length approximate ly 166,000 pel le ts wotild be r e ­
quired. In addition to the 72 fuel subas semb l i e s , 10 o ther , loaded with thor ia , 
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were needed. These subassembl ies were es t imated to r equ i re 23,000 pe l ­
lets of thor ia . Several automatic p r e s s e s were avai lable , but these p r e s s e s 
were not suitable for enclosure in the glove boxes si tuated in the c e r a m i c 
labora tory . Total enclosure was cons idered n e c e s s a r y because of the toxic 
na ture of the ma te r i a l s involved, and because of the s t r i c t accoxintability of 
the m a t e r i a l . As commerc ia l p r e s s e s were deemed unsuitable for enclo­
sure in the existing labora tory glove boxes , a smal l automatic p r e s s was 
designed and builtV-"-•'̂ z as shown in F igu re 2. This p r e s s was ins ta l led in 
one of the glove boxes in the ce r amic l abora to ry , and then equipped with a 
conveyor (Figure 3) for t ranspor t ing the p r e s s e d ware from the vicinity of 
the p r e s s to an adjoining glove box where it could be inspected. 

Both the Th02 and U3O8 were rece ived as -325 m e s h m a t e r i a l . The 
thor ia was supplied by the National Lead Company, and a spec t rographic 
analys is of this m a t e r i a l is shown in Table 1. The U3O8 was supplied by the 
Oak Ridge National Labora tory . This m a t e r i a l was manufactured by s t eam 
oxidizing uran ium meta l chips , and the "as received" m a t e r i a l was in the 
form of a fine black powder. No analyses were made on this m a t e r i a l . 
P r i o r exper ience had shown that the p r e s s ing c h a r a c t e r i s t i c s of the thor ia 
were improved by calcining overnight at 1000°C, and so all thor ia was ca l ­
cined at 1000°C before mixing. As calcining at 1000°C did not appear to af­
fect the U3O8, this m a t e r i a l was used as rece ived . 

The p re s s ing mix ture for the BORAX-IV fuel was calcula ted to be 
93.41 w/o Th02 and 6.59 w/o U3O8. The U3O8 used was above 90% enr i ch ­
ment , and for accountabili ty r easons this m a t e r i a l was w^eighed in a dry 
box. To ease the problem of weighing the U3O8, approximate ly 200 g r a m s 
of the oxide were t r a n s f e r r e d to a t a r e d bot t le . The accura te weight was 
determined, and the ajmount of Th02 to be added was calculated and weighed 
in an open hood. The thor ia and uranici (approximately 3000 grams) together 
with 2.5 w/o of the batch of polyvinyl alcohol were charged into a one gallon 
porcela in lined pebble mi l l in a glove box. Approximately one k i logram of 
porcela in pebbles were added, and the mi l l was c losed and wrapped in poly­
ethylene sheeting. The mi l l was removed from the glove box and t r a n s f e r r e d 
to a mil l rack , where the Th02, U3O8 and polyvinyl alcohol were mixed t o ­
gether for th ree hours . The mil l was then removed and r e tu rned to the 
glove box. 

The dry oxides were not free flowing, and when charged in the p r e s s 
wo^lld br idge over the die cav i t ies . In o rde r to develop free flowing c h a r a c ­
t e r i s t i c s , the m a t e r i a l was granulated. The oxides were t r a n s f e r r e d from 
the mil l to a smal l Hobart m i x e r s i tuated in a glove box, and the powder was 
dampened with approximately 12 w/o water containing 0.5 w/o ae roso l . The 
mois t mix ture was forced through a 16 miesh s c r e e n to form granu les , and the 
granulated m a t e r i a l was then dr ied at 80°C for four hour s . This granulat ion 
p rocedure produced a free flowing pov^der. Before p r e s s i n g 30 ml of a mix ­
tu re of 50 volume percen t ke rosene and 50 volume percen t oleic acid were 
added as a lubr icant . This mix tu re was then charged into the p r e s s hopper 
shown in F igure 2. 



The p r e s s is essent ia l ly a double acting p r e s s with four cav i t ies , 
and is capable of producing up to eighty pel lets per minute . In operat ion, 
however, the ra te was set at approximately twenty-five pel le ts per minute , 
in o rde r to allow sufficient t ime for handling the p r e s s e d ware f rom the 
conveyor. The d iameter of the p r e s s e d pel le ts was control led by the die 
s ize while the length of the pel lets was control led by the volume of m a ­
te r i a l which dropped in the die cavity. The lengths of the pel le ts were 
therefore proport ional to amount of m a t e r i a l which dropped in the die 
cavity. This quantity was control led by the free flowing c h a r a c t e r i s t i c s 
of the m a t e r i a l . In operat ion the lengths of the pel le ts were found to va ry 
f rom 0.750" to 0.375", and the d i a m e t e r s from 0.267" to 0.270". 

The Th02-U308 mix ture was p r e s s e d at f rom 13,000 to 15,000 ps i . 
The p r e s s e d ware was t r a n s f e r r e d l a te ra l ly by means of a conveyor (Fig­
u re 3) to an adjoining glove box. The p r e s s e d pel le ts were inspected and 
those which appeared to be good were randomly loaded into a lumina c r u ­
c ib les . Ware which was c racked or chipped was regranu la ted by forcing 
the p r e s s e d pel le ts through a 16 m e s h sc reen . This regrani i la ted m a t e r i a l 
was r e tu rned to the p r e s s . 

The cruc ib les containing the p r e s s e d pel le ts were t r a n s f e r r e d to an 
e lec t r i c furnace, and w^ere heated to 260°C overnight . This calcinat ion r e ­
moved mos t of the organic b i n d e r s . The c ruc ib les containing the calcined 
pel le ts were t r a n s f e r r e d to a gas f ired kiln where they were f i red in a i r to 
1700° to 1750°C in approximate ly 16 hours . The peak t e m p e r a t u r e was held 
for tw^o hours , the kiln shut off, and the ware was cillowed to cool in the fur­
nace to room t e m p e r a t u r e . The f i red ware had a uniform appearance , and 
the pel le ts did not appear to s in ter e i ther to the crucible or to t hemse lves . 
F igu re 4 is a photograph of one of the c ruc ib les filled with t h o r i a - u r a n i a 
pel le ts after firing. 

The thor ia pel le ts for the ten blartket a s semb l i e s were made in a 
s imi l a r manne r . Batches of approximately 3000 g r a m s of the calcined thor ia 
were weighed and mixed dry for th ree hours with 2.5 w /o polyvinyl alcohol. 
This mixing was accompl ished in one gallon porce la in l ined pebble mi l l s 
containing approximate ly one k i logram of porce la in pebbles . The dry mix ­
tu re was t r a n s f e r r e d to a smal l Hobart m i x e r where it was mixed with ap­
proximate ly 12 w/o water containing 0.5 ae roso l . The darap mix tu re was 
forced through a 16 mesh s c r e e n and the granulated m a t e r i a l thus forrried 
was dr ied at 80°C for four hours . This m a t e r i a l was mixed with a lubr icant , 
(30 ml of a mix ture of 50% kerosene and 50% oleic acid) and charged to the 
p r e s s hopper shown in F igu re 2 where it was p r e s s e d into pel le ts at 13,000 
to 15,000 ps i . The p r e s s e d pel le ts were randomly loaded into a lumina c r u ­
cibles and f ired in a gas f i red kiln to a t e m p e r a t u r e of 1700° to 1750°C. The 
peak t e m p e r a t u r e was held for two hour s , the kiln shut off, and the ware 
allowed to cool to room t e m p e r a t u r e . These pel le ts also were of uniform 
appearance . A crucible filled with f ired thor ia pel le ts is shown in F igu re 5 
while two typical f i red thor ia pel le ts a r e shown in F igu re 6. 
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Rejects in firing due to chips, c r a c k s , or o therwise defective ware 
averaged l e s s than 4%. A represen ta t ive sample of each kiln fir ing was 
m e a s u r e d and the d i ame te r s of the pel le ts were found to be in the range 
of 0.229 + .002". The firing shrinkage was calculated frona the average 
p r e s s e d d iameter (0.268") and the average fired d iameter of (0.229"). 
This firing shrinkage was fotuid to be 17.0% based on the fired d iamete r . 

The average apparent density de te rmined by water i m m e r s i o n using 
represen ta t ive samples from each kiln firing was fovind to be 9.5 g /cc for 
the thor ia pe l le t s , and 9-8 g /cc for the t ho r i a -u ran i a pe l le t s . The average 
geometr ic density of the t ho r i a -u r an i a pel lets as calculated from the m e a s ­
ured dimensions of the pel le ts was found to be 8.3 g / cc . This difference 
between the two methods of measu r ing density was a t t r ibuted for the mos t 
pa r t to the porosi ty or open pore s t ruc tu re in the pe l le t s ; however, surface 
imperfect ions on the pel le ts would also be a factor due to e r r o r s introduced 
by calc\ilating the volume of the pellet from m e a s u r e d d imensions . 

The average density of 9.8 g /cc as de te rmined by water i m m e r s i o n 
appears to be about 97% of theore t ica l density for the t h o r i a - u r a n i a mix tu re . 
This was es t imated by f i r s t calculat ing the f ired composit ion by assuming 
all U3O8 was dissocia ted to UO2 in the firing p r o c e s s . The f ired compos i ­
tion was calculated to be 93.65 w/o Th02 and 6.35 w/o UO,. A plot of the 
theore t ica l densi t ies of Th02 (10.03)(12) and UO2 (10.95)(^^) was made as 
shown in F igure 7, and from this the theore t ica l density of the t ho r i a -u r an i a 
body was es t imated to be 10.09 g / cc . 

LOADING OF P E L L E T S INTO THE TUBE PLATES 

The jacketing m a t e r i a l for BORAX-IV was a luminum - 1 w/o nickel . 
This m a t e r i a l was fabr icated into tube plates(l '^) (8 tubes per plate) and 
closed on one end as shown in F igure 8. These plates were leak tes ted 
using a heliiim m a s s spec t rograph , weighed, and placed in the loading fix­
tu re shown in F igure 9-

The loading fixture (Figure 9) consis ted of a grooved s teel plate 
mounted on a v ib ra to r , in such a manne r that the grooves were aligned with 
the tubes in the tube pla te . Thor i a -u ran i a fuel pel le ts and the thor ia blanket 
pel le ts were loaded by f i r s t aligning a column of pel le ts in a "V" plate . 
The pel lets were then pushed into the grooved plate . Eight columns of pe l ­
le ts 24" to 24-3 /16" long were aligned in the grooved pla te . These columns 
were thdn pushed into the aluminum - 1 w/o nickel tube pla te . The tube 
plate containing the pe l le t s was weighed, an a luminum plug was inse r t ed 
in each tube, amd a cximp made just above the a luminum plug to prevent the 
charge from falling out during subsequent filling and closing operation.(^4) 



The average weight of t ho r i a -u r an i a per 24" length was calculated 
to be 113.5 g r a m s . Based on a pel let d iamete r of 0.580 cm (approximately 
0.229") the actual average geometr ic density per tube was calculated to be 
7.1 g / cc . This is somewhat lower than the average geomet r ic densi ty as 
de te rmined from dimensional m e a s u r e m e n t s taken on a r ep resen ta t ive lot 
of individual pe l le t s . This difference can be a t t r ibuted to the uneven seating 
of the pel le ts in the tube due to chips or b u r r s on the ends of the pe l le t s . 
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TABLE I 

SPECTROGRAPHIC ANALYSIS OF THORIA 

Elements 
Assay 87.2% Th Concentrat ion 

Ag 
Al 
As 
B 
Ba 
Be 
Bi 
Ca 
Co 
Cr 
Cu 
Fe 
K 
Li 
Mg 
Mn 
Mo 
Na 
Ni 
P 
Pb 
Sb 
Si 
Sn 
Sr 
Ti 
U 
Zn 

Less 

Less 

Less 
Less 
Less 

Less 

Less 
Less 

Less 

Less 

Less 

Less 
Less 
Less 
Less 
Less 

than -
-

than -
-

than -
than -
than -

-

than -
-

-

-

than -
than -

-

-

thaji -

-

-

than -
-

than -
-

than -
than -
than -
than -
than -

1 
70 
10 
1 
10 
5 
10 

300 
5 
25 
30 
300 
50 
1 

40 
3 
20 
50 
20 
50 
50 
1 

100 
5 

200 
50 
10 
50 
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Macro 19527 2X 

Figure 1. 90 w/o ThOg - 10 w/o UOg Specimen After Removal of Al-Ni Cladding 

Burnup 0.6Ii% Total Metal 

Gas Bond 80% He - 20^ A 



13 

/ 
M

p
M

" 

o
 

PQ
 

0
) 

m
 

m
 

•H
 

> 

C
M

 

(I) 

•H
 



Figure 3. View of Conveyor Discharge 

Macro 20951 
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Figure k' Crucible Containing Fired Thoria-Urania Pellets 
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Macro 21750 
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Figure 5. Crucible Containing Fired Thoria Pellets 

Macro 21751 
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Figure 6. Fired Thoria Pellets 
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Macro 20835 
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Figure 7. Plot of Theoretical Density of Thoria-Urania 
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Figure 8. Tube Plate Closed on One End 

Macro 21752 
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Figure 9- Fixture for Loading Fuel Pellets 


