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THE Z r 0 2 - C a O - U 0 2 CERAMIC F U E L F A B R I C A T I O N FOR THE 
EBWR SPIKED CORE E L E M E N T S 

by 

R. C. Lied, E. D. Lynch and J. H. Handwerk 

A B S T R A C T 

A s e r i e s of e x p e r i m e n t s h a s b e e n p r o p o s e d in which 
the t h e r m a l output of the EBWR wi l l be i n c r e a s e d to 
100 m e g a w a t t s . This i n c r e a s e in t h e r m a l e n e r g y wil l be 
a c c o m p l i s h e d by i n s e r t i n g 32 sp ike e l e m e n t s in the i n i t i a l 
fuel c o r e . The fuel s e l e c t e d for t h e s e sp ike e l e m e n t s was a 
cubic so l id so lu t ion in the s y s t e m Z r 0 2 - C a O - U 0 2 -

The c e r a m i c fuel was f a b r i c a t e d in the f o r m of p e l l e t s 
by c o m p a c t i n g a m i x t u r e of U3O8, CaCOs, and Z r 0 2 . T h e s e 
p r e s s e d p e l l e t s w e r e s i n t e r e d in a i r a t 1675°C ± 25°C to f o r m 
a cubic so l id so lu t ion having a c o m p o s i t i o n of 9.01 w / o UO2 
(93% e n r i c h e d ) , 9.07 w / o CaO, and 81.92 w / o Z r 0 2 . The 
p r o c e d u r e s u s e d i n f o r m i n g the fuel p e l l e t s a r e d e s c r i b e d in 
d e t a i l . Fo l lowing f ab r i ca t i on , the p e l l e t s w e r e l o o s e l y in ­
s e r t e d into Z i r c a l o y - 2 tubes for s u b s e q u e n t a s s e m b l y into 
fuel e l e m e n t s . 

INTRODUCTION 

The E x p e r i m e n t a l Boi l ing Wate r R e a c t o r ( E B W R ) l o c a t e d a t 
A r g o n n e , I l l i no i s , i s a c o m p l e t e , d i r e c t - c y c l e , b o i l i n g - w a t e r r e a c t o r p o w e r 
plant.^-^^ This r e a c t o r is a l ight w a t e r - c o o l e d - a n d - m o d e r a t e d r e a c t o r d e ­
s igned to o p e r a t e a t w a t e r t e m p e r a t u r e s up to 254°C and a p r e s s u r e of 
600 ps ig , and is d e s i g n e d to g e n e r a t e 5000 kw of e l e c t r i c i t y f r o m 20,000 kw 
of hea t . 

The i n i t i a l fuel in t h i s r e a c t o r w a s a m i x t u r e of n a t u r a l and s l i gh t l y 
e n r i c h e d (1.44% U^'' ) u r a n i u m a l l oyed with 5 w / o z i r c o n i u m and 1.5 w / o 
n iob ium. Th i s fuel was c l ad with Z i r c a l o y - 2 and f a b r i c a t e d into p l a t e s 
54 in. in length , 3g in. in width, and e i t h e r 0.212 in. o r 0.280 in. in t h i c k n e s s . 
Six of t h e s e p l a t e s w e r e a s s e m b l e d with s ide p l a t e s and top and b o t t o m fit-

3 t ings to f o r m an e l e m e n t a s s e m b l y a p p r o x i m a t e l y 3-j in. s q u a r e . 
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The r e f e r e n c e c o r e in the EBWR was 4 ft in d i a m e t e r , and d e s i g n e d 
to hold 76 fuel e l e m e n t a s s e m b l i e s conta in ing 1.44% U^''^, and 3 6 fuel e l e ­
m e n t a s s e m b l i e s of n a t u r a l u r a n i u m . P r o v i s i o n , h o w e v e r , was m a d e in the 
s t r u c t u r e to i n c r e a s e the c o r e d i a m e t e r to 5 ft, and to a c c o m m o d a t e 148 fuel 
e l e m e n t a s s e m b l i e s . 

The in i t i a l fuel loading h a s b e e n in o p e r a t i o n s i n c e D e c e m b e r 1956. 
Dur ing o p e r a t i o n of the r e a c t o r , a s e r i e s of e x p e r i m e n t s have been i n i t i a t e d 
to i n c r e a s e the t h e r m a l power output above 20,000 kw, and even tua l l y to 
100,000 kw. F o r s o m e of t h e s e e x p e r i m e n t s i t was n e c e s s a r y to sp ike the 
i n i t i a l c o r e loading wi th 32 fuel e l e m e n t a s s e m b l i e s in which the fuel p o r t i o n 
c o n t a i n e d a p p r o x i m a t e l y 10 w / o U^^ . 

T h e s e sp ike fuel e l e m e n t a s s e m b l i e s w e r e in the f o r m of a s q u a r e 
a r r a y con ta in ing 49 Z i r c a l o y - 2 tubes a s s e m b l e d with top and bo t t om f i t t i ngs . 
The t u b e s con ta ined 48 in. of a s t a b i l i z e d z i r c o n i a - u r a n i a c e r a m i c fuel in 
the f o r m of p e l l e t s l o o s e l y i n s e r t e d in the t u b e s . T h e s e sp ike e l e m e n t s w e r e 
f a b r i c a t e d by the A N L M e t a l l u r g y Div i s ion t h r o u g h i t s C e r a m i c E n g i n e e r i n g , 
Coat ing and J a c k e t i n g , and F o u n d r y and F a b r i c a t i o n g r o u p s . T h e s e g r o u p s 
w e r e r e s p o n s i b l e for the m a n u f a c t u r e of the c e r a m i c fuel, and the p r o c u r e ­
m e n t , i n s p e c t i o n , loading and a s s e m b l y of the fuel t u b e s . This r e p o r t , how­
e v e r , wi l l be confined to the m a n u f a c t u r e and loading in to t u b e s of the 
c e r a m i c fuel. The i n s p e c t i o n , f a b r i c a t i o n and a s s e m b l y of the t u b e s wi l l be 
d e s c r i b e d in A N L - 6 2 8 3 , F a b r i c a t i o n of the Spiked C o r e F u e l E l e m e n t s for 
the EBWR.(^ ) 

PRIOR D E V E L O P M E N T 

The d e v e l o p m e n t and use of t h o r i a - u r a n i a W / c o m p o s i t i o n s for u s e 
a s n u c l e a r fuels have s t i m u l a t e d r e s e a r c h in o the r oxide s y s t e m s in wh ich 
u r a n i a is one c o m p o n e n t . T h e s e s y s t e m s a r e of i n t e r e s t a s a m e a n s of 
i m p r o v i n g the h i g h - t e m p e r a t u r e s t a b i l i t y of u r a n i a in oxid iz ing e n v i r o n ­
m e n t s or a s a m e a n s of di lut ing e n r i c h e d u r a n i a for fuel sp ike a p p l i c a t i o n s . 

Z i r c o n i a has long been of i n t e r e s t in n u c l e a r s t u d i e s b e c a u s e of i t s 
r e f r a c t o r i n e s s , c h e m i c a l i n e r t n e s s , and r e s i s t a n c e to e i t h e r oxid iz ing or 
r e d u c i n g a t m o s p h e r e s . Z i r c o n i a a l s o h a s a low c a p t u r e c r o s s s e c t i o n for 
t h e r m a l n e u t r o n s , and would a p p e a r to be a su i t ab l e d i luen t for e n r i c h e d 
u r a n i a . P u r e z i r c o n i a u n d e r g o e s a r e v e r s i b l e p h a s e t r a n s f o r m a t i o n a t 
a p p r o x i m a t e l y 1000°C, and th i s p h a s e t r a n s f o r m a t i o n i s a c c o m p a n i e d by a 
d i s r u p t i v e v o l u m e change which t ends to l i m i t the u s e f u l n e s s of p u r e z i r ­
conia . Z i r c o n i a , h o w e v e r , h a s b e e n r e p o r t e d to f o r m t e t r a g o n a l so l id 
so lu t i ons wi th Ce02 and UO2, (4) and to f o r m cub ic so l id so lu t ions having a 
f l u o r i t e - t y p e s t r u c t u r e wi th CaO, Y2O3, and MgO.(5,6) Solid so lu t ions of 
CaO in UO2 have a l s o b e e n shown to e x i s t a t e l e v a t e d t e m p e r a t u r e s , (7) and, 
on the b a s i s of s t r u c t u r e and i n t e r a t o m i c d i s t a n c e s , c a l c i a - s t a b i l i z e d cubic 
z i r c o n i a shou ld f o r m so l id so lu t ions wi th UO2 p r o v i d e d t h e r e i s no i n t e r ­
f e r e n c e f r o m the CaO. 
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The t e r n a r y s y s t e m Z r 0 2 - C a O - U 0 2 h a s b e e n i n v e s t i g a t e d , (8/ and 
cubic so l id so lu t ions w e r e found to be f o r m e d by r e a c t i n g m i x t u r e s of U3O8 
and C a O - s t a b i l i z e d Z r 0 2 in e i t h e r a i r or h y d r o g e n . Z i r c o n i a which had 
been s t a b i l i z e d wi th 8 to 15 w / o CaO was found to f o r m a con t inuous 
s e r i e s of cubic so l id so lu t ions wi th UO2 when m i x t u r e s w e r e r e a c t e d in 
hydrogen , and a l i m i t e d r e g i o n of so l id so lu t ions when t h e s e m i x t u r e s w e r e 
r e a c t e d in a i r . Th i s i n v e s t i g a t i o n i n d i c a t e d tha t s p e c i m e n s f o r m e d f rom 
the p o w d e r e d s o l i d so lu t ions could be s i n t e r e d , but the s i n t e r e d d e n s i t i e s 
of the s p e c i m e n s w e r e qui te low. Howeve r , h ighe r d e n s i t i e s could be o b ­
t a ined by s i n t e r i n g m i x t u r e s of U3O8, CaC03 , and Zr02- S p e c i m e n s p r e ­
p a r e d by s i n t e r i n g a m i x t u r e of U3O8, CaC03 , and Z r 0 2 having a c o m p o s i ­
t ion c o r r e s p o n d i n g to 10 w / o UO2, 9 w / o CaO, and 81 w / o Z r 0 2 w e r e found 
to have n e g l i g i b l e weight changes du r ing w a t e r c o r r o s i o n a t 260°C. T h e s e 
s p e c i m e n s a l s o exh ib i t ed good s t a b i l i t y a s i n d i c a t e d by s m a l l we igh t l o s s e s 
when h e a t e d in a i r a t t e m p e r a t u r e s up to 1400°C for p e r i o d s a s long a s five 
d a y s . T h e s e i n v e s t i g a t i o n s i n d i c a t e d tha t the so l id so lu t ions in the t e r n a r y 
s y s t e m Z r 0 2 - C a O - U 0 2 would be su i t ab l e for a r e f r a c t o r y , h i g h - b u r n u p fuel. 
B a s e d on th i s work , the fuel s e l e c t e d for the sp ike e l e m e n t s was s t a b i l i z e d 
z i r c o n i a - u r a n i a so l id so lu t ion . 

RAW M A T E R I A L S 

The r a w m a t e r i a l s s e l e c t e d for the fuel m a n u f a c t u r e w e r e Z r 0 2 , 
CaC03, and U3O8. T h e s e m a t e r i a l s a s r e c e i v e d would a l l p a s s a 325 m e s h 
s c r e e n ( 4 4 - m i c r o n opening) and w e r e u s e d wi thout a d d i t i o n a l c o m m i n u t i o n . 
The Z r 0 2 * was a m a t e r i a l with low hafnium, a s is shown by the t y p i c a l 
s p e c t r o c h e m i c a l a n a l y s i s in Tab le I. S a m p l e s of t h i s m a t e r i a l did not 
change weight when c a l c i n e d in a i r a t 1000°C, and th i s m a t e r i a l was d e e m e d 
su i t ab le for use a s r e c e i v e d . Howeve r , the m a t e r i a l n e c e s s a r y to c o m p l e t e 
the fuel f a b r i c a t i o n was r e c e i v e d in t h r e e sh ipping c o n t a i n e r s , and in o r d e r 
to m i n i m i z e po t en t i a l p r o c e s s i n g v a r i a b l e s , e a c h m i x e d fuel b a t c h was m a d e 
by b lending e q u a l p o r t i o n s of the z i r c o n i a f r o m the t h r e e c o n t a i n e r s . 

The CaCOs** w a s r e a g e n t g r a d e and was u s e d a s r e c e i v e d . The 
e n r i c h e d u r a n i u m oxide was supp l i ed a s U3O8, and s ince th i s m a t e r i a l did 
not a p p e a r to change weigh t when s a m p l e s w e r e c a l c i n e d a t 1000°C in a i r , 
th i s m a t e r i a l w a s u sed a s r e c e i v e d . The use of U3O8 was p o s s i b l e s i nce 
the i nd i ca t ed u r a n i u m conten t of a p p r o x i m a t e l y 10 w / o , f r o m r e a c t o r c a l ­
c u l a t i o n s , was wi th in the c o m p o s i t i o n a l r a n g e of so l id so lu t ions f o r m e d by 
a i r s i n t e r i n g U3O8-s tab i l ized z i r c o n i a c o m p a c t s . 

* C a r b o r u n d u m Company , N i a g a r a F a l l s , New York 

**Baker C h e m i c a l Company , P i l l i p s b u r g , New J e r s e y 
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Table 1 

SPECTROCHEMICAL ANALYSIS OF REACTOR GRADE ZrOg 

Element 

Hf 
Al 
B 
Ca 
Cr 
Fe 
Mg 
Mn 
Ni 
Pb 
Si 
Ti 
V 

Concentration, ppm 

Maximum 

140 
<20 
ND 

1500 
310 

2150 
190 

<20 
110 

<20 
370 

<20 
<20 

Minimum 

78 
<20 
ND 
1100 

140 
780 
180 

<20 
50 

<20 
190 

<20 
<20 

Average* 

102 
<20 
ND 

1275 
262 

1390 
188 

<20 
76 

<20 
293 

<20 
<20 

*Average of 4 separa te lots of ma te r i a l . 

FUEL FABRICATION 

Reactor calculations indicated that each of the thi r ty- two spike 
elements should contain 864 g rams net of U^ . This uranium was to be 
uniformly dis t r ibuted throughout the 49 fuel tubes in the subassembly, 
and thus each of the 4-ft lengths of fuel would contain 17.63 g r a m s net 
of U^̂  . This fuel was to be in the form of s in tered ceraraic pellets , 
0.813 cm in d iameter , and with an average pellet length of 1.27 cm; 
approximately 150,000 pellets would be requ i red for the loading. 

The p re l iminary investigations had indicated that urania would 
enter into solid solutions with completely stabil ized zirconia, and that 
10 w/o CaO was sufficient to completely stabil ize the zirconia. Thus, 
the composition of the ce ramic fuel was calculated on the basis of the 
two components - urania and CaO-stabi l ized zirconia - in which the calcia 
content of the stabil ized zirconia was held constant at 10 w/o. The urania 
content r equ i red was determined from bulk densi t ies achieved in pel le t iz-
ing solid solutions containing normal uranium oxide. The s in tered fuel 
composition calculated to meet reac to r r equ i rements was 9.01 w/o UO2, 
9.07 w/o CaO and 81.92 w/o Zr02. Since sintering in a i r was m o r e 



convenien t than s i n t e r i n g in a p r o t e c t i v e a t m o s p h e r e , U3O8 was s u b s t i t u t e d 
for the UO2, and CaC03 was s u b s t i t u t e d for the CaO. The oxide m i x t u r e to 
be f a b r i c a t e d was c a l c u l a t e d to be 8.72 w / o U3O8, 15.07 w / o CaCOs, and 
76.21 w / o Z r 0 2 . 

The c e r a m i c fuel pe l l e t s w e r e f a b r i c a t e d by the p r o c e d u r e shown in 
F i g u r e 1. As a c r i t i c a l i t y p r e c a u t i o n , the e n r i c h e d u r a n i u m oxide was 
m o v e d to the m a n u f a c t u r i n g floor in q u a n t i t i e s suff ic ient for one d a y ' s p r o ­
duct ion. To s impl i fy a c c o u n t a b i l i t y of the e n r i c h e d U3O8, and to e a s e the 
p r o b l e m of weighing, the U3O8 was suppl ied to the m a n u f a c t u r i n g floor in 
ind iv idua l ly t a r e d b o t t l e s , e a c h conta in ing a p p r o x i m a t e l y 420 g r a m s , or 
enough m a t e r i a l for one ba tch . The weight of the U3O8 t r a n s f e r r e d was 
d e t e r m i n e d to within 0.01 g r a m , and th i s weight was used a s the b a s i s for 
ca lcu la t ing the weights of the r e m a i n i n g b a t c h m a t e r i a l s . The r e q u i r e d 
a m o u n t s of ZrOz and CaC03 plus a 3 w / o addi t ion of polyvinyl a l coho l w e r e 
weighed to within 0.1 g r a m . T h e s e m a t e r i a l s ( a p p r o x i m a t e l y 5,000 g r a m s 
in amoun t ) w e r e t r a n s f e r r e d to a glove box w h e r e they w e r e ca r e fu l l y 
c h a r g e d to a t w o - g a l l o n p o r c e l a i n - l i n e d pebble m i l l which was about one -
q u a r t e r full of p o r c e l a i n p e b b l e s . The m i l l was s ea l ed , and then d e c o n ­
t a m i n a t e d on the ou ts ide by wiping a l l e x t e r i o r s u r f a c e s with K leenex 
d a m p e n e d with a c e t o n e . The pebble m i l l was w r a p p e d in a po lye thy lene 
s h e e t to i n s u r e a g a i n s t l eakage , and the m i l l was t r a n s f e r r e d to a m i l l 
r a c k w h e r e the b a t c h was m i x e d for t h r e e h o u r s . The m i l l was then r e ­
moved and r e t u r n e d to the glove box. 

ZrO^ CaCOj 

WftTER, SOLUTION 

CARBOWAX 4000 

AEROSOL 

U,0„ 
3 8 

DRY PEBBLE MILL 

1 

HOBART MIXER 

1 
GRANULATE 

1 

DRY 

1 
ADD LUBRICANT 

PRESS 

INSPECT 

1 

LOAD CRUCIBLES 

1 
WEIGH 

1 
CALCINE aXfiC 

1 
SINTER 1675°C 

1 

WEIGH 

INSPECT 

LOAD TUBES 

POLYVINYL 

ALCOHOL 

REJECTS 

CRUSH-16M 

1 

REJECTS 

CRUSH -325M 

Figure 1. Flow D i a g r a m of Material F a b r i c a t i o n . 
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The m i x e d , d r y , p o w d e r e d m a t e r i a l was not f r ee flowing, and would 
not be su i t ab le a s a feed m a t e r i a l for an a u t o m a t i c p r e s s . In o r d e r to d e ­
ve lop a f r ee - f lowing m a t e r i a l , the m i x e d ox ides w e r e g r a n u l a t e d . The 
m i x e d ox ides w e r e t r a n s f e r r e d to a s m a l l H o b a r t m i x e r , and w e r e m o i s ­
t ened with 28 to 30 w / o of a w a t e r so lu t ion con ta in ing 0.5 w / o C a r b o w a x 4 0 0 0 
(po lye thy lene g lyco l ) and 0.5 w / o A e r o s o l . The w a t e r so lu t ion was a d d e d 
s lowly dur ing mix ing unt i l the m a t e r i a l a p p e a r e d u n i f o r m l y m o i s t e n e d . The 
d a m p m a t e r i a l was g r a n u l a t e d by forc ing i t t h r o u g h a 16 m e s h s c r e e n . The 
g r a n u l a t o r c o n s i s t e d of a 16 m e s h s c r e e n r i g i d l y m o u n t e d in a f r a m e , wi th 
a m o t o r - d r i v e n shaft ex tending t h r o u g h the c e n t e r of the s c r e e n . A s t a i n l e s s 
s t e e l b l ade m o u n t e d on the shaft j u s t above the s c r e e n f o r c e d the d a m p 
m i x e d ox ides t h r o u g h the s c r e e n , and a s i m i l a r b l ade l o c a t e d j u s t be low the 
s c r e e n chopped the s t r i n g s of m a t e r i a l into g r a n u l e s . The d a m p g r a n u l a t e d 
m a t e r i a l was s p r e a d in t r a y s and t r a n s f e r r e d to an e l e c t r i c d r y e r , w h e r e it 
was d r i e d a t 90°C for four h o u r s . This p r o c e d u r e p r o d u c e d a f r ee - f lowing 
m a t e r i a l in wh ich the g r a n u l e s w e r e soft enough to be c r u s h e d du r ing 
p r e s s i n g . 

The d r y g r a n u l a t e d m a t e r i a l was t r a n s f e r r e d to a g lovebox w h e r e , 
p r i o r to p r e s s i n g , 100 m l of an equa l v o l u m e of k e r o s e n e and o le ic a c i d 
was added to e a c h 5,000 g r a m s of b a t c h a s p r e s s i n g l u b r i c a n t . The l u b r i ­
ca t ing m i x t u r e was added by s p r a y i n g f rom an a t o m i z e r whi le the d r y 
g r a n u l e s w e r e t u m b l e d in the t r a y . This m i x t u r e was then c h a r g e d into the 
p r e s s h o p p e r . F r o m the h o p p e r , the m a t e r i a l f lowed in to the p r e s s w h e r e 
it was c o m p a c t e d into r i g h t c y l i n d e r s under a p r e s s u r e of 14,000 to 
16,000 ps i a t a r a t e of ten p e l l e t s p e r m i n u t e . 

The p r e s s ( F i g u r e 2) was a s i n g l e - c a v i t y mod i f i c a t i on of the one 
u s e d by Bach_et al . ,(9) and was d e s i g n e d for t o t a l l y e n c l o s e d o p e r a t i o n . It 
i s e s s e n t i a l l y a s m a l l h o r i z o n t a l p r e s s wi th the die b l o c k m o u n t e d b e t w e e n 
two opposing a i r c y l i n d e r s which a c t u a t e the die p u n c h e s . F o r e a s e of 
a l i g n m e n t and r e p l a c e m e n t , the f e m a l e die was d e s i g n e d a s a s m a l l , h a r d ­
ened s t e e l i n s e r t he ld in the die b lock by s e t s c r e w s . The a i r c y l i n d e r s 
w e r e c o n t r o l l e d by so leno id v a l v e s a c t u a t e d t h r o u g h a s e r i e s of c a m -
a c t i v a t e d m i c r o s w i t c h e s . 

In o p e r a t i o n , the b a c k - u p a i r cy l inde r m o v e d f o r w a r d to c l o s e the 
exi t s ide of the die whi le the p r e s s i n g c y l i n d e r was w i t h d r a w n to a l low 
m a t e r i a l to flow into the die cav i ty . The p r e s s i n g punch c lo sed , fo rc ing 
the m a t e r i a l f r o m the die cav i ty into the d ie , w h e r e i t w a s c o m p r e s s e d 
under full p r e s s u r e by bo th c y c l i n d e r s . The b a c k - u p punch was w i thd rawn , 
and the p r e s s i n g punch m o v e d t h r o u g h the die to e j ec t the p r e s s e d pe l l e t . 
Since a l l p e l l e t s w e r e p r e s s e d under full p r e s s u r e , the l eng th of e a c h 
ind iv idua l pe l l e t w a s con t ingen t on the a m o u n t of m a t e r i a l which d r o p p e d 
into the die cav i ty . Th i s in t u r n w a s dependen t on the g r a n u l a t i o n of the 
m a t e r i a l . Th i s v a r i a t i o n in fill r e s u l t e d in p r e s s e d p e l l e t s having 
l eng ths of 1.27 c m ± 0.16 c m . 
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F i g u r e 2. S i n g l e - c a v i t y A i r P r e s s 

Upon e jec t ion f rom the p r e s s , the pe l l e t s w e r e v i s u a l l y i n s p e c t e d 
for c r a c k s and ch ips . P e l l e t s which w e r e f ree of v i s u a l de fec t s w e r e 
r a n d o m l y loaded into t a r e d , s t a b i l i z e d z i r c o n i a c r u c i b l e s . Defec t ive 
p e l l e t s w e r e c r u s h e d to p a s s a 16 m e s h s c r e e n and r e t u r n e d to the p r e s s . 
The loaded c r u c i b l e s w e r e weighed and t r a n s f e r r e d to an e l e c t r i c fu rnace 
w h e r e they w e r e s lowly hea t ed (overnight ) in a i r to 600°C. The peak t e m ­
p e r a t u r e was he ld for four h o u r s to i n s u r e r e m o v a l of b i n d e r and l u b r i ­
cant . The fu rnace was t u r n e d off and the p e l l e t s w e r e a l lowed to cool in 
the furnace to r o o m t e m p e r a t u r e . 

The c r u c i b l e s conta in ing the p e l l e t s w e r e t r a n s f e r r e d to a g a s - f i r e d 
fu rnace and s i n t e r e d to 1675 ± 25°C in a p p r o x i m a t e l y 12 h o u r s . The peak 
t e m p e r a t u r e was held for 2 h o u r s , a f te r which the fu rnace was t u r n e d off 
and a l lowed to cool to r o o m t e m p e r a t u r e . The c r u c i b l e s conta in ing the 
pe l l e t s w e r e weighed ( F i g u r e 3) and the ne t l o s s in weight d e t e r m i n e d . The 
pe l l e t s w e r e v i s u a l l y i n s p e c t e d for ch ips , c r a c k s , or o the r de fec t s , and 
w e r e m e a s u r e d d i a m e t r i c a l l y by m e a n s of r ing g a u g e s . The pe l l e t s which 
p a s s e d in spec t ion w e r e t r a n s f e r r e d to t a r e d bo t t l e s and s t o r e d pending 
loading into t u b e s . Defec t ive pe l l e t s w e r e t r a n s f e r r e d to a one -ga l l on 
pebble m i l l , w h e r e they w e r e c r u s h e d m a l coho l to p a s s a 325 m e s h s c r e e n . 
Fol lowing g r ind ing , the a l coho l s l u r r y was p o u r e d into a t r a y and t r a n s f e r r e d 
to an e l e c t r i c d r y e r w h e r e the a l coho l was e v a p o r a t e d . The d r y c a l c i n e d 
m a t e r i a l w a s p a s s e d t h r o u g h a 200 m e s h s c r e e n to b r e a k up the soft cake 
f o r m e d on d ry ing , and r e t u r n e d to the weighing s t a t ion for b lending with the 
r a w ba tch . 

In o r d e r to use th is c r u s h e d ca l c ined m a t e r i a l , s e v e r a l b a t c h e s w e r e 
m i x e d in which 5 w / o of the ba t ch was c a l c i n e d c r u s h e d p e l l e t s . This c a l ­
c ined m a t e r i a l addi t ion did not change the p r o c e s s i n g c h a r a c t e r i s t i c s of the 
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m i x e d o x i d e s , but did r e s u l t in a lower 
s i n t e r i n g s h r i n k a g e . This r e d u c t i o n in 
s i n t e r i n g s h r i n k a g e n e c e s s i t a t e d a s m a l l e r 
p r e s s i n g die in o r d e r tha t the f in ished p e l ­
le t s have a un i fo rm d i a m e t e r . In p r a c t i c e , 
howeve r , a l l new d ies w e r e m a d e u n d e r -
s i z e , and a s t h e s e d ies w o r e , the 5 w / o of 
c a l c i n e d m a t e r i a l was e l i m i n a t e d . Thus 
only one die s i ze was n e c e s s a r y , and the 
defec t ive s i n t e r e d pe l l e t s w e r e r e p r o c e s s e d 
with a m i n i m u m of effort . 

A p p r o x i m a t e l y 470 kg of r a w m a t e ­
r i a l s w e r e f a b r i c a t e d into pe l l e t s by m e a n s 
of this p r o c e d u r e . Dur ing the f ab r i ca t ion , 
p e r i o d i c m e a s u r e m e n t s w e r e m a d e on p r o ­
duct ion s a m p l e s to d e t e r m i n e p r e s s e d 
g e o m e t r i c dens i ty , s i n t e r e d g e o m e t r i c d e n ­
si ty , and s i n t e r i n g s h r i n k a g e . The r e s u l t s 
of t h e s e m e a s u r e m e n t s a r e s u m m a r i z e d in 
Table II. The p r e s s e d - p e l l e t d i a m e t e r s 
w e r e found to be within the r a n g e of 
0.953 c m ± 0.008 cm, and the s i n t e r e d 
pe l le t d i a m e t e r s w e r e found to be 
0.810 c m ± 0.008 cm . F r o m t h i s , the a v e r ­
age d i a m e t r a l s h r i n k a g e a s c a l c u l a t e d f r o m 

the a v e r a g e p r e s s e d d i a m e t e r was found to be 14.9%. Th is s h r i n k a g e was 
a l m o s t the s a m e a s the long i tud ina l s h r i n k a g e of 15.0% a s c a l c u l a t e d f rom 
the p r e s s e d and s i n t e r e d l eng ths of the p e l l e t s . The a v e r a g e p r e s s e d den­
s i ty of the pe l l e t s a s d e t e r m i n e d f rom d i m e n s i o n a l m e a s u r e m e n t s was found 
to be 2.75 g / c c , w h e r e a s the a v e r a g e s i n t e r e d dens i t y was found to be 
3.97 g / c c . T h e s e changes in s i ze and d e n s i t y a r e shown by the a p p e a r a n c e 
of typ ica l p r e s s e d and t y p i c a l s i n t e r e d p e l l e t s ( see F i g u r e 4). 

F i g u r e 3. C r u c i b l e Conta in in 
S i n t e r e d P e l l e t s 

Table II 

P R O P E R T I E S OF CaO-ZrOz-UOz SPIKE F U E L 

P r e s s e d Diameter 

Sintered Diameter 

Sintering Shrinkage (Longitudinal) 

P r e s s e d Density (Geometric) 

Sintered Density (Geometric) 

U Content of Sintered Pellet 

0.953 cm ± 0.008 cm 

0.810 cm ± 0.008 cm 

15% Average 

2.75 g m / c c Average 

3.97 gm/cc Average 

0.316 gm/cc Average 
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M a c r o 30163 

M a c r o 30164 

F i g u r e 4. Typ ica l A s - p r e s s e d (Upper) and 
S i n t e r e d (Lower ) P e l l e t s 

C h e m i c a l a n a l y s e s w e r e m a d e on one s a m p l e taken f rom each p r o ­
duct ion ba tch . The a v e r a g e u r a n i u m content a s i nd ica t ed by t h e s e a n a l y s e s 
was found to be 7.96 w / o . This a v e r a g e va lue for u r a n i u m c o m p a r e d v e r y 
f avorab ly with the a v e r a g e c a l c u l a t e d va lue of 7.95 w / o u r a n i u m . 

S e v e r a l r a n d o m l y s e l e c t e d s i n t e r e d pe l l e t s w e r e c e n t e r l e s s g round 
and the t h e r m a l expans ion of t h e s e s p e c i m e n s was m e a s u r e d by m e a n s of 
a d i l a t o m e t e r . The coeff ic ients of t h e r m a l expans ion as c a l c u l a t e d a r e 
shown in Table III, and a r e p lot ted in F i g u r e 5. The expans ion of the s t a b i ­
l i z e d z i r c o n i a - u r a n i a fuel was found to be e s s e n t i a l l y l i nea r , wi th an a v e r ­
age coeff icient of t h e r m a l expans ion f rom 30°C to 900°C c a l c u l a t e d as 
7.13 X 10 c m / c m - ° C . X - r a y d i f f rac t ion p a t t e r n s ob ta ined f rom s e v e r a l 
r a n d o m l y s e l e c t e d s a m p l e s i nd ica t ed that the s i n t e r e d fuel m a t e r i a l was 
e s s e n t i a l l y a s ing le phase having a f a c e - c e n t e r e d cubic s t r u c t u r e 
(ao = 5. 14 A). 
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Table III 

THERMAL EXPANSION COEFFICIENTS FOR 
EBWR SPIKE FUEL COMPOSITION 

Temperature Range 
(°c) 

30-300 
30-400 
30-500 
30-600 
30-700 
30-800 
30-900 

Linear Expansion 
Coefficient 

(10-^ cm/cm-°C) 

6.39 
6.68 
6.83 
6.95 
7.01 
7.06 
7.13 

COEFFICIENT OF EXPANSION FROM 30°C 
TO 900°C = 7J3 X 10"^ cm/cm-°C 

100 200 300 400 500 600 700 800 900 1000 
TEMPERATURE (°C) 

Figure 5. Linear Thermal Expansion 
of EBWR Spike Fuel 

FUEL LOADING 

The Zircaloy-2 tubes as received for loading had been numbered, 
and had one end closure welded in place. These tubes were a lso gauged on 
the inside diameter , and the size of the inside diameter was stenciled on 
the exterior surface. The tubes as received were sorted into groups 
according to their inside d iameters , and weighed to within 0.1 gm. 

The loading of the ce ramic fuel pellets into the tubes was accom­
plished by means of the loading device shown in Figure 6. This device 
is essential ly a flat plate of aluminum, approximately 6 feet long, mounted 
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at an angle of 30° on an e l e c t r i c v i b r a t o r . The upper p o r t i o n of the p la te 
con ta ins four g r o o v e s to a c c o m m o d a t e the c e r a m i c p e l l e t s , and the l ower 
por t ion of the p la te con ta ins four g r o o v e s to a c c o m m o d a t e the Z i r c a l o y - 2 
t u b e s . At the junc t ion t h e s e g r o o v e s a r e offset by the wa l l t h i c k n e s s of 
the tubing. A c lamping dev ice a t the junc t ion of t h e s e g r o o v e s holds the 
tubes in the f ix tu re , and in l ine wi th the pe l l e t c o l u m n s . 

F i g u r e 6. F i x t u r e for Loading F u e l P e l l e t s 

In loading, four tubes w e r e c l a m p e d in the loading f ix tu re , and a 
flat s h e e t - m e t a l p la te was p laced a c r o s s the open ends of the tubes to 
p r e v e n t the c e r a m i c pe l l e t s f rom en te r ing the t u b e s . F o u r co lumns of 
fuel p e l l e t s , 47 ± rr in. long, w e r e a s s e m b l e d in the upper g r o o v e s of the 
b a s e p la t e . Dur ing th is a s s e m b l i n g o p e r a t i o n the pe l l e t s w e r e aga in 
v i s u a l l y i n s p e c t e d , and chipped or defec t ive p e l l e t s w e r e r e m o v e d . The 
ga te was r e m o v e d and the pe l l e t s w e r e p u s h e d by m e a n s of r o d s into the 
t ubes . O c c a s i o n a l l y a pe l le t would s t i ck in the tube . This in some i n s t a n c e s 
could be f r eed by tu rn ing on the v i b r a t o r . However , if th i s did not f ree the 
pel le t , the tube was r e m o v e d f rom the f ix tu re , and the pe l l e t was t apped in 
p lace by m e a n s of an a l u m i n u m rod . T h e s e two m e t h o d s of f ree ing j a m m e d 
pe l l e t s u s u a l l y w e r e effect ive; however , dur ing the fuel loading five r o d s 
w e r e s c r a p p e d b e c a u s e of j a m m e d p e l l e t s . 
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Following loading, the loaded tubes were weighed to within 0.1 gm, 
and the tube number, the tube weight before and after loading, and the 
weight of the fuel contained were recorded . Plas t ic plugs were inser ted 
in the open ends of the loaded tubes to prevent fuel loss , and the loaded 
tubes were t r ans fe r r ed to the Coating and Jacketing Group for final 
c losure and final leak test ing. 

PRODUCTION SUMMARY 

In fabricating the ce ramic fuel for the EBWR Spiked Core E lements , 
sufficient pellets were manufactured to load 1568 fuel tubes. These loaded 
tubes contained 379,755.6 g r a m s of Zr02-CaO-U02. In addition to this 
quantity 19,957.1 g r a m s of pellets were manufactured as an overage and 
for i r radia t ion test spec imens . Ceramic sc rap produced during the fabr i ­
cation amounted to 17,693.2 g r a m s . This sc rap was genera ted from 
unprocessed batch (1,138.9 gms), defective pellets not r e p r o c e s s e d 
(12,267.1 gms), and pellets r ecovered from unloading 17 defective tubes 
(4,287.2 gms) . Unaccounted m a t e r i a l losses amounted to 1,931.3 gms. 
This ma te r i a l , while r epor ted as a loss , was in the form of dust in the f i l te rs , 
on the plast ic sheeting in the gloveboxes, and in m a t e r i a l contamination on 
the fabrication equipment. This m a t e r i a l is in the t r a s h generated by the 
decontamination of the production faci l i t ies . A complete breakdown of m a t e ­
r i a l s used in production is tabulated in Appendix A. 

Detailed production data, including fuel weights in individual rods , 
have been compiled into an unpublished Appendix B. 
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A P P E N D I X A 

RESUME OF MATERIAL PROCESSED 

(All Weights in G r a m s ) 

Number of Batches - 93 

U3O8* 

CaCOj 

Zr02 

Polyvinyl Alcohol 

Carbowax 4000 

Total 

39,309.45 

67,943.00 

343,489.80 

12,776. 10 

2,668.80 

466,187.15 

8.43 

14.58 

73.68 

2.74 

.57 

100.00 

U02 

CaO 

Zr02 

CALCULATED SINTERED COMPOSITION 

Total 

U% 

37,799.36 

38,048.08 

343,489.80 

419,337.24 

9.014 

9.073 

81.913 

100.00 

7.95 

-

-

DISBURSEMENTS OF SINTERED MATERIAL 

Loaded in 1568 Tubes 

I r rad ia t ion Samples and Overage from 
Fabr ica t ion 

Scrap Pe l le t s Recovered from Defective Tubes 

Scrap Pe l le t s 

Calcined Scrap 

Unprocessed Batch Calcined (Scrap) 

Total 

Unaccounted Mate r i a l (in Cruc ib les , Kleenex, 
P las t i c Sheeting, F i l t e r s ) 

*U content 33,344.47 

U"^ content 31,073.86 

w /o Oxide 96.687 

w/o Binder 3.313 

379,755.6 

19,957.1 

4,287.2 

4,490.9 

7,776.2 

1,138.9 

417,405.9 

1,931.34 


