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CASTING AND F A B R I C A T I O N O F CORE M A T E R I A L F O R 
ARGONNE LOW P O W E R R E A C T O R F U E L E L E M E N T S 

by 

R. L . Sa l l ey and W. R. B u r t , J r . 

A B S T R A C T 

The Argonne Low P o w e r R e a c t o r (ALPR) i s fue led 
c u r r e n t l y wi th th in , p l a t e - t y p e e l e m e n t s c o n t a i n i n g a w r o u g h t , 
a l u m i n u m - b a s e c o r e a l loy , wi th a n o m i n a l c o m p o s i t i o n of 
17.5 w/o fully e n r i c h e d u r a n i u m , 2.0 w/o n i c k e l , and 0.5 w/o 
i r o n , c l ad wi th an a l u m i n u m - n i c k e l a l loy . F u e l e l e m e n t s 
w e r e f a b r i c a t e d by a p i c t u r e - f r a n n e t e c h n i q u e , e m p l o y i n g 
e l e m e n t a l s i l i c o n bond ing . F o l l o w i n g th i s o p e r a t i o n the 
c o m p a c t s w e r e hot and co ld r o l l e d to f inal s i z e . 

T h i s r e p o r t d e s c r i b e s the m a n u f a c t u r e of 1150 fuel 
c o r e b l a n k s , of which 816 w e r e u s e d in the f a b r i c a t i o n of 
fuel e l e r a e n t s . D e v e l o p m e n t , c a s t i n g , hot and cold r o l l i n g , 
c l e a n i n g , and punch ing of c o r e b l a n k s a r e d i s c u s s e i , a s a r e 
n o n d e s t r u c t i v e t e s t i n g and e v a l u a t i o n of the m a n u f a c t u r i n g 
p r o c e s s e s . 

I N T R O D U C T I O N 

The s p e c i f i e d fuel for the A r g o n n e L o w P o w e r R e a c t o r (ALPR) w a s 
an a l u m i n u m a l loy p l a t e - t y p e e l e m e n t . E a c h p l a t e w a s to c o n t a i n 39 ± 1 gni U 
in an a l u m i n u m - n i c k e l m a t r i x and c l a d wi th an a l u m i n u m - 1 w / o Ni a l loy 
(X-8001) . The s p e c i f i c a t i o n of h igh ly e n r i c h e d u r a n i u m t o g e t h e r wi th the 
f ina l c o r e s i z e r e q u i r e d a c o r e a l l o y c o m p o s i t i o n of 17.5 w / o U, 2 .0 w / o Ni , 
b a l a n c e 2 8 a l u m i n u m , to ob ta in 39 gm U^^^ p e r p l a t e . The f i n i s h e d fuel 
p l a t e s w e r e 0.120 in . t h i c k , 4 .6 in. w i d e , and 27 .8 in . long , and c o n t a i n e d a 
0.050 in. t h i c k , 3^ t o 3-j^ in . wide and 25.8 t -j in. long u r a n i u m - b e a r i n g c o r e . 
F u e l p l a t e s w e r e f a b r i c a t e d by the p i c t u r e - f r a m e t e c h n i q u e , s t a r t i n g wi th a 
0.200 in. t h i ck , 3.316 in. w i d e , and 6.875 in. long c o r e b l a n k . ( U T h i s r e p o r t 
d e a l s wi th the m a n u f a c t u r e of t h e s e c o r e b l a n k s . 

F a b r i c a t i o n of the e n r i c h e d u r a n i u m c o r e b l a n k s b a s i c a l l y c o n s i s t e d 
of m e l t i n g and c a s t i n g , r o l l i n g , punch ing , and i n s p e c t i o n . As t i m e w a s 
l i m i t e d , some of the d e v e l o p m e n t w o r k w a s p e r f o r m e d c o n c u r r e n t l y wi th 
p r o d u c t i o n of e n r i c h e d c o r e m a t e r i a l . 



In add i t ion to the a c t u a l m a n u f a c t u r i n g p r o c e s s e s , t h i s r e p o r t d e ­
s c r i b e s the p r o b l e m s e n c o u n t e r e d - c a s t i n g s o u n d n e s s and h o m o g e n e i t y , 
edge c r a c k i n g d u r i n g r o l l i n g , and d e t e r m i n a t i o n of U "̂  con ten t p e r c o r e -
and t h e i r s o l u t i o n s . 

CORE ALLOY PROCESSING 

D e v e l o p m e n t 

The m a j o r p r o b l e m s in p r o d u c i n g the a l u m i n u m c o r e a l loy w e r e 
twofold: f i r s t , the s e l e c t i o n of a m o l d to p r o d u c e a sound and h o m o g e n e o u s 
c a s t i n g s u i t a b l e for f a b r i c a t i o n ; a n d s e c o n d , the e s t a b l i s h m e n t of m e l t 
c y c l e s for p r o d u c i n g c a s t i n g s in two f u r n a c e s v a r y i n g in c a p a c i t y . While 
p r e v i o u s w o r k o n A l - U a l l o y s did offer s o l u t i o n s to the p r o b l e m s of p o r o s i t y 
and s e g r e g a t i o n , ' 2 / the p e c u l i a r c h a r a c t e r i s t i c s of ind iv idua l f u r n a c e s r e ­
quire d e v e l o p m e n t of the p r o p e r m e l t cyc l e for e a c h f u r n a c e . 

The in i t i a l a t t e m p t s to p r o d u c e sound , h o m o g e n e o u s c a s t i n g s w e r e 
m a d e by c a s t i n g in to a s l a b - t y p e g r a p h i t e m o l d , l-^rx 7^ in. in c r o s s s e c t i o n 
and 8 in. d e e p . The r e s u l t a n t c a s t i n g s c o n s i s t e n t l y e x h i b i t e d m a j o r s e g r e ­
ga t ion and c r a c k e d s e v e r e l y in hot r o l l i n g . Al though th i s s e g r e g a t i o n w a s 
r e d u c e d t h r o u g h v a r y i n g the m e l t i n g and c a s t i n g c o n d i t i o n s , suf f ic ient i m ­
p r o v e m e n t in h o m o g e n e i t y to p r o v i d e a c c e p t a b l e m a t e r i a l for f a b r i c a t i o n 
w a s not r e a l i z e d , and the s l a b c a s t i n g was a b a n d o n e d in f avor of a m o l d 
hav ing a c r o s s s e c t i o n of 2 x 4 in . and a dep th of 1 8-7 to 19-j in. T h i s m o l d 
p r e s e n t e d m o r e f a v o r a b l e c o n d i t i o n s for ob t a in ing sound h o m o g e n e o u s 
c a s t i n g s in t ha t d i r e c t i o n a l so l i d i f i c a t i on ( v e r t i c a l ) could be o b t a i n e d m o r e 
r e a d i l y . 

The e s t a b l i s h e d r a t e of p r o d u c t i o n r e q u i r e d the foundry to p r o d u c e 
two 2 x 4 X I 8 2 in. c a s t i n g s p e r day . T h r e e q u a r t z t u b e , v a c u u m induc t ion 
f u r n a c e s w e r e a v a i l a b l e . Two of t h e s e , i d e n t i c a l and l a r g e r t han the t h i r d , 
had a q u a r t z tube of 2 2 - i n . OD. The t h i r d h a d a 13 - in . OD q u a r t z tube and 
i s d e s c r i b e d in d e t a i l l a t e r in the r e p o r t . 

The f i r s t m e l t cyc l e to be e s t a b l i s h e d w a s for the 13 - in , q u a r t z tube 
f u r n a c e . E s t a b l i s h i n g a m e l t cyc l e for the l a r g e r f u r n a c e s p r o v e d m o r e 
diff icult due t o : (1 ) the l o n g e r t i m e r e q u i r e d to a t t a i n the p r e s c r i b e d h e a t 
t e m p e r a t u r e (an a v e r a g e of 55 m i n to beg in m e l t i n g the a l u m i n u m , a s c o m ­
p a r e d to 1 2 m i n in the s m a l l f u r n a c e ) , and (2) the g r e a t e r r a d i a t i o n of h e a t 
f r o m the c r u c i b l e to the m o l d in the l a r g e r f u r n a c e . The m o l d t e m p e r a t u r e 
g r a d i e n t d e v e l o p e d d u r i n g a h e a t in the 1 3 - i n . f u r n a c e cou ld not be r e p r o ­
duced in the l a r g e f u r n a c e d e s p i t e e f fo r t s to i s o l a t e the m o l d f r o m the c r u ­
c i b l e . A t o t a l of e i g h t e e n c a s t i n g s w e r e p r o d u c e d in the l a r g e r f u r n a c e and 
a l l w e r e r e j e c t e d b e c a u s e of p o r o s i t y o r s e g r e g a t i o n . L a r g e r c r u c i b l e s 
w e r e u s e d in o r d e r to d e c r e a s e the h e a t i n g t i m e , bu t t h i s had l i t t l e effect 
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and , in one i n s t a n c e , r e s u l t e d in l o n g e r h e a t i n g t i m e . While c a s t i n g s o u n d ­
n e s s and h o m o g e n e i t y w e r e i m p r o v e d , the r e s u l t s w e r e i n f e r i o r c o m p a r e d 
to the qua l i ty o b t a i n e d by u s e of the 1 3 - i n , f u r n a c e . C o n s e q u e n t l y , the u s e of 
the l a r g e f u r n a c e s was a b a n d o n e d and p r o d u c t i o n r a t e s w e r e m e t by i n c o r ­
p o r a t i n g a t w o - s h i f t w o r k day , p r o d u c i n g one c a s t i n g p e r shift in the 1 3 - i n . 
f u r n a c e . 

C h a r g e M a t e r i a l 

The c o m p o s i t i o n of an A L P R c o r e p l a t e w a s f lex ib le in t ha t i t s 
c o m p o s i t i o n w a s dependen t on i t s v o l u m e . Spec i f i c a t i ons r e q u i r e d t h a t 
e a c h p l a t e con ta in 39 t 1 gm U^^^, 2.0 + 0.2 w / o Ni , 0.5 + 0.1 w / o F e , a n d 
the b a l a n c e a l u m i n u m . 

The m a t e r i a l s s p e c i f i e d for p r o d u c i n g the A L P R c o r e a l loy w e r e 
u m i n u m , nicked 

c o n c e n t r a t i o n of 9 1 % . 

2 "̂ S 

1100 a l u m i n u m , n i c k e l , and e n r i c h e d u r a n i u m hav ing a m i n i m u m U i s o t o p i c 

The n e c e s s a r y u r a n i u m con t en t to f u r n i s h 39 g m U p e r p l a t e w a s 
c a l c u l a t e d on the b a s i s of c o r e v o l u m e and d e n s i t i e s of the a l loy c o n s t i t u e n t s . 
The r e s u l t a n t c h a r g e c o m p o s i t i o n w a s 17.5 w / o u r a n i u m e n r i c h e d in U to 
93.2%, 2.0 w / o n i c k e l , and 80.5 w / o 1100 a l u m i n u m . The i r o n con ten t of the 
1100 a l u m i n u m was suf f ic ient to c o m p l y with the 0.5 w / o s p e c i f i c a t i o n for 
the c o r e a l l oy . 

The t o t a l c h a r g e weight w a s f ixed to fi l l the naold and ho t top , whose 
d i m e n s i o n s w e r e 2 x 4 x 19-z-in. and 4 in , dia x 1 in . , r e s p e c t i v e l y . The 
a v e r a g e c h a r g e weigh t was a p p r o x i m a t e l y 8,250 gm and a t y p i c a l c h a r g e i s 
i l l u s t r a t e d in F i g u r e 1 . 

The a l u m i n u m w a s r e c e i v e d in the f o r m of p igs which h a d to be s e c ­
t i o n e d in to p i e c e s t h a t cou ld be r e a d i l y c h a r g e d in to the c r u c i b l e . The p igs 
w e r e cut into 1, l-g", and 2 - i n . t h i ck s l i c e s hav ing a c r o s s s e c t i o n a p p r o x i ­
m a t e l y 4-2 X 5 in . T h e s e s l i c e s w e r e then cut in half and w i r e b r u s h e d to 
r e m o v e a l l b u r r s and l o o s e f i l ings to f a c i l i t a t e we igh ing to the n e a r e s t 
m i l l i g r a m . B r u s h i n g was done with an 8- in . d i a m e t e r w h e e l m o u n t e d on a 
f - h p m o t o r . 

The a l u m i n u m o r i g i n a l l y s u p p l i e d w a s c o m m e r c i a l l y p u r e a l u m i n u m . 
U n a w a r e of th i s e r r o r , t h i s a l u m i n u m w a s u s e d in p r o d u c i n g the f i r s t e igh t 
c a s t i n g s . In add i t i on to p o r o s i t y , t h e s e c a s t i n g s had a low i r o n con ten t , 
a v e r a g i n g abou t 0.1 w / o . A s p e c t r o c h e m i c a l a n a l y s i s of the a l u m i n u m 
showed an i r o n con ten t of 0.07 w / o , i n d i c a t i n g the m a t e r i a l to be c o m m e r ­
c ia l ly p u r e a l u m i n u m r a t h e r t han 1100. 

To con t inue c a s t i n g p r o d u c t i o n whi le a w a i t i n g d e l i v e r y of a s h i p ­
m e n t of 1100 a l u m i n u m , an a l u m i n u m - n i c k e l a l l oy , X - 8 0 0 1 , w a s u s e d a s 
m e l t i n g s t o c k . C h e m i c a l a n a l y s e s of t h i s m a t e r i a l showed a n i c k e l con t en t 



FIGURE 1. Typical ALER Virgin Charge: 1100 aluminum, 
nickel shot, enriched uranium 
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r ang ing f r o m 1.02 to I.'IO w / o and an i r o n conten t r ang ing f r o m 0.49 to 
0.52 w / o . Spec i f i ca t ions for X - 8 0 0 1 ca l l for 0 . 9 - 1 . 1 w / o Ni; t h e r e f o r e , 
a n o m i n a l 1.0 w / o w a s a s s u m e d in c a l c u l a t i n g the a m o u n t of n i cke l shot 
to be added to the c h a r g e . The X-8001 a l loy w a s s c r a p and de fec t ive 
m a t e r i a l f r o m the p r o d u c t i o n of p i c t u r e - f r a m e and c ladding s tock to be 
u s e d for f u e l - p l a t e f a b r i c a t i o n . 

The n i c k e l added was " B a k e r A n a l y z e d R e a g e n t " shot con ta in ing 
0.043% i m p u r i t i e s , the m a j o r - i m p u r i t y be ing 0.04% i r o n which , in th is 
c a s e , was bene f i c i a l . 

The e n r i c h e d u r a n i u m in i t i a l ly was added a s chunks of a s - r e c e i v e d 
b i s c u i t , l a t e r a s p i ck l ed b i s c u i t m a t e r i a l , and f inal ly a s p r e m e l t e d s tock . 
The f i r s t e igh t e n r i c h e d c a s t i n g s w e r e r e j e c t e d b e c a u s e of s e v e r e p o r o s i t y 
in add i t ion to a low i r o n con ten t . T h e s e c a s t i n g s w e r e p r o d u c e d u n d e r the 
s a m e m e l t i n g a n d c a s t i n g cond i t ions a s w e r e the f inal d e v e l o p m e n t c a s t i n g s 
which w e r e f r ee of p o r o s i t y . Al though the a l u m i n u m and n i cke l m e l t s t o c k s 
w e r e the s a m e for both d e v e l o p m e n t and e n r i c h e d c a s t i n g s , the f o r m e r 
w e r e c h a r g e d with p r e m e l t e d n a t u r a l u r a n i u m (0.7% U^ ) while a s - r e c e i v e d 
b i s c u i t u r a n i u m was c h a r g e d to the e n r i c h e d m e l t s . The suppos i t ion was 
then m a d e tha t the p o r o s i t y o c c u r r i n g in the f i r s t t h r e e e n r i c h e d - u r a n i u m 
c a s t i n g s m i g h t be due to the h e a v i l y ox id ized , e n r i c h e d b i s c u i t u r a n i u m , 



i n a s m u c h a s the u s e of p r e m e l t e d n o r m a l u r a n i u m r e s u l t e d in sound c a s t i n g s . 
To r e m e d y t h i s , the a s - r e c e i v e d b i s c u i t u r a n i u m was p i c k l e d in a 50% n i t r i c 
ba th a t 80°C to r e m o v e the h e a v y oxide l a y e r and o t h e r e n t r a p p e d i m p u r i t i e s . 
Use of th i s p i c k l e d u r a n i u m b i s c u i t in p r o d u c i n g t h r e e m o r e c a s t i n g s p r o v e d 
f r u i t l e s s , a s a l l e x h i b i t e d p o r o s i t y . R e m e l t i n g two of the s i x p o r o u s c a s t i n g s 
p r e v i o u s l y m a d e did not e l i m i n a t e the p o r o s i t y , a l t h o u g h i t w a s l e s s e n e d to 
s o m e d e g r e e . 

S p e c t r o c h e m i c a l a n a l y s i s of a s - r e c e i v e d e n r i c h e d b i s c u i t u r a n i u m 
r e v e a l e d t h a t a c o n s i d e r a b l e a m o u n t of ca lc iuna ( m o r e than 1000 p p m ) w a s 
p r e s e n t . T h i s c o n t a m i n a n t r e s u l t e d f r o m the b o m b r e d u c t i o n of u r a n i u m 
s a l t to b i s c u i t m e t a l . S ince th i s e l e m e n t i s vo l a t i l e a t e l e v a t e d t e m p e r a ­
t u r e s , i t c a n be r e m o v e d by m e l t i n g the u r a n i u m in a h igh v a c u u m . R e m o v a l 
of c a l c i u m is i n d i c a t e d in T a b l e I , w h e r e m i n o r e lenaent c o n t e n t s of a s -
r e c e i v e d b i s c u i t and p r e m e l t e d u r a n i u m a r e t a b u l a t e d . M a g n e s i u m con t en t 
w a s r e d u c e d by a f a c t o r of 30, a s w e l l A l so d u r i n g m e l t i n g , any e n t r a p p e d 
g a s e s can e s c a p e and ox ides and o t h e r c o n t a m i n a n t s can f o r m a sku l l wh ich 
wi l l f loat on the s u r f a c e of the m o l t e n u r a n i u m . S e p a r a t i o n of the p u r i f i e d 
u r a n i u m f r o m the sku l l can b e s t be a c c o m p l i s h e d by b o t t o m p o u r c a s t i n g , 
a s the sku l l wi l l r e m a i n in the c r u c i b l e . 

T A B L E I . I m p u r i t y Con ten t of A s - r e c e i v e d and 
P r e m e l t e d E n r i c h e d Uran iuna 

I m p u r i t y 

Ag 
Al 
As 
B 
Be 
Bi 
Ca 
Co 
C r 
Cu 
F e 
K 
Li 

I m p u r i t y Conten t , p p m * 

A s - r e c e i v e d 
B i s c u i t 

L I 
10 
LIO 
LO.l 
L 0 . 5 
LI 
GIOOO 
L5 
2 
70 
40 
L50 
LI 

P r e m e l t e d 
C a s t i n g 

LI 
5 
LIO 
LO.l 
L 0 . 5 
LI 
L20 
L5 
2 
4 
40 
L50 
LI 

I m p u r i t y 

Mg 
Mn 
Mo 
Na 
Ni 
P 
P b 
Sb 
Si 
Sn 
Ti 
Zn 

I m p u r i t y Conten t , p p m * 

A s - r e c e i v e d 
B i s c u i t 

100 
2 
L20 
LIO 
30 
L50 
LI 
L I 
15 
L 5 
L50 
L50 

P r e m e l t e d 
C a s t i n g 

3 
1 
30 
LIO 
10 
L50 
LI 
LI 
80 
L5 
L50 
L50 

* L i n d i c a t e s l e s s t h a n 



The u s e of e n r i c h e d u r a n i u m wh ich had b e e n p r e m e l t e d in v a c u o 
r e s u l t e d in a sound A L P R c a s t i n g . C o n s e q u e n t l y a l l s u b s e q u e n t v i r g i n 
c h a r g e s c o n s i s t e d of p r e m e l t e d s t o c k . 

The p r e m e l t i n g w a s done in a S | - in . d i a m e t e r V y c o r t u b e , h igh 
v a c u u m , induc t ion f u r n a c e u t i l i z i n g a 15-kw, h i g h - f r e q u e n c y , m o t o r - g e n e r ­
a t o r s e t . P o w e r f r o m th i s s e t w a s induced in to the f u r n a c e by m e a n s of a 
coi l s u r r o u n d i n g the V y c o r t u b e . T h i s co i l w a s 7 in . h igh x 64 in . OD and 
c o n s i s t e d of 13 t u r n s of f - i n . OD c o p p e r t ub ing . P o w e r w a s t r a n s m i t t e d 
f r o m the g e n e r a t o r to the f u r n a c e by m e a n s of a 4 x | -- in. c r o s s - s e c t i o n a l , 
w a t e r - c o o l e d , c o p p e r bus b a r . 

The a s - r e c e i v e d b i s c u i t u r a n i u m w a s c h a r g e d in to a 3-g--in. d i a m e t e r , 
7 | - i n . d e e p , h i g h - p u r i t y MgO b o t t o m pou r c r u c i b l e . L a r g e r m e l t s l a t e r 
n e c e s s i t a t e d u s e of a 4 - i n . h igh , m a g n e s i a c r u c i b l e e x t e n s i o n . A | - i n . d i ­
a m e t e r , h i g h - p u r i t y MgO s t o p p e r rod wi th a t a p e r e d point w a s f i t ted in to a 
•g-in. d i a m e t e r p o u r i n g h o l e . A 3g-in. d i a m e t e r , g-in. th ick , h i g h - p u r i t y 
MgO c o v e r wi th a f - i n . d i a m e t e r s igh t ho le w a s p l a c e d o v e r the c r u c i b l e 
a f t e r l oad ing . A 0 . 0 3 0 - i n . th ick t a n t a l u m s u s c e p t o r e n c a s e d the c r u c i b l e 
and c o v e r and w a s , in t u r n , s u r r o u n d e d by a | - i n . th ick , 10 - in . h igh z i r c o n i a 
i n s u l a t o r . A m a g n e s i a s p a c e r w a s u s e d b e t w e e n the c r u c i b l e and m o l d . 

The m e t a l w a s c a s t in to a sp l i t c y l i n d r i c a l g r a p h i t e mo ld , t a p e r e d 
c o m p r e s s i o n r i n g s be ing u s e d to hold the m o l d t o g e t h e r . The m o l d d i m e n -
s ions w e r e Z^ in . OD, l 4 i n . ID, and a 9 - i n . i n t e r n a l dep th . The m o l d 
cav i t y w a s c o v e r e d wi th a M g Z r O j w a s h . 

Though the f u r n a c e w a s c a p a b l e of o p e r a t i n g wi th a v a c u u m of 
1 X 1 0 ~ m m Hg, power w a s app l i ed when a m i n i m u m v a c u u m of 4 x 10" '*mm H 
w a s ob t a ined . A t y p i c a l m e l t cyc l e c o n s i s t e d of h e a t i n g the m e t a l to 1400°C, 
hold ing a t t h i s t e m p e r a t u r e for ^ h r , l o w e r i n g the t e m p e r a t u r e to 1300°C, 
and p o u r i n g . At the t i m e of p o u r i n g , the v a c u u m w a s 2 x 10""^mm Hg o r 
b e t t e r in a l l i n e l t s . The we igh t of e n r i c h e d u r a n i u m b i s c u i t c h a r g e d v a r i e d 
f r o m 3617 to 8065 g m . 

Af t e r the c a s t i n g s w e r e r e m o v e d f r o m the m o l d , they w e r e we ighed 
and c l e a n e d for no t ch ing and b r e a k i n g . C lean ing to r e m o v e a d h e r i n g w a s h 
o r oxide f i lm w a s b e s t a c c o m p l i s h e d by m a k i n g a l ight sk in cut on the c i r ­
c u m f e r e n t i a l s u r f a c e of the c a s t i n g (b i l l e t ) . The b i l l e t w a s then we ighed 
a g a i n and i t s l ong i t ud ina l l e n g t h m e a s u r e d to d e t e r m i n e i t s we igh t p e r 
l i n e a r i n c h . The b i l l e t could now be n o t c h e d and b r o k e n in to s e g m e n t s of 
p r e d e t e r m i n e d w e i g h t s for c h a r g i n g to the c o r e a l l oy m e l t s . 

No tch ing of the b i l l e t w a s a c c o m p l i s h e d by m a c h i n i n g a c i r c u m f e r e n ­
t i a l g r o o v e in the b i l l e t m e a s u r i n g g in . w ide and | in . d e e p . M a c h i n i n g w a s 
done on a 12 - in M o n a r c h l a the u s i n g a c a r b o l o y - t i p p e d p a r t i n g too l . The 
n o t c h e d b i l l e t w a s t hen i m m e r s e d in a t h e r m o s con ta in ing l iquid n i t r o g e n . 



When the c a s t i n g r e a c h e d the l iqu id n i t r o g e n t e m p e r a t u r e ( -196°C, i t was 
r e m o v e d and b r o k e n a t the no t ch in a p r o t e c t i v e hood on a 10 - ton G r e e n e r d 
a r b o r p r e s s u s i n g a " V " - n o s e t ip a t the end of the h y d r a u l i c r a m , a s shown 
in F i g u r e s 2A and 2B. Depend ing on the p a t t e r n of f r a c t u r e , i t w a s s o m e ­
t i m e s n e c e s s a r y to m a c h i n e the p i e c e f u r t h e r to the c o r r e c t c h a r g e we igh t 
o r to add a d d i t i o n a l s m a l l p i e c e s of p r e m e l t e d u r a n i u m . 

C r u c i b l e s 

The m e l t i n g and a l l oy ing of the a l u m i n u m - u r a n i u m - n i c k e l a l l o y w e r e 
done in g r a p h i t e , b o t t o m - p o u r c r u c i b l e s , p r o t e c t e d f r o m a t t a c k by the m e l t 
by a dup lex c e r a m i c c o a t i n g . The c r u c i b l e , shown in F i g u r e 3 and d e t a i l e d 
in F i g u r e 4, m e a s u r e d 8 in . in o u t s i d e d i a m e t e r , 10 in . in o v e r a l l h e i g h t , 
a n d y i n . in w a l l t h i c k n e s s . The i n t e r i o r h e i g h t of 9-5-in. h a d a o n e - d e g r e e 
p i t ch to f a c i l i t a t e d r a i n i n g of the m e l t and r e m o v a l of the s k u l l . The i n t e r ­
i o r b o t t o m a l s o w a s t a p e r e d to the p o u r i n g ho le to a s s i s t in d r a i n i n g . 

The-2f-in. d i a m e t e r , c e r a m i c - c o a t e d , g r a p h i t e s t o p p e r r o d f i t t ed in to 
the-g^in. d i a m e t e r p o u r i n g ho le by m e a n s of a-f-~in long, -j^-in. d i a m e t e r 
t a p e r e d t i p . The r o d w a s d e s i g n e d to p e r m i t s l i gh t m o v e m e n t , e i t h e r v e r ­
t i c a l l y o r h o r i z o n t a l l y , wi thout a l l owing l e a k a g e of m o l t e n m e t a l f r o m the 
c r u c i b l e , be ing m a n i p u l a t e d by a - | - - in . d i a m e t e r t a n t a l u m pu l l r o d f a s t e n e d 
to the s t o p p e r r o d by a t a n t a l u m c l e v i s a n d p in . The pu l l r o d p a s s e d 
t h r o u g h a c o m p r e s s i o n - t y p e v a c u u m s e a l m the f u r n a c e c o v e r . A l l c r u c i b l e s 
and s t o p p e r r o d s w e r e m a d e f r o m A T Z g r a d e g r a p h i t e . 

It w a s n e c e s s a r y to p r o t e c t the g r a p h i t e c r u c i b l e and s t o p p e r r o d 
f r o m a t t a c k by the m o l t e n m e t a l . P r o t e c t i o n w a s p r o v i d e d in the f o r m of a 
dup lex c e r a m i c c o a t i n g . The b a s e coa t i ng w a s a s l u r r v of m a g n e s i u m z i r -
c o n a t e wh ich w a s a p p l i e d by b r u s h i n g in two l a y e r s , wi th a p p r o x i m a t e l y l-j; to 
2 h o u r s of d r y i n g t i m e b e t w e e n a p p l i c a t i o n s . Two m e d i u m l a y e r s of M g Z r 0 3 
a r e p r e f e r a b l e to a s i ng l e h e a v y l a y e r , a s the l a t t e r t e n d s to c r a c k on d r y i n g . 
The s e c o n d , o r t op , coa t i ng c o n s i s t e d of a s u s p e n s i o n of t h o r i a in w a t e r , 
wh ich w a s a p p l i e d by s p r a y i n g . Both c r u c i b l e s and s t o p p e r r o d s w e r e 
a l l o w e d to a i r d r y b e f o r e t hey w e r e p l a c e d in the f u r n a c e . 

The M g Z r O s w a s s u p p l i e d by the T i t a n i u m Al loy M a n u f a c t u r i n g D i v i ­
s ion and the Code 112 Th02 by the L i n d s a y C h e m i c a l C o m p a n y . The t h o r i a 
h a d b e e n f i r e d a t 800°C and a v e r a g e d in p a r t i c l e s i z e b e t w e e n 0.5 a n d 2.0 
m i c r o n s . 

In no i n s t a n c e did the m o l t e n m e t a l b r e a k t h r o u g h the w a s h a n d 
a t t a c k the g r a p h i t e . A f t e r c a s t i n g , the c r u c i b l e w a s r e m o v e d f r o m the f u r ­
n a c e and the m e l t r e s i d u e o r sku l l s a l v a g e d . The c e r a m i c coa t i ng w a s 
s c r a p e d f r o m the c r u c i b l e and s t o p p e r r o d and s t o r e d a s c o n t a m i n a t e d m a ­
t e r i a l . The s u r f a c e s of the c r u c i b l e a n d s t o p p e r r o d w e r e t h e n c l e a n e d a n d 
r e c o a t e d p r i o r to r e u s e . 



FIGURE 2. Breaking of Chilled Uranium Casting into Predetermined 
Segments by a "V"-Nosed Hydraulic Ram 

2A. 

106-1*177 Prior to Breaking 

106-4180 After Breaking 
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FIGURE 3- Graphite Crucible and Stopper Rod with Duplex Ceranic Coating 
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FIGTJRE 4. Design and Dimensions of Graphite 
Crucible, Cover, and Stopper Rod 



A to t a l of e ight c r u c i b l e s and s t o p p e r r o d s w e r e e m p l o y e d to m a k e 
68 e n r i c h e d fuel a l l oy c a s t i n g s and a p p r o x i m a t e l y 25 d e v e l o p m e n t c a s t i n g s . 

Molds 

A sp l i t g r a p h i t e m o l d ( F i g u r e 5) was u s e d to p r o d u c e the fuel a l l oy 
c a s t i n g s . When a s s e m b l e d , the m o l d f o r m e d a c y l i n d e r 5^ in . in d i a m e t e r 
and 22 in . h igh . The two h a l v e s w e r e m a c h i n e d to f o r m a cav i t y hav ing 
c r o s s - s e c t i o n a l d i m e n s i o n s of 2 x 4 in . wi th a ^--in. r a d i u s a t the c o r n e r s . 
The two m o l d s e c t i o n s w e r e he ld t o g e t h e r by two t a p e r e d g r a p h i t e r i n g s 
s e r v i n g a s c o m p r e s s i o n r i n g s . A g r a p h i t e p l a t e , 2 x 4 x:5-in., w a s i n s e r t e d 
a t the b o t t o m of the m o l d and a c t e d a s a p lug . Th i s p l a t e r e s t e d on a 4--in. 
th ick c o p p e r ch i l l b lock which a ided in i n i t i a t i n g d i r e c t i o n a l so l i d i f i c a t i on 
of the c a s t m e t a l . 

T h r e e 0 . 1 9 0 - i n . d i a m e t e r h o l e s w e r e d r i l l e d in the m o l d to wi th in 
-g in . of the i n n e r m o l d wa l l a t equa l i n t e r v a l s a long the m o l d l eng th ( s e e 
F i g u r e 5 for s p a c i n g d i m e n s i o n s ) . T w i n - b o r e c e r a m i c t u b i n g - i n s u l a t e d 
c h r o m e l - a l u m e l t h e r m o c o u p l e s wi th b a r e b e a d s w e r e i n s e r t e d in t h e s e h o l e s 
to ob t a in top , m i d d l e , and b o t t o m m o l d t e m p e r a t u r e s d u r i n g a h e a t c y c l e . 
The t h e r m o c o u p l e s p a s s e d t h r o u g h c o m p r e s s i o n - t y p e v a c u u m s e a l s in the 
f u r n a c e b o t t o m . 

The t e m p e r a t u r e s of m o l d and m e t a l d u r i n g a t y p i c a l hea t cyc l e a r e 
g r a p h i c a l l y i l l u s t r a t e d in F i g u r e 6. When the m e l t w a s r e a d y for p o u r i n g , it 
w a s m o s t i m p o r t a n t to have the m o l d t e m p e r a t u r e g r a d i e n t i n d i c a t e d on the 
g r a p h . T h i s g r a d i e n t w a s a l l o w e d to v a r y u n i f o r m l y wi th in +10 and -25°C of 
the i n d i c a t e d t e m p e r a t u r e s . With t e m p e r a t u r e s v a r y i n g beyond t h e s e l i m i t s , 
p o r o s i t y o r s e v e r e s e g r e g a t i o n w a s l i k e l y to o c c u r , p o r o s i t y wi th the l o w e r 
t e m p e r a t u r e s and s e g r e g a t i o n a t the h igh t e m p e r a t u r e s . F i g u r e 7 shows the 
X - r a y r a d i o g r a p h s and m o l d t e m p e r a t u r e s of two d e v e l o p m e n t a l c a s t i n g s 
m a d e wi th m o l d t e m p e r a t u r e s v a r y i n g beyond the d e s i r e d l i m i t s . 

One m o l d w a s u s e d to p r o d u c e a l l 68 fuel a l l oy c a s t i n g s . The a l l o y 
w a s c a s t in to a b a r e mo ld , no c e r a m i c w a s h be ing u s e d . Af t e r r e m o v a l of 
the c a s t i n g f r o m the m o l d , it w a s n e c e s s a r y only to l igh t ly s a n d p a p e r the 
m o l d wa l l in p r e p a r a t i o n for the nex t h e a t . The g r a p h i t e b o t t o m plug had to 
be r e p l a c e d five t i m e s in p r o d u c i n g the c a s t i n g s . E r o s i o n of the p l a t e by 
the m o l t e n m e t a l w e a k e n e d i t such tha t , a f t e r a p p r o x i m a t e l y 12 h e a t s , the 
p l a t e would c r a c k when r e m o v i n g it f r o m the c a s t i n g . 

V a c u u m Induc t ion F u r n a c e 

M e l t i n g , a l l oy ing , and c a s t i n g of the A L P R fuel a l l o y w e r e 
a c c o m p l i s h e d in a v a c u u m i n d u c t i o n f u r n a c e , the f u r n a c e p r o p e r be ing a 
q u a r t z tube wi th an e x t e r i o r i nduc t i on c o i l . The f u r n a c e w a s l o c a t e d on a 
b a l c o n y s u c h tha t the t u b e , co i l and f u r n a c e top w e r e a b o v e the b a l c o n y 
f loor for o b s e r v a t i o n and c o n t r o l of h e a t s . The f u r n a c e b o t t o m and the 
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FIGURE 7. X-ray Radiographs of Two Developmental Castings Whose Mold 
Temperatures Just Prior to Pouring Were beyond Specified 
Limits 
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v a c u u m p u m p s w e r e l o c a t e d b e n e a t h the ba lcony fo r e a s e in r e m o v a l of 
c a s t i n g s and m a i n t e n a n c e of the v a c u u m s y s t e m , A 50 -kw, 440~vol t , 
3 0 0 0 - c y c l e m o t o r - g e n e r a t o r un i t s u p p l i e d the n e c e s s a r y p o w e r for m e l t ­
ing . V iews of the f u r n a c e above and b e n e a t h the ba lcony a r e shown in 
F i g u r e s 8A and 8B. The m a j o r c o m p o n e n t s of the f u r n a c e (shown in F i g ­
u r e 9) c o n s i s t e d of the fo l lowing: the f u r n a c e b a s e , co ld t r a p , p u m p i n g 
s y s t e m , c o v e r s , i n s u l a t i o n , i nduc t ion co i l , and q u a r t z t u b e . 

The b a s e of the f u r n a c e i s a s t a i n l e s s s t e e l box, 1 8 x 23 in . a n d 
10 in. h igh , to wh ich i s w e l d e d a c i r c u l a r f lange to p e r m i t an O - r i n g v a c u u m 
s e a l i n g of the m o l d w e l l u n d e r n e a t h the b a s e . S i m i l a r l y , a c i r c u l a r f lange 
i s we lded a t the top for the s u p p o r t and s e a l i n g of the q u a r t z t u b e . 

The q u a r t z t u b e , s e a l e d to the f u r n a c e b a s e by a f la t , s i l i c o n e r u b b e r 
g a s k e t , w a s n o m i n a l l y 13 in . OD by 36 in. long wi th a-g--in. w a l l t h i c k n e s s . 
Both ends of the tube w e r e g r o u n d p e r p e n d i c u l a r to the a x i s of the tube to 
r e m o v e de fec t s and to i n s u r e s e a l i n g u n d e r v a c u u m . The top of the tube 
w a s s e a l e d by a w a t e r - c o o l e d c o v e r , a g a i n u s i n g a f la t , s i l i c o n e r u b b e r 
g a s k e t . The c o v e r w a s f i t ted wi th a r o t a t i n g s igh t g l a s s and a c o m p r e s s i o n -
r i n g f ix tu re for the pu l l r o d . 

The q u a r t z tube w a s i n s u l a t e d by t o n g u e - a n d - g r o o v e d , h i g h - d e n s i t y 
s t a b i l i z e d z i r c o n i a b r i c k s , m e a s u r i n g 4 x 4-j-in. and 1 in , t h i ck , wi th a r a d i u s 
of 8y in . T h e s e b r i c k s w e r e s u p p o r t e d by a s t a i n l e s s s t e e l r i n g which w a s 
a n i n t e g r a l p a r t of the top f lange of the f u r n a c e b a s e . The i n s i d e d i a m e t e r of 
the i n s u l a t i o n w a s 10 in . The i n s u l a t i o n was suf f ic ien t to k e e p the q u a r t z 
tube be low any c o l o r t e m p e r a t u r e . 

P o w e r f r o m the h i g h - f r e q u e n c y g e n e r a t o r w a s i n d u c e d into the f u r ­
n a c e v ia a co i l s u r r o u n d i n g the q u a r t z t u b e . P r o b l e m s a s s o c i a t e d wi th 
p o w e r l o s s f r o m c o r o n a d i s c h a r g e a n d / o r d i r e c t a r c i n g w e r e e l i m i n a t e d by 
u s i n g an e x t e r i o r co i l r a t h e r t han one i n s i d e the v a c u u m c h a m b e r . 

The p r o p e r m a t c h be tween g e n e r a t o r and load ( c r u c i b l e and c h a r g e ) 
was o b t a i n e d wi th a co i l of 1 2 t u r n s , which gave the n e c e s s a r y a m p e r e -
t u r n s for induc ing the n e c e s s a r y g e n e r a t o r p o w e r in to the load . The 1 2 - t u r n 
co i l h a d a 1 4 - i n . ID, l e a v i n g a y - i n . gap b e t w e e n the co i l and q u a r t z t u b e , a n d 
w a s 15 in . h igh for d i s t r i b u t i o n of flux o v e r the c r u c i b l e and c r u c i b l e c o v e r . 
The co i l c o n s i s t e d of two p a r a l l e l s t r a n d s of-j-in. OD x-g-in. ID c o p p e r tub ing , 
s i l v e r b r a z e d t o g e t h e r a t i n t e r v a l s a long i t s l e n g t h . With t h i s double s t r a n d 
wind ing , the t u r n s p a c i n g was a p p r o x i m a t e l y - 5 - i n . The two s t r a n d s w e r e 
c o n n e c t e d d i r e c t l y to a c o p p e r bus b a r and w a t e r coo l ed , the w a t e r be ing 
i n t r o d u c e d t h r o u g h c o p p e r t e r m i n a l b l o c k s s i l v e r b r a z e d to e a c h end of the 
co i l . 

Coi l d i m e n s i o n s a n d t u r n s p a c i n g w e r e m a i n t a i n e d by s i x M i c a r t a b a r s 
s p a c e d 60° a p a r t , to wh ich e a c h t u r n of the co i l w a s bo l t ed by a s i l v e r - b r a z e d 
s tud . Two of the M i c a r t a b a r s e x t e n d e d to the b a l c o n y f loo r a n d s u p p o r t e d the 
co i l . 
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A f o u r - s t r a n d , c l u s t e r - c o n n e c t e d , p o s i t i v e - n e g a t i v e - p o s i t i v e -
n e g a t i v e cab l e t r a n s m i t t e d p o w e r f r o m the g e n e r a t o r to a c o n d e n s e r bank 
f r o m which the p o w e r was fed to the co i l by w a t e r - c o o l e d bus b a r s h a v i n g 
a-^-x 4 - i n . c r o s s s e c t i o n . The v a r i a b l e c a p a c i t a n c e c o n d e n s e r bank p e r ­
m i t t e d b a l a n c i n g of the i nduc t ive load wi th c a p a c i t a n c e to ob ta in a l ead ing 
p o w e r f a c t o r a s n e a r un i ty a s p o s s i b l e . Of the 1 60 m i c r o f a r a d s of t o t a l 
c a p a c i t a n c e , 64 m i c r o f a r a d s could be s w i t c h e d in o r out of the c i r c u i t in 
s e v e n s t e p s r a n g i n g f r o m 4 to 32 m i c r o f a r a d s by c o n t a c t o r s c o n t r o l l e d by 
p u s h b u t t o n s . O p e r a t i o n of the h i g h - f r e q u e n c y m o t o r g e n e r a t o r and the 
c a p a c i t o r bank w a s c a r r i e d out a t a c o n t r o l pane l l o c a t e d on the ba l cony . 

The f u r n a c e p u m p i n g s y s t e m was c a p a b l e of m a i n t a i n i n g a v a c u u m 
of 0.3 m i c r o n d u r i n g m e l t i n g and 0.03 m i c r o n d u r i n g p e r i o d s of s u p e r h e a t . 
The v a c u u m s y s t e m c o n s i s t e d of two i d e n t i c a l and i n d e p e n d e n t p u m p i n g 
u n i t s c o n n e c t e d in p a r a l l e l . E a c h un i t c o n s i s t e d of a 1 0 - i n . N a t i o n a l 
R e s e a r c h C o r p o r a t i o n H - 1 0 diffusion p u m p , type 0 1 - 1 0 1 1 , h a v i n g a p u m p i n g 
s p e e d of 3000 cfm a t a p r e s s u r e of 0.5 m i c r o n ; and a S tokes M i c r o v a c p u m p , 
m o d e l 212, hav ing a p u m p i n g s p e e d of 11 5 cfm. Both u n i t s w e r e e m p l o y e d 
d u r i n g e a c h h e a t . 

C o n t r o l of the p u m p i n g s y s t e m w a s c a r r i e d out a t the f u r n a c e c o n ­
t r o l p a n e l l o c a t e d on the b a l c o n y . The p a n e l c o n t a i n e d s w i t c h e s for s t a r t i n g 
and s topp ing the m e c h a n i c a l and diffusion p u m p s , open ing and c l o s i n g of the 
v a c u u m v a l v e s , and a d j u s t i n g the p o w e r input to the diffusion p u m p h e a t e r s . 
M e t e r s for m e a s u r i n g the p o w e r input to the h e a t e r s and the f u r n a c e v a c u u m 
w e r e a l s o l o c a t e d on the c o n t r o l p a n e l . I m m e d i a t e l y be low the c o n t r o l p a n e l 
w e r e a s e r i e s of v a l v e s c o n t r o l l i n g the flow of coo l ing w a t e r to the v a r i o u s 
p a r t s of the f u r n a c e ( f langes , c o v e r , i nduc t ion co i l , e t c . ) and the p u m p i n g 
s y s t e m . I n t e r l o c k s a n d r e l a y s p r o t e c t e d the p u m p i n g s y s t e m a g a i n s t e r r o r s 
in s t a r t i n g s e q u e n c e o r w a t e r f a i l u r e . 

The f u r n a c e was e q u i p p e d wi th c h e v r o n - t y p e w a t e r - c o o l e d baff les to 
i m p e d e the diffusion of p u m p oi l in to the f u r n a c e . T h e s e baff les w e r e l o ­
c a t e d d i r e c t l y above the h i g h - v a c u u m o p e n i n g s of the diffusion p u m p s and b e ­
tween the p u m p s and the co ld t r a p . The co ld t r a p , l o c a t e d b e t w e e n the 
f u r n a c e and the diffusion p u m p s , w a s s i t u a t e d to one s ide of the f u r n a c e in 
a s t a i n l e s s s t e e l h o u s i n g and w a s f i l led wi th l iqu id n i t r o g e n t h r o u g h an o p e n ­
ing l o c a t e d in f ron t of the q u a r t z tube on the b a l c o n y f l oo r . 

The 3 - in . v a c u u m va lve w a s a p n e u m a t i c a l l y o p e r a t e d , e l e c t r i c a l l y 
c o n t r o l l e d , b e l l o w s s e a l e d , g l o b e - t y p e va lve and was l o c a t e d b e t w e e n the 
m e c h a n i c a l p u m p and diffusion p u m p to m a i n t a i n the v a c u u m in the f u r n a c e 
a f t e r p u m p shu tdown . 



C r u c i b l e and Mold A r r a n g e m e n t 

The c r u c i b l e and m o l d w e r e a r r a n g e d in the f u r n a c e as i l l u s t r a t e d 
in F i g u r e 9. To a r r a n g e for the p r o p e r h e i g h t of the m o l d and c r u c i b l e , i t 
was n e c e s s a r y to u s e a p e d e s t a l , I I 7 in . h igh , wh ich r e s t e d on the b o t t o m 
of the m o l d we l l . T h i s we l l c o n t a i n e d four c o m p r e s s i o n - t y p e f i t t ings 
t h r o u g h which the t h r e e m o l d t h e r m o c o u p l e s w e r e l ed f r o m the f u r n a c e . 
The g r a p h i t e m o l d r e s t e d d i r e c t l y on top of the p e d e s t a l and, when the m o l d 
wel l w a s bo l t ed and s e a l e d to the f u r n a c e b a s e , the top of the m o l d w a s 2 in . 
b e n e a t h the induc t ion co i l . With the m o l d in t h i s p o s i t i o n , the p r o p e r t h e r ­
m a l g r a d i e n t w a s deve loped for p r o d u c t i o n of sound c a s t i n g s . 

A m a g n e s i a r i n g , 42 in. OD, 4 in . high, and of j - i n . w a l l t h i c k n e s s , 
w a s p l a c e d on the top of the m o l d ; t h i s had a t h r e e f o l d p u r p o s e : ( l) to 
s e r v e a s a hot top for m o l t e n m e t a l , (2) to s u p p o r t the c r u c i b l e and c h a r g e , 
and (3) to r e s t r i c t h e a t flow to the m o l d . B e c a u s e of the i n s u l a t i n g p r o p e r t y 
of MgO, h e a t t r a n s f e r to the m o l d by conduc t ion w a s p r a c t i c a l l y e l i m i n a t e d . 
S i m i l a r l y , h e a t i n g of the m o l d by r a d i a t i o n w a s l e s s e n e d due to the s p a c e 
af forded by the 4 - i n . MgO r i n g . The h e a t i n g of the m o l d , t h e r e f o r e , w a s by 
r a d i a t i o n and p o s s i b l y by induc t ion , s i nce the m o l d w a s suf f ic ien t ly c l o s e to 
the coi l to be c o n t a i n e d in i t s g e n e r a t e d f lux p a t t e r n . 

A-4 in. t h i c k g r a p h i t e c o v e r w^as p l a c e d on top of the c r u c i b l e , and 
the c o v e r , in t u r n , w a s i n s u l a t e d by Zj in . of z i r c o n i a b r i c k . With the s t o p ­
p e r r o d p l a c e d in the c r u c i b l e p o u r i n g h o l e , the f u r n a c e c o v e r s e a t e d on 
the q u a r t z t u b e , and the pul l r o d c o n n e c t e d to the s t o p p e r r o d and p a s s i n g 
t h r o u g h the c o m p r e s s i o n f i t t ing in the c o v e r , the f u r n a c e a r r a n g e m e n t was 
c o m p l e t e . 

M e c h a n i c s of M e l t i n g 

D e s p i t e the wide d i f f e r e n c e s in m e l t i n g p o i n t s and d e n s i t i e s b e t w e e n 
a l u m i n u m and the a l loy a d d i t i o n s , no g r e a t p r o b l e m in a l loy ing or r e c o v e r y 
of m e t a l w a s e n c o u n t e r e d . The a l u m i n u m , the b a s e m e t a l and by fa r the 
g r e a t e s t v o l u m e of m e t a l in the c h a r g e , m e l t e d f i r s t (about 660°C) and c o m ­
p l e t e l y c o v e r e d the so l id u r a n i u m and n i c k e l , the l a t t e r e l e m e n t s r e m a i n i n g 
at the b o t t o m of the c r u c i b l e due to t h e i r d i f f e r e n c e s in d e n s i t i e s f r o m t h a t 
of the l iqu id . Al loy ing was t h e n a c c o m p l i s h e d by ho ld ing at a sxifficiently 
h igh t e m p e r a t u r e to i n s u r e d i s s o l u t i o n . T h i s d i s s o l u t i o n w a s a b e t t e d by 
a g i t a t i o n g e n e r a t e d t h r o u g h induc t ion s t i r r i n g and p h y s i c a l m o v e m e n t of the 
s m a l l n icke l shot a s i t went in to so lu t ion . 

To a id d i s s o l u t i o n , a l l m e l t i n g and c a s t i n g w a s done in v a c u u m . 
Su r f ace ox ida t ion of the a l loy ing c o n s t i t u e n t s w a s t h e r e b y r e t a r d e d c o n s i d ­
e r a b l y by d e c r e a s i n g the a c t i v i t y of the a t m o s p h e r i c c o n t a m i n a n t s . Me l t ing 
n o r m a l l y took p l a c e in v a c u u m s of l e s s t han one m i c r o n . 



A n o t h e r f a c t o r b e n e f i c i a l in r e t a r d i n g u r a n i u m ox ida t ion a t e l e v a t e d 
t e m p e r a t u r e w a s the r a p i d i t y wi th which the a l u m i n u m m e l t e d . On the 
a v e r a g e , the a l u m i n u m w a s c o m p l e t e l y m o l t e n wi th in 23 min of i n i t i a l p o w e r 
input . The u r a n i u m , b e c a u s e of i t s g r e a t e r d e n s i t y , was c o m p l e t e l y s u b -
nne rged and w e t t e d by the m o l t e n a l u m i n u m , t h e r e b y p r o m o t i n g s o l i d - l i q u i d 
diffusion. 

The a b i l i t y of a l u m i n u m to r e d u c e the ox ides of u r a n i u m a l s o a i d e d 
in d i s s o l v i n g the u r a n i u m . Any s u r f a c e ox ida t i on of u r a n i u m would be r e ­
duced by a l u m i n u m and t h e r e b v e x p o s e p u r e u r a n i u m to the m o l t e n a l u m i ­
n u m . While the d e g r e e of s u r f a c e ox ida t ion of the u r a n i u m w a s r e d u c e d to 
a m i n i m u m due to the m a c h i n i n g done on the u r a n i u m c a s t i n g and the s h o r t 
t i m e a t e l e v a t e d t e m p e r a t u r e s b e f o r e m e l t i n g of the a l u m i n u m , the r e d u c i n g 
ab i l i t y of a l u m i n u m d e c r e a s e d the t i m e n e c e s s a r y for d i s s o l u t i o n of u r a n i u m . 

Me l t i ng and C a s t i n g 

P r e p a r a t i o n for a m e l t cyc l e b e g a n wi th p l a c i n g the g r a p h i t e m o l d 
on the p e d e s t a l in the m o l d we l l . The t h r e e t h e r m o c o u p l e s w e r e t hen i n ­
s e r t e d in the m o l d , l ed t h r o u g h the c o m p r e s s i o n f i t t ings in the we l l , and 
t e s t e d for con t inu i ty . Once i n s e r t e d t h r o u g h the c o m p r e s s i o n f i t t i ngs , the 
t h e r m o c o u p l e s did not have to be r e m o v e d in s u b s e q u e n t m e l t s , b a r r i n g a 
f a i l u r e of a t h e r m o c o u p l e . 

The m o l d we l l w a s r a i s e d up to the f u r n a c e b a s e by a m a n u a l l y 
o p e r a t e d , p o r t a b l e lift t r u c k and bo l ted to the bo t tom f lange on the b a s e . 
The l i n e s c a r r y i n g coo l ing w a t e r to the m o l d we l l w e r e f i t ted , and the 
t h e r m o c o u p l e s c o n n e c t e d to L e e d s and N o r t h r u p p o t e n t i o m e t e r s . 

With the excep t ion of o b t a i n i n g m o l d t e m p e r a t u r e s , a l l r e m a i n i n g 
o p e r a t i o n s w e r e p e r f o r m e d on thie b a l c o n y . With the m o l d a n d we l l in p lace^ 
the MgO r i n g was c a r e f u l l y c e n t e r e d on the top of the m o l d . Af t e r the 
c o a t e d c r u c i b l e w a s p l a c e d on the MgO r i n g and the s t o p p e r r o d i n s e r t e d in 
the p o u r i n g h o l e , the c h a r g e was c a r e f u l l y l o a d e d into the c r u c i b l e and the 
g r a p h i t e c o v e r and z i r c o n i a i n s u l a t i n g b r i c k put in p l a c e . The t a n t a l u m pul l 
r od , p a s s i n g t h r o u g h the c o m p r e s s i o n f i t t ing in the f u r n a c e c o v e r , w a s c o n ­
n e c t e d to the s t o p p e r r o d and the c o v e r c a r e f u l l y l o w e r e d onto the q u a r t z 
t u b e . Connec t i on of the coo l ing w a t e r l i n e s to the f u r n a c e c o v e r c o m p l e t e d 
the o p e r a t i o n s p r i o r to e v a c u a t i o n a n d m e l t i n g . 

The m e l t cyc l e w a s i n i t i a t e d by s t a r t i n g the m e c h a n i c a l p u m p s and 
open ing the v a c u u m v a l v e s . When the f u r a n c e v a c u u m r e a c h e d 90 m i c r o n s 
o r l e s s , the diffusion p u m p s w e r e put in to o p e r a t i o n . The c o l d t r a p w a s 
f i l led wi th l i qu id n i t r o g e n when the v a c u u m r e a c h e d 10 m i c r o n s and , when 
the v a c u u m was l e s s t han one m i c r o n , the p o w e r w a s a p p l i e d . 



All 68 c a s t i n g s w e r e p r o d u c e d u s i n g the s a m e m e l t c y c l e , th i s c y c l e 
be ing n e c e s s a r y to a c h i e v e the c r i t i c a l m o l d t e m p e r a t u r e s a s d i s c u s s e d 
e a r l i e r , A s u m m a r y of a t y p i c a l h e a t log i s g iven in T a b l e II; and m e l t i n g 
and c a s t i n g da ta for i nd iv idua l h e a t s a r e p r e s e n t e d in T a b l e III . F r o m the 
beg inn ing of m e l t i n g u n t i l m e l t i n g w a s c o m p l e t e , the p o w e r was r e d u c e d to 
d e c r e a s e bubbl ing and s p l a s h i n g , which c a u s e d m e t a l l o s s t h r o u g h the c r u ­
c ib le c o v e r open ing . 

M e t a l t e m p e r a t u r e s d u r i n g h e a t i n g w e r e m e a s u r e d by m e a n s of a 
L e e d s and N o r t h r u p o p t i c a l p y r o m e t e r s i g h t e d on the s u r f a c e of the m e t a l . 
R a d i a n t h e a t f r o m the h e a v i l y i n s u l a t e d c r u c i b l e c o v e r r e s u l t e d in the top 
s u r f a c e of the m o l t e n m e t a l be ing the h o t t e s t p o r t i o n of the p o o l . The r e ­
c o r d e d t e m p e r a t u r e s , t h e r e f o r e , w e r e the m a x i m u m a t t a i n e d by the m e t a l . 

Af te r p o u r i n g and suf f ic ien t coo l ing of the c a s t i n g , the m o l d w a s r e ­
m o v e d by open ing a n d un load ing the f u r n a c e in the r e v e r s e o r d e r of l o a d i n g . 
The m o l d was d i s a s s e m b l e d and the c a s t i n g r e m o v e d and cond i t i oned . F i g ­
u r e 10 shows a m o l d p a r t i a l l y d i s a s s e m b l e d a n d the c a s t i n g s t i l l in p l a c e . 
The i n t e r i o r w a l l s of the m o l d w e r e l igh t ly s a n d e d p r i o r to r e u s e , and the 
c r u c i b l e and s t o p p e r r o d w e r e s c r a p e d f r e e of m e t a l and r e c o a t e d with the 
duplex c e r a m i c w a s h . D a m a g e d s t o p p e r rod t i p s w e r e r e p a i r e d by 
m a c h i n i n g . 

C a s t i n g E v a l u a t i o n 

Upon c o m p l e t i o n of a we igh t b a l a n c e on the c a s t i n g p r o c e s s for U 
a c c o u n t a b i l i t y , e a c h c a s t i n g w a s r a d i o g r a p h e d to d e t e r m i n e if p o r o s i t y o r 
s e g r e g a t i o n w a s p r e s e n t . 

A l l r a d i o g r a p h s w e r e m a d e u s i n g a G e n e r a l E l e c t r i c OX-250KV i n ­
d u s t r i a l X - r a y un i t . The c a s t i n g w a s p o s i t i o n e d 48 in . f r o m the s o u r c e a n d 
a 2 3 0 - s e c e x p o s u r e t i m e w a s u s e d with 250 kv and 10 m a . Type AA f i lm 
with 0.01 0 - in . l e a d s h e e t s on e i t h e r s i de of the f i lm w a s u s e d for a l l 
e x p o s u r e s . 

Af t e r d e v e l o p i n g , each r a d i o g r a p h w a s e v a l u a t e d to d e t e r m i n e the 
p r e s e n c e and ex t en t of p o r o s i t y o r s e g r e g a t i o n . Al l a c c e p t a b l e c a s t i n g s 
s h o w e d a s l i gh t a m o u n t of s e g r e g a t i o n a t the j u n c t u r e b e t w e e n the ho t top 
a n d the 2 x 4 - i n . c r o s s s e c t i o n . T h i s s e g r e g a t i o n l a t e r s h o w e d up a s a 
def in i te p a t t e r n in the r o l l e d p l a t e and wi l l be d i s c u s s e d f u r t h e r in e v a l u ­
a t i ng r o l l e d m a t e r i a l . 

P r i o r to the u s e of p r e m e l t e d u r a n i u m in the c h a r g e , c a s t i n g s e x ­
h i b i t e d s e v e r e p o r o s i t y , a s s e e n in F i g u r e 1 1 , a r e p r o d u c t i o n of the X - r a y 
r a d i o g r a p h s of a de fec t ive c a s t i n g (A?) a n d an a c c e p t a b l e c a s t i n g . The 
de fec t ive c a s t i n g w a s cut a t the do t t ed l ine and the s e c t i o n p o l i s h e d and 
p h o t o g r a p h e d . The c r o s s s e c t i o n i s shown in F i g u r e 12, a n d the s e v e r e 
p o r o s i t y p r e s e n t i s t y p i c a l of the i n i t i a l c a s t i n g s m a d e wi th b i s c u i t u r a n i u m . 



TABLE II. Log of a Typica l V i r g i n Heat 

Heat No. 
A21 

Compos i t ion : Date : 
17.46 w / o highly e n r i c h e d U 3 /18 /5J 
2,00 w / o n i cke l shot 
0 .41 w / o i r o n 
B a l a n c e A l u m i n u m 

C h a r g e Wt, gm 

M388 Alloy (Al-1 w / o Ni) 6627.43 
P r e m e l t e d U r a n i u m (B16F-241) 1420.78 
Nicke l Shot 90.20 

8138.41 

C r u c i b l e 

G r a p h i t e : 7 in. ID x 8 in. OD x 10 in. 
-g--in. dia pour ing hole 

Wash: 2 coa t s M g O - Z r O z ; 1 coat Th02 . 

Mold 

G r a p h i t e : 2 x 4 x 19 in . 

Wash: None 

Mel t ing Data 

T i m e 

9:25 

9:38 

9;45 

9:54 

10:24 

10:30 

11:00 

11:13 

11:28 

P o w e r , 
kw 

38 

12 

34 

Opt ica l 
T e m p , °C 

10 

10 

0 

6. 

6. 

1059 

1053 

1072 

1076 

923 

927 

V a c u u m , 

0.08 

1.8 

0.31 

0.82 

0.15 

0.13 

0.20 

0.08 

0.06 
(before 
pour ing) 

R e m a r k s and Condition of Mel t 

P o w e r on; s t a r t of h e a t . 

Mel t ing rap id ly ; power l owered 
r educe bubbl ing. 

P o w e r r a i s e d to b r i n g m e l t to 
10 50°C; s l ight bubbling 

Melt at 1050°C. Reduce power 
and h o l d - f h r a t 1050°C. 

P o w e r r a i s e d to b r i n g m e l t to 
1075°C. Mel t quie t . 

Mel t at 1075°C. H o l d - ^ h r . 

P o w e r off, cool m e l t to 925°C. 

P o w e r on, hold 15 m i n a t 925°C. 

P o u r e d . 

Weight of Cas t ing : 8086.55 gm 

Weight of Skull : 51.86 gm 

R e c o v e r y : 99-4% 

Sur face Condit ion: Good; m i n o r cold shuts 
on one s i d e . 
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Melt 
No. 

A-1 
A-2 
A-3 
A-4 
A-5 
A-6 
A-7 
A-8 
A-9 
A-10 
A-11 
A-12 
A-13 
A-14 
A-15 
A-16 
A-17 
A-18 
A-19 
A-20 
A-21 
A-22 
A-23 
A-24 
A-25 
A-26 
A-27 
A-28 
A-29 
A-30 
A-31 
A-32 
A-33 
A-34 
A-35 
A-36 
A-37 
A-38 
A-39 
A-40 
A-41 
A-42 
A-43 
A-44 
A-45 
A-46 
A-47 
A-48 
A-49 
A-50 
A-51 
A-52 
A-53 
A-54 
A-55 
A-56 
A-57 
A-58 
A-59 
A-60 
A-61 
A-62 
A-63 
A-64 
A-65 
A-66 
A-67 
A-68 

Summary o f M e l t i 

Charge 
Weight 

(gm) 

7807 .18 
7798 .66 
7920.84 
7893.77 
8097 .32 
8100 .47 
8101 .89 
8109. 17 
8129 .98 
8130 .37 
8051 .38 
8139 .65 
8 1 3 7 . 5 1 
8140 .90 
8142 .88 
8247 .84 
8141 .42 
8144 .86 
8142 .99 
8144 .55 
8138 .42 
8142 .04 
8137.90 
8140 .04 
8142.60 
8 1 3 6 . 2 3 
8141.30 
8137 .57 
8 1 7 9 . 9 3 
8138 .33 
8 1 9 9 . 1 1 
8202 .02 
8213 .90 
8 197-. 83 
8201 .42 
8206 .65 
8 1 9 9 . 2 1 
8 2 0 0 . 8 1 
8200.95 
8211 .36 
8200 .17 
8231 .57 
8299 .49 
8578 .12 
8225 .75 
8308.79 
8401 .75 
8290 .94 
8394 .85 
8431 . 13 
8417 .52 
8384 .85 
8380 .47 
8477.67 
8355 .06 
8461 .12 
8366 .69 
8 5 8 5 . 8 1 
8451 .59 
8433.49 
8400 .22 
8462 .58 
8401 .9b 
8 2 0 2 . 1 3 
8229.50 
8288 .84 
8275 ,57 
8446 .46 

n g a n d C a s t i n g Da 

Melt Cycle 
Time 

hr 

1 
1 
1 
2 
1 
3 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
2 
2 
1 
2 
2 
2 
2 
2 
1 
2 

2 
2 
2 
2 
2 
1 
1 
1 
2 
1 
2 
2 
2 
2 
2 
2 
1 
2 
1 
2 
2 
1 
2 
1 
1 
1 
1 
2 
1 
2 

min 

55 
58 
55 
26 
57 
22 
53 
58 
53 
58 
12 
05 
06 
25 
02 
56 
52 
26 
10 
55 
03 
01 
09 
03 
04 
55 
02 
51 
58 
56 
58 

. 
52 
55 
03 
56 
59 
58 
05 
07 
02 
01 
07 
54 
45 
50 
05 
52 
02 
10 
02 
03 
07 

. 
55 

-
54 
02 

_ 
49 
07 
56 
59 
55 
52 
01 
59 
05 

t a a n d We 

Vacuum. M 

Minimum 

1.1 
0 .50 
1. 1 
0 .05 
0 .07 
0 . 0 3 
0 .05 
0 .20 
0 . 2 4 
0. 11 
0 . 0 2 
0 . 0 3 
0 .02 
0 .02 
0 . 0 4 
0 .04 
0 .05 
0 .04 
0 . 0 3 
0 . 0 6 
0 .06 
0 .06 
0 .05 
0 .07 
0 .07 
0.07 
0 . 0 8 
0 .10 
0 . 0 8 
0 . 0 4 
0 .06 
0 . 0 7 
0 . 0 8 
0 .08 
0 .07 
0 . 0 4 
0. 10 
0 .09 
0. 12 
0 . 0 8 
0. 14 
0 .10 
0 .07 
0 . 0 2 
0 .12 
0. 12 
0 .02 
0 . 0 3 
0 . 0 2 
0 . 0 3 
0 . 0 4 
0 .02 
0 .02 
0 .06 
0 . 0 4 
0. 12 
0 .08 
0 .04 
0. 27 
0. 18 
0 .05 
0 .27 
0 . 0 4 
0 . 0 2 
0 .06 
0 .06 
0 .04 
0 . 0 4 

At 
Pour 

1.1 
0 .52 
1. 1 
0 .05 
0 .08 
0 .04 
0 .05 
0 .46 
0 .86 
0 . 11 
0 .06 
0 . 0 4 
0 . 0 4 
0 . 12 
0 .04 
0 .06 
0 .05 
0 .06 
0 . 0 8 
0 .06 
0 .06 
0. 10 
0 .05 
0 .07 
0 .07 
0 .07 
0 . 0 8 
0 . 10 
0 . 0 8 
0 .06 
0 .12 
0 . 0 7 

o.oa 
0 .08 
0 . 0 7 
0 . 10 
0 .10 
0. 10 
0. 12 
0 . 0 8 
0 . 1 4 
0. 14 
0. 10 
0.30 
0 .40 
0 .24 
0. 16 
0 . 1 8 
0 . 7 6 
0 . 16 
0 .90 
0 .30 
1.8 
0 .40 
0 .40 
0 .90 
1.2 
3 .3 
0 .88 
0 .85 
2 .2 
0 .90 
0 .96 
0 .40 
0 .58 
0 . 3 4 
0 .96 
0 .60 

i g h t o f B i l l e t f o r R o l l 

P o u r i n g 
Temp 
(°C) 

922 
920 
927 
918 
922 
927 
922 
942 
935 
938 
927 
927 
927 
925 
928 
932 
923 
933 
926 
932 
927 
928 
926 
923 
929 
935 
928 
923 
925 
928 
928 
925 
924 
925 
930 
926 
927 
928 
925 
925 
927 
928 
928 
933 
925 
927 
932 
928 
932 
927 
930 
925 
929 
927 
930 
923 
928 
928 
927 
930 
927 
927 
927 
927 
928 
927 
927 
925 

C a s t i n g 
Weight 

(gm) 

7715.67 
7561 .31 
7745.96 
7747.12 
7894.57 
7881 .73 
7 9 5 6 . 6 1 
7934.57 
7970.50 
7922.65 
7969 .82 
8079 .82 
7922.00 
7 8 4 1 . 2 1 
7954.56 
8149. 15 
8088 .58 
7890.72 
8 0 8 1 . 9 1 
8070 .80 
8086.55 
8038.20 
8040 .11 
8068. 10 
8082 .01 
8081.66 
7957 .06 
8047 .88 
8064 .23 
7975 .73 
8143.27 
8154.02 
8173.89 
8141 .24 
8121.75 
8135.79 
8118 .04 
8040 .35 
7992 .24 
80 39.77 
8043 .38 
8 1 4 5 . 3 1 
8 1 3 8 . 8 1 
8 4 6 3 . 2 1 
8146.25 
8153.54 
8195.12 
8152.32 
8271 .38 
8334 .55 
8 3 0 3 . 8 1 
8148 .82 
8255 .72 
8359.35 
8254.49 
8337.15 
8218 .13 
8158.72 
8267 .26 
8317 .03 
8279 .27 
8257.39 
8270.49 
8039 .73 
8118 .98 
8242.55 
8 1 4 9 . 8 1 
8 3 6 2 . 0 1 

i n g 

C o n d i t i o n e d 
B i l l e t Weight 

(gm) 

. . 
_ * 

* 
_ * 

* 
_ * 
- * 
_ * 

7204. 31 
7185.50 
7185.87 
7 2 1 2 . 1 1 
7184. 36 
7159 .68 
7208 .65 
7186. 14 
7188 .46 
7110.29 
7202 .92 
7139 .90 
7176 .65 
7190 .73 
7202 .93 
7192.52 
7198 .34 
7195 .26 
7178 .98 
7178 .37 
7316 .55 
7308 .88 
7 3 2 5 . 2 1 
7314 .68 
7311.76 
7349 .86 
7350.19 
7339 .05 
7350 .34 
7 3 2 2 . 8 1 
7318 .24 
7312.20 
7306 .28 
7313 .65 

- * 
7330 .06 
7346 .44 
7341.06 
7285.80 
7340 .02 
7365 .07 
7374 .18 
7372 .79 
7368 .48 
7355 .43 
7360.47 
7355 .24 
7356 .55 
7336 .63 
7306 .13 
7297 .77 
7329 .70 
7352 .55 
7 3 4 8 . 1 1 
7330 .15 
7332 .59 
7299 .45 
7338 .36 
7309 .43 
7320 .24 

Casting was porous and was remelted. 
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FIGURE 10. Partially Disassembled Mold with Casting in Place 

106-1H35-A 

While the cast surfaces were good in general , all castings showed a 
slight amount of cold shuts at the corners in the middle of the casting. 
These were not ser ious and were removed before rolling of the cast ing. 



FIGURE 11. Print of X-ray Radiographs of Defective 
and Acceptable Castings 
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CONDITIONING O F CASTINGS 

It was n e c e s s a r y to condi t ion the c a s t i n g s p r i o r to the r o l l i n g o p e r ­
a t i on . T h i s cond i t ion ing c o n s i s t e d of r e m o v i n g the hot t op , m a c h i n i n g the 
b a s e of the c a s t i n g , and r e m o v i n g the fins and cold shu t s on the c a s t i n g 
s u r f a c e . 

F i g u r e 13 i l l u s t r a t e s the r e m o v a l of the hot top on a S t e p t o e -
W e s t e r n s h a p e r u s i n g a h i g h - s p e e d , tool s t e e l p a r t i n g too l . W a t e r w a s 
u s e d a s a l u b r i c a n t to p r e v e n t bu i ldup on the tool po in t and ga l l ing of the 
m a c h i n e d s u r f a c e . The t o t a l we igh t of the hot t ops r e m o v e d c o n s t i t u t e d 
8.26% of the t o t a l c a s t i n g we igh t . Th i s m a t e r i a l was s a l v a g e d by r e m e l t i n g . 

A l ight cut was t a k e n a c r o s s the bo t t om end of the c a s t i n g to r e m o v e 
the r o u g h s u r f a c e and p o s s i b l e c o n t a m i n a t i o n f r o m the g r a p h i t e bo t t om plug 
in the m o l d . 

The s m a l l f ins r u n n i n g a long the l eng th of the c a s t i n g a n d r e s u l t i n g 
f r o m l iqu id m e t a l f i l l ing and so l id i fy ing in the s e a m s of the sp l i t m o l d w e r e 
r e m o v e d by f i l ing . S i m i l a r l y , any cold shu t s p r e s e n t on the c a s t s u r f a c e 
w e r e r e m o v e d by f i l ing to p r e v e n t l app ing in l a t e r r o l l i n g o p e r a t i o n s . F i g ­
u r e 14 shows a c a s t i n g a f t e r r e m o v a l f r o m the m o l d and a c a s t i n g tha t h a s 
been c o n d i t i o n e d s u i t a b l y for r o l l i n g . 

While s p e c i f i c a t i o n s c a l l e d for a n a l y t i c a l s a m p l i n g to be m a d e on 
r o l l e d m a t e r i a l , s a m p l e s w e r e t a k e n f r o m the top and bo t t om of the f i r s t 
n ine p h y s i c a l l y a c c e p t a b l e c a s t i n g s . T h e s e a n a l y s e s w e r e to s e r v e a s 
rough e s t i m a t e s of c o m p o s i t i o n and to r e j e c t c a s t i n g s f a r out of s p e c i f i e d 
c h e m i s t r y l i m i t s be fo re r o l l i n g the p l a t e and punch ing c o r e s . T h i s s a m ­
pl ing w a s d i s c o n t i n u e d when the h igh d e g r e e of s e g r e g a t i o n a t the top 
s a m p l e l o c a t i o n w a s d i s c o v e r e d . It w a s fel t t ha t the a n a l y t i c a l r e s u l t s 
w e r e not r e p r e s e n t a t i v e and w e r e i n v a l i d for the c a s t i n g a s a w h o l e . 

F A B R I C A T I O N O F CORE BLANKS 

D e v e l o p m e n t 

In i t i a l l y , the 2 x 4 x 1 8-2-in. cond i t i oned b i l l e t s w e r e to be hot r o l l e d 
a t 550°C to a 0 .200 - in . t h i ck s t r i p . R o l l i n g w a s to be done in the long d i r e c ­
t ion , and the b i l l e t r e h e a t e d for t en m i n u t e s b e t w e e n e a c h p a s s . A t w o - h o u r 
p r e h e a t was u s e d , and the r o l l s p e e d s e t a t 120 f t / m i n . 

E x p e r i m e n t a l c a s t i n g s r o l l e d in th i s m a n n e r d e v e l o p e d s e r i o u s edge 
c r a c k i n g a f t e r a p p r o x i m a t e l y 50-60% r e d u c t i o n in a r e a . C r a c k p e n e t r a t i o n 
was so s e v e r e t h a t t h e r e w a s insu f f i c i en t m a t e r i a l f r o m which to punch 
3.31 6- in . wide c o r e b l a n k s . H a d s u c h a r o l l s c h e d u l e p r o v e d f e a s i b l e , the 
f in i shed s t r i p would have been a p p r o x i m a t e l y 0.200 in . t h i ck x 4 in . wide x 
1 85 in. l ong . 
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FIGURE 13- Rem.oving Hot Top from Cast ing 
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FIGURE 14. Castings As Removed from Mold (bottom) and after Conditioning (top) 

Iu6-i4-l8l 

As it was felt tha t the A l - U e u t e c t i c t e m p e r a t u r e of 640°C p r e v e n t e d 
a suff ic ient i n c r e a s e in ro l l i ng t e m p e r a t u r e to e l i m i n a t e the edge c r a c k i n g , 
the b i l l e t s w e r e c r o s s - r o l l e d to an 8- in . width and l o n g - r o l l e d to the f inal 
t h i c k n e s s The f in i shed p l a t e , 0.200 in. x a p p r o x . 8 in . x a p p r o x . 92-2-in. 
long, would p e r m i t two rows of c o r e b lanks punched p a r a l l e l to the f inal 
r o l l i n g d i r e c t i o n o r a s ing le r o w of c o r e b l anks punched in the t r a n s v e r s e 
d i r e c t i o n . 

C r o s s - r o l l i n g to an 8- in . width was t r i e d and, while edge c r a c k i n g 
was c o n s i d e r a b l y r e d u c e d , it was s t i l l s e v e r e enough to c a s t doubts a s to 
the r e p r o d u c i b i l i t y of r e s u l t s f r om such a s c h e d u l e . The f i r s t a c c e p t a b l e 
b i l l e t (A9) was r o l l e d in th i s m a n n e r . It was hot r o l l e d to a t h i c k n e s s of 
0.205 in. and cold f in i shed to 0.201 in. The width v a r i e d f r o m 8 to 8-grin. 
and the l eng th w a s a p p r o x i m a t e l y 86-|-in. ( in i t ia l b i l l e t l eng th was 18T^in.) . 
S e r i o u s edge c r a c k i n g o c c u r r e d a t the top and bo t tom edges w h e r e the 
u r a n i u m con ten t v a r i e d due to s e g r e g a t i o n in the b i l l e t . 

Bi l le t Ro l l ing 

On the b a s i s of the f i r s t b i l l e t , a new ro l l i ng s c h e d u l e , a s shown in 
Tab le IV, was e s t a b l i s h e d . The r o l l i n g t e m p e r a t u r e was i n c r e a s e d to 580°C, 



T A B L E IV. Roll Schedule for P r o c e s s i n g A L P R B i l l e t s 

Stock: A L P R B i l l e t s , 2 x 4 x I S j in. 
Rol l ing Mi l l : 17 x 24 in . , 2 -h igh 
Roll Speed: 120 f t / m i n 
Hea t ing M e d i u m : Ai r 

Rol l ing T e m p e r a t u r e : 580°C 
P r e h e a t T i m e : 2 h r 
R e h e a t T i m e : 10 m i n / p a s s 

P a s s 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

Roll 
P a r t i n g 

(in.) 

1.815 
1.665 
1.513 
1.364 
1.213 
1.062 
0.932 
0.801 
0.670 
0.541 
0.430 
0.324 
0.230 
0.221 
0.210 
0.206 
0.206 
0.206 

Draf t 
(in.) 

0.185 
0.150 
0.15Z 
0.149 
0.151 
0.151 
0.130 
0.131 
0.131 
0.129 
0.111 
0.106 
0.094 
0.009 
0.011 
0.004 
0.000 
0.000 

R e d u c t i o n 

(%) 

9 .3 
8 .3 

9 .1 
9 .8 

11.1 
12.4 
12.2 
14.1 
16.4 
19.3 
20.5 
24.6 
29.0 

3.9 
5 .0 

1.9 
0 
0 

P l a t e 
T h i c k n e s s 

(in.) 

1.815 
-

1.512 
-

1.212 
-

0.930 
-

0.668 
0.540 
0.428 

-
0.227 

0 .216-0 .217 
0 .208-0 .209 
0 .203-0 .204 
0 .201-0 .202 
0 .198-0 .201 

R e m a r k s 

C r o s s ro l l i ng (hot) 

Long r o l l i n g (hot) 

Cold r o l l i n g 

Ro l l ed D i m e n s i o n s 

Bi l l e t 
Condi t ion 

C r o s s r o l l e d 

Hot r o l l e d 

Cold r o l l e d 

Width 

m a x 

1 4 i 

1 4 i 

1 4 * 

(in.) 

m i n 

i4 
i^ii 
i 4 

T h i c k n e s s (in.) 

m a x 

0.540 

0.226 

0.201 

m i n 

A v e r a g e 

0.225 

0.198 

L e n g t h 
(in.) 

1 8 i 

4 4 * 

4 9 i i 

and the b i l l e t c r o s s r o l l e d to a m i n i m u m width of 1 2 in . before long r o l l i n g 
to the f inal t h i c k n e s s of 0.200 in. Hot r o l l i n g , s t i l l u t i l i z i ng a t w o - h o u r 
p r e h e a t and a t e n - m i n u t e r e h e a t i n g be tween p a s s e s , was e m p l o y e d down to 
a 0 .230- in . t h i c k n e s s f rom which the p la t e was cold r o l l e d to s i z e . Th i s 
s c h e d u l e p r o v e d v e r y s a t i s f a c t o r y and , while s l i gh t edge c r a c k i n g s t i l l o c ­
c u r r e d , c r a c k p e n e t r a t i o n did not ex tend into m a t e r i a l to be s h e a r e d for 
c o r e punch ing . 



After t en p a s s e s , the b i l l e t r e a c h e d the m i n i m u m 12- in . width and 
had a m a x i m u m width of 14:j-in. The m i n i m u m width o c c u r r e d a t the ends 
of the p l a t e , w h e r e h e a t l o s s and s u b s e q u e n t l a t e r a l r e s t r a i n t a r e g r e a t e s t 
and r e s i s t a n c e to p l a s t i c d e f o r m a t i o n the h i g h e s t . At th i s poin t , p l a t e 
t h i c k n e s s was a p p r o x i m a t e l y 0.540 in. A t y p i c a l c r o s s - r o l l e d p la te is i l l u s ­
t r a t e d in F i g u r e 15 . 

FIGURE 15. Typical Cross-rolled Billet 
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IO6-J+I83-A 

Fo l lowing r e h e a t i n g , the c r o s s - r o l l e d b i l l e t was long r o l l e d down to 
0 . 2 2 5 - 0 . 2 2 8 - i n . t h i c k n e s s in four p a s s e s , the l eng th of the h o t - r o l l e d p l a t e s 
v a r y i n g f r o m 42-5-to 44-2 i^- The p l a t e s w e r e then cold r o l l e d to a n o m i n a l 
0 .200- in . t h i c k n e s s in four p a s s e s . F i n i s h e d p la te l eng ths v a r i e d f r o m 48:5-
to 51-|-in., depend ing on the i n i t i a l l eng th of the cond i t ioned b i l l e t b e f o r e 
r o l l i n g . A f in i shed p l a t e i s shown in F i g u r e 16 t o g e t h e r wi th a c r o s s - r o l l e d 
p la t e and a cond i t ioned b i l l e t . 

Hot and cold ro l l i ng was p e r f o r m e d on a 17 x 2 4 - i n . , two-h igh r o l l i n g 
m i l l . The m i l l was equ ipped with 5- in . d i a m e t e r , ^ - i n . p i t ch A c m e t h r e a d 
s c r e w s d r i v e n by a 5 -hp , shun t -wound DC m o t o r t h rough a g e a r r e d u c t i o n 
and w o r m and pinion. The r o l l b e a r i n g s w e r e Tinaken, 4 - r o w , t a p e r e d r o l l e r 
type and m o u n t e d in c a s t s t e e l c h o c k s . The top r o l l and chocks w e r e b a l a n c e d 
by m e a n s of four h y d r a u l i c oi l c y l i n d e r s m o u n t e d two in each bo t tom chock . 
The r o l l s w e r e c h i l l - c a s t , a l l oy c a s t i r o n and w e r e g round wi thout c r o w n . 



FIGURE 16. Stages of Bi l l e t Fabrication: Conditioned B i l l e t , Cross-rolled Bi l l e t , and 
Finished Rolled Plate (bottom to top) 
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The r o l l s w e r e d r i v e n by a 1 5 0 / 2 0 0 - h p , s h u n t - w o u n d DC m o t o r 
t h r o u g h a c o m b i n a t i o n d r i v e and p in ion s t a n d with a 15.56 to 1 r e d u c t i o n . 

The m i l l w a s equ ipped with p o w e r - d r i v e n r o l l e r t a b l e s to a s s i s t in 
hand l ing and to a s s u r e u n i f o r m c o n v e y a n c e of m a t e r i a l . A m o r e d e t a i l e d 
d e s c r i p t i o n of the r o l l i n g m i l l and i t s a s s o c i a t e d e q u i p m e n t can be found in 
A N L - 5 6 2 9 . ( 3 ) 

The p r e h e a t i n g of b i l l e t s for r o l l i n g and r e h e a t i n g b e t w e e n p a s s e s 
was done in two e l e c t r i c , H e v i - D u t y f u r n a c e s , one b e i n g r a t e d a t 36 kw wi th 
an 18 in. wide x 72 in. long h e a r t h , and the s e c o n d r a t e d a t 150 kw with a 
38 in, wide x 109 in. h e a r t h with t h r e e - z o n e h e a t i n g . B i l l e t s w e r e p l a c e d up 
r i g h t a long t h e i r l o n g i t u d i n a l l e n g t h in the f u r n a c e to f a c i l i t a t e hand l ing and 
to a c c o m m o d a t e t h r e e o r four a t a t i m e . S t a i n l e s s s t e e l r a c k s w e r e p l a c e d 
in the f u r n a c e s to m a i n t a i n the p l a t e s in an u p r i g h t p o s i t i o n . 

A p a l m oi l l u b r i c a n t w a s u s e d d u r i n g r o l l i n g to p r e v e n t p i ckup of 
a l u m i n u m o r a l u m i n u m oxide on the r o l l s u r f a c e , which would r e s u l t in 
p o o r s u r f a c e qua l i t y . The r o l l s w e r e wiped wi th a sponge b e a r i n g the l u ­
b r i c a n t a f t e r e a c h p a s s . 

D u r i n g c r o s s r o l l i n g , a s t a i n l e s s s t e e l s h e e t w a s p l a c e d upon the 
r o l l e r t a b l e s to p r e v e n t gouging and s c r a t c h i n g of the b i l l e t by the e d g e s 
of the t a b l e s . The h e a t e d b i l l e t w a s p l a c e d a d j a c e n t to the m i l l r o l l s , the 
r o l l s e n g a g e d , and the b i l l e t fed in to the m i l l wi th t ongs hav ing a s t e e l 
s t r i p w e l d e d a c r o s s the open j a w s . One o p e r a t o r t r a n s p o r t e d b i l l e t s to 
and f r o m the m i l l by m e a n s of t o n g s . 

L o n g r o l l i n g w a s c a r r i e d out in the s a m e m a n n e r , wi th the e x c e p ­
t ion of the s h e e t s on the r o l l t a b l e s . T h e s e w e r e r e m o v e d and the m o t o r -
d r i v e n feed and r u n o u t t a b l e s - s y n c h r o n i z e d to the r o l l s p e e d - w e r e u s e d 
to feed and r e m o v e the p l a t e s f r o m the r o l l s . 

Af te r the l a s t hot p a s s , the p l a t e s w e r e a i r c o o l e d and then co ld 
f i n i shed to s i z e . When the p l a t e s r e a c h e d the n o m i n a l t h i c k n e s s of 0.200 in . , 
t hey w e r e m e a s u r e d for t h i c k n e s s , width , and l eng th . 

R i p p l i n g o r w a r p i n g o c c u r r i n g in the p l a t e d u r i n g co ld r o l l i n g w a s 
r e m o v e d by r o l l s t r a i g h t e n i n g done on a 9 - r o l l W a t e r b u r y - F a r r e l r o l l e r 
l e v e l e r with a 15-2-in. r o l l f a c e . F i g u r e 17 shows a p l a t e be ing r o l l 
s t r a i g h t e n e d . 

P r e p a r a t i o n of C o r e S t r i p s 

Af t e r s t r a i g h t e n i n g , the p l a t e s w e r e m a r k e d for s h e a r i n g s t r i p s 
f r o m which to punch c o r e b l a n k s . The s t r i p s w e r e 4 in . wide to a l l o w a p p r o x ­
i m a t e l y x^ in. on e i t h e r s i de of a c o r e b l a n k in the punch ing o p e r a t i o n . The 
l eng th of the s t r i p was d e t e r m i n e d by the m a x i m u m n u m b e r of c o r e b l a n k s 



FIGURE 17. Straightening of Rolled Plate in Roller Leveler 

106-4170 

(core blank l eng th being 6-g-in.) tha t could be punched f r o m the l eng th of 
the p l a t e with an a l l owance of-5-in. be tween c o r e b l anks for punching s tock . 
The p l a t e l eng th of the in i t i a l b i l l e t s was suff ic ient to punch a row of s ix 
c o r e b lanks (a r e q u i r e d s t r i p l eng th of 43 in ), but y to l y i n . s h o r t of the 
50- in . m i n i m u m leng th n e c e s s a r y to punch s e v e n c o r e b l a n k s . T h e s e p l a t e s 
w e r e m a r k e d and s h e a r e d to p r o v i d e t h r e e s t r i p s , e a c h of which would y ie ld 
s ix c o r e b l a n k s , and a four th 4 - i n . wide s t r i p cut in the t r a n s v e r s e p l a t e 
d i r e c t i o n to r e a l i z e an add i t i ona l c o r e b lank and a to t a l of 1 9 punched c o r e 
b lanks The s t r i p y ie ld ing the s ing le c o r e blank was t aken f r o m e i t h e r the 
top o r bo t tom s e c t i o n of the p l a t e , depending on which a r e a was the b e s t . 
P l a t e s of l eng th g r e a t e r than 50 in. w e r e s h e a r e d into t h r e e s t r i p s 4 in . 
wide X 50 in long, and y i e lded a to t a l of 21 c o r e b l anks on punch ing . 

R e c o r d s w e r e kept of the s h e a r i n g and punching o p e r a t i o n to i n s u r e 
iden t i f i ca t ion of punched c o r e b l anks and s h e a r i n g s c r a p with r e s p e c t to 
l oca t i on in the r o l l e d p l a t e . The s c r a p g e n e r a t e d in s h e a r i n g was u s e d a s 
r e m e l t s tock for l a t e r c a s t i n g s . 

S h e a r i n g was done on a C inc inna t i s h e a r r a t e d f o r y - i n . m i l d s t e e l . The 
s h e a r i n g t ab le was c o v e r e d with p a p e r to p r e v e n t s c r a t c h i n g of the p la te d u r ­
ing pos i t ion ing and s h e a r i n g . In add i t ion , a pad of p a p e r was p l a c e d on top of 
the p la te to p r e v e n t m a r k i n g o r inden t ing of the p l a t e by the ho ld -down pads 
du r ing the s h e a r i n g c y c l e . The o p e r a t i o n i s shown in F i g u r e 18, and a t y p i c a l 
s h e a r e d p la te in F i g u r e 19. The l a t t e r shows the t h r e e s t r i p s 4 in . wide x 
50 in. long, and the t r i m m e d s i d e s and ends which l a t e r w e r e r e m e l t e d . 
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FIGURE 18. Shearing of Rolled Plate into Strips for Core Blank Punching 

FIGURE 19. Typical Sheared Plate Showing Three Strips for Core Blank Punching and Scrap Sides and Ends 
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A n a l y t i c a l s a m p l e s w e r e cut f r o m the top and bo t tom s h e a r e d ends 
for s p e c t r o c h e m i c a l d e t e r m i n a t i o n of the n i c k e l a n d i r o n con t en t s and of 
the m a j o r i m p u r i t i e s . The s a m p l e s w e r e a p p r o x i m a t e l y | - i n . s q u a r e and 
m a c h i n e d on one s ide to p r o v i d e a p r o p e r s u r f a c e for a n a l y s i s . The a n a l y t i ­
c a l r e s u l t s for e a c h p l a t e a r e r e p o r t e d in T a b l e V. 

The s h e a r e d s t r i p s w e r e wiped with a c e t o n e to r e m o v e any d i r t o r 
g r e a s e , and the t h i c k n e s s of the s t r i p m e a s u r e d 1 in . in f r o m both e d g e s a t 
6 - in . i n t e r v a l s . Should the t h i c k n e s s e x c e e d the h igh l i m i t of 0.201 in . , the 
s t r i p was co ld r o l l e d to s i z e and f l a t t ened in the r o l l e r - l e v e l e r . 

It was found tha t the r o l l s u r f a c e s had a worn spo t r e s u l t i n g in a 
n o n - u n i f o r m t h i c k n e s s of the p l a t e . F o r the m o s t p a r t , t h i s n o n u n i f o r m i t y 
o c c u r r e d in the c e n t e r s t r i p ; c o n s e q u e n t l y , i t w a s n e c e s s a r y to r e r o l l m a n y 
c e n t e r s t r i p s f r o m p l a t e s f a b r i c a t e d be fo re the r o l l s w e r e r e g r o u n d . 

P r i o r to punch ing , the s t r i p s w e r e s c r i b e d in s u c h a m a n n e r a s to 
i n s u r e i den t i f i ca t i on of the c o r e b lanks and the s u r r o u n d i n g m a t e r i a l wi th 
r e s p e c t to l o c a t i o n in the r o l l e d p l a t e shou ld fu tu re e v a l u a t i o n of c o r e 
m a t e r i a l r e q u i r e th i s i n f o r m a t i o n . 

P u n c h i n g a n d P r e p a r a t i o n of C o r e Blanks 

C o r e b l anks w e r e p u n c h e d on a 25~ton L o s h b o u g h - J o r d a n punch p r e s s 
d r i v e n by a 2 -hp m o t o r . A tool s t e e l die p l a t e on a s t e e l backup p l a t e and a 
too l s t e e l punch w e r e u s e d . The die cav i ty m e a s u r e d 3.316 in . wide x 6.875 in . 
long , wi th a 0.002~in, c l e a r a n c e b e t w e e n the punch and d ie . H a r d r u b b e r p a d s 
w e r e l o c a t e d i n s i d e the die cav i ty to e j e c t the p u n c h e d c o r e b lank f r o m the 
die when the punch r e t u r n e d to i t s r a i s e d p o s i t i o n . 

The c o r e s t r i p was p l a c e d in the p r e s s and p o s i t i o n e d a g a i n s t the 
guide p ins by one o p e r a t o r whi le a s e c o n d m a n o p e r a t e d the foot t r i p l e v e r . 
Af te r a c o r e b lank w a s punched , it w a s r e m o v e d with a p a i r of t ongs and 
the s t r i p a d v a n c e d into p o s i t i o n for punch ing the nex t c o r e b lank . An o v e r ­
a l l v iew of the p r e s s and the two o p e r a t o r s r e a d y to punch a c o r e b lank i s 
shown in F i g u r e 20A; a c l o s e u p v iew of the die with the s t r i p in p o s i t i o n for 
punch ing i s shown m F i g u r e 2 0 B . F i g u r e 21 shows s e v e n p u n c h e d c o r e 
b l anks and the r e m a i n i n g l a t t i c e wi th two u n p u n c h e d s t r i p s . 

The l a t t i c e r e m a i n i n g f r o m the s t r i p a f t e r punch ing w a s u s e d for 
a n a l y t i c a l s a m p l e s for u r a n i u m a n a l y s i s by wet c h e m i s t r y . While v a r i o u s 
p a t t e r n s of s a m p l i n g w e r e t r i e d m o r d e r to ob t a in suff ic ient a n a l y t i c a l da ta 
for d e t e r m i n i n g the U con ten t p e r c o r e b lank , no s a m p l i n g p l an w a s found 
which would give suf f ic ien t ly r e l i a b l e da ta wi th m i n i m u m s a m p l i n g . C o n ­
s e q u e n t l y , the U con ten t w a s b a s e d on a n o n d e s t r u c t i v e , g a m m a - e m i s s i o n 
count ing m e t h o d to be d i s c u s s e d in d e t a i l in a l a t e r s e c t i o n of the r e p o r t . 
S a m p l e s for u r a n i u m d e t e r m i n a t i o n by wet c h e m i s t r y w e r e t a k e n , h o w e v e r . 
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FIGURE 20A. Punching Core Blanks 
from Sheared S t r i p s 

FIGURE 20B. Closeup View of Punch­
ing Die wi th Core S t r i p 
in P o s i t i o n 
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FIGURE 2 1 . Core B l a n k s and R e s u l t a n t T r e l l i s a f t e r Punch ing O p e r a t i o n 
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to provide a check on the counting method. The samples were taken from 
the dividing s t r ips between the f i rs t two and las t two core blanks of the 
side core s t r i p s . These correspond to samples #2, 6, 14, and 1 8 in Figure 25, 
The uran ium analyses from the samples a re given in Table V, in columns 
numbered 1, 2, 3 and 4, respect ive ly . The "as^erage uran ium ana lyses" of 
the cast ings a r e based on gamma-count ing technique. 

The remaining lat t ice m a t e r i a l was re ta ined for possible future 
analytical work, although some m a t e r i a l was used for r eme l t stock in la te r 
m e l t s . 

The punched core blanks were washed in acetone. This included 
wire brushing the edges to remove adhering s l ivers from the punching oper ­
ation. After the wash, the core blanks were vapor degreased in t r i ch lo r -
ethylene in batches of ten. Individual core blank weights were then taken 
and r eco rded p r io r to nondestruct ive test ing of the core blanks. 

EVALUATION OF CORE MATERIAL 

Nondestructive Core Blank Testing 

In addition to chemical analyses of m a t e r i a l surrounding the core 
blanks, the U^ content per core blank was de termined by the counting of 
gamma emiss ion from the core blank. The integri ty and soundness of each 
one were evaluated through X~ray radiography and by means of through-
t r ansmis s ion u l t rasonic scanning. Only a brief descript ion of the tes ts will 
be given he re as evaluation of the m a t e r i a l and the tes ts will be d iscussed 
la te r . Detail r epor t s on nondestruct ive test ing of ALPR core m a t e r i a l and 
fuel plates a re given in ANL-5944(14) and ANL-5951, (1 5) 

Homogeneity of the core ma te r i a l was evaluated through X- ray 
radiography. Using Type AA film, an exposure of 55 sec at 95 kv, 10 ma , 
was made with a Genera l E lec t r i c OX-250 kv indust r ia l X- r ay unit. The 
core blanks were posit ioned 48 in. away from the source , A pene t romete r 
with a minimum thickness of 1% of the core blank thickness was used to 
determine the co r r ec t conditions of exposure to insure bes t radiographic 
r e su l t s . Core blanks exhibiting severe segregat ion in their radiographs 
were remel ted . F igure 22 shows radiographic pr in ts of a good core blank 
and a re jec t core blank with ser ious segregat ion. 

Internal core blank defects such as c r a c k s , inclusions, and s e g r e ­
gation were d iscovered by using a th rough- t r ansmiss ion u l t rasonic tech­
nique. The core blanks were supported ver t ica l ly along one side. Both the 
core blank and the sending and receiving c rys ta l s were submerged in water 
containing a wetting agent. The sending and receiving c rys ta l s were mounted 
on a yoke such that the two c rys ta l s were on opposite sides of the core blank, 
as seen in F igure 23A, An overa l l p ic ture of the appara tus and the recording 
mechanism is shown in Figure 23B. 
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FIGURE 22. X-ray Radiographs of Acceptable Core Blank (left) and a Core 
Blank Rejected Due to Major Segregation 

'BHF'' ^5^^«" 

•MM'. 

•Hi. 
^ ^ H L ^ S £ £ ^ 

9KR' 

M ^ ^ 
3KM ; t-
^SE -• '••"' 

• 

J 

(* 
"{ 

^ ^ : ^ 
.;sf.:. -' 

1 • ^ ^ ^ 
1 • . : 4 -

• , * - ' . " 

< 
'"•"' '} 

^i^^msaki 

• 

fg 
.'̂ r^ 

r , 

'.t " 

' • > . . 

ium 

^ # 
» 

^«»»«. M.-'^i^Siih 

_ 
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FIGURE 23A. Closeup of Ultrasonic Test Showing 
Positioned Core Blank and Mechanically 
Driven Yoke Containing Sending and 
Receiving Crystals 
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FIGURE 23B. Overall View of Ultrasonic Test 
Equipment with Elec t rosens i t ive 
Paper Recorder in Background 
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The yoke was mechanical ly driven in such a way that it t raveled up 
and down the core blank width as it t r a v e r s e d the length of the core blank. 
A two-dimensional plot of the t ransmi t ted ul t rasonic beam intensity was 
continuously recorded on e lec t rosensi t ive paper . A uniform t race density 
indicated uniform ul t rasonic beam t r ansmiss ion and, consequently, no in­
ternal defects . A defect would a l te r the beam t ransmiss ion and resul t in a 
blank area on the paper t r a c e . F igure 24 shows t r ace s from an acceptable 
core blank and a defective core blank. 

FIGURE 2l^. Permanent Recordings of Reject and Acceptable Core Blanks 
from Ultrasonic Beam Test As Recorded on E lec trosens i t ive 
Paper. White areas in l e f t trace indicate defects 

IO6-I+I9I Defect ive Acceptable 



48 

The U content of each core blank was de termined by counting the 
number of gamma emiss ions in a given per iod of t ime . A sodium iodide, 
thal l ium-act ivated scintillation crys ta l was used to p ickup 1 80-kev emiss ion 
from a core blank. A five-minute counting per iod was used and the count 
ra te was approximately 10,000 coun t s / sec . A standard core blank was 
counted after every five unknown core blanks to insure rel iabi l i ty of the r e ­
sul ts . A corre la t ion previously determined between the number of counts 
and the U content provided a bas i s for calculating the unknown U con­
tent of a core blank by the number of counts recorded . The sensit ivity of 
the method could detect a change of 0.1 gm U^̂ ^ in a core blank, v'*/ 

Following nondestruct ive test ing, re ject core blanks were remel ted 
while acceptable core blanks were washed in acetone, followed by a r inse 
in chlorothene, and s tored until needed for a ssembly into compacts for fuel 
plate fabrication. 

Determinat ion of Core Blank U Content 

The core alloy composition was selected such that the fuel plate 
core blank would contain the specified 39 t 1 gm U^̂  , It was neces sa ry to 
find a method suitable for determining the amount of U per core blank. 
Assuming homogeneous m a t e r i a l , the s imples t method would be a single 
uranium analys is and an U isotopic ana lys i s . These , coupled with the 
weight of the core blank, would de termine the U^ content. 

It became readi ly apparent from init ial wet chemis t ry uran ium 
analyses that segregat ion was p re sen t in the cas t ings . This segregat ion 
was notaffected by the fabrication p r o c e s s . An inc reased number of ana l ­
yses did not reveal a pa t te rn of segregat ion that was consistent ly repea ted 
in other rol led p la tes . 

On plates A19 and A20, samples were taken from latt ice m a t e r i a l 
d i rect ly adjacent to the top and bottom of each punched core blank. This 
sampling plan and the resul t ing uran ium analyses a r e shown in Figure 25. 
It is readi ly apparent that the tops of the plates (corresponding to the tops 
of the cas t ings) were exceptionally high in uranium and that the re was a 
spread of about 2 w/o in the balance of the m a t e r i a l . In addition, severa l 
core blanks showing var ia t ions in uran ium content up to 1,8 w/o between 
top and bottom samples showed no indication of segregat ion in thei r X- r ay 
rad iographs . On the bas i s of analyt ical r e su l t s and radiography, it was 
evident that analyt ical r esu l t s were valid only for the m a t e r i a l analyzed 
and were not applicable to surrounding m a t e r i a l . 

Due to the questionable validity of applying analyt ical r esu l t s to 
surrounding m a t e r i a l , it was n e c e s s a r y ei ther to further inc rease the 
number of samples per plate or to develop a nondestruct ive analyt ical 
technique applicable to the core blank itself. 



FIGIPE 25. Sampling Plan and Analvses on Rolled Plates A19 and A20 
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xxxx 1 

.Sample 
No. 
1 
2 
3 
4 
5 
6 
6B 
7 
8 
9 
10 
11 
12 
12B 
13 
14 
1.5 
16 
17 
18 
18B 
19 

w/o U 
Plate 
No. 19 
18.99 
17.51 
17.44 
17.39 
17.56 
17.29 
17.58 
19.81 
17.64 
17.97 
18.2? 
17.70 
17.62 
IS.49 
19.06 
17.64 
17.32 
17.83 
17.47 
17.38 
17.46 
17.76 

ranium | 
Plate 

No. 20 
19.09 
17.98 
17.64 
17.66 
17.72 
17.72 
17.84 
24.89 
17.68 
19.06 
18.58 
17.84 
17.78 
17.90 
23.63 
17.25 
17.51 
17.60 
17.76 
17.66 
17.86 
18.10 1 

w/o Iron 
vi/o Nickel 

Plate No. 19 
Top 
0.34 
1.53 

Bottom 
0.42 
1,98 

Pl5te Ho. 20 1 
Top 
0.41 
1.75 

Bottom 1 
0.43 1 
1.85 j 

xxxx Bottom 



An at tempt at using X - r a y emiss ion spect roscopy methods for de­
termining uran ium content was made , as this method gave resu l t s much 
m o r e rapidly than by wet chemis t ry ana lys i s . Thus an inc reased number 
of samples would be offset by the savings in analyt ical t ime . Again, how­
ever , the problem of segregat ion in a solid sample was p resen t . Emiss ion 
spect roscopic work showed definite segregat ion in the sample itself. While 
this analyt ical method is applicable to solution as well as to solid samples , 
it was felt that dissolution of the solid samples to el iminate segregat ion 
would des t roy the t ime-sav ing benefit of this method in addition to lowering 
the accuracy of the r e s u l t s . As this method s t i l l involved the problem of 
applying analyt ical r esu l t s of surrounding m a t e r i a l to the core blank p roper , 
emiss ion spect roscopic analys is was re jec ted in favor of a nondestruct ive 
method. 

In conjunction with the analyt ical work, density and ha rdness m e a s u r e ­
ments were made to de termine if there was sufficient cor re la t ion with u r a ­
nium content to de te rmine the u ran ium content of a core blank. 

Density determinat ions were made by measur ing the volume of the 
sample by means of i m m e r s i o n in carbon t e t r ach lo r ide . The difference 
between m a s s de te rmined in a i r and m a s s m e a s u r e d by immers ion in CCI4, 
the density of CCI4 as a function of t e m p e r a t u r e , and the sample m a s s in 
a i r gives sufficient data to calculate the sample density. 

Hardness was m e a s u r e d on a Rockwell Superficial Tes t e r with the 
15-T scale employing a -575; - in. d iamete r hardened s teel bal l and a 15-kg 
major load. 

The samples used for ha rdness and density m e a s u r e m e n t s were 
taken from plates Al 9 and A20, using the lat t ice s t r ips between the punched 
core blanks . After making ha rdness and density m e a s u r e m e n t s , the pieces 
were cut up and used as analyt ical samples for u ran ium ana lys i s . 

Table VI l i s t s the ha rdnes s and density data for the samples , to ­
gether with the u ran ium content. The ha rdness values show no apparent 
corre la t ion with u ran ium content. There is some doubt as to the accuracy 
of the ha rdness data, since the re was difficulty in obtaining reproducible 
values in some p ieces . 

Although the density data show some cor re la t ion with uraniuna content 
this was not sufficient to justify i ts use as a m e a s u r e of uran ium content of 
a core blank. As the alloy consis ts of m o r e than one phase , each of differing 
density, the overa l l density of the m a t e r i a l is affected by the amount of v a r ­
ious phases p resen t . As will be shown la te r , meta l lographic studies revea led 
a vast difference in s t ruc tu re between the top and bottom of a cast ing, due to 
the difference in cooling r a t e . While this var iance in cast s t ruc tu re 
was great ly reduced through fabricat ion, there st i l l exis ted a difference in 



T A B L E VI. D e n s i t y and H a r d n e s s V a l u e s for S a m p l e s wi th 
Known U r a n i u m C o n t e n t 

1 — — — 

P l a t e A19 

A n a l y t i c a l 
S a m p l e No. 

1 
2 
3 
4 
5 
6 
6B 
7 
8 
9 

10 
11 
12 
12B 
13 
14 
15 
16 
17 
18 
18B 
19 

w / o 

18.99 
17.51 
17.44 
17.39 
17.56 
17.29 
17.58 
19.81 
17.64 
17 .97 
18.22 
17.70 
17.62 
19.49 
19.06 
17.54 
17.32 
17.83 
17 .47 
17.38 
17.48 
17.76 

D e n s i t y , 
g m / c c 

3.205 
3.166 
3 .178 
3.192 
3.185 
3.180 
3.196 
3.226 
3.164 
3 .188 
3 .197 
3.185 
3.176 
3.191 
3.206 
3.170 
3.174 
3.190 
3.177 
3 .178 
3.195 
3 .207 

H a r d n e s s * 
R o c k w e l l , 

1 5 - T 

48 .2 
62 .4 
60.0 
60.0 
60.9 
62.7 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

A n a l y t i c a l 
S a m p l e No. 

1 
2 
3 
4 
5 
6 
6B 

• ^ 

8 
9 

10 
11 
12 
1 2 3 
13 
14 
15 
16 
17 
18 
18B 
19 

P l a t e 

u, 
w / o 

19.09 
17.98 
17.64 
17.66 
17.72 
17.72 
17.84 
24.89 
17.68 
19.06 
18.58 
17.84 
17.78 
17.90 
23 .63 
17.25 
17.51 
17.60 
17.76 
17.66 
17.86 
18.10 

A20 

D e n s i t y , 
g m / c c 

3.188 
3.171 
3.144 
3.166 
3.172 
3.174 
3.196 
3.358 
3.163 
3 .198 
3 .198 
3.170 
3.165 
3.194 
3.325 
3.146 
3.158 
3.165 
3.152 
3.171 
3.201 
3.204 

H a r d n e s s * 
R o c k w e l l , 

1 5 - T 

34.2 
45.5 

-
50.3 
55 .8 
52.2 
60.7 
49.1 
46.6 
44.6 
46 .4 
47 .4 1 
50.1 1 
59.5 
51.0 
43 .9 
47 .6 
49 .2 

-
53.2 
60.2 
61 .7 

• A v e r a g e of t h r e e r e a d i n g s . 

s t r u c t u r e which could affect d e n s i t y . Of equa l i m p o r t a n c e i s the p o s s i b i l i t y 
of m i c r o p o r o s i t y , which is p r e v a l e n t in a l u m i n u m and a l u m i n u m a l l o y s and 
which could c a u s e a v a r i a t i o n in o b s e r v e d d e n s i t y . 

Since a n o n d e s t r u c t i v e d e t e r m i n a t i o n of u r a n i u m con ten t on a c o r e 
b lank i t se l f was m o s t d e s i r a b l e , w o r k was done to e v a l u a t e the m e t h o d of 
d e t e r m i n i n g U '̂̂ ^ con ten t of a c o r e b lank by count ing the n u m b e r of g a m m a -
r a y e m i s s i o n s p e r uni t of t i m e . Al though the n u m b e r of e m i s s i o n s is not a 
l i n e a r function of u r a n i u m conten t , l i n e a r i t y m a y be a s s u m e d o v e r the s m a l l 
r a n g e of u r a n i u m con ten t in q u e s t i o n . 

The r e l a t i o n s h i p be tween the n u m b e r of counts and U con ten t was 
e s t a b l i s h e d by count ing t h r e e c o r e b lanks of d i f fe ren t a n a l y s e s . One c o r e 
b lank a p p r o x i m a t e d the d e s i r e d 39 gm U while the o t h e r two w e r e 
s e l e c t e d a s r e p r e s e n t i n g a p p r o x i m a t e l y 37.5 and 41 g m , s l igh t ly o u t s i d e 
the spec i f i ed con ten t of 39 i 1 g m . T h e s e c o r e b lanks w e r e counted a n u m ­
b e r of t i m e s to e s t a b l i s h an a c c u r a t e count of e m i s s i o n s in a f i v e - m i n u t e 



count ing p e r i o d and to i n s u r e r e p r o d u c i b i l i t y . The coun t ing m e t h o d , in 
effect , r e s o l v e d the coun t s of the m a t e r i a l to give an a v e r a g e count for the 
c o r e b l ank a s a whole and e l i m i n a t e d the p r o b l e m of m i n o r s e g r e g a t i o n . 
The t h r e e c o r e b l a n k s w e r e conap le te ly d i s s o l v e d a n d a n a l y z e d to give a n 
a v e r a g e u r a n i u m con ten t for the t o t a l c o r e b l ank . The n u m b e r of coun t s 
r e c o r d e d p e r un i t t i m e and the a v e r a g e U con ten t of t h e s e c o r e b l a n k s 
p r o v i d e d a s t a n d a r d by which a c o r e b l a n k of unknown U con ten t could 
be n o n d e s t r u c t i v e l y a n a l y z e d by coun t ing the n u m b e r of g a m m a e m i s s i o n s 
in the g iven count ing p e r i o d . Any m a j o r s e g r e g a t i o n in a c o r e b lank which 
m i g h t af fect the r e l i a b i l i t y of t h i s m e t h o d would be e a s i l y d e t e c t e d t h r o u g h 
X - r a y r a d i o g r a p h y . 

A d e t a i l e d d i s c u s s i o n of the t h e o r y p e r t a i n i n g to t h i s m e t h o d and the 
e x p e r i m e n t a l d e t e r m i n a t i o n of i t s f e a s i b i l i t y a r e r e p o r t e d in A N 1 J - 5 9 4 4 . ( 4 ) 

X - r a y R a d i o g r a p h y 

X - r a y r a d i o g r a p h s of p u n c h e d c o r e b l a n k s showed def in i te a r e a s of 
s e g r e g a t i o n in the top s e c t i o n of e a c h p l a t e . T h e r e a l s o e x i s t e d a v a r i a n c e 
in m i c r o s t r u c t u r e , wh ich a l s o w a s r e f l e c t e d in the u n i f o r m i t y of the 
r a d i o g r a p h s . 

R a d i o g r a p h s of a c a s t i n g s h o w e d a s e g r e g a t e d a r e a a t the j u n c t i o n 
b e t w e e n the ho t top a n d the body of the c a s t i n g , t h i s a r e a and the hot top 
be ing the l a s t to so l id i fy . With the hot top zone r e m a i n i n g m o l t e n , m a x i ­
m u m f o r m a t i o n of h y p e r e u t e c t i c UAI3 (with a p e r i t e c t i c t r a n s f o r m a t i o n to 
UAI4) o c c u r r e d , t h e r e b y d e p l e t i n g the r e m a i n i n g l iqu id a l loy of u r a n i u m . 
F i n a l so l i d i f i c a t i on o c c u r r e d a t the top when the e u t e c t i c c o m p o s i t i o n 
(1 3 w / o U) and t e m p e r a t u r e ( 6 4 0 ° C ) w e r e r e a c h e d , A h igh u r a n i u m c o n c e n ­
t r a t i o n would be e x p e c t e d a t the a r e a r i c h in p r i m a r y UAI3 c r y s t a l s , and a 
low U con ten t in the r e g i o n of e u t e c t i c so l i d i f i c a t i on . An a n a l y s i s of c a s t i n g 
A9 showed the u r a n i u m con t en t to be 18,32 w / o a t the j u n c t u r e b e t w e e n the 
c a s t i n g and hot t op , and 10.71 w / o in the u p p e r p o r t i o n of the hot top . 

T h i s a r e a of h igh u r a n i u m s e g r e g a t i o n e x t e n d e d deep ly enough into 
the body of the c a s t i n g so a s to be p r e s e n t a f t e r r e m o v a l of the ho t t op , and 
c o n s e q u e n t l y a p p e a r e d in the top of the r o l l e d p l a t e . T h i s a r e a n o r m a l l y 
e x i s t e d in the top r o w of p u n c h e d c o r e b l a n k s , and the two s ide c o r e b l a n k s 
in p a r t i c u l a r . A l l c o r e b l a n k s r e j e c t e d in X - r a y r a d i o g r a p h y w e r e f r o m the 
top a r e a of the p l a t e , w h e r e t h i s s e g r e g a t i o n o c c u r r e d . 

X - r a y r a d i o g r a p h s of c o r e b l a n k s p u n c h e d f r o m the b o t t o m a r e a of 
the p l a t e showed a m o r e u n i f o r m a p p e a r a n c e than did the top c o r e b l a n k s , 
which t e n d e d to a p p e a r m o t t l e d in s t r u c t u r e . T h i s r e s u l t e d f r o m the t e m ­
p e r a t u r e g r a d i e n t in the m o l d a n d the r a t e of s o l i d i f i c a t i o n of the c a s t i n g . 
The b o t t o m of the c a s t i n g , so l id i fy ing and coo l ing m u c h m o r e r a p i d l y than 
the t op , showed a f i ne r p h a s e d i s p e r s i o n a n d g r a i n s i z e t h a n did the t op . The 
f i ne r s t r u c t u r e a p p e a r e d m o r e u n i f o r m in a r a d i o g r a p h . 



U l t r a s o n i c T r a n s m i s s i o n T e s t i n g 

The i n i t i a l n o n d e s t r u c t i v e t e s t i n g p r o g r a m for c o r e b l anks did not 
inc lude an u l t r a s o n i c t e s t for c o r e b lank s o u n d n e s s and h o m o g e n e i t y , a s it 
w a s fe l t t ha t X - r a y r a d i o g r a p h y f u r n i s h e d suf f ic ien t d a t a . With the a d v e n t 
of fuel p l a t e f a b r i c a t i o n and the i n i t i a l h igh r e j e c t r a t e e n c o u n t e r e d in u l t r a ­
son ic t e s t i n g of fuel p l a t e s , a s e r i e s of r e j e c t p l a t e s w e r e s e c t i o n e d t h r o u g h 
the r e j e c t a r e a and m i c r o s c o p i c a l l y e x a m i n e d . The c a u s e for r e j e c t i o n , 
i n i t i a l l y thought to be an unbonded a r e a b e t w e e n c o r e and c l add ing , r e s u l t e d 
f r o m m a j o r c r a c k s a p p e a r i n g in the c o r e in the p l ane of the fuel p l a t e . 
T h e s e c r a c k s w e r e r e a d i l y v i s i b l e to the naked e y e . The punched c o r e 
b l anks u s e d in f a b r i c a t i o n of t h e s e de fec t ive p l a t e s a l l w e r e a c c e p t a b l e on 
the b a s i s of X - r a y r a d i o g r a p h y p r i o r to a s s e m b l y into fuel p l a t e c o m p o s i t e s . 

It was then d e c i d e d tha t a l l c o r e b l anks would be g iven an u l t r a s o n i c 
t r a n s m i s s i o n t e s t to r e j e c t c o r e b l anks with i n t e r n a l c r a c k s o r a r e a s l i ke ly 
to c r a c k in fuel p l a t e f a b r i c a t i o n . I n i t i a l t e s t i n g w a s r u n a t a s h igh a s e n s i ­
t iv i ty a s p o s s i b l e whi le a l lowing the b e a m to p a s s t h r o u g h the c o r e b lank . 
T h r e e r e j e c t e d c o r e b l anks w e r e s e c t i o n e d t h r o u g h t h e i r de fec t s and e x a m i n e d 
m i c r o s c o p i c a l l y . No def ini te e v i d e n c e could be found to c a u s e r e j e c t i o n , 
a l though t h e r e did s e e m to be s l igh t e v i d e n c e i n d i c a t i n g a banded s t r u c t u r e 
in the d i r e c t i o n of r o l l i n g . Th i s a p p e a r a n c e w a s no t p r o n o u n c e d n o r de f i ­
n i t e ly e s t a b l i s h e d . 

L a t e r w o r k i n d i c a t e d t h a t a l o w e r l eve l of s e n s i t i v i t y cou ld be u s e d 
and s t i l l ob ta in r e j e c t i o n of c o r e b l anks p o s s e s s i n g c r a c k s o r m a j o r de fec t ive 
a r e a s . The l e s s s e n s i t i v e t e s t did r e d u c e the n u m b e r of r e j e c t c o r e b l a n k s . 
M o s t of the son ic r e j e c t c o r e b l anks w e r e a s s o c i a t e d wi th the top row of 
c o r e b l a n k s , the s a m e c o r e b l anks r e j e c t e d for s e g r e g a t i o n o r a U con ten t 
beyond s p e c i f i c a t i o n s . 

M e t a l l o g r a p h y and X- r a y Dif f rac t ion 

In con junc t ion with the n o n d e s t r u c t i v e t e s t i n g of the c o r e b l a n k s , a 
c a s t i n g con ta in ing n o r m a l u r a n i u m was c a s t and f a b r i c a t e d in the s a m e 
m a n n e r a s the e n r i c h e d c a s t i n g s to p r o v i d e m a t e r i a l for m e t a l l o g r a p h i c 
and X - r a y d i f f rac t ion s t u d i e s . 

Two-g--in, th ick s l i c e s w e r e cut f r o m the cond i t i oned c a s t i n g , one 
s l i c e t a k e n f r o m the top and the s e c o n d f r o m the b o t t o m . M e t a l l o g r a p h i c 
s a m p l e s f r o m the two e d g e s and c e n t e r of each s l i c e w e r e e x a m i n e d , and 
the r e m a i n i n g m a t e r i a l was u s e d for X - r a y d i f f r ac t ion s t u d i e s . The c a s t i n g 
was then r o l l e d a c c o r d i n g to the s c h e d u l e for e n r i c h e d m a t e r i a l , a n d 
s a m p l e s w e r e aga in t aken f r o m the top and bo t t om for m e t a l l o g r a p h y and 
X - r a y d i f f r ac t ion . 



The m e t a l l o g r a p h i c s a m p l e s w e r e p o l i s h e d m e c h a n i c a l l y and e t c h e d 
with a 0.5% H F so lu t ion . P h o t o m i c r o g r a p h s of the a s - c a s t m a t e r i a l a r e 
shown in F i g u r e 26 . 

The effect of the m o l d t e m p e r a t u r e g r a d i e n t on the a s - c a s t s t r u c t u r e 
i s r e a d i l y a p p a r e n t . The bo t t o m edges of the c a s t i n g show a fine d i s p e r s i o n 
of UAl^ p a r t i c l e s in an e u t e c t i c and a l u m i n u m m a t r i x . The bo t tom c e n t e r of 
the c a s t i n g , hav ing coo led m o r e s lowly than the e d g e s , shows a g r e a t e r 
a m o u n t of UAI4 p a r t i c l e s in the m a t r i x ; the p a r t i c l e s a r e m u c h l a r g e r and 
have l o s t m u c h of the g e o m e t r i c a p p e a r a n c e c h a r a c t e r i s t i c of the p a r t i c l e s 
a t the e d g e s . At the top of the c a s t i n g , w h e r e the so l id i f i ca t ion r a t e was 
s l o w e s t , the UAI4 p a r t i c l e s a r e m a s s i v e and the p a t c h e s of e u t e c t i c a r e v e r y 
c o a r s e in a p p e a r a n c e . T h e r e i s no change in m i c r o s t r u c t u r e f r o m t h e e d g e s 
to c e n t e r a t the top a s the m o l d was suf f ic ien t ly ho t to p r e v e n t the f o r m a t i o n 
of a " c h i l l e d " zone c h a r a c t e r i s t i c of the edges a t the b o t t o m . 

The m i c r o s t r u c t u r e of the r o l l e d platCj shown in F i g u r e 27, i s e s s e n ­
t i a l l y s i m i l a r , e x c e p t tha t the UAI4 p a r t i c l e s have b e c o m e f r a g m e n t e d d u r ­
ing r o l l i n g and have l o s t t h e i r c r y s t a l l i n e a p p e a r a n c e . T h e r e a l s o a p p e a r s 
to be a d i s p e r s i o n of fine p a r t i c l e s t h r o u g h o u t the nna t r ix , t h e s e p a r t i c l e s 
p o s s i b l y be ing an u r a n i u m c a r b i d e o r n i t r i d e o r a n i c k e l - a l u m i n u m c o m ­
pound (NiAls) f o r m e d d u r i n g the ho t w o r k i n g of the c a s t i n g . The t e m p e r a t u r e 
and d e f o r m a t i o n e n c o u n t e r e d in the hot r o l l i n g of the b i l l e t would p r o m o t e 
diffusion a n d s u b s e q u e n t p r e c i p i t a t i o n . 

While m u c h of the d i f f e r ence in s t r u c t u r e b e t w e e n the top and bo t t om 
of the c a s t i n g h a s been e l i m i n a t e d by the f a b r i c a t i o n p r o c e d u r e , the r o l l e d 
p l a t e s t i l l exh ib i t s a l a r g e r UAIj p a r t i c l e s i z e a n d l e s s u n i f o r m d i s p e r s i o n 
a t the top than a t the b o t t o m . 

X - r a y p a t t e r n s w e r e t a k e n on so l id m a t e r i a l by the d i f f r a c t o m e t e r 
c h a r t m e t h o d , and by the p o w d e r c a m e r a m e t h o d on s c r a p i n g s f r o m the 
r o l l e d p l a t e . The p o w d e r c a m e r a m e t h o d was u s e d on r o l l e d m a t e r i a l only 
whi le the d i f f r a c t o m e t e r m e t h o d was run on both a s - c a s t and r o l l e d s a m p l e s , 

A t a b u l a t i o n of the X - r a y d i f f rac t ion r e s u l t s i s shown in T a b l e VII. 
Al l s a m p l e s showed a UAI4 p h a s e in an a l u m i n u m m a t r i x . W e a k e r p h a s e s 
s u c h a s UO2, UAI3, U (N o r C) , and NiAl3 w e r e p o s s i b l y p r e s e n t , but the 
w e a k n e s s of the l ine i n t e n s i t i e s m a k e s t h e i r i den t i f i ca t ion q u e s t i o n a b l e . 

While the a s - c a s t s a m p l e f r o m the top showed no UAI3 p h a s e , t h e r e 
i s a p o s s i b i l i t y of i t s e x i s t e n c e in the bo t t om s a m p l e of a s - c a s t m a t e r i a l . 
As the p e r i t e c t i c c o m p o s i t i o n of the U-Al s y s t e m l i e s b e t w e e n 15 and 1 7 w / o U 
so l id i f i ca t ion of a 17.5 w / o u r a n i u m - a l u m i n u m a l loy would begin with the 
f o r m a t i o n of UAI3, wi th a l a t e r t r a n s f o r m a t i o n to UAI4. The r a p i d r a t e of 
so l id i f i ca t ion o c c u r r i n g a t the bo t tom of the m o l d would t e n d to inhibi t the 
t r a n s f o r m a t i o n of UAI3 to UAI4, whi le the s low so l id i f i ca t ion r a t e a t the top 
would a l l o w c o m p l e t e t r a n s f o r m a t i o n . The p o s s i b l e p r e s e n c e of UAI3 in the 



FIGIJRE 26. Photomicrographs of Samples from Top and Bottom of a Typical Casting. Etched in 0.5^ HF Solutionj 25OX Magnification 55 
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TABLE VII. X- ray Diffraction Pa t t e rns of ALPR Mater ia l 

S a m p l e 

C a s t - top 

C a s t - bo t to in c e n t e r 

C a s t - bo t to in edge 

R o l l e d - top 

R o l l e d - top 

R o l l e d - b o t t o m 

R o l l e d - b o t t o m 

Type of P a t t e r n 

D i f f r a c t o m e t e r 
C h a r t 

C h a r t 

C h a r t 

C h a r t 

F i l m 

C h a r t 

F i l m 

P h a s e s * 

s - A l , m-UAl4 , VW-UO2 

s - A l , m-UAl4 , W-UAI3, 
W.UO2, vw-U(N or C), 
vw=NiAl3? 

s -A l , S-UAI4, W-UAI3, 
W-UO2, vw-NiAl3? 

s -A l , m-UAl4 , W-UAI3, 
w-'UOz, vw-U(N or C), 
v w - N i A l j ? 

s -A l , m-UAl4 , W-UO2, 
v w . U ( N o r C) 

s - A l . s~UAl4, m-UOz, 
w - U ( N or C), VW-UAI3, 
w - N i A l j ? 

S-AL m-UAl4 , W-UO2, 
v w - U ( N or C) 

*s =• strong; m - inoderate ; w - weak; vw - very weak 

top of the rolled plate, as indicated by the diffractometer chart , is not 
explainable, nor is the p resence of NiAl-* in cast ma te r i a l from the bottora. 
The re su l t s from the powder caraera method showed only a weak presence 
of these phases , and it is possible that the smal l amount of scrapings 
n e c e s s a r y for the powder method may not have included these phases . 

EVALUATION OF MANUFACTURING PROCESSES 

As this a luminum-uran ium alloy or s imi lar alloys have been used 
for a number of reac tor loadings, a d i scuss ion of p rocess yields is included 
for evaluation of the operat ions and to determine where yields can be i m ­
proved. A tabulation of p rocess yields at the major stages of manufacture 
is given in Table VIII. 



TABLE VIII. Tabulation of P r o c e s s Yields at Various Stages of Manufacture 

Stage of Manufacture 

Charge Mater ia l s 
Castings 
Conditioned Bil lets 
Punched Core Blanks (1150) 
Acceptable Core Blanks (851) 

Total Weight of 
Mater ia l (gm) 

559,375.34 
550,265.73 
429,674.37 
276,549.25 
203,681.80 

Pe rcen t of 
Total Charge Weight 

100.0 
98.4 
76.1 
49.4 
36.4 

Uranium Prepa ra t ion 

As it was found n e c e s s a r y to p roces s the a s - r ece ived biscuit u ran ium 
to remove impur i t i es causing porosi ty in cas t ings , the uranium was melted 
in vacuum and cast into b a r s which were cut into segments for charging to 
the alloy m e l t s . An overal l flow sheet for the prepara t ion of u ran ium is 
shown in F igure 28. 

Of the initial 56.72 kg of biscuit uranium, 3 .93 kg were charged to 
ALPR mel t s in the a s - r e c e i v e d condition. In an a t tempt to el iminate p o r o s ­
ity in ALPR cas t ings , the biscuit u ran ium was pickled to remove the heavy 
oxide and surface impur i t i e s . A total of 7.19 kg was pickled; 4.36 kg being 
charged to ALPR me l t s , 2,81 kg la ter remel ted , and the remaining 0.02 kg 
being in the n i t r ic acid pickle solution. A total of 48.92 kg of uran ium was 
premel ted , including 5 gm of foil to prevent magnes ium deposition on the 
mold walls and 497 gm of cast u ran ium re inel ted . Of the total charge m a t e ­
r ia l , 97f% was recovered as usable cast ma te r i a l and the remaining 22-% 
was sc rap in the fornn of shot and skull. F r o m 47.7 kg of cast ma te r i a l , 
43.27 kg (90.17%) were charged to ALPR, 0,50 kg were remel ted , and 3.93 kg 
remained as s c r ap from machining and breaking. Out of the original 56.72kg 
of biscuit uranium received and an additional 2.00 kg of premel ted ma te r i a l , 
53.56 kg, or 91.21% was charged to the ALPR m e l t s . 

ALPR Charging and Casting 

F igure 29 is a flow sheet of a ma te r i a l balance on the cast ing and fabri 
eating of ALPR core blanks for fuel plate production. In 68 hea ts , a total of 
559.38 kg were charged, of which 54.75% was virgin m a t e r i a l and 45.25% was 
remel t stock. The high percentage of remelt ing resu l ted because nine ca s t ­
ings were remel ted due to porosi ty and a low yield of acceptable fuel p la tes . 
A total of 1150 core blanks were punched to give 816 acceptable core blanks 
n e c e s s a r y to fabr icate 594 requi red fuel p la tes . 

Of the total charge weight, 98.37% (550.26 kg) was recovered in 
cas t ings . 



FIGtJHE 28. P r e p a r a t i o n and M a t e r i a l Balaaoe of tlranium Charged t o AIPE Melts 

B l s o t d t IF Received 
56^718.18 m 

To ALPR Melts 
S,930.69 

To Premeltlsg 
45,600.76 

Uranii 
4, 

Foil 
79 

Premelt Charge 
48,915.63 

Other Premelted 
Uranium Used 

i99i.ao 

To Premelting 
2812.97 

To Piskliag 
7186.73 

'' 
Piekling Loss 

12.86 
To ALPR Melts 

4360.90 

Shot & Skull 
1218.28 

Pre oel ted Castings 
47 ,697 ,25 

Chips & Turnings 
S,927.07 

To ALPR i f e l t s 
43 ,273 .17 

Remelted 
497»01 

Total Charged 
To ALPR Melts 
53,555.86 pm 
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FIGURE 29. Mate r ia l Balance on Cast ing and Fa'oricatinp- Core Blanks for ALPR Fuel '^ late Production 

CHARGE 
Knrlched U 53,655.86 
Coramer. Pure Al 39,011.38 
K388 Attcy (AI, ln/o Ni) 145,843.14 
2S Aluminum 63,090.30 
Nickel 4,552.24 
Armco Iron 192.77 
Remelt Stock 255,129.67 

TOTAL CHARGE V.T. 559,375.34 

Hot Tops Remelted 
24,307.89 

Cropped Hot lops 
45,454.91 

Castinps Remelted 
69.076.66 

Scrap 
21,147.02 

Scrap Remelted 
100,069.45 

Shearing & Punch-
inp Scrap 
150,918.39 

248 ''elect Core Blanks 
:?ê ael̂ pJ q",675.67 

Total Scrap 
71,995.96 

Scrap 
50.848.'J4 

43 Pemaininp' Pe-
ject Core Plarik.s 

in.225.76 

Total Castinf Wt. 
550,266.78 

Total Billet flt. 
for Rollinf^ 
429,674.57 

Weifht of 1150 
Punched Core 
Blanks, 276,549.S 

'..t. of 816 Pickler' 
Core Blanks Trans, 
for Bondinp 
195,2Pq.41 

NOTE! All weights in g 

Skull 

.0«109^6I. 

Chps ft-omMachining 
5,667.06 

Anal^' t ioal Samples 
77.68 

Metallopraphic Samples 
315.05 

Wt. Lost in Pickling' 
1.045.63 

3'^ Reraaininf Ac­
cep tab le Core 
Blanks, 8,396.87 

A n a l y t i c a l Samples 
2,033.20 

Corrosion Samples 
173.53 

3 Core Blanks for 

-e "lanks for 
Gamma Count., 718.68 

Total Kat'l for 
Analytical Testing 

4,517.87 



Billet Conditioning 

A total of 68 cast ings were conditioned,, from which 59 billets 
weighing 429.67 kg were fabricated to rea l ize a yield of 78.08% of the 
total cas t weight. Nine cast ings weighing 69.08 kg (12.55% of total cas t ­
ing weight) were r eme l t ed due to poros i ty . Hot tops cropped from the 
casting weighed 45.45 kg and consti tuted 8.26% of the casting weight. Of 
this weight, 24.31 kg were re inel ted and the remaining 21 ,14 kg of hot tops 
were classif ied as sc rap at the end of the project., although they were sui t ­
able for remel t ing . Of the remaining m a t e r i a l , 0.39 kg (0,08%) was used 
for analyt ical and meta l lographic samples and 5,67 kg (1.03%) remained 
as s c r a p chips from machining. 

The major factor in the low yield of billet weight to total casting 
weight was the nine cast ings which were remel ted Eight castings were 
made with biscuit u ran ium that was not p remel ted . Considering only the 
60 bil lets cas t from charge m a t e r i a l uti l izing p remel ted uranium, a billet 
yield of 88.31% was rea l ized; a significant inc rease over the actual yield 
of 78.08% 

Similar ly , the total s c rap at the end of the project would have been 
reduced considerably had the remaining hot tops 'been used as renaelt stock. 

Core Blank Punching 

A total of 1150 core blanks weighing 276.55 kg were punched from 
the 59 rol led plates to give a 64,36% yield. Analytical samples r ep resen ted 
0,52% of the total weight and, of the remaining 35.12%, 23.29% represen ted 
100.07 kg of shea red sc rap that was r emel t ed and 11.83%, the 50.85 kg of 
sheared m a t e r i a l , c lassif ied as sc rap . The la t te r naater ial was acceptable 
for remel t ing but was re ta ined m the event that future analytical work might 
requ i re this t r e l l i s work surrounding the punched core blanks. 

While this yield of 64 36% is low, no significant improvement can be 
made due to the configuration at the ends of the rol led plate and the n e c e s ­
sity of m a t e r i a l surrounding each core in the punching operation, A slight 
i nc rease would have been possible had the init ial casting been-j to 1 in. 
longer. This i nc rease in length would have inc reased the rol led plate length 
such that 21 , r a t h e r than 19- core blanks could be punched. P la tes from 
which 21 core blanks were punched rea l i zed yields of approximately 69.5% 
as opposed to 64.0% for plates from which only 19 core blanks were punched. 

Core Blank Evaluation and Disposit ion 

A breakdown of core blank tes t ing and disposit ion is shown in Table IX. 
Of the total 276.55 kg of 1150 punched core blanks, 71.0% (816 core blanks) 
were fabr ica ted into fuel p la te s . Two hundred and forty-eight core blanks 



TABLE I X . E v a l u a t i o n o f C o r e T e s t i n g a n d D i s p o s i t i o n o f C o r e B l a n k s 

C a s t i n g 

No. 

A-9 
A-10 
4 -11 
4 -12 
A-13 
A-14 
A-15 
A-16 
A-17 
A-18 
A-19 
A-20 
A-21 
A-2 2 
A-23 
A-24 
A-2 5 
A-2 6 
A-27 
A-28 
A-29 
A-30 
A-31 
A-32 
A-3 3 
A-34 
A-35 
A-36 
A-37 
A.38 
A-39 
A-40 
A-41 
A-42 
4-43 
A-44 
A-45 
A-46 
A-47 
A-48 
A-49 
A-50 
A-51 
4-52 
4-53 
A-5 4 
A-55 
A-56 
A-57 
A-53 
A-5 9 
A-60 
A-61 
A-62 
A-63 
4 -54 
A-65 
A-66 
A-67 
4-68 

TOTAL 
_ _ 

C o r e s 

Punched 

10 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
18 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 

-• 
21 
21 
18 
20 
19 
21 
21 
20 
21 
21 
21 
21 
21 
21 
21 
21 
21 
17 
21 
21 
21 
21 
21 
21 
21 

1150 

X - r a y Ev 

No. 
X - r a y e d 

10 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
18 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 

-• 
21 
21 
18 
20 
19 
21 
21 
20 
21 
21 
21 
21 
21 
21 
21 
21 
21 
17 
21 
21 
21 
21 
21 
21 
21 

1150 

a l u a t i o n 

Accep t ­
a b l e 

8 
16 
19 
17 
15 
19 
18 
18 
18 
17 
16 
14 
17 
16 
16 
16 
18 
16 
17 
17 
16 
16 
16 
16 
17 
16 
17 
18 
18 
16 
16 
17 
16 
19 

-
18 
19 
18 
17 
17 
18 
19 
16 
20 
18 
19 
18 
19 
18 
19 
17 
19 
35 
18 
18 
19 
19 
19 
20 
19 

1018 

r i t r a^^on ic 
T e s t i n g 

No. 
T e s t e d 

2 
2 

. 
1 

-
2 

-
-
3 

-
-
1 

-
3 
1 
1 
2 
1 
1 

10 
15 
16 
14 
16 
16 
16 
17 

2 
1 
4 

17 
14 
18 

. 
15 
18 
18 
17 
18 
19 
20 
21 
21 
21 
21 
21 
21 
21 
21 
21 
17 
21 
21 
21 
21 
21 
21 
21 

674 

A c c e p t ­
a b l e 

. 
2 
2 

-
0 

-
0 

-
. 
3 

-
. 
1 

. 
2 
1 
0 
0 
0 
0 
5 

14 
11 

9 
13 
12 
13 
14 

1 
1 
4 

12 
12 
15 

-
. 

11 
14 
18 
17 
18 
14 
17 
21 
20 
18 
21 
20 
19 
21 
20 
21 
17 
19 
18 
21 
19 
21 
21 
21 

594 

U-^^^ C o n t e n t by 
"/ E m i s s i o n 

No. 
Counted 

8 
12 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
18 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 

-
21 
21 
18 
20 
19 
21 
21 
20 
21 
21 
21 
21 
21 
2) 
21 
21 
21 
17 
21 
20 
21 
21 
21 
21 
21 

1140 

A c c e p t ­
a b l e 

8 
11 
18 
19 
13 
19 
17 
19 
16 
19 
19 
17 
15 
15 
15 
17 
16 
15 
15 
18 
18 
15 
18 
18 
18 
16 
19 
17 
15 
18 
17 
18 
13 
18 

-
18 
17 
18 
18 
19 
21 
19 
14 
20 
21 
19 
21 
21 
21 
17 
18 
20 
15 
21 
18 
19 
19 
21 
18 
18 

1035 

Fuel P l a t e 
F a b r i c a t i o n 

8 
16 
16 
14 
13 
18 
16 
18 
15 
17 
13 
14 
14 
13 
13 
16 
33 
13 
13 
15 
9 

14 
9 

19 
13 
11 
13 
13 
12 
15 
16 
12 
15 
16 

-
O " 

12 
14 
17 
16 
18 
11 

9 
18 
18 
14 
18 
18 
16 
15 
12 
18 
13 
14 
14 
19 
17 
11 
10 

8 

816 

Core B lank D i s p o s i t i o n 

R e m e l t e d 
( R e j e c t s ) 

2 
i 
2 
4 
5 
1 
3 
1 
4 
2 

6 
5 
5 
5 
5 
3 
6 
6 
6 
4 

10 
5 

10 
9 
5 
8 
6 
6 
6 
4 
3 
6 
4 
3 

-
21 

9 
3 
1 
2 
3 
9 

11 
2 
3 
7 
3 
3 
4 
4 

-
-
-
. 
-
-
-
-
-
-

248 

A n a l y t i c a l 
Work 

. 
-
1 
1 
1 

. 
-
-
-
, 
-
-
-
1 

-
_ 
. 
. 
. 
-
-
. 
. 
-
. 
-
-
-
1 

-
-
1 

-
-
-
-
-
-
1 

-
-
-
-
. 
-
-
. 
-
-
-
. 
-
-
-
1 

-
-
-
-
-
8 

Rema 

A c c e p t ­
a b l e 

-
-
. 
-
-
-
. 
-
-
-
_ 
-
. 
-
-
-
-
-
. 
-
. 
. 
. 
. 
-
-
-
-
-
-
-
. 
-
-
. 
-
-
-
1 

-
1 

-
1 

-
-
-
-
-
-
2 
1 

-
2 
1 

-
-
8 
8 

10 

35 

i n i n g 

R e j e c t e d 

. 
-
-
. 
, 
. 
-
-
, 
. 
, 
. 
. 
. 
^ 
. 
. 
. 
. 
. 
. 
. 
. 
1 

. 
-
. 
-
. 
-
-
. 
-
-
. 
. 
1 
1 

. 

. 
-
-
-
-
-
-
-
1 
2 
7 
2 
4 
5 
5 
2 
4 
2 
3 
3 

43 

* G a s t i n g was p o r o u s and r e m e l t e d , 
**Core b l a n k s r e m e l t e d due t o low c o n t e n t of F e . 



(21.6%) were rejected by one or m o r e of the nondestructive tes ts and were 
remel ted . Analytical work accounted for eight core blanks (0.7%). There 
remained a total of 78 core blanks (6.7%) of which 43 were re jec ts and con­
s idered sc rap , while the remaining 35 were acceptable for use in fuel plate 
fabricat ion. Of the 1150 core blanks punched, 851 (74.0%) were acceptable . 

All the punched core blanks were X- ray radiographed and 1018 
(88.6%) were acceptable . Out of 674 tes ted by u l t rasonics , 594 (88.2%) were 
acceptable . Similar ly , a total of 1140 core blanks were analyzed for u^^s 
content by ganama-emiss ion counting and 1035 (90.8%) were within the 
specified l imi t s . 

As all punched core blanks did not undergo all three nondestruct ive 
t e s t s , a definite cor re la t ion between the tes ts would be incomplete. A gen­
e ra l pat tern was evident, however, and indicated that core blanks re jected 
for segregat ion by X»ray radiography would also be rejected in u l t rasonic 
test ing and by g a m m a - e m i s s i o n counting for a U'""̂  content beyond specifica­
t ions . While other core blanks would occas iora l ly be rejected by one or 
m o r e of the t e s t s , the bulk of the re jected core blanks were those from the 
top row where segregat ion existed. 

SUMMARY 

Figure 30 is an overal l flow sheet schedule for production of fuel 
core blanks. While 36.4% recovery of acceptable core blanks from the total 
weight charged to the melt ing furnace is ext remely low, this figure reflects 
the amount of m a t e r i a l recycled during production. The 20 3,68 kg of fuel 
m a t e r i a l (851 acceptable core blanks) consti tutes 66.5% actual yield from 
306.25 kg of virgin ma te r i a l charged to the 68 hea t s . Over 45% of the total 
charge weight consis ted of remel t stock generated in process ing . 

On the bas i s of ma te r i a l charged to ALPR fuel core manufacture, 
66.5% was recovered as acceptable core ma te r i a l 1.5% was used in analyt­
ical work, and 5.2% was classif ied as unusable sc rap . The remaining 26.8% 
is m a t e r i a l suitable for recovery by remel t ing . 

There a r e three main a r e a s in which bet ter utilization of ma te r i a l 
and p roces se s could be employed-

(l) P r o p e r design of a mold such that a segregated zone will not 
occur in the m a t e r i a l intended for rol l ing. Had this zone been completely 
el iminated from the conditioned billet, the yield of acceptable core blanks 
would have been mate r i a l ly inc reased as segregat ion tiormally rejected 
the top row of core b lanks . 



FIGURE 30 . Flow Sheet for ALPR Fuel P l a t e Core Blank Production 
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(2) Better scheduling of manufacture would have enabled a grea te r 
portion of ma te r i a l to be used. As mentioned ea r l i e r , 26.8% of the raw 
m a t e r i a l charged remained as process ing scrap suitable for remel t ing. 

(3) Recovery of core ma te r i a l from the rolled plate could be in­
c r e a s e d . Due to the configuration of the rolled plate and the necess i ty for 
a f rame from which to punch core blanks, only 64.4% of the rolled plate 
weight was recovered as punched core blanks. 

The use of a p rocess such as extrusion in which core ma te r i a l 
could be d i rec t ly sized in two dimensions from an extrusion billet, would 
great ly reduce the amount of sc rap generated in core blank fabricat ion. 
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