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1. INTRODUCTION 

Al though s c a n d i u m w a s d i s c o v e r e d by N i l s o n in 1879, it h a s r e -
c e i v e d v e r y l i t t l e a t t e n t i o n un t i l r e c e n t y e a r s . T h e s c a r c i t y of t h e e l e m e n t , 
t h e d i f f i c u l t i e s of ob ta in ing . i t in a p u r e f o r m , and t h e a b s e n c e of a n y known 
u n i q u e p r o p e r t i e s a r e p r o b a b l y t h e m a i n r e a s o n s f o r t h i s n e g l e c t . T h e only 
s o u r c e of s c a n d i u m known un t i l r e c e n t l y w a s t h o r t v e i t i t e , a s c a n d i u m - y t t r i u m 
s i l i c a t e , o c c u r r i n g in s m a l l q u a n t i t i e s in N o r w a y and M a d a g a s c a r . 
S c a n d i u m i s , h o w e v e r , w ide ly d i s t r i b u t e d in n a t u r e in v e r y low c o n c e n t r a t i o n s , 
f o r m i n g about f ive p a r t s p e r m i l l i o n of t h e e a r t h ' s c r u s t . In r e c e n t y e a r s 
t h e p r o c e s s i n g of t u n g s t e n , u r a n i u m , and r a r e e a r t h o r e s h a s y i e l d e d c o n -
c e n t r a t e s and l i q u o r s c o n s i d e r a b l y e n r i c h e d in s c a n d i u m and t h e s e h a v e 
p r o v i d e d s u i t a b l e s t a r t i n g m a t e r i a l s f o r t h e p r o d u c t i o n of s c a n d i u m and i t s 
c o m p o u n d s . 

R e c e n t i n t e r e s t in t h e r a r e e a r t h m e t a l s and y t t r i u m h a s p r o m p t e d 
t h e p r e p a r a t i o n of s c a n d i u m m e t a l . S c a n d i u m is a l ight m e t a l (.2. 992 g / c m 3 ) 
and h a s a h igh m e l t i n g point (1539°C) and cou ld be a v a l u a b l e m a t e r i a l f o r 
i n c o r p o r a t i o n in a l l o y s . I t s a t o m i c r a d i u s of 1. 64A i n d i c a t e s t h e p o s s i b i l i t y 
of so l id s o l u t i o n s wi th m a g n e s i u m , t i t a n i u m , and p o s s i b l y a l u m i n i u m , g iv ing 
a l l o y s wi th i n c r e a s e d s t r e n g t h and duc t i l i t y and i m p r o v e d h igh t e m p e r a t u r e 
c h a r a c t e r i s t i c s . The s m a l l n e u t r o n - c a p t u r e - c r o s s - s e c t i o n of s c a n d i u m 
(24 b a r n s ) h a s m a d e t h e m e t a l i n t e r e s t i n g f o r n u c l e a r r e a c t o r . t e c h n o l o g y . 

S m a l l a m o u n t s of s c a n d i u m m e t a l have b e e n ' p r e p a r e d in s e v e r a l 
c o u n t r i e s f o r the p u r p o s e of s t u d y i n g i t s p r o p e r t i e s and i t s a l l o y i n g c h a r a c t e r -
i s t i c s . T h i s r e p o r t i s a r e v i e w of t h e p u b l i s h e d i n f o r m a t i o n on t h e p r e p a r a t i o n 
of s c a n d i u m m e t a l , a s p a r t of a p r o g r a m m e s p o n s o r e d by .the South A u s t r a l i a n 
G o v e r n m e n t D e p a r t m e n t of M i n e s f o r r e s e a r c h on s c a n d i u m . T h e p r o c e s s 
l i q u o r of t h e P o r t P i r i e U r a n i u m T r e a t m e n t P l a n t h a s b e e n shown t o be a 
r e l a t i v e l y r i c h s o u r c e of s c a n d i u m . The d e v e l o p m e n t of a s u c c e s s f u l m e t h o d 
of e x t r a c t i n g . t h e s c a n d i u m f r o m t h i s s o u r c e h a s b e e n d e s c r i b e d p r e v i o u s l y . 3 0 

2. SUMMARY 

T h e known m e t h o d s of p r e p a r a t i o n of s c a n d i u m m e t a l f r o m i t s 
h a l i d e s a r e r e v i e w e d . A b r i e f h i s t o r i c a l ou t l ine of t h e p r e p a r a t i o n of t h e 
m e t a l i s g iven , and t h e v a r i o u s m e t h o d s a r e t h e n d e s c r i b e d in d e t a i l . The 
m e r i t s of t h e v a r i o u s p r o c e s s e s a r e d i s c u s s e d , and t h e m o s t s u i t a b l e m e t h o d 
h a s b e e n s e l e c t e d f o r t h e p r o d u c t i o n of s c a n d i u m m e t a l a s a f u r t h e r e x t e n s i o n 
of t h i s r e s e a r c h p r o g r a m m e . 

3. P R E P A R A T I O N O F SCANDIUM M E T A L 

S c a n d i u m m e t a l w a s f i r s t p r e p a r e d by F i s c h e r and c o - w o r k e r s 1 

in 1937,. by e l e c t r o l y s i s of s c a n d i u m c h l o r i d e in a m o l t e n e u t e c t i c m i x t u r e 
of l i t h i u m and p o t a s s i u m c h l o r i d e s , u s i n g m o l t e n z i n c a s a c a t h o d e and 
c o l l e c t o r of t h e s c a n d i u m m e t a l p r o d u c e d . The z i n c w a s r e m o v e d , f r o m t h e 
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Z n — 2 p e r cent Sc a l loy by v a c u u m d i s t i l l a t i o n , l e a v i n g a p r o d u c t r e p o r t e d 
t o be 94 t o 98 p e r cent s c a n d i u m , t h e m a i n i m p u r i t i e s b e i n g i r o n and s i l i c o n . ' 

B o m m e r and Hohmann 2 r e d u c e d s c a n d i u m c h l o r i d e wi th p o t a s s i u m 
m e t a l in a g l a s s a p p a r a t u s and ob t a ined a m i x t u r e of the m e t a l and p o t a s s i u m 
c h l o r i d e . T h e s e w o r k e r s did not i s o l a t e the m e t a l . 

D u r i n g t h e p a s t f ew y e a r s , s c a n d i u m m e t a l h a s b e e n p r e p a r e d in 
s e v e r a l c o u n t r i e s . P e t r u 3 and c o - w o r k e r s in C z e c h o s l o v a k i a h a v e p r e p a r e d 
t h e m e t a l in a c o m p a c t . f o r m by t h e r e d u c t i o n . o f s c a n d i u m . f l u o r i d e o r c h l o r i d e 
wi th c a l c i u m m e t a l in t a n t a l u m and m o l y b d e n u m c r u c i b l e s fo l lowed by d i s -
t i l l a t i o n of the p r o d u c t . Spedding 4 and h i s s c h o o l in the Un i t ed S t a t e s have 
p r o d u c e d s c a n d i u m m e t a l by t h e r e d u c t i o n of s c a n d i u m f l u o r i d e wi th c a l c i u m 
in t a n t a l u m c r u c i b l e s . T h e p r o d u c t w a s v a c u u m d i s t i l l e d to y i e l d a h igh 
p u r i t y m e t a l . A n o t h e r m e t h o d u s e d by Spedding w a s to add z i n c and l i t h i u m , 
f l u o r i d e t o t h e s c a n d i u m f l u o r i d e and c a l c i u m m e t a l t o f o r m a low t e m p e r a t u r e 
S c - Z n a l loy and a C a F 2 - L i F s l a g . The r e a c t a n t s n e e d e d t o be h e a t e d only 
t o 1100°C and no v a c u u m d i s t i l l a t i o n of s c a n d i u m m e t a l w a s n e c e s s a r y . A 
h igh p u r i t y p r o d u c t w a s ob ta ined . The r e d u c t i o n of t h e f l u o r i d e wi th 
l i th ium" m e t a l h a s a l s o b e e n r e p o r t e d 5 . T h e m e t a l ob ta ined w a s of a n 
e x c e p t i o n a l l y h igh p u r i t y and i t s m i c r o s t r u c t u r e showed . i t t o be e s s e n t i a l l y 
f r e e f r o m n o n - m e t a l l i c i m p u r i t y p h a s e s . 

Two i n d u s t r i a l l a b o r a t o r i e s in the Un i t ed S t a t e s , Un ion C a r b i d e 
M e t a l s Co. and St. E l o i C o r p o r a t i o n , h a v e a l s o p r e p a r e d s c a n d i u m m e t a l 
by t h e r e d u c t i o n of the f l u o r i d e wi th c a l c i u m , the f o r m e r e m p l o y i n g t u n g s t e n 
c r u c i b l e s and t h e l a t t e r t a n t a l u m c r u c i b l e s . In e a c h c a s e t h e m e t a l w a s 
p u r i f i e d by v a c u u m s u b l i m a t i o n , y i e l d i n g a p r o d u c t of b e t t e r t h a n 99 p e r cen t 
p u r i t y . 

Sp i t syn 6 and c o - w o r k e r s in R u s s i a have p r e p a r e d s c a n d i u m m e t a l 
f r o m the c h l o r i d e by r e d u c t i o n with c a l c i u m ajt 900°G. T h e p r o d u c t w a s 
coo led , g r o u n d t o l e s s t h a n 0. 2 m m g r a i n s i z e and l e a c h e d wi th w a t e r and 
t h e n wi th c a u s t i c s o d a so lu t ion . It w a s t h e n w a s h e d with a l c o h o l , t h e n wi th 
e t h e r , and f i n a l l y d r i e d in a h igh v a c u u m . The m e t a l . w a s s i n t e r e d at 500°C, 
u n d e r a p r e s s u r e of 100 kg p e r c m 2 , and a r c m e l t e d t o f o r m s o l i d i n g o t s . 
The p r o d u c t w a s only 97 p e r cent p u r e and a f u r t h e r p u r i f i c a t i o n w a s c a r r i e d 
out by v a c u u m s u b l i m a t i o n of t h e m e t a l . 

A c h a r d , et a l7 in F r a n c e ob ta ined s c a n d i u m m e t a l by t h e r e d u c t i o n 
of the f l u o r i d e wi th c a l c i u m m e t a l . The a d d i t i o n of an a l k a l i n e e a r t h 
f l u o r i d e (e . g. B a F 2 ) i n c r e a s e d t h e d e n s i t y of the m e l t . No v a c u u m s u b l i m a - . 
t i on of the m e t a l w a s c a r r i e d out but a p r o d u c t of h igh p u r i t y w a s c l a i m e d . 
T h e p u r i t y of t h e m e t a l w a s q u e s t i o n e d r e c e n t l y 1 3 . 

Iya 8 , a l s o in F r a n c e , h a s ob ta ined s c a n d i u m m e t a l by the r e d u c t i o n 
of a n h y d r o u s s c a n d i u m c h l o r i d e and s c a n d i u m f l u o r i d e wi th e x c e s s m a g n e s i u m , 
f o r m i n g a s c a n d i u m - m a g n e s i u m a l loy . Iya a l s o r e d u c e d t h e c h l o r i d e wi th 
c a l c i u m in t h e p r e s e n c e of z inc , ob ta in ing a s c a n d i u m - z i n c a l loy . T h e 
a l l o y s w e r e t h e n s e p a r a t e d by d i s t i l l a t i o n and p u r e s c a n d i u m m e t a l o b t a i n e d . 
In e a c h c a s e the y i e ld w a s be low 50 p e r cen t . 
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3. 1 T h e E l e c t r o l y t i c Me thod 

T h e f i r s t r e c o r d e d . p r e p a r a t i o n of s c a n d i u m m e t a l w a s a c c o m p l i s h e d 
by the e l e c t r o l y t i c m e t h o d in 1937 by W. F i s c h e r 1 . 

F i s c h e r u s e d a s t h e s t a r t i n g . m a t e r i a l s c a n d i u m c h l o r i d e p r e p a r e d 
by p a s s i n g a s t r e a m of c h l o r i n e c o n t a i n i n g ScCl 3 o v e r t h e oxide in a. q u a r t z 
a p p a r a t u s h e a t e d t o 1200°C. T h e c h l o r i d e w a s s t o r e d in a s e a l e d q u a r t z 
t u b e . T h e e l e c t r o l y t e w a s a e u t e c t i c m i x t u r e of K C l - L i C l ; m o l t e n z i n c 
w a s t h e ca thode and c o l l e c t o r f o r the s c a n d i u m m e t a l p r o d u c e d ; t h e anode 
w a s g r a p h i t e . The e l e c t r o l y t i c c e l l i s shown in F i g u r e 1. 

The c y l i n d r i c a l v e s s e l (A) w a s m a d e f r o m e l e c t r o l y t i c - g r a p h i t e 
p u r i f i e d by h e a t i n g in a s t r e a m of c h l o r i n e . The c r u c i b l e (B), of b a k e d 
m a g n e s i a , f i t t e d a s c l o s e l y a s p o s s i b l e in to c r u c i b l e (A). Bo th c r u c i b l e s 
w e r e h e a t e d in a r e s i s t a n c e f u r n a c e t o a t e m p e r a t u r e above t h e m e l t i n g 
poin t of z i n c , and c r u c i b l e (B) w a s f i l l e d . w i t h 40 g of h i g h . p u r i t y z inc , 
p r e v i o u s l y d i s t i l l e d u n d e r h igh v a c u u m in a q u a r t z a p p a r a t u s . The c a t h o d e 
c o n d u c t o r and s t i r r e r w a s a t u ngs t en , w i r e (D) of 1 m m d i a m e t e r wh ich w a s 
ben t a s shown in F i g u r e 1. T u n g s t e n w a s i n s o l u b l e in t h e m o l t e n Z n - S c a l l o y 
at t h e t e m p e r a t u r e u s e d . M o l y b d e n u m could not be u s e d b e c a u s e it w a s found 
t o be s o l u b l e . At 700°C t h e s t i r r e r (D) w a s p l a c e d i m p o s i t i o n , p r o t e c t e d by 
t h e t ube of b a k e d m a g n e s i a (E) f r o m t h e f u s e d s a l t s and t h e a n o d i c c h l o r i n e . 
T e n g r a m s of K C l - L i C l e u t e c t i c w a s m e l t e d , t h e r e q u i r e d a m o u n t of ScCl 3 

w a s added and c o v e r e d i m m e d i a t e l y wi th m o r e K C l - L i C l e u t e c t i c . The 
t o t a l c h a r g e c o n s i s t e d of 3 - 5 g of ScCl 3 , 1 8 g of KC1, and 15 g of L i C l . 
When . the added s a l t s (F) had b e c o m e - m o l t e n , t h e s t i r r e r (D) w a s s t a r t e d 
and t h e c u r r e n t s w i t c h e d on. With a c u r r e n t of 2 -3 . a m p and a p o t e n t i a l 
of 3 - 3 . 5 v o l t s , t h e e l e c t r o l y s i s w a s con t inued un t i l about 90 p e r cen t of 
t h e s c a n d i u m w a s t r a n s f e r r e d (about 1 h o u r ) . D u r i n g t h i s t i m e the t e m p -
e r a t u r e w a s r a i s e d . f r o m 700 t o 800°C. A f t e r e l e c t r o l y s i s , t h e s t i r r e r (D) 
and the t ube (E) w e r e t a k e n . o u t and t h e ce l l w a s l e f t u n d i s t u r b e d at 800°C 
in . the f u r n a c e f o r a n o t h e r 10 m i n u t e s b e f o r e it w a s put in to a d e s i c c a t o r t o 
coo l . The a d d i t i o n a l t i m e in t h e f u r n a c e w a s n e c e s s a r y t o ob ta in a good 
s e p a r a t i o n of m e t a l s and s a l t s . A f t e r cool ing , t h e g r a p h i t e and m a g n e s i a 
c r u c i b l e s w e r e b r o k e n . u p , t h e m e t a l s f r e e d , w a s h e d in w a t e r and d r i e d in-
a v a c u u m d e s i c c a t o r . 

In t h i s c e l l no c a r b i d e w a s f o r m e d a s the Z n - S c alloy, did not 
c o m e in to con t ac t wi th t h e g r a p h i t e . T h e h i g h e s t p u r i t y z i n c and g r a p h i t e 
w e r e u s e d in o r d e r to; k e e p t h e r e a c t a n t s a s f r e e a s p o s s i b l e f rom- n o n -
v o l a t i l e i m p u r i t i e s . The p r o d u c t con t a ined about 2 p e r cent s c a n d i u m wi th 
a l i t t l e p o t a s s i u m and l i th ium, which w e r e e a s i l y s e p a r a t e d by d i s t i l l a t i o n . 
T h e Z n - S c a l loy con ta ined about 0. 1 p e r cent of oxide which could not be 
r e p i o v e d d u r i n g t h e d i s t i l l a t i o n p r o c e s s . The s c a n d i u m m e t a l w a s t h u s 
e n r i c h e d in oxygen . T h i s w a s r e m o v e d by f i l t r a t i o n of t h e m o l t e n . Z n - S c 
a l l oy in a n a r r o w c y l i n d r i c a l c r u c i b l e m a d e f r o m m e t a l l i c t u n g s t e n 10 m m 
i n s i d e d i a m e t e r and 100 m m long and wi th a ho l e 3. 5 m m in d i a m e t e r in 
t h e b o t t o m . • T h i s t u n g s t e n t ube , c h a r g e d , wi th t h e a l loy , w a s h e a t e d i n s i d e 
a q u a r t z t u b e in a s t r e a m of p u r i f i e d h y d r o g e n , c a r e b e i n g t a k e n to e x c l u d e 
a i r and m o i s t u r e . T h e m o l t e n a l l oy w a s c o l l e c t e d in a m a g n e s i a c r u c i b l e , 
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t h e oxide b e i n g l e f t in t h e t u n g s t e n c r u c i b l e . -The f i l t e r e d a l l oy w a s t h e n 
p l a c e d .in a n o t h e r q u a r t z tube which w a s e v a c u a t e d and h e a t e d s l owly t o 
1250°C t o d i s t i l t h e z i n c . Sponge m e t a l w a s ob ta ined and c o n t a i n e d 9 4 - 9 8 
p e r cen t of f r e e s c a n d i u m . The chief i m p u r i t i e s w e r e Si 0. 3 - 0. 5 p e r cent 
and F e 0 . 2 - 0 . 5 p e r cen t . N o Z n , Mg o r W w e r e d e t e c t e d . T h e m e l t i n g 
poin t w a s 1450-1400°C. 

3 . 2 . T h e P o t a s s i o t h e r m i c Method 

H. B o m m e r and E . Hohmann 2 in ,1941 p r e p a r e d s c a n d i u m . m e t a l 
b y t h e r e d u c t i o n of s c a n d i u m c h l o r i d e wi th p o t a s s i u m m e t a l in a g l a s s 
a p p a r a t u s . T h e p o t a s s i u m m e t a l u s e d f o r t h e r e d u c t i o n w a s p u r i f i e d by 
r e p e a t e d d i s t i l l a t i o n in a h igh v a c u u m , and s e a l e d in s m a l l t u b e s . T h e 
a p p a r a t u s i s shown in F i g u r e 2. 

T h e g l a s s a p p a r a t u s w a s d r i e d by h e a t i n g u n d e r a h igh v a c u u m . 
When d r y , it w a s f i l l e d wi th p u r i f i e d and d r i e d n i t r o g e n , o r a r g o n and a s m a l l 
t ube con t a in ing p o t a s s i u m w a s i n t r o d u c e d in to tube (B). The t i p of t h e s m a l l 
tube w a s b r o k e n off i m m e d i a t e l y b e f o r e i n s e r t i o n . T a k i n g c a r e not to 
a d m i t any a i r , a n h y d r o u s c h l o r i d e w a s put. t h r o u g h the t ube (C) in to t h e 
p o s i t i o n (A) and .the t ube (C) c l o s e d a s qu ick ly a s p o s s i b l e . (C) and (J), w e r e 
t h e n s e a l e d off and t h e a p p a r a t u s e v a c u a t e d t h r o u g h (D). The c a p i l l a r y .(F) 
w a s ben t d o w n w a r d s in to t h e p o s i t i o n (B1) by h e a t i n g and the p o t a s s i u m w a s 
d i s t i l l e d s l o w l y f r o m (B^anto (G). 

T h i s d i s t i l l a t i o n e l i m i n a t e d t r a c e s of oxide f r o m the m e t a l . T h e n 
(F) and (E) w e r e s e a l e d off , a l i t t l e p o t a s s i u m d i s t i l l e d in to t h e c o n s t r u c t i o n 
(H), and t h e t ube (AF) , f o r the l eng th of (AG), h e a t e d t o 200-300°C in an e l e c t r i c 
f u r n a c e . A f t e r a s h o r t t i m e , s o m e of t h e c h l o r i d e w a s r e d u c e d , t h e n a 
l i t t l e p o t a s s i u m w a s a g a i n d i s t i l l e d in to p o s i t i o n (H) and the t ube put b a c k in to 
t h e f u r n a c e . T h i s s t e p w i s e r e d u c t i o n w a s r e p e a t e d un t i l t he g r e a t e r p a r t 
of the c h l o r i d e w a s changed into..the m e t a l . T h e l a s t of t h e p o t a s s i u m w a s 
t h e n d i s t i l l e d off , t h e t ube w a s i n v e r t e d , and a l m o s t the whole l e n g t h of 
t h e t u b e (AF)put in to t h e f u r n a c e . The d i s t i l l a t i o n , w a s t h e n c a r r i e d out 
a g a i n and the whole p r o c e d u r e r e p e a t e d s e v e r a l t i m e s . A s a r e s u l t of t h i s 
s t e p w i s e r e d u c t i o n with s m a l l a d d i t i o n s of p o t a s s i u m and t h e t o t a l f u s i o n of 
s m a l l a m o u n t s of t h e r e a c t a n t s , c o m p l e t e r e d u c t i o n took p l a c e . 

The t ube w a s pu l l ed out of t h e f u r n a c e r e p e a t e d l y un t i l no m i r r o r 
d e p o s i t of p o t a s s i u m w a s t o be found in t h e f r e e s p a c e b e t w e e n (G) and (H). 
T h e ind iv idua l p r e p a r a t i o n s w e r e r e a c t e d at a t e m p e r a t u r e b e t w e e n 220° 
and 350°C and f o r m e d a l o o s e b l a c k p o w d e r t ha t did not a d h e r e t o t h e g l a s s 
w a l l s of the a p p a r a t u s . 

A f t e r cool ing , the t i p (F) w a s c o n n e c t e d with a . d r y r u b b e r t u b i n g 
t o t h e v a c u u m - n i t r o g e n s y s t e m , and the t i p . ( F ) b r o k e n off u n d e r n i t r o g e n 
o r a r g o n . T h e a l k a l i m e t a l at (G) s e r v e d t h e a d d i t i o n a l p u r p o s e of r e m o v i n g 
t r a c e s of m o i s t u r e f r o m t h e r u b b e r t u b e . The t ube a t (H) w a s t h e n b r o k e n 
in o r d e r t o t r a n s f e r t h e m i x t u r e of a l k a l i c h l o r i d e and m e t a l in to a n i t r o g e n 
o r a r g o n f i l l e d v e s s e l . The s c a n d i u m m e t a l w a s not i s o l a t e d but t h e p o w d e r e d 
j m i x t u r e w a s used, f o r a n a l y s i s and f o r c a l o r i m e t r i c m e a s u r e m e n t s . 
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3 . 3 . T h e C a l c i o t h e r m i c Method 

T h e r e d u c t i o n of s c a n d i u m f l u o r i d e o r c h l o r i d e wi th c a l c i u m , m e t a l 
i s t h e b e s t e s t a b l i s h e d and m o s t c o m m o n method,, .... The h a l i d e i s m i x e d wi th 

. t he c a l c i u m and; h e a t e d in an i n e r t g a s a t m o s p h e r e t o 8 0 0 - 9 0 0 0 0 to. e f f e c t 
t h e r e d u c t i o n . T h e s l a g i s s e p a r a t e d f r o m the m e t a l , u s u a l l y by. h e a t i n g 
above t h e m e l t i n g point of s c a n d i u m . On coo l ing , t h e s l a g . f o r m s t h e u p p e r 
l a y e r wh ich i s e a s i l y r e m o v e d . Vo la t i l e i m p u r i t i e s s u c h a s c a l c i u m , a r e 
r e m o v e d by h e a t i n g u n d e r v a c u u m . The f i n a l p u r i f i c a t i o n t o y i e ld s c a n d i u m 
m e t a l of m o r e t h a n 99 p e r cent p u r i t y i s by s u b l i m a t i o n of the m e t a l u n d e r 
vacuum, in t a n t a l u m c r u c i b l e s . 

3. 3. 1 T h e C z e c h o s l o v a k i a n P r o c e s s 

In C z e c h o s l o v a k i a s c a n d i u m i s found a s s o c i a t e d wi th t u n g s t e n o r e s , 
f r o m which it i s r e c o v e r e d a s a b y - p r o d u c t . 

A c c o r d i n g . t o t h e p u b l i s h e d d e s c r i p t i o n t h e s c a n d i u m w a s r e c o v e r e d 
a s a f l u o r o s i l i c a t e . T h i s p r o d u c t w a s c a l c i n e d at 600°C, t h e n m i x e d wi th 
c a r b o n and c h l o r i n a t e d t o p r o d u c e a n h y d r o u s s c a n d i u m chlbr ide. . T h e 
c h l o r i d e w a s r e d u c e d wi th c a l c i u m t o f o r m s c a n d i u m m e t a l . 3 ' 9 ' 1 0 T h e . 
s c a n d i u m f l u o r i d e w a s p r e p a r e d f r o m t h e ox ide .by t h e a c t i o n of h y d r o f l u o r i c 
a c i d . 

The a p p a r a t u s f o r t h e r e d u c t i o n a n d . s u b l i m a t i o n c o n s i s t e d of an 
i r o n r ing .o f 70 m m o u t e r and 30 m m i n n e r d i a m e t e r . T h r e e m o l y b d e n u m 
r o d s w e r e s c r e w e d , in to the r i n g and. s u p p o r t e d a s h e e t of m o l y b d e n u m , , o r a 
c i r c u l a r c e r a m i c p l a t e , on which t h e c r u c i b l e s w e r e p l a c e d . 

T h e t a n t a l u m c r u c i b l e s w e r e m a d e f r o m ' a s h e e t of t a n t a l u m 0 . 2 
m m t h i c k . The b o t t o m of t h e c r u c i b l e , . fO m m jn. d i a m e t e r and wi th a r i m . 
5 m m .high, w a s p r o d u c e d by p r e s s i n g . A l l j o i n t s w e r e spot we lded , c a r e 
b e i n g n e c e s s a r y t o p r e v e n t c r a c k s deve lop ing in s e r v i c e . The c r u c i b l e s 

. .were of 40. m m . h e i g h t o r m o r e . Good r e s u l t s w e r e a l s o ob ta ined wi th 
c r u c i b l e s of a n o t h e r t ype wh ich had a j n o l y b d e n u m c a s i n g and a p r e s s e d 
t a n t a l u m b o t t o m f i t t e d t h e o t h e r w a y up . B o t h p a r t s w e r e s e a l e d by spo t 
we ld ing ; t h e c r u c i b l e m a n t l e w a s w e l d e d by the i n s e r t i o n of a s t r i p of 
t a n t a l u m in to t h e jo in t . 

In s o m e s u b l i m a t i o n e x p e r i m e n t s , - m o l y b d e n u m c r u c i b l e s w e r e 
u s e d . T h e y w e r e 40, m m .in d i a m e t e r a t t h e b o t t o m , 60 m m at the t o p and 
20 m m high and w e r e p r e s s e d f r o m 0 . 4 m m t h i c k m o l y b d e n u m s h e e t . T h e 
t a n t a l u m and m o l y b d e n u m c r u c i b l e s w e r e f i t ted, w i t h - p r e s s e d l i d s of s u i t a b l e 
s i z e . 

In t h e e x p e r i m e n t s wi th m o l y b d e n u m c r u c i b l e s , a s e c o n d s h e e t of 
m o l y b d e n u m , , p r o v i d e d with s h o r t l e g s , s u p p o r t e d t h e c r u c i b l e . T h e who le 
w a s s u r r o u n d e d wi th a c y l i n d e r m a d e f r o m a m o l y b d e n u m s h e e t and f i t t e d 
wi th a m o l y b d e n u m l id . With t h e l a r g e r c r u c i b l e s , 6 0 - 7 0 m m in. d i a m e t e r , 
t h i s a r r a n g e m e n t w a s not capable , of p r e v e n t i n g e x c e s s i v e h e a t l o s s e s . 

T h e t a n t a l u m c r u c i b l e s w e r e r e s i s t a n t t o t h e r e a c t i o n s invo lved and 
t h e y r e m a i n e d e l a s t i c a f t e r r e p e a t e d u s e . T h e m o l y b d e n u m c r u c i b l e s u s u a l l y 
b e c a m e b r i t t l e a f t e r only one r e d u c t i o n r u n and t h e y w e r e not s u i t a b l e f o r 
r e l i a b l e e x p e r i m e n t s . 



6 

The c o m p l e t e a r r a n g e m e n t w a s h o u s e d b e n e a t h a q u a r t z d o m e 
650 m m high and 90 m m in o u t s i d e d i a m e t e r p l a c e d on a m e t a l f l a n g e and 
m a d e v a c u u m t igh t . 

A 25 kw high f r e q u e n c y g e n e r a t o r w a s u s e d f o r i nduc t ion h e a t i n g . 
T h e h e a t i n g co i l c o n s i s t e d of 10 wind ings of 110 m m i n s i d e d i a m e t e r and w a s 
w a t e r coo led . The i n t e n s i t y of h e a t i n g could be r e g u l a t e d p a r t l y by a d j u s t -
ing t h e coup l ing and p a r t l y by chang i ng t h e h e a t i n g coil p o t e n t i a l . When 
u s i n g s c a n d i u m f l u o r i d e a m i x t u r e of 85 g of s c a n d i u m f l u o r i d e and 50 g of 
c a l c i u m w a s p r e p a r e d and p a c k e d t i g h t l y in to a m o l y b d e n u m c r u c i b l e . T h i s 
w a s p l a c e d in t h e a p p a r a t u s , wh ich w a s t h e n e v a c u a t e d , f l u s h e d wi th a r g o n , 
a g a i n e v a c u a t e d , and t h e n f i l l e d wi th a r g o n t o a t m o s p h e r i c p r e s s u r e . 

A r g o n . w a s d r i e d b e f o r e u s e in c o n c e n t r a t e d s u l p h u r i c a c i d and 
w a s p a s s e d o v e r a g lowing bed. of c a l c i u m in a c o p p e r tube 1200 m m long , 
12 m m i n s i d e d i a m e t e r , and 2 m m in w a l l t h i c k n e s s . T h e bed of c a l c i u m 
c h i p s w a s s p r e a d o v e r 200 m m . of t h e t ube and h e a t e d e l e c t r i c a l l y to 600°C. 

T h e h igh f r e q u e n c y c u r r e n t of 50 a m p w a s s w i t c h e d on f o r \x/z 

m i n u t e s r a i s i n g t h e t e m p e r a t u r e to about 850°C m e a s u r e d wi th an o p t i c a l 
p y r o m e t e r . A. v i g o r o u s r e a c t i o n took p l a c e , a c c o m p a n i e d by t h e p r o d u c t i o n 
of l ight and h e a t , d u r i n g which the c u r r e n t w a s s w i t c h e d off . 

When t h e r e a c t i o n w a s f i n i s h e d , t h e t e m p e r a t u r e w a s r a i s e d t o 
1500°C f o r 6 m i n u t e s . On. coo l ing , t h e c r u c i b l e c o n t a i n e d a b l a c k m a s s 
wh ich did not r e a c t wi th wate r . . No m e t a l ingot w a s ob ta ined . A t t e m p t s 
t o s e p a r a t e t h e r e a c t i o n m i x t u r e by f o r m i n g a w a t e r s l u r r y w e r e u n s u c c e s s -
f u l , but t h e s e p a r a t i o n w a s a c c o m p l i s h e d by v a c u u m s u b l i m a t i o n of t h e 
s c a n d i u m . 

In e x p e r i m e n t s wi th c h l o r i d e a m i x t u r e of 6 g of a n h y d r o u s ScCl 3 

and 2. 4 g r a m s of c a l c i u m t u r n i n g s w a s p a c k e d t i g h t l y in to a s m a l l t a n t a l u m 
c r u c i b l e of 10 m m b o t t o m and 15 m m top d i a m e t e r and 20 m m . h i g h . T h e 
m i x t u r e w a s h e a t e d in an a t m o s p h e r e of a r g o n u n d e r n o r m a l p r e s s u r e . 
At 850°C, a v i g o r o u s r e a c t i o n took p l a c e , a c c o m p a n i e d by t h e p r o d u c t i o n of 
s m o k e . A f t e r t h e r e a c t i o n ceased , , t h e m i x t u r e w a s h e a t e d f o r 4 m i n u t e s 
wi th 170 a m p . On coo l ing t h e c r u c i b l e c o n t a i n e d a whi te m a s s of c a l c i u m 
c h l o r i d e wi th an e v e n s u r f a c e and b e n e a t h t h e c a l c i u m c h l o r i d e w a s a m e t a l 
ingot , wh ich w a s s e p a r a t e d e a s i l y f r o m the t a n t a l u m . 

R e p e a t e d e x p e r i m e n t s wi th a b i g g e r c h a r g e in a c r u c i b l e 42 m m 
in d i a m e t e r and 50 m m high w e r e u n s u c c e s s f u l . The r e s u l t i n g , whi te 
r e a c t i o n m a s s w a s p e r m e a t e d wi th a b l a c k s i n t e r e d p r o d u c t wh ich s t u c k t o 
t h e c r u c i b l e . The b l a c k p r o d u c t r e a c t e d s t r o n g l y with w a t e r . It c o n t a i n e d , 
v e r y o f t en , l a r g e a m o u n t s of u n r e a c t e d c a l c i u m . On t h e b o t t o m of t h e 
c r u c i b l e a s m a l l m e t a l ingot w a s found . The e x p e r i m e n t w a s r e p e a t e d , a 
new r e a c t i o n m i x t u r e b e i n g added to t h e ingot and t h e whole h e a t e d t o t h e 
r e a c t i o n t e m p e r a t u r e a g a i n . T h e r e s u l t w a s not s a t i s f a c t o r y . H y d r o -
c h l o r i c a c i d and s o m e s c a n d i u m c h l o r i d e w e r e found in t h e q u a r t z d o m e , 
due p r o b a b l y to a b s o r p t i o n of w a t e r by t h e r e a c t i o n m i x t u r e . 

• I n . f u r t h e r e x p e r i m e n t s , l u m p s of c a l c i u m w e r e s l i c e d in to c h i p s 
and t h e n g r o u n d in a b a l l m i l l i m m e d i a t e l y b e f o r e u s e . T o 36 g r a m s of t h e 
g r o u n d c a l c i u m , 100 g.of a n h y d r o u s s c a n d i u m c h l o r i d e w a s a d d e d ( i . e . 10 
p e r cen t e x c e s s ) and t h e m i x t u r e m i l l e d a g a i n . T h i s m i x t u r e w a s m u c h 
m o r e c o m p a c t t h a n t h o s e u s e d e a r l i e r . T h e c h a r g i n g of t h e c r u c i b l e a l s o 
took only a s h o r t t i m e . 
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E x p e r i m e n t s c a r r i e d out in t h i s way w e r e s u c c e s s f u l and , a f t e r 
e a c h m e c h a n i c a l s e p a r a t i o n of t h e c a l c i u m c h l o r i d e l a y e r , it w a s p o s s i b l e 
t o add a f u r t h e r r e a c t i o n m i x t u r e t o t h e m e t a l ingot and t o r e p e a t t h e r e a c -
t i o n s s e v e r a l t i m e s . A l t o g e t h e r 70 g of m e t a l w a s ob t a ined f r o m 288 g 
of s c a n d i u m c h l o r i d e . 

T h e c r u d e s c a n d i u m m e t a l w a s p u r i f i e d . b y v a c u u m s u b l i m i a t i o n 
f r o m a m o l y b d e n u m crucible . . T h i s p r o c e s s w a s c a r r i e d out at 1600°C 
u n d e r a v a c u u m of 10~4 m m Hg. The m e t a l s u b l i m e d in 10 m i n u t e s and 

. c o n d e n s e d in t h e f o r m of a c o h e r e n t s i l v e r y m a s s on t h e mo lybdenum, l id . 

3. 3. 2 The Un i t ed S t a t e s P r o c e s s e s 

1 T h e c a l c i o t h e r m i c m e t h o d of p r e p a r i n g s c a n d i u m . m e t a l h a s b e e n 
used , in t h e Un i t ed S t a t e s of A m e r i c a , bo th by G o v e r n m e n t r e s e a r c h e s t a b l i s h -
m e n t s and by c o m m e r c i a l c o n c e r n s . S c a n d i u m f l u o r i d e w a s u s e d a s t h e 
s t a r t i n g , m a t e r i a l and : bo th t a n t a l u m and t u n g s t e n c r u c i b l e s have b e e n e m p l o y e d . 

T h e U. S. A t o m i c E n e r g y C o m m i s s i o n ' s P r o c e s s . W o r k i n g at A m e s 
L a b o r a t o r y , I o w a 4 ' 5 ' 1 * ' 1 2 Spedding , D a a n e , and c o - w o r k e r s have p r e p a r e d 
v e r y p u r e s c a n d i u m , m e t a l by r e d u c i n g S c F 3 wi th c a l c i u m m e t a l in t a n t a l u m 
c r u c i b l e s . T h e s o u r c e of s c a n d i u m w a s t h e N o r w e g i a n m i n e r a l t h o r t v e i t i t e . 

S c a n d i u m i s a l s o o b t a i n a b l e a s a b y - p r o d u c t of t h e A m e r i c a n 
u r a n i u m i n d u s t r y 2 . 

The s c a n d i u m , f l u o r i d e w a s p r e p a r e d by h e a t i n g s c a n d i u m oxide t o 
300°C wi th a s t o i e h e i o m e t r i c a m o u n t of a m m o n i u m b i f l u o r i d e . The f l u o r i d e 
w a s s i n t e r e d a t 800°C u n d e r a h igh v a c u u m t o r e m o v e any a d s o r b e d g a s e s 
and to r e d u c e t h e s u r f a c e r e a c t i v i t y of t h e s a l t . T h e ca l c ium, m e t a l w a s 
t w i c e d i s t i l l ed , in vacuo . The r e a c t a n t s w e r e m i x e d t o c o r r e s p o n d . t o t h e 
fo l l owing r e a c t i o n ; 

2 SCF3 + 3Ca. ( + 1 0 p e r cen t e x c e s s ) 3 C a F 2 + 2Sc 

T h e c h a r g e w a s j o l t - p a c k e d in to a t a n t a l u m c r u c i b l e having, wa l l 0. 01 inch 
o r t h i c k e r , ' and h e a t e d in an. i nduc t ion f u r n a c e u n d e r a v a c u u m t o about . 
500°C t o r e m o v e a d s o r b e d g a s e s . At t h i s t e m p e r a t u r e , one a t m o s p h e r e of 
p u r i f i e d and d r i e d a r g o n w a s a d m i t t e d , t o t h e f u r n a c e and t h e h e a t i n g 
con t inued t o 1550-1600°C. D u r i n g t h i s h e a t i n g . p e r i o d , t h e r e a c t i o n w a s 
o b s e r v e d . t o b e g i n at about 850°C and t o p r o c e e d wi th an even evo lu t ion of 
h e a t . At t h e u p p e r t e m p e r a t u r e the s c a n d i u m . m e t a l and c a l c i u m f l u o r i d e 
s l a g s e p a r a t e d cleanly, in to two l a y e r s , t h e m e t a l f o r m i n g , t h e l o w e r l a y e r . 
On cool ing , , t he s l a g w a s b r o k e n a w a y f r o m the m e t a l , t he r e c o v e r y of 
wh ich w a s g r e a t e r t h a n 95 p e r c en t . At t h i s point t h e s c a n d i u m c o n t a i n e d 
0. 5 p e r cent o r m o r e of c a l c i u m and f r o m 2 to 5 p e r cent , of t a n t a l u m 
d i s s o l v e d f r o m t h e c r u c i b l e w a l l s . T h e c a l c i u m w a s r e m o v e d by m a i n t a i n -
ing t h e t e m p e r a t u r e of t h e m e t a l at 1550°C in a v a c u u m . f o r s e v e r a l m i n u t e s . 
T h e t a n t a l u m w a s p r e s e n t a s e l e m e n t a l m e t a l (as oppos ed t o an i n t e r m e t a l l i c 
compound) and s e p a r a t i o n w a s e f f e c t e d by v a c u u m d i s t i l l a t i o n of t h e s c a n d i u m . 
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T h e a p p a r a t u s e m p l o y e d f o r v a c u u m d i s t i l l a t i o n of s c a n d i u m is 
shown in F i g u r e 3. 

The t a n t a l u m c r u c i b l e e x t e n d e d t o wi th in 2 i n c h e s of t h e end of 
t h e h e a t e d zone of the f u r n a c e . The c o n d e n s e r c o n s i s t e d of a s h e e t of 0. 005-
inch t a n t a l u m w r a p p e d a r o u n d the c r u c i b l e and he ld in p l a c e wi th a band of 
t a n t a l u m wi re , wh ich e x t e n d e d out of the h e a t e d zone . The c o n d e n s e r w a s 
capped wi th a p r e s s - f i t t a n t a l u m l id wi th a y s - inc .h ho le in i t s c e n t r e t o 
a l l ow r a p i d e v a c u a t i o n of the s y s t e m at t h e s t a r t . D u r i n g the d i s t i l l a t i o n 
t h e b o t t o m of t h e c r u c i b l e w a s at a t e m p e r a t u r e of 1650-1700°C, and t h e t o p 
of t h e c o n d e n s e r w a s at 800-1000°C. T h e two c o l l i m a t o r s w e r e an i n c h 
a p a r t , wi th t h e l o w e s t one about 2 o r 3 i n c h e s above the s u r f a c e of t h e l i qu id 
s c a n d i u m . T h e s e b a f f l e s s e r v e d t o d i r e c t t he v a p o u r to the u p p e r p o r t i o n of 
t h e c o n d e n s e r s e c t i o n , s o t h a t t h e m a j o r p o r t i o n of t h e c o n d e n s a t e w a s on t h e 
u n d e r s i d e of t h e l id . The c o n d e n s a t e w a s a c o n i c a l , f i b r o u s d e p o s i t of b r i g h t 
m e t a l wi th t h e t i p e s s e n t i a l l y of f u s e d m e t a l . The c o m p a c t , p a r t i a l l y - f u s e d 
m a s s of m e t a l s e p a r a t e d r e a d i l y f r o m t h e c o n d e n s e r and w a s c o n s o l i d a t e d 
in to so l id m e t a l by conven t iona l , i n e r t - a t m o s p h e r e a r c m e l t i n g . 

T a n t a l u m w a s not d e t e c t a b l e in t h e d i s t i l l e d m e t a l wh ich c o n t a i n e d 
t h e fo l lowing i m p u r i t i e s : 

% _ 

F e < 0 . 0 5 
Ca < 0 . 0 2 
Mg < 0 . 0 3 
C r < 0 . 0 6 
C and N about 100 p p m e a c h 

< — L e s s t h a n . 

Oxygen a n a l y s i s m e t h o d s have not b e e n p e r f e c t e d f o r s c a n d i u m , 
but p r e l i m i n a r y m e a s u r e m e n t s i n d i c a t e d about 1000 p p m t o be p r e s e n t . A 
v o l a t i l e s c a n d i u m oxide m a y be r e s p o n s i b l e f o r the l a r g e oxygen c o n t e n t . 

The b e r y l l i a s h i e l d s u s e d in t h e d i s t i l l a t i o n a p p a r a t u s m a y be 
r e p l a c e d by t a n t a l u m rad ia t ion , s h i e l d s , and t h e b a f f l e s m a y h a v e c o n c e n t r i c 
c o l l i m a t i n g h o l e s i n s t e a d of the s t a g g e r e d c o n f i g u r a t i o n u s e d . At 1650-
1700°C t h e d i s t i l l a t i o n took p l a c e at a r e a s o n a b l e r a t e . B y k e e p i n g t h e 
c o n d e n s e r at 800-1000°C, t r a c e a m o u n t s of c a l c i u m and m a g n e s i u m in t h e 
f e e d m e t a l p a s s e d out of the s t i l l wi thout c o n d e n s i n g wi th t h e s c a n d i u m . 
In a 1 - i n c h d i a m e t e r s t i l l , 25 g r a m s of s c a n d i u m w a s c o n d e n s e d in s e v e r a l 
h o u r s . H i g h e r t e m p e r a t u r e s e m p l o y e d in an e f f o r t t o i n c r e a s e the r a t e of 
d i s t i l l a t i o n r e s u l t e d in an i n c r e a s e d s o l u b i l i t y of t a n t a l u m in t h e l i qu id m e t a l 
in t h e s t i l l . 

T h e Union C a r b i d e M e t a l s C o ' s P r o c e s s . D e s s , Downing, and H e f f e l s 1 3 

f r o m Union C a r b i d e M e t a l s Co. , New Y o r k , w o r k i n g u n d e r a c o n t r a c t f o r 
t h e U n i t e s S t a t e s A i r F o r c e , h a v e p r e p a r e d 1 pound of s c a n d i u m m e t a l by 
r e d u c i n g t h e f l u o r i d e wi th c a l c i u m m e t a l in t u n g s t e n c r u c i b l e s . It w a s 
hoped t h a t t u n g s t e n would not d i s s o l v e in l iqu id s c a n d i u m and tha t t h e 
d i s t i l l a t i o n of s c a n d i u m would be u n n e c e s s a r y . 
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T h e t u n g s t e n c r u c i b l e s w e r e m a d e f r o m t u n g s t e n p o w d e r by s l i p -
c a s t i n g and s i n t e r i n g . . A t y p i c a l c r u c i b l e w a s s l i g h t l y c o n i c a l , a b o u t 23 c m 
h igh , h a d . a n i n s i d e d i a m e t e r of about 9 c m at t h e t op and 7 c m at t h e b o t t o m , 
and a wa l l t h i c k n e s s of about l x c m , ( wi th a. s l i g h t l y g r e a t e r t h i c k n e s s at t h e 
b o t t o m t h a n at t h e top . The' we igh t of e a c h c r u c i b l e w a s b e t w e e n 20 and 
24 p o u n d s . N i n e t y p e r cent t h e o r e t i c a l d e n s i t y w a s o b t a i n e d - w h e n . f i r i n g 
t e m p e r a t u r e s of 1900°C w e r e m a i n t a i n e d . f o r a s u f f i c i e n t length, of t i m e . 
T h e s e a m l e s s c r u c i b l e s w e r e v e r y r o b u s t and could be r e - u s e d s e v e r a l t i m e s , 
a n a d v a n t a g e over , t h i n - w a l l e d w e l d e d t a n t a l u m c r u c i b l e s wh ich u s u a l l y 
b e c a m e b r i t t l e . 

G r a n u l a r c a l c i u m w a s u s e d , c o m p r i s i n g . p a r t i c l e s of wh ich o v e r 
90 p e r cen t w e r e b e t w e e n . m i n u s . 4 and p l u s 2 0 - m e s h . T h e s c a n d i u m , f l u o r i d e 
and a 10 p e r cent e x c e s s of c a l c i u m w e r e we ighed lind m i x e d u n d e r a r g o n in 
a d r y box . T h e c ruc ib l e , , p lu s c h a r g e , w a s h e a t e d i n d u c t i v e l y u n d e r a r g o n in 
a s e a l e d f u r n a c e , a f t e r p r e l i m i n a r y e v a c u a t i o n . T h e t e m p e r a t u r e w a s 
i n c r e a s e d s t e a d i l y o v e r a p e r i o d of 60. t o 75 m i n u t e s .to a p p r o x i m a t e l y 
1 300°C, and t h i s t e m p e r a t u r e m a i n t a i n e d f o r about 15 m i n u t e s . T h e m i l d 
r e a c t i o n b e t w e e n t h e c a l c i u m a n d , t h e s c a n d i u m f l u o r i d e s t a r t e d b e t w e e n 

.800 and 850°C. A s t r o n g l y s i n t e r e d p r o d u c t of m i x e d s c a n d i u m m e t a l and 
c a l c i u m f l u o r i d e w a s ob ta ined . This p r o d u c t a d h e r e d only s l i g h t l y t o t h e 
w a l l s of the c r u c i b l e and could be r e m o v e d e a s i l y a f t e r coo l ing . S i n t e r e d 
p r o d u c t s f r o m two o r t h r e e r e a c t i o n s w e r e c o m b i n e d in one c r u c i b l e and' 
h e a t e d above t h e m e l t i n g poin t of s c a n d i u m (1539°C) in o r d e r t o ob ta in a 
s e p a r a t i o n of s l a g and. m e t a l . B y t h i s t e c h n i q u e l a r g e r q u a n t i t i e s of m e t a l 
w e r e h a n d l e d .in one c r u c i b l e and t h e i n t r o d u c t i o n of i m p u r i t i e s f r o m the 
c r u c i b l e i n to . t he m o l t e n s c a n d i u m w a s m i n i m i z e d . Whi le t h e s l a g l a y e r 
could be r e m o v e d wi thout too. m u c h d i f f i cu l ty , , t h e ingot of r e l a t i v e l y s o f t 
s c a n d i u m m e t a l could be r e c o v e r e d only by b r e a k i n g t h e c r u c i b l e . 

In s e v e n o p e r a t i o n s , o v e r 700 g r a m s of s c a n d i u m m e t a l w a s 
ob t a ined . Some c h a r g e w a s l o s t d u r i n g t h e evacua t ion , of the f u r n a c e , and 
s o m e by a b s o r p t i o n in to the p o r o u s t u n g s t e n c r u c i b l e s . Som e s c a n d i u m 
m e t a l w a s a l s o l e f t in t h e s l ag , , wh ich c o n t a i n e d f r o m 1 t o 3 p e r cen t of 
s c a n d i u m . 

T h e s c a n d i u m / m e t a l c o n t a i n e d t h e following i m p u r i t i e s ! 

• % 

Ca 2. 1 
W 1. 36 
o l . o 
F e 0 . 0 1 5 
Mg 0 . 4 0 
N 0 . 0 8 
H 0 . 1 5 

Y 0 . 0 1 
Th ' 0 . 0 1 
T a 0 . 0 1 

T o t a l 5. 135 
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T h e h igh oxygen and h y d r o g e n con ten t w a s e x p l a i n e d by t h e h igh 
oxygen and w a t e r con ten t of t h e o r i g i n a l s c a n d i u m f l u o r i d e 

(H zO «= 0 . 5 2 - 1 . 3 1 % and Oz 1 . 5 - 1 . 8 % ) 

T h e s e e x p e r i m e n t s d e m o n s t r a t e d t h a t s c a n d i u m of 95 p e r cen t 
p u r i t y could be o b t a i n e d by t h e d i r e c t r e d u c t i o n of S c F 3 wi th c a l c i u m in 
t u n g s t e n c r u c i b l e s , wi th y i e l d s e x c e e d i n g 95 p e r cen t , wi thout r e s o r t i n g t o 
v a c u u m d i s t i l l a t i o n of t h e m e t a l . S ince c a l c i u m and m a g n e s i u m could be 
r e m o v e d by v a c u u m d i s t i l l a t i o n and s i n c e oxygen and h y d r o g e n ( in t h e f o r m 
of HzO) could b e e l i m i n a t e d f r o m t h e s t a r t i n g m a t e r i a l s , s c a n d i u m of b e t t e r 
t h a n 98 p e r cen t p u r i t y shou ld be o b t a i n a b l e . T u n g s t e n c r u c i b l e s w e r e found 
t o be qu i te s u i t a b l e and a p p e a r e d t o d i s s o l v e in s c a n d i u m t o a l e s s e r ex t en t 
( < 2%) t h a n t a n t a l u m c r u c i b l e s (2-5%), but the t u n g s t e n c r u c i b l e s m u s t h a v e 
a low p o r o s i t y . If t h e c r u c i b l e s a r e m a d e by p o w d e r m e t a l l u r g i c a l t e c h n i q u e s 
s u c h a s s l i p c a s t i n g , t h i s cond i t ion i s a c h i e v e d p r i m a r i l y by s u f f i c i e n t l y 
h igh s i n t e r i n g t e m p e r a t u r e s . 

T h e s c a n d i u m w a s f i n a l l y p u r i f i e d by v a c u u m s u b l i m a t i o n . 
T h e a p p a r a t u s shown in F i g u r e 4 w a s bu i l t i n s i d e a v a c u u m t a n k . 

A 50 kw A j a x i n d u c t i o n uni t w a s u s e d t o s u p p l y t h e p o w e r t o t h e i nduc t ion 
co i l . With t h e c h a r g e at a t e m p e r a t u r e of about 1550°C, t h e t h e r m o c o u p l e 
t o u c h i n g t h e r e a r s i d e of the c o n d e n s e r p l a t e i n d i c a t e d 1040°C. A . t e m p e r a -
t u r e r e g i o n b e t w e e n 1000 and 1100°C w a s c h o s e n f o r t h e fo l lowing r e a s o n s : 

1. By. t h e u s e of a hot c o n d e n s e r , a f r a c t i o n a t i o n 
cou ld be ob t a ined in one s t e p . 

2. T h e s u b l i m e d s c a n d i u m m i g h t not a d h e r e t o t h e 
c r u c i b l e o r m i g h t d e p o s i t in t h e f o r m of a p o w d e r 
if t h e t e m p e r a t u r e w e r e t oo low. 

3. At h igh t e m p e r a t u r e s (above 1400°C) t a n t a l u m 
r e a c t s r a p i d l y wi th s c a n d i u m . T h e d o m e on top of 
t h e c o n d e n s e r p l a t e w a s bu i l t t o f u n c t i o n a s a c o n -
d e n s e r f o r i m p u r i t i e s e x h i b i t i n g h i g h e r v a p o u r 
p r e s s u r e s t h a n s c a n d i u m and f o r s c a n d i u m m e t a l 
wh ich m i g h t b y - p a s s t h e c o n d e n s e r p l a t e . 

T h e c h a r g e c o n s i s t e d of s c a n d i u m ob ta ined f r o m t h e c a l c i u m 
r e d u c t i o n of S c F 3 and p i e c e s of t h e t u n g s t e n c r u c i b l e s known t o c o n t a i n u p t o 
3 p e r cen t s c a n d i u m , T h e t u n g s t e n w a s c h a r g e d in t h e f o r m of s m a l l 
c h i p s . S ince a l l t h e m a t e r i a l could not be c h a r g e d a t one t i m e , t h e s u b l i m a r 

t i o n of t h e s c a n d i u m w a s c a r r i e d out in s e v e r a l b a t c h e s . S u c c e s s i v e 
s u b l i m a t i o n s w e r e m a d e a g a i n s t t h e s c a n d i u m a l r e a d y a d h e r i n g t o t h e c o n d e n -
s e r f r o m t h e p r e v i o u s s u b l i m a t i o n s in o r d e r t o d e p o s i t l a r g e q u a n t i t i e s of 
m e t a l on a r e l a t i v e l y s m a l l a r e a of c o n d e n s e r . T h e v a c u u m d u r i n g a r u n 
w a s m a i n t a i n e d b e l o w one m i c r o n . At a p p r o x i m a t e l y 1550°C about 70 g of 
s c a n d i u m m e t a l s u b l i m e d wi th in 4 h o u r s . 

T h e s c a n d i u m c o n d e n s e d in t h e f o r m of a d e n s e d i s c about 7 c m 
in d i a m e t e r . It w a s s o f t , e a s i l y m a c h i n a b l e , and s t a b l e in a i r , but a d h e r e d 
s t r o n g l y t o t h e t a n t a l u m c o n d e n s e r p l a t e . T h r e e d i s c s t o t a l l i n g 483 g of 
s u b l i m e d m e t a l w e r e ob ta ined . T h e t a n t a l u m could not be r e m o v e d c o m p l e t e l y 
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by p e e l i n g , and a m i x t u r e of 20 p a r t s c o n c e n t r a t e d H N 0 3 and 80. p a r t s con -
c e n t r a t e d H F w a s u s e d to r e m o v e t h e l a s t t r a c e s . In one c a s e about 15 g 
of t a n t a l u m w a s r e m o v e d f r o m a d i s c of s u b l i m e d s c a n d i u m , only 0. 5 g of 
wh ich w a s d i s s o l v e d by t h e a c i d t r e a t m e n t . 

The s u b l i m e d s c a n d i u m c o n t a i n e d , on the a v e r a g e , t h e u n d e r -
m e n t i o n e d a m o u n t s of t h e fo l l owing i m p a r i t i e s : 

% 
T a 0. 05 
Ca 0. 01 
F e 0. 07 
Th 0. 05 
F . 0. 08 
O .0 . 3 
N 0 . 0 1 
H 1 . 0. 3 
C 0. 03 

T h e h igh oxygen con ten t could be due t o t h e s u b l i m a t i o n of oxygen in t h e 
f o r m of a n u n i d e n t i f i e d s c a n d i u m oxide, s u c h a s ScO o r Sc zO. The e l i m i n a -
t i on of oxygen in t h e d i s t i l l e d s c a n d i u m would t h e r e f o r e r e q u i r e t h e a b s e n c e 
of oxygen in the s t a r t i n g m a t e r i a l s . T o r e d u c e t h e t a n t a l u m i m p u r i t i e s , 
l o w e r c o n d e n s e r t e m p e r a t u r e s shou ld be e m p l o y e d , p o s s i b l y c o n s i d e r a b l y 
be low 1000°C. 

T h e St E l o i C o r p o r a t i o n ' s P r o c e s s . St E l o i C o r p o r a t i o n of C i n c i n n a t i , 
Ohio , " h a s p r e p a r e d s c a n d i u m m e t a l of b e t t e r t h a n 99 p e r cent p u r i t y by t h e 
r e d u c t i o n of s c a n d i u m . f l u o r i d e wi th c a l c i u m m e t a l in t a n t a l u m c r u c i b l e s and 
by s u b s e q u e n t v a c u u m d i s t i l l a t i o n . 

The f l u o r i d e , p r o d u c e d by d r y fLuor ina t ion of t h e ox ide , w a s 
m i x e d wi th 10 p e r cent e x c e s s of d i s t i l l e d c a l c i u m and r e d u c e d . i n . a we lded 
t a n t a l u m c r u c i b l e at 1400°C u n d e r n e a r l y 1 a t m o s p h e r e a r g o n p r e s s u r e . 

T o s e p a r a t e t h e m e t a l f r o m , t h e s l a g , t h e t e m p e r a t u r e w a s r a i s e d 
t o 1650°C, but at t h i s t e m p e r a t u r e t h e s c a n d i u m ingot p i c k e d . u p f r o m 3 t o 

.12 p e r cent t a n t a l u m . T h e d i s t i l l a t i o n w a s c a r r i e d out in a h e a v y - w a l l e d • 
t a n t a l u m c r u c i b l e . T h e s c a n d i u m ingot w a s p l a c e d in t h i s c o n t a i n e r , t h e 
a s s e m b l y e v a c u a t e d t o 0. 1 m i c r o n and h e a t e d to 1600°C. S c a n d i u m s t a r t e d 
t o d i s t i l a t 1550°C and c e a s e d a t 1750°C. T h e p r o d u c t c o n t a i n e d about 1 
p e r cen t c a l c i u m , which w a s r e m o v e d by a r c m e l t i n g . T h e f i n a l m e t a l w a s 
b e t t e r t h a n 99 p e r cent p u r e and con ta ined v e r y l i t t l e t a n t a l u m . 

, 3 . 3 . 3 The R u s s i a n P r o c e s s 

Sp i t syn , M e n ' k o v , and c o - w o r k e r s 6 ' 1 5 h a v e p r e p a r e d s c a n d i u m 
m e t a l of h igh p u r i t y by r e d u c i n g a n h y d r o u s s c a n d i u m c h l o r i d e ' w i t h c a l c i u m 
m e t a l and t h e n p u r i f y i n g . t h e s c a n d i u m m e t a l by d i s t i l l a t i o n . 
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R e d u c t i o n of A n h y d r o u s C h l o r i d e . A n h y d r o u s s c a n d i u m c h l o r i d e w a s 
o b t a i n e d by c h l o r i n a t i n g a m i x t u r e of s c a n d i u m oxide and s u g a r c a r b o n in 
a weigh t r a t i o of 3 t o 1. T h e c h l o r i n a t i o n w a s conduc t ed in a q u a r t z t ube 
a t about 1000°C. T h e ScCl 3 s u b l i m e d on t h e c o o l e r p a r t s of t h e a p p a r a t u s . 
T h i s f r e s h l y p r e p a r e d s c a n d i u m c h l o r i d e w a s r e d u c e d t o m e t a l l i c s c a n d i u m 
at 900°C in an a t m o s p h e r e of p u r e a r g o n . The r e a c t i o n m i x t u r e , c o n t a i n i n g 
a p p r o x i m a t e l y 15 p e r cent e x c e s s of c a l c i u m , w a s p l a c e d in a t a n t a l u m 
c r u c i b l e . The r e a c t i o n p r o d u c t s , wh ich u s u a l l y con ta ined Ca, CaO, ScCl 3 

and s i l i con , w e r e g round t o l e s s t h a n 0. 2 m m and l e a c h e d with w a t e r , wi th 
a 10 p e r cen t s o l u t i o n of NaOH and a g a i n wi th w a t e r , and f i n a l l y wi th m e t h y l 
a l c o h o l and e t h e r . In e a c h c a s e the m e t a l w a s s e p a r a t e d by d e c a n t a t i o n . 
T h e r e s u l t i n g p o w d e r e d m e t a l l i c s c a n d i u m w a s d r i e d in a i r f o r 10 t o 15 -
m i n u t e s , and a f t e r w a r d s f o r about 30 m i n u t e s in a v a c u u m (10 _ 4 m m Hg). 

T h e m e t a l w a s p r e s s e d in to ingo t s at a p r e s s u r e of 100 k g . p e r 
cm 2 whi le t h e t e m p e r a t u r e w a s m a i n t a i n e d at 500-600°C in a . h igh v a c u u m 
(10~5 t o 10"6 m m Hg). The ingo ts w e r e t h e n a r c m e l t e d in a r g o n . 

A n a l y s i s s h o w e d tha t t h e p r o d u c t c o n t a i n e d 9 7 - 9 7 . 5 p e r cen t of 
m e t a l l i c s c a n d i u m , whi le t h e t o t a l s c a n d i u m con ten t w a s 9 8 - 9 9 p e r cen t . 
I m p u r i t i e s d e t e c t e d w e r e : 

% 
CI < 0. 05 
Ca < 0. 001 
S i * 0. 1 
o 2 < 0 . 9 

Z r ^ 
Th 
Y < 0 . 1 
Yb 
FeJ 

= L e s s t h a n . 

V a c u u m D i s t i l l a t i o n of S c a n d i u m . The a r c - m e l t e d m e t a l w a s p u r i f i e d f u r t h e r 
by d i s t i l l a t i o n in h igh v a c u u m ( 1 0 _ 5 t o 10"6 Hg) at 1500-1600°C. S c a n d i u m 
of 99. 5 p e r cen t p u r i t y w a s ob ta ined . 

T h e a p p a r a t u s i s shown in F i g u r e 5. 
T h e e v a p o r a t i o n of s c a n d i u m w a s c a r r i e d out in a t a n t a l u m 

c r u c i b l e (1) wi th a d i a m e t e r of 30 m m , in to wh ich a n o t h e r t a n t a l u m c r u c i b l e 
(2) w a s t i g h t l y f i t t e d . A t h i r d t a n t a l u m c r u c i b l e (3) s e r v e d a s a s u p p o r t f o r 
c r u c i b l e (1) and at t h e s a m e t i m e a s a r a d i a t i o n s h i e l d f o r a t u n g s t e n -
r h e n i u m t h e r m o c o u p l e . H i g h - f r e q u e n c y induc t ion h e a t i n g w a s u s e d . 

T h e m e t a l l i c s c a n d i u m s u b j e c t e d t o s u b l i m a t i o n w a s of 9 7 - 9 7 . 5 
p e r cen t p u r i t y . T h e bulk of t h e m e t a l (up t o 70 p e r cent) c o n d e n s e d on . the 
l o w e r p a r t of c r u c i b l e (2), i. e . on a s u r f a c e w h o s e t e m p e r a t u r e w a s only 
about 300-350°C l o w e r t h a n the t e m p e r a t u r e of s u b l i m a t i o n . T h i s c a u s e d 
s i g n i f i c a n t c o n t a m i n a t i o n f r o m t a n t a l u m . When s e p a r a t i n g t h e s u b l i m a t e 
f r o m t h e t a n t a l u m s u r f a c e , it w a s n e c e s s a r y t o f i l e off a l a y e r of s c a n d i u m 
( 0 . 2 - 0 . 3 m m ) h e a v i l y c o n t a m i n a t e d wi th t a n t a l u m . S c a n d i u m ob ta ined in 
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i i 
. t h i s way w a s in a . c o m p a c t f o r m wi th a c h a r a c t e r i s t i c s i l v e r y l u s t r e and a 

y e l l o w i s h t i n g e . A c c o r d i n g . t o a n a l y s i s it con ta ined . 99. 5 p e r cent of m e t a l l i c 
s c a n d i u m . T h e oxygen con ten t of t h e s u b l i m a t e did not e x c e e d 0. 1 p e r cen t 
and t h e t a n t a l u m con ten t w a s l e s s ' t h a n 0. 05 p e r c en t . 

D u r i n g . t h e s u b l i m a t i o n a . s i gn i f i c an t p a r t of s c a n d i u m (up: t o 30 p e r 
cent ) p a s s e d . th rough .the open ing in t h e c r u e i b l e (2) and c o n d e n s e d on t h e 
w a t e r - c o o l e d q u a r t z d o m e . I n . t h i s c a s e a l s o , t h e s c a n d i u m c o n d e n s e d on . the 
h o t t e s t zone and . i t could be e a s i l y r e m o v e d f r o m t h e q u a r t z . T h i s p r o d u c t 
w a s a l s o of r e a s o n a b l e p u r i t y (98. 5 p e r cent),; but a n a l y s i s ' s h o w e d . t h a t it 
c o n t a i n e d 0. 3 p e r cent s i l i c o n and up t o 0. 3 p e r cent oxygen. E v i d e n t l y a 
r e a c t i o n b e t w e e n s c a n d i u m and s i l i c a t o o k . p l a c e on .the s u r f a c e of t h e q u a r t z . 
T h i s f a c t w a s b o r n e out by t h e o b s e r v a t i o n t h a t , a f t e r s e v e r a l d i s t i l l a t i o n s , 
t h e s u r f a c e of t h e q u a r t z b e c a m e u n e v e n . 

3. 3 . 4 T h e F r e n c h P r o c e s s 

A c h a r d and c o - w o r k e r s 7 in F r a n c e in 1956 p r e p a r e d s c a n d i u m ' 
m e t a l by the r e d u c t i o n of s c a n d i u m : f l u o r i d e wi th c a l c i u m u s i n g an a d d i t i o n 
of a l k a l i n e e a r t h f l u o r i d e s (e.. g. B a F 2 ) t o . i n c r e a s e t h e d e n s i t y of t h e m e l t . 
F i f t e e n g r a m s of b a r i u m f l u o r i d e - w a s added t o 10 g r a m s of s c a n d i u m . . f luor ide . 

The r e a c t a n t s w e r e p r e s s e d . i t o g e t h e r t o ob ta in a c o m p a c t m a s s and 
p l a c e d in a c y l i n d r i c a l t a n t a l u m c r u c i b l e . T h i s m a s s w a s h e a t e d by i n d u c -
t i on in an a r g o n a t m o s p h e r e . The r e a c t i o n w a s e x o t h e r m i c and con t inued 
wi thout e x t e r n a l h e a t i n g un t i l t h e r e d u c t i o n of s c a n d i u m f l u o r i d e w a s c o m p l e t e . 
T h e t e m p e r a t u r e w a s t h e n r a i s e d t o b e t w e e n 1500 and 1600°C f o r 5 t o 6 
m i n u t e s t o a l low the s c a n d i u m t o . s e p a r a t e f r o m t h e s l a g . Good s e p a r a t i o n 
w a s obtained, : t h o u g h . t h e d i f f e r e n c e in d e n s i t i e s b e t w e e n s c a n d i u m and f lux 
w a s s m a l l . A f t e r coo l ing and r e m o v a l of t h e f lux , a c o m p a c t h e m i s p h e r i c a l 
ingot of s c a n d i u m m e t a l : w a s found and w a s r e a d i l y d e t a c h a b l e f r o m . t h e t a n t a l u m 
c r u c i b l e . T h e s c a n d i u m ob ta ined by t h i s m e t h o d w a s p r a c t i c a l l y f r e e f r o m 
c a l c i u m . S p e c t r o s c o p i c a n a l y s i s showed about 0. 1 p e r cent of c a l c i u m , 
and t o t a l i m p u r i t i e s w e r e about 0. 2 ?per. cent.. T h e l a s t t r a c e s of c a l c i u m 

• w e r e e l i m i n a t e d by v a c u u m . f u s i o n at about 1500°C. 
T h e p r e p a r a t i o n of s c a n d i u m m e t a l by c a l c i o t h e r m y p r e s e n t e d 

s e v e r a l a d v a n t a g e s . The f l u o r i d e w a s p r e f e r r e d o v e r t h e c h l o r i d e a s .the 
l a t t e r i s d i f f i cu l t t o , o b t a i n f r e e f r o m o x y - c h l o r i d e s . T h e y i e ld of , this 
r e a c t i o n . w a s e x c e l l e n t , and m e t a l l i c s c a n d i u m of 99- 8 p e r cent p u r i t y w a s 
ob ta ined in a s i n g l e o p e r a t i o n . 

3 . 4 . T h e Z i n c Al loy Method 

3 . 4 . 1 T h e U n i t e d S t a t e s P r o c e s s 

S'pedding>and c o - w o r k e r s 4 p r e p a r e d s c a n d i u m m e t a l by e m p l o y i n g 
a l o w - t e m p e r a t u r e p r o c e s s , t h e r e a c t a n t s b e i n g s c a n d i u m , f l u o r i d e , c a l c i u m , 
z i n c , and l i t h i u m f l u o r i d e . The z i n c f o r m e d a l o w - m e l t i n g a l l o y wi th 
s c a n d i u m , and l i th ium, f l u o r i d e f o r m e d a l o w - m e l t i n g L i F - C a F 2 s l a g . : T h i s 
r e a c t i o n r e q u i r e d a t e m p e r a t u r e of only 1100®CS a s c o m p a r e d wi th t h e 
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t e m p e r a t u r e of 1550°C f o r the r e d u c t i o n wi th c a l c i u m a lone . In t h i s way 
c o n t a m i n a t i o n of s c a n d i u m with t a n t a l u m f r o m t h e c r u c i b l e w a l l s w a s 
a v o i d e d , a s t a n t a l u m r e a c t s r a p i d l y wi th s c a n d i u m only at t e m p e r a t u r e s 
a b o v e 1400°C. 

The s c a n d i u m f l u o r i d e w a s p r e p a r e d by h e a t i n g s c a n d i u m oxide t o 
300°C with a s t o i c h e i o m e t r i c a m o u n t of a m m o n i u m b i f l u o r i d e , r e s u l t i n g in 
a. 95 p e r cent c o n v e r s i o n . R e - c y c l i n g of t h i s m a t e r i a l wi th a s m a l l a m o u n t 
of a m m o n i u m b i - f l u o r i d e e f f e c t e d c o m p l e t e c o n v e r s i o n t o t h e f l u o r i d e . 
T h i s w a s t h e n s i n t e r e d at 800°C u n d e r a h igh v a c u u m t o r e m o v e any a d s o r b e d 
g a s e s t ha t m i g h t be p r e s e n t and t o r e d u c e the s u r f a c e a c t i v i t y of t h e s a l t . 
T h e z i n c u s e d w a s v a c u u m . m e l t e d and of 99- 99 p e r cent p u r i t y . R e a g e n t 
g r a d e l i t h i u m f l u o r i d e w a s u s e d a f t e r b e i n g v a c u u m m e l t e d . The c a l c i u m 
w a s v a c u u m d i s t i l l e d t w i c e . 

Z i n c and l i t h i u m f l u o r i d e w e r e added t o the r e a c t i o n m i x t u r e a s 
f o l l o w s : 

2SCF3 + 3Ca + 3Zn + L i F — > Sc-60% Z n a l loy + 3CaF 2 - L i F ( e u t e c t i c c o m -
pos i t i on ) 

A c h a r g e c o n s i s t i n g of 25 g ScF 3 , 16 g Ca , 25 g Z n and 26 g L i F y i e l d e d 
36 g S c - Z n a l l o y and 56 g s l a g m i x t u r e . The r e d u c t i o n and s e p a r a t i o n of t h e 
p r o d u c t s in to m o l t e n m e t a l and s l a g l a y e r s w e r e t h e n p o s s i b l e at 1100°C. 
The r e a c t a n t s w e r e s e a l e d u n d e r an a t m o s p h e r e of h e l i u m by w e l d i n g in t h e 
t a n t a l u m c r u c i b l e , and the c r u c i b l e in t u r n w a s s e a l e d in a h e l i u m a t m o s p h e r e , 
i n s i d e a s t a i n l e s s s t e e l b o m b . The r e a c t i o n and s u b s e q u e n t s e p a r a t i o n of 
t h e p r o d u c t s in to l a y e r s w a s a c c o m p l i s h e d by h e a t i n g in a m u f f l e f u r n a c e t o 
a t e m p e r a t u r e of 1100°C. When cool t h e c r u c i b l e w a s opened and t h e a l l oy 
l a y e r w a s s e p a r a t e d f r o m the s l a g . T h e b r i g h t s c a n d i u m - z i n c a l loy , 
conta in ing . 1 t o 2 p e r cent c a l c i u m , w a s b r i t t l e and e a s i l y c r u s h e d in to s m a l l 
p i e c e s , wh ich w e r e t h e n h e a t e d s l o w l y in an induc t ion f u r n a c e u n d e r a h igh 
v a c u u m t o s u b l i m e the z i n c and c a l c i u m . By avo id ing t h e m e l t i n g of t h e 
a l l oy , a p o r o u s s c a n d i u m sponge w a s ob t a ined f r o m which the v o l a t i l e 
m a t e r i a l s had s u b l i m e d c o m p l e t e l y wi thout s p l a t t e r i n g . The s c a n d i u m 
sponge w a s a r c - m e l t e d u n d e r a p r e s s u r e of one a t m o s p h e r e of a r g o n . An 
o v e r a l l y i e l d of 90 p e r cent u s a b l e m e t a l w a s ob ta ined , wi th t h e m a i n l o s s 
o c c u r r i n g in v a p o r i z a t i o n d u r i n g t h e a r c m e l t i n g p r o c e s s . T h e v a p o r i z e d 
s c a n d i u m c o n d e n s e d a s a f i n e l y d iv ided d e p o s i t on t h e w a l l s of t h e f u r n a c e 
and could be r e c o v e r e d e a s i l y . 

S p e c t r o g r a p h s a n a l y s i s of t h e m e t a l i n d i c a t e d tha t t a n t a l u m , 
m a g n e s i u m , c a l c i u m , c o p p e r , l i t h i u m , i r o n , s i l i c o n and z i n c w e r e p r e s e n t 
in t r a c e a m o u n t s . Due t o t h e s m a l l a m o u n t of s c a n d i u m m e t a l a v a i l a b l e , 
no a n a l y s i s w a s m a d e f o r c a r b o n , n i t r o g e n o r h y d r o g e n , but the a m o u n t s of 
t h e s e i m p u r i t i e s w e r e b e l i e v e d t o be l e s s t h a n 100 p p m . By a n a l o g y to t h e 
p r o d u c t i o n of r a r e e a r t h m e t a l s in t h i s m a n n e r , t h e oxygen conten t w a s 
p r o b a b l y about 1000 p p m . 
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3 . 4 . 2 T h e F r e n c h P r o c e s s 

Iya 8 in 1956 p r o d u c e d s c a n d i u m m e t a l by t h e r e d u c t i o n of a n h y d r o u s 
s c a n d i u m c h l o r i d e wi th c a l c i u m in the p r e s e n c e of z inc . T h e n e w l y - f o r m e d 
s c a n d i u m m e t a l d i s s o l v e d in the z i n c f o r m i n g a S c - Z n a l loy . The z i n c w a s 
l a t e r d i s t i l l ed , f r o m t h e a l loy , l e a v i n g s c a n d i u m m e t a l , wh ich w a s c o n s o l i d a t e d 
by f u s i o n and p u r i f i e d by v a c u u m s u b l i m a t i o n . 

C a l c i u m . o f 99-.99 p e r cent p u r i t y and p u r i f i e d . f u r t h e r by v a c u u m 
d i s t i l l a t i o n and z inc of 99 -99 p e r cen t p u r i t y Were u s e d . The c h l o r i d e w a s 
p r e p a r e d . f r o m t h e ox ide . 

The r e a c t i o n s w e r e c a r r i e d out in g r a p h i t e c r u c i b l e s , l i n e d . o n t h e 
i n s i d e wi th m o l y b d e n u m fo i l and con ta in ing a . d i s c of m o l y b d e n u m on t h e 
b o t t o m . The c r u c i b l e w a s c o v e r e d wi th a g r a p h i t e l id and equ ipped wi th a 
t u n g s t e n s t i r r e r . The h e a t i n g w a s done e l e c t r i c a l l y and t h e t e m p e r a t u r e 
w a s m e a s u r e d wi th a t h e r m o c o u p l e . The f u r n a c e i s shown in F i g u r e 6. 
S e v e r a l g r a p h i t e c r u c i b l e s w e r e u s e d , t h e d i m e n s i o n s v a r y i n g f r o m 70 t o 
150 m m in he igh t , 25 t o 55 m m in i n s i d e d i a m e t e r , 3 t o 8. 5 m m in w a l l 
t h i c k n e s s and 6 t o 40 m m in b o t t o m t h i c k n e s s . 

Six e x p e r i m e n t s w e r e c a r r i e d out , and t h e b e s t r e s u l t s w e r e 
ob t a ined with a m i x t u r e of 25 gra!ms of c a l c i u m , 70. 5 g r a m s of z i n c and 
40. g r a m s of a n h y d r o u s s c a n d i u m c h l o r i d e . T h e r e d u c t i o n w a s c a r r i e d out 
in a t e m p e r a t u r e r a n g e of 560 . to 620°C and t h e t e m p e r a t u r e w a s r a i s e d t o 
810°C at t h e end of the r e a c t i o n . An ingot we igh ing 5 4 . 4 g r a m s , c o n t a i n i n g 
2. 5 p e r cent s c a n d i u m , and 1 0 . 3 g r a m s of g r a n u l a r m e t a l c o n t a i n i n g 4. 5 
p e r cent s c a n d i u m , w e r e ob t a ined . T h e y i e l d . w a s 3 0 . 5 p e r c en t . An 
a t m o s p h e r e of p u r i f i e d a r g o n w a s e m p l o y e d . 

Z i n c w a s r e m o v e d f r o m the a l l oy by v a c u u m . .d is t i l la t ion in t w o 
s t a g e s . The f i r s t s t a g e c o n s i s t e d o f . the d i s t i l l a t i o n of p a r t of t h e z inc , 
l e a v i n g , a n e n r i c h e d a l l oy con ta in ing 20 p e r cent s c a n d i u m . T h i s w a s done 
by h e a t i n g . t h e a l l oy in m o l y b d e n u m c r u c i b l e s to 600°C u n d e r a v a c u u m . o f 
10 3 m m Hg.. T h e f u r n a c e w a s a n i c h r o m e - w o u n d s i l i c a t u b e . The f i n a l 
e l i m i n a t i o n of t h e z i n c and t h e f u s i o n of t h e s c a n d i u m r e q u i r e d a t e m p e r a t u r e 
of 1500°C. T h i s s e c o n d s t a g e w a s c a r r i e d out in an induc t ion f u r n a c e 
shown in F i g u r e 7. 

The o u t e r s i l i c a t ube had a n . i n t e r n a l d i a m e t e r of 120 m m and a ; 

he igh t of 600 m m . T h e m e t a l l i c s u p p o r t i n c o r p o r a t e d a window f o r s i g h t -
ing with an o p t i c a l p y r o m e t e r and a t ube which w a s c o n n e c t e d t o t h e v a c u u m 
s y s t e m . P r e s s u r e s of 10" 5 m m Hg w e r e ob t a ined . The s m a l l e r s i l i c a 
t ube had a n i n n e r d i a m e t e r of 75 m m and a he igh t of 500 m m . The t a n t a l u m 
d i s t i l l a t i o n c r u c i b l e ( i n t e r n a l d i a m e t e r 40 m m , he igh t 50 m m , wa l l t h i c k n e s s 
0. 5 m m ) and t h e s h i e l d of m o l y b d e n u m o r t a n t a l u m ( d i a m e t e r 55 m m , he igh t 
100 m m , w a l l t h i c k n e s s 0. 025 m m ) w e r e s u s p e n d e d by a t u n g s t e n w i r e in 
t h e m i d d l e of t h e i n n e r t u b e . The d i s c of s i l i c a r e s t i n g on t h e t op of . the 
i n n e r tube s e r v e d a s a c o n d e n s e r f o r t h e z i n c . T h e induct ion , co i l w a s e x t e r n a l 
t o t h e o u t e r s i l i c a t u b e . A h igh f r e q u e n c y g e n e r a t o r d e l i v e r e d 25- kw. 

A f t e r t h e a p p a r a t u s had b e e n o u t g a s s e d a t 1400°C, t h e a l l o y w a s 
i n t r o d u c e d and h e a t e d to 600°C when r a p i d e v a p o r a t i o n of t h e z i n c took p l a c e . 
T h i s t e m p e r a t u r e w a s m a i n t a i n e d . f o r s e v e r a l h o u r s , and t h e n r a i s e d t o 
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1400°C f o r 30 m i n u t e s . The f u r n a c e w a s t h e n coo led and p u r e a r g o n 
a d m i t t e d . A l a y e r of s h i n i n g . m e t a l w a s found a d h e r i n g s t r o n g l y t o t h e 
b o t t o m of the t a n t a l u m c r u c i b l e . The s c a n d i u m w a s next v a c u u m - d i s t i l l e d 
t o y i e l d a p r o d u c t of h igh p u r i t y . 

T h e d i s t i l l a t i o n a p p a r a t u s w a s t h e s a m e a s f o r t h e d i s t i l l a t i o n of 
t h e z inc , but wi th a m o l y b d e n u m d i s c c o n d e n s e r in p l a c e of the s i l i c a . T h e 
pos i t i on .o f t h e s h i e l d s u r r o u n d i n g the c r u c i b l e w a s r a i s e d a l i t t l e t o r e d u c e 
t h e e x p o s u r e of t h e s i l i c a t ube to the s c a n d i u m v a p o u r . The d i s t i l l a t i o n w a s 
c a r r i e d out at 1500°C f o r 1 h o u r . Som e of t h e s c a n d i u m v a p o u r a t t a c k e d t h e 
s i l i c a . On t h e t a n t a l u m o r m o l y b d e n u m c o n d e n s e r , a "br i l l i an t l a y e r of 
s l e n d e r c r y s t a l s w a s r e c o v e r e d . 

3 . 5 : T h e M a g n e s i u m Al loy Me thod 

Iya 8 p r e p a r e d s c a n d i u m m e t a l by t h e r e d u c t i o n of e i t h e r a n h y d r o u s 
s c a n d i u m c h l o r i d e o r s c a n d i u m f l u o r i d e wi th m a g n e s i u m , p r o d u c i n g in e a c h 
c a s e a s c a n d i u m - m a g n e s i u m a l loy . The m a g n e s i u m w a s l a t e r d i s t i l l e d f r o m 
t h e a l loy and p u r e s c a n d i u m m e t a l ob ta ined . T h e a p p a r a t u s e m p l o y e d w a s 
t h e s a m e a s in the z i n c a l loy p r o c e s s d e s c r i b e d a b o v e . T h e r e d u c t i o n w a s 
c a r r i e d out i n . t he s a m e m o l y b d e n u m - l i n e d g r a p h i t e c r u c i b l e s in an a t m o s p h e r e 
of p u r i f i e d a r g o n . S e v e r a l e x p e r i m e n t s w e r e c a r r i e d out and t h e b e s t r e s u l t s 
w e r e ob ta ined when 146 g r a m s of a n h y d r o u s ScCl 3 and 109,. 7 g r a m s of m a g -
n e s i u m w e r e r e a c t e d at 840-860°C f o r 60 m i n u t e s . F r o m t h e m o s t s u c c e s s f u l 
e x p e r i m e n t t h e r e w a s o b t a i n e d an ingot of 65. 5. g r a m s of a l loy , con t a in ing 
14 p e r cent s c a n d i u m , and a n u m b e r of g r a i n s t o t a l l i n g 32. 5 g r a m s and 
c o n t a i n i n g 9 p e r cent s c a n d i u m . The t o t a l y i e ld w a s 44. 9 p e r cen t . 

When t h e f l u o r i d e w a s r e d u c e d wi th m a g n e s i u m , the b e s t r e s u l t s 
w e r e ob ta ined wi th 188 g r a m s of s c a n d i u m f l u o r i d e and 166. 5 g r a m s of 
m a g n e s i u m r e a c t i n g at 840-860°C f o r 90 m i n u t e s . The r e a c t a n t s w e r e 
s t i r r e d , but t h e s t i r r i n g w a s s t o p p e d f o r t h e l a s t 1 5 m i n u t e s to a l low the 
a l l o y and t h e f lux t o s e p a r a t e . An ingot of 145 g r a m s con ta in ing 10 p e r cent 
s c a n d i u m w a s ob t a ined . T h e t o t a l y i e l d w a s 35 p e r cen t . 

T h e a l l oy w a s h e a t e d in t h e . s a m e d i s t i l l a t i o n a p p a r a t u s a s w a s t h e 
t h e s c a n d i u m - z i n c a l loy . . M a g n e s i u m w a s d i s t i l l e d at a t e m p e r a t u r e of 
800°C, h o w e v e r , and not at 600°C a s w a s t h e z i n c . The f i n a l p u r i f i c a t i o n 
w a s a g a i n done by t h e s u b l i m a t i o n of t h e s c a n d i u m i t s e l f . The p u r i t y of t h e 
f i n a l p r o d u c t w a s not g iven . 

4. DISCUSSION 

With t h e e x c e p t i o n of t h e f i r s t p r e p a r a t i o n in 1937, which w a s done 
by a . f u s e d s a l t e l e c t r o l y s i s t e c h n i q u e , s c a n d i u m m e t a l h a s a l w a y s b e e n 
p r e p a r e d by t h e r e d u c t i o n of s c a n d i u m f l u o r i d e o r c h l o r i d e wi th a . m e t a l at 
a n e l e v a t e d t e m p e r a t u r e - t h e t h e r m o m e t a l l i c p r o c e s s . The m o s t w i d e l y 
u s e d m e t h o d of p r e p a r a t i o n , i s t he r e d u c t i o n of the f l u o r i d e wi th c a l c i u m 
m e t a l at about 850°C with s u b s e q u e n t v a c u u m d i s t i l l a t i o n of t h e m e t a l at 
about 1600°C to. ob ta in a p r o d u c t of m o r e t h a n 99 p e r cent p u r i t y . T h e 
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f l u o r i d e i s p r e f e r r e d to t h e c h l o r i d e a s it i s l e s s h y g r o s c o p i c and m o r e 
e a s i l y p r e p a r e d f r e e f r o m oxyha l i de . 

The a l k a l i m e t a l s , l i t h i u m , and po ta i s s ium, c a n . b e u s e d a s r e d u c -
ing a g e n t s , but t h e y a re : d i f f i cu l t t o k e e p f r e e f r o m c o n t a m i n a t i o n , , s o 
c a l c i u m i s u s u a l l y p r e f e r r e d . I n e r t a t m o s p h e r e s of p u r i f i e d a r g o n , o r 
h e l i u m a r e u s e d and t h e r e a c t a n t s a r e : h a n d l e d , in i n e r t a t m o s p h e r e g love 
b o x e s t o k e e p t h e m f r e e f r o m . o x y g e n , n i t r o g e n , , h y d r o g e n , , m o i s t u r e e t c . 
The c r u c i b l e s a r e u s u a l l y m a d e f r o m . t a n t a l u m . M o l y b d e n u m h a s b e e n u s e d 
but it i s not v e r y s a t i s f a c t o r y . T u n g s t e n c r u c i b l e s a r e a s good o r b e t t e r 
t h a n . t a n t a l u m but t h e y a r e not c o m m o n l y u s e d b e c a u s e of d i f f i c u l t i e s in 
f a b r i c a t i o n . E v e n t a n t a l u m and t u n g s t e n , h o w e v e r , r e a c t wi th s c a n d i u m 
m e t a l above 1400°C, t a n t a l u m f o r e x a m p l e d i s s o l v i n g in t h e s c a n d i u m , up 
t o 12 p e r cent o r m o r e , depend ing on t h e t i m e and t e m p e r a t u r e of c o n t a c t . . 
T h e c r u c i b l e s a r e a l w a y s ou tgassed , . t he r e a c t a n t s v a c u u m - s i n t e r e d o r 
m e l t e d , and t h e r e a c t i o n s c a r r i e d out in p u r i f i e d a r g o n o r h e l i u m , a s 
s c a n d i u m f o r m s o x i d e s , . .n i t r ides , c a r b i d e s , etc. , , a t e l e v a t e d t e m p e r a t u r e s 
a l though , at r o o m t e m p e r a t u r e , s c a n d i u m i s i n e r t t o a t m o s p h e r i c g a s e s . 

The c a l c i o t h e r m i c r e d u c t i o n m e t h o d r e q u i r e s v a c u u m s u b l i m a t i o n 
of t h e m e t a l t o y i e ld a p u r e p r o d u c t , b e c a u s e s c a n d i u m b e c o m e s c o n t a m i n a t e d 
wi th t h e c r u c i b l e m a t e r i a l ( t a n t a l u m o r t u n g s t e n ) when t h e r e a c t i o n m i x t u r e 
i s h e a t e d above t h e m e l t i n g point of s c a n d i u m (1539°C) in o r d e r t o s e p a r a t e 
t h e s c a n d i u m m e t a l f r o m t h e s l a g , i . e . C a F 2 . As s u b l i m a t i o n h a s t o be 
c a r r i e d out at 1 500-1700°C in a v a c u u m (10~4 t o l O - 5 m m Hg) f o r s e v e r a l 
h o u r s to ob ta in about a dozen g r a m s of m e t a l , it is c o s t l y , t i m e - c o n s u m i n g 
and g e n e r a l l y u n d e s i r a b l e . A p r o c e s s wh ich does avo id v a c u u m , s u b l i m a t i o n 
of s c a n d i u m i s t h e z i n c - a l l o y p r o c e s s 4 , wh ich i n v o l v e s a d d i n g . z i n c t o t h e 
r e a c t a n t s , i . e ; S c F 3 and c a l c i u m , and L i F a s a f lux , s o tha t t h e s c a n d i u m 
m a y f o r m a .low m e l t i n g , poin t a l l oy wi th . the z i n c . T h i s r e d u c e s t h e - m i n i m u m 
t e m p e r a t u r e r e q u i r e d f o r t h e m e t a l - s l a g s e p a r a t i o n and r e d u c e s t h e c o n t a m -

- i n a t i o n of t h e s c a n d i u m , wi th t h e c r u c i b l e m a t e r i a l . The z i n c f o r m i n g , t h e 
a l l oy can be d i s t i l l e d at a c o m p a r a t i v e l y low. tem.pera . tu re . G r e a t e r a m o u n t s 
of r e a c t a n t s a r e r e q u i r e d . f o r t h e p r o d u c t i o n of t h e s a m e a m o u n t of m e t a l 1 

and t h i s i n c r e a s e s t h e d i f f i c u l t y of avo id ing c o n t a m i n a t i o n . 
T h e e l e c t r o l y t i c p r o c e s s s u f f e r s f r o m t h e s a m e d i s a d v a n t a g e a s 

t h e z i n c - a l l o y p r o c e s s s i n c e t h e Z n - S c a l l oy c o n t a i n s only, 2 p e r cent 
s c a n d i u m and t h e c h l o r i d e p r o d u c e s s o m e ox ide , s o t h a t a p u r e p r o d u c t i s 
d i f f i cu l t t o ob ta in . T h e v a r i o u s p r o c e s s e s wi l l now be d i s c u s s e d m o r e f u l l y . 

4 . 1 T h e E l e c t r o l y t i c Me thod . 

S c a n d i u m c h l o r i d e w a s u s e d a s t h e s t a r t i n g m a t e r i a l b e c a u s e it 
h a s a l o w e r m e l t i n g poin t (937°C) t h a n t h e f l u o r i d e (1515°C). The s c a n d i u m 
c h l o r i d e w a s d i s s o l v e d in a m o l t e n K C l - L i C l e u t e c t i c , . w h i c h w a s c h o s e n 
b e c a u s e it has. t h e l o w e s t m e l t i n g . p o i n t of t h e s i m p l e a l k a l i c h l o r i d e s . T h e 
s c a n d i u m ch lo r ide , h a s t h e d i s a d v a n t a g e tha t it i s v e r y - h y g r o s c o p i c and 
d i f f i cu l t t o ob ta in f r e e f r o m o x y c h l o r i d e s , . t h e r e f o r e oxygen and m o i s t u r e 
h a v e t o be r i g i d l y e x c l u d e d . The s c a n d i u m c h l o r i d e w a s kep t in s e a l e d 
t u b e s , added to p a r t of t h e m o l t e n e l e c t r o l y t e a n d . t h e n qu ick ly c o v e r e d up 
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with m o r e e l e c t r o l y t e . N e v e r t h e l e s s t h e Z n - S c a l loy p r o d u c e d c o n t a i n e d 
0. 1. p e r cen t of ox ide . F o r b e s t r e s u l t s t h e whole of the e l e c t r o l y t i c c e l l 
h a s t o be m a i n t a i n e d in an i n e r t a t m o s p h e r e . 

T h e low r e d u c t i o n t e m p e r a t u r e a l l owed t h e c e l l t o be m a d e of 
g r a p h i t e wi th a . m a g n e s i a . l i n i n g s e p a r a t i n g t h e s c a n d i u m and z i n c f r o m t h e 
g r a p h i t e . T h i s r e a c t i o n , , h o w e v e r , , y i e l d e d only a z inc-2 p e r cent s c a n d i u m 
a l l oy . R e a c t i o n s at t e m p e r a t u r e s above 800°C could not be u s e d a s ScCl 3 

b e g i n s t o s u b l i m e and t h e v a p o u r p r e s s u r e s of bo th t h e e u t e c t i c s a l t s and 
z inc b e c o m e a p p r e c i a b l e . The u s e of h i g h e r t e m p e r a t u r e s would a l s o 
r e q u i r e d i f f e r e n t c o n t a i n e r m a t e r i a l s . 

T h e f i l t r a t i o n t e c h n i q u e u s e d t o r e m o v e the oxide w a s not c o m -
p l e t e l y e f f e c t i v e and involved an a d d i t i o n a l s t e p in the p r e p a r a t i o n of t h e 
m e t a l . T h e q u a r t z t ube u s e d t o d i s t i l t he z i n c c o n t a m i n a t e d t h e s c a n d i u m 
wi th s i l i c o n (up t o 0. 5 p e r cent ) . Al l t h e n o n - v o l a t i l e i m p u r i t i e s in t h e 
z i n c a l s o f i n i s h e d up in t h e s c a n d i u m m e t a l . 

T h i s p r o c e s s could be i m p r o v e d by s t a r t i n g wi th t h e h i g h e s t p u r i t y 
z i n c p o s s i b l e , p r e p a r i n g t h e ScCl 3 wi th t h e l e a s t p o s s i b l e m o i s t u r e and 
oxygen c o n t e n t s , and p l a c i n g t h e e l e c t r o l y t i c c e l l in an i n e r t a t m o s p h e r e . 
T h e d i s t i l l a t i o n of t h e z i n c shou ld be done in t a n t a l u m , in o r d e r t o avo id 
c o n t a m i n a t i o n wi th s i l i c o n . T h e s e i m p r o v e m e n t s would y i e ld a . p r o d u c t of 
b e t t e r p u r i t y t h a n t h e one ob t a ined by F i s h e r (94-98%), but t h e i n h e r e n t 
d i f f i c u l t y of h a v i n g only a 2 p e r cen t sc .andium a l l oy would s t i l l r e m a i n , wi th 
t h e c o n s e q u e n t d i f f i c u l t i e s of ob ta in ing a r e a l l y / p u r e p roduc t . . A l t e r n a t i v e 
e l e c t r o l y t e and ca thode m a t e r i a l s h a v e b e e n c o n s i d e r e d by a l m o s t a l l w o r k e r s 
e n g a g e d in. s c a n d i u m m e t a l p r e p a r a t i o n , but e l e c t r o l y s i s h a s b e e n d i s c a r d e d 
i n . f a v o u r of t h e m e t a l l o t h e r m i c m e t h o d . 

T h e r a r e e a r t h m e t a l s , wh ich a r e r e l a t e d t o s c a n d i u m and s h a r e 
m a n y p r o p e r t i e s in c o m m o n , h a v e b e e n p r e p a r e d by t h e e l e c t r o l y t i c m e t h o d 
in a s t a t e of v e r y . h i g h p u r i t y . M o r r i c e et a l 1 6 in t h e Un i t ed S t a t e s p r o d u c e d 
c e r i u m m e t a l of 99. 9 p e r cent p u r i t y by t h e e l e c t r o l y s i s of c e r i u m oxide in 
a f u s e d - f l u o r i d e ba th (73 p e r cent C e F 3 , 15 p e r cent L i F , 12 p e r cen t B a F 2 ) . 
A g r a p h i t e c e l l wi th m o l y b d e n u m c a t h o d e s and g r a p h i t e a n o d e s , w a s u s e d . 
It w a s c o n t a i n e d in a glove box in which t h e t e m p e r a t u r e p r e s s u r e and c o m -
p o s i t i o n of t h e a t m o s p h e r e w e r e c o n t r o l l e d . T h e r e a c t i o n t e m p e r a t u r e 
w a s 810-830°C, and the r a t e of p r o d u c t i o n of c e r i u m m e t a l , w a s about 0. 8 
pounds p e r h o u r . T h e e l e c t r o l y s i s w a s con t inued f o r about 2 h o u r s un t i l 
m a s s i v e n o d u l e s of c e r i u m b r i d g e d t h e gaps b e t w e e n the a n o d e s and c a t h o d e s . 
T h e e l e c t r o l y t e w a s a l lowed t o s o l i d i f y wi th in t h e ce l l a t m o s p h e r e and , w h e n 
cold , w a s r e m o v e d f r o m t h e ce l l box . It w a s t h e n b r o k e n up t o r e c o v e r 
t h e c e r i u m n o d u l e s . The c u r r e n t e f f i c i e n c y w a s 85 p e r cen t . High p u r i t y 
l a n t h a n u m m e t a l w a s a l s o p r o d u c e d by M o r r i c e et a l 1 7 by the e l e c t r o l y s i s of 
L a 2 0 3 in a LaF 3 -L , iF -Ba"£ 2 ba th at 950°C u s i n g a s i m i l a r t e c h n i q u e . T h e 
t o t a l i m p u r i t y w a s 0 . 1 - 0 . 2 p e r cen t . 

The e l e c t r o l y t i c m e t h o d i s in f a c t v e r y s u c c e s s f u l in p r o d u c i n g 
m o s t of t h e r a r e e a r t h m e t a l s 1 8 . B y a n a l o g y it shou ld be p o s s i b l e t o 
p r e p a r e s c a n d i u m m e t a l by e l e c t r o l y s i s . T h i s e l e c t r o l y t i c m e t h o d h a s an 
a d v a n t a g e o v e r t h e m e t a l l o t h e r m i c p r o c e s s , in t h a t t he s t a r t i n g ; m a t e r i a l i s 
t h e oxide and not t h e h a l i d e . S ince s c a n d i u m h a l i d e i s p r e p a r e d f r o m t h e 
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oxide , t h e e l e c t r o l y t i c m e t h o d would e l i m i n a t e one s tep, in t h e p r e p a r a t i o n . 
T h e ce l l , h o w e v e r , h a s t o be conta ined , in an i n e r t a t m o s p h e r e g love box, 
i nvo lv ing c o s t l y e q u i p m e n t , and, s i n c e t h e m e t h o d h a s not b e e n p r o v e n f o r 
s c a n d i u m , it would e n t a i l s o m e e x p e r i m e n t a l w o r k b e f o r e s a t i s f a c t o r y r e s u l t s 
cou ld be e x p e c t e d . 

4 . 2 T h e P o t a s s i o t h e r m i c Me thod 

B o m m e r and Hohmann 2 h ave b e e n t h e only w o r k e r s to p r e p a r e 
s c a n d i u m by t h e r e d u c t i o n of ScCl 3 wi th p o t a s s i u m . 

T h e r e a c t i o n p r o d u c t s could not be s e p a r a t e d by f u s i o n a s g l a s s 
a p p a r a t u s w a s u s e d and t h e m e l t i n g point of s c a n d i u m is 1539°C. E v e n . i f 
t a n t a l u m o r t u n g s t e n c r u c i b l e s w e r e u s e d , s e p a r a t i o n by f u s i o n would be 
d i f f i cu l t s i n c e KC1 b o i l s be low t h e m e l t i n g point of s c a n d i u m m e t a l . U s i n g 
SCF3 i n s t e a d of ScCl 3 would not a l t e r t h e p r o b l e m , a s K F h a s t h e s a m e m e l t -
ing poin t a s KC1. S e p a r a t i n g t h e p r o d u c t s by. d i s t i l l i n g t h e KG1 and l e a v i n g 
t h e s c a n d i u m beh ind shou ld be p o s s i b l e , but t h e h igh t e m p e r a t u r e of 
d i s t i l l a t i o n would r e s u l t in t h e c o n t a m i n a t i o n of t h e s c a n d i u m wi th t h e 
c r u c i b l e m a t e r i a l . A p o s s i b l e w a y of ob t a in ing p u r e s c a n d i u m b y . t h i s 
m e t h o d would be t o s e p a r a t e the p r o d u c t s by d i s s o l v i n g the KC1 in w a t e r , 
d r y i n g t h e s c a n d i u m p o w d e r and c o n s o l i d a t i n g it by s i n t e r i n g u n d e r p r e s s u r e 
and b y . a r c m e l t i n g . A s i m i l a r m e t h o d . h a s b e e n . u s e d by Sp i t syn 1 5 in R u s s i a , 
but u t i l i s i n g c a l c i u m i n s t e a d of p o t a s s i u m . S p i t s y n ' s s c a n d i u m w a s not 
v e r y p u r e and v a c u u m d i s t i l l a t i o n of t h e m e t a l w a s s t i l l n e c e s s a r y , in o r d e r 
t o o b t a i n a p r o d u c t of b e t t e r t h a n 99 p e r cent p u r i t y . 

4 . 3 T h e G a l c i o t h e r m i c M e t h o d 

The r e d u c t i o n of s c a n d i u m h a l i d e s wi th c a l c i u m m e t a l is t h e m o s t 
w i d e l y p r a c t i s e d t e c h n i q u e . It i s r e l a t i ve ly , s i m p l e and y i e l d s a. m e t a l of 
r e a s o n a b l e p u r i t y . T o p r o d u c e s c a n d i u m of h igh p u r i t y , h o w e v e r , r e q u i r e s 
v a c u u m s u b l i m a t i o n of t h e m e t a l i t s e l f . 

D u r i n g t h e l a s t 7 o r 8 y e a r s , t h e p r o c e s s h a s b e e n s u c c e s s f u l l y 
a p p l i e d in s e v e r a l c o u n t r i e s . It r e q u i r e s t a n t a l u m o r t u n g s t e n c r u c i b l e s , 
a t e m p e r a t u r e up t o 1600°C and an i n e r t a t m o s p h e r e . T h e r e a c t i o n i s 
e x o t h e r m i c and s u p p o r t s i t s e l f wi thout b e c o m i n g v i o l e n t . T h e s l a g and 
s c a n d i u m . m e t a l can be s e p a r a t e d e a s i l y , t hough t h e m e t a l o f t e n a d h e r e s t o 
t h e c r u c i b l e . -The r e a c t a n t s and c r u c i b l e have t o be o u t g a s s e d c a r e f u l l y t o 
e l i m i n a t e oxygen and m o i s t u r e . High f r e q u e n c y i nduc t i on f u r n a c e s have b e e n 
u s e d i n v a r i a b l y f o r h e a t i n g and , a l though o t h e r a l k a l i n e o r a l k a l i m e t a l s 
cou ld be u s e d a s r e d u c t a n t s i n s t e a d of c a l c i u m , t h e l a t t e r i s p r e f e r r e d a s it 
i s l e s s r e a c t i v e . 

4. 3. 1 : T h e C z e c h o s l o v a k i a n P r o c e s s 

In P e t r u ' s e x p e r i m e n t 9 ' 1 0 in which s c a n d i u m f l u o r i d e w a s u s e d , 
s e p a r a t i o n w a s not s a t i s f a c t o r y a s t h e h i g h e s t t e m p e r a t u r e (1500°C) w a s 
b e l o w t h e m e l t i n g point of s c a n d i u m (1539°C) s o t h a t no s e g r e g a t i o n w a s 
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a c h i e v e d . A l s o , a s c a l c i u m f l u o r i d e i s i n s o l u b l e , a q u e o u s l e a c h i n g . w a s 
l i k e w i s e u n s a t i s f a c t o r y . H e a t i n g above t h e m e l t i n g poin t of the s c a n d i u m 
shou ld h a v e r e s u l t e d in good s e p a r a t i o n . T h i s e x p e r i m e n t a l s o s h o w e d t h a t 
m o l y b d e n u m w a s not a s a t i s f a c t o r y c r u c i b l e m a t e r i a l . 

T h e r e d u c t i o n of ScCl 3 w a s c a r r i e d out in t a n t a l u m c r u c i b l e s . In 
e a r l y e x p e r i m e n t s the r e a c t a n t s p i c k e d up a c o n s i d e r a b l e a m o u n t of m o i s t u r e 
and h y d r o c h l o r i c a c i d w a s f o r m e d . In l a t e r , e x p e r i m e n t s g r e a t c a r e w a s 
t a k e n t o e x c l u d e m o i s t u r e and oxygen . T h e s e e x p e r i m e n t s w e r e s u c c e s s f u l 
and 70 g r a m s of s c a n d i u m w a s p r e p a r e d , con ta in ing , it w a s c l a i m e d , a m e t a l 
of 99 p e r cent p u r i t y . T h e s c a n d i u m ingot w a s s t a t e d t o be e a s i l y s e p a r a b l e 
f r o m t h e t a n t a l u m c r u c i b l e . ' O t h e r w o r k e r s have found tha t s c a n d i u m 
a d h e r e s to the c r u c i b l e w a l l s . 

The r e a c t a n t s w e r e not added in s t o i c h e i o m e t r i c a m o u n t s but wi th 
10 p e r cent e x c e s s of ScCl 3 . T h i s w a s u n u s u a l a s a l l o t h e r w o r k e r s h a v e 
added 5 - 1 0 p e r cent e x c e s s of c a l c i u m . The a m o u n t s added a r e p r o b a b l y of 
l i t t l e c o n s e q u e n c e wi th the c h l o r i d e , a s any ScCl 3 l e f t a f t e r t h e r e d u c t i o n c a n 
be d i s t i l l e d , r e m o v e d with the s l a g o r d i s s o l v e d . w i t h w a t e r . In any c a s e t h e 
add i t i on of e x c e s s of s c a n d i u m h a l i d e s i s w a s t e f u l , a s t h e y a r e of g r e a t e r 
v a l u e t h a n c a l c i u m m e t a l . 

A f t e r t h e r e a c t i o n , t he c h a r g e w a s h e a t e d above the m e l t i n g poin t 
of s c a n d i u m and should , t h e r e f o r e 4 , h a v e p i c k e d up a c o n s i d e r a b l e a m o u n t 
of t a n t a l u m . No a n a l y s i s f o r t a n t a l u m w a s g iven and 99 p e r cent p u r i t y w a s 
c l a i m e d . No v a l u e s f o r n o n - m e t a l l i c i m p u r i t i e s w e r e s t a t e d , and it a p p e a r s 
r a t h e r doub t fu l t ha t s u c h h igh p u r i t y m e t a l could have b e e n ob ta ined wi thout 
v a c u u m s u b l i m a t i o n of the s c a n d i u m . T h e v a c u u m - s u b l i m e d s a m p l e s , w e r e 
p r o b a b l y of 99 p e r cent p u r i t y o r b e t t e r . 

4 . 3. 2 T h e Un i t ed S t a t e s P r o c e s s e s 

In . the t h r e e p r o c e s s e s d e s c r i b e d , s c a n d i u m w a s p r e p a r e d by t h e 
r e d u c t i o n of t h e f l u o r i d e wi th c a l c i u m . Al l t h r e e p r o d u c e r s u s e d 10 p e r cent 
e x c e s s c a l c i u m f o r t h e r e d u c t i o n , and a l l r e p o r t e d tha t t h e p r o d u c t c o n t a i n e d 
c a l c i u m which t h e y e l i m i n a t e d by h e a t i n g u n d e r v a c u u m . T h e y a l l r e p o r t e d 
t h e r e a c t i o n a s e x o t h e r m i c but not v io l en t . A s low r a t e of h e a t i n g w a s 
e m p l o y e d . Al l took g r e a t c a r e t o e l i m i n a t e m o i s t u r e and a d s o r b e d g a s e s , 
and a l l c a r r i e d out t h e r e d u c t i o n u n d e r about one a t m o s p h e r e p r e s s u r e of 
a r g o n . Speddirig4 and t h e St E l o i w o r k e r s 1 4 u s e d t a n t a l u m f o r c r u c i b l e s and 
D e s s et a l 1 3 u s e d t u n g s t e n . T h e l a t t e r w a s s u p e r i o r but t h e c r u c i b l e s had 
t o be c a r e f u l l y f a b r i c a t e d . H o w e v e r , in a l l c a s e s , t h e i r p r o d u c t s w e r e 
c o n t a m i n a t e d wi th c r u c i b l e m a t e r i a l and v a c u u m s u b l i m a t i o n of s c a n d i u m w a s 
r e s o r t e d t o a s a f i na l p u r i f i c a t i o n s t e p . G o o d . s e p a r a t i o n s of m e t a l f r o m 
s l a g w e r e r e p o r t e d , but t h e s c a n d i u m , ingot a d h e r e d t o t h e c r u c i b l e w a l l s . 
Y i e l d s of o v e r 95 p e r cent w e r e ob t a ined . 

S i m i l a r d i s t i l l a t i o n a p p a r a t u s w a s u s e d by the t h r e e s c a n d i u m 
p r o d u c e r s wi th d i f f e r e n c e s only in m i n o r d e t a i l s . Al l u s e d induc t ion h e a t i n g 
and t a n t a l u m c r u c i b l e s . Spedding ob ta ined a m e t a l c o n t a i n i n g no t a n t a l u m 
an(d l e s s t h a n 0. 02 p e r cent c a l c i u m . 

D e s s found tha t h i s p r o d u c t con t a ined 0. 05 p e r cen t t a n t a l u m , , and 
he r e c o m m e n d e d c o n d e n s a t i o n t e m p e r a t u r e s be low 1000°C. 
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T h e St E l o i C o r p o r a t i o n u s e d a s l i g h t l y d i f f e r e n t s t i l l bu t , due t o 
t h e low c o n d e n s e r t e m p e r a t u r e , t h e i r p r o d u c t c o n t a i n e d about 1 p e r cent of 
c a l c i u m , which w a s r e m o v e d d u r i n g the. f i n a l a r c m e l t i n g p r o c e s s . 

Al l w o r k e r s ob t a ined a p r o d u c t of m o r e t h a n .99 p e r cen t p u r i t y , 
with, oxygen as, t he m a i n i m p u r i t y (about lOOO.ppm). The oxygen canno t be 
e l i m i n a t e d ; b y v a c u u m d i s t i l l a t i o n of the: m e t a l and t h e only w a y t o r e d u c e it 
i s t o e l i m i n a t e it a s f a r a s p o s s i b l e f r o m t h e s t a r t i n g m a t e r i a l s and t h e 
f u r n a c e a t m o s p h e r e . 

The v a c u u m , d i s t i l l a t i on , of t h e s c a n d i u m m e t a l i s in g e n e r a l an 
e x p e n s i v e and. t i m e - c o n s u m i n g s t e p r e q u i r i n g . t e m p e r a t u r e s abovfe 1550°C 
f o r a p e r i o d of h o u r s , t a n t a l u m c r u c i b l e s and c o n d e n s e r s and a h igh v a c u u m . 
T h e p r o c e d u r e i n v a r i a b l y l e a d s t o s o m e l o s s of s c a n d i u m . T h e r e f o r e , a 
p r o c e s s which could e l i m i n a t e v a c u u m d i s t i l l a t i o n would h a v e a d e c i d e d 
a d v a n t a g e . 

4. 3. 3 The R u s s i a n P r o c e s s 

The p r o c e s s d e s c r i b e d by Sp i t syn et a l 6 ' 1 5 h a s s o m e a d v a n t a g e s 
o v e r t h e A m e r i c a n m e t h o d in .that t e m p e r a t u r e s of 900°C only w e r e e m p l o y e d , 
no c o n t a m i n a t i o n of s c a n d i u m with c r u c i b l e m a t e r i a l w a s e n c o u n t e r e d , and 
no s t i c k i n g of s cand ium, m e t a l t o the c r u c i b l e . o c c u r r e d , s o t h a t t h e s a m e 
c r u c i b l e could be u s e d r e p e a t e d l y , and no i n d u c t i o n h e a t i n g w a s r e q u i r e d . 

On t h e o t h e r hand t h e c h l o r i d e i s d i f f i cu l t t o ob ta in f r e e - f r o m 
o x y - c h l o r i d e s . A c c o r d i n g . t o Sp i t syn 1 5 , s c a n d i u m , though not r e a c t i v e wi th 
oxygen at r o o m t e m p e r a t u r e , . . i s c o v e r e d by an. oxide f i l m about 600A t h i c k 
wh ich f o r m s in 170 h o u r s a t 20°C. T h u s it m a y be d i f f i cu l t t o ob ta in a h igh 
p u r i t y p r o d u c t by t h i s m e t h o d , and Sp i t syn had t o r e s o r t t o v a c u u m s u b l i m a -
t i o n t o ob ta in s c a n d i u m of 99. 5 'per cen t p u r i t y . If a c l e a n enough p r o d u c t 
could b e o b t a i n e d wi thout v a c u u m s u b l i m a t i o n of the . . scandium, t h e p r o c e s s 
would be v e r y a t t r a c t i v e . 

4 . 3 . 4 The F r e n c h P r o c e s s 

The m e t h o d d e s c r i b e d by A c h a r d and c o - w o r k e r s 7 w a s i d e n t i c a l • 
wi th t h e A m e r i c a n m e t h o d e x c e p t f o r t h e a d d i t i o n of t h e B a F 2 . T h i s add i t ion , 
however , - w a s p r o b a b l y s u p e r f l u o u s a s a c l e a n . m e t a l - s l a g . s e p a r a t i o n t a k e s 
p l a c e wi thout i t . T h e p r e s e n c e of B a F 2 only i n c r e a s e d t he -bu lk of t h e 
r e a c t a n t s , n e c e s s i t a t i n g , l a r g e r c r u c i b l e s and i n t r o d u c i n g a d d i t i o n a l i m p u r i t i e s . 
A c h a r d r e p o r t e d t'hat. t h e s c a n d i u m ingot w a s e a s i l y d e t a c h e d f r o m the t a n t a l u m 
c r u c i b l e , in c o n t r a d i s t i n c t i o n wi th o t h e r w o r k e r s who found s c a n d i u m t o 
a d h e r e to t h e c r u c i b l e . The s c a n d i u m w a s a l s o r e p o r t e d a s p r a c t i c a l l y f r e e 
f r o m c a l c i u m (0. 1%), and with a . t o t a l i m p u r i t y of 0. 2 p e r cen t . No v a c u u m 
s u b l i m a t i o n of t h e s c a n d i u m w a s done and the y i e l d s w e r e r e p o r t e d a s e x c e l -
l e n t . 

The p r o d u c t i o n of 99. 8 p e r cen t p u r i t y s c a n d i u m by. t h i s m e t h o d 
wi thout v a c u u m d i s t i l l a t i o n i s i m p r o b a b l e , and h a s b e e n q u e s t i o n e d by s e v e r a l 
w o r k e r s ( e . g . D e s s 1 3 ) . F i r s t l y , . no a n a l y s i s w a s m a d e of t h e n o n - m e t a l l i c 
i m p u r i t i e s and , s e c o n d l y , t h e d e n s i t y w a s g iven a s 3. 3 g c m " 3 , wh ich i s 
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10 p e r cent h i g h e r t h a n the v a l u e r e p o r t e d by o t h e r w o r k e r s , 4 ' 1 5 ' 1 9 s u g g e s t -
ing t h a t t h e h igh d e n s i t y m a y be due t o s e v e r a l p e r cent of t a n t a l u m i m p u r i t y . 
T o ob ta in a r e a l l y p u r e p r o d u c t , t h e r e f o r e , v a c u u m s u b l i m a t i o n h a s t o be 
r e s o r t e d to . F u r t h e r m o r e the p r o c e s s s h o w s no a d v a n t a g e s o v e r t h e u s u a l 
f l u o r i d e r e d u c t i o n m e t h o d . On t h e c o n t r a r y , t h e s u p e r f l u o u s a d d i t i o n of 
B a F 2 m a k e s it l e s s a t t r a c t i v e . 

4 . 4 The Z i n c Al loy Method 

T h e a d v a n t a g e of the m e t h o d of Spedding et a l 4 o v e r d i r e c t f l u o r i d e 
r e d u c t i o n is t h a t t h e r e a c t a n t s have t o be h e a t e d only t o 1100°C in o r d e r to 
ob ta in a m e t a l - s l a g s e p a r a t i o n . The s c a n d i u m - 6 0 p e r cent z i n c a l l o y w a s 
e a s i l y s e p a r a t e d f r o m t h e s l a g and t h e c r u c i b l e . The z i n c and e x c e s s 
c a l c i u m w e r e r e m o v e d r e a d i l y u n d e r v a c u u m . The s c a n d i u m c o n t a i n e d only 
t r a c e a m o u n t s of t a n t a l u m a s t h e t e m p e r a t u r e d u r i n g t h e e n t i r e p r e p a r a t i o n 
n e v e r e x c e e d e d 1200°C. T h e r e f o r e no v a c u u m d i s t i l l a t i o n of s c a n d i u m w a s 
n e c e s s a r y in o r d e r t o p r e p a r e a m e t a l of m o r e t h e n 99 p e r cent p u r i t y . 

One d i s a d v a n t a g e of t h i s p r o c e s s i s t ha t t h e bu lk of t h e r e a c t a n t s 
i s t h r e e t i m e s g r e a t e r t h a n in the d i r e c t r e d u c t i o n m e t h o d . L a r g e r c r u c i b l e s 
a r e r e q u i r e d and the i n t r o d u c t i o n of a d d i t i o n a l i m p u r i t i e s f r o m the e x t r a 
r e a g e n t s i s an e x t r a h a z a r d . 

Iya 8 e m p l o y i n g a z i n c a l l o y p r o c e s s u s e d ScCl 3 i n s t e a d of ScF 3 . 
t h e low y ie ld and t h e low s c a n d i u m content in the a l l oy could have b e e n due 
t o t h e low t e m p e r a t u r e s u s e d . a n d t h e p r e s e n c e of m o i s t u r e and oxygen in t h e 
s y s t e m . P e t r u 1 0 r e p o r t e d p o o r r e s u l t s in h i s i n i t i a l c h l o r i d e r e d u c t i o n s 
u n t i l he took g r e a t c a r e t o e x c l u d e m o i s t u r e and oxygen , when h i s r e s u l t s 
i m p r o v e d r e m a r k a b l y . H e n c e h i g h e r t e m p e r a t u r e s and r i g i d e x c l u s i o n of 
r e a c t i v e g a s e s would p r o b a b l y have r e s u l t e d in m u c h b e t t e r y i e l d s and 
g r e a t e r s c a n d i u m c o n c e n t r a t i o n s in t h e a l loy . 

I y a ' s m e t h o d would be of a d v a n t a g e , s i n c e it does not r e q u i r e L i F 
a s S p e d d i n g ' s m e t h o d d o e s , p r o v i d e d a g r e a t e r y i e ld and a b e t t e r s c a n d i u m 
c o n c e n t r a t i o n in the a l loy could be ob ta ined wi th s u f f i c i e n t p u r i t y t o m a k e t h e 
v a c u u m d i s t i l l a t i o n of s c a n d i u m u n n e c e s s a r y . O t h e r w i s e S p e d d i n g ' s m e t h o d 
o r the d i r e c t r e d u c t i o n p r o c e s s i s t o be p r e f e r r e d . H e f f e l s 1 3 ' 2 0 o b t a i n e d 
a l l o y s c o n t a i n i n g up t o 1 2 . 4 p e r cent s c a n d i u m , wi th y i e l d s of 66 p e r cen t . 
T h e h i g h e r y i e l d s and c o n c e n t r a t i o n of s c a n d i u m in t h e a l l oy w e r e p r o b a b l y 
due t o t h e h i g h e r t e m p e r a t u r e s ob t a ined by t h e b o o s t i n g e f f e c t f r o m t h e 
r e a c t i o n of t h e ZnCl 2 with c a l c i u m . T h i s i n d i c a t e s t ha t h i g h e r c o n c e n t r a t i o n s 
and y i e l d s shou ld a l s o be p o s s i b l e wi th I y a ' s m e t h o d , if h i g h e r t e m p e r a t u r e s 
w e r e e m p l o y e d . 

4. 5 T h e M a g n e s i u m Al loy Method 

I y a ' s w o r k d e s c r i b e d . i n s e c t i o n 3. 5 p r o d u c e d an a l loy in ingot 
f o r m and two t h i r d s of t h e m e t a l w a s c o n t a i n e d in t h e 14 p e r cent Sc a l loy . 
H e f f e l s 2 0 a l s o s t u d i e d t h e r e d u c t i o n of ScCl 3 wi th m a g n e s i u m and r e p o r t e d no 
s e p a r a t i o n b e t w e e n t h e S c - M g a l l oy and the MgCl 2 s l a g . The d e n s i t y d i f f e r -
e n c e s b e t w e e n the m e t a l and t h e s l a g a r e s m a l l , and s l igh t v a r i a t i o n s in 
i m p u r i t i e s ( e . g . c o n t a i n e r m a t e r i a l ) and a l l oy compos i t ion , m i g h t be d e c i s i v e 
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f o r t h e m e t a l - s l a g , s e p a r a t i o n , if a s e p a r a t i o n i s o b t a i n a b l e a t a l l . 
Iya a l s o r e p o r t e d the p r e p a r a t i o n of M g - S c a l l o y s c o n t a i n i n g up 

t o 10 p e r cent s c a n d i u m in the a l loy and y i e l d s of 35 p e r cent s c a n d i u m by t h e 
r e d u c t i o n . o f S c F 3 wi th e x c e s s i v e a m o u n t s of m a g n e s i u m . F o l l o w i n g a 
me thod , : . success fu l ly u s e d by C a r l s o n and c o - w o r k e r s 2 1 in t h e p r e p a r a t i o n of 
y t t r i u m , m e t a l , D e s s 1 3 t r i e d u n s u c c e s s f u l l y t o ob t a in a S c - M g a l l o y by t h e 
r e d u c t i o n of S c F 3 in t h e p r e s e n c e of m a g n e s i u m a s a l l o y i n g agen t and CaCl 2 

t o r e d u c e t h e m e l t i n g poin t of t h e s l a g . He hoped tha t a low m e l t i n g h igh 
S c - M g a l l oy could be ob t a ined at t e m p e r a t u r e s low enough t o m i n i m i s e the 
i n t r o d u c t i o n of i m p u r i t i e s f r o m . t h e t a n t a l u m c o n t a i n e r . • H o w e v e r , no m e l t -
ing of the m e t a l could be o b t a i n e d . a t t e m p e r a t u r e s u p . t o about 1400°C. 
S ince it w a s known t h a t s c a n d i u m wou ld .be c o n t a m i n a t e d b y t a n t a l u m at h i g h e r 
t e m p e r a t u r e s , D e s s did not p u r s u e t h i s l i ne any / fu r ther" . 

T h u s t h e d i r e c t r e d u c t i o n of s c a n d i u m h a l i d e s wi th m a g n e s i u m , 
wh ich would also, f u n c t i o n a s a n a l l o y i n g agent , , i s not v e r y p r o m i s i n g . 

5. - CONCLUSIONS AND R E C O M M E N D A T I O N S 

S c a n d i u m . m e t a l w a s f i r s t , p r e p a r e d by e l e c t r o l y s i s in 19371 , but 
t h e e l e c t r o l y t i c m e t h o d h a s not b e e n u s e d f o r s c a n d i u m m e t a l p r o d u c t i o n 
s i n c e , a l though it i s t h e s t a n d a r d m e t h o d . f o r t h e p r e p a r a t i o n of r a r e e a r t h 
m e t a l s and a l u m i n i u m . w h i c h s h a r e m a n y p r o p e r t i e s in c o m m o n wi th s c a n d i u m . 

T h e s e c o n d s c a n d i u m p r e p a r a t i o n m e t h o d u s e d w a s t h e r e d u c t i o n 
of a n h y d r o u s ScCl 3 wi th p o t a s s i u m 2 . T h e ' s e p a r a t i o n of t h e m e t a l f r o m t h e 
KC1 d u r i n g t h e r e d u c t i o n .was not a c c o m p l i s h e d , h o w e v e r , and a s t h i s m a y be 
d i f f i cu l t if not i m p o s s i b l e , t h e m e t h o d h a s not b e e n r e p e a t e d . The s t a n d a r d 
and m o s t s u c c e s s f u l m e t h o d f o r t h e p r e p a r a t i o n of s c a n d i u m m e t a l of m o r e 
t h a n 99 p e r cent p u r i t y i s t h e r e d u c t i o n of S c F 3 o r ScCl 3 wi th c a l c i u m at 
about 850°C. U s u a l l y t h e f l u o r i d e i s u s e d . a s it i s not h y g r o s c o p i c and is 
m o r e eas i ly , p r e p a r e d f r e e f r o m o x y h a l i d e s . T h i s m e t h o d , h o w e v e r , 
r e q u i r e s h igh t e m p e r a t u r e s (above 1550°C) in o r d e r t o m e l t t h e s c a n d i u m 
a n d . t o ob ta in a m e t a l - s l a g s e p a r a t i o n , a s w e l l a s t o d i s t i l t h e m e t a l . T h e 
only s u i t a b l e c r u c i b l e m a t e r i a l s a r e t a n t a l u m and t u n g s t e n , , though e v e n t h e s e 
m a t e r i a l s d i s s o l v e to s o m e ex t en t in l iqu id s c a n d i u m . 

T h e s c a n d i u m h a l i d e s h a v e a l s o b e e n r e d u c e d w i t h . l i t h i u m m e t a l 5 

i n s t e a d of c a l c i u m , y i e l d i n g b e t t e r r e s u l t s , bu t , owing t o the g r e a t e r d i f f i c u l t y 
of h a n d l i n g t h e l i t h i u m , c a l c i u m i s u s u a l l y p r e f e r r e d . • M a g n e s i u m h a s a l s o 
b e e n u s e d a s a r e duct ant and at t h e s a m e t i m e a s a n a l l o y i n g agen t , wi th t h e 
h o p e t h a t a low m e l t i n g a l l oy of Sc -Mg . would f o r m , e n a b l i n g l o w e r t e m p e r a -
t u r e s t o be employesd®'20 . T h i s m e t h o d w a s only p a r t i a l l y , s u c c e s s f u l , and 
it i s not u s e d at p r e s e n t . A m o r e s u c c e s s f u l m e t h o d i s t o r e d u c e t h e f l u o r i d e 
wi th c a l c i u m in t h e p r e s e n c e of z i n c a s a n a l l o y i n g a g e n t 4 ' 8 . High p u r i t y 
m e t a l h a s b e e n p r e p a r e d i n . t h i s way wi thout v a c u u m . d i s t i l l a t i o n of t h e 
s c a n d i u m b e c a u s e , at t he l o w e r t e m p e r a t u r e e m p l o y e d , t h e c r u c i b l e m a t e r i a l 
( t a n t a l u m o r t u n g s t e n ) does not d i s s o l v e in s c a n d i u m . A m o r e nove l a p p r o a c h 
i s t o r e d u c e t h e c h l o r i d e wi th c a l c i u m at 900°C and t o ob t a in a m e t a l - s l a g 
s e p a r a t i o n by d i s s o l v i n g thfi CaCl 2 wi th w a t e r 1 5 . R a t h e r i m p u r e m e t a l , 
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h o w e v e r , w a s ob ta ined and v a c u u m s u b l i m a t i o n had t o be r e s o r t e d to . T h u s 
s e v e r a l m e t h o d s f o r t h e p r e p a r a t i o n of s c a n d i u m m e t a l a r e a v a i l a b l e and t h e 
one a c t u a l l y c h o s e n m a y depend on t h e e q u i p m e n t and r e a g e n t s a v a i l a b l e . 
Sl ight v a r i a t i o n s of t h e s e m e t h o d s a r e a l s o p o s s i b l e . 

The r e d u c t i o n of s c a n d i u m f l u o r i d e wi th c a l c i u m , fo l l owed by 
v a c u u m d i s t i l l a t i o n , i s t h e m o s t w i d e l y u s e d m e t h o d , t h e r e f o r e it i s r e c o m -
m e n d e d a s t h e s t a n d a r d and s a f e p r o c e s s . If h igh t e m p e r a t u r e v a c u u m 
d i s t i l l a t i o n i s t o be avo ided , S p e d d i n g ' s z i n c a l l oy m e t h o d 4 would be t h e next 
c h o i c e . H o w e v e r , one m a y wi th p r o f i t t r y s e v e r a l v a r i a t i o n s of t h e e s t a b -
l i s h e d m e t h o d s in o r d e r t o s i m p l i f y t h e p r o c e s s e s and t o ob ta in a p u r e r p r o d u c t . 
One s u c h m e t h o d i s t h e r e d u c t i o n of the f l u o r i d e wi th l i t h i u m m e t a l i n s t e a d of 
c a l c i u m . L i t h i u m h a s a m u c h l o w e r m e l t i n g point (179°C) t h a n c a l c i u m 
(846°C) and , t h e r e f o r e , n e e d not be g round and m i x e d with the f l u o r i d e , but 
c a n be added in l a r g e l u m p s . T h i s r e d u c e d . h a n d l i n g shou ld l o w e r t h e oxygen 
p i c k - u p by the l i t h i u m m e t a l and h e n c e i n c r e a s e the p u r i t y of t h e s c a n d i u m . 
A n o t h e r p o s s i b l e a d v a n t a g e i s t h a t t h e s e p a r a t i o n of t h e m e t a l and t h e s l a g 
m a y t a k e p l a c e at a l o w e r t e m p e r a t u r e wi th l i t h i u m t h a n wi th t h e c a l c i u m 
r e d u c t i o n m e t h o d . When c a l c i u m s e r v e s a s t h e r e d u c t a n t , t h e c h a r g e h a s 
t o be h e a t e d above t h e m e l t i n g poin t of s c a n d i u m (1539°C) to ob ta in t h e 
m e t a l - s l a g s e p a r a t i o n , s i n c e C a F 2 m e l t s at 1360°C and t h e d e n s i t i e s of C a F 2 

and s c a n d i u m a r e v e r y s i m i l a r . With t h e l i t h i u m r e d u c t i o n , t h e L i F f o r m e d | 
h a s a d e n s i t y of 2. 3 g c m " 3 , c o m p a r e d wi th 2. 99 g c m " 3 f o r s c a n d i u m , and 
t h e m e l t i n g poin t of L i F i s only 870°C, t h e r e f o r e a s e p a r a t i o n ' o f t h e m e t a l 
and s l a g m a y t a k e p l a c e be low t h e m e l t i n g point of s c a n d i u m , p o s s i b l y at 
l e s s t h a n 1400°C, a t e m p e r a t u r e be low which t a n t a l u m d o e s not r e a c t r e a d i l y 
wi th s c a n d i u m . H e n c e no v a c u u m d i s t i l l a t i o n of s c a n d i u m wpuld be r e q u i r e d , 
s i n c e t h i s i s e m p l o y e d c h i e f l y t o s e p a r a t e t h e t a n t a l u m i m p u r i t y f r o m t h e 
s c a n d i u m . T h e l i t h i u m r e d u c t i o n m e t h o d would t h e r e f o r e not only l e a d to 
a p u r e r p r o d u c t ( l e s s oxygen, e tc ) but it would a l s o d i s p e n s e wi th t h e v a c u u m 
d i s t i l l a t i o n wh ich i s a v e r y e x p e n s i v e and t i m e - c o n s u m i n g p r o c e s s . H o w e v e r , 
g r e a t e r p r e c a u t i o n s w o u l d b e r e q u i r e d in h a n d l i n g l i t h i u m m e t a l t h a n a r e 
n e c e s s a r y wi th c a l c i u m . 

If in t h e l i t h i u m r e d u c t i o n m e t h o d t h e m e t a l - s l a g s e p a r a t i o n could 
not be a c c o m p l i s h e d be low t h e m e l t i n g point of s c a n d i u m and v a c u u m d i s t i l -
l a t i o n had t o be e m p l o y e d t o e l i m i n a t e the t a n t a l u m i m p u r i t y , S p e d d i n g ' s 
z i n c a l l o y m e t h o d could be m o d i f i e d t o y i e ld a n o t h e r s i m p l i f i e d p r o c e s s . 
T h e s c a n d i u m f l u o r i d e could be r e d u c e d wi th l i t h i u m i n s t e a d of c a l c i u m in 
t h e p r e s e n c e of z i n c t o f o r m a low m e l t i n g a l loy . T h e add i t i on of L i F t o 
l o w e r t h e m e l t i n g point of t h e C a F 2 s l a g would be u n n e c e s s a r y , a s t h e s l a g 
would, in t h i s c a s e be L i F i t s e l f . T h u s t h e s a m e r e s u l t could be a c h i e v e d 
a t a . l o w e r t e m p e r a t u r e wi thout t h e a d d i t i o n of L i F s i m p l y by s u b s t i t u t i n g 
l i t h i u m f o r c a l c i u m a s t h e r e d u c i n g a g e n t . T h e l i t h i u m would a g a i n be 
u s e d in l u m p f o r m , a s could t h e z i n c , s i n c e it m e l t s a t 410°C, a t e m p e r a t u r e 
t h a t i s f a r be low t h e r e d u c t i o n t e m p e r a t u r e ( ^ 850°C). 

An a l t e r n a t i v e m e t h o d t o t h e f l u o r i d e r e d u c t i o n wi th l i t h i u m i s t h e 
r e d u c t i o n of t h e c h l o r i d e which w a s u s e d by B l o c k and a s s o c i a t e s 2 2 in t h e 
p r e p a r a t i o n of y t t r i u m m e t a l . A f t e r the r e d u c t i o n , t h e s l a g , L i C l and 
s o m e l i t h i u m , w a s r e m o v e d f r o m t h e y t t r i u m , m e t a l by k e e p i n g t h e p r o d u c t s 
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at 900° u n d e r v a c u u m . f o r s e v e r a l h o u r s , when t h e L i C l and l i t h i u m d i s t i l l e d 
of f , l e a v i n g a n y t t r i u m s p o n g e . At t h i s t e m p e r a t u r e no c o n t a m i n a t i o n of t h e 
m e t a l wi th t h e c r u c i b l e m a t e r i a l took p l a c e , h e n c e no v a c u u m , d i s t i l l a t i o n of 
t h e m e t a l w a s r e q u i r e d . The s a m e m e t h o d could be a p p l i e d . t o s c a n d i u m , 
t h e only d i s a d v a n t a g e b e i n g t h a t t h e SeCl 3 i s d i f f i cu l t t o p r e p a r e f r e e f r o m 
o x y c h l o r i d e s and tha t it i s h y g r o s c o p i c , r e q u i r i n g a d r y a t m o s p h e r e at a l l 
t i m e s . If p u r e and d r y ScCl 3 . w e r e a v a i l a b l e , t h i s m e t h o d would be u s e f u l . 
A n o t h e r p o s s i b i l i t y wi th t h e c h l o r i d e i s t o - d i s s o l v e t h e L i C l s l a g . i n w a t e r 
a s L i C l i s qui te s o l u b l e . T h i s m e t h o d w a s u s e d by S p i t s y n 6 ' 1 5 , but a m e t a l 
b e l o w 99 p e r cent p u r i t y w a s ob t a ined . S ince in a l l t h e m e t h o d s d i s c u s s e d 
a b o v e t h e p u r i t y of t h e f i n a l p r o d u e t d e p e n d s on t h e p u r i t y of the r e a c t a n t s 
( e s p e c i a l l y wi th r e g a r d t o oxygen conten t ) , g r e a t c a r e m u s t be e x e r c i s e d 
in p r e p a r i n g and h a n d l i n g t h e s t a r t i n g m a t e r i a l s . The w e i g h i n g and m i x i n g 
of t h e r e a g e n t s m u s t be condu c t ed i n i n e r t a t m o s p h e r e g love b o x e s ( u s i n g 

• d r y and p u r i f i e d a r g o n o r h e l i u m ) . T h e c r u c i b l e and f u r n a c e shou ld be o u t -
g a s s e d and r e f i l l e d wi th i n e r t d r y g a s b e f o r e c h a r g i n g . The. s c a n d i u m 
h a l i d e s shou ld a l s o be o u t g a s s e d and p o s s i b l y s i n t e r e d t o r e d u c e t h e i r s u r f a c e 
r e a c t i v i t y . The r e d u c i n g meta l , , l i t h i u m o r c a l c i u m , shou ld be v a c u u m -
m e l t e d and v a c u u m - d i s t i l l e d o r , if v e r y p u r e m e t a l i ngo t s a r e a v a i l a b l e , 
t h e y shou ld be t a k e n out of t h e i r c o n t a i n e r s in an i n e r t a t m o s p h e r e d r y box, 
and put. s t r a i g h t into t h e o u t g a s s e d c r u c i b l e , a ! f t e r r e m o v a l of t h e i r o u t e r 
l a y e r s . T h e c h a r g e d c r u c i b l e shou ld be t r a n s f e r r e d a s q u i c k l y a s p o s s i b l e 
in to t h e f u r n a c e , , t h e r e a c t o r o u t g a s s e d a g a i n at about 500°C, and f i l l e d wi th 
d r y and p u r i f i e d a r g o n t o a t m o s p h e r i c o r n e a r l y a t m o s p h e r i c p r e s s u r e . 
T h e c r u c i b l e shou ld be c o v e r e d o r s e a l e d , and t h e h e a t i n g shou ld be done 
s l o w l y t o a l low p l e n t y of t i m e f o r t h e r e a c t i o n t o go to c o m p l e t i o n . With 
t h e d i r e c t r e d u c t i o n m e t h o d , t h e c h a r g e should, be h e a t e d above t h e m e l t i n g 
po in t of s c a n d i u m f o r a f e w m i n u t e s t o a l low a m e t a l - s l a g : s e p a r a t i o n t o t a k e 
p l a c e , and t h e n coo led and t h e s l a g s e p a r a t e d m e c h a n i c a l l y . The s c a n d i u m 
ingot shou ld t h e n be b r o k e n up in to s m a l l p i e c e s and h e a t e d v e r y s l o w l y t o 
s e v e r a l h u n d r e d d e g r e e s u n d e r v a c u u m t o e v a p o r a t e t h e v o l a t i l e i m p u r i t i e s , 
o r t h e z i n c if t h e z i n c a l l oy p r o c e s s i s u s e d . The m e t a l shou ld f i n a l l y b e 
m e l t e d u n d e r v a c u u m . 

The n o n - v o l a t i l e i m p u r i t i e s , s u c h a s t a n t a l u m and t u n g s t e n , c a n 
be s e p a r a t e d by d is t i l l ing , t h e s c a n d i u m m e t a l i t s e l f . Oxygen , h o w e v e r , 
cannot be e l i m i n a t e d e f f e c t i v e l y by e i t h e r d i s t i l l a t i o n o r v a c u u m m e l t i n g , 
and it u s u a l l y f o r m s , t h e m a i n i m p u r i t y in t h e s c a n d i u m . m e t a l (about 1000 p p m ) . 
But oxygen h a s b e e n r e d u c e d t o 150 p p m in y t t r i u m m e t a l by C a r l s o n et al2 1 

u s i n g a f u s e d s a l t e x t r a c t i o n t e c h n i q u e . C a r l s o n r e d u c e d Y F 3 wi th c a l c i u m , 
in t h e p r e s e n c e of m a g n e s i u m to f o r m a Y - M g a l loy , and wi th t h e a d d i t i o n 
of CaCl 2 t o f o r m a C a F 2 - C a C l 2 s l a g . T h e Y - M g a l l o y w a s p u r i f i e d by a d d -
ing t o . i t ' G a C V c o n t a i n i n g Y.F3 o r YC13 and h e a t i n g t o 950°C. The f u s e d 
s a l t - a l l o y m i x t u r e was; s t i r r e d f o r 3 0 . m i n u t e s . Oxygen w a s r e m o v e d by 
t h e Yi r 3 -CaGl 2 m i x t u r e , . and bo th oxygen and f l u o r i n e w e r e e x t r a c t e d by 
f u s e d YC13; t h e f l u o r i d e con ten t w a s a l s o l o w e r e d s u b s t a n t i a l l y by c o n t a c t . 
With CaCl 2 . 

T h e p u r e s t m e t a l w a s ob t a ined by e x t r a c t i n g wi th Y F 3 - C a C l 2 , 
f o l lowed by a. s e c o n d e x t r a c t i o n wi th YG13. F l u o r i n e w a s a l s o r e m o v e d by 
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e l e c t r o n b e a m m e l t i n g and zone r e f i n i n g of y t t r i u m m e t a l , but oxygen could 
not be r e m o v e d by t h e s e m e a n s . A s i m i l a r p u r i f i c a t i o n p r o c e s s shou ld 
l i k e w i s e w o r k f o r s c a n d i u m , though t h i s i s not r e p o r t e d in t h e l i t e r a t u r e . 

T h e s c a n d i u m m e t a l ob t a ined i s u s u a l l y in t h e f o r m of c r y s t a l s 
( f r o m v a c u u m s u b l i m a t i o n ) o r a m e t a l l i c sponge ( f r o m t h e a l l oy p r o c e s s ) . 
It. h a s t o be c o n s o l i d a t e d , t h e r e f o r e , i n to s o l i d i ngo t s . T h i s i s u s u a l l y 
done by a r c m e l t i n g u n d e r a r g o n , u s i n g a n o n c o n s u m a b l e t u n g s t e n e l e c t r o d e 
and a w a t e r - c o o l e d c o p p e r h e a r t h 1 5 , o r t h e m e t a l i s p r e s s e d in to e l e c t r o d e s 
f o r c o n s u m a b l e a r c m e l t i n g . T h i s i n v o l v e s s o m e loss , of the m e t a l a s t h e 
v a p o u r p r e s s u r e of s c a n d i u m i s s u f f i c i e n t l y h igh f o r about 10 p e r cen t of t h e 
m e t a l t o e v a p o r a t e and c o n d e n s e a r o u n d t h e i n s i d e of t h e f u r n a c e a s " f o g " . 
T h i s m e t a l h o w e v e r i s e a s i l y r e c o v e r e d 4 ' 1 2 ' 2 3 . 

T h e p u r e s c a n d i u m m e t a l h a s a s i l v e r y l u s t r e wi th a s l i gh t y e l l o w -
i s h t i n g e ; it i s qui te so f t and i s s u f f i c i e n t l y duc t i l e to be r o l l e d in to t h in 
s h e e t s wi thout a n n e a l i n g . I t s s t r u c t u r e i s h e x a g o n a l . T h e r e i s no a p p a r e n t 
r e a c t i o n of s c a n d i u m m e t a l wi th a i r at r o o m t e m p e r a t u r e , e v e n on s t a n d i n g 
f o r l ong p e r i o d s of t i m e . Sp i t syn 1 5 r e p o r t e d tha t t he m e t a l f o r m e d an oxide 
f i l m of about 600 A n g s t r o m u n i t s a f t e r e x p o s u r e t o a i r f o r 170 h o u r s at 
20°C. L o n g e r e x p o s u r e s did not r e s u l t in any i n c r e a s e d ox ida t ion . The 
s i m i l a r i t y t o a l u m i n i u m is e v i d e n t . N o t i c e a b l e ox ida t ion s t a r t e d at 250°C 
and b e c a m e r a p i d at h i g h e r t e m p e r a t u r e s . At s u c h t e m p e r a t u r e s s c a n d i u m 
r e a c t s a l s o , w i t h n i t r o g e n , c a r b o n and o t h e r c o m m o n e l e m e n t s . T h e p r o p e r -
t i e s of t h e m e t a l h a v e b e e n r e p o r t e d by a n u m b e r of w o r k e r s 4 ' 1 1 ' 1 2 ' 1 5 ' 1 9 ' 2 3 " 2 8 . 
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