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A B S T R A C T 

D i f f e r e n t m e c h a n i s m s a r e p r o p o s e d i n t h e l i t e r a t u r e t o 

d e s c r i b e t h e f o r m a t i o n a n d b e h a v i o u r o f i n c l u s i o n s d u r i n g 

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

- d i s s o l u t i o n i n t h e l i q u i d m e t a l o f t h e i n c l u s i o n s 

a l r e a d y p r e s e n t i n t h e e l e c t r o d e a n d t h e n r e n u c l e a t i o n 

i n t h e f r e e z i n g i n g o t . 

- t o t a l o r p a r t i a l d i s s o l u t i o n i n t h e s l a g . 

- e x c h a n g e r e a c t i o n s b e t w e e n i n c l u s i o n s i n t h e m e t a l 

a n d t h e s l a g . 

- e n t r a p m e n t i n t h e f r e e z i n g i n g o t o f p i e c e s o f s l a g s k i n 

o r d r o p l e t s o f s l a g . 

T h e m e c h a n i s m o f d i s s o l u t i o n o f a l u m i n a i n c l u s i o n s i n a 

7 0 / 3 0 C a F 2 / A l 2 0 ^ s l a g h a s b e e n s t u d i e d i n d e t a i l . F o r t h i s 

a n e w e q u i l i b r i u m d i a g r a m f o r t h e s y s t e m C a F 2 - A ^ O ^ h a s b e e n 

p r o p o s e d a n d t h e d i f f u s i o n c o e f f i c i e n t o f a l u m i n a i n t h e s l a g 

h a s b e e n d e t e r m i n e d b y t h e r o t a t i n g d i s k s y s t e m . I n a 7 0 / 3 0 

C a F 2 / A l 2 0 ^ s l a g a t 1 5 1 8 ° C t h e d i f f u s i o n c o e f f i c i e n t w a s 
- 9 2 - 1 e s t i m a t e d a s D = 8 . 5 1 0 m s e c 

C a l c u l a t i o n s o f t h e e x t e n t o f t h e d i s s o l u t i o n o f a l u m i n a 

p a r t i c l e s i n t h e s l a g p r e d i c t e d t h a t b i g p a r t i c l e s ( 8 0 0 u ) 

m i g h t d i s s o l v e o n l y p a r t i a l l y i n t h e s l a g . P a r t i c l e s o f t h i s 

s i z e w e r e i n t r o d u c e d a r t i f i c i a l l y i n e l e c t r o d e s , b u t a f t e r e l e c -



t r o s l a g remelting a much larger number of r e l a t i v e l y small 

(15 y max) alumina, iron aluminates and iron oxide inclusions 

were found i n the ingot. The same types of inclusions could 

also be observed i n ingots obtained af t e r remelting a Ferro 

Vac-E electrode. The presence of these inclusions cannot be 

explained by one the mechanisms proposed precedently (disso

l u t i o n i n the l i q u i d metal and then renucleation or p a r t i a l 

d i s s o l u t i o n i n the slag ) , but only by an e l e c t r o l y t i c oxida

t i o n and e l e c t r o l y t i c aluminum d i s s o l u t i o n on the electrodes 

and then nucleation of deoxidation products i n the freezing 

ingot. 
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GENERAL INTRODUCTION 

High-strength, tough, heat r e s i s t a n t , ball-bearing, 

s t a i n l e s s , instrumental and precision steels and alloys are the 

basis of the development of new technologies. The requirements 

set for the various special properties of these materials are 

increasing sharply. So, new metallurgical processes have to be 

designed to produce metals possessing such properties. The 

e l e c t r o s l a g remelting process i s a new method of increasing 

the q u a l i t y of metal, competing successfully with the other 

technological processes used i n the s t e e l industry, such as the 

vacuum arc remelting process. 

In order to improve the performances of the e l e c t r o s l a g 

remelting process, a better understanding of i t s metallurgical 

mechanisms i s necessary. In p a r t i c u l a r , since most physical 

properties of steels and alloys are held to be related to the 

i n c l u s i o n content of the metal, further knowledge on how i n c l u 

sions behave during processing should lead to a better control 

of these properties i n the product. The object of the present 

work i s to provide more information on i n c l u s i o n behaviour during 

e l e c t r o s l a g remelting. I t i s f i r s t necessary to make of review 

of the tools needed, and to make a synthesis of a l l the mechan

isms of formation and growth of inclusions, i n order to b u i l d 

a model for t h e i r removal during e l e c t r o s l a g remelting. The 

p a r t i c u l a r case of A^O^ inclusions has been chosen to i l l u s t r a t e 

some of the mechanisms involved. 



I. INCLUSIONS 

The presence of heterogeneous non-metallic inclusions 

i n s t e e l affects the physical properties of th i s s t e e l . This 

influence of inclusions i s d i f f i c u l t to assess for the s t e e l 

maker and steel-user, because many in t e r r e l a t e d factors are 

involved. However, only a better knowledge of the i r o r i g i n , 

and behaviour during r e f i n i n g can lead to improvements i n the 

control of t h e i r content i n the metal. 

(1) Influence of Inclusions on the Physical Properties  
of Steel 

Kiessling?" i n his book on inclusions describes present 

knowledge on the influence of inclusions on the physical 

properties of s t e e l s . 

The r e l a t i o n s h i p between these properties and the non-
1 2 

met a l l i c content of s t e e l i s governed by many factors ' 

- the shape of the inclusions 

- t h e i r size 

- t h e i r physical and chemical properties 

- t h e i r d i s t r i b u t i o n and orientation with reference 

to the applied stress 

- the physical properties of the parent metal and the 

r e l a t i v e modification of those properties i n the 

v i c i n i t y of the inclusions. 

Kiessling"'" points out the importance of the index of deforma-

b i l i t y which gives a measurement of the r e l a t i v e p l a s t i c i t y 



3 

of the s t e e l and the i n c l u s i o n s . 

I n c l u s i o n s are not always d e t r i m e n t a l to s t e e l p r o p e r t i e s . 

Thus, MnS i n c l u s i o n s are c o n s i d e r e d to be of advantage f o r the 

m a c h i n a b i l i t y of the s t e e l , because they a c t as s t r e s s - r a i s e r s 

i n the r e g i o n of the shear-plane of the swarf. T h e i r shape 

and s i z e i s of g r e a t importance. The l a r g e r g l o b u l a r MnS i n 

c l u s i o n s deform p l a s t i c a l l y (during machining), along shear 

planes of the swarf to some elongated s t r e s s - r a i s i n g p l a t e s , 

whereas the s m a l l e r ones become so t h i n t h a t t h e i r s t r e s s - r a i s i n g 

e f f e c t becomes n e g l i g i b l e . 

The i n f l u e n c e of i n c l u s i o n s on the f a t i g u e p r o p e r t i e s of 

s t e e l has been s t u d i e d f o r h i g h - s t r e n g t h and b a l l - b e a r i n g s t e e l s 

(A.I.S.I. s p e c i f i c a t i o n 52100 C 1%, Cr 1.5%). I n c l u s i o n s of 

low index of d e f o r m a b i l i t y such as c a l c i u m aluminates and 

A^O^ i n c l u s i o n s (index of d e f o r m a b i l i t y v=0) are most d e t r i 

mental. C a v i t i e s develop around c a l c i u m aluminates, i n c r e a s e 

the t e n s i l e s t r e s s i n t h e i r immediate v i c i n i t y and i n i t i a t e 
1 2 

c r a c k s ' . Sharp edged A^O^ i n c l u s i o n s are a l s o the n u c l e i 

of c r a c k s . 
3 

Duckworth and Ineson have s t u d i e d the i n f l u e n c e of i n 

c l u s i o n s i z e and p o s i t i o n on the f a t i g u e l i f e of b a l l b e a r i n g 

s t e e l . Surface i n c l u s i o n s of any s i z e , p r o v i d e d they are of the 

type which impairs f a t i g u e s t r e n g t h , are d e l e t e r i o u s . With 

f a i l u r e which o r i g i n a t e s j u s t below the s u r f a c e , the s i z e below 

which no e f f e c t on f a t i g u e i s observed i s 10 y. Deeper below 
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t h e s k i n , o n l y l a r g e i n c l u s i o n s can . cause f a i l u r e . 

I n c l u s i o n s have a l s o a s i g n i f i c a n t e f f e c t on o t h e r 

p h y s i c a l p r o p e r t i e s o f s t e e l s such as h o t - s h o r t n e s s , w h i c h i s 

t h e tendency t o b r i t t l e f r a c t u r e i n t h e h o t - f o r m i n g r a n g e , 

s u r f a c e f i n i s h , w e l d a b i l i t y , h o t - t e a r i n g , e t c . 

The e f f e c t o f i n c l u s i o n s w i t h a d i a m e t e r l e s s t h a n 1 u 

has been much l e s s s t u d i e d . However a c c o r d i n g t o K i e s s l i n g ^ " 

98% o f a l l o x i d e i n c l u s i o n s a r e s m a l l e r t h a n 0.2 u, a l t h o u g h 

t h e y r e p r e s e n t o n l y 1 t o 2% o f t h e t o t a l oxygen i n s t e e l . They 

may a c t as n u c l e i f o r p r e c i p i t a t i o n o f o t h e r p h a s e s , such as 

c a r b i d e s and i n f l u e n c e g r a i n - g r o w t h and g r a i n - b o u n d a r y movement. 

Many' p h y s i c a l p r o p e r t i e s may t h e r e f o r e be i n d i r e c t l y r e l a t e d 

t o t h e s e n o n - m e t a l l i c i n c l u s i o n s , v i s i b l e o n l y w i t h e l e c t r o n 

m i c r o s c o p e . 

(2) Problems o f A s s e s s i n g I n c l u s i o n s 

Numerous f a c t o r s and complex mechanisms i n t e r p l a y t o 

m o d i f y th e p h y s i c a l p r o p e r t i e s o f the s t e e l . From the s t e e l 

maker and s t e e l - u s e r p o i n t o f v i e w , th e q u e s t i o n i s t o know 

whether o r n o t a c e r t a i n s t e e l t h a t has been produced w i l l meet 

the r e q u i r e m e n t s f o r w h i c h i t has.been d e s i g n e d . 

4 

A l l m a n d g i v e s a complete r e v i e w o f methods f o r a s s e s s 

i n g n o n - m e t a l l i c i n c l u s i o n s i n s t e e l , s u p p o s e d l y r e l a t e d t o the 

p h y s i c a l p r o p e r t i e s o f t h e s t e e l . The two most w i d e l y used 
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m e t h o d s a r e t h e F o x a n d J e r n k o n t o r e t i n c l u s i o n c o u n t s . T h e 

b a s i s o f t h e s e m e t h o d s i s a v i s u a l c o m p a r i s o n o f i n c l u s i o n s 

e x a m i n e d b y m i c r o s c o p e o n a s a m p l e o f m e t a l w i t h s t a n d a r d c h a r t s . 

T h e c h a r t s o f t h e F o x c o u n t d o e s n o t t a k e i n t o a c c o u n t t h e t y p e 

o f i n c l u s i o n s , w h e r e a s t h e J e r n k o n t o r e t c o u n t d i f f e r e n t i a t e s 

b e t w e e n t y p e s o f i n c l u s i o n . A l s o , a l t h o u g h i t s u s e i s n o t a s 

s i m p l e a s t h a t o f t h e F o x c o u n t , t h e J e r n k o n t o r e t c o u n t g i v e s 

m o r e i n f o r m a t i o n s u c h a s f r e q u e n c y c u r v e s f o r e a c h t y p e o f i n 

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

c o m p a r i s o n m e t h o d s t h e y a r e s u b j e c t t o p e r s o n a l j u d g e m e n t . 

N o n e o f t h e s e e m p i r i c a l m e t h o d s i s c a p a b l e o f p r o v i d i n g a l l t h e 

i n f o r m a t i o n n e c e s s a r y i n a n i d e a l c o u n t f o r d e t e r m i n i n g t h e 

r e l a t i o n s h i p b e t w e e n i n c l u s i o n s a n d p h y s i c a l p r o p e r t i e s o f s t e e l . 
2 

T h u s , A t k i n s o n f i n d s n o r e l a t i o n b e t w e e n t h e F o x c o u n t a n d 

t h e f a t i g u e p r o p e r t i e s o f t h e s a m p l e s t h a t h e h a s e x a m i n e d . 
K i e s s l i n g ^ a n d S n o w ^ g i v e a c o m p l e t e r e v i e w o f t h e m e t h o d s 

a v a i l a b l e t o i d e n t i f y i n c l u s i o n s w i t h t h e m e t a l l o g r a p h i c m i c r o -
7 8 

s c o p e . I n c l u s i o n s c a n b e e x t r a c t e d b y d i f f e r e n t t e c h n i q u e s . ' 

T h e a c i d s o l u t i o n m e t h o d i s k n o w n t o i s o l a t e o x i d e s o n l y , 

p a r t i c u l a r i l y A ^ O ^ a n d S i C ^ . O t h e r p h a s e s c a n b e i s o l a t e d b y 

h a l o g e n s o l u t i o n s . T h e e l e c t r o l y t i c m e t h o d i s p e r h a p s t h e b e s t . 

I f a s a m p l e i s e l e c t r o l y z e d b e l o w t h e d e c o m p o s i t i o n p o t e n t i a l 

o f a p h a s e , t h i s p h a s e i s n o t d e c o m p o s e d . A n o d i c c o r r o s i o n o f 

t h e m a t r i x o c c u r s a r o u n d n o n - a t t a c k e d p a r t i c l e s o f t h i s p h a s e , 

w h i c h c a n t h u s b e i s o l a t e d . 
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The s i z e d i s t r i b u t i o n of i n c l u s i o n s can be measured by 

m i c r o s c o p i c or sedime n t a t i o n methods, but w i t h these techniques 

the a b s o l u t e number of p a r t i c l e s c o ntained i n a u n i t volume 

of specimen cannot be determined. The p a r t i c l e s i z e a n a l y z e r 

C o u l t e r Counter d e s c r i b e d by Yoshio Muyashita and Katsuhiko 
9 

Nistnkawa i s capable of g i v i n g t h i s i n f o r m a t i o n . The p a r t i c l e s 

are d i s p e r s e d i n an e l e c t r o l y t e i n a beaker equipped with two 

e l e c t r o d e s . One of them i s co n t a i n e d i n a s e a l e d g l a s s tube 

having a s m a l l h o l e . The e l e c t r o l y t e i s f o r c e d t o flow from the 

beaker t o the tube through the a p e r t u r e . As a p a r t i c l e t r a v e l s 

through the a p e r t u r e , the c r o s s - s e c t i o n a l area decreases and 

the c o r r e s p o n d i n g i n c r e a s e i n r e s i s t a n c e g i v e s a momentary drop 

i n the c u r r e n t flow which i s converted t o a p u l s e . A c c o r d i n g l y , 

the number of p a r t i c l e s and t h e i r s i z e d i s t r i b u t i o n can be de

termined from' the number and the h e i g h t s of the p u l s e s . In 

summary, the i n d u s t r i a l methods of a s s e s s i n g i n c l u s i o n s do not 

s a t i s f a c t o r i l y g i v e a r e l a t i o n s h i p with the p h y s i c a l p r o p e r t i e s 

of the s t e e l . But the i n f o r m a t i o n necessary t o b u i l d t h i s 

r e l a t i o n s h i p can be gi v e n by the methods of i d e n t i f i c a t i o n and 

measurement of the s i z e and d i s t r i b u t i o n of the p a r t i c l e s . The 

i n d u s t r i a l techniques of counting i n c l u s i o n s must be chosen to 

y i e l d the a p p r o p r i a t e i n f o r m a t i o n r e l a t e d t o the p a r t i c u l a r 

p h y s i c a l p r o p e r t i e s expected from the s t e e l . 
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( 3 ) Formation, Growth and Behaviour of I n c l u s i o n s During  
R e f i n i n g 

In o r d e r t o make a s t e e l of s p e c i f i e d p h y s i c a l p r o p e r t i e s , 

i t i s important to c o n t r o l , as much as p o s s i b l e , the mechanisms 

of f o r m a t i o n , growth and behaviour of these i n c l u s i o n s d u r i n g 

r e f i n i n g of the s t e e l . 

Besides the eroded r e f r a c t o r y p a r t i c l e s and other p i e c e s 

of d i r t c a r r i e d w i t h the l i q u i d stream i n t o the mould, i n c l u s i o n s 

can be c l a s s i f i e d i n t o two c a t e g o r i e s from the p o i n t of view of 

the mechanism of t h e i r f o r m a t i o n : 

- primary i n c l u s i o n s . These are r e a c t i o n products formed 

i n the melt, e.g. d e o x i d a t i o n p r o d u c t s . Those which are 

not f l o a t e d out of the l i q u i d b e f o r e s o l i d i f i c a t i o n w i l l 

w i l l remain i n the i n g o t . 

- secondary i n c l u s i o n s are formed d u r i n g c o o l i n g and 

s o l i d i f i c a t i o n . They are oxide i n c l u s i o n s formed d u r i n g 

f r e e z i n g because of the low s o l u b i l i t y of oxygen i n & -

f e r r i t e . They are a l s o s u l p h i d e s , n i t r i d e s and c a r b i d e s 

which d i s s o c i a t e r e a d i l y i n l i q u i d i r o n s o l u t i o n s . 

T o r s e l l ^ , Turkdogan"*"!, T u r p i n and E l l i o t t " ^ have s t u d i e d the 

mechanism of n u c l e a t i o n and growth of d e o x i d a t i o n p r o d u c t s . 

I n c l u s i o n s can form by homogeneous n u c l e a t i o n . In p a r t i c u l a r , 
12 

T u r p i n and E l l i o t t have shown t h a t v a r i a t i o n s i n the d e o x i -

d i z e r or oxygen s u p e r s a t u r a t i o n c o n c e n t r a t i o n s l e a d to the 
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nucleation of d i f f e r e n t oxide phases. For instance, i n the 

Fe-O-Al system homogeneous nucleation occurs with the formation 

of an i r o n aluminate low i n Al^O^ below approximatively 

0 . 0 1 % A 1 . Above approximately 0.03% Al, A^C^fs) is produced, and both 

of the above phases (and perhaps FeO A I 2 O 3 (hercynite)), are formed in the 

intermediate range. 

13 
T o r s e l l , C a t e l l i e r and Olette report however that the 

important supersaturation needed for homogeneous nucleation 

cannot be obtained experimentally and that the nucleation of 

i n c l u s i o n s can only be explained by a- mechanism of heteregen-

eous nucleation. 

Once they have attained the c r i t i c a l nucleus s i z e , i n 

clusions can grow by d i f f e r e n t mechanisms: 

- by d i f f u s i o n of oxygen or of the deoxidizer dissolved 

i n the melt. 

- by d i f f u s i o n a l coalescence, i . e . by d i f f u s i o n of oxygen 

from smaller inclusions which are not i n equilibrium 

with t h e i r surroundings. 

- by c o l l i s i o n s due to d i f f e r e n t v e l o c i t y of r i s e accord

ing to Stokes'law. Big inclusions moving faster may 

c o l l i d e with smaller .ones, break the iron f i l m between 

them and coalesce. 

- by c o l l i s i o n s due to s t i r r i n g which creates v e l o c i t y 

gradients. S t i r r i n g increases the number of c o l l i s i o n s , 

but i s generally not large enough to break up a p a r t i c l e , 

as reported by T o r s e l l . ^ 
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Secondary i n c l u s i o n s appear d u r i n g s o l i d i f i c a t i o n . 

F u r t h e r d e o x i d a t i o n r e a c t i o n s occur d u r i n g f r e e z i n g as oxygen 
14 

becomes l e s s and l e s s s o l u b l e i n the i r o n . The theory of 
n u c l e a t i o n a p p l i e s a l s o to the f ormation of oxide n u c l e i on 

12 
s o l i d i f i c a t i o n . The s o l i d i f i c a t i o n r a t e i s an important 
f a c t o r i n f l u e n c i n g the removal of i n c l u s i o n s . I t c o n t r o l s the 

15 

i n t e r d e n d r i t i c s p a c i n g . D e n d r i t e s are s o l i d p r o j e c t i o n s 

ahead of the f r e e z i n g i n t e r f a c e . I n c l u s i o n s may be trapped 

between two d e n d r i t e s or pushed ahead of the f r e e z i n g f r o n t , 

depending on t h e i r r e l a t i v e s i z e w i t h r e s p e c t to the i n t e r d e n -

r i t i c s p a c i n g . A l s o , the advancing i n t e r f a c e r e j e c t s s o l u t e s . 

The s o l u t e r i c h l i q u i d may be trapped w i t h i n the i n t e r d e n 

d r i t i c c e l l s , where the s o l u t e can p r e c i p i t a t e as i n c l u s i o n s . 
(4) A Modern Method of I n c r e a s i n g M e t a l Q u a l i t y ; The E l e c t r o 

s l a g Remelting Process 

In order to produce s t e e l s of s p e c i a l l y high p h y s i c a l 

p r o p e r t i e s , s e v e r a l methods are used, which i n p a r t i c u l a r favour 

c e r t a i n mechanisms t h a t c o n t r o l i n c l u s i o n f o r m a t i o n , s i z e and 

d i s t r i b u t i o n . They aim a t improving the q u a l i t y of the l i q u i d 

metal and the s t r u c t u r e of the i n g o t . The e l e c t r o s l a g remelt

i n g process,which i s the o b j e c t of the p r e s e n t work, i s one of 

these methods and i s a l r e a d y w i d e l y used. As i n the vacuum arc 

r e m e l t i n g p r o c e s s , v e r t i c a l s o l i d i f i c a t i o n favours the removal 

of i n c l u s i o n s . Although there i s a l e s s e r r e d u c t i o n of the 

gaseous content than by vacuum a r c r e m e l t i n g , the e l e c t r o s l a g 
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r e m e l t i n g p r o c e s s g i v e s s t e e l s and a l l o y s o f e q u i v a l e n t 

p h y s i c a l p r o p e r t i e s . 

The i n c r e a s e d d e n s i t y and homogeneity o f the m e t a l , the 

r e d u c t i o n o f i t s c o n t a m i n a t i o n by n o n - m e t a l l i c i n c l u s i o n s and , 

most i m p o r t a n t , the u n i f o r m d i s t r i b u t i o n o f these i n c l u s i o n s , 

a c h i e v e d as a r e s u l t o f e l e c t r o s l a g r e m e l t i n g , are h e l d to be 

r e s p o n s i b l e f o r a sharp r e d u c t i o n of the a n i s o t r o p y of the 

mechan i ca l p r o p e r t i e s of the s t e e l . A l s o , the p l a s t i c i t y a t 

n o r m a l , h i g h and low tempera tures i s i n c r e a s e d . The deform-

a b i l i t y o f h i g h l y a l l o y e d s t e e l s d u r i n g hot mechan i ca l wo rk ing 

and , the f o r g e a b i l i t y are improved because o f the p u r i t y o f the 

me ta l w i th r e s p e c t to n o n - m e t a l l i c i n c l u s i o n s and the absence 

o f c o a r s e , l i n e accumu la t i ons o f these i n c l u s i o n s . A l s o , t h e 

l i f e t i m e o f b e a r i n g s , p a r t i c u l a r i l y s e n s i t i v e to i n c l u s i o n 
3 

c o n t e n t and d i s t r i b u t i o n , i s s u b s t a n t i a l l y h i g h e r than tha t 

o f b e a r i n g s o f the u s u a l m e t a l . ^ ' ^ ' 
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I I . SCOPE OF THIS WORK: BEHAVIOUR OF INCLUSIONS DURING 
ELECTROSLAG REMELTING 

The p r e s e n t work i s concerned wi t h the behaviour of i n 

c l u s i o n s d u r i n g e l e c t r o s l a g r e m e l t i n g . D e s c r i p t i o n s of the 
16 ,17 ,19 

process are g i v e n i n v a r i o u s papers ' ' 

A metal e l e c t r o d e i s melted i n a molten f l u x p o o l , con

t a i n e d i n a w a t e r - c o o l e d mold. High c u r r e n t a t low v o l t a g e i s 

d e l i v e r e d through the e l e c t r o d e to the f l u x . J o u l e h e a t i n g of 

the f l u x enables i t to melt, t o remain at h i g h temperature and 

t o cause the m e l t i n g of the e l e c t r o d e . props of molten metal 

form at the t i p of the e l e c t r o d e . They go through the molten 

f l u x , are s o l i d i f i e d and form the i n g o t (Figure 1 ) . A t h i n 

s k i n of s l a g e x i s t s around the s l a g p o o l and the s o l i d i f y i n g 

i n g o t . The s t r u c t u r e of t h i s l a y e r , which i n f l u e n c e s the s u r 

f a c e q u a l i t y of the i n g o t , has been d i s c u s s e d by M i t c h e l l and 
20 

E t i e n n e . I t i s found to be dependent on the m e l t i n g r a t e of 

the e l e c t r o d e and on the m e l t i n g p o i n t of the s l a g . 

The l i q u i d metal i s i n c o n t a c t w i t h a s l a g and an impor

t a n t f e a t u r e of the e l e c t r o s l a g r e m e l t i n g process i s t h a t the 

metal p r e s e n t s a l a r g e s u r f a c e t o the s l a g throughout the 

o p e r a t i o n , f i r s t as i t flows along the t i p of the e l e c t r o d e to 

form a drop, then as the drop goes through the s l a g and f i n a l l y 

arrives at the slag/metal interface where it enters the metal molten pool above 

the s o l i d i f y i n g i n g o t . Moreover, although t h i s p o i n t has not 

y e t been e l u c i d a t e d , i t i s t o be b e l i e v e d t h a t the v a r i a t i o n s 
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F i g u r e 1 Schematic diagram of e l e c t r o s l a g r e m e l t i n g 
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i n i n t e n s i t y and d i r e c t i o n of the hig h d e n s i t y of c u r r e n t i n the 

p o o l might c r e a t e e l e c t r o m a g n e t i c f i e l d s , capable of s t i r r i n g 

the metal p o o l above the s o l i d i f y i n g i n g o t . 

In a d d i t i o n to an e v e n t u a l e l e c t r o m a g n e t i c s t i r r i n g , 

s t r o n g c o n v e c t i o n c u r r e n t s are c r e a t e d by the high temperature 

g r a d i e n t s e x i s t i n g i n the l i q u i d s l a g . In the c e n t r a l p a r t of 

the molten f l u x , the temperature i s i n the r e g i o n of 1700°C. At 

the w a l l of the watercooled mold, the s l a g i s found t o be s o l i d 

and t o form a s k i n . At the i n t e r f a c e l i q u i d s l a g - s o l i d s k i n the 

temperature i s the l i q u i d u s temperature of the s l a g (^1500°C 

f o r a 70/30 C a F ^ A ^ O ^ s l a g ) . In a mold of 2.5x10 m r a d i u s there 

i s a.temperature g r a d i e n t of the order of 8000°C m ^ . Thus, 

i n c l u s i o n s have many o p p o r t u n i t i e s of b e i n g caught i n c o n v e c t i o n 

c u r r e n t s , t o come i n t o c o n t a c t with the s l a g and to d i s s o l v e or 

r e a c t c h e m i c a l l y w i t h i t . 

I t i s r e p o r t e d t h a t the removal of i n c l u s i o n s can be 

accomplished s e l e c t i v e l y by the use of a p p r o p r i a t e f l u x e s . Thus, 

the removal of oxide i n c l u s i o n s (excluding s i l i c a t e s ) has been 

observed t o be favoured by hig h process temperatures u s i n g 

s l a g s of hig h e l e c t r i c a l r e s i s t a n c e such as 60% C a F 2 , 30% CaO, 

10% MgO, f o r i n s t a n c e . The removal of s i l i c a t e s i s best 
21 

achieved by u s i n g s l a g s i n the system CaF 2~CaO A^O^ . On 
the o t h e r hand a c i d i c s l a g s do not favour d e s u l p h u r i z a t i o n . 

22 

Holzgruber r e p o r t s t h a t i n l i m e - a l u m m a - f l u o r s p a r - s i l i c a s l a g s 

an i n c r e a s e i n the s i l i c a content leads t o a s t r o n g decrease of 

the alumina contents of the i n c l u s i o n s but on the other hand 



to b i g g e r i n c l u s i o n s r i c h i n S i 0 2 < The alumina content of the 

i n c l u s i o n s i n c r e a s e s w i t h i n c r e a s i n g alumina content of the 

s l a g . 

Some i n c l u s i o n s can d i s s o l v e i n t o the s l a g . Others, 

b e f o r e b e i n g exposed to the s l a g , can d i s s o l v e i n the l i q u i d 
23 

metal. T h i s l a s t mechanism has been p o i n t e d out by Kay and 
24 

M i t c h e l l . Thus s i l i c a or alumina i n c l u s i o n s can d i s s o l v e 

i n t o the metal 
S i 0 2 + t s i ] F e + ' 2 [ 0 ] F e ( 2 > 1 ) 

A 1 2 0 3 -* 2 t A l ^ F e
 + 3 t 0 ] F e ( 2 * 2 ) 

T h i s behaviour i s t o be expected from the temperature 

dependence of the s a t u r a t i o n s o l u b i l i t y of oxygen, s i l i c o n 
2 3 

and aluminum a c c o r d i n g to the equations (as g i v e n by Kay 

l o g [wt% 0 ] c , = 6 , 3 2 0 + 2.734 (2.3) 

2 
l o g [wt* S i ] [ w t % 0] = 2 9 ' 1 5 ° + 11.01 (2.4) 

T 

l o g [wt% A l ] 2 [wt% 0 ] 3 = 6 4 , 0 0 0 - 20.48 (2.5) 
T 



From these e q u a t i o n s , i t can be seen t h a t with i n c r e a s i n g 

temperature more s i l i c a and alumina can be taken i n t o s o l u t i o n . 

Exchange r e a c t i o n s between the s l a g and the metal can 

a l s o take p l a c e , such as 

2 ( A l 2 ° 3 ) s l a g +  3^- S ihe = 4 [ A l ] F e + 3 ( S i 0 2 ) 

(2.6) 

The extent t o which such a r e a c t i o n occurs depends on the com

p o s i t i o n and the temperature of the s l a g . A c c o r d i n g l y , an 

e l e c t r o d e c o n t a i n i n g alumina or s i l i c a i n c l u s i o n s can produce 

an i n g o t c o n t a i n i n g d i f f e r e n t r a t i o s of these two types of 

i n c l u s i o n s . 

During c o o l i n g and s o l i d i f y i n g , the metal i s super

s a t u r a t e d w i t h the s o l u t e s . A c c o r d i n g l y , they p r e c i p i t a t e as 

i n c l u s i o n s . 

That s o l i d i f i c a t i o n occurs mainly a x i a l l y i s an impor

t a n t f e a t u r e of the e l e c t r o s l a g r e m e l t i n g p r o c e s s . Thus i n c l u 

s i o n s may be pushed ahead of the ( s o l i d - l i q u i d ) i n t e r f a c e and 

be f l o a t e d out of the metal. Or they can be entrapped between 

the d e n d r i t e s , depending on the i n t e r d e n d r i t i c s p a c i n g , con

t r o l l e d by the r a t e of s o l i d i f i c a t i o n . The r a t e of s o l i d i f i 

c a t i o n i s p r o p o r t i o n a l t o the e l e c t r o d e feed r a t e , as expressed 

by the r e l a t i o n : 
2 

V = Ve - (2.7) 
D'2-d'2 
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V r a t e of s o l i d i f i c a t i o n of i n g o t 

Ve e l e c t r o d e feed r a t e 

D 1 i n g o t diameter 

d 1 e l e c t r o d e diameter 

The e l e c t r o d e feed r a t e , the v o l t a g e and the depth of 
16 

the s l a g c o n t r o l the depth of the metal p o o l . A x i a l 

d e n d r i t e s o b t a i n e d w i t h a shallow bath w i l l reduce the entrap

ment of i n c l u s i o n s . On the c o n t r a r y a deep bath, w i l l favour 

a c e r t a i n r a d i a l c r y s t a l l i s a t i o n . Moreover, i t w i l l induce 

c o n v e c t i o n c u r r e n t s which may help the p a r t i c l e s t o r i s e and be 

absorbed by the s l a g , but may a l s o r e j e c t them towards the 

s o l i d i f i c a t i o n f r o n t where they can be entrapped. 

I f the i n c l u s i o n s r i s e i n the metal bath a c c o r d i n g to 

Stokes' law, i n the absence of c o n v e c t i v e and e l e c t r o m a g n e t i c 

s t i r r i n g t h e i r r i s i n g speed should be g r e a t e r than the s o l i d i f i 

c a t i o n speed i n order f o r them not to be entrapped by the 

s o l i d i f i c a t i o n f r o n t . S t okes 1 law i s expressed as f o l l o w s : 

2 r2 pm - p i n c l . ,„ „, v = g- g r (2 .8) 

n v i s c o s i t y of the metal 

g g r a v i t y c onstant 

r r a d i u s of the p a r t i c l e 

p d e n s i t y of metal m J 

p . , d e n s i t y of p a r t i c l e m c l . 2 * 



17 

From equations (7) and (8), the s i z e of the i n c l u s i o n s t h a t 

can be removed may be c a l c u l a t e d w i t h r e s p e c t to the s o l i d i f i 

c a t i o n r a t e , as shown on F i g u r e 2, reproduced from r e f e r e n c e 19. 

From these c a l c u l a t i o n s , i t can be seen t h a t c o n v e c t i o n c u r r e n t s 

of the order of magnitude of 1 cm/sec are able to move the 

p a r t i c l e s a t a h i g h e r v e l o c i t y than t h a t p r e d i c t e d by Stokes' 

law. 

20 

M i t c h e l l and E t i e n n e have a l s o p o i n t e d out t h a t d u r i n g 

s o l i d i f i c a t i o n p a r t i c l e s of the s o l i d s l a g s k i n may sink t o 

the metal s u r f a c e and g i v e r i s e t o i n c l u s i o n s . 

In summary, the removal of i n c l u s i o n s d u r i n g the e l e c t r o 

s l a g r e m e l t i n g process i s h e l d t o depend on the composition of 

the s l a g and on the s o l i d i f i c a t i o n r a t e of the i n g o t . 

Scope of t h i s Work 

The o b j e c t of t h i s work i s to d e r i v e a model f o r the 

behaviour of i n c l u s i o n s d u r i n g e l e c t r o s l a g . r e m e l t i n g . As can 

be expected from the p r e c e d i n g review of the l i t e r a t u r e , the 

problem i s e x t e n s i v e . T h e r e f o r e , t h i s study w i l l be l i m i t e d to 

the case of A l 2 0 3 i n c l u s i o n s . 

Two steps are i n v o l v e d : 

(1) We must f i r s t determine t o what extent alumina 

d i s s o l v e s i n l i q u i d s l a g . A c c o r d i n g l y , the f i r s t 

step of t h i s work w i l l be t o determine the d i f f u s i o n 
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c o e f f i c i e n t o f a l u m i n a i n C a F ^ / b \ £ l i q u i d s l a g s . 

A n u m e r i c a l v a l u e o f t h e d i f f u s i o n c o e f f i c i e n t w i l l 

e n a b l e us t o c a l c u l a t e t h e e x t e n t t o w h i c h A l ^ O ^ 

i n c l u s i o n s d i s s o l v e d u r i n g c o n t a c t o f t h e l i q u i d m e t a l 

and t h e s l a g w i t h d i f f e r e n t models assuming d i f f e r e n t 

f l o w c o n d i t i o n s . 

(2) The second s t e p w i l l be t o i n t r o d u c e p a r t i c l e s a r t i 

f i c i a l l y i n an e l e c t r o d e and t o examine the i n g o t 

a f t e r e l e c t r o s l a g r e m e l t i n g . W i t h t h e h e l p o f t h e 

e l e c t r o n m i c r o p r o b e , i t w i l l be p o s s i b l e t o see what 

k i n d o f i n c l u s i o n s remain o r a r e formed. 



20 

I I I . DETERMINATION OF THE DIFFUSION COEFFICIENT 

(1) Mechanism of D i f f u s i o n i n Molten S a l t s 

The s l a g s used i n the e l e c t r o s l a g r e m e l t i n g process are 

mixtures of molten s a l t s , mainly oxides and f l u o r i d e s . The 

i o n i c s t r u c t u r e of molten s a l t s suggests some s i m i l a r i t i e s i n 

such p r o p e r t i e s as c o n d u c t i v i t y , v i s c o s i t y and d i f f u s i o n . 
25 

B o c k r i s d e s c r i b e s l i q u i d s not too f a r above the m e l t i n g p o i n t 

as having a s h o r t range s t r u c t u r e s i m i l a r i n many r e s p e c t s t o 

the s o l i d produced on f r e e z i n g , but l a c k i n g the long-range 

order of the s o l i d . He develops a l s o a "hole" theory of molten 
2 6 

s a l t s , a l s o d e s c r i b e d by S t i l l i n g e r . Holes would e x i s t t o a 

much g r e a t e r e x t e n t i n the l i q u i d than i n the s o l i d . Thus, 

t r a n s p o r t p r o c e s s e s , such as d i f f u s i o n or conduction c o u l d 

take p l a c e by p l a c e exchange of ions or t r a n s i t i o n s of ions 

i n t o v a c a n c i e s appearing next t o them. 

The N e r n s t - E i n s t e i n e q u a t i o n g i v e s a r e l a t i o n between 

d i f f u s i o n and c o n d u c t i o n : A . RT 
D . l (3.1) l 

A . 
1 

e q u i v a l e n t conductance 

z. l valence of the i o n 

s e l f d i f f u s i o n c o e f f i c i e n t 

F Faraday constant 

R thermodynamic co n s t a n t 

T a b s o l u t e temperature 



27 Borucka,Bockris and K i t c h e n e r have found w i t h molten sodium 

c h l o r i d e t h a t t h i s formula i s o n l y a p p l i c a b l e i f d i f f u s i o n and 

c o n d u c t i o n processes occur by the same mechanism, i . e . , migra

t i o n v i a s i n g l e v a c a n c i e s . He suggested t h a t d e v i a t i o n s from 

t h i s r e l a t i o n c o u l d be e x p l a i n e d by the f a c t t h a t d i f f u s i o n 

i n c l u d e s displacements of e n t i t i e s which do not c o n t r i b u t e to 

c o n d u c t i o n . 

The S t o k e s - E i n s t e i n equation r e l a t e s the c o e f f i c i e n t of 

d i f f u s i o n t o the v i s c o s i t y of the l i q u i d : 

D± = — — (3.2) 
6 IT n r j_ 

k Boltzmann's constant 

n v i s c o s i t y of the l i q u i d 

r ^ r a d i u s of the i o n or molecule t h a t d i f f u s e s 

27 
Good agreements are found w i t h t h i s formula. For an i o n i c 

mechanism, the e f f e c t i v e d i f f u s i o n c o e f f i c i e n t i s a s s o c i a t e d 

w i t h the D + v a l u e s f o r i n d i v i d u a l ions by a r e l a t i o n s h i p of 

the type: 
C + C 

D = — — (3 .3 ) 
C + C_ 

where C + are the c o n c e n t r a t i o n s of the i n d i v i d u a l i o n s . 
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(2) Methods of D e t e r m i n a t i o n of D i f f u s i o n C o e f f i c i e n t s  
In Slags 

Few sources g i v e v a l u e s of d i f f u s i o n c o e f f i c i e n t of 

s p e c i e s i n molten s a l t s . T h i s i s probably due t o the f a c t t h a t 

no simple method of d e t e r m i n i n g them i s known. 

2 8 

Towers and Chipman have measured the c o e f f i c i e n t of 

d i f f u s i o n of c a l c i u m and s i l i c o n i n a l i m e - a l u m i n a - s i l i c a s l a g , 

u s i n g a r a d i o a c t i v e t r a c e r technique. Two s l a g s of same compo

s i t i o n are brought i n t o c o n t a c t , one of them c o n t a i n i n g the 

r a d i o a c t i v e t r a c e r C a 4 5 or S i ^ . The experimental v a l u e s have 

a l a r g e s c a t t e r . For i n s t a n c e a t 1500°C the s c a t t e r i n g spread 

of p o i n t s g i v e s f o r the d i f f u s i o n c o e f f i c i e n t of c a l c i u m , values 
-10 2 -10 2 r a n g i n g from 1.25 10 m /sec to 4x10 m / s e c . 

29 30 31 

Russian workers ' ' have been u s i n g f o r many years 

e x t e n s i v e l y and w i t h success the r o t a t i n g d i s k system to measure 

the d i f f u s i o n c o e f f i c i e n t of s p e c i e s i n l i q u i d s . T h i s method 

has o n l y r e c e n t l y been used by western workers. The technique 

has a l s o been a p p l i e d t o determine the d i f f u s i o n c o e f f i c i e n t of 

oxides i n molten s a l t s . Table 1 reproduces some of the values 

found. 

The r o t a t i n g d i s k has been used i n t h i s work to determine 

the e f f e c t i v e d i f f u s i o n c o e f f i c i e n t of A l 2 0 3 i n b i n a r y C a F
2 ~ 

A l 2 0 3 s l a g s . For t h i s reason, i t w i l l be d i s c u s s e d i n d e t a i l 

i n the next s e c t i o n . 
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TABLE 1 

DIFFUSION COEFFICIENTS OF OXIDES IN MOLTEN OXIDE MIXTURES 

AT 1600°C (From Reference 28) 

s l a g composition oxide d i f f u s i o n c o e f f i c i e n t 
Q o -1 

D x l 0 y m sec 

a c t i v a t i o n 
energy 

-3 
ExlO J o u l e 
m o l e - 1 

CaO 40 w% s i o 2 0.72 375 

s i o 2 40 w% MgO 1.10 320 

A l 2 ° 3 20 w% A l 2 ° 3 0.17 330 

CaO 45 w% s i o 2 0.87 -
s i o 2 25 w% MgO 1.20 -
A l 2 ° 3 30 w% A l 2 ° 3 0.24 -
CaO 49 w% s i o 2 0.76 550 

s i o 2 9 w% MgO 1.80 280 

A 1 2 ° 3 42 w% A l 2 ° 3 0.30 -
CaO 48 w% s i o 2 2.30 -
s i o 2 0 w% MgO 3.50 -
A 1 2 0 3 52 w% A 1 2 0 3 1.10 -
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(3) The R o t a t i n g D i s k System 

32 

L e v i c h has s o l v e d the c o n v e c t i v e d i f f u s i o n e q u a t i o n 

under t h e f o l l o w i n g a s s u m p t i o n s ; 

a) t h e s o l u t e c o n c e n t r a t i o n o f t h e l i q u i d i s independent 

of r a d i a l and a n g u l a r p o s i t i o n , b u t i s s o l e l y dependent 

on t h e a x i a l d i s t a n c e from t h e d i s k s u r f a c e . 

b) a l s o t h e s t e a d y s t a t e t r a n s p o r t a c r o s s t h e d i f f u s i o n 

l a y e r i s assumed t o be e s t a b l i s h e d r a p i d l y . 

The e q u a t i o n can t h e n be w r i t t e n i n c y l i n d r i c a l c o o r d i n a t e s : 

v z <z> a§ = D <3-4> 
dz 

where V z ( 2 ) i s t h e a x i a l component o f t h e v e l o c i t y o f t h e l i q u i d , 

D t h e s o l u t e d i f f u s i o n and C t h e s o l u t e c o n c e n t r a t i o n . F o r 

h i g h Schmidt numbers (D <<v) t h e s o l u t i o n o f the e q u a t i o n has 

been found t o be: 

J = 6.2 D 2 / 3 v 1 / 6 o ) 1 / 2 ( C S a t - Co) (3.5) 

J maximum ( i n i t i a l ) mass f l u x o f s o l u t e i n 
-2 -1 kg m sec 

2 -1 
v k i n e m a t i c v i s c o s i t y o f t h e l i q u i d i n m sec 

a) a n g u l a r v e l o c i t y o f the d i s k i n r a d i a n s / s e c 
-3 

C c s o l u b i l i t y o f the s o l u t e i n t h e l i q u i d i n kg m 
b e l t 

Co i n i t i a l s o l u t e c o n c e n t r a t i o n i n the l i q u i d i n kg m 

The t h i c k n e s s o f t h e d i f f u s i o n boundary l a y e r i s g i v e n by: 
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D ( C S a t " C°> 
(3.6) 

o r s u b s t i t u t i n g (3.5) i n t o (3.6) 

6 = .161 £ ) 1 / 3 ( ^ ) 1 / 2 

v (J 
(3.7) 

(4) P r a c t i c a l A p p l i c a t i o n s o f t h e R o t a t i n g D i s k System f o r  
t h e D e t e r m i n a t i o n o f D i f f u s i o n C o e f f i c i e n t s 

B e s i d e s t h e d e t e r m i n a t i o n o f d i f f u s i o n c o e f f i c i e n t s i n 
29 30 31 

m o l t e n s a l t s p r e v i o u s l y mentioned ' ' , t h e r o t a t i n g d i s k 
3 3 

t e c h n i q u e has been a p p l i e d t o many systems. Thus, Kas s n e r 
has measured t h e c o e f f i c i e n t o f d i f f u s i o n o f t a n t a l u m i n t i n . 

34 
O l s s o n , P e r z a k and Koump have d e t e r m i n e d t h e d i f f u s i o n coe

f f i c i e n t o f a l u m i n a i n pure m o l t e n i r o n o x i d e . I n b o t h cases 

good agreement was found w i t h t h e p r e d i c t i o n o f a r a t e o f d i s s o -
1/2 

l u t i o n p r o p o r t i o n a l t o co / (square r o o t o f t h e a n g u l a r v e l o c i t y ) . 
35 

R i d d i f o r d makes comments on t h e p r a c t i c a l r o t a t i n g 

d i s k system and g i v e s a r e v i e w o f t h e l i t e r a t u r e on i t s a p p l i 

c a t i o n s . The t h e o r y assumes t h a t t h e d i s k i s o f i n f i n i t e r a d i u s 

and zero t h i c k n e s s . I n p r a c t i c e , i n o r d e r t o g e t a c c u r a t e 

r e s u l t s , t h e e x p e r i m e n t e r must t r y t o g e t as c l o s e as p o s s i b l e 

t o t h e s e i d e a l c o n d i t i o n s . The d i s k must not be s t i r r e d t o o 

c l o s e t o t h e c o n t a i n e r , t o i n s u r e f l o w c o n d i t i o n s c l o s e t o the 

i d e a l c a s e . The edge e f f e c t must be reduced as much as p o s s i b l e 

by u s i n g d i s k s w h i c h a r e t h i n w i t h r e s p e c t t o t h e i r r a d i u s . A 

r a t i o o f 30 between t h e r a d i u s o f t h e d i s k and i t s t h i c k n e s s i s 
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quoted as e l i m i n a t i n g the edge e f f e c t . In a d d i t i o n , t h e diameter 

of the s t i r r i n g s h a f t should be as s m a l l as p o s s i b l e . A r a t i o 

of 3 . 5 of the diameter of the d i s k t o t h a t of the s h a f t i s a 

minimum to get s u i t a b l e r e s u l t s . Other d e s i g n f a c t o r s are 

the smoothness of the d i s k and the e c c e n t r i c i t y of the r o t a t 

i n g system. There i s a l s o probably i n t e r a c t i o n between the 

f l u i d flow i n the upper and lower h a l v e s of the system. A l l 

these f a c t o r s have an i n f l u e n c e on the accuracy of the r e s u l t s . 

The system must be designed c a r e f u l l y i n order to minimize a l l 

these e f f e c t s . 
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IV. THERMODYNAMICS OF THE SYSTEM C a F 2 - A l ^ 

The experimental d e t e r m i n a t i o n of the d i f f u s i o n coe

f f i c i e n t of alumina i n C a F 2 - A 1 2 0 3 m i x t u r e s , u s i n g the r o t a 

t i n g d i s k system, was conducted w i t h 70/30 and 80/20 C a F 2 / A l 2 0 3 

s l a g s c o n t a i n e d i n g r a p h i t e c r u i c i b l e s under an atmosphere of 

argon. Two p o i n t s must be s t u d i e d c l o s e l y : 

a) the s t a b i l i t y o f the s l a g w i t h r e s p e c t to the 

for m a t i o n of v o l a t i l e compounds between C a F 2 and 

AlvjO^ and of c a r b i d e s w i t h the g r a p h i t e of the 

c r u c i b l e 

b) the l i q u i d u s l i n e of the b i n a r y C a F 2 - A l 2 ° 3 

diagram. 

(1) S t a b i l i t y of the CaF^ - Al,,0 3 Mixture 

24 

M i t c h e l l has s t u d i e d the problem of the s t a b i l i t y of 

the C a F 2 - A l 2 0 3 system. The f o l l o w i n g r e a c t i o n s must be ex

amined f o r our p r a c t i c a l case: 

3 C a F 2 + A 1 2 0 3 = 2 A l F 3 (g) + 3 CaO (4.1) 

Ca F 0 + A1-0-. + 2 C(gr) = 2 A l F , , + CaO + 2 CO (4.2) 2 2 3 3 (g) 

( C a O ) C a F + 3 C(gr) = ( C a C ^ . ^ + CO (4.3) 

2 ( ^ ' c a F - ^ 9 C ( * r ) = ( A l 4 C 3 ) C a F 2
 + 6 C 0 ( 4 ' 4 ) 

The f r e e e n e r g i e s of r e a c t i o n can be c a l c u l a t e d from the data 
3 6 37 

of f r e e energy of form a t i o n of oxides , c a r b i d e s , and 
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3 8 f l u o r i d e s . They have been . c a l c u l a t e d at 1500°C and 1600°C, 

which i s the range of temperature of the experiments. 

Fo r the f o r m a t i o n of A l F ^ (g) w i t h the stochiometry of 

r e a c t i o n (4.1) , the free, e n e r g i e s a r e : 

at 1500°C A F i 5 o o = + 5 7 5 x l 0 3 J o u l e s (138 Kcal) 

at 1600°C A F i 6 o o = + 5 1 0 x l ° 3 J o u l e s (122 Kcal) 

The C a F 2 - A l 2 0 3 b i n a r y system forms a e u t e c t i c . So the v a l u e s 

of the a c t i v i t i e s should be s l i g h t l y h i g h e r than the i d e a l 

v a l u e s . We can take a,, n - a_, _ = 1 . Furthermore, the 
AI2O3 CaF2 

i n d u s t r i a l C a F 2 used i s found t o c o n t a i n about 1% CaO. So the 
-2 

a c t i v i t y of CaO can be assumed to be a(-.aQ - 10 • T h i s g i v e s 

an e s t i m a t i o n of the p a r t i a l p r e s s u r e of A l F ^ 
at 1500°C P A l F = 0.3Nm~2 (3xl0~ 6atm) 

at 1600°C P A 1 F = 7 Nm - 2 (7xl0~ 5atm) 

The f o r m a t i o n of A l F ^ can t h e r e f o r e be n e g l e c t e d . For the 

f o r m a t i o n of A l F w i t h the stochiometry of r e a c t i o n (4.2), the 

f r e e e n e r g i e s a r e : 

a t 1500°C A F 2
 nr,0„ = + 368-xlO 3 J o u l e s (88 K c a l ) 

at 1600°C A F 2 „ _ 0 o = + 3 0 0 x l 0 3 J o u l e s (72 K c a l ) 

Assuming t h a t i n the g r a p h i t e c r u c i b l e , u n d e r an argon atmosphere, 
4 -2 -1 

P c 0 i s approximative l y 10 Nm (10 atm) and t a k i n g 



f o r the same reasons as p r e v i o u s l y a_, _ - a,. ' an e s t i m a t i o n 
c J CaO AI2O3' 

of P, n r, can be o b t a i n e d A l F 

a t 1500°C p
A i F = 1 0 0 N m ~ 2 (10~ 3atm) 

a t 1600°C P A 1 F = 500 Nm - 2 (5xl0 _ 3atm) 

The f o r m a t i o n of A l F ( g ) can a l s o be n e g l e c t e d . By comparison, 

the vapor p r e s s u r e of C a F 2 a t these temperatures has been 
39 

c a l c u l a t e d , t a k i n g the r e s u l t s of Shulz and Searcy 

a t 1500°C P„ _ = 30 Nm - 2 (3xl0 _ 4atm) 
ca* 2 

a t 1600°C P C a F 2 = 150 Nm - 2 (1.5xl0 - 3atm) 

The v a p o r i z a t i o n of C a F 2 i s a l s o n e g l i g i b l e . The f r e e energy 

of r e a c t i o n f o r the f o r m a t i o n of CaC 2 w i t h the stochiometry of 

the r e a c t i o n (4.3) has been c a l c u l a t e d : 

a t 1500°C A F i 5 0 0 ° C = + 1 4 2 x 1 0 J o u l e s (34 K c a l ) 

at 1600°C A F i 6 0 0 ° C = + 1 0 9 x l ° 3 J o u l e s (26 K c a l ) 

4 - 2 - 1 

T a k i n g a l s o P C Q = 10 Nm (10 atm) and assuming t h a t a C a 0 

i s not g r e a t e r than 1 0 - 1 , the a c t i v i t y of CaC 2 can be estimated 
at 1500°C a C a C = 8 x l 0 - 3 

a t 1600°C a C a C = 3 x l 0 _ 2 

The f o r m a t i o n of C a C 2 , t h e r e f o r e , i s not very s i g n i f i c a n t . 
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The f r e e energy of r e a c t i o n f o r the for m a t i o n of A l ^ C ^ 

wit h the stochiometry of r e a c t i o n (4.4) has been c a l c u l a t e d : 

a t 1500°C A F 1 5 0 0 ° C = 4 9 2 x l ° 3 J o u l e s (114 Kcal) 

at 1600°C A F160.0°C = 3 1 0 x l ° 3 J o u l e s (74 Kcal) 

4 - 2 - 1 Takin g a l s o P_,_ = 10 Nm (10 atm) and a,., - 1 , t h i s g i v e s 
C U Ax2v J - j 

f o r a,., „ A I 4 C 3 

a t 1500°C a A , n = I O - 8 

A I 4 C 3 

a t 1600°C a., r = 2 . 5 x l 0 ~ 3 

A i r 3 

No s i g n i f i c a n t q u a n t i t y of A l ^ C ^ can be formed. 

(2) E q u i l i b r i u m Diagram For the System CaF^ - Al^O^ 

In the C a F 2 - A l 2 0 3 system, the presence of compounds 

between CaO and A 1 2 0 3 such as CaO - A l 2 0 3 , CaO - 2 A l 2 0 3 , 

3 CaO - 5 A l 2 0 3 and CaO - 6 A l 2 0 3 can be e x p l a i n e d by the 

fo r m a t i o n of CaO by r e a c t i o n s (4.1) and (4.2) and a l s o the 

f o l l o w i n g r e a c t i o n : 

C a F 2 + H 20 •= ( C a O ) C a p + 2 HF (g) (4.5) 

I t i s t h e r e f o r e d i f f i c u l t t o get a b i n a r y diagram f o r the 

system C a F 2 - A l 2 0 3 because of the for m a t i o n of d i f f e r e n t 

amounts of CaO and, thereby, of c a l c i u m aluminates. In the 

l i t e r a t u r e d i f f e r e n t phase diagrams have been proposed and 

d i f f e r e n t phases i d e n t i f i e d . 



• 31 

40 

Kuo Chu-Kun and Yen Tung-Sheng have studied the phase 

equilibrium relationships i n the system CaF2 - A ± 2 ° 3 t n e 

quenching method, and they have i d e n t i f i e d the phase CaO -

2 A l 2 0 3 . They c i t e other workers as finding s o l i d solutions of 

CaF 2 and A l 2 0 3 (Pascal) or compounds C a A l 2 0 3 F 2 and CaF 3 - 5 A l 2 0 3 

For the present study, the knowledge of an accurate bin

ary diagram i s very important i n order to calculate the d i f f u 

sion c o e f f i c i e n t . A binary diagram has been determined from 

the cooling curves of d i f f e r e n t compositions of the binary 

CaF 2 - A l 2 0 3 . Such a determination i s d i f f i c u l t , mainly because, 

as the concentration of A l 2 0 3 increases, the break on the 

cooling curve for s t a r t i n g s o l i d i f i c a t i o n becomes less noticeable 

Also there may be a substantial amount of supercooling. The 

diagram obtained i s shown on Figure 3. Figure 4 gives a com

parison of t h i s diagram with those obtained by Kuo Chu-Kun 
40 

and Yen Tung-Sheng and Pascal. Extrapolation to 100% 

A l 2 0 3 of the liquidus l i n e obtained i n t h i s work would give a 

temperature around 1870°C which does not correspond to the 

melting point of A l 2 0 3 (m.p. 2040°C) r but might correspond to 

the incongruent melting point of calcium hexaluminate. This 
41 

compound has been studied by Buist . Calcium hexalumimate 

forms i n the binary system CaO - A l 2 0 3 with 9.3% of CaO, so 

that i n the mixture CaF 2 - A l 2 0 3 for compositions 80/20 and 

70/30 of these two components, a r e l a t i v e l y small amount of 

CaO (2 to 3%) could lead to the formation of calcium hexaluminate 

Therefore, t h e o r e t i c a l l y the diagram could be i n fact a CaF„ -
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1 0 20 3 0 4 0 

A L 2 Q 3 W e i g h t X 

F i g u r e 3 CaF 2 - Al 2C>3 b i n a r y diagram determined i n t h i s 
work 
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CaO - 6 A^O-j pseudo-binary diagram. 

The s o l i d mixture of a 60/40 C a F 2 / A l 2 0 3 s l a g has been 

examined by X-Ray powder d i f f r a c t i o n . The r e s u l t s are r e p o r t e d 

i n Appendix I. The l i n e s of C a F 2 appear very c l e a r l y . Those 

of A l 2 0 3 are weak and d i f f u s e . Some l i n e s c o u l d not be 

i d e n t i f i e d . They do not correspond t o any r e p o r t e d s e t of l i n e s 

f o r c a l c i u m aluminates. I t should be a l s o p o i n t e d out t h a t the 

X-Ray powder data f o r c a l c i u m hexaluminate given i n the l i t e r a 

t u r e are o f t e n c o n t r a d i c t o r y . In a d d i t i o n they are very c l o s e 

t o the Al 20.j d a t a . There i s a s u b s t a n t i a l s o l u b i l i t y between 

c a l c i u m hexaluminate and alumina and, as they are of s i m i l a r 

s t r u c t u r e , the powder d i f f r a c t i o n l i n e s would move s l i g h t l y but 

not be of markedly d i f f e r e n t spacings going from alumina to 

c a l c i u m hexaluminate. 



V. EXPERIMENTAL DETERMINATION OF THE DIFFUSION COEFFICIENT 

(1) D e s c r i p t i o n of the Apparatus 

The apparatus i s shown schematically on F i g u r e 5. A 

-2 -2 

g r a p h i t e c r u c i b l e (3.5 10 m i n diameter, 5 10 m high) c o n t a i n 

i n g the s l a g i s heated by an i n d u c t i o n c o i l o u t s i d e a s i l i c a 

tube. An alumina sheath p r o t e c t i n g a thermocouple (platinum, 

p l a t i n u m 10% rhodium) holds the c r u c i b l e i n the middle r e g i o n 

of the c o i l . . The c r u c i b l e i s surrounded on i t s s i d e s , above 

and underneath by two l a y e r s of g r a p h i t e f e l t . The s i l i c a tube 

r e s t s on a water-cooled brass p l a t e . The alumina thermocouple 

sheath i s h e l d i n a pyrex tube; i t passes through a copper tube 

brazed i n the middle of the brass p l a t e and i s h e l d by a s l i d i n g 

0 - r i n g s e a l . Thus, the c r u c i b l e which r e s t s on the alumina 

thermocouple sheath may be p o s i t i o n e d i n the apparatus along a 

v e r t i c a l a x i s . The pyrex tube i s p r o v i d e d w i t h an i n l e t f o r the 

argon. Another water-cooled brass p l a t e c l o s e s the s i l i c a tube 

at the top. I t i s p r o v i d e d w i t h an o u t l e t f o r the argon and i t 

holds the r o t a t i n g s h a f t . T h i s i s composed of two p a r t s . The 
_ 3 

molybdenum s h a f t (2.4 10 m i n diameter) holds the alumina 
03 

d i s k on a p l a t e (6.4 10 m i n diameter) f i x e d a t i t s t i p . A 

square shaped t i p ensures t h a t the d i s k s p i n s a t the same speed 

as the s h a f t . A p i n which can be removed a f t e r each run holds 

t h i s molybdenum s h a f t to a s t e e l s h a f t . A p u l l e y f i x e d a t the 

top of the s h a f t holds i t on brass top p l a t e . A rubber b e l t 

connects t h i s p u l l e y t o the motor. The motor i s a 

"Motomatic" E-550 MGHP equipped with a tachogenerator feed-back 

speed c o n t r o l system. I t s speed ranges between 0 to 500 r.p.m. 



P U L L E Y to M O T O R 

G A S O U T L E T 

F i g u r e 5 Schemat ic d iagram of the r o t a t i n g d i s k apparatus 
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(2) P r e p a r a t i o n of the Disks 

The d i s k s were cut from s i n t e r e d alumina p l a t e s with 
-2 

the u l t r a s o n i c d r i l l . T h e i r diameter was 2.05 10 m and t h e i r 
-4 

t h i c k n e s s 5 10 m and they had a square hole i n t h e i r c e n t e r 
-4 -4 

(.39 10 m x .39 10 m) to f i t the square shaped t i p of the 
) 

molydenum s h a f t . A s p e c i a l t o o l was made f o r the u l t r a s o n i c 

d r i l l i n order to c u t a t the same time the d i s k and the square 

hole out of the alumina p l a t e s . T h i s ensures t h a t r o t a t i o n a l 

e c c e n t r i c i t y i s minimized. 
(3) Experimental Procedure 

The components of the C a F 2 - A^O^ s l a g were p l a c e d i n 

the g r a p h i t e c r u c i b l e , C a F 2 i n p r e f u s e d lumps and A^O^ i n powder. 

The d i s k was s e t on the s h a f t and s e v e r a l r i n g s of molybdenum 

wire r e s t e d on i t s upper s u r f a c e i n order to ensure t h a t the 

d i s k d i d not f l o a t on the s u r f a c e of the s l a g by s u r f a c e t e n s i o n , 

when i n t r o d u c e d i n t o the s l a g . The c r u c i b l e was s e t i n the 

furnace j u s t under the d i s k . The temperature i n the furnace was 

c o n t r o l l e d by the p l a t i n u m - platinum 10% rhodium thermocouple. 

The temperature of the s l a g was determined with a tungsten 3% 

rhenium - tungsten 25% rhenium thermocouple p r o t e c t e d by a boron 

n i t r i d e sheath. Once the s l a g was brought to the chosen temper

ature and maintained at t h i s temperature, the alumina tube was 

l i f t e d i n order to immerse the r o t a t i n g d i s k i n t o the s l a g . At 

the same time a timer was s t a r t e d . At the end of the run, as 

the alumina tube h o l d i n g the c r u c i b l e was lowered, the timer was 

stopped. 
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The d i s k s were spun f o r times r a n g i n g between 24 and 

65 seconds and r o t a t i n g speeds between 50 r.p.m. and 400 r.p.m. 

Because of the e l e c t r o m a g n e t i c f o r c e s on the s h a f t c r e a t e d by 

the i n d u c t i o n f i e l d i n the c o i l , i t was sometimes d i f f i c u l t to 

s t a b i l i z e the r o t a t i n g speed a t i t s s e t v a l u e . A f t e r c o o l i n g 

down the f u r n a c e , the d i s k was found covered with some s l a g 

which had f r o z e n on i t s upper and lower s u r f a c e s . T h i s f r o z e n 

s l a g was d i s s o l v e d i n a mixture of molten Na2CC>3 and K^CO^ 

(anhydrous) c o n t a i n e d i n a p l a t i n u m c r u c i b l e with about the 

e u t e c t i c composition of these two s a l t s ( e u t e c t i c composition 
42 

44 mol% of K 2 C 0 3 , e u t e c t i c temperature 710°C). The mixture 

Na2CC>3 - K2CC>3 d i s s o l v e s CaF 2 but not A12C>3. I t took 15 to 30 

minutes to d i s s o l v e the s l a g , then the d i s k was washed i n a 

s o l u t i o n of h y d r o c h l o r i c a c i d which d i s s o l v e s Na2CC>3 and K 2 C 0 3 . 

A p r e l i m i n a r y t e s t had been done with a p i e c e of alumina p l a t e 

which had not been d i s s o l v e d i n the C aF 2 - A12C>3 s l a g i n order 

to ensure t h a t i t d i d not d i s s o l v e d u r i n g c l e a n i n g i n the 

Na2CC>3 - K 2 C 0 3 mixture and i n the a c i d s o l u t i o n . The disks could 

then be weighed and t h e i r weight l o s s c a l c u l a t e d . 

(4) R e s u l t s 

The experiments were conducted i n a 70/30 C a F ^ A ^ C ^ 

s l a g a t temperatures measured a t 1518°C and 1509°C and i n a 

80/20 CaF 2/Al 2C> 3 s l a g a t 1500°C. The experimental data are 

g i v e n i n Appendix I I , I I I and IV. The mass f l u x per second 

i n the three d i f f e r e n t cases has been p l o t t e d versus the square 
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r o o t of the r o t a t i n g speed of the d i s k on F i g u r e s 6, 7 and 8. 

The d i f f u s i o n c o e f f i c i e n t can be c a l c u l a t e d knowing the 

sl o p e o f the l e a s t square l i n e p a s s i n g through the o r i g i n and 

u s i n g L e v i c h ' s e q u a t i o n (3.5). 

J = 6.2 D 2 / 3 v ~ 1 / 6
 L O 1 / 2 (C s - C Q) (3.5) 

F i r s t the l e a s t square l i n e p a s s i n g through the experimental 

p o i n t s was c a l c u l a t e d but i n order t o f i t equation (3.5), the 

l e a s t square l i n e p a s s i n g through the o r i g i n of the c o o r d i n a t e s 

was a l s o determined by adding s e v e r a l times the o r i g i n i n the 

s t a t i s t i c s o f the experimental p o i n t s . The working s u r f a c e of 

the d i s k was c a l c u l a t e d from the c h a r a c t e r i s t i c s of the d i s k 

s i n c e i n equ a t i o n (3.5) J i s the mass f l u x per u n i t time and 

per u n i t area. 

The v a l u e s of the v i s c o s i t y were taken from J o s h i ' s and 
43 

M i t c h e l l ' s r e s u l t s as known a t t h i s date. As the temperature 

v a r i a t i o n of the v i s c o s i t y was not known the value f o r 15 80°C 

was taken. In order to c a l c u l a t e the kinematic v i s c o s i t y 

v= , the d e n s i t y of the s l a g was c a l c u l a t e d u s i n g the d e n s i t y 
44 

of c a l c i u m f l u o r i d e measured by Kirshenbaum, C a h i l l and Stokes 

and the d e n s i t y of alumina. Since the p a r t i a l volume of s o l u 

t i o n of alumina i n C a F 2 i s not known, i t was supposed t h a t alum

i n a d i s s o l v e d i n CaF 2 occupies the same volume as pure s o l i d 

alumina. The valu e s of the d e n s i t y are t h e r e f o r e an a p p r o x i 

mation, CQ ( r o t a t i n g speed i n ra d i a n s per sec) i s r e l a t e d to 
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F i g u r e 6 Weight l o s s of the alumina d i s k s versus the square r o o t of the r o t a t i n g 
speed i n 70/30 C a F 2 / A l 2 0 3 s l a g at 1518°C 



F i g u r e 7 Weight l o s s of the alumina d i s k s versus the square r o o t of the r o t a t i n g M 

speed i n 70/30 CaF 2/Al 2C> 3 s l a g at 1509°C 



1 1 1 1 1 1 1 1 
14 

1 
u 
tt) 
CO 

1 2 
o 

O / 

— 

1 0 
O 

— 

•o 
O 8 

o 
— 

X 8 X -

L
O

S
S

 

6 . — 

I
G

H
T

 

4 — 

W
E

 

2 — — 

0 1 1 i 1 1 I 1 
0 5 1 0 1 5 2 0 

N k2 

F i g u r e 8 W e i g h t l o s s o f t h e a l u m i n a d i s k s v e r s u s t h e s q u a r e r o o t o f t h e r o t a t i n g 1 0 

s p e e d i n 8 0 / 2 0 C a F / A l O s l a g a t 1 5 0 0 ° C 



43 

the r o t a t i n g speed N i n r e v o l u t i o n s per minute by the r e l a t i o n 

2TTN to = 
60 

C s a t u r a t i o n was taken from the b i n a r y diagram a t the tempera

t u r e of the experiment and was m u l t i p l i e d by the d e n s i t y of 

the s l a g i n order t o have i t i n weight per u n i t volume of 

s o l u t i o n . 

C Q i s the c o n c e n t r a t i o n of the s l a g i n Al^O^ i n weight 

per u n i t volume. Table 2 g i v e s a summary of the r e s u l t s . 

(5) D i s c u s s i o n of the R e s u l t s 

The r e s u l t s are d i s c u s s e d from three p o i n t s of view, 

from the p o i n t of view of the accuracy of the measurements, 

from the p o i n t of the accuracy of the c a l c u l a t i o n s of the 

d i f f u s i o n c o e f f i c i e n t and from the p o i n t of view of the mechan

isms i n v o l v e d i n the d i f f u s i o n p r o c e s s . 

a) Accuracy of the measurements 

The p o i n t s are s c a t t e r e d around the l e a s t square l i n e s 

on F i g u r e s 6, 7 and 8. T h i s can be e x p l a i n e d by the d i f f i c u l t y 

i n m a i n t a i n i n g the c r u c i b l e and i t s content at a s t a b l e temp

e r a t u r e . When the c r u c i b l e was r a i s e d t o immerse the r o t a t i n g 

d i s k s , s l i g h t temperature changes ± 10°C c o u l d be recorded due 

to the f a c t t h a t the c r u c i b l e entered a r e g i o n of the i n d u c t i o n 

c o i l of g r e a t e r f l u x d e n s i t y , t h a t the d i s k and the s h a f t h o l d 

i n g i t were not a t the same temperature as the l i q u i d s l a g and 



TABLE 2 

DETERMINATION OF THE DIFFUSION COEFFICIENT OF ALUMINA IN CaF„ - Al nO-, SLAGS 

Sl a g l e a s t square 
f i t J x l O 6 kg 
s e c - l 

c o r r e l 
a t i o n 
c o e f f i 
c i e n t 

l e a s t square 
l i n e p a s s i n g 
through the 
o r i g i n J x l O 6 

kg s e c - 1 

standard 
e r r o r f o r 
the s l o p e 
95% con
f i d e n c e 

working 
s u r f a c e 
of the 
d i s k 
m3 

kg m x 

sec " I 

dxlO-3 
kg m~2 

Dxl O 9 

m2 s e c - 1 

70/30 C a F 2 / A l 2 0 3 

1518°C 

0.63/N-1.18 0.90 0.55/N ± 0.14 6.3xl0~ 6 0.06 2.69 8.5 

70/30 C a F 2 / A l 2 0 3 

1509°C 

0.39/N+0.29 0.79 0.41/N ± 0.18 6.3xl0~ 6 0.06 2.69 8.1 

80/20 C a F 2 / A l 2 0 3 

1500°C 

0.61/N+O.24 0.94 0 . 6 3 /N ± 0.06 6 . 3 x l 0 - 6 0 .07 2.62 4.0 
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t h a t the i n e r t i a of the c o n t r o l system of the furnace made i t 

unable t o s t a b i l i z e the temperature q u i c k l y to i t s s e t v a l u e . 

Furthermore, the mass f l u x of m a t e r i a l i s r e l a t e d t o the concentra

t i o n g r a d i e n t by a r e l a t i o n of the form 

where D i s the d i f f u s i o n c o e f f i c i e n t and 6 the d i f f u s i o n boun

dary l a y e r . These two q u a n t i t i e s are not s i g n i f i c a n t l y a f f e c t e d 

by a change of temperature of ± 10°C. But the c o n c e n t r a t i o n 

g r a d i e n t ( i n weight of m a t e r i a l per u n i t volume of slag) i s 

p r o p o r t i o n a l t o the c o n c e n t r a t i o n g r a d i e n t i n weight per cent 

of mixture as determined on the b i n a r y diagram on F i g u r e 3. For 

i n s t a n c e , f o r the experiment a t 1518°C i n a 70/30 C a F 2 / A l 2 0 3 

s l a g : 

AC <* 6.5 x 1 0 - 2 w % 

An e r r o r o f ±10°C makes the value vary between 4.5 w% and 

8.5 w%. T h i s corresponds t o an e r r o r of ±20% on the mass f l u x 

of m a t e r i a l t h a t d i s s o l v e s At 1509°C t h i s u n c e r t a i n t y i s 

s t i l l l a r g e r , a s the c o n c e n t r a t i o n g r a d i e n t i s s m a l l e r 

The c o r r e l a t i o n c o e f f i c i e n t i s 0.79 i n s t e a d of 0.90 at 1518°C. 

For the experiment i n a 80/20 C a F 2 / A l 2 0 3 s l a g the c o n c e n t r a t i o n 

g r a d i e n t i s l a r g e r ( p r o p o r t i o n a l t o 14 weight%) and an uncer

t a i n t y of ±10°C on the temperature has a much l e s s d e t r i m e n t a l 

e f f e c t on the accuracy of the d e t e r m i n a t i o n of J ( + 10%). The 
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p o i n t s are much l e s s s c a t t e r e d and the c o r r e l a t i o n c o e f f i c i e n t 

b e t t e r (0.94) . 

The l e a s t square l i n e p a s s i n g through the experimental 

p o i n t s has been f i r s t c a l c u l a t e d as: y = ax + b. The b value 

i s found t o be s t a t i s t i c a l l y s i g n i f i c a n t only f o r the experiment 

i n a 70/30 CaF 2/Al 2C> 3 s l a g . 

b) E r r o r o f c a l c u l a t i o n of the d i f f u s i o n c o e f f i c i e n t 

The d i f f u s i o n c o e f f i c i e n t has been c a l c u l a t e d u s i n g 

L e v i c h ' s e q u a t i o n (3.5) 

J = 6.2 D 2 / 3 v ~ 1 / 6 u 1 / 2 ( C S a t - C 0 ) (3.5) 

By l o g a r i t h m i c d e r i v a t i o n of t h i s e q u a t i o n , the e r r o r on the 

d i f f u s i o n c o e f f i c i e n t has been c a l c u l a t e d : 

^£ = 1 A ( J / o ) 1 / 2 ) + 1 Av + 3 A ( C S a t " C o ) 

D 2 ( J / c o 1 / 2 ) 4 v 2 ( c
S a t - c o ) 

In t h i s r e l a t i o n : 

A ( J / w
1 / 2 ) 

_ i s the r e l a t i v e e r r o r on the d e t e r m i n a t i o n of 
U A » 1 / 2 

the s l o p e of the l e a s t square l i n e . T h i s e r r o r has been e s t i 

mated s t a t i s t i c a l l y f o r 95% c o n f i d e n c e . The standard e r r o r f o r 

90% c o n f i d e n c e i s about 2/3 of the e r r o r f o r 95% co n f i d e n c e . 



— — i s the e r r o r on the kinema t i c v i s c o s i t y , 

d 

4 
where n i s the dynamic v i s c o s i t y measured by J o s h i and M i t c h e l l 

and d the d e n s i t y o f the s l a g 

So Av _ An f Ad . 
v n d 

The e r r o r on the dynamic v i s c o s i t y i s composed of the 

experimental e r r o r (not y e t determined) and of the e r r o r coming 

from the f a c t t h a t no dependence of the temperature c o u l d be 

taken i n t o account. 

A d i s the e r r o r on the d e t e r m i n a t i o n of the d e n s i t y of the 
d 

s l a g . As d i s c u s s e d p r e v i o u s l y , only an e s t i m a t i o n of t h i s 

q u a n t i t y c o u l d be made. Yet i n equ a t i o n (4.1), i s a f f e c t e d 

by a c o e f f i c i e n t j . S o , i t does not seem t h a t the c o n t r i b u 

t i o n of the term — • on the t o t a l e r r o r i s very l a r g e . 

M c S a t - c 0 ) 
i s the r e l a t i v e e r r o r of d e t e r m i n a t i o n of the 

C S a t - C D 

d i f f u s i o n c o n c e n t r a t i o n g r a d i e n t expressed i n weight of s o l u t e 

per u n i t volume of s l a g . 

C S a t - C ° ''"S t * i e 9 r a a - i e n t read on the b i n a r y diagram 

(Figure 3) m u l t i p l i e d by the d e n s i t y o f the s l a g . T h e r e f o r e i t 
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i s d i r e c t l y r e l a t e d t o the accuracy of the d e t e r m i n a t i o n of 

the b i n a r y diagram and,as d i s c u s s e d p r e v i o u s l y ^ i t can be im

p o r t a n t s i n c e an e r r o r of ± 10°C i n the d e t e r m i n a t i o n of the 

e q u i l i b r i u m diagram can g i v e a r e l a t i v e e r r o r on the co n c e n t r a 

t i o n g r a d i e n t of ± 20%. From our d e t e r m i n a t i o n of the b i n a r y 

diagram the e r r o r of measurement can be estimated at ± 3°C 

f o r w% of AL^O^ l e s s than 30%. T h i s would g i v e an e r r o r of 

7% on the c a l c u l a t i o n o f the d i f f u s i o n c o e f f i c i e n t . 

In c o n c l u s i o n the t h e o r e t i c a l e r r o r on the d e t e r m i n a t i o n 

of the d i f f u s i o n c o e f f i c i e n t c o u l d be of the order of 40 to 

50% f o r the d i f f u s i o n c o e f f i c i e n t of A12C>3 i n a 70/30 C a F 2 / 

A1 20. 3 s l a g a t 1518°C. 

c) D i s c u s s i o n of the mechanism of d i f f u s i o n 

The measured v a l u e s of the d i f f u s i o n c o e f f i c i e n t have 

been compared to the v a l u e s c a l c u l a t e d from the S t o k e s - E i n s t e i n 

and N e r n s t - E n s t e i n e q u a t i o n s . Using the S t o k e s - E i n s t e i n 

e q u a t i o n and t a k i n g i n t o c o n s i d e r a t i o n the d i f f e r e n t ions 
3+ 2-

(Al and 0 ), the c l o s e s t v alue t o the measured value of the 
d i f f u s i o n c o e f f i c i e n t at 1518°C i n a 70/30 CaF 2/Al 2C> 3 s l a g 

3 H~ ~ 9 2 ""1 i s t h a t f o r the i o n A l (1.2 10 m sec compared to the 
-9 2 - l 

measured v a l u e 8.5x10 m sec ). The v a l i d i t y of the a p p l i 

c a t i o n of the S t o k e s - E i n s t e i n equation can be questioned be

cause i t assumes a d i l u t e s o l u t i o n , which i s not the case i n a 

70/30 CaF-/Al„0-. s l a g . In a d d i t i o n aluminum i s l i k e l y to 
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be found i n s o l u t i o n t i e d up wi t h oxygen, forming A10 2 more 
3+ 

numerous and b i g g e r than the A l i o n s . 

The Nernst E i n s t e i n equation g i v e s a b e t t e r approximation 

of the d i f f u s i o n c o e f f i c i e n t . The c o n d u c t i v i t y of a 70/30 

C a F 2 / A l 2 0 3 s l a g can be estimated as 150 mho m ^ a c c o r d i n g t o 
45 46 Evseev's and Kammel's and W i n t e r h a r g e r 1 s r e s u l t s . The 

2-
0 i o n s , the t r a n s p o r t number of which can be estimated as 

about 0.6, can be assumed t o be r e s p o n s i b l e f o r the i o n i c d i f f u 

s i o n s i n c e the A1C>2 ions are much b i g g e r ( t r a n s p o r t number 
- 9 

- 0 ). T h i s would g i v e a d i f f u s i o n c o e f f i c i e n t D^2— of 4 x 10 rn 
sec 1, which i s l e s s than h a l f the v a l u e measured f o r the 

- 9 2 - 1 

d i f f u s i o n of Al 2C> 3 i n the s l a g (8.5 x 10 m sec ). S t i l l 

i t i s a b e t t e r approximation than t h a t g i v e n by the Stokes-

E i n s t e i n e q u a t i o n . The models of r i g i d spheres moving i n a 

v i s c o u s flow do not apply very w e l l t o molten s a l t s . 
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VI. DISSOLUTION OF INCLUSIONS DURING ELECTROSLAG REMELTING 

The purpose of the d e t e r m i n a t i o n of the d i f f u s i o n 

c o e f f i c i e n t of alumina i n C a F 2 - A^O^ s l a g s was to enable us 

to p r e d i c t the e x t e n t t o which alumina i n c l u s i o n s i n s t e e l s 

would d i s s o l v e i n the s l a g d u r i n g e l e c t r o s l a g r e m e l t i n g . 

F i r s t c a l c u l a t i o n s have been made on d i f f e r e n t models approach

i n g the c o n d i t i o n s of e l e c t r o s l a g r e m e l t i n g . Then experiments 

have been done u s i n g the U n i v e r s i t y of B r i t i s h Columbia's 

e l e c t r o s l a g u n i t w i t h p a r t i c l e s of alumina a r t i f i c i a l l y i n t r o 

duced i n the e l e c t r o d e . 

(1) D i s s o l u t i o n of a Sphere 

47 
Readey and Cooper have d e r i v e d the d i f f e r e n t i a l equa

t i o n s governing the d i s s o l u t i o n of a sphere of f i n i t e r a d i u s 

c o n t r o l l e d by m o l e c u l a r d i f f u s i o n , t a k i n g i n t o c o n s i d e r a t i o n 

the e f f e c t s of the moving boundary and the r e s u l t i n g r a d i a l 

c o n v e c t i v e t r a n s p o r t . 

These equations have been s o l v e d n u m e r i c a l l y with the 

computer. Using the curves t h a t they have drawn, i t i s p o s s i b l e 

to assess the order of magnitude of the time necessary for the 

complete d i s s o l u t i o n of a sphere. The temperature chosen for 

t h i s assessment i s 1515°C (melting temperature of m i l d s t e e l ) 

which i s a minimum f o r the temperature of the s l a g i n immediate 

c o n t a c t with the l i q u i d s t e e l and t h e r e f o r e ' with an i n c l u s i o n 

at the i n t e r f a c e s l a g - m e t a l . 
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Two parameters have t o be considered; 

C . - C« 

C - a C. s 1 

(6.1) 

and a = v C (6.2) 
s 

C^ i s the sphere s o l u t i o n c o n c e n t r a t i o n per u n i t v o l -
o 

ume of s o l u t i o n . In the pr e s e n t c a l c u l a t i o n i t i s 

determined a t 1515°C as the c o n c e n t r a t i o n i n e q u i 

l i b r i u m w i t h pure A^O^. I t i s determined on the 
b i n a r y diagram (Figure 3) as 36 w% or 0.36x2.69x10 3 kg/ 
3 

m m u l t i p l y i n g by the d e n s i t y of the s l a g . 

C Q i s the i n i t i a l c o n c e n t r a t i o n of A^O^ i n the s l a g . 

In a 70/30 C a F 2 / A l 2 0 3 s l a g i t i s 30 w% or 0.30x 
+3 3 2.69x10 kg/m of s o l u t i o n 

C g i s the c o n c e n t r a t i o n of s o l u t e i n the sphere. Here, 

c o n s i d e r i n g a pure A 1 2 0 3 sphere i t i s the mass den

s i t y o f A12C>3 3.2xl0 3kg i t f 3 • 

a i s the r a t i o of the volume a t t r i b u t e d to a mass of 

s o l u t e i n the s o l u t i o n t o the volume occupied by 

the same mass i n the pure s o l u t e . In t h i s c a l c u 

l a t i o n as f o r the d e t e r m i n a t i o n of the d e n s i t y of 

the mixture C a F 2 - A l 2 0 3 i t i s assumed to be u n i t y 

i n the absence of a l t e r n a t i v e d ata. 
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T h i s g i v e s 6 - 0.07. By i n t e r p o l a t i o n between the 

curves computed by Readey and Cooper, an e s t i m a t i o n can be 

ob t a i n e d f o r the q u a n t i t y : 

~ 2 ^ 7 (6.3) 
a o 

where D i s the c o e f f i c i e n t of d i f f u s i o n 

a Q, the i n i t i a l r a d i u s of the sphere 

t the complete d i s s o l u t i o n time. 

The v a l u e of D determined by the r o t a t i n g d i s k experiment f o r 

a 70/30 CaF2/Al2C>2 s l a g i s used f o r the e s t i m a t i o n of the disso

l u t i o n time. 

For a sphere of i n i t i a l r a d i u s a Q = 400y the time nec

e s s a r y f o r complete d i s s o l u t i o n i s estimated as t ^ 130 sec. 

For a sphere of 40y of r a d i u s the time f o r complete d i s s o l u t i o n 

can be estimated as 1.3 sec. 

From these assessments, i t can be assumed t h a t a l l 

i n c l u s i o n s of the s i z e range g e n e r a l l y found i n s t e e l s (<40p) 

d i s s o l v e r e a d i l y i n c o n t a c t with the s l a g . The i n f l u e n c e of the 

temperature of the s l a g on the d i s s o l u t i o n time i s important. 

At 1560°C the time of complete d i s s o l u t i o n of a sphere of 400y 

can be estimated a t 50 seconds and t h a t of a sphere of 40y 

of r a d i u s at 0.5 seconds. A l s o , i t i s to be b e l i e v e d t h a t the 

s t i r r i n g of the s l a g may reduce s h a r p l y the d i s s o l u t i o n time. 
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(2) Dissolution y Assuming Similar Flow Conditions to the  
Rotating Disk System 

Assuming that the flow conditions around a particle are 
similar to those created by the rotating disk, another e s t i 
mation of the extent of dissolution of the particles can be 
made. In a 70/30 CaF 2/Al 20 3 slag at 1518°C the mass flux of 
A1 20 3 dissolved per unit time and unit surface area has been 
determined experimentally for a rotating disk: 

J = .87 x 10"3 /~N kg n f 2 sec" 1 (6 .4) 

Assuming steady state conditions,the rate of dissolution of 
a sphere i s : 

d (4/3 nr 3 x C g) 
= -4 i r r 2 J (6.6) 

dt 

or C dr = J (6.7) 
3 dt 

The time required to dissolve completely a sphere of i n i t i a l 
radius a is therefore: o 

a C 
t = — - (6.8) 

Le t us compare the f l ow c o n d i t i o n s around a r o t a t i n g d i s k to 

those around the t i p o f the e l e c t r o d e assuming t h a t t h i s i s 

c o n i c a l . 
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Reynolds number f o r a r o t a t i n g d i s k i s : 

2 
WR / ^ ~ V 

Re = (6.9) 
v 

and f o r a cone: 

Re = ™ . 

v 

where U i s the flow r a t e along the s i d e s of the cone and X the 

l e n g t h o f the cone exposed t o the flow. For an e l e c t r o d e of 

0.03 m i n diameter w i t h a summit angle of 60° and assuming a 

flow r a t e o f 0.10m sec ^ 

Re * 140 (6.11) 

Taking the same Reynolds number f o r the r o t a t i n g d i s k would 

gi v e 

CJ = 30 r d 

or N - 300 r.p.m. 

So, assuming t h a t i n both cases the t h i c k n e s s of the d i f f u s i o n 

boundary l a y e r s are the same or of the same order of magnitude, 

a flow r a t e of 10 cm sec ^ along the s i d e s of a cone at the 

t i p of an e l e c t r o d e o f 0.03 m i n diameter produces the same 

d i s s o l u t i o n r a t e as i n the case of the r o t a t i n g d i s k system at 

at 300 r.p.m. at 1518°C from (6.4) 
-2 -2 -1 J = 1.5 x 10 kg m sec 

P u t t i n g t h i s value i n t o (6.8), the time necessary to d i s s o l v e 

an alumina sphere of 400y of r a d i u s completely would be of the 

order of 80 seconds. For a sphere of 40p of radius, t h i s time 

would be 8 seconds. 
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I t i s d i f f i c u l t t o e s t i m a t e h o w l o n g a n i n c l u s i o n m a y 

b e i n c o n t a c t w i t h t h e s l a g d u r i n g p r o c e s s i n g , a s t h e m e t a l 

f l o w s a l o n g t h e e l e c t r o d e t i p t o f o r m a d r o p l e t , t h e n a s t h i s 

d r o p l e t f a l l s t h r o u g h t h e s l a g a n d t h e n a t t h e s u r f a c e o f t h e 

l i q u i d m e t a l p o o l . T h e d r o p l e t s f a l l f r o m t h e t i p o f t h e 

e l e c t r o d e a t i n t e r v a l s o f a b o u t 1 s e c o n d . I t c a n b e a s s u m e d 

t h a t t h i s i s a l s o t h e t i m e f o r t h e d r o p l e t t o f o r m . I n t o t a l 

t h e t i m e d u r i n g w h i c h a n i n c l u s i o n m a y r e a c t w i t h t h e s l a g c a n 

b e e s t i m a t e d t o b e o f t h e o r d e r o f a f e w s e c o n d s . A c c o r d i n g t o 

t h e p r e c e d i n g c a l c u l a t i o n s i t c a n b e a s s u m e d t h a t a l l p a r t i c l e s 

o f r a d i u s s m a l l e r t h a n 40u w i l l d i s s o l v e r e a d i l y a s t h e y c o m e 

i n t o c o n t a c t w i t h t h e s t e e l . 

T h e r a n g e s i z e o f t h e p a r t i c l e s i n t r o d u c e d a r t i f i c a l l y 

i n t h e e l e c t r o d e h a s b e e n c h o s e n b e t w e e n 400u a n d 800y s o 

t h a t i t c a n b e e x p e c t e d t h a t s o m e o f t h e s e p a r t i c l e s w i l l b e 

p r e s e n t i n t h e i n g o t w i t h a n o n l y s l i g h t l y r e d u c e d s i z e . 
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V I I . EXPERIMENTS WITH ARTIFICIALLY INTRODUCED PARTICLES 
IN THE ELECTRODE 

Three d i f f e r e n t experiments were made wit h p a r t i c l e s 

r a n g i n g from 400y to 800y a r t i f i c i a l l y i n t r o d u c e d i n the e l e c 

t r o d e . A f t e r r e m e l t i n g , samples were taken out of the e l e c t r o d e 

to be observed w i t h the microprobe. In a d d i t i o n , the s o l i d i f i 

c a t i o n c o n d i t i o n s which are b e l i e v e d t o have an i n f l u e n c e on 

the removal of i n c l u s i o n s were s t u d i e d . 

(1) The Making of the E l e c t r o d e s 

a) alumina p a r t i c l e s were i n t r o d u c e d i n a m i l d s t e e l 
- 3 

e l e c t r o d e o f 32 x 10 m i n diameter. The p a r t i c l e s 

were put i n ho l e s bored i n the e l e c t r o d e at 0.0375 i n 

t e r v a l s and secured with a b o l t . 

b) s i l i c a p a r t i c l e s were i n t r o d u c e d i n the same way i n a 

m i l d s t e e l e l e c t r o d e . 

c) alumina p a r t i c l e s were i n t r o d u c e d i n a F e r r o Vac-E 
_ 3 

e l e c t r o d e of 25 x 10 m i n diameter. The p a r t i c l e s 

were vacuum hot-pressed with i r o n powder ( p r e v i o u s l y 

d e o x i d i z e d by H 2 g a s ) i n the weight r a t i o 1/6 of A l 2 ) ^ / 

Fe. The s i z e of the s m a l l c y l i n d r i c a l compacts was 

about 0.01m i n diameter and 0.006 m i n l e n g t h . 

Fourteen were i n s e r t e d i n the e l e c t r o d e at 0.025 m 

i n t e r v a l s and the hole was c l o s e d with a F e r r o Vac-E 

p l u g . 
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(2) The Melting Conditions of the Electrodes . 

The three electrodes were remelted i n the Universtiy 

of B r i t i s h Columbia's ele c t r o s l a g unit. The two mild elec-
- 3 

trodes were remelted i n copper mold of 77 x 10 m i n diameter 
using a 70/30 CaF 2-CaO/Al 20 3 slag. The Ferro Vac-E Electrode 

_ 3 

was remelted i n a mold of 58 x 10 m i n diameter, using a 70/30 

C a F 2 / A l 2 0 3 slag.. In the three experiments,the p o l a r i t y of 

the electrode was negative and that of the ingot p o s i t i v e . 

The difference of po t e n t i a l between the electrode and the ingot 

was maintained at about 23 v o l t s . The in t e n s i t y of the current 

was about 1000 Amps. 0.3 kg of slag was used, which made 

a height of 0.04 m of molten slag i n the mold. Droplets of 

about 650u i n diameter formed at in t e r v a l s of 1 second. In 
-4 

the three cases the average s o l i d i f i c a t i o n rate was about 10 m -1 sec 

(3) The Remelting of the Mild Steel Electrodes 

a) Inclusions i n the electrode 

The mild s t e e l used was A.I.S.I. C 1018. Its a n a l y t i c a l 

s p e c i f i c a t i o n i s : 

C 0.15 0. 20% 

Mn 0.60 0.90% 

P 0.04 0% max 
S. 0.050% max 
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Samples of t h i s s t e e l were polished and observed with the micro-

probe to see what types of inclusions were contained i n the 

s t e e l . A l l inclusions were found to contain Mn. Some of them 

contained also S or/and Si , So, i t can be said that a l l 

inclusions are either MnS or MnO inclusions, some of them with 

a s l i g h t concentration of SiC^. One in c l u s i o n was found to 

contain Ca, but i t does not seem t y p i c a l i n that respect. A 

micrograph of th i s i n c l u s i o n i s shown on Figure 9. Besides 

containing Ca (Figure 1 0 ) , i t contains Mn as main element 

(Figure 11) and a s l i g h t concentration of S i (Figure 12). At 

one end, there i s a concentration of sulphur as detected with 

a S trace:' (Figure 1 3 ) . Some of the small rounded inclusions 

(Figure 9 ) , the size of which i s less than 2u, do not seem to 

contain Mn; they may be FeO inclusions. 

The maximum size of the inclusions observed was 25y. 

The t o t a l number of inclusions of a l l sizes can be estimated 
. , n + l l 3 c -at 10 per m of metal. 

b) Inclusions i n the ingot 

The same types of inclusions were found i n both ingots 

aft e r remelting of the electrodes one of which contained Al^O^ 

p a r t i c l e s and the other Si02 p a r t i c l e s . In both ingots, A l 

was detected i n a l l the inclusions and i n addition Mn was 

detected i n some of them. No s i l i c o n was detected. S i l i c a 

dissolves r e a d i l y i n CaF 2 - A l 2 0 3 slags as a preliminary 

experiment using the rotating disk electrode had shown. This 

was an attempt to calculate the d i f f u s i o n c o e f f i c i e n t of s i l i c a 



Figure 9 T y p i c a l i n c l u s i o n i n the m i l d s t e e l electrode 
(X 1200) 



F i g u r e 10 X-Ray p i c t u r e f o r Ca (X 1200) 



Figure 1 1 X-Ray p i c t u r e f o r Mn (X 1 2 0 0 ) 



F i g u r e 12 X-Ray p i c t u r e f o r S i (X 1200) 



6 3 

Figure 13 Absorbed electron image plus S trace 
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i n s l a g s i n the same way as the d i f f u s i o n c o e f f i c i e n t of alumina 

had been determined. I t i s to be b e l i e v e d t h a t s i l i c a also dis

solves r e a d i l y i n C a F 2 - CaO/A^O^ s x a 9 s c o n t a i n i n g no s i l i c a . 

As a consequence,no s i l i c a i n c l u s i o n s coming from the p a r t i c l e s 

added a r t i f i c i a l l y c o u l d be found. And the s i l i c o n t h a t had 

been d e t e c t e d i n the MnS or MnO i n c l u s i o n s of the e l e c t r o d e 

c o u l d not be d e t e c t e d i n those of the i n g o t s . No s u l f u r was 

d e t e c t e d . T h i s can be e x p l a i n e d by the e f f i c i e n c y of the s l a g 

metal r e a c t i o n : 

[S] + ( 0 2 _ ) = ( S 2 _ ) + [0] (7.1) 

T y p i c a l i n c l u s i o n s are shown on F i g u r e 14, t h e i r aluminum 

con t e n t d e t e c t e d w i t h the microprobe on F i g u r e 15 and t h e i r 

manganese content on F i g u r e 16. The presence of alumina i n c l u 

s i o n s i n both i n g o t s when alumina p a r t i c l e s was added t o onl y 

one o f the e l e c t r o d e s and when the s t e e l of the e l e c t r o d e con

t a i n e d no alumina i n c l u s i o n s i s p u z z l i n g . I t c o u l d be e x p l a i n e d 

by an exchange r e a c t i o n between the MnO or MnS i n c l u s i o n s of 

the e l e c t r o d e and the A ^ O ^ of the s l a g . However, some other 

mechanism can take p l a c e which can be i n v e s t i g a t e d by r e m e l t i n g 

a s t e e l f r e e of a l l i n c l u s i o n s , f o r i n s t a n c e F e r r o Vac-E. 

(4) The Remelting of a F e r r o Vac-E E l e c t r o d e 

a) The e l e c t r o d e 

F e r r o Vac-E i s almost pure i r o n . A t y p i c a l a n a l y s i s of 

F e r r o Vac-E i s l i s t e d below: 



^^^^ 

warn. 

F i g u r e 14 T y p i c a l i n c l u s i o n i n the i n g o t a f t e r r e m e l t i n g 
of the m i l d s t e e l e l e c t r o d e (X 1200) 



F i g u r e 15 X-Ray p i c t u r e f o r A l (X 1200) 



Figur© 16 X-Ray pictur© f o r Mn (X 1200) 



68 

c ..005% 

Mn .0005% 

P .003% 

S .005% 

S i .006% 

Ni .02% 

Cr. .006% 

V . 004% 

W .01% 

Mo .001% 

Cu .01% 

Ce .006% 

N .00085% 

°2 .0030% 

H 2 .000025% 

I t i s f r e e of a l l i n c l u s i o n s d e c t e c t a b l e w i t h the microprobe. 

The alumina p a r t i c l e s were put i n t o the e l e c t r o d e i n the form 

of compacts w i t h i r o n powder to ensure t h a t upon m e l t i n g the 

p a r t i c l e s would remain entrapped i n the l i q u i d metal. 

b) I n c l u s i o n s i n the i n g o t 

Samples of metal taken out of the i n g o t were p o l i s h e d 

and observed with the microprobe. The b i g g e s t i n c l u s i o n s i n 

the s i z e range 5 - 15u were a l l found t o c o n t a i n A l . Some of 

them have v a r i a b l e c o n c e n t r a t i o n s of Fe. The number of these 
+ 12 

i n c l u s i o n s i n the range s i z e 5 - 15u can be assessed a t 10 



per m of metal. T h i s number i s f a r h i g h e r than the number of 

p a r t i c l e s a r t i f i c i a l l y i n t r o d u c e d i n the e l e c t r o d e (a few 

hundreds). Even i f these p a r t i c l e s , the o r i g i n a l s i z e of which 

was i n the range 400 - 800u had d i s s o l v e d p a r t i a l l y down to 

the s i z e of the b i g g e s t i n c l u s i o n s found i n the i n g o t ( 1 5 y ) , 

they c o u l d o n l y account f o r the presence of o n l y a few of them. 

T h e r e f o r e , the presence of the alumina i n c l u s i o n s i n the i n g o t 

does not depend on the alumina i n c l u s i o n content of the 

e l e c t r o d e . 

Besides these i n c l u s i o n s , a g r e a t number of s m a i l rounded 

i n c l u s i o n s < 3y c o u l d be observed. They are b e l i e v e d to be FeO 

i n c l u s i o n s . I t i s d i f f i c u l t t o make an i r o n - c o u n t on them 

because of t h e i r very s m a l l s i z e . F i g u r e 17 g i v e s a photograph 

of a c l u s t e r of i n c l u s i o n s of a l l s i z e s . The A l c o n c e n t r a t i o n 

appears on F i g u r e 18 and the Fe c o n c e n t r a t i o n on F i g u r e 19. No 

c a l c i u m was d e t e c t e d ; consequently no i n c l u s i o n s are s l a g i n 

c l u s i o n s or p i e c e s of s k i n entrapped i n the f r e e z i n g metal. 

The presence of the alumina, i r o n aluminates and i r o n 

oxide i n c l u s i o n s can be e x p l a i n e d e i t h e r by a mechanism of 

d i s s o l u t i o n of the A^O^ p a r t i c l e s i n the m e l t i n g i r o n and then 

r e n u c l e a t i o n upon f r e e z i n g or by an e l e c t r o c h e m i c a l mechanism. 

The r e m e l t i n g of the m i l d s t e e l e l e c t r o d e which d i d not con

t a i n A^O^ but SiO^ p a r t i c l e s and the r e m e l t i n g of a F e r r o Vac-E 

e l e c t r o d e which d i d not c o n t a i n any added p a r t i c l e s have given 

i n g o t s i n which the same types of i n c l u s i o n s c o u l d be observed. 

The e l e c t r o c h e m i c a l mechanism seems t h e r e f o r e preponderant. In 



F i g u r e 17 C l u s t e r o f i n c l u s i o n s i n the i n g o t a f t e r r e m e l t i n g 
o f F e r r o Vac-E e l e c t r o d e 



7 1 

F i g u r e 18 X-Ray p i c t u r e f o r A l (X 1200) 



7 2 

F i g u r e 19 X-Ray p i c t u r e f o r Fe (X 1200) 
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23 a d d i t i o n , Kay has shown t h a t the q u a n t i t y of A^O^ t h a t 

c o u l d d i s s o l v e i n the l i q u i d metal was very s m a l l . 

(5) E l e c t r o c h e m i c a l Mechanism During Remelting 

During r e f i n i n g the e l e c t r o d e i s e l e c t r i c a l l y n e g ative 

and the i n g o t p o s i t i v e . The s l a g as i o n i c s o l u t i o n i s composed 

mainly of the f o l l o w i n g i o n i c s p e c i e s : 

A l 3 + C a + + , A 1 0 2
_ , 0 2 _ , F~ 

The f o l l o w i n g r e a c t i o n s can occur a t the cathode ( e l e c t r o d e ) 

C a 2 + + 2e = Ca (g) or ( C a ) C a F 2 (7.2) 

A l 3 + + 3e = [ A l ] (7.3) 

and a t the anode ( i n g o t ) : 

0 2~ = [0] + 2e (7.4) 

So there i s o x i d a t i o n of the l i q u i d metal at the i n g o t anode 

and e l e c t r o c h e m i c a l f o r m a t i o n of aluminum at the c a t h o d i c elec

trode.. Aluminum and oxygen d i s s o l v e i n l i q u i d s t e e l . Upon 

s o l i d i f i c a t i o n , d e o x i d a t i o n i n c l u s i o n s can n u c l e a t e i n the 

i n g o t and a c c o r d i n g to the n u c l e a t i o n theory of i n c l u s i o n s pre-
12 

sented by T u r p i n and E l l i o t , A^O^, i o n aluminates and i r o n 

oxide i n c l u s i o n s can be found i n the i n g o t s . Calcium i s 

gaseous at the temperature of l i q u i d s t e e l and i s not s o l u b l e 

i n s t e e l . A c c o r d i n g l y , no c a l c i u m was d e t e c t e d i n the i n c l u 

s i o n s of the i n g o t s . 
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(6) Remarks on the S o l i d i f i c a t i o n of the Ingot 

I t has been noted i n Chapter I I t h a t the s o l i d i f i c a t i o n 

c o n d i t i o n s of the i n g o t had an i n f l u e n c e on the removal of 

i n c l u s i o n s . The f a c t o r s t o c o n s i d e r are the s o l i d i f i c a t i o n r a t e , 

the c o n c a v i t y of the i n t e r f a c e and the i n t e r d e n d i r t i c s p a c i n g . 

a) S o l i d i f i c a t i o n r a t e 

The average s o l i d i f i c a t i o n r a t e has been c a l c u l a t e d . The 

s i z e of the i n c l u s i o n s t h a t would be removed a c c o r d i n g t o Stokes' 

law has been then determined on the curves p l o t t e d on F i g u r e 2. 

Tab l e 3 g i v e s a summary of these d e t e r m i n a t i o n s : 

TABLE 3 

average s o l i d i f i  minimum s i z e 
c a t i o n v e l o c i t y of i n c l u s i o n s c a t i o n v e l o c i t y 

removed 

F e r r o Vac-E + A^O^ p a r t i c l e s 0.17 10~ 3m s e c " 1 8y 

m i l d s t e e l + A^O^ p a r t i c l e s 0.10 10~ 3m s e c - 1 6y 

m i l d t e e l + S i 0 2 p a r t i c l e s -3 -1 0.09 10 m sec 6y 

As r e p o r t e d p r e v i o u s l y , l a r g e r i n c l u s i o n s than t h i s are found 

i n the i n g o t . C o nvection c u r r e n t s i n the l i q u i d metal p o o l 

above the i n g o t p e r t u r b e d the r i s i n g of the p a r t i c l e s a c c o r d i n g 

to Stokes 1, law. I t does not seem t h a t a simple buoyancy argu

ment can be a p p l i e d t o t h i s case. 
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b) C o n c a v i t y of the i n t e r f a c e 

The s u r f a c e of a s e c t i o n of the F e r r o Vac-E i n g o t has 

been p o l i s h e d and etched f o r 30 seconds w i t h a s o l u t i o n of 2% 

N i t a l . F i g u r e 20 g i v e s a photograph of t h i s etched s e c t i o n . 

The d i r e c t i o n of the g r a i n s can be observed. The d i r e c t i o n of 

s o l i d i f i c a t i o n i s v e r t i c a l f o r the c e n t r a l p a r t of the i n g o t . 

At the s u r f a c e i t makes an angle of about 45° with the v e r t i c a l 

l i n e . An i n t e r f a c e l i n e has been t e n t a t i v e l y drawn on the 

photograph. 

c) I n t e r d e n d i r t i c s p a c i n g 

F e r r o Vac-E which i s almost f r e e of carbon content does 

not e x h i b i t any d e n d r i t e s . On an etched s e c t i o n , e l o n g a t e d 

g r a i n s i n the d i r e c t i o n of s o l i d i f i c a t i o n can be observed. 

M i l d s t e e l s o l i d i f i e s d e n d r i t i c a l l y . F i g u r e 21 shows a micro

graph of the d e n d r i t e s . 

The i n t e r d e n d r i t i c spacings have been measured i n the 

middle r e g i o n of the i n g o t of m i l d s t e e l with A^O^ p a r t i c l e s . 

The average s p a c i n g has been found to be: 

i 290 y 
a = 120 y 

They range from 140 y up to 620 y. 

15 

Weinberg and Buhr have measured the i n t e r d e n d r i t i c 

spacings as a f u n c t i o n of t h e i r d i s t a n c e from the c h i l l and they 



F i g u r e 2 0 E t c h e d s e c t i o n o f t h e i n g o t a f t e r r e m e l t i n g 
the F e r r o Vac-E e l e c t r o d e 
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F i g u r e 2 1 D e n d r i t e s on the p o l i s h e d and etched s u r f a c e 
of a specimen of the i n g o t obtained a f t e r r e -
menting a m i l d s t e e l e l e c t r o d e 
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have determined the f u n c t i o n of the i n t e r f a c e p o s i t i o n with 

r e s p e c t to time f o r t h e i r experiment. The advance of the 

i n t e r f a c e i s p r o p o r t i o n a l to the square r o o t of the time. In 

the experiment with the e l e c t r o s l a g the advance of the i n t e r f a c e 

i s p r o p o r t i o n a l to time s i n c e the s o l i d i f i c a t i o n v e l o c i t y i s 

h e l d c o n s t a n t . From Weinberg's and Buhr's r e s u l t s i t i s p o s s i b l e 
to c a l c u l a t e the f u n c t i o n of the i n t e r d e n d r i t i c s pacing with 
r e s p e c t to the s o l i d i f i c a t i o n v e l o c i t y . The d e t a i l s of the 

c a l c u l a t i o n s are giv e n i n Appendix V. The r e l a t i o n i s found 
to be: 

50 x 1 0 + 3 

1 = 
V 

i i n t e r d e n d r i t i c s pacing i n u 

V s o l i d i f i c a t i o n v e l o c i t y i n u sec 

The i n t e r d e n d r i t i c measurements were made on the s e c t i o n of the 

m i l d s t e e l w i t h A ^ O^ p a r t i c l e s i n g o t . I t s average s o l i d i f i -
-3 -1 

c a t i o n v e l o c i t y i s 0.10 10 sec . A c c o r d i n g t o the r e l a t i o n 

d e r i v e d from Weinberg's and Buhr's measurements t h i s would 

g i v e 
i = 500 u 

T h i s average value i s g r e a t e r than the value of 290 u which was 
measured, although i t f a l l s i n the upper b r a c k e t of 290 ± o 

(a = 120 u). The value t h a t has been measured i n the present 
-3 

experiment would correspond to a m e l t i n g r a t e of 0.17 10 m/sec. 

Of course, d u r i n g r e m e l t i n g there are v a r i a t i o n s i n the s o l i d i 
f i c a t i o n v e l o c i t y around the average v a l u e . I t i s c o n t r o l l e d 
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by the f e e d i n g r a t e of the e l e c t r o d e . There a r e , however, no 

v a r i a t i o n s of 70% i n the f e e d i n g r a t e of the e l e c t r o d e . The 

purpose i n measuring of the i n t e r d e n d r i t i c s p a c i n g f o r t h i s 

study i s t o e x p l a i n the phenomenon of entrapment. The i n t e r -

d e n t r i t i c s p a c i n g i s one order of magnitude h i g h e r than the 

average s i z e of the b i g g e s t i n c l u s i o n s i n o r d i n a r y s t e e l s . I t 

seems t h a t the i n c l u s i o n sees the i n t e r f a c e and the d e n d r i t e s -

as smooth and, i f t h e r e i s entrapment, i t i s more l i k e l y to 

happen between the secondary d e n d r i t e s , the s p a c i n g of which i s 
15 

much s m a l l e r as observed by Weinberg and Buhr. A l s o the i n t e r 

d e n d r i t i c s p a c i n g i n d i c a t e s the s p a c i n g of the p r o j e c t i o n s 

ahead of the i n t e r f a c e , but i t does not say how f a r these pro

j e c t ahead of the i n t e r f a c e . I t i s to be b e l i e v e d t h a t i t i s 

of the order of magnitude of the secondary i n t e r d e n t r i t i c 

spacings which are two or t h r e e times s m a l l e r than the c o r r e s 

ponding primary d e n d r i t i c s p a c i n g s . From the p o i n t of view of 

an i n c l u s i o n , the i n t e r f a c e appears t h e r e f o r e f l a t and smooth, 

and i t seems t h a t i n c l u s i o n s are r a t h e r pushed ahead than 

entrapped. 
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CONCLUSIONS 

D i f f e r e n t mechanisms can account f o r the behaviour of 

i n c l u s i o n s d u r i n g e l e c t r o s l a g r e m e l t i n g . They are c o n t r o l l e d 

by the composition of the s l a g and the s o l i d i f i c a t i o n c o n d i t i o n s 

of the i n g o t . 

I n c l u s i o n s can d i s s o l v e p a r t i a l l y or t o t a l l y i n the 

l i q u i d metal and then r e n u c l e a t e as the metal s o l i d i f i e s . T h i s 

phenomenon has not been observed i n the experiment w i t h added 

p a r t i c l e s of s i l i c a i n the e l e c t r o d e and i t does not account 

f o r the presence of the alumina i n c l u s i o n s i n the i n g o t s , as 
23 

p r e d i c t e d by Kay's- c a l c u l a t i o n s . 

I n c l u s i o n s can d i s s o l v e r e a d i l y i n c o n t a c t w i t h the s l a g , 

such as s i l i c a i n c l u s i o n s i n 70/30 C a F ^ A ^ O ^ s l a g s . From 

the v a lue of the d i f f u s i o n c o e f f i c i e n t and from d i s s o l u t i o n 

c a l c u l a t i o n s i t was thought t h a t b i g p a r t i c l e s (800 u) a r t i f i c 

i a l l y i n t r o d u c e d i n the e l e c t r o d e would not d i s s o l v e completely. 

T h i s i s not the case and i t i s found t h a t even b i g alumina 

p a r t i c l e s d i s s o l v e very r a p i d l y because of high temperature and 

s t r o n g c o n v e c t i o n c u r r e n t s . 

The presence of the l a r g e number of i n c l u s i o n s i n the 

i n g o t s can only be e x p l a i n e d by an e l e c t r o c h e m i c a l mechanism. 

E l e c t r o l y t i c o x i d a t i o n and e l e c t r o l y t i c d i s s o l u t i o n of alum

inum on the e l e c t r o d e s takes p l a c e i n 70/30 C a F 2 / A l 2 0 3 s l a g s . 
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Then alumina, i r o n aluminates and i r o n oxide i n c l u s i o n s n u c l e a t e 

d u r i n g f r e e z i n g . The e l e c t r o l y t i c phenomenon, which had not 

been observed b e f o r e without ambiguity, i s c o n t r o l l e d by the 

c u r r e n t d e n s i t y d e l i v e r e d by the e l e c t r o d e s to the s l a g , and by 

the i o n i c composition of t h i s s l a g . These dependence r e l a t i o n 

s h i p s deserve f u r t h e r study. 

Most i n c l u s i o n s are found to be very s m a l l ( < 4 y ) , but 

a l a r g e number of i n c l u s i o n s - are i n the s i z e range 10 to 15 u . 

From Stokes 1 law i n c l u s i o n s over 8 u should be removed, but a 

simple buoyancy mechanism cannot account f o r the f l o a t i n g of 

i n c l u s i o n s i n the s t i r r e d metal p o o l above the i n g o t . The 

entrapment of i n c l u s i o n s between d e n d r i t e s does not seem to be 

a s i g n i f i c a n t mechanism i n view of the s m a l l s i z e of the i n 

c l u s i o n s r e l a t i v e to the i n t e r d e n d r i t i c s p a c i n g . 

No d r o p l e t s of s l a g or p i e c e s of s l a g s k i n entrapped i n 

the s o l i d i f y i n g i n g o t c o u l d be observed i n the i n g o t s . 
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SUGGESTIONS FOR FUTURE WORK 

(1) The mechanism of d i s s o l u t i o n c f i n c l u s i o n s has been s t u d i e d 

i n the simple case of alumina i n c l u s i o n s d i s s o l v i n g i n CaF^ -

A ^ O ^ s l a g s i n which the d i f f u s i o n c o e f f i c i e n t bf alumina i s 

r e l a t i v e l y h i g h . Other s l a g compositions should be i n v e s t i g a t e d . 

For i n s t a n c e , the d i f f u s i o n c o e f f i c i e n t s of alumina i n molten 
29 

o x i de m i x t u r e s , determined by Shurygin and Boronenkov, are one 

or d e r of magnitude s m a l l e r than the va l u e determined i n t h i s 

study i n C a F 2 - A ^ O ^ s l a g s . 

(2) The d i s s o l u t i o n of s i l i c a should be i n v e s t i g a t e d more c l o s e l y , 

p a r t i c u l a r i l y i n h i g h s i l i c a c o n c e n t r a t i o n s l a g s . I t should 

a l s o be determined whether or not e l e c t r o p r e c i p i t a t i o n of s i l i c o n 

o c curs on the cathode. 

(3) The i n f l u e n c e of the c u r r e n t d e n s i t y on the e l e c t r o l y t i c 

d i s s o l u t i o n of aluminum should be i n v e s t i g a t e d . In p a r t i c u l a r , 

i n d u s t r i a l process u n i t s work wit h a s m a l l e r c u r r e n t d e n s i t y 

than the U n i v e r s i t y of B r i t i s h Columbia u n i t . 

(4) The i n f l u e n c e of the i o n i c composition of the s l a g with r e 

sp e c t t o the s o l u b i l i t y i n l i q u i d metal of the d i f f e r e n t elements 

which c o u l d form on the e l e c t r o d e s should be i n v e s t i g a t e d . For 
2+ 

i n s t a n c e , Ca ions g i v e r i s e t o Ca, which does not d i s s o l v e i n 

l i q u i d metal arid, t h e r e f o r e , i s not found i n the i n c l u s i o n s . 
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(5) The mel t i n g parameters of the e l e c t r o d e c o n t r o l the s o l i d i f i 
c a t i o n r a t e and the shape of the molten metal p o o l . Their 
i n f l u e n c e on the removal, of i n c l u s i o n s by f l o a t a t i o n i n the 
l i q u i d metal pool should he i n v e s t i g a t e d . 

( 6 ) Another question i s whether or not there i s s i g n i f i c a n t 
electromagnetic s t i r r i n g of the s l a g and of the l i q u i d metal 
p o o l , and what i s i t s i n f l u e n c e on the removal of i n c l u s i o n s . 
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APPENDIX I 

X-Ray powder d i f f r a c t i o n r e s u l t s -

60/40 C a F 2 / A l 2 0 

d s p a c i n g i n t e n s i t y i d e n t i f i e d as 

3. 5.2 s A l 2 ° 3 
3.14 vs C a F 2 

2.56 vw A 1 2 0 3 

2.38 vvw A 1 2 0 3 

2.33 W W u n i d e n t i f i e d 
2.12 vw u n i d e n t i f i e d 
2.08 vw A 1 2 0 3 

2.02 w u n i d e n t i f i e d 
1.92 vvs C a F 2 

1.81 vvw u n i d e n t i f i e d 
1.74 W W A 1 2 ° 3 
1.64 s C a F 2 

1.59 s A l 2 ° 3 
1. 40 vw A 1 2 ° 3 
1.36 w C a F 2 

1.25 w C a F 2 

1.23 w C a F 2 

1.11 s C a F 2 

1.05 vvw GaF 2 

0.995 vvw u n i d e n t i f i e d 
0.964 vvw C a F 2 

0.921 vw C a F 2 

Key: vvs v e r y , very s t r o n g w weak 
vs v e r y s t r o n g vw very weak 
s s t r o n g vvw v e r y , very weak 
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Experimental data 

D i s s o l u t i o n of alumina d i s k s i n a 70/30 C a F 2 / A l 2 0 
s l a g a t 1518°C 

R o t a t i n g speed 
r.p.m. 

d i s s o l u t i o n time 
sec 

weight l o s s 
x 10+6 kg s e c - 1 

50 64.8 2.9 
50 33.3 3.8 
50 36.8 2.0 

100 42.0 3.5 
100 42.1 4.6 
100 44.2 3.9 
100 39.4 7.2 
100 27.8 6.9 
145 26.1 8.6 
145 44.0 6 . 3 
170 44.3 5.6 
200 39.9 6.0 
200 33.8 9.3 
200 37.8 7.8 
200 43.5 7.2 
225 41.0 7.8 
255 30.3 8.8 
300 28.4 11.3 
300 24.3 9.6 
400 31. 2 10.7 
400 23.2 11.8 
400 27.3 10 . 5 
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APPENDIX I I I 

Experimental data 

D i s s o l u t i o n o f alumina d i s k s i n a 70/30 C a F 2 / A l 2 0 

s l a g a t 1509°C 

r o t a t i n g speed 
r.p.m. 

d i s s o l u t i o n time 
sec 

weight l o s s 
x lO+o kg s e c - 1 

100 37.4 3.0 

100 36.9 5.2 

100 27.6 3.0 

100 39.4 3.2 

120 27.0 6.9 

145 37.7 5.6 

145 41.3 5.3 

200 43.9 4.7 

300 35.1 7.4 

300 26.9 7.1 

400 30.1 7.8 
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APPENDIX IV 

Experimental data 

D i s s o l u t i o n of alumina d i s k s i n a 80/20 C a F 2 / A l 2 0 

s l a g a t 1500°C 

r o t a t i n g speed 
r.p.m 

d i s s o l u t i o n time 
sec 

weight l o s s 
1 0 + 6 kg s e c - 1 

100 29.3 6.9 

100 32.3 7.0 

145 31.9 7.6 

200 36.4 7.8 

2 25 36.2 8.9 

300 30.4 9.8 

350 26.2 12.6 

400 24.3 13.3 
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APPENDIX V 

C a l c u l a t i o n of the I n t e r d e n d r i t i c Spacing as a F u n c t i o n of 
the S o l i d i f i c a t i o n V e l o c i t y , U s i n g Weinberg's and Buhr's 
R e s u l t s 1 5 

The p o s i t i o n of the i n t e r f a c e as a f u n c t i o n of t 1 / / 2 i s 

expressed by the r e l a t i o n : 

Y = 1.20 / T -0.35 (1) 

Y i s expressed i n inches and t i n minutes. E x p r e s s i n g Y 

i n u and t i n seconds, i t f o l l o w s : 

Y = 25000 (1.20 / ~ t ~ - .35) 
60 

or Y = 3870 / t - 8750 (2) 

The s o l i d i f i c a t i o n v e l o c i t y i s : 

v dY 1940 -1 
Y = — = u sec (3) 

d t ^ 

From F i g u r e 4 of the paper, the d e n d r i t i c s p a c i n g can be 
5 . 

expressed as a f u n c t i o n of Y. Y < 10 . The e q u a t i o n i s : 

i = 6700 Y + 60 (4) 

i i n t e r d e n d r i t i c s p a c i n g i n u' 

Y can be e l i m i n a t e d between equations (2) and (4). I t 

f o l l o w s : 

i = 26 / ~ t (5) 
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/ t can be eliminated between (5) and (3). i i s obtained as 

a function of the s o l i d i f i c a t i o n v e l o c i t y v: 

50 x 10 3 ... l = (6) 
v 

i i n t e r d e n d r i t i c spacing i n u 

v s o l i d i f i c a t i o n v e l o c i t y i n u sec 1 


