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The A u th o r  d e s i r e s  t o  a c k n o w le d g e  t h e  f i n a n c i a l  a i d  h e  h a s  

r e c e i v e d  i n  t h e  fo rm  o f  a  M a in te n a n c e  G ra n t  f ro m  t h e  D e p a r tm e n t  

o f  S c i e n t i f i c  and  I n d u s t r i a l  R e s e a r c h .  A ls o  t h e  f i n a n c i a l  

a s s i s t a n c e  g i v e n  by  t h e  M e t a l l u r g y  B o ard  o f  t h e  same D e p a r tm e n t  

to w a r d s  t h e  c o s t  o f  P a r t  I I  o f  t h e  w o rk .  I n  a d d i t i o n  h e  w is h e s  

t o  t h a n k  t h e  G o v e rn o rs  o f  t h e  R o y a l  T e c h n i c a l  C o l l e g e  f o r  t h e  

R e s e a r c h  S c h o l a r s h i p  c o n f e r r e d  on h im .

The w o rk  was c a r r i e d  o u t  i n  t h e  M e t a l l u r g y  D e p a r tm e n t  o f  t h e  

R o y a l  T e c h n i c a l  C o l l e g e  u n d e r  t h e  d i r e c t i o n  o f  P r o f e s s o r  H ay , 

t o  whom t h e  a u t h o r  w is h e s  t o  e x p r e s s  h i s  i n d e b t e d n e s s .



INTRODUCTORY.

D u r in g  r e c e n t  y e a r s  g r e a t  a d v a n c e s  h a v e  b e e n  made i n  t h e  

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

s t e e l  by t h e  two o pen  h e a r t h  p r o c e s s e s .  W ith  i n c r e a s e d  

k n o w led g e  a t t e n t i o n  h a s  come t o  be f o c u s s e d  l e s s  on t h e  m e t a l  

i t s e l f  and  more on t h e  s l a g  l a y e r  w h ic h  fo rm s  on  t h e  s u r f a c e  

o f  t h e  m e t a l  b a t h .  The i m p o r t a n t  p a r t  p l a y e d  by t h i s  l a y e r  

i s  now g e n e r a l l y  a c c e p t e d  and  i t  i s  r e c o g n i z e d  t h a t  f u r t h e r  

a d v a n c e s  i n  k n o w led g e  c a n  o n l y  come w i t h  im p ro v e d  u n d e r s t a n d i n g  

o f  t h e  co m p lex  m a t e r i a l s  c o m p o s in g  i t .  The e f f e c t  h a s  b e e n  t o  

c o n c e n t r a t e  a t t e n t i o n  on a  new an d  f a s c i n a t i n g  b r a n c h  o f  p h y s 

i c a l  c h e m i s t r y  -  t h e  p h y s i c a l  c h e m i s t r y  o f  t h e  s l a g  fo rm in g  

com pounds a t  t e m p e r a t u r e s  o f  120G°C and  o v e r .

I n  t h i s  s t u d y  much h a s  b e e n  d o n e , e s p e c i a l l y  w i t h i n  t h e  

l a s t  few  y e a r s , b u t  much s t i l l  r e m a in s  t o  be d o n e . The 

v a r i a b l e s  a r e  so  n u m e ro u s ,  and  t h e  c o n d i t i o n s  so  com plex  and  

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

n e c e s s a r i l y  b e e n  s lo w  i n  many d i r e c t i o n s . F u r t h e r  t h e  w o rk e r  

i n  t h i s  f i e l d  f i n d s  h i m s e l f ,  i n  many c a s e s ,  bound by l i m i t a t i o n s  

im p o sed  by n a t u r e ,  i n  t h a t  m a t e r i a l s  c o m b in in g  t h e  p r o p e r t i e s  

o f  r e f r a c t o r i n e s s ,  c h e m ic a l  i n e r t n e s s ,  s t r e n g t h ,  and  im p e r m e a b i l 

i t y  t o  g a s e s  a t  h i g h  t e m p e r a t u r e s ,  n e c e s s a r y  f o r  t h e  c o n s t r u c t i o n  

o f  h i s  a p p a r a t u s , d o  n o t  e x i s t .

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

i n t o  two b r o a d  g r o u p s  s u g g e s t s  i t s e l f .  The f i r s t  o f  t h e s e  

c o m p r i s e s  i n v e s t i g a t i o n s  w h ic h  c o n c e r n  t h e m s e lv e s  w i t h  t h e  

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

a c t u a l  i n d u s t r i a l  p r o c e s s .  The m e th o d s  em ployed  a r e  c h e m ic a l  

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

t o  o b t a i n  d a t a  w h ic h  on a n a l y s i s ,  g r a p h i c a l  o r  o t h e r w i s e ,  w i l l  

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

p l a c e . The s e c o n d  g ro u p  i s  com posed o f  r e s e a r c h e s -  i n t o  t h e  

p r o p e r t i e s  o f  t h e  known c o n s t i t u e n t s  o f  s l a g s  a s  s u c h ,  o r  o f  

s im p le  c o m b in a t io n s  o f  t h e s e  c o n s t i t u e n t s ,  u n d e r  l a b o r a t o r y  

c o n d i t i o n s ,  i n  t h e  hope  t h a t  t h e  d a t a  o b t a i n e d  may be o f  u s e



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

s t e e l  b a t h .

The two m e th o d s  a r e ,  o f  c o u r s e ,  c o m p le m e n ta r y .  The f i r s t  

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

s e c o n d  r e g a r d i n g  p r o p e r t i e s  o f  i n d i v i d u a l  c o m p o n e n ts .  The 

d ra w b a c k  t o  t h e  f i r s t ,  a t  l e a s t  a s  f a r  a s  t h e  p r o v i s i o n  o f  

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

c o n d i t i o n s  a r e  so  com p lex  t h a t  c o m p le te  a n a l y s i s  o f  t h e  d a t a  

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

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

i n v o l v e d  c a n  be  o b t a i n e d ,  and  t h i s  h a s  become i n c r e a s i n g l y  

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

th e r m o d y n a m ic a l  t r e a t m e n t  t o  t h e  r e a c t i o n s  i n  t h e  s t e e l  b a t h .  

T herm odynam ics  c a n  a lw a y s  p r o v i d e  i r r e f u t a b l e  i n f o r m a t i o n  

c o n c e r n i n g  t h e  e q u i l i b r i a  i n v o l v e d  p r o v id e d  t h e  r e q u i r e d  

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

U n f o r t u n a t e l y  i n  many c a s e s  kno w led g e  i n  t h i s  r e s p e c t  i s  v e r y  

i n c o m p l e t e .

The p r e s e n t  a c c o u n t  t r e a t s  Qf  i n v e s t i g a t i o n s  w h ic h  f a l l  i n t o  

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

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

s l a g s .  The d a t a  c o l l e c t e d  h a s  b e e n  o f  two k i n d s ;  f i r s t l y ,  

t h a t  c o n c e r n e d  w i t h  t h e  t h e r m a l  e q u i l i b r i u m  b e tw e e n  p h a s e s ,  

s o l i d  and  l i q u i d ,  i n f o r m a t i o n  o f  c o n s i d e r a b l e  v a l u e  f ro m  t h e  

p o i n t  o f  v ie w  o f  a  p r o c e s s  i n  w h ic h  t h e  f u s i b i l i t y  and  s o l v e n t

pow er o f  t h e  s l a g s  a r e  o f  p r im e  im p o r t a n c e ;  and  s e c o n d l y ,  t h a t

c o n c e r n e d  w i t h  t h e  c h e m ic a l  c o n s t a n t s  o f  c e r t a i n  o f  t h e  

m a t e r i a l s  and  w i t h  t h e  c h e m ic a l  e q u i l i b r i a  d e p e n d e n t  on th e m .

Somewhat a r b i t r a r i l y  a  d i v i s i o n  i n t o  two p a r t s  h a s  b e e n  

m ad e . P a r t  I  d e a l s  w i t h  i m p o r t a n t  c o n s t i t u e n t s  o f  s l a g s  w h ic h  

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

p r o c e s s ;  P a r t  I I  w i t h  c o n s t i t u e n t s  o f  b a s i c  s l a g s  s u c h  a s  a r e  

e n c o u n t e r e d  i n  t h e  b a s i c  o pen  h e a r t h  p r o c e s s .

The a r r a n g e m e n t  a d o p te d  i s  a s  f o l l o w s :



PART I  : I n v e s t i g a t i o n s  i n t o  t h e  c o n s t i t u t i o n  o f  a c i d  s l a g s .  

SECTION 1: The t h e r m a l  e q u i l i b r i u m  d ia g r a m  o f  t h e  b i n a r y  

s y s te m  MnO-SiOg-

SECTION 2: The t h e r m a l  e q u i l i b r i u m  d ia g r a m  o f  t h e  b i n a r y  

s y s te m  FeO~MnO.- 

SECTIQN 3 : f-£h-e t h e r m a l  e q u i l i b r i u m  d ia g ra m  o f  t h e  b i n a r y  

s y s te m  FeO - S i 0 2 •

SECTION 4: The c o n s t i t u t i o n  and  p r o p e r t i e s  o f  a c i d  s l a g s  

r e g a r d e d  on t h e  b a s i s  o f  t h e  t e r n a r y  s y s te m  

F e 0 -M n 0 -S i0 2 •

PART I I  : R e s e a r c h e s  on some o f  t h e  c o n s t i t u e n t s  o f  b a s i c

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

o x i d i s i n g  m echan ism  o f  s u c h  s l a g s .

SECTION 1: The t h e r m a l  e q u i l i b r i u m  d ia g r a m  o f  t h e  b i n a r y

s y s te m  CaO-di^O^ •
SECTION 2: I n v e s t i g a t i o n  o f  t h e  d i s s o c i a t i o n  o f  F e 2 0 ^ ,

m o n o ca lc iu m  f e r r i t e , an d  d i c a l c i u m  f e r r i t e .



PART I .  S e c t i o n  1 .

THE THERMAL, EQUILIBRIUM 'DIGRAM OF THE BIHARY SYSTEM im O -S iG ^ .

MnO and  S i 0 2 , t o g e t h e r  w i t h  I'eO, fo rm  t h e  p r i n c i p a l  c o n s t i t 

u e n t s  o f  a c i d  o p en  h e a r t h  s l a g s .  ( The t h r e e  t o g e t h e r  u p

b e tw e e n  80 an d  90 p e r  c e n t  o f  t h e  a v e r a g e  a c i d  s l a g . )  a  k n o w le d g e  

o f  t h e  t h e r m a l  e q u i l i b r i u m  d ia g ra m  o f  t h e  s y s te m  MnO-SiCh i s  

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

An a t te m p t  t o  e l u c i d a t e  t h i s  d iagram  had p r e v i o u s l y  been  made

by  D o e r i n c k e l 1 . H i s  r e s u l t s  a r e  b a s e d  on c o o l i n g  c u r v e s  t a k e n

w i t h  m e l t s  i n  a  p l a t i n u m  c r u c i b l e ,  a n d  a r e  n e c e s s a r i l y  r e s t r i c t e d

t o  t h e  m ore f u s i b l e  c o m p o s i t i o n s .  H e r t y 2 h a s  a l s o  i n v e s t i g a t e d

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

o f  t h e  n e c e s s a r y  m i x t u r e s .  T h i s  m e th o d  i n v o l v e s  c o n s i d e r a b l e

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

r a n g e  o f  t e m p e r a t u r e .  H e r t y  h i m s e l f  d i d  not d e t e r m in e  t h e  h i g h

S i 0 2 p o r t i o n  o f  t h e  d ia g r a m ,  b u t  t o o k  t h e  g e n e r a l l y  a c c e p t e d  w ork

o f  G r e i g ' ’ a s  b e i n g  c o r r e c t .  G r e ig  i n v e s t i g a t e d  t h e  e f f e c t  o f  v a r i o u s

m e t a l l i c  o x id e s  on t h e  m e l t i n g  p o i n t  o f  S i0 2 by a  m ethod  w h ich

: i n v o l v e d  t h e  q u e n c h in g  o u t  o f  m e l t s  f ro m  d i f f e r e n t  t e m p e r a t u r e s ,

and d e te r m in in g  By o p t i c a l  e x a m in a t io n  th e  r e l a t i v e  amounts o f

l i q u i d  and  s o l i d  w h ic h  h a d  b e e n  i n  e q u i l i b r i u m  a t  t h e  moment o f

q u e n c h in g .  By t h i s  m eans i t  i s  p o s s i b l e  t o  e x p l o r e  c o m p l e t e l y  t h e

I l i q u i d u s  and  s o l i d u s  l i n e s  o f  a  p h a s e  d ia g r a m .  I n  a d d i t i o n  t o  t h e

j ab ove  G l a s e r 4 and  C a in 5 h a v e  a l s o  p ro p o s e d  d i a g r a m s .  T h e re  i s ,

i h o w e v e r ,  c o n s i d e r a b l e  d iv e r g e n c e  b e tw e e n  t h e  r e s u l t s  o f  t h e  v a r i o u s

w o r k e r s .  F o r  t h i s  r e a s o n ,  i t  was c o n s i d e r e d  d e s i r a b l e  t o  r e p e a t

t t h e  d e t e r m i n a t i o n  o f  t h i s  d ia g ra m ,  and  t h e  f o l l o w i n g  i s  an  a c c o u n t

t h e  w o rk .  D u r in g  t h e  cou rse ,  o f  t h e s e  d e t e r m i n a t i o n s  i t  was

^ d i s c o v e r e d  t h a t  t h e  m e l t i n g  p o i n t  o f  mo was a t  much h i g h e r  te m p -

, e r a t u r e  t h a n  p r e v i o u s l y  s u p p o se d  ( s e e " d i s c u s s i o n  o f  c u r v e s " ) ,  an d

h e n c e  i t  was c o n s i d e r e d  a d v i s a b l e  t o  r e d e t e r m i n e  t h e  b i n a r y  I y S t e m 
•5 MnO-FeO.



FIG . 1
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D e t a i l s  o f  A p p a r a t u s .

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

a  v e r t i c a l  m olybdenum -w ound f u r n a c e ,  a s  d e s c r i b e d  by A ndrew , 

M addocks,  an d  Howat , was em ployed  ( s e e  F ig  1 ) .  The h e a t i n g  

e l e m e n t  c o n s i s t e d  o f  41 f e e t  o f  .0 4  i n c h e s  d i a m e t e r  molybdenum  

w i r e  wound on an  a lundum  f u r n a c e  t u b e , and  c a r r i e d  a  c u r r e n t  o f  

50 a m p e re s  f o r  a  p o t e n t i a l  d ro p  o f  250 v o l t s  a t  a  t e m p e r a t u r e  o f  

1 8 0 0 ° 0 .  An i n t e r n a l  a lundum  s l e e v e  c a r r i e d  a  g r i d  o f  s h e e t  

molybdenum  t o  p r o t e c t  t h e  t e m p e r a t u r e - m e a s u r i n g  th e r m o c o u p le  

f ro m  t h e  e f f e c t  o f  t h e  e l e c t r i c  f i e l d  o f  t h e  w in d in g  a t  h i g h  

t e m p e r a t u r e s .  A m i x t u r e  o f  h y d ro g e n  and  n i t r o g e n ,  g o t  by c r a c k 

i n g  am m onia, p a s s e d  t o  t h e  f u r n a c e  v i a  t h e  p i p e  i n  t h e  b o t to m  o f  

t h e  i r o n  c a s i n g ,  m a i n t a i n i n g  a  r e d u c i n g  a tm o s p h e r e  an a  p r e v e n t i n g  

t h e  w in d in g s  f ro m  b u r n in g  o u t .

As a  r e s u l t  o f  e x p e r i e n c e ,  s e v e r a l  a l t e r a t i o n s  i n  d e t a i l  v m re , 

h o w e v e r ,  c a r r i e d  o u t  r e s u l t i n g  i n  im p ro v ed  p e r f o r m a n c e ,  and 

i n c r e a s e d  l i f e  o f  t h e  w i n d i n g s .  F o r  exam ple  t h e  d i a m e t e r  o f  t h e  

f u r n a c e  t u b e  was r e d u c e d  t o  a  minimum ( 2 / 4  i n c h e s  i n t e r n a l  d iam 

e t e r ) .  The w a l l s  w ere  made a s  t h i n  a s  p o s s i b l e  and  t h e  w i n n i n g  

p u t  on t h e  t u b e  w i t h  somewhat c l o s e r  t u r n s  t o  c o n c e n t r a t e  t h e  

h e a t .  I n  a d d i t i o n  a  v e r y  t h i c k  o u t e r  c o a t i n g  o f  a lundum  was p u t  

o v e r  t h e  w in d in g ,  w h ic h  r e s u l t e a  i n  an  i n c r e a s e  i n  t h e  r a t e  o f  

h e a t i n g  an d  i n  t h e  maximum t e m p e r a t u r e  a t t a i n a b l e .  The r e a s o n  

f o r  t h i s  a p j j e a r s  t o  be  t h a t  t r a n s f e r  o f  h e a t  t o  t h e  m e l t  t a k e s  

p l a c e  m a in ly  by  means o f  t h e  g a s e s  i n t r o d u c e d .  T h e s e ,  t o  

e s c a p e  t o  t h e  a tm o s p h e r e ,  m ust p a s s  f ro m  t h e  o u t e r  a i r t i g h t  c a s i n g  

o f  t h e  f u r n a c e  t h r o u g h  t h e  p o r o u s  a lundum  tu b e  b e f o r e  e m e rg in g  

fro m  t h e  t o p .  and  t h u s  t h e y  h a v e  t h e i r  t e m p e r a t u r e  r a i s e d  by 

c o n t a c t  w i t h  t h e  h o t  a lundum . w h ic h  t h u s  a c t s  i n  t h e  same f a s h i o n  

a s  c h e c k e r s  i n  r e g e n e r a t i v e  p r a c t i c e .  T h is  h a s  b e e n  v e r i f i e d  i n  

t h a t  a t t e m p t s  t o  c o n s t r u c t  vacuum f u r n a c e s  h av e  p ro v e n  d i f f i c u l t , 

d u e ,  i n  p a r t ,  t o  t h e  a b s e n c e  o f  t h i s  means o f  h e a t  t r a n s f e r .  

a  g r e a t  t h i c k n e s s  o f  a lunaum  of- a lundum  a l s o  a c t s  a s  a  p r o t e c t i o n  

a g a i n s t  s l a g g i n g  uue t o  t h e  p e n e t r a t i o n  o f  d u s t ,  a n a  t h e  l i f e  o f  

t h e  f u r n a c e  i s  v e r y  much i n c r e a s e a .  I t  may be m e n t io n e d  t h a t



f u r n a c e s  i n  u s e  f i v e  d a y s  a  w eek  t o  t e m p e r a t u r e s  i n  e x c e s s  o f  

16Q0oC h a v e  b een  known t o  l a s t  a s  l o n g  a s  s i x  m o n th s ,  when c o n s 

t r u c t e d  on t h e s e  l i n e s ,  a n d  a  t e m p e r a t u r e  o f  186 0 °0  h a s  been  r e 

c o r d e d .

E x p e r i m e n t a l  P r o c e d u r e . At t h e  commencement o f  w ork  on t h i s  

s y s te m  t h e  o r i g i n a l  t e c h n i q u e  em ployed  by Andrew, M addocks a n a  

Howat^ was a d h e r e d  t o  v e r y  c l o s e l y .  A bout 50 g ram s o f  t h e  

a p p r o p r i a t e  m i x t u r e  was w e ig h e d  o u t ,  and  p l a c e d  i n  a  r e f r a c t o r y  

c r u c i b l e ,  w h i l e  t h e  p o i n t  o f  a  m o ly b d e n u m - tu n g s te n  th e r m o c o u p le ,  

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

a n a  c o n n e c t e d  v i a  a  c o l d  j u n c t i o n  t o  a  T i n s l e y  p o t e n t i o m e t e r  

o p e r a t i n g  i n  c o n j u n c t i o n  w i t h  a  m i r r o r  g a lv a n o m e te r  and  s c a l e . 

I n v e r s e  r a t e  h e a t i n g  and  c o o l i n g  c u r v e s  w ere  t a k e n .

From t h e  o u t s e t  g r e a t  d i f f i c u l t y  was e n c o u n t e r e d .  The c h o ic e  

o f  a  s u i t a b l e  r e f r a c t o r y  was p e r h a p s  t h e  c h i e f  o f  t h e s e ,  on a c c o u n t  

o f  t h e  e x t r e m e l y  r e a c t i v e  n a t u r e  o f  t h e  m e l t s  and  t h e  h i g h  tem p 

e r a t u r e s  i n v o l v e d .  Of a l l  t h e  s u b s t a n c e s  t r i e d ,  " S a la m a n d e r " 

p ro v e d  t h e  b e s t  b u t  i t  i n v a r i a b l y  g av e  Deads o f  m e t a l l i c  m anganese  

due t o  r e d u c t i o n  i n  a l l  m e l t s  e x c e p t  t h o s e  v e r y  p o o r  i n  Mnu.

F u r t h e r  t h e  o n ly  s h e a t h  o f  an y  u s e  was one made o f  c a r b o n ,  g o t  

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

s t i l l  f u r t h e r  a c c e n t u a t e d  t h e  r e d u c t i o n  o f  Mnu. I n i t i a l l y  t h e s e  

s h e a t h s  a l s o  c a u s e d  a  g r e a t  d e a l  o f  t r o u b l e  w i t h  t h e  th e rm o c o u p le  

due t o  u n c e r t a i n  r e a d i n g s , u n t i l  i t  was fo u n d  n e c e s s a r y  t o  i n s u l a t e  

b o th  w i r e s  v e r y  c o m p l e t e l y  f ro m  c o n t a c t  w i t h  t h e  c a r b o n .  To 

a c h i e v e  t h i s  b o t h  w i r e s  had  t o  be c o v e re d  w i t h  s i l i c a  s h e a t h i n g  

down a s  f a r  a s  t h e  j o i n  fo rm ed  by t w i s t i n g  t h e  two t o g e t h e r ,  w h ich  

was i t s e l f  i n s e r t e d  i n  a  s e p e r a t e  s h o r t  p i e c e ,  a s  i n d i c a t e d  i n
t

F i g .  2 .  The r e s u l t  w as ,  t o  a v o id  t h e  u s e  o f  t o o  t h i c k  a  s h e a t h  

a t  t h e  a c t u a l  p o i n t ,  s h e a t h s  h a d  t o  b u i l t  up  f ro m  two t h i c k n e s s e s  

o f  c a r b o n  r o d ,  t h e  p o i n t  b e i n g  su n k  i n  a  p i e c e  o f  s m a l l e r  d i a m e t e r  

d r i l l e d  t o  a  s m a l l e r  b o r e  ( s e e  F i g .  2 ) .  The th e r m o c o u p le  t h e n  

oehaved  p e r f e c t l y ,  b u t ,  e v e n  w i t h  t h e s e  p r e c a u t i o n s ,  t h e  am ount 

o f  h e a t  i n s u l a t i o n  t a x i n g  p l a c e  was c o n s i d e r a b l e , a n a  made t h e



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

s o ,  t h i s  m e th o d  b e i n g  t h e  m ost p r o m i s i n g  t r i e d  u p  t o  t h a t  t i m e ,  

was em p lo y ed  u n t i l  t h e  t r u e  e x t e n t  o f  t h e  r e d u c t i o n  w i t h  i n c r e a s i n g  

MnO c o n t e n t  was r e a l i s e d .  P r e v i o u s  t o  t h i s ,  h o w ev e r  a  c o n s i d e r 

a b l e  num ber o f  c u r v e s  h a d  been  t a k e n .

a b o u t  t h i s  t im e  i t  was n o t i c e d  t h a t  t h e  th e r m o c o u p le  w i r e s ,  

e v e n  when im m ersed  d i r e c t l y  i n  t h e  m e l t s , s h o w e d  no s i g n  o f  c o r r o s 

i o n  ( th o u g h  t h e  r e a d i n g s  became v e r y  e r r a t i c ) ,  and  i t  was d e c i d e d  

t o  t r y  m olybdenum  i t s e l f  a s  a  r e f r a c t o r y .  E n q u i r i e s  t o  t h e  

T u n g s te n  M a n u f a c t u r i n g  Company e l i c i t e d  t h e  f a c t  t h a t  molybdenum 

c r u c i b l e s  c o u l d  o n ly  be sp u n  i n  A m e r ic a ,  an d  a t  a  p r o h i b i t i v e  

c o s t . I t  was d e c i d e d  t o  d r i l l  o u t  c r u c i o l e s  f ro m  t h e  l a r g e s t  

s i z e  o f  r o d  a v a i l a b l e , w h ic h  was o n ly  11 m i l l i m e t r e s  i n  d i a m e t e r . 

T h ese  c r u c i b l e s  w ere  a b o u t  an  i n c h  i n  l e n g t h  and  t h e  s i z e  o f  t h e  

m e l t  was l i m i t e d  t o  a b o u t  two gram s i n  e a c h  c a s e .  Molybdenum 

l i d s  w ere  f i t t e d ,  an d  a t  f i r s t  t h e s e  w ere  d r i l l e d  t o  a l lo w  i n s u l 

a t e d  t h e r m o c o u p le  w i r e s  t o  p a s s  t h r o u g h  th em , t h e  p o i n t s  b e in g  

i n s e r t e d  d i r e c t l y  i n  t h e  m e l t . L a t e r  t o  e l i m i n a t e  e r r a t i c  

r e a d i n g s , t h e  p o i n t  was bound t o  t h e  o u t s i d e  o f  t h e  c r u c i b l e  w i t h  

molybdenum w i r e , on t h e  a s s u m p t io n  t h a t ,  molybdenum b e i n g  a  

good c o n d u c t o r  o f  h e a t ,  t h e  t h e r m a l  e f f e c t s  w ould  be f e l t  t h r o u g h  

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

a r l y  a s  t h e y  w ere  s u r r o u n d e d  by  r e l a t i v e l y  p o o r  c o n d u c t o r s . To 

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

c o n t a i n e r  o f  a lundum  was c o n s t r u c t e d  t o  f i t  t h e  c r u c i b l e *  The 

m e l t s ,  h o w e v e r ,  w ere  now so  s m a l l  t h a t  o n ly  t h e  l a r g e s t  p o i n t s  

showed up  a t  a l l  on t h e  i n v e r s e  r a t e  c u r v e s ,  and  o n ly  t h e  s o l i a u s  

l i n e s  o f  t h e  d ia g ra m  c o u ld  be f i x e d .  E e v e r t h e l e s s  t h i s  was by 

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

w ere  o b t a i n e d  a f t e r  t h e  f i r s t  c u rv e  v^ere a lw a y s  r e p e a t a b l e ,  ana  

t h e  m e l t s  a p p e a r e d  v e r y  p u re  -p u r e- i n  t h e i r  n a t u r a l  c o l o u r s ,  w h icn  

were o n ly  now s e e n  f o r  t n e  f i r s t  t i m e .  C h em ica l  a n a l y s i s  f a i l e d  

t o  show a n y  e v id e n c e  o f  change  o f  c o m p o s i t i o n ,  o r  o f  c o n t a m i n a t i o n .

The p ro b le m  was t o  f i n d  a  m ethod  o f  g r e a t e r  s e n s i t i v i t y ,  by 

w n ich  c o m p le te  c u r v e s  f o r  t n e s e  s m a l l  m e l t s  c o u ld  be o b t a i n e d .
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T h is  s f i n a l l y  a c h ie v e d  by u s i n g  a d i f f e r e n t i a l  molybdenum- 

tu n g s te n -m o ly b d e n u ra  th e rm o c o u p le  , and a f t e r  one o r  two p r e l i m i n a r y  

t r i a l s  a  t e c h n i q u e  was d e v e lo p e d ,  w hich  was u s e d  a lm o s t  u n a l t e r e d  

f o r  t h e  c o m p le te  i n v e s t i g a t i o n .

A c y l i n d r i c a l  c o n t a i n e r  o f  alundum  was c o n s t r u c t e d  a s  shown in

F i g .  3 ,  h a v i n g  two r e c e s s e s  s id e  by s i d e  j u s t  l a r g e  enough/to h o ld

a molybdenum c r u c i b l e ,  and a  b l a n k  o f  t h e  same m a t e r i a l .  One o f

the  p o i n t s  o f  th e  d i f f e r e n t i a l  c o u p le ,  and t h a t  o f  the  tem perature

r e c o r d in g  co u p le  were bound to  the  c r u c ib le  w ith  molybdenum w ir e .

The o t h e r  p o in t  o f  the d i f f e r e n t i a l  coup le  was bound to  the b la n k .

The d i f f e r e n t i a l  c o u p le  was c o n n e c te d  d i r e c t l y ,  v i a  th e  u s u a l

c o ld  j u n c t io n ,  to  a ga lv a n o m eter , d e f l e c t i o n s  b e in g  in d ic a te d  by

a lamp and s c a l e .  The tem perature coup le  l e a d s  w ere, o f  c o u r se ,

con n ected  to  the  T in s le y  p o te n t io m e te r  as b e f o r e .  Readings o f  the

d i f f e r e n t i a l  d e f l e c t i o n s  were t a k e n  sim ultaneously?- w i th  r e a d i n g s  o f

the tem perature  c o u p le .  In  some c a s e s  a s i m p l i f i c a t i o n  was
e

In trod u ced  in  th a t  on o f  the molybdenum w ir e s  was used- to  se r v e  f o r
A v

b oth  c o u p le s ,  so th a t  onl^r th ree  w ir e s  came from th e  fu r n a c e .  This  

was found u n d e s ir a b le  as a g e n e r a l  p r a c t i c e ,  however, owing to  the  

necessity?- o f  p r e s e r v in g  the c a l ib r a t e d  sample o f  w ire as lo n g  as  

p o s s i b l e ,  and i t  e n t a i l e d  the u se  o f  c a l ib r a t e d  w ire fo r  b o th  o f  

the molybdenum le a d s  . U s u a l ly  u n c a l ib r a te d  molybdenum w ire was 

used fo r  the d i f f e r e n t i a l .

The tem perature r e c o r d in g  therm ocouples used  throughout were 

c a l ib r a te d  (1 )  up to  1050°C a g a in s t  a known chrom el-a lum el thermo

cou p le ,  (2 )  by ta k in g  h e a t in g  and c o o l in g  curves  fo r  "Armco" ir o n
o

UP to  the m e lt in g  p o i n t ,  and thus o b ta in in g  the A  ̂ p o i n t , 1402 C, and 

the m e lt in g  p o i n t ,  1530°C. A check was g o t  by c a l c u l a t i n g  the  

eq u a t io n  o f  the curve from the v a lu e s  o b ta in ed  by the f i r s t  method 

and v e r i f y i n g  th a t  the Iron  p o in t s  la y  on i t .  (T h is  e q u a t io n  i s  

o f  the form y - a x 11 , where y r e p r e s e n ts  the therm ocouple rea d in g  in  

m i l l i v o l t s ,  and x the tem perature in  d e g r e e s  C en tig ra d e .  n i s  then  

approximately?- 2 in  most c a s e s . )  S ev era l  therm ocouples have been  

C a lib ra te d  by t h i s  method and the agreement betw een them has alw ays  

b e©n very  c l o s e .



O p t i c a l  E x a m in a t io n  o f  t h e  M e l t s  f o r  t h e  I d e n t i f i c a t i o n

o f  P h a s e s .

U s in g  t h e  s m a l l  molybdenum c r u c i b l e s  d e s c r i b e d  a b o v e ,  i t  was 

i m p o s s i b l e ,  s h o r t  o f  s e c t i o n i n g  t h e  c r u c i b l e s  c o n t a i n i n g  th em , 

t o  o b t a i n  t h e  m e l t s  i n  a  fo rm  s u f f i c i e n t l y  m a s s iv e  t o  p e r m i t  

o f  p o l i s h i n g  and  e x a m i n a t i o n  by r e f l e c t e d  l i g h t . The c o s t  o f  

s a c r i f i c i n g  a  c r u c i b l e  f o r  e v e r y  m e l t  w ou ld  h a v e  b e e n  c o n s i d e r a b l e , 

so  i t  was n e c e s s a r y  t o  rem ove t h e  m e l t s  by some m ean s .  I t  was 

fo u n d  t h a t  t h e  o n ly  p o s s i b l e  m ethod  was t o  c h ip  o u t  a  l i t t l e  by 

p e r c u s s i o n ,  o r ,  a l t e r n a t i v e l y ,  t o  make u s e  o f  a  m e c h a n ic a l  

d r i l l .  The m a t e r i a l  was t h e n  o b t a i n e d  i n  t h e  fo rm  o f  f i n e  

f r a g m e n t s .  T h a t  r e m a i n in g  i n  t h e  c r u c i b l e  was rem oved by a  

c o m b in a t io n  o f  f u s i o n  i n  sod ium  c a r b o n a t e ,  a n a  b o i l i n g  i n  

c o n c e n t r a t e d  a c i d ,  a  p r o c e s s  w h ich  o n ly  a t t a c k e d  t h e  c r u c i b l e  

t o  a  s l i g h t  e x t e n t .

The m eth o d  a d o p t e d  t o  i d e n t i f y  t h e  c o n s t i t u e n t s  o f  t h e  

f r a g m e n ts  o f  t h e  m e l t  t h u s  o b t a i n e d  was by m easu rem en t o f  t h e i r  

r e f r a c t i v e  . i n d i c e s ,  u s i n g  t h e  B ecke m e t h o d . ( s e e  any  s t a n d a r d  

t e x t  book  on O p t i c a l  M i n e r a l o g y ) ,  s u p p le m e n te d  a s  f a r  a s  p o s s i b l e  

by d e t e r m i n a t i o n  o f  o t h e r  o p t i c a l  p r o p e r t i e s .  T h is  m ethod  p r o v i d e s  

no i n f o r m a t i o n  a s  t o  t h e  s t r u c t u r e s  fo rm ed  i n  t h e  m e l t s ,  b u t  

on t h e  o t h e r  h a n d ,  a s  i t  a c t u a l l y  d e p e n d s  on t h e  m easu rem en t o f  

w hat a r e  p h y s i c a l  c o n s t a n t s  o f  t h e  p h a s e s  p r e s e n t ,  i t  p r o v i d e s  

more p o s i t i v e  i n f o r m a t i o n  t h a n  e x a m in a t io n  by r e f l e c t e d  l i g h t , i n  

so  f a r  a s  i d e n t i f i c a t i o n  o n ly  i s  c o n c e r n e d .

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

i n d i c e s  up t o  1 . 7 8 .  F o r  h i g h e r  d e t e r m i n a t i o n s  s t a n d a r d  g l a s s e s  

o f  s u lp h u r  a n d  s e l e n iu m ,  p r e p a r e d  a s  d e s c r i b e d  by M erwin and  

L a r s e n ^ } w ere  e m p lo y e d .
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The High Temperature M ic ro sco p e .  To a s s i s t  in  the i n v e s t i g a t i o n

o f  s l a g  s j^stem s, a h ig h  t e m p e r a tu r e  m ic ro s c o p e  was c o n s t r u c t e d ,

t>y means o f  w h ich  f u s i o n  and  s o l i d i f i c a t i o n  c o u ld  be  o b s e rv e d  a t

h ig h  t e m p e r a t u r e s .  B r i e f l y  i t  c o n s i s t e d  o f  a c y l i n d r i c a l  w a t e r -
w h ich

j a c k e t e d  c o n t a i n e r  o f  b r a s s  i n Ath e  h e a t i n g  e le m e n t  was p l a c e d ,  

and a w a t e r - j a c k e t e d  l i d ,  p r o v id e d  c e n t r a l l y  w i th  a s m a l l  window, 

(S ee  P i g .  4 . ) ,  above  w hich  a m ic ro s c o p e  c o u ld  be e r e c t e d .  The 

f u r n a c e  u n i t  c o n s i s t e d  o f  two c o n c e n t r i c  alundum t u b e s ,  wound 

w i t h  molybdenum w ire  . 1 2 5  m i l l i m e t r e s  i n  d i a m e t e r ,  and i t  was 

m ounted v e r t i c a l l y  i n s i d e  th e  c o n t a i n e r .  A s t o o l  was p r o v id e d ,  

a s  shown i n  F i g .  4 ,  on w h ich  th e  spec im en  to  be exam ined  c o u ld  

be  p l a c e d .  M e l t i n g  o r  f r e e z i n g  c o u ld  th e n  be o b s e rv e d  from o u t s i d e  

by means o f  th e  m ic ro s c o p e .  A 35 m i l l i m e t r e  o b j e c t i v e  was found 

to  be  v e ry  c o n v e n ie n t  f o r  t h i s  p u r p o s e ,  a s  i t  a l lo w e d  o f  th e  s p e c 

imen b e i n g  p l a c e d  i n  th e  h o t  zone o f  th e  f u r n a c e .  W ith  th e  m olyb

denum w in d in g  i t  was n e c e s s a r y  to  work i n  a r e d u c in g  a tm o s p h e re ,  

and p r o v i s i o n  was made f o r  p a s s i n g  n i t r o g e n  and h y d ro g en  ( g o t  by 

c r a c k i n g  ammonia) i n t o  th e  c o n t a i n e r .  A d e v ic e  f o r  c la m p in g  down 

th e  l i d  was f i t t e d ,  an d ,  a s  p a c k in g  m a t e r i a l  b e tw een  th e  l i d  

and th e  body o f  th e  c o n t a i n e r ,  a r i n g  o f  p l a s t i c e n e  was found  

v e ry  c o n v e n i e n t .  When th e  l i d  was sc rew ed  down t i g h t l y ,  t h i s  

gave a v e ry  e f f i c i e n t  j o i n t ,  and , m o re o v e r ,  i t  was a v e ry  s im p le  

m a t t e r  to  embed th e  i n s u l a t e d  th e rm o c o u p le  w i r e s  i n  th e  p l a s t i c e n e  

w i th o u t  d a n g e r  o f  l e a k a g e .

A v e ry  i n t e n s e  h e a t  was o b t a i n a b l e  w i th  t h e s e  s m a l l  w in d in g s ,  

th e  h i g h e s t  t e m p e r a tu r e  r e c o r d e d  w i th  t h i s  a p p a r a t u s  b e in g  j u s t  

o v e r  1650°C. A s h a l lo w  c r u c i b l e  o f  molybdenum was u sed  to  h o ld  

th e  m e l t s ,  and th e  th e rm o c o u p le  was bound to  i t  a s  shown i n  F ig .

5 .  Only v e ry  s m a l l  w e ig h ts  o f  m e l t  co u ld  be t a k e n ,  o f  c o u r s e ,  

( a b o u t  .2  grams on th e  a v e r a g e ) .

N a t u r a l l y  th e  t e m p e r a t u r e s  r e c o rd e d  by t h i s  means were n o t

e x p e c te d  to  be  so a c c u r a t e  a s  th o s e  g o t  from h e a t i n g  and c o o l in g

c u rv e s ,  and t e s t  r u n s ,  made w i th  m e ta l s  i n  th e  c r u c i b l e ,  i n d i c a t e
o

m  some c a s e s  an e r r o r  o f  the ord er  o f  20 to  30 C. C o n d itio n s  

e r e ,  how ever, d e f i n i t e l y  worse w ith  m e ta ls ,  as  a t h in  l i n i n g



o f  alundum  had  to  he p u t  o v e r  th e  i n s i d e  o f  th e  c r u c i b l e  to  

p r e v e n t  a l l o y i n g ,  an d ,  f u r t h e r ,  th e  m o l te n  m e ta l  a lw a y s  

form ed a s p h e r i c a l  d ro p  due to  s u r f a c e  t e n s i o n ,  and t h i s  r o s e  

un  so h ig h  t h a t  th e  u p p e r  s u r f a c e ,  w h ich  was t h e  one u n d e r  

o b s e r v a t i o n ,  was above  th e  l e v e l  o f  th e  to p  o f  th e  c r u c i b l e .

Hence i t  i s  p r o b a b le  t h a t  th e  e r r o r  w i th  s l a g s  i n  th e  c r u c i b l e ,  

n e v e r  e x c e e d e d  t h i s  f i g u r e ,  and t h a t  i t  was i n  f a c t  u s u a l l y  s m a l le  

C e r t a i n l y  i n  manjr c a s e s  th e  r e s u l t s  o b ta in e d  ^how r e m a rk a b le  a g r e e 

m ent w i t h  th o s e  w h ich  w ere d e r i v e d  l a t e r  from h e a t i n g  and c o o l i n g  

c u r v e s .

F u rn a c e  u n i t s  wound w i t h  p l a t in u m  were a l s o  c o n s t r u c t e d  f o r  

th e  h ig h  t e m p e r a t u r e  m ic ro s c o p e ,  and have  b e e n  u se d  when i t  

was n e c e s s a r i r  to  c a r r y  b u t  th e  h e a t i n g  o f  th e  m e l t  i n  an  o x i d i s i n g  

a tm o s p h e r e .  These c o u ld  n o t ,  o f  c o u r s e ,b e  t a k e n  to  a s  h ig h  

t e m p e r a t u r e s  a a  th e  mol3rbdenum w in d in g s .

The m ic ro s c o p e  em ployed was f i t t e d  w i th  a g l a s s  p l a t e  p l a c e d  

a t  an  a n g le  o f  45° t o  th e  a x i s  o f  th e  b a r r e l ,  i n  o r d e r  t h a t  

l i g h t  c o u ld  be r e f l e c t e d  down th e  tu b e  to  i l l u m i n a t e  th e  sp ec im e n . 

As a s o u rc e  o f  l i g h t ,  a c a rb o n  a r c  lam p, f i t t e d  w i th  a c o n d e n s in g  

l e n s ,  was found  m ost s u i t a b l e ,  a v e ry  i n t e n s e  l i g h t  b e in g  

n e c e s sa r s r  to  r e v e a l  th e  specim en  a t  h ig h  t e m p e r a tu r e s  when g l a r e  

from th e  f u r n a c e  become t r o u b le s o m e .  I n  th e  n e ig h b o u rh o o d  o f  

1000°C th e  f i e l d  was c l e a r e r  i l l u m i n a t e d  by i t s  own th e rm a l  

R a d i a t i o n s ,  b u t  a t  h i g h e r  t e m p e r a t u r e s ,  t h e s e  became so i n t e n s e  

t h a t  a l l  d i f f e r e n t i a t i o n  was l o s t ,  and e x t e r n a l  i l l u m i n a t i o n  

was r e ° u i r e d .  To im prove th e  v i s i b i l i t 3' a  m oveable  s l i t  was 

i n s e r t e d  b e tw e e n  th e  a r c  lamp and th e  r e f l e c t i n g  g l a s s  p l a t e .  3 3'

t h i s  means o n l 3r a p o r t i o n  o f  th e  f i e l d  was i l l u m i n a t e d  a t  a t i n e  

and was r e v e a l e d  much more c l e a r l 3r to  th e  e3re th a n  when th e  whole 

a r e a  was i l l u m i n a t e d  a t  o n c e .  Even w i th  t h i s  d e v i c e ,  how ever, 

a c c u r a t e  o b s e r v a t i o n  a t  t e m p e r a tu r e s  a p p ro a c h in g  1600 C was v e ry  

d i f f i c u l t .

A tte m p ts  were made to  p h o to g ra p h  th e  f i e l d  a t  h ig h  t e m p e r a t u r e s .  

F r e l im in a r j r  e x p e r im e n t s  i n  th e  n e ig h b o u rh o o d  o f  9 0 0  C w i th  p i e c e s  

° f  s i l v e r  f o i l  i n  th e  f u r n a c e  w ere v e r 3r s u c c e s s f u l ,  and p h o to 



g ra p h s  w ere o b t a i n e d  b o t h  w i t h  ’’p a n c h r o m a t i c ’* p l a t e s  u s i n g  th e  

a r c  lamp to  p r o v id e  i l l u m i n a t i o n ,  and w i t h  ’’i n f r a - r e d "  p l a t e s  

by means o f  th e  th e r m a l  r a d i a t i o n s  from t h e  sp e c im e n  i t s e l f .  At 

h i g h e r  t e m p e r a t u r e s  and w i t h  m anganese  s i l i c a t e  m e l t s  i n  th e  

c r u c i b l e  no p h o to g r a p h s  c o u ld  be  g o t ,  t h e  r e a s o n s  b e i n g  a p p a r e n t 

l y  th e  i n c r e a s e d  g l a r e  a t  t h e s e  t e m p e r a t u r e s ,  and th e  lo w e r  

r e f l e c t i v e  pow er o f  t h e  s l a g  s u r f a c e .

P r e p a r a t i o n  o f  M a t e r i a l s .

P r e p a r a t i o n  o f  MnO. P u re  MnO was p r e p a r e d  a s  i n d i c a t e d  by  Andrew 
6

and c o -w o rk e r s  by h e a t i n g  p u re  r e c r y s t a l l i z e d  m anganese  o x a l a t e  

to  a p p r o x im a te ly  850°C i n  vacuo  to  decom pose i t ,  a l l  g a s e s  b e i n g  

pumped o f f  a s  f a s t  a s  th e y  w ere e v o lv e d .  One m o d i f i c a t i o n  may

be m e n t io n e d .  I t  was found  a d v a n ta g e o u s ,  b e f o r e  o p e n in g  th e  

t u b e ,  and a f t e r  d e c o m p o s i t io n  had  c e a s e d ,  to  h e a t  to  1000°C.

T h is  r e n d e r e d  th e  p r o d u c t  s t a b l e  i n  a i r .  O th e rw is e  i t  was l i a b l e  

t o  i g n i t e  s p o n ta n e o u s ly  on e x p o s u re  to  a i r ,  o r  to  u n d e rg o  a  d a r k 

e n in g  i n  th e  c o l o u r  due to  o x i d a t i o n .  When th e  above p r e c a u t i o n s  

were o b s e rv e d ,  i t  was o b t a i n e d  a s  a d a r k ,  o l i v e  g r e e n  powder 

a n a l y z i n g  p u re  MnO w i t h i n  th e  l i m i t s  o f  e x p e r im e n ta l  e r r o r .

S ou rce  o f  SiQo . P u re  s i l i c a  sand was em ployed th r o u g h o u t .

B x p e r im e n ta l  R e s u l t s .

H e a t in g  and C o o l in g  C u rv e s .  The d i f f e r e n t i a l  h e a t i n g  and

c o o l i n g  c u rv e s  f o r  t h i s  sy s tem  a r e  re p ro d u c e d  i n  F i g s .  7 to  21.

The v e r t i c a l  s c a l e  i s  1 in c h  e q u i v a l e n t  to  .30  m i l l i v o l t s  ( th e rm o -  
. *

co u p le  r e a d i n g ) ,  and on th e  h o r i z o n t a l . s c a l e  1 in c h  r e p r e s e n t s  

a  d e f l e c t i o n  o f  o c e n t i m e t r e s  on th e  g r a d u a te d  s c a l e  o f  th e  

g a lv a n o m e te r  c o n n e c te d  to  th e  d i f f e r e n t i a l  th e rm o c o u p le .  T h is  

g r a d u a te d  s c a l e  was p l a c e d  a t  a d i s t a n c e  o f  3 f e e t  6 in c h e s  from 

th e  m i r r o r  o f  th e  g a lv a n o m e te r .  These c u rv e s  a r e  r e p ro d u c e d  i n  

th e  u n to u c h e d  c o n d i t i o n ,  i n c l u d i n g  any a c c i d e n t a l  I r r e g u l a r i t i e s  

o c c u r r i n g ,  and th e  m ethod o f  i n t e r o r e t i n g  e a c h  one i s  f u l l y  

i n d i c a t e d .  I n  m ost c a s e s  a  d r i f t  o f  th e  z e ro  to o k  p l a c e  i n  

th e  d i f f e r e n t i a l  c i r c u i t ,  a n d ,  th o u g h  th e  d e s i r a b i l i t y  oX
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k e e p in g  t h i s  s m a l l  i s  r e c o g n i z e d ,  i t  h a s ,  i n  m ost c a s e s ,  no 

a d v e r s e  e f f e c t s  on th e  v a lu e  o f  th e  c u r v e .  Of c o u r s e  i n  a  

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

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

e n t i r e l y  g o t  r i d  o f ,  th o u g h  c a r e  was t a k e n  to  shap e  th e  c o n t a i n e r  

so t h a t  th e  c r u c i b l e  and  b l a n k  w ere  sym m etrica lly^  p l a c e d  w i th  

r e g a r d  to  th e  w in d in g .  G e n e r a l l y  t h r e e  h e a t i n g  c u rv e s  were 

t a k e n  ( t h e  f i r s t  u s u a l l y  d i f f e r i n g  w id e ly  i n  c o n to u r  from th e  seco n d  

and, t h i r d ) , and two c o o l i n g  c u r v e s ,  th o u g h  i n  some e s s e s  t h r e e  

o f  t h e s e  w ere a l s o  t a k e n .  I n  t a k i n g  th e  e a r l i e r  c u rv e s  t im e -  

t e m p e r a tu r e  r e a d i n g s  were i n v a r i a b l y  ta k e n  s im u l t a n e o u s ly  f o r  

p u r p o s e s  o f  c o m p a r iso n ,  and to  a c t  a s  a c h e c k ,  b u t  t h i s  p r a c t i c e  

was l a t e r  d i s c o n t i n u e d ,  a s  i t  was found  to  be  u n n e c e s s a r y ,  and 

o n ly  d e p e n d a b le  i n  th e  c a se  o f  th e  l a r g e r  p o i n t s .  D e r iv e d  

d i f f e r e n t i a l  c u rv e s  w ere a l s o  o l o t t e d  f o r  a num ber o f  m e l t s  

b u t  i n  m ost c a s e s  no g r e a t  a d v a n ta g e  a c c r u e d .

The d i f f e r e n t i a l  c u r v e s  were i n t e r p r e t e d  a s  f o l l o w s .

The c r u c i b l e  and b l a n k  w ould h e a t  up a t  th e  same r a t e  u n t i l  m e l t i n g  

b e g a n ,  when th e  t e m p e r a tu r e  o f  th e  c r u c i b l e  would b e g in  to  l a g  

b e h in d  t h a t  o f  th e  b l a n k ,  and hen ce  th e  f i r s t  d e v i a t i o n  from 

z e ro  o f  th e  d i f f e r e n t i a l  g a lv a n o m e te r  would t h a t  m e l t i n g  had 

b e g u n ,  and g e n e r a l l y  t h i s  p o i n t ,  o r  v e ry  c l o s e l y  above i t  ( t h e  

p o s i t i o n  o f  maximum r a t e  o f  d e v i a t i o n )  h a s  b e e n  ta k e n  a s  th e  p o i n t .  

When m e l t i n g  was c o m p le te  th e  t e m p e r a tu r e  o f  th e  c r u c i b l e  would 

once more s t a r t  to  g a i n  on t h a t  o f  th e  b l a n k ,  and th e  d e f l e c t i o n  

would d e c r e a s e  a p p ro x im a te ly /  a s y m p t o t i c a l l y  t i l l  z e r e  was r e a c h e d  

a g a i n .  Hence th e  p o s i t i o n  o f  maximum d e v i a t i o n  would o c c u r  a t  

o r  n e a r  th e  c o n c l u s io n  o f  th e  h e a t  a b s o r p t i o n ,  and would te n d  to  

be p ro lo n g e d  above th e  t r u e  p o i n t .  Hence i t  was c o n s id e r e d  more 

a c c u r a t e  to  t a k e  th e  commencement o f  th e  lag, a s  i n d i c a t i n g  th e  

p o i n t .  F i g .  6 w i l l  i n d i c a t e  th e  method s u f f i c i e n t l y .

I n  p l o t t i n g  th e  c u r v e s ,  th e  i d e a l  z e ro  cu rv e  h a s  a lw ay s  b e e n  

drawn i n  to  a s s i s t  i n  th e  i n t e r p r e t a t i o n .  T h is  w ould , t h e o r e t i c a l l  

be a v e r t i c a l  s t r a i g h t  l i n e ,  b u t  i s  r a r e l y  so i n  p r a c t i c e .

S e v e r a l  b l a n k  r u n s  were a c t u a l l y  made w i th  empty c r u c i b l e s  to



d e te r m in e  i t ,  and i t  was genera lly?’ o f  th e  shape  shown, th o u g h

th e  e x a c t  c u r v a t u r e  and s lo p e  v a r i e d  somewhat from  h e a t  t o  h e a t .

I n  F i g s .  22 to  2d a s e l e c t i o n  o f  th e  ordinary?- i n v e r s e  r a t e

t i m e - t e m p e r a t u r e  c u r v e s  o f  th e  same m e l t s  i s  g i v e n .  I t  w i l l
only?- g iv e

he o b s e rv e d  t h a t  t h e s e  c u r v e s ^ e v id e n c e  o f  th e  l a r g e r  a r r e s t s .

D i s c u s s i o n  o f  C u rv e s .  G urves o f  MnO: These a r e  r e p ro d u c e d

i n  F i g .  7 .  S e v e r a l  a t t e m p t s  w ere made to  m e l t  MnO in  a  moly?-bdenum 

c r u c i b l e  b e f o r e  s u c c e s s  was ac tu a l ly ? - a t t a i n e d .  Widely?- d i f f e r i n g

f i g u r e s  h av e  b e e n  q u o te d  byr p r e v i o u s  w o r k e r s .  F o r  exam ple , Andrew
6 o 8 0

and c o -w o rk e r s  g iv e  1535 C .;  B i r n b a u e r  and  Tude g iv e  1650 C .;
. . 9  oB e n e d ic k s  and L o f o u i s t  e s t i m a t e  a t e m p e r a tu r e  o f  1700 C o r  o v e r ,

2 0 ■while Herty?- i n d i c a t e s  1610 C. The o t h e r  w o rk e rs  on t h i s  sy s tem

d id  n o t  c a r r y  t h e i r  i n v e s t i g a t i o n s  n e a r  enough to  th e  MnO end

o f  th e  d ia g ra m  to  a l lo w  o f  e s t i m a t e s  to  be made.

I n  t h e  p r e s e n t  i n s t a n c e  th e  f i r s t  i n d i c a t i o n  o f  th e  v e ry

m e l t i n g  p o i n t  o f  MnO was o b t a i n e d  w i th  th e  h i g h  te n ro e ra tu r e

m ic ro s c o p e ,  when a  sam ple h e a t e d  to  1650°C showed no s ig n s  o f

fu  s i o n .  A f t e r  t h i s  two a t t e m p t s  were made i n  th e  b i g  f u rn a c e

one to  1680°C, and th e  o t h e r  to  1745°C (maximum te m p e r a tu r e s

r e c o r d e d )  , b u t  i n  n e i t h e r  c a se  was any e v id e n c e  o f  an  a r r e s t

o b t a i n e d ,  and th e  MnO was found  to  be s t i l l  u n f u s e d .  A n o th e r

a t t e m p t  was made, i t  h a v in g  b e e n  d e c id e d  to  s a c r i f i c e  th e  f u rn a c e

i f  necessa ry^ , and t h i s  tim e s u c c e s s  was a c h ie v e d ,  a l t h o u g h  th e

f i r s t  c u rv e  was n o t  p r o p e r l y  c o m p le ted  a s  th e  l a r g e  d e f l e c t i o n

p ro d u c e d  was m is ta k e n  f o r  an  a c c i d e n t a l  d r i f t  o f  th e  z e ro  su ch  as

som etim es o c c u r r e d  n e a r  th e  u p p e r  l i m i t s  o f  th e  f u r n a c e .  A

second  c u rv e  w as, h ow ever ,  s u f f i c i e n t l y '  co m p le ted  to  show th e

p o i n t .  On c o o l in g  no very?- d e f i n i t e  p o i n t s  w ere o b t a i n e d ,  due

p ro b a b ly  to  th e  h i g h l y  v i s c o u s  n a t u r e  o f  th e  m o l te n  m a t e r i a l  c a u s in g

u n d e r c o o l i n g . N atu ra lly?- th e  fu rn a c e  s u f f e r e d  c o n s id e r a b ly

d u r in g  t h i s  r u n .  The alundum  showed s ig n s  o f  s l a g g i n g ,  and  a

new s l e e v e  had  to  b e  c o n s t r u c t e d .

On e x a m in a t io n  i t  was s e e n  t h a t  th e  MnO had o b v io u s ly ' b een

m e l te d ,  a l t h o u g h  t r a c e s  o f  th e  o r i g i n a l  o u t l i n e  im posed by' th e
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s h a p e  o f  t h e  c r u c i b l e  c o u ld  s t i l l  be d e t e c t e d ,  sh o w in g  t h a t  i t  

h a d  r e m a in e d  v e r y  v i s c o u s  e v e n  when i n  t h e  m o l t e n  s t a t e .  a 

c o n s i d e r a b l e  vo lum e s h r i n k a g e  h a d  a l s o  t a k e n  p l a c e .  T h i s  was 

one o f  t h e  few  m e l t s  w h ic h  c o u ld  be  g o t  f ro m  t h e  c r u c i b l e  i n  

a  lump s u i t a b l e  f o r  p o l i s h i n g  an d  e x a m i n a t i o n  by r e f l e c t e d  l i g n t , 

and  i t  was fo u n d  t o  c o n s i s t  o f  a  m ass o f  hom ogeneous p o l y g o n a l  

g r a i n s  o f  a  d a r k  g r e e n  c o l o u r ,  p r o v i d i n g  d e f i n i t e  e v id e n c e  t h a t  

m e l t i n g  f o l l o w e d  by c r y s t a l l i z a t i o n  n ad  t a k e n  p l a c e .  I t  i s  o f  

i n t e r e s t  t o  n o t e  t h a t  a  t i m e - t e m p e r a t u r e  c u r v e  t a k e n  some t im e  

p r e v i o u s l y  w i t h  MnO i n  a n  a iundum  c r u c i b l e  g av e  a  p o i n t  a t  1583°b  

t h e  t e m p e r a t u r e  q u o te d  by  Andrew an d  c o - w o r k e r s D.

R e m a in in g  C u rv e s :  The o t h e r  c u r v e s  f o r  t h i s  s y s te m  a r e  shown

i n  F i g s .  8 t o  2 1 .  when BiO^ i s  a d d e d  t o  MnO i n  i n c r e a s i n g  am ounts  

a  p o i n t  a p p e a r s  a t  1330 t o  1340°C , and  t h i s  r e m a in s  c o n s t a n t  

o v e r  a  c o n s i d e r a b l e  r a n g e  o f  SiO^, c o n t e n t .  T h is  p o i n t  a p p a r e n t l y  

i n d i c a t e s  t h e  o c c u r r e n c e  o f  a  p e r i t e c t i c  r e a c t i o n ,  t h e  compound 

t e p h r o i t e  ( 2pjn0 .B iO ^ ) d i s s o c i a t i n g  on h e a t i n g  i n t o  f r e e  MnO and  

a  B i O ^ - r i c h  l i q u i d  m e l t .  The d e t e r m i n a t i o n  o f  t h e  i i q u i d u s  

n e a r  t h e  .MnO end  o f  t h e  d ia g ra m  was o n ly  made p o s s i b l e  by t h e  

e x t r e m e  s e n s i t i v i t y  o f  t h e  d i f f e r e n t i a l  m e th o d .  Even so  t h e  

p o i n t s  o b t a i n e d  w ere  v e r y  s m a l l ,  b u t  t h e r e  seem s no r e a s o n  t o  

d o u b t  t h e i r  a c c u r a c y  a s  t h e y  w ere  a lw a y s  r e p e a t a b l e  w i t h i n  r e a s o n 

a b l e  l i m i t s . F i g s . 8 and  9 w ere  o b t a i n e d  w i t h  m e l t s  l y i n g  i n  

t h i s  r e g i o n  o f  t h e  d ia g r a m .  Curve h o .  1 o f  F i g .  9 i s  o f  i n t e r e s t .

A d i s t i n c t  h e a t  e v o l u t i o n  i s  shown j u s t  a f t e r  m e l t i n g  h ad  commenced, 

d u e ,  p r e s u m a b ly ,  t o  t h e  h e a t  o f  f o r m a t i o n  o f  t e p h r o i t e  fo rm ed  

a t  t h i s  t e m p e r a t u r e  f ro m  i t s  c o n s t i t u e n t s .

M e l t s  i n t e r m e d i a t e  i n  c o m p o s i t i o n  b e tw e e n  2 M n 0 .b i0 2 and  MnO.biC^ 

b eg a n  t o  m e l t  a t  1 2 0 8 °C ( s e e  F ig s  10 , 1 1 ,  12 and  1 3 ) .  T h is  a p p e a r s  

t o  i n d i c a t e  t h e  o c c u r r e n c e  o f  a  e u t e c t i c  b e tw e e n  t h e  two compounds 

t e p h r o i t e  and  r h o d o n i t e  (M n O .b io ^ ) .  A lm ost a l l  o f  t h e  c u r v e s  i n  

t h i s  r e g i o n  o f  t h e  d ia g ra m  p r e s e n t  a  somewhat p u z z l i n g  f e a t u r e  i n  

t h a t  a r r e s t s  a t  1350°C an d  1275°C , t h e  t e m p e r a t u r e s  o f  p e r i t e c t i c  

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

a p p e a r  e v e n  i n  t h e  c a s e  o f  m e l t s  i n  w h ich  t n e s e  m a t e r i a l s  s h o u ld



h a v e  been  p r e s e n t  o n ly  i n  t h e  f u s e d  s t a t e  a t  t h e s e  t e m p e r a t u r e s .  

T h e se  a n o m a lo u s  p o i n t s  a l s o  a p p e a r e d  i n  t h e  e a r l i e r  t i m e - t e n d e r a t u r e  

c u r v e s  a n d  l e d  t o  c o n s i d e r a b l e  c o n f u s i o n  when a t t e m p t s  w ere  maae 

t o  i n t e r p r e t  th e m .  The e x p l a n a t i o n  i s  somewhat o b s c u r e ,  u n l e s s  

some fo rm  o f  s e g r e g a t i o n  o r  l i q u a t i o n  w ere  o c c u r r i n g ,  r e s u l t i n g  

i n  t h e  f o r m a t i o n  o f  b o t h  o f  t n e s e  compounds i n  t h e  m a s s iv e  s t a t e  

t o g e t h e r  w i t h  t h e  e u t e c t i c .  C e r t a i n  o f  t h e  o b s e r v a t i o n s  maae 

w i t h  t h e  h i g h  t e m p e r a t u r e  m ic r o s c o p e  i n  t h i s  r e g i o n  w ould  seem t o  

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

p o i n t s  h a d  b e e n  r e c o g n i z e d ,  t h e  i n t e r p r e t a t i o n  o f  t h e  c u r v e s  i n  

q u e s t i o n  p r e s e n t e d  no  d i f f i c u l t y .  w i th  "52c/o o f  BiO^ ( F i g .  10) 

m e l t i n g  b e g i n s  a t  1208°G , t h e  e u t e c t i c  t e m p e r a t u r e ,  and  i s  

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

1275°C , t i l l  1 3 3 0-1340°C  when t e p h r o i t e  d i s s o c i a t e s ,  and  above  

t h i s ,  so  c l o s e  t h a t  t h e  two t e n d  t o  r u n  t o g e t h e r ,  comes a n o t h e r  

p o i n t ,  e v i d e n t l y  t h e  l i q u i d u s . The c o o l i n g  c u r v e s  c o n f i r m  t h i s ,  

t h e r e  b e i n g  e v i d e n t l y  two p o i n t s  c l o s e  t o g e t h e r  a t  t n e  t o p .  w i th  

36?o o f  BiO^ ( F i g .  11 )  t h e  t e p h r o i t e  p o i n t  s t i l l  o c c u r s  ( th o u g h  

t h e  m ass s h o u ld  be  m o l te n  a t  t h i s  t e m p e r a t u r e ) ,  b u t  i t  i s  much 

s m a l l e r ... A l a r g e  p o i n t  a t  1235°C now f o l l o w s  c l o s e l y  on t h e  f i r s t  

d e v i a t i o n  a t  1208°C , and  i s  c o n t i n u e d  o v e r  t h e  d i s s o c i a t i o n  

t e m p e r a t u r e  o f  r h o d o n i t e ,  w h ic h  i s  i n d i c a t e d  by a  s l i g h t  b u l g e .

The c o o l i n g  c u r v e s  a l s o  show t h e s e  h i g h e r  p o i n t s ,  t o g e t h e r  w i t h  

a  v e r y  p ro n o u n c e d  p o i n t  a t  1 1 5 0 °0 ,  w h ic h  s h o u ld  be com pared  w i t h  

t h e  c o r r e s p o n d i n g  p o i n t  on t h e  c o o l i n g , c u r v e s  o f  t h e  40/0 BiO^ 

m e l t  ( F i g .  1 2 ) .  I n  t h e  l a t t e r  c a s e  t h e  c o o l i n g  c u r v e s  o b v i o u s l y  

show two p o i n t s  c l o s e  t o g e t h e r  c o r r e s p o n d i n g  t o  t h i s  one ( th o u g h  

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

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

n e a r e r  t o  i t  t h a n  t h e  l a t t e r .  T h is  was a l s o  c o n f i rm e d  by o r d i n a r y  

t i m e - t e m p e r a t u r e  c u r v e s  t a k e n  s i m u l t a n e o u s l y  f o r  t n e s e  m e l t s ,  

w h ic h  a r e  n o t  r e p r o d u c e d  h e r e .  'With 4 2 .  BiO^ ( F i g .  13)  t h e  

e u t e c t i c  a r r e s t  i s  a g a i n  p ro n o u n c e d ,  and  t h e r e  i s  a n o t h e r  p o i n t  

a t  1 3 2 0 °G j u s t  b e lo w  w hat i s  p r o b a b l y  t n e  t e p h r o i t e  p o i n t  a t  

1 5 4 0 ° 0 .  The r h o d o n i t e  p o i n t  i s  n o t  w e l l  d e v e lo p e d  b u t  t h e r e



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

on c o o l i n g .

The c u r v e s  f o r  r h o d o n i t e ( 4 5 .8 c/c> S iO ^) shown i n  F i g .  14 show a  

l a r g e  p o i n t  a t  1270  t o  1290°G , w h i l e  t h e r e  i s  a l s o  a  s m a l l  a r r e s t  

a t  1 4 2 0 °G, e v i d e n t l y  c o r r e s p o n d i n g  w i t h  t h e  l i q u i d u s ,  w h ic h  

m ust t h e r e f o r e  r i s e  v e r y  s t e e p l y  i n  t h i s  r e g i o n .

The c u r v e s  o f  F i g .  15 ( 4 7 .5 ^  S iO ^) show o n ly  t h e  m e r e s t  t r a c e

o f  a  d e v i a t i o n  a t  1 2 0 8 °G a f t e r  t h e  f i r s t  h e a t  (d u e  p o s s i b l y  t o

a  s l i g h t  l a c k  o f  h o m o g e n e i t y ) , b u t  a  v e r y  p ro n o u n c e d  p o i n t  i s

shown a t  1275°G , w i t h  a  b u lg e  a t  1330°C . The p o s i t i o n  o f  t h e
b e c a u s e

l i q u i d u s  i s  v e r y  d i f f i c u l t  t o  l o c a t e ,  p r o b a b l y ^ i t  r i s e s  so  s t e e p l y ,  

b u t  t h e r e  i s  a  v e r y  s l i g h t  b u lg e  a t  1500°G . The c o o l i n g  c u r v e s  

m e r e ly  i n d i c a t e  t h a t  t h e  l i q u i d u s  m ust c e r t a i n l y  be h i g h e r  t h a n  

1380°C .

I t  s h o u ld  be p o i n t e d  o u t  t h a t , ,  w i t h  i n c r e a s i n g  b iO ^ j t h e  

p o i n t s ,  a p a r t  f ro m  t h a t  due t o  t h e  r h o d o n i t e  d i s s o c i a t i o n ,  

became v e r y  s l u g g i s h  and  u n c e r t a i n ,  and  t h e  same c e r t a i n t y  d o es  

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

a t  l e a s t  a s  f a r  a s  t h e  l i q u i d u s  i s  c o n c e r n e d .  From 50a/o o f  biO^

onw ards  t h e  c u r v e s  may be d i s c u s s e d  t o g e t h e r  . B r i e f l y ,  t h e r e

i s  a n  i n v a r i a n t  p o i n t  a t  1270 t o  1 2 8 0 °0 ,  w h ich  becom es s m a l l e r  

w i t h  i n c r e a s e  o f  O iO ^. T h e re  i s  a l s o  a  more o r  l e s s  u n c e r t a i n  

h e a t  a b s o r p t i o n  a t  1550 t o  1540°C on m ost o f  t h e  c u r v e s ,  w h ic h  

may p o s s i b l y  be due t o  t h e  r a t h e r  s l u g g i s h  t r i d y m i t e - c r i s t o b a l i t e  

ch an g e  t a k i n g  p l a c e  i n  t h e  f r e e  OiO^ i n  p r e s e n c e  o f  i/inO ( o r

r h o d o n i t e )  a s  a  f l u x .  At t h e  r a t e s  o f  h e a t i n g  em ployed  su c h

a  ch an g e  i f  i t  o c c u r r e d  a t  a l l ,  w ould  n a t u r a l l y  be e x p e c t e d  t o  

o c c u r  a t  a  t e m p e r a t u r e  r a t h e r  h i g h e r  t h a n  t h e o r e t i c a l .  b e v e r a l  

o f  t h e  c u r v e s  a l s o  show w hat may be p o i n t s  -a t  h i g h e r  - t e m p e r a t u r e s  

and  fro m  t h e s e  a  more o r  l e s s  t e n t a t i v e  l iq u id w is  h a s  b e e n  s k e t c h e d  

i n  t o  c o n fo rm  w i t h  t h e  T jrobable  e x i s t e n c e  o f  two im m is c ib l e  i n
A

t h i s  r e g i o n  a s  fo u n d  by G r e ig  .

i t  was n o t  i n t e n d e d  t o  c a r r y  o u t  a  r u n  on p u r e  b i u ^ , b u t  t h e

m e l t i n g  p o i n t  o f  t h i s  m a t e r i a l  was o b t a i n e d  a c c i d e n t a l l y  i n  t a k i n g  

a  m e l t  t o  o v e r  1 7 0 0 °C, when t h e  s i l i c a  s h e a t h i n g  on t h e  th e rm o



c o u p le  m e l t e d  an d  d ro p p e d  on t o  t h e  b l a n k .  T h e r e a f t e r  t h r e e  

s u c c e s s i v e  r u n s  showed t h e  p o i n t  ( i n  t h e  d i r e c t i o n  o f  h e a t  

e v o l u t i o n  by t h e  m e l t )  a t  t e m p e r a t u r e s  f ro m  1 6 9 6°0 t o  1705°G .

A f t e r  t h a t  o t h e r  m eans o t h e r  m eans o f  i n s u l a t i o n  h a d  t o  be 

em ployed  f o r  v e r y  n i g h  t e m p e r a t u r e s .

O b s e r v a t i o n s  w i t h  t h e  H ig h  T e m p e ra tu re  M ic ro s c o p e :

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

i n v e s t i g a t i n g  t h e  s y s te m  MnQ-SiO^, and  p r o v id e d  t h e  f i r s t  

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

em ploym ent o f  t h e  d i f f e r e n t i a l  t h e r m o c o u p le .  The m ethod  em p lo y -  

was t o  h e a t  ux  ̂ t h e  s p e c im e n  w h i l e  o b s e r v a t i o n s  w ere  made th r o u g h  

t h e  m ic r o s c o p e  . The c u r r e n t  v/as c o n t r o l l e d  by two r h e o s t a t s  

i n  s e r i e s  g i v i n g  v e r y  f i n e  a d j u s t m e n t ,  and  t h e  r a t e  o f  h e a t i n g  

c o u ld  be  v e r y  a c c u r a t e l y  c o n t r o l l e d .  I f  n e c e s s a r y  t h e  t e m p e r a t u r e  

c o u ld  be  h e l d  s t a t i o n a r y  t o  a l lo w  c h a n g e s  t o  t a k e  p l a c e .

The f o l l o w i n g  t e m p e r a t u r e s  w ere  n o t e d  ,

(1 )  when t h e  f i r s t  l i q u i d  a p p e a r e d ,

(2 )  when t h e  m ass became m a in ly  l i q u i d  and  l o s t  r i g i d i t y  o f  

s h a p e ,  i f  t h i s  t o o k  p l a c e  s u d d e n ly  a s  i t  o f t e n  d i d .

(3 )  when t h e  l a s t  t r a c e s  o f  f l o a t i n g  s o l i d  d i s a p p e a r e d .  T h is  

l a t t e r  c o u ld  n o t  a lv /ay s  be d e te r m in e d  w i t h  c e r t a i n t y  a s  so m e tim es  

t h e  s u r f a c e  was l o s t  ow ing  t o  t h e  g l a r e ,  and  b e c a u s e  t h e  window 

t e n d e d  t o  become c o a t e d  w i t h  a  r e d d i s h  d e p o s i t ,  p r o b a b l y  from  

v o l a t i l i z a t i o n  o f  t h e  molybdenum w in d i n g s .  F o r  t h i s  l a t t e r  

r e a s o n  i t  was n o t  a lw a y s  p o s s i b l e  t o  t a k e  r e c o r d s  o f  c o o l i n g ,

b u t  w here  t h i s  was done t h e y  h a v e  b een  r e p r o d u c e d .  where s e v e r a l  

h e a t i n g s  w ere  o b s e r v e d  t n e  o b s e r v a t i o n s  a r e  t a b u l a t e d .  I n  t h o s e  

c a s e s  w here  t h e  m e l t  was f r e s h l y  made up  f ro m  t n e  c o n s t i t u e n t  MnO 

and  b iO ^ , t h e  f i r s t  h e a t s  h av e  n o t  b een  r e c o r d e d .  I n  g e n e r a l  

i t  was fo u n d  t h a t  on t h e s e  h e a t s  no l i q u i d  a p p e a r e d  t i l l  much 

h i g h e r  t e m p e r a t u r e s  t h a n  n o r m a l l y ,  w h ich  a g r e e s  w i t h  w hat was

fo u n d  i n  t h e  c a s e  o f  h e a t i n g  c u r v e s  o f  s u c h  m e l t s .  E m ail  am ounts
- , J . t a k i n gw ere  em ployed  b u t  g r e a t  c a r e  was e x e r c i s e d  in ^ t i f e  w e ig h in g s

i n v o l v e d ,  so  t h a t  t h e  p e r c e n t a g e s  q u o te d  s n o u ld  be r e a s o n a b l y

a c c u r a t e .



D e t a i l s  o f  t h e  M e l t s ; 

lOO/o MnO.

Taken u p  t o  1650°G . ho  s i g n s  o f  f u s i o n .

91$ MnO: 9$ S iO ^:

F i r s t  l i q u i d  a p p e a r e d  a t  1330°G . V ery  s m a l l  i n  b u l k .

At 1610°0  s o l i d  was s t i l l  i n  e x i s t e n c e .  C ou ld  n o t  be f o l l o w e d  

f u r t h e r  ow ing  t o  g l a r e .

At room t e m p e r a t u r e  t h e  m e l t  a p p e a r e d  d a r k  g r e e n  i n  c o l o u r ,  

and  " s a t  u p"  h i g h  i n  t h e  c r u c i b l e  i n d i c a t i n g  h i g h  s u r f a c e  t e n s i o n .

75$ MnO: 27$ BiQo »

S econd  H e a t :

F i r s t  l i q u i d  a p p e a r e d  a t  1240°G . O nly  i n  v e r y  m in u te  t r a c e s  and  

i n  l o c a l i z e d  a r e a s .

The b u l k  o f  t h e  m ass became l i q u i d  r a t h e r  s u d d e n ly  a b o u t  1360°G .

The l a s t  s o l i d  d i s a p p e a r e d  a t  1430°C .

T h i r d  h e a t :

F i r s t  l i q u i d  a p p e a r e d  a t  1350°C , when t h e  b u lk  o f  t n e  m ass a p p e a r e d  

t o  m e l t .

The l a s t  s o l i d  d i s a p p e a r e d  a b o u t  1 4 4 0 °G

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

i n s u f f i c i e n t  t o  h o m o g en e ize  t h e  m e l t  and  some l i q u i d  a p p e a r e d  a t  

1 2 4 0 °G on t h e  s e c o n d  h e a t i n g .  The m e l t  a p p e a r e d  d a r k  g r e e n  on 

re m o v a l  f ro m  t h e  f u r n a c e ,  and  p o s s e s s e d  h i g h  s u r f a c e  t e n s i o n .

68$ MnO: 52$ S iO p .

Second H e a t :

F i r s t  l i q u i d  a p p e a r e d  a t  1160°C . O nly  i n  two s m a l l  l o c a l  u r e a s

and  p o s s i b l y  due t o  t r a c e s  o f  i m p u r i t y  ( d u s t  p a r t i c l e s ,  e t c . ) .

The b u l k  o f  t h e  muss was l i q u i d  by 1280°G . T h is  t o o k  p l a c e  g r a d u a l l y .

The l a s t  s o l i d  d i s a p p e a r e d  a t  1360°G .

T h i r d  H e a t ;

F i r s t  l i q u i d  a p p e a r e d  a t  1200°G.

The b u lk  o f  t h e  m ass was l i q u i d  by 128Q -12yo°G .

The l a s t  s o l i d  d i s a p p e a r e d  a t  1 5 4 5 -5 5 °C .



35/0 MnO: 47fo E iC h .

S econd  H e a t :

F i r s t  l i q u i d  a p p e a r e d  a t  1 2 1 0 ° 0 .  O nly  i n  s m a l l  a m o u n ts .

The b u l k  o f  t h e  m ass w en t l i q u i d  and  t h e  r i g i d i t y  o f  s h a p e  was 

l o s t  r a t h e r  s u d d e n ly  a b o u t  1 2 8 0 ° 0 .  P a r t i c l e s  o f  SiO^ ( p r o b a b l y )  

f l o a t i n g  on t h e  t o p  i n  t h e  fo rm  o f  r o s e t t e s .

B etw een  1455  an d  146o°C t h e  am ount o f  f l o a t i n g  s o l i d  i n c r e a s e u .

Eo f u r t h e r  c h a n g e  u n t i l  1523°G when a l l  a p p a r e n t l y  w en t l i q u i d .  

Th i r d  H e a t :

F i r s t  l i q u i d  a p p e a r e d  a t  1 2 0 5 -1 2 1 0 °C . S m a ll  am ounts,.

The b u l k  o f  t h e  m ass w en t l i q u i d  a t  1 2 9 0 ° 0 .  A p p e a re n c e  a s  on 

s e c o n d  h e a t .

The s u r f a c e  a p p e a r e d  t o  s e t  s o l i d  u b o u t  1440°G . A l l  l i q u i d  a g a i n  

o v e r  1520°G .

On s t a n d i n g  a t  j u s t  o v e r  1450°G , t h e  s o l i d  c o n t i n u e d  t o  

s e p a r a t e  on t o p ,  so  t h a t  t h e  e f f e c t  d i d  n o t  v a r y  p r o g r e s s i v e l y  

w i t h  r i s e  o f  t e m p e r a t u r e . F u r t h e r  i t  was n o t  r e v e r s i b l e  on 

c o o l i n g .  On re m o v a l  from  t h e  f u r n a c e  t h e  a p p e a r a n c e  o f  t n e  

s u r f a c e  d e p e n d e d  on t h e  t e m p e r a t u r e  t o  w h ic h  t h e  m e l t  had  b e e n  

t a k e n ) i f  t h i s  w ere  u n d e r  1500°G i t  a p p e a r e d  w h i t e  p r o b a b l y  

due t o  s e p a r a t i o n  o f  a  l a y e r  o f  S i 0 2 , i f  o v e r  a b o u t  1520°G i t  

had  t h e  c h a r a c t e r i s t i c  p i n k  c o l o u r  o f  r h o d o n i t e .

I t  i s  p r o b a b l e  t h a t  t h e  phenom enon o b s e rv e d  h e r e  v/as t h e  s o l u t i o n  

o f  t h e  S i 0 2  i n  t h e  f l u x  ( r h o d o n i t e )  and  i t s  s im u l t a n e o u s

p r e c i p a t i o n  a t  t h e  s u r f a c e .  The c o n v e r s i o n  o f  S i0 2  from  one

m o d i f i c a t i o n  t o  a n o t h e r  by means o f  t h i s  m echanism  h a s  b een  

o b s e rv e d  by many w o r k e r s .  I n  t h e  p r e s e n t  i n s t a n c e  t h e  s u r f a c e  

l a y e r  w ou ld  a lm o s t  c e r t a i n l y  be a t  a  somewhat lo w e r  t e m p e r a t u r e  

t h a n  t h e  r e s t  o f  t h e  m e l t ,  and  s u c h  a  r e p r e c i p i t a t i o n  w ou ld  be 

p a r t i c u l a r l y  l i a b l e  t o  o c c u r .  The fo rm  o f  b i0 2  p r e c i p i t a t e d  

was m ost p r o b a b l y  t r i d y m i t e  tis i t  t e n d e d  t o  t a k e  t h e  fo rm  o f  

l a m e l l a e  r a d i a t i n g  f ro m  a  common c e n t r e .

52 $  MnO: 48$ GiOo «

F i r s t  l i q u i d  a p p e a r e d  a t  1210°G . a t r a c e .

The b u l k  o f  t h e  m ass w ent l i q u i d  a t  128U°G, b u t  c o m p le te  r i g i d i t y



was n o t  l o s t  t i l l  a b o u t  14GG°G. O b s e r v a t i o n s  i n c o m p l e t e .

5 0 /; MnO; 50$ CiO^ »

F i r s t  l i q u i d  a p p e a r e d  a t  1 2 1 0 ° 0 .  A t r a c e . ( O n  c o o l i n g  a l l  a p p e a r 

ed s o l i d  by 1 2 8 0 °G ) .

B u lk  o f  t h e  m ass w en t l i q u i d  b e tw een  1280 an d  1520°G .

C r y s t a l s  on t h e  s u r f a c e  began  t o  i n c r e a s e  a b o u t  1500°G . A l l  

l i q u i d  a t  1600°G .

iis ab o v e  t h e  a p p e a r a n c e  o f  t h e  s u r f a c e  d e p e n d e d  on w h e th e r  

t h e  m e l t  h a d  o een  t a k e n  t o  a  t e m p e r a t u r e  h i g h  en o u g h  t o  d i s s o l v e  

a l l  t h e  s o l i d .

D i s c u s s i o n  o f  O b s e r v a t i o n s  w i t h  t h e  H ig h  T e m p e ra tu re  M ic r o s c o p e .

On t h e  w h o le  t h e  a g re e m e n t  u e tw een  t h e s e  o b s e r v a t i o n s  and  t h e  

h e a t i n g  and  c o o l i n g  c u r v e s  i s  v e r y  c l o s e .  The t h r e e  m e l t s  

r a n g i n g  f ro m  53$ t o  50$ o f  MnO a r e  o f  i n t e r e s t ,  b e c a u s e  o f  t h e  

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

"while t h e  e x p l a n a t i o n  a d v a n c e d  above  i s  v e r y  p o s s i b l e ,  t h e r e  i s  

a l s o  a  p o s s i b i l i t y  t h a t  i t  m ig h t  h a v e  b e e n  a n  o r d i n a r y  l i q u a t i o n  

e f - f e c t , c a u s e d ,  f o r  e x a m p le ,  by a  d i f f e r e n c e  i n  s p e c i f i c  g r a v i t y ,  

o r  i t  may h a v e  b e e n  due t o  s u r f a c e  t e n s i o n  e f f e c t s ,  a s  t h e s e  

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

and  b e i n g  v e r y  s m a l l ,  fo rm ed  a  v e r y  t h i n  l a y e r ,  w h a te v e r  t h e  

e x p l a n a t i o n  a  v e r y  s t e e p  l i q u i d u s  i n  t h i s  r e g i o n  i s  p r o b a b l y  

i n d i c a t e d .

T h e re  seem s t o  be a  v e r y  d i s t i n c t  t e n d e n c y  f o r  s e g r e g a t i o n  

t o  o c c u r  i n  m anganese , s i l i c a t e  m e l t s . As c a n  be s e e n  from  

t h e s e  o b s e r v a t i o n s ,  e v e n  m e l t s  w i t h  8 i0 £  p r e s e n t  i n  e x c e s s  o f  t h e  

r h o d o n i t e  c o m p o s i t i o n ,  t e n d e d  t o  fo rm  s m a l l  am oun ts  o f  l i q u i d  

on p a s s i n g  t h r o u g h  t h e  e u t e c t i c  t e m p e r a t u r e ,  i n  s p i t e  o f  t h e  

f a c t  t h a t  t h e y  h a d  p r e v i o u s l y  b een  c o m p l e t e l y  f u s e d .  The t h e r m a l  

c u r v e s  p r o v id e  e v id e n c e  w h ich  seem s t o  s u p p o r t  t h i s .  F u r t h e r  

a t t e m p t s  t o  o b s e r v e  m e l t s  a p p r o x im a te ly  o f  t h e  e u t e c t i c  com pos

i t i o n  Vvere n o t  s u c c e s s f u l  a s  t h e  m a t e r i a l s  n e v e r  ax jp ea rea  c o m p le t e 

l y  l i q u i d  t i l l  t e m p e r a t u r e s  a s  h i g h ,  i n  some c a s e s ,  a s  ly3u°G  

w ere  r e a c h e d .  P o s s i b l y  s e g r e g a t i o n  was -the c a u s e  .
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R e s u l t s  o f  O p tx c a l  .E x a m in a tio n  f o r  t h e  I d e n t i f i c a t i o n  o f

P h a s e s .

The r e s u l t s  o f  t h i s  e x a m i n a t i o n  may be s t a t e a  v e r y  b r i e f l y .

W ith  luO/w MnO o n ly  one p h a s e  . I s  p r e s e n t  w i t h  a  r e f r a c t i v e  in d e x  

b e tw e e n  2 .1 u  arid 2 . 2 0 .  I t  > i s  d eep  g r e e n  i n  c o l o u r  an d  a n i s o 

t r o p i c  . I n  t h e  p r e s e n c e  o f  S i0 2  MnO p e r s i s t s  a s  a  p h a s e  t i l l  

t h e  SiO 2  c o n t e n t  r e a c h e s  a p p r o x i m a te ly  5 0 '/o when i t  d i s a p p e a r s . 

B etw een  0 and  5Ofr b i0 2  a  p r a c t i c a l l y  c o l o u r l e s s  p h a s e  i s  a s s o c i a t e d  

w i t h  t h e  MnO. I t  h a s  a  r e f r a c t i v e  in d e x  l y i n g  b e tw e e n  1 .7 8  and 

2 .0 0  an d  i s  a p p a r e n t l y  t e p h r o i t e .  Above 50c/y o f  SiO 2  a  brown 

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

b e tw e e n  1 .7 6  and  1 .7 8 ,  w h ic h  i d e n t i f i e s  i t  a s  r h o d o n i t e .  Over 

a p p r o x i m a t e l y  46^ o f  SiO 2  t e p h r o i t e  d i s a p p e a r s  and  r h o d o n i t e  

i s  a s s o c i a t e d  w i t h  t r i d y m i t e  o f  r e f r a c t i v e  in d e x  j u s t  u n d e r  l o b .

Two o f  t h e  c r u c i b l e s  w h ic h  c r a c k e d  w h i l e  t h e  m e l t s  w ere  b e in g  

d r i l l e d  o u t  w ere  s e c t i o n e d ,  and  t h e  m e l t s  ex am in ed  oy r e f l e c t e d  

l i g h t . Of t h e s e  one c o n t a i n e d  97ft o f  SiO 2  and  c o n s i s t e d  o f  

a  w h i t e  g ro u n d m a ss  o f  s i l i c a ,  i n  w h ich  w ere  em bedded s m a l l  g l o b 

u l e s  o f  t h e  r e d  r h o d o n i t e  p h a s e .  T hese  a p p e a r e d  t o  h av e  been  

e n t r a p p e d  by t h e  f r e e z i n g  s i l i c a  w h i l e  th e m s e lv e s  i n  t h e  m o l te n  

s t a t e ,  i n d i c a t i n g  t h a t  i n  a l l  p r o b a b i l i t y  two im m is c ib l e  l i q u i d s ,  

e x i s t  i n  t h i s  p a r t  o f  t h e  d ia g ra m  a t  h i g h  t e m p e r a t u r e s . The o t h e r  

m e l t  t h u s  ex am in ed  c o n t a i n e d  50ft o f  S iO 2  and  was fo u n d  t o  c o n s i s t

o f  a  c l o s e l y  in te r w o v e n  m ix tu r e  o f  r h o d o n i t e  and  s i l i c a .

The T h e rm al E q u i l i b r i u m  D iag ram  o f  t h e  S ys tem  M n0-S ip2 »

The t h e r m a l  e q u i l i b r i u m  d ia g ra m  o f  t h e  s y s te m  Mn0-Si02* b a s e d

on t h e  d a t a  d e t a i l e d  a b o v e ,  i s  g i v e n  i n  B ig .  2 5 . Two compounds 

t e p h r o i t e  ,310  ̂ ) , and  r h o d o n i t e  (MnO.SiOg) o c c u r .  The

o n ly  o t h e r  p h a s e s  a r e  f r e e  MnO a n a  S i0 2 ,  and  s o l u b i l i t i e s  i n  t n e  

s o l i d  s t a t e ,  i f  t h e y  e x i s t ,  a r e  n e g l i g i b l y  s m a l l .  The t r a n s i t i o n  

t e m p e r a t u r e s  g i v e n  a r e  b a s e d  a lm o s t  s o l e l y  on t h e  h e a t i n g  c u r v e s  

o f  t h e  v a r i o u s  m i x t u r e s ,  a s  t h e  p o i n t s  on c o o l i n g  w ere  a lw a y s  

s u b j e c t  t o  a  c o n s i d e r a b l e  a n a  v e r y  v a r i a b l e  am ount 0 1  s u p e r c o o l i n g .



On t h i s  b a s i s  t h e  e u t e c t i c  t e m p e r a t u r e  i s  1 2 0 8 - 1 2 1 0 ° 0 ,  a s  

a g a i n s t  1 1 9 5°0 g i v e n  by D o e r i n c k e l ^ , w hose d ia g ra m  was b ase d  

s o l e l y  on c o o l i n g  c u r v e s . The e u t e c t i c  a r r e s t . ,  a s  c a n  be s e e n  

f ro m  a n  e x a m i n a t i o n  o f  t h e  c u r v e s  r e p r o d u c e d ,  i s  h o w ev e r  l i a b l e  

t o  show s u p e r c o o l i n g  e v e n  when s lo w  r a t e s  o f  c o o l i n g  a r e  em p lo y 

e d ,  and  i t  i s  q u i t e  t o  be  ex p e c te d ,  t h a t  h i s  r e s u l t s  w o u ld  oe 

somewhat lo w . D e t e r m i n a t i o n  o f  t h e  e u t e c t i c  c o m p o s i t i o n  i n  

t h e s e  v i s c o u s  s i l i c a t e  m e l t s  i s  a m a t t e r  o f  some d i f f i c u l t y  a s  

t h e r e  i s  a  t e n d e n c y  f o r  a  fo rm  o f  s e g r e g a t i o n  t o  o c c u r  a s  a3 .ready  

m e n t io n e d ,  an d  t h e  n o rm a l  f i n e - g r a i n e d  e u t e c t i c  s t r u c t u r e s  a r e  

n o t  o b t a i n e d .  D o e r i n c k e l  f i x e d  t h e  e u t e c t i c  a t  41 fo o f  b i l i c a ,

b u t  i n  t h e  l i g h t  o f  t h e  p r e s e n t  r e s u l t s  58^  o f  S i l i c a  and  6z°/o
2o f  MnO i s  a  more p r o b a b l e  c o m p o s i t i o n .  h e r t y  on t h e  o t h e r  

h an d  o b s e r v e d  by o p t i c a l  means t h a t  t h e  e u t e c t i c  m e l t e d  a t  1 2 2 5 ° ! ,  

b u t  t h e  u n c e r t a i n t y  o f  t h i s  m ethod  when u n c o n f i rm e d  by o t h e r  

means h a s  a l r e a d y  b e e n  p o i n t e d  o u t .  h e  c o n s i d e r s  51M o f  S i l i c a  

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

B o th  o f  t h e s e  w o r k e r s  a g r e e  w i t h  t h e  p r e s e n t  f i n d i n g s  t h a t  

two compounds o c c u r ,  t e p h r o i t e ,  t h e  o r t h o s i l i c a t e  (2 m h 0 .o i0  ) , 

and  r h o d o n i t e ,  t h e  m e t a s i l i c a t e  (MnO. 3 i 0 o ) ,  and  f u r t h e r  t h a tL-

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

B ig .  25 g i v e s  1 5 5 0 °C a s  t h e  t e m p e r a t u r e  o f  t h e  t e p h r o i t e  p e r i 

t e c t i c .  T h is  f i g u r e  is.: i d e n t i c a l  w i t h  t h a t  q u o te d  by D o e r i n c k e l .  

I n  t h e  c a s e  o f  m e l t s  i n  t h i s  r e g i o n  o f  t h e  d ia g ra m  much l e s s  

s u p e r c o o l i n g  w as , i n  g e n e r a l ,  o b s e r v e d ,  w h ich  p r o b a b l y  e x p l a i n s  

t h e  c l o s e  a g re e m e n t  w i t h  r e g a r d  t o  t h i s  t e m p e r a t u r e . h e r t y ’ s 

f i g u r e  o f  1575°0  i s  c e r t a i n l y  to o  h i g h .  The t e m p e r a t u r e  o f  t n e  

r h o d o n i t e  p e r i t e c t i c  d i s s o c i a t i o n  i s  now g i v e n  a s  1275°C . T h is  

p o i n t  i n v a r i a b l y  showed c o n s i d e r a b l e  s u p e r c o o l i n g  and t h e  v a l u e  

1220°0  w ould  a g a i n  be 1 ow. H e r ty  g i v e s  1280°C f o r  t h i s  r e a c t i o n .

w i th  r e g a r d  t o  t h e  p o s i t i o n  o f  t h e  l i q u i d u s  l i n e s  t h e  p r e s e n t  

w ork d i f f e r s  somewhat f rom  t h e  e a r l i e r  d e t e r m i n a t i o n s . Bor 

one t n i n g  t h e  m e l t i n g  p o i n t  o f  MnO i s  u n d o u b te d ly  much h i g h e r  

t h a n  p r e v i o u s l y  s u p p o s e d ,  and  t h e  s lo p e  o f  t h e  l i q u i d u s  on t h e  

l e f t  o f  t h e  d ia g ra m  i s  a c c o r d i n g l y  s t e e p e r .  F u r t h e r  t h e  s lo p e  

o f  t h e  l i q u i d u s  on t h e  S i l i c a  s i d e  o f  t h e  e u t e c t i c  i s  v e r y  s t e e p



and  e v e n  a t  t h e  r h o d o n i t e  c o m p o s i t i o n  a  t e m p e r a t u r e  o f  1 4 3 0 °u 

i s  r e q u i r e d  t o  g i v e  c o m p le te  f u s i o n .  P o r  S i l i c a  c o n t e n t s  i n  

e x c e s s  o f  50ft t h e  p o s i t i o n  o f  t h e  l i q u i d u s  was r a t h e r  d i f f i c u l t  

t o  d e t e r m in e  a s  t h e  t h e r m a l  c h a n g e s  o b t a i n e d  w ere  v e r y  s l u g g i s h  

and  i l l —d e f i n e d .  C e r t a i n  o f  t h e s e  m e l t s  w ere  fo u n d  t o  c o n t a i n  

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

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

d ia g ra m  h a s  t h e r e f o r e  b e e n  draw n i n  somewhat q u a l i t a t i v e l y  a s  

show n, and  a g r e e s  r e a s o n a b l y  c l o s e l y  w i t h  t h a t  s u g g e s t e d  by 

G -re ig ^ .

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

o c c u r ,  t h e y  a r e  c e r t a i n l y  v e r y  m in u te ,  and  t h e  r e f r a c t i v e  

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

T a b le  o f  R e f e r e n c e s  G iven  i n  P a r t ,  One; S e c t i o n  1 .

.P .  D o e r i n c k e l  : M e t a l l u r g i e  V I I I ,  1 5 1 1 ,  P 2 8 1 .

C .M .H e r ty ;  M e ta l s  and  A l l o y s ,  I ,  Ho. 1 8 ,  1 9 3 0 ,  P 8 8 3 .

J .W .G -re ig ;  Am. J o u r n a l  o f  S c i e n c e ,  X I I I , 2 ,  1927 , P133 •

-  G -lase r ;  s e e  H e r ty  a b o v e .

-  C a in ;  See H e r ty  a b o v e .

J .H .  Andrew, H .11 .M ad d o ck s , and  D .D .H ow at; J o u r n a l  o i  t h e  I n s t .

o f  I r o n  and S t e e l ,  1 9 31 , H o .2 ,  P283-

— M erwin and  — L a r s e n ;  Am. J o u r n a l  o l  S c i e n c e ,  j^4, 1 912 , P 4 2 .

_ p i r n b a u e r  and  — Tude; J  • 'w .M e l lo r  * s  T r e a t i s e  on I n o r g a n i c

C h e m is t ry ,  S e c t i o n  on MnO.

C .B e n e d ic k s  and  H . L o f q u i s t ;  nHon M e t a l l i c  I n c l u s i o n s  i n  I r o n

and  S t e e l "  Chapman and  H a l l  ( 1 9 3 0 ) ,  P 7 2 .



PART -I -  SECTION 2 .

THE THERMAL EQUILIBRIUM DIAGRAM OF THE BINARY SYSTEM FeO-MnO.

E x p e r i m e n t a l  p r o c e d u r e :  The s y s te m  FeO-MnO was i n v e s t i g a t e d

'by t h e  m ethod  d e v e lo p e d  f o r  t h e  s y s te m  M nQ-SiC^, t h e  f u r n a c e  

em ployed  b e i n g  t h e  sam e, and  t h e  a r r a n g e m e n t  o f  c r u c i b l e ,  b l a n k ,  

t h e r m o c o u p le s ,  e t c .  i d e n t i c a l  w i t h  t h a t  a l r e a d y  d e s c r i b e d .

One m o d i f i c a t i o n  h a d ,  h o w e v e r ,  t o  be i n t r o d u c e d  ow ing t o  

t h e  e a s e  w i t h  w h ic h  FeO i s  r e d u c e d  t o  i r o n ,  o r  o x i d i s e d  t o  

h i g h e r  o x i d e s .  I t  was n e c e s s a r y  t o  c a r r y  o u t  a l l  w ork  on t h e s e  

m e l t s  i n  v a c u o ,  o r ,  f a i l i n g  t h a t ,  i n  a n  i n e r t  a tm o s p h e r e .

F o r  t h i s  p u r p o s e  a  " P y th a g o r a s "  tu b e  o f  2 i n c h e s  i n t e r n a l  

d i a m e t e r  was i n s e r t e d  i n s i d e  t h e  f u r n a c e  tu b e  a s  shown i n  P i g .

2 6 .  (b e e  a l s o  Andrew, M addocks, and  H o w a t^ ) .  The molybdenum, 

g r i d  v/as t h e n  bound d i r e c t  t o  t h e  P y t h a g o r a s  t u b e  and  t h e  i n n e r  

a lundum  s l e e v e  ( s e e  F i g .  1 )  d i s p e n s e d  w i t h .  The c y l i n d r i c a l  

c o n t a i n e r  f o r  t h e  m e l t  and  b l a n k  was p l a c e d  i n s i d e  t h e  " P y th a g o r a s "  

t u b e ,  w h ic h  was c l o s e d  a t  t h e  t o p  end  by a  t h r e e - h o l e d  r u b b e r  

b u n g .  T h rough  t h e  h o l e s  i n  t h i s  bung w ere  i n s e r t e d  s h o r t  l e n g t h s  

o f  g l a s s  t u b i n g ,  one o f  w h ic h  was c o n n e c te d  by r u b b e r  p r e s s u r e  

t u b i n g  t o  a  m e rc u ry  p r e s s u r e  gau g e  and "Genco B yvac" vacuum 

pum p. The o t h e r  two p r o v id e d  e g r e s s  f o r  t h e  th e rm o c o u p le  l e a n s . 

They w ere  s e a l e d  a f t e r  t h e  l e a d s  h a d  b een  t h r e a d e d  th r o u g h  them  

by t i g h t e n i n g  s c re w  c l i p s  on t h e  s h o r t  p i e c e s  o f  r u b b e r  t u b i n g  

a t t a c h e d  t o  th e m . A l l  j o i n t s  and  c o n n e c t i o n s  w ere  p a i n t e d  w i t h  

a  s o l u t i o n  o f  c e l l u l o i d  i n  am yl a c e t a t e  t o  r e n d e r  them  vacuum 

t i g h t .  F o r  t h e  more f u s i b l e  m e l t s ,  when t e m p e r a t u r e s  i n  e x c e s s  

o f  14.50°0 w ere  n o t  r e q u i r e d ,  m e l t i n g  was c a r r i e d  o u t  i n  v a c u o ,  

a t  h i g h e r  t e m p e r a t u r e s  t h e r e  was a  d a n g e r  o f  t h e  " P y t h a g o r a s 11 

t u b e s  c o l l a p s i n g ,  so  n i t r o g e n  was i n t r o d u c e d ,  t h e  p r e s s u r e  

b e in g  so  a r r a n g e d  t h a t ,  a t  h i g h  t e m p e r a t u r e s ,  i t  r e a c h e d  a  

v a lu e  o f  j u s t  o v e r  one a tm o s p h e r e .

A p a r t  f rom  t h i s  t h e  t e c h n i q u e  was t h e  same, t h e  d i f f e r e n t i a l  

m ethod b e in g  em ployed  t h r o u g h o u t .
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P r e p a r a t i o n  o f  M a t e r i a l s .

P r e p a r a t i o n  o f  MnO: T h is  was c a r r i e d  o u t  a s  d e s c r i b e d  i n

P a r t  I ,  S e c t i o n  1 .

P r e p a r a t i o n  o f  FeO: FeO was p r e p a r e d  a c c o r d i n g  t o  t h e  m ethod

g i v e n  by  Andrew an d  co-workers"*". I n  t h e  p r e s e n t  i n s t a n c e  

d e c o m p o s i t i o n  i n  v ac u o  a t  6 0 0 °0  was f o l lo w e d  by r o a s t i n g  a  

s h o r t  t im e  a t  1000°G . The p r o d u c t  was t e s t e d  by a n a l y s i s  f o r  

t o t a l  i r o n  ( th o u g h  t h e  l i m i t a t i o n s  o f  t h i s  m ethod  a r e  r e a l i s e d ) ,  

and  by t h e  m agnet f o r  p r e s e n c e  o f  Fe^O ^. I t  was d i f f i c u l t  t o  

o b t a i n  t h e  m a t e r i a l  i n  t h e  a b s o l u t e l y  n o n - m a g n e t ic  fo rm , p re s u m 

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

u n d e r  575°0  ( s e e  b e lo w ) .  F u r t h e r  i f  t h e  i n i t i a l  h e a t i n g  t o  

1000°G w ere  om jA itted , t h e  p r o d u c t  was l i a b l e  t o  become m a g n e t ic  

i n  a i r  due t o  s p o n ta n e o u s  o x i d a t i o n ,  and  i t  w as , i n  e x t r e m e  

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

The s u b s t a n c e  so  p r e p a r e d  was a  b l a c k  o r  b l u e - b l a c k  p o w d e r .  

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

m a g n e t ism  was so  s l i g h t  a s  t o  be b a r e l y  d e t e c t a b l e ,  b u t  was 

p r o b a b l y  n e v e r  c o m p l e t e l y  a b s e n t .  A n a l y s i s  f o r  t o t a l  i r o n  

showed t h e  i r o n  c o n t e n t  t o  a p p r o x im a te  v e r y  c l o s e l y  t o  7 7 *b°/o 

( t h e o r e t i c a l  FeO, 7 7 * 7 0 ^ ) ,  th o u g h  i n  t h e  c a s e  o f  t h e  more 

m a g n e t ic  b a t c h e s  i t  was s l i g h t l y  lo w e r  t h a n  t h i s .

N o te  on FeO; The m a t e r i a l  f e r r o u s  o x i d e ,  i t  i s  now f a i r l y

w e l l  e s t a b l i s h e d ,  i s  u n s t a b l e  a t  a l l  t e m p e r a t u r e s  u n d e r  b7b°C,

w here  i t  u n d e r g o e s  a  d i s s o c i a t i o n  i n t o  Fe^O^ and  f r e e  i r o n

c o n t a i n i n g  a  c e r t a i n  am ount o f  oxygen  s o l u t i o n .  I t  c a n ,  h o w e v e r ,

e x i s t  a t  room t e m p e r a t u r e s  i n  t h e  m e t a s t a b l e  c o n d i t i o n ,  ow ing

t o  t h e  f a c t  t h a t  t h e  c o n v e r s i o n  i s  s lo w  e v e n  a t  t e m p e r a t u r e s
•• 2j u s t  u n d e r  575°G. (S ee  B e n e d ic k s  and  l o f q u i s t  . )  At lp7o°G  

on t h e  o t h e r  h a n d ,  i t  m e l t s  i n c o n g r u e n t l y  t o  g i v e  an  o x y g e n -  

r i c h  l i q u i d  and  a  s o l i d  i r o n - r i c h  p h a s e  w h ic h  d o e s  n o t  d i s s o l v e  

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

Any b i n a r y  s y s te m  o f  t h e  t y p e  FeG-mnO o r  FeO-SiU^ o f  w h ich  FeO 

fo rm s  one o f  t h e  c o n s t i t u e n t s  c a n n o t ,  t h e r e f o r e ,  be r e g a r d e d



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

t h e  f o r m a t i o n  o f  p h a s e s  whose c o m p o s i t i o n  c a n n o t  be e x p r e s s e d

on t h e  d i a g r a m .  As a n  a p p r o x i m a t i o n ,  h o w e v e r ,  t h i s  i s

u s u a l l y  n e g l e c t e d ,  a s  i t  i s  p r o b a b l e  t h a t  i n  m o st s y s te m s  i t s

e f f e c t  w i l l  be s l i g h t ,  a n d ,  m o re o v e r ,  w i l l  be  c o n f i n e d  t o

a  s h o r t  r a n g e  o f  c o m p o s i t i o n  a t  t h e  FeO end  o f  t h e  d ia g r a m .

A g a in  b e tw e e n  575°G an d  lp 7 0 °C  s o - c a l l e d  f e r r o u s  o x id e  h a s

a  c o n s i d e r a b l e  r a n g e  o f  e x i s t e n c e  a s  r e g a r d s  c o m p o s i t i o n ,  and

i t  c a n  d i s s o l v e  a p p r e c i a b l e  am o u n ts  o f  i r o n  on t h e  one h a n d ,

and  o x ygen  ( o r  Fe^O^) on t h e  o t h e r .  The name Vi/ustite h a s  b e e n

a p p l i e d  t o  t h e  m a t e r i a l  e x i s t i n g  o v e r  t h i s  r a n g e .  T h e re  i s ,

m o r e o v e r , c o n s i d e r a b l e  e v id e n c e  i n  e x i s t e n c e  w h ic h  i n d i c a t e s

t h a t  t h i s  r a n g e  d o e s  n o t  i n c l u d e  w i t h i n  i t s  b o u n d a r i e s  t h e

c h e m ic a l  c o m p o s i t i o n  FeO, and  t h a t  W u s t i t e  a lw a y s  c o n t a i n s

a n  e x c e s s  o f  o x ygen  o v e r  t h a t  r e q u i r e d  by t h e  f o r m u l a .  T h is

h a s  been  v e r i f i e d  by t h e r m a l  and  c h e m ic a l  d a t a  , by X - ra y
4m e a su rem en t o f  t h e  W u s t i t e  l a t t i c e  , an d  by  m e a s u r in g  t h e  

am o u n ts  o f  GO an d  CO2  a t  e q u i l i b r i u m  w i t h  a  s o l i d  p h a s e  c o n t a i n 

i n g  v a r y i n g  am oun ts  o f  oxygen  a t  t e m p e r a t u r e s  i n  t h e  r e g i o n  o f  

9 0 0 ° C .  On t h e  o t h e r  h a n d  s e v e r a l  w o rk e r s  h a v e  r e p o r t e d  t h e  

p r e p a r a t i o n  o f  o x id e  a n a l y z i n g  p r a c t i c a l l y  lOOfo FeO, w h ich  

s h o u ld  be i m p o s s i b l e  i f  t h e  above  v iew  i s  c o r r e c t ,  and  a t  t h e  

p r e s e n t  moment t h e  w e ig h t  o f  e v id e n c e  i n  i t s  f a v o u r  seem s t o

s u g g e s t  t h a t  i t  i s .  The W u s t i t e  r e g i o n  o f  t h e  i r o n - o x y g e n
3

d ia g ra m  a s  p ro p o s e d  by m athew son , S p i r e  and  M i l l i g a n  i s  

r e p r o d u c e d  i n  F i g .  2 7 .

E x p e r i m e n t a l  R e s u l t s .

H e a t i n g  and  P o o l i n g  Q u rv es :  a s e l e c t i o n  o f  t h e  h e a t i n g  and

c o o l i n g  c u r v e s  o b t a i n e d  i s  t h e  a cco m p an y in g  d i a g r a m s .

C u rv es  f o r  FeO: I n  v iew  o f  t h e  p e c u l i a r i t i e s  o f  F e r r o u s  O xide

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

i n  i t s  a c c u r a t e  a n a l y s i s  ( a  v e r y  s m a l l  w e ig h t  o f  oxygen  i n  FeO 

ca n  r e p r e s e n t  a  v e r y  c o n s i d e r a b l e  p r o p o r t i o n  o f  F e^O ^), a  

c o n s i d e r a b l e  num ber o f  h e a t i n g  and  c o o l i n g  c u r v e s  w ere  c a r r i e d



o u t  w i t h  a  v ie w  t o  d e t e r m i n i n g  t h e  p o s s i b i l i t y  o f  e r r o r  f ro m  

t h i s  s o u r c e .

F i r s t  o f  a l l  a  s e r i e s  o f  c u r v e s  v/as t a k e n  w i t h  a  sa m p le  o f  

" n o n - m a g n e t i c "  FeO ( F i g .  2 8 ) .  T h e re  i s  an  i n d i c a t i o n  o f  a  

s l i g h t  a r r e s t  a t  1 1 6 0-1170°C  w h ic h  i s  r a t h e r  more p ro n o u n c e d  

on t h e  f i r s t  h e a t  t h a n  on t h e  s e c o n d .  T h is  a p p a r e n t l y  c o r r e s 

p o n d s  t o  t h e  e u t e c t i c  b e tw e e n  FeO an d  Fe^O^, and  i t  i s  q u i t e  

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

h e a t  when t h e  m a t e r i a l  was i n  a l l  p r o b a b i l i t y  n o t  p e r f e c t l y  

h o m o g en eo u s .  The b u l k  o f  t h e  m a t e r i a l  a p p e a r s  t o  m e l t  a t  l y 7 0 ° 0  

on t h e  f i r s t  h e a t ,  and  a t  a  s l i g h t l y  lo w e r  t e m p e r a t u r e  - l ^ b b ° 0 -  

on t h e  s e c o n d .  T h is  m ig h t  be c a u s e d  by t h e  im p ro v ed  h e a t  

c o n d u c t i v i t y  o f  t h e  c r y s t a l l i n e  a s  o p p o se d  t o  t h e  i n i t i a l  p ow dered  

m a t e r i a l ,  o r ,  a l t e r n a t i v e l y ,  by t h e  more u n i f o r m  d i s t r i b u t i o n  

o f  t h e  Fe^O^ c o n t e n t . I f  any  v e r y  c o n s i d e r a b l e  i n c r e a s e  o f  

t h e  t o t a l  Fe^O^ c o n t e n t  h a d  t a k e n  p l a c e ,  f o r  exam ple  due t o  an  

i n s u f f i c i e n t  d e g r e e  o f  vacuum , t h e  e u t e c t i c  p o i n t  m ig h t  h a v e  

been  e x p e c t e d  t o  show an  i n c r e a s e  i n s t e a d  o f  a  d i m i n u t i o n  i n  

s i z e .  T h e re  i s  a  s l i g n t  i n d i c a t i o n  o f  a  p o i n t  a t  1410°(J, 

c o r r e s p o n d i n g  p o s s i b l y  w i t h  t h e  A^ p o i n t  i n  t h e  f r e e  i r o n  l i b e r 

a t e d  a t  t h e  p e r i t e c t i c .  F i n a l l y  m e l t i n g  i s  c o m p le te d  a t  1 4 8 0 ° 0 .  

The c o o l i n g  c u r v e s  show e v id e n c e  o f  a l l  t h e s e  p o i n t s  somewhat 

s u p e r c o o l e d .

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

1370 and  1 9 b 5 °G o b t a i n e d  f o r  t h e  p e r i t e c t i c  r e a c t i o n  on t h e  

f i r s t  and  s e c o n d  h e a t i n g s  r e s p e c t i v e l y ,  i t  was t n o u g h t  d e s i r a o l e  

t o  r e p e a t  a  s i m i l a r  s e r i e s  o f  d e t e r m i n a t i o n s  a  l a r g e  num ber o f  

t im e s  on a  g i v e n  sam p le  t o  s e e  i f  t h i s  change  was p r o g r e s s i v e .

The p a r t i c u l a r  sam p le  was m e l t e d  no f e w e r  t h a n  s i x  t i m e s .  The 

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

h e a t  a l l  s u b s e q u e n t  c u r v e s  w ere  p r a c t i c a l l y  i d e n t i c a l . i n  c o n t o u r .

To a p p l y  a  s t i l l  f u r t h e r  c h e c k  a  s e r i e s  o f  m e l t s  was c a r r i e d  o u t  

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

i t  was e v i d e n t  on re m o v a l  f ro m  t h e  f u r n a c e  t h a t  t h e  p l a t i n u m  

h a d  d i s s o l v e d  an  a p p r e c i a b l e  am ount o f  i r o n .  ho v i s i o l e  t r a c e



o f  r e a c t i o n  c o u ld  e v e r  be fo u n d  w ith , molybdenum  th o u g h  t e s t  

c r u c i b l e s  w ere  s e c t i o n e d  and  ex am in ed  m i c r o s c o p i c a l l y ,  t h e  

o n ly  e x c e p t i o n  t o  t h i s  b e i n g  p r o v id e d  by one c a s e  when t h e  

" P y t h a g o r a s ” t u b e  c r a c k e d  and  a l lo w e d  h y d r o g e n  t o  p a s s  i n s i d e .

The f r e e  i r o n  fo rm ed  by r e d u c t i o n  a l l o y e d  w i t h  t h e  c r u c i b l e

c a u s i n g  p i t t i n g  o f  t h e  s u r f a c e ,  and  t h e  f o r m a t i o n  o f  a n  i r o n -
was

m olybdenum  a l l o y  e a s i l y  d e t e c t e d  u n d e r  t h e  m i c r o s c o p e .
A

S t i l l  a n o t h e r  sam p le  o f  FeO was i n v e s t i g a t e d  ( P i g .  2y) t o

f i n d  w h e th e r  e v e n  t h e  m ost m a g n e t i c  b a t c h e s  w ou ld  c a u s e  s e r i o u s

d i s c r e p a n c i e s .  P o r  t h i s  p u r p o s e  a  f r a c t i o n  was s e p a r a t e d  from

some o f  t h e  more m a g n e t i c  m a t e r i a l  oy m eans o f  a  m a g n e t . The

g e n e r a l  fo rm  o f  t h e  c u r v e s  i s  s i m i l a r  b u t  t n e  1 1 7 0 °U p o i n t  i s

more p ro n o u n c e d ,  a s  i s  t h e  c o n t i n u o u s  r a n g e  b e tw e e n  t h i s  p o i n t

an d  t h e  p e r i t e c t i c  o r  t e m p e r a t u r e  o f  maximum m e l t i n g ,  w h ich  i s  
ed

f u r t h e r  lower*. by a b o u t  10°C . T h is  w as ,  o f  c o u r s e , a n  e x t re m e  

e x a m p le ,  a n a  i t  i s  t h e r e f o r e  f a i r l y  c e r t a i n  t h a t  w i t h  t h e  

p r e c a u t i o n s  t a k e n  t o  k eep  t n e  m a g n e t ic  c o n t e n t  o f  t h e  o x id e  to  

a  minimum no s e r i o u s  d i s c r e p a n c i e s  w ould  a r i s e  f ro m  t h i s  s o u r c e .

I n  p r a c t i c e  a l l  s a m p le s  w h ic h  w ere  a t  a l l  s t r o n g l y  m a g n e t ic  

w ere  r e j e c t e d .

I t  i s  o f  c o n s i d e r a b l e  i n t e r e s t  t o  com pare t h e s e  i r o n  o x id e  

c u r v e s  w i t h  t h e  d ia g ra m  o f  M athew son, S p i r e ,  and  M i l l i g a n  g i v e n  

i n  P i g .  2 7 . The t e m p e r a t u r e s  o f  t h e  a r r e s t s  a g r e e  v e r y  c l o s e l y  

w i t h  t h e  t e m p e r a t u r e s  g i v e n  on t h e  d ia g ra m .  The f a c t  t h a t  t h e  

e u t e c t i c  a r r e s t  o c c u r s  w i t h  m e l t s  so  h i g h  i n  i r o n  and  i n  a s s o c i a t 

i o n  w i t h  t h e  p e r i t e c t i c ,  w ou ld  s u g g e s t , h o w e v e r ,  t h a t  t h e  

b o u n d a ry  o f  t h e  W u s t i t e  r a n g e  s h o u ld  be d i s p l a c e d  somewhat on 

t h e  o x y g e n - r i c h  s i d e  t o  somewhat lo w e r  oxygen  c o n c e n t r a t i o n .

C urves  o f  FeO-MnO M i x t u r e s : I n  i n t e r p r e t i n g  t h e  c u r v e s  f o r  t n e  

s y s te m  PeO-MnO a  s l i g h t l y  d i f f e r e n t  p r o c e d u r e  was a d o p te d  t h a n  

i n  t h e  c a s e  o f  t h e  iT n0-S i02 m e l t s .  T h e re  w ere  i n d i c a t i o n s  

t h a t  a  s o l i c  s o l u t i o n  m e l t i n g  r a n g e  te n d e d  t o  g iv e  an  e l o n g a t e d

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

-i-he t e r m i n a t i o n  o f  t h e s e  r a n g e s  h a s ,  t h e r e f o r e , b een  t a k e n  i n
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m ost c a s e s  t o  i n d i c a t e  t h e  p o s i t i o n  o f  t h e  l i q u i d u s . w h en ev e r  

p o s s i b l e  (when i t  was o b v io u s  t h a t  s u p e r c o o l i n g  h a d  n o t  o c c u r r e d ) 

t h i s  was v e r i f i e d  by n o t i n g  t h e  p o i n t  a t  w h ic h  f r e e z i n g  b e g a n  

on t h e  c o r r e s p o n d i n g  c o o l i n g  c u r v e s .

w i th  FeO t h e  l i q u i d u s  i s  p l a c e d  a t  141G°0 t h e  s o l i d i i s  

a t  1 3 6 5 °C. a  s l i g h t  b u lg e  h i g h e r  than, t h i s  i s  p r o b a b l y  g i v e n  

by t r a c e s  o f  t h e  i r o n  r i c h  p h a s e  m e n t io n e d  e a r l i e r .  The c o o l i n g  

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

w i t h  a  s i m i l a r  one on t h e  c o o l i n g  c u r v e s  o f  FeO i t s e l f .

w i th  8 O/0 FeO t h e r e  i s  a  b r e a k  i n  t h e  r a n g e  and  i t  i s  p r o b a b l e

t h a t  t h e  p e r i t e c t i c  r e a c t i o n  a t  1430°G t a k e s  p l a c e  i n  t h i s  m e l t .

w i t h  %0°/o FeO t h e r e  a r e  i n d i c a t i o n s  o f  f o u r  d i s t i n c t  b u l g e s .

The b o t to m  one may i n d i c a t e  t h e  p o s i t i o n  o f  t h e  s o l u b i l i t y  

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

must be r e g a r d e d  a s  h y p o t h e t i c a l .  The a r r e s t  a t  1430°0  i s  

now much l a r g e r .  n s  t h e  c o n t e n t  o f  MnO i s  i n c r e a s e d  t h e  m e l t 

in g -  r a n g e  .becom es i n c r e a s i n g l y  p r o lo n g e d  o u t  t h e r e  i s  a lw a y s

an i n d i c a t i o n  o f  an  i n v a r i a n t  p o i n t  a t  1430°G . D e t e r m i n a t i o n  

o f  t h e  l i q u i d u s  a t  t h e  h i g h  MnO end  o f  t h e  d ia g ra m  p r e s e n t s  

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

o f  m a i n t a i n i n g  a n  i n e r t  a tm o s p h e r e ,  an d  t h e  f u s i b i l i t y  o f  

P y t h a g o r a s  t u b e s  a t  t e m p e r a t u r e s  i n  e x c e s s  o f  1650°G . Y/ith t h e  

m e l t i n g  p o i n t  o f  MnO known, h o w e v e r ,  and  t h e  ty p e  o f  d ia g ra m  

i n v o l v e d , i t s  c o u r s e  ca n  be p r e d i c t e d  w i t h  a  c o n s i d e r a b l e  d e g r e e  

o f  p r o b a b i l i t y .  A number o f  in c o m p le te  c u r v e s  w ere  c a r r i e d  o u t  i n  

t h i s  r e g i o n  t o  e x p l o r e  t h e  s o l i d u s , t h e  m i x t u r e s  b e in g  f i r s t  

s u b j e c t e d  t o  a  p r o lo n g e d  s o a k in g  a t  t h e  h i g h e s t  a t t a i n a b l e  

t e m p e r a t u r e  i n  an  e n d e a v o u r  t o  e n s u r e  e q u i l i b r i u m .

The T h e rm a l D iagram  o f  t h e  System  FeO-MnOL

S e v e r a l  d i f f e r e n t  fo rm s  o f  t h i s  d ia g ra m  h av e  b e e n  p r o p o s e d .

Andrew and  cow orkers^" g iv e  an  u n b ro k e n  s e r i e s  o f  s o l i d  o o l u t i o n s ,  

w i t h  m e l t i n g  p o i n t s  r a n g i n g  from  1410°G, t h e  p ro p o s e d  m e l t i n g  

p o i n t  o f  FeO, t o  1585°G , th e  p ro p o s e d  m e l t i n g  p o i n t  o f  MriO.

I n  t h i s  d ia g ra m  t h e  t e m p e r a t u r e  r a n g e  be tw een  l i q u i d u s  and
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s o l i d u s  i s  v e r y  s m a l l .  H e r ty ^  g i v e s  a  s i m i l a r  t y p e  o f  

d ia g ra m ,  w i t h  m e l t i n g  p o i n t s  r a n g i n g  f ro m  1370°G (FeO) t o  

1610°G (MnO). I t  d i f f e r s  from  j-uidrew’ s i n  t h a t  t h e  l i q u i d u s  

and  s o l i d u s  a r e  s e p a r a t e d  by an  e x c e e d i n g l y  w ide  t e m p e r a t u r e  

i n t e r v a l ,  w h ic h  w ou ld  i n d i c a t e  t h a t  t h e  two o x id e s  j u s t  f a i l  

t o  show i m m i s c i b i l i t y .

B e n e d ic k s  an d  l o f q u i s t ^  g iv e  a  d ia g ra m  o f  t h e  ty p e  now 

a d v a n c e d ,  sh o w in g  o n ly  p a r t i a l  m i s c i b i l i t y  i n  t h e  s o l i d  s t a t e .

The a v a i l a b l e  e v i d e n c e ,  i n c l u d i n g  t h e r m a l  a a t a  ana  t h e  r e s u l t s  

o f  m i c r o s c o p i c  e x a m i n a t i o n  o f  f u s e d  m i x t u r e s  o f  FeO and  kino, i s  

s u rv e y e d  by t h e s e  a u t h o r s  who come t o  t h e  c o n c l u s i o n  t h a t  t h i s  

i s  t h e  m o st p r o b a b l e  ty p e  o f  d ia g ra m .

I t  i s  d i f f i c u l t  t o  e x j j l a i n  t h e  i n v a r i a n t  p o i n t  a t  1 4 3 0 °0 

on any  o t h e r  a s s u m p t io n  t h a n  t h a t  a  p e r i t e c t i c  r e a c t i o n  be tw een  

two p h a s e s  o c c u r s . I t  may be m e n t io n e d  t h a t  a  d ia g ra m  o f  t h i s  

ty p e  w ould  a p p e a r  t o  f i t  t h e  p o i n t s  g o t  by H e r ty  a lm o s t  a s  c l o s e l y ,  

a s  t h e  one h e  f a v o u r s .

O p t i c a l  E x a m in a t io n  o f  t h e  M e l t s .

The m ethod  a d o p te d  f o r  t h e  i d e n t i f i c a t i o n  o f  p h a s e s  was t h e  

same a s  t h a t  d e s c r i b e d  i n  S e c t i o n  1 .  Owing t o  t h e  h i g h  r e f r a c t 

i v e  i n d i c e s  o f  t h e  m a t e r i a l s  g l a s s e s  o f  s u lp h u r  and  s e le n iu m  

h ad  t o  be em p lo y ed  t h r o u g h o u t .  The opaque n a t u r e  o f  t h e  m a t e r 

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

t h a n  u s u a l ,  o u t  i t  was fo u n d  t h a t  l i g h t  c o u ld  be g o t  t h r o u g h  

t h e  v e r y  t h i n n e s t  p o r t i o n s  o f  t h e  pow der f r a g m e n ts  t o  a  s u f f i c i e n t  

e x t e n t  t o  e n a b l e  m e a su re m e n ts  t o  be made.

The r e f r a c t i v e  i# .dex o f  FeO i t s e l f  was fo u n d  t o  h a v e  t h e  v a lu e  

2 . 0 .  b i t h  a d d i t i o n  o f  MnO up  t o  t h e  l i m i t  o f  s o l u b i l i t y  i t  

i n c r e a s e s  u p  t o  a  l i m i t i n g  v a lu e  o f  a p p r o x im a te ly  2 .1 0 .  S im u l

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

a p p e a r s  w i t h  a  r e f r a c t i v e  i n d e x , a s  n e a r  a s  c a n  be e s t i m a t e d , o f  

2 .1 3  b u t  i n c r e a s i n g  w i t h  i n c r e a s i n g  MnO t o  2 .1 6  t h e  v a l u e  f o r
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PART 1 -  SECTION o .

$?HE THERMAL EQUILIBRIUM DIAGRAM OF THE SYSTEM FeQ -SiC U .

The b i n a r y  s y s te m  F e 0 - S i0 2  i s  one o f  c o n s i d e r a b l e  i m p o r t 

ance  i n  t h e  f i e l d s  o f  g e n e r a l  c e r a m i c s ,  p e t r o l o g y ,  and  b o t h  

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

i n v e s t i g a t e d  by v a r i o u s  w o rk e rs  and a  number o f  d ia g ra m s  h a v e  

b e e n  p r o p o s e d  w hich ',  h o w e v e r , v a r y  somewhat i n  t h e i r  e s s e n t i a l  

f e a t u r e s .  The c h i e f  d i f f i c u l t i e s  e n c o u n te r e d  a r e , a s  i n  t h e  

c a s e  o f  t h e  M n 0 -S i0 2 , t h e  h i g h  t e m p e r a t u r e s  I n v o lv e d  and  t h e  

v e r y  c o r r o s i v e  n a t u r e  o f  t h e  m e l t s ,  w h ich  makes i t  e x t r e m e ly  

d i f f i c u l t  t o  f i n d  c r u c i b l e s  w h ich  w i l l  e n a b le  m e l t i n g  t o  be 

G a r r i e d  o u t  w i t h o u t  s e r i o u s  c o n t a m i n a t i o n  t a k i n g  p l a c e .

The m ain  p o i n t s  on w h ich  t h e  v a r i o u s  s u g g e s t e d  d ia g ra m s  

d i f f e r  a r e  w i t h  r e g a r d  t o  t h e  e x a c t  f i x i n g  o f  t h e  m e l t i n g  

t e m p e r a t u r e s  and  a l s o  a s  t o  t h e  c o n fo u n d s  fo rm ed  b e tw e e n  t h e

c o m p o n e n ts .  Two s u c h  h a v e  b e e n  p ro p o u n d e d .  Of t h e s e  t h e

o r t h o s i l i c a t e ,  f a y a l i t e ,  ( 2 F e 0 .S i 0 2 ) ca n  be c o n s id e r e d  d e f i n i t e l y  

e s t a b l i s h e d .  The m e t a s i l i c a t e  (F eO .S iO ^) i s  o f  u n c e r t a i n  

e x i s t e n c e  and  was i n c l u d e d  i n  t h e  e a r l i e r  d ia g ra m s  m a in ly  

b e c a u s e  a  somewhat r a r e  s i l i c a t e ,  g r u n e r i t e ,  o f  a p p r o x im a te ly  

t h i s  c o m p o s i t i o n  i s  fo u n d  i n  n a t u r e .  Of t h e  s e v e r a l  w o rk e rs  

on t h i s  s y s te m  von K e i l  and  Damman1  i n v e s t i g a t e d  m ix tu r e s  with, 

up t o  40°Jo o f  S i 0 2  w h ich  r a n g e  d o es  n o t  in c l i i d e  t h e  g r u n e r i t e
e 2

c o m p o s i t i o n .  b h i t e l y  and H a l l im o n d  p r o p o s e d  a  d ia g ra m

w h ich  was m a in ly  q u a l i t a t i v e  and was b a s e d  on t h e  m ic r o s c o p ic

e x a m in a t io n  o f  s l a g s .  They a p p e a r  t o  f a v o u r  t h e  e x i s t e n c e  o f

g r u n e r i t e .  G-reig”5 w o rk in g  on t h e  h i g h  S i0 2  end o f  t h i s  d ia g ra m

by means o f  q u e n c h in g  e x p e r im e n ts  fo u n d  e v id e n c e  o f  i m m i s c i b i l i t y

i n  t h e  l i q u i d  s t a t e  be tw een  t h e  c o m p o s i t io n s  6 0 °/o and 9 7 '  ̂ o f
4l i 0 2 . B e n e d ic k s  and h o f q u i s t  c o n s t r u c t e d  a  d ia g ra m  b ased  

on t h e  f i n d i n g s  o f  von K e i l  and Damman and o f  G-reig i n  w h ich  

g r u n e r i t e  i s  t e n t a t i v e l y  i n c l u d e d .  H e r ty  and F i t t e r e r ^  on t n e  

o t h e r  h a n d ,  show o n ly  f a y a l i t e  on t h e i r  d ia g ra m .  Bowen and

"M reig 6  a q so  s u o p o r t  t h e  c o n t e n t i o n  t h a t  g r u n e r i t e  a o e s  n o t  
S d i a i T e r



e x i s t . T h e i r  d ia g ra m  was b a se d  on t h e  e x a m i n a t i o n  o f  m e l t s  

q u en ch ed  f ro m  d i f f e r e n t  t e m p e r a t u r e s  i n  t h e  m anner o f  G r e ig .  

They w ere  u n a b le  a c t u a l l y  t o  m e l t  t h e  g r u n e r i t e  c o m p o s i t i o n  

ow ing t o  i t s  h i g h  m e l t i n g  p o i n t  b u t  t h e y  s t a t e  t h a t  a  m e l t  

w h ich  s h o u ld  t h e o r e t i c a l l y  h a v e  c o n t a i n e d  80$ o f  g r u n e r i t e  

g a v e ,  w hen s u b j e c t e d  t o  X - ra y  a n a l y s i s ,  i n d i c a t i o n s  o f  t h e  

f a y a l i t e  l a t t i c e  o n ly  w i t h  a  b a c k g ro u n d  o f  s c a t t e r e d  r a d i a t i o n  

w h ich  t h e y  a t t r i b u t e  t o  f r e e  SiC>2  i n  t h e  g l a s s y  s t a t e .

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

above  r e s e m b le  e a c h  o t h e r  t o  a  c e r t a i n  e x t e n t  and t h e  r e s u l t s  

o f  t h e  v a r i o u s  r e s e a r c h e s  c a n  be  sum m arized  b r i e f l y .  Betw een 

Be0 and  f a y a l i t e  a  e u t e c t i c  e x i s t s  th e .  c o m p o s i t i o n  b e i n g  g iv e n  

v a r i o u s l y  a s  4$ (K and D ) ,  22$ (H and  F) , and 24$ 8 iC>2  (B and 8 ) 

and t h e  e u t e c t i c  m e l t i n g  t e m p e r a t u r e  a s  1075°0  (II and  D ), 1237°G 

(H and  F ) ,  and  1 1 7 7 °G (B and  S ) .  A maximum i n  t h e  l i q u i d u s  

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

m e l t i n g  p o i n t  o f  w h ic h  i s  g i v e n  a s  1503°G (K and  D ), 1330°G 

(H end  F ) , and  1205°G (B and S ) .  B etw een  f a y a l i t e  an a  8 i 0 2  

(o r  g r u n e r i t e )  i s  a  s e c o n d  e u t e c t i c  a t  40$ 8 i 0 2  (K and D ),

35$ S i 0 2  (H and F ) ,  o r  3 8 $  o i 0 2  (B and S ) ,  t h e  t e m p e r a t u r e  

o f  m e l t i n g  b e i n g  g iv e n  a s  1115°G (K and  D ),  1250°C (H and  F ) ,  

and 1178°C (B and 8 ) .  On t h e  S i 0 2  o f  t h i s  e u t e c t i c  t h e  l i q u i a -  

u s  s l o p e s  somewhat s t e e p l y  t o  t h e  r e g i o n  o f  i m m i s c i b i l i t y  

d e s c r i b e d  by G-reig w here m e l t i n g  t a k e s  p l a c e  t o  g iv e  two l i q u i a s  

a t  an  i n v a r i a n t  t e m p e r a t u r e  o f  I 6 9 8 ° c t l 5 .  I f  g r u n e r i t e  d o es  

e x i s t  i t  w i l l  i n  a l l  p r o b a b i l i t y  m e l t  i n c o n g r u e n t l y  i n  a n a lo g o u s  

f a s h i o n  t o  M n 0 .S i0 2  and so t h e  q u e s t i o n  o f  t h e  e x i s t e n c e  o r  

n o n - e x i s t e n c e  o f  t h i s  compound ca n  h av e  l i t t l e  e f f e c t  on t h e  

c o n t o u r s  o f  t h e  l i q u i d u s .

I n  v ie w  o f  t h e  s u c c e s s  a t t a i n e d  w i t h  t h e  u s e  o f  molybdenum 

a s  a  r e f r a c t o r y ,  i t  was c o n s id e r e d  h i g h l y  d e s i r a b l e  t o  w ork 

o u t  t h i s  s y s te m  by th e  m ethods a l r e a d y  d e v e lo p e d  i n  an  e n d e a v o u r  

t o  remove some o f  t h e  u n c e r t a i n t i e s  j u s t  a e s c r i b e d .



P r e p a r a t i o n  o f  M a t e r i a l s .

The m e l t s  w ere  made up  by m ix in g  t h e  a p p r o p r i a t e  am oun ts  

o f  FeO and  S i 0 2 • T h ese  m a t e r i a l s  w ere  p r e p a r e d  a s  a l r e a d y  

d e s c r i b e d .

E x p e r i m e n t a l  P r o c e d u r e .

The a p p a r a t u s  em ployed  and  t h e  t e c h n i q u e  w ere  e x a c t l y  a s  

d e s c r i b e d  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  s y s te m  FeO-MnO, h e a t i n g  

b e in g  c a r r i e d  o u t  i n  v a c u o ,  o r  i n  t h e  c a s e  o f  t h e  more r e f r a c t 

o ry  m e l t s ,  i n  an  a tm o s p h e re  o f  n i t r o g e n  t o  p r e v e n t  c o l l a p s e  

o f  t h e  " P y th a g o r a s "  t u b e s .  I t  was n o t i c e d  t h a t  f o r  some r e a s o n  

as  y e t  u n e x p l a i n e d  n i t r o g e n  h ad  a  d e l e t e r i o u s  e f f e c t  on th e  

p e r fo rm a n c e  o f  t h e  th e r m o c o u p le s  and  c u r v e s  o b t a i n e d  w i t h  t h i s  

gas i n  t h e  t u b e  w ere  a lw a y s  much more i r r e g u l a r  t h a n  when t h e  

ru n  was made i n  v a c u o . M e l t s  w ere  exam ined  i n  t h e  u s u a l  way 

f o r  t h e  i d e n t i f i c a t i o n  o f  p h a s e s .  C e r t a i n  o f  t h e  m e l t s  w ere  

a l s o  ex am in ed  by s e c t i o n i n g  t h e  molybdenum c r u c i b l e s  c o n t a i n i n g  

-them.

D i s c u s s i o n  o f  E x p e r im e n ta l  D a t a .

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

i n  F i g s .  37 t o  42 .

B r i e f l y  i t  c a n  be s a i d  t h a t ,  w i t h  t h e  a d d i t i o n  o f  SiC>2  t o  

t o  FeO t h e r e  i s  a  p r o g r e s s i v e  d e p r e s s i o n  o f  t h e  t e m p e r a t u r e  

a t  w h ic h  m e l t i n g  i s  c o m p le te .  T h is  i s  i l l u s t r a t e d  by  t h e  

c u r v e s  c o r r e s p o n d i n g  t o  t h e  c o m p o s i t io n s  1 0 $ ,  1 5 $ ,  and  2 0 $  o f  

S i 0 2 . At t h e  same t im e  an  i n v a r i a n t  a r r e s t  a p p e a r s  a t  1150°G . 

T h is  c o n c l u s i o n  i s  b o rn e  o u t  v e r y  w e l l  by t h e  c o o l i n g  c u r v e s  

th o u g h  t n e  a r r e s t s  o c c u r  a t  somewhat lo w e r  t e m p e r a t u r e s  due t o  

s u p e r c o o l i n g .  I n  t h e  c a s e  o f  t h e  m e l t  c o n t a i n i n g  10$ o f  8 i 0 2  

t h e  c o m p le t i o n  o f  m e l t i n g  on h e a t i n g  a p p e a r s  t o  be v e r y  l o n g  

d e l a y e d .  T h is  c a n  p r o b a b ly  be a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  

t h e  i r o n  r i c h  p h a s e  p ro d u c e d  by t h e  d i s s o c i a t i o n  o f  t n e  f r e e  

FeO on m e l t i n g .
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EAT 111G- A3:;I) COOLIE 0- CURVES -  DIFFEHE1 TIAL aETEOD

(Reduced, s c a l e ) .

S i 0 2  : 4 5 .
FeQ : 55 .

1100°C

I I

S i 0 2  : 50 . 
FeO : 50.

1100°c

I I



vn'ith 23$ o f  SiC>2 H 5 0 ° C  p o i n t  s t i l l  o c c u r s  b u t  t h e  

m e l t i n g  r a n g e  i s  a g a i n  l o n g e r .

A somewhat p u z z l i n g  f e a t u r e  o f  t h e s e  c u r v e s  i s  t h a t  a t  a  

t e m p e r a t u r e  o f  a p p r o x i m a te ly  1 1 0 0 °C i n  a l l  c a s e s  t h e r e  i s  

e v id e n c e  o f  a  ch an g e  on h e a t i n g  i n v o l v i n g  a b s o r p t i o n  o f  h e a t .

I n  many c a s e s  t h i s  t o o k  t h e  fo rm  o f  a  g r a d u a l  d r i f t  o f  t h e  

sp o t  o f  l i g h t  f ro m  t h e  g a lv a n o m e te r  i n  t h e  d i f f e r e n t i a l  c i r c u i t ,  

b u t  i t  was o f  to o  c o n s t a n t  o c c u r r e n c e  t o  be  t h e  r e s u l t  m e re ly  

o f  an  a c c i d e n t a l  d r i f t  o f  t h e  z e r o .  F u r t h e r  th o u g h  i t  was 

r a t h e r  i r r e g u l a r  i t  a p p e a r e d  on t h e  w hole  t o  i n c r e a s e  a s  t h e  

th e  f a y a l i t e  c o m p o s i t i o n  was a p p r o a c h e d .  I n  t h e  c a s e  o f  t h e  

30$ S i 0 2  m e l t  ( f a y a l i t e  2 9 .4 $  S i 0 2 ) i t  i s  so  p ro n o u n c e d  a s  t o  

p r a c t i c a l l y  mask t h e  b e g i n n i n g  o f  m e l t i n g .  h i t h  h i g h e r  p e r 

c e n t a g e s  o f  3 i 0 2  i t  once  more d e c r e a s e s  i n  m a g n i tu d e ,  th o u g h  

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

w i th  30$ o f  0 i 0 2  m e l t i n g  a p p e a r s  t o  be c o m p le te  a t  1 2 1 0 -  

1230°C . I n c r e a s e  o f  t h e  S i 0 2  c o n t e n t  t o  35$ r e s u l t s  i n  t h e  

a p p e a re n c e  o f  an  a r r e s t  a t  1153°G, t h e  l i q u i d u s  a r r e s t  b e in g  

p la c e d  a t  1210°C . T h e r e a f t e r  w i t h  i n c r e a s i n g  S i0 2  c o n t e n t  

th e  a r r e s t  a t  1 1 5 5 °C r e m a in s  c o n s t a n t  and i s  a p p a r e n t l y  t h e  

e u t e c t i c  m e l t i n g  t e m p e r a t u r e .  I n c i d e n t a l l y  i t  e x i s t s  beyond 

th e  g r u n e r i t e  c o m p o s i t io n  o f  45$ S i 0 2 , w h ich  w ould  l e a d  t o  t h e  

c o n c l u s io n  t h a t  g r u n e r i t e  c o u ld  n o t  e x i s t .  O ver 40$ S i 0 2 , 

h o w e v e r ,  t h e  l i q u i d u s  a p p a r e n t l y  r i s e s  v e r y  s t e e p l y  a n d ,  by 

t h e  t im e  50$ o f  S i 0 2 , i s  r e a c h e d ,  t h e  m i x t u r e s  a r e  v e r y  i n f u s 

i b l e  and  v e r y  v i s c o u s ,  so t h a t  i t  i s  q u i t e  p o s s i b l e  t h a t  even  

a f t e r  m e l t i n g  a  s e c o n d  t im e  t h e s e  m e l t s  w ould  n o t  be q u i t e  

hom ogeneous ,  and  so  t h i s  a lo n e  was n o t  t a k e n  a s  p r o v i d i n g  

c o n c l u s i v e  e v id e n c e  on t h e  m a t t e r .  C urves  f o r  t h e  c o m p o s i t io n s  

45$ S i 0 2  ( " g r u n e r i t e " ) ,  and 50$ 0 i 0 2  a r e  r e p ro d u c e d  p l o t t e d  

on a  r e d u c e d  s c a l e  b e c a u s e  o f  t h e  e x te n d e d  t e m p e r a t u r e  r a n g e s  

t h e y  i n v o l v e .  D u r in g  t h e  i n v e s t i g a t i o n  o f  t h e  l a t t e r  m e l t  

s e v e r a l  a t t e m p t s  w ere  made b e f o r e  th e  m e l t  was c o m p le te ly  f u s e d .  

At l a s t  s u c c e s s  was a c h ie v e d  b u t  a t  a  t e m p e r a t u r e  o f  1 6 3 0 °C 

a p p r o x i m a te ly  t h e  " P y th a g o ra s "  tu b e  f u s e d  so  t h a t  t h e  c u rv e  was



i n c o m p l e t e .  As t h e  m e l t  h a d  b e e n  c o m p l e t e l y  m o l t e n ,  h o w e v e r ,  

t h e r e  seem s l i t t l e  r e a s o n a b l e  d o u b t  t h a t  t h e  b u lg e  o b s e r v e d  

a t  1615°C on t h e  h e a t i n g  c u rv e  i n d i c a t e s  t h e  p o s i t i o n  o f  t h e  

l i q u i d u s .  A m ix t u r e  c o n t a i n i n g  60$ o f  3 i 0 2  was fo u n d  t o  be 

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

1 6 0 0 ° 0 . Even a f t e r  s o a k in g  a t  t h e s e  h i g h  t e m p e r a t u r e s  f o r  a  

c o n s i d e r a b l e  t im e  t h e  a r r e s t  a t  1155°C was s t i l l  o b t a i n e d  on 

h e a t i n g  f ro m  low  t e m p e r a t u r e s .

O p t i c a l  D a t a : On e x a m in a t io n  o f  t h e  above  m e l t s  t h e  o c c u r r e n c e  

o f  i r o n  o x id e  and  f a y a l i t e  a s  p h a s e s  was d e f i n i t e l y  e s t a b l i s h e d .  

I n  m e l t s  c o n t a i n i n g  o v e r  3 0 $  o f  S i 0 2 , h o w e v e r ,  i t  was fo u n d  t h a t  

t h e r e  w ere  a p p a r e n t l y  i n d i c a t i o n s  o f  t h r e e  p h a s e s ,  f a y a l i t e  o f  

r e f r a c t i v e  in d e x  1 . 7 3 - 2 . 0 0 ,  c r i s t o b a l i t e  o f  r e f r a c t i v e  in d e x  

1 .4 9  an d  t r a c e s  o f  a  p h a s e  w i t h  r e f r a c t i v e  in d e x  1 . 7 4 .  A 

p o s s i b l e  e x p l a n a t i o n  was t h a t  g r u n e r i t e  d id  a c t u a l l y  e x i s t  i n  

th e  s y s te m  F e 0 - S i0 2 , b u t  t h a t ,  ow ing t o  t h e  r e l a t i v e l y  r a p i d  

r a t e s  o f  c o o l i n g  ,a n d  t h e  e x tre m e  v i s c o s i t y  o f  t h e s e  m e l t s ,  

v e ry  l i t t l e  o f  i t  was a c t u a l l y  fo rm ed  on f r e e z i n g .  To s e t t l e  

th e  q u e s t i o n  s e v e r a l  m e l t s  o f  t h e  g r u n e r i t e  c o m p o s i t io n  w ere  

made and  c o o le d  v e r y  s lo w ly  a f t e r  s o a k in g  a t  1600°C f o r  p e r i o d s  

"dp to  t h r e e  h o u r s . The c r u c i b l e s  c o n t a i n i n g  t h e s e  w ere  t h e n  

s e c t i o n e d  and  exam ined  by r e f l e c t e d  l i g h t . I t  was a p p a r e n t  t h a t  

c o n s i d e r a b l e  am ounts  o f  c r i s t o b a l i t e  w ere  p r e s e n t  a s  shown by 

th e  c h a r a c t e r i s t i c  d e n d r i t e s  i n  t h e  fo rm  o f  s k e l e t a l  o c t o h e a r a  

and t h e  l a d d e r - l i k e  s t r u c t u r e  o f  t h e  p l a t e s  when s e e n  i n  s e c t i o n .  

U nder v e r t i c a l  i l l u m i n a t i o n  t h e s e  a p p e a r e d  d a r k  i n  a  l i g h t  

b a c k g ro u n d .  U nder o b l i q u e  i l l u m i n a t i o n  t h e y  w ere  s e e n  t o  be 

c l e a r  and  t r a n s p a r e n t  w h i l e  t h e  b a c k g ro u n d  a p p e a r e d  g r e e n i s h ,  

and p r o b a b l y  o f  d u p le x  s t r u c t u r e .  F u r t h e r  e x a m in a t io n  o f  t h e  

po?/dered  f r a g m e n t s  r e v e a l e d  t h a t  i n  a l l  p r o b a b i l i t y  t h e  p a r t i c l e s  

o f  r e f r a c t i v e  in d e x  = 1 . 7 4  p r e v i o u s l y  d e s c r i b e d  w ere  d u p le x  

i n  n a t u r e  and  c o n s i s t e d  o f  a  f i n e - g r a i n e d  a g g r e g a t e  so t h a t  

t h e  r e f r a c t i v e  i n d e x  m easu red  was o n ly  an  a p p a r e n t  one t h e  

e f f e c t  o b s e rv e d  b e i n g  t h e  sum o f  two s e p a r a t e  e f f e c t s .  h e n c e  

no e v id e n c e  p o i n t i n g  t o  t h e  e x i s t e n c e  o f  g r u n e r i t e  i n  t h e s e



m e l t s  h a s  b een  o b t a i n e d ,  and  i t  h a s  b e e n  c o n c lu d e d  t n a t  t h i s  

m a t e r i a l  i s  n o t  fo rm ed  i n  t h e  s im p le  b i n a r y  s y s te m  F e 0 - B i0 2 , a t  

l e a s t  u n d e r  o r d i n a r y  c o n d i t i o n s  o f  f r e e z i n g .  I n  t h e  p e t r o l o g -  

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

o f  o t h e r  o x i d e s  a r e  i n v a r i a b l y  g i v e n  a s  i m p u r i t i e s ,  n o t a b l y  

amongst t h e s e  b e i n g  MgO. I t  a p p e a r s  q u i t e  p o s s i b l e  t h a t  t h e s e  

may be e s s e n t i a l  c o n s t i t u e n t s  o f  g r u n e r i t e  and t h a t '  t h e i r  p r e s e n c e  i;  

n e c e s s a r y  t o  c o n f e r  s t a b i l i t y  on i t .

The T h e rm a l  E q u i l i b r i u m  D ia g ra m ; The t h e r m a l  e q u i l i b r i u m  

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

F ig .  4 3 .  Two e u t e c t i c s  e x i s t  (1 )  b e tw e e n  FeO and  f a y a l i t e  a t  

a  c o m p o s i t i o n  c o n t a i n i n g  a p p r o x i m a te ly  24$ o f  DiO^ and m e l t i n g  

a t  1150°C , and  (2 )  b e tw e e n  f a y a l i t e  and  S i 0 2 a t  a p p r o x im a te ly  

39$ o f  S i 0 2 and  m e l t i n g  a t  1 !5 5 ° C .  The c o n f i g u r a t i o n  o f  t h e  

l i q u i d u s  f o r  FeO c o n t e n t s  h i g h e r  t h a n  90$ i s  o n ly  an  a p p r o x im a t io n  

as  FeO d i s s o c i a t e s  t o  g iv e  new p h a s e s .  The r e g i o n  o f  i in m is c ib -  

i l i t y  a t  t h e  h i g h  S i 0 2 end i s  t a k e n  from  G -re ig 's  work and i t  

f i t s  i n  w e l l  w i t h  t h e  r e s t  o f  t h e  d ia g ra m ,  w h ic h ,  on t h e  w h o le ,  

a g re e s  f a i r l y  c l o s e l y  w i t h  t h a t  o f  Bowen and B c h a i r e r  e x c e p t  t h a t  

th e  two e u t e c t i c  t e m p e r a t u r e s  now q u o te d  a r e  somewhat lo w e r  

th a n  was i n d i c a t e d  by them .

G -ru n e r i te  i s  c o n s i d e r e d  t o o  u n s t a b l e  t o  e x i s t . I t  w i l l  

a l s o  be o b s e r v e d  t h a t  t h e  f a y a l i t e  maximum i s  e x t r e m e ly  f l a t  

and r o u n d e d ,  i n d i c a t i n g  a  c o n s i d e r a b l e  amount o f  d i s s o c i a t i o n  

t a k i n g  p l a c e  on m e l t i n g .  I t  w ould  seem , t h e r e f o r e ,  t h a t  ev en  

f a y a l i t e  t e n d s  t o  be u n s t a b l e  a t  h i g h  t e m p e r a t u r e s .  ( I n  t h i s  

r e s p e c t  i t  i s  o f  c o u r s e  a c t i n g  i n  a n a lo g o u s  f a s h i o n  t o  t e p h r o i t e  

and r h o d o n i t e  w h ic h  b o th  u n d e rg o  d i s s o c i a t i o n  on m e l t i n g . )

Vuith r e g a r d  t o  t h e  change  o b s e rv e d  on t h e  h e a t i n g  c u r v e s  i n  t h e  

n e ig h b o u rh o o d  o f  1100°G , i t  i s  p r o b a b le  t h a t  t h i s  i s  c o n c e rn e d  

w i t h  f a y a l i t e  a s  i t  a p p e a r s  t o  r e a c h  a  maximum a t  t h e  c o m p o s i t io n  

o f  t h i s  compound. Do d i r e c t  r e f e r e n c e s  t o  t h i s  change  was 

fo u n d  i n  any  a f  t h e  p a p e r s  q u o te d  above u n l e s s  t h e  e x t r e m e ly  

low v a l u e s  o f  1Q75°C and  1115°C g iv e n  f o r  t h e  two e u t e c t i c  

t e m p e r a t u r e s  by  von  £ e i l  and Damman can  be a t t r i b u t e d  t o  t h i s
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c a u s e  . E s s e r , n v e r d i e c h ,  and G r a s s ^  h o w e v e r ,  i n  t h e i r  

r e s e a r c h e s  on t h e  S p e c i f i c  H e a ts  o f  m a t e r i a l s  a t  v a r i o u s  t e m p e r 

a t u r e s  h a v e  fo u n d  t h a t  t h e r e  i s  a  m arked i n c r e a s e  i n  t h e  s p e c i f i c  

h e a t  o f  f a y a l i t e  o v e r  1100°G and h av e  p u b l i s h e d  a  c u rv e  sh o w in g  

a  m arked  b r e a k  a t  l l© b ° 0  i n  t h e  r a t e  o f  i n c r e a s e  o f  i n t e r n a l  

e n e r g y  w i t h  t e m p e r a t u r e . They p o i n t  o u t  t h a t  t h i s  c a n n o t  be 

due t o  f u s i o n  t a k i n g  p l a c e  a s  no e v id e n c e s  o f  l i q u i d  f o r m a t i o n  

w ere  fo u n d  u n t i l  a  t e m p e r a t u r e  o f  1195°C h a d  b een  r e a c h e d .

Hence i t  seem s p r o b a b l e  t h a t  a  ch an g e  o f  some s o r t  b e g in s  t o  

t a k e  p l a c e  i n  f a y a l i t e  a t  a p p r o x i m a te ly  1 1 0 0 °C. The e x a c t  

n a t u r e  o f  t h i s  ch an g e  i s  n o t  y e t  c l e a r  b u t  i t  i s  n o t  i m p o s s i b l e  

t h a t  i t  may be c o n n e c te d  w i t h  t h e  i n c r e a s i n g  i n s t a b i l i t y  o f  

t h i s  compound a t  h i g h  t e m p e r a t u r e s .
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PART I  -  SECTIQE 4 .

THE CONSTITUTION AM PROPERTIES OF ACID SLASH nETAxtDED QB THE 

BaS IS  OP THE TEJ&iAHY BYSTEM PeU-...nO-bi02 .

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

t a k i n g  p l a c e  i n  t h e  o p en  h e a r t h  f u r n a c e  h a s  l o n g  b e e n  r e c o g 

n i z e d  . E x c e p t  f o r  a  c e r t a i n  am ount o f  o x i d a t i o n  b r o u g h t  a b o u t  

by d i r e c t  c o n t a c t  a t  t h e  s l a g - m e t a l  i n t e r f a c e ,  w h ich  ca n  

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

s i l i c o n ,  m a n g a n e se ,  e t c .  i s  g e n e r a l l y  c o n s id e r e d  t o  t a k e  p l a c e  

by t h e  a c t i o n  o f  t h e  FeO d i s s o l v e d  i n  t h e  m o l te n  m e t a l ,  w h ich  

g i v e s  r i s e  t o  r e a c t i o n s  o f  t h e  t y p e -  

PeO + G = Pe + CO 

and  2PeO + S i  = 2Pe + S i 0 2

By v i r t u e  o f  i t s  s o l u b i l i t y  i n  b o t h  m e d ia ,  t h e  a v a i l a b l e  PeO 

i s  p a r t i t i o n e d  b e tw e e n  s l a g  and  m e ta l  a c c o r d i n g  t o  t h e  o r d i n a r y  

la w s  o f  s o l u t i o n  ( s e e  McCance^"). F u r t h e r  on a c c o u n t  o f  i t s  

low  s o l u b i l i t y  i n  t h e  m e t a l  a s  com pared  w i t h  t h e  s l a g ,  and  

s i n c e  t h e  p r o p o r t i o n a l i t y  e x p r e s s e d  by t h e  p a r t i t i o n  law  m ust 

a lw a y s  be  m a i n t a i n e d ,  t h e  s l a g  c a n ,  i n  e f f e c t ,  a c t  a s  a  

r e s e r v o i r  o f  PeO, m a i n t a i n i n g  a  c o n s t a n t  and  r e g u l a t e d  s u p p ly  

t o  t h e  m e t a l  so  t h a t  t h e  o x i d a t i o n  r e a c t i o n s  above p r o c e e d  

fro m  l e f t  t o  r i g h t .  The " a v a i l a b i l i t y ’1 i n  t h i s  r e s p e c t  o f  the 

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

i s ,  t h e r e f o r e ,  a  m a t t e r  o f  im p o r ta n c e  s i n c e ,  from  p u r e l y  a  

p r i o r i  r e a s o n i n g ,  i t  m ig h t  be e x p e c te d  t h a t  t h e  p r e s e n c e  o f  

o t h e r  c o n s t i t u e n t s  fo rm in g  s t a b l e  compounds v»ith feO w ould 

h av e  c o n s i d e r a b l e  i n f l u e n c e  on i t s  p a r t i t i o n .  A s tu d y  o f  th e  

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

u t i o n  o f  s l a g s  i n  t h e  l i q u i d  s t a t e  m ig h t be e x p e c te d  t o  p r o v id e

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

s l a g  i n  t h i s  r e s p e c t .

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

o f  t h e  a tm o s p h e re  o f  t h e  f u r n a c e  c a n n o t  be n e g l e c t e d ,  arid i s  

p r o b a b ly  o f  p r im e  im p o r ta n c e  w i t h  r e g a r d  t o  t h e  s u p p ly  of oxygen



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

p r o p o r t i o n  o f  the . Feu o f  t h e  s l a g  t o  t h e  f e r r i c  s t a l e  i s  a lw a y s  

p r o c e e d i n g ,  w h i l e  t h e  r e d u c t i o n  o f  t h i s  F e 2Cw, l a r g e l y  by 

c o n t a c t  w i t h  t h e  m e t a l l i c  i r o n ,  s e r v e s  t o  k eep  t h e  FeO 

c o n c e n t r a t i o n  f rom  d r o p p in g  a s  i t  u l t i m a t e l y  w ould  do a s  t h e  

r e a c t i o n s  p r o c e e d e d .  The r a t e  a t  w h ich  t h i s  o x i d a t i o n  and 

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

i o n  o f  t h e  " f r e e ” o r  " a v a i l a b l e "  FeO i n  t h e  s l a g ,  an d ,  s e c o n d ly  

on t h e  f u s i b i l i t y  and f l u i d i t y  o f  t h e  s l a g ,  s i n c e  t h e s e  w i l l  

e x e r t  a  c o n t r o l l i n g  i n f l u e n c e  on d i f f u s i o n .  The a d d i t i o n  o f  

o x id e  t o  t h e  s l a g  i n  t h e  fo rm  o f  i r o n  o r e ,  m i l l  s c a l e ,  e t c .  

i s  p e r h a p s  b e s t  r e g a r d e d  a s  a  means o f  c o n t r o l l i n g  t h i s  o x i d 

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

i n c r e a s e  o f  t h e  FeO c o n t e n t  w i t h  t h e  c o n s e q u e n t  i n c r e a s e  o f  

f l u i d i t y  b r o u g h t  a b o u t  w i l l  o u tw e ig h  t h e  im m ed ia te  e f f e c t  o f  

t h e  a d d i t i o n  o f  r e d u c i b l e  o x id e  t o  t h e  b a t h .  i t  i s  w e l l  known 

t h a t ,  o t h e r  t h i n g s  b e i n g  e q u a l ,  t h e  more f l u i d  s l a g  i s  a lw ay s  

t h e  more r e a c t i v e .  I t  i s  t o  be e x p e c te d  t h a t  b o th  o f  t h e s e  

f a c t o r s ,  • o x i d i z a b i l i t y  a s  w e l l  a s  f l u i d i t y ,  w i l l  depend  

l a r g e l y  on c o n s t i t u t i o n .

Y et a n o t h e r  a s p e c t  o f  s l a g  s tu d y  i s  p r o v id e d  by t h e  p ro b le m  

o f  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 . The f a c t o r s  c o n t r o l l i n g  

t h e  o c c u r r e n c e  and  d i s t r i b u t i o n  o f  t h e s e  i n c l u s i o n s  h av e  b een  

w i d e l y  i n v e s t i g a t e d  b e c a u s e  o f  t h e  marked i n f l u e n c e  th e y  may 

e x e r t  on t h e  f a t i g u e  r e s i s t a n c e  and g e n e r a l  m e c h a n ic a l  p r o p e r t i e s  

o f  t h e  m e t a l .  At t h e  p r e s e n t  moment co m p le te  e l i m i n a t i o n  o f  

t h e s e  i m £ j u r i t i e s  i s  i m p o s s i b l e ,  b u t  t o  a  c e r t a i n  e x t e n t  t h e  

f i n a l  fo rm  t h e y  t a k e ,  and t h e i r  d i s t r i b u t i o n  i n  th e  s t e e l  

a r e  c a p a b l e  o f  c o n t r o l . Such i n c l u s i o n s  a r e  of two k i n d s , 

" n a t i v e "  and  " f o r e i g n " .  The l a t t e r  a r e  p ro d u c e d  m a in ly  by 

m e c h a n ic a l  a d m ix tu r e  o f  f u r n a c e  s l a g  and p o r t i o n s  o f  r e f r a c t o r y  

d u r in g  t h e  d i s t u r b a n c e s  c o n s e q u e n t  on t a p p i n g  and c a s t i n g ,  

r n  g e n e r a l  t h e y  a r e  r e l a t i v e l y  l a r g e  i n  s i z e  and can  be e x p e c te d  

fo  r i s e  f a i r l y  r a p i d l y  i n  th e  m e ta l  p ro v id e d  i t  i s  a l lo w e d  to  

s ta n d  f o r  some t im e  i n  t h e  f l u i d  s t a t e .  " n a t i v e "  s l a g  ^ r a i n s



on t h e  o t h e r  Hanoi d i e  i n h e r e n t  i n  t h e  f lu id ,  m e ta l  unci s e p a r a t e

from  i t  by  v i r t u e  o f  r e a c t i o n s  o c c u r r i n g  i n  i t  ( f o r  exam ple

t h e  o x i d a t i o n  o f  Ivin, S i ,  e t c .  by t h e  FeO i n  s o l u t i o n ) ,  o r  o f

c h a n g e s  i n  s o l u b i l i t y  t a k i n g  p l a c e  a s  th e  m e ta l  f r e e z e s .  The

a d d i t i o n  o f  S i ,  Bin, o r  A1 a s  d e o x i d i s e r s  t o  r e d u c e  t h e  r e s i d u a l

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

w h ich  c o n t r i b u t e  l a r g e l y  t o  t h e  b u l k  o f  t h e  i n c l u s i o n s .  Ih e

m a t e r i a l s  so  fo rm e d  i n  t h e  f l u i d  s t e e l  w i l l  be v e r y  f i n e l y

d i s p e r s e d  i n i t i a l l y ,  b u t  w i l l ,  g i v e n  s u f f i c i e n t  t im e ,  t e n d

t o  c o a l l e s c e  and  r i s e  t o  t h e  s u r f a c e . By r e a s o n  o f  t h e  im m inence

o f  f r e e z i n g ,  how ever:, t h i s  p r o c e s s  w i l l  i n  o r d i n a r y  p r a c t i c e

be v e r y  i n c o m p l e t e . The f a c t o r s  c o n t r o l l i n g  c o a l l e s c e n c e  and
* 2e l i m i n a t i o n  h a v e  b e e n  sum m arized  by  B e n e d ic k s  and l o f q u i s t  . 

G e n e r a l l y  s p e a k i n g  t h e  more f u s i b l e  and f l u i d  t h e  m a t e r i a l  o f  

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

t a k e  p l a c e ,  and  t h e r e f o r e  t h e  g r e a t e r  a r e  i t s  c h a n c e s  o f  being- 

rem oved  b e f o r e  f r e e z i n g  o c c u r s .  On t h e  o t h e r  h a n d ,  p r o d u c t s  

w h ich  a r e  e x t r e m e l y  r e f r a c t o r y  and  o f  v e r y  low s u r f a c e  t e n s i o n  

may r e m a in  so  f i n e l y  d i s p e r s e d  a s  t o  be h a r m l e s s . By c o n t r o l l i n g  

t h e  am ount o f  d e o x i d i s e r  a d d e d ,  and  by u s i n g  c o m b in a t io n s  o f  

d i f f e r e n t  d e o x i d i s e r s ,  a  m easu re  o f  c o n t r o l  o v e r  th e  com pos

i t i o n  an d  c o n s t i t u t i o n  o f  t h e  r e s u l t a n t  p r o d u c t  can  be o b t a i n e d .  

The b a s i s  o f  s u c h  c o n t r o l  i s  p r o v id e d  by t h e  th e r m a l  e q u i l i b r i u m  

d ia g ra m s  o f  t h e  s y s te m s  in v o lv e d  p r o v id e d  t h e s e  a r e  known w i th  

s u f f i c i e n t  a c c u r a c y .

The T e rn a r y  System  FeO-EnQ-SiOp .

As a l r e a d y  p o i n t e d  o u t  a c i d  s l a g s  c o n s i s t  e s s e n t i a l l y  o f

t h e  t h r e e  o x i d e s  FeO, ivlnO, and S i0 2 w i th  v a r y i n g  s m a l l e r  am ounts

o f  A lo0 2 , GaO F e o0~ , e t c .  Hence t h e  t e r n a r y  e q u i l i b r i u m  
2 b 1 2 b

d ia g ra m  o f  t h e  s y s te m  FeO—Mn0-Si02 m ust form  t h e  b a s i s  o f  any 

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

B e n e d ic k s  and  l o f q u i s t ^  c o l l e c t e d  a l l  t h e  d a t a  t h e n  a v a i l a b l e  

and f o r m u l a t e d  a  t r i a n g u l a r  d iag ram  w hich  was l a r g e l y  q u a l i t a t i v e  

i n  n a t u r e . I t  i s  now p o s s i b l e  t o  m odify  t h i s  d ia g ra m  i n  t h e
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PHASE DIAGRAM OF THE TERNARY SYSTEM SYSTEM F e0-M h0-S i02 .

PRIMARY PHASES OCCURRING.

I  -  S i 0 2 . IV -  FeO.

I I  -  R h o d o n i t e  . V -  MnO.
I l l -  F a y a l i t e ,  K n e b e l i t e ,

o r  T e p i i r o i t e .

HEAVY-BLACK LIKES INDICATE HOMOGENEITY RANGES OP SOLID SOLUTIONS. 
BROKEN LINE INDICATES REGION OP IMMISCIBLE LIQUIDS.



l i g h t  o f  t h e  d a t a  p r o v id e d  by t h e  p r e s e n t  r e s e a r c h .  ah 

i s o m e t r i c  p r o j e c t i o n  o f  t h e  m o d i f ie d  d ia g ra m  i s  g i v e n  i n  P i g .  

44 . A p a r t  f ro m  t h e  com ponent b i n a r y  sy s te m s  a l r e a d y  d e s c r i b e d  

t h i s  d ia g r a m  i s  s t i l l  t o  a  c o n s i d e r a b l e  e x t e n t  q u a l i t a t i v e ,  a t  

l e a s t  w i t h  r e g a r d  t o  t h e  e x a c t  c o n t o u r s  o f  t h e  l i q u i d u s  and  

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

lias  n o t  y e t  b e e n  a t t e m p t e d .  A number o f  q u a l i t a t i v e  o b s e r v 

a t i o n s  on t h e  m e l t i n g  o f  t e r n a r y  m ix tu r e s  h a v e ,  h o w e v e r ,  b een  

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

w i t h  r e g a r d  t o  t h e  p h a s e s  o c c u r r i n g  i n  v a r i o u s  r e g i o n s  h a s  

b een  a c c u m u la t e d ,  and  i t  i s  f e l t  t h a t  a  c o n s i d e r a b l e  d e g r e e  o f  

p r o b a b i l i t y  a t t a c h e s  t o  t h e  d ia g ra m  a s  i t  now s t a n d s .  The 

o p t i c a l  d a t a  i s  sum m arized  i n  t h e  p h a s e  d ia g ra m  rex>roduced i n

P i g .  4 5 .

D i s c u s s i o n  o f  t h e  T e r n a r y  D iagram  o f  t h e  System  PeO-AnO-SiCA;

The d ia g r a m  now p ro p o u n d e d  d i f f e r s  f rom  t h e  o r i g i n a l  m a in ly  i n  

t h a t  g r u n e r i t e  d o e s  n o t  o c c u r ,  and t h a t  t h e  su p p o sed  h i g h  

m e l t i n g  p o i n t  o f  f a y a l i t e  (1503°C ) h a s  b e e n  r e p l a c e d  by t h e  

now f a i r l y  w e l l  e s t a b l i s h e d  v a lu e  o f  1210-1220°C  t h u s  p r o d u c in g  

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

p o n d in g  t o  t h e  f a y a l i t e - k n e b e l i t e - t e p h r o i t e  r a n g e ;o f  s o l i d  

s o l u t i o n s .  ( P a y a l i t e  and  t e p h r o i t e ,  members o f  t h e  o l i v i n e  

g ro u p ,  fo rm  a  c o m p le te  r a n g e  o f  s o l i d  s o l u t i o n s .  The name 

k n e b e l i t e  h a s  b e e n  g i v e n  t o  a  50 :5 0  s o l i d  s o l u t i o n  o f  t h e  tw o .

I t  i s  p e r h a p s  p r e f e r a b l e  t o  a p p ly  i t  t o  t h e  c o m p le te  s e r i e s  o f  

su c h  s o l u t i o n s  t o  d i s t i n g u i s h  them  from  t h e  p u re  c o m p o n e n ts . )  

T h is  i n c i d e n t a l l y  i s  more i n  k e e p in g  w i t h  w hat h a s  l o n g  b een
4r e c o g n i z e d  by p r a c t i c a l  s t e e l  m a k e rs .  As Bowen and b c h a i r e r  

h av e  p o i n t e d  o u t ,  i f  t h e  p r e v i o u s  h ig h  f i g u r e  w ere  c o r r e c t ,  

s l a g s  o f  t h i s  c o m p o s i t io n  w ould have  t o  be a v o id e d  i n  p r a c t i c e ,  

w h e re a s  i n  r e a l i t y  t h e y  a r e  am ongst t h e  m ost f u s i b l e  and  t l u i d

e n c o u n t e r e d .

As g r u n e r i t e  no l o n g e r  a p p e a r s ,  t h e  e u t e c t i c  t r o u g h  r u n n in g  

from  3 9 ^  spoq  ° n  t h e  Fe0 - 3 i 0 2  b i n a r y  to  th e  e u t e c t i c  on t h e



MnO-SiOg b i n a r y  may be expec ted , t o  i n c r e a s e  p r o g r e s s i v e l y  i n  

m e l t i n g  t e m p e r a t u r e  f ro m  1155°C t o  1210°0 a s  t h e  MnO c o n t e n t  

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

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

1160°C and  1 1 8 0 °G . I n c i d e n t a l l y  a l t h o u g h  g r u n e r i t e  i t s e l f  

c a n n o t  e x i s t  i t  w i l l  be o b s e rv e d  t h a t  FeO can  r e p l a c e  t h e  MnO 

i n  r h o d o n i t e  t o  a  c o n s i d e r a b l e  e x t e n t .  T h is  i s  a cco m p an ied  

by a  c h a n g e  i n  t h e  c h a r a c t e r i s t i c  r e d  o f  r h o d o n i t e  t o  a  g r e y i s h  

c o l o u r .  w h i t e  l e y  and  H a i l im o n d ^  s t a t e  t h a t  t h e  l i m i t  o f  

e x i s t e n c e  o f  r h o d o n i t e  a s  a  d e f i n i t e  p h a s e  i s  r e a c h e d  when t h e  

r a t i o  FeO/lvInO = 7 3 /2 7  w h ich  may be t a k e n  a s  i n d i c a t i n g  t h e  

l i m i t  t o  w h ic h  FeO c a n  r e p l a c e  MnO i n  t h e  m e t a s i l i c a t e  m o l e c u l e .

B e tw e en  t h e  f a y a l i t e - i m e b e l i t e  r i d g e  and t h e  f r e e  FeO o r  

W u s t i t e  p h a s e  r u n s  a n o t h e r  e u t e c t i c  t r o u g h  and i n  t h i s  r e g i o n  

a l s o  m e l t i n g  h a s  b e e n  o b s e rv e d  t o  b e g in  i n  t h e  r e g i o n  o f  1 1 7 0 °0 .  

T h is  t r o u g h  i s ,  h o w e v e r ,  d i s c o n t i n u o u s  s i n c e  no e u t e c t i c  e x i s t s  

b e tw e e n  t e p h r o i t e  and  MnO.

The o n ly  p a r t s  o f  t h i s  d ia g ra m  w hich  can  be r e g a r d e d  a s  

r e f r a c t o r y  a t  1600°C a r e  t h o s e  c o r r e s p o n d i n g  t o  h i g h  MnO 

c o n c e n t r a t i o n  and  h i g h  S i 0 2 c o n c e n t r a t i o n  r e s p e c t i v e l y .  I n  

a c i d  p r a c t i c e  w here  i t  i s  e s s e n t i a l  t h a t  S i0 2 s h o u ld  be i n  

e x c e s s  o f  t h e  b a s e s  i t  i s  u n l i k e l y  t h a t  t h e  MnO c o n c e n t r a t i o n  

s h o u ld  e v e r  be so  h i g h  t h a t  a n  i n f u s i b l e  s l a g  w ould  r e s u l t  

f rom  t h i s  c a u s e .  The l i q u i d u s  s u r f a c e  c o r r e s p o n d in g  t o  h i g h  

S i0 2 c o n t e n t  i s  im p o r t a n t  from  t h i s  p o i n t  o f  v iew , h o w ev e r ,  

and i t  i n d i c a t e s  t h a t  s o l i d  S i0 2 w i l l  be p r e s e n t  a t  1600°G i n  

a l l  t e r n a r y  s l a g s  i n  w h ich  t h e  S i0 2 c o n t e n t  i s  g r e a t e r  t h a n  

a p p r o x i m a te ly  5 5 ^ .  Such s l a g s  w ould be e x p e c te d  t o  be v e r y

v i s c o u s  and  i n e r t . A ga in  t h e  e x tre m e  s t e e p n e s s  o f  t h e  l i q u i d u s

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

i n  t h e  S i 0 2 c o n t e n t  o f  t h e  s l a g  c o u ld  c o n v e r t  a  f l u i d  s l a g  to  

a  v i s c o u s  one s a t u r a t e d  w i th  r e s p e c t  t o  S i0 2 * The n e e d  f o r  

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

The p a r t  p l a y e d  by o x id e  a d d i t i o n s  i s  a l s o  made c l e a r  i n  t h a t  

th e y  s h i f t  t h e  c o m p o s i t io n  o f  th e  s l a g  to  a  more f u s i b l e  r e g i o n



o f  t h e  t e r n a r y  d ia g r a m .  The d ia g ra m  i s ,  t h e r e f o r e ,  o f  c o n s i d 

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

t h e  w o r k a b le  r a n g e  o f  s l a g  c o m p o s i t i o n s .

C o n s t i t u t i o n  and  F u n c t i o n s  o f  A cid  S la ^ s  i n  t h e  f l u i d  S t a t e :

The c o n d i t i o n  o f  t h e  com ponent o x id e s  i n  c o m p o s i te  s l a g s  

i n  t h e  f l u i d ,  s t a t e  i s  o f  g r e a t  i n t e r e s t  f rom  t h e  p o i n t  o f  v iew  

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

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

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

C o n s i d e r a t i o n  o f  t h e  t e r n a r y  d ia g ra m  shows t h a t  t h e  FeO i n  

a  t e r n a r y  s l a g  c a n  o n ly  e x i s t  i n  t h e  f r e e  s t a t e ,  i n  t h e  com bined  

s t a t e  a s  a  c o n s t i t u e n t  o f  f a y a l i t e  o r  k n e b e l i t e ,  i , e .  a s  o r t h o 

s i l i c a t e ,  o r  i n  t h e  com bined  s t a t e  r e p l a c i n g  some o f  t h e  MnO i n
4 (

r h o d o n i t e ,  i . e .  a s  m e t a s i l i c a t e .  G -ru n e r i te  i s  a p p a r e n t l y  to o  

u n s t a b l e  t o  e x i s t  e v e n  i n  t h e  s o l i d  s t a t e .  F u r t h e r  on m e l t i n g ,  

r h o d o n i t e  i s  known t o  d i s s o c i a t e ,  a t  l e a s t  i n  p a r t  ( s e e  t h e  

b i n a r y  s y s te m  MnO-SiOg)* The r e p la c e m e n t  o f  MnO by FeO w i t h  

an  u n s t a b l e  m e t a s i l i c a t e  may be e x p e c te d  t o  i n c r e a s e  t h i s  

d i s s o c i a t i o n .  A g a in  t h e  maximum i n  t h e  l i q u i d u s  o f  t h e  FeO-SiOg 

d ia g ra m  c o r r e s p o n d i n g  t o  t h e  f a y a l i t e  c o m p o s i t io n  i s  m a rk e d ly  

f l a t .  I t  i s  t h e r e f o r e  p r o b a b le  t h a t  ev en  f a y a l i t e  u n d e r g o e s  

a  c o n s i d e r a b l e  am ount o f  d i s s o c i a t i o n  on m e l t i n g .  T e p i i r o i t e  

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

MnO c a n  h a r d l y  be  e x p e c te d  t o  h av e  any  m arked s t a b i l i z i n g  a c t i o n  

on t h e  o r t h o s i l i c a t e  m o le c u le  i n  t h e  l i q u i d  s t a t e ,  so  t h a t  

k n e b e l i t e  a l s o  i s  l i k e l y  t o  be a t  l e a s t  p a r t l y  d i s s o c i a t e d .

Hence i t  seem s p r o b a b l e  t h a t  even  i n  t h e  p r e s e n c e  o f  e x c e s s  bi02> 

w ith -  o r  w i t h o u t  MnO, an  a p p r e c i a b l e  amount o f  t h e  t o t a l  FeO 

w i l l  be " f r e e " .

w i t h i n  r e c e n t  y e a r s  s e v e r a l  i n v e s t i g a t o r s  h ave  c a r r i e d  o u t  

r e s e a r c h e s  on t h e  e q u i l i b r i a  e x i s t i n g  be tw een  t h e  v a r i o u s  c o n s t i t 

u e n t s  o f  t h e  m o l te n  s l a g j  and t h e  c o n c lu s io n s  a r r i v e d  a t  a r e  

q u i t e  i n  k e e p i n g  w i t h  t h e s e  c o n c e p t io n s  o f  s l a g  c o n s t i t u t i o n .  

E r in g s  and  S chackm ann6 have  d e te rm in e d  t h e  e q u i l i o r i u m  c o n s t a n t



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

FeO + fin = Fe + MnO 

a t  1 5 6 0  G i n  a  s y s te m  c o n s i s t i n g  o f  a  s l a g  o f  t h e  m ixed  o x i d e s  

o v e r  a  o a t h  o f  t h e  m o l te n  m e t a l s ,  t h e  c o n c e n t r a t i o n s  o f  FeO 

and MnO b e i n g  m e a su re d  i n  t h e  s l a g ,  and t h o s e  o f  Mn and Fe i n  

t h e  m e t a l .  They h a v e  shown t h a t  t h e  a d d i t i o n  o f  S i 0 2 t o  t h e  

m e l t  o f  t h e  m ixed  o x id e s  c a u s e s  an  a p p a r e n t  d i s p l a c e m e n t  o f  

t h i s  e q u i l i b r i u m  t o  t h e  r i g h t .  The e f f e c t  o f  S i 0 2 a d d i t i o n  

w i l l  be  e s s e n t i a l l y  t o  fo rm  s i l i c a t e s  o f  t h e  two o x i d e s , and 

t h i s  e f f e c t  on t h e  e q u i l i b r i u m  c o n s t a n t  ca n  o n ly  be e x p l a i n e d  

on Mass A c t i o n  g ro u n d s  i f  f e r r o u s  s i l i c a t e  i s  d i s s o c i a t e d  t o  

a  g r e a t e r  e x t e n t  t h a n  m anganese  s i l i c a t e .  I n c i d e n t a l l y  t h e  

m a g n i tu d e  o f  t h e  c o n s t a n t , e v en  i n  t h e  a b s e n c e  o f  S i0 2 , i s  su c h  

t h a t  i t  i s  im p ro b a b le  t h a t  t h e  r e d u c t i o n  o f  MnO by m e t a l l i c  

i r o n  s h o u ld  e v e r  p r o c e e d  t o  any  g r e a t  e x t e n t  i n  t h e  open  h e a r t h  

p r o c e s s .  H en ce ,  s i n c e  t h e  s o l u b i l i t y  o f  MnO i n  m o l te n  i r o n  

h a s  b e e n  shown t o  be n e g l i g i b l e ,  t h i s  o x id e  c a n n o t  be r e g a r d e d  

a s  a n  a c t i v e  a g e n t  i n  t h e  o x i d a t i o n  o f  C arbon  e t c .  f ro m  t h e  

b a t h ,  u n l e s s  u n d e r  v e r y  s p e c i a l  c i r c u m s t a n c e s .

Tamman and  O e ls e n ^  h a v e  o b t a i n e d  c u r v e s  from  a c t u a l  f u r n a c e  

p r a c t i c e  w h ic h  a g r e e  w i t h  t h e  c o n c l u s io n s  o f  K r in g s  and  S c h a c k -
O

mann. A g a in  K o rb e r  and  O e ls e n  h av e  i n v e s t i g a t e d  t h e  p a r t i t i o n  

o f  FeO b e tw e e n  s l a g s  o f  v a r y i n g  c o n t e n t  o f  FeO, CaO and S i 0 2 

and m o l te n  i r o n  a t  1575 t o  1625°C and h av e  fo u n d  t h e  c o n c e n t r a t i o n  

i n  t h e  m e t a l  t o  d ep en d  o n ly  on t h e  t o t a l  FeO o f  t h e  s l a g  and 

t o  be p r a c t i c a l l y  u n i n f l u e n c e d  by c o n s t i t u t i o n .  T h is  w ould  

a t  o n ce  l e a d  t o  t h e  c o n c l u s io n  t h a t ,  a t  t h e  t e m p e r a t u r e s  i n  

q u e s t i o n ,  t h e  f e r r o u s  s i l i c a t e s  o f  t h e  m o l te n  s l a g s  w ere  a lm o s t  

c o m p le t e ly  d i s s o c i a t e d .  f i r i n g s 9 , i n  d i s c u s s i n g  t h e s e  r e s u l t s ,  

makes t h e  s t a t e m e n t  t h a t  i t  i s  p r a c t i c a l l y  c o r r e c t  t o  r e g a r d  

a l l  t h e  FeO a s  " f r e e " .

C o n c e rn in g  t h e  o t h e r  a s p e c t  o f  s l a g  a c t i v i t y , nam ely  i t s  

o x i d a t i o n  by  t h e  a tm o sp h e re  o v e r  t h e  b a t h ,  i t  would be e x p e c te d  

t h a t  c o n s t i t u t i o n  w ould  p l a y  a  c o n s i d e r a b l e  p a r t  i n  d e t e r m in i n g  

th e  e x t e n t  t o  w h ic h  i t  c o u ld  p r o c e e d .  P r e c i s e  d a t a  i s  l a r g e l y



l a c k i n g  w i t h  r e g a r d  t o  t h i s  p r o p e r t y  o f  th e  a c i a  s l a g ,  b u t

c o m p le te  s l a g  a n a l y s i s , w here  a v a i l a b l e , i n v a r i a b l y  show t h e

p i e s e n c e  o i  a  s m a l l  p r o p o r t i o n  o f  F e20^ w h ich  t e n d s  t o  i n c r e a s e

to w a id s  t h e  end  o f  t h e  p r o c e s s  when th e  r e d u c i n g  a c t i o n  o f  t h e

m e ta l  b a t h  f a l l s  o f f . w h i t e l e y  and H a l l im o n a ^  e s t i m a t e d  t h a t

a t  l e a s t  h a l f  o f  t h e  c a r b o n  rem oved b e tw een  m e l t i n g  and t a p p i n g

was rem oved  by m eans o f  a tm o s p h e r i c  oxygen t r a n s f e r r e d  m a in ly

t h r o u g h  t h e  s l a g . They a l s o  c la im e d  t o  h av e  shown t h a t  t h e

e q u i l i b r i u m  r a t i o  o f  Pe^O^ t o  FeO i n  a  g iv e n  s l a g  u n d e r  g i v e n

c o n d i t i o n s  o f  a tm o s p h e re  and t e m p e r a t u r e  dep en d ed  on t h e  S i 0 2

c o n c e n t r a t i o n  o f  t h e  s l a g ,  d e c r e a s i n g  a s  t h e  S i 0 2 i n c r e a s e d .

Under o r d i n a r y  f u r n a c e  c o n d i t i o n s  t h e  F e 20^ p r e s e n t  d u r i n g  t h e

b o i l  was a b o u t  .3 $ ,  h u t  t h i s  i n c r e a s e d  t o  a s  much a s  3^ i n

some c a s e s  d u r i n g  t h e  f i n i s h i n g  s t a g e s .  They s t a t e  t h a t ,  i n

th e  a b s e n c e  o f  r e d u c t i o n  by m e t a l l i c  i r o n ,  t h e  e q u i l i b r i u m

amount w ou ld  be a b o u t  4cfo i n  t h e  o r d i n a r y  a c i d  s l a g .  They

t h e r e f o r e  p o s t u l a t e  an  o x i d a t i o n  and r e d u c t i o n  c y c l e  i n  w h ich

Fe20^ i s  fo rm ed  and  r e d u c e d  c o n t i n u o u s l y .  I n  c o n n e c t io n  w i t h
10t h i s  t h e o r y  McCance h a s  p o i n t e d  o u t  t h a t  i t  i s  v e r y  u n l i k e l y  

t h a t  F e 20^ a s  s u c h  w i l l  be fo rm ed  u n d e r  th e  c o n d i t i o n s  o f  tem p

e r a t u r e  and  p r e s s u r e  i n  t h e  open  h e a r t h  f u r n a c e .  he  d e s c r i b e s  

th e  b e h a v i o u r  o f  an  a c i d  s l a g  w h ich  was h e a t e d  i n  a  c u r r e n t  o f  

a i r  a t  1100°C and  l a t e r  u p r t o  p r o g r e s s i v e l y  h i g h e r  t e m p e r a t u r e s .

At 1 1 0 0 °0 i t  g a in e d  i n  w e ig h t  an  amount e q u i v a l e n t  t o  t h e  

c o m p le te  c o n v e r s i o n  o f  a l l  t h e  FeO p r e s e n t  t o  F e20^ and th e  

p r o d u c t  was n o n —m a g n e t i c . On th e  t e m p e r a tu r e  b e in g  r a i s e d  t o  

1300°G , h o w e v e r ,  l o s s  i n  w e ig h t  to o k  p l a c e ,  c o n s e q u e n t  on t h e  

d e c o m p o s i t io n  o f  t h e  F e20^ a p p a r e n t l y  and t h e  p r o d u c t  was m a g n e t i c .  

Fe20^ a s  s u c h  d i s s o c i a t e s  r e a d i l y  a t  h i g h  t e m p e r a t u r e s  by v i r t u e  

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

i n g  i n  t h e  f o r m a t i o n  o f  Fe^O^ s t a b i l i s e s  i t ,  t h i s  l a t t e r  compound 

h a v in g  a  v e r y  low  d i s s o c i a t i o n  p r e s s u r e .  F u r t h e r  i t  i s  t o  be 

e x p e c te d  t h a t  e v e n  a f t e r  t h e  d e s t r u c t i o n  o f  th e  Fe^O^ l a t t i c e

on f u s i o n  t h e  Fe 0 ,  m o l e c u l e  w i l l  have some form  o f  e x i s t e n c e
3 4

i n  th e  l i q u i d  s t a t e  — i n  o t h e r  words t h a t  t n e  e f i e c t  o i  c o n s t i t  —



I 1x1/3-011 w i l l  p e i  s i s t  i n  t h e  l i q u i d  31/8,1/6. Hence th o u g h  Fe 0
2 g

• i s  1 orrned and  r e p o r t e d  i n  c h e m ic a l  a n a l y s e s  i t  w i l l  p r e s u m a b ly  

; Have no i n d i v i d u a l  e x i s t e n c e  i n  e i t h e r  t h e  l i q u i d  o r  s o l i d  

s l a g s ,  and  Fe~0^_ w i l l  p r o p e r l y  s p e a k in g  be t h e  a c t i v e  a g e n t  

I i n  o x i d a t i o n  an d  r e d u c t i o n  c y c l e .  The a c t u a l  am oun ts  o f  P e o0-,: 2 p
; fo u n d  i n  . a c id  s l a g s  by w h i t e l e y  a n a  M a ll im o n a ,  e v en  u n d e r

e q u i l i b r i u m  c o n d i t i o n s  and  i n  t h e  a b s e n c e  o f  m e t a l l i c  i r o n ,

a r e  much s m a l l e r  t h a n  c o u ld  a c c o u n t  f o r  t h e  c o m p le te  c o n v e r s i o n

o f  a l l  t h e  FeO t o  F e^O ^ . i I t  i s  q u i t e  t o  be e x p e c te d  t h a t  an

I e q u i l i b r i u m  w i l l  be a t t a i n e d  i n  a l l  c a s e s  b e tw e e n  u n d i s s o c i a t e d

f e r r o u s  s i l i c a t e ,  d i s s o c i a t e d  f e r r o u s  s i l i c a t e  g i v i n g  f r e e  FeO

and S iO g , d i s s o c i a t e d  Fe^O^ r e s u l t i n g  i n  f r e e  FeO and F e2 0 ^ ,

and u n d i s s o c i a t e d  Fe^O ^. i ’he  p o s i t i o n  o f  e q u i l i b r i u m  w ould

dep en d  on t h e  oxygen  p r e s s u r e  i n  t h e  a tm o sp h e re  o v e r  t h e  s l a g

and on t h e  S i0 2  c o n t r a t i o n  o f  t h e  m e l t .  The d i s s o c i a t i o n

[ r e l a t i o n s h i p s  o f  t h e  f e r r o u s  s i l i c a t e  would a l s o  be an  im p o r t a n t

f a c t o r .  So f a r  no q u a n t i t a t i v e  d a t a  a r e  a v a i l a b l e .  I t  may
1 1 - 1 2| be n o t e d  i n  p a s s i n g ,  h o w e v e r ,  t h a t  S chenck  , h l a r d i n g  and

F
t h e i r  c o l l a b o r a t o r s  i n  t h e i r  i n v e s t i g a t i o n s  on t h e  e q u i l i b r i a  

b e tw e e n  0 0 ,  C02 and  t h e  o x id e s  o f  i r o n  h ave  found  t h a t  t h e  

p r e s e n c e  o f  e x c e s s  S i 0 2 c a u s e s  t h e  r e d u c t i o n  o f  Fe^O^ a c c o r d i n g  

t o  t h e  r e a c t i o n

Fe^O^ + CO = 3?eQ + C02 

t o  p r o c e e d  i r r e v e r s i b l y ,  e q u i l i b r i u m  b e in g  o n ly  a t t a i n e d  when 

t h e  c o n v e r s i o n  o f  a l l  t h e  i r o n  o x id e  t o  FeO, c o r r e s p o n d in g  t o  

th e  f o r m a t i o n  o f  f a y a l i t e ,  i s  a p p ro a c h e d .  F u r t h e r  r e d u c t i o n  

t h e n  p r o c e e d s  w i t h  d i f f i c u l t y . ■ T h is  w ould  i n d i c a t e  t h a t  t h e  

p r e s e n c e  o f  S i 0 2  d e c r e a s e s  b o th  t h e  o x i d i s a b i l i t y  and t h e  

d e d u c i b i l i t y  o f  FeO. These  e x p e r im e n ts  w e re ,  h o w ev e r ,  c a r r i e d  

o u t  on f i n e l y  pow dered  s o l i d s  a t  a  t e m p e r a tu r e  o l  900°C and i t  

i s  q u i t e  t o  be e x p e c t e d  t h a t  f a y a l i t e  would th e n  be u n d i s s o c i a t e d  

and s t a b l e . . I n  t h e  l i q u i d  s t a t e  i t  i s  p o s s i b l e  t h a t  a  very

d i f f e r e n t  s t a t e  o f  a f f a i r s  e x i s t s .

To t r y  t o  a r r i v e  a t  so m e th in g  l i k e  a  c o m p le te  p f s t u r e  o i  

s l a g  r e l a t i o n s h i p s  end t o  c o r r e l a t e  th e  work o f  th e  v a r i o u s



a n t  h o r s , a  c e r t a i n  amount o i  w ork h a s  been  c a r r i e d  o u t  a lo n g

t h e  l i n e s  i n d i c a t e d  a b o v e ,  b u t  a s  y e t  t h i s  i s  o n ly  i n  i t s

p r e l i m i n a r y  s t a g e s .  I t  h a s  b een  fo u n d ,  f o r  i n s t a n c e ,  t h a t  

m o l te n  f a y a l i t e  a t  t e m p e r a t u r e s  i n  t h e  n e ig h b o u rh o o d  o f  1400°0

u n d e r g o e s  a  c o n s i d e r a b l e  amount o f  o x i d a t i o n  even  a t  oxygen

p r e s s u r e s  a s  low  a s  2 t o  3 c e n t i m e t r e s  o f  m e rc u ry .  I n  a d d i t i o n ,  

an a t t e m p t  h a s  been  made t o  i n v e s t i g a t e  t h e  r e a c t i v i t y  o f  v a r i o u s  

t e r n a r y  s l a g s .  F o r  t h i s  p u r p o s e  t h e  r a t e  o f  r e d u c i b i l i t y  by 

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

c o u ld  r e a d i l y  be f o l lo w e d  by m easu rem en t o f  th e  g a s e s  e v o lv e d ,  

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

t h r o u g h o u t  t h e  d i f f e r e n t  e x p e r i m e n t s .  These  w ere  c a r r i e d  o u t  

i n  t h e  a p p a r a t u s  d e s c r i b e d  i n  P a r t  I I ,  S e c t i o n  2 f o r  t h e  i n v e s t 

i g a t i o n  o f  d i s s o c i a t i o n  p r e s s u r e s . M e lt s  w ere  f i r s t  p rep a red  

by m e l t i n g  t h e  a p p r o p r i a t e  c o n s t i t u e n t s  i n  i r o n  c r u c i b l e s  i n  

v a c u o . A f t e r  c o o l i n g  a  s m a l l  c y l i n d e r  o f  c a rb o n  o f  c o n s t a n t  

w e ig h t  and  d im e n s io n s  was ad d ed  t o  e a c h  m e l t ,  w h ich  was t h e n  

h e a t e d  r a p i d l y  i n  vacuo  t o  1310°C when t h e  t e m p e r a tu r e  was 

h e ld  s t e a d y .  M e l t s  w h ich  w ould  be c o m p le te ly  f l u i d  a t  t h a t  

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

th e  tu b e  was m e a su re d  a t  c o n s t a n t  i n t e r v a l s .  S in c e  r e a c t i o n  

w ould o c c u r  a t  an  a p p r o x im a te ly  c o n s t a n t  f l u i d  s l a g - s o l i d ,  c a rb o n  

i n t e r f a c e  t h i s  w ou ld  g i v e  a  m easu re  o f  th e  r a t e  o f  r e a c t i o n .

The r e s u l t s  o b t a i n e d  a r e  g ra p h e d  i n  F i g .  46, d e t a i l s  of  t h e  

s l a g s  c o n c e r n e d  b e i n g  r e p o r t e d  i n  t h e  accom pany ing  t a b l e .

The c o n s t i t u e n t s  r e p o r t e d  w ere  d e te rm in e d  i n  t h e  v a r i o u s  m e l t s  

b e f o r e  c a r b o n  a d d i t i o n .  Curve 1 i s  ab n o rm al i n  t h a t  a  c e r t a i n  

amount o f  s o l i d  SiOg would be p r e s e n t  a t  t h e  t e m p e r a tu r e  o f  th e  

e x p e r i m e n t ,  b u t  a  m easu re  o f  t h e  r e d u c i b i l i t y  o i  a  m ix tu re  o i  

t h e  two s i l i c a t e s  o f  m anganese i s  g iv e n  by c u rv e  I I .

(iiOTE: T hese  c u r v e s  a r e  r e p ro d u c e d  o r i g i n a t i n g  Iro i^  a  common 

z e r o .  T h is  was n o t  ac tua3 .1y  th e  way i n  w h ich  t h e y  w ere o b t a i n 

ed s i n c e  v a r y i n g  s m a l l  am ounts of r e d u c t i o n  to o k  p l a c e  d u r in g

th e  i n i t i a l  h e a t i n g  to  1 3 1 0 °C .)

From c o n s i d e r a t i o n  o f  th e  c u rv e s  r e p ro d u c e d  i t  i s  e v i d e n t



FIG. 46: R e d u c t io n  by s o l i d

c a r b o n  a t  1 3 1 0 °C.
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I,hab th e  a c t i v i t y  d o es  n o t  depend  on th e  c o n c e n t r a t i o n  o f  t h e  

i* eO, n o r  y e t  on t h e  c o n c e n t r a t i o n  o i  t h e  S i 0 2 o r  i t s  com plem ent 

th e  t o t a l  c o n c e n t r a t i o n  o f  FeO + MnO. h e i t h e r  ca n  t h e  d e v i a t i o n  

from  an,y s u c h  s im p le  o r d e r  be a t t r i b u t e d  s im p ly  t o  v a r i a t i o n s  

in  f l u i d i t y .  I t  i s  n o t e w o r t h y , f o r  i n s t a n c e ,  t h a t  k n e b e l i t e  

( w i th  a  s m a l l  am ount o f  r h o d o n i t e  c o n t a i n i n g  FeO. Bee Curve V,

F i g .  46: a l s o  F i g  45 f o r  am ounts  and  c o m p o s i t io n  o f  p h a s e s . )

i s  more r e a c t i v e  t h a n  f a y a l i t e  ( s e e  Curve I I I ,  F i g .  46) th o u g h  

th e  FeO c o n t e n t  o f  t h e  l a t t e r  i s  a b o u t  e q u a l  t o  t h e  t o t a l  . FeO + 

MnO c o n t e n t  o f  t h e  l a t t e r . A g a in  r h o d o n i t e  c o n t a i n i n g  FeO 

( w i th  a  s m a l l  am ount o f  k n e b e l i t e .  Bee Curve IV , F i g .  46) i s  

s l i g h t l y  more r e a c t i v e  t h a n  f a y a l i t e  th o u g h  t h e  t o t a l  MnO +FeO 

c o n t e n t  i s  much s m a l l e r  t h a n  t h e  FeO c o n t e n t  o f  f a y a l i t e .

F u r t h e r  t h i s  m e l t  b e i n g  h i g h  i n  S i 0 2 s h o u ld  be more v i s c o u s

th a n  t h e  f a y a l i t e  m e l t .  ( T h is  s t a t e m e n t  i s  b a s e d  on p u r e l y  

q u a l i t a t i v e  o b s e r v a t i o n s . )  The r e l a t i v e l y  low r e a c t i v i t y  

o f  t h e  p u r e  m anganese  s i l i c a t e  m e l t s  (C u rv es  I  and I I )  and 

th e  v e r y  a b n o rm a l  a c t i v i t y  o f  t h e  m e l t  c o n t a i n i n g  f r e e  FeO 

(C urve V I) seem, t o  i n d i c a t e  t h a t  t h e  FeO a s  su c h  i s  t h e  a c t i v e  

a g e n t  i n  m e l t s .  I f  t h i s  i s  so t h e n  t h e  e f f e c t s  o f  compound

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

a t  1 5 1 0 °0  and  t h e  t o t a l  c o n t e n t  o f  FeO i s  p r o b a b ly  n o t  i n  t h e  

" f r e e "  c o n d i t i o n .

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

w i l l  be  s u b j e c t  t o  an  e q u i l i b r i u m  c o n d i t i o n  o f  t h e  ty p e

2 F e 0 .S i 0 2 = 2FeO + S i0 2 

o r  M n 0 .3 i0 2 = MnO + S i0 2

The p r e s e n c e  o f  MnO may be e x p e c te d  t o  m od ify  t h e  d i s s o c i a t i o n  

r e l a t i o n s h i p s  o f  f e r r o u s  s i l i c a t e ,  an d ,  c o n v e r s e l y ,  FeO w i l l  

a f f e c t  t h e  d i s s o c i a t i o n  o f  th e  m anganese s i l i c a t e s .

1310°C i s  n o t  v e r y  f a r  removed from  th e  m e l t i n g  p o i n t  o f  

most o f  t h e s e  s l a g s  and  c o n s t i t u t i o n a l  i n f l u e n c e s  a r e  l i k e l y  

f  0 p e r s i s t . A t s t i l l  h i g h e r  t e m p e r a tu r e s  d i s s o c i a t i o n  may

be e x p e c te d  t o  become p r o g r e s s i v e l y  g r e a t e r .  Tha t t i n s  i s  so 

a p p e a r s  t o  be shown by t h e  work o f  th e  German i n v e s t i g a t o r s
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PART I I .

RESEARCHES OH SOME OF THE COHSTITtJENIS OF BASIC OPEN HEARTH 

FUBEACE SLAGS WITH PARTICULAR REFERENCE TO THE OXIDISING 

MECHANISM OF SUCH SLAGS.

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

from  t h e  m o l t e n  m e t a l  d u r i n g  t h e  m a n u fa c tu re  o f  s t e e l  t a k e s  

p l a c e  a c c o r d i n g  t o  t h e  Homogeneous r e a c t i o n

FeO + 0 = CO + Fe 

w h ich  t a k e s  p l a c e  w h o l ly  i n  t h e  m e ta l  b a th  by v i r t u e  o f  t h e  

s o l u b i l i t y  o f  FeO ( o r  oxygen) i n  t h e  l i q u i d  s t e e l .  The 

c o n c e n t r a t i o n  o f  FeO i n  t h e  m e ta l  i s ,  h o w ev e r ,  d i r e c t l y  

p r o p o r t i o n a l  t o  t h a t  o f  t h e  FeO i n  t h e  s l a g ,  and  a  d e f i n i t e  

p a r t i t i o n  c o e f f i c i e n t  e x i s t s  c o n n e c t in g  t h e  c o n c e n t r a t i o n s  i n  

t h e  two p h a s e s .

Of t h e  t e r m s  on t h e  r i g h t  hand  s i d e  o f  t h e  aoove e q u a t i o n ,  

t h e  i r o n  i s  p r e s e n t  i n  v e r y  l a r g e  e x c e s s  and re m a in s  s e n s i b l y  

c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n .  W ith  r e g a r d  t o  t h e  c a rb o n  

m o n o x id e , a f t e r  t h e  i n i t i a l  s m a l l  amount s u f f i c i e n t  t o  s a t 

u r a t e  t h e  m e t a l  h a s  b een  d i s s o l v e d ,  i t  m ust e s c a p e  t o  t h e  

a tm o s p h e re  o v e r  t h e  b a t h ,  b e in g  th u s  removed from  t h e  s p h e re  

o f  r e a c t i o n .  H ence a s  b o th  te rm s  on t h e  r i g h t  hand  s i d e  

r e m a in  c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n ,  t h e  c o n d i t i o n s  a t  

e q u i l i b r i u m  m ust be e x p r e s s e d  by t h e  r e l a t i o n s h i p

K = (F e O ) . ( 0 )

w here (FeO) an d  (C) a r e  t h e  c o n c e n t r a t i o n s  o f  t h e s e  s u b s t a n c e s  

i n  t h e  m e t a l ,  and  K i s  a  c o n s t a n t  f o r  any  g iv e n  t e m p e r a t u r e .  * 

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

a r e  n e c e s s a r i l y  f a r  rem oved from  e q u i l i b r i u m ,  and t h e  r e a c t i o n  

goes  f ro m  l e f t  t o  r i g h t  w i t h  e l i m i n a t i o n  o f  c a rb o n ,  a  c o n s t a n t  

s u p p ly  o f  FeO b e i n g  m a in t a in e d  from  t h e  s l a g .  Towards t h e  end 

o f  t h e  o p e r a t i o n ,  h o w e v e r ,  when th e  c a rb o n  c o n c e n t r a t i o n  h a s  

f a l l e n  t o  a  low  v a l u e , e q u i l i b r i u m  c o n d i t i o n s  s h o u ld  be 

a p p ro a c h e d .  C arb o n  re m o v a l  s h o u ld  t h e n  t a k e  p l a c e  much more



s l o w l y , a n a  t n c  leQ  c o n c e n t r a t i o n  o i  t h e  m e ta l  should , r i s e  

s l i g h t l y  u n t i l  no more d i f i u s i o n  o f  FeO from  t h e  s l a g  t o  t h e  

m e ta l  t a k e s  p l a c e ,  and  i t  i s  i n  e q u i l i b r i u m  w i th  t h e  FeO o f  

th e  s l a g  on t h e  one h a n d  and  t h e  c a rb o n  c o n c e n t r a t i o n  o f  t h e  

m e ta l  on t h e  o t h e r . R e a c t io n  w ould th e n  c e a s e .

T h i s  s t a t e  o i  a f f a i r s  ca n  be r e a l i s e d  i n  t h e  a c i d  p r o c e s s ,  

where t h e  s l a g s  a r e  e s s e n t i a l l y  a c i d  i n  n a t u r e  and  c o n t a i n  

e x c e s s  o f  f r e e  s i l i c a  ( th o u g h  i n  p r a c t i c e  t h e  f u r n a c e  i s  u s u a l l y  

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

( F e O ) . (C )  t h e n  r e a c h e s  a  c o n s t a n t  v a l u e .  I n  b a s i c  p r a c t i c e ,  

h o w e v e r ,  a n  e n t i r e l y  d i f f e r e n t  c o n d i t i o n  e x i s t s .  Towards t h e  

end o f  t h e  p r o c e s s ,  t h e  c a r b o n  b e g in s  t o  be e l i m i n a t e d  w i t h  

i n c r e a s i n g  r a p i d i t y ,  and  i t  i s  fo u n d  t h a t  t h e  r e a s o n  f o r  t h i s  

i s  an  a b n o rm a l  i n c r e a s e  o f  FeO i n  t h e  m e t a l ,  so  much so  t h a t  

th e  p r o d u c t  (F e O ) . (C )  i s  a c t u a l l y  i n c r e a s i n g  r a p i d l y  when th e  

f u r n a c e  i s  t a p p e d .  D e c r e a s in g  t h e  s u p p ly  o f  a i r  i n  t h e  f u r n a c e  

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

q u o te  McGance'J' nI n  t h e  a c i d  p r o c e s s ,  c o n t r o l  a t  t h e  end o f  t h e  

o p e r a t i o n  i s  a lm o s t  a u t o m a t i c ;  i n  t h e  b a s i c  p r o c e s s  t h e  s t a t e  

o f  t h e  m e t a l  a t  t h e  end  i s  m a t e r i a l l y  a f f e c t e d  by t h e  a i r  (o x y g en )  

i n  t h e  a tm o s p h e r e  o v e r  t h e  b a t h . ”

T h i s  phenom enon h a s  b e e n  e x p l a i n e d  by McCance and o t h e r s  i n  

th e  f o l l o w i n g  w ay. Though f e r r i c  o x id e  i t s e l f  i s  u n s t a b l e  

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

s l a g s  c a u s e s  t h e  f o r m a t i o n  o f  c a lc iu m  f e r r i t e s  w h ich  a r e  s t a b l e  

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

b a s i c  s l a g ,  t h e r e f o r e ,  u n d e r  an  o x i d i s i n g  a tm o sp h e re  th e  lo w e r  

o x id e s  o f  i r o n  w i l l  t e n d  t o  become o x i d i s e d  t o  th e  f e r r i c  s t a t e  

w i th  f o r m a t i o n  o f  f e r r i t e s .  The f e r r i t e  c o n te n t  of t h e  s l a g  

i s ,  h o w e v e r ,  k e p t  from  i n c r e a s i n g  by t h e  r e d u c in g  a c t i o n  o f  

th e  i r o n  a n d ,  i n d i r e c t l y ,  t h e  c a rb o n  o f  t h e  m e ta l  b a th .  ±he 

f e r r i t e s , t h e r e f o r e , o r  more c o r r e c t l y , th e  i r o n  o x ia e  o f  t h e  

s l a g  by u n d e r g o i n g  a  c o n t in u o u s  c y c l e  o f  o x i d a t i o n  ana  r e a u c t i o n ,  

a c t s  a s  a n  o x y g en  c a r r i e r  t o  t h e  m e ta l  o a th .  I n  t n e  e a r l i e r  

s t a g e s  o f  t h e  p r o c e s s ,  t h e  c a rb o n  o f  th e  b a th  by v i r t u e  o f  i t s



g r e a t e r " a f f i n i t y "  f o r  o x y g e n ,  i s  i n  e f f e c t  t h e  c h i e f  medium 

f o r  t h i s  r e d u c t i o n ,  b u t  to w a rd s  t h e  end o f  t h e  p r o c e s s ,  when 

th e  c a r b o n  c o n t e n t  i s  low , t h e  r e d u c t i o n  o f  t h e  f e r r i t e s  i s  m a in ly  

by t h e  m e t a l  i t s e l f .  T h is  w i l l  a t  once r e s u l t  i n  t h e  f o r m a t i o n  

o f  more FeO i n  t h e  m e t a l  and  s l a g ,  w i t h  a  c o n s e q u e n t  i n c r e a s e  

i n  t h e  r a t e  o f  f o r m a t i o n  o f  f e r r i t e s .  The FeO c o n t e n t  o f  t h e  

s l a g  and  m e t a l  w i l l  t h u s  to w a rd s  t h e  end o f  t h e  p r o c e s s  i n c r e a s e  

" in  s n o w b a l l  f a s h i o n "  w i t h  t h e  e f f e c t  a l r e a d y  n o t e d .

The m ost o b v io u s  means o f  c o n t r o l  i s  t o  d e c r e a s e  t h e  o x i d -
2i s i n g  p ow er  o f  t h e  f u r n a c e  g a s e s .  R eagan  h a s  s t a t e d  t h a t  t h e  

a d d i t i o n  o f  s i l i c a  t o  t h e  s l a g  h a s  a  s i m i l a r  e f f e c t . The 

e x p l a n a t i o n  w o u ld  a p p e a r  t o  be t h a t  t h e  i n c r e a s e  i n  a c i d i t y  

d e c r e a s e s  t h e  s t a b i l i t y  o f  t h e  f e r r i t e s ,  o r  t h a t  t h e  f o r m a t i o n  

o f  c a l c iu m  s i l i c a t e  by d e c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  f r e e  

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

The t h e o r y  a d v a n c e d  a b o v e ,  t h e r e f o r e ,  f i t s  t h e  f a c t s  q u i t e  

w e l l ,  b u t  i t  h a d  n e v e r  b e e n  c o m p le t e ly  v e r i f i e d  by a c t u a l  

e x p e r im e n t ,  so  t h a t  i t  was f e l t  t o  be h i g h l y  d e s i r a b l e  t h a t  an  

a t t e m p t  t o  do t h i s  s h o u ld  be m ad e , The w ork c a r r i e d  o u t  i n  

t h i s  c o n n e c t i o n  c a n  c o n v e n i e n t l y  be d i v i d e d  i n t o  two s e c t i o n s :  

S e c t io n  1 -  The d e t e r m i n a t i o n  o f  t h e  t h e r m a l  e q u i l i b r i u m  d ia g ra m  

of  t h e  s y s te m  CaO-FegO^, and  S e c t i o n  2 -  An i n v e s t i g a t i o n  i n t o  

th e  d i s s o c i a t i o n  p r e s s u r e s  o f  f e r r i c  o x id e  and t h e  f e r r i t e s  a t  

High t e m p e r a t u r e s .
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F e r r i c  o x i d e ,  l i k e  a lu m in a ,  p o s s e s s e s  a m p h o te r ic  p r o p e r t i e s ,  

and c a n  a c t  a s  a n  a c i d  to w a rd s  s t r o n g l y  b a s ic  o x i d e s .  F o r  

i n s t a n c e  w i t h  l i m e ,  c a lc iu m  f e r r i t e s  a r e  p ro d u c e d .  S e v e r a l  

way s  o f  p r o d u c i n g  t h e s e  a r e  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  (See  

G m elins  H andbuch  d e r  A n o rg a n is c h e  C h em ie? ) ,  f o r  ex am p le ,  by 

h e a t i n g  m i x t u r e s  o f  F e ^  w i t h  CaO, Oa(OH)2 , CaS04 , o r  GaCCh

a t  t e m p e r a t u r e s  r a n g i n g  from  600°G t o  1100°G i n  a i r ,  o r ,  i n  

th e  w e t w ay, by p r e c i p i t a t i o n  from  a  s o l u t i o n  o f  f e r r i c  c h l o r i d e  

w i th  e x c e s s  o f  l im e  w a t e r .

The t h e r m a l  e q u i l i b r i u m  d ia g ra m  o f  t h e  sy s te m  CaO-Fe^CH h a s

a l s o  b e e n  i n v e s t i g a t e d  by s e v e r a l  w o rk e rs  and  v a r i o u s  p o s s i b l e

form s h a v e  b e e n  s u g g e s t e d .  P r o b a b ly  t h e  e a r l i e s t  was t h a t  o f

H i l p e r t  a n d  K oh lm eyer^  who p ro p o s e d  a  d ia g ra m  i n  w h ich  no fe w e r

th a n  f i v e  compounds b e tw e e n  t h e  two com ponents  o c c u r r e d .  Sosman

and M erw in , i n  a  much more r e c e n t  i n v e s t i g a t i o n ,  found  o n ly

two com pounds, m o n o ca lc iu m  f e r r i t e  (CaO.Fe^Ch) and d i c a l c iu m

f e r r i t e  (2 C aO .F e20 ^ ) . T h e i r  d ia g ra m  was l e f t  in c o m p le te  a t  t h e

Fe20 ^ e n d  a s  i t  was fo u n d  i m p o s s i b l e  t o  p r e v e n t  t h e  f o r m a t io n  o f

a c o n s i d e r a b l e  am ount o f  f e r r o u s  i r o n  w i th  m e l t s  i n  t h i s  r e g i o n .
bw ith  r e g a r d  t o  t h e  m e l t i n g  p o i n t  o f  Fe20 ^ ,  iioh lm eyer found  

t h a t  p u r e  s i n t e r e d  o x id e ,  when h e a t e d  r a p i d l y  i n  a  s t r e a m  of 

oxygen t o  r e d u c e  t h e  d i s s o c i a t i o n  t o  a  minimum, m e l te d  a t  15b5°C 

Even w i t h  t h e s e  p r e c a u t i o n s , h o w e v e r , t h e r e  m ust have  been  a  

c o n s i d e r a b l e  p r o p o r t i o n  o f  Fe^O^ p r e s e n t  a t  t h e  m e l t i n g  p o i n t .

C am p b e ll^  an d  H ansen  and Bogue^ from  t h e i r  r e s e a r c h e s  on th e  

c o n s t i t u t i o n  o f  P o r t l a n d  cem ent c o n f i rm  th e  e x i s t e n c e  o f  o n ly  

two compounds a s  fo u n d  by Sosman and m erw in . H ick en  and G-rune— 

wuld"^ on t h e  o t h e r  hand  c la im  i n  a d d i t i o n  to  have  p r e p a r e d  a  

t h i r d  w i t h  t h e  f o r m u la  5 Ca0 .^5 Fe20 ^ .

Hence t h e r e  s t i l l  e x i s t e d  a  d e g re e  o f  u n c e r t a i n t y  c o n c e r n in g  

t h i s  s y s te m ,  and  i t  was th o u g h t  d e s i r a b l e  t o  r e d e t e r m in e  i t ,



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

m e l t s .

pr e p a r a t io n  o f  m a t e r ia l s .

,̂r .g£.P.r_Qr.ti.i.Qn o f  ff.g,2 %-L i ’ke  ^ o s t  s a t i s f a c t o r y  p r e p a r a t i o n  o f  

p u re  Fe^O^ was fo u n d  t o  be from  t h e  d e c o m p o s i t io n  o f ’ p u re  

f e r r o u s  o x a l a t e  u n d e r  c o r r e c t  c o n d i t i o n s .  F o r  t h i s  p u rp o s e  

t h e  f e r r o u s  o x a l a t e  was h e a t e d  a t  a  s lo w  r a t e  i n  an  alundum  b o a t  

i n  an  e v a c u a t e d  ’’P y t h a g o r a s " t u b e .  The d e c o m p o s i t io n  was 

a l lo w e d  t o  p r o c e e d  a t  t h e  lo w e s t  p o s s i b l e  t e m p e r a tu r e  t o  e n s u r e  

th e  p r o d u c t i o n  o f  t h e  h i g h l y  r e a c t i v e  form  o f  Fe^O , -  t h e  s o -  

c a l l e d  p y r o p h o r i c  fo rm .  D u r in g  t h e  p r o c e s s  o f  d e c o m p o s i t io n  

th e  g a s e s  w ere  c o n t i n u o u s l y  removed from  t h e  f u r n a c e  by a  "CENOO 

Hyvac" pump. When d e c o m p o s i t io n -w a s  c o m p le te ,  a s  i n d i c a t e d  

by t h e  c e s s a t i o n  o f  g a s  e v o l u t i o n ,  t h e  f u r n a c e  was c o o le u  t o  

400°C an d  o x ygen  a d m i t t e d  s lo w ly .  V ig o ro u s  o x i d a t i o n  o f  t h e  

FeO t o  Fe^Ch o c c u r r e d  acco m p an ied  by t h e  e v o l u t i o n  o f  h e a t ,  

w h ich  was f r e q u e n t l y  s u f f i c i e n t  t o  r a i s e  t h e  t e m p e r a tu r e  by 

200°G, an d  i f  t h e  t e m p e r a t u r e  o f  t h e  mass b e f o re  oxygen a d m is s io n  

had b e e n  t o o  h i g h  , a  s i n t e r e d  mass c o n t a i n i n g  much Fe^O^ was 

o b t a i n e d .  The oxygen  p r e s s u r e  was a l lo w e d  t o  r i s e  t o  a p p ro x 

i m a t e l y  one a n d  h a l f  a tm o s p h e r e s ,  and a f t e r  a  s h o r t  s o a k in g  

a t  6 0 0 °C t h e  m a t e r i a l  v^as a l lo w e d  t o  c o o l  i n  th e  tu b e  to  room 

t e m p e r a t u r e .

E a ch  b a t c h  o f  F e20^ so  p r e p a r e d  was t e s t e d  f o r  th e  p r e s e n c e  

o f  f e r r o u s  i r o n  by t e s t i n g  c o l o r i m e t r i c a l l y  u s i n g  an  am m oniacal 

s o l u t i o n  o f  d i m e t h y l - g l y o x i m e . The c o lo u r  o f  Fe^CR v a r i e s  

c o n s i d e r a b l y  an d  a p p e a r s  t o  depend upon th e  t e m p e r a tu r e  d u r in g  

o x i d a t i o n .  Som etim es t h e r e  was a  m arked v a r i a t i o n  i n  c o l o u r  

i n  t h e  same b a t c h ,  i n d i c a t i n g  a  t e m p e r a tu re  g r a d i e n t  o v e r  th e  

l e n g t h  o f  t h e  b o a t .  The c o lo u r  g e n e r a l l y  v a r i e d  tro m  r e d d i s h  

drown t o  s l a t e  c o l o u r .  On one o c c a s io n  th e  p r o d u c t  was o ra n g e  

in  c o l o u r  an d  was s t r o n g l y  m a g n e t ic ,  th o u g h  no t r a c e  o l  f e r r o u s  

i r on c o u ld  be d e t e c t e d .  T h is  m a t e r i a l  was more r e a d i l y  s o l u b l e



i n  i i y d x o c h l o r i c  ac id , t h a n  t h e  u s u a l  p r o d u c t ,  and  was u n d o u b te d ly  

t h e  m a g n e t i c  low  t e m p e r a t u r e  m o d i f i c a t i o n  o f  Fe^CR m e n t io n e d  i n  

t h e  l i t e r a t u r e .

P r e p a r a t i o n  o f  CaO: CaO was p r e p a r e d  from  p u re  c a lc iu m

o x a l a t e  by d e c o m p o s in g  i t  i n  a  p l a t i n u m  b a s in  a t  a  t e m p e r a t u r e  

o f  1 0 0 0 °G . The p r o d u c t  was t e s t e d  b e f o r e  u s e  t o  e n s u r e  t h e  

a b s e n c e  o f  C02 •

EXPERIMED TAP PROCEDURE'.

P r e l i m i n a r y  w ork  was c a r r i e d  o u t  t o  d e te r m in e  t h e  c o n d i t i o n s  

n e c e s s a r y  f o r  t h e  f o r m a t i o n  o f  t h e  f e r r i t e s .  I t  was fo u n d  

n e c e s s a r y  t o  em ploy  p l a t i n u m  c r u c i b l e s ,  a l l  o t h e r  m a t e r i a l s  

t r i e d  c a u s i n g  r e d u c t i o n  o f  t h e  f e r r i c  o x id e .  (The o r d i n a r y  

r e f r a c t o r y  m a t e r i a l s  w ere  u n s u i t a b l e  a s  th e y  te n d e d  t o  s l a g  

w i th  t h e  m e l t s . )  F u r t h e r  i t  was o b s e rv e d  t h a t ,  i f  CaO and 

Fe^O^ i n  t h e  p r o p o r t i o n s  t o  form  CaO.Fe^O^ w ere h e a t e d  up a t  

n o rm a l r a t e s  t o  1250°C i n  a i r ,  no compound was fo rm ed , and 

th e  m ass r e m a in e d  u n f u s e d .  I f ,  h o w ev er ,  th e  f i n e l y  g ro u n d  

m ix tu re  was m a i n t a i n e d  a t  1000-1100°C  f o r  a  few h o u rs  a  d a r k  

powder ¥/as o b t a i n e d  i n  w h ich  no f r e e  l im e  c o u ld  be d e t e c t e d .

A f t e r  h e a t i n g  t h i s  pow der f u r t h e r  t o  1250°C i t  was found  t h a t
o f

f u s i o n  h a d  o c c u r r e d ,  a n d ,  on c o o l i n g ,  a  mass n u r d ,  b l a c k ,  

m e t a l l i c - 1 o o k in g  n e e d l e s  was fo rm ed . A p p a re n t ly  Fe20^ becomes 

"u n s tab le  i n  a i r  a t  t e m p e r a t u r e s  ro u n d  a b o u t  1200°0 , a n d ,  u n d e r  

th e  f i r s t  c o n d i t i o n s  o f  h e a t i n g ,  d e c o m p o s i t io n  to o k  p l a c e  more 

r a p i d l y  t h a n  c o m b in a t io n  w i th  th e  l im e  so t h a t  no compound was 

form ed an d  t h e  m ass re m a in e d  i n f u s i b l e  a t  1250°C- At luGO°C, 

ho w ev er ,  Fe^CR i s  s t a b l e  i n  a i r  and can  r e a c t  s lo w ly  w i th  th e  

f i n e l y  d i v i d e d  l im e  i n  th e  s o l i d  s t a t e  t o  form  th e  compound, 

w hich  r e m a in s  s t a b l e  o v e r  1200°C, and m e l t s  to  g iv e  t h e  c h a r a c t e r 

i s t i c  n e e d l e s  o f  m onoca lc ium  f e r r i t e .

On h e a t i n g  i n  a  - 'P y th a g o ra s " tu b e  u n d e r  oxygen a t  a  p r e s s u r e  

° f  approximately one and a  h a l f  a tm o sp n e re s ,  t h e  compound was 

formed e v e n  on r a p i d  H e a t in g .  a l l  m e l t s  f o r  t h i s  sy s te m  w ere 

therefore carried o u t  i n "Pythagoras" tu b e s  u n d e r  oxygen p r e s s u r e .



th e  u rn u u e  A .g^a  was o i  one moly odenum wounu '.:yp« a u re a u y  

d e s c r i b e d , m e  a r r a n g e m e n t  o f  th e  a p p a r a t u s  i s  shown mi

F i g ’ --b; b a r r  1,, u n d e r  ones© c o n d i t i o n s  i f  v-,as- neu&aaar;" -u

u se  g lu b n m iii  f o r  bo th  t h e  c r u c i b l e  ana. th e  b l a n k , a n a  a 

p l a t i n u m /  p l a t in u m ^ r h o d iu m  th e rm o c o u p le  was em ployed f o r  t e m p e r — 

a t u x s  m e a s u r e m e n t - F o r  t i ie  d i f f e r e n t i a l  therm ocoup le . t i ie  

sy s te m  p l a t inxtm/ p  l a t i n u m —rh o  d iu m /p la t in u m  was made u s e  o f ,  i n  

t i ie  e a r . I ie - r  e x p e r i m e n t s  a t t e m p t s  w ere  made t o  immerse t h e  p o i n t  

o f  f n e  t e m p e r a t u r e  m e a s u r in g  th e rm o c o u p le  i n  t h e  m e l t s ,  b u t  

t r o u b l e  was e x p e r i e n c e d  due t o  t h e  g r e a t  te n d e n c y  o f  many o f  

th e  m e l t s  t o  ”c r e e p ff up  t h e  w i r e s  and  a t t a c h  t h e  s i l i c a  i n s u l 

a t i o n , ;  c a u s i n g  e r r a t i c  b e h a v io u r  o f  th e  th e rm o c o u p le  and 

c o n t a m i n a t i o n  o f  t h e  m e l t s  w i th  s i l i c a .  F i n a l l y  t h e  th e rm o 

couple- p o i n t s  w ere  a t t a c h e d  t o  t h e  o u t s i d e  o f  t h e  c r u c i b l e ,  

a f t e r  t h i s  h ad  b e e n  shown by t r i a l  t o  g iv e  s a t i s f a c t o r y  r e s u l t s .  

Owing t o  t h e  r e l a t i v e l y  l a r g e  s i z e  o f  th e  c r u c i b l e s  em ployed 

m e l t s  o f  15 grains c o u ld  be i n v e s t i g a t e d ,  and h e n c e  m arked 

a r r e s t s  w e re  o b t a i n e d  on t h e  o r d i n a r y  t i m e - t e m p e r a t u r e  c u rv e s  

as  w e l l  a s  on th e  d i f f e r e n t i a l  c u r v e s . F or a l l  t h e  m e l t s  

b e lo n g in g :  t o  t h i s  s y s te m ,  t h e r e f o r e ,  d i f f e r e n t i a l  ana  t i r n e -  

t e m p e r a t u r e  ( i n v e r s e  r a t e )  c u r v e s  w ere t a k e n  s i m u l t a n e o u s l y , 

i h e  v a r i o u s  m e l t s  w ere  p r e p a r e d  by g r i n d i n g  t o g e t h e r  an an 

a g a te ;  l a o r f a r  t h e  r e q u i s i t e  am ounts o f  CaO and Fe^Ch. i n  a l l  

oases; f i r s t  h e a t  c u r v e s  a r e  o f  t h e s e  m e c h a n ic a l  m ix tu r e s  and 

d i f f e r - '  som ew hat i n  c o n to u r s  from  s u b s e q u e n t  c u r v e s . A f t e r  tn e  

d e t e r  rn ih a tio n -  o f  t h e  th e r m a l  d a t a ,  t e s t s  were made f o r  tn e  

preoenuO' o f  f e r r o u s  i r o n ,  an d ,  e x c e p t  i n  t h e  c a se  o f  th o s e  

f i x t u r e s -  c o n t a i n i n g  FepO^ a s  a  f r e e  p h a s e , t h i s  was n e v e i  

p r e s e n t '  a s  m ore t h a n  a  t r a c e .  F i n a l l y  t h e  o p t i c a l  p r o p e r t i e s  

o f  t i ie  p h a s e s  p re sen t- ' i n  e a c h  m e l t  w ere d e te rm in e d  by t h e  

ueciie m ethod a s  a l r e a d y  d e s c r i b e d  i n  P a r t  X.

l l l n i h g -  and... P o o l i n g  A- s e l e c t i o n  o f  - t h e  d i f f e r e n t i a l

-inn -f;-s-me-temper a-tuf e  c u rv e s  t a k e n  a s  d e s c r i b e d

'■,VVri; i-:> pr-r -̂r, i n  t h e  accom panying  d ia g r a m s . I n  i n t e r p r e t i n g  

t i e  r-.urvos i t  s h o u ld  be remembered t h a t  t h e



tne rm o co u p l©  was a t t a c h e d  t o  t h e  o u t s i d e  o f  t h e  c r u c i b l e  and. 

hence  t h a t  i t  i s  p r o b a b l y  more n e a r l y  c o r r e c t  t o  t a k e  t h e  

b e g i n n i n g  o f  t h e  t im e  l a g  r a t h e r  t h a n  th e  p o s i t i o n  o f  maximum 

d e v i a t i o n  a s  i n d i c a t i n g  t h e  t e m p e r a tu r e  o f  c h a n g e .  i 'he c u r v e s  

f o r  t h o s e  m e l t s  w h ic h  c o n t a i n e d  l e s s  t h a n  a p p r o x im a te ly  80y 

o f  c a l l  l o r  no f u r t h e r  comment a s  t h e  method o f  i n t e r p r e t 

a t i o n  i s  s u f f i c i e n t l y  c l e a r ,  and  no a n o m a l ie s  o c c u r .  w henever  

was p r e s e n t  much i n  e x c e s s  o f  t h e  p r o p o r t i o n s  r e q u i r e d  

t o  fo rm  O a O .F ^ O ^  i r r e g u l a r i t i e s  began  t o  a r i s e ,  a s  l a r g e  

t h e r m a l  a r r e s t s  o f  a  v e r y  i l l - d e f i n e d  and u n c e r t a i n  ty p e  a p p e a r  

a t  t e m p e r a t u r e s  a  l i t t l e  above t h o s e  a t  w h ich  m e l t i n g  b e g i n s .

I t  was known t h a t  t h e s e  w ere  a c t u a l l y  o c c u r r i n g  i n  some c a s e s  

a t  t e m p e r a t u r e s  when t h e  m a t e r i a l  was c o m p le te ly  m o l te n .  I n c i d e n t 

a l l y  t h e y  r e n d e r e d  t h e  d e t e r m i n a t i o n  o f  th e  t r u e  l i q u i d u s  v e ry  

u n c e r t a i n .  I t  was fo u n d  t h a t  a l l  t h e s e  m e l t s ,  on c o o l i n g  a t  

o r d i n a r y  r a t e s  c o n t a i n e d  c o n s i d e r a b l e  am ounts o f  f e r r o u s  i r o n ,  

b u t ,  b e f o r e  t h e  d i s s o c i a t i o n  p r e s s u r e s  had  been  i n v e s t i g a t e d ,  

th e  e x a c t  n a t u r e  o f  t h e s e  a r r e s t s  re m a in e d  o b s c u r e . how ever 

th e  d i s s o c i a t i o n  d e t e r m i n a t i o n s  on m ix tu r e s  o f  Fe^Cu and CaO 

i n d i c a t e  t h a t  t h e y  c o r r e s p o n d  q u i t e  c l o s e l y  ( a l lo w in g  f o r  t h e  

r e l a t i v e l y  r a p i d  r a t e s  o f  h e a t i n g  and c o o l in g )  w i th  t h e  te m p e r 

a t u r e s  a t  w h ic h  r a p i d  d i s s o c i a t i o n  o f  t h e  m ig h t be e x p e c te d

to  t a k e  p l a c e  u n d e r  oxygen  p r e s s u r e s  o f  one and a  h a l f  a tm o s 

p h e r e s ,  t h e  p r e s s u r e 'm a i n t a i n e d  i n  t h e  tu b e  th ro u g h o u t  t h e s e  

e x p e r i m e n t s .  I t  was a l s o  found  d u r in g  t h e  l a t e r  p a r t  o f  th e  

work t h a t ,  when F e ^  was i n  e q u i l i b r i u m  w i th  i t s  own oxygen 

p r e s s u r e  a t  h i g h  t e m p e r a t u r e s , any d e c r e a s e  o f  th e  oxygen 

p r e s s u r e  o f  t h e  s y s te m  c a u se d  a  c o n s id e r a b l e ,  f a l l  i n  t e m p e r a tu r e  

o f  t h e  m a ss ,  w h i l e ,  c o n v e r s e l y ,  th e  a d m is s io n  o f  oxygen to  

th e  p a r t l y  d i s s o c i a t e d  o x id e  c a u se d  a  marked r i s e .  From a  

c o n s i d e r a t i o n  o f  t h e  d i s s o c i a t i o n  c u rv e s  o f  t h e  c a lc iu m  f e r r i t e s ,  

i t  seems p r o b a b l e  t h a t ,  even  w i th  GaO i n  e x c e s s  of t h e  compos

i t i o n  C a 0 .F e o0 y a  s m a l l  amount o f  d i s s o c i a t i o n  would o c c u r  
F 5 ’

on m e l t i n g ,  a l t h o u g h  t h i s ,  by v i r t u e  of th e  a c t i o n  of th e  

lim e w ould  be much s m a l l e r  tn a n  i n  m e l t s  c o n t a i n i n g  f r e e
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F e 20^ i t s e l f  was fo u n d  t o  m e l t  a t  1995°C , b u t  a t  t h i s  t e m p e r a t u r e

i t  m u st h a v e  c o n t a i n e d  a  c o n s i d e r a b l e  am ount o f  Fe.,0„ . A5 4
p ro n o u n c e d  a r r e s t  was o b t a i n e d  a t  1490°C . T h is  w ou ld  p r o b a b l y  

m ark  t h e  t e m p e r a t u r e  a t  w h ic h  t h e  l i m i t i n g  s o l u t i o n  o f  Fe^O^ 

i n  F e 20^ w o u ld  commence t o  d i s s o c i a t e  on h e a t i n g  ( s e e  d i s s o c i a t i o n  

p r e s s u r e  c u r v e s  o f  F e 20 ^ )  u n d e r  a n  oxygen  p r e s s u r e  o f  one a n a  a  

h a l f  a tm o s x jh e r e s . At t h i s  s t a g e  i n  t h e  d i s s o c i a t i o n  o f  F e2G 

a  l a r g e  p r o p o r t i o n  o f  t h e  o x id e  w ould  t e n d  t o  be c o n v e r t e d  t o  

t h e  f e r r o u s  c o n d i t i o n  c o m p a r a t i v e l y  s u d d e n ly  w h ich  w ould  c a u s e  

t h e  a b s o r p t i o n  o f  a  c o n s i d e r a b l e  am ount o f  h e a t .  V a r io u s  

a r r e s t s  a t  t e m p e r a t u r e s  i n  t h e  n e ig h b o u r h o o d  o f  t h i s  a r e  

d e s c r i b e d  i n  t h e  l i t e r a t u r e  (B e n e u ic k s  and  L o f q u i s t ^ ) ,  and  

t h e y  h a v e  b e e n  s u p p o s e d  by some w r i t e r s  t o  i n d i c a t e  t h e  

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

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

d i s s o c i a t i o n  o f  F e20^ t h e  ab o v e  e x p l a n a t i o n  w ould  a p p e a r  t o  

be more p r o b a b l e .

The T h e rm a l E q u i l i b r i u m  D iag ram  o f  t h e  System  C au -F e2(X .

F i g .  29 shows t h e  t h e r m a l  d a t a  o b t a i n e d  from  t h e  h e a t i n g  

ana  c o o l i n g  c u r v e s  p l o t t e d  i n  t h e  fo rm  o f  a  b i n a r y  d ia g ra m .

F v id e n c e  f o r  t h e  e x i s t e n c e  o f  two compounds o n ly  was o b t a i n e d — 

m o n o ca lc iu m  f e r r i t e  and  d i c a l c i u m  f e r r i t e  -  and  m e l t s  c o n t a i n i n g  

l im e  i n  e x c e s s  o f  t h a t  r e q u i r e d  by th e  c o m p o s i t io n  2CaO.Fe2Ch 

c o n t a i n e d  l im e  a s  a  f r e e  p h a s e . The h i g h  l im e  r e g i o n  o f  t h e  

d ia g ra m  c o u ld  n o t  be i n v e s t i g a t e d  owing t o  t h e  t e m p e r a tu r e  

l i m i t s  im p o sed  by t h e  u s e  o f  " P y th a g o ra s "  t u b e s .  The d ia g ra m  

now p r o p o s e d  a g r e e s  v e r y  c l o s e l y  w i t h  t h a t  ad v a n c e d  by Sosman

«nd isierwin^, and  c a n  be t a k e n  a s  c o n f i r m in g  t h e i r  r e s u l t s
as

doth  r e g a r d s  t h e  p h a s e s  o c c u r r i n g  and t h e  t e m p e r a t u r e s  o f  th e  
A

Phase c h a n g e s  .

The h i g h  P e ^ u .. r e g i o n  (o v e r  Bug Fe^O .) i s  r a t h e r  h y p o t h e t i c a liL d d
t h e  r e a s o n s  s t a t e d  above  ana  c o n s i d e r a b l e  am ounts  of

s
*3re a lw a y s  p r e s e n t  in  t h e s e  m e l t s  . o a lo u la t io n ,v b a s e d  on t a e
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l a t e r  p a r t  o f  t h e  p r e s e n t  i n v e s t i g a t i o n s  L ave  i n d i c a t e d  t i i a t  

an  o x y g en  p r e s s u r e  o f  s e v e r a l  th o u s a n d  a tm o s p h e r e s  w o u ld  be 

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

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

bn t h e  d ia g r a m  e n c l o s e d  by t h e  s i g n s  ( ) .

O p t i c a l  E x a m in a t io n  o f  t h e  M e l t s .

T h i s  was c a r r i e d  o u t  i n  t h e  u s u a l  f a s h i o n  and  t h e  r e s u l t s  

a r e  t a b u l a t e d  b e l o w .

F e 20 ^ :  R e f r a c t i v e  in d e x  b e tw e e n  2 .9 5  an d  5 * 1 0 .  ( T h is  m a t e r i a l

w o u ld  c o n t a i n  a  v a r i a b l e  am ount o f  f e r r o u s  o x i d e . )  

C h a r a c t e r i z e d  by d eep  r e d  c o l o u r  i n  t h i n  s e c t i o n .

C a 0 .F e oCL: R e f r a c t i v e  in d e x  b e tw e e n  2 .5  and  2 . 6 .  C o lo u r

r e d d i s h  brown i n  t h i n  s e c t i o n .

The m e l t  o f  m o noca lc ium  f e r r i t e  a lo n e  c o n s i s t e d  o f  

d a r k  n e e d l e s  h a v i n g  a  m e t a l l i c  l u s t r e .  They w ere  

v e r y  h a r d  and  c o u ld  n o t  be s c r a t c h e d  w i t h  a  k n i f e .

2C aO .Fe20 ^ :  R e f r a c t i v e  i n d e x  b e tw e e n  2 .5  and  2 . 4 .  L ig h t

brow n i n  c o l o u r .  The d i c a l c i u m  f e r r i t e  m e l t  

. was t a b u l a r  i n  a p p e a r a n c e  and was more f r i a b l e  

t h a n  t h e  m o n o ca lc iu m  compound. I t  was a l s o  more 

r e a d i l y  s o l u b l e  i n  h y d r o c h l o r i c  a c i d .
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PART I I  -  SECTION 1 1 .

I n v e s t i g a t i o n  o f  t h e  D i s s o c i a t i o n  o f  F e r r i c  O x id e , Monocal c ium

F e r r i t e  a n d  D ica lc iu m . F e r r i t e .

The d i s s o c i a t i o n  o f  Fe^O^ a t  h i g h  t e m p e r a t u r e s  h a s  b e e n  

i n v e s t i g a t e d  by s e v e r a l  w o r k e r s . E a r l y  w r i t e r s  s p e c i f y  "a
1

w h i t e  h e a t "  a s  b e in g  n e c e s s a r y  t o  c a u s e  l o s s  o f  w e ig h t  i n  a i r ,

w h i l e ,  a t  l o w e r  t e m p e r a t u r e s ,  no l o s s  t o o k  p l a c e  p r o v id e d

r e d u c i n g  s u b s t a n c e s  w ere  e x c lu d e d  f ro m  t h e  c r u c i b l e .  S e v e r a l

a t t e m p t s  h a v e  b e e n  made t o  d e t e c t  t h e  e x a c t  t e m p e r a t u r e  a t  w h ic h
2t h i s  l o s s  b e g a n  t o  t a k e  p l a c e .  H of man and  M o s to w i t s c h  c o u ld  

f i n d  n o n e  a f t e r  h e a t i n g  t o  1500°C i n  p u re  d r y  a i r ,  a n d ,  h e n c e ,  

c o n c lu d e d  t h a t  t h e  d i s s o c i a t i o n  p r e s s u r e  a t  t h i s  t e m p e r a t u r e

was l e s s  t h a n  t h e  o x ygen  p r e s s u r e  o f  t h e  a i r .  I n  a  l a t e r
3 4

p u b l i c a t i o n  h o w e v e r ,  i n s p i r e d  by t h e  r e s u l t s  o f  W alden, ( s e e

b e lo w ) ,  t h e y  s t a t e  t h a t  a f t e r  h e a t i n g  t o  1370°C i n  a i r

was s i n t e r e d  b u t  n o n —m a g n e t ic  and  c o n t a i n e d  no f e r r o u s  i r o n ,  

w h i l e  a  s a m p le  h e a t e d  t o  1375°C was d e f i n i t e l y  m a g n e t ic  and  

c o n t a i n e d  f e r r o u s  i r o n .  Sosman and  M o s t e t t e r  , f o l l o w i n g  

on t h e i r  w o r k  on t h e  d i s s o c i a t i o n  p r e s s u r e s  o f  F e20 ^ ,  c a r r i e d  

o u t  t h e  same e x p e r im e n t  u n d e r  more r e f i n e d  c o n d i t i o n s  i n  a  

f u r n a c e  f i t t e d  w i t h  a  w a t e r  c o o le d  cham ber i n t o  w h ich  t h e  b o a t  

c o n t a i n i n g  t h e  o x id e  c o u ld  be drawn t o  e n s u r e  r a p i d  c o o l i n g  once 

e q u i l i b r i u m  h a d  b e e n  a t t a i n e d . I t  was t h u s  hoped  t o  p r e v e n t  

th e  p i c k  u p  o f  o x ygen  a g a i n  on c o o l i n g .  They c o n c lu d e d  t h a t  

a t e m p e r a t u r e  i n  t h e  n e ig h b o u rh o o d  o f  1200°C w ould be s u f f i c i e n t  

to  c a u s e  d e c o m p o s i t i o n  t o  b e g i n .  They p o i n t e d  o u t  t h e  d i f f i c u l t 

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

were o f  t h e  o p i n i o n  t h a t ,  on a c c o u n t  o f  t h e  f o r m a t io n  o f  s o l i d  

s o l u t i o n s  b e tw e e n  F e y ^  and  F e ^ ,  d i s s o c i a t i o n  w ould be p r o g r e s s 

ive w i t h  t e m p e r a t u r e .

Of t h e  s y s te m m a t ic  a t t e m p t s  t o  i n v e s t i g a t e  t h e  d i s s o c i a t i o n ^  

P r e s s u r e s  o f  ^ 0 .  t h o s e  o f  W alden4 and o f  Sosman and h o s t e t t e r 0 

^re p r o b a b l y  t h e  m ost i m p o r t a n t .  u u ld e n  o b t a in e d  h i s  r e ^



by h e a t i n g  Fe^O^ i n  a  s e a l e d  t u b e  a n d  m e a s u r in g  t h e  e q u i l i b r i u m  

p r e s s u r e s  d e v e lo p e d  a t  v a r i o u s  t e m p e r a t u r e s .  He a ssu m ed  t h a t ,  

so  l o n g  a s  a n y  u n d i s s o c i a t e d  F e 2CU was p r e s e n t ,  t h e  r e s u l t i n g  

o x i d e s  w o u ld  h a v e  a  d e f i n i t e  d i s s o c i a t i o n  p r e s s u r e  d e p e n d e n t  

on t e m p e r a t u r e  a l o n e . Sosman and  H o s t e t t e r  c l a im e d  t h a t  t h i s  

was n o t  t h e  c a s e ,  a n d  t h a t  t h e  oxygen  p r e s s u r e  a t  any  te m p 

e r a t u r e  was a l s o  a  f u n c t i o n  o f  t h e  am ount o f  f e r r o u s  i r o n  w h ic h  

h a d  b e e n  fo rm ed  t h r o u g h  d i s s o c i a t i o n .  They p u b l i s h e d  c u r v e s ,  

o b t a i n e d  a t  1 1 0 0 °C and  1200°G r e s p e c t i v e l y ,  sh o w in g  t h e  v a r i a t i o n  

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

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

i n  p r e s s u r e  t o o k  p l a c e  w i t h  t h e  f o r m a t i o n  o f  s m a l l  am oun ts  o f
t h e  f a l l

Fe^O^ i n  t h e  o x i d e . F o r  h i g h e r  am ounts  o f  F e ^ O ^ b e c a m e  much 

more g r a d u a l  ( th o u g h  i n  no r e g i o n  d i d  t h e  p r e s s u r e  e v e r  become 

c o n s t a n t  w i t h  v a r y i n g  c o m p o s i t i o n ) ,  t i l l  a  c o m p o s i t io n  a p p r o a c h 

i n g  Fe^O^ was r e a c h e d ,  when a  r a p i d  d e c r e a s e  t o  a  v e r y  low 

v a l u e  t o o k  p l a c e .  Sosman and  H o s t e t t e r  i n t e r p r e t e d  t h e s e  

r e s u l t s  a s  i n d i c a t i n g  a  c o m p le te  r a n g e  o f  s o l i d  s o l u t i o n  b e tw e e n  

Fe^O^ an d  Fe^O^ a t  t h e s e  t e m p e r a t u r e s .  T h is  h a s  s i n c e  b e e n  

p o i n t e d  o u t  t o  be  h i g h l y  im p ro b a b le  i n  t h e  l i g h t  o f  t h e r m a l
* *7

d a t a  an d  m i c r o s c o p i c  e v i d e n c e ,  ( s e e  B e n e d ic k s  and  L o f q u i s t  ) .

One p o i n t  o f  im p o r ta n c e  em erged  from  t h i s  w ork , n a m e ly ,  t h a t  

t h e  i n i t i a l  d i s s o c i a t i o n  p r e s s u r e  o f  F e20^ was much h i g h e r  t h a n  

had  b e e n  p r e v i o u s l y  s u p p o s e d .

D e t a i l s  o f  t h e  A p p a r a t u s .

S e v e r a l  a t t e m p t s  w ere  made t o  c o n s t r u c t  an  a p p a r a t u s  s u i t a b l e  

f o r  t h i s  w o rk .  One o f  t h e  c h i e f  d i f f i c u l t i e s  e n c o u n te r e d  was 

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

over  1 2 0 0 ° C , a n d  y e t  o f  s u i t a b l y  s m a l l  v o lu m e . P o r c e l a i n ,  

fu se d  s i l i c a ,  an d  s m a l l  d i a m e te r  “P y t h a g o r a s 11 t u b e s  w ere a l l  

t r i e d  w i t h o u t  s u c c e s s .  F i n a l l y  i t  was d e c id e d  t o  h av e  r e c o u r s e  

to  t h e  l a r g e r  s i z e  o f  “P y t h a g o r a s " tu b e  a s  u se d  i n  t h e  e a r l i e r  

s e c t i o n  o f  t h e  w orn  and  t o  overcome th e  d i s a d v a n ta g e  of th e  

fu rge  volum e by u s i n g  l a r g e r  q u a n t i t i e s  of o x id e .



A s p e c i a l l y  d e s i g n e d ,  h o r i z o n t a l ,  m olybdenum -w ound f u r n a c e  

l a r g e  en o u g h  t o  t a k e  t h e  " P y th a g o r a s "  t u b e  was u s e d  ( s e e  F i g .

5 0 ) .  The o p en  e n a  o f  t h e  t u b e  was s e a l e d  w i t h  a  t h r e e - h o l e d  

r u b b e r  b u n g  t o  p r o v i d e  f o r  c o n n e c t i o n s  (1 )  t o  t h e  M e rc u ry  p r e s s u r e  

g a u g e ,  ( 2 ) t o  t h e  "Cenco H yvac" pump, and  ( 3 ) t o  a l l o w  t h e  

em e rg e n c e  o f  t h e  t h e r m o c o u p le  l e a d s ,  a  v a c u u m - t ig h t  s e a l  b e i n g  

o b t a i n e d  i n  t h e  m anner a l r e a d y  d e s c r i b e d  i n  P a r t  I .  A w a t e r -  

c o o l e d  c o p p e r  c o i l  was wound ro u n d  t h e  o u t s i d e  o f  t h e  tu b e  a s  

show n, a n d  a  b a f f l e  was p l a c e d  i n s i d e  t h e  t u b e .  T h is  s e r v e d  

a  d o u b le  p u r p o s e  a s  i t  k e p t  t h e  r u b b e r  bung  p r a c t i c a l l y  a t  

room t e m p e r a t u r e  a n d ,  f u r t h e r ,  by  m a i n t a i n i n g  t h e  t e m p e r a t u r e  

i n  t h a t  p a r t  o f  t h e  tu b e  a p p r o x i m a te ly  c o n s t a n t , i t  d e c r e a s e d  

t h e  t im e  n e c e s s a r y  f o r  t h e r m a l  e q u i l i b r i u m  t o  be a t t a i n e d  i n  

t h e  s y s te m  when t h e  t e m p e r a t u r e  i n s i a e  t h e  f u r n a c e  was h e l d  

c o n s t a n t .  The c l o s e d  end  o f  t h e  " P y th a g o ra s "  tu b e  p r o j e c t e d  

o n ly  a  few  i n c h e s  from  t h e  f u r n a c e  c a s i n g .  a  v e r n i e r  c a t h e t o 

me t e r  c a p a b l e  o f  r e a d i n g  t o , .0001  cm. was em ployed  t o  m e a su re  

t h e  m e rc u ry  l e v e l s  i n  t h e  p r e s s u r e  g a u g e .  B etw een t h e  pump 

and  t n e  " P y t h a g o r a s "  t u b e  was i n s e r t e d  a  T - p i e c e ,  one l e g  o f  

w h ic h  was c o n n e c te d  t o  a  c o n i c a l  p r e s s u r e  f l a s u  and  th e n c e  t o  

an  o x y g en  c y l i n d e r . The f l a s k  was f u r t h e r  c o n n e c te d  t o  a  

s e c o n a  p r e s s u r e  g au g e  so  t h a t ,  i f  n e c e s s a r y ,  known am ounts  o f  

oxygen  c o u l d  be  a d d e d  t o  o r  w i th d ra w n  from  t h e  s y s te m ,  s t o p 

co c k s  b e i n g  p r o v i d e d  f o r  t h i s  p u r p o s e .

E x p e r im e n ta l  P r o c e d u r e .

D i s s o c i a t i o n  o f  F e^CU: D e t a i l s  o f  E x p e r im e n ts ;  -FegO^ v/as

p r e p a r e d  a s  a l r e a d y  d e s c r i b e d .  I n  commencing' t h i s  w ork  a  

s e r i e s  o f  p r e l i m i n a r y  e x p e r im e n t s  v/as c a r r i e d  o u t  i n  v /h ich  10

grams o f  t h e  o x id e  was s p r e a d  i n  a  t h i n  l a y e r  i n  a  p l a t i n u m  

b o a t ,  b u t  t h i s  m ethod  h ad  to  be abandoned  s i n c e  i t  was fo u n d  

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

out t h e  m a s s .  T h is  was p r o b a b ly  due t o  th e  e x i s t e n c e  o f  a
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b o a t  a s  t h e  t e m p e r a t u r e  was r a i s e d *  T h is  o c c u r r e n c e  was b r o u g h t  

p r o m i n e n t l y  t o  n o t i c e  i n  one e x p e r im e n t  when t i i e  r a t e  o f  c o o l i n g  

had  b e e n  c o m p a r a t i v e l y  r a p i d .  I t  was fo u n d  t h a t  t h e  r e s u l t a n t  

o x id e  was m a g n e t i c  and  l a r g e l y  Fe^O^ a t  one e n d ,  w h i l e  a t  t h e  

o t h e r  e n d  i t  v/as e n t i r e l y  F e ^ -  i t  was a l s o  fo u n d  t h a t  t h e  

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

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

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

p a r t s  on c o o l i n g .  A p l a t i n u m  c r u c i b l e  was,- t h e r e f o r e ,  s u b s t i t 

u t e d  f o r  t h e  b o a t  so  t h a t  t h e  c h a r g e  m ig h t  be c o n c e n t r a t e d  a s  

much a s  p o s s i b l e  a b o u t  a  s i n g l e  p o i n t  i n  t h e  f u r n a c e .  T h is  

r e s u l t e d  i n  c l o s e  a g re e m e n t  b e tw e e n  d i f f e r e n t  r u n s .

The m ethod  f i n a l l y  a d o p te d  was t o  s t a r t  h e a t i n g  t h e  c h a rg e  

from  room t e m p e r a t u r e  w i t h  a  known p r e s s u r e  o f  oxygen  i n  t h e  

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

s t e a d y  a t  s u i t a b l e  i n t e r v a l s  t i l l  a  s t a t e  o f  e q u i l i b r i u m  h ad  

b e e n  a t t a i n e d .  The p r e s s u r e  v/as t h e n  r e a d  o f f  by means o f  t h e  

g a u g e . As t h e  t e m p e r a t u r e  i n c r e a s e d  t h e  p r e s s u r e  r o s e  i n  

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

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

w hich  t h e  d i s s o c i a t i o n  p r e s s u r e  o f  t h e  o x id e  was g r e a t e r  t h a n  

t h a t  e x i s t i n g  i n  t h e  t u b e . A more r a p i d  i n c r e a s e  o f  p r e s s u r e  

w i th  t e m p e r a t u r e  t h e n  to o k  p l a c e ,  t h i s  b e in g  shown by a  b r e a k  

in  t h e  p r e s s u r e - t e m p e r a t u r e  c u rv e  o f  t h e  s y s te m .  By v a r y i n g  

th e  i n i t i a l  o x y g en  p r e s s u r e  t h e  t e m p e r a t u r e  a t  w h ich  t h i s  b r e a k  

to o k  p l a c e  c o u l d  be a l t e r e d .  On c o o l i n g  r e c o m b in a t io n  v / i th  

t h i s  o x ygen  t o o k  x^lnce a n d ,  i n  n e a r l y  a l l  c a s e s ,  a f t e r  a  ru n  

the  p r e s s u r e  a t  room t e m p e r a t u r e  was found  t o  h av e  r e t u r n e d  to  

w i th in  a  few  m i l l i m e t r e s  o f  t h e  i n i t i a l  v a l u e . The o x id e  was 

then  fo u n d  t o  h a v e  w i t h i n  n a r ro w  l i m i t s  t h e  same w e ig h t  a s  

i n i t i a l l y  an d  t o  be n o n —m a g n e t ic  c o n t a i n i n g  no d e t e c t a b l e  t r a c e  

°f f e r r o u s  i r o n . .  On c o o l i n g  a s  r a p i d l y  a s  p o s s i b l e  i n  t h e  

Furnace (w h ic h  t o o n  a p p r o x im a te ly  1 h o u r  to  r e a c h  400 0 s t a i t i n g  

^om 1 4 u o °C ) a very slight trace o f  m agnetism  could sometimes 
d e t e c t e d  an d  a  s m a l l  amount of ferrous iron, but t.u.ere was



e v e r y  i n d i c a t i o n  t h a t  m ost o f  t h e  oxygen  e v o lv e d  c o u ld  be p i c k e d  

up a g a i n  v e r y  r a p i d l y  on c o o l i n g .  I n  t h i s  c o n n e c t i o n  i t  i s  

w o r th y  o f  r e c o r d  t h a t ,  when t h e  p a r t l y  d i s s o c i a t e d  o x id e  was 

i n  e q u i l i b r i u m  w i t h  t h e  a tm o s p h e re  o f  t h e  t u b e  a t  t e m p e r a t u r e s  

i n  t h e  n e ig h b o u r h o o d  o f  1200°C , - any  su d d e n  a d m is s io n  o f  o x ygen  

s u c h  a s  t o  r a i s e  t h e  p r e s s u r e  r a p i d l y  c a u s e d  an  a lm o s t  im m e d ia te  

e v o l u t i o n  o f  h e a t ,  shown by  a  m arked  r i s e  i n  t h e  t e m p e r a t u r e  

a s  r e c o r d e d  by t h e  th e r m o c o u p le  t i e d  t o  t h e  o u t s i d e  o f  t h e  

c r u c i b l e .  C o n v e r s e l y ,  w i t h d r a w a l  o f  oxygen  u n d e r  s i m i l a r  

c o n d i t i o n s  c a u s e d  a n  im m e d ia te  d ro p  i n  t e m p e r a t u r e .  T h is  

a p p e a r s  t o  p r o v i d e  a  c l e a r  i n d i c a t i o n  o f  t h e  r a p i d i t y  w i t h  

w h ich  d i s s o c i a t i o n  and  r e c o m b i n a t io n  take , p l a c e .

T hose  r u n s  on w h ic h  t h e  i n i t i a l  oxygen  p r e s s u r e  was v e r y  low 

( l e s s  t h a n  0 . 5  cm. o f  m e rc u ry )  p r o v id e d  an  e x c e p t i o n  t o  t h e  

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

u n a c c o u n t a b l e  i n c r e a s e s  i n  p r e s s u r e  on h e a t i n g .  T hese  e v o l u t i o n s  

were i r r e v e r s i b l e  on c o o l i n g  a s  t h e  g a s  was n o t  p ic k e d  up  a g a i n ,  

and t h e  f i n a l  p r e s s u r e  a t  room t e m p e r a t u r e  was i n v a r i a b l y  h i g h e r  

th a n  t h e  i n i t i a l  p r e s s u r e  b e f o r e  h e a t i n g .  T h is  may h av e  b e e n  

due t o  a  g a s  e v o l u t i o n  f ro m  t h e  tu b e  a t  low  p r e s s u r e s .  A 

s l i g h t  d e g r e e  o f  h y s t e r e s i s  i n  t h e  e q u i l i b r i u m  F e20 2 = Fe^O^ + 

oxygen a t  low  p r e s s u r e s  i s  a3.so p o s s i b l e .  (T h ese  s a m p le s  w ere  

u s u a l l y  s l i g h t l y  m a g n e t i c . )  F o r  t h i s  r e a s o n  t h e  v a l u e s  o b t a i n e d  

fo r  t h e  d i s s o c i a t i o n  p r e s s u r e s  o f  F e 20^ a t  t h e  lo w e r  t e m p e r a t u r e s  

i n v e s t i g a t e d ,  a r e  i n  a l l  p r o b a b i l i t y  r a t h e r  h i g h .  when f r e s h l y  

p r e p a re d  o x id e  was u s e d  a n  i r r e v e r s i b l e  g a s  e v o l u t i o n  a l s o  

o c c u r r e d ,  th o u g h  t h e  m a t e r i a l  was n o n -m a g n e t ic  on c o o l i n g .  T h is  

oan p r o b a b l y  a c c o u n t e d  f o r  a s  t h e  e v o l u t i o n  o f  g a s e s  a d s o rb e d  o r  

occ luded  by t h e  o x id e  d u r i n g  i t s  p r e p a r a t i o n .

The t e m p e r a t u r e  o f  t h e  room was r e c o r d e d  e a c h  m o rn in g ,  when 

fiic f i n a l  p r e s s u r e  f ro m  t h e  p r e v i o u s  d a y ’ s r u n ,  and  t h e  i n i t i a l  

P re ssu re  a d o p te d  f o r  t h e  n e x t  r u n  w ere  m e a su re d .  D u r in g  t h e  

wkole s e r i e s  o f  e x p e r i m e n t s  t h i s  d id  n o t  v a r y  more t h a n  5°C , an  

^ o u n t  w h ic h  was c o n s i d e r e d  t o  have  n e g l i g i b l e  i n f l u e n c e  on t h e

w e ig h ts  o f  g a s  a d m i t t e d  t o  t h e  t u b e .



By m eans o f  t i i e  f u r n a c e  c o n t r o l ,  a d o p te d  -  two r h e o s t a t s  

f o r  c o a r s e  and  f i n e  a d j u s t m e n t  r e s p e c t i v e l y  i n  p a r a l l e l  -  t o g e t h e r  

w i t h  t h e  u s e  o f  a  h i g h l y  s e n s i t i v e  g a lv a n o m e te r  and  T i n s l e y  

v e r n i e r  p o t e n t i o m e t e r  f o r  t e m p e r a t u r e  m e a s u re m e n t ,  i t  was 

p o s s i b l e  t o  m a i n t a i n  t h e  t e m p e r a t u r e  c o n s t a n t  t o  w i t h i n  1°C a s  

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

an  h o u r  t o  one h o u r  w ere  a l lo w e d  f o r  t h e  s y s te m  t o  come t o  

e q u i l i b r i u m  a s  r e g a r d s  t e m p e r a t u r e  d i s t r i b u t i o n .  T h is  t o o k  

c o n s i d e r a b l y  l o n g e r  a t  t e m p e r a t u r e s  u n d e r  1 0 0 0 °C t h a n  i t  d i d  a t  

t h e  h i g h e r  t e m p e r a t u r e s .  The o x i d e ,  once  i t  h a d  s t a r t e d  t o  

d i s s o c i a t e ,  a p p e a r e d  t o  come t o  e q u i l i b r i u m  w i t h  t h e  oxygen  

p r e s s u r e  much m ore r a p i d l y  t h a n  t h e  tu b e  d i d  t h e r m a l l y .

I n  o r d e r  t o  d e t e r m in e  t h e  d i s s o c i a t i o n  t e m p e r a t u r e s  u n d e r  

d i f f e r e n t  o x y g en  p r e s s u r e s ,  t h e  i n i t i a l  p r e s s u r e s  i n  t h e  tu b e  

w ere  v a r i e d  a s  a l r e a d y  d e s c r i b e d .  From t h e  p r e l i m i n a r y  e x p e r 

im e n ts  t h e  f o l l o w i n g  p o i n t s  em erged :

a )  When f r e s h l y  p r e p a r e d  o x id e  was u s e d  a  m arked  i r r e v e r s i b l e

e v o l u t i o n  o f  g a s  t o o k  p l a c e  a t  c o m p a r a t i v e l y  low t e m p e r a t u r e s .  
on

T h is  was a b s e n t  h e a t i n g ^ ,  and  was no d o u b t  due t o  t h e  p r e s e n c e  

o f  g a s  i n  t h e  f i n e l y  d i v i d e d  o x id e  when f r e s h l y  p r e p a r e d .

(2) At t e m p e r a t u r e s  f ro m  1100°C and  u p w a rd s ,  d e p e n d in g  on 

th e  i n i t i a l  p r e s s u r e  i n  t h e  t u b e ,  t h e  p r e s s u r e  began  t o  r i s e  

more r a p i d l y  w i t h  t e m p e r a t u r e ,  and c o n t in u e d  t o  do so  ,a t an  

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

This  e v o l u t i o n  was s t r i c t l y  r e v e r s i b l e  on c o o l i n g .  I t  was 

n lso  o b s e r v e d  t h a t , ,  w here  a  s m a l l  amount o f  o x id e  was u s e a ,  o r  

where t h e  i n i t i a l  p r e s s u r e  was v e r y  low , a t  s t i l l  h i g h e r  tem p

e r a t u r e s  t h a n  t h e  above  t h e r e  was a g a i n  a  l o w e r in g  o f  t h e  r a t e  

Q-t w h ich  p r e s s u r e  i n c r e a s e d  w i t h  t e m p e r a t u r e .  The ty p e  o f  

curve o b t a i n e d  i s  shown i n  F ig .  31*

(3) when t h e  r e s u l t s  w ere  p l o t t e d  on a  p r e s s u r e - t e m p e r a t u r e  

diagram  i t  was fo u n d  t h a t  t h e  s t e e p e s t  p a r t s  o f  a l l  t h e  c u r v e s  

Fay a lo n g  a  common e n v e lo p e  c u r v e .

A num ber o f  t h e s e  p r e s s u r e - t e m p e r a t u r e  c u r v e s  have  been



plotted in Fig. 52a and p2b. Over 4u different curves were 
d e t e r m in e d  w i t h  v a r y i n g  i n i t i a l  p r e s s u r e s  and  v a r y i n g  am o u n ts  

o f  o x i d e . I t  w i l l  be o b s e r v e d  t h a t  a l l  c o n v e rg e  on t h e  same 

l i m i t i n g  c u r v e . The u p p e r  t e m p e r a t u r e  t o  w h ic h  t h e s e  c u r v e s  

c o u ld  be  t a k e n  was l i m i t e d  i n  many c a s e s  by t h e  t e n d e n c y  o f  

o f  t h e  t u b e s  t o  c o l l a p s e  a t  h i g h  t e m p e r a t u r e s  when t h e  p r e s s u r e  

i n s i d e  was much b e lo w  a t m o s p h e r i c . W ith  t h e  h i g h e r  o x y g en  

p r e s s u r e s  a  h i g h e r  t e m p e r a t u r e  c o u ld  be a t t a i n e d  th o u g h  t h i s  

was s t i l l  l i m i t e d .  On t h e  o t h e r  h a n d  t h e  maximum p r e s s u r e  

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

was r o u g h l y  one and  a  h a l f  a t m o s p h e r e s .

The i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  i s  g i v e n  a s  f o l l o w s .  

R e f e r r i n g  t o  F i g .  3 1 ,  t h e  f i r s t  u n i f o r m  p o r t i o n ,  AB, o f  a l l  

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

a l r e a d y  i n  t h e  t u b e . The p r e s s u r e  o f  oxygen  i n  t h e  t u b e  i n  

t h i s  r e g i o n  i s  p r e s u m a b ly  g r e a t e r  t h a n  t h e  d i s s o c i a t i o n  p r e s s u r e  

o f  t h e  o x id e  so  t h a t  no d i s s o c i a t i o n  o c c u r s . As t h e  t e m p e r 

a t u r e  i s  i n c r e a s e d ,  a  p o i n t  B i s  r e a c h e d  a t  w h ich  t h e  d i s s o c i a t i o n  

p r e s s u r e  becom es g r e a t e r  t h a n  t h e  oxygen p r e s s u r e  i n  t h e  tu b e  

and a n  e v o l u t i o n  o f  oxygen  a c c o r d i n g l y  t a k e s  p l a c e ,  acco m p an ied  

by a  c o r r e s p o n d i n g  r i s e  i n  p r e s s u r e .  T here  i s ,  t h e r e f o r e ,  

an  i n c r e a s e  i n  t h e  r a t e  a t  w h ich  p r e s s u r e  i n c r e a s e s  w i t h  temp -  

e r a t u r e . T h i s  i s  a t  f i r s t  g r a d u a l  b u t  l a t e r  i n c r e a s e s  i n  

r a p i d i t y  a s  shown by t h e  c u r v e s  t i l l  i t  a t t a i n s  an  a p p r o x im a te ly  

c o n s t a n t  v a l u e .  Thus t h e  p r e s s u r e - t e m p e r a t u r e  c u r v e s  show 

two d i s t i n c t  p a r t s  i n  t h i s  r e g i o n ,  (1 )  a  c u rv e d  p o r t i o n ,  BC, 

where t h e  r a t e  o f  -p re s su re  i n c r e a s e  i s  i n c r e a s i n g ,  and  (2 )  a  

s t e e p  p o r t i o n ,  CD, w here  t h e  p r e s s u r e  i s  i n c r e a s i n g  r a p i d l y  

th o u g h  t h e  r a t e  o f  i n c r e a s e  i s  f a i r l y  c o n s t a n t . On some o f  

th e  c u r v e s  a  t h i r d  p o r t i o n ,  1)E, i s  shown w here t h e  r a t e  o f  

P r e s s u r e  i n c r e a s e  a g a i n  f a l l s  o f f . The s t e e p  p a r t s  o f  a l l  t h e  

c u rv e s  c a n  be im posed  on t h e  same e n v e lo p e  c u r v e , and  a p p a r e n t l y  

i n d i c a t e  t h e  e x i s t e n c e  o f  a  d e f i n i t e  p h a s e ,  whose d i s s o c i a t i o n  

P r e s s u r e  i s  d e p e n d e n t  o n ly  on t e m p e r a t u r e , and i s  in d e p e n d e n t  

t h e  am ount p r e s e n t . T h is  p h ase  c a n n o t  oe p u re  I e 20„ a
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c o n s i d e r a b l e  am ount o f  oxygen  n a s  a l r e a d y  b een  e v o lv e d  a s  

shown by t h e  p r e c e d i n g  p o r t i o n  o f  t h e  c u r v e  BO. f u r t h e r  i n  

t h i s  l a t t e r  p o r t i o n  BC t h e  p r e s s u r e - t e m p e r a t u r e  v a l u e s  a r e  

p e c u l i a r  t o  t h e  i n d i v i d u a l  c u r v e  on w h ich  t h e y  a p p e a r ,  and  

t h e  v a l u e  o f  t h e  p r e s s u r e  a t  an y  p o i n t  a p p e a r s  t o  d ep en d  on 

t h e  am ount o f  d i s s o c i a t i o n  w h ic h  h a s  a l r e a d y  t a k e n  p l a c e  i n  

t h e  o x i d e . I n  o t h e r  w ords  i t  w ou ld  a p p e a r  t h a t  t h e  p r e s s u r e  

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

a s  w e l l  a s  o f  t e m p e r a t u r e .  H ence i t  f o l l o w s ,  from  c o n s i d e r 

a t i o n  o f  t h e  P h a s e  R u l e , , t h a t  t h e  s u b s t a n c e  fo rm ed  on t h e  

l i b e r a t i o n  o f  t h e  f i r s t  p o r t i o n  o f  t h e  oxygen  from  t h e  F e 2 0 ^ 

m u st be  s o l u b l e  i n  t h e  r e m a i n in g  F e 2 0 ^ . F i n a l l y ,  when t h e  

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

c o m p o s i t i o n  e x i s t s  and  f u r t h e r  d i s s o c i a t i o n  i s  a c c o m p a n ie d  by 

t h e  f o r m a t i o n  o f  a  new p h a s e . 1'he f i r s t  p h a s e  w i l l  be a  

s o l u t i o n  o f  Fe^O^ i n  F e 2 0 ^ ;  t h e  s e c o n d  o f  Fe^O^ i n  Fe^O^.

The c o m p le te  d i s s o c i a t i o n  o f  t h e  F e ^ O ^ - r ic h  p h a se  w ould  r e s u l t  

i n  a  m arked  d e v i a t i o n  f ro m  t h e  common e n v e lo p e  c u r v e ,  and  t h i s  

i s  shown i n  t h o s e  c u r v e s  i n  w h ic h  t h e  c o n d i t i o n s  w ere  s u i t a b l e  

f o r  t h i s  d e g r e e  o f  d i s s o c i a t i o n  t o  be a t t a i n e d .  The c u rv e  

sh o w in g  t h e  v a r i a t i o n  i n  t h e  d i s s o c i a t i o n  p r e s s u r e  o f  t h e  

s a t u r a t e d  s o l u t i o n  o f  Fe^O^ i n  F e ^ ^  i s  w e l 1  maris:ed by t h e  

e n v e lo p e  c u r v e .  I t  i s  l e s s  e a s y  t o  p i c k  o u t  t h e  p o i n t s  on 

t h e  v a r i o u s  c u r v e s  a t  w h ich  i n i t i a l  d i s s o c i a t i o n  b e g i n s .  T h is  

h a s  b e e n  done  by t a k i n g  t h e  p o i n t s  w here  t h e  b r e a k  i n  d i r e c t i o n  

a p p e a r s  t o  o r i g i n a t e .  The p o i n t s  so  o b t a i n e d  h av e  been  p l o t t e d  

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

t e m p e r a t u r e . I t  i s  q u i t e  p o s s i b l e  t n a t  a  s m a l l  amount o f  

d i s s o c i a t i o n  o c c u r s  b e f o r e  oxygen e v o l u t i o n  becomes m e a s u ra b le  

u n d e r  t h e  c o n d i t i o n s  o f  e x p e r im e n t ,  i n  w hich  c a s e  t h e  t r u e  

i n i t i a l  d i s s o c i a t i o n  p r e s s u r e s  w ould be somewhat h i g h e r  t n a n  

i n d i c a t e d  by t h e  c u r v e .  B oth  c u rv e s  a r e  r e p ro d u c e d  i n  i i g .  p p .  

°n t h i s  d ia g ra m  a r e  a l s o  p l o t t e d  t h e  v a l u e s  w hicn  w ere e x p e r im e n t  

aH y  a e t e  rm in ed  by w u id e r  ( I . e . )  ana  p u b l i s h e d  a s  tn e  ux.-ooc_«s> 

P r e s s u r e s  o f  f e r r i c  o x i d e . I t  w i l l  be o b se rv e d  t h a t  t n e s e
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values are in very good agreement with the curve now given for 
t h e  d i s s o c i a t i o n  o f  t h e  l i m i t i n g  s o l i d  s o l u t i o n  o f  Fe^O^ i n

* C o n s i d e r a t i o n  o f  t h e  m ethod em ployed  hy W alden i n d i c a t e s  

t h a t  i t  i s  h i g h l y  p r o b a b l e  t h a t  t h e  p r e s s u r e s  w h ic h  h e  m e a s u re d  

w ere  t h o s e  o f  t h e  l i m i t i n g  s o l i d  s o l u t i o n ,  and  t h e r e f o r e  h i s  

w ork  p r o v i d e s  c o n f i r m a t i o n  o f  t h e  p r e s e n t  r e s u l t s .  I 'he p r e s s u r e  

v a l u e s  on t h e  c u r v e  o f  i n i t i a l  d i s s o c i a t i o n  a t  1100°C and  1200°C 

a l s o  a g r e e  r e a s o n a b l y  w e l l  w i t h  t h e  v a l u e s  i n d i c a t e d  by t h e  

i s o t h e r m s  o f  Sosman and  H o s t e t t e r  ( I . e . )  a s  f a r  a s  c a n  be j u d g e d .

The e x p e r i m e n t a l  v a l u e s  h a v e  a l s o  b e e n  p l o t t e d  i n  P i g .  34 

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

r o c a l  o f  t h e  a b s o l u t e  t e m p e r a t u r e ,  c u r v e  ( a )  b e i n g  t h a t  o f  

t h e  i n i t i a l  d i s s o c i a t i o n  and  c u rv e  (b )  t h a t  o f  t h e  l i m i t i n g  

s o l u t i o n .  B o th  c u r v e s  a p p e a r  t o  be  l i n e a r  e x c e p t  f o r  t h e  

f o u r  l o w e s t  v a l u e s  i n  e a c h  c a s e  ( r e p r e s e n t i n g  p r e s s u r e s  o f  l e s s  

t h a n  f i v e  c e n t i m e t r e s  o f  m e r c u r y ) ,  w h ich  a r e  a p p a r e n t l y  to o  

h i g h .  The f a c t  t h a t  t h e  d e v i a t i o n s  so  p ro d u c e d  w ould  a p p e a r  

t o  be  t h e m s e l v e s  l i n e a r  i n  n a t u r e  i s  s u g g e s t i v e  o f  some p h y s i c a l  

m e a n in g ,  b u t ,  a s  p r e v i o u s l y  m e n t io n e d ,  t h e s e  v e r y  low v a l u e s

a r e  n o t  ab o v e  s u s p i c i o n  on a c c o u n t  o f  ab n o rm a l g a s  e v o l u t i o n
b«

i n  t h e  t u b e . a s p e c i a l  a p p a r a t u s  w o u ld ^ r e q u i r e d  t o  i n v e s t i g a t e  

t h i s  r e g i o n  ow ing  t o  t h e  d i f f i c u l t i e s  in v o lv e d  i n  w o rk in g  w i t h  

e x t r e m e l y  low  p r e s s u r e s  a t  h i g h  t e m p e r a t u r e s .  W alden*s v a l u e s  

a r e  a l s o  p l o t t e d  on t h i s  d ia g ra m  a n d ,  r a t h e r  p e c u l i a r l y ,  t h e y  

a l s o  show a  d e v i a t i o n ,  th o u g h  t h i s  o c c u r s  a t  a  somewhat lo w e r  

p r e s s u r e  t h a n  i n  t h e  c u r v e s  d e r i v e d  from  t h e  p r e s e n t  e x p e r im e n t s .

A s e r i e s  o f  p r e s s u r e - c o m p o s i t i o n  i s o th e r m s  was c o n s t r u c t e d  

from  t h e  p r e s s u r e —t e m p e r a t u r e  c u r v e s . The method a d o p te d  was 

"to c a l c u l a t e , f ro m  a  c o n s i d e r a t i o n  o f  a l l  t h e  c u r v e s , an  

" e x p a n s io n  f a c t o r "  r e p r e s e n t i n g  t h e  r a t i o  i n  w h ich  t h e  p r e s s u r e  

° f  t h e  o r i g i n a l  g a s  i n  t h e  tu b e  i n c r e a s e d  b e tw een  room te m p e r 

a t u r e  and  e a c h  o f  t h e  i s o t h e r m a l  t e m p e r a tu r e s  s e l e c t e d .  i h i s  

was r e n d e r e d  n e c e s s a r y  by th e  t e m p e r a tu r e  v a r i a t i o n  e x i s t i n g  

"throughout t h e  s y s te m .  The a g reem en t betw een th e  v a r i o u s  

cu rv es  i n  t h i s  r e s p e c t  was v e r y  s a t i s f a c t o r y . jui e x c e p t i o n
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i.tusl be ...iade in the case of those curves obtained with very 
low  i n i t i a l  p r e s s u r e s  i n  t h e  t u b e ,  when a s  a l r e a d y  d e s c r i b e d ,  

a b n o rm a l  g a s  e v o l u t i o n s  t o o k  p l a c e . n. c h e c k  on t h e  v a l u e  o f  

t h e  “e x p a n s i o n  f a c t o r ” was g o t  by  r u n n i n g  b l a n k  e x p e r i m e n t s  

w i t h  o n l y  o x y g en  i n  t h e  t u b e .  P i g .  35 shows t h e  v a r i a t i o n  

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

t h e r m o c o u p le .  A v a l u e  f o r  t h e  vo lum e o f  t h e  a p p a r a t u s  was 

g o t  b y  m e a s u r i n g  t h e  p r e s s u r e  i n  t h e  t u b e  b e f o r e  and  a f t e r  t h e  

a d m i s s i o n  o f  a  known vo lum e o f  o x y g en  t o  t h e  s y s t e m .  I t  was 

t h e n  p o s s i b l e  t o  c a l c u l a t e  t h e  w e ig h t  o f  o x y g en  l i b e r a t e d  f ro m  

t h e  o x id e  f o r  a n y  t e m p e r a t u r e  and  p r e s s u r e  on t h e  c u r v e s . F o r  

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

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

t h e  d i s s o c i a t i o n  t o  b e  o b t a i n e d .  T h is  p r o c e d u r e  was made 

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

c o n c e r n e d ,  1100°C t o  1500°G , t h e  p r e s s u r e  i n c r e a s e  w i t h  t e m p e r 

a t u r e  a p p r o a c h e d  v e r y  c l o s e l y  t o  l i n e a r i t y ,  a s  shown i n  P i g .

3 5 .  The p r o p o r t i o n  o f  f e r r o u s  i r o n  p r e s e n t  i n  t h e  s o l i d  p h a s e  

c o u ld  t h e n  be  c a l c u l a t e d  f o r  v a r i o u s  t e m p e r a t u r e s  and  p r e s s u r e s .  

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

a r e  g i v e n  i n  t h e  a p p e n d i x .  . P i g .  3 6  shows t h e . - p r e s s u r e - c o m p o s 

i t i o n  i s o t h e r m s  f o r  t h e  t e m p e r a t u r e s  1200°C , 1272°C , 1345°C , 

and  1415°G . W h i l s t  t h e  a b s o l u t e  a c c u r a c y  o f  t h e  c o m p o s i t i o n s  

g i v e n  i n  t h i s  d ia g r a m  w i l l  d ep en d  u p o n  t h e  a c c u r a c y  w i t h  w h ic h  

t h e  " e x p a n s io n  f a c t o r "  h a s  b e e n  d e t e r m in e d ,  t h e  r e l a t i v e  a g r e e 

m ent o f  t h e  p o i n t s  on e a c h  i s o t h e r m  i s  in d e p e n d e n t  o f  t h i s  

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

be t a k e n  a s  p r o o f  o f  t h e  v a l i d i t y  o f  t h i s  m e th o d .  I n  P i g .  37 

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

th e rm s  h a s  b e e n  p l o t t e d  on t h e  p h a s e  d ia g ra m  o f  t h e  s y s te m  

Fe^Oj-Fe^O^ g i v e n  q u a l i t a t i v e l y  by B e n e d ic k s  and  lo ’f q u i s t  ( I . e . ) .  

A d d i t i o n a l  p o i n t s  h a v e  b e e n  c a l c u l a t e d  from  t h e  i n d i v i d u a l  

p r e s  s u r e - t e m p e r a t u r e  c u r v e s  from  a  c o n s i d e r a t i o n  o f  t h e  am oun ts  

of oxygen evolved in the tube at the points at which the various 
c u r v e s  a p p r o a c h  or leave ̂ the envelope curve. These values are
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p l o  * ^eci on i  1 q . p 6  . ■ jrk̂ p r o x im a t e  v a l u e s  i n d i c a t e d  by 

t h e  i s o t h e r m s  o f  Sosman an d  H o s t e t t e r ,  o n ’ t h e  a s s u m p t i o n  t h a t
i

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

t a l  a r e  a l s o  g i v e n .

Addendum : I t  i s  r a t h e r  d i f f i c u l t  t o  c o r r e l a t e  t h e s e  r e s u l t s

w i t h  t h e  p u b l i s h e d  w o rk  o f  Sosman and  H o s t e t t e r  ( I . e . ) .  The 

two i s o t h e r m s  g i v e n  by  t h e s e  w o r k e r s  i n d i c a t e  v e r y  h i g h  i n i t i a l  

d i s s o c i a t i o n  p r e s s u r e s  f o r  p u r e  F e a n d  i n  t h i s  r e s p e c t  may 

be  s a i d  t o  a g r e e  w i t h  t h e  p r e s e n t  r e s u l t s .  The c e n t r a l  p o r t i o n s  

o f  t h e i r  i s o t h e r m s  a r e  by no  m eans h o r i z o n t a l  t h o u g h  t h e y  a r e  

c o n s i d e r a b l y  f l a t t e r  t h a n  t h e  e x t r e m i t i e s .  F u r t h e r  t h e  ch an g e  

i n  d i r e c t i o n  i s  g r a d u a l ,  w i t h  no s i g n s  o f  d i s c o n t i n u i t y , so  

t h a t  i t  i s  d i f f i c u l t  t o  s e l e c t  p o s i t i o n s  a t  w h ic h  i t  may be 

s a i d  t o  o r i g i n a t e .  The p r e s s u r e  v a l u e s  on t h i s  f l a t t e r  p a r t  

o f  t h e  1200°C i s o t h e r m  r a n g e  f ro m  r o u g h ly  4 m.rn. o f  m e rc u ry  

p r e s s u r e  down t o  1  m.m. ( t h e  v a l u e  to w a r d s  t h e  c e n t r e  i s  a p p r o x 

i m a t e l y  2 rn .m .) .  On s u b s t i t u t i n g  t h e s e  v a l u e s  on a  c o n t i n u a t i o n  

o f  t h e  l o g a r i t h m i c  d ia g r a m  g i v e n  i n  F i g .  34 i t  i s  fo u n d  t h a t  

t h e  h i g h e s t  o f  them  (4  m.m. p r e s s u r e )  i s  s l i g h t l y  lo w e r  t h a n  

t h e  v a l u e  i n d i c a t e d  by  t h e  u p p e r  p a r t  o f  c u r v e  (b )  when p ro d u c e d  

t o  t h e  x^osi'k ion c o r r e s p o n d i n g  t o  a  t e m p e r a t u r e  o f  1 2 0 0 °C.

The v a l u e s  on t h e  c e n t r a l  p o r t i o n  o f  t h e  1100°C i s o t h e r m  a r e  

r e l a t e d  t o  c u r v e  (b )  i n  r o u g h ly  t h e  same w ay. The w ork  o f  

Sosman an d  H o s t e t t e r  was c a r r i e d  o u t  w i t h  g r e a t  a t t e n t i o n  t o  

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

a t e l y  a t  v e r y  low  p r e s s u r e s .  S in c e  t h e  v a l u e s  t a k e n  above  l i e  

so c l o s e  t o  t h e  e x t e n s i o n  o f  t h e  u p p e r  p a r t  o f  c u rv e  (b )  i t  

seems t o  c o n f i r m  t h a t  t h e  d e v i a t i o n s  fo u n d  i n  t h e  lo w e r  p a r t s  

o f  c u r v e s  ( a )  and  (b )  and i n  ’W a ld e n 's  c u rv e  a r e  due t o  e r r o r s  

i n h e r e n t  i n  t h e  a p p a r a t u s  w h ich  m a n i f e s t  t h e m s e lv e s  a t  low p r e s s 

u r e s  .

I t  i s  r a t h e r  d i f f i c u l t  t o  e x p l a i n  t h e  e x a c t  fo rm  o f  t h e

os man and h o s t e t t e r  cu rv es ,  however, u n le s s  i t  be postu lc tted



t h a t  t h e  s y s te m  F e 2 0 ^ - F e ^ 0 ^ i s  s u b j e c t  t o  a  fo rm  o f  h y s t e r e s i s  

a t  low  t e m p e r a t u r e s  (1100°C  an d  L 2 0 0 °Q ),  o r  t h a t  t r a c e s  o f  

some i m p u r i t y ,  c a u s i n g  x j r o g r e s s i v e  d e T jr e s s io n  o f  t h e  p r e s s u r e  

a s  t h e  c o n c e n t r a t i o n  o f  t h e  d e c r e a s e d ,  w ere  p r e s e n t  i n

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

g r a d i e n t s  t h r o u g h o u t  t h e  m ass o f  t h e  sa m p le  t a k e n  c o u l d  p r o b a b l y  

h a v e  p r o d u c e d  t h e  same e f f e c t  a s  h a s  a l r e a d y  b e e n  n o t e d .



THE EFFECT OF CaO ON THE DISSOCIATION OF Fe^O ^: THE    -----------

'.DISSOCIATION PRESSURES OF THE CALCIUM FEB RIIES.

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

f e r r i t e s  t h e  same t e c h n i q u e  was em ployed  a s  h a s  a l r e a d y  b e e n  

d e s c r i b e d  i n  t h e  c a s e  o f  t h e  w ork  on i ^ O ^  * ^  f i r s t  t h e

compound w as p r e p a r e d  a s  a  s e p a r a t e  o p e r a t i o n ,  b u t  l a t e r  

t h e  r e q u i s i t e  am o u n ts  o f  CaO and  FegO^ w ere  m ixed  t o g e t h e r ,  

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

e r a t u r e  u n d e r  a  p r e s s u r e  o f  1-J- a tm o s p h e r e s  o f  o x y g e n .  On 

c o o l i n g  t h e  m a t e r i a l  v/as r e a d y  f o r  i n v e s t i g a t i o n .  F o r  r e a s o n s  

g i v e n  l a t e r  t h i s  c o o l i n g  h a d  t o  be  c a r r i e d  o u t  v e r y  s lo w l y ,  a t  

l e a s t  u n t i l  f r e e z i n g  was c o m p le t e .

M o n o ca lc iu m  F e r r i t e : On h e a t i n g  m o n o ca lc iu m  f e r r i t e  i n  v ac u o

no m e a s u r a b l e  p r e s s u r e  was d e v e lo p e d  t i l l  t h e  i n c o n g r u e n t  

m e l t i n g  p o i n t  ( s e e  t h e  t h e r m a l  e q u i l i b r i u m  d ia g r a m  o f  t h e  

s y s te m  CaO-Fe^O^, F i g .  29) was r e a c h e d .  At t h i s  t e m p e r a t u r e  

(1 2 1 6 °C )  a  s u d d e n  i n c r e a s e  i n  p r e s s u r e  t o o k  p l a c e ,  shown by a  

d e f i n i t e  s t e p  i n  t h e  p r e s s u r e - t e m p e r a t u r e  c u r v e . The p r e s s u r e  

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

e q u i l i b r i u m  p r e s s u r e  o f  t h e  p u r e . f u s e d  compound a s  FeO ( o r  Fe^O^) 

w o u ld  be  fo rm e d  by t h e  p r o c e s s  o f  d i s s o c i a t i o n .  The a c t u a l  

p r e s s u r e  d e v e lo p e d  was fo u n d  t o  d ep en d  on t h e  w e ig h t  o f  t h e  

c a l c i u m  f e r r i t e  t a k e n  and  a l s o  on t h e  volum e o f  t h e  a p p a r a t u s .

I t  was t h u s  e v i d e n t  t h a t  c o n s i d e r a t i o n s  s i m i l a r  t o  t h o s e  

g o v e r n i n g  t h e  d i s s o c i a t i o n  o f  F e 2 ^^ a p p l i e d  and  t h a t  t h e  f e r r o u s  

o x id e  fo rm e d  w en t i n t o  s o l u t i o n ,  t h e  d i s s o c i a t i o n  o f  t h i s  

s o l u t i o n  b e i n g  a  f u n c t i o n  o f  c o m p o s i t i o n  a s  w e l l  a s  o f  t e m p e r a t u r e  

Huns w e r e ,  t h e r e f o r e ,  made w i t h  v a r y i n g  i n i t i a l  p r e s s u r e s  o f  

oxygen  i n  t h e  t u b e  a s  was done i n  t h e  i n v e s t i g a t i o n  o f  F e 2 0 ^ .

I t  was fo u n d  t h a t , a s  t h e  i n i t i a l  p r e s s u r e  was i n c r e a s e d ,  a  

'v a l u e  was u l t i m a t e l y  r e a c h e d  a t  w h ich  t h e  b r e a k  i n  t h e  p r e s s u r e /  

t e m p e r a t u r e  c u r v e  was d i s p l a c e d  t o  a  h i g h e r  t e m p e r a t u r e . T h is  

a p p e a r s  t o  o c c u r  a s  n e a r l y  a s  c o u ld  oe d e t e r m in e d ,  a t  a  p r e s s u r e  

o f  a p p r o x i m a t e l y  24 cm. o f  m e rc u ry .  T h is  h a s ,  t h e r e f o r e ,
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b e e n  t a k e n  a s  t h e  d i s s o c i a t i o n  p r e s s u r e  o f  C a O .E ^ O ^  a t  t h e

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

i n d i c a t e d  by t h e  p h a s e  d i a g r a m .  F o r  h i g h e r  o x y g en  p r e s s u r e s

t h e  b r e a k  i n  t h e  c u r v e  a p p e a r s  t o  be  d i s p l a c e d  t o  p r o g r e s s i v e l y

h i g h e r  t e m p e r a t u r e s , t h o u g h  t h e  r a t e  o f  t e m p e r a t u r e  r i s e  w i t h

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

e x a c t l y .  A num ber o f  t h e  i n d i v i d u a l  p r e s s u r e / t e m p e r a t u r e

c u r v e s  a r e  shown i n  P i g s .  38 an d  39 t h e  w e ig h t  o f  m a t e r i a l

u s e d  b e i n g  i n d i c a t e d  i n  e a c h  c a s e .  The d i s s o c i a t i o n  p r e s s u r e /  
c u r v e

t e m p e r a t u r e ^ © b t a i n e d  f ro m  t h e  b r e a k s  i n  t h e  v a r i o u s  i n d i v i d u a l  

c u r v e s  i s  shown i n  P i g .  4 1 .  The u p p e r  p o r t i o n  o f  t h i s  c u r v e  

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

u r e  o f  P e 2 0 ^ ,  p a r t  o f  t h i s  shown by  t h e  b r o k e n  l i n e .  T h i s  

w o u ld  a p p e a r  t o  v e r i f y  t h e  p e r i t e c t i c  d i s s o c i a t i o n  i n d i c a t e d  

by  t h e  p h a s e  d i a g r a m ,  t h e  p r e s s u r e  r e c o r d e d  b e i n g  due t o  t h e  

d i s s o c i a t i o n  o f  t h e  f r e e  PegO^ l i b e r a t e d  a t  t h e  p e r i t e c t i c .

Below  t h e  p e r i t e c t i c  t e m p e r a t u r e  t h e  d i s s o c i a t i o n  p r e s s u r e  

i s  p r o b a b l y  im m e a s u ra b ly  s m a l l  due t o  t h e  s t a b i l i t y  o f  t h e  

com pound. I t  was f u r t h e r  o b s e r v e d  t h a t ,  f o r  a  g i v e n  t e m p e r 

a t u r e  ab o v e  t h e  p e r i t e c t i c ,  t h e  am ount o f  o x y g en  l i b e r a t e d ,  

a s  shown by  t h e  s i z e  o f  t h e  s t e p  on t h e  c u r v e ,  d e c r e a s e d  a s  

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

d i s s o c i a t i o n  d e p e n d s  on t h e  o x ygen  p r e s s u r e  o v e r  t h e  l i q u i d  

m e l t . I t  was d e m o n s t r a t e d  by  v e r y  s lo w  r a t e s  o f  c o o l i n g  

t h a t  t h e  c h a n g e  was r e v e r s i b l e  ( s e e  c u r v e  V I I ,  P i g .  3 8 ) ,  a l t h o u g h  

w i t h  some d i f f i c u l t y ,  o n ly  a  p o r t . i o n  o f  t h e  l i b e r a t e d  o x ygen  

b e in g  g e n e r a l l y  p i c k e d  up  u n d e r  t h e  p r e s s u r e  a t  w h ic h  i t  was 

g iv e n  o f f .  Prom a  c o n s i d e r a t i o n  o f  P i g .  41 i t  i s  c l e a r  t h a t  

u n d e r  lov/ o x y g en  p r e s s u r e s  t h e  p i c k  up  o f  o x ygen  c a n  o c c u r  

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

Hence o x i d a t i o n  and  f r e e z i n g  m ust be p r o c e e d i n g  s i m u l t a n e o u s l y  

th u s  i n c r e a s i n g  t h e  d i f f i c u l t y  o f  oxygen  p i c k  u p .

I n  t h i s  c o n n e c t i o n  a  c o m p l i c a t i o n  a r o s e  w h ic h  w o u ld  t e n d  

"to make t h e  a p p a r e n t  d i s s o c i a t i o n  t o o  g r e a t .  I n  o r d e r  t o  

o b t a i n  a s  n e a r l y  1 0 0 $  OaO.Pe^O^ a s  p o s s i b l e  f o r  t h e s e  e x p e r i m e n t s



t h e  m o l t e n  m a t e r i a l  was a lw a y s  a l l o w e d  t o  f r e e z e  a s  s l o w l y  a s  

p o s s i b l e  u n d e r  a  p r e s s u r e  o f  1-J- a tm o s p h e r e s  o f  o x y g e n .  I t  

was d i s c o v e r e d  t h a t  i n  f r e e z i n g  o x ygen  was v e r y  o f t e n  e n t r a p p e d  

w i t h i n  t h e  m e l t . T h i s  o x y g en  was t h e n  l i b e r a t e d  d u r i n g  t h e  

n e x t  h e a t i n g  u n d e r  a  lo w e r  p r e s s u r e  and  r e s u l t e d  i n  a  s lo w  r i s e  

o f  p r e s s u r e  b e lo w  t h e  m e l t i n g  p o i n t ,  o r  ( p r e s u m a b l y ) ,  when i t  

c o u l d  n o t  be  d e t e c t e d ,  a s  a n  i n c r e a s e d  o x ygen  e v o l u t i o n  on 

m e l t i n g .  T h i s  f a c t  was o n l y  r e a l i s e d  when one o f  t h e  p l a t i n u m  

c r u c i b l e s  was " b a l l o o n e d  o u t "  due t o  t h e  i n t e r n a l  p r e s s u r e .

Prom t h e  i n d i v i d u a l  p r e s s u r e / t e m p e r a t u r e  c u r v e s  shown i n  

P i g s .  38 and  39 i t  was p o s s i b l e ,  a s  i n  t h e  c a s e  o f  P e 2 0 ^ t o  

m e a s u re  t h e  am o u n ts  o f  o x ygen  e v o lv e d  by t h e  v a r i o u s  m e l t s  a t  

a  g i v e n  t e m p e r a t u r e  an d  h e n c e  by c a l c u l a t i o n  t o  f i n d  t h e  am ount 

o f  PeO o r  Pe^O^ fo rm e d  i n  e a c h  c a s e  b e f o r e  e q u i l i b r i u m  was 

a t t a i n e d .  F u r t h e r  when m e l t s  w ere  r u n  w i t h  a  g r e a t e r  p r o p o r t i o n  

o f  P e 2 0 ^ t h a n  r e q u i r e d  f o r  t h e  c o m p o s i t i o n  CaO.PegO^ d i s s o c i a t i o n  

b e g a n  a t  a  lo w e r  t e m p e r a t u r e , due p r e s u m a b ly  t o  t h e  f r e e  P e 2 0 ^ 

a n d  i n  a d d i t i o n  an  i n c r e a s e d  am ount o f  d i s s o c i a t i o n  was o b t a i n e d  

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

(1 2 7 2 ° C ) .  M o re o v e r  t h i s  i n c r e a s e  c o u ld  n o t  be a c c o u n te d  f o r  

q u a n t i t a t i v e l y  by  t h e  d i s s o c i a t i o n  o f  t h e  ad d ed  P e 2 0 ^ a s  s u c h .

I t  i s  a p p a r e n t , t h e r e f o r e , t h a t  t h e  amount o f  l im e  i s  a l s o  a  

f a c t o r i n  t h e  e q u i l i b r i u m  i n  a d d i t i o n  t o  t e m p e r a t u r e  and  o x ygen  

p r e s s u r e .  P o r  t h e  p u r p o s e s  o f  g r a p h i c a l  r e p r e s e n t a t i o n ,  t h e  

PeO fo rm e d  i n  t h e  m e l t  wra s  e x p r e s s e d  a s  a  m o l e c u l a r  p e r c e n t a g e  

o f  t h e  t o t a l  PeO + P e 2 0 ^ f o r  a  g i v e n  m o l e c u l a r  r a t i o  o f  CaO t o  

PeO + - P e 2 0^ t h e  ch an g e  i n  t h i s  r a t i o  due t o  oxygen  e v o l u t i o n  

b e i n g  so  s m a l l  a s  t o  be n e g l i g i b l e .  The r e s u l t s  o b t a i n e d  a r e  

shown i n  P i g  42 , c u r v e  I  sh o w in g  e q u i l i b r i u m  c o n d i t i o n s  i n  

m e l t s  o f  t h e  o r i g i n a l  c o m p o s i t io n  CaO.FegO^ and c u rv e  I I  i n  m e l t s  

i n  T /hich t h e  P e 2 0 ^ was o r i g i n a l l y  i n  e x c e s s  o f  t h e  CaO i n  t h e  

m o l e c u l a r  r a t i o  1 . 6 4 : 1 .  The c u r v e s  on w h ich  t h i s  l a t t e r  c u rv e  

i s  b a s e d  a r e  shown i n  P i g .  4 0 .  I t  s h o u ld  be p o i n t e d  o u t  t h a t  

th e  m e l t  o f  c u r v e  V I, P i g .  40 h ad  b een  p r e v i o u s l y  m e l te d  and 

sv en  th o u g h  i t  was a l lo w e d  t o  f r e e z e  u n d e r  t h e  n i g n e s t  p o s s i o l e
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o x y g en  p r e s s u r e  i t  i s  im p r o b a b le  t h a t  a l l  t h e  i r o n  o x id e  w ou ld  

be  c o n v e r t e d  b a c k  t o  t h e  f e r r i c  s t a t e . The u p p e r  p o i n t  on 

c u r v e  I I ,  F i g .  42 w i l l  t h e r e f o r e  be d i s p l a c e d  som ew hat t o  t h e  

l e f t  o f  i t s  t r u e  v a l u e .

D i c a l c i u m  F e r r i t e : The i n v e s t i g a t i o n  o f  t h e  d i s s o c i a t i o n  o f

d i c a l c i u m  f e r r i t e  was r e n d e r e d  d i f f i c u l t  by t h e  i n a b i l i t y  o f  t h e  

t u b e s  t o  s t a n d  up  t o  t h e  h i g h e r  t e m p e r a t u r e s  i n v o l v e d  when 

t h e  p r e s s u r e  i n s i d e  was much below' a t m o s p h e r i c .  I t  was p o s s i b l e  

h o w e v e r ,  t o  h e a t  t h e  compound i n  v a c u o  t o  t e m p e r a t u r e s  i n  

e x c e s s  o f  t h e  p e r i t e c t i c  t e m p e r a t u r e  o f  t h e  m o n o c a lc iu m  com

pound  an d  no r i s e  i n  p r e s s u r e  was a p p a r e n t . H ence i t  i s  

e v i d e n t  t h a t  t h e  o x y g en  p r e s s u r e  o f  t h i s  compound i s  t o o  s m a l l  

f o r  m e a su re m e n t  b e lo w  t h e  m e l t i n g  p o i n t . A r u n  was a l s o  made 

w i t h  o x y g en  i n  t h e  t u b e  a t  a  p r e s s u r e  o f  o v e r  1  a tm o s p h e r e .

A t 1436°C , t h e  t e m p e r a t u r e  o f  t h e  p e r i t e c t i c  t r a n s f o r m a t i o n  

o f  d i c a l c i u m  f e r r i t e ,  a  d i s t i n c t  s t e p  was o b t a i n e d  a s  shown i n  

c u r v e  IV , F i g .  43• When an  a p p r o x i m a te ly  s i m i l a r  p r e s s u r e  

o f  n i t r o g e n  was em ployed  a s  i n  c u r v e  V F i g .  43 a  much l a r g e r  

s t e p  was o b t a i n e d  a t  t h e  same t e m p e r a t u r e . The same c o n s i d e r 

a t i o n s ,  t h e r e f o r e ,  seem t o  a p p ly  t o  t h i s  compound a s  t o  t h e  

m o n o c a lc iu m  com pound, t h e  r i s e  i n  p r e s s u r e  b e i n g  p r o b a b l y  • 

due t o  t h e  d i s s o c i a t i o n  o f  F e 2 0 ^ l i b e r a t e d  a t  t h e  p e r i t e c t i c .

A s e r i e s  o f  r u n s  was c a r r i e d  o u t  w i t h  v a r y i n g  m i x t u r e s  

o f  o x y g en  and  n i t r o g e n  a t  a  p r e s s u r e  o f  a p p r o x i m a te ly  one 

a tm o s p h e r e  i n  t h e  t u b e . The c u r v e s  o b t a i n e d  a r e  r e p r o d u c e d  

i n  F i g ,  43 w i t h  d e t a i l s  o f  t h e  w e i g h t s  t a k e n  and  o f  t h e  p r o p o r 

t i o n s  o f  o x y g en  and  n i t r o g e n  em p lo y ed .  W ith  t h e  a p p a r a t u s  

a v a i l a b l e  i t  was i m p o s s i b l e  t o  d i s p l a c e  t h e  i n i t i a l  oxygen  

e v o l u t i o n  t o  h i g h e r  t e m p e r a t u r e s .  The r e a s o n  i s  o b v io u s  

f ro m  a  c o n s i d e r a t i o n  o f  t h e  d i s s o c i a t i o n  p r e s s u r e  c u rv e  o f  

p u r e / F e 2 0 ^ .  A p r e s s u r e  o f  t h e  o r d e r  o f  th o u s a n d s  o f  a tm o s 

p h e r e s  w o u ld  be n e c e s s a r y .  By t h e  m ethods  a l r e a d y  d e s c r i b e d  

t h e  m o l e c u l a r  percentage o f  FeO re c k o n e d  a g a i n s t  t h e  t o t a l  

FeO + Feo0^ was again calculated for different pressures ofd 0
oxygen  i n  the tube, this time at a ternperatuie of 1485 0*



The r e s u l t s ,  p l o t t e d  a g a i n s t  o x y g en  p r e s s u r e ,  a r e  shown i n  

P i g .  4 4 ,  t h e  c u r v e  b e i n g  a p p a r e n t l y  o f  t h e  same fo rm  a s  t h a t  

o b t a i n e d  i n  t h e  c a s e  o f  m o n o c a lc iu m  f e r r i t e  a t  1 2 7 2 °C.

SIGNIFICANCE OP THE EXPERIi/IEhl^iL HESULTS:

P e 2 0 ^ on h e a t i n g  t o  h i g h  t e m p e r a t u r e s  t e n d s  t o  d i s s o c i a t e ,

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

o v e r  1 2 0 0 ° C . The PeO o r  Pe^O^ fo rm ed  by t h i s  d i s s o c i a t i o n

i s ,  h o w e v e r ,  a p p a r e n t l y  s o l u b l e  t o  a  l i m i t e d  e x t e n t  i n  t h e

r e m a i n i n g  P e 2 0 ^ ,  t h e  r e s u l t  b e i n g  t h e  f o r m a t i o n  o f  a  s o l i d

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

t h a t  o f  t h e  p u r e  f e r r i c  o x i d e .  N e v e r t h e l e s s ,  t h e  d i s s o c i a t i o n

p r e s s u r e  o f  t h i s  s o l i d  s o l u t i o n ,  , e v e n  v/hen s a t u r a t e d  w i t h  Fe->0 , ,5 4 1
a l s o  i n c r e a s e s  r a p i d l y  a t  t e m p e r a t u r e s  o v e r  1400°C . P o r  

i n s t a n c e ,  a t  1450°C i t  h a s  r e a c h e d  a  v a l u e  o f  o v e r  an  a tm o s 

p h e r e .  H e n c e ,  u n l e s s  t h e  o x ygen  p r e s s u r e  i n  t h e  s u r r o u n d i n g  

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

P e 2 0 ^ - r i c h  s o l i d  s o l u t i o n  w i l l  t a k e  p l a c e  w i t h  t h e  f o r m a t i o n  

o f  Pe^O^ c o n t a i n i n g  FegO^ s o l u t i o n , , t h e  e x a c t  c o m p o s i t i o n  

d e p e n d in g  on t h e  oxygen  p r e s s u r e . To c a u s e  d i s s o c i a t i o n  t o  

p r o c e e d  p a s t  t h e  s t a g e  o f  Pe^O^ v e r y  h i g h  v a c u a  o r  v e r y  h i g h  

t e m p e r a t u r e s  ( o r  b o t h )  ow ing  t o  i t s  low  d i s s o c i a t i o n  p r e s s u r e  

and  g r e a t  s t a b i l i t y . I n  o t h e r  w o r d s , by v i r t u e  o f  t h e  fo rm 

a t i o n  o f  t h e  s t a b l e  com plex  Pe^O^, PeO can  s t a b i l i z e  an  e q u i v 

a l e n t  am ount o f  P e o0 ^ .

The a c t i o n  o f  CaO i s  e s s e n t i a l l y  s i m i l a r  i n  n a t u r e ,  b e i n g  

t h e  r e s u l t  o f  t h e  f o r m a t i o n  o f  s t a b l e  com pounds, nam ely  t h e  

c a l c iu m  f e r r i t e s .  T hese  a r e  a p p a r e n t l y  c o m p le t e ly  s t a b l e  i n  

t h e  s o l i d  s t a t e .  On m e l t i n g ,  due t o  t h e  p e r i t e c t i c  d i s s o c i a t i o n  

w h ic h  t h e y  u n d e r g o ,  t h e y  d e v e lo p e  an  oxygen  p r e s s u r e .  The 

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

p r o b a b l y  t h e  same a s  t h e  p r e s s u r e  from  P e 2 0 ^ im c o n ta m in a te d  

w i t h  a n y  f e r r o u s  i r o n .  (Compare P i g s .  53 arj-d 4 1 ) .  Im m e d ia te ly  

d i s s o c i a t i o n  t a k e s  j j l a c e , how ever ,  t h e  c o n d i t i o n s  in  t h e  two 

c a s e s  a r e  d i f f e r e n t ,  and t h e  r a t i o  o f  fe r ro u s  oxide to  f e r r i c  

o x id e  f o r  a r iven  tem pera tu re  and oxygen p r e s s u r e  d i f f e r s  vex^



c o n s i d e r a b l y  i n  t h e  two c a s e s . ; The am ount 'o f  d i s s o c i a t i o n  

t a k i n g  p l a c e  i n  m o n o c a lc iu m  f e r r i t e  m e l t s  a t  1 2 7 2 °G a t  o x y g en  

p r e s s u r e s  o v e r  5 cm. o f  m e rc u ry  i s  a c t u a l l y  g r e a t e r  t h a n  th a t -  

t a k i n g  p l a c e  i n  p u r e  F e 20^ uri(ier same c o n d i t i o n s  . T h i s  

c a n  be  s e e n  by  c o m p a r in g  t h e  FegO^-Fe^O^ i s o t h e r m  a t  1272°C  

( F i g .  3 6 ) w i t h  t h e  p r e s s u r e / c o m p o s i t i o n  c u r v e  o f  C a 0 .F e 20^

( F i g .  42 )  a l l o w i n g  f o r  t h e  f a c t  t h a t  t h e  fo rm e r  i s  e x p r e s s e d  

i n  m o l e c u l a r  p e r c e n t a g e s  o f  Fe^O^ and  t h e  l a t t e r  i n  m o l e c u l a r  

p e r c e n t a g e s  o f  FeO. Thus t h e r e  seem s t o  be  a  g r e a t e r  t e n d e n c y  

f o r  f e r r o u s  i r o n  t o  fo rm  i n i t i a l l y  i n  t h e  f e r r i t e  t h a n  i n  t h e  

" e 2°3* T h i s  may b e  due t o  t h e  d i f f e r e n t  c o n d i t i o n s  e x i s t i n g  

i n  t h e  l i q u i d  and  s o l i d  s t a t e s , a s  t h e  f e r r i t e  i s  m o l t e n  a t  

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

p>lace, h o w e v e r ,  t h e  r e s u l t a n t  m e l t  i s  much more s t a b l e  t h a n  

t h e  m i x t u r e  o f  o x i d e s  o b t a i n e d  f ro m  t h e  p u r e  F e o0 ^ .  F o r  

ex am p le  on d e c r e a s i n g  t h e  o x y g en  p r e s s u r e  t o  v e r y  low  v a l u e s ,  

t o  1 cm. o f  m e rc u ry  s a y ,  i t  i s  shown by  t h e  F e ^ ^ - F e ^ O ^  i s o 

th e r m  t h a t  d i s s o c i a t i o n  w i l l  p r o c e e d  t i l l  t h e  F e ^ O ^ - r i c h  s o l i d  

s o l u t i o n  i s  fo rm e d .  The f e r r i t e  m e l t  w i l l  o n l y  d i s s o c i a t e  

t i l l  a p p r o x i m a t e l y  l°/o o f  FeO i s  fo rm ed  ( r e c k o n e d  a s  a  p e r c e n t a g e  

o f  t h e  t o t a l  i r o n  o x i d e s ) .  A g a in ,  c o m p a r in g  t h e  e f f e c t s  o f  

r i s i n g  t e m p e r a t u r e ,  t h e  sh a p e  o f  t h e  i n d i v i d u a l  -p r e s s u r e /  

t e m p e r a t u r e  c u r v e s  o f  g i v e n  i n  F i g .  3 2 a  and b s h o u ld

be c o n t r a s t e d  w i t h  t h e  shape o f  t h o s e  f o r  C a 0 .F e 20^ g i v e n  i n  

F i g s .  38 and  3 9 . A l lo w in g  f o r  d i f f e r e n c e s  i n  w e ig h t s  t a k e n  

t h e  i n c r e a s e  o f  t h e  oxygen  e v o l u t i o n  f rom  t h e  i n i t i a l l y  p u r e

F e o0 * i s  much l a r g e r  t h a n  t h a t  f ro m  t h e  f e r r i t e .  I t  i s  t h u s  
2  3

e v i d e n t  t h a t  l im e  h a s  a  m arked s t a b i l i z i n g  e f f e c t  on Fe^O^ a t  

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

h a s  t a k e n  p l a c e .  I n  o t h e r  v /o rds ,  t h e  i n i t i a l  d i s s o c i a t i o n  

p r e s s u r e  i s  p>robably t h e  same i n  b o th  c a s e s ,  b u t  i n  t h e  c a s e  

o f  t h e  f e r r i t e  m e l t  t h e  p r e s e n c e  o f  a  v e r y  small- amount o f  FeO 

i s  s u f f i c i e n t  t o  c a u s e  t h e  d i s s o c i a t i o n  p r e s s u r e  t o  d ro p  t o  

v e r y  low  v a l u e s .  Though a  s i m i l a r  d ro p  t a k e s  p l a c e  w i t h  i n i t i a l 

ly pure  Fe.pO-^ in trie presence o f  FeO t h i s  is very  much less 
p ro n o u n c e d  and d i s s o c i a t i o n  a t  h i g h  temperatures (and unci ex



o r d i n a r y  o x y g en  p r e s s u r e s ) t e n d s  t o  p r o c e e d  u n t i l  t h e  c o m p le te  

c o n v e r s i o n  o f  a l l  t h e  o x id e  t o  Fe^O^ h a s  t a k e n  p l a c e .

A c o m p le te  p r e s s u r e / c o m p o s i t i o n  c u r v e  f o r  m o n o c a lc iu m  

f e r r i t e  i s  o n l y  a v a i l a b l e  f o r  1 2 7 2 ° 0  a t  p r e s e n t .  The o n l y  

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

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

c u r v e s  w h ic h  i n  m o st c a s e s  a r e  n o t  c o n t i n u e d  much ab o v e  1 ^ 0 0 °C . 

T h i s  may p r o b a b l y  be  e x p e c t e d  t o  i n c r e a s e  c o n s i d e r a b l y  a t  

t e m p e r a t u r e s  ro u n d  a b o u t  l 6 0 0 ° C ( s e e  f o r  i n s t a n c e  t h e  upw ard  

t r e n d  o f  c e r t a i n  o f  t h e  c u r v e s  o f  F i g .  3 8 ) .  F i g .  44 , h o w e v e r ,  

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

compound a t  1 4 8 5 °C . W ith  i n i t i a l l y  p u r e  Fe^O^ a t  t h i s  t e m p e r 

a t u r e  t h e  d i s s o c i a t i o n , e v e n  a t  o x y g en  p r e s s u r e s  o f  h a l f  an  

a t m o s p h e r e ,  w o u ld  b e  o f  t h e  o r d e r  o f  9 0 $ ,  i . e .  p r a c t i c a l l y  

c o m p le te  c o n v e r s i o n  t o  Fe^O^ w ou ld  r e s u l t .  F i g .  44 shows 

o n l y  4$ o f  FeO a t  a n  o x y g en  p r e s s u r e  o f  30cm. o f  m e r c u ry ,  and  

a p p r o x i m a t e l y  6 $  a t  10cm. o f  m e r c u ry .  T h is  i n d i c a t e s  t h e  

g r e a t  s t a b i l i t y  o f  t h e  F e 2 0 ^ i n  m e l t s  i n  w h ich  t h e  m o l e c u l a r  

r a t i o  o f  OaO t o  o x i d e s  o f  i r o n  i s  a s  2 : 1 .  T h i s  s t a b i l i t y  

a p p e a r s  t o  d e p en d  on t h e  l im e  c o n t e n t  o f  t h e  m e l t ,  t h e  

d i c a l c i u m  com pound, f o r  i n s t a n c e ,  b e i n g  much more s t a b l e  t h a n  

t h e  m o n o c a lc iu m  com pound .

H ence i t  i s  t o  be e x p e c te d ,  t h a t  i n  a  s l a g  c o n t a i n i n g  e x c e s s  

o f  CaO i n  p r e s e n c e  o f  FeO u n d e r  g i v e n  c o n d i t i o n s  o f  t e m p e r a t u r e  

and  o x y g en  p r e s s u r e  o x i d a t i o n  w i l l  t a k e  j j l a c e  u n t i l  t h e  oxygen  

p r e s s u r e  o f  t h e  s l a g  i s  e q u a l  t o  t h a t  o f  t h e  a tm o s p h e r e .  F o r  

a  g i v e n  l im e  c o n t e n t  t h e r e  w i l l  b e ,  a s  i n d i c a t e d  by t h e  above  

r e s u l t s ,  a  g i v e n  e q u i l i b r i u m  r a t i o  o f  F e 2 0 ^ t o  FeO (w h ich  w i l l  

v a r y  w i t h  t e m p e r a t u r e  and  oxygen  p r e s s u r e ) .  Once t h i s  r a t i o  

h a s  b e e n  a t t a i n e d  o x i d a t i o n  w i l l  c e a s e . The a c t i v e  l im e  c o n t e n t  

i n  t h i s  r e s j j e c t  w i l l  p r e s u m a b ly  be t h e  t r e e  l im e  a f t e r  c o m b in a t io n  

w i t h  S i 0 2  and  î a s  "̂ a ^ en  p l a c e • -̂n  a  ^ a s i °  s l a g  i n  c o n t a c t

w i t h  t h e  m e t a l  b a t h  t h e r e  w i l l  be a  c o n s t a n t  te n d e n c y  f o r  t h i s  

r a t i o  t o  be a t t a i n e d ,  w h i l e  s i m u l t a n e o u s l y  t h e  r e d u c t i o n  ox

^ep0- by the molten iron is taking place. In chis way the ol*0 
will nconvevM oxvxen to the bath. The theory o± the iuiiction



o f  l im e  i n  t h e  b a s i c  o p en  h e a r t h  p r o c e s s  a s  a d v a n c e d  by  McCance 

( I . e . )  and  o t h e r s  s e e m s ,  t h e r e f o r e ,  t o  be  i n  t h e  m a in  c o r r e c t .

One o f  t h e  e s s e n t i a l  d i f f e r e n c e s  b e tw e e n  t h e  a c i d  a n d  b a s i c  

p r o c e s s e s  w o u ld  seem  t o  be  t h a t  t h e  e q u i l i b r i u m  r a t i o  o f  I ^ O ^  

t o  FeO i n  t h e  s l a g  i s  p r o b a b l y  much g r e a t e r  u n d e r  g i v e n  c o n 

d i t i o n s  i n  t h e  l a t t e r  c a s e  t h a n  i n  t h e  f o r m e r .
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APPELDIX.

i iETEOD OF CALGULAIIHG- THE•COMPOSITION OF THE SOLID PHASE FOR

THE ISOTHERMS OF F I S .  3 6 .

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

w h ic h  a r e  shown i n  F i g .  32 ( a )  and  ( b ) ,  t h e  c o m p o s i t i o n  o f  t h e  

s o l i d  p h a s e  was o b t a i n e d  i n  t h e  f o l l o w i n g  m a n n e r .

At a  t e m p e r a t u r e  o f  127 2 °0  ( 1 4 .0 0  m .v .  on t h e  th e r m o c o u p le )  

c u r v e  X V II, F i g .  3 2 ( a )  shows a  p r e s s u r e  i n  t h e  t u b e  o f  4 .0 0  cm. 

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

i s  s e e n  t h a t ,  i f  t h e r e  h a d  b e e n  no e v o l u t i o n  o f  oxygen  f ro m  t h e  

F e 2 0 ^ ,  t h e  p r e s s u r e  w ou ld  h a v e  b e e n  2 . 9 0  cm. o f  m e rc u ry  a t  t h i s  

t e m p e r a t u r e . T h e re  i s  t h e r e f o r e  an  i n c r e a s e  due t o  o x ygen  

l i b e r a t i o n  o f  1 . 1 0  cm. o f  m e r c u ry .

As d e t e r m in e d  e m p i r i c a l l y ,  t h e  p r e s s u r e  i n  t h e  t u b e  i n c r e a s e s  

2 .2 3  t i m e s  b e tw e e n  room t e m p e r a t u r e  and  1272°C ( t h e " e x p a n s i o n  

f a c t o r "  m e n t io n e d  i n  t h e  t e x t ) .  H ence t h e  e q u i v a l e n t  d i f f e r e n c e  

o f  p r e s s u r e  a t  room t e m p e r a t u r e  ( 2 2 °G) = 0 .4 9 3  cm. o f  m e r c u ry .

Volume o f  a p p a r a t u s  = 1800 c . c .

H e n c e ,  w e ig h t  o f  o x ygen  l i b e r a t e d  = 0 .0 1 4 5  gm.

O r i g i n a l  w e ig h t  o f  F e 2 0^ = 3*0020 gm.

H ence m o l e c u l a r  p e r c e n t a g e  o f  Fe^O^ = 1 0 .8 8 $  a t  an  oxygen  p r e s s u r e  

o f  4.00 cm. o f  m e r c u ry .

By t h i s  m ethod  a  s e r i e s  o f  c o m p o s i t i o n s  c o r r e s p o n d i n g  t o  

v a r i o u s  p r e s s u r e s  v/ere c a l c u l a t e d  f o r  t h e  t e m p e r a t u r e s  1200°C, 

1272°C , 1345°G and  1415°C ( c o r r e s p o n d i n g  t o  1 3 .0 0 ,  1 4 .0 0 ,  1 5 .0 0  

and  16.00 m.v. r e s p e c t i v e l y ) .

The a c t u a l  w e i g h t s  o f  F e 2 0^ t a k e n  w ere  v a r i e d .  F o r  e x a m p le ,

i n  F i g .  3 2 ( a )  c u r v e s  XVI, X V II ,X V III  w ere  o b t a i n e d  u s i n g  3 .0 0 2 0

gm. F e 2 0^ and  c u r v e s  X I I I ,  XIV,XV w i t h  9*7243 gm. C u rv es  XIV

and ZGV w ere  g o t  a f t e r  c u rv e  X l l l h a d  b e e n  c o m p le te d ,  by d ra w in g

o f f  known am o u n ts  o f  o x y g en , so t h a t y ; even  w i t h  a l l  t h e  oxygen

i n  t h e  t u b e  com bined  w i t h  t h e  o x id e ,  t h e r e  would s t i l l  h av e  b een

some Fe.,0 ,. o r e s e n t . I n  t h e  c a l c u l a t i o n s  b ased  on t h e s e  c u r v e s  
5 4 -

t h i s  h a d  t o  be taken into account.
The table of values obtained for the i s o t h e r m  a t  1345°G i s



g i v e n  b e lo w  a s  a n  e x a m p l e .

o
A !

cm

Uc3
Hp H*
0 ^ 0  
0  A

rH 0  O Ph

P
I O A ' " '  
60 O  •
H • CM d  
H  P  0  ^ 0
O .lS pH '

I
c \ f n  • - - >  

O  0  >P • 
r O  0  a  

p  p  -h  p  5c
- O rH P  ■—

IU * *P 0  o
rH P h p  •. II o  P  f t p  o

o r: >- Oa 3  CD'—*O fH
L A O a
H ~ P 1 o
A •  O | >  p  .  o  *
i— 1 ! >  P •rH P P  H  £

.  Ch p> 0  p  a
EH cP H  - H  P  0
P P i p t j  cD n p  P P

o  ot— 1
O  - Hr

hH •  0 *

rA L A  p 0
i-Hr H r H  CD o
EH w  A p  a
O X P  o
CO P3 • H  ’— ■*
H zz O

0
Pi rHP o p  ■
0  p  -H p  
0  p  -H 0
0  0  -H o
H p  P  CMp
tonrf -HOP

0
H P•rl P O H

rH 0 P o
•H 0 ft o CM
p 0  a >h •
C71 fH o 0 Oft
w Pr a rH

P .
0 O 0
O S>
P • fH
0 O p
Ph Pi O H

CM O L A O ft H f r - H r H H -
CM O f r - A O ft o A O ft A A c - r H o

• ft • • • • • • • • • • • • •

O ft o L A H - CM CM A o A O ft A H A CM r H
H A H - f r - A fr- V O

t A C A A A A A A O o o O O A A A
H - H * H- H- H ~ H - H * CM CM CM CM CM O ft O ft A
CM CM CM CM CM CM CM o o o O o H r H H
l > - f r - I * - fr- fr- f r - o o o O ft O ft r H r H r H

• • • ft • • • • • • • • • « »

O ft O ft O ft O ft O ft O ft O ft A A A CM CM r H r H r H
i— 1 r H CM CM CM

CO CM CM CO o A CO H H- A o CM CM o CM
CM C D f r - H f r - 0 0 MO O CM f r - r H i— 1 CM r H CO
H " H - CM CM A V O V O H " 0 0 fr- CM r H A CM rH

o O O o i— 1 r H CM O o O 0 O O O o
* * * • • • • • • • *

o O O o o o o O o O o o o o o
o o o o o o o o o o A A A A A

CO CO co CO CO CO CO CO 0 0 0 0 CO CO 0 0 CO CO
(— i 1— 1 r H 1— 1 1— 1 r H r H r H H r H H i—1 H H r H

f r - CO f r - O ft 0 0 0 0 A CO A A O A V O

t A H ~ CC) V O A CM C O H - C O A O V O A
m ft • • • • • • • • 9 • •

H r H o o H " r H CM CM O O r H o O

L A o o o O ft A A o o O o o o
i—1 H * o C O o O ft O f r - A CO A A A

• • ft • • • • • • • • • •

t A L A CM i H o CM V O A r H CM r H r H

r H

LA O  O  O  HO A 0  A  0
•  •  •  * •

VO H  CM H' H
H  H  CM K\

A A Q O O O O O  
O O O C O O f t V O V O C M O  

•  • • • • • • *
COArHfr-VOOftH*H-[T\ p  tr\ IA t

o o o ^ o o o o o o o o o

H~ LA i—! i—I i—1
CVJ CA H  H  rH

H +H H t> +
1—i I—I I—I 1—I h3*;

r H
H

Oft C— Oft fr- rH LA LA 
tA VO H" LA [—•

H H
H 

H H

?><r} Jxj }x{ }x} {x̂  (X{ Jx! r**̂

H  H  H  H  H  H  H  
H H H H H > ; > ; > :  
>  >  > .................

0
A
EH

0
!>o
rO
P

ca
lc

u
la

ti
o

n
s 

fro
m

 
cu

rv
es

 
XI

V 
an

d 
XV 

w
er

e 
ob

ta
in

ed
 

in
d

ir
ec

tl
y

 
as 

ex
p

la
in

ed


