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CHAPTER I  

I n t r o d u c t i o n .

S i n t e r i n g  or a g g lo m e r a t in g  o f  i r o n  ore  was d e v e lo p e d  

a s  a m ethod o f  u t i l i s i n g  f i n e s  in  th e  b l a s t  f u r n a c e .  I t  

was o b v io u s  t h a t  f i n e s  c o u ld  n o t  be ch a rg ed  d i r e c t  or th e y  

w ou ld  impede th e  sm ooth  f lo w  o f  g a s e s  up  th e  fu r n a c e  

r e s u l t i n g  in  c h a n n e l in g  and s l i p p i n g  w i t h  c o n s e q u e n t  

d i f f i c u l t y  o f  c o n t r o l  and th e  p r o d u c t io n  o f  i n f e r i o r  i r o n .

On th e  o t h e r  hand i f  f i n e s  w ere a l lo w e d  t o  go t o  w a s te  th e  

l o s s  w ould  be c o n s i d e r a b l e  e s p e c i a l l y  a s  o p e r a t o r s  were  

b e g in n in g  t o  r e a l i s e  th e  im p o rta n ce  o f  c r u s h in g  th e  ch arge  

t o  be low  a c e r t a i n  maximum s i z e  th u s  p r o d u c in g  more f i n e s .  

The f i r s t  s i n t e r i n g  m ach in es  d e v e lo p e d  w ere d e s ig n e d  ‘m e r e ly  

t o  a g g lo m e r a te  th e  f i n e s  i n t o  lumps o f  s u f f i c i e n t  s t r e n g t h  

t o  w i t h s t a n d  th e  su p er in cu m b en t  ch a r g e  in  th e  f u r n a c e .  No 

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

a l t h o u g h  th e  p r o c e s s  a t t e m p te d  t o  produ ce  a p orous p r o d u c t  

w i t h  th e  o b j e c t  o f  e x p o s in g  a s  la r g e  a s u r f a c e  a s  p o s s i b l e  t o  

th e  r e d u c in g  g a s e s .  Thus f o r  many y e a r s  th e  o n ly  

p r o p e r t i e s  r e q u ir e d  o f  a s i n t e r  w ere  s t r e n g t h  and m acro­

p o r o s i t y .

I t  i s  now a w e l l  known f a c t  t h a t  i r o n  ore  s i n t e r s  show 

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

from  t e s t s  c a r r i e d  o u t  on f o u r t e e n  B r i t i s h  s i n t e r s  and  

s e v e r a l  o r e s  i t  can be s t a t e d  t h a t  a d e n se  ore  w i t h  poor  

r e d u c i b i l i t y  i s  more q u i c k l y  r e d u c e d  th a n  a good i n d u s t r i a l



s i n t e r .  The g e n e r a l  r e s u l t  o f  t h i s  i s  t h a t  i t  i s  n o t

g e n e r a l l y  fou n d  a d v a n ta g e o u s  to  u s e  more than  50 t o  40 per

c e n t  s i n t e r  i n  th e  fu r n a c e  burden p r o b a b ly  due to  th e

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

c o n d i t i o n s  in  th e  s h a f t .  The u s e  o f  t h i s  p e r c e n t a g e  o f

s i n t e r  has  i t s  a d v a n ta g e s  s u c h  a s  k e e p in g  th e  burden open

and u t i l i s i n g  f i n e s  and f l u e  d u s t .  A good h ard  porous

s i n t e r  can p r o v id e  v o i d s  f o r  g a s  f lo w  and so  g iv e  b e t t e r  gas

d i s t r i b u t i o n  and more u n ifo r m  p r e s s u r e  d rop  up th e  s h a f t

w i t h  c o n s e q u e n t  sm ooth er  r u n n in g  and h ig h e r  e f f i c i e n c y .
(1 )A c c o r d in g  t o  N e u s t a e t t e r 1s r e s u l t s  more coke i s  r e q u ir e d

t o  p r o v id e  v o i d s  f o r  t h e  b l a s t  th a n  t h a t  w h ic h  i s  r e q u ir e d

f o r  e i t h e r  th e  p r o d u c t io n  o f  h e a t  or r e d u c in g  p u r p o s e s .  The

u s e  o f  a p e r c e n t a g e  o f  s i n t e r  e l i m i n a t e s  t h i s  w a s te  o f  c o k e .  
( 2 )

E l l i o t  fou n d  t h a t  coke co n su m p tio n  d e c r e a s e d  w i t h  i n c r e a s e

o f  s i n t e r  in  th e  ch a rg e  t o  a b o u t  34 t o  39 per  c e n t  above
(3 )

w h ic h  i t  a g a in  i n c r e a s e d .  W il l ia m s  and S t u b b l e f i e l d  

s t a t e  t h a t  th e  g e n e r a l  o p in io n  o f  fu r n a c e  o p e r a t o r s  in  

A m erica i s  t h a t  th e  b e n e f i t s  o f  s i n t e r  b e g in  t o  make 

t h e m s e lv e s  m a n i f e s t  w i t h  a b o u t  1 0  t o  2 0  per  c e n t  s i n t e r  in  

th e  burden and c o n t in u e  t o  a b o u t  35 t o  45  per  c e n t .  These  

f i g u r e s  a r e  b a se d  on a h i g h  b lo w in g  r a t e .  T h is  seem s t o  

i n d i c a t e  t h a t  above a b o u t  35 p er  c e n t  th e  poor r e d u c i b i l i t y  

o f  th e  s i n t e r  b e g in s  t o  o u tw e ig h  th e  o t h e r  a d v a n t a g e s .  I t  

m ust n o t  be f o r g o t t e n  how ever t h a t  b l a s t  f u r n a c e s  h ave  been  

run s u c c e s s f u l l y  on 85 t o  100 p er  c e n t  s i n t e r  p r o v id e d  th e  

r a t e  o f  b lo w in g  and o t h e r  c o n d i t i o n s  a r e  a d j u s t e d  to  s u i t  

th e  d i f f e r e n t  r e q u ir e m e n ts  o f  an a l l  s i n t e r  b u rd en .  The



s t r e n g t h  o f  th e  s i n t e r  i s  a l s o  im p o r t a n t ,  s i n c e  i f  i t  

cru m b les  much o f  th e  v o id a g e  w i l l  be l o s t  w i t h  c o n s e q u e n t  

d e t r i m e n t a l  r e s u l t s  t o  gas d i s t r i b u t i o n .  A ssum ing t h a t  th e  

f u n c t i o n  o f  coke  and s i n t e r  i n  k e e p in g  th e  burden open i s  

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

cru m bles  can  be o b t a in e d  from  N e u s t a e t t e r ’ s r e s u l t s w h i c h  

show t h a t  when a coke o f  s t a b i l i t y  in d e x  4 3 . 6  per  c e n t  and 

a v e r a g e  s i z e  2 . 1 5  in c h e s  was r e p la c e d  by a coke o f  s t a b i l i t y  

in d e x  4 7 . 9  p er  c e n t  and a v e rq g e  s i z e  2 . 3 6  in c h e s  th e  volum e  

o f  b l a s t  f e l l  by 2 0 0 0  c .  f t .  p er  m in u te  due t o  th e  p o o rer  

s t r e n g t h  i n  s p i t e  o f  th e  l a r g e r  o r i g i n a l  s i z e .

I t  can th u s  be s e e n  t h a t  th e  a d v a n ta g e s  o f  s i n t e r  a s  i t  

i s  made a t  p r e s e n t  l i e  n o t  in  p r o v id i n g  a good s t a r t i n g  

m a t e r i a l  f o r  th e  p r o d u c t io n  o f  i r o n  b u t  o n ly  i n  c o n v e r t in g  

th e  f i n e s  t o  a form  w h ic h  can  be s u i t a b l y  u s e d  in  th e  b l a s t  

f u r n a c e .  W ith  th e  e v e r  i n c r e a s i n g  n eed  f o r  e f f i c i e n t  and  

econ om ic  p r o d u c t io n  th e  problem  o f  p r o d u c in g  a s i n t e r  w h ic h  

w i l l  be a s  r e d u c i b l e  as a n a t u r a l  ore  w h i l e  r e t a i n i n g  a 

s i n t e r ’ s p r o p e r ty  o f  s t r e n g t h  f o r  p r o m o tin g  good ga s  

d i s t r i b u t i o n  becom es more and more a c u t e .  W ith t h i s  o b j e c t  

i n  v ie w  t h e  f o l l o w i n g  work was u n d e r ta k e n  t o  s tu d y  th e  

m echanism  o f  f o r m a t io n ,  th e  m icro  and m a c r o s t r u c t u r e ,  

c o m p o s i t io n  and r e d u c i b i l i t y  o f  v a r i o u s  c l a s s e s  o f  s i n t e r s .
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5

P r e l im in a r y  Work.

In  o r d er  to  u n d e r s ta n d  s i n t e r s  and s i n t e r i n g  f u l l y  i t  

was c o n s id e r e d  t h a t  th e  f i r s t  n e c e s s i t y  was an u n d e r s t a n d in g  

o f  th e  m echanism  o f  s i n t e r i n g .  W ith  t h i s  i n  v ie w  some 

p r e l im in a r y  t e s t s  w ere  c a r r i e d  o u t .  The u s u a l  m ethod o f  

s i n t e r i n g  by m ix in g  th e  ore  coke and w a te r  and th e n  i g n i t i n g  

and s u c k in g  a i r  th ro u g h  th e  m ix t u r e ,  was c o n s id e r e d  

u n s a t i s f a c t o r y  f o r  t h i s  work a s  th e  number o f  v a r i a b l e s  

i n v o l v e d  w ould  make i t  v e r y  d i f f i c u l t  t o  make a th o ro u g h  

e x a m in a t io n  o f  th e  r e s u l t s .  A c c o r d in g ly  an a t t e m p t  was 

made t o  produce, s i n t e r  by m ix in g  pure FegOs w i t h  carb on  and  

h e a t i n g  i n  vacuum t o  a p r e d e te r m in e d  te m p e r a tu r e .  A l l  h e a t  

was s u p p l i e d  e x t e r n a l l y ,  th e  carb on  m e r e ly  s e r v i n g  as  a 

r e d u c in g  a g e n t  f o r  th e  FegO^. The a p p a r a tu s  u s e d  i s  shown 

in  f i g .  1 .  H eat was s u p p l i e d  by a molybdenum wound 

r e s i s t a n c e  f u r n a c e .  A Salam ander c r u c i b l e  c o n t a i n i n g  th e  

c h a rg e  r e s t e d  on alundum s t o o l s  i n s i d e  a M organ !te  tu b e  

w h ic h  c o u ld  be e v a c u a te d  t o  a p r e s s u r e  o f  0 .0 0 0 3  mm. m ercury  

by a Hyvac pump. The te m p e r a tu r e  was m easured by a 

t u n g s t e n  molybdenum th erm o co u p le  s i t u a t e d  o u t s i d e  th e  

M o rg a n ite  t u b e .  T h is  s i m p l i f i e d  th e  e x p e r im e n t a l  work  

c o n s i d e r a b l y  a s  th e  th erm o co u p le  once  p la c e d  in  p o s i t i o n  d id  

n o t  have  t o  be moved e x c e p t  f o r  o c c a s i o n a l  r e p a i r s .  The 

c a l i b r a t i o n  was done and c h eck ed  a t  r e g u l a r  i n t e r v a l s  

a g a i n s t  a known p la t in u m  p la t in u in -r h o d iu m  th er m o c o u p le  

w i t h  i t s  j u n c t i o n  i n s i d e  th e  Sa lam ander  c r u c i b l e ,  so  t h a t



a l t h o u g h  th e  j u n c t i o n  o f  th e  t u n g s t e n  molybdenum ’ c o u p le  

was a lw a y s  h ig h e r  than th e  c r u c i b l e ,  th e  te m p er a tu r e  o f  

th e  ch arge  c o u ld  be m easured  a c c u r a t e l y  by i t .  P i g .  2 

shows th e  tr u e  c a l i b r a t i o n  cu rv e  a lo n g  w i t h  a s h o r t e r  

c u r v e  w h ich  i n d i c a t e s  th e  te m p er a tu r e  i n s i d e  th e  c r u c i b l e  

o v e r  th e  w o rk in g  r a n g e .

The FegOg use(i  was p rep a red  by h e a t i n g  f e r r o u s  o x a l a t e  

in  a i r  a t  a b o u t  200°C t i l l  i t  decom posed t o  b la c k  f e r r o u s  

o x id e  and s u b s e q u e n t ly  o x i d i s e d  t o  b r i c k  r e d  FegOg w h ich  

was h e a t e d  t o  1 1 0 0 °C . f o r  one hour in  a s tr ea m  o f  o x y g e n .

I t  was th en  c o o le d  in  oxygen  a f t e r  w h ic h  t r e a tm e n t  th e  

c o lo u r  had d eep en ed  t i l l  i t  was a lm o s t  b l a c k .  T h is  FegO^ 

was now m ixed w i t h  5 per c e n t  carb on  and h e a t e d  t o  12 0 0 °C .  

f o r  60 m in u t e s .  On c o o l i n g  th e  fu r n a c e  and rem ov in g  th e  

ch a rg e  a f a i r l y  d e n se  s i n t e r  was fou n d  t o  have b een  

p r o d u ce d .  S e v e r a l  o th e r  s i n t e r s  w ere now made i n  a s i m i l a r  

manner u s i n g  2 ,  3 ,  and 4 per  c e n t  carb on  and v a r io u s  

t e m p e r a tu r e s  from 1 0 5 0 °C . t o  1 3 0 0 ° 0 .  I t  was fou nd  t h a t  th e  

c h a r g e  d id  n o t  s i n t e r  s a t i s f a c t o r i l y  be low  1 1 5 0 °C . An 

e x a m in a t io n  o f  th e  m i c r o s t r u c t u r e  o f  t h e s e  s i n t e r s  proved  

u n s a t i s f a c t o r y .  No r e g u l a r  v a r i a t i o n ,  a s  th e  carb on  

c o n t e n t  i n c r e a s e d ,  c o u ld  be, fou n d  and i t  was s u s p e c t e d  t h a t  

th e  Salam ander c r u c i b l e  p r o b a b ly  p la y e d  a c o n s i d e r a b l e  p a r t  

in  th e  r e d u c t i o n .  A c c o r d in g ly  f o r  f u r t h e r  work i t  was 

r e p l a c e d  by a p la t in u m  c r u c i b l e .  T hese  f i r s t  e x p e r im e n ts  

h ow ever  s u c c e e d e d  In t h e i r  aim  w h ic h  was t o  i n v e s t i g a t e  th e  

p o s s i b i l i t y  o f  s i n t e r i n g  i r o n  o x i d e s  below  t h e i r  m e l t i n g  

p o i n t  w i t h o u t  any s l a g  b on d .
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CHAPTER I I I
9

I n v e s t i g a t i o n  o f  th e  I r o n  Oxygen 
Diagram  and th e  Mechanism o f  

S i n t e r i n g  Iro n  O x id e s .__________

There a r e  two main ty p e s  o f  i r o n - o x y g e n  d iagram s

p u b l i s h e d  i n  c u r r e n t  l i t e r a t u r e .  F ig u r e  3 was co m p iled
(4 )by M atthewson S p ir e  and M i l l i g a n  ' sh ow in g  an e u t e c t i c  a t

1 1 5 0 °C . b e tw een  w i l s t i t e  and Fe^O^. A s i m i l a r  d iagram  by
( 5 )

B e n e d ic t s  and L o f q u i s t  shows an e u t e c t i c  a t  1 2 0 0 °C .

F ig u r e  4 has b een  c o m p iled  from th e  work o f  T r i t t o n  and 

H a n s o n ^ ,  J e t t e  and F oote  P f e i l ^ ,  W hite  Graham and  

Hay  ̂ and W hite   ̂ B o th  J e t t e  and F o o te  Ts X ra y

r e s u l t s  and P f e i l ’ s th erm a l r e s u l t s  f o r  th e  w i l s t i t e  ran ge  

a r e  show n, th e  form er b e in g  d o t t e d .
(11 )In  a paper by P r o f e s s o r  Hay and th e  a u th o r  , a 

m ic r o  p h o to g ra p h  was shown w h ic h  c o u ld  be i n t e r p r e t e d  as  

sh o w in g  th e  e u t e c t i c  b e tw een  w i l s t i t e  and m a g n e t i t e .  I t  

was f u r t h e r  s t a t e d  however t h a t  from  e x a m in a t io n  o f  many 

s e c t i o n s  th e  a u th o r s  were i n c l i n e d  t o  ta k e  th e  v iew  t h a t  no 

s u c h  e u t e c t i c  e x i s t e d ,  b u t t h a t  th e  s t r u c t u r e  shown was 

produ ced  by c r y s t a l l i s a t i o n  o f  m a g n e t i t e  from a 

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

In  o rd er  t o  d e te r m in e  w h ic h  ty p e  o f  d iagram  was c o r r e c t  

m ix t u r e s  w ere made c o n s i s t i n g  o f  64 p er  c e n t  ” FeO” and  

36 p er  c e n t  Fe2 C>3 , w h ic h  i s  th e  c o m p o s i t io n  o f  th e  e u t e c t i c  

in  f i g u r e  3 .  T hese m ix t u r e s  c o n t a in e d  in  a p la t in u m  

c r u c i b l e  w ere  h e a t e d  in  vacuum t o  v a r io u s  te m p e r a tu r e s  above  

1 1 7 0 °C . w i t h  th e  i n t e n t i o n  o f  o b t a i n i n g  a m i c r o s e c t i o n  o f



T o  F f iC t  1 0

TJic/zo /  x tooo 14/ c e o  2  x / o o o

Micdo  J  x tooo x tooo

T h e  F o & m r t i o n  o f  S i n t e r , .
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th e  e u t e c t i c  i f  i t  e x i s t e d .  In  no c a s e  was m e l t i n g  

o b t a in e d  a l t h o u g h  te m p e r a tu r e s  a s  h ig h  a s  1350°C , were  

u s e d .  A c t u a l l y  s i n t e r s  w ere p rod u ced  th e  m i c r o s t r u c t u r e  

o f  w h ich  showed th e  d i r e c t  fo r m a t io n  o f  c r y s t a l l i n e  m a t e r i a l  

w it h o u t  an y  m e l t i n g .  T a b le  I  shows some o f  th e  d a t e  f o r  

t h e s e  s i n t e r s .

TABLE I

F s p e c l -  
men No T reatm en t Remarks M icro ­

s t r u c t u r e

2 1
1200°C .

f o r  
2 0  m in s .

S h r in k a g e  l i n e a r  
S o f t

S ee  M icro  1

2 2 125 0 °C .
f o r  

2 0  m in s .

S h r in k a g e  15/6 l i n e a r  
S t r e n g t h  s i m i l a r  t o  
N o r th a n ts  Ore.

See  M icro  2

23
1 3 0 0 °C .

f o r  
2 0  m in s .

S h r in k a g e  2b% l i n e a r  
S t r e n g t h  good

See  M icro  3

24
1 3 5 0 °C .

f o r  
2 0  m in s .

S h r in k a g e  40$> l i n e a r  
V ery h a rd  and s t r o n g

W lis t i t e  and 
M a g n e t i t e  
S ee  M icro  4

24a

1 3 5 0 ° C , f o r  20  
m in s .  A n n ea led  
a t  1050°C f o r  
4 h o u rs  in  vac.

-  do -
W tis t i te  and  

M a g n e t i t e .

24b

1 3 5 0 ° C . f o r  20  
m in s .  A n n ea led  
a t  1 0 0 0 ° C . f o r  
1  h ou r  in  1  cm. 
a i r  p r e s s u r e .

-  do -

M a g n e t i t e  and 
PegOg on 
s u r f a c e  o f  
sp e c im en .

M icro  1 w h ich  d e p i c t s  a t y p i c a l  f i e l d  from  sp ec im en  2 1 ,  

shows th e  f o r m a t io n  o f  a c r y s t a l l i n e  p h a se  among much 

u n a l t e r e d  powder w h ich  was j u s t  f r i t t e d  t o g e t h e r .  M icro s  

2 ,  3 and 4  from  sp e c im en s  2 2 ,  23 and 24 r e s p e c t i v e l y  show



1 1
th e  p r o g r e s s i v e  fo r m a t io n  o f  c r y s t a l l i n e  m a t e r i a l .

t h i n  s e c t i o n  o f  sp ec im en  24 was made and exam ined under-

t r a n s m i t t e d  l i g h t .  Wo a d d i t i o n a l  in f o r m a t io n  was o b t a in e d

how ever  a s  th e  sp ec im en  was opaque u n d er  a l l  c o n d i t i o n s .

I t  was n o t  p o s s i b l e  a t  t h i s  t im e  to  i d e n t i f y  w i t h  c e r t a i n t y

th e  c r y s t a l l i n e  p h a se s  b u t s u b s e q u e n t  work d e s c r i b e d  in

C hapter IV made i t  p o s s i b l e  t o  i d e n t i f y  m a g n e t i t e  and

o x y g e n - r i c h  w i l s t i t e .  Two more s i n t e r s  w ere made in  a

s i m i l a r  manner from  m ix t u r e s  o f  31 per  c e n t  ” FeO” and

69 p er  c e n t  F eg 0 3  w h ich  c o r r e s p o n d s  t o  m a g n e t i t e

c o m p o s i t i o n .  As was e x p e c t e d  h ig h e r  te m p e r a tu r e s  w ere

r e q u ir e d  t o  s i n t e r .  Spec im en  25  h e a t e d  t o  14-00 ° C . f o r

30 m in u te s  showed a m i c r o s t r u c t u r e  s i m i l a r  t o  m icro  1 w h i l e

sp ec im en  26 h e a t e d  to  1420°G . f o r  60 m in u te s  was s i m i l a r  t o

m icro  2 .  The c r y s t a l l i n e  ph ase  how ever was proved  by

su b se q u e n t  work t o  be m a g n e t i t e .  Specim en 26 was g iv e n

f u r t h e r  tr e a tm e n t  by h e a t i n g  t o  1 0 0 0 °C . f o r  1 hour in  2 cm.

p r e s s u r e  o f  a i r .  S in c e  th e  d i s s o c e a t i o n  p r e s s u r e  o f  Fe2 0 5

(12 )
a t  t h i s  te m p era tu re  i s  n e g l i g i b l e  , i t  was c o n s id e r e d  

t h a t  t h i s  t r e a tm e n t  w ould  o x i d i s e  th e  m a g n e t i t e  t o  FegO^ 

and s o  f i n d  out i t s  a p p ea ra n ce  under th e  m ic r o s c o p e .  On 

p o l i s h i n g  and e x a m in in g  th e  s u r f a c e  a phase  l i g h t e r  th an  

m a g n e t i t e  was o b s e r v e d .  On g r i n d i n g  t h i n  l a y e r s  o f f  t h e  

s u r f a c e  and p o l i s h i n g  and e x a m in in g  b e tw een  e a c h ,  th e  l i g h t  

ph ase  was o b s e r v e d  to  d e c r e a s e  t i l l  o n ly  m a g n e t i t e  r e m a in e d .  

I t  was th u s  c o n c lu d e d  t h a t  th e  l i g h t  ph ase  was p r o b a b ly  

Fe2 0 3 .

From a s t u d y  o f  t h e s e  and o th e r  sp ec im en s  o f  " e u t e c t i c ' ’
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and magnetite c o m p o s i t io n  i t  has been c o n c lu d e d  that there 
i s  no e u t e t i c  b etw een  w i i s t i t e  and FegOg and c o n s e q u e n t ly  

f i g u r e  4 i s  p r o b a b ly  th e  c o r r e c t  form o f  th e  d ia g r a m .  

S u b seq u e n t  work on th e  m icro s  t r u e t u r e  o f  s i n t e r s  d e s c r i b e d  

in  C hapter  IV a l s o  p o i n t s  t o  th e  same c o n c l u s i o n .  It has 
a l s o  b een  c o n c lu d e d  t h a t  th e  i d e a l  fo r m a t io n  o f  s i n t e r  

o c c u r s  by d i f f u s i o n  and c r y s t a l l i s a t i o n  in  th e  s o l i d  state. 
C r y s t a l l i s a t i o n  p r o b a b ly  s t a r t s  from  a r e a s  o f  maximum 

c o n t a c t  b e tw e en  p a r t i c l e s ,  t h a t  i s  a r e a s  o f  g r e a t e s t  l o c a l  

p r e s s u r e  or f i n e s t  s t a t e  o f  d i v i s i o n .  I t  seems p r o b a b le  

t h a t  when a c e r t a i n  te m p er a tu r e  Is  r e a c h e d  th e  o u t e r  l a y e r s  

o f  io n s  in  two n e ig h b o u r in g  p a r t i c l e s  o f  I ro n  o x id e  a t t a i n  

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

r e a r r a n g e m en t  r e s u l t i n g  in  th e  w e ld in g  t o g e t h e r  o f  th e  two 

p a r t i c l e s  i n t o  an im p e r f e c t  c r y s t a l .  T h is  w i l l  p r o v id e  

n e u c l e i  f o r  c r y s t a l l i s a t i o n  w aves w h ic h  i n  a s i m i l a r  manner 
w i l l  s p r e a d  th ro u g h o u t  th e  m ix tu r e  p r e f e r e n t i a l l y  a lo n g  th e  

p a th s  o f  m ost in t i m a t e  c o n t a c t .  The a s su m p t io n  t h a t  io n s  

r a t h e r  th a n  atom s a r e  r e s p o n s i b l e  f o r  th e  l i n k  up has been  

made a f t e r  c o n s i d e r a t i o n  o f  th e  c r y s t a l  s t r u c t u r e s .  The 

s t r u c t u r e  o f  th e  c r y s t a l s  n FeOu and Fe^O^ c o n s i s t s  o f  a 

r e g u la r  arran gem en t o f  i r o n  and o xygen  io n s  su rro u n d ed  by 

th e  e l e c t r o n s  w h ic h  h o ld  th e  c r y s t a l  t o g e t h e r .  No one 

o f  t h e s e  e l e c t r o n s  can be s a i d  t o  be a t t a c h e d  to  a 

p a r t i c u l a r  i o n .  They w i l l  d i f f u s e  back and fo rw a rd s  

th r o u g h o u t  th e  c r y s t a l  c h a n g in g  t h e i r  i n f l u e n c e  from  io n  to  

I o n ,  b u t a lw a y s  d i s t r i b u t e d  so  t h a t  th e  s t a b i l i t y  o f  th e  

c r y s t a l  i s  u n a f f e c t e d .  I n d e e d ,  t h e y  may be r e g a r d e d  a s



1 3

sp h e r e s  or  w aves o f  i n f l u e n c e  h o l d i n g  th e  c r y s t a l  t o g e t h e r .  

The io n s  i n s i d e  th e  c r y s t a l  w i l l  th u s  be h e ld  in  p o s i t i o n  

by i o n i c  f o r c e s  a l l  rou n d , b u t t h o s e  on th e  s u r f a c e  w i l l  be 

h e l d  o n ly  on one s i d e ,  so  t h a t  i n s t e a d  o f  ev en  f o r c e s  a l l  

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

When two su c h  c r y s t a l s  a re  b r o u g h t  t o g e t h e r  th e y  w i l l  

to u c h  a t  a number o f  p o i n t s .  At su c h  p o i n t s  i t  seem s  

p r o b a b le  t h a t  th e r e  w i l l  be a te n d a n c y  f o r  th e  e l e c t r o n i c  

f o r c e s  i n s t e a d  o f  c o n c e n t r a t i n g  on one s i d e  o f  the  s u r f a c e  

io n  t o  sp r e a d  round i t  and j o i n  w i t h  th e  e l e c t r o n i c  f o r c e s  

on th e  s u r f a c e  o f  th e  o th e r  c r y s t a l .  I t  th u s  seem s t h a t  

w i t h  i n c r e a s i n g  te m p er a tu r e  a s t a t e  w i l l  be r e a c h e d  when 

th e  e l e c t r o n s  w i l l  have  a t t a i n e d  s u f f i c i e n t  e n e r g y  t o  e f f e c t  

th e  above l i n k .  T h is  w i l l  r e s u l t  in  s e v e r a l  weak p o in t s  

o f  a t ta c h m e n t  where th e  c r y s t a l s  have come i n t o  c o n t a c t  

w i t h  e a c h  o t h e r ,  l e a v i n g  s p a c e s  in  b e tw e e n .  The s p a c e s  

w i l l  be g r a d u a l l y  c l o s e d  a s  th e  p u l l  o f  th e  e l e c t r o n s  

c a u s e s  i r o n  and oxygen  io n s  w h ic h  a r e  s t i l l  in  a p o s i t i o n  

w here th e  e l e c t r o n i c  f o r c e s  a c t  m o s t ly  on one s i d e ,  t o  jump 

i n t o  a new p o s i t i o n  w here th e  f o r c e s  w i l l  more n e a r l y  a c t  

on a l l  s i d e s .  T h is  w i l l  c o n t in u e  t i l l  th e  c r y s t a l s  a re  

w e ld e d  t o g e t h e r .  The io n s  have b een  s a i d  t o  jump from  

one p o s i t i o n  t o  a n o th e r  a s  i t  i s  c o n s id e r e d  t h a t  when th e  

f o r c e s  become s t r o n g  enough  t o  p u l l  an io n  from  i t s  p o s i t i o n  

i t  w i l l  sw in g  r a p i d l y  i n t o  i t s  new and more s t a b l e  p o s i t i o n .  

M icro 1 shows t h i s  p r o c e s s  a t  an e a r l y  s t a g e  w h i l e  m icro  4 

shows i t  a lm o s t  h a v in g  r e a c h e d  c o m p le t io n ,  th e  d ark  a r e a s  

b e in g  m a in ly  h o l e s .  Such a p r o c e s s  o f  c r y s t a l l i s a t i o n
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w h i l e  b e in g  q u i t e  p o s s i b l e  in  a hom ogeneous powder w i l l  

be sp e ed ed  up by th e  p r e s e n c e  o f  a c h e m ic a l  r e a c t i o n .  In  

th e  above s i n t e r s  t h i s  was p r o v id e d  by th e  Pe^Og and th e  

f! FeO” r e a c t i n g  to  g i v e  Fe3 04 . In  th e  c a s e  o f  su b s e q u e n t  

s i n t e r s  made from pure FegOg and c a r b o n , th e  r e d u c in g  a c t i o n  

o f  th e  carb on  w i l l  p r o v id e  th e  r e a c t i o n .  I t  i s  n o t  

s u g g e s t e d  t h a t  t h i s  i s  th e  main m echanism  o f  b on d in g  in  

i n d u s t r i a l  s i n t e r s  a s  th e y  a r e  made a t  p r e s e n t .  On th e  

c o n t r a r y  macro e x a m in a t io n  o f  a lm o s t  a l l  th e  i n d u s t r i a l  

s i n t e r s  shows m e l t i n g  t o  have ta k en  p l a c e .

The "FeO’1 u s e d  in  making th e  above  s i n t e r s  was

p rep a red  i n  th e  f o l l o w i n g  m anner. F erro u s  o x a l a t e  was

h e a t e d  in  vacuum t o  1 0 0 0 ° C . ,  h e l d  a t  t h i s  te m p er a tu r e  f o r

1 h o u r ,  c o o le d  s l o w l y  to  6 0 0 °C . and th e n  a s  r a p i d l y  a s

p o s s i b l e  t o  room te m p e r a tu r e .  The r e a c t i o n  t a k in g  p la c e

i s  Fe(CQO)r> FeO + GO + COg. I t  can th u s  be s e e n  t h a t  th e

COiCOg r a t i o  i s  u n i t y .  H e a t in g  was c a r r i e d  o u t  as r a p i d l y

a s  p o s s i b l e  to  a b ove  6 5 0 °C . ab ove  w h ic h  te m p er a tu r e  i t  can

be o b s e r v e d  from  f i g u r e  5 ,  "FeO’1 i s  th e  s t a b l e  ph ase  and

a C0:C0g r a t i o  o f  u n i t y  i s  a l s o  s t a b l e .  Below 5 5 0 ° C .

f!FeO" w o u ld  te n d  to  be red u ced  and below  a b o u t  5 7 5°C . th e  CO

w ould  te n d  t o  g i v e  carb on  d e p o s i t i o n .  B oth  t h e s e

r e a c t i o n s  w ere  r ed u c ed  t o  n e g l i g i b l e  p r o p o r t io n s  by th e

r a p id  h e a t i n g  and by th e  low  g a s  p r e s s u r e  m a in ta in e d  by

th e  vacuum pump ev en  when th e  gas  e v o l u t i o n  was a t  i t s

maximum. The n FeO” p rod u ced  was fou n d  t o  be n o n -m a g n e t ic

and a n a ly s e d  t o  7 7 . 6  per c e n t  i r o n .  The d o t t e d  cu rv e  f o r

th e  COiGOg e q u i l i b r i u m  a t  ^ / 2 5 t h .  a tm o sp h ere  h as  b een  

e s t i m a t e d  from th e  known c u r v e s .
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CHAPTER IV

The M ic r o s t r u c t u r e  o f  
Iro n  Oxide S i n t e r s

H avin g  e s t a b l i s h e d  th e  ty p e  o f  bond fo r m a t io n  in  

pure i r o n  o x id e  s i n t e r s  i t  was th e n  d e c id e d  t o  i n v e s t i g a t e  

c r y s t a l  s t r u c t u r e s  o b t a i n a b l e  in  s i n t e r s  on v a r i o u s  d e g r e e s  

o f  d e o x i d a t i o n .  A c c o r d in g ly  s i n t e r s  w ere p rep a red  from  

pure FegOg and v a r y in g  p r o p o r t io n s  o f  c a r b o n .  . T ab le  I I  

shows some o f  th e  m ix tu r e s  e m p lo y ed , th e  te m p er a tu r e  a t  

w h ic h  t h e y  w ere  s i n t e r e d  and th e  t im e  o f  s i n t e r i n g .  As 

b e f o r e ,  th e  s i n t e r i n g  was c a r r i e d  o u t  in  a p la t in u m  

c r u c i b l e  in  vacuum , and th e  s i n t e r  was s l o w l y  c o o le d  in  

vacuum . The c h e m ic a l  a n a l y s i s  o f  th e  s i n t e r  i s  g iv e n  

and from  t h i s  th e  p h a se s  e x p e c t e d  t o  be p r e s e n t  w ere  

c a l c u l a t e d .  I t  w i l l  be s e e n  t h a t  t h e s e  a g r e e  w e l l  w i t h  

th e  p h a se s  a c t u a l l y  found by m i c r o s c o p ic  e x a m in a t io n .

The m a g n e t ic  p u l l  o f  a s ta n d a r d  m agnet on th e  s i n t e r  

was d e v i s e d  a s  a method o f  a s s e s s m e n t  o f  th e  d e g r e e  o f  

r e d u c t i o n  o f  th e  i r o n  o x id e  in  th e  s i n t e r .  I t  was 

m easured  in  th e  f o l l o w i n g  m anner. The pan o f  th e  b a la n c e  

was r e p l a c e d  by a p la t in u m  c r u c i b l e  c o n t a i n i n g  1 0  grams o f  

f i n e l y  ground s i n t e r  and th e  b a la n c e  a d j u s t e d  t o  e q u i l i b r i u m  

A m agnet was th en  f i x e d  t o  th e  b a la n c e  s o  t h a t  th e  b o ttom  

o f  th e  c r u c i b l e  j u s t  r e s t e d  on th e  n o r t h  p o l e .  A r e l a t i v e  

f i g u r e  f o r  th e  m a g n et ic  p u l l  on th e  s i n t e r  c o u ld  th en  be 

o b t a in e d  by f i n d i n g  th e  w e ig h t  r e q u ir e d  j u s t  t o  p u l l  th e  

c r u c i b l e  o f f  t h e  m agn et . F ig u r e  6  shows th e  r e s u l t s  in
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graph fo rm . The o b j e c t  o f  t h i s  t e s t  was t o  o b t a in  a 

ch eck  on th e  r e l a t i v e  amounts o f  m a g n e t i t e  and w h s t i t e  

p r e s e n t  and so  p r o v id e  a d e f i n i t e  ch eck  on th e  

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

w h ic h  i s  g iv e n  a s  Fe2 0 3 , "FeOn , and F e . S in c e  "FeO" 

d o es  n o t  e x i s t  a s  su c h  t h e s e  r e s u l t s  w ere  r e c a l c u l a t e d  to  

■̂e2 ^3 * ^e 304* w & st ite ^ F e  b a s i s .  For t h i s  p u rp ose  th e  

i r o n - o x y g e n  d iagram  shown i n  f i g u r e  4 was u s e d ,  and th e  

c a l c u l a t e d  r e s u l t s  w ere  th en  compared w i t h  th e  m ic r o ­

s e c t i o n s  ,

S i n t e r  number 4 0 ,  1  p er  c e n t  c a r b o n , a c c o r d in g  t o  th e  

diagram  c o u ld  c o n s i s t  o f  m a g n e t i t e  w i t h  a v e r y  l i t t l e  

e u t e c t i c  o f  m a g n e t i t e  and f e r r i c  o x i d e .  I t s  m ic r o ­

s e c t i o n  showed m a s s iv e  m a g n e t i t e  w h ic h  on e t c h i n g  w i t h  

aqua r e g i a  showed a few d e e p  b la c k  l i n e s  round th e  g r a in  

b o u n d a r ie s .  No e u t e c t i c  was fou nd  p o s s i b l y  due t o  th e  

f a c t  t h a t  th e  s i n t e r i n g  te m p er a tu r e  was v e r y  much below  

th e  e u t e c t i c  t e m p e r a tu r e .  F ig u r e  4 shows t h a t  w h s t i t e  

a t  i t s  o x y g en  r i c h  boundary c o n t a i n s  2 4 .2 8  p er  c e n t  

oxygen  and may be s a i d  to  c o n s i s t  o f  6 2 .2  per  c e n t  ” FeO1' 

w i t h  3 7 .8  p er  c e n t  Fe3 G4  in  s o l i d  s o l u t i o n .  The 

c a l c u l a t i o n s  o f  th e  p h a ses  t o  be e x p e c t e d  in  s i n t e r s  3 9 ,  

3 8 ,  and 3 7 ,  c o n t a i n i n g  2 , 3 ,  and 4 per  c e n t  carbon  

r e s p e c t i v e l y  w ere  made on th e  a s su m p t io n  t h a t  on c o o l i n g ,  

Fe3 04  s t a y s  in  s o l u t i o n  i n  m e t a s t a b l e  e q u i l i b r i u m .  The 

m i c r o s e c t i o n s  a g r e e  w e l l  w i t h  th e  c a l c u l a t e d  p h a se s  on 

t h i s  a s s u m p t io n .  M icro 5 o f  s i n t e r  39 shows much 

m a g n e t i t e  w i t h  a l i t t l e  w h s t i t e ,  th e  b la c k  a r e a s  b e in g  

h o l e s .  The m icro  o f  s i n t e r  38 was s i m i l a r  e x c e p t  t n a t
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th e  w i i s t i t e  was in  e x c e s s  o f  th e  m a g n e t i t e .  S i n t e r  5 7 ,

4 per  c e n t  carb on  has a c a lc u la t e d ,  c o m p o s i t io n  o f  0 .5  per  

c e n t  Pe5 0 4  and 9 9 .7  per c e n t  w i i s t i t e  c o n t a i n i n g  2 4 .2 8  per  

c e n t  oxygen  w h ic h  a g r e e s  w i t h  m icro  6 , On e t c h i n g  

s i n t e r s  5 9 ,  3 8 ,  and 37 w i t h  aqua r e g ia ,  th e  w i i s t i t e  in  a l l  

c a s e s  t o o k  on th e  m a r t e n s i t i c  a p p ea ra n ce  s e e n  in  th e  

m i c r o s .  T h is  was th o u g h t  t o  i n d i c a t e  th e  te n d e n c y  o f  

m a g n e t i t e  to  p r e c i p i t a t e  a lo n g  th e  c r y s t a l l o g r a p h i c  p la n e s  

o f  w i i s t i t e  due t o  i t s  d e c r e a s i n g  s o l u b i l i t y  on c o o l i n g .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  P f e i l ^ 1^  o b t a in e d  a 

t r o o s t i t e - l i k e  ty p e  o f  s t r u c t u r e  from a sp ec im en  o f  

s i m i l a r  c o m p o s i t io n  when qu enched  from th e  w i i s t i t e  r e g io n  

w h i l e  a m a r t e n s i t i c  ty p e  o f  s t r u c t u r e  was o b t a in e d  in  

th e  p r e s e n t  work on s low  c o o l i n g .  T h is  v a r i a t i o n  i s  

th o u g h t  to  be due t o  th e  v e r y  d i f f e r e n t  p r e v io u s  tr e a tm e n t  

and method o f  fo r m a t io n  o f  th e  w i i s t i t e .  The p o l i s h i n g  

and e t c h i n g  o f  t h e s e  sp e c im en s  gave c o n s i d e r a b l e  t r o u b l e .  

D uring  p o l i s h i n g  f i n e  p a r t i c l e s  o f  s i n t e r  te n d ed  t o  come 

o u t  o f  th e  h o l e s  and c r a c k s ,  r e s u l t i n g  in  bad s c r a t c h i n g  

o f  th e  sp ec im en  on th e  c l o t h .  When a h ig h  p o l i s h  was 

o b t a in e d  i t  was o f t e n  fou nd  d i f f i c u l t  t o  w e t  th e  sp ec im en  

w i t h  th e  e t c h i n g  r e a g e n t  e s p e c i a l l y  i f  much m a g n e t i t e  

was p r e s e n t .  The f o l l o w i n g  e t c h i n g  r e a g e n t s  w ere  t r i e d

1 per  c e n t  n i t a l ,  25  per c e n t  HN03 , a m ix tu r e  o f  25  per  

c e n t  HNO3  and 25  p er  c e n t  HC1, 50 per  c e n t  HG1, Aqua R e g ia ,  

m o lte n  p o t a s s iu m  p y r o s u l p h a t e ,  and m o lten  sod ium  and  

p o t a s s iu m  c a r b o n a te  m ix t u r e .  Aqua R eg ia  g e n e r a l l y  gave  

th e  b e s t  r e s u l t s  and was th e  m ost c o n s i s t e n t l y  u s e d .
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The d r y in g  o f  th e  specim en a l s o  p r e s e n t e d  c o n s id e r a b le  

d i f f i c u l t y  due to  i t s  porous n a t u r e .  A c e to n e  g e n e r a l l y  

l e f t  th e  sp ec im en  so  s t a i n e d  t h a t  th e  s t r u c t u r e  was a lm o s t  

c o m p le t e ly  h id d e n .  Two m ethods w ere fou n d  s a t i s f a c t o r y .  

One c o n s i s t e d  o f  w a sh in g  th e  sp ec im en  th o r o u g h ly  i n  w a ter  

f o l l o w e d  by d r y in g  f o r  a t  l e a s t  an hour on to p  o f  a 

r e s i s t a n c e  b o x .  The h o t  a i r  from  th e  box g r a d u a l l y  d r ie d  

th e  sp ec im en  th o r o u g h ly  and e x p e l l e d  th e  m o is tu r e  from th e  

v e r y  f i n e  p o r e s .  The o th e r  method c o n s i s t e d  o f  p l a c in g  

th e  sp ec im en  in  b o i l i n g  a l c o h o l  f o r  a few  m in u tes  

f o l l o w e d  by a few m in u te s  d r y in g  on th e  r e s i s t a n c e  b o x .

In  b o th  c a s e s  th e  sp ec im en  was f i n i s h e d  o f f  by a l i g h t  

p o l i s h  on a c l e a n  dry  S e l v y t  c l o t h .  An a t t e m p t  was made 

t o  a v o id  th e  above t r o u b l e s  by m ou n tin g  th e  sp ec im en  

i n  l u c i t e .  T h is  proved  a c o m p le te  f a i l u r e  as  th e  

s c r a t c h i n g  was n o t  r ed u c ed  a t  a l l  and th e  d r y in g  was even  

more d i f f i c u l t  s i n c e  a l c o h o l  c o u ld  n o t  be u s e d .

The a n a l y s i s  o f  s i n t e r  4 1 ,  5 per  c e n t  carb on  i n d i c a t e s  

9 9 . 7 5 per  c e n t  w i i s t i t e  o f  oxygen  c o n t e n t  2 5 .2 1  per c e n t  

w h ic h  i s  J e t t e  and F o o te * s  f i g u r e  f o r  th e  ir o n  r i c h  l i m i t  

o f  w i l s t i t e .  M icro 7 ,  o f  t h i s  sp ec im en  h e a v i l y  e t c h e d ,  

shows p l a i n  c r y s t a l s  o f  w i i s t i t e  w i t h  a d i s t i n c t  te n d e n c y  

t o  assum e a h e x a g o n a l  form . The l i n e s  a c r o s s  th e  c r y s t a l s  

a r e  s c r a t c h e s .  On c a r e f u l  e x a m in a t io n  i n  th e  u n e t c h e d  

c o n d i t i o n ,  a few sm a l l  a r e a s  o f  e u t e c t i c  c o u ld  be o b s e r v e d  

b etw een  th e  w i i s t i t e  g r a i n s .  M icros 8 and 9 show t h i s  

e u t e c t i c  w h ic h  from ap p ea ra n ce  and a n a l y s i s  o f  th e  sp ec im en  

a p p e a r s  t o  be th e  i r o n - w h s t i t e  e u t e c t i c .  Very l i t t l e
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e u t e c t i c  was p r e s e n t  in  th e  s p e c im e n ,  th e  a r e a s  shown in  

th e  m ic r o s  c o n t a i n i n g  much more than  th e  a v e r a g e .  On 

e t c h i n g  w i t h  1 per  c e n t  n i t a l  t h e r e  was no a p p r e c ia b le  

ch an ge  i n  th e  a p p ea r a n c e  b u t when aqua r e g i a  was u s e d  th e

e u t e c t i c  was q u i c k l y  a t t a c k e d  becom ing  v e ry  dark and

u n d i s t i n g u i s h a b l e ,  w h i l e  th e  w i i s t i t e  was u n a l t e r e d ,  as  

shown in  m icro  7 ,  e x c e p t  in  a few n o n - r e p r e s e n t i t i v e  

a r e a s  w h ere  e t c h i n g  l i n e s  s i m i l a r  t o  t h o s e  in  m icro  12 

a p p e a r e d .  S i n t e r s  42 and 4 5 ,  6 and 7 per c e n t  carbon  

r e s p e c t i v e l y ,  i n  th e  u n e t c h e d  c o n d i t i o n ,  showed g lo b u l e s  

o f  i r o n  in  a p l a i n  m a t r i x .  On l i g h t  e t c h i n g  i t  c o u ld  be 

s e e n  t h a t  t h e  g l o b u l e s  o c c u r r e d  b o th  in  and around the  

w i i s t i t e  g r a i n s .  On e t c h i n g  w i t h  aqua r e g i a  and th en

p o l i s h i n g  l i g h t l y  on a c l o t h ,  th e  m i c r o s t r u c t u r e  ap p eared

a s  shown i n  m ic r o s  10 and 1 1 . .  T hese  shows s m a l l  g l o b u l e s  

o f  i r o n ,  some o f  w h ic h  a r e  d ark en ed  and p i t t e d  due to  

e t c h i n g ,  and a g e n e r a l  a p p ea ra n ce  o f  r e c r y s t a l l i s a t i o n  in  

th e  w i i s t i t e  g r a i n s .  The o ld  g r a i n  b o u n d a r ie s  can  s t i l l  

be s e e n  a s  broad  d ark  l i n e s  r o u g h ly  h e x a g o n a l  in  s h a p e ,  

w h i l e  th e  new r e c r y s t q l l i s e d  w i i s t i t e  a p p ea rs  to  be grow ing  

from  c e n t r e s  a lo n g  t h e s e  b o u n d a r ie s  or from  th e  ir o n  

g l o b u l e s .  A few a r e a s  showed e t c h i n g  l i n e s  s i m i l a r  to  

t h o s e  in  m ic r o  1 2 ,  and m icro  13 shows an a r e a  where b o th  

t y p e s  o f  s t r u c t u r e  are  p r e s e n t .  Xt seerns t h a t  th e  t h i c k  

d ark  e t c h i n g  l i n e s ,  w h ic h  o n ly  ap p ear  on s t r o n g  e t c h i n g  

i n d i c a t e  th e  t e n d e n c y  o f  f i n e l y  d i v i d e d  ir o n  t o  p r e c i p i t a t e  

from  th e  s u p e r s a t u r a t e d  w i i s t i t e  a lo n g  th e  cry s t a l l  o g r a p h ic

p l a n e s .  T h is  in  tu rn  w i l l  g i v e  r i s e  t o  th e
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r e e x 3's t a .11 i s a t i o n  w h ic h  w i l l  be a s s i s t e d  by th e  v s r v  

s lo w  c o o l i n g  r a t e  • ]\o e u t e c t i c  was o b se rv e d  in  th e s e

sp e c im e n s  w h ich  from a n a l y s i s  and r e f e r e n c e  to  f i g u r e  4 

w ou ld  be e x p e c t e d  t o  c o n s i s t  o f  a l i t t l e  f r e e  ir o n  and

e u t e c t i c  o f  i r o n  and w i i s t i t e .  I t  seems p rob ab le  th a t  th e

e u t e c t i c  i r o n  has d i f f u s e d  and s e p a r a t e d  out i n t o  

g l o b u l e s  due to  th e  l e n g t h  o f  tim e th e  sp ecim en s were h e ld  

a t  1 3 0 0 °C .

S i n t e r s  44 and 4 5 ,  9 and 14 per  c e n t  carbon  

r e s p e c t i v e l y  show an i n c r e a s i n g  amount o f  ir o n  and a

d e c r e a s i n g  amount o f  w i i s t i t e .  Micro 14 o f  s i n t e r  44

shows i r o n  g l o b u l e s  in  a m a tr ix  o f  u n e tc h e d  w i i s t i t e .  On 

e t c h i n g  and l i g h t  p o l i s h i n g  th e  w i i s t i t e  showed l i n e s  a lo n g  

i t s  c r y s t a l l o g r a p h i c  p l a n e s .  T his  can be s e e n  in  m icro 15 

o f  s i n t e r  44 and in  m icro  16 o f  4 5 .  I t  w i l l  be n o t ic e d  

t h a t  t h e s e  l i n e s  w h i l e  s i m i l a r  to  th o s e  in  m icro 1 2 ,  are  

q u i t e  d i f f e r e n t  from th e  e t c h i n g  l i n e s  o b ta in e d  in  oxygen  

r i c h  w i i s t i t e  w h ic h  a r e  o f  a much f i n e r  n a tu re  as  s ee n  in  

m ic r o  6 .  T h is  may be due t o  th e  f i n e l y  p r e c i p i t a t e d  

m a g n e t i t e  b e in g  more r e s i s t a n t  t o  th e  e t c h i n g  r e a g e n t ,  

th a n  th e  i r o n  from  th e  i r o n  r i c h  w i i s t i t e .  Many o f  th e s e  

s i n t e r s  how ever on c a r e f u l  e x a m in a t io n  showed a 

r e c r y s t a l l i s a t i o n  ty p e  o f  m ic r o s tr u  c t u r e ,  s i m i l a r  to  t h a t  

in  m ic r o  1 0 ,  in te r w o v e n  w i t h  th e  e t c h i n g  l i n e s .

In  no c a s e  was any i n d i c a t i o n  o f  th e  d e c o m p o s i t io n

o f  w i i s t i t e  o b s e r v e d  a l th o u g h  s low  c o o l i n g  was a lw ays  u s e d .
(14)

T h is  i s  i n  a g reem en t w i t h  th e  work o f  kanz and b c h e i l  

who fou nd  t h a t  w i i s t i t e  must be h e ld  a t  a tem p era tu re  o f
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5 0 0 °C . f o r  fo u r  d ays  f o l l o w e d  by a f u r t h e r  fo u r  days

a t  4 8 0 ° C .  b e f o r e  d e c o m p o s i t io n  can be o b s e r v e d .

The s o l u b i l i t i e s  o f  oxygen  in  pure i r o n ,  and w i i s t i t e

in  m a g n e t i t e  w ere n e g l e c t e d  in  th e  above c a l c u l a t i o n s  as

no r e l i a b l e  f i g u r e s  a r e  a v a i l a b l e  and in  any c a s e  th e y
(7 )a r e  th o u g h t  t o  be s m a l l .  T r i t t o n  and Hanson g iv e

an e s t i m a t e d  f i g u r e  o f  0 .0 5  per  c e n t  f o r  th e  s o l u b i l i t y
( 8 )

o f  o x y g en  in  i r o n .  P f e i l  i n  h i s  d iagram  i n d i c a t e s  

a r e l a t i v e l y  h ig h  s o l u b i l i t y  o f  w i i s t i t e  in  m a g n e t i t e  

b a se d  on m i c r o s c o p i c  e x a m in a t io n  o f  a n n e a le d  s p e c im e n s .  

There d o e s  n o t  how ever seem t o  be any  c o n f ir m a t o r y  

e v id e n c e  from any o t h e r  s o u r c e .

CHAPTER V 

D e t e r m in a t io n  o f  R e d u c i b i l i t y

Most o f  t h e  s i n t e r s  made so  f a r  w ere  q u i t e  

s a t i s f a c t o r y  from a s t r e n g t h  p o i n t  o f  v ie w  bu t t h e r e  was 

some d o u b t a s  t o  w h e th e r  t h e y  w ould  be e a s i l y  r e d u c i b l e ,  

a s  th e  m a c r o - p o r o s i t y  was v e r y  s m a l l  a l t h o u g h  w i t h  

c o r r e c t  t e m p e r a tu r e  c o n t r o l  th e  m i c r o - p o r o s i t y  a p p ea r e d  t o  

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

th o u g h t  t o  be im p o r ta n t  a s  o r e s  w h ic h  g e n e r a l l y  h a v e  poor  

macro b u t good m i c r o - p o r o s i t y  r e d u c e  more r a p i d l y  th an  

i n d u s t r i a l  s i n t e r s  w h ic h  g e n e r a l l y  h ave  good macro b u t  

o f t e n  low  m i c r o - p o r o s i t y  a s  a r e s u l t  o f  g l a z i n g  by s l a g .  

T h ese  v a r i a t i o n s  b etw een  macro and m i c r o - p o r o s i t y  in  o r e s
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and s i n t e r s  a r e  shown g r a p h i c a l l y  by Saunders  and T r e s s  .

To o b t a i n  more d e f i n i t e  in f o r m a t io n  on t h i s  p o in t  an

a p p a r a t u s  f o r  d e t e r m in in g  r e l a t i v e  r a t e s  o f  r e d u c i b i l i t y

was c o n s t r u c t e d .  T h is  a p p a r a tu s  w h ic h  i s  shown

d i a g r a m a t i c a l l y  i n  f i g u r e  7 i s  s i m i l a r  t o  t h a t  d e s c r i b e d  
(1 0 )by E l l i o t  b u t  w i t h  c e r t a i n  m o d i f i c a t i o n s .  The 

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

fu r n a c e  g a s  w h ic h  i s  a m ix tu r e  o f  two p a r t s  o f  n i t r o g e n  

and one p a r t  o f  carb on  m o n o x id e . T hese  g a s e s  are  

m easu red  o u t  by f lo w  m e te r s  t o  g i v e  a t o t a l  f lo w  o f  t h i r t y  

l i t r e s  o f  m ixed  g a s  per h o u r .  T h is  gas  p a s s e s  th ro u g h  a 

tu b e  fu r n a c e  a t  1 0 0 0 °C . w here any oxygen  im p u r ity  in  th e  

g a s  r e a c t s  w i t h  ca rb o n  m onoxide t o  form  carb on  d i o x i d e  

w h ic h  i s  th e n  rem oved by th e  soda  a s b e s t o s  to w e r .  T'rom 

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

s o l u t i o n  o f  c a lc iu m  c h l o r i d e  from w h ic h  i t  p ic k s  up  

0 .0 0 5 3  grams o f  w a te r  p er  l i t r e  o f  g a s .  T h is  p ro ced u re  

was a d o p te d  a f t e r  some p r e l im in a r y  t e s t s  d e s c r i b e d  below  

in  w h ic h  i t  was shown t h a t  m o is t  gas  r e d u c e s  a s i n t e r  much 

more q u i c k l y  th a n  d ry  g a s .  The sam ple  t o  be r ed u ced  i s  

c r u sh e d  t o  - ^ i n c h ,  + J  i n c h  s i n c e  t h i s  i s  th e  l a r g e s t  

s i z e  w h ic h  can  be c o n v e n i e n t l y  h a n d le d  and i t  i s  

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

e r r o r s  i n t r o d u c e d .  The r e a s o n  f o r  t h i s  i s  t h a t  th e  

c r u s h i n g  o f  th e  s i n t e r  e x p o s e s  many new s u r f a c e s  t o  th e  

a c t i o n  o f  th e  r e d u c in g  g a s e s .  In  a d d i t i o n  t o  i n c r e a s i n g  

th e  a r e a  o f  th e  e x p o s e d  s u r f a c e  t h e s e  new s u r f a c e s  w i l l  

p r o b a b ly  be o f  a b e t t e r  ty p e  f o r  r e d u c t i o n  s i n c e  b e in g



o r i g i n a l l y  u n e x p o se d  th e y  w i l l  n o t  be s u b j e c t  to  th e  

.same d e g r e e  o f  g l a z i n g  a s  th e  prim ary  s u r f a c e .  A l s o  th e  

d i s t a n c e  th r o u g h  w h ic h  th e  r e d u c in g  gas  must d i f f u s e  to  

r e a c h  th e  c e n t r e  o f  th e  s i n t e r  i s  much red u ced  by c r u s h in g .  

T h is  i s  s t i l l  t r u e  in  s p i t e  o f  th e  e f f e c t  o f  macro p ores  

w h ic h  d i m i n i s h  th e  d i s t a n c e  e s p e c i a l l y  in  l a r g e r  p i e c e s .

The r a t e  o f  d i f f u s i o n  w h ic h  i s  p r o b a b ly  one o f  th e  most  

im p o r t a n t  f a c t o r s  in  th e  r e d u c t i o n  o f  an ore  or s i n t e r  i s  

d i s c u s s e d  in  a s u b s e q u e n t  c h a p t e r .  A c o n v e n ie n t  amount 

o f  s i n t e r  i s  w e ig h e d  o u t  and p la c e d  on a p e r f o r a t e d  

p o r c e l a i n  d i s c  s u p p o r te d  by an alundurn s t o o l  in  th e  

v e r t i c a l  tu b e  fu r n a c e  w h ic h  d u r in g  a t e s t  i s  m a in ta in e d  

a t  t h e  d e s i r e d  te m p e r a tu r e  by a m a n u a lly  c o n t r o l l e d  

r e s i s t a n c e .  The f u r n a c e  i s  wound t o  g iv e  a u n ifo r m  h o t  

zon e  o f  e i g h t  i n c h e s .  The r e d u c in g  g a s e s  p a ss  up th e  

f u r n a c e  tu b e  th e n  th ro u g h  a magnesium p e r c h l o r a t e  b u lb  

t o  rem ove m o i s t u r e  and f i n a l l y  th ro u g h  a m id v a le  b u lb  

c o n t a i n i n g  sod a  a s b e s t o s  t o  a b s o r b  th e  carb on  d i o x i d e  

form ed by th e  r e d u c t i o n  o f  th e  i r o n  o x id e s  in  th e  s i n t e r  

or o r e .  The two way ta p  T1 a l l o w s  th e  gas  to  p a ss  to  

e i t h e r  o f  two m id v a le  b u lb s  so  t h a t  w h i l e  one i s  a b s o r b in g  

ca rb o n  d i o x i d e  th e  o th e r  can be w e ig h e d  and th u s  a 

c o n s t a n t  c h eck  can be m a in ta in e d  on th e  carb on  d i o x i d e  

b e in g  e v o l v e d .  To s t a r t  a t e s t  a w e ig h e d  sam ple  i s  

p l a c e d  on t h e  p o r c e l a i n  d i s c  and th e  fu r n a c e  i s  e v a c u a te d  

f o r  a few  m in u te s  a f t e r  w h ic h  n i t r o g e n  i s  a d m it te d  and  

th e  fu r n a c e  h e a t e d  t o  th e  d e s i r e d  te m p e r a tu r e .  M eanwhile  

th e  r e d u c in g  g a s  i s  a llow ed , t o  p a ss  to  w a s t e  th r o u g h  tap T2



•/hen a c o n s t a n t  te m p e r a tu r e  has been a t t a i n e d  tap To i s  

opened  and T2 c l o s e d  th u s  d i r e c t i n g  th e  g a s e s  th ro u g h  

th e  f u r n a c e .  An i n d i c a t i o n  o f  th e  r a t e  o f  r e d u c i b i l i t y  

i s  o b t a in e d  by th e  h e a t  g e n e r a t e d  in  th e  m id v a le  b u lb s  

and one o f  t h e s e  i s  changed  a t  i n t e r v a l s  v a r y in g  from  

f i v e  t o  f i f t e e n  m in u te s  d e p e n d in g  on th e  r a t e .  Thus 

th e  amount o f  carb on  d i o x i d e  e v o lv e d  in  a g iv e n  tim e  i s  

o b t a i n e d ,  from  w h ich  t h e  p e r c e n t a g e  r e d u c t i o n  in  any 

r e q u i r e d  t im e  can be c a l c u l a t e d  and p l o t t e d  g r a p h i c a l l y .  

A f t e r  a few  p r e l im in a r y  t r i a l s  i t  was found p o s s i b l e  t o  

o b t a i n  v e r y  c o n s i s t e n t  r e s u l t s  and so  a few o r e s  and 

i n d u s t r i a l  s i n t e r s  w ere  f i r s t  t e s t e d  to  form s ta n d a r d s  

a g a i n s t  w h ic h  th e  l a b o r a t o r y  s i n t e r s  c o u ld  be com pared.

An a t t e m p t  was a l s o  made t o  d i s c o v e r  w h e th er  or n o t  any  

r e l a t i o n s h i p  e x i s t e d  b e tw een  s u c h  f a c t o r s  as  p o r o s i t y ,  

s i l i c a  c o n t e n t ,  l i m e - s i l i c a  r a t i o  e t c .  and th e  r a t e  o f  

r e d u c i b i l i t y .

Sam ples  o f  s i n t e r  from  f o u r t e e n  i n d u s t r i a l  s o u r c e s  

w ere  g i v e n  th e  f o l l o w i n g  t r e a t m e n t .  A l l  l a r g e  lumps 

w ere  b rok en  down and th e  sam ple  was r e d u c e d  t o  25  l b s . by 

c o n in g  and q u a r t e r i n g .  T h is  2 5  l b .  was c r u sh e d  and  

a b o u t  10 0 0  grams o f  \  i n c h  p i e c e s  w ere  rem oved by hand 

p i c k i n g .  A l l  e x p e r im e n t a l  work was done on t h i s  1000  

g ram s. The r e a s o n  f o r  s e l e c t i n g  i n c h  p i e c e s  has  

a l r e a d y  b e e n  d i s c u s s e d .

The d e n s i t y  and p o r o s i t y  o f  th e  s i n t e r s  w ere  

d e te r m in e d  by a t e s t  w h ic h  was d e v i s e d  t o  a s s e s s  v o id a g e  

a s  w e l l  a s  p o r e s  and so  ta k e  i n t o  a c c o u n t  p a c k in g  d e n s i t y
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T f i b l e  I I I

Beaker 
s i z e

CC.

Actual 
volume 
ec .

\ ie ight of 
sinter 
gms.

Apparent 
d e n s i t y  
gms. / c c .

loo' 1 1 5 1 6 1 1*402

1 5 0 1 8 5 2 6 3 1 * 4 2 2

£ 5 0 2 9 4 4 2 6 1*4*9

4 0 0 470 6 8 1 1 *4/1.8

t ' 4 0 400zootoo 2 0 0

f l c T v Q L .  V O L U M E  o f  8  E-F) K  £.&  —  CC. .
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The t e s t  c o n s i s t e d  o f  f i l l i n g  a 294 c c .  b eak er  l e v e l  to  

th e  to p  w i t h  J  in c h  p i e c e s .  T h is  q u a n t i t y  0 f  s i n t e r  

was w e ig h e d  in  a i r ,  p la c e d  u n d er  p a r a f f i n  in  a vacuum 

d e s s i c a t o r  f o r  24 h ou rs  and f i n a l l y  w e ig h ed  in  p a r a f f i n .

from w h ic h  th e  p o r o s i t y  can be c a l c u l a t e d .  The d e n s i t y  

was s im p ly  c a l c u l a t e d  from  th e  w e ig h t  o f  s i n t e r  d iv i d e d  

by th e  volum e o f  p a r a f f i n  d i s p l a c e d .  These f i g u r e s  ta k e  

a c c o u n t  o f  th e  v o i d s  b e tw een  th e  p i e c e s  o f  s i n t e r  as  w e l l  

a s  th e  open p o r e s  b u t ta k e  no a c c o u n t  o f  th e  e n c lo s e d  

p o r e s  w h ic h  seem s to  be in  o rd er  s i n c e  in  th e  b l a s t  

f u r n a c e  or th e  r e d u c i b i l i t y  a p p a r a tu s  th e  r e d u c in g  gas  

f i l l s  th e  v o id s  and open p o res  b u t o n ly  e n t e r s  th e  

e n c l o s e d  p o res  by th e  s lo w  p r o c e s s  o f  d i f f u s i o n  th ro u g h  

th e  s o l i d  w a l l s .  A 294 c c .  b ea k er  was ch o sen  as  a f t e r  

t e s t s  w i t h  1 0 0 ,  1 5 0 ,  2 5 0 ,  and 400  c c .  b ea k e r s  t h i s  was 

fou n d  t o  be th e  s m a l l e s t  s i z e  i n  w h ic h  th e  s u r f a c e  o f  

th e  b o t to m  and s i d e s  d id  n o t  in t r o d u c e  an e r r o r .

P o r o s i t y  was found t o  be h ig h  when th e  100 c c .  b eak er  

was u s e d  and th e  f i g u r e  f e l l  c o n s i s t e n t l y  t i l l  th e  250 c c .  

s i z e  was u s e d  a f t e r  w h ic h  i t  rem ain ed  c o n s t a n t  w i t h i n  th e  

l i m i t s  o f  e x p e r im e n t a l  e r r o r .  T h ese  r e s u l t s  a r e  shown 

i n  T a b le  I I I  and f i g u r e  8 .  The a c t u a l  volum e o f  th e  

b e a k e r  was m easu red  by f i l l i n g  i t  t o  th e  t o p  w i t h  w a t e r .  

The w e i g h t  o f  s i n t e r  i s  th e  a v e r a g e  o f  s e v e r a l  s a m p le s .  

W ith  c a r e f u l  f i l l i n g  and s h a k in g  down i t  was found th e  

v a r i a t i o n  in  w e ig h t  se ld om  e x c e e d e d  2 grams and g e n e r a l l y

L oss  i n  w e ig h t  
Thus S p e c i f i c  G r a v ity  

o f  p a r a f f i n
A c tu a l  volum e o f  294 c c .  o f

s i n t e r



a w e i g h t  co u ld  be r e p e a t e d  to  w i t h i n  gram. This typ e  

o f  t e s t  was u s e d  as i t  was n o t  found p o s s i b l e  t o  make a 

s t a n d a r d  p i e c e  o f  s i n t e r  su c h  as  a 1 in c h  cube f o r  t e s t s .  

In  any  c a s e  s u c h  a cube would have  m achine c u t  s u r f a c e s  

w h ic h  w ould  p r e s e n t  a d i f f e r e n t  s y s te m  o f  p o res  compared  

t o  a n a t u r a l  or broken s u r f a c e  s i n c e  th e  form er would  

rem ove g l a z e d  s u r f a c e s  and e x p o s e  a d d i t i o n a l  m icro  p o r e s .  

F i g u r e s  f o r  d e n s i t y  and p o r o s i t y  a r e  shown in  T ab le  IV 

w h ic h  a l s o  g i v e s  some c h e m ic a l  a n a l y s i s  f i g u r e s  k i n d ly  

s u p p l i e d  by th e  C lyde I ro n  »»orks o f  M e s s r s .  C o l v i l l e  L td .

For p r e l im in a r y  r e d u c i b i l i t y  t e s t s  a s i n t e r  was 

s e l e c t e d  a t  random . To e n su r e  u n i f o r m i t y  i t  was d e c id e d  

t o  t a k e  20  c c  b u lk  volum e o f  s i n t e r ,  as  t h i s  was th e  

l a r g e s t  volum e w h ich  c o u ld  be c o n v e n i e n t l y  h a n d le d .  The 

d e c i s i o n  t o  m easure  o u t  th e  s i n t e r  by volum e i n s t e a d  o f  

by w e ig h t  was ta k e n  s i n c e  th e  amount o f  s i n t e r  in  th e  

b l a s t  fu r n a c e  i s  a f u n c t i o n  o f  v o lu m e . Hence a poor  

s i n t e r  w i t h  a l o t  o f  gangue has a b e t t e r  COiCOg r a t i o n  fo r  

a g i v e n  r a t e  o f  d r i v i n g  th a n  a good s i n t e r .  As any  

a t t e m p t  t o  m easure o u t  20 c c . by a m ea su r in g  c y l i n d e r  

w o u ld  r e s u l t  in  c o n s i d e r a b l e  e r r o r  due to  th e  s u r f a c e  

e f f e c t  o f  th e  c y l i n d e r  w a l l s ,  i t  was d e c id e d  t h a t  

g r e a t e r  a c c u r a c y  c o u ld  be o b t a in e d  by c a l c u l a t i n g  th e  

w e i g h t  o f  2 0  c c .  from  th e  w e ig h t  o f  t h e  294 c c .  u s e d  f o r  

p o r o s i t y ,  and so  w e ig h in g  o u t  20 c c .  I t  was s u b s e q u e n t ly  

d i s c o v e r e d  t h a t  th e  f lo w  o f  GO i n  th e  r e d u c i b i l i t y  

a p p a r a tu s  was s u f f i c i e n t  t o  make t h i s  p r e c a u t io n  

u n n e c e s s a r y .
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The f i r s t  t e s t s  w ere c a r r i e d  o u t to  d e te r m in e  th e  

b e s t  te m p e r a tu r e  for  r e d u c t i o n .  T hese  w ere c a r r i e d  o u t  a t  

8 5 0 ,  9 5 0 ,  and 1 0 5 0 °C . The r e d u c i b i l i t y  c u r v es  o b t a in e d  

a r e  shown i n  fu g u r e  9 from, w h ich  i t  can be s e e n  t h a t  

f a s t e s t  r e d u c t i o n  i s  o b t a in e d  a t  8 5 0 °C . w i t h  t h a t  a t  

9 5 0 ° C • a lm o s t  a s  g o o d .  S l i g h t  g l a z i n g  a t  1050°C . i s  

p r o b a b ly  th e  c a u s e  o f  th e  s lo w e r  r e d u c t i o n .  I t  sh o u ld  

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

i n d u s t r i a l  s i n t e r s ,  o r e s  and l a b o r a t o r y  s i n t e r s  a r e  

p l o t t e d  on th e  same s c a l e  as  f i g u r e  9 so  t h a t  d i r e c t  

co m p a r iso n  o f  th e  r e s u l t s  i s  p o s s i b l e .  F u rth er  t e s t s  

w ere  now c a r r i e d  o u t  a t  8 5 0 ° C . t o  d e te r m in e  th e  e f f e c t  o f  

m o is t u r e  and p a r t i c l e  s i z e .  When th e  ga s  was d r i e d  by 

m agnesium  p e r c h i o r a t e  and ph osp horus  p e n t o x id e  b e fo r e

e n t e r i n g  th e  r e d u c t i o n  f u r n a c e , t h e  r a t e  was much s l o w e r .
(1 7 )

Bone o b t a in e d  s i m i l a r  r e s u l t s  on o r e s  u s i n g  c a lc iu m  

c h l o r i d e  d ry  g a s  and gas c o n t a i n i n g  2 per c e n t  m o i s t u r e .  

H is r e s u l t s  how ever show o n ly  a s l i g h t  d i f f e r e n c e  in  th e  

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

d i f f e r e n c e  b e tw e en  c a lc iu m  c h l o r i d e  and ph osp horus  

p e n t o x id e  d ry  g a s  w i l l  a c c o u n t  f o r  t h i s .  The e f f e c t  

o f  s i z e  was shown by u s i n g  a sam p le  c ru sh ed  t o  b etw een  

th e  l i m i t s  -  J  i n c h ,  + V s i n c h .  As e x p e c t e d  t h i s  showed  

much more r a p id  r e d u c i b i l i t y ,  due t o  th e  g r e a t e r  s u r f a c e  

a r e a  e x p o s e d ,  and a l s o  t o  th e  much l e s s  d e p t h  o f  d i f f u s i o n  

r e q u i r e d  f o r  p e n e t r a t i o n  to  th e  c e n t r e  o f  th e  p i e c e s .  

F ig u r e  10 i l l u s t r a t e s  t h e s e  r e s u l t s .  The o th e r  cu rv e  

in  t h i s  f i g u r e  i n d i c a t e s  th e  r e s u l t s  o b t a in e d  when pure
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ca rb o n  m onoxide f l o w in g  a t  a r a t e  o f  20 l i t r e s  per  hour  

was t r i e d  a s  th e  r e d u c in g  g a s .  C o n s id e r a b le  carbon  

d e p o s i t i o n  was o b s e r v e d  w h ic h  e x p l a i n s  why th e  curve  

r i s e s  s o  r a p i d l y  t o  above th e  100 per  c e n t  r e d u c t io n  

l i m i t .

As a r e s u l t  o f  t h e s e  p r e l im in a r y  t e s t s  th e  r o u t in e  

t e s t s  w ere  now c a r r i e d  o u t  a t  8 5 0 °C . u s i n g  m o is t  r e d u c in g  

g a s  and 20  c c .  o f  |  in c h  p i e c e s .  The s i n t e r  was w e ig h ed  

o u t  and p la c e d  i n  th e  fu r n a c e  w h ic h  was th en  e v a c u a t e d .  

N i t r o g e n  was in t r o d u c e d  and th e  s i n t e r  h e a te d  t o  8 5 0 °C .  

i n  a n i t r o g e n  a tm o s p h e r e .  When s t e a d y  tem p era tu re  

c o n d i t i o n s  had b e e n  o b t a i n e d ,  th e  r e d u c in g  gas  was 

a d m it t e d  and th e  r a t e  o f  r e d u c t i o n  f o l l o w e d  by th e  carbon  

d i o x i d e  fo r m e d . The p e r c e n t a g e  r e d u c t i o n  f o r  ea ch  

r e a d in g  was c a l c u l a t e d  from  a kn ow led ge  o f  th e  t o t a l  

o x y g e n  c o n t e n t  o f  t h e  sam ple  and th e  r e s u l t s  p l o t t e d  in  

f i g u r e s  11 and 1 2 .

As can be s e e n  from th e  grap h s th e  good s i n t e r s  

r e d u c e  a b o u t  t w ic e  a s  f a s t  a s  th e  p o o rer  ones but a l l  

may be c l a s s e d  a s  poor s i n c e  th e  b e s t  s i n t e r  ta k e s  o v er  

e i g h t  h ou rs  f o r  co m p le te  r e d u c t i o n .  I t  seem s f a i r l y  

c e r t a i n  t h a t  m ost s i n t e r s  w i l l  r e a c h  th e  b osh  o f  t h e  

fu r n a c e  i n  a p a r t i a l l y  r ed u c ed  c o n d i t i o n  l e a d i n g  to  th e  

r e d u c in g  and m e l t i n g  r e a c t i o n s  t a k in g  p la c e  s im u l t a n e o u s l y  

w i t h  c o n s e q u e n t  d e c r e a s e d  e f f i c i e n c y  i f  th e  amount i s  

e x c e s s i v e  s i n c e  th e  r e d u c t i o n  o f  " FeO” by e i t h e r  carb on  

or ca rb o n  m on oxide  i s  e n d o th e rm ic  th u s  t a k i n g  h e a t  w h ich  

w ou ld  be b e t t e r  em ployed in  m e l t in g  and s u p e r h e a t in g  th e



m e ta l  and s l a g .  when c o n s i d e r i n g  t h i s  l o s s  in  th erm al  

e f f i c i e n c y ,  c a u s e d  by d i r e c t  r e d u c t i o n ,  i t  must be 

rem embered t h a t  th e  i r o n  c o n t e n t  o f  th e  burden and th e  

te m p e r a tu r e  o f  th e  b l a s t  must a l s o  be ta k en  i n t o  a c c o u n t .  

Thus f o r  a r i c h  burden i t  h as  b een  shown^1 8  ̂ t h a t  i f  a l l  

th e  r e d u c t i o n  i s  done i n d i r e c t l y  by carb on  m on ox id e ,  

e x c e s s  carb on  o v e r  t h a t  r e q u ir e d  t o  p r o v id e  h e a t  f o r  

m e l t i n g  t h e  m e ta l  and s l a g  must be b u rn t  t o  p r o v id e  

s u f f i c i e n t  carb on  m onoxide f o r  c o m p le te  r e d u c t i o n .  In  

s u c h  a c a s e  i t  i s  o b v io u s  t h a t  a c e r t a i n  amount o f  d i r e c t  

r e d u c t i o n ,  w h ic h  i n c i d e n t a l l y  p ro d u ces  carb on  m onoxide  

f o r  i n d i r e c t  r e d u c t i o n ,  w i l l  be b e n e f i c i a l .  T h is  a p p l i e s  

m a in ly  t o  A m erican p r a c t i c e  w here r i c h  c o n c e n t r a t e s  a re  

u s e d  and t h e r e  i s  l i t t l e  s l a g  t o  be m e l t e d .  In  th e  c a se  

o f  a burden low  in  i r o n  w i t h  a c o n se q u e n t  i n c r e a s e  in  th e  

amount o f  s l a g  form ed , e x t r a  coke i s  r e q u ir e d  to  p r o v id e  

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

m onoxide p r o d u c t io n ,  and s i n c e  t h e r e  i s  l e s s  i r o n  o x id e  

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

ca rb o n  m onoxide f o r  100 per  c e n t  i n d i r e c t  r e d u c t i o n .  In  

s u c h  a c a s e  i t  f o l l o w s  t h a t  100  p er  c e n t  i n d i r e c t  

r e d u c t i o n  i s  th e  i d e a l  c o n d i t i o n  f o r  maximum e f f i c i e n c y .  

The te m p e r a tu r e  o f  th e  b l a s t  a l s o  p la y s  an im p o r ta n t  

p a r t .  I f  by more e f f i c i e n t  s t o v e s  i t  can be i n c r e a s e d ,  

t h e n  th e  amount o f  coke r e q u ir e d  to  be b u rn t  t o  p r o v id e  

h e a t  i s  r e d u c e d  w i t h  a c o n s e q u e n t  d e c r e a s e  o f  th e  carb on  

m on oxide  from  t h i s  r e a c t i o n .  Thus a burden w h ic h  w ou ld  

g i v e  maximum e f f i c i e n c y  on 100 p er  c e n t  i n d i r e c t  r e d u c t i o n



w ith , a b l a s t  tem p er a tu r e  o f  600°C . m ight r e q u ir e  a

c e r t a i n  p r o p o r t io n  o f  d i r e c t  r e d u c t io n  i f  th e  b l a s t

te m p e r a tu r e  w ere  r a i s e d  t o  8 0 0 °C . T h is  o f  c o u r se  d o es  not

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

by c h a r g in g  a s m a l l  q u a n t i t y  o f  poor r e d u c i b i l i t y  s i n t e r

w h ic h  w i l l  n o t  be c o m p le t e ly  red u ced  t i l l  i t  r e a c h e s  th e

b o s h  w here  i t  w i l l  be r e d u c e d  by c a r b o n .  &uch an

a d d i t i o n  t o  th e  burden i s  a d i s a d v a n t a g e  a s  f a r  a s

th er m a l e f f i c i e n c y  i s  c o n c er n e d  s i n c e  i t  d oes  n o t  r ed u ce

a t  t h e  same r a t e  a s  th e  m a j o r i t y  o f  th e  ch arge  and th e

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

r e d u c i b i l i t y .  I f  a h ig h  p r o p o r t io n  o f  t h i s  ty p e  o f

s i n t e r  was u s e d  in  th e  ch a r g e  i t  w ould be e x p e c t e d  t h a t

th e  iron  l o s s  t o  th e  s l a g  w ou ld  te n d  t o  be h ig h  due t o

m e l t e d  MPeOn or  FeO'SiOg r u n n in g  down t o  th e  h e a r t h

b e f o r e  I t  i s  r e d u c e d  u n l e s s  th e  fu r n a c e  was d r iv e n  a t  a

s lo w e r  r a t e  t o  s u i t  th e  r e q u ir e m e n ts  o f  s i n t e r .  Such i s
(1 9 )

found t o  be th e  c a s e  in  p r a c t i c e .  E l l i o t  s t a t e s  

t h a t  when s i n t e r  was in c r e a s e d  above 38 per  c e n t  th e  

fu r n a c e  worked much c o l d e r .  At 50 p er  c e n t  s i n t e r  th e  

amount o f  i r o n  l e a v i n g  th e  s l a g  n o t c h  was a lm o s t  

i n c r e d i b l e  and th e  fu r n a c e  r a n  so  p e r s i s t e n t l y  c o l d  t h a t  

t h e  e x p e r im e n t  was d i s c o n t i n u e d .  He a l s o  s t a t e s  t h a t  

ab ove  38  p er  c e n t  s i n t e r  i t  was d i f f i c u l t  t o  c o n t r o l  

s u lp h u r  e v en  w i t h  s l a g s  o f  v e r y  h ig h  b a s i c i t y  u n l e s s  

s i l i c o n  was a l lo w e d  t o  r e a c h  a b o u t  1 . 1  or 1 . 2  p er  c e n t .

I t  th u s  a p p ea r s  t h a t  th e  c o o l i n g  e f f e c t  o f  th e  u n red u ced  

s i n t e r  p r e v e n t s  th e  fo r m a t io n  o f  a s u f f i c i e n t l y  f l u i d
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s l a g  f o r  s u lp h u r  rem oval u n l e s s  a d d i t i o n a l  coke i s  

add ed  t o  m a in t a in  th e  h e a t ,  w h ic h  r e s u l t s  in  th e  

r e d u c t i o n  o f  c o n s i d e r a b l e  s i l i c a .

An a t t e m p t  was made t o  c o r r e l a t e  th e  r a t e  o f  

r e d u c i b i l i t y  w i t h  p o r o s i t y .  T a b le  IV shows th e  tim e  

ta k e n  to  70 per  c e n t  r e d u c t i o n  and a l s o  th e  t im e f o r  

1 p e r  c e n t  r e d u c t i o n  a t  70  per  c e n t  w h ic h  may be ta k en  

a s  an  i n d i c a t i o n  o f  th e  r a t e  o f  r e d u c t i o n  a t  70 per c e n t .  

F ig u r e s  13 and 14 show t h e s e  f i g u r e s  p l o t t e d  a g a i n s t  

p o r o s i t y .  I t  can be s e e n  t h a t  t h e r e  i s  a f a i r l y  good  

r e l a t i o n s h i p  i n  s p i t e  o f  th e  g r e a t  d i f f e r e n c e s  in  th e  

p r e v io u s  t r e a t m e n t  o f  th e  s i n t e r s .  The r e l a t i o n s h i p  

i s  t o  be e x p e c t e d  c o n s i d e r i n g  t h a t  g r e a t e r  p o r o s i t y  means 

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

r e q u ir e d  t o  r e a c h  th e  c e n t r e  o f  th e  s p e c im e n .  The 

t im e  t o  90 or 100 p er  c e n t  r e d u c t i o n  w ould  have been  a 

b e t t e r  f i g u r e  to  ta k e  b u t i t  can  be s e e n  from th e  graphs  

t h a t  i t  w ou ld  have  b een  i m p o s s ib l e  t o  o b t a in  e i t h e r  

o f  t h e s e  f i g u r e s  in  a r e a s o n a b le  t im e .  F ig u r e s  f o r  th e  

S.K.. p o r o s i t y  t e s t  on t h e s e  s i n t e r s  w ere  s u p p l i e d  by  

D r. S a u n d ers  b u t no r e l a t i o n s h i p  w h a te v e r  c o u ld  be found  

b e tw e en  t h e s e  f i g u r e s  and r e d u c i b i l i t y  p o s s i b l y  due to  

th e  v a r y i n g  c o n d i t i o n s  u n der  w h ic h  d i f f e r e n t  s i n t e r s  

w ere  m ade. I t  was c o n s id e r e d  t h a t  t h e r e  sh o u ld  be a 

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

a s  CaOsSiOg r a t i o ,  the  t o t a l  p e r c e n t a g e  o f  s l a g  p r e s e n t ,  

and th e  *Fe0n c o n t e n t . No s u c h  c o n n e c t io n  c o u ld  be found  

e i t h e r  s im p ly  o r  when more th a n  one f a c t o r  was ta k en  i n t o
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a c c o u n t  a t  o n c e .  That t h i s  was p ro b a b ly  due t o  su ch  

f a c t o r s  a s  d i f f e r e n c e s  in  t im e  and tem p era tu re  o f  

s i n t e r i n g  was s u b s e q u e n t ly  proved  when good r e l a t i o n s h i p s  

w ere  o b t a in e d  in  s y n t h e t i c  s i n t e r s .  Macro e x a m in a t io n  

o f  th e  u n p o l i s h e d  s u r f a c t  th r o u g h  b in o c u la r s  showed t h a t  

i n  g e n e r a l  th e  s i n t e r s  w i t h  th e  poor r e d u c i b i l i t y  had th e  

m o st g l a z e d  s u r f a c e  and i t  was p o s s i b l e ,  on ex a m in in g  

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

d i s t i n c t  c o n n e c t io n  b e tw een  l i m e ,  s i l i c a ,  f e r r o u s  o x i d e ,  

r e d u c i b i l i t y  and d e g r e e  o f  g l a z i n g .

A s i m i l a r  s i t u a t i o n  a r i s e s  in  r e f r a c t o r y  m a t e r i a l s  

w here  K a n z ^ ^  fou n d  t h a t  th e  p h y s i c a l  c o n s t i t u t i o n  

p r o d u c e s  g r e a t e r  ch a n g es  i n  p e r m e a b i l i t y  than  c h e m ic a l  

n a t u r e .  T ab le  V shows h i s  r e s u l t s .

TABLE V .

Type o f  s u b s t a n c e P e r m e a b i l i t y  Range 
( c c /s e c /c m ^ /c m /c m  o f  w a te r

p r e s s u r e )

F i r e c l a y  p r o d u c t  

S i l i c a  p r o d u c t  
M a g n e s ite  p r o d u c t  
C hrom ite  p r o d u c t  
I n s u l a t i n g  p r o d u c t

0 .0 0 2 7 8  -  0 .4 7 6  

0 .0 1 5 8  -  0 .1 3 2  

0 .0 2 7 5  -  0 .2 6 5  
0 .1 4 7  -  1 .4 2  
0 .0 0 5 9 7  -  0 .5 3 9

W h ile  i t  m ust be n o t e d  t h a t  su c h  a r e s u l t  f o r  r e f r a c t o r i e s  

i s  fa r  from  b e in g  u n e x p e c t e d ,  th e  m agnitude o f  th e  

p e r m e a b i l i t y  ran ge  i s  r e m a r k a b le .
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S e v e r a l  o r e s  w ere now t e s t e d  in  a s i m i l a r  manner, 

th e  r e s u l t s  o f  w h ic h  a r e  shown in  f i g u r e  15 w h i le  

T a b le  VI g i v e s  th e  c h e m ic a l  a n a l y s i s .

TABLE VI

Ore %Fe foS102 ^AlgOg foGa.0 /oMgO foYin

S i e r r a  Leone 5 3 .7 3 .8 1 7 . 0 0 .3 0 0 .3 9

Ouenza 5 2 .7 3 .0 3 0 .1 5 .7 6 0 .1 9 1 .7 9

N o r th a n t s 4 2 . 9 1 0 .3 9 . 5 6 .9 1 .3 6 0 .3 4

Wabana 5 1 .1 1 0 .8 5 .2 3 .6 0 .7 3 0 .5 7

I n d ia n  H a e m a tite 6 5 . 5

By co m p a r iso n  i t  can be s e e n  t h a t  a p o o r ly  r e d u c i b l e  ore

s u c h  a s  th e  I n d ia n  h a e m a t i t e  r e d u c e s  f a s t e r  th a n  a good

s i n t e r .  The t e s t i n g  o f  t h e s e  o r e s  r a i s e d  an u n e x p e c te d

s o u r c e  o f  e r r o r .  When t e s t e d  a l l  th e  o r e s  p a s s e d  t h e i r

100 per  c e n t  t h e o r e t i c a l  l i m i t  and i t  was o n ly  by

c o n t i n u i n g  th e  t e s t  t i l l  th e  r e d u c i b i l i t y  cu rv e  became

a s t r a i g h t  l i n e  t h a t  th e  a c t u a l  100  p er  c e n t  r e d u c t io n

f i g u r e  c o u ld  be a s c e r t a i n e d .  T h is  u s u a l l y  o c c u r r e d  a t

a b o u t  120  per c e n t .  T h is  b la n k  was c o n s id e r e d  to  be due

t o  ca rb o n  d e p o s i t i o n  and c a r b u r i s a t i o n  b o th  o f  w h ich  g iv e

r i s e  t o  e x c e s s  carb on  d i o x i d e .  I f  t h i s  i s  so  i t  i s

p r o b a b le  t h a t  th e  b la n k  i s  s m a l l  a t  f i r s t  bu t i n c r e a s i n g

l a t e r  a s  more m e t a l l i c  i r o n  i s  fo rm ed . I t  i s  i n t e r e s t i n g
( 2 1 )

t o  n o t e  t h a t  in  E l l i o t ' s  r e s u l t s  th e  c u r v e s  f o r
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Z a cc a r  and Ouenza o r e s  b o t h  meet th e  100 per c e n t

r e d u c t i o n  l i m i t  a t  a s t e e p  a n g le  and i t  a p p ea rs  th a t

i f  th e  t e s t  had been  c a r r i e d  f u r t h e r  th e y  w ould  c e r t a i n l y

h ave  e x c e e d e d  th e  100 per  c e n t  r e d u c t io n  f ig u re  . There

was th u s  a v a r y in g  and i n d e f i n i t e  b la n k  d u r in g  th e  t e s t s .

No a l lo w a n c e  h a s  b een  made f o r  t h i s  in  th e  s i n t e r  r e s u l t s

in  f i g u r e s  1 1 ,  12 and 16 a s  th e r e  was no way o f  f i n d i n g

th e  t r u e  100 p er  c e n t  f i g u r e ,  and in  any c a se  th e  b la n k

i s  t h o u g h t  t o  be s m a l l  d u r in g  th e  f i r s t  p a r t  o f  th e

r e d u c t i o n .  A l s o  carbon d e p o s i t i o n  i s  l e s s  f o r  s i n t e r s

th a n  o r e s  a s  s e e n  from  f i g u r e  1 7 .  I t  can be remembered

h o w ev er  when c o n s i d e r i n g  t h e s e  f i g u r e s  t h a t  th e  a c t u a l

r a t e  o f  r e d u c i b i l i t y  i s  somewhat l e s s  th an  t h a t  i n d i c a t e d .

The r e s u l t s  f o r  th e  o r e s  in  f i g u r e  15 h a v e  been c o r r e c t e d

by c a r r y in g  on th e  t e s t  t i l l  th e  ore  was c o m p le t e ly

r e d u c e d  w h ic h  o c c u r r e d  a t  a b o u t  120 per  c e n t  t h e o r e t i c a l

and th e n  a l t e r i n g  the  s c a l e  t o  make t h i s  r e a d  100 per  c e n t .

T h is  p ro ced u re  i s  n o t  s t r i c t l y  a c c u r a t e  s i n c e  i s  assum es

th e  b la n k  t o  be c o n s t a n t .  The o n ly  method o f  making an

a c c u r a t e  c h e ck  on th e  b la n k  seem ed t o  be by m ea su r in g  th e

i n g o i n g  r e d u c in g  g a s e s  and th e  w a s t e  g a s e s  a c c u r a t e l y  by

m e t e r s .  When th e  known ch an ges  in  volum e due t o  r e d u c t i o n

w ere  a l l o w e d  f o r  th e  b la n k  c o u ld  be c a l c u l a t e d  from th e

u n a c c o u n te d  f o r  r e d u c t i o n  in  volum e s i n c e  as  can be s e e n

from  th e  f o l l o w i n g  e q u a t io n s  b o th  carbon d e p o s i t i o n  and

c a r b u r i s a t i o n  r e s u l t  in  a r e d u c t i o n  in  volum e w i t h  th e

a c co m p a n ied  p r o d u c t io n  o f  carb on  d i o x i d e ,

2 CO —̂ C + CO2  

2C0 + 5Fe —► Fe3 C + C0g
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a s  two a c c u r a t e  m e t e r s  w e r e  n o t  a v a i l a b l e  a t  th e  t i m e  

t h i s  m e th o d .w a s  n o t  p o s s i b l e .

The s t r e n g t h  o f  t h e s e  o r e s  v a r i e d  c o n s id e r a b ly  and 

i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  th e  I n d ia n  h a e m a t i t e  and 

th e  Wabana w h ic h  h ave  th e  s l o w e s t  r e d u c i b i l i t y  w ere th e  

s t r o n g e s t  w h i l e  N o r th a n ts  w h ic h  has th e  b e s t  r e d u c i b i l i t y  

was th e  w e a k e s t .

The above  ty p e  o f  t e s t  w h i l e  b e in g  q u i t e  s a t i s f a c t o r y  

f o r  c o m p a r iso n  p u r p o se s  makes no a t t e m p t  to  rep ro d u ce  

a c t u a l  b l a s t  fu r n a c e  c o n d i t i o n s .  A c c o r d in g ly  a m o d i f ie d  

form  o f  t h e  t e s t  was c a r r i e d  o u t  u s i n g  a r i s i n g  

t e m p e r a tu r e  i n s t e a d  o f  th e  s t e a d y  tem p er a tu r e  o f  350°G .

The t e s t  was s t a r t e d  w i t h  th e  s i n t e r  or  ore  a t  a b o u t  

3 0 0 °C . and d u r in g  th e  t e s t  th e  te m p era tu re  was r a i s e d  

s t e a d i l y  a t  th e  r a t e  o f  a b o u t  1 5 5 °C . per hour w h ic h  

a p p r o x im a te s  t o  modern b l a s t  fu r n a c e  c o n d i t i o n s .

F ig u r e  16 shows th e  r e s u l t s  o b t a in e d  f o r  two s i n t e r s  and  

an o r e .  I t  w i l l  be n o t i c e d  t h a t  carb on  d e p o s i t i o n  

a p p e a r s  t o  s t a r t  a t  a b o u t  3 6 0 ° C . in  th e  c a s e  o f  th e  s i n t e r  

and 3 0 0 °C . f o r  t h e  o r e .  I t  a p p ea rs  t o  s t o p  or become 

s m a l l e r  a t  6 5 0 °C . f o r  th e  s i n t e r ,  w h ic h  i s  in  a c c o r d a n ce  

w i t h  f i g u r e  5 w h ic h  i n d i c a t e s  t h a t  above  t h i s  tem p era tu re  

th e  COjCOg r a t i o  r e q u ir e d  f o r  ore  r e d u c t io n  i s  s m a l l e r  

th a n  t h a t  r e q u ir e d  f o r  carb on  d e p o s i t i o n  so  t h a t  ore  

r e d u c t i o n  p r e d o m in a t e s . The graph f o r  th e  ore  c o n t in u e s  

t o  r i s e  s t e e p l y  t o  a b o u t 8 0 0 °C . and i t  d o es  n o t  i n d i c a t e  

w here carb on  d e p o s i t i o n  s t o p s .  F ig u r e  5 may n o t  h o ld  

s t r i c t l y  f o r  r e d u c in g  c o n d i t i o n s  s i n c e  a f t e r  th e  i n i t i a l



p e r io d  o f  r e d u c t i o n  th e  r e d u c in g  gas has to  d i f f u s e  i n t o  

th e  mass t o  c a r r y  on th e  r e d u c t i o n .  There i s  th u s  

th e  p o s s i b i l i t y  t h a t  e v en  above 650°C . th e r e  may be l o c a l  

c o n d i t i o n s  f a v o u r in g  carbon d e p o s i t i o n  a t  th e  s u r f a c e  

a l t h o u g h  f u r t h e r  in  c o n d i t i o n s  w i l l  n o t  p erm it  i t .  In  

s u c h  a c a s e  th e  amount o f  carb on  d i o x i d e  c o l l e c t e d  in  th e  

m id v a le  b u lb s  w ou ld  p r o b a b ly  i n d i c a t e  t h a t  th e  s t a t e  o f  

r e d u c t i o n  had n o t  a d van ced  f a r  enough t o  p erm it  carbon  

d e p o s i t i o n  ab ove  6 5 0 °C . and th u s  i t  m ight be w r o n g ly  

assu m ed  t h a t  t h e r e  c o u ld  be no b la n k  from  t h i s  c a u s e .

An a t t e m p t  was made t o  m easure th e  carb on  d e p o s i t i o n  

by m e a su r in g  t h e  volum e o f  g a s  e n t e r i n g  and l e a v i n g  the  

a p p a r a t u s .  As s t a t e d  b e f o r e  a c c u r a t e  m e te r s  w ere n o t  

a v a i l a b l e  and so  th e  in g o in g  g a s e s  w ere  m easured by th e  

f lo w m e te r s  w h ic h  w ere c a l i b r a t e d  b e f o r e  and a f t e r  ea ch  

t e s t  w h i l e  th e  w a s t e  g a s e s  w ere  m easured  by c o l l e c t i n g  a t  

f r e q u e n t  i n t e r v a l s  in  a 10 0 0  c c .  g r a d u a ted  f l a s k  over  

w a t e r  a l lo w a n c e  b e in g  made f o r  te m p e r a tu r e ,  p r e s s u r e  and 

w a te r  v a p o u r .  Carbon d e p o s i t i o n  i n v o l v e s  a d e c r e a s e  in  

volum e a s  can  be s e e n  from th e  e q u a t io n  2C0 —> C + CO2  . 

■̂’hus th e  amount o f  carb on  d e p o s i t e d  can be m easured by th e  

volum e d i f f e r e n c e  b etw een  th e  i n g o i n g  g a s e s ,  and th e  t o t a l  

o f  t h e  w a s t e  g a s e s  and th e  carb on  d i o x i d e  c o l l e c t e d  in  

th e  m id v a le  b u l b s .  The r e s u l t s  o b t a in e d  f o r  G jers  s i n t e r  

and Ouenza o r e ,  shown in  f i g u r e  1 7 ,  w h i l e  b e in g  f a r  from  

a c c u r a t e  g i v e  a g e n e r a l  i n d i c a t i o n  f o r  th e  r e a c t i o n .

The f i r s t  s i g n  o f  carbon d e p o s i t i o n  was o b s e r v e d  a t  a b ou t  

4 0 0 ° C .  r i s i n g  t o  a maximum a t  a b o u t  6 0 0 ° C . ,  f a l l i n g  to
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z e r o  around  6 4 0°C . and t h e r e a f t e r  an e x c e s s  volum e o f  

gas  i n d i c a t e d  th e  p o s s i b i l i t y  o f  carb on  r e d u c t io n  t a k in g  

p l a c e  a c c o r d in g  to  th e  e q u a t io n  G + FeO —> GO + F e ,  

or G + Fe^O^ —? CO + 3FeO. T his  carb on  r e d u c t i o n  seems  

t o  r e a c h  a maximum a t  7 5 0 °C . and t h e r e a f t e r  f a l l  t o  a 

minimum a t  8 5 0 °C . The r e a s o n  f o r  t h i s  minimum i n  carb on  

r e d u c t i o n  i s  n o t  o b v io u s .  I t  may be r e a l  or i t  may be 

o n l y  a p p a r e n t ,  a r e s u l t  o f  some o t h e r  r e a c t i o n  su c h  as  

c a r b id e  fo r m a t io n  c a u s in g  a r e d u c t io n  in  th e  gas  volume  

a c c o r d in g  t o  th e  e q u a t io n  2C0 + 3Fe —> Fe3 G + COg .
(op \

Bone found t h a t  a t  750 C. d e p o s i t e d  carbon was a more

p o w e r fu l  r e d u c in g  a g e n t  th an  carb on  m on oxid e .

The m ic r o s t r u c t u r e  o f  a l l  th e  s i n t e r s  t e s t e d  was 

e x a m in e d .  The most common f e a t u r e  was m a g n e t i t e  b o th  

in  m a s s iv e  a n g u la r  c r y s t a l s  and in  f i n e  d e n d r i t i c  form  

a s  s e e n  in  m icro s  17 and 1 8 .  In  one c a s e  a l i g h t e r  

p h a s e ,  th o u g h t  to  be f e r r i c  o x id e  was o b se r v e d  round th e  

e d g e s  o f  th e  m a g n e t i te  g r a i n s .  The g l a s s  in  m ost c a s e s  

was n o n - c r y s t a l l i n e  b u t m icros 19 and 20 show two good  

ex a m p les  o f  c r y s t a l l i s e d  g l a s s .  M icro 21 shows e v id e n c e  

o f  a r e c r y s t a l l i s a t i o n  p r o c e s s  t a k in g  p la c e  round th e  

g r a i n s  o f  w f t s t i t e ,  s i m i l a r  t o  th e  s y n t h e t i c  s i n t e r  number 

43 s e e n  in  m ic r o  1 0 .  M icros 22 and 23 o f  p a r t l y  r ed u c ed  

s i n t e r s  a r e  i n t e r e s t i n g ,  s i n c e  th e y  show th e  p r o c e s s  o f  

r e d u c t i o n  a s  th e  r e d u c in g  g a s e s  p e n e t r a t e  th e  m a ss .  In  

22 th e  w h i t e  c r y s t a l s  a r e  m e t a l l i c  i r o n  w h i l e  th e  g r ey  

c r y s t a l s  in  th e  c e n t r e  w here th e  r e d u c in g  g a s e s  have n o t  

p e n e t r a t e d  so  r a p i d l y ,  a re  w f r s t i t e .  I t  i s  i n t e r e s t i n g



t o  n o t e  t h a t  th e  c h a r a c t e r i s t i c  m a g n e t i t e  form  p e r s i s t s .  

M icro 23 a g a in  shows c r y s t a l s  w h ic h  w ere o r ig in a lly .m a g n etite .  

Most a r e  o n ly  red u ced  t o  w i i s t i t e  bu t in  some c r y s t a l s  

th e  a c t u a l  change  from w h s t i t e  t o  m e t a l l i c  i r o n  i s  o b v io u s .

CHAPTER VI

The R e d u c i b i l i t y  o f  
German S i n t e r s .

S in c e  th e  c e s s a t i o n  o f  h o s t i l i t i e s ,  sam p les  o f  t h r e e  

German s i n t e r s  have b een  r e c e i v e d  and t e s t e d  f o r  

r e d u c i b i l i t y .  Ho p o r o s i t y  d e t e r m in a t io n s  c o u ld  be  

c a r r i e d  o u t  as  th e  sam ple was n o t  l a r g e  en ou gh . T ab le  VH 

g i v e s  some g e n e r a l  d a t e .

TABLE V II

S i n t e r %¥e0 $Ke2 03 hrj CD Time t o  
10% Redn.

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

S t r e n g t h

Hermann G oering 1 5 . 1 3 8 . 8 42 245 m in s . Poor

Bochum ( D . L . ) 2 1 . 8 54 5 8 . 7 278 F a i r l y  good

B arb ech  (G rw t.) 1 6 . 3 5 2 . 3 5 3 . 2 160 -  do -

The s t r e n g t h  o f  th e  Hermann G o er in g  s i n t e r  was p o o r .

When put th ro u g h  th e  jaw c r u s h e r  a c o n s i d e r a b l e  q u a n t i t y  

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

(J  in c h )  was poor compared t o  e i t h e r  B r i t i s h  or th e  a v e r a g e  

l a b o r a t o r y  s i n t e r .  B oth  Bochum and B arb ech  w ere  s t r o n g e r ,
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p r o b a b ly  a b ou t e q u a l  to  th e  a v e r a g e  B r i t i s h  or la b o r a t o r y  

s i n t e r  or perhaps s l i g h t l y  w e a k e r .  The macro s t r u c t u r e  

o f  t h e s e  s i n t e r s  ap p eared  to  be g o o d .  There was a 

t e n d e n c y  t o  g l a z i n g  on th e  o u t s i d e  bu t a p a r t  from, t h i s  

th e  s t r u c t u r e  was g r a n u la r  and g e n e r a l l y  d id  n o t  app ear  

t o  have b een  b a d ly  m e l t e d .  I t  w ould  ap p ear  t h a t  a 

b e t t e r  tem p er a tu r e  c o n t r o l  has  been m a in ta in e d  o v e r  th e  

German p l a n t s  th an  has g e n e r a l l y  b een  done in  t h i s  

c o u n tr y  r e s u l t i n g  in  th e  p r o d u c t io n  o f  s i n t e r  a b o u t  e q u a l  

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

i n  th e  c a s e  o f  Hermann G oerin g  w h ic h  i s  to o  s o f t .

F ig u r e  IB shows th e  r e d u c i b i l i t y  c u r v e s  o f  th e  above  

s i n t e r s .  The d o t t e d  l i n e  f o r  L eeds i s  in c lu d e d  f o r  

co m p a r iso n  p u r p o s e s .

CHAPTER V I I . .

E f f e c t  o f  R ate  o f  H eat P e n e t r a t io n  in  
_______________ Ores and S i n t e r s ___________

One o f  th e  f a c t o r s  in v o l v e d  i n  th e  r e d u c t i o n  o f  o r e s  

and s i n t e r s  i s  th e  r a t e  o f  p e n e t r a t i o n  o f  h e a t  from  th e  

s u r f a c e  t o  th e  c e n t r e  o f  e a ch  p i e c e ,  t o  g i v e  th e  

te m p e r a tu r e  n e c e s s a r y  fo r  r e d u c t i o n .  A t e s t  t o  a s s e s s  

th e  p r a c t i c a l  im p ortan ce  o f  t h i s  f a c t o r  was c a r r i e d  o u t .  

The a p p a r a t u s ,  shown in  f i g u r e  19 c o n s i s t s  o f  a 

r e s i s t a n c e  wound fu r n a c e  in  whic h th e  sp e c im en  i s  

su sp e n d e d  by a w ir e  c a g e .  Two th er m o c o u p le s  a r e  a t t a c h e d  

t o  th e  s p e c im e n ,  one a t  th e  s u r f a c e  a n d .o n e  in  a h o l e



d r i l l e d  t o  th e  c e n t r e .  The bottom  o f  th e  fu r n a c e  i s  

o n ly  p a r t l y  c l o s e d  so  t h a t  th e r e  i s  an a i r  d ra u g h t up th e  

f u r n a c e .  The sp ec im en  i s  th u s  h e a te d  p a r t l y  by r a d i a t i o n  

and p a r t l y  by r i s i n g  h o t  g a s e s  w h ich  i s  s i m i l a r  t o  th e  

c o n d i t i o n s  in  th e  b l a s t  f u r n a c e .  F ig u r e  20 shows th e  

r e s u l t s  f o r  a s o f t  brown h a e m a t i t e .  The sp ec im en  was a 

ro u g h  sp h e r e  o f  3 in c h  d ia m e te r  w h ich  meant t h a t  th e  

h e a t  had t o  p e n e t r a t e  a d i s t a n c e  o f  l j  in c h e s  t o  r e a c h  

th e  c e n t r e .  T his  was p la c e d  c e n t r a l l y  in  th e  fu rn a ce  

w h ic h  was th en  h e a t e d  a s  r a p i d l y  a s  p o s s i b l e  t o  350°C .  

a f t e r  w h ic h  i t  was h e a t e d  a t  th e  s t e a d y  r a t e  o f  180°C .  

p er  h o u r .  The r e a s o n  f o r  in t r o d u c in g  th e  sp ec im en  when  

th e  fu r n a c e  was c o ld  r a t h e r  th an  a t  3 5 0 °C . was t h a t  a 

p r e l im in a r y  run had b een  done to  ch eck  i f  i t  was c e n t r a l l y  

p l a c e d ,  by h e a t i n g  t o  8 0 0 °C . and h o ld in g  th e r e  t i l l  b o th  

th er m o c o u p le s  r e g i s t e r e d  th e  same te m p e r a tu r e .  A c t u a l l y  

t h e r e  was a d i f f e r e n c e  o f  two d e g r e e s  w h ic h  h as  been  

a l lo w e d  f o r  in  f i g u r e  2 0 .  Thus h a v in g  g o t  th e  sp ec im en  

c e n t r a l l y  p la c e d  in  th e  fu r n a c e  i t  was n o t  c o n s id e r e d  

a d v i s a b l e  t o  d i s t u r b  i t  b e f o r e  th e  a c t u a l  t e s t .  T h is  

t e s t  i t  was c o n s id e r e d  w ould  g i v e  c o n d i t i o n s  w orse  th an  

e v e r  e n c o u n te r e d  in  a b l a s t  fu r n a c e  a s  th e  r a t e  o f  h e a t i n g  

e v e n  in  f a s t  d r i v i n g  d oes  n o t  r e a c h  1 8 0 °C . per  h o u r .  

T em perature  r e a d in g s  on b o th  th e r m o c o u p le s  w ere ta k en  

e v e r y  15 m in u t e s .  I t  can  be s e e n  t h a t  w i t h i n  60 m in u tes  

th e  c e n t r e  was o n ly  4 3 °C . b eh in d  th e  s u r f a c e  w h ic h  

d i f f e r e n c e  w^s m a in ta in e d  t o  above 7 0 0 °C . when th e  s u r f a c e  

te m p er a tu r e  began to  f a l l  o f f ,  shown by th e  d o t t e d  l i n e ,
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due t o  th e  i n a b i l i t y  o f  th e  fu r n a c e  to  m a in ta in  the  h e a t i n g  

r a t e .  T h is  i n d i c a t e s  t h a t  w h i l e  th e  ore i s  s t i l l  in  th e  

ca rb o n  d e p o s i t i o n  zone and b e fo r e  i t  r e a c h e s  th e  zone  

w here r e d u c t io n  i s  r a p i d ,  th e  tem p era tu re  th ro u g h o u t  a 

3 i n c h  lump i s  even  enough n o t  to  i n t e r f e r e  m a t e r i a l l y  

w i t h  good r e d u c t i o n .  I t  seems p r o b a b le  however t h a t  

f o r  l a r g e r  p i e c e s  o f  a b o u t  6 in c h  d ia m e te r  or o v e r ,  

t h e r e  i s  d a n g er  o f  a g r e a t  enough tem p era tu re  l a g  a t  t h e  

c e n t r e  t o  s e r i o u s l y  r e t a r d  th e  r e a c t i o n  o f  th e  r e d u c in g  

g a s e s .

I t  was th o u g h t  t h a t  th e  te m p e r a tu r e  d i f f e r e n c e  

b e tw e en  th e  s u r f a c e  and c e n t r e  o f  a p i e c e  o f  s i n t e r  w ou ld  

be much l e s s  th a n  in  an ore  due t o  th e  macro p o r o s i t y  

a l l o w i n g  b e t t e r  h e a t i n g  by c o n v e c t i o n  bu t t e s t s  were  

c a r r i e d  o u t  to  v e r i f y  t h i s .  The f i r s t  e x p e r im e n ta l  

p r o c ed u r e  a d o p te d  was t o  lo w e r  th e  p i e c e  o f  s i n t e r  w i t h  

th e r m o c o u p le s  a t t a c h e d  i n t o  th e  fu r n a c e  w h ic h  was a t  a 

s t e a d y  te m p e r a tu r e  and n o te  th e  t im e  ta k en  f o r  th e  c e n t r e  

t o  r e a c h  a tem p er a tu r e  n e a r  t h a t  o f  th e  o u t s i d e .

F ig u r e  21 shows th e  r e s u l t s  o b t a in e d  i n  t h r e e  t e s t s .  I t  

w i l l  be n o t e d  t h a t  f o r  a 2 j  in c h  p i e c e  o f  open porous  

s i n t e r  th e  tem p era tu re  a t  th e  c e n t r e  was o n ly  a b ou t 5°C .  

b elow  t h a t  a t  th e  s u r f a c e  a f t e r  a b o u t  t e n  m in u t e s .  For  

a d e n s e  s i n t e r  th e  c o r r e s p o n d in g  f i g u r e s  f o r  a 2-J- in c h  

p i e c e  w ere 5°C . a f t e r  f i f t e e n  m in u t e s ,  and f o r  a one in c h  

p i e c e ,  5°C . a f t e r  n in e  m in u t e s .  F ig u r e  22 shows th e  

r e s u l t  o f  in t r o d u c in g  th e  sp ec im en  i n t o  th e  fu r n a c e  a t  

a b o u t  550°C . and h e a t i n g  a t  a b o u t  1 8 0 ° C . per  h o u r .  '/hen
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c o n d i t i o n s  bad s t e a d i e d  up and h e a t i n g  o f  th e  o u t s i d e  was 

c o n s t a n t ,  th e  tem p era tu re  d i f f e r e n c e  in  th e  c a s e  o f  a 

in c h  p i e c e  o f  d e n se  s i n t e r  was o n ly  6 t o  7°G . w h i le  

t h a t  o f  a one in c h  p i e c e  was a b o u t 4 t o  5°G.

T h ese  r e s u l t s  i n d i c a t e  t h a t  w h i l e  th e  te m p era tu re  

l a g  in  th e  c e n t r e  o f  a p i e c e  o f  ore  may or  may n o t  be of  

im p o rta n ce  d e p e n d in g  on i t s  s i z e ,  in  th e  c a se  o f  a s i n t e r  

i t  i s  q u i t e  d e f i n i t e l y  n e g l i g i b l e ,  due no dou b t t o  h e a t  

c a r r i e d  i n t o  th e  macro p o res  by th e  g a s e s .

CHAPTER V I I I

P r o d u c t io n  o f  S i n t e r s  from  Pure  
__________ F e r r i c  O xide .____________

An a t t e m p t  was now made t o  produce a l a b o r a t o r y  

s i n t e r  a s  s t r o n g  a s  an i n d u s t r i a l  s i n t e r  but w i t h  

r e d u c i b i l i t y  a s  good a s  or b e t t e r  th a n  o r e s .  S i n t e r s  

w ere  made from pure f e r r i c  o x id e  w i t h  v a r y in g  a d d i t i o n s  

o f  c a r b o n ,  s i l i c a ,  l im e  and a lu m in a ,  and a t  a ra n g e  o f  

te m p e r a tu r e s  a s  shown in  T a b le  V I I I .  Two per c e n t  

carb on  was g e n e r a l l y  em ployed as i t  was c o n s id e r e d  t h a t  

t h i s ,  w h i l e  b e in g  s u f f i c i e n t  t o  c a u se  enough r e d u c t i o n  f o r  

f a i r l y  r a p id  s i n t e r i n g ,  w ould  n o t  produce much f e r r o u s  

o x i d e , w i t h  a c o n s e q u e n t  l e s s e n i n g  in  th e  l i a b i l i t y  t o  form  

low  m e l t in g  p o in t  compounds s u c h  as  f a y a l i t e  and  

h e d e n b e r g i t e . In  most c a s e s  th e  l i m e - s i l i c a  r a t i o  was 

g r e a t e r  th an  u n i t y .  T h is  was done in  an a t t e m p t  t o  r a i s e
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trie m e l t i n g  p o in t  o f  any s i l i c a t e s  p r e s e n t  by r e p l a c i n g  

a s  much "FeQ" as  p o s s i b l e  by CaO. I t  was a l s o  th o u g h t  

t h a t  th e  f r e e  ,fFeOM w ould  red u ce  more e a s i l y  th an  th e  

com bined ,!FeOn • The r a t i o  c o u ld  n o t  be a l lo w e d  g r e a t l y  

t o  e x c e e d  u n i t y  b e c a u se  o f  th e  d an ger  o f  d u s t i n g  due t o  

th e  fo r m a t io n  o f  c a lc iu m  o r t h o s i l i c a t e • (2C aO .S iO g) .  The 

t im e  o f  s i n t e r i n g  was k e p t  t o  a minimum i n  o rd e r  to  

a p p ro x im a te  to  i n d u s t r i a l  c o n d i t i o n s .  Some s i n t e r s  su ch  

a s  numbers 4 6 ,  46A, 46B , 60 and 62 w ere  made from a 

m ix tu r e  w h ic h  i t  was th o u g h t  w ould  g i v e  a poor s i n t e r  

s i m i l a r  to  many i n d u s t r i a l  s i n t e r s  and th u s  p r o v id e  a 

b a s i s  f o r  th e  a s s e s s m e n t  o f  th e  a d v a n ta g e s  o f  th e  low  

ca rb o n  and h i g h  l im e  th e o r y  s t a t e d  a b o v e .  S i n t e r s  number 

4 6 ,  46A , and 46B w ere  made w i t h  a m ix tu re  c o n t a i n i n g  4 per  

c e n t  carb on  w h ic h  w ould  r ed u c e  m ost o f  th e  ir o n  t o  th e  

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

l i m e .  As can be s e e n  from th e  t a b l e  a s i n t e r i n g  

te m p e r a tu r e  o f  1 0 5 0 °C . r e s u l t e d  in  u n s a t i s f a c t o r y  b on din g  

w h i l e  1 1 4 0 °C . gave a s t r o n g  s i n t e r  b u t  w i t h  poor  

r e d u c i b i l i t y .  An in t e r m e d ia t e  tem p era tu re  o f  1090°C .  

gave a s i n t e r  w i t h  poor s t r e n g t h ,  but w i t h  good  

r e d u c i b i l i t y .  The c u r v e s  f o r  b o th  t h e s e  s i n t e r s  can be 

s e e n  in  f i g u r e  2 3 .  From t h e s e  r e s u l t s  i t  a p p ea rs  t h a t  

a u s a b l e  s i n t e r  c o u ld  be made u n d er  c r i t i c a l  te m p er a tu r e  

c o n t r o l  a t  ab ou t 11 0 0 °C . As i t  i s  q u i t e  im p o s s ib l e  to  

c o n t r o l  th e  tem p era tu re  o f  an i n d u s t r i a l  s i n t e r i n g  p la n t  

w i t h  s u c h  a c c u r a c y ,  and th e  m a j o r i t y  o f  i n d u s t r i a l  s i n t e r s  

c o n t a i n  s i l i c a  i n  e x c e s s  o f  th e  l i m e ,  i t  i s  n o t  s u r p r i s i n g
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t h a t  t h e s e  a re  a l l  c h a r a c t e r i s e d  by poor r e d u c i b i l i t y .

I t  i s  more d i f f i c u l t  to  a s s e s s  th e  e x a c t  e f f e c t  o f  th e  

carb on  i n  i n d u s t r i a l  s in t e r s , ,  At th e  s t a r t  o f  th e  p r o c e s s  

th e  carb on  i s  a lw a y s  above  4 per c e n t  but i t  i s  d i f f i c u l t  

t o  a s s e s s  how much o f  i t  r e d u c e s  th e  o x id e s  o f  i r o n  and 

how much i s  m e r e ly  bu rn t by th e  b l a s t .  I t  i s  n o t  even  

p o s s i b l e  to  e s t i m a t e  i t  by a n a l y s i s  o f  th e  f i n a l  p ro d u ct  

s i n c e  c o n s i d e r a b l e  o x i d a t i o n  must occu r  d u r in g  c o o l i n g  

w h i l e  th e  b l a s t  i s  s t i l l  b e in g  su ck ed  th ro u g h  th e  b ed .

R e f e r r in g  back t o  T ab le  I  i t  can be s e e n  t h a t  in  

th e  a b s e n c e  o f  carb on  th e  pure i r o n  o x id e  bond s t a r t s  

t o  form  s l o w l y  a t  a b ou t 1 2 0 0 °C . vtfith carbon p r e s e n t  i t  

form s a t  a s l i g h t l y  low er  te m p er a tu r e  but th e  r a t e  o f  

f o r m a t io n  i s  s l o w .  Prom t h i s  i t  f o l l o w s  t h a t  in  th e  above  

t h r e e  s i n t e r s  th e  pure i r o n  o x id e  bond p la y e d  l i t t l e  or  

no p a r t  in  th e  s i n t e r i n g  t o g e t h e r  o f  th e  p a r t i c l e s .

The CaO- FeO- SiOg t e r n a r y  s y s t e m ,  f i g u r e  25 w i t h  th e  

2C a0*S i02  -  2 F e0 * S i0 g  and th e  CaO*SiQg -  FeO’SiOg 

p s e u d o - b in a r y  j o i n s ,  f i g u r e s  26 and 27 make c l e a r  what 

h a s  ta k en  p l a c e .  nFeO” has com bined w i t h  th e  CaO and  

e x c e s s  SiOg to  form  a cera m ic  bond w i t h  a c o m p o s i t io n  

p r o b a b ly  b etw een  C a -F e  o l i v i n e  (CaO^FeChSiOg) and f a y a l i t e  

(2 F e O * S i0 2 ) and w i t h  a m e l t in g  p o in t  o f  j u s t  over  1100°C .  

Thus in  m aking s i n t e r  46B th e  te m p era tu re  o f  1090°G . was 

n o t  h ig h  enough t o  ca u se  s l a g  fo r m a t io n  and h en ce  th e  poor  

s t r e n g t h  and good r e d u c i b i l i t y  r e s u l t s ,  bu t in  s i n t e r  46A 

th e  tem p era tu re  was above th e  m e l t in g  p o i n t  o f  th e  s l a g  

m a t r ix  r e s u l t i n g  In a s t r o n g  s i n t e r  w i t h  poor r e d u c i b i l i t y
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due to  th e  s e a l i n g  o f  th e  m icro  p ores  by s l a g .

H avin g  shown th e  d i s a d v a n t a g e s  o f  h ig h  carbon and 

low  1 im e , th e  carb on  c o n t e n t  was^ now red u ced  to  2 per  c e n t

and th e  l im e  i n c r e a s e d  t o  12 p er  c e n t  to  m in im ise  th e

amount o f  s i l i c a  f r e e  t o  form low m e l t in g  p o in t  compounds.  

The r e s u l t i n g  s e r i e s  o f  s i n t e r s  in  T ab le  V II I  showed t h a t  

s t r e n g t h  became f a i r l y  good when a tem p era tu re  o f  1200°C .  

was u s e d  f o r  s i n t e r i n g  w h ich  s u g g e s t s  th e  p r e se n c e  o f  th e  

i r o n  o x id e  bond s i n c e  a s  shown p r e v i o u s l y ,  t h i s  i s  the  

te m p e r a tu r e  a t  w h ic h  su c h  a bond b e g in s  to  form . T h is  

was accom p an ied  by e x c e l l e n t  r e d u c i b i l i t y .  As th e  

te m p e r a tu r e  o f  s i n t e r i n g  was p r o g r e s s i v e l y  in c r e a s e d  to  

1 3 4 0 °C . th e  s t r e n g t h  showed a c o r r e s p o n d in g  i n c r e a s e  w h i le  

th e  r e d u c i b i l i t y  s t e a d i l y  became s l o w e r .  I t  was found  

t h a t  t h e  o r i g i n a l  p a c k in g  o f  th e  m ix tu re  in  th e  c r u c i b l e  

had a d e f i n i t e  e f f e c t  on th e  p r o d u c t .  When th e  powder

was packed  down m ere ly  by ta p p in g  th e  c r u c i b l e  on th e

b e n c h ,  th e  r e d u c i b i l i t y  was b e t t e r  and th e  s t r e n g t h  p oorer  

th a n  when th e  powder was rammed down i n t o  th e  c r u c i b l e  

w i t h  a p e s t e l ,  a lw a y s  p r o v id e d  th e  same s i n t e r i n g  

te m p e r a tu r e  was u s e d .  The e f f e c t  o f  v a r y in g  te m p er a tu r e s  

and th e  e f f e c t  o f  b o th  methods o f  p a ck in g  can be s t u d i e d  

i n  f i g u r e s  28  and 2 9 ,  and in  f i g u r e  30 w h ich  shows th e  

te m p e r a tu r e  o f  s i n t e r i n g  p l o t t e d  a g a i n s t  th e  t im e ta k en  

t o  r e a c h  70  and 90 per c e n t  r e d u c t i o n .  T h is  f i g u r e  

how ever d o es  n o t  ta k e  th e  s t r e n g t h  i n t o  a c c o u n t  and a s  a 

r e s u l t  wrong c o n c l u s i o n s  m igh t e a s i l y  be drawn from i t .

I t  m igh t be assum ed t h a t  s i n c e  fo r  any g i v e n  tem p er a tu r e



th e  s i n t e r s  m a d e  f r o m  t h e  rammed m ix tu r e s  red u ce  v e r y  

much s lo w e r  th a n  th o s e  from th e  tap p ed  .m ix tu res ,  the  

l a t t e r  a r e  th e  more d e s i r a b l e .  T h is  i s  n o t  th e  case  

a s  th e  rammed m ix tu r e s  produced  a v e r y  much s t r o n g e r  

s i n t e r .  In d eed  s i n t e r s  o f  s i m i l a r  r e d u c i b i l i t y  

i n v a r i a b l y  had s i m i l a r  s t r e n g t h ,  so  t h a t  i f  th e  m ix tu re  

was rammed i n s t e a d  o f  tap p ed  down, a s i n t e r  hs good in  

a l l  r e s p e c t s  c c u ld  be made a t  a c o n s i d e r a b l y  lo w e r  

t e m p e r a t u r e .  I t  I s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  

s i n t e r s  compare fa v o u r a b ly  w i t h  th e  o r e s  in  f i g u r e  15 

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

The o b v io u s  s u c c e s s  o f  l im e  a d d i t i o n s  t o  th e  s i n t e r  • 

m ix t u r e  l e d  t o  th e  making o f  t h r e e  f u r t h e r  s i n t e r s ,  th e  

o n ly  d i f f e r e n c e  b e in g  th e  a d d i t i o n  o f  10 per  c e n t  a lu m in a .  

The s t r e n g t h  o f  t h e s e  was s i m i l a r  or i f  a n y t h in g  perhaps  

s l i g h t l y  w eaker  th an  th e  p r e v io u s  s e r i e s  when made a t  

c o r r e s p o n d in g  t e m p e r a t u r e s .  The r e d u c i b i l i t y  was 

im proved  a s  shown by th e  cu rve  f o r  s i n t e r  61 in  f i g u r e  2 3 .

Two f u r t h e r  s i n t e r s ,  numbers 62 and 60 w ere  made 

c o n t a i n i n g  10  p er  c e n t  s i l i c a  and 2 . 3  per  c e n t  carb on  b u t  

w i t h o u t  any l im e  or a lu m in a ,  w i t h  th e  o b j e c t  o f  o b t a i n i n g  

more a c c u r a t e  in f o r m a t io n  on th e  p r e c i s e  b e n e f i t  o f  l im e  

a d d i t i o n s .  2 . 3  p er  c e n t  carb on  was u se d  i n s t e a d  o f  

2 p er  c e n t  s i n c e  due to  th e  l a c k  o f  l im e  th e  f e r r i c  o x id e  

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

shown by th e  c u rv e  f o r  s i n t e r  60 i n  f i g u r e  2 4 ,  was poor  

compared to  t h o s e  c o n t a i n i n g  l i m e .  I t  may be n o te d  

how ever  t h a t  i t  i s  c o n s i d e r a b l y  b e t t e r  th an  s i n t e r  46A
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w h ic h  c o n t a i n s  5 per  c e n t  l im e  and. was made a t  a 

te m p e r a tu r e  6 0 ° C . l o w e r .  Number 46A c o n t a in e d  4 per c e n t  

carb on  w h ic h  w ould g i v e  r i s e  t o  c o n s id e r a b le  q u a n t i t i e s  

o f  f e r r o u s  o x id e  w h i l e  number 60 o n ly  c o n t a i n e d 2 .3 per c e n t .  

The im provem ent in  th e  l a t t e r  c a s e  must t h e r e f o r e  be 

a t t r i b u t e d  t o  th e  d i f f e r e n t  carb on  c o n t e n t s .  I t  th u s  

seem s t h a t  th e  carb on  c o n t e n t  may be a s  im p o rta n t  i f  n o t  

more s o  th a n  th e  l im e  a d d i t i o n .

As a l l  s i n t e r s  so  f a r  had b een  made in  vacuum, i t  

was now th o u g h t  a d v i s a b l e  t o  ch eck  th e  e f f e c t  o f  making  

them i n  a i r .  S e v e r a l  su c h  s i n t e r s  w ere made and t e s t e d  

a s  s e e n  from  th e  r e s u l t s  o f  s i n t e r  74 in  T ab le  V I I I  and  

f i g u r e  2 4 ,  t h e r e  was l i t t l e  i f  any change i n  r e d u c i b i l i t y  

and th e  s t r e n g t h  was u n a f f e c t e d .  As a r e s u l t  o f  t h e s e  

t e s t s ,  a l l  su b s e q u e n t  s i n t e r s  w ere  made in  a i r .

When a d d in g  l i m e ,  th e  d a n g er  o f  d u s t i n g  due to  th e  

1 0  p er  c e n t  volum e change when/3 2C a0*S i02 changes t o  th e  

^ f o r m  a t  6 7 4 ° C . ,  must be borne i n  m ind. S e v e r a l  t e s t s  

w ere made t o  d i s c o v e r  th e  l i m e i s i l i c a  r a t i o n  n e c e s s a r y  

t o  c a u s e  d u s t i n g .  The l i m e i s i l i c a  r a t i o s  by w e ig h t  o f  

th e  s i l i c a t e s  l i k e l y  t o  o c c u r  a r e  a s  f o l l o w s : -

CaO *Si0g 0 .9 3 3

3Ca0*2S102 1 . 4

2 C a0*S i02 1 .8 6 6

To o b t a in  th e  l i m i t i n g  r a t i o  ab ove  w h ic h  d u s t i n g  to o k  

p l a c e ,  th e  f o l l o w i n g  s i n t e r s  shown in  t a b l e  IX w ere

m ade.
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TABhE IX

S i n t e r
No.

Temp. 
°C .

Time 
mins .

%G ^CaO %3102 Remarks x

98 1250 7 2 14 10 J u s t  d u sted
97 1250 7 4 12 10 D usted
99 1200 7 4 10 10 P a r t  dusted
49 1200 7 4 10 10 Not d u s te d

x  I n  no c a s e  was p ro p er  d u s t i n g  o b s e r v e d .  In  t h i s
T a b le  d u s t e d  must be ta k en  as  m eaning d i s i n t e g r a t i o n  
w i t h  some f i n e s  and some p i e c e s  up t o  a s i z e  o f  
-  i  + t/ q in c h  p r o d u ced .

I t  had a lr e a d y  been o b se r v e d  t h a t  s i n t e r s  o f  2 per  

c e n t  c a r b o n ,  12 per c e n t  l im e  and 10 per  c e n t  s i l i c a  

show ed no s i g n  o f  d u s t i n g  so  f o r  th e  f i r s t  t r i a l  w i t h  

2 per  c e n t  carb on  th e  l im e  c o n t e n t  was in c r e a s e d  t o  14 per  

c e n t .  The r e s u l t i n g  s i n t e r  when c o ld  d i s i n t e g r a t e d  a f t e r  

a b o u t  t e n  m in u t e s ,  b u t d id  n o t  d u s t  b a d ly .  From t h i s  i t  

was c o n c lu d e d  t h a t  th e  l i m i t i n g  r a t i o  must be a b o u t  14 per  

c e n t  l im e  t o  10 per c e n t  s i l i c a  w h ich  i s  1 . 4 .

T h e o r e t i c a l l y  t h e r e  sh o u ld  be no d u s t i n g  w i t h  t h i s  

c o m p o s i t io n  a s  o n ly  3C a0*2Si02 sh o u ld  be p r e s e n t .  I t  

must be remembered however t h a t  w i t h  2 per  c e n t  carb on  th e  

r e d u c t i o n  o f  th e  f e r r i c  o x id e  p r o c e e d s  beyond th e  

m a g n e t i t e  s t a g e  so  t h a t  a l i t t l e  f e r r o u s  o x id e  w i l l  be 

p r e s e n t .  T h is  w i l l  have the e f f e c t  o f  r e d u c in g  th e  siLica  

f r e e  t o  r e a c t  w i t h  th e  l i m e .  As th e  amount o f  s i l i c a  

i s  l i m i t e d  th e  r e a c t i o n s  w i l l  ten d  t o  e q u i l i b r i u m  b etw een  

C a0*S i02 ( or 5C a0«2S i02 ) ,  2 C a 0 -S i0 2 and 2 F e 0 * S i0 2 *

There i s  n o t  much f r e e  wFeOu p r e s e n t  w i t h  2 per c e n t



carb on  and so  i t  w ould  be e x p e c t e d  t h a t  most o f  t h e  

s i l i c a  w ould  go w i t h  th e  l i m e .  T his  ap p ears  to  have been  

t h e  c a s e  s i n c e  d u s t i n g  to o k  p la c e  o n ly  a t  a s l i g h t l y  

lo w e r  r a t i o  th an  w ould  have been e x p e c t e d  w i t h o u t  th e  

p r e s e n c e  o f  "FeO" . That i s  i t  to o k  p la c e  a t  a r a t i o  o f  

1 . 4  i n s t e a d  o f  o v e r  1 . 4 .  When 4 per c e n t  carbon was 

u s e d  th e  p o s i t i o n  was q u i t e  d i f f e r e n t .  D u s t in g  to o k  p la c e  

r e a d i l y  w i t h  12 per  c e n t  l im e  and 10 p er  c e n t  s i l i c a  but  

w i t h  10 per  c e n t  l im e  and 10 per c e n t  s i l i c a  one sp ec im en  

d id  n o t  d u s t  w h i l e  a n o th e r  j u s t  f e l l  a p a r t  i n t o  f a i r l y  

l a r g e  p i e c e s  w i t h  v e r y  l i t t l e  d u s t i n g .  Prom t h i s  i t  was 

assum ed t h a t  th e  l i m i t i n g  r a t i o  was u n i t y .  This shows 

v e r y  c l e a r l y  th e  e f f e c t  o f  f e r r o u s  o x i d e .  Pour per  c e n t  

carb on  in  th e  s i n t e r  m ix tu r e  r e d u c e s  a l l  th e  i r o n  t o  th e  

f e r r o u s  s t a t e .  Thus s i n c e  t h e r e  was 76 per  c e n t  PegO^ 

p r e s e n t  in  th e  m ix t u r e ,  th e  r e s u l t i n g  "FeO” c o n t e n t  o f  

th e  s i n t e r  a l l o w i n g  f o r  carb on  and oxygen l o s s  w i l l  be 

7 5 . 7  p er  c e n t .  I t  seem s t h a t  t h i s  nFeOn has p r e v e n te d  

a b o u t  3 p er  c e n t  s i l i c a  from r e a c t i n g  w i t h  th e  l im e  th u s  

a l l o w i n g  the  r a t i o  t o  r e a c h  1 0 /7  or j u s t  o v er  1 .4  

r e s u l t i n g  in  s l i g h t  d i s i n t e g r a t i o n .  The im p o rta n ce  o f  t h i s  

i n  s i n t e r i n g  o r e s  h ig h  in  l im e  i s  o b v io u s .  I f  a sound  

s i n t e r  i s  t o  be produced th e  carb on  must be k e p t  t o  a 

minimum.

Prom a s tu d y  o f  th e  work c a r r i e d  o u t so  f a r  i t  

becom es o b v io u s  t h a t  t h e  r a t e  o f  d i f f u s i o n  th ro u g h  s o l i d s  

i s  p r o b a b ly  one o f  th e  m ost im p o r ta n t  f a c t o r s  in  th e  

r e d u c i b i l i t y  o f  o r e s  and s i n t e r s .  T h i s  d i f f u s i o n  may be
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divided into two stages. First there is th e  diffusion 
o f  th e  r e d u c in g  g a s  i n t o  th e  macro and m icro  p o res  w h ich  

w i l l  be f a i r l y  r a p id  a l t h o u g h  s lo w ed  down to  some e x t e n t  

by th e  f a c t  t h a t  a l l  th e  carbon d i o x i d e  formed must diffuse 
o u t  a g a i n .  A ls o  th e  n i t r o g e n  w i l l  c o n t i n u a l l y  d i f f u s e  in  

and o u t  m e r e ly  a c t i n g  as  a d i l u e n t  and c o n s e q u e n t ly  a 

h in d r a n c e  t o  th e  p r o c e s s  o f  r e d u c t i o n .  This however o n ly  

r e a c h e s  th e  s u r f a c e  o f  th e  s o l i d  o x id e s  and c o n s e q u e n t ly  

t o  e f f e c t  r e d u c t i o n  in  d e p th  d i f f u s i o n  In th e  s o l i d  s t a t e  

becom es o p e r a t i v e .  T his  t a k e s  p la c e  when th e  o u te r  l a y e r s  

become r e d u c e d  by the  carbon monoxide th u s  s e t t i n g  up an 

o x y g en  c o n c e n t r a t i o n  g r a d i e n t  i n t o  th e  s o l i d .  The oxygen  

w i l l  th e n  s t a r t  t o  d i f f u s e  o u tw a r d s .  As d i f f u s i o n  in  th e  

s o l i d  s t a t e  i s  a lw a y s  a s low  p r o c e s s  th e  d i s t a n c e  betw een  

th e  open p o r e s  becomes v e r y  im p o r t a n t .  I n  a lump o f  ore  

w h ic h  g e n e r a l l y  h as  good m icro  p o r o s i t y  t h i s  d i s t a n c e  i s  

s m a l l  w h ic h  i s  one o f  th e  f a c t o r s  c o n t r i b u t i n g  t o  th e  good 
r e d u c i b i l i t y  o f  o r e s .  In  th e  c a s e  o f  i n d u s t r i a l  s i n t e r s  

m icro  p o r o s i t y  i s  low  due t o  much m e l t in g  and g l a s s  

f o r m a t i o n ,  r e s u l t i n g  In th e  r e d u c in g  g a s e s  h a v in g  to  

d i f f u s e  th ro u g h  th e  s o l i d  f o r  a much g r e a t e r  d i s t a n c e  

b e f o r e  c o m p le te  r e d u c t io n  can be e f f e c t e d .  T h is  i s  

r e f l e c t e d  in  th e  poor r e s u l t s  o b t a in e d  f o r  t h e s e  s i n t e r s .  

S i n t e r s  made in  th e  l a b o r a t o r y  c o n firm ed  t h e s e  v i e w s .  So 

l o n g  a s  p r e c a u t io n s  w ere  ta k en  a g a i n s t  m e l t in g  th e  

r e d u c i b i l i t y  was g o o d .  The e f f e c t  o f  t h i s  m icro  p o r o s i t y  

was a l s o  v e r y  o b v io u s  when p o l i s h i n g  s e c t i o n s .  I n d u s t r i a l  

s i n t e r s  p o l i s h e d  e a s i l y  b u t  l a b o r a t o r y  s i n t e r s  w h ic h  had
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not been melted gave considerable trouble in drying as 
a lr e a d y  m en t io n ed  due t o  m o is tu r e  s lo w ly  o o z in g  ou t of the 
p o r e s  .

CHAPTER XX

P r o d u c t io n  o f  L a b o ra to ry  S i n t e r s  
from  O r e s .

H aving e s t a b l i s h e d  th e  main f a c t o r s  l e a d i n g  to  poor

r e d u c i b i l i t y  and th e  means o f  a v o id i n g  them , a t t e m p ts

w ere  now made to  make good s i n t e r s  from n a t u r a l  o r e s .  A

sam ple  o f  Ouenza was o b t a in e d  from a l o c a l  s i n t e r i n g  p l a n t .
■0

A ro u g h  g r a d in g  a n a l y s i s  gave th e  f o l l o w i n g  r e s u l t s .

+ 1 0  m esh, 6 .0 3 $

-  10  m esh, + 20 M , 2 3 .7 5 $

-  2 0  n , + 50 " , 3 3 .1 2 $

-  50 " , + 100 w , 3 4 .5 5 $

-  100 n , 2 . 5 5 $

As t h i s  was v e r y  c o a r s e  compared t o  th e  f e r r i c  o x id e  

p r e v i o u s l y  u s e d ,  t h e r e  was some dou b t a b o u t  p ro d u c in g  as  

good a s i n t e r .  The f i r s t  t r i a l s ,  u s i n g  th e  ore  w i t h  

2 per  c e n t  carbon a t  te m p e r a tu r e s  o f  1200 and 1 2 5 0 ° C . ,  

p rod u ced  a s i n t e r  w h ic h  was to o  weak e s p e c i a l l y  to  

a b r a s i v e  s t r e s s .  S i n t e r  number 8 0 ,  made w i t h  4 per  c e n t  

carb on  a t  1 3 00°C . had f a i r l y  good s t r e n g t h  b u t  t h e  

r e d u c i b i l i t y  was u n s a t i s f a c t o r y  a s  s h o w n  i n  f i g u r e  3 1 .  

A c c o r d in g ly  th e  n e x t  s i n t e r s  t o  b e  m a d e  c o n t a i n e d  5  per c e n t



l im e  and th e  carb on  c o n t e n t  was red u ced  2 per c e n t .

S i n t e r s  82 and 85 made a t  1350 and 1510°C . r e s p e c t i v e l y ,  

show v e r y  s a t i s f a c t o r y  r e s u l t s  from t h i s  ch a n g e . i n  

f i g u r e  31 i t  can be s e e n  t h a t  s i n t e r  85 gave a r e d u c i b i l i t y  

cu r v e  s l i g h t l y  b e t t e r  th an  th e  o r e .  I t  i s  th o u g h t  

how ever  t h a t  t h i s  may be f a l s e  due to  a s l i g h t l y  h ig h e r  

r a t e  o f  ca rb o n  d e p o s i t i o n  on th e  s i n t e r .  I t  I s  c e r t a i n  

h ow ever  t h a t  i f  th e  s i n t e r  i s  n o t  b e t t e r  than  th e  o r e ,  

i t  i s  n o t  much p o o r e r .  The s t r e n g t h  o f  s i n t e r s  82 and  

85 was a s  good i f  n o t  b e t t e r  than th e  ore  w h ic h  i s  f a i r l y  

s t r o n g  a s  o r e s  g o .  I t  w ould  be i n t e r e s t i n g  t o  know th e  

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

g r a d in g  th e  s i n t e r  m ix tu re  f o r  u s e  in  th e  o r d in a r y  

s i n t e r i n g  m a c h in e .  C lo s e  g r a d in g  s h o u ld  g i v e  maximum 

v o i d s  w h ic h  in  tu rn  w ould  l e a d  t o  more ev en  a i r  s u c t i o n  

and te m p e r a tu r e  over  th e  b e d .  I f  th e  v a r i a t i o n s  in  

t e m p e r a tu r e  b e tw een  d i f f e r e n t  p a r t s  o f  th e  bed c o u ld  be 

r e d u c e d  by t h i s  m eans, b e t t e r  c o n t r o l  and a much more 

u n ifo r m  s i n t e r  w ould  r e s u l t .  In  t h i s  r e s p e c t  i t  must be 

remembered t h a t  th e  l o w e s t  tem p era tu re  a t t a i n e d  in  any  

p a r t  o f  th e  bed must be as h ig h  a s  th e  minimum s i n t e r i n g  

t e m p e r a tu r e ,  from w h ich  i t  f o l l o w s  t h a t  i f  t h e r e  i s  to o  

g r e a t  a v a r i a t i o n  in  th e  bed some p a r t s  w i l l  be l i a b l e  t o  

be f u s e d  and o t h e r s  n o t  s i n t e r e d .

W h ile  th e  above co n f ir m e d  th e  b e n e f i t s  o f  low carbon  

and added l i m e ,  i t  was c o n s id e r e d  d e s i r a b l e  t h a t  t e s t s  

s h o u ld  be c a r r i e d  o u t  w i t h  an ore  c o n t a i n i n g  more s i l i c a  

th a n  Ouenza w h ic h  c o n t a in s  o n ly  3 p er  c e n t .  A c c o r d in g ly
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cabana, containing 10.8 per cent silica and 5.6 per cent 
l im e  was c h o s e n .  The f i r s t  s i n t e r s  made from t h i s  ore 

w i t h  4 per c e n t  carb on  a t  1 2 5 0 ° 0 .  m e lte d  a lm o s t  c o m p le t e ly  

and w i t h  2 p er  c e n t  carb on  a t  th e  same tem p era tu re  

c o n s i d e r a b l e  m e l t i n g  to o k  p l a c e .  I t  was found t h a t  th e  

t e m p e r a tu r e  f o r  t h i s  o re  was f a i r l y  c r i t i c a l  when m ixed  

w i t h  carb on  o n l y .  I f  i t  was much below 1200°C . th e  

s t r e n g t h  was poor and i f  i t  was much in  e x c e s s ,  m e l t in g  

t o o k  p la c e  p resu m ab ly  due t o  O l i v i n e s .  The a d d i t i o n  o f  

13 p e r  c e n t  l im e  to  th e  s i n t e r  m ix tu re  r e s u l t e d  in  the 

c o n s i d e r a b l e  im provem ent in  r e d u c i b i l i t y  shown in  f i g u r e  

3 2 ,  in  w h ic h  l im e  has been  added to  s i n t e r  90 bu t not to  

8 8 .  A n oth er  v a l u a b l e  e f f e c t  o f  th e  l im e  a d d i t i o n  was t h a t  

s a t i s f a c t o r y  s i n t e r s  c o u ld  be produced over  a tem p eratu re  

r a n g e  from  a b o u t  1160 t o  1 2 5 0 °C . w h ich  was c o n s id e r a b ly  

b e t t e r  th a n  w i t h o u t  l i m e .  The form  o f  th e  g r a p h  f o r

s i n t e r  88 i s  i n t e r e s t i n g .  I t  s t a r t s  s l o w l y ,  th en

g r a d u a l l y  r i s e s  more s t e e p l y  bu t f i n a l l y  s t a r t s  t o  f a l l  

o f f  a g a i n .  T h is  i s  s i m i l a r  t o  th e  r e s u l t  f o r  th e  Ford 

s i n t e r .  When t h e s e  s i n t e r s  w ere  exam ined under  

b i n o c u l a r s  (X 1 5 )  i t  was n o t i c e d  t h a t  b o th  seemed to  be 

q u i t e  good i n t e r n a l l y  b u t th e  s u r f a c e  was c o v e r e d  w i t h  a 

t h i n  f i l m  o f  m e lte d  m a t e r i a l .  I t  i s  p r o b a b le  t h a t  th e  

poor r e d u c i b i l i t y  a t  th e  b e g in n in g  i s  due t o  t h i s  g l a s s y  

f i l m ,  b u t  when i t  has b een  r ed u c ed  i t  w i l l  n o t  o f f e r  so  

much r e s i s t a n c e  to  gas  p e n e t r a t i o n  h en ce  th e  g ra d u a l  

im provem ent f o l l o w e d  l a t e r  by the  n a t u r a l  f a l l i n g  o f f  of 

th e  r a t e i
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Tab-a. 6 X g i v e s  th e  general d a ta  o n  the a b o v e  sinters *

TABLE X

S i n t e r Ore Temp T ime $CaO Redn. Time Rem arks.
N o . °C mins 10% 95%

80 Ouenza 1300 7 4 210 370
8 2 ft 1350 7 2 5 122 210 Very s t r o n g
83 ft 1320 7 4 5 i» it
84 ft 1260 7 4 5 S t r e n g t h  u s e ­

l e s s  r e d u c ­
i b i l i t y  
e x c e l l e n t .

85 ft 1310 7 2 5 85 142 Very s t r o n g .
100 ft 1250 7 2 5

88 Wabana 1200 7 2 - . (500) Very s t r o n g .
90 it 1200 7 2 13 250 375 S t r e n g t h  

s i m i l a r  to  
o r e .

93 
93 A

tt

N a s s in g -
to n

1220
1220

15
15

4
4

13
13

204 295 )Made in  gas  
)m u ff le  
)Hahd r a b b le d  
}S tr e n g th  
)v ar ia .b le

In  o r d e r  to  ch eck  t h  e f f e c t  o f  p a r t i c l e  s i z e  on 

s i n t e r i n g  te m p er a tu r e  some Ouenza ore  was ground t o  

-  5 0 ,  + 100 mess and a sam ple  t a k e n .  T h is  was s i n t e r e d  

a t  v a r io u s  te m p e r a tu r e s  w i t h  5 per  c e n t  l im e  and 2 per c e n t  

c a r b o n .  I t  was found t h a t  th e  s t r e n g t h  o f  s i n t e r  number 

100 made a t  a te m p era tu re  o f  1250°C . was o f  s i m i l a r  

s t r e n g t h  t o  number 85 made a t  1 3 1 0 ^ 0 . from  th e  c o a r s e r  o r e .  

I t  w ou ld  app ear  t h a t  in  th e  s i n t e r s  made from th e  c o a r s e r  

o re  th e  l a r g e r  p i e c e s ,  p r o b a b ly  th o s e  above 20 m esh,  

p r e v e n t e d  in t im a t e  c o n t a c t  to  s u c h  an e x t e n t  t h a t  a 

te m p e r a tu r e  o f  a b o u t  60°C . h ig h e r  was r e q u ir e d  t o  g iv e
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similar strength.

A l l  s i n t e r s  s o  f a r  had been made in  a p la t in u m  

c r u c i b l e  in  a v e r t i c a l  tu b e  f u r n a c e .  The sm a ll  s c a l e  o f  

t h e s e  t e s t s  and the  f a c t  t h a t  th e  maximum d i s t a n c e  o f  h e a t  

p e n e t r a t i o n  was §  in c h  r a i s e d  some dou bt ab ou t th e  s u c c e s s  

o f  a p p l y i n g  th e  p r i n c i p l e s  on a l a r g e r  s c a l e .  A s m a ll  

ga s  f i r e d  m u f f le  fu r n a c e  o f  th e  ty p e  in  w h ich  th e  flam e  

p la y s  o v e r  th e  i n s i d e  o f  th e  r o o f  a r c h ,  was a v a i l a b l e  and 

s o  some t e s t s  w ere c a r r i e d  o u t in  i t . A t h i n  s t e e l p l a t e  

c o n t a i n e r  w%s u s e d  to  h o ld  th e  s i n t e r  m ix tu re  w h ich  

c o n s i s t e d  o f  o r e ,  l im e  and ca rb o n . M ix tu res  93 and 93A 

a r e  ex a m p les  o f  th e  c o m p o s i t io n s  and te m p er a tu r e s  em p loyed .  

The fu r n a c e  was h e a te d  t o  a s t e a d y  t e m p e r a tu r e .  The 

c o n t a i n e r ,  f i l l e d  to  a d e p th  o f  a b o u t  fo u r  i n c h e s ,  was 

p la c e d  in  th e  f u r n a c e .  A f t e r  ab ou t f i v e  m in u te s ,  th e  charge 

was r a b b le d  to  a s s i s t  h e a t  p e n e t r a t i o n .  C o n s id e r a b le  ca re  

was n e c e s s a r y  d u r in g  t h i s  o p e r a t i o n  o t h e r w is e  much o f  th e  

f i n e * m a t e r i a l  was l i a b l e  to  be blown o u t  o f  th e  c o n t a in e r  

by th e  b l a s t .  R a b b lin g  was r e p e a t e d  a t  ab ou t th r e e  

m in u te  i n t e r v a l s  u n t i l  a t o t a l  s i n t e r i n g  tim e o f  f i f t e e n  

m in u te s  had e la p s e d  when th e  c o n t a i n e r  and s i n t e r  was 

w ith d r a w n . The s i n t e r  was m o s t ly  in  p i e c e s  betw een  h a l f  

and one in c h  in  s i z e  e x c e p t  round th e  s i d e s  o f  th e  

c o n t a i n e r  w here i t  formed a c o n t in u o u s  l a y e r .  About  

7 5  p er  c e n t  o f  th e  m ix tu re  was s i n t e r e d  t h e r e  b e in g  an 

u n s i n t e r e d  cone l e f t  in  th e  c e n t r e  w h ic h  was p ro b a b ly  due 

t o  i n e f f i c i e n t  r a b b l i n g .  The s t r e n g t h  was v a r i a b l e  bu t  

t h a t  o f  th e  s m a l l  p i e c e s  was as good as th e  ore. The



t e s t  was repeated without r a b b l i n g  in  order  to  assess 

i t s  v a lu e  in  a s s i s t i n g  th e  p e n e t r a t i o n  o f  h e a t .  The 

p r o d u c t  showed m e l t in g  to  have ta k en  p la c e  on th e  s u r f a c e  

u n d er  w h ic h  t h e r e  was a h a l f  in c h  l a y e r  o f  s i n t e r .  The 

rem a in d er  o f  th e  c h a rg e  was s t i l l  in  powder form p r o v in g  

th e  n e c e s s i t y  f o r  r a b b l i n g .  I t  was th o u g h t  t h a t  w i t h  

more e f f i c i e n t  r a b b l i n g  and a s l i g h t l y  h ig h e r  te m p e r a tu r e ,  

th e  s i n t e r i n g  tim e c o u ld  be red u c ed  t o  th e  o r d e r  o f  ab ou t  

s e v e n  m in u t e s .  The r e d u c i b i l i t y  o f  s i n t e r  93 was t e s t e d  

and i s  shown in  f i g u r e  3 2 .  I t  i s  n o t  a s  good as  th e  ore  

and from  th e  cu rv e  i t  a p p ea rs  t h a t  carbon d e p o s i t i o n  has  

ta k e n  p la c e  from  a b o u t  150 m in u tes  onw ards.

T hese  t e s t s  show t h a t  g r e a t  improvement i s  p o s s i b l e  

on th e  p r e s e n t  s i n t e r  p l a n t  t e c h n iq u e  w i t h  a c o n s e q u e n t ly  

im proved  p r o d u c t .  W hether or n o t  i t  w i l l  prove  

p r a c t i c a b l e  t o  a l t e r  th e  e x i s t i n g  methods and p la n t  

w i t h o u t  making th e  p r o j e c t  e c o n o m ic a l ly  unsound rem ains  

f o r  in d u s t r y  to  f i n d  o u t .  S e v e r a l  ch an ges  how ever co u ld  

be made w i t h o u t  much t r o u b l e .  S e p a r a te  b ed d in g  b in s  f o r  

d i f f e r e n t  t y p e s  o f  ore  w ould  make i t  p o s s i b l e  to  d i l u t e  

t h o s e  w h ic h  were e a s i l y  f u s i b l e  l i k e  Wabana, w i t h  th o s e  

w h ic h  have  a w id e  s i n t e r i n g  ran ge  l i k e  Ouenza. The 

s i l i c a  c o n t e n t  c o u ld  be e a s i l y  c a l c u l a t e d  and h en ce  th e  

optimum amount o f  l im e  t o  be added c o u ld  be e s t i m a t e d .

The o n l y  e x p e n se  i n v o l v e d  i f  t h i s  was a d o p ted  w ould  be 

f o r  b e d d in g  b in s  and f o r  e f f i c i e n t  m ix in g  p l a n t  su ch  as  a 

tu b e  m i l l  w h ich  w ould i n c i d e n t l y  do some c r u s h in g .  A 

se c o n d  a l t e r a t i o n  would be th e  i n c o r p o r a t io n  o f  c r u s h in g



and grading plant. It has been shown that f i n e r  

p a r t i c l e  s i z e  p e r m its  a lo w er  s i n t e r i n g  tem p era tu re  whac h 

i s  o f  g r e a t  im p o rta n ce  w i t h  e a s i l y  f u s i b l e  o r e s .  The 
te m p e r a tu r e  c o n t r o l  on th e  p r e s e n t  i n d u s t r i a l  p la n t  

how ever  i s  s o  vague t h a t  i t  i s  p o s s i b l e  t h a t  t h i s  

im provem ent w ould  n o t  be e c o n o m ic a l ly  sound t i l l  improved  

p l a n t  i s  u s e d .  A ls o  th e  dan ger  o f  to o  f i n e  a ch arge  

p r e v e n t i n g  e v en  s u c t i o n  w i t h  c o n seq u e n t  c h a n n e l in g  and 

h o t  s p o t s  h a s  to  be remembered. The u s e  o f  low carbon  

w i t h  th e  o b j e c t  o f  fo r m in g  as l i t t l e  f e r r o u s  o x id e  as  

p o s s i b l e  i s  d i f f i c u l t  a s  l o n g  as  th e  p la n t  u s e s  the  c arbon  

f o r  th e  d u a l  p u rp ose  o f  r e d u c t io n  and th e  p r o v i s i o n  o f  

h e a t .

To p rod u ce  i d e a l  s i n t e r  i t  w ould  o f  c o u r se  be n e c e s s a r y  

t o  d e s i g n  a new m achine or a t  l e a s t  make c o n s id e r a b le  

a l t e r a t i o n s  t o  th e  p r e s e n t  t y p e s .  The c o n s i d e r a b l e  e x tr a  

e x p e n s e  o f  s u c h  a p la n t  w ould have  t o  be r e c o v e r e d  in  

r e d u c e d  b l a s t  fu r n a c e  c o s t s .  B le n d in g  o f  s i n t e r  and ore  

w ou ld  be im p o r t a n t .  I f  v a r i a b l e  ty p e s  o f  ore w ere  u se d  

and two f u r n a c e s  w ere  in  o p e r a t i o n ,  i t  sh o u ld  be p o s s i b l e  

t o  run one on f a s t  r e d u c in g  ore  and s i n t e r  and th e  o th er  

on s lo w  r e d u c in g  ore and s i n t e r .  1'hen as  th e  burden  

w o u ld  a l l  r ed u c e  a t  th e  same r a t e ,  th e  fu r n a c e  c o u ld  be 

d r i v e n  a t  th e  r a t e  o f  maximum e f f i c i e n c y  f o r  th e  

r e d u c i b i l i t y  o f  th e  ch a rg e  w i t h o u t  any f e a r  o f  u n redu ced  

m a t e r i a l  r e a c h in g  th e  c r u c i b l e  a s  happens a t  p r e s e n t  i f  th e  

s i n t e r  in  th e  ch a rg e  i s  to o  h i g h .  I f  properly carried 
o u t  t h i s  s h o u ld  red u ce  th e  coke r e q u ir e d  for thermal and
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80
reducing purposes to a minimum, and i f  t h i s  quantity a lo n g  

w i t h  th e  s i n t e r  was i n s u f f i c i e n t  to  k eep  th e  charge  op en ,  

th e  e co n o m ic s  o f  e i t h e r  a d d in g  more c o k e ,  w h ich  i s  o b v io u s l y  

a w a s t e f u l  p r o c e s s ,  or  a d d in g  more s i n t e r  w ould  have to  be 

c o n s i d e r e d .  To add more s i n t e r ,  f i n e s  would have to  be 

o b t a in e d  e i t h e r  by b u y in g  them in  n a t u r a l  form or in  

c o n c e n t r a t e s ,  o r  by c r u s h in g  o r e .  I t  must be remembered 

t h a t  i f  e x c e s s  coke i s  added i t  amounts t o  a d i l u t i o n  o f  - 

t h e  burden w h erea s  e x t r a  s i n t e r  has a c o n s id e r a b le  e n r i c h in g  

e f f e c t  w h ic h  must r ed u c e  th e  f i n a l  c o s t  o f  th e  p ig  i r o n .

As m e n t io n e d  in  C hap ter  I ,  a c c o r d in g  to  N e u s t a e t t e r ,  th e  

p o s s i b i l i t y  o f  t h e  coke r e q u ir e d  to  keep the  burden open  

b e in g  in  e x c e s s  o f  t h a t  r e q u ir e d  f o r  r e d u c t io n  p u rp oses  

d o e s  e x i s t .  Thus when c o n s i d e r i n g  w h eth er  or n o t  i t  i s  

e c o n o m ic a l  t o  make and u s e  more s i n t e r  t h i s  im p o rta n t  

f a c t o r  m ust be borne in  m ind.

To v e r i f y  th e  c o n c l u s i o n  t h a t  th e  poor r e d u c i b i l i t y  

o f  i n d u s t r i a l  s i n t e r s  was due to  u n s a t i s f a c t o r y  p r o d u c t io n  

m e th o d s ,  a sam ple o f  W orkington  s i n t e r  was ground up and 

r e s i n t e r e d  in  a p la t in u m  c r u c i b l e  w i t h  2 per c e n t  carbon  

and 12 per  c e n t  l im e  a t  a tem p er a tu r e  o f  1150°C . The 

r e d u c i b i l i t y  o f  th e  r e s u l t i n g  s i n t e r  was e x c e l l e n t  but th e  

s t r e n g t h ,  w h ic h  was a b o u t  e q u a l  to  N o r th a n ts  o r e ,  was n o t  

v e r y  s a t i s f a c t o r y .  From p r e v io u s  r e s u l t s  i t  seem s c e r t a i n  

t h a t  a som ewhat h i g h e r  tem p er a tu r e  w ould g i v e  a s t r o n g  

s i n t e r  w i t h  o n ly  s l i g h t l y  p o o r e r  r e d u c i b i l i t y .  A com parison  

o f  th e  new s i n t e r  w i t h  th e  o r i g i n a l  In  f i g u r e  35 l e a v e s  

no d o u b t a b o u t  th e  b e n e f i t s  derived from scientifically
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controlled production.

CHAPTER X

The F u n c t io n  o f  th e  Lime 
__________A d d i t i o n .

An a t t e m p t  was now made t o  prove  th e  e x a c t  f u n c t i o n  

o f  t h e  l im e  in  th e  fo r m a t io n  o f  a s i n t e r .  Many s l a g s  

c o n t a i n i n g  l i m e ,  f e r r o u s  o x id e  and s i l i c a  in  v a r y in g  

p r o p o r t io n s  w ere  made and exam in ed . A p la t in u m  c r u c i b l e  

was u s e d  a s  c o n t a i n e r  and h e a t i n g  was c a r r i e d  out in  a 

n i t r o g e n  a tm o sp h e r e .  The s l a g  form in g  m a t e r ia l s  were  

h e a t e d  j u s t  to  th e  s o f t e n i n g  p o in t  and h e ld  th e r e  f o r  t e n  

m in u t e s .  T h is  p ro ced u re  was a d o p ted  in  p r e fe r e n c e  to  

pure s i n t e r i n g  s i n c e  i t  was c o n s id e r e d  t h a t  in  most  

i n d u s t r i a l  s i n t e r s ,  when made p r o p e r ly ,  th e  s l a g  form in g  

c o n s t i t u e n t s  w i l l  a lm o s t  m e l t ,  or in  th e  c a s e  o f  

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

p r o b a b ly  be e x c e e d e d .

A s e r i e s  o f  f e r r o u s  s i l i c a t e s  w ere f i r s t  made by 

m ix in g  s i l i c a  w i t h  f e r r i c  o x id e  p lu s  th e  r e q u i s i t e  amount 

o f  ca rb o n  t o  form  f e r r o u s  o x i d e .  That a l l  th e  i r o n  was 

i n  th e  f e r r o u s  s t a t e  was proved  by th e  sp ec im en  b e in g  n o n ­

m a g n e t ic  and a c h e ck  was made by making a fu r t h e r  s i m i l a r  

sp e c im e n  u s i n g  s l i g h t l y  more carbon w h ic h  r e s u l t e d  in  the 
a p p ea r a n c e  o f  a few s p e c s  of m e t a l l i c  i r o n .  Specim ens  

c o r r e s p o n d in g  to the compositions l-jFeO*SiC>2 , lfFeOSiOo, 

and 2FeO *Si02 w ere  made at 1130°C . and subsequently
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ex a m in e d .  Under th e  m icro sco p e  th e  f i r s t  two ap p eared  

s i m i l a r .  Micro 24 d e p i c t s  a t y p i c a l  a r ea  o f  sp ec im en  1 1 9 ,  

o f  c o m p o s i t io n  lf-FeO’ S iO g. The f a y a l i t e  s p e c im e n , number 

1 1 5 ,  showed g l o b u l e s  o f  f r e e  w & s t i t e  p ro b a b ly  due to  th e  

s h o r t  t im e o f  s o a k in g  a t  1 1 80°C . n o t  a l l o w i n g  co m p le te  

i n t e r a c t i o n  t o  tak e  p l a c e .  I t  was n o t  c o n s id e r e d  

d e s i r a b l e  t o  in c r e a s e  th e  tim e s i n c e  i n d u s t r i a l  s i n t e r i n g  

em p loys  a s h o r t  t im e .  T able  XI g i v e s  some d a te  on a 

few r e p r e s e n t a t i v e  s p e c im e n s . .

TABLE XI

S p e c ­
imen

No.

Compos i t i o n Temp.
°C

Time
Mins

M ic r o s tr u c tu r e

115 2 P e 0 * S i0 2 1180 10 G lo b u le s  o f  w i i s t i t e  
in  f a y a l i t e  m a t r ix .

119 l f F e 0 - S i 0 2 1180 10 As in  M icro 24
129 1-g-PeO »Si02 1180 10 S im i la r  to  Micro 24-
121 1 j-FeO *Si02 1280 10 S im i la r  t o  M icros 25  

and 26
151 1-J-FeO «SiOg •1-^CaO 1280 10 -  do -

133 F a y a l i t e  + CaO 1280 10 As in  M icros 25 and 26

The e f f e c t  o f  l im e  a d d i t i o n s  was now i n v e s t i g a t e d .  

Specim en  121 was made from f e r r i c  o x id e  + c a r b o n , s i l i c a  

and l im e  t o  g i v e  a c o m p o s i t io n  o f  lfP eO 'S iO g  - r ^ C a O .

I t  $ a s  o b s e r v e d  t h a t  th e  tem p era tu re  req u ir  ed t o  c a u se  

s o f t e n i n g  was ab ou t 1280°C . w h ich  i s  10 0 °C . h ig h e r  th a n  

t h a t  f o r  pure f e r r o u s  s i l i c a t e .  .S in c e  2 F e0 * S i0 2  i s  th e  

l i m i t i n g  r a t i o  in  which f e r r o u s  oxide can combine witn 
s i l i c a  i t  was th o u g h t  that if, as would be expected from



combine p r e f e r e n t i a l l y  w i t h  th e  s i l i c a ,  th en  some f e r r o u s  

o x id e  would be thrown ou t o f  s o l u t i o n .  I t  t h i s  were the  

c a s e  th en  i t  f o l l o w s  from th e  2C a0*S i02 -  SFeO-SiOg 

d ia g r a m , f i g u r e  2 6 ,  t h a t  th e  s o f t e n i n g  tem p era tu re  o f  

sp e c im en  121 w ould  p r o b a b ly  be ab ou t 1230°C . s i n c e  th e  

CaO'SiOg r a t i o  was j u s t  in  e x c e s s  o f  u n i t y .  A c t u a l l y  

a s  m e n t io n e d  above i t  was s l i g h t l y  h ig h e r  p r o b a b ly  due to  

t im e  l a g  in  th e  i n t e r a c t i o n  o f  th e  c o n s t i t u e n t s .  T h is  

was b orn e  o u t  by th e  f a c t  t h a t  i f  th e  tem p era tu re  was 

n o t  lo w e r e d  im m e d ia te ly  s o f t e n i n g  to o k  p l a c e ,  co m p le te  

m e l t i n g  r e s u l t e d .  The m icro  s e c t i o n  o f  t h i s  sp ecim en ,  

w h ic h  was v e r y  s i m i l a r  to  m icro s  25 and 2 6 ,  showed b o th  

g l o b u l e s  o f  w i i s t i t e  in  a m a t r ix  o f  c a lc iu m  ir o n  o l i v i n e s  

and w hat a p p ea rs  t o  be an e u t e c t i c  b etw een  w i i s t i t e  and 

ca lcium , i r o n  o l i v i n e s .  Specim en 131 was s i m i l a r  in  a l l  

r e s p e c t s .

T h ese  r e s u l t s  seem to  i n d i c a t e  t h a t  th e  a d v a n ta g e s  

o f  l im e  a d d i t i o n  to  s i n t e r  a r e  due to  th e  d i s p la c e m e n t  o f  

f e r r o u s  o x id e  from  s i l i c a t e  compounds by th e  l im e  th u s  

f r e e i n g  i t  and c o n v e r t in g  i t  to  a form more e a s i l y  

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

th e  s l a g  c o n s t i t u e n t  o f  s i n t e r  r e s u l t i n g  in  l e s s  m e l t in g  

w i t h  c o n s e q u e n t ly  l e s s  g l a z i n g  t o  c o v e r  m icro  p o r e s .

Sp ec im ens 121 and 131 do n o t  how ever prove w hat  

h ap p en s  when l im e  i s  added t o  th e  s i n t e r  m ix tu r e  o f  an o re  

in  w h ic h  th e  f e r r o u s  o x id e  and silica are already combined 
A c c o r d in g ly  sp ec im en  133 was prepared consisting of a
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weighed, q u a n t i t y  o f  f i n e l y  ground f e r r o u s  s i l i c a t e  

( sp e c im e n  119 was u sed ) and a l im e  a d d i t i o n  so  t h a t  th e  

l i m e : s i l i c a  r a t i o  was 1 , 2 .  The b e h a v io u r  on s i n t e r i n g  

and th e  m ic r o s t r u c t u r e  o f  t h i s  sp ec im en  d id  n o t  v a ry  from  

t h a t  o f  sp e c im en s  121 and 131 . The m ic r o s t r u c t u r e  i s  

d e p i c t e d  i n  m ic r o s  25 and 2 6 .

As m ic r o s c o p ic  e x a m in a t io n  d id  n o t  p rove  d e f i n i t e l y  

t h a t  th e  l i g h t  p h a se  was w i i s t i t e  a ch e ck  was made by X r a y s  

T hree powder p h o to g ra p h s  w ere ta k e n ,  o f  sp ec im en  1 33 , o f  

i r o n  r i c h  w i i s t i t e ,  sp ec im en  4 1 ,  and o f  oxygen r i c h  w i i s t i t e ,  

sp ec im en  3 7 ,  th e  l a t t e r  two b e in g  f o r  com parison  p u r p o s e s .  

I t  can  be  s e e n  by com paring p l a t e  A o f  sp ecim en  133 w i t h  

p l a t e  B o f  sp ec im en  41 t h a t  ir o n  r i c h  w i i s t i t e  i s  p r e s e n t

in  sp e c im en  1 3 3 .  In  th e  a c t u a l  f i l m  o f  sp ecim en  133 a l l

t h e  w i i s t i t e  l i n e s  e x c e p t  th e  2 , 0 , 0  l i n e  were v i s i b l e  b u t

on p r i n t i n g  n e i t h e r  o f  th e  v e r y  weak l i n e s  have come up.

T a b le s  X II and X I I I  show th e  c a l c u l a t e d  r e s u l t s  f o r

t h e  two w i i s t i t e  sp e c im en s  (41  and 3 7 ) .  I t  can be s e e n

t h a t  th e  a p p ro x im a te  l a t t i c e  s p a c in g s  are  4 . 3 0 4 f o r  t h e

i r o n  r i c h  w i i s t i t e  and 4 . 2 8 5 A f o r  th e  oxygen  r i c h  w i i s t i t e .  
(7)J e t t e  and F o o te  g i v e  th e  f o l l o w i n g  l a t t i c e  s p a c i n g s .

I t  w ou ld  th u s  a p p ear  t h a t  th e  c o m p o s i t io n  o f  th e  w i i s t i t e  

in  th e  oxygen  r i c h  sp ec im en  l i e s  b e tw een  th e  e u t e c t o i d  and 

o xygen  l i m i t  o f  t h e  s o l i d  s o l u t i o n ,  f i g u r e  4 .  T h is  w ould  

c o n f ir m  th e  v ie w  e x p r e s s e d  p r e v i o u s l y  t h a t  t h e  l i n e s  a lo n g  

th e  c r y s t a l l o g r a p h i c  p l a n e s ,  s e e n  in  m icro  6 ,  w ere due t o

o
W iis t i t e  a t  i r o n  s i d e  o f  th e  s o l i d  s o l u t i o n

W iis t i t e  a t  e u t e c t o i d  c o m p o s i t io n

W iis t i t e  a t  oxygen  s i d e  o f  th e  s o l i d  s o l u t i o n
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TABLE X I I

Iro n  r i c h  w i i s t i t e  (Copper Koc r a d i a t i o n )

S t r e n g t h D is t a n c e
Apart 9 d h , k , l a

W 5 .6 8 1 8 .0 4 2 .4 3 4 mm

M 6 .6 0 2 0 .9 6 2 .1 5 1 100 4 .3 0 1
M 9 .5 7 3 0 .3 9 1 .5 2 1 110 4 . 5 0 0
W 1 1 .4 8 3 6 .4 6 1 .2 9 5 - -

W 1 2 .0 6 3 8 .3 0 1 .2 4 2 111 4 .3 0 1
WW 1 4 .5 8 4 5 .6 7 1 .0 7 6 200 4 .3 0 3
WW 1 6 .1 9 5 1 .4 1 0 .9 8 4 5 - -

w 1 6 .7 2 5 5 .1 0 0 .9 6 2 2 210 4 .3 0 3
w 1 9 .2 5 6 1 .1 4 0 .8 7 8 6 211 4 .3 0 4

M Medium 
W Weak 

WW Very Weak

TABLE X II I

Oxygen r i c h  w i i s t i t e  (Copper K<* r a d i a t i o n )

S t r e n g t h D is t a n c e
A p art 9

d h , k , l a

W 5 .7 4 1 8 .2 3 2 .4 6 1 - -

M 6 .6 5 2 1 .1 1 2 .1 3 7 100 4 .2 7 4
M 9 .6 4 3 0 .6 2 1 .5 1 1 110 4 . 2 7 9
W 1 1 .5 2 3 6 .5 9 1 .2 6 2 - -

■ W 1 2 .1 2 3 8 .4 9 1 .2 3 6 I l l 4 .2 8 1
WW - - - 200 -

WW 1 6 .2 5 5 1 .6 1 0 .9 8 1 8 -

WW 1 6 .8 3 5 3 .4 6 0 .9 5 7 8 210 4 .2 8 4

WW 1 9 .4 1 6 1 .6 4 0 .8 7 4 7 211 4 .2 8 5
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magnetite precipitating with falling te m p er a tu r e  due to 
i t s  d e c r e a s i n g  s o l u b i l i t y .  The l a t t i c e  m easurem ents  

i n d i c a t e  t h a t  t h i s  p r e c i p i t a t i o n  has n o t  r e a c h e d  

c o m p le t io n .

CHAPTER X 

Summary.

I t  has b een  shown t h a t  th e  poor r e d u c i b i l i t y  o f  

i n d u s t r i a l  s i n t e r s  i s  due to  th e  fo r m a t io n  o f  to o  much 

l i q u i d  d u r in g  s i n t e r i n g .  I t  i s  p o s s i b l e  t o  overcom e t h i s  

by c r i t i c a l  te m p er a tu r e  c o n t r o l ,  or b e t t e r ,  by a v o id i n g  

th e  fo r m a t io n  o f  low  m e l t in g  p o in t  compounds, w h ic h  a l lo w s  

a t e m p er a tu r e  v a r i a t i o n  o f  o v er  1 0 0 °C .; w h i le  s t i l l  

p r o d u c in g  a s t r o n g  and e a s i l y  r e d u c i b l e  s i n t e r .  M o istu re  

a p p ea r s  to  be u n n e c e s s a r y  f o r  s i n t e r i n g .  I t  may ca u se  

th e  fo r m a t io n  o f  macro p ores  by steam  p r e s s u r e  bub i t  has  

b e e n  shown t h a t  t h e s e  p ores  a re  n o t  o f  prim ary im p o r ta n c e .  

However a s  lo n g  a s  s i n t e r i n g  i s  done by d raw ing  a i r  or  

o t h e r  g a s e s  th r o u g h  a bed o f  f i n e s ,  i t  a p p ea rs  t h a t  some 

m o is t u r e  w i l l  be n e c e s s a r y  in  o rd er  to  o b t a in  maximum 

v o id a g e  and so  a l l o w i n g  e a s y  gas  p e n e t r a t i o n .

The m ost d e s i r a b l e  bond in  a s i n t e r  i s  t h a t  formed  

by d i f f u s i o n  b etw een  p a r t i c l e s  o f  i r o n  o x i d e .  I t  i s  n o t  

p o s s i b l e  t o  c o m p le t e ly  a v o id  a s l a g  bond, bu t i t  can be 

g r e a t l y  m in im ise d  by th e  precautions stated abcve,and the 
e f f e c t  on th e  r a t e  of reducibility can be immediately seen.
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The slag bond can be formed almost 100°C. below the m i n i m u m  

te m p e r a tu r e  fo r  th e  ir o n  o x id e  d i f f u s i o n  bond and so  a 

s i n t e r  made a t  a tem p eratu re  o f  a b o u t  1200°C . or lc w e r  i s  

s t r o n g e r  i f  th e  s l a g  bond i s  p r e s e n t .  When p r e c a u t io n s -  

a r e  ta k e n  to  a v o id  or m in im ise  th e  s l a g  bon d , th e  

t e m p e r a tu r e  must be over  1200°C . or over  1250°C . i f  th e  

g r a d in g  i s  c o a r s e ,  t o  form an o x id e  d i f f u s i o n  bond o f  

s u f f i c i e n t  s t r e n g t h ,  but in  s p i t e  o f  t h i s  i n c r e a s e  in  

t e m p e r a tu r e  a f a s t e r  r e d u c in g  s i n t e r  r e s u l t s .  The 

s t r e n g t h  o f  t h i s  bond when p r o p e r ly  formed a p p ears  t o  be 

b e t t e r  th an  t h e ' s l a g  bond p ro b a b ly  m a in ly  due t o  th e  f a c t  

t h a t  i t  i s  n o t  so  b r i t t l e .  The poor r e d u c i b i l i t y  o f  

i n d u s t r i a l  s i n t e r s  i s  l a r g e l y  due to  th e  above p r e c a u t io n s  

h o t  b e in g  o b s e r v e d .  That th e y  have been s i n t e r e d  a t  an 

e x c e s s i v e l y  h ig h  tem p era tu re  i s  shown by the  p r e s e n c e  o f  

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

I t  sh o u ld  be p o s s i b l e  t o  o b t a in  im proved r e s u l t s  in  

th e  b l a s t  fu r n a c e  e s p e c i a l l y  w i t h  r e s p e c t  t o  sm ooth  

r u n n in g  and coke consum p tion  and th e  r e s u l t i n g  more 

u n i f o r m  grad e  o f  i r o n ,  i f  improved s i n t e r  was u s e d .  The 

e x t r a  c o s t  o f  p ro d u c in g  su ch  a s i n t e r  w ould  have t o  be 

b a la n c e d  a g a i n s t  th e  s a v in g  in  fu r n a c e  c o s t s .



ACKNOWLEDGEMENTS

In  c o n c l u s i o n  I  sh o u ld  l i k e  t o  th ank  P r o f e s s o r  

R. Hay, P h .D . ,  F . R . I . C . ,  f o r  s u g g e s t i n g  th e  s u b j e c t  

u n d er  i n v e s t i g a t i o n  in  t h i s  t h e s i s  and f o r  h i s  

c o n t in u e d  a d v ic e  and encouragem ent d u r in g  th e  c o u r se  

o f  th e  w o rk .



BIBLIOGRAPHY

N e u s t a e t t e r ; B l a s t  Furnace & S t e e l  P l a n t ,  1 9 4 5 ,  
V o l . 3 5 ,  N o .7 ,  p . 8 2 5 .

E l l i o t  & O th er s ;  I r o n  & ^ t e e l  I n s t .  S p e c i a l  
R e p o r t ,  N o .3 0 ,  p . 4 7 .

W i l l ia m s  & S t u b b l e f i e l d ;  B l a s t  Furnace & S t e e l  
P l a n t ,  1 9 4 3 ,  V o l . 3 1 ,  N o .6 ,  p . 6 4 7 .

M atthewson S p ir e  & M i l l i g a n ;  T r a n s .A m e r .S o c y . f o r  
S t e e l  T r e a t i n g ,  1 9 3 1 ,  V o l . 1 9 ,  p . 6 6 .

B en ed ic k s  & L o f q u i s t ;  Z e i t s c h r i f t  fftr A n o rg a n isch e  
Chemie, 1 9 2 8 ,  V o l . 1 7 1 ,  p . 2 3 1 .

T r i t t o n  & Hanson; J o u r n a l  o f  th e  I r o n  & S t e e l  I n s t  
1 9 2 4 ,  N o .2 ,  p p .9 0 - 1 2 0 .

J e t t e  & F o o te ;  T ra n s .  A . 1 .M .M .E .,Iro n  & S t e e l  D iv  . 
1 9 3 3 ,  V o l . 1 0 5 ,  p . 2 7 6 .

P f e i l ;  J o u r n a l  o f  I ro n  & S t e e l  I n s t . , 1 9 3 1 ,  N o . l ,  
p . 2 4 9 .

W hite  Graham & Hay; J o u r n a l  o f  I ro n  & S t e e l  I n s t . ,  
1 9 3 5 ,  N o . l ,  p . 9 1 .

W h ite ;  I r o n  & S t e e l  I n s t . ,  C a rn eg ie  S c h o la r s h ip  
M em oirs, 1 9 3 8 ,  V o l . 2 7 .

Hay & McLeod; J o u r n a l  o f  West o f  S c o t la n d  I r o n  & 
S t e e l  I n s t . ,  V o l .L ,  1 9 4 2 - 4 3 ,  p t . 6 .

W h ite  Graham & Hay; J o u r n a l  o f  I r o n  Sc S t e e l  I n s t . ,  
1 9 3 5 ,  N o . l ,  p . 1 0 2 .

P f e i l ;  D i s c u s s i o n  on J e t t e  & F o o t e ’ s p a p er ,  
l o c . c i t . 7 .

Kanz & S c h e i l ;  A rch iv  f i lr  das E is e n h f t t t e n w e s s e n ,  
1 9 3 8 - 3 9 ,  V o l . 1 2 ,  p . 4 8 1 .

Sau nders & T r e s s ;  J o u r n a l  o f  I r o n  & S t e e l  I n s t . ,  
Advance Copy, J u ly  1 9 4 5 ,  p . 8 .

E l l i o t  & O th e r s ;  I r o n  & S t e e l  I n s t . , S p e c i a l  R ep o rt  
N o .3 0 ,  p . 3 0 .

Bone Saunders & T r e s s ;  Journal of Iron & S t e e l  Ins 
1938, No.l, p.100.



90

(1 8 )  M a rt in ;  B l a s t  Furnace & S t e e l  P l a n t ,  1 9 3 9 ,  V o l .27,
p . 6 6 9 .

(1 9 )  E l l i o t  & O th er s ;  I r o n  & S t e e l  I n s t . ,  S p e c i a l
R ep o rt  N o .3 0 ,  p . 4 8 .

(2 0 )  Kanz; A r ch iv  fftr das E ise n h & tte n w e s se n ,  1 9 2 9 ,
V o l . 2 ,  p . 8 4 3 .

(2 1 )  E l l i o t  & O th er s ;  I ro n  & S t e e l  I n s t . ,  S p e c i a l
R ep ort N o .3 0 ,  p . 3 4 .

(2 2 )  Bone R eeve & S a u n d ers;  J o u r n a l  o f  Iro n  & S t e e l  I n s t . ,
1 9 3 8 ,  N o . l ,  p . 4 7 .

(2 3 )  Eastm an; J o u r n a l  Amer. Chem. S o c y . ,1 9 2 2 ,  V ol.X L IV .

(2 4 )  Bowen S c h a ir e r  & P o sn ja k ;  Amer. J o u r .  S c i . ,  1 9 3 3 ,
V o l . 2 6 .


