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The p e a k  i n  t o n n a g e  o f  i n g o t  mould  c o n s u m p t i o n  o c c u r r e d

i n  1 9 7 3 , w i t h  o v e r  5 0 0 , 0 0 0  t o n n e s  b e i n g  p r o d u c e d .  S i n c e  t h a t

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

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

o f  i r o n  c a s t i n g s  m a n u f a c t u r e d  i n  t h e  U n i t e d  K i n g d o m , a s  t h e
( 1 )f o l l o w i n g  t a b l e  i l l u s t r a t e s v w : -

Y e a r 1973 1974. 1975 1976

Tonnage  I n g o t  Moulds  X1000  

T o t a l  Tonnage  I r o n  C a s t i n g s  X1000

528

3 U 5

4.19

3190

366

3 0 0 2

396

2963

1977 1978

311

2795

298

2689

The t o t a l  i n g o t  mould  and b o t t o m  p l a t e  c o n s u m p t i o n  

w i t h i n  B r i t i s h  S t e e l  C o r p o r a t i o n , g i v e n  i n  t h e i r  A n n u a l  

S t a t i s t i c s  f o r  1 9 7 9 / 8 0  shows a s i m i l a r  t r e n d , a s  f o l l o w s : -

Y e a r 1973 1 9 7 4 / 5 1 9 7 5 / 6 1 9 7 6 / 7

Tonnage  I n g o t  Moulds  X1000 4.14.. 5 4 0 7 . 6 2 8 1 . 3 3 7 2 . 6

1 9 7 7 / 8 1 9 7 8 / 9 1 9 7 9 / 8 0

2 4 4 . 7 2 6 6 . 9 2 0 4 . 5

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

t h r e e  f a c t o r s ^  p r i n c i p a l l y ,

i ) a  g r a d u a l  i m p r o v e m e n t  i n  p e r f o r m a n c e  o v e r  a n umber  o f  

y e a r s ,

i i )  a g r a d u a l  r e d u c t i o n  i n  s t e e l  p r o d u c t i o n  l e v e l s  

s i n c e  t h e  e a r l y  1 9 7 0 * s ,

i i i )  t h e  i n t r o d u c t i o n  o f  c o n t i n u o u s  c a s t i n g .

F o r  t h e  f i n a n c i a l  y e a r  1 9 8 0 / 8 1 , t h e  t o t a l  l i q u i d  s t e e l -  

make i n  B . S . C .  was p l a n n e d  a t  15m t o n n e s  p e r  a n n u m ( t p a ) .

Even a t  t h i s  low l e v e l  o f  p r o d u c t i o n , 1 2m t o n n e s  w er e  t o  be 

p r o d u c e d  by t h e  i n g o t  r o u t e .  T h i s  wou l d  r e q u i r e  an  i n g o t

2



moul d  c o n s u m p t i o n  o f  1 5 0 , 0 0 0 - 2 0 0 , 0 0 0  t o n n e s .

Not  w i t h s t a n d i n g  t h i s  r e d u c e d  i n g o t  moul d c o n s u m p t i o n ,  

t h e  mould c o s t s  c o n t i n u e  t o  r e p r e s e n t  a s i g n i f i c a n t  p r o ­

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

w r o u g h t  p r o d u c t ,  A t y p i c a l  i n g o t  mould  c o s t s  a r o u n d  £ 2 2 0 / t  

a n d , t h u s , t h e  t o t a l  c o s t  t o  B, S, C . , f o r  i t s  i n g o t  m o u l d s , i s  

a r o u n d  £4.0m p .  a .  Any i m p r o v e m e n t  i n  t h e  p e r f o r m a n c e  o f  

i n g o t  m o u l d s  w ou l d  r e p r e s e n t  a c o n s i d e r a b l e  s a v i n g  i n  p r o ­

d u c t i o n  c o s t s .

Under  opt imum c o n d i t i o n s  t h e  i n t e r i o r  s u r f a c e  o f  an 

i n g o t  mould  d e t e r i o r a t e s  t o  s u c h  an  e x t e n t  t h a t  t h e  mould  

i s  d i s c a r d e d .  H o w e v e r , i n  many c a s e s  m o u l d s  c r a c k  b e f o r e  

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

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

f a i l u r e  m o d e , p a r t i c u l a r l y  i n  l a r g e  s l a b  m o u l d s .  C o m p l a i n t s  

f ro m t h e  s t e e l w o r k s  on p r e m a t u r e  f a i l u r e s  due  t o  c r a c k i n g  

h a v e  a c c o u n t e d  f o r  a n n u a l  c l a i m s  o f  up t o  £ 5 0 0 , 0 0 0 .

A l l  i n g o t  m o u l d s  u s e d  w i t h i n  B.S .  C. , o t h e r  t h a n  a s m a l l  

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

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

i n g o t  m o u l d s  a r e  F u l l w o o d  i n  M o t h e r w e l l , D o w l a i s  i n  M e r t h y r  

T y d f i l l , R e n i s h a w  i n  D e r b y s h i r e  and  S t a n t o n  i n  N o t t i n g h a m ­

s h i r e .  I n  a d d i t i o n , i n g o t  m o u l d s  h a ve  a l s o  b e e n  p r o d u c e d  a t  

two o f  t h e  C o r p o r a t i o n s  s t e e l  f o u n d r i e s  a t  R i v e r  Don Works  

i n  S h e f f i e l d  and  C r a i g n e u k , a l s o  i n  M o t h e r w e l l .  O t h e r  t h a n  

S t a n t o n , w h i c h  i s  p a r t  o f  t h e  Tubes  D i v i s i o n  o f  B . S . C .  t h e s e  

f o u n d r i e s  a r e  p a r t  o f  t h e  F o r g e s , F o u n d r i e s  and  E n g i n e e r i n g  

G r o u p , a  p r o f i t  c e n t r e  c u r r e n t l y  s e p a r a t e d  f ro m t h e  M a n u f a c ­

t u r i n g  D i v i s i o n s  o f  B . S . C .  (A b r i e f  d e s c r i p t i o n  o f  t h e  

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



i n  A p p e n d i x  1 , t o g e t h e r  w i t h  f o u n d r i e s  t h a t  h a v e  r e c e n t l y  

c e a s e d  p r o d u c t i o n . )

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

C o r p o r a t i o n  and  e x a m i n e d  i n  t h i s  work a r e  shown i n  A p p e n d i x  

2 .
The u s e  o f  magnes ium m o d i f i e d  g r a p h i t e  c a s t  i r o n  f o r  

i n g o t  m o u l d s  h a s  i n c r e a s e d  o v e r  t h e  l a s t  few y e a r s , b u t  by 

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

f l a k e  g r a p h i t e  i r o n .  T h i s  i n v e s t i g a t i o n  h a s , t h e r e f o r e , b e e n  

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

a l s o  made t o  m o d i f i e d  g r a p h i t e  i r o n .

T h e r e  i s  p u b l i s h e d  e v i d e n c e , ( r e v i e w e d  i n  t h e  n e x t  

c h a p t e r ) , t o  show t h e  e f f e c t s  o f  f o u n d r y  p r o c e s s i n g  v a r i ­

a b l e s ,  s u c h  a s  c h e m i c a l  a n a l y s i s , o n  mould  p e r f o r m a n c e .  T h i s  

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

o r  no a t t e m p t  t o  d e t e r m i n e  t h e  f u n d a m e n t a l  r e l a t i o n s h i p s  

b e t w e e n  mould  m i c r o s t r u c t u r e  and  m e c h a n i c a l  p r o p e r t i e s ,  

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

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

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

( e . g .  c h e m i c a l  a n a l y s i s , c o o l i n g  r a t e )  on t h e  moul d  m i c r o ­

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

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

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

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

The m e t h o d  a d o p t e d  was t o  d e v e l o p  a s i m p l e  m e c h a n i c a l  

t e s t  w h i c h  wo uld  p r o v i d e  a r e l a t i o n s h i p  b e t w e e n  t h e  m i c r o -  

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

t e s t  b l o c k s .  I t  was i n t e n d e d  t h a t  t h i s  w ou l d  a l s o  e s t a b l i s h  

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



p r o p e r t i e s .  S e c o n d l y , t h e  i n f o r m a t i o n  so d e r i v e d  was u s e d  i n  

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

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

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

f o r  opt imum moul d  p e r f o r m a n c e .

5



CHAPTER TWO 

FACTORS AFFECTING 

INGOT MOULD

PERFORMANCE



An i n g o t  moul d  may be d e f i n e d  a s  -a c o n t a i n e r  i n t o  w h i c h  

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

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

t h e  d e s i r e d  f i n a l '  p r o d u c t .  P r a c t i c a l l y , t h e  d e s i g n  o f  t h e  

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

e r a t i o n s ,  so t h e  moul d  i s  d e s i g n e d  t o  c o n t a i n  t h e  s t e e l  and  

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

w i t h i n  5 t o  1$ m i n u t e s  o f  t e e m i n g , t h e  i n s i d e  s u r f a c e  o f  t h e  

moul d  w a l l  r a p i d l y  h e a t s  up t o .  t e m p e r a t u r e s  o f  a r o u n d  7 0 0 -  

900 C f o l l o w e d  by e q u a l i s a t i o n  o f  t h e  t e m p e r a t u r e  g r a d ­

i e n t s ,  The s t r e s s e s  d e v e l o p e d  w i t h i n  t h e  mo u l d  w a l l , d u e  t o

t h e s e  t e m p e r a t u r e  g r a d i e n t s , a r e  r e p r e s e n t e d  by an  e q u a t i o n  

( 3 )o f  t h e  fo rm : -

<r =* E <V-*2>
1 - / U

w he r e  ©< i s  t h e  c o e f f i c i e n t  o f  l i n e a r  e x p a n s i o n  o f  t h e  m o u l d ,

( t  - t 0 ). i s  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  w d.

i n n e r  and  o u t e r  s u r f a c e s  

and  yU i s  P o i s s i o n ’ s r a t i o .

I n s p e c t i o n  o f  t h i s  e q u a t i o n  g i v e s  some i n d i c a t i o n  o f  

t h e  p r o p e r t i e s  o f  an  i d e a l  moul d  m a t e r i a l :  The s t r e s s e s  

g e n e r a t e d  d u r i n g  u s a g e  may be l i m i t e d  by u t i l i s i n g  m a t e r i a l s  

o f  low l i n e a r  e x p a n s i o n , l o w  Y o u n g ’ s m o d u l u s  and  h i g h  t h e r m ­

a l  c o n d u c t i v i t y , so a s  t o  l i m i t  t h e  t h e r m a l  g r a d i e n t s  w i t h i n  

t h e  w a l l .

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

c o o l  b e l ow 100°C and  a r e  r e u s e d .  Mould r e u s a g e , t h e r e f o r e , 

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

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

f a t i g u e , g r o w t h  and  o x i d a t i o n .  Und er  opt imum c o n d i t i o n s , t h e



p r o c e s s e s  c o n t i n u e  t o  s u c h  a n  e x t e n t  t h a t , e i t h e r  t h e  i n g o t  

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

q u a l i t y  i s  so  p o o r  t h a t  t h e  i n c r e a s e d  d r e s s i n g  c o s t s  do 

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

i s  known a s  c r a z i n g .  F r e q u e n t l y , h o w e v e r , m o u l d s  may f a i l  

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

common c a u s e  o f  e a r l y  m o u l d  f a i l u r e .

2 . 1  MODES OF FAILURE

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

l e a d s  t o  r e j e c t i o n  o f  t h e  m o u l d  due  t o  c r a z i n g .  I n  a d d i t i o n  

t o  t h i s  u l t i m a t e  r e  j e c t i : o n ,  o t h e r  f a i l u r e  mo des  a r e  commonly 

o b s e r v e d .

2 . 1 . 1  C r a c k i n g

C r a c k i n g  o c c u r s  when t h e  t h e r m a l l y - i n d u c e d  s t r e s s e s  

a r e  g r e a t e r  t h a n  t h e  t e n s i l e  s t r e n g t h  o r  n o t c h  t o u g h n e s s  

o f  t h e  m a t e r i a l .  I t  may o c c u r  w i t h i n  t h e  f i r s t  few l i v e s  

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

u s u a l l y  a s s o c i a t e d  w i t h  r e j e c t i o n  e a r l y  i n  l i f e  a n d  i s  

i m p o r t a n t  s i n c e , n o t  o n l y  i s  t h e r e  an  i n c r e a s e d  c o s t  t o  t h e  

s t e e l w o r k s ,  b u t  t h e  s u d d e n  c r a c k i n g  o f  a m o u l d  may c a u s e  

a b r e a k o u t  o f  l i q u i d  s t e e l  w h i c h  i s  h a z a r d o u s  t o  o p e r a t i v e s .

C r a c k i n g  m a n i f e s t s  i t s e l f  a s  v e r t i c a l  c r a c k s ( e i t h e r  

on t h e  b r o a d  o r  n a r r o w  f a c e s  o f  s l a b  m o u l d s ) , h o r i z o n t a l  

c r a c k s ,  o r  c o r n e r  c r a c k s ,  an d  may be due  t o  one o r  more  

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

i )  P o o r  m o u ld  d e s i g n ,

i i )  A d v e r s e  u s a g e  c o n d i t i o n s ,

\' i i i )  P o o r  i r o n  p r o p e r t i e s ,  i e .  i r o n  t o o  b r i t t l e .

2 . 1 . 2 . To rn  S e a t s .

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



t h e  mo ul d  w a l l  a n d ,  on s u b s e q u e n t  s t r i p p i n g  o f  t h e  i n g o t ,  

p a r t  o f  t h e  mould  i s  r emoved  w i t h  t h e  i n g o t .  T h i s  t y p e  o f  

d e f e c t  u s u a l l y  o c c u r s  w h er e  t h e  i r o n  i s  weak b u t  may a l s o  

be  due  t o  f a u l t y  t e e m i n g  p r a c t i c e  ( s e e  2 . 1 . 6 .  ) .

2 . 1 . 3 . Br oken  L u g s .

The b r e a k i n g  o f f  o f  a l i f t i n g  l u g  r e n d e r s  t h e  moul d  

u n u s a b l e .  A g a i n ,  a common c a u s e  o f  t h i s  d e f e c t  - i s  weak 

i r o n ,  b u t  i t  may a l s o  be due t o  m i s h a n d l i n g .

2 . 1 .  /,. M e c h a n i c a l  D a m a g e / S t i c k e r s .

When an i n g o t  i s  s t u c k  i n  t h e  m o u l d ,  e f f o r t s  t o  

r e l e a s e  i t  may r e s u l t  i n  p e r m a n e n t  damage t o  t h e  m o u l d .

S t i c k e r s  may a r i s e  t h r o u g h  u s e  o f  a h e a v i l y  c r a z e d  m o u l d ,  

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

k e y e d  i n  t o  p a r t  o f  t h e  w a l l ,  f o r  e x a m p l e ,  t h r o u g h  a t e e m i n g  

d e f e c t  o r  a t o r n  s e a t .  Mo uld s  may a l s o  be damaged  on r e m o v i n g  

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

b e t w e e n  t h e  c r a c k  f a c e s .

2 . 1 . 5 . D i s t o r t i o n .

The i m p o s e d  t h e r m a l  s t r e s s e s  may be h i g h e r  t h a n  t h e  

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

Ove r  r e p e a t e d  c y c l i n g ,  t h i s  may m a n i f e s t  i t s e l f  a s  g r o s s  

d i s t o r t i o n  o f  t h e  m o u l d .  S.G.  i r o n  m o u l d s (  d i s c u s s e d  b e l o w ) ,  

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

2. 1 . 6 . Teeming  D e f e c t .

I f  t h e  s t e e l  s t r e a m  i m p i n g e s  on t h e  mo ul d  w a l l ,  t h e  

s u r f a c e  w i l l  be e r o d e d  and  t h i s  may r e q u i r e  t h e  s c r a p p i n g  

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

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

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

t h e  m o u l d s .



2 . 1 . 7 . Gold  S h u t s .

Gold  s h u t s  a r e  h o r i z o n t a l  l i n e  d e f e c t s ,  u s u a l l y  

a p p a r e n t  a s  h o r i z o n t a l  c r a c k s .  They a r e  c a u s e d  b y ,  m a i n l y ,  

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

i n  t w o - l a d l e  c a s t i n g  s y s t e m s .

2 . 1 . 8 . P l u c k i n g

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

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

i n  l a r g e  f o r g i n g  m o u l d s ,  w h er e  s h e e t s  o f  i r o n ,  up t o  15mm. 

t h i c k  a r e  p u l l e d  away w i t h  t h e  i n g o t .  P l u c k i n g  u s u a l l y  

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

j u s t  b e h i n d  t h e  w o r k i n g  f a c e .

The m e t h o d  o f  f a i l u r e  o f  an i n g o t  moul d  a nd  t h e  l i f e  

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

u s a g e  c o n d i t i o n s , i n g o t  mo u ld  d e s i g n  and  f o u n d r y  p r o d u c t i o n  

c o n d i t i o n s .  T h e se  f a c t o r s  w i l l  be c o n s i d e r e d  i n  more  d e t a i l .

2 . 2  STEELWORKS USAGE CONDITIONS

T h e r e  a r e  s e v e r a l  i m p o r t a n t  s t e e l w o r k s  v a r i a b l e s  w h i c h  

may a f f e c t  mould  l i f e ^ ^ ;

i )  ^ e e m  t o  s t r i p 1 t i m e ;  t h e  l o n g e r  t h i s  t i m e , t h e

more  h e a t  i s  a b s t r a c t e d  f rom t h e  i n g o t , a n d  t h e

h o t t e r  t h e  moul d  b e c o m e s .  Long ’ t e e m  t o  s t r i p ’ 

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

c r a z i n g  o c c u r s  a t  a g r e a t e r  r a t e ,

i i )  ’ S t r i p  t o  t e e m ’ t i m e ;  i f  t h i s  t i m e  i s  s h o r t  an d

t h e  moul d  s t i l l  h o t  when t h e  n e x t  c a s t  i s  t e e m e d

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

h i g h e r , s o  t h a t  o x i d a t i o n  and  g r o w t h  p r o c e s s e s  

w i l l  o c c u r  a t  a g r e a t e r  r a t e , s o  i n c r e a s i n g  t h e
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r a t e  o f  c r a z i n g .  S i m i l a r l y , i f  t h e  m o u l d  i s  c o l d ,  

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

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

p o u r i n g  t h e  i n g o t , w i l l  be  g r e a t e r , p o s s i b l y  

r e s u l t i n g  i n  c r a c k i n g .  T h e r e  w i l l  b e  a n  o p t i mu m  

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

t o  m o u l d  t y p e , d e p e n d i n g  on s e c t i o n  s i z e . '  The f o r ­

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

i n  u n d e s i r a b l e  s t r e s s  d i s t r i b u t i o n s  s o  t h a t  c r a c k ­

i n g  may o c c u r ,

i i i )  T e e m i n g  t e m p e r a t u r e ;  h i g h  s t e e l  t e m p e r a t u r e s

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

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

t h e  l i k e l i h o o d  o f  c r a c k i n g  a n d  t h e  i n c i d e n c e  o f

c r a z i n g  i s  i n c r e a s e d .

( 5 )L e w i s  a n d  Memmot , f r o m  a n  a n a l y s i s  o f  c a s t i n g  p i t  

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

a t u r e  a b o v e  1570°C r e d u c e d  m o u l d  l i f e  by  h a l f  a h e a t .  T h e y  

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

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

b y  Le wi s  a n d  Memmott  f o r  w e i g h t i n g  m a l p r a c t i c e s  t h u s  

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

o f  25 t o n n e  s l a b  m o u l d s  a n d  f o u n d  t h a t  50% o f  m o u l d  l i f e  

v a r i e n c e  was  e x p l a i n e d  by  c o n s i d e r a t i o n  o f  t h e  a b o v e  t h r e e  

s t e e l p l a n t  v a r i a b l e s  a n d  o n l y  10% by  t h e  c h e m i c a l  a n a l y s i s  

o f  t h e  m o u l d  i r o n .  T h u s , s t e e l w o r k s  o p e r a t i n g  v a r i a b l e s  

e x e r t  a g r e a t  i n f l u e n c e  on m o u l d  l i f e .



2 . 3  INGOT MOULD DESIGN

2 . 3 . 1  Mould W e i g h t  t o  I n g o t  W e i g h t  R a t i o

I f  t h e  moul d  w a l l  i s  t h i n  i . e .  o f  l i g h t  w e i g h t , t h e n  

t e m p e r a t u r e  and  s t r e s s  g r a d i e n t s , s o o n  a f t e r  p o u r i n g , a r e  

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

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

moul d w i l l  be h i g h e r , s o  t h a t  t h e  p r o c e s s e s  l e a d i n g  t o  

c r a z i n g  w i l l  be a c c e l e r a t e d .  I f  t h e  mould  w a l l  i s  t h i c k ,  

t e m p e r a t u r e  and  s t r e s s  g r a d i e n t s  a r e  r e d u c e d  and  t h e  b u l k  

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

same t i m e , i n c r e a s i n g  t h e  i r o n  c o n s u m p t i o n ( m e a s u r e d  a s  kg o f  

moul d  i r o n  u s e d  p e r  t o n n e  o f  s t e e l  c a s t ) .  From t h i s , a n

opt imum m o u l d : i n g o t  w e i g h t  r a t i o  may be e s t a b l i s h e d , a n d
( 6 )h a s  b e e n  f o u n d  t o  be 1:1  . T h i s  i m p l i e s  t h a t , f o r  example-;

a 6 t  i n g o t  r e q u i r e s  a 6 t  moul d w h i c h  c a n  e a s i l y  be p r o d u c e d ,  

b u t  f o r / a  2 0 0 t  f o r g i n g  i n g o t , a  moul d  o f  t h e  r e q u i r e d  s i z e  

i s  b eyond  t h e  c a p a c i t y  o f  a l l  f o u n d r i e s  w i t h i n  B. S. C. I n  

t h i s  c a s e , a  c omp romi se  i s  m a d e , b e t w e e n  opt imum moul d  p e r f ­

o r mance  and  a c t u a l  mould  p r o d u c t i o n  c o s t s , s o  t h e  mould  

w e i g h t  i s  c h o s e n  t o  be o f  t h e  o r d e r  o f  150 t o n n e s .

2 . 3 . 2  I n g o t  Mould Shape

I t  h a s  b e e n  s t a t e d  a b o v e  t h a t  p o o r  d e s i g n  can  l e a d  t o  

p r e m a t u r e  c r a c k i n g  o f  m o u l d s .  A mould  s h o u l d  be d e s i g n e d  

so a s  t o  a b s t r a c t  h e a t  u n i f o r m l y  f rom t h e  i n g o t  s u r f a c e .

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

i n g o t  and l e s s e n  t e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  mould  

w a l l , h e n c e  i m p r o v i n g  p e r f o r m a n c e .  Numerous  p a t e n t s  e x i s t  

( s e e  f o r  exa mp l e  r e f e r e n c e  7 ) s h ow i ng  how t h i s  may be 

a c h i e v e d .  H o w e v e r , t h e  m a t e r i a l  p r o p e r t i e s  o f  t h e  mou ld  a r e  

an  i m p o r t a n t  c o n s i d e r a t i o n ^ ©  a ny  moul d d e s i g n  m u s t  a l s o



t a k e  i n t o  a c c o u n t  t h i s  i m p o r t a n t  p a r a m e t e r .  F o r  e x a m p l e ,

many mould  d e s i g n s  c a l l  f o r  t h e  u s e  o f  r e d u c e d  c o r n e r

( 8 )t h i c k n e s s e s  i n  r e l a t i o n  t o  w a l l  t h i c k n e s s  . T h i s  may

r e s u l t  i n  i n c r e a s e d  s t r e s s e s  a t  t h e  c o r n e r s , s o  t h a t  opt imum

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

o f  s u f f i c i e n t  s t r e n g t h .

2 . / •FOUNDRY PRODUCTION PARAMETERS

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

( w h i c h  w i l l  be d e s c r i b e d  i n  d e t a i l  i n  s e c t i o n  2 . 6 ) , t h e

p r o d u c i n g  f o u n d r i e s  may a f f e c t  moul d  p e r f o r m a n c e  by c a u s i n g

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

mou ld  p r o p e r t i e s  by a l t e r i n g  m i c r o s t r u c t u r e .  The p r o d u c t i o n

o f  i n g o t  m o u l d s  w i t h i n  t h e  B r i t i s h  S t e e l  C o r p o r a t i o n  i s

(9 )r e g u l a t e d  by a Code o f  P r a c t i c e  ' b a s e d  on many y e a r s  e x p ­

e r i e n c e , d e s i g n e d  t o  d e f i n e  an d  c o n t r o l  t h o s e  p r a c t i c e s  w h i c h  

a f f e c t  p e r f o r m a n c e .  A b r i e f  d e s c r i p t i o n  o f  B . S . C .  f o u n d r i e s  

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

A p p e n d i x  1.  The Code o f  P r a c t i c e  i s  r e p r o d u c e d  i n  f u l l  i n  

A p p e n d i x  3* Thos e  f a c t o r s  a f f e c t i n g  i n g o t  moul d  p e r f o r m a n c e  

a r e  d i s c u s s e d  b e l o w .

2.  /  . 1.  Sand P r a c t i c e

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

d r y  s a nd  p r a c t i c e s  and  t h i s  s y s t e m  i s  s t i l l  i n  u s e  i n  a 

number  o f  f o u n d r i e s .  T y p i c a l  s a n d  s y s t e m s  e m p l o y e d  .use  up 

t o  9 0$  r e t u r n  s a n d , b e i n g  made up w i t h  10$ n e w , c l a y - b o n d e d  

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

n i t e ,  c e r e a l s  and  w a t e r .  A f t e r  m o u l d i n g , t h e  s a n d  m o u l d s  a r e  

s t o v e d  a t  t e m p e r a t u r e s  o f  a r o u n d  350°C f o r  1 2 - 1 5  h o u r s .

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

u s e  o f  r e s i n  bo nd ed  sand  s y s t e m s  f o r  i n g o t  mould  p r o d u c t i o n .
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The s y s t e m s  a r e  u s u a l l y  b a s e d  on u r e a  f o r m a l d e h y d e / f u r f u r y l  

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

s a n d  p r a c t i c e  e mp lo y ed  i s  t o  p r o d u c e  a r i g i d , p e r m e a b l e  s a n d  

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

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

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

P o o r  s a nd  c o m p a c t i o n  may r e s u l t  i n  e r o s i o n , c a u s i n g  

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

t h r o u g h  moul d  d i l a t i o n  ( t h i s  i s  d i s c u s s e d  i n  s e c t i o n  2.4. ,  6 ) ,  

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

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

r e m o v e d , i t  wou l d  a c t  a s  a t h e r m a l  b a r r i e r  d u r i n g  s t e e l w o r k s  

u s a g e , s o  i m p a i r i n g  moul d  p e r f o r m a n c e .

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

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

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

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

moul d  p e r f o r m a n c e  and  i s  d i s c u s s e d  i n  s e c t i o n  2 . 4. . 7 ,

2.  2.  D i m e n s i o n a l  A c c u r a c y

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

d i m e n s i o n a l l y  a c c u r a t e .  M i s p l a c e d  c o r e s  may r e s u l t  i n  

n o n - u n i f o r m  w a l l  t h i c k n e s s e s ,  w h i c h  may i n c r e a s e  t h e  

i n c i d e n c e  o f  c r a c k i n g .  The d i m e n s i o n a l  t o l e r a n c e s  o b t a i n e d
( -j

i n  i n g o t  m o u l d s  h a v e  b een  p r e s e n t e d  by Tupholme and  W i l s o n ,  
Mould W_t. Range ,  W a l l  T h i c k n e s s  I n g o t  C a v i t v  I n g o t  Wt .

( 9 )The Code o f  P r a c t i c e '  s t a t e s  t h a t  t h e  a im o f  t h e

10 - 2 0 t

2 0 t

1 0 t ±3 %

± 5 . 5%

± 5 . 5%

± 0 . 7 %

± 2%

± 2 %

± 1 . 5 *

± 1 . 5 *

± 1 . 5 *

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

1 i



t h e  s t e e l w o r k s  w i t h  u n d e r -  a n d  o v e r - s i z e d  i n g o t s .  Reduc ed  

t a p e r  may c a u s e  h a n g e r  c r a c k i n g .  I n  a d d i t i o n ,  s w e l l s  on t h e  

i n t e r n a l  f a c e s  may c a u s e  t h e  i n g o t  t o  be k e y e d  i n ,  g i v i n g  

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

damage  t o  t h e  m o u l d .  D i m e n s i o n a l  a c c u r a c y  i s  c o n t r o l l e d  

c h i e f l y  by s a n d  p r a c t i c e .  I f  t h e  s a n d  mou l d  i s  e f f i c i e n t l y

rammed,  t h e  t o l e r a n c e s  d e f i n e d  by t h e  p a t t e r n  e q u i p m e n t  

s h o u l d  be o b t a i n e d ,

2.  . 3 . C a s t i n g .  T e m p e r a t u r e .

C a s t  i r o n s  a r e  p o u r e d  i n  t h e  t e m p e r a t u r e  r a n g e ,  u s u a l l y ,  

1 2 0 0 - 1 4 5 0 ° C ,  d e p e n d i n g  on s e c t i o n  s i z e  and  c h e m i c a l  a n a l y s i s .  

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

h e a v y  (>75mm. ) s e c t i o n ,  c a s t i n g  t e m p e r a t u r e s  u s u a l l y  f a l l  i n  

t h e  r a n g e  1 2 0 0 - 1 30CP C.

I f  t h e  c a s t i n g  t e m p e r a t u r e  i s  l o w ,  a r o u n d  1 2 0 0 ° C ,  t h e r e  i s  

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

w h i l s t  a t  t e m p e r a t u r e s  a b o v e  1 3 00 °C ,  t h e r e ' i s  a m a r k e d  

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

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

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

m o u l d i n g  t a c k l e .

( 1 1 )M e t a l l u r g i c a l l y , Banks  h a s  c l a i m e d  t h a t  low

c a s t i n g  t e m p e r a t u r e s  o f  a b o u t  1200°C i m p a i r  t h e  p r o p e r t i e s  

o f  m o u l d  i r o n ,  a n d  r e d u c e  i n g o t  mo u ld  l i f e .  The m e c h a n i s m  

o f  t h i s  e f f e c t  was n o t  i n d i c a t e d ,  h o w e v e r .  I n  p r a c t i c e ,  a 

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

m o u l d s ,  o f  1 2 5 0 - 1 280°C.

P o u r i n g .  R a t e s .

W h i l s t  t h e  mou l d  i s  b e i n g  f i l l e d ,  r a d i a t i o n  f r o m  t h e  

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

1 5 -



s u b s e q u e n t  w a s h i n g  away o f  t h e  s a n d .  P o u r i n g  r a t e s  s h o u l d  

b e ,  t h e r e f o r e ,  a s  f a s t  a s  p o s s i b l e .  The Code o f  P r a c t i c e  

r e c o m m e n d s  3 t / m i n .  and  6 t / m i n .  f o r  moulds  o f  l e s s  t h a n ,  and  

g r e a t e r  t h a n  5 t ,  r e s p e c t i v e l y ,  a n d ,  g e n e r a l l y ,  m o u l d s  a r e .  

f i l l e d  i n  t wo  t o  f o u r  m i n u t e s .

2 .7 , .  5 . R u n n i n g  S y s t e m s .

The Code o f  P r a c t i c e  s t a t e s  t h a t  r u n n i n g  s y s t e m s  

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

a n d  s h o u l d  be p o s i t i o n e d  t o  a v o i d  i m p i n g e m e n t  o f  t h e  m e t a l  

s t r e a m  on t o  t h e  s a n d .

A l t h o u g h  f e t t l i n g  i s  n o t  c o v e r e d  i n  t h e  Code o f  P r a c t i c e ,  

i t  i s  w e l l  e s t a b l i s h e d  t h a t  c a r e  s h o u l d  be  t a k e n  when r e m o v i n g  

t h e  r u n n e r s  by  b u r n i n g ,  ..'the w h i t e  i r o n  s t r u c t u r e  t h u s  

p r o d u c e d  i s  b r i t t l e  a n d  may i n i t i a t e  c r a c k i n g  i n  t h e  m o u ld  

b o d y , s o  i t  i s  u s u a l  t o  l e a v e  a 2 5 - 3 5  mm. l o n g  s t u b .

2 . A . 6.  F e e d i n g .

The Code o f  P r a c t i c e  s t a t e s  . t h a t  t h e  m o u l d  s h o u l d  be 

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

p r o d u c t .  T h i s  w i l l  u s u a l l y  r e q u i r e  t h e  u s e  o f  l±% f e e d  m e t a l .

. M o u l d s  r e q u i r e  t o  be s o u n d , s i n c e  a n y  s h r i n k a g e  c a v ­

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

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

i t i e s  may a l s o  a c t  a s  t h e r m a l  b a r r i e r s .

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

e x p a n s i o n  du e  t o  g r a p h i t e  p r e c i p i t a t i o n .  When i r o n  i s  c a s t  

a t  1 2 5 0 ° C , t h i s  e x p a n s i o n  n e a r l y  c o u n t e r a c t s  t h e  l i q u i d
c

c o n t r a c t i o n  s o  t h a t , t h e o r e t i c a l l y , no  f e e d  m e t a l  i s  r e q u i r e d .

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

a b o u t  L% f e e d e r  v o l u m e  i s  r e q u i r e d  f o r  c o n t r a c t i o n .  The 

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

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

f e e d i n g  may be e l i m i n a t e d , b u t  r i s e r  h e a d s  m u s t  be  u s e d  t o  

t a k e  up a n y  e x p a n s i o n  a n d  p r e v e n t  i r r e g u l a r  t o p s  r e s u l t i n g  

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

2 . / . .  7 C o o l i n g  and  S t r i p p i n g

The Code o f  P r a c t i c e  r e q u i r e s  t h a t  m o u l d s  s h o u l d  n o t  

be  s t r i p p e d  u n t i l  the-  c a s t i n g  i s  b e l o w  700°C and  t h a t  t h e  

minimum s a n d  t h i c k n e s s  s h o u l d  be 1 2 5mm.

C o o l i n g  r a t e s , a f t e r  c a s t i n g , h a v e  b e e n  shown t o  h a v e  an

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

s t r i p p e d  a t  1000°C t h e n  t h e  c a r b i d e / p h o s p h i d e  e u t e c t i c

p h a s e  i s  s t i l l  l i q u i d  ( m . p . = 9 6 0 ° C )  an d  f a s t  c o o l i n g  r a t e s

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

b o u n d a r y  f i l m , w h i c h  h a s  ' b e e n  shown t o  be d e l e t e r i o u s  t o
( 1 2 )m o u l d  p e r f o r m a n c e  F a s t  c o o l i n g , t h r o u g h  t h e  a u s t e n i t e

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

l a m m e l a r  s p a c i n g , w h i c h , a g a i n , h a s  b e e n  shown t o  be

a n x • ( 1 2 )d e l e t e r i o u s  .

I n  p r a c t i c e , s l o w  c o o l i n g  i s  a c h i e v e d  by m a i n t a i n i n g  

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

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

b e l o w  7 0 0 ° c .  A s a n d  t h i c k n e s s  o f  1 2 5 - 1 50mm h a s  b e e n  f o u n d  

t o  g i v e  a c c e p t a b l e  p e r f o r m a n c e s  i n  m o u l d s  up t o  1 5 t  i n  t h e  

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

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

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

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

c o s t s , i t  i s  n e c e s s a r y  t o  r e d u c e  t h e  s a n d  t h i c k n e s s  t o  t h e  

minimum p o s s i b l e , w h i l s t  m a i n t a i n i n g  a s a t i s f a c t o r y  p r o d u c t .
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I n  t h e  c a s e  o f  2 5 t  s l a b  m o u l d s  i t  i s  known t h a t  A u s t r a l i a n  

p r a c t i c e  u s e s  o n l y  a 150mm s a n d  t h i c k n e s s , c o m p a r e d  w i t h  

300mm f o r  s i m i l a r  m o u l d s  i n  B . S . C .  I t  i s  a p p a r e n t , t h e r e f o r e  

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

2.  5 CHEMICAL ANALYSIS

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

e f f e c t  on m i c r o s t r u c t u r e  a n d  h e n c e  p r o p e r t i e s .  The two  

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

t h e  g r a p h i t e  m o r p h o l o g y .

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

c h e m i c a l  a n a l y s i s  by  n u m e r o u s  w o r k e r s  ( s e e  f o r  e x a m p l e  

r e f e r e n c e s  5 an d  1 3 - 1 8  ) .  I m m e d i a t e l y  i t  e m e r g e s  t h a t  t h e r e  

i s  no one i d e a l  c h e m i c a l  a n a l y s i s .  F o r  e x a m p l e , s o m e  w o r k e r s  

show t h a t  a h i g h  Si jMn r a t i o  ( i . e .  2% S i  a nd  0*5% Mn) ,  

t h a t  i s ,  p a r t i a l l y  f e r r i * t i c ,  i s  b e n e f i c i a l ,  w h i l s t  o t h e r s  

show t h i s  t o  be d e t r i m e n t a l ,  so  t h a t  t h e  p a r t i c u l a r  

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

on t h e  u s a g e  c o n d i t i o n s .  S e v e r a l  g e n e r a l  g u i d e l i n e s  may be 

u s e d ,  h o w e v e r ;  w h e r e  a m o u l d  u s u a l l y  f a i l s  by c r a z i n g ,  an  

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

o f  p e a r l i t e  s t a b i l i z e r s ,  s u c h  a s  Mn an d  t h e  t r a c e  e l e m e n t s  

and  r e d u c i n g  t h e  g r a p h i t i z e r s ,  s u c h  a s  S i ,  T i ,  a n d  Al .

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

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

o x i d a t i o n  i s  r e d u c e d  and  t h e  c r a z i n g  i s  s l o w e d  down.  When 

a mould  f a i l s  by c r a c k i n g ,  t h e  a n a l y s i s  i s  a d j u s t e d  i n  t h e  

o p p o s i t e  d i r e c t i o n ,  and  t h e  amount s  o f  t h e  g r a p h i t i z i n g  

e l e m e n t s  a r e  i n c r e a s e d  and  t h e  p e a r l i t e  s t a b i l i z e r s  r e d u c e d .  

T h i s  r e s u l t s  i n  an  i n c r e a s e d  v o l um e f r a c t i o n  o f  f e r r i t e ,  

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

h e n c e , r e d u c e  c r a c k i n g .

I t  may be s e e n , i m m e d i a t e l y , t h a t  t h e  p r i n c i p a l  e f f e c t s  

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

i n g o t  mould  m i c r o s t r u c t u r e .  P a r t i c u l a r l y  s i g n i f i c a n t  a r e  

t h e  volume f r a c t i o n  o f  p e a r l i t e  and  t h e  g r a p h i t e  m o r p h o l o g y .

A c o n v e n i e n t  n o n - d e s t r u c t i v e  m e t ho d  o f  d e t e r m i n i n g  

t h e  m o r p h o l o g y  o f  ' g r a p h i t e '  i n  c a s t  i r o n  i s  t h e  u s e  o f  

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

two p r o b e s  p l a c e d  a c r o s s  t h e  w a l l  t h i c k n e s s  o f  t h e  c a s t i n g  

a s  an e m i t t e r  and  a r e c e i v e r .  An u l t r a s o n i c  p u l s e  i s  p a s s e d  

b e t w e e n  t h e  two p r o b e s  and  t h e  t i m e  i n t e r v a l  m e a s u r e d  a u t o ­

m a t i c a l l y .  The p u l s e  v e l o c i t y  may t h e n  be c a l c u l a t e d  f r o m 

t h e  known, w a l l  t h i c k n e s s .  I n  i n g o t  mould  p r a c t i c e , v e l o c i t i e s  

o f  3 . 2 k m / s  r e p r e s e n t  an  e x t r e m e l y  c o a r s e  g r a p h i t e  s t r u c t u r e  

a nd  A*Okm/s u s u a l l y  r e p r e s e n t i n g  t h e  f i n e s t  a c h i e v a b l e  i n  

t h e  h e a v y  s e c t i o n s  i n v o l v e d .

G r a p h i t e  s t r u c t u r e s  o f  c o m p a c t e d , q u a s i - f l a k e  and  s p h e r ­

o i d a l  f o r m s  ( s e e  s e c t i o n  2 . 6  ) g i v e  u l t r a s o n i c  v e l o c i t i e s  

o f  t h e  o r d e r  o f  A . 3 k m / s ,  k m / s  and  5 . 2 k m / s , r e s p e c t i v e l y .

The f o u n d r y  Code o f  P r a c t i c e  d o e s  n o t  recommend a n y  

s p e c i f i c  m i c r o s t r u c t u r e  b u t  g i v e s  a n a l y s i s  l i m i t s .  I t  s t a t e s  

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

C Si  S P Mn

3 . 7 - A . O  1 - 2  0 . 1ma x  0 . 1 5 m a x  0 . 5 - 1 . 1

and t h a t  t h e  recommended r e s i d u a l  l e v e l s  a r e  a s  f o l l o w s : -

N Sn Cu Ni  As Cr

0 . 0 0 7 ma x  0 . 0 2 m a x  0 . 3max  0 . 2max O.OImax 0 . 05max

Mo Pb

O.OImax 0«0005max
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I t  r e c o g n i s e s  t h a t  t h e s e  l e v e l s  may r e q u i r e  a d j u s t m e n t  a s  

f u r t h e r  work i s  c a r r i e d  o u t .

The r a t i o n a l e  b e h i n d  t h e  l i m i t s  t o  a n a l y s i s  i s  d e t a i l e d  

b e l o w .

' 2 . 5 . 1  Car bo n

Gar bon  i n  h e m a t i t e  i n g o t  mo ul d  c a s t  i r o n  i s  p r e s e n t  i n  

t h e  fo rm o f  f l a k e  g r a p h i t e  and  a l s o  c a r b i d e  i n  p e a r l i t e  o r  

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

on t h e  c a s t  i r o n  i t s  s u i t a b i l i t y  a s  an  i n g o t  mould  m a t e r i a l ,  

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

t h e r m a l  d i s t o r t i o n .  I n  a d d i t i o n , t h e  h i g h  c a r b o n  c o n t e n t  

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

Car bon  and  s i l i c o n  l e v e l s  a r e  u s u a l l y  m a i n t a i n e d  so  a s  

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

a l e n t  ( d e f i n e d  a s  Ct-J-Si ) b e i n g  h e l d  a t  a r o u n d  4#3$* H y p e r ­

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

w h i c h  i s  deemed t o  be u n d e s i r a b l e .  Low c a r b o n  c o n t e n t s ,  

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

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

l o w e r  c a r b o n  i r o n s  r e s u l t  i n  a more  c r a c k - s e n s i t i v e  

m a t e r i a l .

C a r bo n  c o n t e n t s  a r e , t h e r e f o r e , m a i n t a i n e d  a t  t h e  h i g h ­

e s t  l e v e l  p o s s i b l e , c o n s i s t e n t  w i t h  e c o no m i c  f u r n a c e  o p e r ­

a t i o n  a nd  a r e  u s u a l l y  i n  t h e  r a n g e  3 . 7  t o  4 . .0#.

2.  5. 2 S i l i c o n

S i l i c o n  a c t s  a s  a g r a p h i t i s e r  i n  c a s t  i r o n , i n c r e a s i n g  

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

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

e r e n c e  t o  p e a r l i t e .  At h i g h  s i l i c o n  l e v e l s , h o w e v e r , u n d e r ­

c o o l e d  g r a p h i t e  i s  p r o m o t e d  and  t h i s  i s  u s e d  i n  t h e . h e a t
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r e s i s t i n g  S i l a l  i r o n s .  I n  a d d i t i o n  s i l i c o n  i n  s o l u t i o n  i n

f e r r i t e  i s  known t o  c a u s e  e m b r i t t l e m e n t  a b o v e  a p p r o x i m a t e l y  

2 . 2 ? ,  A d d i t i o n s  o f  F e S i  a l l o y s  a c t  a s  a n  i n o c u l a  n t , t h e i r  

e f f e c t i v e n e s s  b e i n g  i n c r e a s e d  by  s m a l l  a m o u n t s  o f  A l , S r ,  

C a , e t c .

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

r a n g e  1 - 2 ^ , v a r i a t i o n s  w i t h i n  t h i s  r a n g e  b e i n g  made t o  

i m p r o v e  m o u l d  p e r f o r m a n c e .  G e n e r a l l y ,  1 • 0 - 1 .  Uf> s i l i c o n  

g i v e s  op t imum p e r f o r m a n c e  i n  s m a l l , s q u a r e  m o u l d s  f a i l i n g  

by c r a z i n g  , l e v e l s  a b o v e  1 . L% b e i n g  u s e d  i n  l a r g e  s l a b  

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

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

r a n g e  a p p a r e n t l y  p r o d u c i n g  a m o re  c r a c k  r e s i s t i n g  i r o n .

I n g o t  m o u l d  f o u n d r i e s  may make a l a t e  a d d i t i o n  o f  F e S i  

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

t h e  a n a l y s i s  w i t h i n  t h e  r e q u i r e d  r a n g e .

.?.i Jit-1 SMlgJiur

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

known t o  s t a b i l i s e  c a r b i d e s .  At  low l e v e l s , d i f f i c u l t y  i n  

i n o c u l a t i n g  t h e  i r o n  may o c c u r .

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

u s u a l l y  m a i n t a i n e d  a t  a r o u n d  0 . 0 5 ^ > a n d  t h e r e  i s  no  e v i d e n c e  

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

s u l p h u r  l e v e l s  may be r e a d i l y  a c h i e v e d  i n  b a s i c  c u p o l a  

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

u r i s a t i o n  i s  c a r r i e d  o u t , u s i n g  l i m e  o r  c a l c i u m  c a r b i d e .

0 . 0 5 ^  S may be a c h i e v e d  i n  e l e c t r i c  f u r n a c e  p r a c t i c e  by  t h e  

c a r e f u l  s e l e c t i o n  o f  t h e  m e l t i n g  s t o c k .
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2 . 5 . / ,  P h o s p h o r u s

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

0 . 1 5 $  maximum. H o w e v e r , t h e  t h i r d  r e p o r t  o f  t h e  I n g o t  Mould 
( 1 9 )S u b - C o m m i t t e e  p r o v i d e d  e v i d e n c e  t o  show t h a t  p h o s p h o r u s

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

i n g o t  m o u l d s  ( 0 . 0 6 $ a p p r o x i m a t e l y  ) may be b e n e f i c i a l  f o r  

t h e  p e r f o r m a n c e  . o f  s m a l l  m o u l d s  ( 4-t ) . The r a n g e  ' c o n s ­

i d e r e d  was 0 . 0 6  t o  0 . 2 3 $ p h o s p h o r u s  and  t h e  b e n e f i c i a l  

e f f e c t  was e n h a n c e d  by r e l a t i v e l y  low s i l i c o n  l e v e l s  ( 1 . 0 -  

1 . 4/6 ) • I t  h a s  b e e n  shown,  t h a t  p h o s p h o r u s  l e v e l s  o f  

up t o  0 . 4$  may be e m p l o y e d , p r o v i d e d  t h a t  t h e  m o u l d s  a r e  

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

h a s  o c c u r e d .

2 . 5 *5 M ang an ese

Ma nga ne se  f u l f i l s  two r o l e s  i n  c a s t  i r o n .  F i r s t l y , i t  

f i x e s  s u l p h u r  a s  MnS. I t  i s  c o n s i d e r e d  t h a t  t o  a v o i d  t h e  

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

M a n g a n e s e  c o n t e n t  i s  d e f i n e d  by

Mn = 0 . 3  + 1 . 7  x ( $S ) .

S e c o n d l y , m a n g a n e s e  i s  a p o w e r f u l  p e a r l i t e  s t a b i l i s e r .  N o r ­

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

0 . 6  t o  1 . 1 $ , m o s t  m o u l d s  h a v i n g  n e a r l y  f u l l y  p e a r l i t i c  

s t r u c t u r e s .

I n g o t  mould  f o u n d r i e s , p r o d u c i n g  m a i n l y  - s l a b  m o u l d s ,  

u s e  0 . 6 - 0 . 8 $ m a n g a n e s e  and t h o s e  p r o d u c i n g  s m a l l  s q u a r e  

m o u l d s , u s e  0 . 8 - 1 . 0 $ .  T h i s  i s  b e c a u s e  h i g h e r  m a n g a n e s e  l e v e l s  

i n c r e a s e  t h e  c r a z i n g  r e s i s t a n c e  o f  t h e  i r o n  b u t  a l s o  

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

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

f o r e ,  l o w e r  t h a n  i n  m o u l d s  f a i l i n g  by c r a z i n g .
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2 . 5 . 6  T i t a n i u m

The r e p o r t e d  e f f e c t s  o f  t i t a n i u m  on c a s t  i r o n  a p p e a r  

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

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

c o o l e d ,  Type D g r a p h i t e .  T i t a n i u m  i s  a p o w e r f u l  g r a p h i t i s e r ,

i t  b e i n g  c l a i m e d  t h a t  0 . 1  t o  0 . 1 5 $  Ti  i s  e q u i v a l e n t  t o  
( 26 )0 . 7 $  s i l i c o n  . T i t a n i u m  h a s  a l s o  be en  r ecommended f o r

( 2 7 )t h e  g r a p h i t i z a t i o n  o f  a w h i t e  i r o n  , d e s p i t e  t h e  f a c t

t h a t  i t  f o r m s  a s t a b l e  c a r b i d e ,  T i ( C N ) .  Coms tock

s u g g e s t s  t h a t  t i t a n i u m ’ s g r a p h i t i z i n g  e f f e c t  i s  due  t o

d e o x i d a t i o n ,  a l t h o u g h  no m ec h a n i s m  was p r o p o s e d .
( 28 )N o r b u r y  and  Morgan o b s e r v e d  t h e  f o r m a t i o n  o f

u n d e r - c o o l e d  g r a p h i t e  by t h e  a d d i t i o n  o f  1 - 2 $ o f  f e r r o -

c a r b o n - 3 0 $  t i t a n i u m  a l l o y .  C a r b o n  d i o x i d e  b u b b l i n g  a f t e r

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

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

I t  was p o s t u l a t e d  t h a t  u n d e r  o x i d i s i n g  c o n d i t i o n s ,  l i q u i d

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

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

a l u m i n i u m  form s o l i d  n u c l e a n t s  i n  t h e  m e l t .  H y dr o ge n  was

a s s u m e d  t o  a c t  by r e d u c i n g  i r o n  o x i d e  f rom  t h e  t i t a n a t e

i n c l u s i o n s ,  t h u s  i n c r e a s i n g  t h e i r  m e l t i n g  p o i n t .
( 2 9 )Dawson,  e t  a l  , i n  i n v e s t i g a t i n g  t h e  e f f e c t s  o f  

t i t a n i u m  and g a s  t r e a t m e n t s ,  f o u n d  t h a t  b u b b l i n g  CO^ o r  

a r g o n  t h r o u g h  t h e  m e l t  r e d u c e d  t h e  h y d r o g e n  c o n t e n t .  

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

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

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

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

c o n t e n t s  wer e  a l s o  f o u n d  t o  p r o d u c e  u n d e r - c o o l e d  g r a p h i t e
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a n d ,  more  r e c e n t l y ,  t h e  u n d e r - c o o l i n g  e f f e c t s  o f  

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

f r o m  s o l u t i o n ^ ^ .  P r e v i o u s  w o r k ,  w i t h i n  B. S.G.  h a s  c o n s ­

i d e r e d  t h e  e f f e c t s  o f  t i t a n i u m  i n  f e r r i t i c  i r o n s  o f  i n g o t
( 2 3 )m oul d  c o m p o s i t i o n  and  h e a v y  s e c t i o n  . I t  was  f o u n d  t h a t

t h e  g r a p h i t e  s t r u c t u r e s  wer e  s i m i l a r  i n  t h e  r a n g e  0 . 0 1 6

t o  0 . 0 7 A $ ,  b u t  a t  0 . 1 9 7 $ ,  a few a r e a s  o f  u n d e r - c o o l e d

g r a p h i t e  wer e  o b s e r v e d .  A minimum t e n s i l e  s t r e n g t h  was f o u n d

a t  a b o u t  0 . 0 A $  Ti  and  i t  was s u g g e s t e d  t h a t  t h i s  was due

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

f e r r i t e ,  f o l l o w e d  by s o l i d  s o l u t i o n  s t r e n g t h e n i n g  o f  t h e

f e r r i t e  by t i t a n i u m .  A s u b s e q u e n t  i n v e s t i g a t i o n  a l s o

showed t h i s  s t r e n g t h  minimum t o  c o r r e s p o n d  t o  a minimum
( 2 / )i n  t h e  f r a c t u r e  t o u g h n e s s  o f  t h e  i r o n  ^ .

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

F u l l w o o d  F o u n d r y  d u r i n g  t h e  1 9 6 0 ! s ,  c o n s i d e r a b l e  

e x p e r i e n c e  h a s  b e e n  g a i n e d  a s  t o  t h e  e f f e c t  ;of  t i t a n i u m  

i n  t h e  r a n g e  0 . 0 1 - 0 . 1 2 $ ,  on t h e  p e r f o r m a n c e  o f  l a r g e  

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

an iu m l e v e l s  i n  c u p o l a - m e l t e d  i r o n  was a c c o m p a n i e d  by 

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

i n  t h e  s t r e n g t h  o f  t h e  i r o n .  T h u s ,  l e v e l s  o f  0 . 1 $  T i  g a ve  

an  e x t r e m e l y  weak i r o n ,  w h i c h  f a i l e d  a t  low l i f e  by  t e a r i n g .  

A l t e r n a t i v e l y ,  low l e v e l  t i t a n i u m  ( 0 . 0 1 $ )  i r o n s  w e r e  b r i t t l e

and  f a i l e d  p r e m a t u r e l y ,  by c r a c k i n g .
( 2 5 )K r a s o v i t s k i i , e t  a l  , p o s t u l a t e d  t h a t  t h e  b e n e f i c i a l  

e f f e c t ' o f  t i t a n i u m  on i n g o t  m o u l d s  was due t o  r e m o v i n g  

n i t r o g e n ,  oxygen  and  h y d r o g e n  f ro m s o l u t i o n ,  and  a l s o  by 

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



2 . 5 * 7 . N i t r o g e n .

The s o l u b i l i t y  o f  n i t r o g e n  i s  d e p e n d e n t  on 

m e t a l  a n a l y s i s ,  t e m p e r a t u r e  and  p a r t i a l  p r e s s u r e  o f  n i t r o ­

g e n  a b o v e  t h e  m e l t ,  a n d  t h e  f o l l o w i n g  e q u a t i o n  h a s  b e e n  

d e r i v e d ^  ^  .

log%Ns1OOO/T-0 . 8 6 - 0 .  24.(£C + S i / 4 ) + 0 . 0 1  5%Mn+i logp a*
W h e r e  Fn p a r t i a l  p r e s s u r e  of n i t r o g e n .

F o r  i r o n s  o f  t y p i c a l  i n g o t  m ou l d  c o m p o s i t i o n ,  t h e

s o l u b i l i t y  o f  n i t r o g e n  i n  l i q u i d  i r o n  i s ,  a p p r o x i m a t e l y ,

0 . 003%-0.00A%.  N i t r o g e n  l e v e l s  a t  m e l t - o u t  a r e  u s u a l l y

c o n s i d e r a b l y  i n  e x c e s s  o f  t h e s e  v a l u e s ,  l e v e l s  a s  h i g h  a s
( 2 1 )0 . 0 2 6 5 , a l t h o u g h  u n u s u a l , h a v i n g  b e e n  r e p o r t e d

One s o u r c e  o f  s u c h  n o n - e q u i l i b r i u m  v a l u e s  i s  t h e

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

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

i n  t h e  c h a r g e  i s  i n c r e a s e d ,  t h e n  t h e  n i t r o g e n  c o n t e n t  
( 3 2 )r i s e s  # H o l d i n g  o f  t h e  i r o n  a t  t e m p e r a t u r e  w i l l  g i v e

(31 )a r e d u c t i o n  i n  n i t r o g e n  l e v e l  t o w a r d s  t h e  e q u i l i b r i u m  v a l u e

A d d i t i o n a l  s o u r c e s  o f  n i t r o g e n  a r e  f rom  c a r b u r i s i n g

( 3 3 )m a t e r i a l s ,  s a n d  b i n d e r s  and  m o u l d  p a i n t s  .

The e f f e c t s  o f  n i t r o g e n  i n  c a s t  i r o n  h a v e  b e e n  r e v i e w e d  

by s e v e r a l  a u t h o r s ( s e e ,  f o r  e x a m p l e ,  r e f e r e n c e s  3 2 - 3 7 ) .  

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

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

t e n s i l e  s t r e n g t h ,  and  may g i v e ,  a l s o ,  w h i t e  i r o n  s t r u c t u r e s .

I n  h e a v y  s e c t i o n s ,  l e v e l s  a b o v e  0 . 008% a r e  c l a i m e d  t o  

p r o m o t e  t h e  f o r m a t i o n  o f  c o m p a c t e d  g r a p h i t e .  T h i s  g r a p h i t e  

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

l o w e r s  t h e r m a l  s h o c k  r e s i s t a n c e ,  so t h e  Code o f  P r a c t i c e  

r ecommends  a maximum n i t r o g e n  l e v e l  o f  0 . 0 0 7 % .  I n  l i g h t e r  

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

E x p e r i m e n t a l l y ,  t h e  e f f e c t s  o f  n i t r o g e n  h a v e  b een

i n v e s t i g a t e d  by a d d i n g  n i t r o g e n  b e a r i n g  m a t e r i a l s  t o  t h e
( 38 )m e l t  . T y p i c a l  a d d i t i o n s  i n c l u d e  sod ium f e r r o c y a n i d e , 

u r e a  and  ammonium s a l t s  b u t  t h e  m o s t  commonly u s e d  a d d i t i v e  

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

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

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

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

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

t h e i r  u s e  may i n t r o d u c e  o t h e r  e l e m e n t s .  F o r  e x a m p l e ,  t h e  

u s e  o f  CaGN^ may be e x p e c t e d  t o  i n c r e a s e  t h e  c a l c i u m  c o n t e n t  

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

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

o c c u r ,  by t h e  a d d i t i o n  o f  C a C ^ ,  c a l c i u m  o r  n i t r o g e n  may 

be r e s p o n s i b l e .

2 . 5 . 8 . R e s i d u a l  E l e m e n t s .

B e s i d e s  t h o s e  e l e m e n t s  d e t a i l e d  a b o v e ,  n u m e r o u s  o t h e r  

e l e m e n t s  may be p r e s e n t  i n  i n g o t  moul d  i r o n  i n  t h e  f o r m o f  

i m p u r i t i e s .  The Code o f  P r a c t i c e  s u g g e s t s  t h a t  t h e  f o l l o w i n g  

t r a c e  e l e m e n t  • t a r g e t  l e v e l s  be a d o p t e d :

Sn Cu Ni As C r  Mo Pb

0 . 0 2  m a x . 0 . 3  m a x . 0 . 2  m a x . 0 . 0 1  m a x . 0 . 0 5  m a x . 0 . 0 1  m a x . 0 . 0 0 0 5  max.

B e s i d e s  t h e s e  e l e m e n t s  t h e r e  a r e  many o t h e r s  w h i c h  a r e  

n o t  n o r m a l l y  a n a l y s e d .

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

shown t o  c a u s e  t h e  f o r m a t i o n  o f  ’' W i d m a n s t a t t e n ” g r a p h i t e ,  

w h i c h  w e a ke ns  and  e m b r i t t l e s  t h e  i r o n .  The p r e s e n c e  o f  

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

U s u a l  l e a d  c o n t e n t s  i n  c u p o l a - m e l t e d  i n g o t  mou l d  i r o n  a r e  

a r o u n d  0 . 0 0 0 2 $.  ,



Of t h e  o t h e r  e l e m e n t s  s p e c i f i e d . i n  t h e  Code o f  P r a c t i c e ,  

a l l  a r e  p e a r l i t e  s t a b a l i z e r s ,  w h i l s t  C r  a n d  Mo a l s o  

s t a b i l i z e  c a r b i d e s .  The a c t u a l  r e s i d u a l  l e v e l s  a c h i e v e d  i n  

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

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

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

Sn Cji M M Cr Mo

R e n i s h a w * 0 . 0 0 6 0 . 1 0 6 0 . 0 5 7 - 0 . 0 8 0 . 0 1 6

Di s t i n g t o n t 0 .004. 0 . 0 3 0 . 0 3 - o . o
.

0 . 0 1 5

F u l l w o o d + 0 . 0 0 5 0 . 0 3 5 0 . 0 2 -

o«o
0 . 0 1 6

D o w l a i s 0 . 0 1  5 0 . 0 7 0 . 0 5 0 . 0 1 8 0 . 04. 0 . 0 0 5

S t a n t o n 0 . 0 1 0 0 . 1 2 0 . 0 5 0 . 0 1 9 0.04. —

* D u p l e x  p r a c t i c e ,

+ C u p o l a  p r a c t i c e ,  —

I t  may b e e n  s e e n  t h a t  t h e r e  i s  c o n s i d e r a b l e  v a r i a t i o n -  

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

a t  D i s t i n g t o n ,  a s  a g r e a t e r  p r o p o r t i o n  o f  p i g  i r o n  i n  t h e
f

c h a r g e  i s  u s e d .

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

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

t h e  a u t h o r ' s  l a b o r a t o r i e s .  M o s t  d a t a  was  a v a i l a b l e  f o r  

Heni-shaw m o u l d s ,  w h e r e ,  b e c a u s e  o f  t h e  d i f f e r e n t  m a n u f a c ­

t u r i n g  p r o c e s s e s  a v a i l a b l e  ( i . e .  c u p o l a ,  e l e c t r i c  o r  d u p l e x )  

( s e e  a p p e n d i x  1 ) ,  t h e  r e s u l t a n t  w i d e r  a n a l y s i s  r a n g e  p r o d u c e s  

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

r e g r e s s i o n  e q u a t i o n s  h a v e  b e e n  g e n e r a t e d :

A t l a s  m o u l d s  L i f e = 5 5 . 2 + 2 8 . 8 ( 3 i ) - 2 8 8 . 7 ( N i )

B120 m oulds L i f e = 1 3 3 . 6 - 3 7 8 . A(Cu)

L i f  e = 1 1 6 . 6 + 3 5 . 24  ( S) - 1 1940 (P) .+760.  5 ( N i )

L i f  e=1 54*6-34.  7 7 ( S i ) - 2 0  5 . 0  ( N i )
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610 OT/WB m o u l d s L i f e = 2 1 7 - 2 8 . 9 ( C )  - U . 1  ( S i ) - 1 8 . 7 ( S )  

- 1 7 8 . 6 ( P ) + A 0 9 . 6 ( V ) + 9 1 . l ( C u )

WEB 100X m o u l d s L i f e =8  2 . 8 9 - 3 2 0 . 1 ( P ) - 2 5 9 1 ( S n ) + 2 9 9 . 1 ( T i ) 

+ 2 6 9 . 7 ( N i )

L i f e = 6 3 . 10 - 7 i . 3 5 ( P ) + i 3 8 . 7 (Mo)

F - T y p e  m o u l d L i f  e=1 2 9 .  6 -AXO. 2 ( P )  - 1 3 8 . 9  ( C r ) + £ 2 6 .  U (V) 

+ 3 2 6 . 8 ( N i )

D e t a i l s  o f  t h e  m o u l d  t y p e s  a r e  g i v e n  i n  A p p e n d i x  2 . 

The s i g n i f i c a n t  f a c t o r  t o  e me r g e  f r o m  t h e s e  e q u a t i o n s  

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

610 OT/WB) b u t  a d e t r i m e n t a l  e f f e c t  f o r  o t h e r s  ( e . g .  A t l a s ) .  

I t  i s  c o n s i d e r e d  t h a t  w h e r e  m o u l d s  f a i l  by c r a z i n g ,  

i n c r e a s e d  l e v e l s  r e s u l t  i n  p e a r l i t e .  s t a b a l i z a t i o n ,  so  t h a t  

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

r e d u c e d  l e v e l s  r e s u l t  i n  i n c r e a s e d  c r a c k i n g  r e s i s t a n c e .

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

mance  o f  l a r g e  s l a b  m o u l d s  i s  v e r y  l i m i t e d ,  b u t  a s i m i l a r  

e f f e c t  on c r a c k i n g  r e s i s t a n c e  may be e x p e c t e d .

2 . 6  MODIFIED GRAPHITE INGOT MOULDS -

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

i n  t h e  e a r l y  1 9 5 0 ’ s ,  a t t e n t i o n  was  d r awn t o  i t s  s u i t a b i l i t y  

f o r  i n g o t  m o u l d s .  I t s  p o t e n t i a l  b e n e f i t s  f o r  i n g o t  m o u l d s  

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

i m p r o v e d  c r a c k i n g  r e s i s t a n c e  and.  g r e a t e r  t h e r m a l  s h o c k ,  

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

w i l l  l e a d  t o  an  i m p r o v e d  c r a z i n g  r e s i s t a n c e .  I n  p r a c t i c e ,  

t h e s e  c o n s i d e r a t i o n s  may l e a d  t o  an i n c r e a s e  i n  l i f e  o f

i n c r e a s e d  r e s i d u a l  e l e m e n t  l e v e l s  f o r  some m o u l d s  ( e . g .
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b e c a u s e  o r  t n e  n i g n e r  a u c t i l i t y  a na  l o w e r  t n e r m a i

—1 —1c o n d u c t i v i t y  o f  SG i r o n ( 2 5 - 4 0  Wm K c o m p ar e d  w i t h  4 2 -  
—1 —160 Wm K i n  f l a k e  i r o n ) ,  i n i t i a l  t r i a l s  w i t h  SG i r o n  m o u l d s

showed t h a t  t h e y  wer e  p r o n e  t o  d i s t o r t i o n  t o  s u c h  an  e x t e n t

t h a t  t h e  i n g o t  c o u l d  n o t  be s t r i p p e d .  I t  was  f o u n d  t h a t  t h i s

p r o b l e m  c o u l d  be over come by m o d i f y i n g  t h e  mou ld  d e s i g n ,
( 8 )u s u a l l y  i n v o l v i n g  a r e d u c t i o n  i n  c o r n e r  w a l l  t h i c k n e s s '  

P a r t i a l  t r e a t m e n t  w i t h  ma gnes ium o r  t r e a t m e n t  w i t h

magnes iu m an d  t i t a n i u m  i n  c o m b i n a t i o n ,  r e s u l t s  i n  an

i n t e r m e d i a t e  t y p e  o f  g r a p h i t e ,  t e r m e d  by v a r i o u s  w o r k e r s

a s  “c o m p a c t e d 11, " v e r m i c u l a r 11 o r  " q u a s i - f l a k e  ( Q / F ) "  g r a p h i t e .

F o r  p u r p o s e s  o f  c l a r i t y ,  t h i s  r e p o r t  w i l l  r e f e r  t o * c o m p a c t e d

g r a p h i t e 1 a s  t h a t  f o rm o f  t h i c k e n e d  f l a k e  f o u n d  i n  h e a v y

c a s t i n g s  and  a t t r i b u t e d  t o  n i t r o g e n , i v e r m i c u l a r  g r a p h i t e 1

a s  t h a t  f o rm o c c u r r i n g  i n  low s u l p h u r ,  f a s t  coo l . - ed . . i r o n s ,

and  t o  ’ q u a s i - f l a k e 1 g r a p h i t e ,  a s  t h a t  f o rm p r o d u c e d  by

mag nes ium t r e a t m e n t .

The m e c h a n i c a l  and  p h y s i c a l  p r o p e r t i e s  o f  q u a s i - f l a k e

i r o n  a r e  i n t e r m e d i a t e  b e t w e e n  f l a k e  and SG i r o n ^ ^ .  I t

o f f e r s ,  t h e r e f o r e ,  i m p r o v e d  c r a c k i n g  and  c r a z i n g  r e s i s t a n c e

compar ed  w i t h  f l a k e  i r o n ,  b u t  i t s  h i g h e r  t h e r m a l  c o n d u c t i v i t y  
—1 —1( 3 8 - 5 4  Wm K ) means  t h a t  t h e  d e g r e e  o f  d i s t o r t i o n  i s  l e s s  

t h a n  i n  SG i r o n s .  I n  p r a c t i c e ,  t h i s  means  t h a t  d e s i g n  

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

The w i d e s p r e a d  u s e  o f  SG and  q u a s i - f l a k e  i n g o t  m o u l d s  

i s  s t i l l  l i m i t e d ,  due t o  t h e i r  c o m p a r a t i v e  n e w n e s s  an d  mo ul d  

d e s i g n  p r o b l e m s .  T h e r e f o r e ,  t h e  b u l k  o f  i n g o t  moul d p r o d u c ­

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

.2.7 EVALUATION OF MECHANICAL PROPERTIES.

A l t h o u g h  mould  c r a c k i n g  i s  a f f e c t e d  by mou ld  d e s i g n
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a n d  s t e e l w o r k s  u s a g e  c o n d i t i o n s ,  a n d  i s  m o r e  p r e v a l e n t  i n

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

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

( 9*)i n  t h e  F o u n d r y  Code o f  P r a c t i c e  Do cu men t  i s  u s e d  t o

( 9 )r e d u c e  t h e  c r a c k i n g  t e n d e n c y  i n  s e r v i c e .  The c o n t r o l  

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

e x p e c t e d  t o  m i n i m i s e  t h e  c r a c k i n g  t e n d e n c y  .

H o w e v e r ,  t h e r e  i s  s t i l l  some c o n f u s i o n  c o n c e r n i n g  t h e  

e f f e c t s  o f  c e r t a i n  m e t a l l u r g i c a l  p a r a m e t e r s  on c r a c k i n g  

r e s i s t a n c e .  P r e m a t u r e  c r a c k i n g  h a s  v a r i o u s l y  b e e n  a t t r i b u t e d  

t o  n i t r o g e n ,  c a r b i d e / p h o s p h i d e  n e t w o r k s ,  c o m p a c t e d  g r a p h i t e  

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

e s t a b l i s h e d  p a r a m e t e r s  ( c o o l i n g  r a t e ,  p e a r l i t e  c o n t e n t ) ,  

t h e r e  i s  l i t t l e  q u a n t a t i v e  d a t a  a v a i l a b l e  a n d  t h e  m e t a l l u r ­

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

r e l i e s  h e a v i l y  on s u b j e c t i v e  i n t e r p r e t a t i o n .

I t  i s ,  t h e r e f o r e ,  i m p o r t a n t  t o  e s t a b l i s h  a r e l a t i o n s h i p  

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

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

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

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

d e p e n d i n g  on t h e  l o c a t i o n  w i t h i n  a g i v e n  m o u l d .  F u r t h e r m o r e ,  

a p r e m a t u r e  c r a c k ,  o n c e  i n i t i a t e d  i n  a n  e m b r i t t l e d  p a r t  o f  

t h e  m o u l d ,  may p r o p a g a t e  t h r o u g h  t h e  t o u g h e r  b u l k  o f  t h e  i r o n .  

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

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

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

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

So i t  would"  n o t  be p o s s i b l e  t o  r e l a t e  t h e  p r e m a t u r e  f a i l u r e  

t o  t h e  b u l k  m i c r o s t r u c t u r e  o f  t h e  m o u l d  o r  o f  a  t e s t  b l o c k .
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N e v e r t h e l e s s ,  mould  m i c r o s t r u c t u r e  d o e s ,  q u a l i t a t i v e l y ,  

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

c r a c k i n g  r e s i s t a n c e .  I t  i s ,  t h e r e f o r e ,  n e c e s s a r y  t o  r e l a t e  

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

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

a p p r o p r i a t e  p r o p e r t y  t o  moul d  p e r f o r m a n c e ,  e i t h e r  on i n g o t  

moul d s a m p l e s  o r  on s u i t a b l y  p r o d u c e d  t e s t  b l o c k s .

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

d e p e n d i n g  on t h e  a n a l y s i s  and  m i c r o s t r u c t u r e .  Ho wev er ,  t h e  

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

by c o n v e n t i o n a l  m e c h a n i c a l  t e s t s ,  a s  i n  t h e  t e n s i l e  t e s t ,  

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

o f  1%9 e v e n  f o r  a r e l a t i v e l y  d u c t i l e  f l a k e  g r a p h i t e  i r o n .  

S i m i l a r l y ,  t h e  C h a r p y  i m p a c t  v a l u e s  a r e  o f  t h e  o r d e r  o f

5 J  o r  b e l o w ,  on unnotnhed-  s p e c i m e n s .
( / 1 )

I t  h a s  b e e n  shown ^ t h a t  t h e  t o u g h n e s s  o f  c a s t  i r o n  

may be c h a r a c t e r i s e d  by a m o d i f i e d  f r a c t u r e  t e s t ,  u s i n g  

an  u n f a t i g u e d  CKS- type  s p e c i m e n .  However ,  t h e s e  t e s t  p i e c e s  

a r e  e x p e n s i v e  t o  m a c h i n e ,  t h e  t e s t s  r e q u i r e  n o n - s t a n d a r d  

t e s t i n g  e q u i p m e n t  and  t h e  r e s u l t s  r e q u i r e  s k i l l e d  i n t e r -
( /  2 )p r e . - t a t i o n .  A s i m p l e r  and  c h e a p e r  t e s t  h a s  b e e n  c a r r i e d  o u t v^ ' 

u s i n g  a  t h r e e  o r  f o u r - p o i n t  be nd  t e s t .  U s i n g  a 9 . 5mm s q u a r e

s p e c i m e n  a t  5*7 mm c e n t r e s ,  on a H o u n d s f i e l d  T e n s o m e t e r ,
(A 2 )Banks  ^ d e m o n s t r a t e d  t h e  e m b r i t t l i n g  e f f e c t  o f  s t r i p p i n g  

t e s t  b l o c k s  a b ov e  t h e  u p p e r - c r i t i c a l  t e m p e r a t u r e ,  a p r a c t i c e  

known,  i n  some c a s e s ,  t o  c a u s e  p r e m a t u r e ,  i n g o t - m o u l d  f a i l u r e s .

Banks  a n a l y s e d  t h e  d a t a  i n  t e r m s  o f  t h e  a r e a s  b e f o r e  

a nd  a f t e r  maximum l o a d ,  on a l o a d - d e f l e c t i o n  p l o t ,  t h e s e  

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

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

s t e e l s ,  t o  d e t e r m i n e  t h e  s u s e p t i b i l i t y  t o  l a m e l l a r  t e a r i n g ,
(4.3)u s i n g  a t e s t  p i e c e  s i m i l a r  t o  a m o d e r n  CKS s p e c i m e n  .

T h i s  t e s t  h a s  be com e known a s  t h e  U . S .  Navy T e a r  T e s t ,  a n d  

h a s  a l s o  b e e n  u s e d  t o  a s s e s s  a u s t e n i t i c  S. G. i r o n s  

T h r e e  p o i n t  b e n d  t e s t s  h a v e  b e e n  u s e d ,  a s  w e l l ,  m or e  

r e c e n t l y ,  i n  a s s e s s i n g  t h e  s u s e p t i b i l i t y  ’o f  w e l d e d  s t e e l . t o

l a m e l l a r  t e a r i n g ,  u s i n g  a 2 5 . 4. X 1 2 . 7  mm s p e c i m e n  a t  1 0 1 . 6mm
( /  5 )

c e n t r e s .  The d a t a  was  a n a l y s ' e d  i n  t h r e e  w a y s ,  t h e  f o l l o w ­

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

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

i n i t i a t i o n ;  t h e  d e f l e c t i o n  f r o m  maximum l o a d  t o  a  p o i n t  

c o r r e s p o n d i n g  t o  h a l f  maximum l o a d ,  w h i c h  r e f l e c t s  t h e  

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

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

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

t h e  c r a c k  t h r o u g h  t h e  n o t c h e d  l i g a m e n t .

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

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

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

on c a s t  i r o n  m i c r o s t r u c t u r e s ,  p r o p e r t i e s  and i n g o t  mould  

p e r f o r m a n c e s ,  two a p p r o a c h e s  h a v e  b e e n  u s e d .  F i r s t l y ,  

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

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

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

• t e c h n i q u e  h a s  b e e n  drawn f ro m b o t h  s o u r c e s .

*3.1 EVALUATION OF THE BEND TEST.

On t h e  b a s i s  o f  t h e  p u b l i s h e d  l i t e r a t u r e ,  t h e  bend  

t e s t  was e mpl oy ed  a s  a s i m p l e  b u t  a r e l a t i v e l y  s e n s i t i v e  

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

i n g o t  mould  m a t e r i a l .  I t  was d e c i d e d  t o  p r o d u c e  a s e r i e s  

o f  e x p e r i m e n t a l  i r o n s ,  w i t h  a r a n g e  o f  g r a p h i t e  and  m a t r i x  

m i c r o s t r u c t u r e s ,  i n  o r d e r  t o  d e t e r m i n e  i f  t h e  b e n d  t e s t  

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

s t r u c t u r e .  I f  s u c c e s s f u l ,  t h e  t e s t  c o u l d  be u s e d  t h r o u g h o u t  

t h e  i n v e s t i g a t i o n  a s  a m e t h o d  o f  r a n k i n g  t h e  c r a c k i n g  

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

p r o d u c t i o n  i n g o t  m o u l d s .

A c a s t  i r o n  t e s t  a t t a c h m e n t  s u p p l i e d  by I n d u s t r i a l  

and  E d u c a t i o n a l  S e r v i c e s  was u s e d ^ ^ # The s p e c i m e n

e mp lo y ed  was a 150 mm l o n g  X 1 2 . 5  mm d i a .  c y l i n d r i c a l  

m a c h i n e d  b a r ,  w h i c h  was b e n t  u n d e r  t h r e e - p o i n t  l o a d i n g  on 

127 mm c e n t r e s .  The a t t a c ^ 1111611̂  was c o n n e c t e d  t o  an  

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

l o a d - d e f l e c t i o n  c u r v e .  The c r o s s h e a d  movement  was s e t  a t  

10 mm/min.  w i t h  a c h a r t / s p e e d  o f  200mm/min.  T h r e e  b e n d  t e s t  

s a m p l e s  we r e  t e s t e d  f o r  e a c h  t r e a t m e n t / a n a l y s i s  c o n d i t i o n  t o  

e s t a b l i s h  t h a t  r e s u l t s  wer e  c o n s i s t e n t  and  r e p r o d u c i b l e .
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? .  1 . 1 .  The E f f e c t  o f  G r a p h i t e  S i z e  i n F l a k e  G r a p h i t e  I r o n .

Bend t e s t  s a m p l e s  wer e  p r e p a r e d  f ro m a s e r i e s  o f  b l o c k s ^  

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

g a s  t r e a t m e n t s  t o  p r o d u c e  a r a n g e  o f  g r a p h i t e  s i z e s .  M i c r o -  

s t r u c t u r e s  o f  t h e  f i v e  s a m p l e s  a r e  g i v e n  i n  F i g .  2,  and  

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

s e c t i o n  3 . 2 . 2 .

3 . 1 . 2  E f f e c t  o f  M a t r i x  M i c r o s t r u c t u r e

Bend t e s t  s a m p l e s  wer e  p r e p a r e d  f ro m a f u l l y  p e a r l i t i c

i r o n .  The t e s t  b l o c k s  we r e  t h e n  a n n e a l e d , s u b - c r i t i c a l l y , a t  
o

700 C f o r  4.8 and  96 h o u r s , t o  p r o d u c e  60 and 100$  f e r r i t e ,  

r e s p e c t i v e l y , and  f u r t h e r  bend  t e s t  s a m p l e s  p r e p a r e d .

3 . 1 . 3  E f f e c t  o f  C a r b i d e  P h a s e s  i n  F l a k e  G r a p h i t e  I r o n s  

Bend t e s t  s a m p l e s  wer e  p r e p a r e d  f ro m two f u l l y  p e a r -

i t i c  t e s t  b l o c k s ,  one o f  n o r m a l l y  low p h o s p h o r u s  and  one ■ 

w i t h  0 . 3 $  p ho s p -h o r u s .  The p r o d u c t i o n  o f  t h e  t e s t  b l o c k s  i s  

d e t a i l e d  i n  s e c t i o n  3 . 2 . 1 . The h i g h  p h o s p h o r u s  t e s t  b l o c k  

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

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

3 . 1 . /  E f f e c t  o f  G r a p h i t e  M o r p h o l o g y

Bend t e s t  s a m p l e s  we r e  p r e p a r e d  f ro m q u a s i - f l a k e  and  

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

and  f u l l y  f e r r i t i c .  A s a mp l e  was a l s o  t a k e n  f ro m a m ou l d  

w i t h  a c o m p a c t e d  g r a p h i t e  s t r u c t u r e  w i t h  a p p r o x i m a t e l y  5 0 $ 

f e r r i t e .

3 . 1 . 5  E f f e c t  o f  C a r b i d e s  i n  Q u a s i - f l a k e  I r o n s

Bend t e s t  s a m p l e s  wer e  p r e p a r e d  f ro m a q u a s i - f l a k e  

moul d w h i ch  c o n t a i n e d  a s u b s t a n t i a l  q u a n t i t y  o f  e u t e c t i c  

c a r b i d e s .  The s a mp l e  was t h e n  a n n e a l e d  a t  950°C f o r  12 

h o u r s  and f u r t h e r  bend  t e s t  s a m p l e s  p r e p a r e d .  T h e s e  '
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s p e c i m e n s  w er e  f o u n d  t o  be c a r b i d e - f r e e .

3 . 2  EXPERIMENTAL CASTINGS.

U n l e s s  o t h e r w i s e  s t a t e d ,  t h e  e x p e r i m e n t a l  c a s t i n g s  

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

1 .  M e l t  o u t  a c h a r g e  o f  p i g  i r o n  i n  a 2 5 0 kg c a p a c i t y ,  h i g h  

f r e q u e n c y  i n d u c t i o n  f u r n a c e .

2.  Tr i m a n a l y s i s ( a d d i t i o n s  o f  t i t a n i u m  w e r e  made by 

i n c l u s i o n  w i t h  t h e  c o l d  c h a r g e ) .

3 . S u p e r h e a t  t o  1A00°C.

A. Tap o u t  1 25kg  a s  r e q u i r e d ,  i n t o  l a d l e .

5.  P o u r  m o u l d s  a t  1 250° C.

6 . I n  t h e  c a s e  o f  s p l i t  m e l t s ,  h o l d  t h e  r e m a i n i n g  i r o n  a t  

1A00°C,  t r i m  a n a l y s i s  and  t h e n  t a p .

Two m ou ld  s i z e s  w e r e  u s e d ,  p r i n c i p a l l y ,  t o  p r o d u c e  a 

255  nun- d i a .  b l o c k ,  w e i g h i n g  1 2 5 kg a nd  a 305  mm. d i a .  b l o c k ,  

w e i g h i n g  25 0 kg .  M o u l d i n g  b o x  s i z e s  v a r i e d ,  b u t  i n  a l l  c a s e s ,  

t h e  minimum s a n d  t h i c k n e s s  was  150 mm. The m o u l d s  w e r e  

p r o d u c e d  i n  f u r a n e  s a n d  and  w e r e  c l o s e d  t o p p e d .  No f e e d e r  

h e a d s  w e r e  e m p l o y e d .

3 . 2 . 1 . P h o s h o r u s .

M e l t s  w er e  p r o d u c e d ,  u s i n g  a c h a r g e  o f  1 00 $  B r e m a n g e r  

p i g  i r o n ,  o r  50$ B r e m a n g e r  and  5 0 $ W a r n e r  p i g  i r o n s ,  t o  

s i m u l a t e  d i f f e r e n t  r e s i d u a l  l e v e l s  ( d e s i g n a t e d  ’ h i g h 1 a nd  

’ l o w ’ l e v e l s  f o r  c o m p a r a t i v e  p u r p o s e s ) .  T y p i c a l  a n a l y s e s  

o f  t h e s e  p i g  i r o n s  a r e  g i v e n  i n  T a b l e  1.  1 25 kg  t e s t  b l o c k s  

w e r e  c a s t  a t  h i g h  ( 0 . 3 $) and  low ( 0 . 0 6 $ )  p h o s p h o r u s  l e v e l s .  

H a l f  t h e  b l o c k s  w e r e  f a s t - c o o l e d ,  f ro m a b o v e  1 0 0 0 °C,  by 

s t r i p p i n g  b e f o r e  1-J- h o u r s .

T e n s i l e  and  b e n d  t e s t  s p e c i m e n s  we r e  p r e p a r e d  f rom  

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

3 . 2 . 2 . T i t a n i u m  ~

The e x p e r i m e n t s  w e r e  d i v i d e d  i n t o  t h r e e  p a r t s .

( a )  The E f f e c t  o f  T i t a n i u m  a nd  G a s s i n g  on L i g h t  S e c t i o n  

C a s t i n g s .

A p p r o x i m a t e l y  2 0 0k g  o f  B r e m a n g e r  p i g  i r o n  ( T a b l e  1)  

was  m e l t e d  o u t ,  w i t h  a d d i t i o n s  o f  1 . 0 $  Mn, 0 . 0 9 $  C r  and  

0 . 0 5 $  Ni t o  e n s u r e  a p e a r l i t i c  m a t r i x .  2 0 kg  l o t s  w e r e  t a p p e d  

i n t o  a s m a l l  h a n d s h a n k  a t  1A00°C a n d  h y d r o g e n  o r  c a r b o n  

d i o x i d e  b u b b l e d  t h r o u g h  f o r  two m i n u t e s ,  a f t e r  an  a d d i t i o n  

o f  n o m i n a l l y  n i l ,  0 . 1  o r  0 . 2 $  T i .  A 150 mm. d i a .  o p e n  t o p p e d  

t e s t  b l o c k  was  t h e n  c a s t .  T h r e e  c o n t r o l s  w e r e  c a s t  a t  t h e  

same T i  a d d i t i o n  r a t e s ,  b u t  w i t h o u t  g a s  b u b b l i n g .  Bend t e s t  

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

( b ) The E f f e c t  o f  T i t a n i u m  a n d  G a s s i n g  on H eav y  S e c t i o n  

C a s t i n g s .

250kg  m e l t s  o f  e i t h e r  50$ B r e m a n g e r  a n d  50$  W a r n e r  

p i g  i r o n s , o r  1 0 0 $  B r e m a n g e r  p i g  i r o n ,  w e r e  s u p e r h e a t e d  t o  

1A00°C an d  t a p p e d  i n t o  a l a d l e .  The m e l t s  w e r e  t r e a t e d  

w i t h  c a r b o n  d i o x i d e  o r  h y d r o g e n  by b u b b l i n g  f o r  5 m i n u t e s  

a n d  t h e  c o n t r o l  m e l t s  w e r e  l e f t  u n t r e a t e d .  The n  250 kg  

t e s t  b l o c k s  w e r e  c a s t  a t  1 2 5 0 ° c . S p e c i m e n s  f o r  b e n d  t e s t s  

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

b l o c k .

( c )  The E f f e c t  o f  S c r a p  C o n d i t i o n .

S i n c e  t h e  l i t e r a t u r e  showed  t h a t  g a s s i n g  may e f f e c t  

i r o n  p r o p e r t i e s ,  t h e  p r e v i o u s  e x p e r i m e n t s  b e i n g  d e s i g n e d  

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

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

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

s c r a p  was  i n v e s t i g a t e d .

H e m a t i t e  s c r a p  was  o b t a i n e d  f r o m  R e n i s h a w  F o u n d r y  

( t y p i c a l  a n a l y s i s  shown i n  T a b l e l 5_ ) i n  t h e  f o r m  o f  r u n n e r s ,  

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

s a n d  a n d  d i r t ,  a n d  b r o k e n ,  u s e d  i n g o t  m o u l d  s c r a p . T w o  2 5 0 k g  

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

o f  0 . 0 3 $  an d  0 . 0 5 $  T i .  An a d d i t i o n  o f  0 . 2 $  g r a p h i t e  was  

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

i n - s e r v i c e  d e c a r b o n i z a t i o n  a nd  a n y  c a r b o n  o x i d a t i o n  d u r i n g  

m e l t i n g .  The m e l t s  w e r e  s u p e r h e a t e d  t o  1A00°C,  t h e n  t h e  

f u r n a c e  t a p p e d  a n d  300 mm. d i a .  t e s t  b l o c k s  c a s t  a t  1250°C 

a n d  a l l o w e d  t o  c o o l  t o  b e l o w  5 0 0 ° C ,  b e f o r e  s t r i p p i n g ;  b e n d  

t e s t ,  t e n s i l e  t e s t  a n d - m e t a l l o g r a p h i c  s p e c i m e n s  w e r e  

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

3 . 2 . 3 . N i t r o g e n .

E x p e r i m e n t a l  m e l t s  w e r e  p r o d u c e d  i n  a 2 5 0 k g  i n d u c t i o n  

f u r n a c e ,  b a s e d  on a c h a r g e  o f  50$  B r e m a n g e r  p i g  i r o n  a n d  

5 0 $ W a r n e r  i r o n ,  a n d  t wo  1 25 k g  t e s t  b l o c k s  w e r e  p r o d u c e d  

f r o m  e a c h  m e l t . 5 T r e a t m e n t s  i n c l u d e d  CaCN^ w i t h  s o d a  a s h  

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

m ade .  ( T h i s  i s  a p r o p r i e t o r y  a l l o y  c o n t a i n i n g  53$ S i  a n d  

1 A$ C a . ) H i g h  n i t r o g e n  f e r r o - m a n g a n e s e  was  u s e d  a s  a f u r ­

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

i n  n i t r o g e n .  N^ g a s  was a l s o  b u b b l e d  t h r o u g h  a m e l t  a t  1 6 0 0 ° C ,  

f o r  t e n  m i n u t e s ,  t o  d e t e r m i n e  w h e t h e r  n i t r o g e n  p i c k u p  f r o m  

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

p o r o u s  p l u g  t r e a t m e n t s .

A l l  o t h e r  m e l t s  w e r e  s u p e r h e a t e d  t o  1A00°C,  a n d  a l l  

t e s t  b l o c k s  w e r e  c a s t  a t  1 2 5 0 ° C .  One b l o c k ,  f r o m  t h e  FeMn
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and t r e a t e d  m e l t s ,  was s t r i p p e d  above  1000°C,  a l l  o t h e r s  

were a l l o w e d  t o  c o o l  be low 700°C b e f o r e  removing  t h e  sand j a c k e t .

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

d i a m e t e r s  and examined f o r  gas  h o l e s :  from t h e  c e n t r e  o f  

t h e  b l o c k s ,  b e n d - t e s t  and t e n s i l e  s pe c i m e n s  were p r e p a r e d  

and t e s t e d  i n  t h e  u s u a l  way. M i c r o s p e c i m e n s  were t a k e n  from 

t h e  f r a c t u r e d  ends  o f  t h e  bend t e s t  b a r s .

3 . 2 . / , . R e s i d u a l  Element  L e v e l s .

250 kg.  m e l t s  were produced i n  an i n d u c t i o n  f u r n a c e ,  

b ased  on a charge  o f  50$ Warner p i g  i r o n  and 50$ Bremanger  

p i g  i r o n  ( Tab le  1 ) .  Three r e s i d u a l  l e v e l s  were s e l e c t e d ,  

low l e v e l s  produced w i t h  no f u r t h e r  a d d i t i o n s ,  t h i s  b e i n g  

s i m i l a r  t o  t h e  D i s t i n g t o n  a n a l y s i s  ( s e e  S e c t i o n  2 . 5 . 8 . ) ,  

a h i g h  l e v e l  w i t h  an a n a l y s i s  s i m i l a r  t o  t he  maximum i n  

t h e  Code o f  P r a c t i c e ,  and an i n t e r m e d i a t e  l e v e l .  The medium 

and h i g h  l e v e l s  were produced  by t h e  a d d i t i o n  o f  f e r r o a l l o y s  

t o  t h e  f u r n a c e .

Four t y p e s  o f  t e s t  b l o c k s  were u t i l i s e d ,  a s  f o l l o w s ;

( i )  255 mm. diam.

( i i )  255 mm. diam.  w i t h  a 25 mm. i n s u l a t i n g  s l e e v e  

s u r r o u n d i n g  t h e  c a s t .

( i i i )  305 mm. diam. w i t h  a 25 mm. i n s u l a t i n g  s l e e v e .

( i v )  355 mm. diam.  w i t h  a 25 mm. i n s u l a t i n g  s l e e v e .

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

m e t a l / s a n d  i n t e r f a c e ,  u s i n g  P t / P t - R h  t h e r m o c o u p l e s  w i t h  

10 mm. d i am.  a l u m i n a  s h e a t h s ,  p a c k e d  w i t h  a l u m i n a  p o w d e r .

A l l  t h e  c a s t i n g s  were c o o l e d  t o  be low 600°C,  b e f o r e  

removal  o f  t h e  sand.  Bend t e s t  and t e n s i l e  t e s t  s p e c i m e n s  

were t h en  machined from t h e  c e n t r e  o f  each  b l o c k .

S p e c im en s  f o r  m i c r o s t r u c t u r a l  e x a m i n a t i o n  wer e  p r e p a r e d

38



f rom t h e  f r a c t u r e d  e n d s  o f  t h e  ben d  t e s t  p i e c e s .

3 . 2 . 5 . C a s t i n g  T e m p e r a t u r e .

Two m e l t s  wer e  made ,  u s i n g  a c h a r g e  o f  50$ B re m a n g e r  

p i g  i r o n  and  50$ W a r n e r  p i g  i r o n  ( T a b l e  1 ) ,  i n  t h e  250kg 

i n d u c t i o n  f u r n a c e ,  b o t h  m e l t s  bering s u p e r h e a t e d  t o  14,00°C. 

From t h e  f i r s t  m e l t  two 125kg b a t c h e s  wer e  t a p p e d  and  c a s t  

a t  1250°C an d  1200°C;  f rom t h e  s e c o n d  m e l t  a f i r s t  b a t c h  

o f  1 2 5kg  was t a p p e d  and c a s t  a t  

1300°C and a s e c o n d  b a t c h  was t a p p e d  o n t o  0 . 2 $  F e - S i  and  

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

h ad  d r o p p e d  t o  1250°C.

B l o c k s ,  230 mm. d i a .  by 330 mm. h i g h ,  w er e  c a s t  and  

t h e n / s t r i p p e d  a f t e r  24. h o u r s ,  when t h e  s u r f a c e  t e m p e r a t u r e  

was b e l ow 6 0 0 °C.  F o u r  bend  t e s t  s a m p l e s  wer e  p r e p a r e d  f r o m  

t h e  c e n t r e  o f  e a c h  b l o c k .  M i c r o s t r u c t u r e s  we r e  e x a m i n e d  

on t h e  bend  t e s t  s a m p l e s  a f t e r  f r a c t u r e ,  and  e u t e c t i c  c e l l  

s i z e  was m e a s u r e d  a f t e r  e t c h i n g  i n  O b e r h o f f e r ’ s r e a g e n t .  

P e a r l i t e  i n t e r l a m e l l a r  s p a c i n g s  wer e  m e a s u r e d ,  by p o i n t -  

c o u n t i n g  t h e  vo l ume  f r a c t i o n  o f  r e s o l v a b l e  p e a r l i t e ,
( Z.6)u s i n g  a m i c r o s c o p e  o b j e c t i v e  o f  known n u m e r i c a l  a p e r t u r e

3 . 2 . 6 . M e t a l  S u p e r h e a t .

Two 250kg m e l t s  wer e  made ,  u s i n g  a c h a r g e  o f  50$ 

B r e m an ge r  p i g  i r o n  and  50$ W a r n e r  p i g  i r o n  ( T a b l e l ) .  The 

f i r s t  m e l t  was s u p e r h e a t e d  t o  1300°C and h e l d  f o r  15 m i n u t e s  

1 2 5 kg was t h e n  t a p p e d  and t h e  f i r s t  t e s t  b l o c k  c a s t  a t  

1250°C.  The r e m a i n i n g  i r o n  was t h e n  s u p e r h e a t e d  t o  14.00°C,  

a nd  h e l d  f o r  15 m i n u t e s ,  t a p p e d  and  c a s t  a t  1250°C.  The 

s e c o n d  m e l t  was s u p e r h e a t e d  t o  1 500°C and  h e l d  f o r  15 m i n u t e  

1 2 5 kg was ,  a g a i n ,  t a p p e d  and  a t h i r d  t e s t  b l o c k  c a s t  a t  

1250°C.  The r e m a i n i n g  125kg was s u p e r h e a t e d  t o  1 60 0°C,  

h e l d  f o r  15 m i n u t e s ,  t a p p e d  and  c a s t  a t  1250°C.



The t e s t  b l o c k s  wer e  a l l o w e d  t o  c o o l  be l ow 600 C b e f o r e  

s t r i p p i n g . B e n d  t e s t  and  t e n s i l e  t e s t  s p e c i m e n s  we r e  

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

t h e  u s u a l  m a n n e r .  M i c r o s t r u c t u r e s  wer e  e x a m i n e d  on t h e  

f r a c t u r e d  e n ds  o f  t h e  ben d  t e s t  s a m p l e s .

3 . 3 .  INGOT MOULD DATA.

3 . 3 . 1 . The Pe rfo rmance  Of Large ( 2 5 t )  S l a b  M o u l d s .

From mid 197/,. t o  mid 1 97 5 ,  t h e  c u p o l a  b u r d e n  a t  F u l l -  

wood F o u n d r y  c o n s i s t e d  o f  70$  p i g  i r o n ,  20$ s t e e l  s c r a p  

and  1 0 $ f o u n d r y  r e t u r n s .  The p e r f o r m a n c e  o f  m o u l d s  a t  

R a v e n s c r a i g  S t e e l w o r k s  was s a t i s f a c t o r y ,  a l t h o u g h  t h e  s t e e l  

p r o d u c t i o n  l e v e l s  we r e  low.  I n  November  1975 t h e  b u r d e n  

was c h a n g e d  t o  c o n s i s t  o f  5 3 $ p i g  i r o n ,  1 7 $ s t e e l  s c r a p ,

20$ f o u n d r y  r e t u r n s  and  10$ b r o k e n  m o u l d s .  T h i s  b u r d e n  was 

t h e  same a s  t h a t  u s e d  i n  D i s t i n g t o n  F o u n d r y ,  t h e  c h a n g e  

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

f o u n d r i e s .

P e r f o r m a n c e  o f  m o u l d s  f ro m t h i s  b u r d e n ,  m o s t  n o t a b l y  

t h e  Type 4.8 , was v e r y  p o o r ,  a l t h o u g h  o t h e r  moul d  t y p e s  

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

p e r f o r m a n c e .  ( T h i s  mould  i s  shown i n  A p p e n d i x  2 ) .  Most  

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

t o  t h e  Type AS and  t h e  ma i n  f e a t u r e  o f  t h e  f a i l u r e  was 

t h e  o c c u r r e n c e  o f  p r e m a t u r e  c r a c k i n g .

D e s p i t e  a t t e m p t s  t o  i m p r o v e  p e r f o r m a n c e ,  by c a r r y i n g  

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

c r a c k s ) ,  by J u n e ,  1976 ,  t h e  s i t u a t i o n  was c r i t i c a l ,  and  

i t  was d e c i d e d ,  a s  an i n i t i a l  m e a s u r e ,  t o  r e p l a c e  b r o k e n  

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

m e t a l l u r g i c a l  j u s t i f i c a t i o n  o f  t h i s  a c t i o n  was c o n s i d e r e d
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d u b i o u s .  The r e s u l t i n g  b u r d e n - t h u s  c o n s i s t e d  o f  6 3 $  p i g  i r o n  

1 7 $ s t e e l  s c r a p  an d  2 0 $ f o u n d r y  r e t u r n s .

By N o ve mb er ,  1 9 7 6 ,  h o w e v e r ,  i t  a p p e a r e d  t h a t  t h e  

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

be  p o o r  a n d  so  i t  was  d e c i d e d  t o  make an  a d d i t i o n  o f  f e r r o -  

t i t a n i u m  t o . t h e  c u p o l a  b u r d e n .  The c u p o l a  b u r d e n s  a t  F u l l -  

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

e x p e r i e n c e  h a s  shown t h a t  t h e  a d d i t i o n  o f  t i t a n i u m  may 

a l l e v i a t e  p r o b l e m s  o f  m o u l d  c r a c k i n g .  Ho we ve r ,  when t h e  

T i  l e v e l  e x c e e d s  0 . 1 $ ,  s e v e r e  p r o b l e m s  a r e  e x p e r i e n c e d  

w i t h  t o r n  s e a t s ,  due  t o  a r e s u l t i n g  w e a k e n i n g  o f  t h e  i r o n .  

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

was l i m i t e d  t o  g i v e  a f i n a l  m o u l d  t i t a n i u m  c o n t e n t  o f  0 . 0 5 “ 

0 . 0 6 $ .  S i n c e  t h a t  t i m e ,  p e r f o r m a n c e  h a s  b e e n  s a t i s f a c t o r y .

The p r o d u c t i o n  a n d  p e r f o r m a n c e  o f  t h e  AS-Type  m o u l d ,  

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

a d e t a i l e d  e x a m i n a t i o n  o f  p r o d u c t i o n  p r a c t i c e s  a t  F u l l w o o d  

and  D i s t i n g t o n .  T h i s ,  h o w e v e r ,  r e v e a l e d  no d i f f e r e n c e s  w h i c h  

w o u l d  e x p l a i n  t h e  p o o r  p e r f o r m a n c e .  S e c o n d l y ,  an e x a m i n a t i o n  

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

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

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

f o l l o w i n g  s t a g e s ;

( i )  S t a t i s t i c a l  a n a l y s i s  o f  p e r f o r m a n c e  f o r  e a c h  

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

( i i )  C o m p a r i s o n  o f  f a i l u r e  mode.

( i i i )  S t a t i s t i c a l  c o m p a r i s o n  o f  p r o d u c t i o n  d e t a i l s  f o r  

e a c h  b u r d e n .

( i v )  E x a m i n a t i o n  o f  m i c r o s t r u c t u r e s  by o p t i c a l  a n d  

e l e c t r o n  m i c r o s c o p y .
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(v)  D e t e r m i n a t i o n  o f  m e c h a n i c a l  p r o p e r t i e s ,  u s i n g  

bend  t e s t  s a m p l e s .

3 . 3 . 2 .  The P r o d u c t i o n  and  P e r f o r m a n c e  o f  F o r g i n g  M o u l d s . 

R i v e r  Don Works p r o d u c e  l a r g e  f o r g i n g s  f o r  t h e  h e a v y

e n g i n e e r i n g  i n d u s t r i e s .  The f o r g i n g  i n g o t s ,  w h i c h  may w e i g h  

up t o  2 5 0 t ,  a r e  c a s t  u n d e r  vacuum.  R i v e r  Don Wor ks ,  h a v i n g  

t h e i r  own f o u n d r y ,  commenced p r o d u c t i o n  o f  i n g o t  m o u l d s  

f o r  t h e i r  own r e q u i r e m e n t s ,  i n  1976 .

The f i r s t  mould  (a  7 1 " / 6 8 n , 7 1 t  o c t a g o n a l  j n o u l d )  was 

c a s t  i n  November ,  1 976 ,  and  up t o  d a t e ,  a t o t a l  o f  e l e v e n  

l a r g e  m o u l d s  h a v e  b e e n  c a s t  i n  t h e  R i v e r  Don F o u n d r y . ( A  

t y p i c a l  l a r g e  f o r g i n g  mould  i s  shown i n  A p p e n d i x  2 ) .  A 

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

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

B e c a u s e  o f  t h e  low r a t e  o f  u s a g e  o f  l a r g e  o c t a g o n a l  m o u l d s  

a t  R i v e r  Don ( b e t w e e n  5 “ 10 u s a g e s  p e r  y e a r ) ,  t h e  amou nt  o f  

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

a nd  p r o d u c t i o n  h i s t o r y  o f  e a c h  moul d  h a s  b e e n  e x a m i n e d ,  

s i n c e  i t  was t h o u g h t  t h a t  s u c h  an e x a m i n a t i o n  w ou ld  o f f e r  

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

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

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

3 . 3 . 3 . The E f f e c t  o f  P h o s p h o r u s  on R en i sh aw  I n g o t  Mould 

P e r f o r m a n c e .

D u r i n g  1 9 7 6 ,  t h e  q u a l i t y  o f  s t e e l  s c r a p  a v a i l a b l e  a t  

Ren i shaw d e t e r i o r a t e d ,  b o t h  i n  s i z e  and  t r a c e  e l e m e n t  l e v e l s .  

A s u p p l y  o f  r a i l w a y  c h a i r s  (/+Okg e a c h  w i t h  0 . 7 5 $  t o  1 $ 

p h o s p o r u s  and low r e s i d u a l  c o n t e n t )  became a v a i l a b l e  and  i t  

was  d e c i d e d  t o  c h a r g e  t h e s e  a t  a r a t e  o f  1 0 - 1 5 $ t o  t h e  

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

The maximum p h o s p h o r u s  l e v e l  r e s u l t i n g  f rom t h i s

c h a r g e  s h o u l d  h a v e  b e e n  a p p r o x i m a t e l y  0 . 1 6 $ ,  w h i c h  was
( 9 )m a r g i n l y  a b o v e  t h e  Code o f  P r a c t i c e  m a x i m u m ' ,  b u t

( 1 9 )w i t h i n  t h e  I n g o t  Mould S u b - C o m m i t t e e  r a n g e  .

F o l l o w i n g  i n i t i a l  t r i a l s ,  d u r i n g  w h i c h  no a d v e r s e  

• e f f e c t  on p e r f o r m a n c e  was o b s e r v e d ,  t h e  h i g h  p h o s p h o r u s  

b u r d e n  was i n i t i a t e d  i n  J u l y ,  1 97 A•

C o n c u r r e n t  w i t h  t h e  c h a ng e  i n  b u r d e n ,  t h 6 p a t t e r n  o f  

o p e r a t i o n  a t  Re n i s ha w was a l t e r e d ,  due  t o  a c h a n g e  i n  

p r o d u c t  mi x  and  s h i f t  p a t t e r n .  P r e v i o u s  d a i l y  p r a c t i c e  

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

i n  o r d e r  t o  a l l o w  t h e  maximum t i m e  b e f o r e  t h e  t o p  p l a t e s  

w e r e  r e m o v e d ,  a t  a b o u t  m i d - n i g h t .  I n  May, 1974.,  t h e  p r a c t i c e  

was a l t e r e d  t o  i n c l u d e  t h e  p o u r i n g  o f  up t o  t h r e e  1 7 t  

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

a t  w h i c h  t h e  t o p  p l a t e s  we r e  r emoved  was n o t  d e l a y e d .  On 

t h e  7 O c t o b e r ,  1974., a t h r e e - s h i f t  s y s t e m  was  i n t r o d u c e d  

and  Sunday w o r k i n g  h a l t e d .  T h i s  m e a n t  t h a t ,  w h e r e a s  m o u l d s  

c a s t  on F r i d a y  had  b e en  a l l o w e d  t o  s t a n d  u n t i l  Sunday  i n  

t h e i r  s a nd  j a c k e t s ,  F r i d a y ’ s m o u l d s  we r e  now c o m p l e t e l y  

s t r i p p e d  by noon  on S a t u r d a y .

From J u l y  t o  December ,  1974.* a l l  m o u l d s  p r o d u c e d  a t  

Ren i shaw wer e  p r o d u c e d  f rom t h e  new c u p o l a  b u r d e n .

F - t y p e  m o u l d s  we r e  p r o d u c e d  f o r  T i n s l e y  P a r k ,  610 0T m o u l d s  

f o r  T e m p l e b o r o u g h ,  B120 m o u l d s  f o r  A l d w a r k e ,  WEU 100 an d  

NEU 100 m o u l d s  f o r  Round Oak,  a s  w e l l  a s  a number  o f  s m a l l e r  

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

mould  t y p e s  a r e  shown i n  A p p e n d i x  2 )

D u r i n g  December ,  1974.* a number  o f  p r e m a t u r e  f a i l u r e s
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o f  t h e  F moul d  o c c u r r e d  a t  T i n s l e y  P a r k ,  due  t o  m a j o r  

c r a c k i n g  i n i t i a t i n g  f ro m t h e  b a s e ,  t h e  f a i l u r e s  b e i n g  

c o n f i n e d ,  m a i n l y ,  t o  h i g h  p h o s p h o r u s  m o u l d s .  C o n c e r n  was 

e x p r e s s e d ,  n o t  o n l y  a;t t h e  i n c r e a s e d  s t e e l  c o s t s ,  b u t  a l s o  

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

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

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

p r o b l e m s  wer e  n o t  e x p e r i e n c e d  a t  R e n i s h a w 1s o t h e r  i n g o t  

moul d  c u s t o m e r s ,  a t  t h i s  t i m e .  However ,  t h e  s i t u a t i o n  a t  

T i n s l e y  P a r k  was so s e r i o u s  t h a t  a s  an  i m m e d i a t e  a c t i o n ,  

t h e  p h o s p h o r u s  i n  t h e  b u r d e n  was r e d u c e d  t o  i t s  p r e v i o u s  

l e v e l  by e l i m i n a t i n g  t h e  r a i l w a y  c h a i r  s c r a p .  S u b s e q u e n t l y ,  

a l l  t h e  h i g h  p h o s p h o r u s  m o u l d s  a t  T i n s l e y  P a r k  wer e  h e a t -  

t r e a t e d  a t  920°C f o r  10 h o u r s  and  r e t u r n e d  i n t o  s e r v i c e .

F o r  e a c h  mould  t y p e ,  mean a n a l y s i s  and  l i f e  o v e r  an-  

a p p r o x i m a t e l y  t w o - y e a r  p e r i o d  we r e  c a l c u l a t e d  and  m u l t i p l e  

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

mean p h o s p h o r u s  l e v e l s  and  p e r f o r m a n c e  we r e  t h e n  c a l c u l a t e d  

on a m o n t h l y  b a s i s .  Mean l i v e s  a t  v a r i o u s  p h o s p h o r u s  l e v e l s  

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

d i f f e r e n c e s ,  and  s a m p l e s  f o r  m e t a l l o g r a p h y  w e r e  t a k e n  f rom  

f a i l e d ,  h i g h  p h o s p h o r u s ,  F - t y p e  m o u l d s .

I n  o r d e r  t o  o b s e r v e  t h e  s t r i p p i n g  p r a c t i c e  a t  Ren i s haw 

F o u n d r y ,  s u r f a c e  t e m p e r a t u r e  m e a s u r e m e n t s  we r e  r e c o r d e d ,  

u s i n g  a Land s u r f a c e  p y r o m e t e r .  M e a s u r e m e n t s  we r e  t a k e n  

on t h r e e  s u c c e s i v e  T h u r s d a y  n i g h t s ,  t o  c omp ar e  t h e  p r a c t i c e  

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

3. 3.  /■. E x a m i n a t i o n  o f  P r e m a t u r e l y  F a i l e d .  Round Oak.  WEU

100 M o u l d s .

Sampl es  f rom f i v e  p r e m a t u r e l y  f a i l e d  WEU 100 m o u l d s
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( a p p e n d i x  2 ) ,  made a t  Ren i s haw F o u n d r y ,  wer e  e x a m i n e d .  The 

m o u l d s  wer e  t h e  s u b j e c t  o f  a c o m p l a i n t ,  h a v i n g  f a i l e d  a t  

low l i f e ,  due  t o  b a s e  c r a c k i n g .  Bend t e s t  s p e c i m e n s  we r e  

t a k e n  f rom e a c h  moul d  a t  t h e  b a s e ,  a n d ,  a p p r o x i m a t e l y ,

150 mm. f rom i t .  A f t e r  t e s t i n g ,  m i c r o s p e c i m e n s  w er e  p r e p a r e d  

f rom  t h e  f r a c t u r e d  e n d s .

3.  3.  5 . M a t e r i a l  From I n g o t  Moulds  Fo*r R o u t i n e  A s s e s s m e n t .

I n g o t  m o u l d s  a r e  u s u a l l y  c a s t  w i t h  D - s h a p e d  l u g s  on 

one o r  two f a c e s ,  t o  e n a b l e  a c h e c k - c h e m i c a l  a n a l y s i s  t o  

be c a r r i e d  o u t ,  i f  r e q u i r e d .  I t  was c o n s i d e r e d  t h a t  t h e  u s e  

o f  s u c h  a l u g ,  i f  o f  s u f f i c i e n t  s i z e ,  c o u l d  a l s o  be u s e d  

t o  o b t a i n  bend  t e s t  s a m p l e s .  Ten Ren i shaw and  t w e n t y  

D i s t i n g t o n  610 WB m o u l d s  w er e  p r o d u c e d  w i t h  a l a r g e  l u g ,  

f rom w h i ch  two o r  t h r e e  ben d  t e s t  s a m p l e s  w er e  p r e p a r e d .

The p r o p e r t i e s  o f  t h e  s a m p l e s  we r e  m e a s u r e d  and  co mp ar e d  

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

I n  a d d i t i o n ,  Ren i shaw u s e  a h o r n g a t e  i n  t h e  r u n n i n g  

s y s t e m .  P r i o r  t o  m a c h i n i n g  o f  t h e  end  f a c e s ,  t h e s e  h o r n -  

g a t e s  a r e  r emoved  a n d ,  u s u a l l y ,  d i s c a r d e d .  Ten s u c h  

h o r n g a t e s  we r e  k e p t  b a c k  and bend  t e s t  s a m p l e s  p r e p a r e d  

f ro m t h e m ,  and  compar ed  w i t h  t h e  mould  p e r f o r m a n c e .

S i n c e ,  i f  t h e  bend  t e s t  we r e  t o  be a d o p t e d  f o r  

f o u n d r y  u s e ,  t h e  m e a s u r e m e n t s  m u s t  be s i m p l e  and  q u i c k ,  

o n l y  t h e  maximum l o a d  and  a / b  p a r a m e t e r s  we r e  m e a s u r e d .

S i n c e  t h e r e  we r e  a r e l a t i v e l y  l a r g e  number  o f  D i s t i n g t o n  

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

and  a l l  bend  t e s t  p a r a m e t e r s  was c a r r i e d  o u t ,  by means  

o f  r e g r e s s i o n  a n a l y s i s .  I n  a d d i t i o n ,  a c o r r e l a t i o n  m a t r i x  

o f  a l l  v a r i a b l e s  was p r o d u c e d .
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3.  3 . 6 . C o m p a r i s o n  o f  C h a r a c t e r i s t i c  F o u n d r y  M a t e r i a l .

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

m o u l d s  f ro m c e r t a i n  B . S . C .  i n g o t  moul d  f o u n d r i e s  i s

s u p e r i o r  t o  o t h e r s .  I n  o r d e r  t o  d e t e r m i n e  t h e  r e a s o n s  f o r

t h e s e  d i f f e r e n c e s ,  1 2 5 kg  t e s t  b l o c k s  w e r e  p r o d u c e d  a t

D i s t i n g t o n ,  L a n d o r e , D o w l a i s ,  F u l l w o o d  an d  S t a n t o n  ( v i a  •

c u p o l a s ) ,  a n d  a t  C r a i g n e u k  ( v i a  an  a r c  f u r n a c e )  f r o m  t h e i r

u s u a l  i n g o t  mo u l d  p r o d u c t i o n .  A l l  t h e  t e s t  b l o c k s  w e r e
oa l l o w e d  t o  c o o l  t o  b e l o w  700 C, b e f o r e  s t r i p p i n g .  Bend t e s t  

and  t e n s i l e  s p e c i m e n s  w e r e  t h e n  t a k e n  f r o m  t h e  c e n t r e  o f  

e a c h  b l o c k  a nd  t e s t e d  i n  t h e  u s u a l  m a n n e r .  M e t ' a l l o g r a p h i c  

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

t e s t  s p e c i m e n s .

3 . 3 . 7 . E f f e c t  o f  C a s t i n g  T e m p e r a t u r e .

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

c a s t i n g  t e m p e r a t u r e  on mo ul d  p r e f o r m a n c e  and  t h e  i n c i d e n c e  

o f  mou ld  c r a c k i n g ,  t h e  p e r f o r m a n c e  o f  1617 610 WB m o u l d s  

an d  197 L26 m o u l d s ,  ( s e e  A p p e n d i x  2 ) p r o d u c e d  a t  D i s t i n g t o n  

F o u n d r y ,  h a v e  b e e n  e x a m i n e d .

F o r  t h e  610 WB m o u l d s ,  t h e  d a t a  w e r e  d i v i d e d ,  i n i t i a l l y ,  

i n t o  c a s t i n g  t e m p e r a t u r e  i n t e r v a l s  o f  10°C a n d  l i f e  a n d  

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

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

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

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

o t h e r  f a i l u r e  m o d e s . A  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  was  t h e n  

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

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

L26 m o u l d s  ( c h o s e n  s i n c e  a h i g h e r  p r o p o r t i o n  f a i l  by 

c r a c k i n g ) ,  t h e  d a t a  was d i v i d e d ,  i n i t i a l l y ,  i n t o  g r o u p s
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a t  c a s t i n g  t e m p e r a t u r e  i n t e r v a l s  o f  25°C.  The mean l i f e  

a nd  p e r c e n t a g e  f a i l i n g  by e a c h  mode,  wer e  t h e n  c a l c u l a t e d  

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

t u r e  wer e  t h e n  c a l c u l a t e d  f o r  e a c h  f a i l u r e  mode and  f o r  

a l l  t h e  d a t a .  T - t e s t s  wer e  t h e n  c a r r i e d  o u t  t o  compar e  t h e  

f a i l u r e  mode g r o u p s .  R e g r e s s i o n  a n a l y s e s  wer e  c a r r i e d  o u t  

f o r  a l l  m o u l d s  and  f o r  t h e  d i f f e r e n t '  f a i l u r e  modes  and  c a s t ­

i n g  t e m p e r a t u r e  r a n g e s .
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/, . 1 .  . EVALUATION OF THE BEND TEST.

/,. 1 . 1 . A n a l y s i s  o f  R e s u l t s .
( /  2 )Banks  h a s  shown ^ t h a t  t h e  p r i n c i p a l  d i f f e r e n c e s  

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

i r o n s  i s  t h a t ,  i n  t h e  c a s e  o f  t h e  l a t t e r ,  once  t h e  maximum 

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

shown,  s c h e m a t i c a l l y ,  i n  F i g .  3 . T h i s  o c c u r s  b e c a u s e ,  i n  a 

b r i t t l e  i r o n ,  o n l y  a s m a l l  amount  o f  e n e r g y  i s  r e q u i r e d  

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

t h e  s p e c i m e n  a s  e l a s t i c  s t r a i n  e n e r g y .

A number  o f  m e t h o d s  h a ve  b e e n  e mp loye d  i n  o r d e r  t o  

m e a s u r e  t h e  d e c r e a s e  i n  t o u g h n e s s ,  s u m m a r i s e d  i n  T a b l e  2 .

A t y p i c a l  l o a d - d e f l e c t i o n  c u r v e  i s  shown i n  F i g .  A, w h i c h  

a l s o  shows t h e  m e a s u r e d  v a r i a b l e s .

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

a r e a  u n d e r  t h e  c u r v e  a f t e r  maximum l o a d  ( A r e a  B, F i g .  A) ,  

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

However ,  when e x a m i n i n g  a s e r i e s  o f  i r o n s ,  i t  i s  n o t e d  t h a t  

i f  t h e s e  i r o n s  a r e  e m b r i t t l e d ,  t h e n  t h e  maximum l o a d  may 

be i n c r e a s e d .  T h i s  h a s  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  a r e a  

u n d e r  t h e  c u r v e ,  so t h a t  a d i r e c t  c o m p a r i s o n  o f  two i r o n s  

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

g i e s  may be m i s l e a d i n g .

To over come t h i s ,  t h e  a r e a s  h av e  b e e n  n o r m a l i s e d  (An 

a nd  Bn) .  The r a t i o s  o f  t h e  i n i t i a t i o n  e n e r g y  t o  t h e  p r o p ­

a g a t i o n  e n e r g y  h a v e  a l s o  b een  u s e d  ( A / B ) .

The t y p i c a l  l o a d - d e f l e c t i o n  c u r v e  shown i n  F i g .  A*

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

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

z e r o .  F o r  t h e  p a r a m e t e r s  A, B, A and B , g i v e n  a b o v e ,

A 9



t h e  c u r v e  h a s  b e e n  a r b i t r a r i l y  c u t  s h o r t  5mm f ro m t h e  

z e r o  l i n e .  To c o u n t e r a c t  t h i s ,  t h e  d e r i v e d  p a r a m e t e r s  A-§-/

B-g- an d  a / b  h a v e  b e e n  me as ^u re d .  w h i c h ,  a l t h o u g h  o f  l e s s  

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

o f  t h e  s y s t e m .  The p a r a m e t e r  a / b  i s  a l s o ,  p h y s i c a l l y ,  t h e  

e a s i e s t  one t o  m e a s u r e ,  s i n c e  i t  d o e s  n o t  i n v o l v e  t i m e -  

comsuming  a r e a  m e a s u r e m e n t s ,  e i t h e r  by c o u n t i n g  s q u a r e s  

o r  u s i n g  a p l a n i m e t e r .

The p a r a m e t e r  (A+B) i s  t h a t  u s e d  by p r e v i o u s  w o r k e r s ^ ^ ]  

/ . 1 . 2 .  E f f e c t  o f  G r a p h i t e  S i z e .

T y p i c a l  b e n d  t e s t  c u r v e s  a r e  shown i n  F i g .  5 , and  

m e a s u r e d  p a r a m e t e r s  i n  T a b l e  3*

R e d u c i n g  t h e  g r a p h i t e  s i z e  f r o m  s a m p l e s  5 t o  3 ( F i g s .

2 an d  5) t e n d e d  t o  d e c r e a s e  t h e  p r o p a g a t i o n  e n e r g y  ( A r e a  B, 

T a b l e  3)* T h i s  was  a s s o c i a t e d  w i t h  a s l i g h t  i n c r e a s e  i n  

maximum l o a d  and  i n i t i a t i o n  e n e r g y  ( A ) .  The f o r m a t i o n  o f  

u n d e r - c o o l e d  g r a p h i t e ,  S a m p l e s  1 a n d  2 ( F i g .  2) r e s u l t e d  

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

when t h e  maximum l o a d  was a c h i e v e d  t h e  c r a c k  p r o p a g a t e d  

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

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

A/B and  a / b  r a t i o s .  The n o r m a l i s e d  i n i t i a t i o n  e n e r g y  ( ^ n ) 

showed no c l e a r  t r e n d ,  w h i l s t  t h e  n o r m a l i s e d  p r o p a g a t i o n  

e n e r g y  (®n ) showed a m a r k e d  i n c r e a s e  w i t h  g r a p h i t e  c o a r s e n e s s .  

The t o t a l  e n e r g y  t o  f r a c t u r e  (A+B) showed no s y s t e m a t i c  

v a r i a t i  on.

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

s i z e  i s  a c c o m p a n i e d  by an i n c r e a s e  i n  t o u g h n e s s .  G r a p h i t e  

s i z e  may be i n c r e a s e d  i n  t h e  f o u n d r y  b y ,  f o r  e x a m p l e ,  

i n c r e a s e s  i n  c a r b o n ,  s i l i c o n ,  t i t a n i u m  a n d  s e c t i o n  s i z e .
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T h e s e  i n c r e a s e s  a r e  known t o  c a u s e  a r e d u c t i o n  i n  c r a c k i n g  

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

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

/ . 1 . 3 .  E f f e c t  o f  P e a r l i t e : F e r r i t e  R a t i o .

T y p i c a l  bend  t e s t  c u r v e s  a r e  shown i n  F i g .  6 and  m e a s ­

u r e d  p a r a m e t e r s  i n  T a b l e  A.

As may be s e e n  f rom F i g .  6 and  T a b l e  A, an  i n c r e a s e  

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

maximum l o a d  ( r e f l e c t i n g  t h e  t e n s i l e  s t r e n g t h )  b u t  a l s o  

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

o f  f r a c t u r e s .  T h i s  h a s  r e s u l t e d  i n  a l o w e r i n g  o f  t h e  A/B 

r a t i o s ,  w h i c h  r e f l e c t  an  i n c r e a s e  i n  t o u g h n e s s .

T h i s ,  a g a i n ,  c o r r e l a t e s  w e l l  w i t h  common e x p e r i e n c e ,  

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

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

t o  be l e s s  i m p o r t a n t  t h a n  v a r i a t i o n s  i n  g r a p h i t e  s i z e .

/ . 1.  /■. E f f e c t  o f  C a r b i d e s  i n  F l a k e  G r a p h i t e  I r o n s .

T y p i c a l  ben d  t e s t  c u r v e s  f o r  low and  h i g h  p h o s p h o r u s  

t e s t  b l o c k s  a r e  shown i n  F i g .  7 ,  and  t h e  m e a s u r e d  v a l u e s  

i n  T a b l e  5*

I t  may be s e e n  t h a t  t h e  i n c r e a s e d  amount  o f  c a r b i d e /  

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

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

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

T h i s  a g r e e s  w i t h  common e x p e r i e n c e ,  t h a t  when c a r b i d e s  

a r e  p r e s e n t ,  t h e  i r o n  becomes  more  b r i t t l e .

/  . 1.  *>. E f f e c t  o f  G r a o h i t e  M o r p h o l o g y .

T y p i c a l  bend  t e s t  c u r v e s  a r e  shown i n  F i g .  8 , f o r  a 

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

i r o n ,  and t h e  bend  t e s t  p a r a m e t e r s  a r e  g i v e n  i n  T a b l e  6 .
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A f e r r i t i c  S ’.G.  i r o n  when t e s t e d ,  d i d  n o t  f r a c t u r e  b u t  

d e f o r m e d ,  p i a s t i c a l l y . ^ h e  l o a d - d e f l e c t i o n  c u r v e  was  s i m i l a r  

t o  t h e  q u a s i - f l a k e  i r o n ,  a l t h o u g h  w i t h  a much h i g h e r  d e f l ­

e c t i o n ,  up t o  t h e  p o i n t  when t h e  t e s t  h ad  t o  be s t o p p e d .

A n a l y s i n g  t h e  r e s u l t s  i n  t e r m s  o f  t h e  a / b  o r  A/B r a t i o s ,  

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

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

( t e n s i l e )  and  m o u ld  u s a g e  e x p e r i e n c e .  T h i s  i s  d ue  t o  a 

l a r g e  i n c r e a s e  i n  i n i t i a t i o n  e n e r g y  ( A ) ,  a c c o m p a n i e d  by a 

r e l a t i v e l y  s m a l l e r  i n c r e a s e  i n  p r o p a g a t i o n  e n e r g y  ( B ) .  T h i s  

i s  shown i n  t h e  n o r m a l i s e d  p r o p a g a t i o n  e n e r g y  v a l u e s  ( B / M ^ ) ,  

w h i c h  a r e  e s s e n t i a l l y  * s i m i l a r  t o  t h e  h a e m a t i t e  i r o n ,  w h i l s t  

t h e  n o r m a l i s e d  i n i t i a t i o n  e n e r g y  (A/M^) i s  2 - 3  t i m e s  g r e a t e r .  

I n  t h i s  e x a m p l e ,  t h e  (A+B) p a r a m e t e r  p r o b a b l y  g i v e s  t h e  

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

w i t h  e x p e r i e n c e .

The t e s t ,  t h e r e f o r e ,  may be s u i t a b l e  f o r  c o m p a r i n g  

q u a s i - f l a k e  a nd  c o m p a c t e d  g r a p h i t e  i r o n s .

/■. 1.  6 .  E f f e c t  o f  C a r b i d e s  i n  Q u a s i - f l a k e  I r o n s .

T y p i c a l  b e n d  t e s t  c u r v e s  a r e  shown i n  F i g .  9 a n d  t h e  

m e a s u r e d  p a r a m e t e r s  i n  T a b l e  7 .  I t  may be s e e n  t h a t  t h e  

maximum l o a d  and  i n i t i a t i o n  e n e r g i e s  h a v e  b e e n  s l i g h t l y ^  

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

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

A/B an d  a / b  r a t i o s .

/ . 2 .  EXPERIMENTAL MATERIAL.

. 2 .1  . E f f e c t  o f  P h o s p h o r u s .

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

t e s t  b l o c k s  a r e  g i v e n  i n  T a b l e s  8 and  9 .

M i c r o s t r u c t u r e s  o f  t h e  t e s t  b l o c k s  a r e  shown i n  F i g s .
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i u - i j , w n e r e  1 z  may De s e e n  t h a t ,  i n  t h e  c a s e  o f  t h e  low 

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

(85% i n  t h e  s lo w c o o l e d ,  low p h o s p h o r u s  t e s t  b l o c k ) ,  t h e  

a mo u nt  b e i n g  r e d u c e d  by t h e  f a s t  c o o l i n g  p r a c t i c e .  The h i g h  

p h o s p h o r u s  t e s t  b l o c k s  w e r e  mo re  p e a r l i t i c  t h a n  t h e  low 

p h o s p h o r u s  b l o c k s ,  b u t  t h i s  i s  a s s u m e d  t o  be  du e  t o  t h e  

h i g h e r  Mn l e v e l  ( 0 , 7 3 % ,  a s  o p p o s e d  t o  0 , 1 , 6%) .  The g r a p h i t e '  

was  a l s o  c o a r s e r ,  p r o b a b l y  due  t o  t h e  h i g h e r  c a r b o n  c o n t e n t  

o f  3 . 9%,  c o m p a r e d  w i t h  3 . 7 5 % ,  i n  t h e  low p h o p h o r u s  b l o c k .

Of p a r t i c u l a r  n o t e  was t h a t  t h e  p h o s p h i d e / c a r b i d e  e u t e c t i c  

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

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

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

The h i g h  r e s i d u a l  m e l t s ,  F i g s .  12 a n d  1 3 ,  w e r e  s u b ­

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

e v i d e n t  i n  t h e  s l o w  c o o l e d  b l o c k s .  The p h o s p h i d e / c a r b i d e  

e u t e c t i c  i n  t h e  h i g h  p h o s p h o r u s  b l o c k s  t e n d e d  t o  be  mo re  

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

r e s i d u a l  m e l t s .  The h i g h - p h o s p h o r u s , s l o w  c o o l e d  b l o c k  .- 

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

w h e r e a s  t h e  r e m a i n i n g  b l o c k s  showed o n l y  t r a c e s  o f  t h i s  

f o r m  o f  g r a p h i t e .

The be nd  t e s t  r e s u l t s  ( T a b l e 9 )  show an  i n c r e a s e  i n  

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

t e m p e r a t u r e  an d  h i g h  r e s i d u a l  l e v e l s .

. 2.  2 Titan-i-urn

C h e m i c a l  a n a l y s e s  o f  t h e  m e l t s  f o r  t h e  f i r s t  two 

s e r i e s  a r e  g i v e n  i n  T a b l e s  1 0 - 1 2 ,  T e n s i l e  an d  be nd  t e s t  

r e s u l t s  a r e  g i v e n  i n  T a b l e s  13 and  1/, ,  T e n s i l e  a nd  b e n d  

t e s t  r e s u l t s  f o r  t h e  h e a v y  s e c t i o n  ( 2 5 0 k g ) ,  t e s t  b l o c k s  •
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a r e  shown,  g r a p h i c a l l y ,  i n  F i g s .  14. -17,  and  t h e  a / b  p a r a ­

m e t e r  T o r  t h e  l i g h t  s e c t i o n  ( 25kg)  t e s t  b l o c k s  i n  F i g .  18.

The h e a v y  s e c t i o n  i r o n s  e x h i b i t e d  a s t r e n g t h  minimum 

i n  t h e  r a n g e  0.04.  t o  0 . 1 2 $  Ti  ( F i g .  1/v) f o r  t h e  g a s s e d  and  

u n t r e a t e d  t e s t  b l o c k s .  T h i s  minimum t e n s i l e  s t r e n g t h  may 

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

( F i g s .  15 t o  17).- The - l o c a t i o n  o f  maximum d u c t i l i t y  v a r i e s ,  

h o w e v e r ,  w i t h  t h e  g a s s i n g  t r e a t m e n t .

The c a r b o n  d i o x i d e  t r e a t e d ,  h e a v y  s e c t i o n ,  t e s t  b l o c k s  

showed an  i n c r e a s e  i n  b r i t t l e n e s s  f rom t h e  r e s i d u a l  l e v e l  

o f  0 .023% Ti., up t o  0 . 0 55% T i .  The u n t r e a t e d ,  h e a v y  s e c t i o n ,  

t e s t  b l o c k s  showed a s i m i l a r  i n c r e a s e  i n  b r i t t l e n e s s  f r o m 

t h e  r e s i d u a l  l e v e l  up t o  0 . 035% T i .

No h y d r o g e n - t r e a t e d ,  t e s t  b l o c k s  c o n t a i n e d  t i t a n i u m  

a n a l y s e s  i n  t h i s  r a n g e .  Above 0 . 1 2 $ .  b o t h  t h e  c a r b o n  d i o x i d e  

and  u n t r e a t e d  t e s t  b l o c k s  showed an i n c r e a s e  i n  b r i t t l e n e s s ,  

w h e r e a s  no s u c h  t r e n d  was n o t e d  f o r  t h e  h y d r o g e n - t r e a t e d  

b l o c k .  T h i s  b e h a v i o r  was a l s o  n o t e d  i n  t h e  s m a l l  20kg t e s t  

b l o c k s  ( F i g .  1 8 ) ,  w h i c h  showed a s t e a d y  i n c r e a s e  i n  b r i t t l e ­

n e s s  f o r  t h e  00^  and  u n t r e a t e d  c a s t s .  The h y d r o g e n - t r e a t e d  

c a s t ,  h o w e v e r ,  showed a r e d u c t i o n  i n  b r i t t l e n e s s  a t  0 . 1 8 $

T i , b u t  t h e n  an  i n c r e a s e ,  a g a i n ,  a t  t h e  h i g h e s t  t i t a n i u m  

l e v e l .

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

o f  t h e  s m a l l  ( 2 0 k g )  t e s t  b l o c k s  a r e  shown i n  F i g .  19 .  I t  

may be s e e n  t h a t  t h e  h y d r o g e n - t r e a t e d  b l o c k s  c o n t a i n e d  

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

b l o c k s .  The n o n - g a s s e d  b l o c k s  showed a m a r k e d  v a r i a t i o n  

i n  s t r u c t u r e  a t  t h e  low a nd medium t i t a n i u m  l e v e l s ,  a l t h o u g h  

t h e  g r a p h i t e  c o a r s e n e s s  i n  t h e  h i g h  t i t a n i u m  b l o c k  was
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i n t e r m e d i a t e  b e t w e e n  t h e  and  CO^ b l o c k s .  The medium 

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

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

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

t h e  n o m i n a l  r a n g e s  0 . 0 2  t o  0 . 2  t o  0 .4%.

M i c r o s t r u c t u r e s  f o r  t h e  l a r g e  (250  kg)  t e s t  b l o c k s  

t r e a t e d  w i t h  h y d r o g e n ,  u n t r e a t e d  o r  t r e a t e d  w i t h  c a r b o n  

d i o x i d e ,  a r e  shown i n  F i g s .  20,  21 and  22,  r e s p e c t i v e l y .

The h y d r o g e n  and  - u n t r e a t e d  b l o c k s  a l l  showed an  i n c r e a s e  

i n  g r a p h i t e  s i z e  up t o  0 . 1 $  T i ,  a l t h o u g h  t h i s  t r e n d  was 

l e s s  a p p a r e n t  f o r  t h e  CO2 t r e a t e d  b l o c k s .  The h i g h e s t  

t i t a n i u m  b l o c k s  showed a c o n s i d e r a b l e  amount  o f  u n d e r ­

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

t r e a t e d  b l o c k s .  The u n t r e a t e d  b l o c k s  w e r e ,  g e n e r a l l y ,  

c o a r s e r  t h a n  t h e  g a s s e d  b l o c k s ,  b u t  t h i s  may h a ve  b e e n  

duu  t o  t h e i r  h i g h e r  c a r b o n  and  s i l i c o n  c o n t e n t s .

T h e r e  was a s l i g h t  t r e n d  t o  i n c r e a s e  t h e  amount  o f  

f e r r i t e  w i t h i n  e a c h  s e t  o f  b l o c k s ,  an  i n c r e a s e  i n  t i t a n i u m  

o f  0 . 0 2  up t o  0 . 1 $ ,  i n c r e a s i n g  t h e  a m o u n t s  o f  f e r r i t e  f ro m 

a p p r o x i m a t e l y  5% t o  2 5 $,  2$ t o  15% and  n i l  t o  15% T o r  t h e  

0 0 ^ ,  u n t r e a t e d  and b l o c k s ,  r e s p e c t i v e l y .

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

mould  s c r a p ,  a r e  g i v e n  i n  T a b l e  15« M e c h a n i c a l  t e s t  

r e s u l t s  a r e  g i v e n  i n  T a b l e  16 and t y p i c a l  m i c r o g r a p h s  a r e  

shown i n  F i g .  23.  The m i c r o s t r u c t u r e s  a r e  s i m i l a r  t o  t h o s e  

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

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

u n g a s s e d  and 00^  t r e a t e d  m e l t s  a t  s i m i l a r  t i t a n i u m  l e v e l s .

/,. 2.  3 . N i t r o g e n .

T r e a t m e n t s  and s t r i p p i n g  p r a c t i c e s  a r e  s u m m a r i s e d  i n
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T a b l e  17,  t e s t  b l o c k  a n a l y s e s  a r e  g i v e n  i n  T a b l e  1 8 ,  and  

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

t r e a t m e n t ,  a r e  g i v e n  i n  T a b l e  19 .

E v i d e n c e  o f  g a s  p o r o s i t y  was s e e n  o n l y  i n  c a s t  RG 725A 

( 2 $  CaCN^-O.OIS^ N) ,  shown i n  F i g .  2£.  I t  may be s e e n  t h a t  

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

25 mm. f rom t h e  w a l l .

M e c h a n i c a l  p r o p e r t i e s  o f  t h e  t e s t  b l o c k s  a r e  g i v e n  i n  

T a b l e  20.  T y p i c a l - m i c r o s t r u c t u r e s  a r e  shown i n  F i g .  25.

I t  may be s e e n  t h a t  t h e  g r a p h i t e  m o r p h o l o g i e s  w e r e  s i m i l a r ,  

w i t h  Type A f l a k e  g r a p h i t e  and  t r a c e s  o f  c o m p a c t i o n  i n  t h e  

e u t e c t i c  c e l l  b o u n d a r i e s ,  o t h e r  t h a n  i n  c a s t  RG 666 B 

(-§-% C a l s i l o y - 0 . 007% N ) ,  w h i c h  c o n t a i n e d  more c o m p a c t e d  

g r a p h i t e .  M a t r i x  m i c r o s t r u c t u r e s  w e r e ,  e s s e n t i a l l y ,  p e a r ­

l i t i c ,  o t h e r  t h a n  c a s t  RG 752 B (2% C a l s i l o y ) ;  t h e  h i g h e r  

p r o p o r t i o n  o f  f e r r i t e  i n  t h i s  c a s t  i s  c o n s i d e r e d  t o  h av e  

a r i s e n  f ro m t h e  much h i g h e r  Si  l e v e l s ,  b r o u g h t  a b o u t  by 

t h e  Ca l s i lo y  t r e a t m e n t .

A. 2.  / , . R e s i d u a l s .

A n a l y s e s  o f  t h e  m e l t s  a r e  g i v e n  i n  T a b l e  21.  T y p i c a l  

c o o l i n g  c u r v e s  a r e  shown i n  F i g .  26 f o r  t h e  s o l i d i f i c a t i o n  

i n t e r v a l  and  i n  F i g .  2 6 b - f o r  t i m e s  down t o  60 0°C.  I t  may 

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

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

o f  t h e  t h e r m o c o u p l e :  t h i s  e f f e c t  on t h e  m e a s u r e d  t i m e s  t o  

c o o l  down t o ,  s a y ,  700°C w i l l  be s m a l l .

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

i n  T a b l e  22.  F o r  c o n v e n i e n c e ,  t h e  bend  t e s t  a / b  p a r a m e t e r s  

a r e  p l o t t e d  i n  F i g .  27.

I t  i s  a p p a r e n t  t h a t  i n c r e a s e d  r e s i d u a l  l e v e l s  c a u s e
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a m ar k ed  i n c r e a s e  i n  e m b r i t t l e m e n t .  The r e l a t i v e  e f f e c t s  

o f  s e c t i o n  s i z e  ( a n d ,  h e n c e ,  c o o l i n g  r a t e )  a p p e a r s  t o  r e ­

v e r s e ,  d e p e n d i n g  on t h e  r e s i d u a l  l e v e l s .  Where t h e s e  a r e  

h i g h ,  f a s t  c o o l e d  b l o c k s  a r e  more  d u c t i l e ,  b u t  a t  low 

r e s i d u a l  l e v e l s ,  t h e  f a s t  c o o l e d  b l o c k s  a r e  more  b r i t t l e .

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

shown i n  F i g s .  28 t o  30.  I t  may be s e e n  t h a t  a s  t h e  r e s i d u a l  

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

o f  f e r r i t e  and  a l s o  an i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  

c o m p a c t e d  g r a p h i t e .  C a r b i d e  c o n t e n t s  wer e  m e a s u r e d  by 

p o i n t  c o u n t i n g  on f o u r  b l o c k s  and  t h e  r e s u l t s  a r e  shown 

i n  F i g ,  27.  I t  i s  a p p a r e n t  t h a t  t h e r e  i s  a h i g h  d e g r e e  o f  

c o r r e l a t i o n  b e t w e e n  t h e  a / b  p a r a m e t e r  and  t h e  vo l ume  % 

o f  c a r b i d e .

A. 2.  5 . C a s t i n g  T e m p e r a t u r e .

C h e m i c a l  a n a l y s e s  o f  t h e  t e s t  b l o c k s  a r e  shown i n  

T a b l e  23,  and  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  t e s t  b l o c k s ,  i n  

T a b l e  2A, t o g e t h e r  w i t h  t h e  p e a r l i t e  i n t e r l a m e l l a r  s p a c i n g  

an d  e u t e c t i c  c e l l  s i z e .  The e f f e c t  o f  e u t e c t i c  c e l l  s i z e  

on t h e  A-jyB-J1 ben d  t e s t  p a r a m e t e r  i s  shown i n  F i g .  31 .

The m i c r o s t r u c t u r e s  we r e  a l l  s i m i l a r ,  c o n s i s t i n g  o f  

f l a k e  g r a p h i t e  w i t h  a t r a c e  o f  c o m p a c t e d  g r a p h i t e  i n  t h e  

c e l l  b o u n d a r i e s .  P e a r l i t e  c o n t e n t s  wer e  85-95%.  The p e a r ­

l i t e  i n t e r l a m e l l a r  s p a c i n g  showed no s y s t e m a t i c  v a r i a t i o n .  

The e u t e c t i c  c e l l  s i z e  was r e d u c e d  by a l o w e r i n g  i n  c a s t i n g  

t e m p e r a t u r e  and  by t h e  a d d i t i o n  o f  F e S i .  I t  may be s e e n  t h a t  

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

A. 2 . 6 . M e t a l  S u p e r h e a t .

C h e m i c a l  a n a l y s e s  o f  t h e  t e s t  b l o c k s  a r e  g i v e n  i n  

T a b l e  25,  and  t h e  m e c h a n i c a l  t e s t  r e s u l t s  i n  T a b l e  26.
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I t  i s  a p p a r e n t ,  i m m e d i a t e l y ,  t h a t  no c l e a r  t r e n d  b e t w e e n  

p r o p e r t i e s  and  s u p e r h e a t  t e m p e r a t u r e  e x i s t s .  M i c r o s t r u c t u r e s  

o f  t h e  b l o c k s  we r e  e x a m i n e d  amd f o u n d  t o  be s i m i l a r ,  c o n ­

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

i n  t h e  c e l l  b o u n d a r i e s  and  a p p r o x i m a t e l y  9 0 - 9 5 $  p e a r l i t e .

/,. 3.  EXAMINATION OF MOULD PERFORMANCES.

/ . 3 . 1 . F a i l u r e  o f  l a r g e  S l a b  M o u l d s .

/,.. 3 . 1 . 1 . P e r f o r m a n c e  D e t a i l s .

P e r f o r m a n c e s  f o r  t h e  AS Type m o u l d s  a t  R a v e n s c r a i g  

a r e  g i v e n  i n  T a b l e  27,  f o r  e a c h  c u p o l a  b u r d e n  a t  F u l l w o o d .  

T - t e s t s  we r e  c a r r i e d  o u t  t o  d e t e r m i n e  ' w h i c h  p e r f o r m a n c e  

d i f f e r e n c e s  we r e  s i g n i f i c a n t ,  and  t h e s e  a r e  g i v e n  i n  T a b l e  

28.

I t  may be s e e n  t h a t  t h e  b r o k e n  mould  b u r d e n  ( 5 3 $  p i g  

i r o n ,  17$ s t e e l  s c r a p ,  20$ r e t u r n s  and  10$ moul d  s c r a p -  

5 3 / 1 7 / 2 0 / 1 0 )  g a ve  a s i g n i f i c a n t  r e d u c t i o n  i n  l i f e ,  c o m pa r ed  

w i t h  t h e  o r i g i n a l  7 0 / 2 0 / 1 0  b u r d e n  ( 70$  p i g  i r o n ,  20$ s t e e l  

s c r a p ,  10$ r e t u r n s  ) .  P e r f o r m a n c e s  we r e  r e s t o r e d  when b r o k e n  

m o u l d s  we r e  r e p l a c e d  by p i g  i r o n  ( 6 3 / 1 7 / 2 0  b u r d e n ) ,  t h i s  

b e i n g  m a i n t a i n e d  w i t h  t h e  F e Ti  a d d i t i o n .

The d i s t r i b u t i o n  o f  l i v e s  a b o u t  t h e  mean f o r  t h e  4.8- 

Type m o u l d s  a r e  shown i n  F i g .  32.

The p r e c i s e  mould  p e r f o r m a n c e s  a r e  c o m p l i c a t e d  by t h e  

amount  o f  mould  r e p a i r s  c a r r i e d  o u t .  The numb er  o f  r e p a i r s  

made t o  4.8-Type m o u l d s  f rom t h e  f o u r  b u r d e n s  u n d e r  c o n s i d ­

e r a t i o n  a r e  g i v e n  i n  T a b l e  2 9 . I t  may be s e e n  t h a t  t h e  

i n c i d e n c e  o f  r e p a i r s  d e c r e a s e d  f rom 51$,  f o r  t h e  7 0 / 2 0 / 1 0  

b u r d e n  t o  2 0 - 2 4 $  f o r  s u b s e q u e n t  b u r d e n s .  The h i g h e r  l e v e l  

o f  r e p a i r s  i n  t h e  7 0 / 2 0 / 1 0  b u r d e n  m i g h t  be e x p e c t e d  t o  

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

o f  r e p a i r i n g  i n  t h e  b r o k e n  m o u l d  ( 5 3 / 1 7 / 2 0 / 1 0 )  b u r d e n  was 

s i m i l a r  t o  t h e  6 3 / 1 7 / 2 0  a n d  6 3 / 1 7 / 2 0 + F e T i  b u r d e n s ,  t h e  l i f e  

i n c r e a s e  may be a t t r i b u t e d  t o  i m p r o v e d  i r o n  p r o p e r t i e s  

r a t h e r  t h a n  i n c r e a s e d  r e p a i r i n g .

I t  was  n o t e d ,  i n  S e c t i o n  3 . 3 « 1 * >  t h a t ,  by No ve mb er ,  

1 9 7 6 ,  i t  a p p e a r e d  t h a t  t h e  6 3 / 1 7 / 2 0  b u r d e n  was  n o t  p e r f o r ­

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

n o t  s u b s t a n t i a t e  t h i s  n o t i o n .  T h i s  may be e x p l a i n e d  by 

c o n s i d e r a t i o n  o f  p e r f o r m a n c e  and  d i s c a r d  d a t a  an d  t h i s  i s  

shown i n  F i g s .  3 3 “ 3 6.  I t  may be s e e n  t h a t ,  i n i t i a l l y ,  o n l y  

low l i f e  m o u l d s  f a i l ,  t h e  good l i f e  m o u l d s  f a i l i n g  o n l y  

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

t e n  m o n t h s  a f t e r  t h e  b u r d e n  h a s  b e e n  c h a n g e d .

A. 3 . 1 . 2 . Mode o f  F a i l u r e .

U s i n g  t h e  R a v e n s c r a i g  c o m p u t e r  p r i n t - o u t ,  modes  o f  

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

s u m m a r i s e d  i n  T a b l e  30 .  F o r  a l l  b u r d e n s ,  i t  i s  a p p a r e n t  

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

p o s i t i o n  o f  t h e s e  c r a c k s  i s  t a b u l a t e d  i n  T a b l e  3 1 ,  a n d  i t  

may be s e e n  t h a t  t h e  m a j o r i t y  o c c u r r e d  on t h e  b r o a d  s i d e ,  

e x c e p t  f o r  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n ,  i n  w h i c h  t h e  m a j o r i t y  

w e r e  on t h e  n a r r o w  s i d e .  As may be s e e n  f rom T a b l e  30  t h e  

i n c i d e n c e  o f  c o l d  s h u t  d e f e c t s  f o r  t h e  b r o k e n  m o u l d  b u r d e n  

( 1 7 . 3 $  ) was p a r t i c u l a r l y  h i g h .

A. 3 . 1 . 3  A n a l y s i s  o f  P r o d u c t i o n  D e t a i l s

F u l l w o o d  p r o d u c t i o n  d e t a i l s  a r e  r e c o r d e d  on t h e  R a v e n ­

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

3 2 .  t - t e s t s  f o r  s i g n i f i c a n c e  we r e  c a r r i e d  o u t  b e t w e e n  e a c h  

b u r d e n  a t  F u l l w o o d  and  t h e  r e s u l t s  a r e  g i v e n  i n  T a b l e  3 3 .
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F o r  c o n v e n i e n c e  t h e  s i g n i f i c a n t  i n c r e a s e s  and  d e c r e a s e s  

a r e  s u m m a r i s e d  i n  T a b l e  34.

R e g r e s s i o n  a n a l y s e s  t o  90% c o n f i d e n c e  l i m i t s  wer e  

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

b u r d e n  and f o r  a l l  F u l l w o o d  m o u l d s .  The r e s u l t s  we r e  a s  

f o l l o w s  : -  

7 0 / 2 0 / 1 0  Bur den

L i f e  = - 8 4 . 2 1 + 3 8 . 3 8 X (%o) <r = 2 1 . 5 8
L i f e  = 8 9 . 8 6 - 4 9 6 . 7 X (%s) cr = 2 1 . 3 2
Li f  e = 56.  51 + 2 7 4 . 9 X ( * T i ) cr = 2 1 . 0 8
L i f e  = - 6 5 . 2 3 + 2 9 . 7 9 X (CEV) o* = 2 1 . 6 3

5 3 / 1 7 / 2 0 / 1 0  Bur den

L i f e - - 2 6 9 . 7 + 81 .6 0 X (sc) cr = 20 .77
L i f e = 75 .1 7 - 546 .2 X ( * s ) cr = 20 .49
L i f e = 193.1 - 38 .87 X (USV) cr = 20.  26
L i f e — - 231 .1 + 63 .73 X (CEV) cr — 20.89

Bur den

L i f e — -1 4 . 5 7 + 52.31 X ( * S i ) ff = 21 .06
L i f e - 9 6 . 4 5 - 706 .5 X ( * s ) cr = 20 .34
L i f e = - 4 . 4 2 3 + 8 9 .8 4 X (*Mn) cr — 21. 30
L i f e 40.  29 + 568.0 X ( *Ti ) cr - 20 .57
L i f e — 269.4 - 6 0 .0 6 X (usv) a - 11 .55

6 3 / 1 7 / 2 0 + T i  Bur den

No s i g n i f i c a n t  r e l a t i o n s h i p s

A l l  F u l l w o o d  Moulds

L i f e  = - 1 9 6 . 7  + 6 5 , 6 0  x (%C) <r = 2 2 . 1,9
L i f e  = 3 5 . 0 4  + 1 7 . 6 2  x (%Si)  or = 2 3 . 0 6
L i f e  = 8 8 . 6 0  - ' 5 9 3 .  1 x (%S) cr = 2 2 . 2 0
L i f e  = 3 4 . 5 5  + 3 5 . 7 7  x (j6Mn) cr = 2 3 . 0 9
L i f e  = 4 8 . 1 2  + 34 1 .1  x ( # T i )  c1 -  2 2 . 3 1
L i f e  = 169 .  5 -  3 0 . 2 4  x (USV) (S -  22 . 61
L i f e  = - 1 8 5 . 0  + 55.  57 x (CEV) c r =  2 2 . 5 0

(The e q u a t i o n s  o n l y  a p p l y  w i t h i n  t h e  l i m i t s  o f  a n a l y s i s

s t u d i e d . )

S u l p h u r  a p p e a r s  i n  t h e  r e g r e s s i o n  e q u a t i o n s  b u t  i t s  

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

( 0 . 0 1 3 “ 0 . 0 8 $ ) •  I t  i s  - c o n s i d e r e d  t h a t  i t s  e f f e c t  i s  r e l a t e d  

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

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

s u l p h u r  w i l l  a p p e a r  t o  g i v e  t h e  o p p o s i t e  e f f e c t .  A r e g r e ­

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

and  i t  was f o u n d  t h a t  : -

C ar b o n  = £ . 0 6 8  -  2 . 8 9 8  x (%S) o ' -  0 . 0 7 7 2 3

t h i s  e q u a t i o n  b e i n g  s i g n i f i c a n t  t o  0*1%* S i n c e  t h e r e  i s  a 

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

e f f e c t  o f  s u l p h u r  on l i f e  may be  i g n o r e d .

. 3 . 1 . /  C h e m i c a l  A n a l y s i s

Mai o r  E l e m e n t s

T h e se  h a v e  b e e n  c o n s i d e r e d  i n  s e c t i o n  4-*3«1.3*

N i t r o g e n

N i t r o g e n  a n a l y s e s  f o r  t h e  7 0 / 2 0 / 1 0 ,  5 3 / 1 7 / 2 0 / 1 0  and 

6 3 / 1 7 / 2 0  b u r d e n s  a r e  g i v e n  i n  T a b l e  35-  A l t h o u g h  t h e  g e n ­

e r a l  l e v e l s  may be c o n s i d e r e d  h i g h  t h e r e  a p p e a r s  t o  be 

l i t t l e  o r  no c h a n g e  i n  o v e r a l l  l e v e l s  b e t w e e n  e a c h  b u r d e n .

T r a c e  E l e m e n t s

T r a c e  e l e m e n t  a n a l y s e s  f o r  t h e  7 0 / 2 0 / 1 0  and  5 3 / 1 7 / 2 0 / 1 0  

b u r d e n s  a r e  g i v e n  i n  T a b l e  3 6 . C o m p a r i s o n  o f  a n a l y s e s  f o r  

t h e s e  two b u r d e n s  on l u g  s a m p l e s  showed no d i f f e r e n c e s .

/ . 3 . 1 .  5 S t r u c t u r a l  E x a m i n a t i o n

Sa mp l es  f r o m f a i l e d  m o u l d s  wer e  p r e p a r e d  f o r  m e t a l -  

o g r a p h i c  e x a m i n a t i o n  and e t c h e d  i n  p i c r a l / n i t a l .  T y p i c a l  

m i c r o s t r u c t u r e s  a r e  g i v e n  i n  F i g u r e s  37-4.6.  I n c l u d e d  a r e  

moul d nu mb er s  4-8/5S5 ( 7 0 / 2 0 / 1 0  b u r d e n ;  120 l i v e s  ) and  

4.8/758 ( D i s t i n g t o n  m a n u f a c t u r e ;  65 l i v e s  ) .  F i g u r e  4.5 i s  

f rom  mould 4-8/023 ( 6 3 / 1 7 / 2 0 + T i  b u r d e n  ) ,  t h e  s a m p l e  b e i n g  

t r e p a n n e d  p r i o r  t o  e n t e r i n g  s e r v i c e .  F i g u r e  4.6 i s  f r o m  

moul d 4.8/059 ( 6 3 / 1 7 / 2 0 + T i  b u r d e n  ) w h i c h  f a i l e d  a f t e r  two
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l i v e s  d ue  t o  a t o r n  s e a t .

The m i c r o s t r u c t u r e s  w e r e  e x t r e m e l y  v a r i a b l e  and  no 

c l e a r  t r e n d  was o b s e r v e d .  The g r a p h i t e  f o r m v a r i e d  f rom  

c o a r s e  f l a k e  t o  h i g h l y  c o m p a c t e d  g r a p h 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  t h e  D i s t i n g t o n  mo ul d  4.8/758 ( F i g .  38)  w h i c h  

g av e  a s a t i f a c t o r y  p e r f o r m a n c e  c o n t a i n e d  c o m p a c t e d  g r a p h i t e  

M a t r i x  m i c r o s t r u c t u r e s  w e r e  v a r i e d ,  b u t  t e n d e d  t o  be  p e a r l i t i . c .  

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

( F i g s .  37 and 38)  w e r e  f e r r i t i c ,  b u t  i t  may be a s s u m e d  

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

i a l l y  more  p e a r l i t e .  The t i t a n i u m - t r e a t e d  m o u l d s  w e r e  

p e a r l i t i c  ( F i g s .  4.5 a nd  4.6).

Mould No. 774. ( F i g .  39)  c o n t a i n e d  v e r y  f i n e  g r a p h i t e

i n  a m a t r i x  o f  u n r e s o l v e d  p e a r l i t e ,  w i t h  some p h o s p h i d e /

c a r b i d e  e u t e c t i c .  T h i s  i s  c o n s i d e r e d  t o  h a v e  o c c u r e d  d ue  
C r

to.  a h i g h / c o n t e n t  ( 0 . 2 2 $ ,  T a b l e  3 6 ) .  No o t h e r  e x a m p l e s  

o f  chromium c o n t e n t s  a t  t h i s  h i g h  l e v e l ,  w er e  o b s e r v e d .

The t i t a n i u m - t r e a t e d  m o u l d s  showed a s l i g h t  c o a r s e n i n g  

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

i n  u l t r a s o n i c  v e l o c i t y .

/.. 3.1 . 6 . E l e c t r o n  M e t a l l o g r a p h i c  E x a m i n a t i o n .

F i v e  s a m p l e s  we r e  c h o s e n  t o  r e p r e s e n t  h i g h  a nd  low 

l i f e  m o u l d s ,  w i t h  b o t h  c o m p a c t e d  an d  f l a k e  g r a p h i t e  s t r u c t u r e s  

a nd  a t i t a n i u m - t r e a t e d  m o u l d .  The s p e c i m e n s  w e r e  p r e p a r e d  

by e t c h i n g  w i t h  2$ n i t a l ,  c a r b o n  c o a t i n g  and  e x t r a c t i n g  

e l e c t r o l y t i c a l l y , i n  10$ n i t a l .  E l e c t r o n  d i f f r a c t i o n  

p a t t e r n s  w er e  o b t a i n e d ,  t o  e s t a b l i s h  t h e  p h a s e  i d e n t i t i e s .

A l l  t h e  s a m p l e s  showed a b i m o d a l  s i z e  d i s t r i b u t i o n  o f

62



TiN p a r t i c l e s ,  o f  0 . 1 5  pm  and 0 . 0 3 /im. The r e l a t i v e  a b u n ­

d a n c e  o f  e a c h  p r e c i p i t a t e  s i z e  showed no s y s t e m a t i c  

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

s a m p l e s  t e n d e d  t o  c o n t a i n  l e s s  o f  t h e  f i n e  ( 0 . 0 3 , / i m )  TiN 

p a r t i c l e s .  The s a m p l e s  c o n t a i n i n g  p e a r l i t e  showed l a r g e  

p a r t i c l e s  o f  c e m e n t i t e  a f t e r  e x t r a c t i o n .

/ . 3 . 1 . 7  Bend T e s t  P r o p e r t i e s

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

m o u l d s ,  s a m p l e s  we r e  t r e p a n n e d  f rom moul d w a l l s  a f t e r  

f a i l u r e .  Mo uld s  we r e  s e l e c t e d  t o  g i v e  a r a n g e  o f  p e r f o r ­

m an ce s  and  a t i t a n i u m  t r e a t e d  moul d  was i n c l u d e d .  T h i s  

m o u l d ,  number  4 .8 /059 ,  had  f a i l e d  a f t e r  two l i v e s  due  t o  a 

t o r n  s e a t  b u t  i t  was u n c l e a r  w h e t h e r  t h i s  was due  t o  p o o r  

i r o n  p r o p e r t i e s  o r  due  t o  p o o r  t e e m i n g  p r a c t i c e .

The bend  t e s t  r e s u l t s  a r e  g i v e n  i n  T a b l e  3 7 ,  and  

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

shown i n  F i g s .  4-7 and  4.8, r e s p e c t i v e l y .  M i c r o s t r u c t u r e s  

o f  t h e  s a m p l e s  h a v e  b e e n  g i v e n ,  a b o v e .

E x a m i n a t i o n  o f  t h e  be nd  t e s t  c u r v e s  f o r  f l a k e  i r o n s  

shows t h a t  t h  e r e  was some d i f f e r e n c e  b e t w e e n  h i g h  and  low 

l i f e  m o u l d s ,  and  i t  may be s e e n  t h a t  t h e  h i g h e s t  l i f e  

moul d f a i l i n g  by c r a c k i n g ,  had  t h e  l o w e s t  a / b  and  A/B 

r a t i o s  ( i . e .  more  d u c t i l e  m a t e r i a l )  and  v i c e  v e r s a .  T h i s  

e f f e c t ,  a l t h o u g h  s h ow in g  a t r e n d ,  may be e n h a n c e d  by f e r r -  

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

a / b  and  A/B r a t i o s  ( S e c t i o n  4 . . 1 . 3 . ) .  The p r o p e r t i e s  o f  

t h e  t i t a n i u m  m o u l d ,  w h i ch  f a i l e d  due t o  a t o r n  s e a t ,  f e l l  

i n  t h e  r a n g e  o f  t h e  o t h e r  t h r e e  f l a k e  i r o n s ,  so  t h a t  i t  

may be c o n s i d e r e d  t h a t  t h e  i r o n  was n o t  e x c e s s i v e l y  w ea k ,  

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

g r a p h i t e  i r o n s  ( F i g .  AS) ,  a l t h o u g h  t h e  h i g h e s t  l i f e  m o u l d  

p o s s e s s e s  t h e  l o w e s t  b e n d  t e s t  r a t i o s .

/ . 3 . 2 . P r o d u c t i o n  and  P e r f o r m a n c e  o f  F o r g i n g  M o u l d s .

A l l  t h e  R i v e r  Don F o u n d r y  i n g o t  m o u l d s  w e r e  p r o d u c e d

i n  t h e  9 0 t  a r c  f u r n a c e  ( -Appendix 1 ) ,  f r o m  a c h a r g e  o f  c a s t

i r o n  b o r i n g s  ( e x - D i s t i n g t o n )  an d  i n g o t  mo u ld  s c r a p .  The

i r o n  was c a s t  i n t o  r e s i n - b o n d e d  s a n d  m o u l d s .  The a n a l y s i s

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

T a b l e  3 8 ,  an d  t h e  p e r f o r m a n c e  d e t a i l s  i n  T a b l e  3 9 .  F u l l

d e t a i l s  o f  t h e  mo u ld  m a n u f a c t u r e  and  p e r f o r m a n c e  a r e  p r e -

( A 7 )s e n t e d  e l s e w h e r e  ^ , h o w e v e r ,  t h e  f o l l o w o n g  p o i n t s  may

be h i g h l i g h t e d :

( i )  I f  t h e  t e m p e r a t u r e  o f  t h e  l a d l e ,  on a r r i v a l  i n  

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

T h i s  i n v o l v e s  t h e  i n j e c t i o n  o f  t h e  i r o n  w i t h  a r g o n  t h r o u g h  

a p o r o u s  p l u g  t o  g i v e  a t h o r o u g h  m i x i n g .  T h i s  m i g h t  be 

e x p e c t e d  t o  m i x  i n  t h e  s l a g  c o v e r  u n d e r  some c i r c u m s t a n c e s .  

Not  a l l  l a d l e s  r e q u i r e d  p u r g i n g .

( i i )  A f t e r  s t r i p p i n g  and  f e t t l i n g  s e v e r a l  m o u l d s  w e r e  

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

t h e  t o p .  I n  a l l  c a s e s ,  e x c e p t  mo u ld  7 1 / 6 8  No 1 ,  t h i s  w o u l d  

be t h e  w i d e  end  o f  t h e  m o u l d .  A n a l y s i s  o f  t h e s e  i n c l u s i o n s  

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

a m a t r i x  o f  an  a l u m i n o - s i l i c a t e .  " S a n d y ” i n c l u s i o n s  w e r e  

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

( i i i )  S e v e r a l  m o u l d s  r a n  t o  s l a g  d u r i n g  p o u r i n g .

( i v )  I n  a l a r g e  nu mb er  o f  c a s e s  when p l u c k i n g  o c c u r r e d  

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

i n g o t  t e e m i n g  s u c h  a s  a f u l l  b o r e  r u n n e r  o r  a h e a d  b r e a k o u t .
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( v )  When m o u ld  9 1 / 8 6  No1 p l u c k e d  a f t e r  9 l i v e s  t h e  

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

T h i s  was  f o u n d ,  by s c a n n i n g  e l e c t r o n  m i c r o s c o p e ,  t o  be 

d e n d r i t i c  i n  n a t u r e  and  c om pos ed  a l m o s t  e n t i r e l y  o f  s i l i c a .

( v i )  M i c r o s t r u c t u r e s  o f  t y p i c a l  m o u l d s  a r e  shown i n  

F i g u r e  A9* I t  c a n  be  s e e n  t h a t  t h e y  c o n s i s t  o f  e x t r e m e l y  

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

T h e r e  is  l i t t l e  e v i d e n c e  o f  c a r b i d e s  o t h e r  t h a n  a s  n o t e d  

i n  i t e m  ( v i i i ) •

( v i i )  Bend t e s t  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  on 

m a t e r i a l  f r o m  t h e  h e a d s  o f  s e v e r a l  m o u l d s .  The r e s u l t s  w e r e  

c o n s i s t e n t  w i t h  v e r y  d u c t i l e  i r o n ,  t y p i c a l  A/B v a l u e s  b e i n g

0 . 6 - 0 . 9 .

( v i i i )  The p l u c k e d  s u r f a c e  o f  mo ul d  7 9 / 7 5  No1 was 

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

F u r t h e r  b a c k  f r o m  t h e  s u r f a c e  t h e r e  was a t r a s i t i o n  t o  

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

g r a p h i t e .

A. 3 . 3  E f f e c t  o f  P h o s p h o r u s  on R e n i s h a w  I n g o t  Mould  P e r f o r m a n c e  

A. 3« 3» 1. R e n i s h a w  Mould P e r f o r m a n c e s

F 'Type M o u ld s  a t  T i n s l e v  P a r k

A v e r a g e  m o u l d  a n a l y s e s  f o r  a l l  m o u l d s . p r o d u c e d  f r o m  

J a n u a r y  1973 t o  J a n u a r y  1975 a r e  g i v e n  i n  T a b l e  AO. The 

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

T a b l e  A1 an d  t h e s e  a r e  g i v e n  g r a p h i c a l l y  i n  F i g u r e  50.  I t  

may be s e e n  f ro m T a b l e  A1 t h a t ,  a l t h o u g h  t h e  a i m p h o s p h o r u s  

c o n t e n t  f ro m A u g u s t  t o  December  197A was  0 . 1 6 $ ,  i n  f a c t  

c o n s i d e r a b l e  s c a t t e r  o c c u r e d  w i t h  minimum and maximum l e v e l s  

b e i n g  0 . 0 3 5  and  0 . 2 6 a% r e s p e c t i v e l y .

L i v e s  o f  i n d i v i d u a l  m o u l d s  f r o m t h i s  p e r i o d  a r e  shown '
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i n  F i g u r e  51.  I t  may be s e e n  t h a t  t h e  l i v e s  o f  m o u l d s  w i t h  

p h o s p h o r u s  l e v e l s  o f  g r e a t e r  t h a n  0 . 1 2 $  a r e  m a r k e d l y  i n f e r ­

i o r .  The mean l i v e s  i n  v a r i o u s  p h o s p h o r u s  r a n g e s  a r e  shown 

i n  T a b l e  4.2 f o r  a l l  m o u l d s  p r o d u c e d  d u r i n g  t h e  a b o v e  two 

y e a r  p e r i o d .

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

o u t  and  t h e  f o l l o w i n g  e q u a t i o n  o b t a i n e d

L i f e  = 1 2 9 . 6  -  U 0 . 2  x (#P)  -  1 3 8 . 9  x ( # C r )

+ 4 2 6 . 4  x (SCV) + 3 2 6 . 8  x ( # N i )

9 5 #  c o n f i d e n c e  l i m i t s ,  2 O' = + 56 

t h i s  e q u a t i o n  b e i n g  v a l i d  w i t h i n  t h e  l i m i t s  o f  a n a l y s i s  

g i v e n  i n  T a b l e  AO.

Moulds  c a s t  b e t w e e n  A u g u s t  and  December  197A we r e  

f u r t h e r  s p l i t  down,  b e t w e e n  t h o s e  c a s t  on F r i d a y  a n d  t h o s e  

c a s t  on Monday t o  T h u r s d a y .  The mean l i v e s  a t  < £p . 12$ .P  and  

> 0 . 1 2 $  P a r e  g i v e n  i n  T a b l e  A3, t - t e s t s  we r e  c a r r i e d  o u t

b u t  no s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  m o u l d s  c a s t  on F r i d a y

a nd  t h e  r e m a i n d e r  was f o u n d .

610 0T Mould a t  T e m o l e b o r o u g h

C h e m i c a l  a n a l y s e s  o f  610 0T m o u l d s  c a s t  d u r i n g  J a n u a r y  

1973 t o  J a n u a r y  1975 a r e  g i v e n  i n  T a b l e  AA and  m o n t h l y  

p e r f o r m a n c e  and  p h o s p h o r u s  l e v e l s  g i v e n  i n  T a b l e  A5. T h e s e  

a r e  p l o t t e d  i n  F i g u r e  52.  Mean l i v e s  a t  v a r i o u s  l e v e l s  a r e

g i v e n  i n  T a b l e  A& and mean p h o s p h o r u s  c o n t e n t s  a t  g i v e n

l i v e s  i n  T a b l e  A?.

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

owing e q u a t i o n : -

L i f e  = 1 1 6 . 4  -  1 8 . 7  x ( # S i )  -  8 9 . 3  x (#P)

+ 4 4 5 . 8  x (#V) + 4 5 8 . 6  x ( T i )  -  9 6 . 6  x (#Cu)

95$  c o n f i d e n c e  l i m i t s ,  2cr  ̂= + A5
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t h i s  e q u a t i o n  b e i n g  v a l i d  b e t w e e n  t h e  a n a l y s i s  l i m i t s  g i v e n  

i n  T a b l e  4.4..

B120 Mo ul ds  a t  Al dw ar ke

Mean c h e m i c a l  a n a l y s e s  f o r  t h e  p e r i o d  A p r i l  1972  t o  

December  1974- a r e  g i v e n  i n  T a b l e  4-8. M o n t h l y  p e r f o r m a n c e s  

and  p h o s p h o r u s  l e v e l s  a r e  p r e s e n t e d  i n  T a b l e  4.9 and  a r e  

shown g r a p h i c a l l y  i n  F i g u r e  53.  Mould p e r f o r m a n c e s  w i t h  

r e s p e c t  t o  p h o s p h o r u s  c o n t e n t  a r e  g i v e n  i n  T a b l e  50,  and  

T a b l e  51 g i v e s  t h e  mean p h o s p h o r u s  c o n t e n t  w i t h  r e s p e c t  t o  

l i f e .

R e g r e s s i o n  a n a l y s i s  g a ve  t h e  f o l l o w i n g  e q u a t i o n  

L i f e  = 1 7 8 . 4  -  3 0 . 4  x (?Mn) -  3 7 . 0  x ( ? S i )

9556 c o n f i d e n c e  l i m i t s ,  20 - = + 44  

t h e  e q u a t i o n  b e i n g  v a l i d  b e t w e e n  t h e  l i m i t s  o f  a n a l y s i s  

g i v e n  i n  T a b l e  4-8.

WEU 100X Moulds  a t  Round Oak

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

p e r i o d  S e p t e m b e r  1974- t o  March  1976 a r e  p r e s e n t e d  i n  T a b l e  

5 2 . M o n t h l y  p e r f o r m a n c e s  and  p h o s p h o r u s  l e v e l s  w i t h  r e s p e c t  

t o  d a t e  c a s t  a r e  g i v e n  i n  T a b l e  53 and  F i g u r e  54-.

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

e q u a t i o n  s~

L i f e  = 6 3 . 1 0  -  7 4 . 3 5  x ( ? P )  + 4 3 8 . 7  x (?Mo)

9 5 ?  c o n f i d e n c e  l i m i t s ,  2 o' = + 37 

t h i s  e q u a t i o n  o n l y  b e i n g  v a l i d  b e t w e e n  t h e  P a nd  Mo l i m i t s  

g i v e n  i n  T a b l e  52.

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

g i v e n  i n  T a b l e  54- and  t h e  a v e r a g e  p h o s p h o r u s  c o n t e n t  i n  

s p e c i f i c  l i f e  r a n g e s  i n  T a b l e  55.
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NEU 100 M o u l d s  a t  Round Oak

A v e r a g e  m o u l d  a n a l y s e s  f o r  m o u l d s  s c r a p p e d  f r o m S e p t ­

e mber  1974. t o  M a r c h  1976 a r e  g i v e n  i n  T a b l e  56.  The m o n t h l y  

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

a r e  g i v e n  i n  T a b l e  57 a n d  shown g r a p h i c a l l y  i n  F i g u r e  55*

The mean l i v e s  i n  v a r i o u s  p h o s p h o r u s  r a n g e s  a r e  shown i n

T a b l e  5S a n d  a v e r a g e  p h o s p h o r u s  c o n t e n t s  a t  g i v e n  l i v e s  i n  

T a b l e  59.

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

e q u a t i o n  s -

L i f e  = 8 1 . 9 8  + 2 0 5 . 6  x (%Gr)

9 5# c o n f i d e n c e  l i m i t s ,  2 of = + 4.8 

t h i s  e q u a t i o n  b e i n g  v a l i d  i n  t h e  r a n g e  0 . 0 1  t o  0.182® Or .

A. 3 . 3 . 2 ' M e t a l l o g r a p h i c  e x a m i n a t i o n

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

p r e m a t u r e l y - f a i l e d ,  F - t y p e  m o u l d ,  i s  shown i n  F i g .  5 6 .

The s t r u c t u r e  e x h i b i t s  a c h a r a c t e r i s t i c  ’ w i r e  n e t 1 s t r u c t u r e ,  

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

T y p i c a l  m i c r o g r a p h s  a r e  shown i n  F i g . 5 7 . I t  may be 

s e e n  t h a t  t h e r e  i s  a l a r g e  i n t e r d e n d r i t i c  n e t w o r k  o f  c a r b i d e /  

p h o s p h o r u s  e u t e c t i c  w h i c h ,  i n  m o s t  c a s e s ,  c o n t a i n e d  m i c r o -  

c r a c k s .  The g r a p h i t e  f o r m ,  a l t h o u g h  e x h i b i t i n g  a c o m p a c t e d  

s t r u c t u r e ,  i s  n o t  u n t y p i c a l  o f  R en i s h a w  F o u n d r y  i n g o t  m o u l d s .  

A. 3 . 3 . 3  T e m p e r a t u r e  M e a s u r e m e n t s .

M e a s u r e d  T e m p e r a t u r e s  on t h e  t o p  s u r f a c e s  ( a s - c a s t )  o f  

moulds . ,  i m m e d i a t e l y  a f t e r  r e m o v a l  o f  t h e  t o p  p l a t e ,  f o r  

t h e  t h r e e  s h i f t s ,  a r e  g i v e n  i n  T a b l e s  6 0 ,  61 a n d  6 2 .  T e m p e r ­

a t u r e s  o f  a l l  t h e  m o u l d s  w e r e  b e l o w  7 8 0 ° C ,  e x c e p t  f o r  t h e  

F - t y p e  ( two  m e a s u r e d  a t  9 60 ° C)  an d  t h e  ECSC F - t y p e  ( m e a s u r e d  

a t  8 9 0° C,  8 8 0 ° C an d  9 1 0 ° C ) .  T h i s  l a t t e r  mo u ld  i s ,  e s s e n t i a l l y ,
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i d e n t i c a l  t o  t h e  F - t y p e ,  b e i n g  o n l y  s l i g h t l y  m o d i f i e d  

e x t e r n a l l y ,  f o r  u s e  a t  R i v e r  Don Works .

/.. 3. /  . E x a m i n a t i o n  o f  F r e m a t u r e l v  F a i l e d .  Round Oak.  WEU 

100 M o u l d s .

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

g i v e n  i n  T a b l e  63* The p o s i t i o n  o f  t h e  bend  t e s t  s p e c i m e n s  

a r e  shown i n  F i g .  5S ,  and  t h e  r e s u l t s  g i v e n  i n  T a b l e  6A* 

T y p i c a l  bend  t e s t  c u r v e s  f o r  moul d  4.04 a t  t h e  b a s e  and  

150 mm. u p ,  a r e  shown i n  F i g .  59.  T y p i c a l  m i c r o s t r u c t u r e s  

a r e  g i v e n  i n  F i g .  6O - 64..

I t  may be s e e n  t h a t  t h e  b end  t e s t  p a r a m e t e r s  i n d i c a t e  

t h a t  t h e  m o u l d s  a r e  s u b s t a n t i a l l y  b r i t t l e  co mp ar e d  w i t h  

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

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

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

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

. 3. 5. M a t e r i a l  From I n g o t  Mou l ds  f o r  R o u t i n e  A s s e s s m e n t .

Mould p e r f o r m a n c e s  and  b en d  t e s t  r e s u l t s  f o r  R e n i s h aw  

h o r n g a t e s ,  Re n i s ha w l u g s  and  D i s t i n g t o n  l u g s  a r e  g i v e n  i n  

T a b l e s  65* 66  and  67 ,  r e s p e c t i v e l y .  M i c r o s t r u c t u r e s  o f  a l l  

s a m p l e s  w e r e ,  e s s e n t i a l l y ,  s i m i l a r ,  T y p i c a l  e x a m p l e s  a r e  

g i v e n  i n  F i g .  6 5 .

A l t h o u g h  a / b  p a r a m e t e r s  on s e v e r a l  Ren i sh aw h o r n g a t e  

s a m p l e s  wer e  r e l a t i v e l y  h i g h ,  no mould  f a i l e d  by c r a c k i n g .  

Two Re n i s ha w l u g  s a m p l e s  g ave  h i g h  a / b  v a l u e s  an d  one o f  

t h e s e  m o u l d s  c r a c k e d .  Only  one o f  t h e  D i s t i n g t o n  m o u l d s  

f a i l e d  by c r a c k i n g ,  and  t h e  a / b  v a l u e  f o r  t h i s  m ou ld  was  

n o t  h i g h ,  c ompar ed  w i t h  t h e  o t h e r s .

The c h e m i c a l  a n a l y s e s  and  ben d  t e s t  p a r a m e t e r s  o f  

t h e  D i s t i n g t o n  m o u ld s  a r e  g i v e n  i n  T a b l e  68.  M u l t i p l e

69



r e g r e s s i o n  a n a l y s e s  o f  l i f e  v e r s u s  a l l  v a r i a b l e s  ( e x c e p t  

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

g e n e r a t e d  t h e  f o l l o w i n g  e q u a t i o n :

L i f  e = U 3 .  5 - 8 9 . 9 0 X ( 2 S i )  + 2 (H3X(£P)  + 5 .3 1  ( k2_ /B1 ) - 2 6 . ' 5 4 ( A / B ) .
2 2

The 9 5 ^  c o n f i d e n c e  l i m i t s  w e r e  + 15 and  t h e  e q u a t i o n  

e x p l a i n e d  8 8 . 5 $  o f  t h e  o v e r a l l  mo u l d  l i f e  v a r i a n c e .

T h i s  e q u a t i o n  a p p e a r s  t o  be c o n t r a d i c t o r y ,  i n  t h a t  

t h e r e  a r e  b o t h  n e g a t i v e  a nd  p o s i t i v e  c o e f f i c i e n t s  f o r  t h e

A/B an d  p a r a m e t e r s .
2 2

The c o r r e l a t i o n  m a t r i x  i s  g i v e n  i n ’; T a b l e  6 9 .  I t  may be

s e e n  t h a t  t h e r e  a r e  good  c o r r e l a t i o n s  b e t w e e n  t h e  b e n d  t e s t

p a r a m e t e r s ,  maximum l o a d ,  a / b ,  A j / B x ,  A a n d  A/B,  b u t  n o n e
* ~2 r

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

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

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

w i t h  l i f e . T h e r e  a r e  n e g a t i v e  c o r r e l a t i o n s  o f  t h e  b e n d  

p a r a m e t e r s  ( e x c e p t  B) w i t h  C, Si  and  T i ,  some o f  w h i c h

a r e  s i g n i f i c a n t  a t  up t o  t h e  9 9 , 9 %  l e v e l .

3 . 6 . C o m p a r i s o n  o f  C h a r a c t e r i s t i c  F o u n d r y  M a t e r i a l

C h e m i c a l  a n a l y s e s  o f  t h e  t e s t  b l o c k s  an d  m e c h a n i c a l  

p r o p e r t i e s  a r e  g i v e n  i n  T a b l e s  70 and  7 1 .  T y p i c a l  m i c r o -  

s t r u c t u r e s  f o r  e a c h  f o u n d r y  a r e  g i v e n  i n  F i g u r e  66 .

. I t  may be s e e n  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  t h e  

f o u n d r i e s  e x i s t s  w i t h ,  i n  g e n e r a l ,  D i s t i n g t o n  g i v i n g  t h e  

l o w e s t  a / b  and  A/B v a l u e s  an d  C r a i g n e u k  t h e  h i g h e s t .

L,  3 . 7 .  E f f e c t  o f  C a s t i n g  T e m p e r a t u r e

F o r  t h e  610 WB m o u l d s  mean l i v e s  f o r  t h e  v a r i o u s  

c a s t i n g  t e m p e r a t u r e  r a n g e s  a r e  g i v e n  i n  T a b l e  72 a n d  t h e s e
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a r e  p l o t t e d  i n  F i g u r e  67.  I t  i s  a p p a r e n t  t h a t  l i f e  i n c r e a s e s  

w i t h  i n c r e a s i n g  c a s t i n g  t e m p e r a t u r e  up t o  a r o u n d  134.0°C, 

a f t e r  w h i c h  d a t a  becomes  l i m i t e d .  The e f f e c t  o f  c a s t i n g  

t e m p e r a t u r e  on f a i l u r e  mode i s  g i v e n  i n  T a b l e  73 and  t h e  

p e r c e n t a g e  f a i l i n g  by c r a z i n g  p l o t t e d  i n  F i g u r e  68.  A s l i g h t  

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

c a s t i n g  t e m p ' e r a t u r e  may be o b s e r v e d .  F o r  e a c h  f a i l u r e  g r o u p  

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

T a b l e  74- an d  t - t e s t s  a g a i n s t  m o u l d s  f a i l i n g  by c r a z i n g  i n  

T a b l e  7 5 .  A s i g n i f i c a n t  d i f f e r e n c e  i n  c a s t i n g  t e m p e r a t u r e  

was f o u n d  o n l y  f o r  t h o s e  f a i l i n g  w i t h  c r a c k e d  c o r n e r s  whose  

c a s t i n g  t e m p e r a t u r e  was 1275°C c om pa r ed  w i t h  t h a t  f o r  

c r a z e d  m o u l d s  o f  1268°C.  The l i v e s  o f  t h e s e  two g r o u p s  w er e  

90.04.  and  8 7 . 3 2  r e s p e c t i v e l y .

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

e q u a t i o n  : -

L i f e  = 0 . 1 3 7  x ( C a s t  Temp°C) -  1 3 . 2 7  x (%C) -  2 5 . 2  x ($Si )

9 5$  c o n f i d e n c e  l i m i t s ,  2 i f  = 3 7 . 2  

% v a r i a n c e  e x p l a i n e d  = 9 . 3 $ .

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

P e r f o r m a n c e  and  f a i l u r e  mode f o r  e a c h  t e m p e r a t u r e  

i n t e r v a l  f o r  t h e  L26 m o u l d s  a r e  g i v e n  i n  T a b l e  7 6 .  No c l e a r  

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

e r a t u r e  means  f o r  e a c h  f a i l u r e  mode a r e  g i v e n  i n  T a b l e  7 8 .  

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

c a n t l y  d i f f e r e n t .

R e g r e s s i o n  r e s u l t s  wer e  a s  f o l l o w s  : -

A l l  Moulds  -  L i f e  = 3A4..9 -  6 0 . 9 7  x (%G) -  4 6 . 9 3  x ($Mn)

2<y = 50 , V a r i a n c e  e x p l a i n e d  = 9 .4.8$ ,

C r a z e d  M o u l d s -  L i f e  = 3 2 0 . 1  -  53-34, x ($C) -  5 6 . 0 0  x (#Mn)
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2cf = 51 , V a r i a n c e  e x p l a i n e d  = 8 . 7 8 $  ,

C r a c k e d  M o u l d s -  No s i g n i f i c a n t  e q u a t i o n s  ,

S t i c k e r  M o u l d s -  No s i g n i f i c a n t  e q u a t i o n s  ,

Moulds  C a s t  1250-1274-°C -  No s i g n i f i c a n t  e q u a t i o n s  

Mou ld s  C a s t  12 75 - 12 99 ° C -  L i f e  = £ 2 9 . 9  -  7 3 . 6 3  x (%C)

-  50.34.  x (SSSi)

2 c" =_ 4.9 V a r i a n c e  e x p l a i n e d  = 14.• 4.6 % ,

Moulds  C a s t  13 00- 132 4°C -  L i f e  = 2 4 3 . 2  -  2 3 7 . 7  x  (^Mn)

2 tf = 54. V a r i a n c e  e x p l a i n e d  = 3 6 . 0 1 $  .

C l e a r l y  t h e r e  seems t o  be no s i g n i f i c a n t  e f f e c t  o f  

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

s m a l l e r  amount  o f  d a t a .

72



5.1 EVALUATION OF THE BEND TEST

I d e a l l y ,  t h e  bend t e s t  s h o u l d  be a b l e  t o  r a n k  

m a t e r i a l s  i n  t e r m s  o f  c r a c k i n g  s u s c e p t i b i l i t y ,  by means  

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

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

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

by c r a c k i n g .

The ma i n  d e r i v e d  p a r a m e t e r s  f o r  t h e  d i f f e r e n t  i r o n s  

a r e  s u m m a r i s e d  i n  T a b l e  7 9 .  I t  may be s e e n ,  somewhat  

s u r p r i s i n g l y ,  t h a t ,  a p a r t  f rom t h e  q u a s i - f l a k e  i r o n s ( G r o u p s  

5 and  6 ) and c o m p a c t e d  i r o n s  (Group 1 0 ) ,  t h e  t o t a l  e n e r g y  

f o r  f r a c t u r e  (A+B) i s  r e l a t i v e l y  i n s e n s i t i v e  t o  m a t e r i a l  

d u c t i l i t y ,  a l l  s a m p l e s  e x h i b i t i n g  v a l u e s  i n  t h e  r a n g e  1 . 2 -

2 . 7 .  Only  i n  t h e  c a s e  o f  t h e  d u c t i l e  q u a s i - f l a k e  i r o n  we r e  

v a l u e s  a s  h i g h  a s  10 o b s e r v e d .  The p a r a m e t e r  i s ,  t h e r e f o r e ,  

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

be u s e d  t o  h i g h l i g h t  m a rk ed  c h a n g e s  i n  t o u g h n e s s  f ro m one 

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

The r e m a i n i n g  p a r a m e t e r s  (A/B,  A^/Bjl, a / b )  a l l  r e f l e c t
2 2

t h e  r e l a t i v e  s e n s i t i v i t y  o f  t h e  m a t e r i a l  t o  c r a c k i n g  

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

m a t e r i a l .  A l t h o u g h  A/B c a n  p r o v i d e  a u s e f u l  r a n k i n g ,  i t s  

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

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

g a t e  f r a c t u r e .  A l t h o u g h  t h e  r a t i o s  A^/Bi  and  a / b  h a v e  no
2 "§■

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

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

The o n l y  e x c e p t i o n s  t o  t h e s e  o b s e r v a t i o n s  we r e  i n  t h e  

magnes ium m o d i f i e d  g r a p h i t e  i r o n s ,  wh e r e  i n c r e a s i n g  t h e  

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

74.



i m p r o v e m e n t ,  a l s o  c a u s e d  -an i n c r e a s e  i n  A/B r a t i o s ,  

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

d i s c u s s e d  ( £ . 1 . 5 )  and  s u g g e s t s  t h a t  t h e  A/B p a r a m e t e r s  a r e  

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

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

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

O v e r a l l ,  t h e  b en d  t e s t  a p p e a r s  t o  o f f e r  a s i m p l e  a n d  

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

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

5 . 2  PHOSPHORUS

E x a m i n a t i o n  o f  T a b l e  9 shows  t h a t  i n  t h e  c a s e  o f  t h e  

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

c o n t e n t  i n  t h e  s lo w c o o l e d  b l o c k s  p r o d u c e d  a m a r k e d  i n c r e a s e  

i n  b r i t t l e n e s s ,  t h e  a / b  r a t i o  i n c r e a s i n g  f r o m 3 . 5  t o  1 £ . 3 .

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

c o o l e d  b l o c k s .  The f a s t  c o o l e d  b l o c k s  w e r e  a l s o  e m b r i t t l e d  

c o m pa r ed  w i t h  t h e  s low c o o l e d  b l o c k s ,  a / b  r a t i o s  i n c r e a s i n g  

f r o m  3 . 5  t o  7 . 1  and  1 £ . 3  t o  1 7 . 5  f o r  t h e  low a n d  h i g h  

p h o s p h o r u s  b l o c k s  r e s p e c t i v e l y .  The m o s t  b r i t t l e  c o n d i t i o n  

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

b l o c k s .

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

p h o s p h o r u s  t e s t  b l o c k s  a-gain r e p r e s e n t e d  t h e  m o s t  b r i t t l e  

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

r a t e  had  a g r e a t e r  e f f e c t  on p r o p e r t i e s  t h a n  c h a n g e s  i n  

p h o s p h o r u s  l e v e l s .  I n  f a c t  t h e  m a t r i x  was more  p e a r l i t i c  

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

h a s  b e e n  shown t o  i n c r e a s e  b r i t t l e n e s s  ( s e e  s e c t i o n  £ . 1 . 3 ) ,  

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

s e r i e s  was o n l y  s l i g h t .
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The e f f e c t  o f  p h o s p h o r u s  on t h e  h i g h  an d  low r e s i d u a l  

m e l t s  was s u b s t a n t i a l l y  d i f f e r e n t .  The m o s t  n o t a b l e  m i c r o -  

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

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

was d i s p e r s e d ,  w h e r e a s  i n  t h e  h i g h  r e s i d u a l  m e l t s  i t  was 

more  s e g r e g a t e d  t o  t h e  e u t e c t i c  c e l l  b o u n d a r i e s .  I t  i s  

a p p a r e n t  f rom  t h i s  t h a t  h i g h  p h o s p h o r u s  l e v e l s  w i l l  be 

m o s t  d e t r i m e n t a l  t o  c r a c k i n g  r e s i s t a n c e  when t h e  p h o s p h i d e /  

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

The t e s t  b l o c k s  h a v e  shown t h a t  t h i s  f o rm i s  p r o m o t e d  by 

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

f r om t h e  i n c r e a s e d  Cr  and  Mo l e v e l s  i n  t h e  c e l l  b o u n d a r i e s  

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

p h a s e .

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

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

f o r  low p h o s p h o r u s  c a s t s  wer e  f o u n d  t o  i n c r e a s e  f r o m  1 .1

t o  2 . 3  and  3 . 5  t o  7 . 1  w i t h  f a s t  c o o l i n g  f .or  low and  h i g h

r e s i d u a l  m e l t s  r e s p e c t i v e l y .  C om pa r in g  t h e  p h o s p h i d e /

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

f a i l e d  m o u l d s  ( F i g u r e s  1 0- 1 3  and 57 ) ,  i t  may be s e e n  t h a t  in 
it

t h e  l a t t e r ^ i s  more  s e g r e g a t e d  t o  t h e  c e l l  b o u n d a r i e s  a nd  

a l s o  g r e a t e r  i n  v o l u m e .  C o m p a r i s o n  o f  R e n i s h aw  F - t y p e  

mould  a n a l y s e s  ( T a b l e  £0 ) w i t h  t h o s e  f rom  t h e  e x p e r i m e n t a l  

t e s t  b l o c k s  ( T a b l e  8 ) shows t h a t  t h e  Ren i s haw moulds-  

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

c a r b i d e  s t a b i l i s i n g  e l e m e n t s ,  Cu,  C r ,  and  Mo t h a n  t h e  h i g h  

r e s i d u a l  t e s t  b l o c k s .  T h i s  wou l d  i n d i c a t e  t h a t  t h e  R e n i s h a w  

m o u l d s  w i l l  be more  p r o n e  t o  t h e  d e l e t e r i o u s  e f f e c t s  o f  

p h o s p h o r u s  and  f a s t  c o o l i n g  t h a n  t h e  t e s t  b l o c k s ,  an d  a l s o
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e x p l a i n s  t h e  i n c r e a s e d  vo l ume  f r a c t i o n  o f  p h o s p h i d e / c a r b i d e  

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

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

a s  i n  i n g o t  m o u l d s  compar ed  w i t h  t e s t  b l o c k s ,  t h e  g r e a t e r  

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

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

t o  f o rm a c e l l  b o u n d a r y  n e t w o r k  o f  p h o s p h i d e / c a r b i d e  

e u t e c t i c .

I t  i s  c l e a r l y  a p p a r e n t  f ro m F i g u r e s  50 and 51 t h a t  t h e  

p r e m a t u r e  f a i l u r e s  a t  T i n s l e y  P a r k  o f  t h e  F - t y p e  m o u l d s  

p r o d u c e d  a t  Ren i s haw we r e  due  t o  p h o s p h o r u s  c o n t e n t s  i n  

e x c e s s  o f  0 . 1 2 $ .  T a b l e  £2 d e m o n s t r a t e s  t h a t  t h e  a v e r a g e  

moul d  p e r f o r m a n c e  d r o p p e d  f ro m a p p r o x i m a t e l y  120 l i v e s  

w i t h  low p h o s p h o r u s  ( < 0 . 0 7 $  ) down t o  68 l i v e s  f o r  h i g h  

p h o s p h o r u s  ( > 0 . 1 3 1 ^  ) m o u l d s .

The 610 0T,  B120 and  WEU 100 m o u l d s  showed d r o p s  i n  

l i v e s  o f  87 t o  7 7 ,  107 t o  103 and  65 t o 6 0  r e s p e c t i v e l y  

( T a b l e s  46* 50 and 54 ) f o r  t h e  same p h o s p h o r u s  l e v e l s .

I n  a l l  c a s e s  t h i s  may be s e e n  t o  be c h i e f l y  a r e s u l t  o f  a n  

i n c r e a s e d  number  o f  h i g h  p h o s p h o r u s ’ m o u l d s  f a i l i n g  a t  l e s s  

t h a n  30 l i v e s  ( T a b l e s  4 7 ,  51 and  55 ) .

The NEU 100 m o u l d s ,  h o w e v e r ,  showed l i t t l e  a p p a r e n t  

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

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

s m a l l  t o  make any  f i r m  c o n c l u s i o n s  ( T a b l e  58 ) .

I t  h a s  b e e n  n o t e d  a b o v e  ( S e c t i o n  2 . 5 . 4  ) t h a t  p r e v i o u s

e x p e r i e n c e  h a s  c l a i m e d  a b e n e f i c i a l  e f f e c t  o f  i n c r e a s e d
(193p h o s p h o r u s  l e v e l s  . T h i s  c l e a r l y  i s  n o t  t h e  c a s e  f o r  t h e  

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

p a r t i c u l a r l y  f o r  t h e  F - t y p e  mo u l d .
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Banks  h a s  r e p o r t e d  t h a t  t h e  p r e s e n c e  o f  up t o  0 . 4 $  

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

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

w er e  s low c o o l e d  a f t e r  c a s t i n g .  However ,  mould  t e m p e r a t u r e  

m e a s u r e m e n t s  h ave  b e en  t a k e n  a t  Re n i s ha w i m m e d i a t e l y  a f t e r  

s t r i p p i n g  t h e  t o p  p l a t e  ( T a b l e s  6 0 ,  61 and 62 ) ,  and  t h e s e  

h av e  d e m o n s t r a t e d  t h a t  f o r  t h e  - F- ty pe  m o u l d ,  when c a s t  

b e t w e e n  1 0 , 0 0  and 13*25 h r s ,  and s t r i p p e d  b e t w e e n  2 3 . 0 0  

and 24., 00 h r s , ,  t h e  s u r f a c e  t e m p e r a t u r e  may l i e  b e t w e e n  

890 and 9 60° C.  C o r r e s p o n d i n g  t e m p e r a t u r e s  f o r  t h e  610 0T,  

B120 and  WEU 100 m o u l d s  wer e  610 t o  7 80° C,  700 t o  750°C 

and  500 t o  770°C r e s p e c t i v e l y .  D r aw in gs  o f  t h e  f i v e  mould  

t y p e s  a r e  shown i n  A p p e n d i x  . 2,  and i t  i s  a p p a r e n t  t h a t  t h e  

much h i g h e r  s u r f a c e  t e m p e r a t u r e  f o r  t h e  F - t y p e  moul d  i s  

due t o  i t s  h e a v y  b a s e  s e c t i o n  ( t o p  a s  c a s t  ) co mpar ed  

w i t h  t h e  o t h e r  mould  t y p e s .

I t  i s  c l e a r  t h e n  t h a t  t h e  n e c e s s a r y  s low c o o l i n g  

c o n d i t i o n s  f o r  h i g h  p h o s p h o r u s  F - t y p e  m o u l d s  a t  R e n i s h a w  

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

The c o m b i n a t i o n  o f  c i r c u m s t a n c e s  a t  R en i sh aw a t  t h e  end o f  

1974 -  h i g h  p h o s p h o r u s  l e v e l s ,  c h a n g e  o f  s h i f t  p a t t e r n ,  

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

mould  -  u n d o u b t e d l y  p r o d u c e d  h i g h l y  c r a c k - s e n s i t i v e  m a t e r ­

i a l ,  w h i ch  m a n i f e s t e d  i t s e l f  i n  t h e  o u t b r e a k  o f  p r e m a t u r e  

f a i l u r e s  a t  T i n s l e y  P a r k  S t e e l w o r k s .

The c o o l i n g  c o n d i t i o n s  and  t h e i r  r e l a t i o n s h i p  t o  t h e  

h i g h  p h o s p h o r u s  a n a l y s e s  f o r  t h e  610 0T,  B120 and WEU 100 

m o u l ds  a t  R en i sh aw may be c o n s i d e r e d  t o  be b o r d e r l i n e  and  

i t  i s  t h o u g h t  t h a t  t h i s  o f f e r s  an e x p l a n a t i o n  f o r  t h e i r  

r e l a t i v e l y  s m a l l  d e c r e a s e  i n  l i f e  co mpar ed  t o  t h e  F - t y p e
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. m o u l d .

The NEU 100 moul d  h a s  a v e r y  l i g h t  s e c t i o n  a t  t h e  t o p  

so t h a t ,  a l t h o u g h  t e m p e r a t u r e  m e a s u r e m e n t s  a r e  n o t  a v a i l - ,  

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

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

The t o p  t e m p e r a t u r e  a f t e r  r e m o v a l  o f  t h e  p l a t e  i s  

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

o f  t h e  s a n d  j a c k e t ,  s i n c e  t h o s e  F - t y p e  m o u l d s  c a s t  on 

F r i d a y  and  s t r i p p e d  w i t h i n  2£ h r s  showed no d e c r e a s e  i n  

l i f e  o v e r  t h o s e  c o o l e d  f o r  c o n s i d e r a b l y  l o n g e r  ( T a b l e  £3 ) •

5 . 3  TITANIUM

5 . 3 . 1  M i c r o s t r u c t u r e  o f  T e s t  B l o c k  M a t e r i a l

The m i c r o s t r u c t u r e s  f o u n d  i n  t h e  l i g h t  s e c t i o n  c a s t i n g s
( 2 9 )a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e  ,

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

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

a 0 . 2 ^  a d d i t i o n  o f  t i t a n i u m  b e i n g  s u f f i c i e n t  t o  p r o d u c e  

Type D g r a p h i t e  w i t h  c a r b o n  d i o x i d e  t r e a t m e n t .  T h i s  t r e n d ,  

h o w e v e r ,  i s  n o t  a s  m a r k e d  i n  t h e  h e a v y  s e c t i o n  t e s t  b l o c k s .  

I n  i n g o t  mo u ld  s e c t i o n s ,  i t  may be s u r m i s e d  t h a t  a t  h i g h  

t i t a n i u m  l e v e l s  o f  up t o  0 . 2 %, u n d e r - c o o l e d  g r a p h i t e  w i l l  

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

a s  a t  t h e  m o u l d s  u p p e r  s u r f a c e .

The e x t r e m e l y  c o a r s e  g r a p h i t e  s t r u c t u r e s ,  o b s e r v e d  i n  

F u l l w o o d  i n g o t  m o u l d s  a t  h i g h  t i t a n i u m  l e v e l s ,  h a v e  n o t  

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

t h a t  t h i s  i s  due  t o  t h e  l o w e r  c a r b o n  e q u i v a l e n t  i n  t h e  

t e s t  b l o c k s  and  t o  t h e  much h e a v i e r  s e c t i o n s  o f  F u l l w o o d  

m o u l d s .
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5 . 3 . 2  M i c r o s t r u c t u r a l  Mechani sm

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

t i t a n i u m  a d d i t i o n s  w o r t h y  o f  f u r t h e r  comment ;  n a m e l y ,  an 

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

c o o l i n g  a t  h i g h e r  t i t a n i u m  l e v e l s  ( i . e .  0 . 2 $  Ti  ) ,  and  

t h e ' u n d e r - c o o l i n g  e f f e c t  o f  c a r b o n  d i o x i d e  an d  c o a r s e n i n g  

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

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

w h i c h  a l s o  shows a c o a r s e n i n g  e f f e c t  on t h e  g r a p h i t e ,  

t h r o u g h  an i n c r e a s e  i n  c a r b o n  e q u i v a l e n t .  T h i s  i s  f o l l o w e d  

by t h e  f o r m a t i o n  o f  u n d e r - c o o l e d  g r a p h i t e  a t  l e v e l s  o f  5% 

o r  a b ov e  i n  t h e . h e a t  r e s i s t i n g  S i l a l  i r o n s .

L i q u i d u s  c o n c e n t r a t i o n s  f o r  t h e  FeCTi  s y s t e m  a r e  
( /  8 )shown i n  F i g u r e  69 and  i t  may be s e e n  t h a t  t i t a n i u m

a l s o  i n c r e a s e s  t h e  c a r b o n  e q u i v a l e n t .  I n t e r p o l a t i n g  f rom  

t h e  g r a p h ,  i t  may be n o t e d  t h a t  0 .8% t i t a n i u m  d e c r e a s e s  

t h e  e u t e c t i c  c a r b o n  c o n c e n t r a t i o n  f ro m A . 3 t o  3 . 9% .  The 

c a r b o n  e q u i v a l e n t  f o r  t h e  FeCTi  s y s t e m ,  a t  l e v e l s  up t o  

0 . 8 $  t i t a n i u m ,  may,  t h e r e f o r e ,  be e x p r e s s e d  by t h e  f o r m u l a

CEVFeCTi  = C + ^

T h i s  s h o u l d  be co mp ar e d  w i t h  t h e  more u s u a l  fo rm o f  c a r b o n  

e q u i v a l e n t  v a l u e  i n  t h e  FeCSi  s y s t e m

CEVFeCSi  = C + -
3

f rom w h i c h  i t  may be o b s e r v e d  t h a t  t i t a n i u m  i n  d i r e c t  

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

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

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

on c a r b o n  e q u i v a l e n t  i n  a s i m i l a r  m a n n e r  t o  s i l i c o n .

The a c t i o n  of  t i t a n i u m  i n  l o w e r i n g  c a r b o n  e q u i v a l e n t

80



v a l u e  i n  t h e  F e C S i T i  s y s t e m  i s  u n c l e a r  b u t  b a s e d  on t h e

( 2 6 )a b o v e  t e r n a r y  s y s t e m s  a n d  C o m s t o c k ' s  o b s e r v a t i o n s  t h a t

t h e  g r a p h i t i s i n g  p o w e r  o f  t i t a n i u m  i s  up t o  s e v e n  t i m e s  

t h a t  o f  s i l i c o n ,  t h e  CEV may be e x p r e s s e d  a s  l y i n g  b e t w e e n  

t h e  two e q u a t i o n s : -

CEVFecsiTi = c + fi + !!i

CEVF e C S i T i  = C + ^  +

Ol en  and  H e i n e  h a v e  shown t h a t  f o r  e u t e c t i c  s o l i d ­

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

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

( Z.9) . T h i s  p henomen on  h a s  b e e n  o b s e r v e d  by H e i n e  a n d

L o p e r ^ ^  i n  c o o l i n g  c u r v e  s t u d i e s ,  w h e r e  an  i n i t i a t i n g

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

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

(51 )e u t e c t i c  a r r e s t .  H e n s c h e l ,  Du P o n t  a n d  H e i n e  , i n  

e x a m i n i n g  t h e  e f f e c t s  o f  o x y ge n  on t h e  s o l i d i f i c a t i o n  o f  

c a s t  i r o n ,  n o t e d  t h a t  low o x y ge n  p o t e n t i a l  a t m o s p h e r e s  

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

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

o f  a u s t e n i t e ,  w h e r e a s  h i g h  ox y ge n  p o t e n t i a l  a t m o s p h e r e s  

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

n u c l e a t i o n ,  c a u s i n g  u n d e r - c o o l i n g .

T h i s  m e c h a n i s m  may o f f e r  a p o s s i b l e  e x p l a n a t i o n  o f  

t h e  e f f e c t s  o f  c a r b o n  d i o x i d e  and  h y d r o g e n  on c a s t  i r o n  

m i c r o s t r u c t u r e s .  B u b b l i n g  c a r b o n  d i o x i d e  t h r o u g h  t h e  m e l t  

may be e x p e c t e d  t o  i n c r e a s e  t h e  o x y ge n  p o t e n t i a l  o f  t h e  

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

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

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

o f  h y d r o g e n  t h r o u g h  t h e  m e l t  w i l l  r e d u c e  t h e  ox ygen  p o t e n ­

t i a l ,  a l l o w i n g  f r e e r  e u t e c t i c  n u c l e a t i o n  and  h e n c e ,  a 

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

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

f o r  o x i d e s  i s  shown i n  F i g u r e  70 .  I t  may be e x p e c t e d  t h a t  

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

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

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

t h r o u g h  i n c r e a s e s  i n  c a r b o n  e q u i v a l e n t ,  n o t e d  a b o v e .

At t h i s  j u n c t u r e  i t  may be w o r t h  c o n s i d e r i n g  t h e  

e f f e c t s  o f  a l u m i n i u m .  I t  h a s  b e e n  shown t h a t  a 7 5 ^  F e S i  

i n o c u l a n t  i s  more  e f f e c t i v e  i f  i t  c o n t a i n s  a s m a l l  a mo un t  

o f  a l u m i n i u m ,  u s u a l l y  i n  t h e  r a n g e  1 - 3 $ .  T h i s  h a s  b e e n  

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

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

f o r  b a r i u m ,  s t r o n t i u m  and  z i r c o n i u m .  T h e s e ,  t o g e t h e r  w i t h  

a l u m i n i u m 5 a r e  a l l  p o w e r f u l  d e o x i d i s e r s .  The p o s i t i o n s  o f  

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

a r e  shown i n  F i g u r e  70 .  I t  i s  t e n t a t i v e l y  s u g g e s t e d  t h a t  

t h e i r  a c t i o n  may be i d e n t i c a l  w i t h  t h e  m e ch an i s m n o t e d  

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

on oxygen  a c t i v i t y  i n  t h e  m e l t .

The f o r m a t i o n  o f  u n d e r - c o o l e d  g r a p h i t e  a t  v e r y  h i g h

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

e t  a l ' s  h y p o t h e s i s ,  s i n c e  i t  m i g h t  be e x p e c t e d  t h a t  m a s s i v e

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

a c t i v i t y  t o  v i r t u a l l y  z e r o .  T h i s  woul d  a l l o w  an e a s y  

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

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

f u r t h e r  e x a m i n a t i o n .

Oxygen c o n c e n t r a t i o n s  i n  i r o n  m e l t s  h a v e  b e e n  shown

t o  be s i m i l a r  t o  n i t r o g e n  i n  t h e  r a n g e  0 . 0 0 2  t o  0 . 0 0 5 $ i n
( 52 )i n d u c t i o n  m e l t e d  i r o n  . I t  may be shown t h a t  t h e  s t o i ­

c h i o m e t r i c  a m o u n t s  o f  t i t a n i u m  and s i l i c o n  t o  f i x  0 . 0 0 5 $  

oxygen  a s  TiO^ and SiO^ a r e  0 . 0 0 7 5 $  and  0 . 0044 .$ r e s p e c t i v e l y .  

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

and  s i l i c o n  a r e  n e c e s s a r y  t o  remove oxygen  f ro m s o l u t i o n  

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

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

o t h e r  t h a n  ox ygen  r e m o v a l ,  i s  i n  o p e r a t i o n .

I t  was n o t e d  a b o v e  ( S e c t i o n  2 . 5 . 6  ) t h a t  t h e  f o r m a t i o n  

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

a t t r i b u t e d  t o  i t s  f o r m a t i o n  o f  T i S ,  t h u s  r e d u c i n g  t h e  

s u l p h u r  c o n c e n t r a t i o n .  However ,  t h i s  me ch an i sm  c a n n o t  be 

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

s i l i c o n  l e v e l s ,  s i n c e  S i S  shows no t e n d e n c y  t o  f o r m i n  

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

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

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

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

and  p e a r l i t e .

( 51 )H e n s c h e l ,  e t  a l  , i n  i n v e s t i g a t i n g  t h e  e f f e c t  o f  

c a r b o n  e q u i v a l e n t  on b u l k  a r r e s t  t e m p e r a t u r e ,  o p i n e d  t h a t  

t h e  d e g r e e  o f  u n d e r - c o o l i n g  may be r e l a t e d  t o  t h e r m a l  

e n e r g y  r e q u i r e m e n t s  o r  a u s t e n i t e  s u r f a c e  r e q u i r e m e n t s  f o r  

t h e  s t a r t  o f  t h e  e u t e c t i c  r e a c t i o n .  Bo th  t i t a n i u m  and  

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

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

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

r e s u l t i n g  i n  u n d e r - c o o l i n g .

5 . 3 . 3  M e c h a n i c a l  P r o p e r t i e s  o f  T e s t  B l o c k  M a t e r i a l

R e f e r e n c e  t o  F i g u r e s  1 4 - 1 7  shows t h a t  t h e r e  i s  an  

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

i m a t e  r a n g e  0 . 0 2  t o  0 . 0 4 $  t i t a n i u m ,  f o r  t h e  h y d r o g e n  a n d  

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

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

i n  t h e  c a r b o n  d i o x i d e  t r e a t e d  t e s t  b l o c k s .  T h i s  e f f e c t  was

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

(41 )i r o n s  , a l t h o u g h  a minimum i n  t h e  t e n s i l e  s t r e n g t h  was  

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

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

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

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

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

t h e  s m a l l  amo un t  p r e s e n t  i s  a s s o c i a t e d  w i t h  t h e  g r a p h i t e  

f l a k e s  ) a nd  o v e r  t h e  c r i t i c a l  r a n g e  u n d e r  c o n s i d e r a t i o n  

an  i n c r e a s e  i n  t e n s i l e  s t r e n g t h  i s  o b s e r v e d .  No m e t a l l o -  

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

( 0 . 0 2 - 0 . 0 4 $  ) t o  o f f e r  an e x p l a n a t i o n  f o r  t h e  e m b r i t t l e ­

m e n t .

Maximum d u c t i l i t y  i n  t h e  h e a v y  s e c t i o n  t e s t  b l o c k s  i s  

d e v e l o p e d  o v e r  t h e  r a n g e  0 . 0 5 - 0 . 1 2 ^  t i t a n i u m  ( F i g u r e s  

1 5 - 1 7  ) .  Ho wev er ,  t h i s  r e g i o n  a l s o  c o r r e s p o n d s  t o  t h e  

minimum t e n s i l e  s t r e n g t h s  ( F i g u r e  14 ) .  I t  wou l d  be 

e x p e c t e d  t h a t ,  a l t h o u g h  i n g o t  moul d  c r a c k i n g  r e s i s t a n c e  

wo ul d  be i m p r o v e d  o v e r  t h i s  r e g i o n ,  a n y  i m p r o v e m e n t  i n

84



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

e t c .

At t h e  h i g h e s t  t i t a n i u m  l e v e l s  i n  t h e  h e a v y  s e c t i o n  

t e s t  b l o c k s ,  b r i t t l e n e s s  a g a i n  o c c u r s .  T h i s  i s  a t t r i b u t e d  

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

m i c r o s t r u c t u r e s .  As d i s c u s s e d  a b o v e ,  t h i s  i s  u n l i k e l y  t o  

o c c u r  i n  i n g o t  mould  - s e c t i o n s ,  so  t h a t  t h e  i m p r o v e m e n t  i n  

d u c t i l i t y  may be e x p e c t e d  t o  c o n t i n u e  t o  h i g h e r  t i t a n i u m  

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

t h a n  t h a t  i n d i c a t e d  i n  t h e  p r e s e n t  wor k .

5. 3. /. The E f f e c t  o f  T i t a n i u m  on I n g o t  Mould P e r f o r m a n c e  

5 . 3 . / . . 1  F u l l w o o d  S l a b  Moulds

Mould s  P r o d u c e d  f rom 70 P i g .  20 S t e e l .  10 R e t u r n s  

Burden

D u r i n g  t h e  p e r i o d  f rom mid 1974 t o  mid  1975* F u l l w o o d  

p r o d u c e d  a t o t a l  o f  155  4 8 - t y p e  m o u l d s  f ro m a 70 $  p i g  i r o n ,  

20$ s t e e l  and  10$ r e t u r n  s c r a p  c u p o l a  c h a r g e .  The mean 

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

m o u l d s  we r e  3 * 9 6 $ ,  1 . 5 2 $ ,  0 . 7 5 $  and  0 . 0 3 9 $  r e s p e c t i v e l y  

w i t h  a mean c a r b o n  e q u i v a l e n t  o f  4 * 4 7 $ .  Mould m i c r o s t r u c ­

t u r e s  c o n s i s t e d  o f  c o a r s e  g r a p h i t e  ( mean USV = 3*54 k m / s  ) 

i n  a p r e d o m i n a n t l y  p e a r l i t i c  m a t r i x .  U n f o r t u n e a t e l y  i t  was  

o n l y  p o s s i b l e  t o  o b t a i n  bend  p r o p e r t i e s  f ro m mou ld  N o . 585 

a f t e r  f a i l u r e  a t  120 l i v e s ,  and  so t h e  bend  p r o p e r t i e s  

( A/B' = 0 . 6  ) a r e  n o t  c h a r a c t e r i s t i c  o f  t h e  a s - c a s t  p r o p ­

e r t i e s .

The p e r f o r m a n c e  4 8 - t y p e  m o u l d s  p r o d u c e d  f ro m

t h e  7 0 / 2 0 / 1 0  b u r d e n  was s a t i s f a c t o r y  w i t h  a mean l i f e  o f

6 7 . 8 8  l i v e s .  The l e v e l  o f  r e p a i r s  on m o u l d s  f rom t h i s  

b u r d e n  was h i g h  ( 51$,  T a b l e  29 ) b u t  i t  i s  i m p o s s i b l e  t o
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know how t h i s  a f f e c t e d  t h e  f i n a l  p e r f o r m a n c e s .  The m a j o r i t y  

o f  f a i l u r e s  w e r e  due  t o  v e r t i c a l  c r a c k i n g ,  a l t h o u g h  a 

s i g n i f i c a n t  p r o p o r t i o n  o f  t h e  f a i l u r e s  ( 1 0 . 1 $ )  w er e  r e p o r t e d  

a s  b e i n g  d ue  t o  h o r i z o n t a l  c r a c k i n g .  I t  i s  p r o b a b l e  t h a t  a 

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

t o  c o l d  s h u t  d e f e c t s ,  i n  v i e w  o f  t h e  low mean c a s t i n g  

t e m p e r a t u r e  ( 1 2 3 7 ° C ) .

M ou ld s  p r o d u c e d  f r o m  53 P i g .

17 S t e e l .  20 R e t u r n s .  10 B r o ke n  Mould B u r d e n .

The m o u l d s  p r o d u c e d  f r o m  t h e  53$ p i g ,  17$ s t e e l ,  20$ 

r e t u r n s ,  10$  b r o k e n  m o u l d s  b u r d e n ,  h a d  mean c a r b o n ,  s i l i c o n ,  

m a n g a n e s e  an d  t i t a n i u m  l e v e l s  o f  3 . 9 1 $ ,  1 . 4 7 $ ,  0 . 7 5 $ ,  0 . 0 3 $  

r e s p e c t i v e l y ,  w i t h  a mean c a r b o n  e q u i v a l e n t  v a l u e  o f  4*4*

The m o u l d  m i c r o s t r u c t u r e s  w e r e  v a r i e d ,  a n d ’, m e t a l l o g r a p h i c a l l y ,  

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

m o r p h o l o g y .  The mean USV v a l u e  ( 3 . 6 5  k m / s )  i n d i c a t e d  a 

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

l o w e r  mean c a r b o n ,  s i l i c o n  a n d  t i t a n i u m  v a l u e s .  Bend p r o p e r ­

t i e s  i n d i c a t e d  a s l i g h t  e m b r i t t l e m e n t  (A/B 1 . 2 - 3 . 7 ) ,  a l t h o u g h  

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

f r o m  two low l i f e  m o u l d s ,  an d  a r e  n o t ,  n e c e s s a r i l y ,  c h a r a c t e r ­

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

Ho wever ,  t h e  r e d u c e d  CEV i s  c o n s i s t e n t  w i t h  a n  i r o n  

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

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

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

m o u l d s  p r o d u c e d  f r o m  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n ,  h o w e v e r ,  was  

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

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

a l t e r  t h e  b u r d e n ,  i n  J u n e  1976 ( s e e  f i g .  3 3 ) .
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I n  t e r m s  o f  o v e r a l l  p e r f o r m a n c e  ( T a b l e  27 and  f i g . 3 2 ) ,  

t h e  p e r f o r m a n c e  o f  m o u l d s  p r o d u c e d  f rom t h e  b r o k e n  mould  

b u r d e n  wer e  n o t  a s  d i s a s t r o u s  a s  was f e a r e d ,  a t  f i r s t ,  

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

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

e a r l i e r  ( 7 0 / 2 0 / l 0 )  b u r d e n .

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

t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n  w as ,  t h e r e f o r e ,  due  t o  t h e  l o w e r  

c a r b o n , s i l i c o n  and  t i t a n i u m  l e v e l s ,  w h i c h  p r o d u c e d  a more  

c r a c k - s e n s i t i v e  i r o n .  T h i s  was r e f l e c t e d  by a m a r k e d  i n ­

c r e a s e  i n  v e r t i c a l  c r a c k i n g  ( 7 5 . 5 $ ) ,  e s p e c i a l l y  on t h e  

n a r r o w  s i d e .  The i n c r e a s e  i n  c o l d  s h u t  d e f e c t s  ( 1 7 . 3 $ )  

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

t h e  low c a s t i n g  t e m p e r a t u r e s  (mean v a l u e  o f  1236°C)  e x p e r i ­

e n c e d  i n  t h i s  p e r i o d .

Moulds  p r o d u c e d  f ro m 63 P i g .

17 S t e e l .  20 R e t u r n s  B u r d e n .

The d e c i s i o n ,  d u r i n g  J u n e  1 976 ,  t o  c h a n g e  t h e  b u r d e n  

t o  63$ p i g / l 7 $  s t e e l / 2 0 $  r e t u r n s  was t a k e n  t o  e l i m i n a t e  

t h e  b r o k e n  mould  a d d i t i o n s ,  w h i c h  seemed t o  be r e l a t e d  t o  

t h e  p r o b l e m  e x p e r i e n c e d  w i t h  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n .  The 

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

o f  a b o u t  t h i r t y  ( F i g .  35)  and  i t  was d e c i d e d ,  t h e r e f o r e ,  

i n  November  1976 ( a f t e r  67 Type 48  m o u l d s  had  b e e n  p r o d u c e d )  

t o  add  t i t a n i u m  t o  t h e  c u p o l a ,  s i n c e  p r e v i o u s  e x p e r i e n c e  

had  shown c o n t r o l l e d  l e v e l s  o f  t i t a n i u m  ( 0 , 0 5 $  T i )  t o  

be b e n e f i c i a l .

A n a l y s i s  o f  t h e  c o m p l e t e  p e r f o r m a n c e  d a t a  on t h e  

6 3 / 1 7 / 2 0  b u r d e n ,  h o w e v e r ,  shows a s a t i s f a c t o r y  mean 

p e r f o r m a n c e  o f  6 3 . 3 4  ( F i g .  3 2 ) .  The mean c a r b o n ,  s i l i c o n ,
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m a n g a n e s e  and  t i t a n i u m  l e v e l s  o f  t h e  m o u l d s  we r e  3 , 9 2 % ,  

1 . 4 9 $ ,  0 , 7 6 %  and  0 . 0 4 $ r e s p e c t i v e l y ,  w i t h  a mean c a r b o n  

e q u i v a l e n t  o f  4*4-2$. V a r i a b l e  g r a p h i t e  m i c r o s t r u c t u r e s  

w e r e  o b s e r v e d ,  a l t h o u g h  t h e  mean USV o f  3 . 5 8  k m / s  s u g g e s t e d  

an i n c r e a s e  i n  g r a p h i t e  s i z e  o v e r  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n .  

I n a d e q u a t e  bend  t e s t  d a t a  was a v a i l a b l e  f o r  t h i s  b u r d e n  

t o  be a b l e  t o  d e t e r m i n e  t h e  c h a r a c t e r i s t i c  m a t e r i a l  

p r o p e r t i e s .

H o w e v e r , a  s i g n i f i c a n t  i m p r o v e m e n t  i n  mould  p e r f o r m a n c e  

was a c h i e v e d  o v e r  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n ,  and  t h i s  i s  d ue  

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

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

i m p r o v e d  t h e  c r a c k i n g  r e s i s t a n c e ,  i n  s e r v i c e .

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

by p i g  i r o n  a t  F u l l w o o d  may be e x p l a i n e d  i n  two w a ys .

F i r s t l y ,  a n a l y s i s  d i f f e r e n c e s  we r e  c a u s e d  b e c a u s e  m ou l d

s c r a p  h a s  a l o w e r  c a r b o n  c o n t e n t ,  t y p i c a l l y  3 . 8 $ ,  a s

o p p o s e d  t o  4 . 0 - 4 * 2 $  i n  p i g  i r o n ,  l o w e r  s i l i c o n  ( , 5%

a g a i n s t  1 , 5 - 2 . 0 $  s i l i c o n  s p e c i f i e d  f o r  t h e  p i g  i r o n  ) an d

a l o w e r  t i t a n i u m  c o n t e n t .  T i t a n i u m  c o n t e n t s  i n  W o r k i n g t o n

p i g  i r o n  f o r  t h e  1 . 5 - 2 . 0 $  s i l i c o n  g r a d e  a r e  t y p i c a l l y

0 . 0 5 5 $  , mould  s c r a p  a t  t h e  t i m e  b e i n g  0 . 0 4 $ .  S e c o n d l y ,

t h e  p h y s i c a l  s i z e  o f  b r o k e n  moul d  s c r a p  i s  much l a r g e r
( 5 3 )t h a n  p i g  i r o n .  I t  h a s  b e e n  shown t h a t  l a r g e r  s c r a p  

m e l t s  f u r t h e r  down t h e  bed a l l o w i n g  l e s s  s u p e r h e a t  t o  

o c c u r .  S i m u l t a n e o u s l y ,  c a r b o n  p i c k  up w i l l  be l e s s .  D u r i n g  

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

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

v ed  mould  p e r f o r m a n c e  o v e r  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n ,  t h e
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p r o p o r t i o n  o f  m o u l d s  f a i l i n g  by v e r t i c a l  c r a c k i n g  i n c r e a s e d  

t o  8 2 . 1 $  ( T a b l e  30  ) b u t  t h e  i n c i d e n c e  o f  n a r r o w  s i d e  

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

r e p a i r e d  m o u l d s  w e r e  t h e  same i n  e a c h  b u r d e n  ( T a b l e  29 ) ,

t h e  c r a c k i n g  i n  m o u l d s  f r o m  t h e  5 3 / 1 7 / 2 0 / 1 0  b u r d e n  was  m or e  

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

r e s u l t i n g  i n  a l o w e r  mean l i f e .

A s i g n i f i c a n t  p r o p o r t i o n  ( 1 1 , 9 $  ) o f  m o u l d s  f r o m  t h e  

6 3 / 1 7 / 2 0  b u r d e n  h a d  t o  be b r o k e n  by d r o p  b a l l i n g  ( T a b l e  30)  

t o  remove s t i c k e r  i n g o t s .  T h i s  s u p p o r t s  t h e  v i e w  t h a t  t h e  

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

M o ul ds  P r o d u c e d  f r o m  63 P i g  I r o n .

17 S t e e l .  20 R e t u r n s  4- F e T i  B u r d e n

The r e a s o n s  f o r  a d d i n g  f e r r o - t i t a n i u m  t o  t h e  6 3 / 1 7 / 2 0  

c u p o l a  b u r d e n  c h a r g e  i n  No vember  1 9 7 6 ,  w e r e  g i v e n  e a r l i e r .  

The mean c a r b o n ,  s i l i c o n ,  m a n g a n e s e  a n d  t i t a n i u m  l e v e l s  i n  

t h e  m o u l d s  w e r e  3 . 9 2 $ ,  1 . 5 0 $ ,  0 . 7 3 $  an d  0 . 0 5 1 $  r e s p e c t i v e l y  

w i t h  a mean c a r b o n  e q u i v a l e n t  o f  4 . 4 2 $  ( T a b l e  32 ) .  C o a r s e  

g r a p h i t e  s t u c t u r e s  ( mean USV = 3 . 4 6  k m / s  ) i n  a p r e d o m i ­

n a n t l y  p e a r l i t i c  m a t r i x  w e r e  p r o d u c e d ,  a nd  w e r e  d ue  m a i n l y  

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

The m o u l d  p e r f o r m a n c e  f r o m t h i s  b u r d e n  ( 63 m o u l d s  

f a i l e d  ) m a i n t a i n e d  an  a c c e p t a b l e  l e v e l  o f  65*03 l i v e s .

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

i n  f a c t  h ad  l e s s  t h a n  f i v e  l i v e s  e a c h ,  b u t  s u b s e q u e n t  

i m p r o v e d  p e r f o r m a n c e  p r o v e d  t h i s  was s i m p l y  due  t o  t h e  

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

The i m p r o v e d  p e r f o r m a n c e  o f  t h e  t i t a n i u m  t r e a t e d  

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

6 3 / 1 7 / 2 0  b u r d e n ,  t h e  h i g h e r  t i t a n i u m  l e v e l s  p r o d u c i n g  a
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w e a k e r  i r o n  w i t h  b e t t e r  r e s i s t a n c e  t o  c r a c k i n g  ( t h i s  d e s p i t e  

t h e  o b s e r v a t i o n  t h a t  8 6 . 3 $  o f  t h e s e  m o u l d s  f a i l e d  by- 

v e r t i c a l  c r a c k i n g  ) .  However ,  t h e  i n c i d e n c e  o f  t o r n  s e a t  

d e f e c t s  i n c r e a s e d  f r o n  n i l  ( 6 3 / 1 7 / 2 0  ) t o  5 *9$ ,  w i t h  t h e  

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

l e v e l  s h o u l d  n o t  be a l l o w e d  t o  e x c e e d  t h e  0 . 0 6 $  l e v e l .

E f f e c t s  o f  A n a l y s i s  C ha n g e s  on P e r f o r m a n c e  

o f  F u l l w o o d  Mou lds  a t  R a v e n s c r a i g

A n a l y s i s  o f  a l l  i n g o t  moul d p r o d u c t i o n  d a t a ,  h a s  now 

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

t h e  4.8-Type m o u l d s  w i t h  c h a n g e s  i n  c u p o l a  p r a c t i c e ,  and  

t h i s  h a s  b e e n  r e i n f o r c e d  by t h e  r e g r e s s i o n  e q u a t i o n s .  I t  i s  

c l e a r  t h a t  t h e  p e r f o r m a n c e  o f  t h e  4 8 - T y p e  a t  R a v e n s c r a i g  i s  

c r i t i c a l l y  d e p e n d e n t  on t h e  moul d a n a l y s i s ,  w h i c h  a f f e c t s  

t h e  c r a c k i n g  r e s i s t a n c e .  The s e v e r e  d e t e r i o r a t i o n  i n  

p e r f o r m a n c e  w h i c h  o c c u r r e d  w i t h  t h e  i n t r o d u c t i o n  o f  b r o k e n  

m o u l d s  i n t o  t h e  b u r d e n  was due  t o  t h e  r e d u c t i o n  i n  c a r b o n  

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

t a n c e .  S u b s e q u e n t  b u r d e n  c h a n g e s  i n c r e a s e d  t h e  g r a p h i t e  

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

o r  by i n c r e a s i n g  t h e  t i t a n i u m  c o n t e n t .

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

7 1 ,  w h i c h  i n c l u d e s  d a t a  f o r  a l l  m o u l d s  m a n u f a c t u r e d  a f t e r  

19 72 ,  w i t h  c o n t r o l l e d  s t r i p p i n g .  I t  may be n o t e d  t h a t ,  a s  

t i t a n i u m  i s  i n c r e a s e d  o v e r  t h e  r a n g e  0 . 0 2  t o  0 . 1 0 $ ,  t h e r e  

i s  a d e c r e a s e  i n  t h e  i n c i d e n c e  o f  v e r t i c a l  c r a c k i n g  a n d  an  

i n c r e a s e  i n  c r a z i n g  and t o r n  s e a t s .  T h i s  b e h a v i o u r  c o r r e ­

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

w h i c h  shows a p r o g r e s s i v e  i n c r e a s e  i n  g r a p h i t e  s i z e  o v e r  

t h i s  t i t a n i u m  r a n g e ,  r e s u l t i n g  i n  i n c r e a s e d  t o u g h n e s s
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( i . e .  r e d u c e d  c r a c k i n g  t e n d e n c y }  b u t  r e d u c e d  s t r e n g t n  

( i . e .  i n c r e a s e d  t e n d e n c y  t o  f a i l  by b r o k e n  l u g s ,  t o r n  

s e a t s ,  e t c . ) .  The o v e r a l l  e f f e c t  on mould  p e r f o r m a n c e  

i s  t o  g i v e  a maximum i n  t h e  t i t a n i u m  r a n g e  0 . 0 ^ - 0 . 0 7 ? .

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

by i n c r e a s e d  Ti  l e v e l s ,  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  a d d i t i o n  o f  b r o k e n  m o u l d s  t o  t h e  b u r d e n  c a u s e d  a 

r e d u c t i o n  i n  T i  f ro m 0 . 0 A ?  down t o  0 . 0 3 ? . .  I t  i s  p o s s i b l e  

t h a t  t h i s  ( 0 . 0 3 ? )  Ti  l e v e l  c o r r e s p o n d s  t o  t h e  d u c t i l i t y  

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

e x p e r i m e n t a l  d a t a  i n  t h i s  a r e a ,  so  t h a t  f u r t h e r  work  i s  

r e q u i r e d  t o  s u p p o r t  t h i s  a r g u m e n t .

5 ■ 3. . 2 R i v e r  Don F o r g i n g  M ou l d s .

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

o f  t h e  R i v e r  Don m o u l d s  i s  c o n s i d e r e d  t o  be t h e  low s t r e n g t h  

o f  t h e  i r o n .  U l t r a s o n i c  v e l o c i t i e s  wer e  m e a s u r e d  on R h e i n -  

s t a h l  mould  105 /1 01  No. 777 an d  f o u n d  t o  be 3 . 7  k m/ s  

c o m pa r ed  w i t h  3 . 3  t o  3*5 k m/ s  f o r  t h e  R i v e r  Don m o u l d s .  

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

C Si  S P Mn Ti

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

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

one o f  c r a c k i n g  r a t h e r  t h a n  p l u c k i n g .  I t  may be s e e n ,  

t h e r e f o r e ,  t h a t  t h e  d i f f e r e n c e  i n  U l t r a s o n i c  v e l o c i t i e s  

may b e •a s i g n i f i c a n t  f a c t o r  i n  t h e  p l u c k i n g  o f  t h e  R i v e r  

Don m o u l d s  and  r e s u l t s  f rom  t h e i r  h i g h e r  S i ( u p  t o  2 . 0 ? )  

and  Ti  (up t o  0 . 0 6 5 ? )  c o n t e n t s .  T h i s  i s  s u p p o r t e d  by t h e  

c o a r s e  g r a p h i t e  m i c r o s t r u c t u r e s  and  t h e  v e r y  d u c t i l e  be nd  

t e s t  r e s u l t s .  E f f o r t s  h a v e  b e e n  made t o  l i m i t  Si  a n d  Ti  

i n  l a t e r  m o u l d s ,  b u t  i t  i s  n o t  y e t  known i f  t h i s  a c t i o n
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h a s  had  a s i g n i f i c a n t  e f f e c t  on p e r f o r m a n c e .  P a r t i c u l a r  

p r o b l e m s  h a v e  o c c u r r e d  i n  o b t a i n i n g  low Ti  l e v e l s .  The 

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

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

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

T i  i n g o t  mo ul d  s c r a p  may g i v e  t h e  r e q u i r e d  Ti  a n a l y s i s ,  

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

r a t e .

Any i n c r e a s e  i n  s t r e n g t h  w i l l ,  n e c e s s a r i l y ,  r e s u l t  

i n  a d e c r e a s e  i n  d u c t i l i t y ,  so t h a t  i f  Si  a n d  Ti  l e v e l s  

a r e  r e d u c e d  t o  t o o  low a l e v e l ,  m a j o r  c r a c k i n g  may r e s u l t .

Two m o u l d s  p r o d u c e d  by R i v e r  Don h a v e  c r a c k e d ,  b o t h  c o n ­

t a i n i n g  h i g h  Ti  l e v e l s  a nd  low u l t r a s o n i c  v e l o c i t i e s .

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

r e u s e d .

I t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  c r a c k i n g  o f  Mould  1 0 5 /

101 No. 4. a f t e r  f i r s t  u s a g e  may h a v e  b e e n  c a u s e d  by h i g h

r e s i d u a l  s t r e s s e s .  The p r o c e d u r e  o f  s t r e s s  r e l i e v i n g  o f
( 5 / )s ma l l ,  m o u l d s  h a s  b e e n  shown t o  be  o f  d o u b t f u l  v a l u e  b u t

p r e - w a r m i n g  o f  l a r g e  f o r g i n g  m o u l d s ,  p r i o r  t o  t h e  f i r s t  c a s t ,
( 5 5 )h a s  b e e n  c l a i m e d  t o  be b e n e f i c i a l  . W h e t h e r  t h i s  b e n e f i c i a l  

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

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

c e r t a i n .  The low t e m p e r a t u r e  u s e d ,  o f  200°C,  s u g g e s t s ,  

h o w e v e r ,  t h a t  t h e  l a t t e r  m e c h a n i s m  i s  more  l i k e l y  t o  be  

o p e r a t i v e .  As more  i n f o r m a t i o n  b e c o m e s  a v a i l a b l e ,  i t  may 

become n e c e s s a r y  t o  r e v i e w  t h e  p o s s i b i l i t i e s  o f  a p r e ­

h e a t i n g / s t r e s s  r e l i e v i n g  c y c l e  b e i n g  a p p l i e d  t o  R i v e r  Don

m o u l d s .
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Not  f o r g o i n g  t h e  a b o v e  c o n s i d e r a t i o n  o f  t h e  e f f e c t s  

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

be r emembered  t h a t  t h e  o c c u r e n c e  o f  a m a t e r i a l  o f  low 

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

f a c e ,  w i l l  a l s o  h av e  a maj-or  e f f e c t .  T h i s  c a u s e s  i n c r e a s e d  

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

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

o f  w e a k n e s s ,  t o  a i d  p l u c k i n g .  Such n o n - m e t a l l i c  i n c l u s i o n s  

we r e  o b s e r v e d  i n  t h e  R i v e r  Don m o u l d s  and  i t  s h o u l d  be 

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

e n t r a p m e n t .

5 . 3 . 5  Use o f  Mould S c r a n  i n  E l e c t r i c  F u r n a c e s

F o r  c o n v e n i e n c e ,  t h e  A/B bend t e s t  p a r a m e t e r s  f o r  t h e  

moul d  s c r a p  t e s t  b l o c k s  a r e  p l o t t e d  i n  F i g u r e  72 t o g e t h e r  

w i t h  r e s u l t s  f rom t h e  o t h e r  h e a v y  s e c t i o n  t e s t  b l o c k s .  I t  

may be s e e n  t h a t  t h e  r e s u l t s  f o r  t h e  c l e a n  s c r a p  c l o s e l y  

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

t r e a t m e n t .  The d i r t y  mould  s c r a p  p r o p e r t i e s  a r e  s i m i l a r  

t o  t h e  c a r b o n  d i o x i d e  t r e a t e d  t e s t  b l o c k s  a t  0 . 0 6 $  t i t a n i u m  

and  w o r s e  a t  0 . 0 3 7 $  t i t a n i u m  a l t h o u g h  t h e r e  we r e  no c a r b o n  

d i o x i d e  t r e a t e d  b l o c k s  a t  t h i s  l e v e l .  I t  may be e x p e c t e d ,  

t h e r e f o r e ,  t h a t  wh er e  e l e c t r i c  m e l t i n g  i s  u s e d  b a s e d  on 

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

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

d i o x i d e ,  t h a t  i s  a d u c t i l i t y  t r o u g h  w i l l  be e x p e r i e n c e d  a t  

a r o u n d  0 . 0 3  t o  0 . 0 7 $ .

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

e x p e c t e d  t o  be r e d u c i n g  so t h a t  t i t a n i u m  i n  i r o n  p r o d u c e d  

by t h i s  r o u t e  w i l l  b e h a v e  i n  a s i m i l a r  m a n n e r  t o  t h e  

h y d r o g e n  t r e a t e d  t e s t  b l o c k s .  A/B p a r a m e t e r s  m e a s u r e d  on

93



t e s t  b l o c k s  an d  i n g o t  m o u l d s  t o g e t h e r  w i t h  t h e  h y d r o g e n  

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

t i t a n i u m  c o n t e n t  i n  F i g u r e  7 3 .  The c u p o l a  m e l t s  a g r e e  w e l l  

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

d u c t i l i t y  t r o u g h  a t  0 . 0 3 5  t o  0 . 04 . 5$  t i t a n i u m .

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

S e c t i o n  5*3*4.#1 t h a t  op t imum i n g o t  m o u ld  p e r f o r m a n c e  f o r  

F u l l w o o d  4 8 - T y p e  m o u l d s  o c c u r s  a t  0.04.  t o  0 . 0 6 $  t i t a n i u m .

I t  i s  a p p a r e n t ,  t h e r e f o r e ,  t h a t  s h o u l d  F u l l w o o d  c o n v e r t  t o  

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

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

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

i t  w ou ld  be n e c e s s a r y  t o  i n c r e a s e  t h e  t i t a n i u m  c o n t e n t  i n t o  

t h e  r a n g e  0 . 0 8  t o  0 . 1 0 $ .

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

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

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

s c r a p  c o n d i t i o n .

5.  /. NITROGEN

I t  was n o t e d  i n  S e c t i o n  2 . 5 . 6 ,  t h a t  d u r i n g  t h e  1 9 6 0 1 s ,  

h o t  b l a s t  c u p o l a s  w e r e  i n t r o d u c e d  w i t h i n  t h e  i n g o t  mo u ld  

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

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

w a s ,  i n  some c a s e s ,  p o o r  and  e x a m i n a t i o n  o f  m o u l d s  r e v e a l e d  

t h e  p r e s e n c e  o f  c o m p a c t e d  g r a p h i t e .  S i n c e  t h e  f o r m a t i o n  o f  

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

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

f o r  t h e  p o o r  p e r f o r m a n c e .  To e f f e c t  a r e medy  t i t a n i u m  

a d d i t i o n s  w er e  mad e ,  t o  f i x  t h e  n i t r o g e n  a s  Ti (CN)  and
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p e r f o r m a n c e  i m p r o v e d .

The m e t a l l o g r a p h i c  e x a m i n a t i o n  o f  t h e  F u l l w o o d  s l a b

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

w i t h  n i t r o g e n  a nd  g r a p h i t e  c o m p a c t i o n .  F i r s t l y ,  t h a t  t h e

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

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

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

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

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

The p e r f o r m a n c e  o f  s m a l l ,  s q u a r e  m o u l d s  h a s  a l s o  b e e n
( 5 6 )shown t o  be u n r e l a t e d  t o  g r a p h i t e  c o m p a c t i o n  a n d  t h e

same i n v e s t i g a t i o n  showed no c o r r e l a t i o n  b e t w e e n  h i g h

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

t e s t s  h a ve  shown t h a t  c o m p a c t e d  g r a p h i t e  i r o n  i s  t o u g h e r
( 57 )t h a n  f l a k e  i r o n  .

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

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

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

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

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

a l s o  p r e s e n t  i n  good q u a l i t y  m o u l d s .  F u r t h e r m o r e ,  moul d

m i c r o s t r u c t u r e s  a r e  so h e t e r o g e n e o u s  t h a t  e x t r e m e l y  w i de

v a r i a t i o n s  i n  mou ld  m i c r o s t r u c t u r e  may be o b s e r v e d  i n

s a m p l e s  f rom  t h e  same m ou l d .  F o r  e x a m p l e ,  m o u l d s  h a v e  b e e n

e x a m i n e d  w h i c h  c o n t a i n  f l a k e  g r a p h i t e  on t h e  o u t s i d e  f a c e s
(  5 7 }and  c om p a c t e d  g r a p h i t e  i n  t h e  c e n t r e  . From t h e  e x a m i n ­

a t i o n  o f  F u l l w o o d  s l a b  m o u l d s  i t  i s  now e s t a b l i s h e d  t h a t  

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

i t  i s  n o t  an  uncommon f e a t u r e  o f  D i s t i n g t o n  m o u l d s .  I t s  

a p p e a r a n c e  i n  D i s t i n g t o n  Mould 7 5 8 ,  f o r  e x a m p l e ,  was n o t
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a s s o c i a t e d  w i t h  p r e m a t u r e  c r a c k i n g  ( S e c t i o n  4*3<»1.5) .

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

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

However ,  m e t a l l o g r a p h i c  e x a m i n a t i o n  s h o u l d  s t i l l  be r e g a r d e d  

a s  an  i m p o r t a n t  p a r t  o f  a mould  f a i l u r e  i n v e s t i g a t i o n ,  b u t  

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

l i k e l y  t o  p r o v i d e  t h e  s o l u t i o n .  T h i s  was i l l u s t r a t e d  i n  

t h e  F u l l w o o d  s l a b  m o u l d s ,  i n  t h e  c a s e  o f ‘ moul d  774  ( S e c t i o n  

4 * 3 . 1 . 5 ) w h i c h  c o n s i s t e d  o f  a f i n e  p e a r l i t e  m a t r i x ,  due  t o  

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

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

i m p o s s i b l e  t o  a t t r i b u t e  f a i l u r e  t o  a common m e t a l l o g r a p h i c  

f e a t u r e .

The e x p e r i m e n t a l  t e s t  b l o c k  m a t e r i a l  w i t h  d e l i b e r a t e  

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

l e v e l s ,  p e r  s e ,  do n o t  c a u s e  g r a p h i t e  c o m p a c t i o n .  T h i s  may 

be s e e n  by c o m p a r i n g  t h e  m i c r o s t r u c t u r e s  o f  c a s t s  RG6 6 6 A 

and RG752A, w i t h  0 . 0 0 5 4  and  0 . 0 1 8 $  n i t r o g e n  r e s p e c t i v e l y .  

R e f e r e n c e  t o  T a b l e  20 a l s o  shows t h a t ,  a s  n i t r o g e n  l e v e l s  

a r e  i n c r e a s e d ,  t h e r e  i s  no a c c o m p a n y i n g  d e c r e a s e  i n  c r a c k ­

i n g  r e s i s t a n c e .

So c a l l e d  ’’n i t r o g e n  c o m p a c t e d "  f l a k e  i r o n  h a s  a 

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

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

f l a k e s  a r e  more  i r r e g u l a r  i n  t h e  f o r m e r .  Q u a s i - f l a k e  i r o n  

i t s e l f  h a s  b e e n  shown t o  be an  e x c e l l e n t  i n g o t  mou ld  

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

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

w h er e  t h e  m a t r i x  i s  f e r r i t i c  ) .  F o r  a g i v e n  m a t r i x  m i c r o -  

s t r u c t u r e  i t  a p p e a r s  l o g i c a l  t o  c o n c l u d e  t h a t  m o u l d s  w i t h
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c o m p a c t e d  g r a p h i t e  w i l l  be s i m i l a r  t o  q u a s i - f l a k e  g r a p h i t e  

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

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

D e s p i t e  t h e  f o r e g o i n g  c o m m e n t s ,  one o f  t h e  r e a s o n s  

why t h e  n i t r o g e n  c o m p a c t i o n  t h e o r y  o f  m o u ld  e m b r i t t l e m e n t  

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

r em ov e  n i t r o g e n  h a v e  g e n e r a l l y  p r o d u c e d  a m a r k e d  i m p r o v e ­

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

c r a c k i n g  r e s i s t a n c e  o f  c a s t  i r o n ,  and  i t s  e f f e c t  i n  p r o d ­

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

r e m o v i n g  n i t r o g e n  a s  T i ( C N ) .

N i t r o g e n  w i l l  a l s o  a c t  a s  a p e a r l i t e  s t a b i l i s e r  a nd  

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

p e r f o r m a n c e  by t h e s e  m e c h a n i s m s .  I t  h a s  b e e n  shown t h a t  a s  

n i t r o g e n  i s  r e mo v ed  f r o m  s o l i d  s o l u t i o n  by t i t a n i u m  a d d i ­

t i o n s ,  t h e r e  i s  a m a r k e d  r e d u c t i o n  i n  c r a c k i n g  r e s i s t a n c e

( 5 9 )m  f e r r i t i c  i r o n s  , so i n  t h e s e  i r o n s ,  t h e  p r e s e n c e  o f  

n i t r o g e n  may be b e n e f i c i a l .  I n  p e a r l i t i c

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

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

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

n o t  y e t  b e e n  r e s o l v e d  by t h e  p r e s e n t  w o r k ,  b u t  a few 

o b s e r v a t i o n s  may be made .  E a r l i e r  w o r k ,  by o t h e r  a u t h o r s ,  

showed t r a c e s  o f  c o m p a c t i o n  when a d d i t i o n s  o f  n i t r o g e n  

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

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

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

and s o d i u m .  The p r e s e n t  work  h a s  shown t h a t  t h e  a m o u n t  o f  

c a l c i u m  p i c k - u p  by t h e  m e l t  i s  s m a l l  ( T a b l e  19 ) a n d  t h a t ,  

e v e n  a t  h i g h  c a l c i u m  l e v e l s ,  no d i r e c t  e v i d e n c e  o f
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c o m p a c t i o n  was o b s e r v e d  ( F i g u r e  25 ) .  C a l c i u m ,  h o w e v e r ,  i s  

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

i s  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  on t h e  e f f e c t s  o f  sod ium 

i n  c a s t  i r o n ,  b u t  i t  h a s  b e e n  shown t o  h a ve  s i m i l a r  e f f e c t s  

t o  B a ^ * ^  ( w h i c h  i s  i n  t h e  same p e r i o d  a s  C a ) .  Sodi um,  

t h e r e f o r e ,  m i g h t  be e x p e c t e d  t o  be c a p a b l e  o f  g r a p h i t e  

m o d i f i c a t i o n .

I t  h a s  l o n g  b e e n  known t h a t  c o m p a c t e d  g r a p h i t e  i s

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

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

c o n t r i b u t e  t o  i t s  f o r m a t i o n .  A r e c e n t  e x a m i n a t i o n ,  h o w e v e r ,

showed t h a t  t h e  m ec ha n i s m o f  c o m p a c t e d  g r a p h i t e  f o r m a t i o n

( 57)i s  more  c o m pl e x  . Samp les  w e r e  t a k e n  t h r o u g h  t h e  w a l l  

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

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

p o r t i o n  was c o m p a c t e d .  T h e r e  a r e  s e v e r a l  p o s s i b l e  e x p l a n a ­

t i o n s  o f  t h i s  b e h a v i o r .  F i r s t l y ,  t h e r e  may be a c r i t i c a l  

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

h o w e v e r ,  i d e n t i c a l  m o u l d s  may,  o r  may n o t  c o n t a i n  c o m p a c t e d  

g r a p h i t e ,  so  t h a t  c o o l i n g  r a t e  may n o t  be t h e  s o l e  c r i t e r i o n .  

S e c o n d l y ,  s e g r e g a t i o n  may be i m p o r t a n t .  I t  i s  w e l l  known 

t h a t ,  e v en  i n  n o m i n a l l y  f l a k e  i r o n s ,  g r a p h i t e  p a r t i c l e s  

i n  t h e  i n t e r - c e l l  b o u n d a r y  r e g i o n s  may show e v i d e n c e  o f  

c o m p a c t i o n .  S i n c e  t h i s  i s  t h e  l a s t  m e t a l  t o  s o l i d i f y ,  i t  

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

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

c o m p a c t i o n .

On a m a cr o  s c a l e ,  h o w e v e r ,  b e c a u s e  o f  t h e  n a t u r e  o f  

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

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

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

p r e s s u r e  a c r o s s  the .  m o u l d  w a l l  w i l l  be u n i f o r m ,  i t  may 

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

I n  a d d i t i o n  t o  f e r r o s t a t i c  p r e s s u r e ,  c o n s i d e r a b l e  

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

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

o f  t h e s e  f o r c e s  w i l l  d e p e n d ,  t o  a l a r g e  e x t e n t ,  on t h e  

d e g r e e  o f  mo u ld  d i l a t i o n .  W i t h  s o f t  m o u l d s ,  s u c h  f o r c e s  

may be e x p e c t e d  t o  be r e l i e v e d .

An e l e c t r o n  m e t a l l o g r a p h i c  e x a m i n a t i o n  o f  f l a k e  a n d  

c o m p a c t e d  g r a p h i t e  i r o n s  h a s  b e e n  c a r r i e d  o u t  ( s e e  s e c t i o n  

A*3 . 1 . 6 . )  an d  showed t h a t  f l a k e  i r o n s  c o n t a i n e d  a d i s t r i ­

b u t i o n  o f  f i n e  a n d  c o a r s e  TiN p r e c i p i t a t i o n s  o f  0 . 0 3 / 151, 

an d  0 . 1 5 /un d i a m e t e r ,  r e s p e c t i v e l y .  C o m p a c t e d  i r o n s ,  

h o w e v e r ,  t e n d e d  t o  c o n t a i n  l e s s  ( o r  n o n e )  o f  t h e  f i n e r  

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

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

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

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

n i t r o g e n  l e v e l s  i n  s o l u t i o n  a r e  h i g h e r .  At p r e s e n t ,  t h e  

u s e  o f  s o l u b l e  an d  i n s o l u b l e  n i t r o g e n  a n a l y s i s  f i g u r e s  

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

f o r  e x t r a c t i o n .  A m e t h o d  o f  a n a l y s i s  t o  d e t e r m i n e  ,fm o b i l e n 

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

d e v e l o p m e n t .  U n t i l  t h i s - t e c h n i q u e  i s  b e t t e r  e s t a b l i s h e d ,  

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

o r  a s  p r e c i p i t a t  e s  may n o t  be e v a l u a t e d .

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

f o u n d  t o  e n h a n c e  g r a p h i t e  c o m p a c t i o n  and  t h i s  i s  d i s c u s s e d
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more  f u l l y  i n  S e c t i o n  5.5«

I t  may be s e e n ,  t h e r e f o r e ,  t h a t  t h e  f o r m a t i o n  o f  

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

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

a )  N i t r o g e n ,

b)  P r e s e n c e  o f  g r a p h i t e  m o d i f i e r s ,  e . g .  Ca a nd  Na,

c)  C o o l i n g  r a t e ,

d)  F e r r o s t a t i c  p r e s s u r e ,

e)  T r a c e  e l e m e n t  l e v e l s .

The o c c u r r e n c e  o f  p o r o s i t y  i n  c a s t  RG 752A s h o u l d  be 

r e c o g n i s e d  a s  a p o t e n t i a l  p r o b l e m .  Such p o r o s i t y  w i l l  

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

l i k e l y  t o  c a u s e  i n c r e a s e d  m ou l d  w a l l  t e m p e r a t u r e s  a n d ,  

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

S uch  p o r o s i t y  s h o u l d ,  t h e r e f o r e ,  be a v o i d e d .  U n d e r  t h e  

c o n d i t i o n s  e m p l o y e d  i n  t h e  p r e s e n t  e x p e r i m e n t s  p o r o s i t y  

o c c u r r e d  a t  0 . 0 1 8 ^  n i t r o g e n ,  b u t  n o n e  was f o u n d  a t  l e v e l s  

o f  0 . 0 1 2  o r  0 . 01456.

I t  may be s e e n ,  t h e r e f o r e ,  t h a t  t h e  p r i n c i p a l  e f f e c t s  

o f  n i t r o g e n  on i n g o t  mo ul d  p e r f o r m a n c e  w i l l  be t h r o u g h  i t s  

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

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

d e s i r a b l e  t o  p r e v e n t  c r a c k i n g .  I n  e i t h e r  c a s e  t h e  p r e s e n c e  

o f  n i t r o g e n  l e v e l s  a s  h i g h  a s  0 .012/5  h a v e  n o t  b e e n  shown t o  

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

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

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

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

h a v e  b e e n  t r i e d  i n  t h e  p r e s e n t  w o r k .  N i t r o g e n  b u b b l i n g  d i d  

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

p r o m o t i n g  n i t r i d e  p a r t i c l e  r e m o v a l  and  a l s o  a l l o w i n g  

e q u i l i b r i u m  t o  be a c h i e v e d  more  r a p i d l y .  The p i c k - u p  o f  

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

b u t  i t  i s  c o n s i d e r e d  t o  o c c u r  by n i t r o g e n  d i s s o l v i n g  i n  

l o c a l  a r e a s  o f  low c a r b o n  e q u i v a l e n t ;  f o r  e x a m p l e ,  f r o m a 

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

p l u g  t r e a t m e n t s  i s  a l s o  known t o  g i v e  l i t t l e  n i t r o g e n  

p i c k - u p .

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

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

a n e s e  i s  m o s t  e f f e c t i v e .  The u s e  o f  c a l c i u m  c y a n a m i d e  i s  

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

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

I t  i s  c o n s i d e r e d ,  t h e r e f o r e ,  t h a t  NFeMn o f f e r s  t h e  b e s t  

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

P i c k - u p  o f  c a l c i u m  f rom C a l s i l o y  i s  e f f e c t i v e  a nd  i s  

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

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

5 . 5  RESIDUAL ELEMENTS

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

on i n g o t  mould  p e r f o r m a n c e  i s  d e m o n s t r a t e d  by t h e  e x a m i n ­

a t i o n  o f  p r e m a t u r e l y  f a i l e d  Round Oak WEU100 m o u l d s . R e g r e s ­

s i o n  a n a l y s i s  o f  t h e  d a t a  f o r  t h i s  mould  t y p e  h a s  shown 

t h a t : -

L i f e  = 8 2 . 8 9  -  3 20 . 1  x (£P)  -  2591 x (*Sn)  + 29 9 . 1  x ( # T i )

+ 2 6 9 . 7  x ( * N i ) ,  

and  t h e  mean a n a l y s e s  a r e  s h ov n  i n  T a b l e  63 .

A n a l y s i s  v a l u e s  f o r  t h e  f a i l e d  m o u l d s  and t h e  mean 

a n a l y s i s  h a ve  b e e n  s u b s t i t u t e d  i n t o  t h i s  e q u a t i o n  a n d  t h e
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r e s u l t s  a r e  g i v e n  i n  T a b l e  63 .  Mould number  4-89 shows a 

d r o p  i n  l i f e ,  due  m a i n l y  t o  t h e  h i g h  t i n  c o n t e n t .  I n  g e n e r a l  

a d r o p  i n  l i f e  o f  1 0 - 2 0  be l ow t h e  a v e r a g e  l i f e  o f  71 i s  

p r e d i c t e d .  However ,  ch r omium,  w h i c h  d i d  n o t  a p p e a r  i n  t h e  

r e g r e s s i o n  a n a l y s i s  b e c a u s e  o n l y  a s m a l l  v a r i a t i o n  was 

f o u n d  i n  t h e  s t a t i s t i c a l  s a m p l e ,  wo ul d  be e x p e c t e d  t o  h a v e  

a more  s e r i o u s  e f f e c t  t h a n  t i n ,  so  t h a t  t h e  low p e r f o r m a n c e  

o f  mould  n u m b e r s  £04. and  587 may be  a t t r i b u t e d  t o  t h i s  

e f f e c t .  I n  f a c t  m a s s i v e  c a r b i d e s  wer e  s e e n  i n  mo ul d  n um be r  

587 ( F i g u r e  64. ) t o  s u p p o r t  t h i s  v i e w .

The r e g r e s s i o n  a n a l y s i s  i n d i c a t e s  t h a t  t h e  WEU100 

moul d would  g i v e  an i m p r o v e d  p e r f o r m a n c e  w i t h  a p a r t i a l l y  

f e r r i t i c  m a t r i x .  T h i s  c o u l d  be a c h i e v e d  by a r e d u c t i o n  i n  

Mn, C r ,  Sn,  Mo and  Cu l e v e l s  w i t h  an i n c r e a s e  i n  S i  an d  T i .  

The m i c r o s t r u c t u r e s  o f  t h e  f a i l e d  m o u l d s  we r e  f u l l y  p e a r l -  

i t i c .

The bend  t e s t  r e s u l t s  show a m a r k e d  d i f f e r e n c e  b e t w e e n  

s a m p l e s  t a k e n  f rom t h e  b a s e  a n d  150mm up t h e  w a l l  f o r  m o u l d  

number  4-04.. T h i s  i s  shown i n  F i g u r e  59 ,  w h i c h  a r e  t y p i c a l  

bend  t e s t  c u r v e s  f rom t h e s e  p o s i t i o n s  and  d e m o n s t r a t e s  

t h a t  a d j a c e n t  t o  t h e  b a s e  t h e  m a t e r i a l  i s  more  b r i t t l e .  The 

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

c o m p a c t e d  g r a p h i t e  and  n u me r ou s  MnS i n c l u s i o n s  ( F i g u r e  

6 0 b ) w h i l s t  150mm f rom t h e  b a s e ,  t h e  s t r u c t u r e  c o n s i s t e d  

o f  f l a k e  g r a p h i t e ,  f i n e  p e a r l i t e  and  some c a r b i d e / p h o s p h i d e  

e u t e c t i c  ( F i g u r e  6 0a ) .  T h e s e  o b s e r v a t i o n s  may be due  t o  

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

p l a t e .

An e x a m i n a t i o n  c a r r i e d  o u t  a t  R en i sh aw ( s e e  S e c t i o n  

4.«2.3.4,  ) i n d i c a t e d  t h a t  t h e r e  was l i t t l e  c o n t r o l  o v e r

102



r e m o v a l  o f  t h e  t o p  p l a t e s .  The maximum t e m p e r a t u r e  r e c o r d e d  

f o r  t h e  WEU100 m o u l d s  was 7 70 ° C,  1 3f- h o u r s  a f t e r  c a s t i n g ,  

b u t  i t  seems  l i k e l y  t h a t  i f  m o u l d s  wer e  c a s t  a t  t h e  end o f  

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

I n  g e n e r a l ,  a l l  t h e  bend  t e s t  p r o p e r t i e s  wer e  t y p i c a l  

o f  b r i t t l e  i r o n .

The e f f e c t  o f  a h i g h  chromium l e v e l  i n  F u l l w o o d  s l a b  

moul d  number  774. h a s  a l r e a d y  b e en  m e n t i o n e d .

E x a m i n a t i o n  o f  t h e  m i c r o s t r u c t u r e s  f rom t h e  t e s t  b l o c k  

m a t e r i a l ,  shown i n  F i g u r e s  28 t o  3 0 , d e m o n s t r a t e s  t h a t  

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

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

g r a p h i t e .  P o i n t  c o u n t s ,  t o  d e t e r m i n e  t h e  vo l ume  f r a c t i o n  o f  

c a r b i d e ,  we r e  c a r r i e d  o u t  on f o u r  s a m p l e s  and  t h e  f o l l o w i n g  

r e s u l t s  o b t a i n e d : -

RG720A ( f a s t  c o o l i n g ,  low r e s i d u a l s )  -  0 . 3 $

RG8 6 7 A ( f a s t  c o o l i n g ,  h i g h  r e s i d u a l s ) -  0 . 5 $

RG852 ( s l o w  c o o l i n g ,  low r e s i d u a l s )  -  0 . 6 $

RG868  ( s l o w  c o o l i n g ,  h i g h  r e s i d u a l s ) -  0 . 9 $ .

I t  may be s e e n  t h a t  t h e  h i g h e r  r e s i d u a l  l e v e l s  i n c r e a s e  

t h e  amount  o f  c a r b i d e  a s  m i g h t  be e x p e c t e d ,  b u t  t h a t  t h i s  

e f f e c t  i s  a p p a r e n t l y  i n c r e a s e d  by s l o w e r  c o o l i n g  r a t e s .

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

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

o c c u r .

The r e s u l t a n t  m e c h a n i c a l  p r o p e r t i e s  i n  F i g u r e  27 show 

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

b l o c k s  a r e  more  b r i t t l e  and t h i s  i s  c o n s i d e r e d  t o  a r i s e  

f rom t h e  i n c r e a s e d  a mo u nt s  o f  i n t e r - c e l l u l a r  c a r b i d e .  I n  

t h e  low r e s i d u a l  m e l t s ,  t h e  c a r b i d e  p r e s e n t  shows a much
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l o w e r  t e n d e n c y  t o  s e g r e g a t e  t o  t h e  c e l l  b o u n d a r i e s ,  so  

t h a t  t h i s  r e s u l t s  i n  i m p r o v e d  d u c t i l i t y .  I n  a d d i t i o n ,  

t h e  d u c t i l i t y  o f  t h e  s l o w - c o o l e d  b l o c k s  i s  h i g h e r  t h a n  t’he  

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

h i g h  r e s i d u a l  m e l t s .  T h i s  a n o m a l y  may be e x p l a i n e d  by 

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

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

low r e s i d u a l ' m e l t s .  I t  i s  c o n s i d e r e d  t h a t  t h e  m a j o r  c o n ­

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

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

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

g r a p h i t e  c o a r s e n e s s  a l l  o f  w h i c h  w i l l  be w o r s e n e d  by f a s t e r  

c o o l i n g  r a t e s .  I n  a d d i t i o n ,  i r r e s p e c t i v e  o f  c o o l i n g  r a t e s  

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

m a r k e d  i n c r e a s e  i n  b r i t t l e n e s s .

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

u l t i m a t e l y ,  on i n g o t  m o u l d  s i z e .  F o r  l a r g e  s l a b  m o u l d s ,

c o o l i n g  r a t e s  a r e  e x t r e m e l y  s l o w .  T r i a l s  a t  F u l l w o o d
(61 ) 0 

F o u n d r y '  h a v e  shown t h e  t i m e  t o  c o o l  t o  700 C f o r  t h e

2 5 t  4.8 - t y p e  m o u l d  i s  o f  t h e  o r d e r  o f  6 0 - 7 0  h o u r s .  The

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

f a s t e r ,  a t  a r o u n d  15 h o u r s ( F i g .  1 6 ) .  I t  may be n o t e d ,

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

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

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

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

w i l l  o f f e r  s i g n i f i c a n t  i m p r o v e m e n t s  i n  c r a c k i n g  r e s i s t a n c e

a n d ,  h e n c e ,  i n g o t  moul d  p e r f o r m a n c e .

I t  was s e e n  a b o v e  ( s e c t i o n  2 . 5 . 8 . ) ,  t h a t  t h e

D i s t i n g t o n  r e s i d u a l  l e v e l s  a r e  l o w e r ,  g e n e r a l l y ,  t h a n
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t h o s e  o f  t h e  o t h e r  f o u n d r i e s  and t h i s  may,  t o  a l a r g e  

e x t e n t ,  e x p l a i n  t h e i r  g e n e r a l l y  s u p e r i o r  s l a b  mould  

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

r e d u c t i o n  i n  t r a c e  e l e m e n t  l e v e l s  t o  t h o s e  em pl o ye d  a t  

D i s t i n g t o n ,  o r  e v e n  l o w e r ,  wou l d  i m p r o v e  s l a b  mould  p e r f o r ­

man ce .  I t  s h o u l d  be r e me m b e r e d ,  h o w e v e r ,  t h a t  t h e  u s e  

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

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

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

r e q u i r e d .

I n  s ma l l ' ,  s q u a r e  m o u l d s ,  t h e  c o o l i n g  r a t e s  a r e  a p p r e -  

a b l y  f a s t e r ,  w i t h  t i m e s  down t o  700°C i n  a p p r o x i m a t e l y  

t w e l v e  h o u r s .  T h e s e  t i m e s  a r e ,  n o n e t h e l e s s ,  s low comp ar ed  

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

i g a t i o n .  I t  may be e x p e c t e d ,  t h e r e f o r e ,  t h a t  some i m p r o v e ­

m ent  i n  c r a c k i n g  r e s i s t a n c e  wou l d  be o b t a i n e d  by r e d u c i n g  

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

p o t e n t i a l  i m p r o v e m e n t s  a r e  r e l a t i v e l y  l o w e r  c om p a r e d  w i t h  

s l a b  m o u l d s .

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

s q u a r e  m o u l d s ,  i n  g e n e r a l ,  f a i l  by c r a z i n g ,  so  t h a t ,  

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

i n  p e r f o r m a n c e  w i l l  be o b t a i n e d  by i m p r o v i n g  c r a z i n g  r e s i s ­

t a n c e .  I t  i s  g e n e r a l l y  r e c o g n i s e d  t h a t  t h i s  may be a c h i e v e d  by 

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

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

p e a r l i t e  s t a b i l i t y ,  i t  may be s e e n  t h a t ,  wh e r e  m o u l d s  a r e  

f a i l i n g  by c r a z i n g ,  t h e r e  i s  no a d v a n t a g e  t o  be g a i n e d  by 

r e d u c i n g  r e s i d u a l  c o n t e n t s  be l ow t h e i r  c u r r e n t  l e v e l s .

I t  i s  c o n s i d e r e d  t h a t  a n  a d j u s t m e n t  o f  t h e  maximum
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t r a c e  e l e m e n t  l e v e l s  q u o t e d  i n  t h e  Code o f  P r a c t i c e  f o r

l a r g e  s l a b  m o u l d s  may be o f  b e n e f i t .  S u g g e s t e d  l e v e l s  a r e

a s  f o l l o w s : -

Sn C u N i A s C r  Mo

0 . 0 1 5  0 . 0 1  0 . 0 5  0 . 0 1  0 . 0 5  0 . 0 1
max.  max.  max.  max.  max.  max.

I t  s h o u l d  be r emembered  t h a t  t h e s e  a r e  .maximum l e v e l s  

so  t h a t  mean a n a l y s e s  w i l l  be a p p r e c i a b l y  l o w e r .  I t  i s  

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

f a i l i n g  by c r a z i n g .

5 . 6  COOLING RATE AND STRIPPING.

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

1000°C by r e m o v a l  o f  a l l  o r  p a r t  o f  t h e  s a n d  j a c k e t  h a s  

c l e a r l y  b e e n  shown t o  be d e t r i m e n t a l  t o  i n g o t  moul d p e r f ­

o r mance  w i t k r e s p e c t  t o  p h o s p h o r u s  ( S e c t i o n  5*2 ) and  t o  

r e s i d u a l  l e v e l s  i n  t h e  c a s e  o f  WEU100 m o u l d s  ( S e c t i o n  5*5 ) .  

Even a t  low p h o s p h o r u s  l e v e l s  t h e  t e s t  b l o c k s  show a m a r k e d  

i n c r e a s e  i n  b r i t t l e n e s s  w i t h  e a r l y  s t r i p p i n g  ( T a b l e  9 )•

T h i s  was a l s o  c o n f i r m e d  a t  h i g h  and  low n i t r o g e n  l e v e l s  

( s e e  c a s t s  RG667 and RG6 6 8 , T a b l e  20 ) .  C l e a r l y ,  t h e n ,  t h e  

wh o le  s a n d  j a c k e t  m u s t  r e m a i n  i n  p o s i t i o n  u n t i l  t h e  c a s t i n g  

h a s  f u l l y  t r a n s f o r m e d ,  t h a t  i s  u n t i l ,  s a y ,  650°C.

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

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

b e e n  shown t o  d e p e n d  upon r e s i d u a l  l e v e l s  ( s e e  S e c t i o n  5 . 5 ) .  

I n  p r a c t i c e  t h i s  c o o l i n g  r a t e  i s  a d j u s t e d  by c o n t r o l l i n g  

t h e  s a n d  t h i c k n e s s  and  i s  n o r m a l l y  a r o u n d  125  t o  150mm 

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

s l a b  m o u l d s  o r  w he r e  m o u l d s  o f  v a r y i n g  s i z e s  a r e  p r o d u c e d  

i n  t h e  same box s i z e .
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The i n t r o d u c t i o n  o f  f u r a n e  s a n d  s y s t e m s ,  f o r  i n g o t

m ou l d  p r o d u c t i o n  a t  D i s t i n g t o n  and  F u l l w o o d ,  h a s  c a u s e d

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

( 61 )s o  a s  t o  r e d u c e  p r o d u c t i o n  c o s t s  . F o r  s l a b  m o u l d  

p r o d u c t i o n  a t  F u l l w o o d  an d  D i s t i n g t o n  a r e d u c t i o n  i n  s a n d  

t h i c k n e s s  f r o m  3 0 0 mm down t o  1 5 0mm w o u l d  b r i n g  a b o u t  a 

r e d u c t i o n  i n  c o o l i n g  t i m e ,  down t o  7 0 0 ° C ,  f r o m  65 h  t o  1 5 b ,  

t h i s  l a t t e r  t h i c k n e s s  and  t i m e  b e i n g  i n  l i n e  w i t h  i n g o t  

m o u ld  p r a c t i c e  a t  H o o g o v e n s ,  H o l l a n d .  S i n c e  c o o l i n g  t i m e s  

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

much f a s t e r  t h a n  t h e s e  r a t e s ,  t h e  l i k e l y  e f f e c t  on p r o p e r ­

t i e s  o f  low r e s i d u a l  m e l t s  may n o t  be  s t a t e d .  The u s e  o f  

3 5 5 mm s l e e v e d  t e s t  b l o c k s  g i v e s  t h e  s l o w e s t  c o o l i n g  r a t e  

p o s s i b l e  a t  S h e f f i e l d  L a b o r a t o r i e s .  I t  i s  c o n s i d e r e d ,  

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

c o o l i n g  r a t e s  r e q u i r e  t o  be i n v e s t i g a t e d  by w o r k ’ s t r i a l s ,  

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

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

i n  mou ld  p e r f o r m a n c e .

5 . 7  CASTING TEMPERATURE IN EXPERIMENTAL CASTINGS AND 

INGOT MOULDS

No d i f f e r e n c e  i n  m i c r o s t r u c t u r e  i n  t h e  t e s t  b l o c k s  

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

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

w e r e  85 t o  9 5 ^ .  The p e a r l i t e  i n t e r l a m e l l a r  s p a c i n g  ( T a b l e  

2A ) showed no s y s t e m a t i c  v a r i a t i o n .  The m o s t  s i g n i f i c a n t  

s t r u c t u r a l  v a r i a t i o n  was i n  t h e  e u t e c t i c  c e l l  s i z e ,  w h i c h  

was d e c r e a s e d  by a r e d u c t i o n  i n  c a s t i n g  t e m p e r a t u r e  a n d  

by t h e  a d d i t i o n  o f  f e r r o s i l i c o n , T a b l e  2A, due  t o  i t s  

i n o c u l a t i n g  e f f e c t .
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The r a t i o s  A /3  a n d  a / b ,  T a b l e  2A, show t h a t  t h e  

c r a c k i n g  r e s i s t a n c e  o f  t h e  i r o n  i n c r e a s e s  a s  t h e  c a s t i n g  

t e m p e r a t u r e  was  r e d u c e d  f r o m  1300 t o  1200°C# A f u r t h e r  

i n c r e a s e  i n  c r a c k i n g  r e s i s t a n c e  was  o b s e r v e d  w i t h a f e r r o -  

s i l i c o n  a d d i t i o n .

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

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

shown g r a p h i c a l l y  i n  F i g u r e  31* T h i s  d e c r e a s e  i n  e u t e c t i c

(11 )c e l l  s i z e  was  o b s e r v e d  by B a n k s  . B a n k s ,  h o w e v e r ,  

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

c a s t i n g  t e m p e r a t u r e  o f  1200°C w h i c h  h a s  n o t  b e e n  o b s e r v e d  

i n  t h e  p r e s e n t  w o r k .

The p r e s e n t  r e s u l t s  s u g g e s t  t h a t  t h e  c r a c k i n g  r e s i s ­

t a n c e  c o u l d  be  i m p r o v e d  by  l o w e r i n g  t h e  c a s t i n g  t e m p e r a t u r e  

b e l o w  1 25 0° C.  F u r t h e r ,  t h e  b e n e f i c i a l  e f f e c t s  o f  an  a d d i t i o n  

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

I t  was  n o t e d  i n  S e c t i o n  5 * 3 . A - 1 t h a t  t h e  i n c i d e n c e  o f  

c o l d  s h u t s  a n d  h o r i z o n t a l  c r a c k s  f o r  F u l l w o o d  s l a b  m o u l d s  

was  1 1 . 9  t o  1 8 . 3 % f o r  t h e  7 0 / 2 0 / 1 0  a n d  5 3 / 1 7 / 2 0 / 1 0  b u r d e n s  

w h e r e  t h e  c a s t i n g  t e m p e r a t u r e s  w e r e  1 2 3 7 ° C - a n d  1 236°C 

r e s p e c t i v e l y .  I n  s u b s e q u e n t  b u r d e n s  t h e  mean c a s t i n g  t e m p ­

e r a t u r e s  w e r e  i n c r e a s e d  t o  1 2 5 0 / 1 2 5 5 °C a n d  t h e  i n c i d e n c e  o f  

t h e s e  f a i l u r e  modes  was  r e d u c e d  t o  2 -A-J-/6. I t  may be s e e n ,  

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

i m p r o v i n g  c r a c k i n g  r e s i s t a n c e  by r e d u c i n g  c a s t i n g  t e m p e r ­

a t u r e  i s  l i k e l y  t o  be  o u t w e i g h e d  by t h e  i n c r e a s e d  i n c i d e n c e  

o f  c o l d  s h u t s .  1250°C a p p e a r s  t o  r e p r e s e n t  t h e  minimum 

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

The s t a t i s t i c a l  e x a m i n a t i o n  o f  t h e  610 WB m o u l d s  

( A . 5 t  ) showed t h a t ? a s  c a s t i n g  t e m p e r a t u r e  i s  i n c r e a s e d
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f ro m 1 200 C up t o  1260 C5 t h e r e  i s  a g r a d u a l  i n c r e a s e  m  

p e r f o r m a n c e  f r o m  a r o u n d “70 u s a g e s  up t o  8 5 “ 90 u s a g e s  

( F i g u r e  67 ) .  At h i g h e r  c a s t i n g  t e m p e r a t u r e s  t h a n  t h i s  

t h e r e  a p p e a r s  t o  be r e l a t i v e l y  l i t t l e  e f f e c t .  T h i s  b e n e f i c ­

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

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

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

a m o u n t s  o f  c r a c k i n g  an d  c r a z i n g  i n  t h e  610 WB m o u l d s  i s  

shown i n  F i g u r e  6 8 . A p p r e c i a b l e  s c a t t e r  i n  t h e  r e s u l t s  i s  

a p p a r e n t ,  p a r t i c u l a r l y  a t  h i g h  and  low t e m p e r a t u r e s .  S i n c e  

t h e r e  a r e  o v e r  8 0 ^  o f  m o u l d s  f a i l i n g  by c r a z i n g ,  i f  o n l y  

t h o s e  g r o u p s  w h e r e  t h e r e a r e  o v e r  100  m o u l d s  a r e  c o n s i d e r e d

i . e .  t h e  c a s t i n g  t e m p e r a t u r e  r a n g e  124,0 t o  1 3 0 9 °C,  some 

s l i g h t  r e d u c t i o n  i n  t h e  i n c i d e n c e  o f  c r a z i n g  may be s e e n  

w i t h  i n c r e a s i n g  c a s t i n g  - t e m p e r a t u r e .  T h i s  i n d i c a t e s  t h a t  

r e d u c e d  c a s t i n g  t e m p e r a t u r e s  may i n c r e a s e  c r a c k i n g  r e s i s ­

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

R e f e r e n c e  t o  T a b l e s  a nd  75 shows  t h a t  w h e r e  t h e  mean 

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

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

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

t h a t  t h e  e f f e c t s  on c r a c k i n g  r e s i s t a n c e  b r o u g h t  a b o u t  by 

c h a n g e s  i n  c a s t i n g  t e m p e r a t u r e  h a v e  l i t t l e  o r  no e f f e c t  on 

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

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

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

r e s i s t a n c e  o f  t h e  i r o n .  I t  may be s e e n ,  t h e r e f o r e ,  t h a t  f o r  

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

a s  t h e  610 WB m o u l d ,  t h a t  i m p r o v e d  p e r f o r m a n c e  may be 

a c h i e v e d  by m a i n t a i n i n g  t h e  c a s t i n g  t e m p e r a t u r e  a b o v e  1 2 7 0 ° C .
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n o u i a  T>ype was c n o s e n  s i n c e  i t ; was  e x p e c t e d  unaii

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

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

a v a i l a b l e  f o r  a n a l y s i s  i s  t o o  s m a l l  s o  t h a t  no c l e a r  t r e n d s  

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

5 . 8  METAL SUPERHEAT

R e f e r e n c e  t o  T a b l e  26 shows  t h a t  v a r i a t i o n s  i n  m e t a l  

s u p e r h e a t  t e m p e r a t u r e  i n  t h e  e x p e r i m e n t a l  t e s t  b l o c k s  h a s  

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

i n c r e a s e  i n  t e n s i l e  s t r e n g t h  may be d i s c e r n e d  w i t h  i n c r e a ­

s i n g  t e m p e r a t u r e .  B e c a u s e  o f  f u r n a c e  d e s i g n  a n d  o p e r a t i n g  

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

f o r  p e r i o d s  logger  t h a n  t h e  15  m i n u t e s  u s e d  i n  t h e  p r e s e n t  

w o r k .  T h i s  t i m e ,  c l e a r l y ,  i s  n o t  r e p r e s e n t i v e  o f  an  e l e c t r i c  

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

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

t o  h o u r s  o r  e v e n  d a y s  o v e r  h o l i d a y  s h u t d o w n s .  E x a m i n a t i o n  

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

p r a c t i c e  w i l l ,  c l e a r l y ,  r e q u i r e  a s t a t i s t i c a l  e v a l u a t i o n  

o f  mou l d  p e r f o r m a n c e  d a t a .  The p r e s e n t  l a b o r a t o r y  r e s u l t s ,  

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

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

5 . 9  MATERIAL FROM INGOT MOULDS FOR ROUTINE ASSESMENT 

E x a m i n a t i o n  o f  T a b l e  65 shows t h a t  t h e  h o r n g a t e  

s a m p l e s  t a k e n  a t  R e n i s h a w  h a v e  g i v e n  u n u s u a l l y  h i g h  a / b  

v a l u e s  c o m p a r e d  w i t h  a / b  r a t i o s  f rom  l u g  s a m p l e s  ( T a b l e s  

66  an d  67 ) .  The h o r n g a t e s  a r e  a p p r o x i m a t e l y  5 0 x 1 0 0 x 2 0 0 mm 

w h i c h  i s  c o n s i d e r a b l y  t h i c k e r  t h a n  t h e  25mm t h i c k  l u g  

s a m p l e s  so t h a t  t h e  c o o l i n g  r a t e  w ou l d  be e x p e c t e d  t o  be 

s l o w e r  an d  h e n c e  g i v e  b e t t e r  d u c t i l i t y .  I n  n o r m a l  i n g o t
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m o u ld  f o u n d r y  p r a c t i c e ,  h o w e v e r ,  t h e  t o p  a nd  b o t t o m  p l a t e s  

a r e  r e mo ve d  and  t h e  m o u l d ,  s a n d  j a c k e t ,  c o r e  a n d  m e t a l  

c a s i n g  r e m o v ed  t o  t h e  c o o l i n g  a r e a .  S i n c e  t h e  h o r n g a t e  i s  

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

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

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

b o t t o m  p l a t e  r e m o v a l  a r e  f r e q u e n t l y  p l a c e d  on damp s a n d  

b e d s .  T h i s  may be e x p e c t e d  t o  f u r t h e r  a c c e l e r a t e  t h e  

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

t h e n  t h i s  w i l l  be r e f l e c t e d  i n  t h e  c o o l i n g  r a t e  a nd  h e n c e  

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

w i l l  be u n a f f e c t e d .

F o r  a r o u t i n e  t e s t  t o  d e t e r m i n e  t h e  p r o p e r t i e s  o f  an  

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

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

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

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

F o r  t h e  R e n i s h a w  l u g  s a m p l e s  ( T a b l e  66  ) two m o u l d s  

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

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

a v e r a g e  l i f e .  F o r  t h e  D i s t i n g t o n  l u g  s a m p l e s  ( T a b l e  67 ) 

o n l y  one mou l d  c r a c k e d  and  t h e  a / b  v a l u e  f o r  t h i s  m o u l d  was  

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

6813 and  6728 a t  122  and  AO l i v e s  a r e  n o t e w o r t h y  s i n c e  b o t h  

m o u l d s  p o s s e s q j  h i g h  a / b  r a t i o s  and  b o t h  f a i l e d  by c r a z i n g .  

I t  s h o u l d  be r e m e m b e r e d ,  h o w e v e r ,  t h a t  t h e  b en d  t e s t  i s  

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

i n g o t  mo u l d  i r o n .

As r e s i d u a l  l e v e l s  i n c r e a s e  c r a z i n g  r e s i s t a n c e  i n c r e a ­

s e s  and  c r a c k i n g  r e s i s t a n c e  r e d u c e s .  T h e r e  m u s t ,  t h e r e f o r e ,
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be an  opt imum l e v e l  a t  w h i c h  c r a z i n g  i s  r e d u c e d  t o  s u c h  a n  

e x t e n t  t h a t  a h i g h  l i f e  i s  o b t a i n e d  w i t h o u t  t h e  mo u ld  

c r a c k i n g .  I n  t e r m s  o f  t h e  b e n d  t e s t  a / b  p a r a m e t e r  t h i s  

m ea ns  t h a t  a h i g h  v a l u e  may i n d i c a t e  b o t h  a h i g h  l i f e  m o u l d  

i f  i t  f a i l s  by c r a z i n g  o r  one s u s c e p t i b l e  t o  c r a c k i n g .  I n  

an y  s t u d y  o f  t h i s  k i n d ,  h o w e v e r ,  t h e  i s s u e  i s  f u r t h e r  

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

m o u ld  so t h a t ,  by c h a n c e ,  a c r a c k  p r o n e  mo u ld  may be u s e d  

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

N o t w i t h s t a n d i n g  t h e  a b o v e  d i s c u s s i o n ,  t h e  s u c e s s  o f  

t h e  R e n i s h a w  l u g  s a m p l e s  i s  s e e n  t o  i n d i c a t e  t h a t ,  i n d e e d ,  

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

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

p r o p e r t i e s .  The p a r a m e t e r  a / b  u s e d  i n  t h i s  work  i s  e a s y  t o  

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

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

The D i s t i n g t o n  l u g  s a m p l e s  r e p r e s e n t  t h e  l a r g e s t  

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

t a k e n ,  a nd  f o r  t h i s  r e a s o n  t h e  r e g r e s s i o n  a n a l y s e s  w e r e  

c a r r i e d  o u t .

E x a m i n a t i o n  o f  t h e  c o r r e l a t i o n  m a t r i x  shown i n  T a b l e  

69 shows t h a t  t h e  bend  t e s t  p a r a m e t e r s  maximum l o a d ,  a / b ,

A and  A/B a l l  show h i g h  c o r r e l a t i o n s  w i t h  e a c h  o t h e r  a s  

m i g h t  be e x p e c t e d .  The p a r a m e t e r  B o n l y  c o r r e l a t e s ,  n e g a t ­

i v e l y ,  w i t h  A/B.  I t  i s  n o t e w o r t h y  t h a t  c a r b o n  shows  s i g n i f ­

i c a n t  n e g a t i v e  c o r r e l a t i o n s  w i t h  maximum l o a d ,  a / b ,  k i _ / B i ,
2 2

A and  A/B a s  do s i l i c o n  and  t i t a n i u m ,  a l t h o u g h  t h e s e  a r e  

l e s s  s i g n i f i c a n t .

The o n l y  s i g n i f i c a n t  v a r i a b l e  w i t k l i f e  i n  t h e  c o r r e l a ­

t i o n  m a t r i x  i s  s i l i c o n .  I n  t h e  r e g r e s s i o n  e q u a t i o n  p h o s p h o r u s
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Ai/B_i_ and A/B a l s o  a p p e a r .  I t  i s  i n t e r e s t i n g  t h a t  t h e
2 2

c o e f f i c i e n t s  o f  A/B and A i / B ^  a r e  n e g a t i v e  and p o s i t i v e ,
2 2

r e s p e c t i v e l y .  The n u m e r i c a l  v a l u e  o f  t h e  A/B c o e f f i c i e n t  i s  

f i v e  t i m e s  l a r g e r  t h a n  t h a t  f o r  A i / B i  so  t h i s  m i g h t  be 

e x p e c t e d  t o  h a v e  t h e  more  d o m i n a n t  e f f e c t .  I t  may be s e e n ,  

t h e r e f o r e ,  t h a t  l i f e  wou l d  be more  a f f e c t e d  by t h e  A/B 

r a t i o ,  i n c r e a s i n g  A/B v a l u e  r e d u c i n g  l i f e  a s  may be e x p e c t e d .

5 . 1 0  COMPARISON OF CHARACTERISTIC FOUNDRY MATERIAL

E x a m i n a t i o n  o f  t h e  ben d  t e s t  r e s u l t s  g i v e n  i n  T a b l e  71 

shows a m ar k e d  d i f f e r e n c e  i n  b en d  t e s t  p r o p e r t i e s  f o r  e a c h  

o f  t h e  f o u n d r i e s .  I n  o r d e r  o f  i n c r e a s i n g  a / b  r a t i o s  t h e  

f o u n d r i e s  may be r a n k e d  a s  f o l l o w s : -

D i s t i n g t o n  ( 2 . 3 )

F u l l w o o d  ( 2 . 5 )

D o w l a i s  ( 2 . 6 )

L a n d o r e  ( 3 . 6 )

C r a i g n e u k  ( 5 . 4. ) .

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

t a k e n  f rom q u a r t e r l y  mould  s u m m a r i e s  h a v e  b e en  a s  f o l l o w s : -

D i s t i n g t o n  (98 l i v e s )

F u l l w o o d  ( 76  l i v e s )

D o w l a i s  ( 66  l i v e s )

L a n d o r e '  ( 64. l i v e s )  

wh er e  i t  may be s e e n  t h a t  t h i s  a g r e e s  f a i r l y  w e l l  w i t h  t h a t  

p r e d i c t e d .  No d e t a i l s  o f  t h e  p e r f o r m a n c e  o f  t h e  C r a i g n e u k  

m o u l d s  i s  a v a i l a b l e .

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

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

D i s t i n g t o n  m a t e r i a l  t h e n  some i m p r o v e m e n t  i n  p e r f o r m a n c e  may 

be p o s s i b l e .  F o r  e x a m p l e ,  t h e  D o w l a i s  an d  L a n d o r e  c a r b o n
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c o n t e n t s  a r e  s i g n i f i c a n t l y  l o w e r  t h a n  t h o s e  a t  D i s t i n g t o n  

( T a b l e  70  ) .  I f  t h e s e  we r e  r a i s e d ,  i m p r o v e d  c r a c k i n g  

r e s i s t a n c e  may be o b t a i n e d .

1 U



CHAPTER SIX 

IMPLICATIONS TO INGOT

MOULD PERFORMANCE



6 . 1  INGOT MOULD ANALYSIS

The two c r i t i c a l  f a i l u r e  modes  i n  f l a k e  g r a p h i t e  i n g o t  

m o u l d s  a r e  c r a c k i n g  and  c r a z i n g .  I t  h a s  b e en  shown t h a t  i f  

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

moul d i s  r e j e c t e d  due  t o  c r a z i n g ,  t h e n  mould  p e r f o r m a n c e  i s  

i m p r o v e d .  I t  i s  common e x p e r i e n c e  t h a t  t h i s  may be a c h i e v e d  

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

s u c h  a s  c a r b o n  and  s i l i c o n ,  and  r e d u c i n g ' t h e  p e a r l i t e  

s t a b i l i s i n g  e l e m e n t s ,  s u c h  a s  m a n g a n e s e .  The e f f e c t  o f  t h i s  

w i l l  be t o  p r o d u c e  an  i r o n  w i t h  an  i n c r e a s e d  vo l ume  f r a c t i o n  

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

becomes  w e a k e r ,  i t s  d u c t i l i t y  i s  i n c r e a s e d .  However ,  t h e s e  

c h a n g e s ,  i f  a p p l i e d  t o  a mould  f a i l i n g  by c r a z i n g ,  wou ld  be 

l i k e l y  t o  c a u s e  a d e c r e a s e  i n  mould  l i f e ,  s i n c e  t h e  c r a z i n g  

p r o c e s s  i s  a c c e l e r a t e d  by t h e s e  e f f e c t s .

The p r e s e n t  work p r o v i d e s  an e v a l u a t i o n  o f  t h e  e f f e c t  

o f  i n d i v i d u a l  e l e m e n t s  on moul d p e r f o r m a n c e  a s  f o l l o w s .

6 . 1 . 1  C a r bo n

I t  was shown,  i n  a c o n s i d e r a t i o n  o f  t h e  p e r f o r m a n c e  o f  

l a r g e  ( 25 t )  s l a b  m o u l d s ,  t h a t  c a r b o n  e x e r t e d  a s i g n i f i c a n t  

i n f l u e n c e .  The a d d i t i o n  o f  b r o k e n  mould  s c r a p  c a u s e d  a 

r e d u c t i o n  i n  c a r b o n  c o n t e n t  f rom 3 *9 6 $ t o  3 . 9 1 $ and  t h i s  

was a s s o c i a t e d  w i t h  a d r o p  i n  p e r f o r m a n c e .  Bo th  c h a n g e s  

wer e  s t a t i s t i c a l l y  s i g n i f i c a n t  and r e g r e s s i o n  a n a l y s i s  

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

LIFE = - 1 9 6 . 7  + 6 5 . 6 0  x ( $C) .

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

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

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

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

C a r b o n  l e v e l s  i n  D o w l a i s  and  La n do re  m o u l d s  a r e
v

s i g n i f i c a n t l y  l o w e r  t h a n  D i s t i n g t o n  m o u l d s .  The p r o p e r t i e s  

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

t e r m s  o f  c r a c k i n g  r e s i s t a n c e  and  t h e  mould  p e r f o r m a n c e s  a r e  

w o r s e .

Of t h e  s m a l l e r  s q u a r e  m o u l d s  f a i l i n g  by c r a z i n g ,  no 

e v i d e n c e  o f  a c o r r e l a t i o n  b e t w e e n  p e r f o r m a n c e  a n d  c a r b o n  

c o n t e n t  h a s  b e e n  f o u n d .  I t  may be d e d u c e d  t h a t  c a r b o n  w i l l  

e x e r t  a s i m i l a r  e f f e c t  on c r a c k i n g  r e s i s t a n c e  and  so i t  

s h o u l d  be m a i n t a i n e d  a t  t h e  c u r r e n t  3 . 7 - 3 . 9 $ l e v e l .

6 . 1 . 2  S i l i c o n

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

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

i m p r o v i n g  p e r f o r m a n c e  by r e d u c i n g  c r a c k i n g .  I n  a d d i t i o n ,  i t  

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

p r o m o t e  s u r f a c e  p l u c k i n g  by w e a k e n i n g  t h e  i r o n .

S i l i c o n ,  t h e r e f o r e ,  i n  t h e  r a n g e  1 - 2 $,  i s  c o n s i d e r e d  

t o  i m p r o v e  c r a c k i n g  r e s i s t a n c e  o f  i r o n  by i n c r e a s i n g  t h e  

t h e  vo lume f r a c t i o n  o f  f e r r i t e  an d  by i t s  g r a p h i t i s i n g  

a c t i o n .

High  s i l i c o n  l e v e l s ,  s a y  a t  a r o u n d  5$ ,  p r o m o t e  t h e  

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

h av e  i n d i c a t e d  t h a t  t h i s  wou l d  h av e  a h i g h l y  d e t r i m e n t a l  

e f f e c t  on c r a c k i n g  r e s i s t a n c e .  The e f f e c t  o f  i n t e r m e d i a t e  

l e v e l s  ( 2 - 5$) on f l a k e  g r a p h i t e  r e m a i n  u n s u r e  f ro m t h e  

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

e f f e c t s  on c r a c k i n g  r e s i s t a n c e  f rom f e r r i t i s a t i o n  and  

g r a p h i t i s a t i o n  w i l l  be i n c r e a s i n g l y  o f f s e t  by t h e  e m b r i t t l i n g  

e f f e c t  o f  s o l i d  s o l u t i o n  s t r e n g t h e n i n g .
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6 . 1 . 3 . M a n g a n e s e .

Ma nga ne se  i s  a p e a r l i t e  s t a b i l i s i n g  e l e m e n t ,  and  a s  

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

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

i r o n  d u c t i l i t y  and  r e d u c e  c r a c k i n g .

6 . 1 . / , . S u l p h u r .

I t  i s  known t h a t  low* s u l p h u r  l e v e l s  a r e  d e t r i m e n t a l  

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

S e v e r a l  R i v e r  Bon f o r g i n g  m o u l d s  h a v e  b e e n  p r o d u c e d  w i t h  

s u l p h u r  l e v e l s  b e l ow 0 . 01%.  To d a t e ,  no d e t r i m e n t a l  e f f e c t s  

o f  t h e s e  low s u l p h u r  l e v e l s  h a v e  b e e n  o b s e r v e d ,  a l t h o u g h  

d a t a  a r e  l i m i t e d .  C o o l i n g  r a t e s  i n  i n g o t  m o u l d s  a r e  t o o  

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

s u l p h u r  l e v e l s .  T h e r e  i s  no e v i d e n c e '  t o  s u g g e s t  t h a t  

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

i n  l e v e l s  up t o  0 . 1 %.

6 . 1 . 5 . P h o s p h o r u s .

P h o s p h o r u s  i n  i n g o t  mould  . i r o n s  f o r m s  a low m e l t i n g  

( 96 0)  t e r n a r y  c a r b i d e / p h o s p h i d e  e u t e c t i c .  At n o r m a l  l e v e l s  

o f  a r o u n d  0 .06% P,  t h e  e u t e c t i c  a p p e a r s  i n  t h e  f o rm o f  

i s o l a t e d  p o o l s .  At l e v e l s  a b o v e  0 . 1 %, h o w e v e r ,  t h e  e u t e c t i c  

s t a r t s  t o  fo rm a s  a c e l l  b o u n d a r y  n e t w o r k  and  t h i s  m o r p h o l o g y  

i s .  c o n s i d e r a b l y  e n h a n c e d  by f a s t  c o o l i n g  r a t e s  a nd  h i g h  

r e s i d u a l  e l e m e n t  c o n c e n t r a t i o n s .  I t  h a s  b e e n  shown t h a t  

when t h e  e u t e c t i c  i s  i n  an  i s o l a t e d  f o r m ,  i t  h a s  l i t t l e  

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

t h e  c e l l  b o u n d a r i e s ,  c a u s e s  a m a r k e d  e m b r i t t l e m e n t .

Such e m b r i t t l e m e n t  h a s  b een  shown t o  c a u s e  a d r o p  i n  p e r ­

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

c r a c k i n g .
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I t  h a s  b e e n  n o t e d  t h a t  h i g h  p h o s p h o r u s  l e v e l s  ( s a y ,  0 . 2 %) 

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

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

0 . 12 % a r e  n e c e s s a r y ,  t o  p r e v e n t  c r a c k i n g .  The i m p o r t a n c e  

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

6 . 1 . 6 .  T i t a n i u m .

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

t h a t  up t o  0 . 2% t i t a n i u m  a c t s  a s  a g r a p h i t i s e r ,  i n c r e a s i n g  

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

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

b u t  t h e  i r o n  i s  mo re  d u c t i l e .  The e f f e c t  o f  t h e s e  f a c t o r s  

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

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

i n c r e a s e  f a i l u r e s  by t o r n  s e a t s  an d  b r o k e n  l u g s .  The o v e r a l l  

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

t o  b e ,  i n i t i a l l y ,  an  i n c r e a s e  i n  l i f e  w i t h  up t o  0 . 04, - 0 . 0 6 % 

t i t a n i u m ,  by i m p r o v i n g  t h e  c r a c k i n g  r e s i s t a n c e .  T h i s  i s  

f o l l o w e d  by a r e d u c t i o n  i n  l i f e ,  w i t h  up t o  0 . 1 % t i t a n i u m ,  

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

I n  l a r g e  f o r g i n g  m o u l d s ,  h i g h  t i t a n i u m  l e v e l s  (0 .06%)  h a v e  

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

p l u c k i n g .

At l e v e l s  o f  0 . 2% t i t a n i u m  a nd  a b o v e  t h e  f o r m a t i o n  o f  

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

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

be e x p e c t e d  t o  g i v e  p o o r  mo u l d  p e r f o r m a n c e ,  d ue  t o  p r e m a t u r e  

c r a c k i n g .

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

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

i t  h a s  b e e n  e s t a b l i s h e d  t h a t  o x i d i s i n g  c o n d i t i o n s  ( f o r
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e x am p le  by t e a t m e n t  wi h  c a r b o n  d i o x i d e )  r e s u l t  i n  f i n e r  

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

e x am p le  by t r e a t m e n t  w i t h  h y d r o g e n )  p r o d u c e  c o a r s e r  g r a p h i t e  

s t r u c t u r e s .

At  low t i t a n i u m  l e v e l s ,  a d u c t i l i t y  t r o u g h  o c c u r s ,  

t y p i c a l l y  i n  t h e  r a n g e  0 . 0 3  t o  0 . 06% t i t a n i u m .  The p r e c i s e  

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

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

c o n d i t i o n s .  T h e r e  i s  some e v i d e n c e  t o  s u g g e s t  t h a t  t h e  

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

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

r e q u i r e d  t o  c o n f i r m  t h i s  e f f e c t .

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

e l e c t r i c  m e l t i n g ,  t h e n  t h e  opt imum t i t a n i u m  l e v e l  may be 

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

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

i m p r o v e  moul d  p e r f o r m a n c e ,  when i t  h a s  b e e n  c o n s i d e r e d  t h a t  

p e r f o r m a n c e  i s  p o o r  due t o  n i t r o g e n  c o m p a c t i o n .  T h i s  i s  

d i s c u s s e d  more  f u l l y  i n  t h e  n e x t  s e c t i o n  on t h e  e f f e c t s  o f  

n i t r o g e n .

6 . 1 . 7  N i t r o g e n

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

i n g o t  mould c o m p o s i t i o n  h av e  b e e n  i n c r e a s e d  up t o  0 . 0 1 8 % ,  

b u t  no e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  c o m p a c t e d  g r a p h i t e  h a s  

b e e n  ’f o u n d .  Up t o  t h i s  l e v e l ,  l i t t l e  o r  no e f f e c t  on m e c h ­

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

a b o v e  0 . 0 1 2 % n i t r o g e n  p i n h o l e s  wer e  f o r m e d ,  and  t h i s  was  

c o n s i d e r e d  t o  be d e t r i m e n t a l  t o  p e r f o r m a n c e  by f o r m i n g  a 

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

t h e  mould .

120



C o n s i d e r a b l e  e v i d e n c e  h a s  b e e n  p r e s e n t e d ,  f rom a c t u a l  

i n g o t  m o u l d s ,  t o  s u p p o r t  t h i s  v i e w  t h a t  n i t r o g e n  d o e s  n o t  

c a u s e  c o m p a c t i o n  and i s  n o t  d e t r i m e n t a l  t o  mould  p e r f o r m a n c e .  

I n  a d d i t i o n ,  i t  h a s  a l s o  b e e n  a r g u e d  t h a t  t h e  p r e s e n c e  o f  

c o m p a c t e d  g r a p h i t e  i s  n o t  d e t r i m e n t a l  t o  moul d p e r f o r m a n c e .

I t  h a s  b e e n  shown t h a t  when h o t  b l a s t  c u p o l a s  m e l t i n g  

1 0 0 % s t e e l  s c r a p  w er e  i n t r o d u c e d  i n  t h e  1 9 6 0 ’ s and  p e r f o r ­

m an c e s  we r e  p o o r ,  t h e  a c t i o n  o f  a d d i n g  t i t a n i u m  t o  f i x  

n i t r o g e n ,  a n d ,  h e n c e ,  p r e v e n t  t h e  f o r m a t i o n  o f  c o m p a c t e d  

g r a p h i t e ,  was e f f e c t i v e  b e c a u s e  o f  t h e  e f f i c a c y  o f  t i t a n i u m  

a s  a g r a p h i t i s e r .  I t  i s  l i k e l y  t h e  r e s i d u a l  l e v e l s  wou l d  

a l s o  have  b e e n  i n c r e a s e d  by r e p l a c i n g  p i g  i r o n  w i t h  s t e e l  

s c r a p ,  and  t h i s  wou l d  h a ve  c a u s e d  a r e d u c t i o n  i n  p e r f o r m a n c e  

( s e e  n e x t  s e c t i o n ) .  The b e n e f i c i a l  e f f e c t  o f  t i t a n i u m  w a s ,  

t h e r e f o r e ,  i n  c o u n t e r a c t i n g  t h e  e f f e c t s  o f  i n c r e a s e d  

r e s i d u a l  l e v e l s .

6 . 1 . 8  R e s i d u a l  E l e m e n t s

E x p e r i m e n t a l  c a s t i n g s  h a ve  shown t h a t  i n c r e a s e d  

r e s i d u a l  e l e m e n t  l e v e l s  c a u s e  a mar k ed  i n c r e a s e  i n  b r i t t l e ­

n e s s .  T h i s  o c c u r s ,  i n i t i a l l y ,  by i n c r e a s i n g  t h e  p e a r l i t e  

c o n t e n t  o f  t h e  m a t r i x  a n d ,  s u b s e q u e n t l y ,  by f o r m i n g  c a r b i d e s .  

At h i g h  r e s i d u a l  l e v e l s  t y p i c a l  o f  t h e  maximum r ecommended  

by t h e  Code o f  P r a c t i c e ,  t h e  c a r b i d e s  become i n c r e a s i n g l y  

s e g r e g a t e d  t o  t h e  c e l l  b o u n d a r i e s ,  o f f e r i n g  e a s y  c r a c k  

p r o p a g a t i o n  p a t h s .

I n  l a r g e  s l a b  m o u l d s ,  c r a c k i n g  r e s i s t a n c e  i s  o f  g r e a t ­

e s t  i m p o r t a n c e  and  i t  may be e x p e c t e d  t h a t  r e s i d u a l  c o n t e n t s  

w i l l  p l a y  a m a j o r  r o l e  i n  t h e s e  m o u l d s .  No d i r e c t  e v i d e n c e  

o f  t h i s  h a s  b e e n  f o u n d  b u t  i t - i s  n o t e w o r t h y  t h a t  D i s t i n g t o n  

f o u n d r y  o p e r a t e d  w i t h  t h e  l o w e s t  r e s i d u a l  l e v e l s  c om p a r e d
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w i t h  t h e  o t h e r  f o u n d r i e s  a n d  t h e i r  mould  p e r f o r m a n c e  i s  

g e n e r a l l y  c o n s i d e r e d  t o  be s u p e r i o r .

The p r e s e n c e  o f  e x c e s s i v e l y  h i g h  r e s i d u a l  l e v e l s ,  

p a r t i c u l a r l y  ch r omi um,  h a s  b e e n  c i t e d  a s  t h e  c a u s e  o f  

p r e m a t u r e  f a i l u r e s .  High  chromium l e v e l s  a r e  e v i d e n t  i n  t h e  

f orm o f  c e l l  b o u n d a r y  c a r b i d e ,  w h i c h  p r o m o t e s  p r e m a t u r e  

c r a c k i n g .

I n c r e a s e d  r e s i d u a l  l e v e l s  h a ve  b e e n  shown t o  p r o m o t e  

t h e  p o s s i b l y  d e l e t e r i o u s  e f f e c t s  o f  h i g h  p h o s p h o r u s  l e v e l s  

on p e r f o r m a n c e .

I t  h a s  b e e n  shown t h a t  i n c r e a s e d  r e s i d u a l  l e v e l s  

p r o m o t e  t h e  f o r m a t i o n  o f  c o m p a c t e d  g r a p h i t e ,  e v e n  a t  

r e l a t i v e l y  low n i t r o g e n  l e v e l s ,  a l t h o u g h  t h e  p r e c i s e  

m e c ha n i s m  f o r  t h e  f o r m a t i o n  o f  c o m p a c t e d  g r a p h i t e  r e m a i n s  

u n c l e a r .

6 . 2  FOUNDRY PRODUCTION PARAMETERS

6 . 2 . 1 . R un ni ng  S y s t e m s  And M e t a l  C l e a n n e s s .

The e x p e r i e n c e  o f  R i v e r  Don f o r g i n g  m o u l d s  h a s  demon­

s t r a t e d  t h a t  t h e  a c c i d e n t a l  e n t r a p m e n t  o f  n o n - m e t a l l i c  

i n c l u s i o n s  c o u l d  c a u s e  a d e c r e a s e  i n  moul d p e r f o r m a n c e ,  

i n  t h i s  i n s t a n c e ,  by p r o m o t i n g  s u r f a c e  p l u c k i n g .  T h i s  

e n t r a p m e n t  may be r e d u c e d  by t h e  f o l l o w i n g ; -

i )  E n s u r e  sound  b r i c k w o r k  i n  t h e  l a d l e .

i i )  E f f i c i e n t  l a d l e  d e s l a g g i n g .

i i i )  D e s i g n  o f  t h e  r u n n i n g  s y s t e m ,  t o  g i v e  s m oo t h  

e n t r y ,  t h u s  a v i o d i n g  mould  w a l l  e r o s i o n .

i v )  Use o f  i n g a t e  d e s i g n  t o  p r e v e n t  d r o s s  e n t r a p m e n t .

v)  Use o f  w h i r l g a t e s .

122



6 . 2 . 2 , C a s t i n g  T e m p e r a t u r e .

Red uc e d  c a s t i n g  t e m p e r a t u r e s ,  down t o  1 2 0 0 ° C ,  h a v e  

b e e n  shown t o  p r o d u c e  a more  d u c t i l e  i r o n ,  by r e d u c i n g  

t h e  e u t e c t i c  c e l l  s i z e .  Ho we ve r ,  c a s t i n g  t e m p e r a t u r e s  a s  

low a s  t h i s  c o u l d  g i v e  i n c r e a s e d  h o r i z o n t a l  c r a c k i n g  i n  

s l a b  m o u l d s ,  d ue  t o  t h e  i n c i d e n c e  o f  c o l d  s h u t s ,  an d  

d e c r e a s e d  p e r f o r m e n c e s  i n  s m a l l ,  s q u a r e  m o u l d s  f a i l i n g  by 

c r a z i n g .  The c a s t i n g  t e m p e r a t u r e  s h o u l d , t h e r e f o r e ,  be  

m a i n t a i n e d  a t  1 2 6 0 - 1 280°C.

6 . 2 . 3 . C o o l i n g  R a t e s  And S t r i p p i n g  P r a c t i c e .

R educ ed  c o o l i n g  r a t e s  i n  low r e s i d u a l  m e l t s  h a v e

b e e n  shown t o  i m p r o v e  c r a c k i n g  r e s i s t a n c e .  However ,  t h e  

c o o l i n g  r a t e  r a n g e  so f a r  e x a m i n e d  i s  h i g h e r  t h a n  n o r m a l l y  

f o u n d  i n  i n g o t  mo ul d  c a s t i n g s .  I t  i s  c o n s i d e r e d ,  t h o u g h ,  

t h a t  i n  m o u l d s  f a i l i n g  by c r a c k i n g ,  s u c h  a s  l a r g e  s l a b  

m o u l d s ,  t h e  c o o l i n g  r a t e  s h o u l d  be a s  s lo w a s  p o s s i b l e .

The p o s i t i o n  o f  t h e  h i g h e r  r e s i d u a l  s m a l l ,  s q u a r e  m o u l d  

f a i l i n g  by c r a z i n g  r e m a i n s  u n c l e a r ,  b u t  i t  i s  s u g g e s t e d  

t h a t  t h e s e  m o u l d s  s h o u l d  b e ,  a l s o ,  c o o l e d  s l o w l y .  F a s t  

c o o l i n g  f o l l o w i n g  p r e m a t u r e  s a n d  r e m o v a l  a t  t e m p e r a t u r e s  

o f  1000°C,  h a s  b e e n  shown t o  be h i g h l y  d e t r i m e n t a l  t o  

p e r f o r m a n c e  by p r o m o t i n g  b r i t t l e n e s s  a n d ,  h e n c e ,  m o u ld  

c r a c k i n g .  I t  h a s  a l s o  b e e n  shown t h a t  e x p o s u r e  o f  a n y  p a r t  

o f  t h e  c a s t i n g  may c a u s e  l o c a l  e m b r i t t l e m e n t ,  a l s o  l e a d i n g  

t o  p r e m a t u r e  f a i l u r e s .  Mo u ld s  s h o u l d  be  s t r i p p e d  b e l o w  

7 0 0° C,  o n l y .
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By a d e t a i l e d  e x a m i n a t i o n  o f  e x p e r i m e n t a l  m a t e r i a l  

and  p r o d u c t i o n  i n g o t  m o u l d s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  

w i t h  r e g a r d  t o  t h e  e f f e c t  o f  p r o d u c t i o n  v a r i a b l e s  on mould  

p e r f o r m a n c e  may be made 

Mould A n a l y s i s

1) C a r b o n  l e v e l s  s h o u l d  be m a i n t a i n e d  a t  a b o v e  3.7%.

2 ) High  s i l i c o n  l e v e l s  i n  f o r g i n g  m o u l d s ,  up t o  2 . 02%,  

p r o m o t e  s u r f a c e  p l u c k i n g .

3 ) Reduced  c a r b o n  e q u i v a l e n t  (4.* 4.6% down t o  4.. 4.0 %) 

p r o m o t e s  p r e m a t u r e  c r a c k i n g  i n  s l a b  m o u l d s .

4,) Hi gh  p h o s p h o r u s  l e v e l s  ( 0 . 1 2 - 0 . 3 % )  may be d e t r i m e n t a l

t o  mould  p e r f o r m a n c e  when a s s o c i a t e d  w i t h  f a s t  c o o l i n g .

5) T i t a n i u m  a c t s  a s  a g r a p h i t i s e r  and  f e r r i t i s e r  i n  

i n g o t  mould  i r o n  up t o  0 . 2%. T h e r e  i s  an  opt imum t i t a n i u m  

c o n t e n t ,  be l ow w h i c h  t h e  i n c i d e n c e  o f  c r a c k i n g  i n c r e a s e s  

a nd  a b o v e  w h i c h ,  c r a z i n g  and  t o r n  s e a t s  r e s u l t .  I n  a l a r g e  

s l a b  m o u l d ,  t h i s  h a s  b e e n  shown t o  be a r o u n d  0 . 0 5 %*

6 ) T i t a n i u m  c a u s e s  a d u c t i l i t y  t r o u g h  a t  0 . 0 3 - 0 . 0 5 %  T i .

7)  The e f f e c t s  o f  t i t a n i u m  a r e  m a r k e d l y  i n f l u e n c e d  

by t r e a t m e n t  w i t h  c a r b o n  d i o x i d e  and  h y d r o g e n .  M e l t s  

p r o d u c e d  f rom u s e d  i n g o t  mould  s c r a p  b e h a v e  a s  i f  t h e y  w er e  

t r e a t e d  w i t h  c a r b o n  d i o x i d e .

8 ) N i t r o g e n  l e v e l s  a b o v e  0.014.% p r o m o t e  p i n h o l i n g .

9)  T h e r e  i s  l i t t l e  c o r r e l a t i o n  b e t w e e n  n i t r o g e n  l e v e l s  

up t o  0 .018% and g r a p h i t e  c o m p a c t i o n .

10)  Compacted  g r a p h i t e  i s  n o t ,  n e c e s s a r i l y ,  d e t r i m e n t a l  

t o  i n g o t  moul d p e r f o r m a n c e .

11) High  r e s i d u a l  l e v e l s  (0 .03% Mo, 0 .14% C r ,  0 . 0 2 5 % Sn,

0 .03% V, 0 .08% N i ,  0.3% Cu and 0 .008% A s )  c a u s e  a r e d u c t i o n  

i n  c r a c k i n g  r e s i s t a n c e .
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12) Hi gh  r e s i d u a l  l e v e l s  p r o m o t e  t h e  s e g r e g a t i o n  o f  

c a r b i d e / p h o s p h i d e  e u t e c t i c  t o  e u t e c t i c  c e l l  b o u n d a r i e s .

13)  Hi gh  r e s i d u a l  l e v e l s  p r o m o t e  t h e  f o r m a t i o n  o f  

c o m p a c t e d  g r a p h i t e .

Mould P r o d u c t i o n .

14.) Reduced  c a s t i n g  t e m p e r a t u r e s ,  f rom 1300°C down t o  

1200°C,  r e d u c e  e u t e c t i c  c e l l  s i z e  and  i n c r e a s e  c r a c k i n g  

r e s i s t a n c e .

15)  C a s t i n g  t e m p e r a t u r e s  b e l ow 1250°C a r e  r e s p o n s i b l e  

f o r  l o w e r  l i f e  i n  s l a b  m o u l d s ,  due  t o  t h e  i n c r e a s e d  i n c i d e n c e  

o f  c o l d  s h u t s .

16)  I n c r e a s e d  c a s t i n g  t e m p e r a t u r e s  o f  up t o  134-0°C 

i m p r o v e  t h e  p e r f o r m a n c e  o f  s m a l l ,  s q u a r e  m o u l d s  f a i l i n g ,  

p r i n c i p a l l y ,  by c r a z i n g .

17)  A d d i t i o n s  o f  0 . 2 $  F e S i  i n  h e a v y  s e c t i o n s  r e d u c e  

e u t e c t i c  c e l l  s i z e  and  i n c r e a s e  c r a c k i n g  r e s i s t a n c e .

18)  W i t h  low r e s i d u a l  l e v e l s ,  s l o w e r  c o o l i n g  r a t e s  

r e d u c e  b r i t t l e n e s s ,  by i n c r e a s i n g  f e r r i t e  and  g r a p h i t e  

c o a r s e n e s s .

19)  W i t h  h i g h  r e s i d u a l  l e v e l s ,  s l o w e r  c o o l i n g  r a t e s  

i n c r e a s e  b r i t t l e n e s s ,  by a l l o w i n g  g r e a t e r  s e g r e g a t i o n .

20) S t r i p p i n g  o f  t h e  s a n d  j a c k e t  a t  t e m p e r a t u r e s  

a b o v e  900°C d e c r e a s e s  mould  p e r f o r m a n c e ,  by p r o m o t i n g  

t h e  s e g r e g a t i o n  o f  c a r b i d e s  t o  e u t e c t i c  c e l l  b o u n d a r i e s .

Mould M i c r o s t r u c t u r e .

21) I n c r e a s i n g  f e r r i t e  c o n t e n t  i n c r e a s e s  d u c t i l i t y .

22) I n c r e a s i n g  g r a p h i t e  c o a r s e n e s s  i n c r e a s e s  d u c t i l i t y .

2 3 ) The f o r m a t i o n  o f  u n d e r c o o l e d  g r a p h i t e  i s  m a r k e d l y  

d e t r i m e n t a l .

2a)  Random d i s t r i b u t i o n s  o f  c a r b i d e  p h a s e s  a r e  n o t ,
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n e c e s s a r i l y ,  d e t r i m e n t a l .

25)  S e g r e g a t i o n  o f  c a r b i d e s  and c a r b i d e / p h o s p h i d e  

e u t e c t i c  t o  e u t e c t i c  c e l l  b o u n d a r i e s  c a u s e s  a m a r k e d  i n c r  

i n  b r i i t l e n e s s .

Mould M e c h a n i c a l  P r o o e r t i e s .

26)  The c r a c k i n g  r e s i s t a n c e  o f  i n g o t  moul d  i r o n  may 

be a d e q u a t e l y  c h a r a c t e r i s e d  by a t h r e e - p o i n t  bend  t e s t .

27)  P r o p e r t i e s  may be m o n i t o r e d  on a r o u t i n e  b a s i s ,  

u s i n g  l u g  s a m p l e s .

28)  D i f f e r e n t  mo ul d  f o u n d r i e s  p r o d u c e  i n h e r e n t l y  

d i f f e r e n t  m o u ld  p r o p e r t i e s .  >

29)  P r o p e r t i e s  may v a r y  w i t h i n  an i n g o t  m o u l d ;

f o r  e x a m p l e ,  due  t o  l o c a l i s e d  v a r i a t i o n s  i n  c o o l i n g  r a t e .



8 . 1  CARBON AND SILICON

The p r e s e n t  work d e m o n s t r a t e d  t h a t  a d r o p  i n  c a r b o n  

c o n t e n t  an d  c a r b o n  e q u i v a l e n t  a s  s m a l l  a s  0 . 0 5 $ a p p a r e n t l y  

had  a l a r g e  e f f e c t  on s l a b  moul d  l i f e .  S t a t i s t i c a l  s t u d i e s  

o f  a l a r g e r  moul d p o p u l a t i o n  a r e  r e q u i r e d  t o  d e t e r m i n e  

w h e t h e r  t h i s  e f f e c t  i s  r e a l  o r  w h e t h e r  i t  i s  due  t o  a

number  o f  m o u l d s  w i t h  v e r y  low c a r b o n  

e q u i v a l e n t  v a l u e s  f a i l i n g  p r e m a t u r e l y .

I t  h a s  b e e n  s u g g e s t e d  t h a t  i n c r e a s e d  s i l i c o n  l e v e l s  

ab ove  2 . 0 $ woul d  g i v e  i n c r e a s e d  b r i t t l e n e s s  due  t o  s o l i d  

s o l u t i o n  s t r e n g t h e n i n g .  T h i s  a s p e c t  r e q u i r e s  t o  be q u a n t ­

i f i e d .

8 . 2  TITANIUM

Both  m a n g a n e s e  and  t i t a n i u m  f orm s u l p h i d e s ,  t h u s  t h e  

e f f e c t s  o f  t i t a n i u m  may v a r y  w i t h  m a n g a n e s e  a nd  s u l p h u r  

c o n t e n t s .  The e f f e c t s  o f  t h e  i n t e r a c t i o n  o f  t h e s e  e l e m e n t s  

on c r a c k i n g  r e s i s t a n c e  r e q u i r e  t o  be s t u d i e d  i n  more  d e t a i l .

The e f f e c t s  o f  t h e  o b s e r v e d  d u c t i l i t y  t r o u g h  on i n g o t  

moul d p e r f o r m a n c e  r e q u i r e  t o  be s t u d i e d .  T h i s  may be c a r r i e d  

o u t  by a s t a t i s t i c a l  e x a m i n a t i o n ,  b u t  a l a r g e r  mould  

p o p u l a t i o n  t h a n  a v a i l a b l e  d u r i n g  t h e  c o u r s e  o f  t h i s  work  i s  

r e q u i r e d .  The m ec ha n i s m f o r  t h e  f o r m a t i o n  o f  t h e  d u c t i l i t y  

t r o u g h  s h o u l d  be f u r t h e r  e x p l o r e d .

T i t a n i u m  i s  a d d e d  t o  q u a ws i - f l a k e  i r o n s  t o  c o n t r o l  

g r a p h i t e  m o r p h o l o g y .  S i n c e  t i t a n i u m  h a s  b e e n  f o u n d  to* h a v e  

s u c h  s i g n i f i c a n t  e f f e c t s  i n  f l a k e  i r o n ,  t h i s  s h o u l d  be 

p u r s u e d  i n  q u a s i - f l a k e  i r o n s .

8 . 3  RESIDUAL ELEMENTS

The d e t r i m e n t a l  e f f e c t s  o f  h i g h  r e s i d u a l  e l e m e n t  l e v e l s  

on c r a c k i n g  r e s i s t a n c e  h a v e  b e e n  e s t a b l i s h e d  i n  e x p e r i m e n t a l
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m a t e r i a l .  C o n f i r m a t i o n  o f  t h e  e x p e c t e d  d e c r e a s e  i n  t h e  

p e r f o r m a n c e  o f  l a r g e  s l a b  m o u l d s  i s  now r e q u i r e d .

8 . /, COMPACTED GRAPHITE

The c o n t r i b u t i o n  o f  h i g h  r e s i d u a l  e l e m e n t  l e v e l s  t o  

t h e  f o r m a t i o n  o f  c o m p a c t e d  g r a p h i t e  h a s  b e e n  d e m o n s t r a t e d .  

T h i s  work s h o u l d  be e x p a n d e d  t o  compare  t h e  e f f e c t  o f  h i g h  

r e s i d u a l s  a t  b o t h  low a n d . h i g h  n i t r o g e n  c o n t e n t .  The e f f e c t  

o f  s e c t i o n  s i z e ,  and  h e n c e  c o o l i n g  r a t e ,  s h o u l d  a l s o  be 

i n c l u d e d .  The p o s s i b l e  e f f e c t s  o f  f e r r o s t a t i c  p r e s s u r e  may 

a l s o  be a s s e s s e d  by c o m p a r i n g  t h e  s t r u c t u r e  a t  t h e  t o p  and  

b o t t o m  o f  t a l l  c a s t i n g s .

8 . 5  COOLING RATE

The p r e s e n t  m e th o d  o f  d e f i n i n g  c o o l i n g  r a t e s  b a s e d  on 

s a n d  t h i c k n e s s  i s ,  c l e a r l y ,  i n a d e q u a t e .  Some a t t e m p t  s h o u l d  

be made t o  q u a n t i f y  t h e  e f f e c t s  o f  c o o l i n g  r a t e  on c r a c k i n g  

r e s i s t a n c e  i n  t e r m s  o f ,  s a y ,  a maximum c o o l i n g  r a t e  a t  a 

g i v e n  t e m p e r a t u r e .  T h i s  c o u l d  t h e n  be u s e d  t o  s p e c i f y  t h e  

opt imum s a n d  t h i c k n e s s  f o r  a g i v e n  m o u l d / t a c k l e  s y s t e m .

8 . 6  LUG SAMPLES

I n g o t  mould  p e r f o r m a n c e  f rom  a p a r t i c u l a r  f o u n d r y  can  

d r o p  o v e r  a p e r i o d  o f  t i m e  b u t  t h e  r e a s o n s  f o r  t h i s  a r e  

u s u a l l y  e x t r e m e l y  d i f f i c u l t  t o  d e t e r m i n e .  The p r o v i s i o n  o f  

l a r g e  l u g  s a m p l e s  on e v e r y  one i n  t e n  m o u l d s ,  s a y ,  wo ul d  

a l l o w  some c h e c k  on p o s s i b l e  c h a n g e s  i n  m e c h a n i c a l  p r o p e r t i e s  

w i t h  t i m e .  B e f o r e  t h i s  s t a g e  i s  r e a c h e d ,  h o w e v e r ,  i t  i s  

c o n s i d e r e d  t h a t  f u r t h e r  s t u d i e s  o f  i t s  s u i t a b i l i t y  be 

c a r r i e d  o u t .

8 . 7  HOLDING TIMES

I r o n  may be h e l d  f o r  l o n g  p e r i o d s  o f  t i m e ,  f o r  e x a m p l e  

o v e r  a f o r t n i g h t ’ s h o l i d a y ,  i n  an  e l e c t r i c  f u r n a c e .  The
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e f f e c t s  o f  t h i s  on i n g o t  moul d p e r f o r m a n c e  s h o u l d  be 

e s t a b l i s h e d  by means  o f  a s t a t i s t i c a l  e x a m i n a t i o n .
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Tabl e  1 T y p i c a l  A n a l y s e s  o f  Raw M a t e r i a l s  Used f o r

E x p e r i m e n t a l  M e l t s

S o u r c e W a r n e r  I r o n B r e m a n g e r  I r o n Ren i shaw Mould S c r a p

C 3 . 8 3 . 8 3 . 7 5

Si 0
 

• vn 1 • o 0
 

. 1 . o 1 . 2

S 0 . 0 8 0 . 0 1  5 0 . 0 5

P 0 . 0 6 0 . 0 2 o • o

Mn 0 .  50 0 . 2 0 0 . 7

Mo 0 . 0  2 0 . 0 0 2 0 . 0 1

Cr 0 . 0 8 0 . 0 3 0 . 0 2

Sn 0 . 0 2 0 . 0 0 1 0 . 0 0 1

V 0 . 0 2 0 . 0 0 1 0 . 0 1

Ti 0 . 0 2 0 . 0 0 1 0 . 0 2

Ni 0 . 0 6 0 , 0 0 1 0 . 0 0 6

Gu 0 . 1 0 0 . 0 3

O.o
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T a b l e  27 E f f e c t  Of C u p o l a  B u r d e n  On / , 8 - T v p e  M o u l d  P e r f o r m a n c e

B u r d e n No. Mean Max Mi n SD
D a t e  Of 

P r o d u c t i  on

7 0 / 2 0 / 1 0 1 55 6 7 .  88 1 20 11 21 . 7 6 Mi d  1 9 7 4 - S n d  1 9 7 5

5 3 / 1 7 / 2 0 / 1 0 4 6 54.-94. 1 0 0 1 2 3 . 3 5 Mi d  1 9 7 5 ” J u n e  
1 9 7 6

6 3 / 1 7 / 2 0 67 6 3 . 3 4 1 0 6 U 2 1 . 3 5 J u n e  1 9 7 6 - N o v .
1 9 7 6

6 3 / 1 7 / 2 0 + F e T i 63 6 5 . 0 3 101 2 2 3 .  60 N o v .  -

T a b l e  28 t - T e s t  F o r  S i g n i f i c a n c e  Of  P e r f o r m a n c e  Of  4 3 - T y p e  

^Moulds  B e t w e e n  B u r d e n s  ( d a t a  a s  a t  2 0 / 1 / 7 8 )

D e g r e e s  
Of 

F r e e d  om

C o m b i n e d t
L e v e l

Of
S i g n i f i c a n c e

7 0 / 2 0 / 1 0  v 5 3 / 1 7 / 3 0 2 5 2 2 1 . 6 6 6 . 7 1 9 9 . 9 $
5 3 / 1 7 / 3 0  v 6 3 / 1 7 / 2 0 1 64 2 1 * 4 5 4 . 1 7 9 9 . 9 $
6 3 / 1 7 / 2 0  v 6 3 / 1 7 / 2 0 + T i 1 1 6 2 2 .  23 0 .  20 NS

7 0 / 2 0 / 1 0  v 6 3 / 1 7 / 2 0 220 2 1 . 6 4

-4•
T~ N 3

7 0 / 2 0 / 1 0  v 6 3 / 1 7 / 2 0 + T i 20 4 2 2 .  16 1 . 50 N 3

T a b l e  29 A mo u n t  Of R e p a i r i n g  On / , 8 - T v o e  M o u l d s

B u r d e n
No.  Of 
M o u l d s  
F a i l e d

No.  Of 
R e p a i r s  

To F a i l e d  
M o u l d  s

$
R e p a i  r e d

7 0 / 2 0 / 1 0 1 55 79 51
5 3 / 1 7 / 2 0 / 1 0 1 0 0 24 24
6 2 / 1 7 / 2 0 67 U 21

6 3 / 1 7 / 2 0  + T i 51 10 20
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Table  £2 The Perform ance  Of Renishaw F Type Moulds With
R e s p e c t  To P h o s p h o r u s  C o n t e n t - A l l  Moulds  P r o d u c e d  
Over  P e r i o d  J a n u a r y  1973 To J a n u a r y  1975

P h o s p h o r u s  
C o n t e n t  

%

No. Of 
M oulds

P e r f o r m a n c e
Mean Min. Max. S. D.

Less  Than 0 . 0 7 327 1 2 0 . 2 19 182 26.  5

0 .0 7 1  t o  0 . 1 3 50 1 1 9 .9 70 193 2L. 5

0 .1 3 1  t o  0 . 2 0
*

22 68.  5 18 177 26. 3

More Than 0 . 2 2 62 60 64

* I n c l u d e s  H ea t  T r e a t e d  Moulds

T a b le  L2> E f f e c t  On L i f e  Of Moulds  C a s t  On F r i d a y s  F o r
R en ishaw  F Type M oulds  C a s t  A u g u s t  To D ecember  
197/,

< 0 . 1  2%V > 0 . 1 2$P
Day C a s t No. Of 

M oulds
Mean . 

L i f e S. D. No. Of 
M oulds

Mean
L i f e S. D.

Monday To T h u r s d a y 25 1 0 9 .9 3 1 .1  ‘ 17 L 9 .L 3 1 . 4

F r i d a y 6 1 3 1 . 7 2 0 .8 9 AS.& 21.  2
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Table  LL C hem ica l  A n a ly s e s  Of Renishaw 610 WB Moulds From
January 1973 To February  1975

V a r i a b l e No. Of 
Moulds Mean Min Max S t a n d a r d

D e v i a t i o n

C arb o n 558 3 . 8 3 3.4-5 4-. 19 0 . 1 0
S i l i c o n 558 1.  20 0 . 7 7 1 .8 9 0 . 1 6
C a rb o n  E q u i v a l e n t 558 4-. 22 3 . 8 3 4.. 61 0 . 1 1 5
M anganese 558 0 . 9 5 0 .  21 1. 20 0 . 0 9
S u l p h u r 558 0 . 0 7 9 0 . 0 0 / f 0 . 1 5 5 0 . 0 2 1
P h o s p h o r u s 558 0 . 0 8 9 0 . 0 2 5 0 . 3 1 9 0 . 0 5 3
Molybdenum 558 0 .0 1  2 0 .0 0 1 0 . 1 0 0 0 . 0 0 6
Chromium 558 0 . 0 6 7 0 . 0 0 2 0 . 1 6 0 0 . 0 2 0

T in 558 0 . 004 , 0 .0 0 1 0 . 0 8 8 0 . 0 0 5
Vanadium 558 0 . 0 0 6 0 .0 0 1 0 . 0 8 0 0 . 0 0 8
T i t a n i u m 558 0 . 0 0 3 0 .0 0 1 0 . 0 6 3 0 . 0 0 5
N i c k e l 5 58 0 . 0 5 2 0 . 0 0 8 0 . 1 3 7 0 . 0 1 9
Aluminium 558 0 . 0 0 2 0 .0 0 1 0 . 1 1 2 0 . 0 0 6
C o p p e r 558 0 . 0 8 2 0 . 0 1 0 0 . 3 0 0 0 . 0 3 5

P e r f o r m a n c e—  ___ . . . . . . . 558 8 2 . 6 3 173 2 3 . 8

171



T
ab

le
 

L
5 

Th
e 

M
on

th
ly

 
A

va
er

ag
e 

P
er

fo
rm

an
ce

 
An

d 
P

ho
sp

ho
ru

s 
C

on
te

nt
 

Of 
K

en
is

ha
v 

61
0 

WB
 

M
ou

ld
s

- d cn CM o cn T“* o CO O vO o cn - d CO cn vO T“ CM CO
T*“ T- T- x— T” r~ o T~ t— o T— o O i n T— i n e^ vO

o o o o o o o O o o o o o o O O o O o o
CO • • • • • • • • • • • • • • • • • • •

o o o o o o o o o o o o o o o O O o o

cn v i CM CO i n T- CM T“ v i c^- CO i n vO C'- C-- cn O ' CM CO
X CO Cv CO O ' C- CO cv CO cn vO CO i n vO 0 ' CM r - O - d

03 © o o o o O o o o o T— o o O o CM T- cn cn CM
d 2 • • • • • • • • • • • • • • • • • • •
u
o o o o o o o o o o o o o o o o o o o o

s i
p. m CO v i CO cn c - vO CM CM cn vO m CO CO CM - d CM - d o
03 G m CM CM cn CM CM CM vd «d CM ^ d *d **d - d v f cn v f v f
o •H O O o o O o O o O O O o o o o o o O o

s i 2 • • • • • • • • • • • • • • • • • « •
a . o o o o o o o o o o o o o o o. o o o o

CO Cv vO r~ CO T- T" sO vO CM o O ' cn i n O ' CM vO T- - d
g vO m i n vO i n vO m i n i n vO i n m i n i n C" vO vO T- CM
© o O O O o o O o O O o O o o o O O r— T-
© • • • • • • • • • • • • • • • • • • •

2 c O o o o o O o O o o o o o o o o O o

cn vO c - CM cn i n vO ^d v i o T— cn i n T- vO CO i n O '
Q • • • • • • • • ♦ • • • • • • • • • •
CO CM vO O ' v i O ' O ' - 4 CM O O ' i n O ' v f cn o vO CM C"- o

T“ T“ T“ CM CM CM CM T ~ r- T~ i— r _ CM T“ CM CM CM

© X CM Vi e v v i m c v O CM cn T - -d" v0 cn t— - d CO r— cn
O cd O cn Cv CM cn v i CO cn r - vO o CM CM CM v i cn cn v f cn
g
©

2 T ~ T- TT T“ T_ T” T“ T~ t— T” T ~ T— T” T- T“

G m O ' O ' V i O ' o O o T- CM O ' vO cn i n O '. i n i n CO
o •H O ' vO i n CM CM - d v i cn <r\ i n - d i n O ' CO i n vO T“ cn v i

tH 2
u
©

vO i n CO - d
a cn 1— T— v i • • vO r— ^ d- CO ^d- o • • CM C^- O ' r—
cd • • • • o o • • • • • • v f i n • • • • •
© CO CO vO r — o o - d t— o i n C"- o o cn - d Cv CO

2 O ' O ' O ' O ' r — r - O ' O ' O ' O ' CO 0 ' T“ •t— O ' O ' CO' O ' CO

<H to
o T3(H cn Cv cn CM vO CO vO CO O ' O CM ^d CO «d C'- CO e'­ V i

• d cn O ' cv i n CO m cn e'­ m T— CM CM i n en i n
o o

s s  2

cn
<r\ cn m

-p cn Cv 0 ' en o c - ^d
03 r- O ' cn r~ O ' O ' v i
aJ ■O ' r- <T\ cn ev O ' T~ T— O ' - d - d Cv
a T“ cv cv cn cn 0 ' P T— r— D- - d v f O '

>» O ' O ' cn ev T— © u u O ' O ' *d Cv T—
43 >» U T- T— c - O ' O ' Si u © © >i T— T— O ' O '
•P u cd 0 ' T “ T~ -P e © Si Si f-t O ' T“ T— -p-J cd d s i rH T- (0 © Si s © s i rH r - ©
3 d u o •H © >» d -p o © © d o •H © >> d

2 d Si u U >» G rH &0 a -p > o G u U >5 G r—1 bfl
cd © © Gu © d d d © o o © © © 04 © d d df** 2 < 2 •“3 <d CO o 'Z Q f-5 2 2 •“3

172

C
o

n
t1 

d



T
ab

le
 

£5
 

C
o

n
t1

d

cn cn •d r— xOin in 02 r— T—
Q O O O O o
CO • • • • •

o o O o o

-d O ' m cn in
X T— cn d̂ CO Oto © CV 02 T— o T—

3 S • • • • •
u o o o o oo
Ap. in o \0 in cn
CO 3 V? *d *d 02 cn
o •H o O O o o
A s • • • • •
Oi o o o o o

in O' 02 T— ■5-
3 O' 02 r*- vO \£>
cd o T“ o o o© • • • • •

2* o o o o o
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Table  4 6  The Perform ance  Of Renishaw 610 WB moulds With
R esp ec t  To Phosphorus  C o n ten t

P h o s p h o r u s  
C o n t e n t  

%

No. Of 
Moulds

P e r f o r m a n c e
Mean Min. Max. S. D.

L e ss  Than 0 . 0 7 318 8 7 . 3 13 172 23.  5

0 .0 7 1  t o  0 . 1 3 100 7/,.  5 5 141 2 4 . 2

0 .1 3 1  t o  0 . 2 0 111 7 7 . 4 3 135 2 2 . 7

More t h a n  0 . 2 0 15 7 8 . 9 44 110 1 9 .1

T a b le  47 The Mean P h o s p h o r u s  L e v e l s  At V a r i o u s  Li f e  Ranges  
F o r  R en ishaw  610 WB m o u ld s

P e r f o r m a n c e  Range
_d - i o 1 1 - 2 0 2 1 - 3 0 3 1 -4 0 4 1 - 5 0 5 1 - 6 0 6 1 - 7 0

Mean P h o s .
d

> /° 0 . U 5 0 . 1 0 2 0 . 0 5 8 0 . 0 8 7 0 . 0 9 2 0 . 0 8 7 0 . 0 7 4
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Table  48 C hem ica l  A n a l y s e s  Of Renishaw B120 Moulds
M a n u f a c t u r e d  Between  A p r i l  1972 And December  
197 A

V a r i a b l e No. Of 
Moulds Mean Min Max S t a n d a r d

D e v i a t i o n

C arb o n 581 3 .81 3 . 5 5 4 . 1 5 0 . 0 8 9
S i l i c o n 581 1 . 22 0 . 7 8 1 . 8 2 0 . 1 7 2
C arb o n  E q u i v a l e n t 581 22 3 . 8 5 4 .6 1 0 . 1 0 9
M anganese 581 0 . 9 2 0 .  23 1 . 1 8 0 . 1 1 4
S u l p h u r 581 0 . 0 7 8 0 . 0 0 5 0 . 1  66 0 . 0 2 4

P h o s p h o r u s 581 0 .0 7 1 0 . 0 1 6 0 . 2 5 5 0 . 0 3 6
Molybdenum 320 o . o u 0 . 0 0 2 0 . 0 6 0 0 . 0 0 6
Chromium 320 0 .0 7 0 0 . 0 1 2 0 . 1 8 0 0 . 0 2 1

T in 320 0 . 0 0 5 0 . 0 0 1 0 . 0 2 2 0 . 0 0 3
Vanadium 320 0 . 0 0 9 0 . 0 0 1 0 . 0 4 4 0 . 0 0 9
T i t a n i u m 320 0 . 0 0 4 0 . 0 0 1 0 . 0 6 0 0 . 0 0 5
N i c k e l 320 0 . 0 5 4 0 . 0 0 1 0 . 1 2 0 0 . 0 1 9
Aluminium 320 0 . 0 0 2 0 . 0 0 1 0 . 0 1 6 0 . 0 0 1
C o p p e r 320 0 . 0 9 0 0 . 0 3 2 0 . 3 0 0 . 0 3 2

P e r f o r m a n c e 581 1 0 6 . 5 12 175 2 2 . 9
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Table  50 The Perform ance  Of Renishaw B120 Moulds With
R esp ec t  To Phosphorus  C o n ten t

P h o s p h o r u s  
C o n t e n t  

%

No. Of P e r f o r m a n c e
M oulds Mean Min. Max. S. D.

L e ss  Than 0 . 0 7 U 2 107. 3 4.2

toU
"\ 2 2 .0

0 .0 7 1  t o  0 . 1 3 86 .
Cvl
O 2 12 154. 2 5 . 7

0 .1 3 1  t o  0 . 2 0 55 103 . 2 12 151 2 5 . 3

More Than 0 . 2 9 103. 3 65 1 50 2 9 . 4

T a b le  51 The Mean P h o s p h o r u s  C o n t e n t s  Of R en ishaw  B120 
M oulds  W i th  R e s p e c t  To P e r f o r m a n c e

P e r f o r m a n c e  Range
0 -> 0

01 4 1 -5 0 51 -6 0 6 1 -7 0

Mean P h o s .  
% 0 . 1 6 9 0 . 0 7 7 0 . 0 5 2 0 . 0 7 9 0 . 0 7 3

178



T a b l e  52 C h e m i c a l  A n a l y s e s  Of R e n i s h a w  WBU 100 M o u l d s
S c r a p p e d  B e t w e e n  S e p t e m b e r  1974  And M a r c h  1976

V a r i a b l e No.  Of 
M o u l d  s Mean Min Max S t a n d a r d  

D e v i a t i  on

Ca r b o n 3 3 6 3 . 8 1 3 . 4 8 4 . 0 7 0 . 0 9 7

S i l i  c o n 3 3 6 1 .  21 0 . 9 8 1 . 8 9 0 . 1 6 7

S u l p h u r 3 3 6 0 . 0 7 5 0 . 0 1  2 0 . 1 2 9 0 . 0 1 9

P h o s p h o r u s 3 3 6 0 . 0 7 £ 0 . 0 3 0 0 . 3 2 9 o • o -P
- ON

M a n g a n e s e 3 3 6 0 . 9 5 0 .  58 1 . 3 0 0 . 0 9 0

M o l y b d e n u m 3 3 6 0 . 0 1 2 0 . 0 0 1 0 . 0 6 5 0 . 0 0 6

C h r o m i  urn 3 3 6 0 . 0 6 7 0 . 0 0 7 0 . 3 0 0 . 0  20

T i n 3 3 6 0 . 0 0 4 0 . 0 0 1 0 . 0 1 5 0 . 0 0 3

V a n a d i u m 3 3 6 0 . 0 1 1 0 . 0 0 1 0 . 0 7 1 0 . 0 1 1

T i t a n i u m • 3 3 6 0 . 0 0 5 0 . 0 0 1 0 . 0 7 8 0 . 0 0 7

N i c k e l 3 3 6 0 . 0 5 1 0 . 0 0 1 0 . 1 5 0 0 . 0  20

A l u m i n i u m 3 3 6 0 . 0 0 2 0 . 0 0 1 0 . 0 0 8 0 . 0 0 1

C o p p e r 3 3 6 0 . 0 8 4 0 . 0 2 1 0 .  230 0 . 0 3 1

P e r f o r m a n c e 3 3 6 6 2 . 9 6 1 13 1 8 . 7 7
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Table  5L The Perform ance  Of Renishaw WEU1Q0 Moulds With
R e s p e c t  To P h o s p h o r u s  C o n t e n t

P h o s p h o r u s  
C o n t e n t  

%

No. Of P e r f o r m a n c e
M oulds Mean Min. Max. S. D.

L ess  Than 0 . 0 7 2 4.4. 64.. 96 16 113 17.4.3

0 .0 7 1  t o  0 . 1 3 53 60.  23 6 96 20. 57

0 .1 3 1  t o  0 . 2 0 29 5 9 .9 0 11 102 1 9 .6 0

More Than 0 . 2 10 57.4.0 29 78 1 6 . 0 0

T a b l e  55 Mean P h o s p h o r u s  L e v e l s  At V a r i o u s  L i f e  R an g e s  F o r  
R e n i s h a v  WEU100 Moulds

P e r f o r m a n c e Range
0 - 3 0 31-4.0 £ 1 -5 0 5 1-60 61 -70 7 1 - 8 0 81 -90

Mean P h o s .  
%

0*102 0 . 1 0 0 0 . 0 7 0 0 . 0 7 8 0 . 074 . 0 . 0 6 5 0.064.
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Table  56 Chem ical  A n a l y s e s  Of Renishaw NEU 100 Moulds
Scrapped Between September 1974 And March 1976

V a r i a b l e No. Of 
M oulds Mean Min Max S t a n d a r d

D e v i a t i o n

Carbon 159 3 .81 3 . 6 0 A .07 0 . 0 9 3

S i l i c o n 1 59 1 . 2  4 0 . 9 6 1 . 6 9 0 . 1 6 2

S u l p h u r 159 0 . 0 7 5 0 . 0 7 0 0.174. 0 . 0 2 4

P h o s p h o r u s 159 0 . 0 6 6 0 .0 3 1 0 . 263 0 . 0 3 5

M anganese 159 0 . 9 5 0 . 5 9 1 . 1 0 0 . 0 9 3

Molybdenum 159 0 . 0 1 2 I 0 . 0 1 0 0 . 0 3 2 0 . 0 0 5

Chromium 1 59 0 . 0 6 7 0 . 0 1 0 0 . 1 8 0 0 . 0 2 3

T in 1 59 0 . 0 0 5 0 . 0 0 1 0 . 04.0 0 . 0 0 4

Vanadium 1 59 0 . 0 0 9 0 . 0 0 1 0 . 0 3 9 0 . 0 0 9

T i t a n i u m 159 0 . 0 0 5 0 . 0 0 1 0 . 0 6 7 0 . 0 0 7

N i c k e l 1 59 0 . 0 5 2 0 . 0 0 1 0 . 1 5 2 0 . 0 2 3

Aluminium 1 59 0 . 0 0 2 0 . 0 0 1 0 . 0 1 0 0 . 0 0 2

C o p p e r 159 0 . 0 8 7 0 . 0 1 6 0 . 1 8 7 0 . 0 3 3

P e r f o r m a n c e 1 59 95*8 16 149 2 4 . 6
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O' cn C"- ĉ - i— © u u >> O' ^d C- T“ ©

A U T“ c*- o O' A u © © >» u T~ 0 ' O' A
-P cd 0 ' T— T~ •p s © fp A u p 0 ' i— T— -P £

P A T- n © A s £ p p A t— ra ©
3 U O © P -P O © © p u o © P -P

2 A u >> P rH HO Pi -P > o p A u >j p r—1 bfl Pi
© cd P P P P © O o © p © p P p P P ©

2 2 •"3 •-3 <d cn o s Q Hi (*i 2 2 < CO

184,

C 
o

n
t1

d



T
ab

le
 

57 
G

o
n

tf
d

cn cn O O ' T— O ' o T—
v n r ~ — T“ T— o O T“ o

Q O O O o o o o o o
to • • • • • • • • •

o o o o o o o o o

cv sO vO cn to v n cv cn
X o O ' to O' C'- vO C"- c*- v n

03 0 cv O o o o o O o o
d 2 • • • • • • • • •
V<
O o o o o o o o o o

A
a to v n v n T— to v n cv
03 £ u*\ v n c n cn cn v n
O •H o O O o o o o o o

X 2 • • • • • • • • •
d i o O o o o o o o o

O ' A v n O ' cv v n cn
d cv vO A vO v f v n v n v n v n
0} T“ O O O o o O O o
o • • • • • • • • •

2 o o o O o o O o o

vO A v n to O ' A \0 cn
Q • • • • • • # • •
CO O ' o cn o ĉ - c n CV to
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Table  58 The Perform ance  Of Renishaw NEU100 Moulds With
R e s p e c t  To Phosphorus  C o n ten t

P h o s p h o r u s  
C o n t e n t  

%

No. Of P e r f o r m a n c e
M oulds Mean Min. Max. S. D.

Less  t h a n  0 . 0 7 1 27 9 5 . 2 16 U 9 2L. 28

0 .0 7 1  t o  0 . 1 3 23 9 4 . 7 16 131 2 7 . 7 0

0 .1 3 1  t o  0 . 2 8 1 0 9 .9 76 1 a6 2 3 .6 9

More t h a n  0 . 2 3 9 9 . 0 89 112 1 1 .7 9

T a b le  59 Mean P h o s p h o r u s  L e v e l s  At V a r i o u s  L i f e  Ranges  F o r  
Ren ishaw  NEU100 Moulds

P e r f o r m a n c e  Range
0 - 3 0 3 W 0 4 1 -5 0 5 1-60 61 -70 7 1 - 8 0 81 - 9 0

Mean P h o s .  
% 0 . 0 7 3 0 .0 5 1 0 . 0 4 4 0 . 0 6 3 0 . 0 7 0 0 . 0 7 2 0 . 0 6 0

P e r f o r m a n c e  Range
9 1 - 1 0 0 101 -110 111 -1 20 1 2 1 -1 3 0 1 3 1 -1 4 0

Mean P h o s .  
% 0 . 0 5 9 0 . 0 6 8 0*072 0 .0 7 1 0 . 0 5 6
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T a b le  67 Bend T e s t  P a r a m e t e r s  On L a rg e  Lug S am ples  
P r o d u c e d  At D i s t i n g t o n

Mould No, L i f e R e a so n  f o r  F a i l u r e Max. Load,kN a / b

6 506 35 C r a z e d 1 .2 1 3 . 0

6508 86 11 1 . 3 8 5 . 8

6516 101 tt 1 . 3 0 3.  4.
6522 79 11 1 . 3 6 2 . 8

6693 82 n 1 .4.5 6 . 2

6700 73 11 1 . 0 5 2 . 5
67 04. 62 11 1 . 2 7 3 . 3

67 28 40 C r a c k e d 1 . 3 6 2 . 8

6730 67 C r a z e d 1 . 0 2 3 . 7

6 7 U 92 >1 1 . 1 3 3 . 0

6766 68 ti 1.4.0 4.. 8

6767 105 11 1 .6 0 5 . 3

6785 80 11 1 . 4 0 4.-7

6787 79 11 1. 55 6 . 0

6791 77 11 1 . U

to•

6792 92 it 1 . 5 5 5 . 2

6799 68 1 . 1 3 4.. 1

6809 10A it 1 .71 8 .1

6808 82 11 1 . 0 7 3 . 8

6813 122 11 1 .61 1 0 . 7

68 28 LO ti 1 . 5 0 7 . 9
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Table  72 The E f f e c t  Of C a s t i n g  Temperature On The Perform an ce
Of 610WB Moulds

C a s t .T e m p .  
Range °C

No. Of 
Moulds

L i f e
Mean Min. Max. S. D.

1 1 9 0 -1 1 9 9 1 65
1 2 0 0 -1 2 0 9 5 6 9 . 6 0 54 80 9 . 8 6

1 2 1 0 -1 2 1 9 26 7 4 . 9 2 30 99 1 7 .4 0

1 2 2 0 -1 2 2 9 36 8 2 . 1 9 38 132 1 5 .8 5

1 2 3 0 -1 2 3 9 61 8 2 .  23 37 127 1 7 .61

1240-124.9 136 8 6 . 0 3 27 140 1 7 . 1 5

125 0 -1 2 5 9 167 8 3 . 7 7 19 144 2 0 .4 8

1 2 6 0 -1 2 6 9 244. 8 7 . 4 8 8 1 57 1 9 . 0 2

1270-1 279 300 8 9 . 1 7 22 141 18. 23

1 28 0 -1 2 8 9 253 8 7 . 0 4 16 208 21.  56

1 2 9 0 -1 2 9 9 178 8 9 . 8 3 13 130 1 9 .8 0

1 3 0 0 -1 3 0 9 124 8 5 . 6 7 16 128 2 0 .2 0

1 3 1 0 -1 3 1 9 40 9 2 . 9 5 11 140 2 2 .3 5

1 3 2 0 -1 3 2 9 23 8 7 . 7 4 42 121 1 9 .4 6

1 3 3 0 -1 3 3 9 11 9 7 .  27 74 117 1 4 . 5 0

1 3 4 0 -1 3 4 9 7 83 .  29 56 S 3 1 3 . 7 4
1 3 5 0 -1 3 5 9 3 8 7 . 3 3 79 95 8 . 0 2

1 3 6 0 -1 3 6 9 1 100
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Bead test, a/b parameter

5 -

Figures In brackets indicate vol. % carbide

/

(0.9%)

305 ttito test blocks with sleeve

255 ttitti test blocks with sleeve

(0 . 6%)

255 mm test blocks

(0.5%) '

/
(0.3%)

Low Medium 
Residual level

High
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x 1 00

__ G_

L . O  5

F i  g u r e

x1 00

S i  S P Mn Ti  USV C a s t i n g  T e m p e r a t u r e

1 . 35 0 .  0 3 5  -  0 . 74 .  -  3 . 6 / ,  12 / , 0°C

C a s t  3 .  6 . 7 / ,  7 0 / 2 0 / 1 0  B u r d e n

Mould  No.  4.8/585 -  1 20 L i v e s
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x1 0

x1 00

C S i  S P Mn T i  U3V C a s t i n g  T e m p e r a t u r e

3 .  SO 1 . 66 0 .  0 3 8  0 . 0 / , 0  0 .  5 1  -  -  1 260°C

C a s t  1 9 . 7 . 7 A  D i s t i n g t o n  M a n u f a c t u r e

F i g u r e  38 Mould  No. A8 / 7 5 8  -  65 L i v e s
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_c__
3 . 9 0

F i  g u r e

x1 00

Si  S P Mn T i  USV C a s t i n g  T e m p e r a t u r e

1 . 6 2  0 . 0 A 7  0 . 0 5 1  0 . 7 2  0 . 0 2 1  3 . 7 0  1 220°C

C a s t  1 0 . 1 2 . 7 5  5 3 / 1 7 / 2 0 / 1 0  B u r d e n

39 Mould  No.  4 8 / 7 7 4  -  15 L i v e s

251



x1 oo

C S i  S P Mn T i  USV C a s t i n g  T e m p e r a t u r e

3 . 9 5  1 . 60 0 .  039  0 . 0 / , 8  0 . 8 0  0 . 0 1 0  3- 5B 1 230° C

C a s t  5 . 2 . 7 6  5 3 / 1 7 / 2 0 / 1 0  B u r d e n

F i g u r e  40 Mould  No. 4 .8 /792 -  38 L i v e s
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 C_  _J

L. 00  1 .

x 1 0 0

3i  S P Mn Ti  U5V C a s t i n g  T e m p e r a t u r e

1, 1 0 . 0 3 5  -  0 .  85 0 .  0 3 2  3 .  60 1 230° C

C a s t  1 2 . 2 . 7 6  5 3 / 1 7 / 2 0 / 1 0  B u r d e n

F i g u r e  /L1 Mould  No.  / , 8 / 7 9 3  ~ 2/  L i v e s
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x1 00

S i  S P Mn T i  U5V C a s t i n g  T e m p e r a t u r e

3 . 3 2  1 . ^ 8  0 . 0 7 1  -  -  0 . 0 1 9  -  1 2 3 0 ° C

C a s t  2 7 . 5 . 7 6  5 3 / 1 7 / 2 0 / 1 0  B u r d e n

F i g u r e  L2  Mould No. Z.8/839 -  15 L i v e s
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x1 00

G S i  S P Mn T i  U SV C a s t i n g  T e m p e r a t u r e

3 . 9 6  1.4.1 0 .  0 6 5  ~ 0 . 7 1  -  -  12 / , 5°C

C a s t  2 3 . 5 . 7 6  5 3 / 1 7 / 2 0 / 1 0  B u r d e n

F i g u r e  4.3 Mould  No.  / S / S / , 0  -  16 L i v e s
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•V ' W

x1 00

C S i  S P Mn T i  USV C a s t i n g  T e m p e r a t u r e

3 . 9 1  1 . 30 0 . 0 6 7  -  0 . 7 9  0 . 0 / , 3  -  1 280° C

C a s t  3 0 . 6 . 7 6  6 3 / 1 7 / 2 0  B u r d e n

F i g u r e  LK Mould No. / , 8 / 8 7 9  -  1 3 L i v e s
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x1 00

_C  S i  S P Mn Ti  U5V C a s t i n g -  T e m p e r a t u r e

3 . 9 2  0 . 0 5 L -  0 . 7 3  0 . 0 5 3  -  1 250°C

C a s t  1 0 . 1 1 . 7 6  6 3 / 1 7 / 2 0 t T i  B u r d e

F i g u r e  / 5 Mould No. 1, 8 / 0 2 3  -  77 L i v e s

n

259



x 10

x1 00

S i  S P Mn T i  U 3V C a s t i n g  T e m p e r a t u r e

3 . S 2  1 . 3 9  0 . 0 5 6  -  0 . 7 8  0 . 0 5 7  3 . 3 0  1 2 8 0 ° C

C a s t  3 0 . 1 1 . 7 6  6 3 / l 7 / 2 0 t T i  B u r d e n

F i g u r e  7.6 M o u l d  No.  /,. 8 / 0  59 ~ 2 L i v e s
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Load. kN

48/839

48/059 (+Ti)

48/793

24 lives

Deflection

F i g u r e  L l  Bend T e s t  C u r v e s  Of F l a k e  G r a p h i t e  M o u ld s
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Load, kN

48/879

48/840

65 lives

13 lives

16 lives

Deflection, mm

F i g u r e  £8 Bend T e s t  C u r v e s  Of C o m p a c ted  G r a p h i t e  M o u ld s
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M o u l d  7 9 / 7 5  N o . 1
a n

M o u l d  1 0 5 / 1 0 1  N o . 2

Mo u l d  7 1 / 6 8 x 1 6  N o . 1  M o u l d  9 1 / 8 6  N o . 2

M o u l d  1 0 5 / 1 0 1  No. / , M o u l d  7 1 / 6 8 x 1 6  N o . 2

F i g u r e  69 T y p i c a l  M i c r o s t r u c t u r e s  Of R i v e r  Don. 
F o r g i n g  M o u l d s
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26 4



Life 144f» * fl6 7
140r * * * i

(|155

120

100

80

60

40

20  -

10

•  Life at failure 
°  Life at heat treatment

•  •

• •

0.10 fnil 0.15 jail
Phosphorus, ■?-

0.05 0 .2 0

o

__ |
0.25
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F i g u r e  56 F r a c t u r e  S u r f a c e  Of P r e m a t u r e l y  F a i l e d  
High Phosphorus  Mould
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F i g u r e  57 M i c r o s t r u c t u r e s  Of P r e m a t u r e l y  F a i l e d  H i g h  
P h o s p h o r u s  M o u l d s

x 100
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I

Crack cau sin g  
r e je c t io n

VIIn sid e

VO

O utside PLAN

150 mm

Base ELEVATION

F i g u r e  53 S k e t c h  S h o v i n g  P o s i t i o n  Of Sampl es  And 
I d e n t i f i c a t i o n  Code For  WSU10Q Moulds
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Load, kN

2 .5 -

fl50 mm 
from base

Deflection, mm

F i g u r e  59 T y p i c a l  L o a d - D e f l e c t i o n  Curves  For  WEU100 Moulds
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a)  TM

b)  BM

F i g u r e  60 M i c r o s t r u c t u r e  Of WEU10Q Mould  /t0 /,
x 1 00



F i g u r e  61 M i c r o s t u c t u r e  Of WEU1 0 0  M o u l d  j B 9  (VM)

F i g u r e  6 2  M i c r o s t r u c t u r e  Of WEU1 0 0  M o u l d  A97

x 1 0 0

x 1 0 0
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F i g u r e  63 M i c r o s t r u c t u r e  Of  W5U100 M o u l d  561

F i g u r e  6 A M i c r o s t r u c t u r e  Of WSU1 0 0  M o u l d  587

x 1 0 0

x 1 0 0

274.



b) Ren i shaw Lug 33Z.B 
F i g u r e  65 C o n t ' d

c )  R e n i s h a v  Lug 33 50

27 5



F i  fu

d )  D i s t i n g t o n  Lug 6707.

e )  D i s t i n g t o n  Lug 67 28

; a l  M i c r o s t r u c t u r e s  o f  H o r n g a t e  a n d  L a r g e  
Sampl e  s x l  00
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b)  L a n d o r e

d )  F u l l v o o d  

277

a )  D o w l a i s

c )  D i s t i n g t o n  

F i g u r e  6 6  G o n t ’ d



e ) C r a i  g n e u k

F i g u r e  6 6  T y p i c a l  M i c r o s t r u c t u r e s  o f  F o u n d r y  T e s t  B l o c k
M a t e r i a l  x 100
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F i g u r e  68 -E f f e c t  Of C a s t i n g  T e m p e r a t u r e  On F a i l u r e  Mode 
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F i g u r e  69 L i q u i d u s  L i n e s  I n  The I r o n - R i c h  C o r n e r  Of The 
F e - C - T i  S ys t em
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A DEC
F u l l w o o d  
H0 T e s t  B l o c k s

A/B
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% Ti

F i g u r e  73 The S f f e c t  Of T i t a n i u m  On k /B Bend T e s t  
P a r a m e t e r  I n  C u p o l a  M e l t e d  T r o n s



DESCRIPTIONS OF B. S.C.  FOUNDRIES WHICH HAVE OH ARE CURRENTLY

PRODUCING INGOT MOULDS

1 . D o v l a i s  F o u n d r y .  FFE G r o u n .  M e r t h v r  T v d f i l  

D o v l a i s  a r e  t h e  m o s t  r e c e n t  a d a i t o n  t o  BSC f o u n d r i e s ,  

b e i n g  p a r t  o f  G. K.N.  u n t i l  1 9 7 1 .  D o v l a i s  m e l t  i n  a n  a c i d ,  

h o t - b l a s t  c u p o l a  and  u s e  t h e  d r y - s a n d  s y s t e m  f o r  i n g o t  

m o u l d s ,  w h i c h  a r e  p r o d u c e d  i n  t h e  5 t o  2 5 t  r a n g e  an d  a r e ,  

c h i e f l y ,  o f  t h e  s l a b  t y p e  f o r  t h e  P o r t  T a l b o t  a n d  L l a n v e r n  

w o r k s  o f  t h e  W e l s h  D i v i s i o n .

D o w l a i s  i s  t h e  m a i n  p r o d u c e r  o f  q u a s i - f l a k e  i n g o t  m o u l d s ,  

a l m o s t  t h e  w h o l e  o f  t h e i r  i n g o t  mo u ld  p r o d u c t  m i x  now 

b e i n g  p r o d u c e d  a s  q u a s i - f l a k e  i r o n .

2.  Ful lwo-od F o u n d r y .  FFE G r o u p .  M o t h e r w e l l

P r i o r  t o  197A,  F u l l w o o d  a l s o  u s e d  ' b a n i c  h o t - b l a s t  c u p o l a s  

a s  t h e  m e l t i n g  f u r n a c e s .  S i n c e  t h e  e a r l y  1 9 7 0 ’ s ,  h o w e v e r ,  

a r e s i n - b o n d e d ,  f u r a n e  s a n d  s y s t e m  h a s  b e e n  u s e d .  I n  1 9 7 9 ,  

t h e  c u p o l a s  w e r e  r e m o v e d  a n d  r e p l a c e d  by t wo  1 2 0 t  c h a n n e l  

i n d u c t i o n  f u r n a c e s ,  d e s i g n e d  t o  o p e r a t e  on a c h a r g e  o f  

w h o l e  u n b r o k e n  i n g o t  m o u l d s  r e t u r n e d  f r o m n e a r b y  s t e e l w o r k s  

a f t e r  u s a g e .  M o u l d s  a r e  p r o d u c e d  i n  t h e  L t o  £ 0 t  w e i g h t  

r a n g e ,  p r i n c i p a l l y  b e i n g  l a r g e  s l a b  m p u l d s  f o r  t h e  R a v e n s -  

c r a i g  s t e e l w o r k s  o f  S c o t t i s h  D i v i s i o n .

3.  R e n i s h a v  F ou nd ry .  FFE Group.  S h e f f i e l d

R e n i s h a v  u s e  b o t h  d i v i d e d  b l a s t  c u p o l a s  ( r u n  t o  a c o l d  

b l a s t  a c i d  p r a c t i c e )  an d  8 t  i n d u c t i o n  f u r n a c e s .  M o u l d s  a r e  

p r o d u c e d ,  p r i n c i p a l l y ,  by d e s u l p h u r i s i n g  c u p o l a  m e t a l  i n

A1/1



a p o r o u s  p l u g  l a d l e ,  w i t h  c a l c i u m  c a r b i d e  a n d  d u p l e x i n g  

t h r o u g h  t h e  e l e c t r i c  f u r n a c e s ;  d i r e c t  c u p o l a  o r  e l e c t r i c  

f u r n a c e  m e l t i n g  may be u s e d  a s  w e l l .  The s a n d  p r a c t i c e  

u s e d  i s  t h e  d r y  s a n d  s y s t e m .

The maximum mo u ld  w e i g h t  p r o d u c e d  i s  8 t o n n e s ,  and  a r e  

u s u a l l y  o f  t h e  s q u a r e  s e c t i o n  t y p e  u s e d  i n  t h e  S h e f f i e l d  

D i v i s i o n .

4.. St a n t o n .  S t a v e l v  F o u n d r y .  Tu be s  D i v i s i o n .  S t a n t o n  

S t a n t o n  E r e w a s h  f o u n d r y  i s  p a r t  o f  t h e  s p u n  i r o n  c o m p l e x .

The f o u n d r y  t a k e s  i t s  m e t a l  f r o m  t h e  c u p o l a s  o f  t h e  c e n t r a l  

m e l t i n g  p l a n t  a nd  t h e  i r o n  i s  d u p l e x e d  t h r o u g h  a c o r e l e s s  

i n d u c t i o n  f u r n a c e .  The s a n d  p r a c t i c e  u s e d  i s  t h e  f l u i d  

s i l i c a t e  s y s t e m .

Mo u ld s  a r e  p r o d u c e d  i n  t h e  k t o  1 5 t  r a n g e  a n d  t h e i r  p r i n c i p a l  

c u s t o m e r s  we r e  C or by  a nd  B i l s t o n .  W i t h  t h e  c l o s u r e  o f  t h e s e  

p l a n t s ,  S t a n t o n  now s u p p l y ,  p r i n c i p a l l y ,  t o  t h e  S c u n t h o r p e  

Works  and  t o  S h e f f i e l d  D i v i s i o n ,  and  h a v e ,  l a t t a r l y ,  t e n d e d  

t o  p r o d u c e  m a i n l y  SG i r o n  m o u l d s .

5. D i s t i n g t o n  F o u n d r y .  C um br i a  D i v i s i o n .  W o r k i n g t o n  ( C l o s e d  

J u n e  1981)

P r i o r  t o  i t s  c l o s u r e  i n  J u n e ,  1981 D i s t i n g t o n  f o u n d r y  was  

t h e  l a r g e s ^  i n g o t  mou l d  f o u n d r y  w i t h i n  t h e  C o r p o r a t i o n .

I r o n  u s e d  t o  be s u p p l i e d  by b a s i c  h o t  b l a s t  c u p o l a s ,  a n d  a 

d r y  s a nd  s y s t e m  was e m p l o y e d .  Mo ul ds  o f  up t o  7 0 t  h a v e  b e e n  

p r o d u c e d ,  t h e  n o r m a l  r a n g e  was L t o  25 t o n n e s .

A 1 /2



I n  1 9 7 9 / 8 0 ,  an e x t e n s i v e  d e v e l o p m e n t  was c a r r i e d  o u t ,  

i n v o l v i n g  t h e  r e p l a c e m e n t  o f  t h e  c u p o l a s  w i t h  1 2 0 t  c h a n n e l  

i n d u c t i o n  f u r n a c e s .  T h e s e  wer e  d e s i g n e d  t o  a c c e p t  h o t  m e t a l  

d i r e c t  f ro m t h e  b l a s t  f u r n a c e s  a t  W o r k i n g t o n ,  and  t o  t r i m  

t h e  a n a l y s i s  by a d d i t i o n s  o f  s t e e l  s c r a p .  Cold  m e l t i n g  was 

a l s o  u t i l i s e d ,  and  t h e  d r y - s a n d  s y s t e m  was r e p l a c e d  by a 

r e s i n - b o n d e d ,  f u r a n e  s y s t e m .

D i s t i n g t o n ’ s m a j o r  c u s t o m e r s  we r e  T e e s i d e ,  S c u n t h o r p e  

a nd  S h e f f i e l d  D i v i s i o n s .

6.  L a n d o r e  Foundry. .  FFE G r o up .  Swansea  ( C l o s e d  A u g u s t . 1980.) 

L a n d o r e ’ s m e t a l  s u p p l y  was  f r o m a h o t  b l a s t  a c i d  c u p o l a ,  

t h e  m e t a l  b e i n g  t r i m m e d  and d e s u l p h u r i s e d  i n  s h a k i n g  l a d l e s .  

The s a n d  p r a c t i c e  was t h e  d r y  s a n d  s y s t e m .

Due t o  r a t i o n a l i s a t i o n  o f  i n g o t  mould  p r o d u c t i o n  c a p a c i t y ,  

moul d  p r o d u c t i o n  v i r t u a l l y  c e a s e d  i n  1 9 7 8 ,  and  t h e  f o u n d r y  

c l o s e d  i n  198 0 .

7 .  T e e s i d e  B r i d g e .  RDL. ' M i d d l e s b o r o u g h

T e e s i d e  B r i d g e  f o u n d r y  t o o k  i t s  m e t a l  f ro m an a c i d  c o l d  b l a s t  

c u p o l a ,  and  t h e  i r o n  was c o n t i n u o u s l y  d e s u l p h u r i s e d  w i t h  

s o d a  a s h .  The s a n d  p r a c t i c e  u s e d  was t h e  d r y - s a n d  s y s t e m .

I n g o t  mould  p r o d u c t i o n  a l s o  c e a s e d  a t  T e e s i d e  B r i d g e ,  w i t h  

t h e  r e o r g a n i s a t i o n  i n  1 97 8 .

8 .  R i ve r Don  Wo r ks .  FFE G r ou p .  S h e f f i e l d

R i v e r  Don i s  p r i m a r i l y  a s t e e l  f o u n d r y  and f o r g e m a s t e r ,
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p r o d u c i n g  i ' o r g m g s  up t o  -iuux.  m e  m o u i a s  i o r  s u c n  i o r g i u g &  

may w e i g h  up t o  1 5 0 t ,  w h i c h  i s  o u t s i d e  t h e  c a p a c i t y  o f  B SC ' s  

i n g o t  moul d  f o u n d r i e s .  R i v e r  Don Works  h a v e ,  t h u s ,  p r o d u c e d  

m o u l d s  o f  t h i s  w e i g h t  f o r  t h e i r  own u s e .

The m e l t i n g  p r a c t i c e  u s e d  i s  t h e  b a s i c  e l e c t r i c  a r c  f u r n a c e  

and  t r i m m i n g  and  a n y  s u p e r  h e a t i n g  i s  c a r r i e d  n u t  i n  a 

F i n k l  Vacuum Arc D e g a s s i n g  U n i t .  The n o m i n a l  f u r n a c e  

c a p a c i t y  i s  1 0 0 t ,  so  m o u l d s  a b o v e  t h i s  w e i g h t  a r e  p r o d u c e d  

i n  two p a r t s ,  t h e  f i r s t  c a s t  b e i n g  h e l d  i n  t h e  VAD u n i t  

w h i l s t  t h e  s e c o n d  c a s t  i s  m e l t e d .

The s a n d  . p r a c t i c e  i s  t h e  r e s i n - b o n d e d  f u r a n e  s y s t e m  and t h e  

m o u l d s  a r e  p r o d u c e d  i n  l a r g e  p i t s ,  a s  o p p o s e d  t o  t h e  n o r m a l  

b o x e d  m o u l d i n g  p r a c t i c e ,  v

9• C r a i g n e u k  F o u n d r y .  FFE G r o u p .  M o t h e r w e l l  

I n  1 9 7 8 / 7 9 ,  C r a i g n e u k  s t e e l w o r k s ,  w h i c h  i n c o r p o r a t e s  a 

s t e e l  f o u n d r y ,  was  s h o r t  o f  i n g o t  m o u l d s  ( a r o u n d  6 t )  

a nd  so  b r i e f l y ,  p r o d u c e d  t h e i r  own. T h e s e  w e r e  m e l t e d  i n  a 

b a s i c  e l e c t r i c  a r c  f u r n a c e  o f  2 5 t  c a p a c i t y ,  t h e  m o u l d s  

b e i n g  p r o d u c e d  i n  t h e  r e s i n - b o n d e d  p h e n o l i c  s y s t e m .
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A2/1  T i n s l e y  Park F-Type  Mould ( 6 . I t )
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A 2 / 2 Tem'pleborough 610 WB Mould ( a . 9 5 t )
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A2/3 A ld v a r k e  3120 Mould ( 6 . At)
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A2/ j. Round Oak W5U 100 Mould  (5« 5't)
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A 2 / 5 Round Oak N5U 100 Mould ( 5 . 5 5 t )
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A 2 /6  R a v e n s c r a i g  /,.8-Type Mould ( 2/ L. 9 t )



Up to  
3 5 5 6

A2/7  T y p i c a l  R i v e r  Don F o r g i n g  Mould



CODE OF PRACTICE FOR HEMATITE IRON INGOT MOULD MANUFACTURE

ISSUED BY THE IRON CASTINGS TECHNICAL LIASON COMMITTEE

8 t h  March  1976

I n g o t  mould p e r f o r m a n c e  i s  g o v e r n e d  by f o u n d r y  ( m a n u f a t -

u r i n g )  and s t e e l w o r k s  u s a g e  p a r a m e t e r s .  W i t h i n  t h e  l a s t

f o u r  y e a r s ,  C o r p o r a t i o n  s t e e l w o r k s  h a v e  e s t a b l i s h e d  a code  
o f  o p e r a t i n g  p r a c t i c e ,  d e s i g n e d  t o  o p t i m i s e  i n g o t  mould

p e r f o r m a n c e .

I n  o r d e r  t o  g a i n  b e n e f i t  f rom t h e  s t e e l w o r k s ^  code  

o f  p r a c t i c e ,  i t  i s  i m p o r t a n t  t h a t  i n g o t  m o u ld s  s u p p l i e d  

by t h e  f o u n d r i e s  be o f  t h e  c o r r e c t  c h e m i c a l  a n a l y s i s  and  

m e t a l l u r g i c a l  s t r u c t u r e ,  be m e c h a n i c a l l y  sound and f r e e  o f  

s u r f a c e  d e f e c t s .

T h i s  d o c u m e n t ,  t h e r e f o r e ,  s u m m a r i s e s  t h e  main  f o u n d r y  

p a r a m e t e r s ,  w h i c h  i t  i s  n e c e s s a r y  t o  c o n t r o l  i f  t h e s e  

c h a r a c t e r i s t i c s  a r e  t o  be a c h e i v e d .  Th u s ,  p h y s i c a l  

p r o p e r t i e s  a r e  d e t e r m i n e d  by t h e  m e t a l l u r g i c a l  s t r u c t u r e ,  

w h i c h ,  i n  t u r n ,  i s  d i c t a t e d  by t h e  s t r i p p i n g  p r a c t i c e  ( S e c t i o n  

7)  and  c h e m i c a l  a n a l y s i s  ( S e c t i o n  8 ) .  The s o u n d n e s s  and  

i n t e g r i t y  o f  i n g o t  m o u l d s  i s  a f f e c t e d  by s a nd  ( S e c t i o n  1) 

and  r u n n i n g / c a s t i n g  p r a c t i c e '  ( S e c t i o n  3 - 6 ) .  The b e s t  i n g o t  

mould p r o d u c t  may be a c h i e v e d  o n l y  by a t t e n t i o n  t o  t h e  

p a r a m e t e r s  i d e n t i f i e d  i n  t h i s  d o c u m e n t .

1. FOUNDRY SAND PRACTICE.

I n g o t  m o u l d s  w i t h i n  t h e  U.K. a r e  p r o d u c e d ,  m a i n l y ,  by t h e  d r y
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sa n d  p r o c e s s ,  a l t h o u g h  o t h e r  s y s t e m s  ( f u r a n e - r e s i n  bonded  

and f l u i d  s an d )  a r e  e m p lo y e d ,  c u r r e n t l y .

T h e re  a r e ,  i n e v i t a b l y ,  m i n o r  v a r i a t i o n s  b e tw e e n  t h e  f o u n d r i e s  

u t i l i s i n g  t h e  d r y  s a n d  p r a c t i c e s  and  t h e s e  r e l a t e  t o  t h e  

ammount o f  r e t u r n  s a n d  u s e d ,  d i f f e r e n t  a d d i t i o n s  and  t h e  

m e th o d s  o f  c o m p a c t i o n  ( s a n d  s l i n g i n g  o r  j o l t i n g ) .  B o th  t h e  

f u r a n e  and f l u i d  . sand  s y s t e m s  r e l y  on c h e m i c a l l y  h a r d e n i n g  

t h e  s an d  m o u l d s ,  b o t h  s y s t e m s  b e i n g  e x a m p le s  o f  ’ c o l d  s e t ’ 

t e c h n i q u e s .

I r r e s p e c t i v e  o f  t h e  i n d i v i d u a l  s an d  p r a c t i c e s  e m p lo y e d ,  

t h e  aim o f  t h e  m o u l d i n g  p r a c t i c e  i s  t o  p r o d u c e  a r i g i d ,  

p e r m e a b l e  sand  m ould  w i t h  a d e q u a t e  h i g h  t e m p e r a t u r e  

p r o p e r t i e s ,  i n  o r d e r  t o  p r o d u c e  a s a t i s f a c t o r y  f i n a l  p r o d u c t .

Any sa n d  p r o c e s s  w h ic h  p r o d u c e s  a s o u n d ,  d i m e n s i o n a l l y  

a c c u r a t e  i n g o t  m o u ld ,  f r e e  o f  s u r f a c e  d e f e c t s ,  i s  a c c e p t a b l e .

2. INGOT MOULD DIMENSIONS

I n g o t  m o u ld s  p r o d u c e d  i n  t h e  C o r p o r a t i o n  f o u n d r i e s  s h o u l d  

comply  w i t h  t h e  f o l l o w i n g  d i m e n s i o n s ;

Mould Wt. W a l l  T h i c k n e s s  I n g o t  C a v i t y  R e s u l t i n g  I n g o t  Wt. 

Range T o l e r a n c e  T o l e r a n c e * T o l e r a n c e *

10 t o n n e  + .3 $  i  0 . 1%  + 1.5%

1 0 -2 0  t o n n e  + 5. 5% ±  2% + 1.5%

20 t o n n e  + 5» 5$> +.2% + 1 . 5 %

# These  t o l e r a n c e s  do n o t  im p ly  a maximum t o l e r a n c e  f o r  

b r o a d  and n a r ro w  c a v i t y  d i m e n s i o n s  s i m u l t a n e o u s l y .  F o r
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t h i s  r e a s o n ,  t h e  s p r e a d  i n  a n t i c i p a t e d  i n g o t  w e i g h t s  
+

( -  1 • 5%) r e p r e s e n t s  a b e t t e r  r e f l e c t i o n  o f  t h e  s p r e a d  i n  . 

m ould  c a v i t y  d i m e n s i o n s .

T h e re  i s  no e v i d e n c e  t o  s u g g e s t  t h a t  v a r i a t i o n s  i n  w a l l  

t h i c k n e s s  o f  t h e  m a g n i t u d e  i n d i c a t e d  i m p a i r  m ould  

p e r f o r m a n c e  p r o v i d e d  t h a t  m ould  symmetry  i s  o b t a i n e d .

The l o c a t i o n  o f  p l u g  h o l e s ,  l i f t i n g  l u g s  o r  f e e d e r  h e a d  

s l o t s  s h o u l d  comply  w i t h  r e f r a c t o r y  an d  s t e e l w o r k s  

t o l e r a n c e  r e q u i r e m e n t s .

3 .  CASTING TEMPERATURE *

I n  o r d e r  t o  m i n i m i s e  r u n - o u t ,  s a n d  b u r n - o n  an d  s h r i n k a g e  

a s  a r e s u l t  o f  l i q u i d  s h r i n k a g e  t h e  c a s t i n g  t e m p e r a t u r e  

s h o u l d  be a s  low a s  p o s s i b l e  c o n s i s t e n t  w i t h  p r e v e n t i n g  

c o l d  s h u t / l a p p i n g  p r o b l e m s .  On t h e  o t h e r  h a n d ,  c a s t i n g  

t e m p e r a t u r e  h a s  an  e f f e c t  on t h e  m e c h a n i c a l  p r o p e r t i e s  

( a n d  h e n c e  p e r f o r m a n c e )  o f  i n g o t  mould  i r o n ,  optimum 

p r o p e r t i e s  b e i n g  a c h e i v e d  f o l l o w i n g  c a s t i n g  f ro m  1250 -  

1280°C.  The a c t u a l  c a s t i n g  t e m p e r a t u r e  i s  t h e r e f o r e  a 

c o m p ro m is e ,  d e s i g n e d  t o  p r o d u c e  t h e  b e s t  p r o d u c t .  The 

t e m p e r a t u r e  em ployed  i s  u s u a l l y  a f u n c t i o n  o f  t h e  s e c t i o n  

s i z e ,  and  f o r  i n g o t  m o u l d s ,  c a s t i n g  t e m p e r a t u r e s  i n  t h e  

r a n g e  1250 -  1280°C a r e  e m p lo y e d .

* C a s t i n g  t e m p e r a t u r e  i s  d e f i n e d  a s  t h e  t e m p e r a t u r e  o f  t h e  

h o t  m e t a l  a s  i t  e n t e r s  t h e  s a n d  m o u ld .  I f  t h e  t e m p e r a t u r e s  

a r e  m e a s u r e d  a t  o t h e r  p o i n t s  i n  t h e  p r o d u c t i o n  s e q u e n c e ,
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d u e  a l l o w a n c e . 3 h o u l d  be made t o  e n s u r e  t h a t  c a s t i n g  t e m p ­

e r a t u r e s  f a l l  i n  t h e  d e f i n e d  r a n g e .

4 .  POURING RATES

P o u r i n g  o f  i r o n  s h o u l d  be s m o o th  an d  u n i n t e r r u p t e d .  I n  d r y  

s a n d  m o u l d s ,  e x c e s s i v e  r a d i a n t  h e a t  i n  t h e  m o u ld  c a v i t y  

d u r i n g  f i l l i n g  e a n  l e a d  t o  " s c a b b i n g "  on t h e  c a s t i n g  s u r f a c e .  

I n  r e s i n  b o n d e d  s a n d  m o u l d s ,  r a d i a n t  h e a t  can  l e a d  t o  t h e  

b r e a k d o w n  o f  t h e  m o u ld  due  t o  b u r n - o u t  o f  t h e  r e s i n .  M ould  

f i l l i n g  s h o u l d  t h e r e f o r e  be c a r r i e d  o u t  a s  q u i c k l y  a s  

p o s s i b l e  t a k i n g  a c c o u n t  o f  p r a c t i c a l  c o n s t r a i n t s .  R a t e s  

o f  3 t o n n e / m i n u t e  f o r  s m a l l  ( < 5 t )  m o u ld s  and  6 t / m i n u t e  

f o r  l a r g e r  m o u l d s  a r e  r e c o m m en d e d .  The e x c e p t i o n  i s '  l a r g e  

( > 6 0 t )  o c t a g o n a l  m o u ld s  w h i c h  s h o u l d  be p o u r e d  a t  2 0 t /  

m i n u t e .

5. RUNNING SYSTEMS

R u n n in g  s y s t e m s  m u s t  a c c e p t  i r o n  a t  t h e  a p p r o p r i a t e  p o u r i n g  

r a t e  ( s e e  L) and  s h o u l d  be d e s i g n e d  t o  d e l i v e r  i r o n  a s  

s m o o t h l y  an d  u n i f o r m l y  a s  p o s s i b l e  i n  o r d e r  t o  m i n i m i s e  

e r o s i o n .  The i n g a t e  c o n f i g u r a t i o n - i s  p r a c t i c a l l y  d e t e r m i n e d  

by m o u l d i n g  r e q u i r e m e n t s ,  b u t  a s  f a r  a s  p o s s i b l e  t h e  d e s i g n  

s h o u l d  a v o i d  d i r e c t  • im p in g e m e n t  o f  h o t  m e t a l  s t r e a m s  o n t o  

c o r e  f a c e s  o r  c o r n e r s .  Any s y s t e m  w h i c h  a c h i e v e s  t h e s e  

r e q u i r e m e n t s  i s  s a t i s f a c t o r y .

6 .  FEEDING
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The aim o f  i n g o t  m ould  f o u n d r y  p r a c t i c e  s h o u l d  be t o

p r o d u c e  a s o u n d ,  d i m e n s i o n a l l y  a c c u r a t e  p r o d u c t .  The

s o l i d i f i c a t i o n  o f  g r e y  c a s t  i r o n  i s  a c c o m p a n ie d  by

a s l i g h t  i n c r e a s e  i n  v o lu m e ,  due  t o  t h e  p r e c i p i t a t i o n  o f

g r a p h i t e .  I'n t h e  c a s e  o f  i n g o t  m o u l d s ,  p a r t i c u l a r l y  o f  t h e  

l a r g e r  ( > 1 5 t )  t y p e s ,  c a s t i n g  o f  t h e  i r o n  i n t o  t h e  mould  

may, h o w e v e r ,  be a c c o m p a n ie d  by m ould  d i l a t i o n ,  d u e ,  

p r o b a b l y ,  t o  t h e  f e r r o s t a t i c  p r e s s u r e  and t h e  e x p a n s i o n  

c h a r a c t e r i s t i c s  o f  t h e  i r o n  d u r i n g  s o l i d i f i c a t i o n .  The 

e x t e n t  o f  t h e  d i l a t i o n  and  l i q u i d  s h r i n k a g e  i s  a f u n c t i o n  

o f  i r o n  a n a l y s i s ,  m e t a l  t e m p e r a t u r e  and mould  s i z e ,  b u t  

t h e  amount  o f  f e e d  m e t a l  r e q u i r e d  may be a s  h i g h  a s  L,% 

o f  t h e  mould w e i g h t .

F e e d i n g  p r a c t i c e  i n  i n g o t  mould  f o u n d r i e s  s h o u l d ,  t h e r e f o r e ,  

u s e  f e e d e r  h e a d s  o f  s u f f i c i e n t  s i z e  t o  p r o d u c e  m o u ld s  f r e e  

o f  s h r i n k a g e ,  b o t h  a t  t h e  m ould  t o p  s u r f a c e  and  w i t h i n  t .he 

body  o f  t h e  m o u ld .  The s i z e  and  d i s p o s i t i o n  o f  t h e  f e e d e r  

h e a d s  i s  l i k e l y  t o  v a r y  f rom f o u n d r y  t o  f o u n d r y ,  b u t  t h e  

maximum s i z e  o f  f e e d e r  h e a d s  i s  u n l i k e l y  t o  e x c e e d  I n

t h e  c a s e  o f  t h e  l a r g e  f e e d e r  h e a d s ,  t h e  u s e  o f  W ashburn  

c o r e s  w i l l  f a c i l i t a t e  t h e  e a s y  r e m o v a l  o f  t h e  h e a d s ,  w h ic h  

may t h e n  be r e m e l t e d .  U nder  no c i r c u m s t a n c e s  s h o u l d  f e e d e r  

h e a d s  be removed f rom  i n g o t  m o u ld s  by b u r n i n g .

7 .  STRIPPING PRACTICE.

The e f f e c t  o f  t h e  r a t e  o f  c o o l i n g  o f  i n g o t  m ould  and

b o t to m  p l a t e  c a s t i n g s  d u r i n g  m a n u f a c t u r e  upon t h e  s t r u c t u r e s

d e l e l o p e d  w i t h i n  t h e  i r o n  a n d ,  i n  c o n s e q u e n c e ,  upon  t h e  s e r v i c e -
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b e h a v i o u r  o f  t h e  c a s t i n g s  i n  s t e e l p l a n t  s e r v i c e  h a s  been  

d e m o n s t r a t e d  t o  i m p o r t a n t .

I n  t h e  m a n u f a c t u r i n g  p r o c e s s ,  t h e  f a c t o r  w h ic h  c o n t r o l s  t h e  

c o o l i n g  r a t e  i s  t h e  t i m e  i n t e r v a l  a f t e r  p o u r i n g  f o r  w h ic h  

t h e  c a s t i n g  r e m a i n s  c o m p l e t e l y  w i t h i n  i t s  s a n d  e n v i r o n m e n t .  

Removal  o f  t h e  c a s t i n g  f rom  t h e  s an d  t o  a t m o s p h e r i c  c o o l i n g  

s h o u l d  o c c u r  when t h e  c a s t i n g  h a s  c o o l e d  u n d e r  s u c h  c o n t r o l  

t o  a t e m p e r a t u r e  o f  t h e  o r d e r  700°C .

The t h i c k n e s s  o f  t h e  s an d  co m p ac t  c o v e r i n g  t h e  w h o le  s u r f a c e  

o f  t h e  c a s t i n g  s h o u l d  be s u f f i c i e n t  t o  p r o v i d e  s lo w  c o o l i n g .  

I n  t h e  c a s e  o f  d r y  s a n d ,  on w h ic h  m o s t  e x p e r i e n c e  h a s  b e e n  

g a i n e d ,  t h i s  c o r r e s p o n d s  t o  a t h i c k n e s s  o f  1 2 5 - 1 50mm. I n  

t h e  c a s e  o f  f u r a n e  b onded  s a n d s ,  r e c e n t l y  a c q u i r e d  i n f o r ­

m a t i o n  s u g g e s t s  t h a t  s i m i l a r  c o o l i n g  r a t e s  can  be a c h i e v e d  
*

w i t h  7 5 “ 100mm o f  s a n d .

G r e a t e r  t h i c k n e s s e s  o f  s an d  h a v e  no s i g n i f i c a n t  i n f l u e n c e  

on t h e  c o o l i n g  p r o c e s s .  I n a d e q u a t e  s a n d  t h i c k n e s s e s ,  p a r t i ­

c u l a r l y  i f  b a c k e d  by t h e  m e t a l  o f  t h e  c a s t i n g  t a c k l e ,  e v e n  

i f  t h e y  o c c u r  o n l y  a t  l o c a l i s e d  p o s i t i o n s  on t h e  c a s t i n g  

c a n  hav e  a s i g n i f i c a n t  i n f l u e n c e  on t h e  c o o l i n g  r a t e  o f  a 

m a j o r  p a r t  o f  t h e  c a s t i n g .

The e x t r e m i t i e s  o f  i n g o t  m ould  w a l l s  r e q u i r e  p a r t i c u l a r  

c a r e  i n  t h e  c o o l i n g  o p e r a t i o n  s i n c e  t h e y  become p r o n e  t o  

e x p o s u r e  t o  a t m o s p h e r i c  c o o l i n g  d u r i n g  t h e  v a r i o u s  s t a g e s  

o f  b reak d o w n  o f  t h e  m o u l d i n g  t a c k l e  w i t h i n  t h e  m a n u f a c t u r i n g  

p r o c e s s  r o u t e .
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D u r i n g  t h e  c o n t r o l  c o o l i n g  p e r i o d ,  i t  i s  n e c e s s a r y  o n ly  

t h a t  t h e  m o u l d i n g  s an d  com pac t  s h o u l d  r e m a i n  i n  i n t i m a t e  

c o n t a c t  w i t h  t h e  i n g o t  mould  c a s t i n g  b o d y .  W h e t h e r  o r  n o t  

i t  i s  n e c e s s a r y  t o  r e t a i n  t h e  m e t a l  m o u l d i n g  t a c k l e  a r o u n d  

t h e  s an d  t o  a c h e i v e  t h i s  s i t u a t i o n  w i l l  d e p e n d  upon t h e  t y p e  

an d  c h a r a c t e r i s t i c s  o f  t h e  m o u l d i n g  s a n d , u p o n  t h e  h a n d ­

l i n g ,  e t c . ,  m e t h o d s  em p lo y ed  w i t h i n  a p a r t i c u l a r  m a n u f a c t u r  

i n g  r o u t e .

B o t to m  p l a t e s  s h o u l d  be c a s t  w i t h i n  a m ould  h a v i n g  a minimum 

s a n d  t h i c k n e s s  o f  t h e  o r d e r  o f  1 50mm ( o r  w i t h i n  a r e f r a c t ­

o r y  m ould  h a v i n g  e q u i v a l e n t  h e a t  i n s u l a t i o n  p r o p e r t i e s . ) .

The u p p e r  s u r f a c e  o f  t h e  p l a t e  c a s t i n g  s h o u l d ,  p r e f e r a b l y ,  

be c o v e r e d  w i t h  a t o p  p a r t  c a r r y i n g  a t h i c k n e s s  o f  s an d  

c o m p a c t  o r  o t h e r  r e f r a c t o r y  m a t e r i a l  w i t h  h e a t  a b s t r a c i o n  

p r o p e r t i e s  e q u i v a l e n t  t o  th o se ^  o f  a minimum t h i c k n e s s  

o f  t h e  o r d e r  o f  1 2 5 - 1 50mm o f  d r y  s a n d  c o m p a c t .  The t o p  p a r t ,  

o r  a t  l e a s t  i t s  s a n d / r e f r a c t o r y  m a t e r i a l  c o n t e n t ,  s h o u l d  

r e m a i n  i n  p o s i t i o n  a b o v e  t h e  c a s t i n g  u n t i l  t h e  l a t t e r  a t t a i n s  

a t e m p e r a t u r e  o f  t h e  o r d e r  o f  700°C .

P r e d i c t i o n  o f  t h e  c o o l i n g  t i m e s  f o r  w h ic h  i t  i s  n e c e s s a r y  

t h a t  i n g o t  m ould  c a s t i n g s  s h o u l d  r e m a i n  w i t h i n  t h e  s a n d  

m o u l d , i n  o r d e r  t h a t  t h e  m ou ld  w a l l  t e m p e r a t u r e  s h o u l d  be o f  

t h e  o r d e r  o f  7 0 0 °C ,m ay  be made f rom  F i g .  1.  The c o o l i n g  

t i m e  i n t e r v a l  ' p o u r - s t r i p *  i n  h o u r s  i s  r e l a t e d  t o  t h e  r a t i o  

o f  t h e  m ou ld  w e i g h t  i n  t o n n e s  t o  t h e  t o t a l  s u r f a c e  a r e a  o f  

t h e  i n n e r  and  o u t e r  w a l l s  o f  t h e  i n g o t  m ould  i n  s q u a r e  

m e t r e s .
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P r e d i c t i o n  o f  t h e  n e c e s s a r y  c o o l i n g  t i m e s  f o r  w h i c h  b o t t o m  

p l a t e  c a s t i n g s  s h o u l d  r e m a i n  t o t a l l y  w i t h i n  t h e  s a n d  m o u l d  

i n  o r d e r  t h a t  t h e  p l a t e  s u r f a c e  t e m p e r a t u r e  s h a l l  b e  o f  t h e  

o r d e r  o f  7 00 ° C  i s  m o r e  d i f f i c u l t  t o  d e f i n e  i n  a g e n e r a l i s e d  

f o r m .  The  i n d i v i d u a l  p l a t e  g e o m e t r y  h a s  a  s i g n i f i c a n t  e f f e c t  

u p o n  t h e  r e l a t i o n s h i p .  An a p p r o x i m a t i o n  t o  t h e  t i m e  i n t e r v a l  

' p o u F ^ r e m o v e  t o p  p a r t *  i n  h o u r s  c a n  be  o b t a i n e d  by  m u l t i p l y -  •

i n g  t h e  r a t i o  o f  t h e  v o l u m e  o f  t h e  p l a t e  i n  c u b i c  m e t r e s  

t o  t h e  t o t a l  s u r f a c e  a r e a  o f  t h e  p l a t e  i n  s q u a r e  m e t r e s  

by  2 5 0 .  The  v o l u m e  a n d  s u r f a c e  a r e a  v a l u e  u s e d  c a n  be  

c o m p u t e d  f r o m  t h e  r e s p e c t i v e  o v e r a l l  a v e r a g e  d i m e n s i o n s  

o f  t h e  p l a t e .  R e f i n e d  v a l u e s  f o r  t h e  c o o l i n g  t i m e s  f o r  

i n d i v i d u a l  p l a t e  d e s i g n s  t o  b e  a p p l i c a b l e  w i t h i n  c o n t r o l  

p r o c e d u r e s  c a n  be  d e t e r m i n e d  on t h e  i n i t i a l  a p p r o x i m a t i o n s .

8 . TARGET ANALYSIS LEVELS

P r o p o s e d  l i m i t s  f o r  a n  a n a l y s i s  r a n g e  f o r  i n g o t  m o u l d s  

m u s t  a s s u m e  t h a t  t h e  c o o l i n g  c o n d i t i o n s  o f  t h e  m o u l d  a n d  

t h e  s t r i p p i n g  p r a c t i c e  c o m p l i e s  w i t h  t h a t  s p e c i f i e d  i n  ( 7 ) .

The  f i v e  m a j o r  e l e m a n t s  f o r  n o r m a l  f l a k e  g r a p h i t e  i n g o t  

m o u l d s  s h o u l d  f a l l  w i t h i n  t h e  f o l l o w i n g  r a n g e :  -  

C S i  S P Mn

3 . 7 - 4 . 0  1 - 2  0 . 1  max  0 . 1 $  ma x  0 . 5 / 1 . 1

T h e r e  a r e  c e r t a i n  c a s e s  w h e r e  v a r a i t i o n s  o u t s i d e  t h i s  

r a n g e ,  p a r t i c u l a r l y  c a r b o n  c o n t e n t ,  h a v e  p r o d u c e d  s a t i s ­

f a c t o r y  p e r f o r m a c e s  i n  m o u l d s .

The  w i d e  r a n g e  o f  s i l i c o n  r e f l e c t s  v a r i a t i o n s  i n  m o u l d
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r e q u i r e m e n t s .  S i l i c o n  i s  a g r a p h i t i s i n g  e l e m e n t  and t h e  

l o v e r  s i l i c o n  c o n t e n t s  may be u s e d  w here  p e a r i i t e  s t r u c t u r e s ,  

w i t h  a good r e s i s t a n c e  t o  c r a z i n g ,  a r e  r e q u i r e d .  H i g h e r  

s i l i c o n  l e v e l s  a r e  u s e d  t o  i n c r e a s e  t h e  am ount  o f  f e r r i t e  

i n  m o u ld s  w h e re  t h e  n o r m a l  mode o f  f a i l u r e  i s  by c r a c k i n g .

C e r t a i n  t r a c e  e l e m e n t s  may a f f e c t  t h e  s t r u c t u r e  o f  i n g o t  

m o u l d s ,  p a r t i c u l a r l y  i f  t h e  c o n t r o l l e d  c o o l i n g  p r a c t i c e  

(7 )  i s  n o t  m a i n t a i n e d .  T h u s ,  t h e  p r e s e n c e  o f  s t r o n g ,  c a r b i d e  

s t a b i l i s e r s ,  n o t a b l y  ch rom ium ,  i s  known t o  be d e t r i m e n t a l .

I n  a d d i t i o n ,  i t  h a s  b e e n  e s t a b l i s h e d  t h a t  i n  s m a l l  ( 7 t )  

m o u l d s ,  i n c r e a s i n g  q u a n t i t i e s  o f  c o p p e r  ( p e a r i i t e  s t a b i l i s e r )  

i m p a i r r  m ould  p e r f o r m a n c e  and  e x a m i n a t i o n s  o f  i n d i v i d u a l  

m ould  f a i l u r e s  h a v e  shown t h a t  t h e  p r e s e n c e  o f  e x c e s s i v e  

a m o u n t s  o f  t i n  { 0 , 0 1 % )  and  l e a d  (0 .006 /5 )  a r e  a l s o  a s s o c i a t e d  

w i t h  p r e m a t u r e  m ou ld  f a i l u r e s .  C om pac ted  f o rm s  o f  g r a p h i t e  

a p p e a r  t o  be p r o m o t e d  by h i g h  n i t r o g e n  c o n t e n t s ,  b u t  i f  

t h e y  a r e  u n d e s i r a b l e  t h e y  may be p r e v e n t e d  by a d d i t i o n ,  

o f  a l u m i n i u m  o r  t i t a n i u m .

The p r e c i s e  l e v e l s  a t  w h ic h  t r a c e  e l e m e n t s  h a v e  an e f f e c t  

on m ou ld  m i c r o s t r u c t u r e  h a v e  n o t  b e e n  e s t a b l i s h e d ,  a l t h o u g h  

i n f o r m a t i o n  c u r r e n t l y  b e i n g  a c c u m u l a t e d  w i l l  p r o v i d e  g u i d ­

a n c e  on a c c e p t a b l e  l e v e l s .  The s i t u a t i o n  i s  f u r t h e r  

c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  e f f e c t s  o f  t r a c e  e l e m e n t s  

i s  c u m u l a t i v e .  The s u b j e c t  h a s  b e e n  c o n s i d e r e d  i n  some d e t a i l  

by t h e  B r i t i s h  C a s t  I r o n  R e s e a r c h  A s s o c i a t i o n  (D ocum ent  

IMP 138 ’ T r a c e  E l e m e n t s  i n  C a s t  I r o n  and  T h e i r  P o s s i b l e  

S i g n i f i c a n c e  i n  I n g o t  M o u l d s ’ ) .  On t h e  b a s i s  o f  c u r r e n t  

e x p e r i e n c e  a n d  p u b l i s h e d  d a t a , t h e  f o l l o w i n g  a n a l y s e s  a r e
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s u g g e s t e d  a s  t a r g e t  l e v e l s  i n  i n g o t  mould  m a n u f a c t u r e .  The 

l e v e l s  a r e  l i k e l y  t o  r e q u i r e  m o d i f i c a t i o n  a s  more i n f o r ­

m a t i o n  becomes  a v a i l a b l e :

P e a r i i t e  S t a b i l i s e r s  C a r b i d e  S t a b i l i s e r s

Sn Cu Ni As Cr Mo

0 . 0 2 0 . 3 0.  2 0 .0 1 0 . 0 5 0 .0 1

max max max max max max

O t h e r s .

N

0 . 0 0 7  max.

Pb

0 . 0 0 0 5  max.

I t  m u s t  be e m p h a s i s e d  t h a t  a l a r g e  num ber  o f  m o u ld s  i n  

c u r r e n t  s e r v i c e  e x c e e d  t h e s e  i n d i v i d u a l  l e v e l s  w i t h o u t  

any  a p p a r e n t  d e t e r i o r a t i o n  i n  mould  p e r f o r m a n c e .
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THE EFFECTS OF PHOSPHORUS AND FOUNDRY STRIPPING PRACTICE ON THE 

PERFORMANCE OF CAST IRON INGOT MOULDS

K.B. Wilford and F.G. Wilson

BRITISH STEEL CORPORATION, SHEFFIELD LABORATORIES

Phosphorus levels in haematite ingot moulds are normally 
maintained at 0.12% max. There is evidence, however, to show 
that levels up to 0.23% may be beneficial. Due to a shortage of 
suitable raw materials, a BSC ingot mould foundry operated for a 
period of 6 months with a high phosphorus cupola burden and 
levels up to 0.264% P were produced. Of the mould types produced 
during this period there was a slight drop in performance of up 
to 7 lives for NEU open topped moulds but the performance of a 
WEU closed bottom mould deteriorated from 120 lives down to 70 
lives due to cracking. Experimental casts showed that high 
phosphorus levels caused an increase in brittleness, this effect 
being enhanced by high residual levels and by fast cooling from 
-1000 °C. Microstrueturally this was associated with the forma­
tion of cell boundary networks of phosphide/carbide eutectic. 
Surface temperature measurements on actual moulds showed that on 
removing the top plate the temperature of the WEU CB mould could 
be as high as 9 6 0  °C compared with less than 750 °C for the NEU 
OT moulds. This-is due to the heavy base section (top as-cast) 
of the closed bottom mould. The poor performance of the WEU CB 
mould has therefore been attributed to high phosphorus levels 
(above 0 .1 2 %) coupled with fast cooling rates.

1. INTRODUCTION

British Steel Corporation currently produces about 200 000 
t/a of cast iron ingot moulds in the iron foundries for use mainly 
within the Corporation's steelworks. At the present time the 
annual value of the moulds, which generally fall within the weight 
range 3—30 t, is £40-M. The steelworks' performance of these 
moulds therefore has a considerable bearing on the operating costs 
of the Corporation's steelworks.

Within the past few years, considerable success has been 
achieved by the production and use of modified graphite 
(spheroidal and compacted) ingot moulds and the use of such 
moulds is continuing to increase. However, the bulk of moulds



u se d  w i t h in  th e  C o r p o r a t io n  i s  s t i l l  o f  th e  c o n v e n t io n a l  f l a k e  
g r a p h i t e  type  and c o n s id e r a b l e  a t t e n t i o n  c o n t in u e s  to  be p a id  to  
th e  p erform ance o f  h a e m a t i t e  m ou ld s .

An i n g o t  mould may b e  d e f in e d  a s  a c o n t a in e r  i n t o  w h ich  
l i q u i d  s t e e l  i s  poured f o r  th e  p u rp o se  o f  p r o d u c in g  a s o l i d  i n g o t  
f o r  s u b se q u e n t  r o l l i n g  or  f o r g i n g .  * P r a c t i c a l l y  th e  d e s ig n  o f  th e  
i n g o t  shape i s  b a se d  on s o l i d i f i c a t i o n  and y i e l d  c o n s i d e r a t i o n s  
and th e  mould i s  d e s ig n e d  to  c o n t a in  th e  s t e e l  and c o n d u c t  h e a t  
away w h i l s t  i t  s o l i d i f i e s .  D u rin g  u s a g e ,  t h e r e f o r e ,  th e  i n s i d e  
s u r f a c e  o f  th e  mould r a p i d l y  h e a t s  up to  te m p e r a tu r e s  o f  th e  
o r d e r  o f  7 0 0 -9 0 0  °C f o l l o w e d  by e q u a l i s a t i o n  o f  th e  te m p era tu re  
g r a d i e n t s  w i t h in  5 -1 5  m in u t e s .  The m oulds a f t e r  u s e  a r e  a l lo w e d  
to  c o o l  b e lo w  100 °C and r e u s e d .

The number o f  t im e s  th e  m oulds can  be r e u s e d  b e f o r e  th e y  
r e q u ir e  s c r a p p in g  i s  an im p o r ta n t  f a c t o r  i n  th e  eco n o m ics  o f  th e  
i n g o t  r o u t e .  D u rin g  u sa g e  th e  i n s i d e  s u r f a c e  d e t e r i o r a t e s  th ro u g h  
th erm al f a t i g u e ,  grow th  and o x i d a t i o n .  Under optimum c o n d i t i o n s ,  
t h e r e f o r e ,  th e  d e t e r i o r a t i o n  i n  s u r f a c e  q u a l i t y  means t h a t  
u l t i m a t e l y  the  i n g o t  ca n n o t  b e  s t r i p p e d ,  o r  th e  r e s u l t a n t  b i l l e t  
or  s la b  s u r f a c e  q u a l i t y  i s  s o  p o o r  t h a t  th e  i n c r e a s e d  d r e s s i n g  
c o s t s  w ould n o t  j u s t i f y  c o n t in u i n g  u s e  o f  th e  mould and so  i t  i s  
s c r a p p e d .

F r e q u e n t ly j  h ow ever , m oulds may f a i l  b e f o r e  t h i s  c o n d i t i o n  
i s  a c h ie v e d .  The m ost common c a u se  f o r  r e j e c t i o n  a t  an e a r l y  l i f e  
i s  b e c a u s e  o f  c r a c k in g .

2 .  FACTORS WHICH DETERMINE INGOT MOULD PERFORMANCE

I n g o t  mould p er fo rm a n ce  i s  d i c t a t e d  b y  mould d e s i g n ,  s t e e l ­
works u sa g e  c o n d i t i o n s  and fou n d ry  m a n u fa c tu r in g  c o n d i t i o n s .  Xt 
i s  o f t e n  d i f f i c u l t  and som etim es  im p o s s ib le  from th e  a v a i l a b l e  
d a ta  t o  d e c id e  w hich  o f  th e  above f a c t o r s  c o n t r i b u t e s  t o  p o o r  
mould p er fo rm a n ce ,  p a r t i c u l a r l y  i n  th e  c a s e  o f  i n d i v i d u a l  
prem ature  mould f a i l u r e s .

T h is  pap er  d e a l s  w i t h  a p a r t i c u l a r  e x p e r ie n c e  in  w h ic h  p o o r  
mould p er fo rm a n ces  c o u ld  be a t t r i b u t e d  d i r e c t l y  t o  m a n u fa c tu r in g  
d e f i c i e n c i e s .  B e fo r e  d e s c r i b i n g  th e  p ro b lem , i t  i s  c o n s id e r e d  
a p p r o p r ia te  to  o u t l i n e  b r i e f l y  th e  main fo u n d ry  p a r a m e te r s  w h ich  
d i c t a t e  mould p e r fo r m a n c e .

3 .  FOUNDRY PARAMETERS

The fou n d ry  p a ra m eters  w h ich  d e te r m in e  th e  p er fo rm a n ce  o f  a  
g iv e n  ty p e  o f  i n g o t  mould a r e  th e  p r o p e r t i e s  o f  th e  i r o n ,  th e  
p h y s i c a l  so u n d n ess  and d im e n s io n a l  a c c u r a c y  o f  th e  m ould . Thus,  
th e  i r o n  n eed s  t o  w i t h s t a n d  b o th  p h y s i c a l  and th erm a l s h o c k ,  th e  
i n g o t  produced  h a s  to  be o f  good s u r f a c e  q u a l i t y  and d i m e n s i o n a l l y  
a c c e p t a b l e ,  w h i le  th e  d im e n s io n s  o f  th e  mould have to  be com pat­
i b l e  w i th  s t e e lw o r k s '  r e q u ir e m e n ts .  A l l  o f  t h e s e  f a c t o r s  a r e  
d e te r m in e d  by c o n d i t i o n s  in  th e  fo u n d r y ,  where l a c k  o f  c o n t r o l  
can l e a d  to  a d e t e r i o r a t i o n  in  mould p e r fo r m a n c e .

The p r e s e n t  r e p o r t  d e a l s  s p e c i f i c a l l y  w i t h  one a s p e c t  o f  th e  
p r o p e r t i e s  o f  i n g o t  mould i r o n  ( i . e .  i t s  c r a c k in g  r e s i s t a n c e )  and  
f a c t o r s  c o n t r o l l i n g  the  so u n d n ess  and d im e n s io n a l  a c c u r a c y  a r e



n o t  c o n s i d e r e d .  C l e a r l y  t h e  p r o p e r t i e s  o f  t h e  i r o n  a r e  
d e t e r m i n e d  by  i t s  m i c r o s t r u c t u r e ,  w h i c h  i n  t u r n  i s  d e t e r m i n e d  
b y  t h e  m e l t i n g  r o u t e ,  t h e  c h e m i c a l  a n a l y s i s ,  m e t a l  t r e a t m e n t  
t e c h n i q u e s  ( e . g .  i n o c u l a t i o n )  an d  f i n a l l y ,  t h e  c o o l i n g  r a t e  o f  
t h e  c a s t i n g .

The two f e a t u r e s  h i g h l i g h t e d  i n  t h e  p r e s e n t  p a p e r  a r e  
c h e m i c a l  a n a l y s i s  a n d  c o o l i n g  r a t e  o f  t h e  c a s t i n g .

3 . 1 I r o n  A n a l y s i s

As a  g e n e r a l  a im ,  C o r p o r a t i o n  i n g o t  m o u ld s ,  w h ic h  a r e  
p r o d u c e d  v i a  c u p o l a  o r  e l e c t r i c  f u r n a c e  r o u t e s ,  a r e  m a n u f a c t u r e d  
t o  t h e  f o l l o w i n g  a n a l y s i s  r e q u i r e m e n t : -

C S i  S P Mn

3 . 7 - 4 * 0  1—2 0 .1  max 0 . 1 3  max 0 .  5 / 1 . 1

The p r o p e r t i e s  o f  t h e  c a s t  i r o n ,  an d  c o n s e q u e n t l y  m ould  
p e r f o r m a n c e ,  i s  d e t e r m i n e d  p a r t l y  b y  c h e m i c a l  a n a l y s i s .  F o r  
exam ple  i t  i s  w e l l  e s t a b l i s h e d  t h a t  i n c r e a s e s  i n  c a r b o n  e q u i ­
v a l e n t  r e d u c e  t h e  t e n d e n c y  f o r  c r a c k i n g  t o  o c c u r  b u t  a l s o  
a c c e l e r a t e  t h e  c r a z i n g  p r o c e s s .  A n a l y s i s  v a r i a t i o n s  c a n  t h e r e f o r e  
b e  made w i t h i n  t h e  q u o t e d  r a n g e  t o  a l l o w  f o r  d i f f e r e n c e s  i n  m ould  
s i z e  a n d  d e s i g n  an d  s t e e l w o r k s ’ o p e r a t i n g  c o n d i t i o n s .

A l t h o u g h  i t  i s  a c k n o w l e d g e d  t h a t  r e s i d u a l  e l e m e n t s  a f f e c t  
i r o n  p r o p e r t i e s  a n d  m ould  p e r f o r m a n c e ,  s t a t i s t i c a l  a n a l y s i s  o f  
p e r f o r m a n c e  d a t a  i s  i n c o n c l u s i v e  i n  t h i s  r e s p e c t .  E v e r y  e f f o r t  
i s  made t o  r e s t r i c t  known s u b v e r s i v e  e l e m e n t s  ( e . g .  l e a d )  t o  
a c c e p t a b l e  l e v e l s ,  b u t  i n  g e n e r a l , - r e s i d u a l  l e v e l s  a r e  d i c t a t e d  
b y  t h e  u s e  o f  n o r m a l  raw  m a t e r i a l s .

The p h o s p h o r u s  l e v e l s  i n  i n g o t  m o u ld s  p r o d u c e d  i n  t h e  
C o r p o r a t i o n  f o u n d r i e s  a r e  n o r m a l l y  m a i n t a i n e d  i n  t h e  r e g i o n  
0 . 0 4 - 0 . 0 8 ^ .  H ow ever ,  t h e  t h i r d  r e p o r t  o f  t h e  I n g o t  M ould  
Su b -C o m m it te e^  p r o v i d e d  e v i d e n c e  t o  show t h a t  p h o s p h o r u s  c o n t e n t s  
i n  e x c e s s  o f  t h o s e  n o r m a l l y  a s s o c i a t e d  w i t h  i n g o t  m ou ld  i r o n  may 
b e  b e n e f i c i a l  f o r  t h e  p e r f o r m a n c e  o f  s m a l l  m o u ld s  (z* t )  . The 
r a n g e  c o n s i d e r e d  was 0 . 0 6 - 0 . 2 3 ^  P .

3 . 2  C o o l in g  C o n d it io n s

I n g o t  m oulds  i n  BSC f o u n d r i e s  a r e  p r o d u c e d  u s i n g  d i f f e r e n t  
s a n d  s y s t e m s  ( e . g .  d r y  s a n d ,  s i l i c a t e ,  f u r a n e )  b u t  t h e  m a n u f a c t u r ­
i n g  r o u t e  em ployed  i s  e s s e n t i a l l y  s i m i l a r ,  i r r e s p e c t i v e  o f  s a n d  
s y s t e m  a n d  m o u l d i n g  m e thod  e m p lo y e d .  M ost  C o r p o r a t i o n  m o u ld s  a r e  
p r o d u c e d  i n  b o x e s  w h ic h  em ploy  s a n d  t h i c k n e s s e s  i n  e x c e s s  o f  
.130 mm.

I t  i s  an  e s t a b l i s h e d  f a c t ,  b a s e d  on e x p e r i e n c e  o v e r  t h e  p a s t  
20 y e a r s ,  t h a t  p r e m a t u r e  s t r i p p i n g  o f  t h e  t a c k l e  i n  t h e  f o u n d r y  
( i . e .  r e m o v a l  o f  t h e  b o x  an d  e x p o s u r e  o f  t h e  i n g o t  m ou ld  a b o v e  
700 °C) can  p r o d u c e  a  m a t e r i a l  w h i c h  i s  s u s c e p t i b l e  t o  c r a c k i n g .  
T h i s  i s  r e f l e c t e d  i n  a  d e t e r i o r a t i o n  i n  mould  p e r f o r m a n c e ,  
u s u a l l y  b e c a u s e  o f  p r e m a t u r e  c r a c k i n g .



4 .  ANALYSIS OF INGOT MOULD DATA

D u r i n g  1974 t h e  q u a l i t y  o f  s t e e l  s c r a p  a v a i l a b l e  t o  one of* 
BSC 's  f o u n d r i e s  ( d e s i g n a t e d  F o u n d r y  A) d e t e r i o r a t e d ,  b o t h  i n  
s i z e  a n d  t r a c e  e l e m e n t  l e v e l s .  A s u p p l y  o f  r a i l w a y  c h a i r s  ( 4 0  k g  
e a c h  w i t h  0 . 7 5 - 1  °l° P a n d  low r e s i d u a l  c o n t e n t )  becam e  a v a i l a b l e  a n d  
so  t h e s e  w ere  c h a r g e d  a t  a  n o m i n a l  r a t e  o f  10 - 15^  t o  t h e  c u p o l a .  
The mean p h o s p h o ru s ,  l e v e l  r e s u l t i n g  f ro m  t h i s  b u r d e n  s h o u l d  h a v e  
b e e n  a p p r o x i m a t e l y  0 . 1 6°/o w h i c h  i s  s l i g h t l y  h i g h e r  t h a n  t h e  n o r m a l  
maximum a l l o w e d  l e v e l  b u t  w i t h i n  t h e  r a n g e  m e n t i o n e d  a b o v e .

From J u l y  t o  D ecem ber  1974» a l l  m ou lds  p r o d u c e d  a t  F o u n d r y  A 
w ere  p r o d u c e d  f ro m  t h e  new c u p o l a  b u r d e n . A v a r i e t y  o f  m ould  
t y p e s  was p r o d u c e d  i n  t h e  4 - 7  t  w e i g h t  r a n g e ,  t h e s e  p r i n c i p a l l y  
b e i n g  o f  t h e  n a r r o w  en d  u p  (NEU) open  t o p p e d  (OT) a n d  w id e  end  u p  
(WEU) c l o s e d  b o t t o m  (CB) t y p e s .  I n  p a r t i c u l a r ,  WEU, CB m o u ld s  
w i t h  a  h e a v y  b a s e  w e re  s u p p l i e d  t o  S t e e l w o r k s  S .

D u r i n g  D ecem ber  1974> a* n u m b er  o f  p r e m a t u r e  f a i l u r e s  
mould o c c u r r e d  a t  S t e e l w o r k s  S ,  due  t o  m a j o r  c r a c k i n g  i n i t i a t i n g  
f rom  t h e  b a s e ,  t h e  f a i l u r e  b e i n g  m a i n l y  c o n f i n e d  t o  h i g h  
p h o s p h o r u s  m o u l d s .  C o n c e rn  was  e x p r e s s e d  n o t  o n l y  a t  t h e  
i n c r e a s e d  s t e e l  c o s t s  b u t  a l s o  a t  t h e  p o t e n t i a l l y  s e r i o u s  s a f e t y  
h a z a r d  a s s o c i a t e d  w i t h  t h e  c a t a s t r o p h i c  c r a c k i n g  o f  a  m o u ld  d u r i n g  
t e e m i n g .

I t  s h o u l d  b e  e m p h a s i s e d  t h a t  s i m i l a r  p e r f o r m a n c e  p r o b l e m s  
w ere  n o t  e x p e r i e n c e d  a t  F o u n d r y  A ' s  o t h e r  i n g o t  m ou ld  c u s t o m e r s  
a t  t h e  t i m e .  H ow ever ,  t h e  s i t u a t i o n  was so  s e r i o u s  a t  S t e e l w o r k s  
S t h a t  a s  an  i m m e d i a t e  a c t i o n ,  t h e  p h o s p h o r u s  i n  t h e  b u r d e n  was 
r e d u c e d  t o  i t s  p r e v i o u s  l e v e l  b y  e l i m i n a t i n g  t h e  r a i l w a y  c h a i r  
s c r a p .

I n  o r d e r  t o  c l a r i f y  t h e  e f f e c t s  o f  p h o s p h o r u s  on i n g o t  m ould  
p e r f o r m a n c e  a  s t a t i s t i c a l  a n a l y s i s  o f  t h e  v a r i o u s  m ou ld  t y p e s  
p r o d u c e d  w i t h  h i g h  p h o s p h o r u s  l e v e l s  was c a r r i e d  o u t .  I n  a d d i t i o n  
a  s e r i e s  o f  l a b o r a t o r y  m e l t s  was made t o  s t u d y  t h e  e f f e c t  o f  h i g h  
and  low  r e s i d u a l  e l e m e n t  l e v e l s  a n d  p h o s p h o r u s  v a r i a t i o n s  a n d  
f o u n d r y  c o o l i n g  c o n d i t i o n s  on t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  
i r o n .

4 .1  WEU CB M oulds  a t  S t e e l w o r k s  S

Mean c h e m i c a l  a n a l y s e s  o f  m o u ld s  o v e r  a  2 y e a r  p e r i o d  e n d i n g  
w i t h  t h e  6 m onths  o f  h i g h  p h o s p h o r u s  o p e r a t i o n  w e r e  a s  f o l l o w s

C S i  Mn S P Mo C r  Sn Y T i
3 . 7 9  1 .2 3  0 . 9 3  0 . 0 8 0  0 . 0 6 3  0 . 0 1 6  0 . 0 8 0  0 . 0 0 6  0 . 0 1 6  0 . 0 1 8

N i  A1 Cu
0 . 0 5 7  0 . 0 0 2  0 . 1 0 6

M o n th ly  a v e r a g e  p h o s p h o r u s  c o n t e n t s  a n d  p e r f o r m a n c e s  a r e  
shown i n  F i g .  1 . C o n s i d e r a b l e  s c a t t e r  i n  t h e  p h o s p h o r u s  l e v e l s  
o c c u r r e d  w i t h  v a l u e s  r a n g i n g  f ro m  0.035°/° u p  t o  0.26l±°/o. I t  c a n  
b e  s e e n  f ro m  F i g .  1 t h a t  f ro m  A u g u s t  1974 when t h e  p h o s p h o r u s  
l e v e l  was i n c r e a s e d  t o  a  mean o f  o v e r  0 . 1 1 ^ ,  t h e r e  was  a  l a r g e



d e c r e a s e  i n  p e r f o r m a n c e  f ro m  1 1 5 - 1 2 5  l i v e s  down t o  6 0 - 9 0  l i v e s .  
A n a l y s i s  o f  a l l  m o u ld s  o v e r  t h e  2 y e a r  p e r i o d  showed t h a t  w h ere  
p h o s p h o r u s  c o n t e n t s  w e re  b e l o w  0.1396 t h e  mean l i f e  was 1 2 0 .2  
(cr = 2 6 . 5 ) w h e r e a s  m o u ld s  w i t h  o v e r  0.13196 P gav e  a  mean l i f e  o f  
6 8 . 5  (or = 2 6 . 3 )  .

M u l t i p l e  r e g r e s s i o n  a n a l y s i s  f o r  a l l  m o u ld s  i n  t h e  2 y e a r  
p e r i o d  was c a r r i e d  o u t  a n d  t h e  f o l l o w i n g  e q u a t i o n  o b t a i n e d :  -

L i f e  = 1 2 9 .6  -  4 4 0 . 2  (°/o  P) -  1 3 8 .9  (°/o C r )  + 4 2 6 . 4  (°/o V)
+ 3 2 6 . 8  (96 N i )    (1 )

9396 c o n f i d e n c e  l i m i t s ,  2 e  = +_ 56

t h i s  e q u a t i o n  b e i n g  v a l i d  w i t h i n  t h e  a n a l y s i s  l i m i t s  g i v e n  b e l o w : -

P 0 . 0 2 6  -  0.264?6

C r  0 .0 0 1  -  0 . 3 9 $
y  0 . 0 0 1  -  0.10596
N i  0 .0 0 1  -  0.19296

4 . 2  NEU OT Moulds  a t  S t e e l w o r k s  T,  U an d  V

S i m i l a r  s t a t i s t i c a l  a n a l y s e s  w e re  c a r r i e d  o u t  f o r  NEU OT 
m oulds  a t  F o u n d r y  A ' s  o t h e r  3 p r i n c i p a l  c u s t o m e r s .  No s u c h  m ark ed  
t r e n d  was  o b s e r v e d  an d  h i g h  a n d  low  p h o s p h o r u s  c o n t e n t  m o u ld s  h a d  
t h e  f o l l o w i n g  l i v e s : -

S te e lw o r k s Mould Wt. t P erform an ce

<0.1396 P >0.13196 P

T 4 . 9 5 8 4 . 2 7 7 . 4
U 6 . 4 4 1 0 6 . 4 1 0 3 . 2

v 5 . 3 3 9 3 . 1 1 0 9 . 9

I t  can  be s e e n  t h a t  a t  S te e lw o r k s  T and U t h e r e  h a s  b e e n  a  
s l i g h t  r e d u c t io n  i n  p er fo rm a n ce  and a t  S t e e lw o r k s  V an a p p a r e n t  
i n c r e a s e ,  a l th o u g h  t h e r e  a r e  o n ly  8 m oulds o f  t h i s  ty p e  s o  t h a t  
th e  r e s u l t s  a r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .

5 .  EXPERIMENTAL CASTING PRODUCTION

I t  i s  a p p a ren t  from th e  r e s u l t s  i n  S e c t i o n  4 t h a t  th e  
prem ature f a i l u r e s  o f  th e  WEU CB moulds a t  S te e lw o r k s  S and to  
a l e s s e r  e x t e n t  i n  t h o s e  m oulds a t  S t e e lw o r k s  T and U, w ere due  
to  p h osp h oru s  c o n t e n t s  i n  e x c e s s  o f  0.13%* A t S, th e  a v e r a g e  
mould p erfo rm a n ce  dropped  from a p p r o x im a te ly  120 l i v e s  w i t h  lo w  
p h osphorus (< 0 . 0796) "to 68 l i v e s  f o r  h ig h  p h osp h oru s  (>0.1396 P) 
m o u ld s .

The NEU moulds a t  S t e e lw o r k s  T, U and V, h o w ev er , showed  
l i t t l e  a p p a r e n t  d e c r e a s e  i n  l i f e  a t  h ig h  p h osp h o ru s  l e v e l s .



In  an a t te m p t  t o  c l a r i f y  th e  r e a s o n s  f o r  t h e s e  i n c o n s i s t e n ­
c i e s ,  a number o f  l a b o r a t o r y  m e l t s  w ere p rod u ced  to  s tu d y  th e  
e f f e c t  o f  m ic r o s t r u e t u r a l  v a r i a b l e s  on c r a c k in g  r e s i s t a n c e .

250 kg m e l t s  w ere p rod u ced  in  an i n d u c t i o n  fu r n a c e  u s i n g  a 
ch a rg e  o f  10096 Bremanger p i g  i r o n  or  50 °/o Brem anger and 5096 Warner 
p i g  i r o n s ,  t o  s im u la t e  d i f f e r e n t  r e s i d u a l  l e v e l s  ( d e s i g n a t e d  
'h igh*  and ' l o w ’ l e v e l s  r e s p e c t i v e l y  f o r  c o m p a r a t iv e  p u r p o s e s ) .
120 kg  t e s t  b lo c k s  (250 mm d ia m e te r )  w ere c a s t  i n  r e s in - b o n d e d  
sand a t  h ig h  ( 0 . 3 °/°) and lo w  ( 0 . 0696) p h osp h oru s  l e v e l s .  H a l f  th e  
b lo c k s  were f a s t  c o o le d  from above 1000 °C by s t r i p p i n g  b e f o r e  
l-jjr h o u r s .  C hem ical a n a l y s e s  o f  th e  t e s t  b lo c k s  a r e  g iv e n  i n  
T a b le  1.

M ech a n ica l  p r o p e r t i e s  were d e te r m in e d  from th e  c e n t r e  o f  e a c h  
t e s t  b l o c k  u s i n g  c o n v e n t io n a l  t e n s i l e  t e s t s  and a bend d u c t i l i t y  
t e s t ^ .  The l a t t e r  i n v o l v e s  f r a c t u r i n g  a 1 2 .7  mm d ia m e te r  b a r  i n  
t h r e e  p o in t  b e n d in g  b e tw e e n  127 mm c e n t r e s  and d e te r m in in g  th e  
l o a d - d e f l e c t i o n  c u r v e .  T y p ic a l  l o a d —d e f l e c t i o n  c u r v e s  foi?
d u c t i l e  and b r i t t l e  f l a k e  g r a p h i t e  i r o n s  a r e  shown in  F i g .  2 .
I t  can be s e e n  t h a t  i n  th e  c a s e  o f  a b r i t t l e  i r o n ,  once maximum 
l o a d  h as  b een  a c h ie v e d  th e  lo a d  f a l l s  more r a p i d l y  away to  z e r o .
I t  h as  been  d e term in ed  t h a t  th e  most s u i t a b l e  p a ram eter  f o r  
com paring the  cu rv e  s h a p e s  i s  a /b  ( F i g .  2)  t h i s  b e in g  th e  r a t i o  
o f  cu rv e  w id th s  a t  h a l f - p e a k  h e i g h t .  H igh  v a l u e s  o f  a /b  t h e r e f o r e  
r e p r e s e n t  an e m b r i t t l e d  i r o n .

M ic r o s t r u c t u r e s  w ere d e te r m in e d  from th e  ends o f  the  
f r a c t u r e d  bend t e s t  sp e c im e n s  and t y p i c a l  s t r u c t u r e s  a r e  shown 
i n  F i g ,  3* F e r r i t e  c o n t e n t s  are  sum m arised i n  T a b le  2 t o g e t h e r  
w it h  th e  m e c h a n ic a l  p r o p e r t i e s .

6 . DISCUSSION

I t  can  be s e e n  from  th e  m ic r o s t r u c t u r e s  (T a b le  2) t h a t  in  
th e  c a s e  o f  th e  low  r e s i d u a l  m e l t s  t h e r e  i s  a  s u b s t a n t i a l  
p r o p o r t io n  o f  f e r r i t e  ( 8596 i n  th e  s lo w  c o o l e d  low  p h osphorus  
t e s t  b l o c k ) ,  th e  amount b e i n g  red u ced  b y  th e  f a s t  c o o l i n g  p r a c t i c e .  
The h ig h  phosphorus t e s t  b l o c k s  w ere more p e a r l i t i c  than th e  low  
p h osp h oru s  b lo c k s  b u t  t h i s  i s  assum ed t o  be due to  th e  h i g h e r  Mn 
l e v e l  (0.7396 as  opposed  t o  O .4696) .  Of p a r t i c u l a r  n o te  was t h a t  
th e  p h o s p h id e /c a r b id e  e u t e c t i c  in  th e  h i g h  ph osp h oru s  b l o c k s  was 
in  th e  form o f  a  f a i r l y  u n ifo r m  d i s p e r s i o n  w i t h  o n ly  a l i m i t e d  
te n d e n c y  t o  s e g r e g a t e  t o  th e  c e l l  b o u n d a r ie s .

The h ig h  r e s i d u a l  m e l t s  were s u b s t a n t i a l l y  p e a r l i t i c  w i t h  
o n ly  a t r a c e  o f  f e r r i t e  b e i n g  e v i d e n t  i n  th e  s lo w  c o o le d  b l o c k s .
The p h o s p h id e /c a r b id e  e u t e c t i c  in  th e  h i g h  ph osp h oru s  b l o c k s  
ten d ed  to  be more s e g r e g a t e d  t o  th e  c e l l  b o u n d a r ie s  than o b se r v e d  
i n  th e  low  r e s i d u a l  m e l t s  ( F i g .  3 ) .

E x a m in a tio n  o f  T a b le  2 shows t h a t  i n  th e  c a s e  o f  th e  h ig h  
r e s i d u a l  m e l t s ,  an i n c r e a s e  i n  p h osp h oru s  c o n t e n t  in  the  s lo w  
c o o le d  t e s t  b lo c k s  p ro d u ced  a marked i n c r e a s e  i n  b r i t t l e n e s s ,  
th e  a /b  r a t i o  i n c r e a s i n g  from 3*3 to  1 4 .3 *  A s i m i l a r  i n c r e a s e  
was a l s o  found  to  o c c u r  i n  the f a s t  c o o l e d  b l o c k s .  The f a s t  
c o o le d  b lo c k s  were a l s o  e m b r i t t l e d  compared w i t h  th e  s lo w  c o o le d  
b l o c k s ,  a /b  r a t i o s  i n c r e a s i n g  from 3*3 t o  7.1  and 14*3 t o  17*3 
f o r  th e  low  and h ig h  p h osp h o ru s  b lo c k s  r e s p e c t i v e l y .  The m ost



b r i t t l e  c o n d i t i o n  was r e p r e s e n t e d  by th e  h ig h  p hosphorus f a s t '  
c o o le d  t e s t  b l o c k s .

In  th e  low  r e s i d u a l  m e l t s  th e  f a s t  c o o le d  h ig h  ph osp h oru s  
t e s t  b lo c k  a g a in  r e p r e s e n t e d  th e  m ost b r i t t l e  c o n d i t i o n ,  b u t  i t  
can be s e e n  t h a t  th e  i n c r e a s e  i n  c o o l i n g  r a t e  had a g r e a t e r  e f f e c t  
on p r o p e r t i e s  th an  c h a n g e s  in  p h osp h oru s  l e v e l s .  In  f a c t  th e  
m a tr ix  was more p e a r l i t i c  i n  th e  c a s e  o f  th e  h ig h  p h osp h oru s  t e s t  
b lo c k s  and t h i s  i s  known t o  i n c r e a s e  b r i t t l e n e s s ,  i n d i c a t i n g  t h a t  
th e  r e a l  e f f e c t  o f  p h osp h o ru s  i n  t h i s  s e r i e s  o f  t e s t  b l o c k s  was 
o n ly  s l i g h t .

The e f f e c t  o f  p h osp h oru s  on th e  h i g h  and low  r e s i d u a l  m e l t s  
was s u b s t a n t i a l l y  d i f f e r e n t .  The m ost n o t a b l e  m ic r o s t r u c t u r a l  
v a r i a t i o n ,  o t h e r  th an  f e r r i t e  c o n t e n t ,  was t h a t  th e  p h o s p h id e /  
c a r b id e  e u t e c t i c  i n  th e  low  r e s i d u a l  m e l t s  was d i s p e r s e d ,  w h erea s  
in  th e  h ig h  r e s i d u a l  m e l t s  i t  was more s e g r e g a t e d  to  th e  c e l l  
b o u n d a r ie s .  I t  i s  a p p a r e n t  t h e r e f o r e  t h a t  h ig h  p h osp h oru s  l e v e l s  
w i l l  be most d e t r i m e n t a l  t o  c r a c k in g  r e s i s t a n c e  when th e  p h o s p h id e /  
c a r b id e  e u t e c t i c  i s  i n  th e  form o f  c e l l  boundary n e tw o rk s  w h ich  
o f f e r  an e a s y  p a th  f o r  c r a c k s  t o  p r o p a g a te  th rou gh  th e  m a t e r i a l .
The p r e s e n t  work h a s  shown t h a t  t h i s  form i s  prom oted b y  h ig h  
t r a c e  e lem en t  l e v e l s  and f a s t  c o o l i n g  from 1000 °C.

The bend t e s t  r e s u l t s  i l l u s t r a t e  th e  im p ortan ce  o f  c o n t r o l l e d  
c o o l i n g  o f  m oulds in  th e  fo u n d r y .  a /b  r a t i o s  o f  low  p h osp h oru s  
c a s t s  were found to  i n c r e a s e  from 1.1  to  2 .3  and from 3*5 t o  7*1 
w it h  f a s t  c o o l i n g  f o r  low  and h ig h  r e s i d u a l  m e l t s  r e s p e c t i v e l y .

Comparison o f  fo u n d r y  mould a n a l y s e s  ( S e c t i o n  4 . 1 )  w i t h  t h o s e  
o f  th e  e x p e r im e n ta l  t e s t  b lo c k s  (T a b le  l )  show t h a t  th e  m oulds  
c o n t a in e d  s u b s t a n t i a l l y  h i g h e r  l e v e l s  o f  th e  p e a r i i t e  and c a r b id e  
s t a b i l i s i n g  e le m e n t s ,  Cu, Cr and Mo than  th e  ' h i g h 1 r e s i d u a l  t e s t  
b l o c k s .  T h is  w ould i n d i c a t e  t h a t  th e  m oulds w i l l  be more p ron e  to  
th e  d e l e t e r i o u s  e f f e c t s  o f  p h osp h oru s  and f a s t  c o o l i n g  th a n  th e  
t e s t  b l o c k s .  The c o o l i n g  r a t e  on s o l i d i f i c a t i o n  w i l l  a l s o  p l a y  
an im p o r ta n t  r o l e  s i n c e  th e  s lo w e r  th e  s o l i d i f i c a t i o n  r a t e ,  a s  i n  
i n g o t  moulds compared w i t h  th e  t e s t  b l o c k s ,  th e  g r e a t e r  th e  
te n d e n c y  f o r  s e g r e g a t i o n  a t  th e  h e a d  o f  th e  a d v a n c in g  s o l i d i f i c a ­
t i o n  f r o n t  and h e n c e  th e  g r e a t e r  te n d e n c y  to  form th e  d e l e t e r i o u s  
c e l l  boundary n e tw o rk  o f  p h o s p h id e / c a r b id e  e u t e c t i c .

6 .  RELEVANCE TO MOULD PERFORMANCE

I t  i s  c l e a r l y  a p p a r e n t  from F i g .  1 t h a t  th e  e a r l y  f a i l u r e s
o f  th e  WEU CB ty p e  m oulds were due t o  p h osp h oru s  c o n t e n t s  i n
e x c e s s  o f  0 .1  296. The mean mould p er fo rm a n ce  dropped from  120  
l i v e s  w i t h  low  p h osp h oru s  (<0 .079  ̂ down t o  68 l i v e s  f o r  h i g h  
p h osp h oru s  ( > 0 . 1 3196) • The drop i n  l i f e  f o r  th e  NEU OT m o u ld s ,  
h o w ev er , was o n ly  o f  th e  o r d e r  o f  10 l i v e s  f o r  th e  same p h o sp h o ru s  
l e v e l s .

I t  h a s  b een  n o t e d  ab ove  t h a t  p r e v io u s  e x p e r ie n c e  h a s  c la im e d  
a b e n e f i c i a l  e f f e c t  o f  in c r e a s e d  p h o sp h o ru s  l e v e l s .  T h is  c l e a r l y  
i s  n o t  th e  c a s e  f o r  t h e s e  m ou ld s . S in c e  th e  e x p e r im e n ta l  work
showed th e  im p o rta n ce  o f  s t r i p p i n g  p r a c t i c e ,  tem p era tu re  m ea su re­
m ents a t  th e  fo u n d ry  w ere made im m e d ia te ly  a f t e r  s t r i p p i n g  th e  
top  p l a t e  w hich  e x p o s e s  th e  narrow  end f a c e  o f  th e  i n g o t  m ould ,



a l l  i n g o t  m oulds b e i n g  m an ufactu red  w i t h  th e  narrow  end u p p erm o st .  
I t  was found t h a t  th e  s u r f a c e  te m p e r a tu r e s  o f  th e  h ea v y  b a se  
s e c t i o n  o f  th e  WEU CB mould can l i e  b e tw een  89O and 9&0 °C.
S u r fa c e  te m p e r a tu r e s  on th e  e x p o se d  end f a c e  f o r  th e  NEU OT 
m oulds were b e lo w  730 °C. The much h i g h e r  s u r f a c e  te m p era tu re  
o f  th e  WEU CB mould i s  due t o  i t s  h ea v y  b a se  s e c t i o n  ( t o p  a s - c a s t )  
compared w i t h  th e  o t h e r  mould t y p e s .

I t  i s  c l e a r  th e n  t h a t  th e  n e c e s s a r y  s lo w  c o o l i n g  c o n d i t i o n s  
f o r  h ig h  p h osp h oru s  m oulds w ere n o t  s a t i s f i e d  f o r  th e  WEU CB 
mould f o r  th e  th e n  c u r r e n t  c o o l i n g  p r a c t i c e .  C o n v e r s e ly ,  th e  
c o o l i n g  c o n d i t i o n s  f o r  th e  NEU OT m oulds more n e a r l y  ap p ro a ch ed  
the  optimum and i t  i s  c o n s id e r e d  to  be th e  r e a s o n  f o r  th e  
r e l a t i v e l y  s m a l l  d e c r e a s e  in  p erfo rm a n ce  f o r  t h e s e  mould t y p e s .

7 .  SUMMARY AND CONCLUSIONS

D uring  th e  s e c o n d  h a l f  o f  1974 a BSC i n g o t  mould fo u n d ry  
o p e r a te d  w ith  a  burden  w h ich  in c lu d e d  up to  1 596 h i g h  p h osp h oru s  
r a i lw a y  c h a i r s .  Mean p h osp h oru s  l e v e l s  p roduced  w ere  a p p r o x im a te ­
l y  0.1296 b u t  w id e  v a r i a t i o n s  were o b se r v e d  b e tw een  0.033  and 
O .26496. A s l i g h t  d e t e r i o r a t i o n  i n  p erform an ce  o f  up t o  10 u s a g e s  
o c c u r r e d  f o r  NEU OT m oulds a t  h ig h  ph osp h oru s  c o n t e n t s ,  b u t  s e v e r e  
prob lem s w ere e x p e r ie n c e d  w i t h  a  WEU CB m ould, th e  mean l i f e  
f a l l i n g  from a p p r o x im a t e ly  120 l i v e s  w i t h  low  p h osp h oru s  ( l e s s  
than O.O796) down t o  b e lo w  70 l i v e s  f o r  p h osphorus l e v e l s  above
0 .  1296.

A s e r i e s  o f  t e s t  b lo c k s  was c a s t  w i t h  0 .3  and O.O696 
phosphorus w i t h  a i r  c o o l i n g  or  sand c o o l i n g  from 1000 °C t o  
700 °C i n  b o th  h i g h  and low  r e s i d u a l  m e l t s .  In th e  h ig h  r e s i d u a l  
m e lt s  i t  was fou nd  t h a t  an i n c r e a s e  in  phosp h oru s l e v e l s  m ark ed ly  
d e c r e a s e d  th e  c r a c k in g  r e s i s t a n c e ,  t h i s  b e in g  a t t r i b u t e d  t o  th e  
fo r m a t io n  o f  a e u t e c t i c  c e l l  boundary n etw o rk  o f  p h o s p h id e /c a r b id e  
e u t e c t i c .  H igh p h o sp h o ru s  l e v e l s  in  th e  low  r e s i d u a l  m e l t s  were  
found  to  produce a l e s s e r  e f f e c t ,  th e  p h o sp h id e  fo r m in g  a s  a  
d i s p e r s i o n  w i t h in  th e  e u t e c t i c  c e l l s .  I t  has' b een  p o s t u l a t e d  t h a t  
h ig h  t r a c e  e le m e n t  l e v e l s  ( c a r b id e  or  p e a r i i t e  s t a b i l i s e r s )  * 
prom ote th e  f o r m a t io n  o f  th e  c e l l  boundary  n e tw o r k . I t  i s  
c o n s id e r e d  t h a t  t h i s  e f f e c t  w i l l  be enhanced  in  i n g o t  mould  
p r o d u c t io n  b y  th e  h i g h e r  t r a c e  e le m e n t  l e v e l s  than  em ployed  in  
th e  t e s t  b lo c k s  and a l s o  by th e  s lo w e r  s o l i d i f i c a t i o n  r a t e s .

F a s t  c o o l i n g  o f  th e  t e s t  b lo c k s  from 1000 °C i n c r e a s e d ' t h e  
b r i t t l e n e s s  o f  th e  t e s t  b lo c k s  and d e m o n str a te d  th e  im p o r ta n c e  o f  
s lo w  c o o l i n g  in  th e  fo u n d r y .  In  th e  c a s e  o f  b o th  h i g h  and low  
r e s i d u a l  m e lt s  th e  m ost b r i t t l e  c o n d i t i o n  e n c o u n te r e d  was a h i g h  
p h osp h oru s  c o n t e n t  c o u p le d  w i th  a f a s t  c o o l i n g  r a t e  from 1000 °C.

P r e v io u s  e x p e r ie n c e  h as  shown t h a t  p hosphorus c o n t e n t s  a t  
t h i s  h ig h  l e v e l  a r e  n o t  d e t r im e n t a l  and may even  be b e n e f i c i a l  
u n d er  s lo w  c o o l i n g  c o n d i t i o n s  in  th e  fo u n d r y .  M easurem ents  
c a r r i e d  out a t  th e  i n g o t  mould fo u n d ry  have shown t h a t ,  i n  th e  
c a s e  o f  th e  WEU CB m ould , rem oval o f  th e  to p  p l a t e  can  e x p o s e  
th e  h e a v y  b a se  s e c t i o n  ( t o p  a s - c a s t )  a t  s u r f a c e  te m p e r a tu r e s  a s  
h ig h  a s  960 °C. The r e s u l t i n g  r a p i d l y  c o o le d  h ig h  p h o sp h o ru s  
m ic r o s t r u c t u r e  i s  t h e r e f o r e  h i g h l y  c r a c k - s e n s i t i v e ,  and r e s u l t e d  
in  th e  prem ature b a s e  c r a c k in g  o b se r v e d  i n  t h i s  mould t y p e .



The s u r f a c e  te m p e r a tu r e s  o f  NEU OT moulds a r e  u s u a l l y  b e lo w  
750 °C a f t e r  rem oval o f  th e  to p  p l a t e s  and t h i s  i s  c o n s id e r e d  to  
'be th e  r e a s o n  f o r  th e  much d e c r e a s e d  e f f e c t  o f  p h osp h oru s  on th e  
p erform ance o f  t h i s  ty p e  o f  m ould.
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The evaluation of the cracking resistance of cast 
iron by a three point bend test
K B Wilford, B. Met, (Associate Member)

Three point bend tests have been carried out on experimental and commercially produced 
cast iron using 12-5 mm diameter specimens at 127 mm centres. I t  has been found that 
the load-deflection curve may be analysed in terms o f the areas before and after maximum  
load to determine the cracking resistance o f the iron. These areas can be related to the 
energies to initiate and to propagate fracture respectively. I t  has been shown that brittle 
irons show a low propagation energy although the initiation energy may increase 
because o f an increase in strength, so that the ratio o f the two energies provides a useful 
comparison o f brittleness. I t  has been shown that brittleness increases as the flake  
graphite size is reduced, or the peariite content is increased. The presence o f carbides in 
modified graphite iron is also detrimental in this respect. The test offers a simple and 
cheap alternative to conventional fracture toughness testing.

1 .  I N T R O D U C T I O N

T he design criterion of material toughness is becoming 
increasingly m ore im portant in the metallurgical industry 
b u t is not widely used for the specification of iron castings. 
However, the cracking resistance of cast iron can be im por­
tant and this is particularly true for ingot moulds. T he 
perform ance of an ingot mould in service is determ ined 
mainly by its cracking resistance, since almost all prem ature 
m ould failures occur by cracking. Although mould cracking 
is affected by m ould design and steelworks usage conditions, 
metallurgical factors are known to play an im portant part.

Grey cast irons fracture in a tough or brittle m anner 
depending on the analysis and m icrostructure. However, the 
quantification of the ductility of cast iron is difficult by 
conventional mechanical tests since in the tensile test the 
elongation or reduction in area is low—of the order of 1 or 
2%  even for a relatively ductile flake graphite iron. Similarly, 
the Charpy im pact values are of the order of 5J or below on 
unnotched specimens.

I t has been suggested1 that the toughness of cast iron can 
be characterised by a modified fracture toughness test using 
an unfatigued CK S type specimen. However, these test 
pieces are expensive to machine, the tests require non­
standard testing equipm ent and the results require skilled 
interpretation.

A sim pler and cheaper test can be carried out using a 
three or four point bend test and analysing the data in term s 
of the areas before and after maximum load, on a load- 
deflection plot. These areas may be loosely equated with the 
energy to initiate fracture and the energy to propagate 
fracture through the specimen, although it has been shown 
using the acoustic emission technique that crack propagation 
can occur considerably before maximum load is attained2.

T he technique of comparison of areas before and after 
m axim um  load has been used in the testing of iron3 and also 
in steels to  determ ine the susceptibility to lamella rtearing 
using a test piece similar to a m odern CK S specim en.4 This

T he author is a research investigator in the C asting and Forging 
D ept, of B SC ’s Sheffield laboratories. (F.1288)

test has become known as the U S Navy T ear T est and has 
also been used to assess austenitic spheroidal graphite 
irons5. T hree point bend tests have also been used m ore 
recently6 in assessing the susceptibility of welded steel to 
lamellar tearing.

W ork is currently in hand at the au tho r’s laboratory to 
assess the effect of production variables on ingot m ould life. 
Bend tests are being carried out on various test blocks and 
the results have been analysed in order to  assess the su ita­
bility of the bend test as a means of determ ining cast iron 
cracking susceptibility. T h e  paper describes the basic test

Fig. / — Instron testing machine with bend test attatchfnent
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Fig. 2 — Load deflection curves for ductiles and brittle materials Fig. 3 — Determination of bend test parameters

and shows how the test can be used to rank irons in term s of 
their ductility or brittleness.

2.  T E S T I N G  M E T H O D

A cast iron bend test attachm ent [supplied by Industrial 
and Educational services] was used with a cylindrical bar 
specim en of 150 mm length x 12.5 m m  diameter, being 
loaded under three point bending on 127 mm centres. T he 
attachm ent was connected to an lnstron universal testing 
m achine to produce a continuous load-deflection curve. A 
test in progress is shown in Fig. 1. T h e  lnstron  crosshead 
m ovem ent was set at 10 m m /m in with a chart speed of 
200 m m /m in. T hree bend test samples were tested for each 
treatm ent/analysis condition and the results averaged. T he 
testing equipm ent is also suitable for use on m iniature test 
pieces.

3 .  A N A L Y S I S  O F  L O A D - D E F L E C T I O N  C U R V E S

Typical load-deflection curves for ductile and brittle flake 
irons are shown in Fig. 2a and b respectively. It can be seen 
tha t in the case of a brittle iron, once maximum load has 
been attained unstable crack propagation occurs, through 
the specim en. T his occurs since the energy required to 
propagate is low so that only a small am ount of energy is 
required in addition to that stored in the specim en as 
elastic strain energy.

T h e  param eters measured to describe the shape of the 
load-deflection curves are given in Fig. 3. These are as 
follows:—

1. M axim um  load.
2. Ratio of the w idth of the curve before and after 

m axim um  load at half maxim um  load, a/b.
3. Energy to initiate a crack, area A.
4. Energy to propagate the crack, area B.
5. Ratio of initiation and propagation energies, A/B.
I t  can be seen, w ith reference to Fig. 2. that high values 

of a/b and A/B are related to brittle material.

4 .  E X P E R I M E N T A L  M A T E R I A L  A N D  R E S U L T S

4.1 E f f e c t  o f  g r a p h i t e  s i z e

B end  test samples were prepared from a series of test 
blocks of sim ilar m elt analyses but with differing titanium  
treatm ents to produce a range of graphite sizes. M icro- 
s.tructures of the five samples are given in Fig. 4. Load 
deflection curves for the specim ens are shown in Fig. 5. and 
the m easured bend test param eters in Table I.

It can be seen that as the flake size is reduced from coarse 
to very fine undercooled graphite, there is an increase in 
m axim um  load but this is accompanied by a large decrease 
in propagation energy. T he param eters a/b and A/B both 
show a large increase with decreasing flake size indicating a 
marked increase in brittleness.

T he em brittling effect of undercooled graphite has long 
been known, for instance in the case of 6%  silicon irons 
although this is com plicated by the solid solution em brittling 
due to the high silicon content. An increase in graphite size 
may be brought about in the foundry by increases in carbon, 
silicon and titanium  levels and this is known to increase the 
cracking resistance of ingot mould iron.

4.2 E f f e c t  o f  m a t r i x  m i c r o s t r u c t u r e

Bend test samples were prepared from a fully pearlitic iron 
test block. Offcuts were then given sub-critical anneals at 
700°C for 48 and 96 hours to produce 60 and 100% ferrite 
respectively and further bend test samples prepared. 
Resultant load-deflection curves are given in Fig. 6 and the 
derived bend test param eters in Table II.

As the am ount of ferrite is increased, the maximum load 
decreases and this is accompanied by an increase in propaga­
tion energy (area B). T he a/b and A/B ratios both decrease 
indicating an increase in cracking resistance.

T able I E ffect o f graphite s iz e  on  b end  test p a ram eter

Sample No. M ax. Load, k N a/b A B A /B

1 (Fig. 4) 3-5 — 35 2-2 001 - 2 0 0
2 „ 21 - 2 0 1-3 0-2 6-5
3 „ 1-5 9-2 1-2 0-5 2-4
4 „ 1-4 2-1 11 0-8 1-4
5 , , 1-4 2-3 1-0 11 0-9

T able II Effect o f  p ercen ta g e  p ea r iite  on  bend  test para­
m eters

Peariite, % M ax. Load, k N a b A B A /B

100 1-6 2-9 1 0 0-7 1-4
40 1-3 2-7 1 0 0-8 1-3

0 1-3 1-7 1 0 1 0 1 0
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Sample 2
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Sample 4

Sample 5

Fig. 4— Graphite morphologies XlOO
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T his again correlates well w ith com mon experience in 
tha t a reduction in the pearlite content results in increased 
fracture resistance. T h e  effect however, appears to be 
smaller than for variations in graphite size.

4.3 E f f e c t  o f  g r a p h i t e  m o r p h o l o g y

Bend test samples were prepared from  ferritic quasi-flake 
and spheroidal graphite test blocks and from an ingot mould 
containing com pacted graphite (typical of high nitrogen 
levels in heavy sections) w ith approxim ately 50%  ferrite.

Typical load-deflection curves are shown in Fig. 7 w ith a 
ferritic flake iron for com parison and the bend test para­
m eters are given in Table I I I .  T h e  SG  iron sample was so 
ductile that fracture was not initiated before the test had to 
be discontinued. T h e  load-deflection curve was sim ilar in 
shape to that observed in the quasi-flake iron up to the point 
when the test had to be stopped.

T h e  a/b and A/B ratios are numerically greater than those 
for flake iron which, based on observations above, would lead 
to the conclusion that modified graphite irons are more 
brittle than flake irons. This, clearly, is un true and is seen to 
arise as a consequence of the m uch greater initiation 
energies for the m odified irons.

T h e  bend test does not appear, therefore, to be useful for 
com paring irons of differing graphite morphologies. How ­
ever, the ductility w ithin groups can still be compared. T his 
is illustrated in Figs. 8 and 9 which are load-deflection 
curves from ferritic quasi-flake m oulds w ith and w ithout 
carbide and from com pacted graphite m oulds having failed 
norm ally and prem aturely due to major cracking, respec­
tively. I t  can be seen in both cases tha t the m ore brittle 
sample exhibits bo th  reduced initiation and propagation 
energies w ith an overall increase in a/b and A/B ratios.

5. A P P L I C A T I O N  O F  T H E  B E N D  T E S T  T O  
I N G O T  M O U L D S

5.1 P r e m a t u r e  c r a c k i n g  in l a r g e  s l a b  m o u l d s

Bend test samples were taken from  three prem aturely 
failed m oulds and from a high life m ould and com pared. 
T h e  results are given in Table IV  and the bend test curves 
shown in Fig. 10. I t  can be seen that the high life m ould 
possesses m uch lower a/b and A/B ratios indicating a higher 
resistance to cracking than the prem aturely failed moulds. 
A djustm ents were m ade to the chemical analysis of sub-

T able  III E ffect o f  graphite  m o rp h o logy  on b en d  test para­
m e te r s

Condition M ax. Load, k N a/b A B A /B

Flake 1-3 1-7 1 0 1 0 1 0
C om pacted 2-6 2-6 3-6 2 0 1-8
Quasi-flake 3-5 3-5 7-5 2-9 2-6

T able IV 
life

T he e ffec t o f bend test param eters on  ingot m ou ld

M ould life M ax. Load k N a jb A B A jB

120 1 0 0-5 0-6 1-8 0-3
24 1-2 0-9 0-4 0-8 0-5
15 1-6 2-5 0-8 0-5 1-6

2 1-3 1-7 1 0 11 0-9

sequent m oulds in order to improve cracking resistance and 
the incidence of prem ature failures has been reduced.

Load, kN

Increasing
graphite
s iz e

Deflection, mm

Fig. 5— Effect o f graphite size on load-deflection curves

Load, kN

0% pearlite

4 0% pearlite

100% pearlite

Deflection, mm

Fig. 6—Load-deflection curves showing effect o f amount o f 
pearlite
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5.2 M o u l d s  f a i l i n g  d u e  t o  B a s e  C r a c k i n g

M oulds were failing prem aturely by cracking through the 
heavy base section (top as cast). Bend test samples were 
taken from the base and also 150 m m  up the wall. Typical 
load deflection curves are shown in Fig. 11. I t  can be seen 
that there is localised em brittlem ent of the base. A foundry 
investigation revealed that th is was caused by removal of the 
top plate whilst the base was above 950°C. T he stripping 
practice was improved and the incidence of base cracking 
was reduced.

6. S U M M A R Y  A N D  C O N C L U S I O N S

T hree-po in t bend tests o f cast iron have been carried out 
using a 12*5 m m  diam eter bar at 127 m m  centres. Tw o 
param eters have been found to be capable of adequately 
describing the cracking susceptibility of the material.

Load, kN

’’Compacted 
graphite Iron

Deflection, mm

Fig. 7—Load-deflectian curves fo r  ferritic haematitic and 
quasi-flake irons

L o ad , kN

BEND TEST CURVES ON QUASI-FLAKE IRONS WITH &. WITHOUT CAHB1 f)K

Fig. 8— Bend test curves on quasi-flake irons with and 
without carbide

(a) Ratio of w idths at half peak height, a/b
(b) Ratio of areas before and after maximum load, A/B

D efle c tio n , m m

Fig. 9— Bend test curves on compacted graphite moulds

2-4 l iv e s
l.r> lives

D eflection

Fig. 10— Bend test curves o f flake graphite moulds

T h e area up to maximum load may be equated w ith the 
energy to initiate fracture and the area after m axim um  load 
w ith the energy to propagate the crack through the ligament. 
Both ratios show an increase as the m aterial becomes more 
brittle. T his has been obtained by refining the graphite size, 
increasing the am ount of pearlite and the presence of carbide 
in quasi-flake iron. O f the ratios, the ratio o f w idths at half 
peak height (a/b) is the easiest and quickest to m easure and 
may be suitable for routine testing.
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lo ad , kN

2 . 5-

/A d jacen t  
to base

fl5 0  mm 
from base

Deflection, mm

Fig. 11— Load-deflection curves from mould failed by base 
cracking

Modification of graphite morphology, for example by 
magnesium treatment, results in a modification of the load- 
deflection curve such that initiation energies and maximum 
loads are increased. Comparison of these curves with those 
from flake irons using the ratios described above is not 
possible. I t has been demonstrated, however, that the 
cracking resistance of irons of the same graphite morphology 
may be compared using the bend test. Examples of the use in 
diagnosing ingot mould failures have been given.

The bend test appears to offer a simple and cheap test 
both for quality control purposes and as a research tool for 
predicting cracking tendency.
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