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I
INTRODUCTION

What would be t h e  ad v a n tag e  o f  p ro d u c in g  an  I r o n  i n  whioh 

t h e  g r a p h i t e  would be d i s t r i b u t e d  i n  s p h e r o i d a l  fo rm ,  i n s t e a d  

o f  f l a k e s ?

I n  a common g ray  c a s t  i r o n ,  t h e  g r a p h i t e  f l a k e s  a r e  lo n g  

and t h i n ,  and when viewed i n  c r o s s - s e c t i o n ,  p o in t e d  a t  t h e  e n d s .  

These f l a k e s  fo rm  a m u l t i t u d e  of  d i s c o n t i n u i t i e s  and n o tc h e s  i n  

t h e  m a t r i x  which a r e  r e s p o n s i b l e  f o r  t h e  low t e n s i l e  s t r e n g t h  

and b r i t t l e n e s s  o f  t h e  i r o n .  F u r th e rm o re ,  th e  s h a rp  ends o f  t h e  

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

" s t r e s s - r a i s e r s ” o

I n  n o d u la r  i r o n ,  t h e s e  i r r e g u l a r ,  sh a rp -ed g e d  f l a k e s  a r e  

r e p l a c e d  by s p h e re s  o r  n e a r - s p h e r e s  o f  g r a p h i t e  and th e  m e t a l l i o  

mass i s  much l e s s  b ro k en  up and th e  s h a rp  " s t r e s s - r a i s e r s "  a r e  

e l i m i n a t e d .

T h i s  ty p e  o f  s p h e r o i d a l  g r a p h i t e  can  be p roduced  w i th  any 

ty p e  o f  m a t r i x  s t r u c t u r e ,  i . e . ,  w h o l ly  f e r r i t i c  o r  w h o l ly  p e a r l -  

i t i c ,  o r  a m ix tu re  o f  t h e  tw oc

With th e  p r e s e n t  s t a t e  o f  know ledge ,  t h e r e  a r e  a t  l e a s t  9 

ways o f  p ro d u o in g  g r a p h i t e  s p h e r u l i t e s :

1 .  I n  h y p o e u t e c t i c  o r  h y p e r e u t e o t i o  i r o n s  by t r e a t m e n t  o f  

t h e  m e l t  w i th  magnesium.

2 .  I n  h y p e r e u t e o t i o  i r o n s  by t r e a t m e n t  o f  th e  m e l t  w i th  

c e r iu m .
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3* I n  t h e  s o l i d  phase  by a n n e a l i n g  w h i te  h e a r t  m a l l e a b l e  

c a s t i n g s  h i g h  i n  s u l f u r  and low i n  manganese.

4 .  I n  c o b a l t - c a r b o n  and  n i c k e l - c a r b o n  a l l o y s ,  by t r e a t m e n t  

o f  th e  m e l t  w i th  c a l c i u m ,  c e r iu m ,  b i s m u th ,  magnesium, z i n c ,  o r  

cadmium.

5.  I n  v e ry  low s u l f u r  c a s t  i r o n s ,  s im p ly  by r a p i d  c o o l i n g  

o f  t h e  m o l t e n  m e t a l .

6 .  I n  t e l l u r i u m - t r e a t e d  i r o n s ,  s p h e r u l i t e s  a r e  formed j u s t  

beyond th e  c h i l l e d  zo n e .

7 .  Bismuth h a s  b ee n  used e f f e c t i v e l y  a s  a n o d u l i z i n g  e l e ­

ment i n  g ray  i r o n s  h a v i n g  a low s u l f u r  c o n t e n t .

8 .  R. A. F I  in n  o f  t h e  American Brake Shoe C o m p an y ^ /

announced ,  a t  th e  A.3.M. c o n v e n t io n  i n  1930, t h e  s u c c e s s f u l  p r o ­

d u c t i o n  o f  n o d u l a r  g r a p h i t e  i r o n s  by t r e a t i n g  the* m o l ten  m e ta l  

w i t h  t i t a n i u m  c a r b i d e ,  b o ro n  c a r b i d e ,  and oa lo iu m  c a r b i d e .

9» N odular  i r o n  can  be p roduced  by i n o c u l a t i o n  o f  t h e  m e l t  

w i th  o a lo iu m ,  e i t h e r  i n  t h e  e l e m e n ta r y  form or  combined w i th

s i l i c o n ;  t h i s  method i s  t h e  s u b j e c t  o f  th e  p r e s e n t  work.
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HISTORY

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

f o r m  i s  by  no means  new,  h a v i n g  b e e n  p r e s e n t e d  i n  t h e  t e c h n i c a l  

l i t e r a t u r e  a s  e a r l y  a s  1 9 1 2 1 1-2 * ^ a nd  l a t e r  i n  1935 by N i p p e r —̂  

and  s u b s e q u e n t l y  by Hanemann and  S c h r o e d e r ^ / i n  1 93 6 ,  o n l y  s i n c e  

1948  h a s  t h e  p r o d u c t i o n  o f  n o d u l a r  g r a p h i t e  b e e n  s u c c e s s f u l l y  

a n d  u n i f o r m l y  o b t a i n e d  i n  t h e  l a b o r a t o r y  and  i n  t h e  f o u n d r y .

F i g ,  1 -  G r a p h i t e  N o d u l e  O b t a i n e d  by  Hanemann by T r e a t i n g  

C a s t  I r o n  w i t h  T i t a n i u m  C a r b i d e

The e a r l i e s t  p r o c e s s  o f  p r o d u c i n g  s p h e r o i d a l  g r a p h i t e  i n
2 3 /g r a y  i r o n ,  d e v e l o p e d  by J ,  E .  Johnson-*-8-^' i s  n o t e w o r t h y :

The i r o n  i 3  b l ow n  i n  a c o n v e r t e r  a t  r e l a t i v e l y  l o w  temper*-
1

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

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

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

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



F i g .  2 -  G r a p h i t e  S t r u c t u r e  O b t a i n e d  by J o h n s o n  A f t e r  

T r e a t i n g  M o l t e n  I r o n  w i t h  Oxygen

The g r a p h i t e  i n  t h e  i r o n  a s s e m b l e s ,  f o r  t h e  mos t  p a r t ,  i n  

s p h e r o i d s *  I n  J o h n s o n ’ s p r o o e s s ,  t h e  i r o n  was r e m e l t e d  and  

e n ou g h  s i l i c o n  a d d e d  t o  g i v e  t he  d e s i r e d  d e g r e e  o f  g r a p h i t i z a -  

t i o n «  The  s p h e r o i d i z i n g  t e n d e n c y  was n o t  a f f e c t e d  by t h e  a d d i ­

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

J o h n s o n  e x p l a i n e d  t h e  f o r m a t i o n  o f  g r a p h i t e  s p h e r o i d s  by 

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

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

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

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

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

o n l y  r e c o u r s e  b e i n g  t o  f o r m  c o mp ac t  s p h e r o i d s .
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A ls o ,  i n  t h i s  c o n n e c t i o n ,  d e a l i n g  w i th  t h e  p r o d u c t i o n  o f  

compacted g r a p h i t e  ( s p h e r o i d a l )  i r o n s ,  i t  i s  I n t e r e s t i n g  tot
o b se rv e  t h a t  i n  h i s  book,  HH o c h v e r t i g e s  G u s s e i s e n "  ( "H igh-

21/S t r e n g t h  C a s t  I r o n s " ) ,  Piwowarsky— ' r e f e r s  t o  an  a p p l i c a t i o n
22 /f o r  a  p a t e n t  by C. Aden“  who d e s c r i b e s  a p r o c e s s  i n  which " i n  

a h i g h - s t r e n g t h  g ray  i r o n  ( e u t e c t i c  o r  h y p e r e u t e c t i c )  w i th  a 

minimum o f  1% o f  s i l i c o n ,  im m e d ia te ly  a f t e r  s o l i d i f i c a t i o n ,  th e

g r a p h i t e  p r e c i p i t a t e s  c o m p le te ly  o r  i n  p a r t ,  i n  s p h e r o i d a l  fo rm " .
7 /Morrogh and W i l l iam sy  who l a t e r  d i s c o v e r e d  th e  f i r s t  p r a c ­

t i c a l  p r o c e s s  o f  c o n s i s t e n t l y  p ro d u c in g  n o d u la r  i r o n  by i n o c u l a ­

t i o n  w i th  c e r iu m ,  had i n  1946 r e p o r t e d  t o  t h e  I r o n  and S t e e l  

I n s t i t u t e  of  London, on th e  o c c a s i o n a l  o c c u r r e n c e  o f  s p h e r u l i t i c  

g r a p h i t e  s t r u c t u r e s  i n  a s - c a s t  g ray  i r o n s ,  a l t h o u g h  i t  was not  

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

I n  a  com munication  to  th e  I r o n  and S t e e l  I n s t i t u t e ,  d a t e d

December 1947, H. J .  Morrogh and W. J .  W i l l ia m s—̂  announoed
>

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

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

T h i s  announcement came to  t h e  a t t e n t i o n  o f  r e s e a r c h e r s  

th r o u g h o u t  t h e  w o r ld ,  who co n f i rm e d  t h e  e x p e r im e n t s  o f  t h e  

B r i t i s h  C as t  I r o n  R e s e a rc h  A s s o c i a t i o n  and a l s o  t r i e d  new in o c ­

u l a t i n g  e l e m e n t s .
8 . 9 /C. K. Donoho—- i n  a  p ap e r  p r e s e n t e d  t o  th e  A .F .S .  M ich igan  

R e g io n a l  C onfe rence  i n  O c to b e r  1948 made p u b l i c  t h e  e x p e r im e n t s  

co n d u c ted  a t  t h e  Am erican  C as t  I r o n  P ip e  Company i n  t h e  p r o ­

d u c t i o n  o f  n o d u la r  i r o n  w i th  magnesium.

The work o f  R e e s e T ^ K u n ia n sk y T ^ S m ith T ^ M y s k o w sk y  and Dun- 

p h y i l x l A / a n d  e s p e c i a l l y  o f  P r o f e s s o r  A l b e r t  De Sy} ̂ 1 ^ have
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c o n t r i b u t e d  much t o  t h e  u n d e r s t a n d i n g  o f  t h e  n e c e s s a r y  c o n d i t i o n s  

f o r  o b t a i n i n g  n o d u la r  i r o n .

As p r o o f  o f  t h e  c o n s i d e r a b l e  i n t e r e s t  d ev o te d  t o  t h e  s u b j e c t ,  

i t  i s  s u f f i c i e n t  t o  say t h a t  t h e  most r e c e n t l y  com piled  b i b l i ­

ography— ^ l i  a t  s more t h a n  one hundred  a r t i c l e s  i n  E n g l i s h ,  F re n c h ,  

German, and R u s s ia n ,

t
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THEORIES OF NODULIZATION

To d a t e ,  t h e r e  a r e  two d i f f e r e n t  t h e o r i e s  r e g a r d i n g  t h e  

f o r m a t i o n  o f  n o d u le s  i n  b a s t  i r o n  when i n o c u l a t e d  w i th  a nod-  

u l i z i n g  a g e n t .

The t h e o r y  advanced by Morrogh i s  c h r o n o l o g i c a l l y  t h e  f i r s t .

The B r i t i s h  i n v e s t i g a t o r ^ - ^ s t a t e d  h i s  t h e o r y  a f t e r  s t u d y i n g  th e

s o l i d i f i c a t i o n  b e h a v io r  o f  n i c k e l - c a r b o n  and c o b a l t - c a r b o n  a l l o y s

i n  com par ison  w i th  t h e  i r o n - c a r b o n  a l l o y s .  A ooord ing  t o  him,

t h e  most i m p o r t a n t  f a c t o r  i n  nodu le  f o r m a t io n  i s  th e  d e l a y  i n
*

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

o f  th e  n o d u l i z i n g  a g e n t s .

T h e r e f o r e ,  w i th  s l i g h t  m o d i f i c a t i o n s ,  t h e  mechanism of  

nod u le  f o r m a t io n  i s  t h e  same a s  t h a t  i n  th e  m a l l e a b i l l z i n g  p r o ­

c e s s ,  i . e . ,  t h e  i r o n  s o l i d i f y i n g  a s  w h i t e  i r o n ,  fo l lo w e d  by a 

d e c o m p o s i t io n  o f  t h e  s u p e rc o o le d  c a r b i d e s  which were i n  s p h e r ­

o i d a l  fo rm .

C o n s e q u e n t ly ,  Morrogh i n c l i n e d  t o  t h e  view t h a t  e x t r a n e o u s  

n u c l e i  ( o t h e r  th a n  g r a p h i t e )  a r e  n o t  r e q u i r e d  and t h a t  t h e  s p o t s  

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

o p t i o a l  e f f e o t s  c o i n c i d i n g  e x a c t l y  w i th  th e  b a s a l  p l a n e  o f  a 

r a d i a l  c r y s t a l l i t e .
1 3 /P r o f e s s o r  A l b e r t  De Sy— '  s u g g e s t e d  t h a t  s o l i d  p a r t i c l e s  

suspended  i n  t h e  m e l t  te n d  to  a c t  a s  n u c l e i  f o r  t h e  c r y s t a l l i z a ­

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

T h u s ,  i n  oommon g ray  i r o n ,  t h e  h ex a g o n a l  f l a k e  g r a p h i t e  i s  

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



De Sy e x p l a i n s  t h e  f o r m a t io n  o f  o t h e r  t y p e s  o f  g r a p h i t e  

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

th r o u g h  t h e  a d d i t i o n  o f  d e o x i d i z e r s  t h a t  a r e  more p o w er fu l  t h a n  

s i l i c o n .

Such d e o x i d i z e r s  a r e  ce r iu m  and magnesium and o t h e r  nod-  

u l i z i n g  a g e n t s ,  and t h e i r  o x id e s  w i l l  have a c u b ic  c r y s t a l  

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

a u s t e n i t e  i n  p r e f e r e n c e  t o  g r a p h i t e ,  and i n  t h i s  manner s u p p r e s s  

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

N orm al ly ,  i n  a h y p o e u t e c t i c  i r o n ,  s o l i d i f i c a t i o n  b e g i n s  by 

th e  f o r m a t io n  o f  a u s t e n i t e  d e n d r i t e s  growing from th e  m e l t  u n t i l
t

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

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

s o l i d i f i e d  d e n d r i t e s  a t  d e f i n i t e  c r y s t a l l i z a t i o n  c e n t e r s ;  f l a k e  

g r a p h i t e  and s o l i d  gamma i r o n  form  s i m u l t a n e o u s l y .

P r o f e s s o r  De Sy b e l i e v e s  t h a t  t h e  s p h e r u l l t e s  may fo rm  i n

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

I n t e r f a c e ,  where g r a p h i t e  f l a k e s  p resum ab ly  fo rm .

FACTORS PRO AND CON CONCERNING THE DIFFERENT 

THEORIES OF NODULIZATION

One o f  t h e  g r e a t e s t  d i f f e r e n c e s  between  n o d u la r  i r o n  and 

f l a k e  g r a p h i t e  i r o n  i s  i n  th e  s h r in k a g e  c h a r a c t e r i s t i c s .  N odular  

i r o n  t e n d s  t o  p i p e  d e e p l y ,  b eh a v in g  more l i k e  s t e e l  t h a n  g ray  

c a s t  i r o n .

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

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

i n  normal g ra y  i r o n s  t h e  s e p a r a t i o n  o f  g r a p h i t e  a t  the  e u t e c t i c
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p o i n t  c a u s e s  an  e x p a n s io n  which  c o u n t e r b a l a n c e s  t h e  n a t u r a l  

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

and f o r  av o id a n c e  o f  c o n t r a c t i o n  c a v i t i e s „ i n  n o d u la r  i ro n *

I f  p a r t  o f  th e  g r a p h i t e  i n  n o d u la r  i r o n  i s  formed a t  a 

t e m p e r a t u r e  where t h e  m e ta l  i s  s t i l l  i n  t h e  l i q u i d  s t a t e ,  th e  

b e n e f i c i a l  I n f l u e n c e  o f  i t s  f o r m a t io n  i s  w as ted  so f a r  a s  i t s  

e f f e c t  i n  c o u n t e r a c t i n g  s h r in k a g e  i s  co n c e rn ed .

A no ther  p o i n t  f a v o r i n g  t h i s  h y p o t h e s i s  i s  t h a t  i f  c e r iu m -  

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

marked inw ard  s e g r e g a t i o n  o f  t h e  g r a p h i t e  n o d u l e s .  T h i s  i s  a 

good i n d i c a t i o n  t h a t  t h e  f i r s t  n o d u le s  o f  g r a p h i t e  s e p a r a t e  i n  

t h e  l i q u i d .
3 1 7 /L ik e w is e ,  s e v e r a l  in v e s t ig a to r s* ^ -2—  have r e p o r t e d  a marked 

s e g r e g a t i o n  o f  n o d u le s  i n  t h e  to p  s u r f a c e s  o f  c a s t i n g s  when 

u s i n g  h y p e r e u t e o t i o  n o d u l a r  i r o n s  made by th e  ce r iu m  p r o c e s s .

With m a g n e s iu m - t r e a te d  i r o n s ,  th e  e f f e c t ,  a l t h o u g h  n o t l o e -
1

a b l e ,  i s  n o t  so  marked.
3 /Morrogh— a f t e r  s t u d y i n g  t h e s e  phenomena, s t a t e d :

" P r e v i o u s l y , i t  h a s  been  supposed  t h a t  n o d u la r  g r a p h i t e  can  

fo rm  o n ly  (in c a s t  i r o n s  a s  a r e s u l t  o f  the  d e c o m p o s i t io n  o f  s o l i d  

i r o n  c a r b i d e .  I f  th e  h y p e r e u t e o t i o  s p h e r u l l t e s  form by such a 

p r o o e s s ,  t h e  d e c o m p o s i t io n  o f  th e  o a r b id e  must be e x t r e m e ly  r a p i d . "

" I t  i s  d i f f i o u l t  t o  im agine  how t h i s  ( th e  s e g r e g a t i o n  o f  

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

t r e a t e d  i r o n s )  co u ld  have o o o u r r e d ,  e x c e p t  by t h e  e x i s t e n c e  o f  

t h e  s p h e r u l l t e s  b e f o r e  t h e  e u t e c t i c  had  s o l i d i f i e d . "

On t h e  o t h e r  h an d ,  a s  e v id e n c e  t h a t  n o d u la r  c a s t  i r o n s
2 3 /s o l i d i f y  w h i t e  and g r a p h i t i z e  a f t e r  s o l i d i f i c a t i o n ,  Morrogh—



o l t e s  t h e  d im e n s io n s  and sh a p es  o f  s m a l l  c a s t i n g s .  These  c a s t ­

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

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

s o l i d i f i e s ,  t h e r e f o r e ,  a s  w h i te  i r o n ,  and  g r a p h i t i z e s  u n i f o r m ly .  

When th e  f e e d i n g  i s  good and t h e r e  a r e  no p o r o s i t y  c a v i t i e s ,  t h e  

s i d e s  of  t h e s e  o a s t l n g s  b u lg e  ou tward  s l i g h t l y  under  th e  p r e s s u r e  

o f  g r a p h ! t i z a t i o n .

THE NATURE OF THE GRAPHITE NODULE CORES

Morrogh and h i s  a s s o c i a t e s  a r e  i n c l i n e d  t o  say  t h a t  t h e  

" c o re "  o b se rv e d  a t  th e  c e n t e r  o f  th e  s p h e r u l e s  i n  c a r e f u l l y  p o l ­

i s h e d  spec im ens  o f  n o d u la r  i r o n  i s  m ere ly  t h e  r e s u l t  o f  an  o p t i c a l  

e f f e c t .  The g r a p h i t e  n o d u le s  c o n s i s t  of c r y s t a l l i t e s  g rowing 

r a d i a l l y  ou tw ard  f rom  t h e  c e n t e r  and th e  c r y s t a l l i t e s  a r e  so 

o r i e n t e d  t h a t  t h e i r  b a s a l  p l a n e s  a r e  p e r p e n d i c u l a r  to  th e  r a d i u s  

o f  t h e  sp h e re  whose form th e  n o d u le s  a p p r o a c h .  When t h e  p o l i s h e d  

s e c t i o n  l i e s  above o r  below th e  c e n t e r  o f  th e  s p h e r u l i t e ,  t h e  

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

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

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

P r o f e s s o r  De Sy h a s  p r e s e n t e d  e v id e n c e  ( s e e  F i g .  3)» th ro u g h  

t h e  use  o f  the  e l e c t r o n  m ic ro s c o p e  (which e x c lu d e s  o p t i c a l  e f f e c t s ) ,  

t h a t  a  n o n - g r a p h l t i c  n u c l e u s  does  e x i s t ,  a s  w e l l  a s  chem ioa l  

ev id e n c e  t h a t  i t  i s  a magnesium compound when t h e  n o d u l a r  i r o n

h a s  been p roduoed  by magnesium i n o c u l a t i o n .
19 /J .  E. Rehder—  o f  t h e  Bureau  o f  M ines ,  O t taw a ,  Canada, 

o b se rv e d  t h a t  th e  n u o l e i  ap p e a r  to  be  h a r d e r  th a n  t h e  g r a p h i t e  

composing th e  re m a in d e r  o f  th e  n o d u le s .
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F i g .  3 . P h o t o m i c r o g r a p h  O b t a i n e d  T h r o u g h  t h e  E l e c t r o n  

M i c r o s c o p e  o f  t h e  Core  o f  t h e  G r a p h i t e  N o d u l e .  2 0 , 0 0 0  x

2 5 /A l s o ,  Mr.  Bhagwan M a n i a r —  h a s  p r e s e n t e d  e v i d e n c e  o f  t h e  

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

15% m a g n e s i u m - n i c k e l  a l l o y .

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

t o  be  a n  e f f e c t i v e  n o d u l i z i n g  a g e n t  s h o u l d  be a n  e f f e c t i v e  d e -  

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

m e l t  i n  a n  e a s i l y  s o l u b l e  f o r m .

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

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

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

t h e  i r o n  l a t t i c e .



a ‘ b Ia % a 1 r b a ^ Xb ■21a L b a W h
I IH - He

n 3 Li A 4 Be 
•

56
O 6Ca 7 N 

□
8 0 9F 10 Ne

i n . IINa▲ I3AI
• 1451

•
15 P 
•

16 S 
O

I7CI 1011

12
19 K 
▲ 20Cd

▲ 2tSc 22 Ti 
■ •

23 V 
•

24Cr 25Mn
■

26 Fe 27Co
■

28 Ni 
■

29Cu
O

30Zn
□

316a 32 Ge 
•

33As
•

34Se 35 Br 36 Kr

T7
37(?b

▲
38Sr 

▲ ■
39Y1 40Zr

O
4ICb

•
42Mo

•
43Ma 44 Ru 

■
45Rh.46Pd 

■  ■
47A9 48Col 

A '
49 In 50Sn

•
5ISb

•
52Te 531

^zr
55 Cs 

▲
56 Ba 

▲
58 CeO 72 Hf 73Ta

•
74 W 

•
75 Re 760s

■
77Ir.7SP+ 
■  ■

79Au
□

80Hg 8ITI
A

82Pb
A

83 Bi 
A

84 Po 85M

w 87 Vi 88Ra
A

39 Ac 90Th 91 Pa 92 U

■  Open y -  f ie ld  □  E xpanded  y - f i e ld  Alnsoluble
•  Closed f -  field v O C o n tra c te d  y f ie ld

F ig .  4 . P e r i o d i c  T ab le  Showing B ehav io r  o f  E lem en ts

i n  B in a ry  I r o n  A l lo y s



13

EXPERIMENTAL WORK

I n t r o d u c t o r y

The e x p e r im e n t s  i n  n o d u l i z i n g  c a s t  i r o n  w i th  c a lc iu m  were 

o o n duc ted  a t  one fo u n d ry  i n  Denver and a t  t h e  l a b o r a t o r i e s  o f  

t h e  C o lo rado  S choo l  o f  M ines .

As th e  b a s e  m e ta l  f o r  i n o c u l a t i o n ,  a c a s t  i r o n  h a v in g  th e  

f o l l o w i n g  l i m i t s  i n  c o m p o s i t i o n  was u se d :

T h i s  ty p e  o f  i r o n  i s  u sed  a s  th e  c h a rg e  t o  t h e  T ro p e n as  Con­

v e r t e r .  I t  was s e l e c t e d  due t o  i t s  f a i r l y  u n i fo rm  c o m p o s i t io n  

h e a t  a f t e r  h e a t  due to  t h e  c a r e f u l  s e l e c t i o n  o f  t h e  s c r a p  used 

i n  making up th e  c h a r g e ,  and e s p e c i a l l y  due to  i t s  low s u lp h u r  

c o n t e n t .  The low s u l p h u r  c o n t e n t  r e d u c e s  t o  a minimum th e  

amount o f  c a lc iu m  whioh would be used up w i th o u t  b e n e f i c i a l  

e f f e o t s ,  a s  d e s u l p h u r i z e r , b e f o r e  any n o d u l i z i n g  a c t i o n  oan t a k e  

p laoe*  Three  a r b i t r a t i o n  t e s t  b a r s  o f  t r e a t e d  i r o n  from each  

h e a t  were o a s t  i n  sand m olds .  A f t e r  c o o l i n g  down to  a tm o s p h e r ic  

t e m p e r a t u r e ,  t h e  c a s t i n g s  were shaken  o u t  o f  t h e i r  molds and 

b ro u g h t  t o  t h e  Schoo l  l a b o r a t o r i e s  f o r  a n a l y s i s ,  t e s t i n g  and 

m io ro s o o p ic  e x a m in a t io n .

A l lo y s  Used i n  t h e  E x p e r im e n ts

E x p e r im e n ts  1 t o  8 I n c l u s i v e  were made u s i n g  a c a lc iu m -  

co p p e r  a l l o y  c o n t a i n i n g  10% c a lc iu m  a s  th e  n o d u l i z i n g  a g e n t .

Manganese

S i l i c o n

S u lp h u r

Carbon 3 .28  -  3 .5 0 #  

0 .7 6  -  0.89% 

1 .3 5  -  2 . 28% 

0 .0 4  -  0.05%



H

The q u a n t i t y  used i n  t h e  f i r s t  ex p e r im en t  was 5 pounds o f  

a l l o y  p e r  100  pounds o f  m e t a l ,  which  c o r r e s p o n d s  t o  0 *5$  Ca 

a d d i t i o n *  The amount o f  a l l o y  used was p r o g r e s s i v e l y  i n c r e a s e d  

up to  12 pounds o f  a l l o y  p e r  100  pounds of  meta l*

E x p e r im e n ts  9 t o  13 were made u s i n g  a commercia l  c a lc iu m -  

s i l i c o n  a l l o y ,  c o n t a i n i n g  20$ Ca, commonly used i n  t h e  s t e e l  

i n d u s t r y  a s  a d e o x i d i z e r  and d e g a s i f i e r .  The q u a n t i t i e s  added 

ran g ed  from 3 pounds p e r  100 pounds o f  m o l t e n  m e t a l  t o  5 pounds 

o f  a l l o y  to  100 pounds o f  i r o n .

The l a s t  e x p e r im e n t s  were made u s i n g  p u re  c a lo iu m  m e t a l ,  

i n  th e  form  o f  t u r n i n g s .  The amount o f  c a lc iu m  used was f rom  

2 ounces  up t o  l /2  pound t o  100  pounds o f  m e t a l .

Im m ed ia te ly  a f t e r  i n o c u l a t i o n ,  l / 2  pound o f  a commercial  

f e r r o s i l i o o n ,  c o n t a i n i n g  25$ S i ,  was added a s  a g r a p h ! t i z i n g  a g e n t  

i n  a l l  e x p e r im e n ts  e x c e p t  13 and 14 ,

The 100-pound shank  l a d l e  was p r e h e a t e d ,  i n  th e  f i r s t  e x ­

p e r i m e n t s  by the  use  o f  an  o i l  b u r n e r  and l a t e r  by f i l l i n g  i t

once w i t h  m o l t e n  m e t a l ,  b e f o r e  making t h e  i n n o c u l a t i o n .

The b a r s  were removed from the  molds on ly  a f t e r  c o o l i n g  down 

t o  room t e m p e r a t u r e ,

TESTING

A l l  spec im ens  were t e s t e d  i n  t h e  a s - c a s t  c o n d i t i o n .  The

t e s t  b a r s ,  a f t e r  b e i n g  removed from th e  mold, were t h o r o u g h ly

c l e a n e d  and i d e n t i f i e d .

F or  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  s e c t i o n  n e a r  t h e  i n - g a t e  

end o f  th e  b a r  was c u t  w i th  a  power saw and p o l i s h e d .  P h o to g ra p h ic  

r e c o r d s  o f  th e  u n e tc h ed  s t r u c t u r e s  were made.
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F le x u r e  T e s t

The s t a n d a r d  1 .2 0  ln o h  d ia m e te r  t e s t  b a r s  were t e s t e d  

a o o o rd in g  t o  t h e  A.S.T^M. s p e c i f i c a t i o n  A-48-4.1, under  a t r a n s ­

v e r s e  lo a d  w i t h  t h e  s u p p o r t s  spaced  18 in c h e s  a p a r t •

Two b a r s  o f  each  h e a t  were t e s t e d  and t h e  av e ra g e  v a l u e s  

o f  th e  b r e a k i n g  lo a d  and maximum d e f l e c t i o n  a r e  l i s t e d  on 

T ab le  I .

t



TABLE I

FLEXURE TEST

Max. B rea k in g
Sample No. D e f l e c t i o n  Load O b s e r v a t io n s

I n .  Lbs.

Base I r o n  No. 1 0 .250

Base I r o n  No. 2 0 .256

No. 1 0 .220

No. 2 0 .202

No. 3 0 .304

No. 5 0 .249

No. 9 0 .1 9 1

t No. 10 0 .3 9 4

No. 11 0 .2 1 4

No. 12 0 .252

No. 13 0 .276

No. 14 0 .3 1 0

2520

2200

2510

2450

3190

2980

2510

4500

2890

3210

3020

4500

I n c l u s i o n s .

Large I n c l u s i o n s  
o f  Cu a l l o y .

B low holes .

B low holes .
I n c l u s i o n s  o f  

i n o c u l a n t .

Sm all  i n c l u s i o n s .

E x t re m e ly  p o ro u s .

I n c l u s i o n s ,  b lo w h o le s .

Large i n c l u s i o n s .

Large i n c l u s i o n s  
abou t  1 /3  s e c t i o n .

No. 15 0 .2 9 4 3800 I n c l u s i o n s ,  p o r o s i t y .
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T e n s i l e  T e s t

T e n s i l e  t e s t  b a r s  were machined from th e  t r a n s v e r s e  t e s t  

b a r s  t o  th e  d im ens ion  o f  Bar Type B o f  th e  A.S.T.M. S p e c i f i ­

c a t i o n  A-48 - 4 1 !

The mean d ia m e te r  o f  t h e  spec im ens  was measured w i t h  a 

m io rom e te r  and th e  gauge l e n g t h  was th e n  punohed. A f t e r  the  

t e s t ,  t h e  b ro k en  ends were f i t t e d  t o g e t h e r  c a r e f u l l y  and t h e  

e l o n g a t i o n  m easured  w i th  c a l i p e r s .

Every  t e s t  was co n d u c ted  i n  t r i p l i c a t e  and an  a v e ra g e  o f  

t h e  v a l u e s  found i s  p r e s e n t e d  i n  t a b u l a r  fo rm  i n  T ab le  I I .

As i t  i s  marked under  t h e  column O b s e r v a t i o n s ,  c o n s i d e r ­

a b l e  t r o u b l e  was e n c o u n te r e d  w i t h  p o r o s i t y  i n  th e  t e s t  b a r s .  

T h i s  i s  a t t r i b u t a b l e  t o  t h e  r e l a t i v e l y  sm a l l  t im e i n t e r v a l  

be tw een  th e  a d d i t i o n s  o f  a l l o y  and th e  p o u r in g  o f  th e  t e s t  b a r s  

and a l s o  t o  t h e  v i o l e n t  s t i r r i n g  employed i n  t r y i n g  to  a i d  t h e  

c o n t a c t  o f  th e  i n o c u l a n t  and th e  m o l ten  m e t a l .



18

TABLE I I  

TENSION TEST

Sample No. Load a t  F r a c t u r e  
Lbs.

E l o n g a t i o n O b s e rv a t io n s

Base No. 1 18 ,600 None

Base No. 2\ 20 ,820 3% .

No. 3 16 ,000 None

No. 5 11 ,250 None Two l a r g e  b lo w h o le s .

No. 9 11 ,200 None I n c l u s i o n s ,  p o r o s i t y

No. 10 25,750 5# I n c l u s i o n s  o f  t h e  
i n o c u l a n t .

No. 11 20 ,950 5# P o r o s i t y .

No. 12 25 ,200 6# B low holes .

No. 13 23 ,300 10# I n c l u s i o n s .

o o 14 23 ,050 8# B low holes ,  p o r o s i t y .

No. 15 26 ,800 12#
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TABLE I I I

BRINELL HARDNESS

B r i n e l l  H ardness  
Number

Sample No. 3 ,000

Base No. 1 302

Base No. 2 233

No. 3 212

No. 5 241

No. 9 228

No. 10 249

No. 11 242

No. 12 235

No. 13 225

No. 14 262

No. 15 235

B r i n e l l  Hardnefes

On th e  f r a c t u r e d  t e s t  b a r s  a s e c t i o n  was ground f l a t  

and t h r e e  B r i n e l l  i m p r e s s io n s  made. The mean d i a m e t e r  was 

measured and th e  B r i n e l l  h a r d n e s s  c a l c u l a t e d .  The a v e ra g e  

v a l u e s  o f  t h e  v a l u e s  found a r e  p r e s e n t e d  i n  T ab le  I I I .
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CHEMICAL ANALYSIS

B o r in g s  t a k e n  w i th  a d r i l l  p r e s s  were c a r e f u l l y  c o l l e c t e d  

f o r  a n a l y s i s .

T o t a l  c a rb o n  was d e te rm in ed  by th e  g r a v i m e t r i c  method. 

G r a p h i t i c  c a rb o n  was d e te rm in e d  by d i s s o l v i n g  ou t  t h e  m&trix i n  

N i t r i c  Acid 6N and b u r n in g  th e  c a rb o n  r e s i d u e  i n  t h e  same 

a p p a r a t u s  used  f o r  t h e  t o t a l  ca rb o n  d e t e r m i n a t i o n .

Manganese, s i l i c o n  and s u l p h u r  were a l s o  d e t e rm in e d .

The d e t e r m i n a t i o n  of  th e  m inu te  amounts o f  c a lc iu m  i n  th e  

i r o n  would be more p r e c i s e  w i th  s t a n d a r d  c a lc iu m  c o n t a i n i n g  

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

The d e t e r m i n a t i o n  o f  th e  m inu te  q u a n t i t i e s  o f  r e s i d u a l  

c a lc iu m  i n  t h e  t r e a t e d  i r o n  would be more p r e c i s e  i f  s p e c t r o ­

g r a p h ic  a n a l y s i s  were employed. The i m p o s s i b i l i t y  o f  o b t a i n i n g  

s t a n d a r d  sam ples  a t  th e  t im e  f o r c e d  th e  use of the  normal g r a v i ­

m e t r i c  method.
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EXPERIMENT NO* 1

t f e a t  D a t a

F i v e  p o u n d s  o f  c a l c i u m - c o p p e r  a l l o y ,  b r o k e n  i n t o  
p i e c e s  t h e  s i z e  o f  a  w a l n u t ,  was p l a c e d  i n  t h e  
b o t t o m  o f  a  1 0 0 - p o u n d  l a d l e ,  w h i c h  was p r e h e a t e d  
t o  a d u l l  r e d  t e m p e r a t u r e .

M i c r o s t r u c t u r e

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

Commenta

The a l l o y  was u n d i s s o l v e d  i n  trhe b o t t o m  o f  t h e  
c r u c i b l e .  A l s o ,  l a r g e  i n c l u s i o n s  o f  c a l c i u m - c o p p e r  
a l l o y  w e re  fo u n d  i n  t h e  t e s t  b a r s  t e s t e d .

M a g n i f i c a t i o n :  250 x



EXPERIMENT NO. 3

Heat Data

An i n c r e a s e d  q u a n t i t y  o f  a l l o y  was added .  To 
100 pounds o f  m e t a l ,  were added i n  s u c c e s s i o n

Calcium a l l o y  6 .0  pounds
E xo the rm ic  f e r r o s i l i c o n  0 .5  pound

M i c r o s t r u o t u r e

No change i n  g r a p h i t e  f o r m a t io n .

Comments

The a l l o y  d i d  n o t  r e a c t  w i th  t h e  m o l te n  i r o n ;  
t h e  b u lk  o f  i t  rem ained  a t  th e  b o t to m  as  an 
u n fu sed  m ass .

M ag n ifica tio n : 250 x
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EXPERIMENT NO. 4

Heat Data

Seven  pounds o f  c a lc iu m -o o p p e r  a l l o y  was f i n e l y  
ground and p l a c e d  a t  t h e  b o t to m  o f  a l a d l e  p r e ­
h e a t e d  w i th  an  o i l  f l a m e .

M l o r o s t r u c t u r e

No m o d i f i c a t i o n  o f  t h e  form o r  d i s t r i b u t i o n  o f  
g r a p h i t e  was o b s e rv e d .

Comments

The a l l o y  d id  n o t  go i n t o  s o l u t i o n ,  b u t  ag g lo m er­
a t e d  i n  a s l u g g i s h  mass a t  th e  b o t to m  o f  t h e  l a d l e .

\
,

M a g n i f i c a t i o n :  250 x
i



EXPERIMENT NOo 5

Heat Data

I n  t h i s  e x p e r i m e n t , f i n e l y  ground a l l o y  was added 
by p l a o i n g  i t  i n  t h e  bo t to m  o f  a p r e h e a t e d  l a d l e .

C a lc iu m -co p p e r  a l l o y  added 8 pounds 
P e r r o s i l i c o n  0 .5  pound

<

M i o r o s t r u o t u r e

No s i g n i f i c a n t  m o d i f i c a t i o n  on g r a p h i t e  d i s t r i b u t i o n  
o c c u r r e d .

Comments

As i n  t h e  p r e v i o u s  e x p e r i m e n t s ,  t h e  a l l o y  c o l l e c t e d  
i n  t h e  bo t to m  o f  t h e  l a d l e  and d id  no t  r e a c t  w i th  
t h e  i r o n .

M ag n ifica tio n : 250 x



25

EXPERIMENT NO. 7

H ea t  D ata

Ten pounds o f  a l l o y  was added to  t h e  s t r e a m  w h i le  
t h e  i r o n  was b e i n g  t r a n s f e r r e d  f ro m  th e  c o l l e c t i n g  
l a d l e  t o  t h e  100-pound shank  l a d l e .

A f t e r  s t i r r i n g  t h o r o u g h l y ,  1 pound o f  f e r r o s i l i o o n  
was ad d ed .

M i o r o s t r u o t u r e

A lthough  th e  g r a p h i t e  f l a k e s  ap p e a red  t h i c k e r  and 
i n  some p l a c e s  a lm o s t  round ,  t h e r e  were no d i s t i n c t  
n o d u le s .

T~

\

l \

V

/

7

M ag n ifica tio n : 250 x
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EXPERIMENT NO. 8

Heat Data

The same amount of  c a l c iu m -c o p p e r  a l l o y  used  i n  
E xper im en t  No. 7 was added t o  t h e  s t r e a m .  The l a d l e  
was p r e h e a t e d  by f i l l i n g  i t  once w i th  m o l ten  m e t a l .

M i o r o s t r u o t u r e

S i m i l a r  t o  t h a t  i n  E xper im en t  No. 7 .

Comments

D e s p i t e  a l l  p r e c a u t i o n s  t a k e n ,  t h e r e  was no r e a c t i o n  
between  t h e  i r o n  and th e  a l l o y .

V
>v>). »' 4 /
1 . '  1 i \ >  '

S / S : * W '  ^
1

>0 ' / \  '  V

."  V . V y  n 3 ^ \  'v

M ag n ifica tio n : 250 x
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OBSERVATION

I t  was soon  o b se rv ed  t t f a t  d e s p i t e  a l l  t h e  p r e c a u t i o n s  

t a k e n ,  such a s  f i n e  g r i n d i n g  o f  th e  a l l o y ,  p r e h e a t i n g  o f  th e  

l a d l e  and o f  th e  i n o o u l a t i n g  a g e n t ,  u s in g  the  i r o n  from th e  

c u p o la  f u r n a c e  a t  th e  h i g h e s t  t e m p e r a tu r e  p o s s i b l e  under  th e  

p r e v a l e n t  c o n d i t i o n s ,  th e  b u lk  o f  th e  a l l o y  rem ained  u n d i s s o l v e d ,  

a l t h o u g h  p a i n s t a k i n g  c a r e s  were o b se rv e d  i n  s t i r r i n g  th e  a l l o y  

i n  th e  l a d l e .

At th e  o o n c l u s io n  o f  th e  ^exper im en ts ,  an  a t t e m p t  was made 

t o  add the  f i n e l y  ground a l l o y  i n  t h e  s t r e a m  a s  th e  i r o n  was 

pou red  f rom  t h e  w a i t i n g  l a d l e  i n t o  th e  s m a l l  shank  l a d l e .

I n  t h e s e  p h o to m ic ro g ra p h s  we ca n  o b se rv e  a r e f i n i n g  o f  t h e  

p e a r l i t i c  s t r u c t u r e  w i t h o u t  e f f e c t  on th e  g r a p h i t i c  form o r  

d i s t r i b u t i o n .

I n c l u s i o n s  o f  th e  c o p p e r - c a l c i u m  a l l o y  were o b se rv ed  i n  

many o f  t h e  b a r s  t e s t e d .  These  i n c l u s i o n s  r e s u l t e d  f rom  t h e  

v i o l e n t  s t i r r i n g  p r i o r  to  p o u r in g  i n  t h e  mold.

)
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EXPERIMENTS WITH CALCIUM- SILICON ALLOY

S in ce  t h e  q u a n t i t y  o f  c a l c iu m  p r e s e n t  i n  t h e  a l l o y  o r i g i n ­

a l l y  t r i e d  was f a r  to o  low t o  r e a c t  e f f e c t i v e l y  i n  a n o d u l l z i n g  

r e a c t i o n ,  a com mercia l  o a l c i u m - s i l i o o n  a l l o y  c o n t a i n i n g  20# 

c a lc iu m ,  commonly used i n 1 t h e  s t e e l  i n d u s t r y  a s  a d e o x i d i z e r  

and d e g a s i f i e r ,  was t h e n  t r i e d .

I t  was e x p e c t e d ,  i n  v iew  o f  th e  r e c e n t  deve lopm ents  i n  th e
2 6 /f i e l d  announced by P r o f e s s o r  De S y r -  t h a t  u s in g  an  a l l o y  o f  a 

c o m p o s i t io n  s i m i l a r  t o  t h a t  used by th e  B e lg i a n  i n v e s t i g a t o r  

( P r o f e s s o r  De Sy used  an a l l o y  w i th  24 t o  26# c a lc iu m  and 56 t o  

59# s i l i c o n ,  w i th  th e  r em a in d e r  copper  and n i c k e l ) ,  i t  would be 

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

One s t r i k i n g  d i f f e r e n c e ,  however,  between th e  two m ethods ,  

i s  t h a t  De Sy used  a n  i n d u c t i o n  f u r n a c e  a s  th e  means o f  m e l t i n g  

t h e  c a s t  i r o n .  I n  the  p r e s e n t  work ,  aimed a t  p r a c t i c a l i t y ,  th e  

c a s t  i r o n  was m e l te d  i n  a cu p o la  f u r n a c e .  With an  i n d u o t i o n  

f u r n a c e ,  th e  e x p e r i m e n te r  i s  a b l e  to  m a in t a in  th e  t e m p e r a tu r e  

c o n s t a n t  w h i le  th e  i n o c u l a n t  i s  b e i n g  d i s s o l v e d  and the  p r o o e s s  

of n o d u l i z a t i o n  i s  t a k i n g  p l a c e .  I n  t h e  p r e s e n t  c a s e ,  t h e  

r a p i d l y  c o o l i n g  m e ta l  i n  t h e  l a d l e ,  combined w i th  th e  r e l a t i v e l y  

l a r g e  volume o f  a l l o y  u se d ,  r e s u l t e d  i n  th e  in c o m p le te  s o l u t i o n  

o f  th e  i n o c u l a n t  w i t h  i t s  co n seq u en t  i n e f f i c i e n c y  in  t h e  fo rm a­

t i o n  o f  g r a p h i t e  n o d u le s .
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EXPERIMENT NO* 12

Heat Data

F iv e  pounds o f  o a l c i u m - s i l i c o n  a l l o y  was p l a c e d  a t  
t h e  b o t to m  o f  a 100-pound shank l a d l e  p r e v i o u s l y  
h e a t e d  i n  an  o i l  f l a m e .  The ch em ica l  a n a l y s i s  was 
a s  f o l l o w s :

Carbon 
Manganese 
S i l i c o n  
Calc ium  
S u l f u r

M i o r o s t r u o t u r e

A lthough  th e  p h y s i c a l  p r o p e r t i e s  were improved,  
t h e  fo rm  o f  t h e  g r a p h i t e  f l a k e s  was no t  a l t e r e d 0

3.18%
0.9156
2.05%
0 . 02%
0.05%

M ag n ifica tio n : 250 x
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EXPERIMENT NO. 13

H eat  Data

I n  t h i s  e x p e r i m e n t ,  7 pounds o f  o a l c i u m - s i l i c o n  
a l l o y  was added  to  t h e  s t r e a m  w h i le  t h e  i r o n  was 
b e i n g  t r a n s f e r r e d  to  t h e  shank  l a d l e .  The ch em ic a l  
a n a l y s i s  was a s  f o l l o w s :

Carbon
Manganese
S i l i c o n
S u l f u r

3 .3 6 #  
0 .7 6 #  
2 .02# 
0 .0 8 1 #

M i o r o s t r u c t u r e

The g r a p h i t e  a g g lo m e ra te d  i n  l a r g e  f l a k e s ,  some o f  
which were r o u g h ly  ro u n d .

Comments

A g r e a t  p a r t  o f  t h e  a l l o y  f l o a t e d  to  t h e  to p  of  t h e  
m e l t ,  b u r n in g  w i th  a b r i l l i a n t  f l a m e .

M agn ifica tio n : 250 x



EXPERIMENT NO. 14

H ea t  Data

The a d d i t i o n  o f  7 p o u n d s  o f  c a l c i u m - s i l i c o n  a l l o y  
was d i v i d e d  i n t o  tw o  p a r t s ,  one  b e i n g  p l a c e d  i n  
t h e  b o t t o m  o f  t h e  p r e h e a t e d  l a d l e ,  and  t h e  o t h e r  
b e i n g  added  t o  t h e  s t r e a m .

M i o r o s t r u o t u r e

The same a s  i n  E x p e r i m e n t  No. 13 .

Comments

Due t o  t h e  p r e s e n c e  o f  b l o w h o l e s  i n  t h e  t e s t  b a r s ,  
t h e y  w ere  n o t  t e s t e d .

M a g n i f i c a t i o n :  250 x
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I n  view o f  t h e  n e g a t i v e  r e s u l t s  o f  e x p e r im e n ts  8 th ro u g h  

1 3 t t h e  w r i t e r  began  e x p e r i m e n t a t i o n  w i th  an  i n d u c t i o n  fu rn a o e  

a t  t h e  C o lo rado  School  of  M ines ,  u s in g  pu re  c a lc iu m  as  an  

i n o c u l a n t •

I t  was o b se rv ed  t h a t  c a lc iu m  m e ta l  i s  a  much s a f e r  i n o c u ­

l a t i n g  a g e n t  th a n  magnesium. Only a s m a l l  f l a r e ,  w i th o u t  

p r o j e c t i o n s  o f  m o l t e n  m e ta l  o r  v i o l e n t  e x p l o s i o n s ,  r e s u l t e d  

from  th e  c o n t a c t  o f  m o l t e n  i r o n  and th e  m e t a l .

U s ing  th e  same b a s e  i r o n  used  a t  t h e  fo u n d ry ,  and a d d in g  

c a lc iu m  m e ta l  t u r n i n g s  t o  t h e  s t r e a m  o f  m o l t e n  i r o n  b e in g  

p ou red  i n t o  a m old ,  n o d u la r  s t r u c t u r e s  were o b se rv e d  when a s  

l i t t l e  a s  0.65% c a lc iu m  was ad d ed .



EXPERIMENT NO. 15

Heat Data

T h ree  ounces  o f  p u re  c a l c iu m  m e ta l  was added to  t h e  
s t r e a m  when t h e  100-pound shank  l a d l e  was b e in g  
f i l l e d  w i th  m o l t e n  i r o n .  The c h e m ic a l  a n a l y s i s  was 
a s  f o l l o w s :

Carbon 3*02$
Manganese 0*55%
S i l i c o n  2 .2 8 $
C alc ium  n i l

M i o r o s t r u o t u r e

Some n o d u le s  were obse rved  th r o u g h o u t  th e  s e c t i o n .

Comments *

Some b o i l i n g  a c t i o n  to o k  p l a c e  when th e  c a lc iu m  
r e a c t e d  w i th  i r o n .  Only a s m a l l  f l a r e  was o b s e rv e d .

*

m * i

M ag n ifica tio n : 250 x



EXPERIMENT NOo 18

Heat D ata

To i r o n  r e m e l t e d  i n  a n  i n d u c t i o n  f u r n a c e ,  p u r e  
c a l c i u m  was a d d e d  i n  t h e  p r o p o r t i o n  o f  0 . 6 5 $  by 
w e i g h t .  The a n a l y s i s  was t h e  f o l l o w i n g :

C a r b o n  2 . 7 6  $
M ang an ese  0 . 5 5  $
S i l i c o n  2 . 2 8  $
C a l c i u m  0 . 0 0 8 $

M i c r o s t r u c t u r e

A num ber  o f  i n c o m p l e t e l y  f o r m e d  n o d u l e s  w ere  
o b s e r v e d ,  a s  i l l u s t r a t e d .

Comments

I t  i s  s u p p o s e d  t h a t  i f  t h e  q u a n t i t y  o f  c a l c i u m  
a d d e d  w ere  g r e a t e r ,  c o m p l e t e  n o d u l i z a t i o n  would  
h a v e  t a k e n  p l a c e .

V

M a g n i f i c a t i o n :  250 x
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26/
A cco rd in g  t o  De Syr-  t h e  amount o f  c a lc iu m  i n  th e  a l l o y  

used i s  0 .9 6 #  o f  t h e  w e ig h t  o f  th e  m e ta l  t r e a t e d  t o  o b t a i n  a 

c o m p le t e ly  n o d u la r  s t r u c t u r e .

F o l lo w in g  t h i s ,  an  a t t e m p t  was made to  mix some pure  

c a lc iu m  w i th  th e  c a l c i u m - s i l i c o n  a l l o y  used i n  th e  p r e v i o u s  

e x p e r im e n t s  i n  o r d e r  t o  r a i s e  th e  p r o p o r t i o n  o f  th e  a c t i v e  

e lem e n t  i n  r e l a t i o n  t o  th e  t o t a l  volume of  t h e  a d d i t i o n .  Ex­

p e r im e n t s  13 t o  15 were co n d u c ted  w i th  t h i s  i d e a  i n  mind.

As c a n ‘be s e e n  from th e  t a b l e s ,  th e  p h y s i o a l  p r o p e r t i e s  

o f  t h e  t e s t  b a r s  were im proved ,  ev en  t h o u g h t th e  v i o l e n t  s t i r r i n g  

b e f o r e  p o u r in g  w i th o u t  a l l o w i n g  th e  m e ta l  t o  s e t t l e  r e s u l t e d  

i n  a  l a r g e  p r o p o r t i o n  o f  d e f e c t i v e  b a r s  due t o  b low ho le s  and 

p o r o s i t y .

\
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SUMMARY AND CONCLUSIONS

I n  s t r i v i n g  to  f i n d  a s a f e r  and more eoonom ioal  s u b s t i t u t e  

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

n o d u la r  c a s t  i r o n ,  s e v e r a l  c a lc iu m  a l l o y s  were u sed ,  a l o n e  o r  

i n  c o m b in a t io n ,  w i t h  t h e  m e ta l  i t s e l f  b e i n g  used  t o  i n o c u l a t e  

c a s t  i ro n *

I t  was found  t h a t  w i th  t h e  a l l o y s  u se d ,  th e  q u a n t i t y  r e ­

q u i r e d  i n  o r d e r  t o  o b t a i n  n o d u l i z a t i o n  was f a r  g r e a t e r  t h a n  t h e  

amount which th e  m e ta l  was c a p a b le  o f  d i s s o l v i n g *

i n  t h e  l a s t  e x p e r i m e n t s ,  th e  a d d i t i o n  o f  c a lc iu m  had a 

marked e f f e c t  on th e  p h y s i c a l  p r o p e r t i e s  o f  the  i r o n ,  a l t h o u g h  

a c o m p le t e ly  n o d u la r  s t r u c t u r e  was n o t  o b ta in ed *

When a s u i t a b l e  means o f  m a i n t a i n i n g  th e  t e m p e r a tu r e  o r  

o f  even  s u p e r h e a t i n g  th e  i r o n  was p r o v i d e d ,  th e  n o d u l i z a t i o n  

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

o f  c a lc iu m  added (O.65# ) • Such a means o f  h e a t i n g  th e  m e l t  was 

t h e  i n d u c t i o n  fu rn a c e *

At t h e  p r e s e n t  s t a g e  i n  normal fo u n d ry  p r a c t i c e ,  however,  

t h e  u se  o f  c a lc iu m  i n  m e t a l l i c  form c a n n o t  compete s u c c e s s f u l l y  

w i t h  t h e  magnesium p r o c e s s ,  a l t h o u g h  t h e  a d d i t i o n  o f  oa lo lu m  

can l>e made more s a f e l y ,  and  w i th o u t  d ange r  o f  i n j u r y  t o  th e  

w o rk e rs  o r  t o  th e  equipment*

\
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