
Heterogeneous Nuclei and Graphite 
Chemistry in Flake and Nodular Cast Irons 

BENJAMIN FRANCIS 

Nodula r  and f lake g raph i t e  have been  e x t r a c t e d  f r o m  c o m m e r c i a l  cas t  i rons  and s tud ied  
by a v a r i e t y  of t echniques ,  inc luding high vo l tage  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  F o r  
nodu la r  g raph i t e  the nuc le i  a r e  (in t hese  cas t  i r ons  at  l eas t )  2 to 5 /~m d i am s p h e r i c a l  
p a r t i c l e s  of p r i m a r i l y  CeO2, MgO, and Fe203. In add i t ion  the nuc le i  contain v a r i o u s l y  Ca, 
A1, la, S, and Si.  The  compos i t i on  of the nuc le i  is  h ighly  v a r i a b l e ,  p r e s u m a b l y  due to the 
highly nonequ i l ib r ium condi t ions  under  which they a r e  f o r m e d .  F o r  f lake g raph i t e  the 
nuc le i  a r e  a p p a r e n t l y  su l f ide  p a r t i c l e s ,  aga in  of v a r i a b l e  compos i t ion .  They  a r e  s p h e r i -  
ca l  and a p p r o x i m a t e l y  the s a m e  d i a m e t e r  a s  the  nodu la r  nuc le i .  M o r e o v e r ,  c h e m i c a l  
a n a l y s i s  of f lake and nodu la r  g r aph i t e s  shows that  t h e r e  is  a r e l a t i v e l y  high c o n c e n t r a -  
t ion of oxygen in so lu t ion  in f lake  g raph i t e  but not in nodular  g raph i t e ,  which s u g g e s t s  
oxygen i s  a growth m o d i f i e r .  

G R A P H I T E  nuc lea t ion  and growth  in cas t  i r o n s  has 
been the focus of an e n o r m o u s  amount  of r e s e a r c h  in 
the pas t  t h r e e  d e c a d e s .  1 But the p h y s i c a l  phenomena  
a s s o c i a t e d  with the m o r p h o l o g i c a l  con t ro l  of g raph i t e  
in cas t  i r o n s  a r e  not ye t  unambiguous ly  d e m o n s t r a t e d .  
This  may be a t t r i bu t ed  to the e x p e r i m e n t a l  p r o b l e m s  
inheren t  in cas t  i ron  work,  where  high t e m p e r a t u r e s ,  
complex  c h e m i s t r y ,  and i n t e rven ing  so l id  s t a t e  r e a c -  
t ions make exp l i c i t  nuc lea t ion  and growth da ta  d i f f i -  
cult  to obta in .  

While  da ta  on many a s p e c t s  of cas t  i ron  so l i d i f i -  
ca t ion (for example  the e f fec t s  of compos i t i on  on 
cooling cu rves ,  the ef fec ts  of inoculan ts  and inocula t -  
ing p r a c t i c e  on nodule counts ,  or  the e f fec t s  of v a r i -  
ous d e l e t e r i o u s  e l e m e n t s ,  lab, As ,  and so for th ,  on 
g raph i t e  shape ) i a r e  now abundant  some  v e r y  c r u c i a l  
a s p e c t s  have s c a r c e l y  been  touched.  Two of the l a t t e r  
a r e  the c h e m i s t r y  of the g raph i t e  in cas t  i r o n s  and 
the morpho logy  and c h e m i s t r y  of the he te rogeneous  
nuc le i  fo r  g raph i t e  f o r m a t i o n .  The  he te rogeneous  
nuc le i  a r e  i m p o r t a n t  b e c a u s e  they  e x e r t  a power fu l  
inf luence on the so l i d i ca t i on  of the cas t  i ron ,  and u l -  
t i m a t e l y  on the m e c h a n i c a l  p r o p e r t i e s ;  th is  inf luence 
is e x e r t e d  th rough  the number  of nuc lea t ing  cen t e r s ,  
i.e. the colony or  nodule count,  and the i r  ef fec t  on the 
undercool ing .  (Fo r tuna t e ly ,  th i s  a s p e c t  i s  a l so  one 
over  which the m e t a l c a s t e r  has  c o n s i d e r a b l e  cont ro l ,  
as  the e f f ec t i venes s  of the v a r i o u s  pos t  inocu la t ion  
t r e a t m e n t s  d e m o n s t r a t e s . )  However ,  i t  i s  v e r y  un- 
l ike ly  that  the he t e rogeneous  nuc le i  by t h e m s e l v e s  
e x e r t  any inf luence  on the f ina l  g r a p h i t e  shape ,  which 
should be con t ro l l ed  by the g r a p h i t e  growth con-  
d i t ions .  I t  is  g e n e r a l l y  be l i eved ,  and has  been  for  
s o m e  t i m e ,  that  growth  m o d i f i e r s  a r e  a v e r y  i m p o r t a n t  
f ac to r  in d e t e r m i n i n g  the g r a p h i t e  shape;  and i t  is  
for  th is  r e a s o n  that  the g raph i t e  c h e m i s t r y  is  of in-  
t e r e s t ,  s i nce  i t  is  expec t ed  that  growth m o d i f i e r s  wi l l  
be i n c o r p o r a t e d  into the g raph i t e  l a t t i c e .  Both of t he se  
a s p e c t s  (nuclei  morpho logy  and c h e m i s t r y  and g raph i t e  
c h e m i s t r y )  of cas t  i ron  so l i d i f i c a t i on  mus t  be unde r -  
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s tood  in de t a i l  b e f o r e  an a c c u r a t e  and fu l l  u n d e r s t a n d -  
ing of the m e c h a n i s m s  a s s o c i a t e d  with the m o r p h o l o -  
g i ca l  con t ro l  of g raph i t e  can be deve loped .  

In  r e c e n t  y e a r s  t h e r e  have been  s e v e r a l  i nves t i ga -  
t ions  in these  a r e a s .  J a c o b s  et al 2 a t t e m p t e d  to ident i fy  
nodu la r  g raph i t e  nuc le i  us ing  t r a n s m i s s i o n  and s c a n -  
ning e l e c t r o n  m i c r o s c o p y  coupled with e n e r g y  d i s -  
p e r s i v e  X - r a y  a n a l y s i s  (EDAX). They  found fo r e ign  
p a r t i c l e s  a t  the  c e n t e r s  of nodules ;  t h e s e  p a r t i c l e s  
conta ined  Mg, A1, Si, S, Ca, and F e .  They  a l so  c l a i m  
to have iden t i f i ed  the he t e rogeneous  nuc l e i  fo r  
g r aph i t e  to be a duplex s t r u c t u r e  with a su l f ide  co re  
s u r r o u n d e d  by an oxide she l l .  However ,  they d id  not 
c l e a r l y  e s t a b l i s h  the p a r t i c l e s  they iden t i f i ed  were  
g raph i t e  nuc le i .  L a l i c h  and Hi tch ings  3 used  the e l e c t r o n  
m i c r o p r o b e  and the scanning  e l e c t r o n  m i c r o s c o p e  
to inves t iga t e  nodu la r  i ron  g raph i t e  nuc le i  in m e t a l -  
l u r g i c a l  c r o s s - s e c t i o n s .  They  concluded  that  in 
t h e i r  l a b o r a t o r y  nodula r  i r o n s  the nuc le i  were  p r i -  
m a r i l y  su l f ides  (Mg and Ca su l f ides  o r  r a r e - e a r t h  
su l f i des ,  depending  on the type  of inoculart t) ,  and 
tha t  in cupola  i r o n s  the nnc l e i  w e r e  p r o b a b l y  com-  
p lex  m i x t u r e s  of su l f ides  and s i l i c a t e s .  Johnson  and 
S m a r t t  4 s tud ied  g r ay  and nodu la r  cas t  i r on  f r a c t u r e  
s u r f a c e s  us ing  a scann ing  A u g e r  m i c r o p r o b e .  They  
r e p o r t  that  su l fu r  and oxygen were  a d s o r b e d  at  
g r a p h i t e / m e t a l  i n t e r f a c e s  in g r a y  i r on  but  that  in 
nodu la r  cas t  i ron  the i n t e r f a c e s  w e r e  f r ee  of f o r e ign  
e l e m e n t s .  The  va l i d i t y  of t h e i r  conc lus ion ,  however ,  
su f f e r s  f r o m  the fact  that  the g r a p h i t e / m e t a l  i n t e r -  
f a c e s  they  s tud ied  were  p r o b a b l y  f o r m e d  af ter  s o l i d i -  
f ica t ion ,  s ince  a c o n s i d e r a b l e  amount  of g r aph i t e  
p r e c i p i t a t i o n  o c c u r s  in the so l id  s t a t e  in cas t  i rons ;  
and i t  is  r e a s o n a b l e  to a s s u m e  a l a r g e  po r t i on  and 
p r o b a b l y  m o s t  of th is  p r e c i p i t a t i o n  o c c u r s  on the 
s u r f a c e s  of the g raph i t e  f o r m e d  during so l id i f i ca t ion .  
None the l e s s  i t  is  s ign i f i can t  that  t h e i r  conc lus ions  
a g r e e  with those  r e p o r t e d  h e r e .  

The  p r e s e n t  i nves t iga t ion  was d e s i g n e d  to ident i fy  
the he t e roge ne ous  nuc le i  fo r  nodu la r  and f lake 
g raph i t e  and to  d e t e r m i n e  as  e x p l i c i t l y  a s  p o s s i b l e  
the  e l e m e n t s  p r e s e n t  and t h e i r  d i s t r i b u t i o n  in the 
two types  of g r aph i t e  (exc lus ive  of the nuc le i ) .  Com- 
m e r c i a l  ca s t  i r o n s  we re  s tud ied  b e c a u s e  the f lake//  
nodu la r  t r a n s i t i o n  can be induced in cas t  i r o n s  with 
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such a v a r i e t y  of compos i t i ons ,  that  the g e n e r a l  f ea t -  
u r e s  of the m e c h a n i s m s  of f o r m a t i o n  mus t  be inde-  
pendent  of the exac t  compos i t i on  and b e c a u s e  com-  
m e r c i a l  c a s t  i r o n s  a r e  the ones  of u l t i m a t e  i n t e r e s t .  
The a p p r o a c h  taken he re ,  in c o n t r a s t  to that  of mos t  
p r e v i o u s  w o r k e r s ,  was to examine  g raph i t e  which had 
been  e x t r a c t e d  f r o m  the m a t r i x ,  r a t h e r  than examine  
g raph i t e  in m e t a l l u r g i c a l  c r o s s - s e c t i o n s  o r  f r a c t u r e  
s u r f a c e s .  Th i s  a p p r o a c h  was s e l e c t e d  b e c a u s e  it 
e l i m i n a t e s  any p o s s i b i l i t y  of m a t r i x  i n t e r f e r e n c e  with 
the v a r i o u s  c h e m i c a l  a n a l y s i s  t echn iques ,  b e c a u s e  it 
p e r m i t s  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  of the 
g raph i t e ,  and b e c a u s e  it p r e s e n t s  the p o s s i b i l i t y  of an 
unambiguous  i so l a t i on  of nuc le i  p a r t i c l e s .  I t  does  
however  in t roduce  the p r o b l e m  of c h e m i c a l  i n t e r f e r -  
ence  occu r ing  dur ing  the e x t r a c t i o n  of the  g r aph i t e .  
I t  has  been  sugges t ed  ~ the e x t r a c t i o n  p r o c e s s  m a y  
l each  out c e r t a i n  cons t i tuen ts  of the nuc l e i  o r  the 
g raph i t e  v i a  g r aph i t e  g ra in  b o u n d a r i e s  o r  p o r e s .  
T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  p r o v i d e d  ev idence  
that  in the p r e s e n t  case  th is  l each ing  did not o c c u r  to 
a s ign i f i can t  ex tent .  Th i s  wi l l  be d i s c u s s e d  ful ly  in 
the R e s u l t s  s ec t ion .  

EXPERIMENTAL PROCEDURES 

Specimens of nodular graphite were taken from 
t h r e e  d i f f e ren t  types  of nodu la r  i r on  c a s t i n g s .  One 
se t  of s p e c i m e n s  came f rom the f l a sh  of a s m a l l  
(<5 kg) ca s t i ng .  Th is  f l a sh  is  qui te  un i fo rm in d i -  
mens ions ,  with a t h i cknes s  of about 1.6 ram.  The mi -  
c r o s t r u c t u r e  of the f l ash  cons i s t ed  of cemen t i t e ,  
nodules ,  f e r r i t e  and p e a r l i t e .  The nodules  p r e s e n t  in 
the f l a sh  we re  v e r y  s m a l l ,  due to the r a p i d  so l id i f i -  
ca t ion condi t ions ,  with a r e l a t i v e l y  l a r g e  f r ac t i on  of 
10 p m  d iam,  and an a v e r a g e  d i a m  of about  13 /~m 
(opt ica l  m e a s u r e m e n t  of e x t r a c t e d  nodules ) .  Th i s  se t  
of s p e c i m e n s  wil l  be r e f e r r e d  to a s  S m a l l  R e g u l a r  
Nodules  (SRN). A second  se t  of s p e c i m e n s  came  f rom 
v a r i o u s  a p p r o x i m a t e l y  s q u a r e  cas t ing  s e c t i o n s  with 
a r e a s  in e x c e s s  of 400 m m  2 a c r o s s  the s e c t i o n s .  Sol i -  
d i f i ca t ion  was r e l a t i v e l y  much s l o w e r  for  th is  se t  of 
s p e c i m e n s  and consequent ly  t hese  nodules  a r e  l a r g e r  
than the SRN; the s m a l l e s t  nodules  he r e  a r e  about 10 
p m  d i a m e t e r ,  the l a r g e s t  about  50 ~m,  and the a v e r a g e  
about  22 ~tm. Th i s  se t  of s p e c i m e n s  wi l l  be r e f e r r e d  
to a s  L a r g e  R e g u l a r  Nodules  (LRN). The t h i r d  se t  
of nodu la r  s p e c i m e n s  came  f r o m  cas t i ngs  of a p p r o x i -  
ma te ly  the s a m e  sec t ion  s i ze  as  the LRN, but a r e  
d i s t i ngu i shed  f r o m  the LRN by a d i f fe ren t  me l t  
c h e m i s t r y  ( p r i m a r i l y  h igher  s i l i con  and lower  c a r -  
bon) and have about the s a m e  s i ze  d i s t r i b u t i o n  as  
LRN. They  wi l l  be r e f e r r e d  to as  High S i l icon  L a r g e  
R e g u l a r  Nodules  (HSLRN). 

S p e c i m e n s  of f lake g raph i t e  we re  taken  f rom g ray  
i ron  c a s t i n g s  un i fo rmly  ~3 m m  th ick .  The  p r e d o m i n a n t  
m i c r o s t r u c t u r e  in t h e s e  ca s t i ngs  i s  p e a r l i t e  with 
m o s t l y  type  A and some  type B g raph i t e .  In addi t ion,  
on one end of the cas t ings ,  in a r eg ion  which cools  
v e r y  r ap id ly ,  nodu la r  g r aph i t e  o c c u r s .  At  the  v e r y  end 
of the ca s t i ngs ,  where  cool ing  is  mos t  r a p i d ,  the 
nodules  a r e  i n t e r m i x e d  with cemen t i t e .  A s m a l l  d i s -  
t ance  in f r o m  the end, where  cool ing is  r e l a t i v e l y  l e s s  
r ap id ,  the  nodules  a r e  i n t e r m i x e d  with type  D g raph i t e .  
Thus s p e c i m e n s  of f lake g r a p h i t e  t aken  f r o m  th is  r e -  
gion of t h e s e  ca s t i ngs  f r equen t ly  conta in  nodula r  

g raph i t e ,  in add i t ion  to f lake  co lon ies .  T h e s e  nodules  
wi l l  be r e f e r r e d  to a s  F l a k e  I ron  Nodules  (FIN), and 
the f lake g raph i t e  a s  F l a k e  (F).  

The  ca s t i ngs  f r o m  which the s p e c i m e n s  were  taken 
we re  p roduced  in a c o m m e r c i a l  foundry  by s t a n d a r d  
s h e l l  molding  t echn iques .  The m e t a l  for  a l l  t h r e e  
t ypes  of ca s t ings  was p roduced  by induction me l t ing  
in 227 kg hea t s .  

The  r e g u l a r  nodu la r  i r on  and the high s i l i con  nodular  
i ron  (SRN, LRN, and HSLRN graph i t e  s a m p l e s )  were  
inocu la ted  with 5.9 k g / h e a t  of a r a r e  e a r t h  b e a r i n g  
m a g n e s i u m - f e r r o s i l i c o n  a l loy  (46 pct  Si, 3.5 pc t  Mg, 
2 pc t  r a r e  e a r t h s - p r i m a r i l y  Ce) and 1.4 k g / h e a t  of 
75 pc t  f e r r o s i l i c o n  us ing  the p o u r - o v e r  technique .  
T y p i c a l  ana lyzed  compos i t ions  of the f in i shed  c a s t -  
ings  a r e  2.7 pc t  Si, 3.6 pct  C, 0.3 pc t  Mn, 0.3 pc t  Cu, 
0.015 pct  S, 0.02 pc t  P,  and 0.03 pc t  Mg for  the r e g u l a r  
nodu la r  i ron  and 4.0 pc t  Si, 3.2 pct  C, the r e m a i n d e r  
s i m i l a r ,  for  the high s i l i con  nodu la r  i ron .  

The  f lake i ron  was inocula ted  with 1.2 k g / h e a t  of 
Inculoy 63 (Foote  M i n e r a l  Company T r a d e n a m e )  and 
1.4 kg /hea t  of 75 pct  f e r r o s i l i c o n .  T y p i c a l  ana lyzed  
compos i t ion  of the f in i shed  ca s t i ngs  is  2.7 pct  Si, 
3.60 pct  C, 0.5 pc t  Mn, 1 pct  Cu, 1 pct  Ni, 0.2 pct  Cr,  
0.1 pc t  Mo, 0.02 pct  S, and 0.02 pct  P .  

Graphi te  s p e c i m e n s  were  e x t r a c t e d  f rom the ca s t -  
ings by d i s s o l v i n g  the m a t r i x  in a c onc e n t r a t ed  solu-  
t ion  of e i t h e r  HsPO4 + H202 o r  HNOs + H202 (acid:  
H202 about 2 : 1, but not c r i t i c a l ) .  The  r e s u l t i n g  de -  
pos i t  conta ined a v a r i e t y  of compounds in addi t ion  to 
g raph i t e .  T h e s e  compounds were  d i s s o l v e d  by r e -  
pea t ed ly  (5 to 15 t i m e s )  washing  the depos i t  with con- 
cen t r a t ed  HF.  In addi t ion r e p e a t e d  washing  with con- 
c e n t r a t e d  HNO3 was s o m e t i m e s  n e c e s s a r y .  Spec imens  
w e r e  washed  unt i l  v i s i b l e  d i s c o l o r a t i o n  of the wash-  
ing so lu t ion  c e a s e d  to occu r .  Once the ac id  wash  
y i e lded  a c o l o r l e s s  solut ion,  s p e c i m e n s  were  washed 
s e v e r a l  t i m e s  with d i s t i l l e d  w a t e r  and then with pure  
e thanol .  

A cen t r i fuge  was  used  throughout  the washing  p r o c -  
e s s  to f ac i l i t a t e  s e p a r a t i o n  of the g raph i t e  f r o m  the 
washing so lu t ion .  P o l y p r o p y l e n e  cen t r i fuge  tubes  
we re  used  s ince  the HF r e a c t e d  with g l a s s  tubes  and 
in subsequent  washing  ope ra t i ons  SiO2 would p r e c i p i -  
t a t e .  

The c l e a n l i n e s s  of the f i r s t  few s p e c i m e n s  was v e r y  
ca r e fu l l y  d e t e r m i n e d  by examin ing  the s p e c i m e n s  in 
an op t i ca l  m i c r o s c o p e  and in a SEM with the a id  of 
EDAX. A c o n s i d e r a b l e  amount  of d e b r i s  was a lways  
p r e s e n t  even  when s p e c i m e n s  were  " c l e a n . "  Th i s  
d e b r i s  was g raph i t e  and p robab ly  was exfo l i a ted  d u r -  
ing the HF wash .  X - r a y  d i f f r ac t ion  p a t t e r n s  of s a m -  
p les  washed with HF and s a m p l e s  not washed  with HF 
were  iden t i ca l  (except  for  l ines  due to d e p o s i t s  in 
the unwashed s a m p l e s ) ,  so the HF wash was not cans -  
ing m a j o r  m i c r o s t r u c t u r a l  changes  in the g raph i t e .  
The  c l e a n l i n e s s  of l a t e r  s a m p l e s  was  checked op t i -  
ca l ly  only,  with the except ion  of a few spot  checks  
us ing  SEM and EDAX. 

Spec imens  for  TEM were  mounted  on e v a p o r a t e d  
ca rbon  f i l m s .  T h e s e  f i lms  were  p r e p a r e d  by f i r s t  
s l i gh t ly  sof tening  r e p l i c a t i n g  tape  and then p lac ing  a 
d rop  of e thanol ,  with the g raph i t e  d i s p e r s e d  in the 
e thanol ,  on the sof tened  tape .  The  tape  was then coated 
with ca rbon  and the carbon f i l m s  co l l ec t ed  by r e g u l a r  
t echn iques .  P r e s o f t e n i n g  of the tape  a l lowed the 
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graphite  to pa r t i a l ly  embed in the tape and e n s u r e d  
good contact with the evapora ted  f i lm.  

Specimens  of SRN were also mic ro tomed  for sub-  
sequent  examina t ion  by TEM and SEM. These  speci-  
mens  were mounted in Epon epoxy and cut approxi -  
mate ly  0.5 ~tm thick with a d iamond knife.  

(a) 

(b) 
Fig. 1--TEM mierographs of flake and nodular graphite: (a) 
Flake graphite characterized by rotation faults, (b) Flake 
graphite with uneharaeterized faulting similar to that in (c), 
(c) Mierotomed nodular graphite with typieaI faulting. 

(c) 

All  TEM work was at 650 KV a c c e l e r a t i n g  vol tage.  
X - r a y  d i f f rac t ion  ana ly s i s  employed a Debye-  

S c h e r r e r  c a m e r a  and a Cu tube with a Ni f i l ter ,  opera-  
ted at  40 kV and 18 mA. 

RESULTS 

I .  Graphi te  M i c r o s t r u c t u r e  

Al l  of the graphi te  s a mp l e s  s tudied were examined  
for  m a j o r  m i c r o s t r u c t u r a l  d i f f e r ences .  No ma jo r  
d i f fe rences  were  found. X - r a y  d i f f rac t ion  ana lys i s  
showed al l  s amples  to be hexagonal  graphi te  (Struk- 
t u r b e r i c h t  A9) s t r u c t u r e  with ao = 0.246 nm and Co 

0.670 nm.  LRN and HSLRN samples  appeared  to 
have some rhombohedra l  graphite  a lso p resen t ,  but 
in b a r e l y  de tec table  amounts  (32 pct).  

While  it was not the purpose  of this  work to de t e r -  
mine  the m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  of the 
graphi te  s amp le s ,  a few obse rva t ions  about both flake 
and nodular  graphi te  m i c r o s t r u c t u r e s  were made 
which help to cha rac t e r i ze  the graphi tes  s tudied.  
F i g u r e  1 shows e l ec t ron  mi c r og r a phs  of flake graphi te .  
These  two types of m i c r o s t r u c t u r e  a re  typica l  of the 
s t r u c t u r e s  observed .  The m i c r o s t r u c t u r e  in F ig .  l(a) 
is s i m i l a r  to that obse rved  by Double and Hel lawel l .  6 
It  appears  to be c ha r a c t e r i z e d  by ro ta t ion  faults  of 
28 deg. The na tu re  of the faul t ing in Fig .  l(b) is  not 
unders tood,  but is  v e r y  s i m i l a r  to that observed  in 
mic ro tomed  nodula r  graphi te ,  shown in Fig .  l (c) .  In 
both cases  the graphi te  appea r s  to be a lmos t  f ib rous .  
Th i s  s t r u c t c r e  is  so gene ra l  in the mic ro tomed  
nodula r  graphi te  spe c i me ns  that it is probably  
r e p r e s e n t a t i v e  of the graphi te  s t r u c t u r e  and is not a 
s t r u c t u r e  in t roduced  by the passage  of the knife 
through the graphi te .  It is not known whether  the 
graphi te  sec t ions  in these  mic rog raphs  were  fo rmed  
by growth f rom the mel t  o r  by depos i t ion  f rom aus -  
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teni te  onto graphi te  grown f rom the mel t .  These  ob- 
s e rva t ions  suggest ,  but it has by no means  been  
proven,  that the re  a re  some m i c r o s t r u c t u r a l  d i f fer -  
ences  between flake and nodular  g raph i tes .  

While the m i c r o s t r u c t u r e  of the graphi te  is a lmos t  
ce r t a in ly  c losely  re la ted  to the de ta i l s  of growth f rom 
the mel t  and a s tudy of the m i c r o s t r u c t u r e  might yie ld  
impor t an t  clues to the p r o c e s s e s  of growth f rom the 
mel t ,  it is not cu r r en t ly  poss ib le  to draw any con- 
c lus ions  about the growth m e c h a n i s m s  of graphi te  
f rom the above obse rva t ions .  However,  fu r the r  work 
in this  a r e a  might prove to be ve ry  in t e r e s t i ng .  

2. Heterogeneous  Nucle i  for Graphi te  

TEM provided c lear  evidence of he terogeneous  pa r -  
t i c les  p r e s e n t  at the cen te r  of nodules ,  as shown in 
F ig .  2. These  2 to 5 ~tm d iam pa r t i c l e s  were f r e -  
quently obse rved  in br igh t  field images  of whole 
nodules  <10 ~m in d iam.  Because  of the high back-  
ground level  of s ca t t e r ed  e l ec t rons ,  con t ras t  was 
genera l ly  ve ry  poor and these  pa r t i c l e s  were  usual ly  
v i s ib le  only when an in t e rmed ia t e  field a p e r t u r e  
was i n se r t ed .  It was not poss ib le  to image  nucle i  
p a r t i c l e s  for flake graphi te  as the flake colonies were 
too thick.  

It should be noted that pa r t i c l e s  were not always 
vis ib le  in the cen te r  of nodules <10 ~m in d iam.  In 
view of the fact that e l ec t ron  di f f ract ion of m i c r o -  
tomed nodules  shows the pa r t i c l e s  a re  not highly 
po lyc rys t a l l i ne ,  it is  expected that pa r t i c l e s  would 
not be readily observed  in al l  nodules .  Ra ther  they 

(a) 
Fig. 2--TEM micrograph of whole SRN nodule with hetero- 
geneous nucleus particle in the center: (a) Without intermedi- 
ate aperture, (b) With intermediate aperture. 

(b) 

would be obse rved  only when or iented  for s t rong  dif- 
f rac t ion .  Thus  the fact that pa r t i c l e s  were not always 
v i s ib le  should not be cons t rued  as  evidence they a re  
not always the re .  

F r o m  the viewpoint  of nuc lea t ion  theory it  is ex- 
pected that the graphite  wil l  a lways nucleate  on a 
he terogeneous  nucleus;  evidence  was obtained which 
suggests  a l l  the nodules s tudied did have a round pa r -  
t ic le  at the i r  center  and that this  par t ic le  is the 
he terogeneous  nucleus  for nodular  graphi te .  

Specimens  of SRN were d i spe r sed  on a clean,  
polished s t a i n l e s s  s tee l  s lab .  The spec imens  and 
s lab  were  held at 873 K for two h in a i r .  The res idue  
was then examined  by SEM. Each nodule leaves  an 
ident if iable  r e s idue ,  as shown in Fig .  3(a). This  r e s i -  
due is f rom the oxidation of e l emen t s  p re sen t  in the 
graphite or  in i n t e r s t i c e s  in the graphi te .  A round 
par t i c le  was invar iab ly  assoc ia ted  with each observed 
clump of r e s idue  f rom a burned  nodule as shown by 
the typical  example  in Fig.  3(b). Note that in o rder  
to r evea l  the pa r t i c l e s  it was n e c e s s a r y  to p r e s s  a 
clean glass  s l ide  on the s t a i n l e s s  s tee l  sur face ;  if per -  
formed v e r y  careful ly ,  this  maneuve r  exposed the pa r -  
t i c les  without des t roy ing  the ident i f icat ion of each par -  
t ic le  with i ts  accompanying  r e s idue .  

At tempts  to use the same  technique to demon-  
s t r a t e  the u n i v e r s a l  p resence  of pa r t i c l e s  in flake 
graphite  were  not conclusive,  as so li t t le r e s idue  was 
left a f ter  bu r n i ng  that the pa r t i c l e s  p re sen t  could not 
be c lear ly  identif ied with each flake colony. A typical  
example  is  shown in F ig .  3(c). EDAX ana ly s i s  showed 
this  p a r t i c u l a r  par t ic le  to be CaS, but as d i scussed  
l a t e r  the composi t ion  of these  pa r t i c l e s  is va r i ab le .  
The ident i f ica t ion of flake graphite  nuc le i  as sulf ides 
is cons i s ten t  with numerous  accounts ,  P a t t e r s o n  7 for 
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example ,  of the impor t ance  of su l fur  in e f fec t ive  
inoculat ion.  The  r e a s o n  fo r  the pecu l i a r  su r f ace  
s t r u c t u r e  of th is  p a r t i c l e  is  not known; it may  be that  
the su r face  " l e a v e s "  a r e  graphi te  which had not been  
comple te ly  oxidized dur ing the two h at 873 K. P r e -  
sumably  FIN graphi te  nuc lea tes  on the s a m e  p a r t i -  
c les .  It should be  noted that t r a n s m i s s i o n  e l e c t r o n  

(a) 

tb) 

(c) 
Fig. 3--SEM micrographs of: (a) Burned SRN specimen on 
stainless steel slab. The two "fluffy" clumps in the center 
of the micrograph are the residue of two nodules, (b) A 
round heterogeneous nucleus associated with the "f luff" ,  (c) 
A flake graphite particle, presumably a nucleus, on a slab. 
EDAX showed this particle to be primarily CaS. The reason 
for the peculiar surface structure is not known, it may be un- 
burned graphite. 

m i c r o s c o p y  of whole FIN graphi te  r e v e a l s  round p a r -  
t i c l e s  at the c e n t e r  which a r e  morpho log ica l l y  ind is -  
t inguishable  f r o m  those  found in nodula r  i ron  g raph i t e .  

The  i m m e d i a t e  ques t ion  is whether  or  not the p a r -  
t i c l e s  o b s e r v e d  in the cen t e r  of the nodular  g raph i te  
a r e  he t e rogeneous  nuc l e i  fo r  the g raph i te .  The  p r e -  
ceeding ev idence  s t rong ly  sugges t s  these  p a r t i c l e s  
are the he t e rogeneous  nucle i  fo r  the fol lowing r e a -  
sons  : 

a) T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  always  
showed the p a r t i c l e s  to be at the growth cen te r  of the 
nodule where  they a r e  expec ted  to be under  condit ions 
of r ad ia l ly  s y m m e t r i c  growth.  F o r  s p h e r i c a l  nodules  
they were  at the c e n t e r  of the s p h e r e .  In the two ca se s  
in which n o n s p h e r i c a l  nodules  were  obse rved ,  the 
shape of the nodules  and the p a r t i c l e s  at t he i r  c e n t e r s  
w e r e  c lose ly  re la ted;*  an oval  nodule had an oval  

*This is not a contradiction of previous statements that growth conditions 
alone will control final graphite shape. These nodules were very small and under 
uniform radial growth as assumed here small nodules would naturally mirror the 
nucleus shape. But the growth conditions in the melt establish the uniform radial 
growth. The shape of large nodules will not necessarily mirror the nucleus shape. 

p a r t i c l e ,  and a wishbone shaped nodule had a wishbone 
shaped p a r t i c l e  (the r e s u l t  of two p a r t i c l e s  touching 
in the mel t ) .  Th is  is exac t ly  the m orpho log i ca l  r e l a -  
t ionship  we expec t  f r o m  he te rogeneous  nuclei ;  con- 
v e r s e l y  it is  not the m orpho log i ca l  r e l a t i onsh ip  we 
expec t  be tween the graphi te  and an inc lus ion which 
was inco rpo ra t ed  dur ing  growth ( i r r e s p e c t i v e  of 
whe ther  the inc lus ion  was sol id  or  liquid at the t ime) .  

b) Examina t ion  of burned  nodules  a lways d i s c l o s e d  
one round pa r t i c l e ,  a p p r o x i m a t e l y  2 to 5 ~m in d iam,  
p e r  nodule.  It  is m o s t  unl ikely  that  i nc lus ions  would 
be incorpora ted ,  dur ing  growth,  with such a p r e c i s e  
f r equency .  S i m i l a r l y  it  is mos t  unl ikely that these  
p a r t i c l e s  a r e  the p roduc t  of i n t e r d e n d r i t i c  in f i l t r a t ion  
of mel t  into the growing  graphi te ,  s ince  a number  of 
such p a r t i c l e s  p e r  nodule would then be expec ted .  
One p a r t i c l e  pe r  nodule is ,  however ,  p r e c i s e l y  what 
we expec t  to find if that  p a r t i c l e  is a he t e rogeneous  
nuc leus .  F u r t h e r m o r e ,  the apparen t ly  u n i v e r s a l  
p r e s e n c e  of these  p a r t i c l e s  in nodules  p r e c l u d e s  o ther  
nuc lea t ion  m e c h a n i s m s ,  such  as carbon  c l u s t e r s ,  f r o m  
s igni f icant  cont r ibut ion  to the to ta l  nodule count.  

c) The s e v e r e  ac id  wash p r e c l u d e s  mis tak ing  a m a -  
t r i x  inc lus ion  p a r t i c l e  (which had ac tua l ly  been  an in-  
c lus ion in the meta l )  fo r  a he t e rogeneous  nucleus  
p a r t i c l e .  Any p a r t i c l e s  not p r o t e c t e d  by the graphi te  
w e r e  d i s so lved  and washed away in the acid  wash.  
Care fu l  examina t ion  of numerous  unburned s a m p l e s  
by SEM v e r i f i e d  that  no fo r e ign  p a r t i c l e s  were  p r e s -  
ent,  p r i o r  to burn ing  or  m i c r o t o m i n g .  

Thus  t he r e  i s  subs tan t i a l  ev idence  that the ob- 
s e r v e d  p a r t i c l e s  a r e  the he t e rogeneous  nuc le i  fo r  
nodular  graphi te  in the nodular  i rons  examined .  
T h e r e f o r e ,  for  the ba lance  of this  pape r  it wi l l  be 
a s s u m e d  these  p a r t i c l e s  a r e  the he t e rogeneous  nuc le i  
fo r  nodular  g raph i te .  

While s i m i l a r  iden t i f ica t ion  of the he t e rogeneous  
nuc le i  for  f lake g raph i t e  was a t tempted ,  it was not 
to ta l ly  s u c c e s s f u l  because  the c r u c i a l  l ink of one p a r -  
t i c le  pe r  f lake colony could not be made,  and a l so  be-  
cause  it was not pos s ib l e  to image  the f lake nuc le i  
in the t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  (because  of 
the th ickness  of the c e n t e r  r eg ion  of the f lake colony).  
N one the l e s s ,  the s e v e r e  ac id  wash of the e x t r a c t e d  
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graphite  again  s t rong ly  impl i e s  that the sulfide pa r -  
t i c les  r evea led  by b u r n i n g  the graphi te  a re  the he te ro -  
geneous nuc le i  for flake graphi te .  As ment ioned p r e -  
viously,  this  is  cons i s t en t  with the known impor t ance  
of su l fur  in flake i ron  inocula t ion.  7 

Some obse rva t ions  have also been  made with r e g a r d  
to the s t r u c t u r a l  r e l a t i onsh ips  between the nucleus  and 
the graphi te .  

Consider  the mic rog raphs  of mic ro tomed  SRN 
nodules  shown in F ig .  4(a) and (b). These  m i c r o g r a p h s  
show sec t ions  of two d i f fe rent  nodules each of which 
contains  a nuc leus .  These  pa r t i c l e s  were  pos i t ive ly  
ver i f ied  as nucle i  by compar ing  EDAX ana ly s i s  (for 
the SEM micrograph)  and d i f f rac t ion  ana lys i s  (for the 
TEM micrograph)  with the c h e m i s t r i e s  d i s cus sed  
e l sewhere  in this  a r t i c l e .  The impor tan t  point here  
is that these  m i c r o g r a p h s  suggest  the effect ive 
graphite  growth is  in the (001) d i r ec t ion  f rom the be-  
ginning of growth, s ince  the ba sa l  p lanes  of the 
graphi te  adjacent  to the nuc leus  appear ,  in each mi -  
crograph,  to be tangent  to the sur face  of the nuc leus .  
This  is a tenta t ive  conc lus ion  s ince  the mic ro t ome  
knife c l ea r ly  d i s t u rb s  the graphi te  and s ince  the nu-  
cleus may have moved dur ing  the passage  of the knife.  
However,  if the above point is t rue  it means  the growth 
theor ies  6 ca l l ing  for a t r a n s i t i o n  f rom p redomina te ly  
py ramida l  to p r edomina t e ly  basa l  plane growth a re  
c l ea r ly  wrong, s ince  b a s a l  plane growth (per above) 
occurs  f rom the ve ry  beginning  of graphi te  fo rmat ion .  
This  conclus ion is a lso  cons i s ten t  with the fact that 
the many m i c r o t o m e d  c ros s  sec t ions  examined  neve r  
d isplayed s t r u c t u r e s  sugges t ing  such a t r ans i t i on ,  
and that the r e l a t i ve ly  la rge  s ize  of the nuc le i  makes  
the opera t ion  of a t r a n s i t i o n  mechan i sm  such as sug-  
gested by Double and Hel lawel l  6 ve ry  unl ikely .  

As ment ioned in the In t roduct ion,  it has been sug- 
gested 5 the technique used to ex t rac t  graphi te  f rom the 
meta l  may leach out ce r t a in  cons t i tuents  of the nucle i ,  
v ia  graphi te  g ra in  bounda r i e s  or po res .  TEM of whole 
nodules provides  evidence  that this  does not occur  to 
a s igni f icant  extent .  Examina t ion  of n u m e r o u s  nodules  
in which nuc le i  were v i s ib le  in the cen te r  region,  such 
as  in Fig .  2, neve r  showed evidence  of a hollow reg ion  
between the nucleus  and the graphi te .  Such a hollow 
reg ion  would show in  e l ec t ron  mic rog raphs  as a light 
halo around the nuc leus .  F u r t h e r m o r e ,  the s ize  and 
morphology of nuc le i  obse rved  by TEM and that ob- 
s e rved  by SEM of bu rned  nodules a re  cons i s ten t  with 
each other .  Thus  any d i sso lu t ion  of the nucleus ,  if it 
occurs ,  is r e s t r i c t e d  to a s m a l l  por t ion  of the nucleus  
volume,  and is not l ikely to s ign i f ican t ly  affect the r e -  
su l t s  r epor t ed  he re .  

3. Graphi te  and Nuclei  Chemis t ry  

The c h e m i s t r y  of the graphi te  i t se l f  and of the a s -  
socia ted  he terogeneous  nuc le i  has been studied ex- 
t ens ive ly  us ing X - r a y  di f f ract ion,  e l ec t ron  diff ract ion,  
EDAX, and s t andard  chemica l  ana lys i s  techniques .  

SRN, LRN and F s amp le s  were chemica l ly  ana lyzed  
by a c o m m e r c i a l  l abora to ry .  Oxygen, phosphorous,  
and su l fur  were  d e t e r m i n e d  by wet chemica l  ana lys i s ,  
the r e m a i n d e r  of the e l e m e n t s  detected were  de t e r -  
mined  by semiquan t i t a t ive  e m i s s i o n  ana ly s i s .  These  
ana lyses  a r e  shown in Table  I, a long with e s t i ma t e s  
of the u n c e r t a i n t i e s  involved.  It should be noted that 

no ce r ium was detected for  LRN and F samples  (but 
was detected for  SRN samples ) .  However the detect ion 
l imi t  for c e r i u m  is 0.1 pct,  and for LRN samples ,  at 
leas t ,  c e r ium is c lea r ly  p r e s e n t  as shown by X - r a y  
dif f ract ion a na l y s i s .  

The re  a re  s e v e r a l  impor t an t  fea tures  of these  
ana lyses  : 

1) The Si (except for F samples )  and O contents  a re  
v e r y  high. 

(a) 

(b) 
Fig. 4--(a) TEM micrograph of microtomed SRN nodule show- 
ing nucleus particle in the center. The intermediate aperture 
image shows the region from which the diffraction pattern 
was taken. The diffraction spots marked " a "  index to C e O  2 
and those marked "b"  to Fe203, (b) SEM micrograph of dif- 
ferent microtomed SRN nodule with attached nucleus. The 
Cu and Zn lines are from the specimen support. 
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Table I. Chemical Analysis of Graphite Ash 

SNR LRN F Estimated 
Wt Pct At Pct Wt Pct At Pct Wt Pct At Pct Accuracy, Pct 

0 2.1 1.6 0.47 0.35 0.46 0.35 -+10 
P 0.12 0.0046 0.010 0.0039 0.012 0.0046 -+10 
s 0.082 0.031 0.028 0.010 0 . 0 6 7  0.025 +i0 
si 2.5 1.1 0.50 0.21 0.015 0.0064 +20 
Fe 0.40 0.086 0.30 0.065 0.08 0.017 -+20 
A1 0.035 0.016 0.025 0.011 0.01 0.004 -+50 
Ce 0.1 0.009 . . . .  -+50 
Mg 0.08 0.04 0.03 0 . 0 1 5  0.008 0.004 -+50 
B 0.OLO �9 o.010 0.015 0.017 0.030 0.033 -+50 
Cu 0.025 0.0047 0 .001 0.0002 0 .003  0.0006 -+50 
Ti 0 .008  0.002 0.003 0.0008 - - -+50 
Zr 0.01 0 . 0 0 1 3  . . . .  -+50 
Ni 0 .003 0 .0006  . . . .  -+50 
Ca 0.015 0 .0045 0 .015  0.0045 0 .005  0.0015 -+50 
Cr 0.003 0.0007 - - 0.003 0.0007 -+50 
Ba 0 .002 0.0002 0 .015 0.0013 0.002 0.0002 -+50 
Mn 0.003 0.0007 0.001 0.0002 0.002 0.0004 -+50 
To- 5.3 2.9 1.4 0.7 0.7 0.45 
tals: 

m a s s  of t h e  g r a p h i t e  c o l o n y  w i l l  b e  ~ 5  • 10 -7 g.  I f  t h e  
n u c l e u s  f o r  t h e  c o l o n y  i s  2 /~m d l a m  w i t h  a d e n s i t y  of  
~ 4  g / c c  t h e n  t h e  m a s s  of t h e  n u c l e u s  i s  ~ 2  • 10 - n g  
a n d  t h e  n u c l e u s  c o n t r i b u t e s  ~ 0 . 0 0 4  wt  p c t  to  the  m a s s  
of t h e  c o l o n y .  T h e  t o t a l  wt  p c t  of e l e m e n t s  p r e s e n t  in  
t h e  g r a p h i t e  of F s a m p l e s  i s  0 .7 ,  a n d  m o s t  of t h i s  
m u s t  c l e a r l y  b e  p r e s e n t  i n  t h e  g r a p h i t e  a s  t h e  e l e m e n t s  
in  s o l u t i o n ,  n o t  o x i d e s ,  a n d  s o  f o r t h ,  i n  t h e  n u c l e u s .  

3) T h e  a n a l y s i s  of two  n o d u l a r  g r a p h i t e  s a m p l e s  
w i t h  a f a c t o r  of ~ 2  d i f f e r e n c e  in  a v e r a g e  d i a m e t e r s  
p r o v i d e s  e v i d e n c e  of  t h e  d o m i n a n t  l o c a t i o n  of t h e  
v a r i o u s  e l e m e n t s  w i t h i n  t h e  n o d u l e .  F o r  SRN s a m -  
p l e s  t h o s e  e l e m e n t s  w h i c h  a r e  p r e d o m i n a n t l y  l o c a t e d  
in  t h e  n u c l e u s  s h o u l d  b e  p r e s e n t  in  a m o u n t s  a p p r o x i -  
m a t e l y  f o u r  t i m e s  g r e a t e r  t h a n  in  L R N  s a m p l e s .  T h u s ,  
O,  S, Si,  Mg ,  Cu, T i ,  a n d  M n  a p p e a r  to  b e  p r e s e n t  p r i -  
m a r i l y  in  t h e  n u c l e u s  a n d  t h e  r e m a i n i n g  e l e m e n t s  
p r i m a r i l y  in  t h e  g r a p h i t e  ( fo r  n o d u l a r  s a m p l e s ) .  P r e -  
s u m a b l y  Ce b e h a v e s  s i m i l a r l y  to  Mg,  a n d  o c c u r s  p r i -  
m a r i l y  in  t h e  n u c l e u s  a l s o .  T h i s  d i s t r i b u t i o n  i s  c o n -  
s i s t e n t  w i t h  i n f o r m a t i o n  o b t a i n e d  b y  E D A X  a n d  X - r a y  

H o w e v e r ,  in  t h e  c a s e  of SRN a n d  L R N  s a m p l e s  t h e s e  
n u m b e r s  a r e  r e a s o n a b l e  a s  t h e  f o l l o w i n g  s i m p l e  c a l -  
c u l a t i o n  s h o w s .  T h e  a v e r a g e  d i a m  of t h e  n u c l e i  p a r -  
t i c l e s  i s  in  t he  r a n g e  of 4 to  5 t~m. T h e r e f o r e ,  t h e  
a v e r a g e  r a t i o  of n u c l e u s  v o l u m e  to  g r a p h i t e  v o l u m e  
wi l l  b e  in  t h e  r a n g e  3 to  6 pc t  f o r  SRN s a m p l e s  a n d  0 .6  
to  1.2 p c t  f o r  L R N  s a m p l e s .  A s s u m i n g  a p p r o x i m a t e l y  
e q u a l  d e n s i t i e s  f o r  t h e  g r a p h i t e  a n d  t h e  n u c l e u s  t h i s  
m e a n s  t h e  t o t a l  s o l u t e  c o n t e n t  of t h e  g r a p h i t e  s h o u l d  
b e  a b o u t  3 to  6 w t  p c t  f o r  SRN s a m p l e s  a n d  0 .6  t o  1.2 
wt  pc t  f o r  L R N  s a m p l e s .  T h e s e  a r e  a p p r o x i m a t e l y  t h e  
o b s e r v e d  r a n g e s  of t o t a l  s o l u t e  c o n t e n t .  

T h e r e  m a y ,  in  t he  c a s e  of SRN a n d  L R N ,  a l s o  b e  
s o m e  s i l i c a t e  c o n t a m i n a t i o n ,  d e s p i t e  t h e  p r e v i o u s l y  
m e n t i o n e d  e f f o r t s  to  o b t a i n  " c l e a n "  s a m p l e s .  H o w e v e r  
f o r  t he  F s a m p l e s  t h e r e  c l e a r l y  w a s  no t  any  a p p r e c i -  
a b l e  s i l i c a t e  c o n t a m i n a t i o n ,  a s  t he  Si  l e v e l  h e r e  i s  
q u i t e  low, a n d  t h i s  s u g g e s t s  c o n t a m i n a t i o n  w o u l d  a l s o  
b e  low f o r  SRN a n d  L R N  s a m p l e s .  E D A X  of n o d u l e s  
a n d  a s h  of n o d u l e s  c o n f i r m e d  t h e  p r e s e n c e  of S i  b u t  
t h i s  m i c r o a n a l y s i s  w a s  no t  q u a n t i t a t i v e ,  a n d  h e n c e  
d o e s  not  p r o v i d e  a c h e c k  on  t he  Si l e v e l s .  I n  t h e  r e -  
m a i n d e r  of t h i s  p a p e r  I a s s u m e  t h a t  t h e  h i g h  $ i  a n d  O 
l e v e l s  a r e  t r u l y  r e p r e s e n t a t i v e  of t he  g r a p h i t e  + n u -  
c l e i  and  a r e  no t  due  to  s i l i c a t e  c o n t a m i n a t i o n .  T h e r e  
i s  a m p l e  r e a s o n  f o r  b e l i e v i n g  t h i s  to  b e  so ,  bu t  f u r t h e r  
w o r k  w i l l  b e  n e c e s s a r y  to t h o r o u g h l y  s u b s t a n t i a t e  
t h i s  b e l i e f .  

2) T h e  h i g h  O l e v e l  in  F s a m p l e s  i s  no t  b a l a n c e d  b y  
a c o m p a r a b l e  l e v e l  of o x i d e  f o r m i n g  e l e m e n t s .  I n  f a c t  
t h e  ox ide  f o r m i n g  e l e m e n t s  p r e s e n t  a c c o u n t  f o r  <0.1 
a t .  p c t  of o x y g e n .  T h u s  t h e r e  m u s t  b e  a p p r o x i m a t e l y  
0 .25  a t .  p c t  O in  t he  g r a p h i t e  i t s e l f .  T h i s  i s  a v e r y  
s t r i k i n g  f a c t  a s  i t  m e a n s  o x y g e n ,  r a t h e r  t h a n  s u l f u r ,  
m a y  be  t he  p r i n c i p a l  g r o w t h  m o d i f i e r .  J o h n s o n  a n d  
S m a r t t  4 a l s o  s u g g e s t  o x y g e n  i s  a g r o w t h  m o d i f i e r .  

A l s o  m o s t ,  if  no t  a l l ,  of t he  r e m a i n i n g  e l e m e n t s  
a r e  p r e s e n t  p r i m a r i l y  in  the  g r a p h i t e .  T h i s  m a y  b e  
d e d u c e d  a s  f o l l o w s :  T h e  F s a m p l e s  c o n s i s t  p r i m a r i l y  
of f l ake  c o l o n i e s .  T h e s e  c o l o n i e s  a r e  g e n e r a l l y  >100 
~tm in  d i a m ,  w i t h  a n  a v e r a g e  d i a m  of 200 to  300 /~m. 
If we a s s u m e  a 200 ~zm d i a m  c o l o n y  a n d  e q u i l i b r i u m  
f r e e z i n g  d u r i n g  t h e  f o r m a t i o n  of t h e  c o l o n y ,  t h e n  t h e  

(a) 

(b) 
Fig. 5--(a)  SEM m i c r o g r a p h  of a sh  of SRN nodules ,  burned  
in a i r  at 1023 K for  i 1/2 h. The round p a r t i c l e s  a re  nuclei .  
The " f l u f f "  be tween the pa r t i c l e s  is the actual  r e s idue  f rom 
the graphi te ,  (b) EDAX of pa r t i c l e  at  A, showing a high Mg 
content ,  (c) EDAX of " f l u f f "  at B, showing a high Fe content .  
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Tablell. Debye-Scherrer Diffraction Spotsfor SRN and HSLRNSamples 

d~pacing, n m 

Observed 0.314 0.267 0.250 0.229 0.185 0.154 0.137 0.127 0.119 0.112 
CeO2 0.312 0.271 0.251 0.220 0.183 0.156 0.135 0.124 0.121 0.110 
a-Fe203 0.269 0.251 0.220 0.183 0.156 0.135 0.126 0.121 

Fig .  5 -Cont inued .  
r 

diffract ion,  as  wi l l  be d i s c u s s e d  shor t ly .  It is  a l so  
cons i s t ent  with the observat ion  that larger  nodules 
of both LRN and SRN s a m p l e s  are  f erromagnet i c*  

*Ferromagetism of nodules has been frequently noted in the literature. 

(undoubtedly b e c a u s e  of the p r e s e n c e  of s m a l l  c lumps  
of Fe  imbedded in the graphite)  which s u g g e s t s  re la -  
t i ve ly  large  amounts  of Fe  are  dis tr ibuted in the 
graphite .  In the case  of F s a m p t e s  e l e m e n t s  present  
in the graphite must be in so lut ion.  However  for SRN 
and LRN s a m p l e s  it is  not p o s s i b l e  to d i s c e r n  which 

e l e m e n t s  are  in solut ion in the graphite and which e l e -  
ments  are  in " d u m p s "  (i.e., Fe)  distr ibuted through- 
out the graphite .  

4) The c h e m i c a l  ana lys i s  s u g g e s t s  there  is  a "de-  
f i c i ency"  of oxygen in both SRN and LRN s a m p l e s .  
For  SRN and LRN s a m p l e s  the oxide forming  e l e m e n t s  
require  r e s p e c t i v e l y  2.3 and 0.48 pct O to be present  
as  ox ides  only,  whe r e a s  only 1.6 and 0.35 at.  pct O 
r e s p e c t i v e l y  are  actual ly present .  This  s u g g e s t s  that 
for these  s a m p l e s  v ir tual ly  a l l  of the oxygen is  present  
as  oxide in the nucleus ,  that the graphite i t se l f  has 
a low oxygen concentrat ion,  in contrast  to the flake 
graphite,  and that s o m e  of the oxide forming  e l e m e n t  
(i.e., Fe,  and so forth) must  be present  in the graphite.  
It must  be e m p h a s i z e d ,  however ,  that this is  a tenta- 
t ive  conclus ion s ince  the e s t i m a t e d  e r r o r  bands of the 
oxygen and oxide forming  e l e m e n t s  do over lap .  

EDAX of whole nodules f r o m  SRN and LRN s a m p l e s  
conf irmed the p r e s e n c e  of Ce, Mg, A1, Si, S, Ca, and 
Fe ,  but did not y ie ld  any informat ion on the locat ion 
of these  e l e m e n t s .  However ,  EDAX of ash of these  
s a m p l e s  c l e a r l y  shows  that Ce is  concentrated pri- 
marily in the nucleus  and Fe  primarily in graphite as 

Table III. X-Ray and Electron Diffraction Analysis of SRN 

X-ray 

SRN CeO 2 R-Fe203 MgO a-Fe 

d, nm I/lo d, nm 1/lo d, nm I/Io d, nm I/Io d, nm I/1o 
Graphite* TEM 

d, nm 1/10 d, nm 

0.365 5 
0.348 5 
0.335 5 
0.314 100 0.312 100 
0.270 50 0.271 29 0.269 100 
0.251 30 0.251 50 

0.220 1 0.220 30 
0.210 10 0.211 100 
0.203 30 0.202 2 0.203 
0.192 75 0.192 51 
0.184 1 0.183 40 
0.175 5 
0.169 1 0.169 60 
0.164 40 0.163 44 0.163 4 
0.157 <1 0.156 5 
0.148 10 0.148 35 0.149 52 
0.145 1 0.145 35 0.143 
0.136 5 0.135 5 0.135 4 
0.125 10 0.124 15 0.126 8 
0.122 5 0.121 6 0.122 12 
0.111 1 0.110 12 0.117 
0.106 <1 
0.105 1 0.105 5 
0.096 <1 0.097 2 
0.092 1 0.94 17 
0.091 < i  0.091 13 
0.088 <1 
0.086 <1 0.086 7 0.86 15 

*Intensities andd-spacings ffomthisinvest~ation. 

0.366 25 0.366 

0.336 100 0.333 

100 0.203 10 

0.168 20 

20 

0.275 
0.250 
0.230 
0.220 
0.209 
0.201 
0.191 
0.183 
0.176 
0.168 

0.158 
0.150 
0.145 
0.138 
0.128 

30 0.117 

0.090 
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shown in F ig .  5. In fact ,  EDAX of a n u m b e r  of nuc le i  
p a r t i c l e s  cons i s t en t ly  c o n f i r m s  that  Mg and Ce a r e  
p r i m a r i l y  in the nuc le i  and F e  is  p r i m a r i l y  in the 
g raph i t e .  Th i s  i s  cons i s t en t  with the c h e m i c a l  a n a l y -  
s i s  as  d i s c u s s e d  p r e v i o u s l y .  F u r t h e r m o r e ,  EDAX of 
many SRN and LRN nuc le i  p a r t i c l e s  r e v e a l s  a h ighly  
v a r i a b l e  compos i t i on .  Some p a r t i c l e s  a r e  m o s t l y  Ce 
and F e .  (This  is  not i ncons i s t en t  with the above con- 
clusion that  F e  is  p r i m a r i l y  in the g r aph i t e .  Mos t  of 
the total amount  of F e  p r e s e n t  (in nodules)  is in the 
g raph i t e ,  even though the concen t ra t ion  of F e  in the 
nuc le i  may  be r e l a t i v e l y  l a rge . )  O t h e r s  m a y  have in 
addi t ion  Mg, Ca, AI,  Si, P ,  and  S in v a r i o u s  amoun t s .  

EDAX of a sh  of F s a m p l e s  was a l so  r e v e a l i n g .  P a r -  
t i c l e s  p r e s e n t  in the a s h  a r e  p r i m a r i l y  S and Si, with 
v a r i o u s l y  Mg, Ce, Ca, Mn, and F e .  As  d i s c u s s e d  
e a r l i e r  t he se  p a r t i c l e s  a r e  p r o b a b l y  the he t e ro ge ne ous  
nucle i  f o r  f lake  g raph i t e .  

4. X - R a y  D i f f r ac t i on  A n a l y s i s  

SRN and HSLRN s a m p l e s  we re  a l so  examined  by 
X - r a y  d i f f r ac t ion  to d e t e r m i n e ,  if p o s s i b l e ,  the com-  
pounds p r e s e n t  in the nuc le i  (and in " c l u m p s "  in the 
g raph i t e ,  when p r e s e n t ) .  N o r m a l  powder  d i f f r ac t ion  
techniques  were  used,  except  the  s a m p l e s  we re  not 
ro t a t ed .  Because  of the p o l y c r y s t a l l i n e  na tu r e  of the 
nodula r  g raph i t e ,  no no t i ceab l e  g r a i n i n e s s  was i n t r o -  
duced into the g raph i t e  l ines  by th i s  technique .  At  the 
s ame  t i m e ,  b e c a u s e  of the s m a l l  s i ze  of the nodules  
and t h e r e f o r e  the l a r g e  n u m b e r  of nodules  (and nuclei )  
p r e s e n t ,  i t  was p o s s i b l e  to  obta in  d i f f r ac t i on  spo t s  
f rom the nuc le i .  T h e s e  spo t s  a r e  cons i s t en t  with 
those  expec ted  f rom a - F e 2 0 3  and CeO2 fo r  both s a m -  
p les ,  as  shown in Tab le  II .  

In addi t ion,  the ash  of SRN, LRN, and F s a m p l e s  
was examined  by X - r a y  d i f f r ac t i on .  The  r e s u l t s  a r e  
shown in T a b l e  III fo r  the SRN s a m p l e  only .  The  SRN 
s a m p l e  c l e a r l y  conta ined m o s t l y  CeO2 and s m a l l e r  
amounts  of Fe20s  and MgO, and p robab ly  some  g raph i t e  
and a - F e .  The LRN s a m p l e  conta ined m o s t l y  Fe203, 
and a s m a l l e r  amount  of CeO2, and p r o b a b l y  some  
r h o m b o h e d r a l  g raph i t e .  Some of the l ines  fo r  LRN 
have not been  iden t i f i ed .  The F s a m p l e  conta ined  
Fe2Os and s o m e  unburned g r a p h i t e .  No o the r  l ines  
were  o b s e r v e d  fo r  F s a m p l e s .  

T h e s e  r e s u l t s  a r e  cons i s t en t  with the c h e m i c a l  
a n a l y s e s .  M o r e o v e r ,  a n a l y s i s  of d i f f r ac t ion  spo t s  
f r o m  TEM of bu rned  and m i c r o t o m e d  s a m p l e s  i s  con- 
s i s t en t  with the above  X - r a y  a n a l y s i s ,  a s  shown in 
Tab le  HI.  I t  is  p a r t i c u l a r l y  notable  that  su l f ides  mus t  
be p r e s e n t  in r a t h e r  s m a l l  amoun t s ,  a s  none have 
been  iden t i f i ed .  

I t  is  not c l e a r  why SiO2 was  not d e t e c t e d  by  X - r a y  
d i f f r ac t ion  in any s a m p l e s .  P r e s u m a b l y ,  t h e r e  i s  a 
c o n s i d e r a b l e  amount  of SiO2 p r e s e n t  a s  g l a s s .  

DIS CUSSION 

F o r  many  y e a r s  i t  has  been  g e n e r a l l y  a s s u m e d  su l -  
fu r  was the growth m o d i f i e r  r e s p o n s i b l e  for  the shape  
t r a n s i t i o n  of g raph i t e  in cas t  i ron .  The c h e m i c a l  
a n a l y s e s  r e p o r t e d  h e r e ,  however ,  s u g g e s t s  that  oxy- 
gen is  a l s o  a growth  m o d i f i e r .  Johnson  and S m a r t t  4 

l i kewi se  sugges t  th is  to be the  ca se  (but a s  d i s c u s s e d  
e a r l i e r  the da t a  upon which t h e i r  sugges t i on  is  b a s e d  
i s  i nconc lus ive ) .  A l s o  some  t i m e  ago Iwase  and 
H o m m a  8 s tud ied  the ef fec t  of oxygen content  of the 
me l t  on g raph i t e  morpho logy  and concluded that  oxy-  
gen has  a power fu l  ef fec t ,  with low oxygen l eve l s  p r o -  
ducing  nodu la r  g raph i t e  and n o r m a l  oxygen l eve l s  
p r o d u c i n g  f lake  g r aph i t e .  Thus  t h e r e  is  c o r r o b o r a t i v e  
ev idence  that  oxygen is  a g rowth  m o d i f i e r  for  the 
g r a p h i t e .  

By the s a m e  token it is  c l e a r  that  su l fu r  i s  a l so  a 
growth  m o d i f i e r  for  g r aph i t e .  What  is  the r e l a t i v e  
i m p o r t a n c e  of these  two g rowth  m o d i f i e r s  in con-  
t r o l l i n g  the t r a n s i t i o n  f rom f lake  to nodula r  g raph i t e  ? 
T h e r e  a r e  good r e a s o n s  for  b e l i e v i n g  oxygen p l a y s  
the dominant  r o l e  here ;  Th i s  be l i e f  i s  cons i s t en t  with 
the o b s e r v e d  c o r r e l a t i o n  be tween  vacuum mel t ing  and 
nodu l a r  g r aph i t e  f o rma t ion .  4'9 It  is  a l so  cons i s t en t  
wi th  the t h e r m o d y n a m i c s  of the inocula t ing  e l e m e n t s  
Mg and Ce in the cas t  i r o n  m e l t ,  s i n c e  in t hese  c i r -  
c u m s t a n c e s  t h e i r  af f in i ty  for  oxygen is  much g r e a t e r  
than  for  su l fu r ,  and with the fad ing  o b s e r v e d  in 
inocu la t ed  m e l t s ,  where  oxygen cont inues  to be ab -  
s o r b e d  a f t e r  inocula t ion  but  su l fu r  i s  not .  I t  is  a l s o  
s u g g e s t e d  by  the fact  that  in the p r e s e n t  i n v e s t i g a -  
t ion  the amount  of oxygen in so lu t ion  in f l ake  g raph i t e  
a p p e a r s  to be s ign i f i can t ly  l a r g e r  than the amount  of 
su l fu r  in solu t ion ,  and by the fact  that  for  the cas t  
i r o n s  s tud ied  h e r e  the h e t e r o g e n e o u s  nuc le i  for  
nodu la r  g r aph i t e  a r e  p a r t l y  Ce and Mg ox ides .  The 
i m p l i c a t i o n  is  that  oxygen in the  me l t  modi f i e s  
g raph i t e  g rowth  such  that  the f lake  f o r m  p r e d o m i -  
na tes ;  but  when the oxygen g e t t e r s  Ce and Mg a r e  
added  the oxygen concen t r a t i on  i s  r e d u c e d  to a suf-  
f i c i en t l y  low l e v e l  such  that  the nodu la r  f o r m  p r e -  
s o m i n a t e s .  The  dominance  of oxygen is f u r t h e r  sug-  
g e s t e d  by the a g g r e g a t e  r e s u l t s  of s e v e r a l  i nves t i ga -  
t o r s  which ind ica te  lower  m e a s u r e d  oxygen l eve l s  (in 
so lu t ion  in the mel t )  in nodu la r  c a s t  i r o n  than  in f lake  
ca s t  i ron .  1~ 

However  i t  may  we l l  be that  both oxygen and su l fur  
a r e  i m p o r t a n t .  P a t t e r s o n ,  16 for  e x a m p l e ,  po in t s  out 
tha t  t h e r e  is  an op t imum su l fu r  l e v e l  in nodu la r  cas t  
i r on  of 0.005 to 0.015 pct;  su l fu r  l e s s  than 0.004 pc t  
in the b a s e  i ron  l eads  to i r r e g u l a r  nodu les .  The  p o s -  
s i b i l i t y  that  su l fu r  and oxygen both  have i m p o r t a n t  
(and p r e s u m a b l y  d i f fe ren t )  r o l e s  in g raph i t e  growth  is  
v e r y  in t r igu ing .  

Equa l ly  in t r igu ing  is  the fac t  that  nodules  can and 
do grow (under  the spec i f i c  condi t ions  d i s c u s s e d  
e a r l i e r )  in c o m m e r c i a l  cas t  i r ons  which n o r m a l l y  
p roduce  only f lake  g raph i t e  (i.e., have  not been  inocu-  
l a t ed  with n o d u l a r i z e r s ) .  Th i s  i s  a r e g u l a r  o c c u r r e n c e  
in the p a r t i c u l a r  f lake  cas t  i r o n  s tud ied  h e r e ,  and is  
cons i s t en t  with a v a r i e t y  of o the r  o b s e r v a t i o n s ,  such 
a s  the p roduc t ion  of nodules  in F e - C - S i  a l l oys  d i r e c -  
t i ona l ly  so l i d i f i ed  at  high growth  r a t e s .  ~v Th i s  fac t  is  
v e r y  i m p o r t a n t .  I t  m e a n s  the nodu la r  morpho logy  may  
be p r o d u c e d  by two s e p a r a t e  m e a n s :  r e m o v a l  of g rowth  
m o d i f i e r s  in the ca se  of Mg o r  Ce inocu la ted  m e l t s ,  
and growth  under  a p p r o p r i a t e  s o l i d i f i c a t i o n  condi t ions  
in o the r  m e l t s .  F r o m  th is  v iewpoin t  Mg and Ce inocu-  
l a t ions  a r e  of va lue  b e c a u s e  they  g r e a t l y  expand the 
s o l i d i f i c a t i o n  condi t ions  which p r o d u c e  nodu les .  I t  ap -  
p e a r s  that  high undercoo l ing ,  high g r a d i e n t  s o l i d i f i c a -  
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tion conditions promote the nodular morphology.  The 
reason  for  this  is  not known. It may be that under 
these ex t reme  conditions the normal  semicoopera t ive  
growth  mechanism assoc ia ted  with the flake mor -  
phology b reaks  down. It should be noted that the 
p resence  of nodules in a flake cast  i ron has  been f r e -  
quently a t t r ibuted  to r e s idua l  Mg or  Ce. The presence  
of these e lements  in significant quanti t ies a f te r  p ro-  
longed exposure  to a i r  during melt  p repara t ion  is 
however ex t r eme ly  unlikely, pa r t i cu l a r ly  in an in- 
duction me l t e r .  In these c i rcumstances  the oxygen 
concentrat ion will  be control led ent i re ly  by the s i l icon 
and carbon reac t ions  in the mel t .  

Since r emova l  of the growth modif iers  yields  the 
nodular shape it appears  this is the favored growth 
form in the absence of modi f ie rs .  The format ion of 
nodules in flake cast  iron indicates  this to be the case 
a lso .  Some t ime ago T i l l e r  18 suggested,  on the bas i s  
of calculated growth ve loc i t ies  in the absence of 
modif ie rs ,  that the nodular form would dominate the 
f ree ly  growing flake form under normal  growth con- 
dit ions.  However his calculat ions do not p red ic t  the 
dominance of the nodular form over the flake eutect ic  
form under the growth conditions d i scussed  in the 
previous  pa rag raph .  P re sumab ly  t rea tment  of the 
eutect ic  growth as semicoopera t ive  r a the r  than co- 
operat ive  would rec t i fy  this  d iscrepancy,  since s emi -  
cooperat ive growth must in the l imit  approach f ree  
flake growth. 

If the p resen t  view is  co r r ec t ,  that in the absence of 
modif iers  the dominant form under normal  growth con- 
dit ions is  nodular,  the p resence  of modi f ie rs  must (as 
suggested by numerous invest igators)  reduce the 
graphite growth veloci ty  in the (001> di rec t ions  r e l a -  
t ively more  than in the (1i0> type d i rec t ions .  Since 
growth in (001> occurs  by motion of ledges a c r o s s  
the {001} planes growth modif iers  must r e t a rd  
this ledge motion re la t ive ly  more than pyramida l  face 
growth. This  shifts the re la t ive  growth r a t e s  in favor 
of the flake graphite ,  semicoopera t ive  growth mecha- 
n i sm.  However many deta i l s  of the modification 
mechanisms (or indeed of unmodified graphi te  growth) 
need to be known but a r e  not. Thus we do not know the 
requi red  concentrat ions of oxygen and sulfur,  ledge 
densi t ies ,  ledge sources ,  and so forth, in shor t  many 
facets  of the interface kinet ics  which a r e  requ i red  for 
a thorough understanding of graphite  growth in cast  
i ron mel ts .  Moreover  our understanding will  (hope- 
fully) eventually extend to As,  Pb, and so f o r t h - t h o s e  
impur i t i es  de le ter ious  to nodular graphite  growth 
which a re  a lso  growth modi f ie rs  but ones that a re  
not so eas i ly  removed by the nodularizing inoculants.  

Identif icat ion of the heterogeneous nuclei  for  
graphite  is a lso  very  important  to our understanding 
of graphite  prec ip i ta t ion  in cast  iron mel ts ,  for 
reasons  d i scussed  in the Introduction.  In the nodular 
cast  i rons studied here  these nuclei  appear  to be 
crea ted  by interact ion of the inoculating spec ies  
Ce and Mg with oxygen in the melt .  This  is indicated 
by thei r  composi t ion-CeO2,  Fe203 and MgO with, p re -  
sumably,  some type of s i l ica te ,  and is cer ta in ly  not 
su rp r i s ing  in view of the role  of Ce and Mg as oxygen 
scavenger s .  However it is unclear  whether or  not 
these nuclei  should be considered universa l .  Lal ich 
and Hitchings 3 found r a r e  ea r th  sulf ides to be the 

nuclei  in thei r  l abora to ry  melts ,  which suggests  there  
may be considerable  var ia t ion  in the nuclei composi-  
t ion in different mel t s .  In addition, because of the ex- 
t r e m e l y  rapid  format ion of nuclei  in the melt  nuclei  
composit ion may vary  widely within a melt .  If this is  
t rue  it is unclear  how such a var ie ty  of nuclei  can ef- 
fect ively cata lyze the precipi ta t ion of graphite .  How- 
ever  evidence does point in this d i rect ion:  for in addi- 
tion to Lal ich  and Hitchings 3 r e su l t s ,  the present  in- 
vest igat ion suggests  sulf ides a re  the nuclei for  flake 
graphite  and p resumably  also for  the nodules that a re  
found in the flake cast  iron. It is ,  fu r the rmore ,  not 
c lea r  what interact ion occurs  between the nodular izing 
inoculants,  or the i r  products ,  and the f e r ros i l i con  in- 
t roduced during postinocuiation; the prac t ice  of post-  
inoculation suggests  some crucia l  in teract ions  may 
occur  here .  

CONCLUSIONS 

1) The heterogeneous nuclei for the commercially 
produced Mg + rare earth inoculated nodular irons 
studied here are round particles 2 to 5 ~m in diame- 
ter. 

2) These nuclei  a r e  primarily CeO2 and Fe203 with 
some MgO. P re sumab ly  some s i l i ca tes  a re  a lso  p r e s -  
ent, but it was not poss ible  to identify any. The com- 
posi t ion of these nuclei  is highly var iable  with Si, Ca, 
AI, P, and S a lso  being var ious ly  present .  

3) There  is a high concentration (~0.25 at.  pct) of 
oxygen in solution in the flake graphite ,  but ve ry  l i t t le 
sulfur .  In nodular  graphite  oxygen and sulfur were 
not found in solution in the graphi te .  This s t rongly sug- 
ges ts  oxygen is  a growth modif ier  in addition to sul-  
fur,  and that nodular  graphite is produced by Mg and 
Ce la rge ly  because of thei r  s t rongly  deoxidizing prop-  
e r t i e s .  

4) Nodular graphi te  may also  be produced by high 
gradient ,  high undercooling sol idif icat ion conditions. 
This  may be due to a complete breakdown, under these 
growth conditions, of the normal  cooperat ive growth 
mechanism.  It appea r s  that the nodule producing 
inoculants u l t imately  work by grea t ly  expanding the 
sol idif icat ion conditions under which the nodular form 
is favored.  

5) Flake graphite  in commerc ia l ly  produced cast  
i ron probably nucleates  on sulfide pa r t i c l e s .  The com- 
posit ion of the sulf ides is apparent ly  var iable  since 
Mg, Ce, Ca, Mn, and Fe have al l  been var ious ly  de- 
tected in the pa r t i c l e s  which a re  apparent ly  nuclei  for 
flake graphite .  These sulfide pa r t i c l es  a r e  ~1 to 3 
/~m in diam. 
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