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The format ion  of CO(g) bubbles  in Fe -C  al loy drople ts  dur ing  s p r a y - d e c a r b u r i z a t i o n  o p e r a -  
t ions  is  desc r ibed  in t e r m s  of a homogeneous nuclea t ion  p r oc e s s  enabled by the sur face  
act ive p rope r t i e s  of oxygen. An expres s ion  is obtained for the r e v e r s i b l e  work to form a 
Vapor nuc leus  that inc ludes  e l ec t ros ta t i c  t e r m s  involved in forming  a l ayer  af chemisorbed  
oxygen ions.  These  addit ional  t e r m s  make the c r i t i ca l  nuclea t ion  condi t ions  a sens i t ive  
function main ly  of the oxygen content  of the mel t .  The c r i t i ca l  oxygen act ivi ty  is found to 
be in the 0.001 to 0.003 wt pct range  at 1823 K. 

T H E  format ion  of carbon monoxide bubbles  in l iquid 
i ron  a l loys  is  often obse rved  as  a carbon  boil  or  d rop-  
let  explosion dur ing s p r a y - d e c a r b u r i z a t i o n  opera t ions  
in oxygen. Although this  i n t e r e s t i ng  phenomenon is  of 
p rac t i ca l  i n t e r e s t  in other  indus t r i a l  p r o c e s s e s ,  1'2 and 
has been the subject  of extens ive  r e s e a r c h ,  3-~~ no 
sa t i s fac tory  theore t ica l  explanat ion of the bubble for -  
mat ion  p roce s s  had been developed unt i l  r ecen t ly ,  n'~2 
In pa r t i cu l a r ,  c l a s s i ca l  nuclea t ion  theor ies  have been 
unable  to r econc i l e  the format ion  of c r i t i ca l  vapor e m -  
b ryos  in these  meta l l i c  s y s t e m s  with the high sur face  
or in te r fac ia l  t ens ions  and the r e l a t ive ly  low vapor p r e s -  
s u r e s  involved.  9'12 Moreover ,  the na tu re  of the a l t e r -  
nat ive p roces s  that has been modeled  to r a t iona l i ze  
bubble format ion ,  vor tex  nuclea t ion ,  l~ is unc lea r .  

While other  poss ib i l i t i e s ,  such as he te rogeneous  
nuclea t ion ,  a re  not excluded, it s e e m s  most  probable  
that bubble format ion  occu r s  in this  i ron  al loy sys t em 
by a homogeneous nuc lea t ion  p r o c e s s  in spite of the 
high sur face  tens ion ,  low vapor p r e s s u r e  paradox.  
This  s t rong  in fe rence  comes  f rom the explosion and 
sac format ion  s tudies  in the z i r con ium sys t em ~4-~6 
where  the ve ry  high t e m p e r a t u r e s  involved,  the r e a c t i -  
vity of the sy s t em,  and the expected wide homogenei ty  
range  of the Z r - O - N  mel t  appear  to deny the ex is tence  
of he te rogeneous  p r o c e s s e s .  Moreover ,  the sys temat ic  
changes in the sac format ion  behavior  with droplet  s ize  
and n i t rogen  content  is  suggest ive  of a homogeneous 
nuclea t ion  p roces s .  This  in fe rence  impl i e s  that the 
c l a s s i ca l  theor ies  that have been used a r e  o v e r s i m p l i -  
fied and a re  not appl icable  to these  mul t icomponent  
s y s t e m s  without some modif icat ion.  In pa r t i cu l a r ,  a 
more  complete descr ip t ion  of the sur face  layer  is  r e -  
qu i red  in o rde r  to account  for the effects  of chemi -  
sorbed  ions n'12 s ince  the t he rmodynamic  p rope r t i e s  
of the sys tem wil l  depend s t rongly  on the p re sence  of 
e l ec t r i c a l  charges  in the sur face  layer .  

In this  repor t ,  we neglect  many fea tu res  of the de-  
ca rbu r i za t i on  p roces s ,  which have been inves t iga ted  
and t rea ted  elsewhere,3-1~ and concen t ra te  on the bubble 
nuc lea t ion  p r o c e s s .  For  s impl ic i ty ,  it is  a s s u m e d  that 
the s p r a y - r e f i n i n g  opera t ion  has reached  a stage where  
oxygen diffuses into the i ron  carbon  alloy f rom the 
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outer  su r face  region .  A sma l l  volume e lement  of the 
r e su l t ing  te i 'nary  al loy is  cons idered  fur ther  in detai l .  
For  such a t e r n a r y  sys t em,  the probabi l i ty  '7'18 of a 
f luctuat ion producing a c r i t i ca l  vapor embryo is p ro -  
por t ional  to exp (-AF*/kT) where AF* is  the r e v e r -  
s ible  work done by the sys t em to form the metas tab le  
nuc leus  f rom the mel t .  The k ine t ics  of nuclea t ion  is 
sens i t ive  to the magni tude of AF* so that ca re  is  r e -  
qui red  in formula t ing  a model for the sys tem.  In the 
following, a Gibbs model  for the in te r face  between e m -  
bryo and mel t  i s  used to desc r ibe  the adsorpt ion  of 
oxygen and carbon.  This  fo rmula t ion  leads  without 
difficulty to an express ion  for AF* which includes 
e l ec t ros ta t i c  t e r m s  involved in es tab l i sh ing  the chemi-  
sorbed  l ayer .  These la t te r  t e r m s ,  not cons ide red  in 
p r io r  nuc lea t ion  theor i e s ,  modify the Laplace equation 
for mechan ica l  equi l ibr i t tm as well  as the magni tude 
of A F * .  The r e s u l t s  for the r e v e r s i b l e  work a re  in -  
corpora ted  into the nuclea t ion  p r oc e s s  and then re l a t ed  
to the deca rbu r i za t ion  opera t ion .  

SYSTEM MODEL 

Cons ider  an i so la ted  spher ica l  embryo  of CO(g) within 
a t e r n a r y  F e - C - O  mel t  as  i l l u s t r a t ed  in Fig.  1. Since 
oxygen is  su r face  act ive ,  19-21 it is  shown schemat i ca l ly  
in the f igure as  a doubly charged chemiso rbed  ion in 
the sur face  l ayer  even though this  is  an ove r s imp l i f i ed  
r e p r e se n t a t i on .  Let the sys t em cons is t  of a fixed i n -  

Fig. 1--Bubble nucleation model for the Fe-C-O system. 
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ven to ry  of each component ,  NC ,  NO, and N F e  , with the 
e n t i r e  m a s s  occupying a cons tan t  unit to ta l  vo lume .  
The t e m p e r a t u r e ,  T, i s  cons tan t  and un i fo rm th rough-  
out.  

The volume of the m e l t  and e m b r y o  a r e  V1 and V2, 
r e s p e c t i v e l y .  Le t  rim, n~x, and n~2 be the number  of 
C, O, and Fe  a t o m s  in the  m e l t  and n2 the number  of 
CO(g) m o l e c u l e s  in the  e m b r y o .  It i s  a s s u m e d  that  
o the r  vapor  s p e c i e s  a r e  p r e s e n t  in the e m b r y o  at  such 
a low concen t ra t ion  that  they can be ignored .  Note that  
the s u b s c r i p t s  1 and 2 r e f e r  to the bulk mel t  and vapor  
r e g i o n s ,  r e s p e c t i v e l y ,  and that  a second  s u b s c r i p t  is  
used  to ident i fy  a component  in the  m e l t .  The s u b s c r i p t  
3 wi l l  be used  in the fol lowing to r e f e r  to the su r f a c e  
r eg ion .  

The s u r f a c e  concen t r a t i on  of each  component  a s  wel l  
a s  the vo lume  and a tom content  of each  phase  depend 
on the loca t ion  of the Gibbs d iv id ing  i n t e r f ace .  By con-  
ven t ion ,  we choose  the loca t ion  that  m a k e s  the a d s o r p -  
t ion of i ron  z e r o .  Th is  choice  a l so  m a k e s  the e x p e r i -  
m e n t a l l y  s ign i f i can t  r e l a t i v e  adso rp t i on  22 of ca rbon  o r  
oxygen with r e s p e c t  to i ron  equal  to the su r f ac e  con-  
c en t r a t i on  a t  th i s  p a r t i c u l a r  loca t ion .  

While  ca rbon  is  not  s u r f a c e  ac t ive  in the b i n a r y  F e - C  
s y s t e m ,  ~9-e~ no s y s t e m a t i c  m e a s u r e m e n t s  have been 
made  in the t e r n a r y  F e - C - O  s y s t e m .  It i s  known, how- 
e v e r ,  that  an a c t i v a t e d  complex ,  COt ,  and o ther  i n t e r -  
m ed i a t e  a d s o r b e d  s p e c i e s  2''m a r e  involved  in the d e -  
so rp t ion  of CO(g) f rom the s u r f a c e  and should a l so  be 
involved  in the e q u i l i b r i u m  between CO(g) and the 
F e - C - O  m e l t .  As  a f i r s t  a p p r o x i m a t i o n ,  however ,  i t  
wi l l  be a s s u m e d  that  the concen t ra t ion  of a d s o r b e d  CO 
s p e c i e s  i s  s m a l l  and can be ignored .  

Us ing  th i s  a s s u m p t i o n ,  a m a s s  ba lance  for  the s y s -  
t em then r e q u i r e s  that  

~ c  = ~ o  + n~ [ 1 ]  

N O = n H  + n2 + n3 [2] 

NFe = nlz [3] 

w h e r e  n3 is  the number  of c h e m i s o r b e d  oxygen ions .  
These  t h r e e  c o n s t r a i n t s  toge the r  with the fact  that  
Va + Ve = 1 a r e  used  in de r iv ing  the r e v e r s i b l e  work  
done by the s y s t e m  to fo rm a vapor  e m b r y o  f rom the 
m e l t .  

THE REVERSIBLE WORK 

The Helmhol tz  f r e e  e n e r g y  change to fo rm a vapor  
e m b r y o  that  does  not d i f fer  g r e a t l y  in s ize  f rom the 
c r i t i c a l  e m b r y o  i s  g iven by ~2 

A F  =-(pz -/h) V2 + erA + n2(~-~1o-pH) + ~ ( P a - ~ 1 1 )  [4] 

where it is assumed that the surface tension, (r, is the 
same as the equilibrium value for the critical embryo 
and that P2, the pressure in the embryo, is the same as 
the equilibrium value corresponding to size r. In Eq. 
[4], p, is the constant liquid pressure and the p ' s  are 
all molecular electrochemical potentials for the ap- 
propriate components. In the bulk phases, however, 
each unit volume element is neutral and there is no 
electric field so that the electrochemical potential can 
be identified 24 with the ordinary chemical potential, #. 
Because of the large electric field at the interface, ~-3 
must include some electrostatic energy terms and 
therefore differs from the ordinary chemical potential. 
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Eq. [4] has  a s i m p l e  i n t e r p r e t a t i o n .  It i s  the sum of 
d i f fe ren t  types  of r e v e r s i b l e  work  done by the s y s t e m  
in fo rming  the vapor  e m b r y o  f rom the m e l t .  The f i r s t  
t e r m  on the r igh t  i s  the net  vo lume work  done in f o r m -  
ing the cav i ty  aga ins t  the l iquid  p r e s s u r e  p~ and f i l l ing 
it with vapor  at  p r e s s u r e  Pz. The second  t e r m  is  the 
r e v e r s i b l e  work  done aga ins t  s u r f a c e  t ens ion  f o r c e s .  
The th i rd  i s  the c h e m i c a l  work  done in fo rming  n2 
m o l e c u l e s  of CO(g) f rom i t s  componen t s  in the m e l t .  
F ina l l y  the  l a s t  t e r m  is  the c h e m i c a l  and e l e c t r o s t a t i c  
work  done in fo rming  r~ c h e m i s o r b e d  oxygen ions on 
the su r f a c e  f rom i t s  component  in the  m e l t .  

Acco rd ing  to P a r s o n s ,  25 Tompkins ,  26 Boudar t ,  27 and 
Higuchi ,  e t  a l . ,  2s 

E3 = Ua + ze •  [5] 

where  z e  i s  the charge  on the c h e m i s o r b e d  ion and X 
is  the su r f a c e  o r  contac t  po ten t i a l .  If the d ipo le s  
f o r m e d  by the oxygen ions  a r e  r a d i a l l y  o r i en t ed ,  un i -  
f o r m l y  d i s t r i bu t e d ,  and have the i r  nega t ive  ends  d i -  
r e c t e d  into the e m b r y o  then [ ignor ing the s m a l l  c o n t r i -  
bution f rom the a c t i v a t e d  complex  involved  in the d e -  
so rp t ion  of CO(g) f rom the su r f ace ]  

x = -47rF3 z e l  [6] 

whe re  l is  the d ipole  length ( a s s u m e d  to be the r a d i u s  
of the oxygen ion), r ~  - n~/A, and A is  the s u r f a c e  a r e a .  
Then 

~o = - z e r ~  • [7] 
o r  

Zo = 47rF2zZ e2l [8] 

i s  the e l e c t r o s t a t i c  ene rgy  dens i ty  of the s u r f a c e  r e -  
gion so that  

n a ( ~ 3 - U 1 1 )  = n 3 ( p 3 - P x l )  - aoA [9] 

Thus,  the l a s t  t e r m  in Eq. [4] is  a function of both ns 
and r ,  the r a d i u s  of the e m b r y o .  

P rov id ing  that  ao and (r a r e  not a function of r (see  
Appendix) ,  the e x t r e m u m  condi t ion 5(AF) = 0 r e s u l t s  
in 

~* = ~ o  + ~ 1  [10] 

~3" = ~tn [11] 

(/~ -/51) : 2(or - ao) /r*  [12] 

which a r e  t h r e e  condi t ions  that  mus t  be met  s i m u l t a -  
neous ly  for  the embryo  and me l t  to coex i s t  in an un-  
s tab le  e qu i l i b r i um.  The f i r s t  two a r e  r e q u i r e m e n t s  for  
c h e m i c a l  and c h e m i s o r p t i v e  e q u i l i b r i u m .  The l a s t  i s  a 
Lap lace  equat ion for  mechan ica l  equ i l i b r i um that  is  
modi f i ed  by the e l e c t r o s t a t i c  ene rgy  dens i ty .  Eq. [4] 
then b e c o m e s  

h F = - ( p 2 - p l ) V ~  + a A  + n 2 ( U 2 - ~ * ) +  n 3 ( ~ 3 - ~ * )  [4a] 

by use  of Eqs.  [10] and [11]  so that  at  the e x t r e m a l  
point ,  

AF*  : --(p~ -Pl )~22 + erA* [13] 

which i s  the s a m e  r e s u l t  a s  that  ob ta ined  by o t h e r s  29'3~ 
for  A F * .  Thus,  whi le  LXF i s  a function of the oxygen 
and carbon  potent ia l  in the me l t ,  ZxF* i s  no t  b e c a u s e  of 
the e x t r e m u m  condi t ions  in Eqs.  [10] and [11]. 

Eq. [13] s i m p l i f i e s  to e i the r  
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AF* = (a + 2ao)A*//3 [14] 

by use  of Eq. [12] for  (P2*-P~), o r  equiva len t ly ,  a f t e r  
s imp l i f i ca t ion ,  to 

AF*  = (167r/3)a3@/(p~ - p~)2 [15] 

by use  of Eq. [12] for r *  where  ,I~, the s u r f a c e  tens ion  
function,  i s  

= ( 1 - a o / a )  2 (1 + 2a0/a) = 1 - 3(a0/a) 2 + 2(O'o/O') 3 [16] 

The c o r r e s p o n d i n g  r e s u l t s  ob ta ined  by o t h e r s  29'3~ a r e  

A F *  = a A * / 3  [17] 

A F *  : (16~/3)a  3/(p * _p,)2 [18] 

so that  the d ipole  l a y e r  f o r m e d  by the c h e m i s o r b e d  oxy-  
gen ions  has  a s ign i f i can t  ef fec t  on the r e v e r s i b l e  work  
to fo rm a vapor  embryo  as  wel l  a s  on the condi t ion for  
m echan i ca l  equ i l i b r i um.  

THE ELECTROSTATIC ENERGY DENSITY 

The p a r a m e t e r  (~o i s  the ene rgy  s t o r e d  (per  unit a r e a )  
in the e l e c t r i c  f ie ld  of the c h e m i s o r b e d  oxygen ions  and 
the i r  image  c h a r g e s  in the conduct ing me l t .  Since ao i s  
a function of F3, i t  depends  ma in ly  on the oxygen a c t i -  
v i ty  in the l iquid  phase  and i s  not l im i t ed  by s u r f a c e  
t ens ion  o r  amb ien t  p r e s s u r e .  A c c o r d i n g l y ,  both p o s i -  
t ive  and nega t ive  va lues  of ( a - a o )  could occur  dur ing  
the d e c a r b u r i z a t i o n  ope ra t i on .  If ao exceeds  a, then 
6(AF) = 0 only if p~ exceeds  p~ a t  r = r* in a c c o r d  
with Eq. [12]. Nea r  r * ,  the f r e e  ene rgy  behaves  a s  TM 

AF - A F *  - 4 ~ ( a - a o )  ( r - r * )  ~ [4b] 

w h e r e  both AF* and r *  a r e  pos i t i ve .  Thus ,  A F  wil l  
have a m a x i m u m  at  r *  only for  pos i t i ve  ( a - a o )  w h e r e a s  
it wi l l  be a m i n i m u m  if ao exceeds  a. In the  l a t t e r  c a s e ,  
spontaneous  growth  o r  d i s so lu t ion  of the bubble  would 
not occur  and only s t ab le  vapor  nucle i  of s i ze  r *  would 
fo rm if they fo rm at  a l l .  It is  conc luded  that  homoge -  
neous  nuc lea t ion  and spontaneous  growth of CO bubbles  
a r e  p o s s i b l e  only for  ( a - a o )  >- 0 w h e r e a s  the s y s t e m  
is  i nhe ren t ly  s t ab le  for  ( a - a o )  < 0. 

It is  r e a s s u r i n g  to find in the l i m i t  of s m a l l  ao r e l a -  
t ive  to a (say due to the a b s e n c e  of a c h e m i s o r b e d  
l aye r )  that  the modi f i ed  Lap lace  equat ion s i m p l i f i e s  to 
i t s  m o r e  f a m i l i a r  fo rm 

(p* - p~) = 2 a / r *  [12a] 

and that  AF*  in Eqs.  [14] and [15] r e d u c e s  to the c l a s s i -  
cal  r e s u l t s  in Eqs.  [17] and [18]. 

THE SURFACE TENSION FUNCTION 

The f r ee  ene rgy  change to fo rm a s m a l l  vapor  e m -  
b ryo  f rom the me l t  invo lves  a pos i t i ve  con t r ibu t ion  
f rom the work  done aga ins t  s u r f a c e  t ens ion  f o r c e s  
w h e r e a s  a l l  o ther  work  t e r m s ,  inc luding e l e c t r o s t a t i c ,  
a r e  nega t ive .  The e x c e s s  of th i s  pos i t ive  work  ove r  
the negat ive  t e r m s  for  the c r i t i c a l  e m b r y o  r e p r e s e n t s  
a b a r r i e r  to phase  change which is  p r o p o r t i o n a l  to a3,t ,. 
In the a b s e n c e  of any e l e c t r o s t a t i c  work  (say due to no 
c h e m i s o r p t i o n )  the b a r r i e r  i s  p r o p o r t i o n a l  to ~3. Thus ,  
the su r f ace  tens ion  function,  ,I~, mod i f i e s  the c l a s s i c a l  
b a r r i e r  for the work  r e c o v e r e d  by se t t ing  up the 
c h e m i s o r b e d  dipole  l a y e r .  

The dependence  of ~I, on the magni tude  of ~o (in m u l t i -  
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Fig. 2--The effect of electrostat ic energy density changes on 
the surface tension function. 

p l e s  of the m o r e  f a m i l i a r  a) i s  i l l u s t r a t e d  in F ig .  2. If 
the e l e c t r o s t a t i c  work ,  Cro, i s  s m a l l  ( r e l a t i ve  to the 
s u r f a c e  tens ion  work  a) then ,t~ a p p r o a c h e s  unity and 
the b a r r i e r  to phase  change i s  e s s e n t i a l l y  u n a l t e r e d  
f rom the usual  a s t e r m .  If the e l e c t r o s t a t i c  work  in-  
c r e a s e s ,  then 9 d e c r e a s e s  f rom uni ty and the b a r r i e r  
i s  p r o p o r t i o n a l  to a3~. F i n a l l y  if the e l e c t r o s t a t i c  work  
a p p r o a c h e s  the s u r f a c e  t ens ion  work ,  then both @ and 
the b a r r i e r  to phase  change a p p r o a c h  z e r o .  Since the 
s y s t e m  is  s t ab le  for  (ao/a) > 1, then @ e x i s t s  only in the 
0 <- (ao/a) -< 1 domain .  

NUCLEATION KINETICS 

The c l a s s i c a l  t heo ry  of nuc lea t ion  l e a d s  d i r e c t l y  to 
the fol lowing e x p r e s s i o n  TM 

J = Z[3*A*N exp ( - A F * / k T )  [19] 

for the s t eady  r a t e  of nuc le i  f o rma t ion  p e r  unit  vo lume 
where  

N ~ N C + Y O + NFe  [20] 

is  the to ta l  a tom inven to ry  p e r  unit vo lume ,  ~* i s  the 
r a t e  of m o l e c u l a r  gain by the c r i t i c a l  e m b r y o  p e r  unit  
a r e a  of s u r f a c e  [the deso rp t ion  of CO(g) f rom i ron  m e l t s  
has  been i nve s t i ga t e d  by others2*'23], and 

Z = [ 4 k r ( a - a o ) ] ' ~ 2 / A * p  * [21] 

i s  the nonequ i l ib r ium fac to r .  '2 
It is  a s s u m e d  that  the nuc lea t ion  p r o c e s s  t e r m i n a t e s  

when a s ingle  c r i t i c a l  vapor  e m b r y o  f o r m s .  The sub -  
sequent  nonequ i l ib r ium vapor  expans ion  has  been con-  
s i d e r e d  by o t h e r s .  3'-~3 

DISCUSSION AND CONCLUSIONS 

Swisher and Turkdogan ~I reported on the surface 
tension and the oxygen adsorption isotherm of the bi- 
nary Fe-O system at 1823 K as a function of the oxy- 
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Fig. 3--The effect of oxygen concentration changes in the 
Fe-C-O system on (ao/a) and �9 based on the surface tension 
and oxygen adsorption isotherm reported by Swisher and 
Turkdogan.2 t 
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Table I. System Parameters at �9 = 0 

O=(ads) 0"(ads) 

ao *, wt pct 0.0014 0.0025 
o, dynes/cm 1680 1700 
0* 0.10 0.15 
T, K 1823 1823 
Pl, bars 1 1 

gen ac t i v i t y  of the m e l t .  They found, b a s e d  on an 
a v e r a g e  of s u r f a c e  tens ion  m e a s u r e m e n t s  made by 
o t h e r s ,  19'2~ an a s y m p t o t i c  a d s o r p t i o n  l imi t ,  to ,  of 
1.05 • 1015 a t o m / c m  z. Th i s  r e s u l t  c o r r e s p o n d s  to an 
a r e a / a d s o r b e d  a tom of 9.52A 2 which is  c lo se  to the 
a r e a  that  would be occup ied  by a n O - i o n  with a Pau l ing  
r a d i u s  of 1.76~.  34 (The e m p i r i c a l  Paul ing  r a d i u s  may  
not apply  in the s u r f a c e  reg ion . )  However ,  oxygen may  
be a d s o r b e d  as  an O = ion with a Paul ing  r a d i u s  of 
1.40,~ 34 at  the low end of the  adso rp t i on  i s o t h e r m ,  where  
the ca rbon  boi l  and exp los ions  mos t  l ike ly  occur,12 a l -  
though no ev idence  was  found to suppor t  th i s  be l i e f .  It 
i s  a s s u m e d  that  t he se  r e s u l t s  a l so  apply  to the  t e r n a r y  
s y s t e m .  

Ca l cu l a t i ons  of (~0/~) and ~ w e r e  made ,  f rom Eqs.  
[8] and [16], a s  a function of oxygen ac t iv i ty ,  ao, in the 
me l t  us ing  the s u r f a c e  t ens ion  and adso rp t i on  i s o t h e r m  
r e p o r t e d  by Swishe r  and Turkdogan .  2x The  r e s u l t s  a r e  
d i s p l a y e d  in F ig .  3 for  the two a d s o r b e d  oxygen ion con-  
f i gu ra t i ons .  The a p p r o x i m a t e  va lue s  of ao, a and 

0( - - r3 /Fo)  c o r r e s p o n d i n g  to ~ = 0 a r e  s u m m a r i z e d  in 
Tab le  I. 

It  a p p e a r s ,  f rom inspec t ion  of F ig .  3, that  nuc lea t ion  
of CO(g) bubbles  mus t  occur  in the v i c in i t y  of  �9 = 0 for  
a t  any o ther  oxygen concen t ra t ion  the b a r r i e r  to phase  
change within the me l t ,  r e p r e s e n t e d  by 0 ~ ,  g r e a t l y  ex -  
ceeds  the equ i l i b r i um vapor  p r e s s u r e  of CO(g) b e c a u s e  
of the p r e c i p i t o u s  i n c r e a s e  of ~ with s m a l l  d e c r e a s e  in 
oxygen ac t iv i t y .  M o r e o v e r ,  bubble  f o r m a t i o n  at  o ther  
me l t  c ompos i t i ons  due only to m o d e r a t e  t e m p e r a t u r e  
i n c r e a s e s  i s  not expec ted  b e c a u s e  the  s u r f a c e  t ens ion  
would s t i l l  be qui te  l a r g e  and the CO(g) vapor  p r e s s u r e  
r e l a t i v e l y  low. The va lues  of ao and 0 at  ~ = 0 mus t  
t h e r e f o r e  be a p p r o x i m a t e l y  equal  to the c r i t i c a l  va lue s  
and a r e  so des igna t ed  in Table  I. Th is  behav io r  of the 
F e - C - O  me l t  i s  d i f fe ren t  f rom that  of s i m p l e r  s y s -  
t e m s  in which m o d e r a t e  supe rhe a t i ng  i s  u sed  to ad ju s t  
the vapor  p r e s s u r e  and the s u r f a c e  t ens ion  to ach ieve  
c r i t i c a l  condi t ions .  Th is  conc lus ion  e m p h a s i z e s  the 
fact  that  c r i t i c a l  bubble  nuc lea t ion  condi t ions  in the 
F e - C - O  s y s t e m  a r e  d e t e r m i n e d  a l m o s t  e n t i r e l y  by the 
oxygen content  of the me l t  and that ,  a p p r o x i m a t e l y ,  a~ 
i s  a c r i t i c a l  concen t ra t ion .  In addi t ion ,  s ince  the oxy-  
gen a dso rp t i on  i s o t h e r m  undoubtedly changes  with 
t e m p e r a t u r e ,  then a~ wi l l  s u r e l y  v a r y  with t e m p e r a -  
t u r e  a l s o .  Stated d i f f e ren t ly :  the r e v e r s i b l e  work  to 
fo rm the vapor  e m b r y o  i s  e x c e s s i v e  (and J t h e r e f o r e  
Vanishingly s m a l l )  e v e r y w h e r e  except  in the v ic in i ty  Of 
~ = 0 .  

Condi t ions  a t  the su r f a c e  of the F e - C  a l loy  d rop le t  
become  m o r e  oxid iz ing  at  some  la te  s t age  of the s p r a y -  
d e c a r b u r i z a t i o n  p r o c e s s .  9 When th is  o c c u r s ,  the oxy-  
gen ac t iv i ty  of the me l t  a t  the ou te r  s u r f a c e  i n c r e a s e s  
and an oxygen concen t ra t ion  p ro f i l e  i s  e s t a b l i s h e d  in 
the i n t e r i o r  by n o r m a l  di f fus ion and convect ion  p r o c -  
e s s e s  p rov id ing  that  the oxygen ac t iv i ty  is  l e s s  than 
a~. F u r t h e r  oxygen content  i n c r e a s e s  to a~ and 
h igher  a r e  p o s s i b l e  and do occu r  at  the ou te r  su r f ace  
of the  d rop le t  w h e r e  nuc lea t ion  i s  not involved.  When 
th i s  does  o c c u r ,  the na tu r a l  flow of oxygen f r o m  i ts  
high va lue  ( g r e a t e r  than ao*) a t  the outer  s u r f a c e  of 
the d rop l e t  t oward  lower  va lue s  in the i n t e r i o r  i s  in -  
t e r r u p t e d  by CO gas  bubble fo rma t ion  at  R(a~),  the * 
pos i t ion  in the me l t  a t  which ao = a~. Note that  CO 
bubble  f o r m a t i o n  r e m o v e s  both oxygen and ca rbon  f rom 
the me l t .  Th is  phase  change p r o c e s s  should  e l i m i n a t e  
o r  r educe  the  inward  flow of oxygen beyond R(a~) - -a t  
l e a s t  unti l  the loca l  equ i l i b r i um vapor  p r e s s u r e  of CO 
is  g r e a t l y  r e d u c e d  by ca rbon  deple t ion .  Sharp  changes  
o r  d i s con t inu i t i e s  in both oxygen and ca rbon  ac t i v i t y  
should  then occur  at  R (a ~ ) . be c a use  of the r e l a t i v e  e a s e  
of bubble  fo rma t ion  at  th i s  point .  

If the r e a c t i o n  i s  s p h e r i c a l l y  s y m m e t r i c ,  then a 
sh r ink ing  she l l  of s m a l l  bubb les  fo rming  in the i n t e r i o r  
of the i ron  d rop l e t  is  v i s u a l i z e d  s e p a r a t i n g  the d rop le t  
into two d i s t i nc t  r e g i o n s .  The ou te r  r eg ion  [R > R(a~)] 
should be' c h a r a c t e r i z e d  by an oxygen ac t iv i ty  in e x c e s s  
of a~, an inward  flow of oxygen,  and a neg l igab le  con-  
cen t r a t i on  of ca rbon ,  w h e r e a s  the inner  r e g i o n  
[R < R(ao*)] would have a low oxygen ac t iv i ty  ( l ess  than 
a~), a high ca rbon  ac t iv i ty  and an ou tward  flow of c a r -  
bon.  The mixing  and tu rbu lence  caused  by bubble  f o r -  
mat ion  and expans ion ,  however ,  would blunt  o r  b lu r  
some  of t he se  e f fec t s  a s  wel l  a s  the s h a r p  c o n c e n t r a -  
t ion changes  at  R(a~).  

T h e s e  r e s u l t s  and conc lus ions  a r e  a d e p a r t u r e  f rom 

780-VOLUME 4, MARCH 1973 METALLURGICAL TRANSACTIONS 



other  s tudies  s-l~ of the carbon  boil phenomena that 
sea rched  for and depended on a high oxygen act iv i ty  in 
the mel t  main ly  to i n c r e a s e  the CO(g) vapor p r e s s u r e  
for bubble nuclea t ion .  As i l l u s t r a t ed  in Table  I, the 
magni tude  of a~ is quite sma l l .  Pe rhaps  control  or  
ad jus tmen t  of the e l ec t ros t a t i c  energy  densi ty  in the 
sur face  reg ion  m~ght be feasiblo and benef ic ia l  in future 
i ndus t r i a l  opera t ions .  

It should be pointed out that the contact or  sur face  
potent ia l  change due to adsorp t ion  is equal in magn i -  
tude but opposi te  in sign to the change in the work 
function.  26 It is  the potent ia l  or  work function change 
that has s igni f icance  whereas  the r e l a t ionsh ip  in Eq. 
[6] is  a der ived  quanti ty usua l ly  used in the r e v e r s e  
m a n n e r  to e s t ima te  the dipole moment  per  a tom f rom 
adsorp t ion  and potent ia l  changes.  The use of m e a s u r e d  
work function changes caused  by oxygen chemisorp t ion  
at  a l iquid Fe -C  al loy sur face  would be a des i r ab le  
fu tu re  r e f inemen t  to es tab l i sh  the value of ao more  ac -  
cura te ly .  In the mean t ime ,  the approach and r e s u l t s  
p r e sen t ed  here should have at leas t  semiquant i t a t ive  
val id i ty .  
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Greek:  

T 

Fo 

Fa 

O 

NOMENC LATURE 

sur face  a r ea  

oxygen act iv i ty  in mel t  (weight percent )  

e lec t ron ic  charge 

Helmholtz f ree energy  change 

nuclea t ion  f requency per  unit  volume 

Boltzmarm constant  

dipole length 

a tom inventory  

number  of a toms  

number  of CO(g) molecu les  

number  of chemiso rbed  oxygen ions 

p r e s s u r e  

r ad ia l  pos i t ion  in droplet  

r ad ia l  posi t ion in droplet  at which ao = ag 

r ad ius  of embryo  

absolute  t e m p e r a t u r e  

volume 

nonequ i l ib r ium factor  

number  of charges  

desorpt ion  f requency per  unit  a r e a  

net sur face  energy  densi ty  ( a -a0 )  

asymptot ic  adsorp t ion  l imi t  of oxygen 

n~/A 

f rac t ion  of a monolayer  coverage (ra /Fo)  

e l ec t rochemica l  potent ia l  

/1 chemica l  potent ial  

sur face  t ens ion  

ao e lec t ros ta t i c  energy densi ty  

contact  or  sur face  potent ial  

sur face  tens ion  function 

Subscr ip ts  and Supersc r ip t s :  

* c r i t i ca l  condit ions 

O oxygen 

C carbon  

Fe i ron  

1 me l t  

2 embryo  

10 carbon component  of mel t  

11 oxygen component  of mel t  

12 i ron  component  of mel t  

APPENDIX 

The Gibbs dividing sur face  is  located in the i n t e r -  
face at  the posi t ion that makes  the adsorp t ion  of i ron 
zero .  This  posi t ion may differ f rom the sur face  of t en -  
s ion and because  of this  a may be a function of cu rva -  
tu re .  35-a7 It s e e m s  mos t  l ikely,  however,  that the de-  
pa r t u r e  f rom the sur face  of t ens ion  would be l e s s  than 
a mo lecu l a r  d i ame te r ,  6. Since a v a r i e s  as  (1 + 5 / r ) ,  
the effect of cu rva tu re  on ~ is negl igible  for the ve ry  
la rge  nucle i  fo rmed  dur ing bubble format ion .  TM 

The e l ec t ros t a t i c  energy densi ty ,  Co, is  a function of 
the r e l a t ive  adsorpt ion ,  r s .  If it is  a s s u m e d  that I'3 
is only a function of the oxygen act iv i ty  of the mel t ,  
then the modified Laplace  equation,  Eq. [12], is ob-  
ta ined  s ince  the va r i a t ion  of a with r for l a rge  embryos  
is  negl ig ib le .  If, however,  the re la t ive  adsorp t ion  of oxy- 
gen is  inf luenced by the m e c h a n i s m  of vapor iza t ion  of 
CO(g) or by other  components  of the vapor  phase ,  then 
Fa and ao would vary  with embryo  s ize .  We wish to ex-  
amine  the effect of this  cu rva tu re  dependence on the 
r e v e r s i b l e  work to form a c r i t i ca l  vapor embryo .  

If both a and a0 va ry  with r ,  then the e x t r e m u m  con-  
dit ion r e s u l t s  in 

(P* - P l )  = 2y*/ r*  + (Oa/Or)r,  - (Oao/Or)r* [/%1] 

where  y - (a-Co) is  the net  sur face  energy densi ty .  
Eq. [A 1 ] becomes  

(p* - Pl) = ( l /A*)  (OAT ~Or)r* [A2] 

Thus wherever  y is  a function of cu rva tu re ,  ma in ly  due 
to co(r) here ,  the Laplace equation becomes  [A2] and 
i t s  effects on the r e v e r s i b l e  work and the k ine t i cs  of 
nuclea t ion  will  be s i m i l a r  to that found by o thers  3s'36 
for a one-componen t  sys t em with a cu rva tu re  dependent  
sur face  tens ion .  The form of co(r) would have to be 
known. 
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