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A mode l  for  the nuc lea t ion  of f e r r i t e  on aus t en i t e  g r a i n  b o u n d a r i e s  p roposed  by S h a r m a  
and P u r d y  is  r e e x a m i n e d  us ing  the Calm-Hoffman cons t ruc t ion .  The  cons t ruc t ion ,  which 
o f f e r s  a r i g o r o u s  method of p r e d i c t i n g  the shape  of he t e rogeneous  nuc le i ,  i nd i ca t e s  that  
the o r i g i n a l  p r o p o s a l  of a d i s k  shaped  nuc leus  should be modi f ied  to that  of a s p h e r i c a l  
s e g m e n t .  B a s e d  on c u r r e n t l y  ava i l ab l e  t h e r m o d y n a m i c  and p h y s i c a l  da ta ,  it  is  shown that  
the s p h e r i c a l  s e g m e n t  mode l  is  v e r y  s e n s i t i v e  to the aus t en i t e  g ra in  boundary  i n t e r f a c i a l  
t ens ion .  Even  s m a l l  changes  in i n t e r f a c i a l  t ens ion  of s e v e r a l  m N / m ,  which could r e s u l t  
f r o m  the equ i l i b r i um a b s o r p t i o n  of boron  into aus t en i t e  b o u n d a r i e s ,  i s  suf f ic ien t  to de l ay  
the aus t en i t e  t r a n s f o r m a t i o n  by a s ign i f i can t  t i m e .  

IN 1973 S h a r m a  and P u r d y  ~ p r o p o s e d  that  the f e r r i t e  
nucleus  in aus t en i t e  be mode led  as  having a d i s k  shape .  
The  jus t i f i ca t ion  for  th is  mode l  was the cohe ren t  in-  
t e r f a c e  that  can f o r m  be tween  the o~ and 7' phase s  when 
they s a t i s f y  the  K u r d j u m o v - S a c h s  r e l a t i onsh ip .  I t  was  
r e a s o n e d  that  the r e s u l t i n g  low i n t e r r a c i a l  tens ion ,  
actor, would give r i s e  to the l a rge ,  f la t  f a c e s  of the 
d i sk .  The  edge of the d i s k  was  p r e s u m a b l y  s e m i c o -  
he ren t ,  l ike  the t ip  of a Widmans t~ t t en  p la te  with t en -  
s ion  ec~"Tsemi_coh. I t  was p r o p o s e d  that  the d i s k  would nu-  
c l ea t e  h e t e r o g e n e o u s l y  on incoheren t  g r a i n  b o u n d a r i e s ,  
with the ~ - y  i n t e r f ace  on the gra in  boundary  be ing  in-  
cohe ren t  a s  wel l  and having tens ion  cr ~-y.  

One ou tcome of th is  mode l  was the p r e d i c t i o n  that  
s m a l l  changes  in i n t e r f a c i a l  t ens ion  would have l i t t l e  
inf luence on the f e r r i t e  nuc lea t ion  r a t e .  F o r  th is  
r e a s o n  S h a r m a  and P u r d y  concluded that  the ef fec t  of 
bo ron  on h a r d e n a b i l i t y  could not  be  caused  by e qu i l i -  
b r i u m  a b s o r p t i o n  of boron  into the aus t en i t e  g r a i n  
b o u n d a r i e s .  I n s t ead  they  a rgued ,  fol lowing a s u g g e s -  
t ion by  Zener~ 2 that  the f o r m a t i o n  of g r a i n  boundary  
b o r o c a r b i d e s  was r e s p o n s i b l e  in bo ron  conta in ing  
s t e e l s  for  r e t a r d i n g  f e r r i t e  nuc lea t ion .  Recen t ly  
M a i t r e p i e r r e ,  T h i v e l l i e r  and T r i c o t  s t r i e d  to p rove  th is  
c l a i m  with a d i v e r s i f i e d  s tudy of boron  and nonboron 
s t e e l s .  However ,  as  ment ioned  by these  i n v e s t i g a t o r s ,  
t he i r  r e s u l t s  could not conc lus ive ly  p rove  what me-  
chan i sm was r e s p o n s i b l e  for  the boron  ha rdenab i l i t y .  

At the t ime  of the S h a r m a  and P u r d y  s tudy ,  inade-  
quate  methods  were  ava i l ab l e  fo r  t r e a t i n g  h e t e r o g e n e -  
ous  nuc lea t ion  of a n i s o t r o p i c  nucle i ,  S ince  the i r  p r o -  
posa l ,  Cahn and Hoffman 4 have p r e s e n t e d  a c o n s t r u c -  
t ion for  dea l ing  with he t e rogeneous  nuc lea t ion .  With  
th is  cons t ruc t i on  and with a somewha t  s i m p l i f i e d  a s -  
sumpt ion ,  we wil l  show, in the  fo l lowing work,  that  
the  S h a r m a  and P u r d y  m o d e l  should  be modif ied .  The  
mod i f i ed  m o d e l  has  a d i f f e r en t  shaped  nuc leus  and 
l eads  to d i f fe ren t  conc lus ions  r e g a r d i n g  boron  h a r d e n -  
ab i l i ty ,  

The Cahn-Hoffman cons t ruc t ion  is  a r i g o r o u s  way of 
p r e d i c t i n g  the shape  of g ra in  boundary  p r e c i p i t a t e s  
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which a r e  in equ i l i b r i um with t he i r  su r round i ngs .  It is  
in e f fec t  a cons t ruc t ion  for  ba lanc ing  the s u r f a c e  ten-  
s ions  and to rques  at  the t h r e e - g r a i n  junc t ions  where  
p r e c i p i t a t e s  and ad jacen t  g r a i n s  mee t .  Al though it  can  
be  app l i ed  only to c a s e s  in which the p r e c i p i t a t e  does  
not  d i s t o r t  the g r a i n  boundary ,  i t  i s  adequa te  for  th i s  
p r o b l e m .  (The d i f f i cu l t i e s  encoun te red  when dea l ing  
with p u c k e r e d  g ra in  bounda r i e s  have been  d i s c u s s e d  
and t r e a t e d  to  s o m e  ex ten t  by Lee  and A a r o n s o n .  5) 

In app ly ing  the Cahn-Hoffman cons t ruc t ion  we a s -  
sume  that  the f e r r i t e  nucleus  s a t i s f i e s  the K-8 r e l a -  
t ionsh ip  with r e s p e c t  to one aus t en i t e  gra in ,  but not 
the o ther .  F r o m  this  we a s s u m e  that the equ i l i b r ium 
fo rm of the nucleus  with r e s p e c t  to one g ra in  is  a 
d i sk  while with r e s p e c t  to the o the r  i t  is  a s p h e r e .  
F i g u r e s  1 and 2 show the e q u i l i b r i u m  shape  of the 
he t e rogeneous  nuc leus  for  two e x t r e m e  o r i e n t a t i ons  
of the d i s k  nuc leus .  In F ig .  1 i t  i s  a s p h e r i c a l  s e g m e n t  
whi le  in F ig .  2 i t  is  a d i sk  s egmen t .  Al though the 
shape  given in F ig .  2, the one p r o p o s e d  by S h a r m a  
and Pu rdy ,  r e q u i r e s  s o m e  d i s t o r t i o n  of the  g ra in  
boundary ,  it  i s  so  s m a l l  fo r  th is  ca se ,  which can  be 
s e e n  on a s c a l e  d rawing  of the  g r a p h i c a l  cons t ruc t ion ,  
that  we wil l  a s s u m e  that  the  ef fec t  is  neg l ig ib l e .  
O r i e n t a t i o n s  d i f f e r en t  f rom these  e x t r e m e  ones  r e q u i r e  
m o r e  d i s t o r t i o n  of the g ra in  boundary  and a r e  omi t t ed  
f r o m  c o n s i d e r a t i o n  as  be ing  l e s s  e n e r g e t i c a l l y  favored .  
However ,  it  should  be noted that m in imiz ing  the g r a i n  
b o u n d a r y  d i s t o r t i o n  in o the r  s y s t e m s  does  not a lways  
m i n i m i z e  the work  to f o r m  a c r i t i c a l  nuc leus  a s  has  
been  shown by L e e  and Aaronson .  5 

Whether  the s p h e r e  o r  d i s k  s egmen t  i s  m o r e  l i ke ly  
to occu r  can be  e s t i m a t e d  by c o m p a r i n g  the work,  /q2*, 
r e q u i r e d  to fo rm a nuc leus  of e ach  shape .?  The  work  

tWe assume here that al| orientatmns of grains arc available so that there are 
no geometric restrictions on which shape can form. 

i s  r e l a t e d  to the nuc leus  vo lume,  V*, a c c o r d i n g  to 

1 V* A~2 v [1] 

in which &~v is  the ~2 ene rgy  change p e r  unit volume of 
y t r a n s f o r m e d  to o~. T h e r e f o r e ,  d e t e r m i n i n g  which 
shape  i s  m o r e  l ike ly  to o c c u r  can  be ob ta ined  by c o m -  
p a r i n g  the i r  v o l u m e s .  

In F ig ,  3 th is  c o m p a r i s o n  i s  made  by p lo t t ing  the 
r a t i o  of the he t e rogeneous  nuc leus  vo lume to the  
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Fig. 1--(a)  Cahn-Hoffman cons t ruc t ion  for  de t e rmin ing  the 
heterogeneous  nucleus  shape.  The a nucleus  in Gra in  1 is  a 
disk,  shown here  on edge. The ~ nucleus  in Gra in  2 is a 
sphere .  All d imens ions  of the disk and sphe re  a r e  r e l a t ed  to 
the i r  ~ --y sur face  tens ions ,  while  the d i s tance  between the 
disk and sphe re  cen t e r s  is r e la ted  to the y-3, su r face  tens ion.  
None of the d imens ions  on this  f igure a re  to sca le  in o rde r  to 
c la r i fy  the cons t ruct ion .  The i n t e r sec t i on  of the two f igures ,  
the shaded reg ion ,  is  the nucleus .  It has the shape of a s p h e r i -  
cal segment .  (b) The c~ nucleus  as  it appea r s  on the gra in  
boundary.  No d i s to r t ion  of the aus teni te  g ra in  boundary is  r e -  
quired.  
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Fig. 2--(a)  The s a m e  as Fig. l ( a )  except  with  a di f ferent  o r i -  
enta t ion of the disk with r e s p e c t  to the g ra in  boundary.  Again 
this  f igure is  not to sca le  for  c lar i ty .  The nucleus  in this  case  
is  a disk segment .  (b) The c~ nucleus  as it appears  on the 
gra in  bounda~T. Some d i s to r t ion  of the g ra in  boundary is r e -  
qui red ,  but i t  is  neglected for  the p rob lem cons ide red  here .  

homogeneous  nucleus volume vs  the grain  boundary 
energy  (note that this is equivalent  to plott ing the 
r a t i o  h e t e r o / a a ~  homo, t he  r a t i o  of w o r k  to  n u c l e a t e  
h e t e r o g e n e o u s l y  o v e r  t h a t  to  n u c l e a t e  h o m o g e n e o u s l y ) .  
T h i s  i s  d o n e  f o r  b o t h  t h e  d i s k  a n d  s p h e r i c a l  s e g m e n t  
m o d e l s .  T h e  e q u a t i o n s  u s e d  f o r  t h e  c o m p a r i s o n  a r e  
t h e  s t a n d a r d  m e n s u r a t i o n  f o r m u l a e  f o r  t h e  i n d i c a t e d  
s h a p e s .  

F o r  t h e  c a s e  of  t h e  d i s k  s e g m e n t  t h e  e q u a t i o n  i s  
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Fig. 3--A compar i son  of the c r i t i ca l  nucleus  volumes for  a 
homogeneous nucleus in the shape of a disk, V~isk, and that  of 
the spher ica l  and disk shaped segments  as a function of the 
aus ten i te  g ra in  boundary su r face  tension.  The spher i ca l  seg -  
ment  has  a s m a l l e r  volume, and hence i s  energe t i ca l ly  favored 
for  ~rY-Y/(r ~ -Y < t .025.  Note that if  th is  ra t io  is  l e s s  than 
0.962, spontaneous nucleat ion is predic ted  for  g ra in  boundary 
p rec ip i t a t e s .  

= ( ra - + rd  s in - '  • ])y [2] 
r d  

i n  w h i c h  

- 2  (era ~ ) = d i s k  r a d i u s  [3] 
r d  = ~ v  s e m i - c o b  

- - 4  C~- 
5' = ~ (aceS) = disk th ickness  [4] 

- 2  (a~/_v _ an_v) = dis tance  f r o m  the disk cen-  
x = ~ v  ter  to the grain  boundary 

in tersect ion.  [5 ] 

In obtaining Eq. [2] it was a s sumed  that a a-7  
>> cr s e m i - c o h  i n  orde r  that the incoherent  boundary 
could be t rea ted  to a good approximat ion  as flat.  

F o r  the sphe r i ca l  segment  the re levant  equations 
a r e  

1 7rh2(3r _ h) [6] V*ss =~ 

in which 

- 2  
h = S ~  v (a~o- ~ - c W'~/+ a c~-v) = segment  height  [7] 

- 2  
r = S ~  v e ~ ' v  = sphere  radius .  [8] 

Eq. [6] is valid when the radius  of the spher ica l  seg-  
ment  base  is less  than the radius  of the disk.  Other -  
wise,  the nucleus is a spher ica l  segment  atop a cyl in-  
der ,  the total having volume 

V * s s ,  = l ~ h ~ ( 3 r -  h') + lr TZ d~ h " [9] 

h'  = r -  ,r,# [101 

h" -- - 2  _ a v - v  + h ' .  [ a l l  

In making the calculat ions given in Fig.  3 the in te r -  
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f a c i a l  t ens ion  va lues  used  were  those  given by S h a r m a  
and Purdy :  a a~'T = 750 m N / m ,  ece-Tsemi-coh = 200 m N / m  
and acao~ = 30 m N / m .  In addi t ion  they  a s s u m e d  that  

It can be seen  in F ig .  3 that  when the aus t en i t e  
g ra in  boundary  tens ion  and that  of the incoheren t  a u s -  
t e n i t e - f e r r i t e  boundary  a r e  s i m i l a r ,  (i.e. a T ~  ~ 750 
m N / m )  the s p h e r i c a l  cap has  a s m a l l e r  c r i t i c a l  s i ze  
than the d i sk  and, t h e r e f o r e ,  is  e n e r g e t i c a l l y  m o r e  
f avo rab l e .  F u r t h e r m o r e ,  in work  by Gjos te in  et al 6 on 
the r e l a t i v e  i n t e r r a c i a l  e n e r g i e s  of V-~ and a -V bound-  
a r i e s ,  i t  was found, for  a l loys  with a r ange  of ca rbon  
concen t r a t i ons ,  that  0.952 < (aa-Y/a~/~) < 0.837, a r e -  
g ime  over  which spontaneous  nuc lea t ion  is  p r e d i c t e d  
(i.e. i t  i s  a r e g i m e  of z e r o  contact  angle) .  R e g a r d l e s s  
of the a c c u r a c y  of t he se  va lues ,  they would s e e m  to 
ind ica te  that  the s p h e r i c a l  s egmen t  mode l  is  m o r e  
l ike ly  than the d i sk  s egmen t  one. 

With  r e g a r d  to the inf luence of bo ron  on ha rdenab i l i t y ,  
i t  i s  a p p a r e n t  in F ig .  3 that  the work  to fo rm a s p h e r i -  
cap nucleus  could be qui te  s e n s i t i v e  to s m a l l  changes  
in the aus t en i t e  g ra in  boundary  tens ion,  even changes  
of a few mN//m. The s i ze  of th is  effect  i s  e s t i m a t e d  in 
the fol lowing ca lcu la t ion .  

S t a r t i ng  with a s i m p l e  r e l a t i o n s h i p  be tween  the t ime  
to fo rm a f ixed  amount  of m ic rocons t i t uen t ,  t, the nu- 
c lea t ion  r a t e ,  2Q, and growth r a t e ,  G, 

[ k, ~ TM 

t =  ~ - - ~ ]  , [12] 

which can be obta ined  f r o m  d i m e n s i o n a l  a n a l y s i s  or  
f r o m  c l a s s i c a l  k ine t ic  theory ,  one obta ins  

Af~* Q 
log t = ~ + ~ + log k" [13] 

in which k '  and k" a r e  cons tan ts ,  Q is  the ac t iva t ion  
e n e r g y  for  diffusion,  and RT has i t s  u sua l  meaning .  
F o r  s m a l l  changes  in the g ra in  boundary  tens ion,  

1A__ ( OAa* ~ A ~/.~ [14] A log t = 9 . 2 R T \  Oa~"Y/ 

Eq. [14] a s s u m e s  that  the a -V i n t e r r a c i a l  t ens ions  a r e  
not changed.  

In o r d e r  to compute  a va lue  for  Lxlogt, T can be  
taken as  1000 K, a t yp i ca l  value  for  aus t en i t e  d e c o m -  
pos i t ion ,  and Aa'/~'  as  s e v e r a l  m N / m .  Th i s  change in 
t ens ion  can be computed  f r o m  the binding ene rgy  of 
boron  to g ra in  boundar ies .7  A value  of 0Af~*/0a T'~ can 
be obta ined f r o m  the s lope  of F ig .  3 at  a va lue  of aV-'/ 
= 750 m N / m .  

Oh~ 1 h~vV* d (O(V*/V*d) ~_ 20 ( K J / m o l e ) / ( m N / m ) .  

[15] 

The  va lue  of s v used  in this  ca lcu la t ion  s was - 4  • 107 
J / m  3 . 

Subs t i tu t ing  the above va lues  into Eq. [14] one ob-  
t a ins  a va lue  for  Zxlog t of about 0.4. Th is  e s t i m a t e  is  
s i m i l a r  to the o b s e r v e d  ef fec ts  of s m a l l  add i t ions  of 
b o r o n  on the t r a n s f o r m a t i o n  k ine t i c s  of l o w - c a r b o n  
s t e e l s .  

We conclude that  the f e r r i t e  nucleus  does  not  f o r m  
in the shape  of a d isk ,  at  l e a s t  if e n e r g e t i c  r a t h e r  
than g e o m e t r i c  f a c t o r s  a r e  govern ing  the p r e f e r r e d  
shape .  Ins tead ,  the shape of a s p h e r i c a l  s e gmen t  is  
f avo red .  In addi t ion ,  we conclude that  the e q u i l i b r i u m  
a b s o r p t i o n  of boron  into aus t en i t e  g ra in  b o u n d a r i e s  is  
a p l aus ib l e  m e c h a n i s m  by which boron  add i t ions  can 
i n c r e a s e  the h a r d e n a b i l i t y  of s t e e l s .  However ,  whether  
it  o r  ano the r  m e c h a n i s m  p r e v a i l s  mus t  s t i l l  be con- 
s i d e r e d  a sub jec t  for  deba te  and fu r the r  inves t iga t ion .  
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