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Three  p rob l ems  in p rec ip i ta t ion  at in te rphase  boundar ies  are  examined.  1) The c l a s s i t  
a r g u m e n t  as to the p a r t i c u l a r  phase in which such a prec ip i ta te  nuclea tes  is shown to be 
i r r e l evan t ;  except in a spec ia l  s i tuat ion,  the c r i t i ca l  nucleus  must  no rma l ly  pene t ra te  
both phases  fo rming  the in te rphase  boundary .  2) The re la t ive  pene t ra t ions  into the two 
phases  achieved dur ing  growth can be ve ry  di f ferent  than those expected dur ing  nuc lea -  
tion; hence, deductions about the nuclea t ion  p r oc e s s  based upon observa t ions  on growth 
morphologies  can be quite mis leading .  3) The obse rva t ions  of Honeycombe and others  
that the nuc lea t ion  of ca rb ides  at aus ten i te  : f e r r i t e  boundar ies  occurs  p redominant ly  at 
the low energy,  immobi le  broad faces of ledges r a the r  than at the higher energy,  mobile 
r i s e r s  of ledges a re  accounted for theore t ica l ly  on the bas i s  of the high veloci t ies  of the 
r i s e r s  p reven t ing  nucleat ion.  Example ca lcula t ions  on a T i - N i  alloy indicate  that p re -  
c ipi tat ion at the r i s e r s  of ledges may become poss ib le  in subs t i tu t iona l  sys t ems ,  but only 
at lower homologous t e m p e r a t u r e s ,  and if the migra t ion  of these boundar ies  is s t i l l  con- 
t ro l led  by volume diffusion while nuclea t ion  is control led by in te r rac ia l  diffusion. 

INTERPHASE boundary  p rec ip i t a t ion  is an impor tan t  
p roces s  dur ing  the baini te  reac t ion  in f e r rous  ~'2 and 
nonfe r rous  3 eutectoid decomposi t ion  and dur ing  the 
fo rma t ion  of a sequence of p rec ip i ta te  phases  in a l -  
loys undergoing aging r eac t ions .  '5 The nuclea t ion  
aspect  of this p roces s ,  o r ig ina l ly  t rea ted  by Gibbs,  6 
a lbei t  for l iquids,  was recen t ly  r eexamined  for sol ids 
in the p r e sence  of facet ing 7 and has been studied in 
some detai l  for  the spec ia l  case of p rec ip i ta te  nu- 
cleat ion at a ma t r ix  : GP zone boundary.8 Continuing 
con t rove r s i e s  about carbide  prec ip i ta t ion  dur ing  the 
ba in i te  r eac t ion  in s teel ,  2 pa r a l l e l  s tudies  of the 
equivalent  p roces s  dur ing  eutectoid decomposi t ion  in 
T i - b a s e  al loys 9'1~ and the f inely detai led e lec t ron  mi-  
c roscopic  s tudies  of Honeycombe and coworkers  n on 
in te rphase  boundary  prec ip i ta t ion  in F e - C - X  al loys 
have s t imula ted  cons idera t ion  of some key aspects  of 
p rec ip i t a t ion  at in te rphase  boundar ies .  Th ree  prob-  
lems  will  be examined:  the phase in which nuc lea -  
t ion occurs ,  the extent to which the re la t ive  p rec ip i -  
tate pene t ra t ion  into the paren t  phases  dur ing  growth 
may ref lec t  that obtaining dur ing  nucleat ion,  and nu- 
cleat ion at moving in te rphase  boundar ies .  The two 
ma t r ix  phases  fo rming  the in te rphase  boundar ies  will 
be designated c~ and 7, with the a taken to have formed 
in a 7 mat r ix ,  and the prec ip i ta te  nucleated at these 
boundar ies  will  be t e rmed  C (since it is often an in-  
t e rme ta l l i c  compound). For  example purposes ,  a t ten-  
tion is focused on eutectoid decomposi t ion  in F e - C  
and T i -Ni  alloys;  however,  the concepts involved a re  
equally appl icable  to sequent ia l  p rec ip i ta t ion  dur ing  
aging. 

DOES THE NUCLEUS FORM IN THE 7 
OR THE a PHASE ? 

In cons ide r ing  nuclea t ion  at an in te rphase  boundary,  
let the boundary  be p lanar  and f i r s t  a s sume  that the 

energy  of the ~ : C and the y : Cboundar ies  is independ- 
ent of boundary  or ien ta t ion .  The c r i t i ca l  nucleus  will 
accordingly  cons is t  of two abut t ing spher ica l  caps 
with different  radi i ,  as i l lus t ra ted  in Fig.  l(a) .  Since 
these rad i i  a re  p ropor t iona l  to the ene rg ies  of the 
c~ : C and 7 : C boundar ies ,  and these energ ies  are  
usual ly  not very  different ,  12'13 the shape of the nucleus  
will  no rma l ly  not be markedly  a s s y m e t r i c a l .  Even if 
it is,  however,  ach ievement  of the equ i l ib r ium shape, 
which is no rma l ly  a very  good approximat ion  of the 
c r i t i ca l  nucleus  shape, r equ i r e s  that the C nucleus  
pene t ra te  both o~ and 7 phases.* If the energy  of the 

*At small driving forces, e.g., when the free energy of activation for nucleation, 
AG*, is 40 to 60 kT, the equilibrium shape and the critical nucleus shape should 
be in very close correspondence. Some deviations may develop at larger driving 
forces. It should also be noted that unless tile volume strain energy attending 
nucleation exceeds ca. 3/~ the absolute value of the volume free energy change, no 
effect of strain energy upon critical nucleus shape is anticipated 14 ; the strain 
energy will act only to reduce the driving force for nucleation. 

nucleus  : mat r ix  boundar ies  passes  through a cusped 
m i n i m u m  at one or more  boundary  o r ien ta t ions ,  
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Fig. 1--Models for critical nuclei of C phase formed at in- 
terphase (cz .'7) boundaries. 
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nuclei  face ted  in a (Fig.  l(b)), in y (Fig.  1(c)) or  in 
both phases  (Fig.  l(d)) wil l  develop ins tead  of the un- 
face ted  morphology of Fig .  l (a) .  7 In the spec i a l  case  
of F ig .  l (e) ,  where  a face t  l ies  in the plane of the 
in te rphase  boundary (this o c c u r s  when the facet  in t e r -  
f ac ia l  ene rgy  is half o r  l e ss  than that of the ot : y 
boundary'S),  the nucleus is excluded f r o m  the phase 
agains t  which the facet  fo rmed  (here  (~). However ,  the 
phase  not invaded has obviously played a v i ta l  ro le  
in the nuc lea t ion  p r o c e s s .  Hence,  we conclude that 
the pro longed  debate as to whether  baini t ic  ca rb ides  
nucleate  in aus teni te  o r  in f e r r i t e  ( recent ly  r ev i ewed  2) 
is i r r e v e l a n t :  in terphase  boundary Prec ip i ta tes  nucle-  
ate in both phases .  

F i g u r e  1 shows that demons t r a t i on  of an or ien ta t ion  
re la t ionsh ip  be tween  the C nucleus and the a ,  V or  both 
phases  p r o v e s  only that the ene rgy  of the a : C a n d / o r  
y : C boundar ies  is o r i en ta t ion-dependen t .  Such data 
give no in format ion  on the pene t ra t ion  of the C nu- 
c leus  into e i the r  phase .  Obse rva t ion  of but one va r i an t  
of a p a r t i c u l a r  f o r m  of o r i en ta t ion  r e l a t ionsh ips  
amongs t  ca rb ides  p rec ip i t a t ed  at p lanar  aus teni te  : f e r -  
r i t e  boundar ies  ~6'17 is explained by the pronounced in- 
fluence of the angle be tween a face t  and the in te r face  
at which nuclea t ion  o c c u r s  upon the f r e e  ene rgy  of 
ac t iva t ion  for nuc lea t ion}  a 

COMPARISON OF NUCLEATION AND GROWTH 
MORPHOLOGIES OF INTERPHASE BOUNDARY 

P R E C I P I T A T E S  

Since obse rva t ions  on in te rphase  boundary p r e c i p i -  
ta tes  a r e  n o r m a l l y  made a f te r  they have developed 
wel l  into the growth stage,  it is impor tan t  to r ecogn ize  
that the growth morphology,  which is cont ro l led  by 
kinet ic  cons ide ra t ions ,  will  usual ly  d i f fe r  f r o m  the 
c r i t i c a l  nucleus morphology,  which is no rma l ly  con- 
t ro l l ed  predominant ly  by in t e r r ac i a l  ene rgy  m i n i m i z a -  
tion. F o r  s impl ic i ty ,  a s s u m e  that both the a : C and 
the ~ : C boundar ies  a r e  d i s o r d e r e d ,  p lanar  and of in- 
f ini te  extent.* Using Z e n e r ' s  2~ l i nea r i z ed  gradient  

*When the aspect ratio of the C crystals is less than ca. 1/3, departure from 
planarity produces only a minor acceleration of growth kinetics. ~9 

approx imat ion  fo r  this case ,  omi t t ing  a fac to r  which 
is nea r ly  unity and v a r i e s  slowly with supe r sa tu ra t ion ,  
and s impl i fy ing  the concen t ra t ion  t e r m s  by making use 
of the c i r c u m s t a n c e  that the mole  f rac t ion  of solute  in 
C is no rma l ly  much g r e a t e r  than in a or  y: 

: ' '2 : [11 
C v \ D  v / _ 

where  G a and G 7 = ~rowth  r a t e s  of C into the a and 7 
phases ,  x~ ~ and x~ ~ = mole f rac t ions  of solute  in c~ 
at the a / ( ~  + y) and at the a / ( a  + C) phase boundar ies  
and x 7c~ and xY C = mole  f r ac t i ons  of so lu te  in 7 at the 
7 / ( a  ~+ Y) and the ~" ~/(~ + C) phase  boundar ies .  Equat ion 
[1] is based  upon volume diffusion cont ro l  of solute  
d i r ec t l y  to the C p rec ip i t a t e s .  This  r e l a t ionsh ip  
should be appropr i a t e  when a and 7 a r e  i n t e r s t i t i a l  
so l id  solut ions down to quite low homologous t e m p e r a -  
tures.~9'2~ However ,  when c~ and 7 a r e  subs t i tu t ional  
solut ions ,  p a r t i c u l a r l y  fcc and probably  also hcp, in- 
t e r f a c i a l  diffusion a long the a : ~, and thence along the 
a : C and 7 : C boundar ies ,  wil l  a c c e l e r a t e  growth 

k ine t ics  to an i n c r e a s i n g  d e g r e e  as the r eac t ion  t e m -  
p e r a t u r e  fa l l s  below ca. 0.9 T m when these  boundar ies  
have a l a rge ly  d i s o r d e r e d  s t r u c t u r e .  ~z'23 Model ing  the 
C c r y s t a l s  now as oblate e l l ipso ids  (since this i n t e r -  
f ac ia l  d i f fus ion-a ided  growth m e c h a n i s m  is inappl i-  
cable to the infini te  p lanar  boundary case) ,  and a s s u m -  
ing, for  lack of m o r e  de ta i led  informat ion ,  that the 
va r ious  in te rphase  boundary d i f fus iv i t i es  involved a r e  
equal ,  the ra t io  of the th ickening r a t e s  of the e l l ip -  
soids  into the two phases  is app rox ima te ly :  

C , ~  _ x~ c 
[21 

Equat ions  [1] and [2] a r e  eva lua ted  n u m e r i c a l l y  in 
F ig .  2 for  FesC p rec ip i t a t e s  at aus ten i te  : f e r r i t e  
boundar ies  in F e - C  al loys  f r o m  573 to 973 K and for 
Ti2Ni p r e c i p i t a t e s  at a :/3 boundar ies  in T i - N i  f r o m  
573 to 1023 K on the bas i s  of ava i lab le  a n c i l l a r y  
data.  24-31 (Note that both r a t i o s  a r e  independent  of a l -  
loy compos i t ion  within a g iven sys t em. )  G a / G  7 is s een  
to fa l l  with d e c r e a s i n g  t e m p e r a t u r e  in both s y s t e m s  
when vo lume diffusion is dominant  and to fa l l  in the 
F e - C  s y s t e m  and to r i s e  in T i - N i  when growth is con- 
t ro l l ed  by in t e r r ac i a l  diffusion. The i n t e r f a c i a l  dif-  
fus ion m e c h a n i s m  is probably  appl icable  to T i - N i  and 
that of vo lume diffusion should be appropr i a t e  for  
F e - C .  Ove ra l l ,  the compound p a r t i c l e s  a r e  p r ed i c t ed  
to thicken with marked  p r e f e r e n c e  into 7 i r r e s p e c t i v e  
of growth mechan i sm,  except  near  300~ in T i - N i  when 
growth is con t ro l l ed  by i n t e r f a c i a l  diffusion and near  
700~ in F e - C  when growth is con t ro l l ed  by volume 
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Ti-Ni: D b J ~  ~ ~ / / 
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Fig. 2--Variation with reaction temperature of the ratio of 
the growth rate of interphase boundary-nucleated C into (x 
(Gc~) to its growth rate into y (Gy) for Fe-C and Ti-Ni al- 
loys under conditions of volume diffusion (v) and of boundary 
diffusion (b) control. 
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diffusion.  This  p red ic t ion  is cons is ten t  with exper i -  
menta l  obse rva t ions  in T i -N i  and many other  T i - X  
alloys;  %1~ the much s m a l l e r  s ize  of the compound 
pa r t i c l e s  and the far  more  rapid ra tes  of ~ growth 
in F e - C  al loys  make compar i son  with expe r imen t  
more  difficult  in this sy s t em but l imi ted  obse rva t ions  
at higher r eac t i on  t e m p e r a t u r e s  tend to suppor t  the 
r e s u l t s  of Fig.  2. However,  avai lable  in format ion  on 
d i so rde red  f e r r i t e :  cement i te  t2 and aus teni te  : f e r r i t e  la 
boundary  ene rg ie s  indica tes  that the ene rg ies  of d i s -  
o rde red  f e r r i t e  : cement i te  and aus teni te  : cement i te  
boundar ies  a re  s i m i l a r .  Hence, p r io r  to the impos i -  
t ion of facets ,  cement i t e  nuc le i  should extend about 
equally into aus teni te  and fe r r i t e .  On phys ica l  grounds,  
a s i m i l a r  r e s u l t  is to be expected in T i -N i  and other 
T i - X  eutectoid s y s t e m s .  One may thus conclude that 
the r e l a t ive  pene t ra t ions  of compound pa r t i c l e s  p r e -  
c ipi ta ted at in te rphase  boundar ies  into the phases  
fo rming  these boundar ies  dur ing  growth will  often 
bea r  l i t t le  r e s e m b l a n c e  to the pene t ra t ions  l ikely to 
have obtained dur ing  nuclea t ion .  

PRECIPITATE NUCLEATION AT MOVING 
INTERPHASE BOUNDARIES 

Dur ing  i s o t h e r m a l  decomposi t ion  of aus ten i te  in 
F e - C - X  al loys conta in ing s e v e r a l  wt pct of a s t rong  
c a r b i d e - f o r m i n g  e lement ,  growth of f e r r i t e  takes 
place p redominan t ly  by the ledge m e c h a n i s m  .12 Con- 
v inc ing  meta l Iographic  evidence has been p resen ted  
to show that in te rphase  boundary ca rb ides  formed in 
these  a l loys  nuclea te  p redominan t ly  on the r e l a t ive ly  
low energy broad faces of these ledges,  r a the r  than 
on their  high energy r i s e r s  ~l'17'a2-a4 (Fig. 3). Honey- 
combe n recognized that the high mobi l i ty  of the r i s e r s  
makes  them unsa t i s fac to ry  nuclea t ion  s i tes  for ca r -  
bides r e l a t ive  to the immobi le  broad faces .  More de- 
ta i led  suppor t  wil l  now be developed for this  doubt-  
l e ss ly  co r r ec t  reason ing .  

Since l edge- f ree  pa r t i a l ly  or fully coherent  i n t e r -  
phase boundar ies  sepa ra t ing  c rys t a l s  with di f ferent  
s t r u c t u r e s  a n d / o r  marked ly  different  degrees  of long- 
range  o rde r  a re  immobi le ,  as'38 this p rob lem is reduced 
to a s c e r t a i n i n g  the condit ions under  which nuc lea t ion  
is feas ib le  at moving d i so rde red  in te rphase  bound- 
a r i e s .  The shape of the c r i t i c a l  nucleus  mus t  ve ry  
c losely  approximate  the equ i l i b r ium shape in o rde r  
to min imize  the f ree  energy  needed to form the c r i t i -  
cal  nuc leus .  There fo re ,  the r e s t r i c t i o n  that the mi -  

Fig. 3--Precipitation of Crz3C 6 at broad faces but not at the 
r isers  of ledges in Fe-0.2 wt pet C-12 wt pct Cr reacted 30 
rain at 650~ Dark field transmission electron micrograph, 
magnification 100,500 times. K. Campbell, Ph.D. thesis, 
Cambridge, 1971. Courtesy of R. W. K. Honeyeombe. 
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Fig. 4--Definition of 5, after Feder et  a l .  3z 

gra t ion  ra te  of the ~ : y boundary ,  G c ~ : 7  , at which nu-  
c leat ion may take place mus t  not exceed that which 
d isp laces  this boundary  a d is tance  of, say, one la t t ice  
p a r a m e t e r ,  a, in the t ime r equ i r ed  for an embryo  to 
develop to (and safely beyond 37) the c r i t i ca l  nucleus  
s ize  should be sa t i s f ied .  Hence: 

= P / h *  [3] Gee:7 

where G = average  rad ia l  growth rate  of an embryo  
( i . e . ,  th ickening rate)  and h* = max imum pe rpend icu la r  
d i s tance  f rom the in te rphase  boundary  to the sur face  
of the c r i t i ca l  nucleus  ( indicated in Fig.  l ( f ) ) ,  for a 
s y m m e t r i c a l  nucleus;  facets  a re  not cons idered  here  
to avoid u n n e c e s s a r y  complicat ion) .  F e de r  e t  al  a7 

Show that f luc tua t ional  growth of an embryo  must  p ro-  
ceed beyond c r i t i ca l  nucleus  s ize  unt i l  the molar  f ree  
energy  change accompanying  embryo  fo rmat ion  AG O 
= A G *  -- k T  (where k = B o l t z ma nn ' s  constant  and T 
= absolute  t e m p e r a t u r e )  in o rde r  to p reven t  probable  
des t ruc t ion  of the nucleus  by the rma l  f luctuat ions .  It 
wil l  be shown in the der iva t ion  of G, however,  that 
under  condit ions of l ikely i n t e r e s t  here  the addit ional  
growth is sma l l  enough to be d i s regarded;  hence the 
use of h* in Eq. [3} does not introduce a s ignif icant  
approximat ion .  

Volume Dif fus ion-Cont ro l led  Nucleat ion 

Bhat tacharyya  e t  a138 have der ived  an express ion  for 
us ing the approach of Hil l ig 39 in which the embryo  is 

taken to be a per fec t  s ink.  Here the cons idera t ions  
of Feder  e t  a137 are  employed in order  to ensu re  d is -  
t inct ion between nucleat ion,  which is a f luctuat ional  
p r oc e s s  ann hence provides  a highly i mpe r i ec t  sink,  
and growth of a d i so rde red  in te rphase  boundary,  to 
which the per fec t  s ink concept is  much more  ac-  
cura te ly  appl icable .  F e de r  e t  a137 recognized  that 
most  of the t ime  r equ i r ed  for development  to c r i t i c a l  
nucleus  s ize  is spent  t r a v e r s i n g  the region 5 in Fig.  4, 
where 5 = the number  of a toms requ i red  for growth 
f rom n* - 5/2 to n* + 5/2, and A G  O = A G *  -- k T  at both 
of these s izes ;  thus the total  incubat ion t ime for nu-  
c leat ion,  r,  was taken as the t ime needed to accom-  
pl ish  this por t ion  of the p r o c e s s .  Hence one may 
wr ire: 
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ne t  n u m b e r  of a t o m s  i m p i n g i n g  on n u c l e u s  surface/time = 5IT 
a v e r a g e  s u r f a c e  a r e a  of n u c l e u s / a r e a  p e r  a t o m i c  s i t e  at  s u r f a c e  = A / a  ~ 

t h i c k n e s s  = a 5a 3 
x 

a t o m i c  l a y e r  TA 

[4] 

T h e  a v e r a g e  a r e a  of  an e m b r y o  d u r i n g  th is  f l u c t u a -  
t i o n a l  g r o w t h  p r o c e s s  is :  

= 4~ - (1 - cos  @) [5] 

w h e r e  r f  and r i = r a d i i  of e m b r y o s  o r  n u c l e i  con t a in -  
ing  n* + 5 /2  and n* - 5 /2  a t o m s  and cos  $ = y~ 7 / 2 y ~  C 
= y~7 /2YTC,  in wh ich  Y~7, Yc~C and YTC = i n t e r r a c i a l  
e n e r g i e s  of d i s o r d e r e d  a : y, a : C and ~ : C b o u n d a r i e s .  
F r o m  J o h n s o n  e t  a l ,  v 

rf= - \  AG v / + ~  \ - ~ - ~ ]  [6a] 

,it i [6b] 

w h e r e  A G  v = v o l u m e  f r e e  e n e r g y  change  and K = r a t i o  
of the v o l u m e  of the  double  s p h e r i c a l  cap  c r i t i c a l  
n u c l e u s  to tha t  of a s p h e r e  of the  s a m e  r a d i u s .  Sub- 
s t i t u t i n g  into Eq .  [4] e x p r e s s i o n s  fo r  ~- and 5 f r o m  
J o h n s o n  e t  al  ~ and E q s .  [5] and [6], 

- -  a 6 ' AGzv " D x ( 1 -  c o s ~ )  G = 16(nkTy~ c K )  ~/~ x a 3 x 
3 2 X 

a A G  v 8kTyo~ c a 4 K  

1 
• 2 ~ ( 1  - cos  ~) 

_ a2To~ C 1/2Dx 
[7] 

w h e r e  D x  = p r o d u c t  of the d i f fu s iv i t y  and the  so lu t e  
c o n c e n t r a t i o n  in e i t h e r  the  ~ o r  the  ~ p h a s e ,  w h i c h e v e r  
i s  s m a l l e s t ;  the  t e r m  v ~ ,  the  a v e r a g e  v o l u m e  of an 
a t o m  in the  n u c l e u s  p h a s e ,  u s e d  by J o h n s o n  e t  al  7 has  
b e e n  a p p r o x i m a t e d  as  a3; the v o l u m e  s t r a i n  e n e r g y  a t -  
t end ing  n u c l e a t i o n  of C is i n c o r p o r a t e d  into A G  v and 
= f f2  + r i  2. T a k i n g  Yc~C = 750 e r g s / c m  2 = 0.75 J / m  2, T 
= 1000 K and A G  v = 1, 10 and 100 c a l / c m  3 = (4.19, 41.9 
and 419) • 10 --6 J ~ m  3, the f i r s t  t e r m  in E q s .  [6a] and 
[6b] is  g r e a t e r  than  the s e c o n d  by f a c t o r s  g r e a t e r  than  
400 a t  the  s m a l l e s t  I A G v l  and 4 at the  l a r g e s t  when K 
= 10 -2 and by 40 and 4 a t  the  s m a l l e s t  and the  i n t e r -  
m e d i a t e  I A G  v [ e v e n  when K = 10 ~ .  H e n c e  it  u sua l l y  
a p p e a r s  a c c e p t a b l e  to o m i t  the  s e c o n d  t e r m  in t h e s e  
e x p r e s s i o n s ,  t h e r e b y  s i m p l i f y i n g  Eq .  [7] to: 

a 2 D x .  AG2v 

C = 3 1/~ [ 8 ]  
8(~-#T'y,~ cK) 

T h i s  is  j u s t  the  r e l a t i o n s h i p  ob ta ined  when A is t aken  
as  4~ r ' 2 (1  - cos  $). T h e  f o r e g o i n g  c o n c l u s i o n ,  that  v f  
i s  u s u a l l y  v e r y  l i t t l e  l a r g e r  than  r i ,  j u s t i f i e s  the u se  
of h* in Eq .  [3]. Subs t i t u t i ng  Eq.  [8] into Eq .  [3] y i e l d s  
the h i g h e s t  g rowth  r a t e  of a d i s o r d e r e d  c~ : y b o u n d a r y  
at  wh ich  a c r y s t a l  of C can  n u c l e a t e :  

_ a3Dx  �9 AG3v 
[9] 

Gc~ :7 = 16(1 - cos  ~ ) ( ~ k T y ~  c K )  1 rz " 

When  the  d i s o r d e r e d  ~ : y b o u n d a r y  is  p l a n a r  and of  
in f in i t e  ex ten t ,  G~ :7 d i m i n i s h e s  wi th  t i m e  as  t - I n ,  thus 
e n s u r i n g  that  the  cond i t ion  of Eq .  [9] w i l l  e v e n t u a l l y  
be fulfilled. Using Zener's 2~ linearized gradient rela- 
tionship for Ga :7, again omitting the constant of order 
unity and rearranging: 

2 "~(~ 2 
t = 2 5 6 ~ k T y S c K ( 1 -  cos~b) (x 7 - x y )  D G [10] 

(a  " A G v ) 6 ( D j x )  2 (x~/c~ - x~Y)(x 7 - x~Y) 

w h e r e  x 7 = m o l e  f r a c t i o n  of s o l u t e  in the  a l loy ,  D G 

= d i f f u s i v i t y  a p p l i c a b l e  d u r i n g  g rowth  of c~ into y (if D 
in V v a r i e s  wi th  c o m p o s i t i o n ,  then  an a v e r a g e d  d i f fu-  
s i v i t y  b e c o m e s  a p p r o p r i a t e )  and D j  = d i f f u s i v i t y  a p -  
p l i c a b l e  d u r i n g  n u c l e a t i o n  (in ~ at x~ 7 o r  in y at x~c~). 
T h i s  equa t i on  y i e l d s  the  e a r l i e s t  i s o t h e r m a l  r e a c t i o n  
t i m e  at wh ich  n u c l e a t i o n  of C at p l a n a r ,  d i s o r d e r e d  
c~ :~  b o u n d a r i e s  of e f f e c t i v e l y  in f in i t e  ex ten t  b e c o m e s  
f e a s i b l e .  

When  the d i s o r d e r e d  b o u n d a r y  f o r m s  the  r i s e r  of a 
l edge ,  G~ :7 is  both  cons t an t  and high.  35,4~ The  only op-  
t ion  a v a i l a b l e  fo r  d i m i n i s h i n g  Gc~ :7 s u f f i c i e n t l y  to m a k e  
C n u c l e a t i o n  f e a s i b l e  i s  that  of r e d u c i n g  the  s u p e r -  
s a t u r a t i o n  d r i v i n g  the  g r o w t h  of ~ in to  y, and th i s  a l -  
t e r n a t i v e  e n t a i l s  the  twin  r i s k s  of e x c e s s i v e  r e d u c t i o n  
in the  s u p e r s a t u r a t i o n  fo r  c a r b i d e  n u c l e a t i o n  and d i s -  
c o u r a g i n g  the  f o r m a t i o n  of l edged  b o u n d a r i e s ,  wh ich  
a r e  c u s t o m a r i l y  m o r e  p r o m i n e n t  at  h i g h e r  s u p e r s a t u -  
rations.11'35'41 Subs t i t u t i ng  the  J o n e s - T r i v e d i  4~ equa t ion  
fo r  the  l a t e r a l  v e l o c i t y  of a l e d g e  in the  a b s e n c e  of a 
b a r r i e r  to g r o w t h  at  the  r i s e r  in to  Eq .  [9], 

~3/~ ya  _ x ~ y ) o t l  . AG3v . D d x y  
- : [11] 

(x~C~ Xy)max 16(1 - cos  ~) (TrkT~ScK)  1/2. D G 

w h e r e  c~ = a c o n s t a n t  which  v a r i e s  wi th  s u p e r s a t u r a t i o n  
and l = l edge  h e i g h t ?  ~ T h i s  e q u a t i o n  p e r m i t s  e v a l u a t i o n  
of the h i g h e s t  d r i v i n g  f o r c e ,  e x p r e s s e d  as  (x~ ~ 
- xT) max at  which  C n u c l e a t i o n  at the  r i s e r s  of l edged  

: y b o u n d a r i e s  m a y  o c c u r .  

Interfacial Diffusion-Controlled 
Nucleation 

Operation of this mechanism is expected when the 
participating phases are substitutional and a sufficient 
proportion of the boundary area involved is dis- 
ordered? 2 In order to permit a more direct com- 
parison with the results for volume diffusion-con- 
trolled nucleation, growth of the disordered ~ : y 
boundaries along which compound nucleation is at- 
tempting to occur will continue to be considered as 
controlled by volume diffusion. This assumption is 
valid when grain boundary allotriomorphs have largely 
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rep laced  the g ra in  boundar ies  in the ma t r ix  phase,  
when individual  a l lo t r iomorphs  a re  ve ry  long or when 
compound nuc lea t ion  is be ing cons idered  at a quite 
I imited a r ea  of d i so rde red  boundary  which is wholly 
su r rounded  by a pa r t i a l l y  (or fully) coherent  a rea .  
Russe l l  ~3'44 has concluded that the p r inc ipa l  effect 
upon nuclea t ion  k ine t ics  which at tends r e p l a c e m e n t  of 
volume by in te r fac ia l  diffusion as the dominant  t r a n s -  
port  m e c h a n i s m  is exer ted  through r For  this quan-  
t i ty,  Vander  Velde et  a142 write:  

fl* = 27rr*DbXb;t. s in  ~b/a 4 [12] 

where D b = boundary  diffusivi ty in whichever  i n t e r -  
face involved in mass  t r anspo r t  has the lowest  Dbx  b 
product ,  x b = solute concen t ra t ion  in that in te r face  and 
)t = boundary  th ickness  ~ a. Since r* = - 2 7 c e c / A G v ,  
subs t i tu t ing  these re l a t ionsh ips  into the Johnson  et al 7 
re la t ionsh ip  for  7 y ie lds :  

32kTyec~ C K 
r : - �9 [13] 

aaDbXb �9 AGv 3 . s i n s  

Replacing the thi rd  t e r m  in Eq. [7] with this equation: 

-aaDbXb �9 AGav " s i n s  
U = [14] 

32(1 - cos ~)(~kTT~ c K )  ~/2 

when the s ame  approximat ion  is made with r e spec t  to 
~. Subst i tu t ing Eq. [14] into Eq. [3]: 

4 0 9 6 ~ k T T ~ c K D G ( 1  - c o s  ~b)4(X~,.~ cE - -  XT)  2 
t = [15] 

�9 2 3'c~ 
( a  . AGv)a(DbXbSln$)  (x v - x ~ ) ( x  v x~  v) 

This  re la t ionsh ip  r ep laces  Eq. [10] when in te r fac ia l  
diffusion cont ro ls  nuclea t ion .  S imi la r ly ,  Eq. [111 be-  
comes:  

(xy ~c~ - xT) max = 
a4DbXbal " s i n $  �9 AG4(x~ ct - x ( ~ 7 )  

64D G ( 1 -  cos $)2(nkTT~ c K )  1/2 
[16] 

NUMERICAL EVALUATIONS AND COMPARISONS 
WITH EXPERIMENT 

Volume Diffusion-  Control led Nucleat ion 

To compare  these equat ions with expe r imen ta l  ob- 
se rva t ions ,  t will  be evaluated f rom Eq. [10] and 
(x~ ~ - X y ) m a  x f rom Eq. [11], both as a function of r e -  
act ion t e m p e r a t u r e ,  for the proeutectoid  f e r r i t e  r e -  
ac t ion  in an  Fe -0 .10  wt pct C alloy, where in  volume 
diffusion is expected to control  nuc lea t ion  at i n t e r -  
phase boundar ies  over  much of the t e m p e r a t u r e  
range  of i n t e r e s t .  These  quant i t ies  a re  a lso computed 
for a T i -2  wt pct al loy,  in which in te r fac ia l  diffusion 
should control  this nuclea t ion  p roces s .  For  both a l -  
loys, the following values  a r e  employed:  ~ = 60 deg 
(~c~7 = 7c~C = 7-yC), Vc~C = 750 e r g s / c m  2 = 0.75 J / m  2, 
a = 0.33 nm,  x b = x 7 (in view of the uncer ta in ty  as to 
the solute concent ra t ion  in an in te rphase  boundary  45-47) 
and c~ = 0.1.* In the F e - C  alloy, the mola r  volume of 

*The supersaturations which obtain during compound nucleation at interphase 
boundaries in these alloys range from 0.7 to nearly unity. These exceed the range 
for which Jones and Trivedi 4~ have computed a vs. supersaturation; an average 
value of a = 0.1 was estimated by approximate graphical extrapolation. 

Fe3C, the compound a s sumed  to fo rm at d i so rde red  

METALLURGICAL TRANSACTIONS A 

aus ten i te  : f e r r i t e  boundar ies ,  is 2.34 x 10 .5 ma/mole ,  
the range  of r eac t ion  t e m p e r a t u r e s  covered by the cal-  
culat ions is 573 to 973 K, x ~c~ and x~ ~/ were evaluated 
f rom new calcula t ions  26 basted upon the expe r imen ta l  
and theore t i ca l  s tudies  of McLel lan  and Dunn, 4s~5~ D j x  

Tee was taken a s D ~ x v  at 973 K and as Dc~xg ~ a t 9 2 3 K  
and below (on the c r i t e r i o n  that the s m a l l e r  product  is 
the co r r ec t  one to employ) and D a was specif ied,  con- 
s i s t en t ly  with the use of Z e n e r ' s  2~ l inea r i zed  gradient  
model  for the growth of an o~ :7 boundary ,  as D 7 at 
(@~ + xv)/2,  computed f rom the re la t ionsh ip  for the 
effects of t e m p e r a t u r e  and composi t ion upon D , /de -  
veloped by Kaufman,  Radcliffe and Cohen. 24 In the T i -  
Ni alloy, the compound was a s sumed  to be Ti2Ni, the 
mola r  volume of this  compound is 2.74 x 10 -~ m3/mole ,  
ca lcu la t ions  were made for r eac t ion  t e m p e r a t u r e s  
f rom 573 to 1023 K (the eutectoid t e m p e r a t u r e  in T i -Ni  
is 1043 K (Ref. 28) as compared  with 996 K in Fe -  
Fe3C), x~ e and x ~  (the equivalents  in T i - N i  of x~ ~ 
and x~7) were  ca lcula ted  on the approach of Kaufman 
and Berns t e in ,  al x~ C was taken f rom the phase dia-  
g ram 28 and x~ C was extrapolated graphical ly  f rom this 
d iagram,  fo r 'D~ the re la t ionsh ip  D~ = 0.0093 
• exp ( -29 ,600 /RT)  cm2/s (Ref. 29) was employed and 
D b was taken to have a D o the average  of those for D~ 
(Ref. 30) and D~ and a AH somewhat l a r g e r  than one- 
half the average  of the AH's for volume diffusion in c~ 
and fi, namely  D b = 0.026 exp ( -22 ,000/RT)  cm2/s.  For  
the caIcuIat ions  on both a l loys ,  K and l were con- 
s ide red  as va r i ab le s  and were grouped with the un- 
knowns. Since exper ience  is beginning to indicate that 
K, the c r i t i c a l  nucleus  shape factor ,  is often <0.1, 51'52 
however,  the modeI of Fig.  l(e) was used, r a the r  than 
that of Fig.  l(a) (with the two spher ica l  caps having 
equal  radi i )  used in the der iva t ions .  Accordingly ,  the 
t e r m  (1 - cos $) must  be mul t ip l ied  by 1/2 7 Hence 
Eqs.  [10] and [11] should be mul t ip l ied  by 1/4 and 2, 
respec t ive ly ,  and Eqs.  [15] and [16] a re  mul t ip l ied  by 
1/16 and 4 for this specif ic  nucleus  morphology. 

F igure  5 shows the va r i a t ion  of i l K  with reac t ion  
t e m p e r a t u r e  calcula ted f rom Eq. [10] for  proeutec to id  
f e r r i t e  nucleated at aus ten i te  gra in  boundar ies  in 
Fe-0 .10  wt pet C and Fe-0 .80  wt pet C. (K is in effect 
left as a va r i ab le  because  our in format ion  on the 
ac tua l  shape of c r i t i ca l  nucle i  at in te r faces  is s t i l l  
so scanty,)  F o r  an Fe-0 .13  wt pct C alloy reac ted  
ca. 30~ below the Ae3 (7/(c~ + ~) equ i l i b r ium tem-  
pera ture) ,  Lange 5~ has r ecen t ly  found that K is some-  
what less  than 10 -4 for a nucleus  of the type i l l u s -  
t ra ted  in Fig.  l(g), i .e . ,  one facet  coplanar  with the 
gra in  boundary and a second on the r e m a i n i n g  
sphe r i ca l  cap. This  means  that the ava i lab le  AG v is 
insuff ic ient  to p e r m i t  the p r e s e n c e  of as much as one 
monolayer  of d i so rde red  boundary  on the nucleus ,  
though the exis tence  of such a thin s t r ip  of d i so rde red  
boundary is in i tself  phys ica l ly  un rea l i s t i c .  Since 
there a re  now many a l t e rna te  nucleus  shapes  which 
can be hypothesized, and there  is not yet any means  
avai lable  for d is t inguishing  among them, it is u se -  
ful to re ta in  the bas ic  models  of Fig. 1 even though 
nonphysical  values  of K must  some t i me s  be employed. 
We shal l  continue to use Fig. l(e),  with K rang ing  
f rom 10 -~ to 10 -4. Applying the s m a l l e s t  K of this 
range to the lowest value of i l k  in Fig. 5, en-  
countered at 873 K, yields t ~ 200 s. In an Fe-0.11 
wt pct C alloy reac ted  at this t empera tu re ,  the 
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Fig. 5--Effect of reaction temperature  upon t /K,  the ratio of 
the growth t ime which must elapse pr ior  to nucleation to the 
cr i t ical  nucleus shape factor,  for nucleation of Fe3C at mov- 
hag planar,  d isordered austenite : fe r r i te  boundaries in Fe-  
0.10 wt pct C and Fe-0.80 wt pet C. 

t i m e  r e q u i r e d  to d e c o m p o s e  the  a u s t e n i t e  p h a s e  
c o m p l e t e l y  i s  not  m u c h  g r e a t e r  than 4 s. 53 The  d i s -  
c r e p a n c y  b e t w e e n  t h e s e  two t i m e s  is  s t i l l  g r e a t e r  a t  
t he  o t h e r  r e a c t i o n  t e m p e r a t u r e s  i n v e s t i g a t e d .  H e n c e  
n u c l e a t i o n  of Fe3C at  p l a n a r ,  d i s o r d e r e d  a u s t e n i t e  : 
f e r r i t e  b o u n d a r i e s  d o e s  not  a p p e a r  to be  f e a s i b l e  in 
t h i s  a l loy .  I n c r e a s i n g  the  c a r b o n  con ten t  of the a l l oy  
to the  e u t e c t o i d  c o m p o s i t i o n  is  s e e n ,  in F i g .  5, to 
r e d u c e  t / K  n o t i c e a b l y ,  p a r t i c u l a r l y  at  h i g h e r  t e m p e r a -  
t u r e s .  H o w e v e r ,  e v e n  when  K = 10-4, the  c a l c u l a t e d  
v a l u e s  of t e x c e e d  t hose  r e q u i r e d  f o r  c o m p l e t e  d e c o m -  
p o s i t i o n  of the  m a t r i x  a u s t e n i t e ,  a l b e i t  by  s m a l l e r  
m a r g i n s .  T h u s  the  u n s u i t a b i l i t y  of t h e s e  b o u n d a r i e s  
as  n u c l e a t i o n  s i t e s  f o r  c e m e n t i t e  a p p e a r s  to be  
g e n e r a l .  

6 shows  the  v a r i a t i o n  of (x~ ~ - x~)K~/2/l with  F i g u r e  
r e a c t i o n  t e m p e r a t u r e  f o r  the  F e - C  a l l oy .  L e d g e s  on 
the  b r o a d  f a c e s  of f e r r i t e  s i d e p l a t e s  f o r m e d  in F e - C  
a l l o y s  h a v e  b e e n  o b s e r v e d  to be  as  m u c h  as  ca .  5 
x 10 -v m high.  54 When  K = 10 -4 , x~ ya  - xy is  thus  -<5 

" ~ 1 / 2  x 10 ~ m u l t i p l i e d  by the v a l u e s  of (x~ - x~/)K / l  
g r a p h e d  in F i g .  6. C o m p a r i s o n  of the  m a x i m u m  a l -  
l owab le  (x~ c~ - x./) wi th  tha t  c o m p u t e d  f r o m  the  p h a s e  
d i a g r a m  is  m a d e  in F i g .  7. E v e n  at  the l a r g e s t  v a l u e  

, y e ~  . . . 

of (xy - XT)max, the  a c t u a l  s u p e r s a t u r a t m n  is  s t i l l  
o v e r  an  o r d e r  of m a g n i t u d e  too  h igh  fo r  n u c l e a t i o n  of 
Fe3C to o c c u r  at  the  edge  of a m o v i n g  l edge  on an 
c~ :T b o u n d a r y .  H e n c e  n u c l e a t i o n  of Fe3C at  the  edge  
of a m o v i n g  l edge  canno t  o c c u r  e x c e p t  a t  n e g l i g i b l e  
u n d e r c o o l i n g  b e l o w  the  Ae3  o r  i t s  m e t a s t a b l e  e q u i l i -  
b r i u m  e x t r a p o l a t i o n .  

T h e  r e s u l t s  ob ta ined  in r e s p e c t  of Fe3C p r e c i p i t a -  
t ion  at  bo th  c o n f i g u r a t i o n s  of m o v i n g  a u s t e n i t e  : f e r r i t e  
b o u n d a r i e s  in F e - C  a l l o y s  cannot  be  c o m p a r e d  wi th  
e x p e r i m e n t  in m o r e  d e t a i l ,  s i n c e  the  r e f i n e d  m e t a l l o -  
g r a p h i c  o b s e r v a t i o n s  on F e - C - X  a l l o y s  s u m m a r i z e d  by 

H o n e y c o m b e  n have  y e t  to be r e p o r t e d  on F e - C  a l l o y s -  
and indeed  would  be  c o n s i d e r a b l y  m o r e  d i f f i c u l t  to 
m a k e  b e c a u s e  t r a n s f o r m a t i o n  p r o c e s s e s  a r e  so  m u c h  
m o r e  r a p i d  in the  l a t t e r  a l l o y s .  I t  t h e r e f o r e  a p p e a r s  
d e s i r a b l e  to g ive  s o m e  c o n s i d e r a t i o n  to the  a p p l i c a -  
b i l i t y  of the  c a l c u l a t i o n s  to  F e - C - X  a l l o y s .  T h e  s t e e l s  
in which  s u c h  s t u d i e s  w e r e  m a d e  i n v a r i a b l y  con ta ined  
an a p p r e c i a b l e  p r o p o r t i o n  of an  a l l o y i n g  e l e m e n t  which  
is  a s t r o n g  c a r b i d e - f o r m e r  and m a r k e d l y  d e c r e a s e s  
the  a c t i v i t y  of c a r b o n  in a u s t e n i t e .  Such e l e m e n t s  can  
s i g n i f i c a n t l y  r e d u c e  the  g r o w t h  r a t e s  of p r o e u t e c t o i d  
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Fig. 6--Influence of react ion temperature  upon the product 
of the maximum driving force,  (x~ c~ - Xy)max, at which 
Fe3C can nucleate at the r i s e r s  o f  ledges on ~ :'y boundaries 
in Fe-C alloys, and KlfZ/l ,  where K is the cr i t ical  nucleus 
shape factor and I is the ledge height. 
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Fig. 7--Comparison of the maximum level of (x~ ~ - .~) at 
which Fe3C nucleation can take place at the r i s e r s  of ledges 
on c~ :'y boundaries w h e n  l/K I/2 = 5 . x  10 ~ m with the values 
of (x~ c~ - X,y) computed from the extrapolated T/(c~ + y) 
phase boundary. 
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f e r r i t e ,  even in the absence  of carbide  prec ip i ta t ion ,  s5 
by a solute d r ag - l i ke  effectP 6,57 (A quant i ta t ive  de-  
sc r ip t ion  of this effect is not yet avai lable ,  thus p re -  
vent ing  its incorpora t ion  in the p r e sen t  t r ea tmen t . )  
Hence these  e l emen t s  should faci l i ta te  carbide  p r e -  
c ipi tat ion at aus ten i te  : f e r r i t e  boundar ies  un less  ~o,O 
(somewhat implaus ib ly)  this effect r educes  equally or 
even more  the growth kinet ics  of carb ide  e m b r y o s .  
P a r t i c u l a r l y  at the higher r eac t ion  t e m p e r a t u r e s ,  1~ 9 
in te rphase  boundary  carb ides  in F e - C - X  al loys  a re  
al loy carb ides  whose fo rma t ion  appears  to be fac i l i -  
tated by diffusion of the a l loying  e lement  along the 
advancing aus ten i te  : f e r r i t e  boundar ies  ) l  P rov ided  1~ 
that boundary  diffusion of a l loying e lement  r a the r  than 
volume diffusion of carbon cont ro ls  nuclea t ion ,  as  the 
ca lcula t ions  to follow will  make c lear  this p roces s  will 107 
also faci l i ta te  al loy carbide  nuclea t ion  at in te rphase  
boundar ies .  At high reac t ion  t e m p e r a t u r e s ,  when the 
solute drag  effect is  l ess  impor tan t ,  the abi l i ty  of the ~1~1o~ 
al loying  e l emen t s  in ques t ion  to r a i se  even the n o - p a r -  
t i t ion Ae3 to t e m p e r a t u r e s  above that of the Ae3 in 
F e - C  (Ref. 58) will  h inder  in te rphase  boundary  ca r -  lO ~ 
bide nuc lea t ion  through acce l e r a t i on  of the growth 
k ine t ics  of proeutectoid  f e r r i t e .  However,  the t em-  
pe ra tu r e  range  in which this effect is impor tan t  ap-  lO" 
pea r s  to be l imi ted ,  5~ pa r t i cu l a r l y  in  the high al loy 
s tee l s  used by Honeycombe and coworkers .  F ina l ly ,  an 
effect which can eas i ly  be at leas t  as impor tan t  as any 
of the foregoing is the inf luence of a l loying e lements  
upon K, as exer ted  through a l t e ra t ions  in the var ious  
in t e r f ac i a t  ene rg ies  involved. Unfor tunate ly ,  data on 
this  effect a re  not yet  avai lable .  In the absence  of 
such informat ion ,  however,  we may tenta t ively  con- 
clude that the sum of the other  effects of ca rb ide -  
f o rming  a l loying e l emen t s  will  usual ly  tend to fac i l i -  
tate in te rphase  boundary  carbide  nuclea t ion  at d i s -  
o rde red  aus teni te  : f e r r i t e  boundar ies .  The exper i -  ~~ 
menta l  f inding that such boundar ies  a re  not p r e f e r r e d  
s i tes  for carb ide  nuclea t ion  in these F e - C - X  al loys n 
sugges ts  that the ana lyses  p r e sen t ed  in t e r m s  of F e - C  7o~ 
may in fact be appl icable  in the la rge  to F e - C - X  al -  
loys.  

In t e r fac ia l  Di f fus ion-Cont ro l led  Nuclea t ion  

W hen growth of the d i s o r d e r e d  boundary  at  which 
compound nuc lea t ion  may occur  takes place under  long 
range  volume d i f fus ion-con t ro l  but compound nuc lea-  
t ion at t;=ts boundary  takes place by means  of i n t e r -  
facia l  diffusion the foregoing p ic ture  is pa r t i a l ly  r e -  
ve r sed .  F igu re  8 d isp lays  the va r i a t i on  of t /K  with 
reac t ion  t e m p e r a t u r e  calculated f rom Eq. [15] for a 
T i -2  vet pct Ni al loy.  K is again taken as 10 -4. The 
t ime for Ti2Ni spheres  to grow to a rad ius  of 2~5 
• 10 -7 m, at which they should be r e so lvab le  with opti-  
cal  microscopy ,  was computed.  The sum of the r e -  
su l t ing  t imes  for nuclea t ion  and for growth was com- 
pa red  with the i n t e rva l  between C - c u r v e s  for the 
s t a r t  of the proeutec to id  ot r eac t ion  and that for the 
onset  of compound prec ip i t a t ion  at ot :/3 boundar ies  in 
a T i -3 .3  wt pct Ni a l l o y )  ~ The calculated t ime for 
nuc lea t ion  and growth was less  than the expe r imen ta l  
t ime at t e m p e r a t u r e s  of 723 K and above. Allowance 
for the higher  Ni content of the expe r imen ta l  al loy 
would somewhat  i n c r e a s e  the t e m p e r a t u r e  range  in 

which compound nuclea t ion  is  feas ib le .  
F igure  9 shows the dependence of (x~ ~ - X~)maxK1/2//l 

upon reac t ion  t e m p e r a t u r e ,  ca lcula ted for a T i - 2  wt 
pct Ni al loy f rom Eq. [16]. Assuming ,  as in Fe -C ,  that 

10: I I I I i 
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R~octiOn Temperature, ~ 
Fig. 8--Variation of t/K for nucleation ot Ti2Ni at moving 
planar, disordered a :/3 boundaries in a Ti-2 wt pct Ni alloy 
when mass transport during nucleation takes place by inter-  
facial diffusion, t is the growth time which must elapse prior 
to precipitate nucleation and K is the critical nucleus shape 
factor. 
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Fig. 9--Effects of reaction temperature upon the product of 
the maximum driving force, (x/3 p c~ _ xfi)max, at which Ti2Ni 
can nucleate upon moving r i sers  of ledges on a : fi bound- 
aries in a Ti-2 wt pct Ni alloy when mass transport during 
nucleation takes place by interfacial diffusion, and K1/2/l, 
where K is the critical nucleus shape factor and l is the 
ledge height. 
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l / K ~ =  5 x 10 -~ m, Fig.  10 shows the max imum value 
of x/3 - xp  vs  reac t ion  t e m p e r a t u r e  at which Ti2Ni can 
nucleate  at the r i s e r s  of ledges.  For  compara t ive  
purposes ,  Fig.  10 also includes  a plot of x~ ~ - x/3 com- 
puted f rom the extrapola ted fl/(oz + fl) phas~ boundary.  
These  two plots a re  seen  to i n t e r s ec t  at ca.  840 K. 
Hence compound nuclea t ion  at r i s e r s  should be feas i -  
ble  at a l l  lower r eac t ion  t e m p e r a t u r e s .  

These  r e s u l t s  indicate that p rec ip i ta t ion  at moving, 
d i so rde red  in te rphase  boundar ies  in subs t i tu t iona l  
a l loys  with physica l  constants  roughly comparab le  to 
those for T i - N i  should be feas ib le  under  some con- 
di t ions when the boundary  growth r a t e s  a re  control led 
by volume diffusion but p rec ip i ta te  nuc lea t ion  at these  
boundar ies  is governed by in t e r f ac i a l  diffusion. The 
meta l lographic  obse rva t ions  needed to tes t  this p r e -  
dict ion p roper ly  a re  not yet avai lable  in suff ic ient  de- 
ta i l .  It is expected, however,  that c u r r e n t  r e s e a r c h  1~ 
wil l  provide this  in fo rmat ion  in the T i -N i  and in a 
number  of other  T i - X  eutectoid sy s t ems .  

SUMMARY 

Three  p rob lems  in p rec ip i t a t ion  at in te rphase  
boundar ies  have been  cons ide red  on the bas i s  of 
theor ies  of diffusional  nuc lea t ion  and growth. Where 
feas ib le ,  i l l u s t r a t i ve  ca lcula t ions  have been  made for 
Fe3C prec ip i t a t ion  at aus ten i te  : f e r r i t e  boundar ies  in 
Fe-0 .10  wt pct C and 0.80 wt pct C al loys and for 
Ti2Ni p rec ip i ta t ion  at (~ :fi boundar ies  in a T i -2  wt 
pct Ni a l loy.  

Simple,  approximate  express ions  were der ived  for 
r e l a t ive  growth r a t e s  of p rec ip i ta te  into the two paren t  
phases  under  the condit ions of volume diffusion and 
in te r fac ia l  d i f fus ion-cont ro l .  These  express ions  were 
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Fig. 10--Comparison of the maximum values of (@fi ~ - 
at which Ti2Ni nucleation can take place at the ris'ers of xfi} 
ledges on a : /3 boundaries when l/Kl/2 = 5 ;~ l0 -~ m. with 
the values of (x/3/3 c~ _ xt3) computed from the extrapolated 
fl/(a +/3) phase boundary. 

evaluated n u m e r i c a l l y  as a funct ion of r eac t i on  t em-  
p e r a t u r e  for the r e l a t ive  growth kinet ics  of Fe3C into 
aus teni te  and f e r r i t e  in F e - C  al loys and of Ti2Ni into 
oe and t3 in T i -Ni  a l loys .  Under  nea r ly  a l l  condit ions 
examined,  growth takes place p redominan t ly  into the 
parent  phase whose ex is tence  range  is  l a rge r ,  even 
though, in the case  of F e - C ,  the diffusivi ty is con- 
s ide rab ly  higher in the lower solubi l i ty  phase.  Avai l -  
able in format ion  on re la t ive  in t e r rac ia l  ene rg ie s  in-  
dicates ,  however,  that the c r i t i ca l  nucleus  should 
usual ly  pene t ra te  about equally (facets aside)  into both 
phases .  Hence the re la t ive  pene t ra t ion  into these 
phases  dur ing  growth, the only stage of p rec ip i t a t ion  
which can usual ly  be observed  exper imenta l ly ,  can 
give a quite mis l ead ing  i m p r e s s i o n  of the re la t ive  
pene t ra t ion  which occur red  dur ing  nucleat ion.  

Equations have been derived,  based upon the ap- 
proach  of Fede r  et  al, 37 for the average  growth ra te  of 
an embryo  through the c r i t i c a l  nucleus  s ize  under  the 
a l t e rna t ive  a s sumpt ions  that mass  t r anspo r t  takes  
place by volume diffusion and by in te r fac ia l  diffusion.  
The c r i t e r i on  is proposed that migra t ion  of the i n t e r -  
phase boundary  at which nuclea t ion  is a t tempt ing to 
occur  through a d is tance  g rea t e r  than one la t t ice  
p a r a m e t e r  dur ing  growth of an embryo  through c r i t i -  
cal  nucleus  s ize  would d i s tor t  the nuc leus  shape suffi-  
c ient ly to cause a k ine t ica l ly  unacceptable  i n c r e a s e  in 
the free energy of act ivat ion for nucleat ion.  Rela t ion-  
ships a re  then obtained for the max imum growth rate  
of an in terphase  boundary  at which prec ip i ta te  nuc lea-  
tion is feas ib le  and incorpora ted  with equat ions for 
the growth kinet ics  of two dif ferent  conf igura t ions  of 
d i so rde red  in te rphase  boundary:  the p lanar  boundary  
of infinite extent 2~ and the r i s e r  or edge of a ledge. 4~ 
The t ime is obtained at which motion of the inf ini te ly  
extended p lana r  boundary is slowed suff ic ient ly  to pe r -  
mit  p rec ip i ta te  nuc lea t ion  through each mass  t r a n s -  
port  mechan i sm.  R i s e r s  of ledges grow at constant  
veloci ty ,  so e xp r e s s i ons  a re  obtained for the maxi -  
mum rat io  of the dr iv ing  force to the ledge height at 
which prec ip i ta te  nuclea t ion  is feas ib le ,  again for both 
m e c h a n i s m s .  It is found that for i n t e r s t i t i a l  sys t ems ,  
e .g . ,  Fe-C ,  where nuclea t ion  should be cont ro l led  by 
volume diffusion except poss ib ly  at very  low homolo-  
gous t e m p e r a t u r e s ,  nuc lea t ion  of p rec ip i ta te  at mov- 
ing in te rphase  boundar ies  should not be feas ib le .  How- 
ever ,  ca lcula t ions  for T i -2  wt pct Ni suggest  that in 
subs t i tu t iona l  s y s t e m s ,  when mass  t r a n spo r t  dur ing  
nuclea t ion  takes place along in te r faces ,  prec ip i ta te  
c rys t a l s  may form under  ce r t a in  condit ions at moving 
in te rphase  boundar ies .  The deta i led meta l lographic  
s tudies  of Honeycombe and coworkers  11 on F e - C - X  
al loys support  the conclusion obtained for i n t e r s t i t i a l  
sys tems ;  coun te rpar t  in format ion  is not yet avai lable  
in suff icient  deta i l  for subs t i tu t iona l  sy s t ems .  
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