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The ra te  of lengthening of f e r r i t e  and bainite  s idepla tes  and the radius  of curvature  of the 
plate edges were  measured  as a function of i 'eaction t empera tu re  in three  Fe -C  al loys.  
These data were analyzed on the bas i s  of an equation due to Trivedi .  The analys is  proved 
that the mobil i ty of the s ideplate  edges is l imited.  The in ter fac ia l  energy of these edges is 
of the o rde r  of 200 e r g / c m  a. Most of the supersa tura t ion  is used to dr ive  the diffusion of 
carbon in austenite;  compara t ive ly  l i t t le  is accounted for by cap i l l a r i ty  and by the finite 
mobil i ty of the interface.  On the bas i s  of both the p resen t  r e su l t s  and of published mic ro -  
s t ruc tu ra l  observat ions ,  it  was concluded that f e r r i t e  and bainite  s idepla tes  lengthen by a 
ledge mechanism.  

A C C O R D I N G t o  the ini t ial  form of a genera l  theory 
of prec iPi ta te  morphology, ~ p la te -shaped  p rec ip i t a tes  
develop because  there  is a b a r r i e r  to growth only in 
the d i rec t ion  normal  to their  broad  faces .  The b a r r i e r  
takes the form of a pa r t i a l ly  or  fully coherent  in te r -  
facial  s t ruc ture ;  this  s t ruc ture  can be d isplaced only 
by the operat ion of a ledge mechanism,  and the overa l l  
k inet ics  of d i sp lacement  in the d i rec t ion  normal  to the 
boundary a re  l ess  than those allowed by long-range 
volume diffusion control .  At al l  other or ienta t ions  of 
the boundary, a d i so rde red  or incoherent  in ter rac ia l  
s t ruc ture ,  which normal ly  does not in te r fe re  with 
growth, was proposed.  Such a s t ruc ture  ought thus to 
obtain at  the edges of p rec ip i ta te  p l a t e s .  Both the 
s t ruc tura l  and the kinetic  predic t ions  which this the-  
ory  makes with r e spec t  to the broad  faces  of p la tes  
have been exper imenta l ly  val idated in three nonferrous 
al loy systems.2"8 Also, proeutectoid f e r r i t e  p la tes  
formed in Fe-C al loys have been recent ly  shown to 
thicken by the ledge mechanism.  7 By analogy to recent  
observat ions  and deductions on the s t ruc tu ra l ly  s i m i -  
la r  formation of ch romium-r i ch  p rec ip i t a t es  in a Cu- 
Cr al loy,  s the broad faces of f e r r i t e  p la tes  can prob-  
ably be safely Considered as pa r t i a l l y  coherent .  

The view that the edges of p rec ip i ta te  p la tes  have a 
d i so rde red  s t ruc ture ,  however, has not fared as well.  
Needles of a Cu-Zn do appear  to lengthen with volume 
diffusion control led kinet ics ,  g suggesting that their  
t ips have a d i so rde red  s t ruc tu re .  On the other hand, 
the edges of e' p la tes  in A1-Cu e and the edges of 
p la tes  in A1-Ag 4 have misf i t  dis locat ion s t ruc tu res .  
The fo rmer  p la tes  lengthen more rap id ly  than volume 
diffusion control  al lows;  this was deduced to r e su l t  
from ledgewise lengthening acce le ra t ed  by rapid  di f -  
fusion along the misf i t  d is locat ions  girdl ing the 8' 
p la tes ,  s Although 7 pla tes  in A1-Ag lengthen at o v e r -  
all  r a t e s  approximate ly  equal to those of volume dif-  
fusion control ,  v isual  observa t ions  made at the aging 
t empera tu re  proved that these p la tes  also lengthen by 
a ledge mechanism.  ~ The theory of morphology has 
accordingly  been r ev i s ed  to s ta te  that even when there  
is  a growth b a r r i e r  at more  than one boundary o r i en -  
tation, p la tes  can s t i l l  form as long as the ledges a re  
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e i ther  much more  widely spaced or migra te  much 
more slowly at one such o r i e n t a t i on )  ~ 

In the case  of proeutectoid  f e r r i t e  p la tes ,  the evi-  
dence on the mechanism of lengthening is conflicting. 
On one hand, Eichen e t  a l .  11 found a ra the r  coa r se  let 
s t ruc tu re  at the edges of f e r r i t e  p la tes  by optical  mi 
c roscopy and the method of multiple sectioning, and 
Davenport ~z recen t ly  observed f iner  sca le  ledges whe 
examining plate edges by t r ansmis s ion  e lec t ron mi -  
croscopy.  On the other hand, agreement  between the 
theore t ica l  t r ea tment  of plate  lengthening by Kaufmm 
Radcliffe and Cohen (KRC), is pe r fo rmed  on the assun 
tion that lengthening is control led by the volume difft 
sion of carbon in austenite ,  and the kinetic data (on I 
C al loys)  of Hi l ler t  14 and Speich and Cohen is is im-  
proved if the edges of f e r r i t e  p la tes  a re  ass igned an 
in ter fac ia l  energy appropr ia te  to a d i so rde red  custer  
i t e : f e r r i t e  boundary. ~6 The calculat ions of f e r r i t e  pk 
lengthening kinet ics  repor ted  by Paxton and Pound 16 
yield a s i m i l a r  resu l t .  Recently, however,  a theoret i  
cal  t rea tment  of plate lengthening which is both mor 
r igorous  and more  general  has become avai lable .  ~7 
The presen t  study was undertaken to reexamine  the 
lengthening mechanism of f e r r i t e  p la tes  upon the ba~ 
of this t rea tment .  The exper imenta l  data r equ i red  i t  
clude not only r a t e s  of lengthening but a lso  the radiu: 
of curvature  of plate edges.  Although a cons iderable  
amount of data on the lengthening ra te  of f e r r i t e  plat 
and bainite in Fe-C al loys is now avai lable ,  ~'14,~s'~s 
very  few measurements  of the radius  of curvature  oI 
f e r r i t e  plate edges have been repor ted .  1 Since it ap-  
pea r s  important  that both types of data be taken fron 
the same al loys in view of the poss ible  effects of im 
pur i t i es  upon the radius  of curvature ,  these two mea 
surements  were made together as a function of r eac  
tion t empera tu re  on a s e r i e s  of Fe-C al loys .  It will 
be seen that the combination of the r igorous  theoret i  
cal t r ea tment  and the new exper imenta l  data leads tc 
a conclusion as to the mechanism of f e r r i t e  plate 
lengthening quite different  f rom that reached on the 
bas i s  of previous  kinetic s tudies,  but in good accord  
with the m i c r o s t r uc t u r a l  observat ions .  

EXPERIMENTAL PROCEDURE 

The al loys used in this investigation were  p repa re  
by vacuum melt ing and cast ing.  Their composit ions 
a re  given in Table I. Specimens 6 by 6 by 0.8 mm 
machined f rom these al loys were austeni t ized for 30 
min at 1300~ in a graphi te-deoxidized,  a r g o n - p r o -  
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Table I. Designation and Composition of Alloys Used for Kinetic and 
Radii Measurements 

Composition of  A|loys 

Designation Pct C Pct Si Pct Mn Pct P Pct S 

I 0.24 0.003 0.002 0.001 0.005 
ll 0.33 0.002 0.002 0.001 0.005 

II1 0.43 0.004 0.002 0.001 0.004 
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Fig .  1 - - L e n g t h  of l o n g e s t  s i d e p l a t e  v s .  r e a c t i o n  t i m e  fo r  i s o -  
t h e r m a l  t r e a t m e n t  of the 0.24 pc t  C a l l o y  at  700~ 

t e c t e d  bath of mol ten  BaC12, ~9 i s o t h e r m a l l y  r e a c t e d  
in deox id ized  lead  ba ths  and r a p i d l y  quenched into i ced  
10 pc t  b r i n e .  I s o t h e r m a l  r e a c t i o n  t e m p e r a t u r e s  r anged  
f rom 450 ~ to 700~ 

Rates  of lengthening we re  m e a s u r e d  on s i d e p l a t e s ,  
by  d e t e r m i n i n g  the length of the longes t  s idep la t e  on 
the plane of po l i sh  a s  a funct ion of i s o t h e r m a l  r e a c -  
t ion t i m e .  Since these  r a t e s  we re  cons tant ,  in a g r e e -  
ment  with the r e s u l t s  of p r e v i o u s  i n v e s t i g a t o r s ,  i, 14, is, 18 
i t  was n e c e s s a r y  to m e a s u r e  the r a d i u s  of c u r v a t u r e  of 
p la te  edges  at  only one r e a c t i o n  t ime  at  a g iven t e m -  
p e r a t u r e .  The s m a l l n e s s  of the r a d i i  n e c e s s i t a t e d  the 
use  of r e p l i c a t i o n  e l e c t r o n  m i c r o s c o p y .  Carbon r e p -  
l i c a s ,  shadowed with p l a t inum,  were  employed ;  the 
amount  of shadowing was held  to the min imum leve l  
needed  to obta in  s h a r p  i m a g e s  of the t i p s .  Radi i  were  
m e a s u r e d  f rom e l e c t r o n  m i c r o g r a p h s  taken  at  20,000 
to 30,000 d i am.  At each  a l loy  compos i t i on  and r e a c t i o n  
t e m p e r a t u r e  employed ,  a f r equency  h i s t o g r a m  was 
cons t ruc t ed  f r o m  50 to 100 m e a s u r e m e n t s .  The r a d i i  
of c u r v a t u r e  used in the c o m p a r i s o n s  be tween t h e o r y  
and e x p e r i m e n t  we re  those  c o r r e s p o n d i n g  to the m a x -  
ima  in the h i s t o g r a m s .  

RESULTS 

Fig.  1 shows a t yp i ca l  p lo t  of m a x i m u m  s idep l a t e  
length vs .  i s o t h e r m a l  r e a c t i o n  t ime .  The s lope  of th is  
p lo t  g ives  the r a t e  of lengthening.  Table  II s u m m a -  
r i z e s  the r e s u l t s  ob ta ined  for  the growth r a t e  a s  a 

Table II. Experimental Lengthening Rate of Widmanstatten Precipitates as a 
Function of Temperature and Composition. The Measurements in the 

0.29 Pct C and 0.49 Pct C Alloys are Those of Hillert, '4 

Lengthening Rate cm/s X lO "3 

T~ 0.24 Pct C 0.29 Pct C 0.33 Pct C 0.43 Pct C 0.49 Pct C 

700 2.1 1.6" 1.3 0.6 0.2* 
650 2.2 2.2* 1.5 0.8 1.0" 
550 2.5 2.2 1.3 
450 3.2 2.3 

*llillert. 
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Fig .  2 - - F r e q u e n c y  h i s t o g r a m s  of the r a d i i  of c u r v a t u r e  d a t a  
in the 0.24 pe t  C a l l o y  at  the i n d i c a t e d  r e a c t i o n  t e m p e r a t u r e .  

funct ion of r e a c t i o n  t e m p e r a t u r e  and a l l oy  compos i t i on .  
Some of H i l l e r t ' s  ~4 da ta  on F e - C  a l loys  have a l so  been  
included in th is  t ab le .  Since the lengthening  r a t e  at  a 
given t e m p e r a t u r e  should d e c r e a s e  with i n c r e a s i n g  
ca rbon  content  of the a l loy ,  the two s e t s  of da ta  a r e  
seen  to be at  l e a s t  qua l i t a t i ve ly  cons i s t en t  at  700~ 
but to d ive rge  somewhat ,  though not v e r y  badly ,  a t  
650~ C o m p a r a b l e  l eve l s  of a g r e e m e n t  were  ach ieved  
with the r e s u l t s  of Townsend and Ki rka ldy .  18 

Fig .  2 shows typ ica l  f r equency  h i s t o g r a m s  of the r a -  
d ius  of c u r v a t u r e  data ,  for  t h r e e  d i f f e ren t  r e a c t i o n  
t e m p e r a t u r e s  in the 0.24 pc t  C a l loy .  Smooth c u r v e s  
d rawn through these  s e t s  of da ta  a r e  s u p e r i m p o s e d  in 
F ig .  3. As the t e m p e r a t u r e  d e c r e a s e s ,  the h i s t o g r a m s  
become  n a r r o w e r .  Yost  and T r ive d i  20 have shown that  
th is  r e s u l t  is  cons i s t en t  with d e t e r m i n a t i o n  of the r a t e  
of lengthening by  the m a x i m u m  growth r a t e  p r i n c i p l e .  
The m a x i m a  of the h i s t o g r a m s  a r e  l i s t e d  in Table  III. 

DISC USSION 

T h e o r e t i c a l  Model 

Severa l  of the m a j o r  t h e o r e t i c a l  mode l s  for  the k i -  
ne t i c s  of lengthening of p l a t e s ,  21-2a a l l  deve loped  under  
the a s sumpt ion  that  the r a t e - l i m i t i n g  f ac to r  is  long-  
r ange  vo lume  diffusion,  have been  c r i t i c a l l y  r e v i e w e d  
by  T r i v e d i  and Pound. 24 A t r e a t m e n t  r e c e n t l y  d e v e l -  
oped by Tr ived i  17 a l so  t akes  account  of the e f fec t s  upon 
lengthening k ine t i c s  of the i n t e r f a c i a l  mob i l i t y  of the 
p la te  edges .  This  is  e x p r e s s e d  as  an in t e r f ace  k ine t i c  
coef f ic ien t ,  ~o. (This coef f ic ien t  wil l  l a t e r  be c o n s i d -  
e r e d  qua l i t a t ive ly  in t e r m s  of the ledge m e c h a n i s m . )  
T r i v e d i ' s  r e s u l t ,  which i m p l i c i t l y  r e l a t e s  the l eng th -  
ening r a t e ,  V, to ~o, the r a d i u s  of c u r v a t u r e  of the 
p la te  edges ,  p, and the n o r m a l i z e d  s u p e r s a t u r a t i o n ,  
~o, is  : 

e o = 4 - ~ e P e r f c ( 4 - f f ) [ 1  + -~c -P- 
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Fig. 3--Smooth curves drawn through the histograms shown 
in Fig. 2. The three curves are superimposed to il lustrate 
the effect of temperature on the histogram shape. 

Table I I I .  Experimental Radii of Curvature as a Function of 
Temperature and Composition 

Radius of Curvature Data 

pA 

T, ~ 0.24 Pct C 0.33 Pct C 0.43 Pct C 

750 180 
725 165 230 
700 95 155 180 
600 75 
550 65 120 70 
500 60 
360 65 

where  ~o = (Co - C ~ ) / ( C o  - Cp),  Co and Cp = mole  
f r a c t i o n s  of so lu te  at  p l ana r ,  d i s o r d e r e d  b o u n d a r i e s  
in the m a t r i x  and in the p r e c i p i t a t e ,  r e s p e c t i v e l y ,  a t  
the m a t r i x : p r e c i p i t a t e  boundary ,  and C.~ = mole  f r a c -  
t ion of so lu te  in the a l loy ,  p = a d i m e n s i o n l e s s  p a r a m -  
e t e r  equal  to V p / 2 D ,  where  D = an a p p r o p r i a t e  di f fus ion 
coef f ic ien t  (in the p r e s e n t  s i tua t ion ,  the d i f fus iv i ty  of 
ca rbon  in aus ten i te ) .  Pc = e q u i l i b r i u m  c r i t i c a l  r a d i u s ,  
equal  to (CoF) / (C  o - C.o); F wi l l  be def ined  l a t e r ,  in 
connect ion  with Eq. [4b]. Vc,  the c r i t i c a l  ve loc i ty ,  is  
that  which would r e s u l t  if the i n t e r f ace  we re  f la t  and 
i ts  ve loc i ty  were  con t ro l l ed  e n t i r e l y  by  the k ine t i c s  of 
i n t e r f a c i a l  r e a c t i o n :  

V c = ~t o(C O - Coo) [2] 

$1 {P} and Sz{P} a r e  c o m p l i c a t e d  funct ions  of p and a r e  
def ined in Ref. 17. 

The n o r m a l i z e d  s u p e r s a t u r a t i o n  is  e s s e n t i a l l y  d i -  
v ided  into t h r e e  addi t ive  t e r m s  in Eq. [1]. These  t e r m s  
r e p r e s e n t  the f r ac t i on  of f~o consumed  by diffusion,  in-  
t e r f a c e  r e s i s t a n c e  and c a p i l l a r i t y  p r o c e s s e s ,  r e s p e c -  
t ive ly .  Note that  Eq. [1] g ives  the r e l a t i o n s h i p  be tween  
V and p for  a given va lue  of f~. The op t imiza t i on  p r i n -  
c ip le  of m a x i m u m  growth r a t e  ~1 i s  used  to obta in  
uniquely the va lues  of V and p. 

Before  apply ing  Eq. [1] to the e x p e r i m e n t a l  da ta  i t  

M E T A L L U R G I C A L  T R A N S A C T I O N S  

wil l  be n e c e s s a r y  to examine  c r i t i c a l l y  some  of the 
p a r a m e t e r s  and a s s u m p t i o n s  involved in the t h e o r e t i -  
ca l  mode l .  

1) In the d e r i v a t i o n  of Eq. [1], the di f fus ion coef f i -  
c ien t  is  a s s u m e d  to be independent  of concen t ra t ion ,  
however ,  the d i f fus iv i ty  of ca rbon  in aus t en i t e  v a r i e s  
exponen t ia l ly  with c a r b o n  concen t ra t ion ,  z5 This  v a r i a -  
t ion b e c o m e s  i m p o r t a n t  a t  lower  t r a n s f o r m a t i o n  t e m -  
p e r a t u r e s  where  the concen t r a t i on  d i f f e rence  (C t -  C.~), 
C t being  the ac tua l  so lu te  concen t r a t i on  at  the t ip of the 
p la te ,  b e c o m e s  quite l a r g e .  As shown by T r ived i  and 
Pound, 26 the c o n c e n t r a t i o n - d e p e n d e n c e  of the di f fus ion 
coef f ic ien t  can  be t aken  into account  by  us ing an a v e r -  
age d i f fus ion coef f ic ien t  def ined  as  

Ct 

Dave  (C t - Coo) D d c  [3] 
c o  

This va lue  wil l  be used  in subsequent  ca l cu l a t i ons  u t i -  
l i z ing  the d i f fus iv i ty  da ta  of Wel l s ,  Batz ,  and Mehlf l  5 

2) The t h e o r e t i c a l  r e s u l t  r e q u i r e s  knowledge of C o 
and Cp. The i r  va lue s  a r e  wel l  e s t a b l i s h e d  above the 
eu tec to id  t e m p e r a t u r e .  However ,  the e x p e r i m e n t a l  da t a  
a r e  at  lower  t e m p e r a t u r e s  where  e x t r a p o l a t i o n  of the 
phase  b o u n d a r i e s  is  r e q u i r e d .  Va r ious  mode l s  a r e  
ava i l ab l e  for  such an ex t r apo la t ion ,  ~s'2a which give a l -  
mos t  the s a m e  r e s u l t  nea r  (and above)  the eu tec to id  
t e m p e r a t u r e  but  d i f fer  c o n s i d e r a b l y  at  t e m p e r a t u r e s  
a p p r e c i a b l y  below.  Accord ing  to Ban-ya ,  El l io t ,  and 
Chipmann ~r the L a c h e r -  F o w l e r -  Guggenheim equat ion 
used  by  Aaronson ,  Domian,  and Pound (ADP) aB is  a 
good one.  T h e r e f o r e ,  the ADP r e s u l t s  we re  u t i l i zed  
to e x t r a p o l a t e  the  phase  b o u n d a r i e s  be low the eu tec to id  
t e m p e r a t u r e .  

3) Eq. [1] is  b a s e d  on a l i nea r  r e l a t i o n s h i p  be tween  
the e q u i l i b r i u m  concen t ra t ion  and the c u r v a t u r e  of the 
i n t e r f a c e .  The l i n e a r  r e l a t i o n s h i p  employed ,  however ,  
is  not the one a p p r o p r i a t e  for  d i lu te  so lu t ions .  De-  
t a i l ed  n u m e r i c a l  ca l cu la t ions  26 of the e q u i l i b r i u m  con-  
cen t r a t ion ,  Cp, as  a function of i n t e r f ace  c u r v a t u r e ,  p, 
show that  c o n s i d e r a b l e  d e p a r t u r e  f r o m  l i n e a r i t y  o c c u r s  
when the r a d i u s  of c u r v a t u r e  is  v a r i e d  f r o m  Pc to in-  
f ini ty .  T h e o r e t i c a l  ca l cu la t ions  on the r a d i u s  of c u r v a -  
t u r e  c o r r e s p o n d i n g  to the m a x i m u m  growth  r a t e - - w h i c h  
i s  the m e a s u r e m e n t  r e s u l t i n g  f r o m  the e x p e r i m e n t a l  
technique e m p l o y e d - - i n d i c a t e ,  however ,  tha t  th is  r a d i u s  
is  a lways  equal  to o r  g r e a t e r  than twice  the c r i t i c a l  
r a d i u s .  And it  t u r n s  out tha t  in the r e g i o n  2Pc <_ p < co 
the fol lowing l i n e a r  e x p r e s s i o n  for  the e q u i l i b r i u m  con-  
c e n t r a t i on  f i t s  quite a c c u r a t e l y  the n u m e r i c a l  c a l c u l a -  
t ions  of T r i v e d i  and Pound: 26 

Cp = C o - C o F K  , [4a] 

~  ) F = a V F e  R T  
R T  AC~e_. a b , [4b] 

and 

b = - 1.19778 • 10 -5 (T - 852.0) 2 + 1.699733. [4c~ 

where  ~, V~e, and R a r e  i n t e r f a c i a l  f r ee  ene rgy ,  p a r -  
t i a l  m o l a r  vo lume  of i ron  in the p r e c i p i t a t e  and the 
gas  cons tan t ,  r e s p e c t i v e l y ,  and K = p - l .  A G ~ e ~ i S  the 
f r e e  e n e r g y  change p e r  mole  for  the ~, - -  a t r a n s f o r -  
ma t ion  in pu re  i ron .  The above r e s u l t  is  va l id  for  the 
t e m p e r a t u r e  r ange  450 ~ to 750~ and is  a c c u r a t e  to 
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within t h r e e  p e r c e n t  of the r i g o r o u s  n u m e r i c a l  c a l c u -  
l a t i ons .  Note that  when b is  neg lec ted  the p r e s e n t  c a p -  
i l l a r i t y  p r e d i c t i o n s  a r e  iden t i ca l  with those  of Paxton 
and Pound. x8 

4) A knowledge of the i n t e r f a c i a l  ene rgy ,  a, and the 
i n t e r f a c e  k ine t i c  coef f ic ien t ,  Po, is  r e q u i r e d .  In the 
p r e s e n t  work,  however ,  these  p a r a m e t e r s  a r e  deduced 
by  f i t t ing  the t h e o r y  to the e x p e r i m e n t a l  va lues  of 
g rowth  r a t e  and r a d i u s  of c u r v a t u r e .  The va lues  ob-  
t a ined  a r e  c o n s i d e r e d  in the f ina l  sec t ion  of the p a p e r .  

5) Eq. [1] i s  d e r i v e d  on the a s sumpt ion  that  f r ee  en -  
e r g y  d i s s i p a t i o n  due to the mot ion  of the i n t e r f ace  r e -  
su i t s  in a d e v i a t i o n  in the ca rbon  concen t ra t ion  in 
aus t en i t e  a t  the i n t e r f a c e  f r o m  Cp. The ve Ioc i ty  of the 
i n t e r f a c e  is  then a s s u m e d  to be l i n e a r l y  p r o p o r t i o n a l  
to th is  devia t ion ,  i .e.,  

v =  [5] 
where  

AC k = Cp - C t .  

Analys i s  of E x p e r i m e n t a l  Resu l t s  

Eqs.  [1] to [4] can now be used  to ca l cu la t e  the growth 
r a t e  and r a d i u s  of c u r v a t u r e  at  the p la te  t ip a s  a func-  
t ion of s u p e r s a t u r a t i o n .  We sha l l  f i r s t  a s s u m e  that  the 
m o b i l i t y  of the i n t e r f ace  i s  inf in i te  so that  d r iv ing  f o r c e  
r e q u i r e d  for  the i n t e r f ace  mot ion  is  neg l ig ib le .  F igs .  
4(a) and 4(b) c o m p a r e  the e x p e r i m e n t a l  r e s u l t s  with the 
p r e d i c t e d  growth r a t e s  c a l cu l a t ed  by  us ing two va lues  of 
i n t e r f a c i a l  f r ee  ene rgy ,  v iz . ,  200 e r g / c m  2 and 800 
e r g / c m  ~, the va lue s  which a p p r o x i m a t e l y  c o r r e s p o n d  
to p a r t i a l l y  cohe ren t  z3 and d i s o r d e r e d  z9 i n t e r f a c e s ,  r e -  
spec t i ve ly .  The c a l c u l a t e d  growth r a t e s  in Fig.  4(a) 
(a = 200 e r g / c m  z) show exce l l en t  a g r e e m e n t  with ex -  
p e r i m e n t  a t  700~ but  p r e d i c t  much h igher  va lues  at  
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(b) 
Fig.  4 - - C o m p a r i s o n  of exper imen ta l  and predic ted  veloci ty 
as a function of dr iv ing  force  for infinite in ter face  kinet ics  
and an a s s u m e d  s u r f a c e  e n e r g y  of {a) 200 e r g s / c m  2 and 
(b} 800 e rgs /cm 2. 

low t e m p e r a t u r e s ;  at  450~ the d i s c r e p a n c y  amounts  
to an o r d e r  of magni tude .  Fig .  4(b) shows that  the t heo -  
r e t i c a l  growth r a t e s  b a s e d  on the a s s u m p t i o n  of d i s o r -  
d e r e d  p la te  edges  a r e  s m a l l e r  than the m e a s u r e d  v a l -  
ues  at  high t e m p e r a t u r e s  but  a r e  again  much l a r g e r  a t  
450~ In fact  the h ighly  i m p l a u s i b l e  va lue  of a = 1400 
e r g / c m  2 is  r e q u i r e d  to ma tch  the t h e o r e t i c a l  r e s u l t s  
with e x p e r i m e n t  at  450~ These  r e s u l t s  c l e a r l y  show 
that  no i n t e r f a c i a l  e n e r g y  va lue  e x i s t s  which wil l  a d e -  
quate ly  d e s c r i b e  the k ine t ic  behav io r  ove r  the en t i r e  
t e m p e r a t u r e  r ange  if the p la te  edges  a r e  a s s u m e d  to 
be in f in i te ly  mobi le .  In the p r e s e n t  context ,  i t  only  r e -  
ma ins  to note that  on the b a s i s  of the p r e v i o u s l y  m e n -  
t ioned  t h e o r e t i c a l  r e s u l t  z7 that  Pc -< ~ P ( expe r imen ta l ) .  
The m e a s u r e d  da ta  on r a d i i  can be shown to p lace  an 
upper  l i m i t  on a of ca. 650 e r g / c m  2, and thus f a i r l y  
def in i te ly  exclude the p o s s i b i l i t y  of e n t i r e l y  d i s o r d e r e d  
p la te  edges .  

We sha l l  now ca lcu la t e  growth r a t e s  on the b a s i s  of 
a f in i te  mob i l i t y  of the i n t e r f ace .  However ,  for  t he se  
ca l cu la t ions ,  a va lue  of i n t e r r a c i a l  ene rgy  mus t  be e s -  
t ima ted .  If the in t e r f ace  has  a f ini te  mobi l i ty ,  the 
growth r a t e s  wi l l  be s m a l l e r  than those  c a l c u l a t ed  on 
the b a s i s  of loca l  equ i l i b r i um at  the i n t e r f a c e .  As 
shown in Fig .  4(a), an i n t e r f a c i a l  e n e r g y  of 200 e r g / c m  2 
g ives  good a g r e e m e n t  at  700~ ind ica t ing  that  th is  e n -  
e r g y  mus t  be  equal  to or  l e s s  than th is  va lue  when ~zo 
i s  f ini te .  Using this  a, we now choose  ~t o at  each  t e m -  
p e r a t u r e  so as  to op t imize  a g r e e m e n t  with the e x p e r i -  
men ta l  da ta  on V as  a funct ion of (Co - C~o). These  r e -  
su l t s  a r e  shown in Fig .  5, and the va lues  of ~to thus ob-  
t a ined  a r e  given in Table  IV. With t hese  va lue s  of a and 
~to f a i r l y  good a g r e e m e n t  is  a l so  ob ta ined  with the r a -  
d ius  of c u r v a t u r e  m e a s u r e m e n t s ,  a s  shown in Fig.  6. 

Pa r t i t i on ing  of Supe r sa tu r a t i on  

Pa r t i t i on ing  of the f r ee  e n e r g y  of t r a n s f o r m a t i o n  into 
v a r i o u s  p h y s i c a l  p r o c e s s e s  can  be e a s i l y  v i s u a l i z e d  by  
the use  of the f r ee  e n e r g y - c o m p o s i t i o n  d i a g r a m  shown 
in Fig .  7. The dot ted  cu rve  is  for  the c a s e  of a f la t  in-  
t e r f a c e .  We have fol lowed H i l l e r t  22 in a s s u m i n g  that  
the c a p i l l a r i t y  effect  changes  the p r e s s u r e  only in the 
p r e c i p i t a t e ,  so that  the c u r v a t u r e  e f fec t  sh i f t s  upwards  
jus t  the cu rve  for  f e r r i t e .  Reca l l  that  Co, Cp, and C t 
a r e  the c ompos i t i ons  of the aus t en i t e  a t  the ~ - 7  bound-  
a r y  c o r r e s p o n d i n g  to equ i l i b r i um with a f l a t  i n t e r f ace ,  
equ i l i b r i um with a cu rved  i n t e r f ace  and to the nonequi -  
l i b r i u m  c a s e ,  r e s p e c t i v e l y .  C o r r e s p o n d i n g  changes  in 

' ! i ! I I i ! 

3 o /  ~ o 700"C 
td & 650"C 

o= 2 ' 3 / 
o / i  " x,5o-c 

I I I I I I I 
0.04 0.08 0.12 0.16 

(Co-Co0)  M O L E  F R A C T I O N  C A R B O N  

Fig.  5. Compar i son  of exper imenta l  and predic ted  veloci ty  
as a function of dr iv ing  force for an a s s u m e d  su r f ace  en -  
e rgy  of 200 e r g s / c m  2 and finite in te r face  k inet ics .  E r r o r  
l imi t s  r e p r e s e n t  50 pct confidence.  
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Table IV. The Predicted Kinetic Parameter as Determined from the 
Experimental Lengthening Rate at the Indicated Temperatures 

Kinetic Parameter 

T, ~ /to, cm, See-Mole Fraction 

700 0.60 
650 0.30 
550 0.09 
450 0.07 

p r e c i p i t a t e  c o m p o s i t i o n s  a r e  so s m a l l  that ,  for  the sake  
of c l a r i t y ,  only  Cp, the e q u i l i b r i u m  concen t r a t i on  at  a 
f la t  i n t e r f ace ,  is  shown in the f igu re .  The f r ee  e n e r g y  
changes  a s s o c i a t e d  with diffusion,  i n t e r f ace  mot ion  and 
c a p i l l a r i t y  a r e  given by  AGd, AGk, and AGc, r e s p e c -  
t ive ly .  F r o m  the na tu r e  of the p r e s e n t  e x p e r i m e n t s ,  
however ,  it  is  s i m p l e r  to eva lua te  the r e l a t i v e  s u p e r -  
s a t u r a t i o n s ,  r a t h e r  than the r e l a t i v e  f r e e  e n e r g y  
changes  p r o d u c e d  by  these  e f fec t s .  The two quant i t i es  
a r e ,  of c o u r s e ,  c l o s e l y  r e l a t e d .  

Eq. [1] shows that  the s u p e r s a t u r a t i o n  is  d iv ided  into 
t h r e e  t e r m s  which c o r r e s p o n d  to f r a c t i o n s  of s u p e r -  
s a t u r a t i on  c o n s u m e d  by  vo lume diffusion,  i n t e r f ace  
mot ion and c a p i l l a r i t y ,  r e s p e c t i v e l y .  Fig.  8(a) p lo t s  
these  con t r ibu t ions  at  a given t e m p e r a t u r e ,  700~ as  
a function of compos i t i on .  Volume dif fus ion i s  s een  to 
use up m o s t  of the ava i l ab l e  s u p e r s a t u r a t i o n  and to do 
so even m o r e  p ronounced ly  as  the ca rbon  content  d e -  
c r e a s e s ,  o r  s u p e r s a t u r a t i o n  i n c r e a s e s .  C a p i l l a r i t y  
c o n s u m e s  a no t i ceab le  amount  at  low s u p e r s a t u r a t i o n s ;  
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Fig. 7--Schematic f ree  energy-composi t ion  diagram for the 
austenite to f e r r i t e  t ransformat ion.  The fe r r i t e  p r e s su re ,  
P,  is re la t ive  to the p r e s s u r e  in the austenite.  AGd, AGk, 
AGc r e p r e s e n t  the f ree  energy consumed in solute diffusion, 
interface kinetics,  and capil lari ty,  respec t ive ly .  
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Fig. 8 - P e r c e n t  total supersa tura t ion  consumed by diffu- 
sion, capil lar i ty,  and interface mobility (kinetics) as a 
function of (a) driving force at 700~ and (b) t empera ture  
in the 0.24 pct C alloy. 

at  a l l  va lue s  s tud ied ,  the f r ac t i on  used  by  in t e r f ace  
mot ion  i s  s m a l l ,  though i n c r e a s i n g  at  h igher  s u p e r s a t -  
u r a t i ons .  S i m i l a r  e f fec t s  a r e  o b s e r v e d  if we c o n s i d e r  
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Fig. 9--Fe-C phase diagram where C O is given by ADP. 
The kinetic shift, ACK, and capillary shift, ACc, in the 
phase boundary are also shown. C t is the calculated tip 
concentration. 

a f ixed  compos i t i on  and s tudy the e f fec t s  as  a function 
of i s o t h e r m a l  r e a c t i o n  t e m p e r a t u r e ,  a s  shown in Fig.  
8(b). Note that  t he se  r e s u l t s  a r e  c o n s i d e r a b l y  d i f fe ren t  
f r o m  the p r e d i c t i o n  of Z e n e r - H i l l e r t  t heory ,  21,aa which 
a lways  d iv ides  s u p e r s a t u r a t i o n  equa l ly  be tween  vo lume 
di f fus ion and c a p i l l a r i t y .  

C t as  ca l cu l a t ed  f r o m  the e x p e r i m e n t a l  da ta  on F e -  
0.24 pc t  C, is  shown in Fig .  9. The d e c r e a s e  in concen -  
t r a t i o n  f rom that  for  a p l a n a r ,  d i s o r d e r e d  bounda ry  r e -  
su l t ing  f rom c a p i l l a r i t y  (ACc) and f r o m  in t e r f ace  m o -  
b i l i t y  (ACk) , can  thus be  s e p a r a t e l y  a s s e s s e d  as  a func-  
t ion of r e a c t i o n  t e m p e r a t u r e .  C t d e c r e a s e s  a p p r o x i -  
m a t e l y  l i n e a r l y  with i n c r e a s i n g  t e m p e r a t u r e  in the 
r a n g e  shown in Fig .  9: 

C t ~ 0.23 - 0.0002T [6 ]  

St ruc tu re  and E n e r g e t i c s  of F e r r i t e  
P la te  Edges  

We sha l l  now c o n s i d e r  the va lue s  of i n t e r r a c i a l  en-  
e r g y  and mob i l i t y  in t e r m s  of the na tu re  of the edges  of 
f e r r i t e  s i d e p l a t e s  du r ing  the lengthening  of Widman-  
st / l t ten s i d e p l a t e s .  The conc lus ion  that  a is  of the o r d e r  
of 200 e r g / c m  2 i s  a good ind ica t ion  that  the edges  of 
f e r r i t e  p l a t e s  have a ledge  s t r u c t u r e .  This  i s  c o n s i s -  
tent  with the op t i ca l  and e l e c t r o n  m i c r o s c o p i c  o b s e r v a -  
t ions  of the edges  of f e r r i t e  p l a t e s  r ecoun ted  in the 
In t roduct ion.  The only a v a i l a b l e  ca l cu la t ion  of the en -  
e r g y  of a d i s l o c a t i o n  a u s t e n i t e : f e r r i t e  boundary  y ie lds  
200 e r g / c m  2, Refs .  30 and 31. This  is  ba sed ,  however ,  
upon a m a r t e n s i t i c  i n t e r r a c i a l  s t r u c t u r e ,  which the r e -  
su l t s  of Hall  et al. a ind ica te  is  un l ike ly  to obtain at  the 
i n t e r p h a s e  b o u n d a r i e s  of f e r r i t e  p l a t e s .  On the o ther  
hand, th i s  va lue  can p r o b a b l y  be r e g a r d e d  as  a r e a s o n -  
ab le  one for  an i n t e r f a c e  c o m p o s e d  p r e d o m i n a n t l y  of 
n e a r l y  c o h e r e n t  f a c e t s  with s h o r t  r i s e r s  of d i s o r d e r e d  
s t r u c t u r e .  

Since the r a t e  of lengthening  is cons tant ,  the spac ing  
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be tween the l edges  at  a given t e m p e r a t u r e  and c o m p o -  
s i t ion  mus t  be f ixed.  However ,  s ince  i t  is  l i ke ly  that  
the spac ing  is  p h y s i c a l l y  r e l a t e d  to the r a d i u s  of c u r v a -  
t u r e ,  which v a r i e s  with t e m p e r a t u r e  and compos i t i on ,  
s i m i l a r  behav io r  is  to be expec ted  of the spac ing .  This  
behav io r  is  v e r y  d i f fe ren t  f rom that  of the l edges  at  the 
b r o a d  f a c e s  of f e r r i t e  p l a t e s ,  whose spac ing  is v e r y  
roughly  t e m p e r a t u r e  and compos i t ion  independent ,  but  
exhib i t s  o r d e r - o f - m a g n i t u d e  s c a t t e r  under  given con-  
d i t ions  and a l so  d e c r e a s e s  by  about an o r d e r  of m a g n i -  
tude with i n c r e a s i n g  growth t i m e .  7 However ,  the m e c h -  
a n i s m  of ledge " n u c l e a t i o n "  at  the b r o a d  f a c e s  is  e v i -  
den t ly  of a quite d i f fe ren t ,  and much m o r e  r andom c h a r -  
a c t e r  than that  ope ra t i ng  at  the p la te  edges .  

The t h e o r e t i c a l  model  f rom which the i n t e r r a c i a l  e n -  
e r g y ,  and thus s t r u c t u r e  we re  d e r i v e d  is  phenomeno-  
l og i ca l  in na tu re .  It is  va l id  for  a l edged  bounda ry  as  
long as  the di f fus ion d i s t ance  in the m a t r i x  is  much 
l a r g e r  than the spac ing  be tween  the l edges  nea r  the 
edge of the p l a t e .  This  condi t ion  a p p e a r s  to be fu l f i l l ed  
under  the condi t ions  of the p r e s e n t  e x p e r i m e n t s ,  s ince  
the spac ing  be tween  the l edges  nea r  the t ip ,  even for  
the s m a l l e s t  o b s e r v e d  r a d i u s  of c u r v a t u r e ,  wi l l  be a 
f r a c t i o n  of th is  r a d iu s .  The dif fus ion d i s t ance ,  on the 
o the r  hand, is  s e v e r a l - f o l d  l a r g e r  than the r a d i u s  of 
c u r v a t u r e .  Es t ab l i sh ing  a d i r e c t  connec t ion  be tween  
the t h e o r e t i c a l  mode l  and the de t a i l s  of the ledge  s t r u c -  
tu re  ( spac ing  be tween  ledges ,  height  of the r i s e r s  b e -  
tween them and mob i l i t y  of the r i s e r s ) ,  however ,  does  
not p r e s e n t l y  appea r  to be f e a s i b l e .  Although the growth 
of i s o l a t e d  l edges  a long an o the rwi se  f la t  i n t e r f ace  of 
e f f ec t ive ly  inf ini te  extent  now a p p e a r s  to be  wel l  u n d e r -  
s tood,  5'32 the s i tua t ion  at  the edge of a f e r r i t e  p la t e  is  
much m o r e  c ompl i c a t e d .  In th is  ca se ,  the l edges  a r e  
so c l o s e  toge the r  that  t he i r  d i f fus ion f i e lds  d o u b t l e s s l y  
o v e r l a p ;  the amount  of o v e r l a p  a l m o s t  c e r t a i n l y  in-  
c r e a s e s  the m o r e  c l o s e l y  the t ip of the p la te  is  a p -  
p roached .  That t h e r e  is  no s i m p l e  connect ion  be tween  
~o and the ledge s t r u c t u r e  is  ind ica ted  by  the f a i l u r e  
of the ac t iva t ion  e n e r g y  for  the /~o va lue s  l i s t e d  in 
Table  IV--11.8 k c a l / m o l e - - t o  c o r r e s p o n d  to any di f fu-  
s ion  p r o c e s s  which might  be involved in the lengthening  
of f e r r i t e  p l a t e s .  33 However ,  the f inding that  v e r y  l i t t l e  
s u p e r s a t u r a t i o n  is consumed  by the f in i te  mob i l i t y  a s -  
pec t  of p la t e  lengthening,  shown in Fig.  8, o f fe r s  qua l i -  
t a t ive  suppor t  for  the ope ra t ion  of the ledge  m e c h a n i s m  
in the c u s t o m a r y  manne r .  The r i s e r s  of l edges ,  having 
a d i s o r d e r e d  s t r u c t u r e ,  should r e q u i r e  v e r y  l i t t l e  d r i v -  
ing f o r c e  for  the i r  d i s p l a c e m e n t .  

To conclude in m o r e  g e n e r a l  fash ion ,  we note that  
th is  p a p e r  is  one of many  which have sought  to ana lyze  
the lengthening r a t e  of f e r r i t e ,  ba in i te ,  and o ther  p l a t e s  
on the b a s i s  of a d i f fus ional  model .  1'~'14'1a-'8'2'-~,28 
Impl i c i t  in each  of these  a n a l y s e s  is  the a s s u m p t i o n  
that  a l l  a r e a s  of the p la te  edges  a l low the t r a n s f e r  of 
i ron  a t o m s  f r o m  aus ten i t e  to f e r r i t e  and the r e j e c t i o n  
of c a rbon  a t o m s  into the aus t en i t e  to occur  with equal  
f a c i l i t y - - a n d  with the except ion  of the a n a l y s i s  17 used  
in the p r e s e n t  p a p e r - - t o  take p l ace  without h indrance .  
It now s e e m s  c l e a r  that  th i s  p u r e l y  d i f fus ional  a p -  
p roach  ought not to be fu r the r  re f ined .  Although the 
ledge growth p r o b l e m  out l ined is  a v e r y  dif f icul t  one,  
so lu t ion  of th is  p r o b l e m  is  n e c e s s a r y  if f u r the r  p r o g -  
r e s s  is  to be ach ieved  in r e s p e c t  to unde r s t and ing  the 
m e c h a n i s m  and k ine t i c s  of the lengthening of f e r r i t e  
and ba in i t e  p l a t e s .  
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T h e  l e n g t h e n i n g  r a t e  of f e r r i t e  a n d  b a i n i t e  s i d e p l a t e s  
a n d  t h e  r a d i u s  of c u r v a t u r e  of  t he  e d g e s  of  t h e s e  p l a t e s  
w e r e  m e a s u r e d  o v e r  v a r i o u s  r a n g e s  of r e a c t i o n  t e m -  
p e r a t u r e  in  t h r e e  h i g h - p u r i t y  F e - C  a l l o y s ,  v a r y i n g  in  
c o m p o s i t i o n  f r o m  0 .24  p c t  C to  0 .43 p c t  C. T he  l e n g t h -  
e n i n g  r a t e s  a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  t h o s e  p r e v i -  
o u s l y  o b t a i n e d  f o r  F e - C  a l l o y s  b y  H i l l e r t  14 a n d  b y  
T o w n s e n d  a n d  K i r k a l d y .  18 T h e  r a d i u s  of c u r v a t u r e  d a t a  
w e r e  r e p o r t e d  a s  h i s t o g r a m s ;  t he  m o s t  f r e q u e n t l y  o c -  
c u r r i n g  v a l u e  w a s  u s e d  f o r  a n a l y t i c a l  p u r p o s e s .  In a c -  
c o r d a n c e  w i t h  t h e  m a x i m u m  g r o w t h  r a t e  p r i n c i p l e ,  2~ 
t h e  w i d t h  of t he  h i s t o g r a m s  d e c r e a s e d  w i t h  t h e  t e m -  
p e r a t u r e  of t r a n s f o r m a t i o n .  

T h e s e  d a t a  w e r e  a n a l y z e d  on  t he  b a s i s  of  a n  e q u a t i o n  
due  to T r i v e d i .  17 T h i s  e q u a t i o n  t a k e s  s e p a r a t e  a c c o u n t  
of  t he  s u p e r s a t u r a t i o n  c o n s u m e d  in  d r i v i n g  t h e  v o l u m e  
d i f f u s i o n  of s o l u t e ,  in  c o m p e n s a t i n g  f o r  c a p i l l a r i t y  a n d  
in  d i s p l a c i n g  a n  i n t e r p h a s e  b o u n d a r y  of f i n i t e  m o b i l i t y .  
I t  w a s  f o u n d  t h a t  n e a r l y  a l l  of t h e  s u p e r s a t u r a t i o n  i s  
c o n s u m e d  in  t h e  d i f f u s i o n  of c a r b o n  in  a u s t e n i t e ;  b o t h  
c a p i l l a r i t y  a n d  b o u n d a r y  d i s p l a c e m e n t  w e r e  f o u n d  to 
b e  r e l a t i v e l y  m i n o r  s o u r c e s  of f r e e  e n e r g y  d i s s i p a t i o n  
u n d e r  m o s t  c i r c u m s t a n c e s .  A s c e r t a i n i n g  t h a t  t h e  
l e n g t h e n i n g  r a t e  d a t a  c o u l d  no t  b e  e x p l a i n e d  w i t h  a 
s i n g l e  r e a s o n a b l e  v a l u e  of t h e  i n t e r f a c i a l  e n e r g y  w h e n  
t he  i n t e r f a c e  k i n e t i c  c o e f f i c i e n t ,  ~o, w a s  a s s u m e d  to 
b e  i n f i n i t e ,  i t  w a s  c o n c l u d e d  t h a t  t h e  s i d e p l a t e  e d g e s  
a r e  c h a r a c t e r i z e d  b y  a f i n i t e  m o b i l i t y .  T h e  i n t e r f a c i a l  
e n e r g y ,  a,  of t h e s e  e d g e s  i s  of t he  o r d e r  of 200 e r g / c m  2. 
U s i n g  t h i s  e n e r g y ,  /~o w a s  e v a l u a t e d  b y  f i t t i n g  t h e  
l e n g t h e n i n g  r a t e  d a t a .  T h e s e  ~ a n d  /1 o d a t a  g a v e  f a i r l y  
good  p r e d i c t i o n s  of t h e  v a r i a t i o n  of t h e  r a d i u s  of c u r -  
v a t u r e  w i t h  r e a c t i o n  t e m p e r a t u r e .  

The  c o m b i n a t i o n  of t he  low v a l u e  of a, t h e  f i n i t e n e s s  
of  /~o a n d  t h e  s m a l l  a m o u n t  of s u p e r s a t u r a t i o n  n e e d e d  
to  d r i v e  t h e  e d g e s  of s i d e p l a t e s ,  t a k e n  in  c o n j u n c t i o n  
w i t h  p u b l i s h e d  o b s e r v a t i o n s  of l e d g e s  on  t h e  e d g e s  of 
s i d e p l a t e s  TM a n d  e l e c t r o n  m i c r o s c o p y  s t u d i e s  on  t he  
s t r u c t u r e  of n e a r l y  c o h e r e n t  b o u n d a r i e s  b e t w e e n  b c c  
p r e c i p i t a t e s  in  a n  f cc  m a t r i x ,  a i n d i c a t e  t h a t  f e r r i t e  a n d  
b a i n i t e  s i d e p l a t e s  l e n g t h e n  b y  a l e d g e  m e c h a n i s m .  S ince  
t h e  d i f f u s i o n  d i s t a n c e  of t he  p l a t e  e d g e s  a s  a w h o l e  

m u s t  b e  c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  of a n  i n d i v i d u a l  
l e d g e ,  t h e  c o n t i n u u m  m o d e l  e m p l o y e d  by  t h e  T r i v e d i  
e q u a t i o n  i s  a p p l i c a b l e .  H o w e v e r ,  o v e r l a p p i n g  of t he  
d i f f u s i o n  f i e l d s  of a d j a c e n t  l e d g e s  p r e v e n t s  a p h y s i c a l  
i n t e r p r e t a t i o n  of t he  /~o v a l u e s  in  t e r m s  of t he  d e t a i l s  
of t he  l e d g e  s t r u c t u r e .  
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