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The dissolu t ion  of FesC in f e r r i t e  has been  shown to be cont ro l led  by a slow f i r s t  o rde r  i n t e r -  
facial  react ion.  The ra te  constant ,  K, is  Ar rhen ius  in behavior  and involves  two act ivat ion 
enthalp ies ;  one appl ies  to a jump p roces s  with a shor t  re laxa t ion  t ime ,  another  to a long r e -  
laxat ion t ime p r o c e s s  which is ten ta t ive ly  identif ied as a change in kink densi ty  on ledges in 
the in ter face .  The heat  of solution of FesC in f e r r i t e  also appea r s  in the exponential .  A s ingle  
p roces s ,  act ivated jump theory is not adequate to explain the behav ior  of K with t e m p e r a t u r e ;  
a d issolut ion model  based  on a ledge-double  kink mechan i sm appea r s  to be in a g r e e me n t  with 
exper iment .  These fea tu res  point to s igni f icant  d i f ferences  between the mechan i sm of i n t e r -  
phase boundary  mig ra t i on  and gra in  boundary  migra t ion .  In addit ion,  the FesC- fe r r i t e  i n t e r -  
face is  felt  to be at equ i l ib r ium with r e spec t  to carbon but not i ron,  leading to sma l l  depa r tu r e s  
f rom s to i ch iomet ry  in the FesC at the in te r face .  

IN a p rev ious  paper ,  Nolfi et  al. x have der ived  equa-  
t ions  appl icable  to the d i sso lu t ion  of spheroid ized ce -  
ment i t e  in f e r r i t e  when a) local  equ i l ib r ium does or  
does not exis t  at the FesC- fe r r i t e  in terface  and b) the 
nonequ i l ib r ium condition is cha rac t e r i zed  by a ca rbon  
flux a c r o s s  the in ter face  which is  p ropor t iona l  to the 
devia t ion  f rom equ i l ib r ium.  Specifical ly 

JR=Ro = - K(Cs - Ceq) [1] 

where  JR=Ro is the carbon  flux at the p a r t i c l e - m a t r i x  
in te r face ,  Ro is the mean  rad ius  of the p rec ip i t a te  p a r -  
t i c l e s ,  K is the reac t ion  ra te  constant ,  and C s and  Ceq 
a re ,  respec t ive ly ,  the ac tua l  and equ i l ib r ium c o n c e n t r a -  
t ions  of carbon in the f e r r i t e  at the in ter face .  Fig.  1 
depicts  the two poss ib le  condi t ions  at the in te r face  c o r -  
responding  to local  equ i l i b r ium and nonequ i l ib r ium 
( C c p  D iS the carbon  concen t ra t ion  of Fe3C). The value 
of (C s - Ceq ) is re f lec ted  in the p a r a m e t e r  0 ~ a -< 1 
where  a = 0 co r re sponds  to in te r rac ia l  equ i l i b r ium 
(C s = Ceq : K  = oo) and cr = 1 co r responds  to a zero  r e -  
act ion ra te  (K = 0). In the l a t t e r  case C s equals  the 
in i t i a l  ca rbon  concen t ra t ion  C~ and r e m a i n s  the re  so 
t h a t  C s - Ceq = C ~ -  Ceq = - A C  o. On the  b a s i s  of t h i s  
model  the ra te  of change of the average  carbon concen-  
t r a t i on  in f e r r i t e  is 

~( t )  = ZxC o ~ G n exp ( - t / r n )  [2] 
n = 0  

where the Gn's a r e  cons tan t s  for i so the rma l  d i s s o l u -  
t ion and the rn 'S  a re  a sequence  of dec reas ing  r e l a x a -  
t ion  t i m e s  given by 

\ Ro / D [3] 

where  D is  the solute di f fusivi ty  in the mat r ix ,  /3 
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=_ (fp)lts (fp is the volume f rac t ion  of p rec ip i ta te )  and 
the ~ n ' s  a re  defined by 

C~n(1 - /3 )= tan -1  i u  +nTr, n = 0 , 1 , 2 , . . .  [4] 

After suff ic ient  t ime ,  t is ve ry  much g r e a t e r  than T n 
for all  T n except  % and Eq. [2] becomes  

"...t_ 

C(t) = AC0C o exp ( -  t/'Co) [5] 

F rom Eqs.  [3] and [4], it is c l ea r  that  1 / r  o defines 
cr (Ro, /3, and D a re  independent ly me a su r a b l e )  and 
hence the ra t e  cont ro l l ing  p r oc e s s  for d issolu t ion .  In 
addition, e is  defined by 

- 1  

and i ts  de t e r mi na t i on  also d e t e r m i n e s  K. 
In another  paper ,  Nolfi et al. z have p re sen t ed  exper i -  

menta l  m e a s u r e m e n t s  of % and cr which show that the 
i so the rma l  d i s so lu t ion  k ine t ics  of Fe3C in f e r r i t e  a re  
s t rongly  con t ro l led  by a slow f i r s t  o rde r  in te r fac ia l  
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Fig. 1--Schematic  diagram of poss ible  solute concentrat ion 
prof i les  in the mat r ix  near  the p a r t i c l e - m a t r i x  interface 
during dissolution.  
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r e a c t i o n  r a t h e r  than by  long range  dif fus ion of c a r b o n  
o r  i ron ,  a s  ev idenced  by m e a s u r e d  va lues  of a in the  
r a n g e  of 0.982 to 0.997. F r o m  t h e s e  da ta ,  c a l c u l a t i o n s  
of K w e r e  made  and found to be  in the r ange  of 0.84 to  
2.17 x 10 -4 cm p e r  sec .  The e x p e r i m e n t s  c o n s i s t e d  of 
equ i l i b r a t i ng  wi re  s p e c i m e n s  of s p h e r o i d i z e d  eu t ec to id  
s t e e l s  a t  650 ~ o r  700~ and then jumping the t e m p e r a -  
t u r e  (in 2 to 7 m s e c )  4 to 32 C ~ above the equ i l i b r a t i on  
t e m p e r a t u r e .  After  hea t ing ,  the s p e c i m e n s  we re  m a i n -  
t a i n e d  cons tan t  at  the new t e m p e r a t u r e ,  and the d i s s o -  
lut ion of Fe3C was fol lowed by  obse rv ing  the changes  
in e l e c t r i c a l  r e s i s t i v i t y .  On an a v e r a g e  the Fe3C f e r -  
r i t e  b o u n d a r i e s  moved  30A or  l e s s  while ca rbon  d i f -  
fu sed  o v e r  d i s t a n c e s  in the  o r d e r  of 10 ~ in about  1 
s e c .  The m a t e r i a l s  s tud ied  we re  h i g h - p u r i t y  (HP) and 
c o m m e r c i a l  pu r i t y  (C)* eu tec to id  s t e e l s  which had  

- - * T h e  composltmn by wt pct was 0.88C, 0.48 Mn, 0.21 $1,0.019 S, 0.009 P. 

e i t h e r  been  r e c r y s t a l l i z e d  and s p h e r o i d i z e d  (RS) o r  
quenched and s p h e r o i d i z e d  (QS). 

If a l l  of the p r e c i p i t a t e  p a r t i c l e s  p r e s e n t  in a g iven 
s p e c i m e n  ac tua l ly  had not  d i s s o l v e d  dur ing  an e x p e r i -  
ment ,  then the m e t a l l o g r a p h i c a l l y  m e a s u r e d  vo lume  
f r a c t i o n  of p r e c i p i t a t e  2 o r  equiva len t ly /3  3 would be  too 
l a r g e .  T h e r e f o r e ,  the  ~o'S ca l cu l a t ed  th rough  Eq. [3] 
f r o m  e x p e r i m e n t a l l y  d e t e r m i n e d  To's would be  too 
s m a l l ,  thus caus ing  an e r r o r  in the ca lcu la t ion  of cr 
th rough  Eq. [4].  Nolfi  e t  a l  I have given da ta  b a s e d  on 
Eq. [4] which show tha t  fo r  a given va lue  of (~d3) 2 a 
d e c r e a s e  in ~3 and c o r r e s p o n d i n g  i n c r e a s e  in s o p r o -  
duces  a d e c r e a s e  in the computed  value  of ~. 

F o r  example ,  if the  ac tua l  vo lume f r ac t ion  of p r e -  
c ip i t a t e  undergoin~ d i s so lu t i on  in s p e c i m e n  HP-QS 
had been  (/33) = 10 -3 i n s t e a d  of the m e t a l l o g r a p h i c a l l y  
d e t e r m i n e d  0.157, z the  c a l c u l a t e d  value  of the e ' s  
would have been  c lose  to z e r o ,  i . e .  the k i n e t i c s  would 
have  been  d e t e r m i n e d  by  the di f fus ion c o n t r o l l e d  d i s -  
so lu t ion  of ~ 1 pc t  of the  ava i l ab l e  p r e c i p i t a t e .  How- 
e v e r ,  had this  been  the c a s e  Eqs.  [3],  [4], and [6] 
i nd ica t e  that  the d e t e r m i n e d  ao 'S would be independent  
of t e m p e r a t u r e  and the (1/~-o)'s would show the t e m -  
p e r a t u r e  dependence  of D. This  was not o b s e r v e d  to 
be  the  ca se ,  z and the conc lus ion  of i n t e r r a c i a l  r e a c t i o n  
c o n t r o l l e d  d i s so lu t ion  i s  ma in ta ined .  

F ig .  2 shows p lo t s  of ( -  In K) vs  ( l / T ) ,  where  i t  i s  
s een  that  the da ta  can be  r e p r e s e n t e d  by s t r a i g h t  l i ne s  
of pos i t i ve  s lope .  In cons t ruc t i ng  this  f igure ,  the  po in t s  
c o r r e s p o n d i n g  to the lowes t  Zx T ( indica ted  by  c i r c l e s )  
w e r e  not  included in the  l e a s t  s q u a r e s  a n a l y s e s  fo r  the 
s l o p e s  and i n t e r c e p t s  b e c a u s e  of the unce r t a in ty  in d e -  
t e r m i n i n g  K for  v e r y  s m a l l  Zx T 's .  In addi t ion ,  the Q 
v a l u e s  l i s t ed  on the f i gu re  we re  obta ined  by  mul t i p ly ing  
the s l opes  by the gas  cons tan t .  Table  I s u m m a r i z e s  the 
da t a  shown in Fig .  2 and a l so  g ives  the i n t e r c e p t s  of 
each  g raph  a s  d e t e r m i n e d  by  the l e a s t  s q u a r e s  a n a l y s e s .  
F u r t h e r ,  e r r o r  e s t i m a t e s  for  the Q's  and i n t e r c e p t s  a r e  
de f ined  and given.  

In the c a s e s  of s p e c i m e n s  HP-QS and C-RS,  F ig .  2 
shows that  t h e r e  a r e  two g roups  of da ta  for  each  s p e c i -  
men .  Each group c o r r e s p o n d s  to da ta  c o l l e c t e d  by  in i -  
t i a t i ng  the t e m p e r a t u r e  j u m p s  f rom a d i f f e r en t  e qu i l i -  
b r a t i o n  t e m p e r a t u r e ,  To. Note that  for  each  s p e c i m e n ,  
the  da ta  co l l ec t ed  at  To ~ 650~ y ie ld  an e s s e n t i a l l y  
p a r a l l e l  s lope  to tha t  of the da ta  co l l ec t ed  at  T O -~ 700~ 
but  d i s p l a c e d  be low the h ighe r  t e m p e r a t u r e  da ta  by  a 
cons tan t  d i f f e rence  (a cons tan t  f ac to r  for  K). The da ta  
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Fig. 2--Plot of [ - l n  (/f)} vs [1/T]. 

Table I. Summary of Data in Fig. 2 Including Values of the Intercepts 
and Estimated Error Limits for the O's and the Intercepts 

Intercept ErrorS" 

Sample To, ~ Q, kcal/mole* (/) Intercept, cm/sec E1 E:  

HP-QS 701 11.1 +0.7, 3A 5.69 X 10 .7 1.43 5.42 
HP-QS 656 9.7 +-1.9, 8.9 9.89 X 10 "7 2.70 1.08 • 102 
C-RS 701 16.8 +2.9, 13.6 1.72 X 10 "s 4.33 1.01 X 103 
C-RS 647 17.3 +2 7, 12.5 8.89 X 10 .9 4.14 8.11 X 102 
C-QS 698 20.7 +3.2, 15.1 5.01 X 10 "9 5.08 2.12 X 103 

*The two errors listed are, respectively, the probabla error hm]ts 3 and the 
95 pet confidence Imaits. The probable error limits are the 50 pct confidence 
hmits had the data set been infimte, and are shghtly less than this for the actual 
f'mlte set. 

t E l  and E2 correspond, respectively, to the probable error and 95 pct confi- 
dence hmtts. The upper and lower limits of (/') are given by I i r = E i l  and I i J, = 
I/Et.  

in Fig .  2 and Table  I a l so  show tha t  for  a (QS) t r e a t -  
ment ,  the (HP) and the (C) m a t e r i a l  have e s s e n t i a l l y  
the s a m e  K but  the (HP) m a t e r i a l  has  a lower  Q than 
the (C) m a t e r i a l .  Also note that  for  the  (C) m a t e r i a l  
the (RS) t r e a t e d  s p e c i m e n  has  a l ower  K than the (QS) 
s p e c i m e n ,  and p r o b a b l y  a lower  va lue  of Q.* 

*The 95 pct confidence limits gwen in Table I show that it is possible that 
there are no statistical differences among any of the Q's and l 's .  However, Fig. 2 
shows trends which indicate that the probable errors (~50 pct confidence limits) 
are more appropriate Therefore, all past and future discussion of the s~gniflcance 
of various features of the data is made on the basis of the probable error limds. 

THEORY 

I) The T h e r m o d y n a m i c  Dr iv ing  F o r c e  

In i t i a l ly ,  the  s y s t e m  under  d i s c u s s i o n  i s  in two-  
phase  e q u i l i b r i u m  at t e m p e r a t u r e ,  To, and the d i s s o l u -  
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Fig. 3--Schematic diagram of pertinent portion of Fe-C phase 
diagram. 

t ion is  ef fec ted  by quickly changing the t e m p e r a t u r e  to 
T and then allowing the s y s t e m  to r e l ax  to a new equ i -  
l i b r i u m  s ta te .  ~ It is apparen t  that  the t h e r m o d y n a m i c  
d r iv ing  fo rce  for  the r eac t ion  is  brought  about by the 
t e m p e r a t u r e  jump (herein  T- jump) .  This  d r iv ing  fo r ce  
wi l l  be,  in the main,  due to chemica l  changes.  

At equ i l ib r ium,  the c h e m i c a l  potent ia ls ,  bt, of i ron  
and carbon  in each phase  a r e  equal .  Thus,  

ot , Fe3C [7a] 
/'tO = ~C 

/.t~ e = ~tFeFe3C [7b] 

where  the subsc r ip t  r e f e r s  to the a tomic  spec ie s ,  and 
the s u p e r s c r i p t  to the phase .  The p rec ip i t a t e  p a r t i c l e s  
a r e  a s s u m e d  l a rge  enough so that cap i l l a r i ty  e f fec t s  
a r e  absent  and so the phase  d i ag ram may be used to 
d e t e r m i n e  equ i l ib r ium compos i t ions .  Fig. 3 is  a s c h e -  
ma t i c  drawing of the pe r t inen t  por t ion of the F e - C  
phase  d i ag ram.  

Fo r  the p r e s e n t  it wil l  be a s s u m e d  that the Fe3C is  
a s t o i c h i o m e t r i c  compound of invar ian t  carbon concen -  
t r a t ion ,  CCPD = 6.67 wt pet .  Given this ,  the only 

changes  in /ZFe Fe3C and /L Fe3c that  occur  a r e  those  d u r -  

ing the T - jump  since no compos i t ion  r e l axa t ions  occu r  
in Fe3C. On the o ther  hand ~t~e and /z~, not only 
change dur ing the T - jump ,  but a lso  change i s o t h e r -  
ma l ly  at T when d isso lu t ion  of Fe3C causes  the f e r r i t e  
carbon  concent ra t ion  to change f r o m  C~ to Ceq. 

Since f e r r i t e  of compos i t ion  Ceq is in equ i l i b r ium 
with Fe3C of compos i t ion  CCPD, loca l  nonequ i l ib r ium 
at the in t e r f ace ,  i .e .  a (~ ~tc(Cs) < (Fig. 1),  p.c(Ceq) causes  
the c h e m i c a l  potent ia ls  of i ron  and carbon to be d i s -  
continuous at the in t e r f ace .  Since the carbon concen-  
t r a t i ons  a r e  v e r y  low, it is  safe to a s s u m e  that  H e n r y ' s  
law appl ies  for  carbon  and thus Raoul t ' s  law for  i ron .  4 
Thus,  the magnitude of the d i scont inu i t ies  can be ap-  
p r o x i m a t e d  by 

A~C = RT In Cs/Ceq [8a] 

A~tFe = RT In Xs/Xeq [81:)]* 

*In determining the signs of the discontmmties, the convention used is to con- 
sider the atoms to be going from the Fe3C to the ferrite. 

whe re  X s and XFe a re ,  r e s p e c t i v e l y ,  the mole  f r ac t ions  

of i ron in f e r r i t e  of carbon concen t ra t ions ,  C s and Ceq; 
the concen t ra t ions ,  " C , "  a re  e x p r e s s e d  as  weight f r a c -  
t ions or  p e r c e n t a g e s . *  

*Eq. [Sb] has been written in terms of mole fractions because at high concen- 
trations of iron, such as encountered m fernte, the mole fraction ~s not related to 
weight fraction by a simple multlplicatlve constant as m Eq. [Sa]. 

Since the changes  in both carbon  and i ron  concen t r a -  
t ions a re  v e r y  sma l l ,  Eqs.  [8a] and [8b] may be ap-  
p rox ima ted  by 

/C s - Ceq ~ 

where the use of Eq. [9b] requires that the concentra- 
tions, C s and Ceq , be expressed as weight percentages. 
Fur the r ,  in de r iv ing  Eq. [9b] it is r ecogn ized  that C s 
<< 21.4, s ince  Cs(max  ) = 0.025 wt pct .  

Swartz 5 has  m e a s u r e d  the solubi l i ty  of graphi te  in 
f e r r i t e  as  a function of t e m p e r a t u r e  and found that it 
obeys the r e l a t ion  

wt pet C((~-Gr) = 3.35 • 103 exp(-24,000/RT) [10] 

th is  e x p r e s s i o n  being val id  f rom the eu tec to id  t e m p e r -  
a ture  to ~450~ Swartz  a lso  finds that the r a t ios  of 
cement i t e  solubi l i ty  to graphi te  solubi l i ty  given by 
Darken and Gur ry  4 when used in conjunct ion with Eq. 
[10] g ives  the c o r r e c t  cement i t e  so lubi l i ty  over  the 
range 600~ - T -< 727~ These  r a t ios  a r e  found 
f rom a l eas t  squa re s  analys is  to fol low the exp re s s ion  

wt pet  C (~-Gr.) 
wt pet  C (a -Fe3C)  = 26.0 exp ( -  6.69 x IO~/RT) [11] 

ove r  the t e m p e r a t u r e  range 700~ _< T _< 1000~ The 
cement i t e  so lubi l i ty  is, t h e r e fo r e ,  f r o m  Eqs.  [10] and 
[11] 

wt pct  C (o~-Fe3C) = 1,29 • 102 exp ( -  17.3 • 103/RT) 
[12] 

Fig.  4 shows a s chema t i c  r e p r e s e n t a t i o n  of the c h e m -  
ical  po ten t ia l s  of i ron  and carbon at the in te r face  a s -  
suming a s i tuat ion where  C s = C,r This  would c o r r e -  
spond to a value  of K = 0. The a r r o w s  indicate  the di-  

et 
r ec t ion  /z~ and /ZFe will  move dur ing the d issolut ion .  
P a r t i c u l a r l y  noteworthy is that i ron  e x p e r i e n c e s  a 
sma l l  but f ini te  i n c r e a s e  in its c h e m i c a l  potent ia l  in 
moving a c r o s s  the in te r face  f r o m  Fe3C to f e r r i t e .  As 
an example ,  if it is a s sum ed  that K = 0 and a T - j u m p  
of 30C ~ has  o c c u r r e d  f rom T O = 700~ then aiz c 
= - 534 cal  pe r  mole  and A~tFe = +0.47 ca l  pe r  mole�9 

Cement i t e  has  a volume p e r  i ron a tom which is 9 
pct  h igher  than that  of i ron in f e r r i t e .  6 Thus,  dur ing 
p rec ip i t a t i on  o r  d issolu t ion  in te rna l  s t r e s s e s  a r e  de-  
ve loped which could,  if of suff ic ient  magni tude,  a l t e r  
s igni f icant ly  the d r iv ing  fo rce  for d isso lu t ion .  Based  
on the work of Swartz ,  6 the s t r e s s e s  accompanying  
d isso lu t ion  for  the 30C ~ T- jump d i s c u s s e d  above a re  
e s t ima ted  to p roduce  a total  of 0.12 cal  of e l a s t i c  
s t r a in  e n e r g y  pe r  mole  of FesC d i s so lved .  This  should 
be c o m p a r e d  to a ca lcu la ted  dr iv ing  f r e e  energy  change 
of - 205 ca l  p e r  mole  of Fe3C d i s so lved  for  the same  
30C ~ T- jump .  Thus,  the dr iv ing  fo rce  for  d isso lu t ion  
is not apprec iab ly  a l t e r ed  by the s t r a i n  ene rgy  g e n e r -  
ated during d issolu t ion .  
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Thus far it has been a s s u m e d  that the Fe3C is  s t o i -  
ch iomet r i c  and of cons tan t  ca rbon  concent ra t ion ,  CCp D. 
As a consequence ,  under  the expe r imen ta l ly  d e t e r m i n e d  
condi t ions  of local  nonequ i l i b r i um at the in te r face ,  the 
i ron  a toms would have to undergo a smal l  but f ini te  in -  
c r e a s e  in chemical  po ten t ia l  in moving f rom the Fe~C 
to the f e r r i t e  (a).  This  would be avoided if the c e m e n -  
t i te  were  nons to ich iomet r i c  for a few atom l a y e r s  in 
f rom the fe r r i t e ,  the devia t ion being in the d i r ec t ion  of 
d e c r e a s i n g  carbon  content  and of such magni tude that 
the ca rbon  in the Fe3C is  in equ i l ib r ium with the ca rbon  
in the f e r r i t e  at composi t ion ,  C s.  This condit ion e s t a b -  
l i shes  local  equ i l ib r ium with r e spec t  to carbon  but  not  
i ron ,  and der ives  r ea sonab i l i t y  f rom the fact that the 
ex t r eme  mobi l i ty  of i n t e r s t i t i a l  ca rbon  makes  it doubt-  
ful that  a d iscont inui ty  in  ~C exis ts  at the in te r face .  
Since the f ree  energy vs  composi t ion  curve for  Fe3C is  
a " s p i k e "  (because of i ts  nea r  s to ichiometry) ,  the c a r -  
bon concen t ra t ion  in the cement i t e  will need to be only 
s l ight ly  lower than 6.67 wt pct in order  to e s t ab l i sh  
local  carbon  equ i l ib r ium,  i.e. a sma l l  composi t ion  
change causes  a la rge  change in ~ e 3 C .  The magni tude  

�9 Fe3C ot of zxt~ C n e c e s s a r y  is  s imply  A~t C = A~C = RT 
Fe3C (6.67 wt pct) • In Cs/Ceq , s ince PC = ~c(Ceq)  �9 

Using the Gibbs-Duhem equat ion in the Fe~C, it is 

Fc (Ceq)' I::~ 
Fe3C a 

I I 

Fc(Cs ) 

AFFe 

L_ 
0 Ro 

R -----q~ 

Fig. 5--Schematic diagram showing (a) A#C and A#Fe shortly 
after a 30C ~ T-jump for K > 0 and (b) the paths taken by ~C 
and IZFe during dissolution; a nonstoiehiometric surface layer 
is assumed in the FesC. 

constant  and equal  to 1/3 for not too la rge  va r i a t ions  
in tz Fe3C. Thus Eq. [13] in tegra tes  to 

found that . Fe3C 1 . Fe~C RT Cs 
~ Fe~C ( N C )  ,~,FesC [13] ~/'tFe = - 3 ~ C  - l n c e q  [14] 

a~tFe = - ~F~Fe Fe~C '~C Using Eqs. [9] and [14] and Fig. 4 it is  found that the 

where  (Nc/NFe)Fe3C is the mole f rac t ion  ra t io  of c a r -  
bon to i ron  in the Fe3C. Since cement i te  is n e a r l y  
s to ich iomet r i c  and has the " s p i k e d "  free ene rgy  vs  
compos i t ion  curve,  (Nc/NFe)Fe3C is approx imate ly  

/.L c (Ceq) 

Fe s C FERRITE 

 ccc::C{ 

DISTANC E-~ - -~ -  

Fig .  4--Schematic diagram showing (a) A/~C and A#Fe shortly 
after a 30C ~ T-jump for K = 0 and (b) the paths taken by #C 
and # Fe during dissolution; stoichiometry is assumed in the 
Fe3C. 

i ron chemica lpo ten t i a l -d i scon t inu i ty ,  Lx/.tFe , is now 
given by 

ZX#Fe = R T ( C e q -  Cs) 21.4 3Ceq 

or s ince  Ceq << 21.4 

RT rCeq- Cs 1 
AbtFe ~ 3 [ C~q J [16] 

Using the p rev ious  example of a 30C ~ T- jump  with 
K = 0, Eqs.  [14] and [15] indicate  that  the e s t ab l i shmen t  
of local  ca rbon  equ i l ib r ium would r e s u l t  in  A, Fe3C ~'Fe 
= +534/3 = +178 cal per  mole,  and A/.tFe ~ --(178 --0.47) 
= - 178 cal  pe r  mole .  Fig. 5 shows schema t i ca l ly  the 
chemica l  po ten t ia l  gradient  at and n e a r  the in ter face  
shor t ly  af ter  a 30C ~ T- jump where it  has been a s sumed  
that K > 0 and the diffusivi t ies  of ca rbon  and i ron in 
Fe3C are  v e r y  low. 

The l a t t e r  a s sumpt ions  imply,  under  condit ions of 
local  ca rbon  equ i l ib r ium and sur face  nons to ich iomet ry ,  

�9 Fe3C A. VesC (and hence zX/IFe ) occur s  over  a shor t  that ~ C  

dis tance  which gives r i s e  to the s teep chemica l  poten-  
t ia l  g rad ien t s  shown; these  g rad ien t s  a re  suff ic ient ly  
steep to appear  as  d i scont inui t ies .  

As a r e s u l t  of the assumpt ion  of " s u r f a c e  nons to ich i -  
o m e t r y , "  it is  seen  that i ron moves  down a chemica l  
potent ia l  g rad ien t  and becomes  the spec ies  involved in 
the in te r fac ia l  reac t ion .  

II) Mechanism 

Consider  an in te rphase  boundary  that  is moving 
under some d r iv ing  force subject  to the assumpt ion  
that the k ine t i cs  of motion a re  f i r s t  o rde r .  The ve loc-  
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i ty,  V, of the boundary is  then given by 

A~ [17] V = M  6 

where  M is the mobi l i ty  of the boundary,  and A bt is  
the d iscont inui ty  in c h e m i c a l  potent ia l  of the r e a c t i n g  
s p e c i e s  a c r o s s  the boundary  of th ickness  6. 

If it is a s sumed  that  a) A/ /Fe  << R T ,  b) al l  s u r f a c e  
a toms  in the Fe3C a re  ava i lab le  for jumping,  c) i ron  
a toms  jumping f rom the Fe3C to the f e r r i t e  do so inde-  
pendent ly  of one another ,  and d) the jump p r o c e s s  is a 
s imp le  t h e r m a l l y  ac t iva ted  one, then the loca l  boundary  
mobi l i ty  may be e x p r e s s e d  by r 

M = ~ exp \ ~ ]  - R T  [18] 

whe re  v is a v ibra t ion  f r equency  of the o r d e r  of the 
Debye f requency ,  AG m is the ac t iva t ion  f r ee  e n e r g y  for  
the jump p r o c e s s ,  0 _< f _< 1 is  a fac tor  in t roduced  to 
account  for  the poss ib i l i t y  that  m o r e  than one jump p e r  
a tom is n e c e s s a r y  be fo re  a p e r m a n e n t  s i te  in the f e r -  
r i t e  is  found, and D m is a "d i f fus ion  coef f ic ien t  for  
boundary  m i g r a t i o n . "  Rea l iz ing  that AG m = AHrn 

- T A S  m where  AH m iS the ac t iva t ion  enthalpy and ASm 
is  the ac t iva t ion  entropy,  Eqs.  [17] and [18] y ie ld  

V =  YfSvAl ' tFe  /ASm~I I _( -AHm~ [19] 
R T exp \ - - - f f - - /  e xp \ R T / 

where  y is the a r e a l  f r ac t i on  of s i t e s  in the f e r r i t e  to 
which i ron a toms  can jump.  

Reca l l ing  that  FesC is  a n e a r l y  s t o i c h i o m e t r i c  c o m -  
pound, it is evident  that  

V = -~2JR=Ro = e K ( C  s - Ceq ) [20] 

whe re  s is  the vo lume of cemen t i t e  pe r  mole  of carbon,  
which when coupled with Eqs.  [12], [16], and [19] 
y ie lds  

K = 3Af~ exp k---if--] exp \ -  R-T; / [21] 

whe re  AH s = 17.3 • l0  s ca l  p e r  mole  is the heat  of so lu -  
t ion of cemen t i t e  in f e r r i t e ,  and A is a constant ,  (see 
Eq. [12], where  A = 1.29 x 10 z in units of wt pc t  C). 

Assumin~ that  AHm, AS,n,  and AH s a r e  a l l  indepen-  

dent  of t e m p e r a t u r e ,  Eq. [21] is  cons i s ten t  with the 
o b s e r v e d  va r i a t ion  of K with t e m p e r a t u r e  shown in 
Fig .  2. It is c l e a r  that  the o b s e r v e d  Q's a r e ,  a c c o r d -  
ing to Eq. [21], given by 

q = - A H  m + 17.3 • 103 [22] 

and that a positive Q is indicative of IAHm I < 17.3 
• 10 s cal per mole. 

Table II shows the values of AH m calculated on the 

Table II. Values of ~ / m  and Estimated Error Limits Computed from Eq. [22] 

Sample To, *C ziH m , kcal/mole* 

HP-QS 701 6.2 -+0 7 
HP-QS 656 7.6 +1.9 
C-RS 701 0.3 +2.9 
C-RS 647 0.0 +-2.6 
C-QS 698 -3.4 +3.2 

*The errors shown for Zi//m are the probable errors given for Q. The actual un- 
certainty is greater by an amount equal to the error m Arts, but since this was not 
gwen by Swartz s it is incalculable. 

bas i s  of Eq. [22]. The values  of AH m computed for  the 
c o m m e r c i a l  pur i ty  spec imens  a r e  not be l i eved  to be at 
a l l  a ccu ra t e  s ince  the value of AIts used  is for high 
pur i ty  F e - C  a l loys  and would mos t  a s s u r e d l y  be af-  
fec ted  by pur i ty .  For  example ,  the manganese  in the 
(C) a l loys  is  known to d e c r e a s e  the ac t iv i ty  of carbon  8 
and hence the solubi l i ty  of cemen t i t e .  This  can be a s -  
soc ia ted  with a l a r g e r  value of AH s .  

If the f o r m a l i s m  e x p r e s s e d  by Eq. [21] is to be at 
al l  r e a l i s t i c ,  it mus t  be able to account  for the d i s -  
p l acemen t  with To of the data in Fig.  2. Such behav ior  
can be expla ined  by a t e m p e r a t u r e  dependent  p r e e x p o -  
nent ia l  t e r m  that  has  a l a rge  r e l axa t ion  t ime  when 
c o m p a r e d  to the dura t ion  of an e x p e r i m e n t ,  (1 sec) .  z 
The fac to r  (T f )  should be dependent upon the s t r u c t u r a l  
f ea tu re s  of the in te r face ,  which may wel l  be t e m p e r a -  
ture  dependent  with a re laxa t ion  t ime  cons ide rab ly  
l a r g e r  than 1 sec .  The other  p reexponen t i a l  t e r m s  a re  
not suf f ic ient ly  t e m p e r a t u r e  dependent  to account  for  
the o b s e r v e d  behav io r .  

The magni tude  of ( z f )  can be e s t i m a t e d  f rom Eq. [21] 
using the i n t e r c e p t  data of Table  I and the following pa-  
r a m e t e r  e s t i m a t e s  : 

5 = 3 x 10 "s cm 

~2 = 24.3 cu cm pe r  mole  9 

A = 0.84 moles  pe r  cu cm 

U = 1012 sec -~ 

Using a m e a n  in te rcep t  value  for s p e c i m e n  HP-QS 
(~[ = 7.9 x 10 -7 cm pe r  sec),  (~f)  is e s t i m a t e d  to be 
(~f)  ~ 1.6 x 10 -9. Typical ly  f is in the o r d e r  of unity 7 
so ~ ~ 1.6 x 10 -~. The p rec ip i t a t e  rad ius  in spec imen  
HP-QS was 6.3 • 10 -5 cm and c o r r e s p o n d s  to an a r e a  
pe r  p a r t i c l e  of 5.0 • 10 -8 sq cm which when mul t ip l ied  
by 7 g ives  8.0 x 10 -m sq cm as the a r e a  pe r  pa r t i c l e  
of ac t ive  jump s i t e s .  This should be c o m p a r e d  to an 
e s t i m a t e d  a r e a  p e r  su r face  a tom of 3.6 • 10 -~  sq cm 
pe r  a tom.  

The s m a l l n e s s  of the a r e a  of ac t ive  jump s i t es  cas t s  
some doubt on the assumpt ions  leading to Eq. [21], 
though lending suppor t  to the e a r l i e r  hypothesis  that 
i n t e r s t i t i a l  ca rbon  is in local  equ i l i b r i um at the i n t e r -  
face.  This  fol lows s ince  ~ for i n t e r s t i t i a l  e l emen t s  
should be in the o r d e r  of unity. 

As an a l t e r n a t i v e  to the above f o r m a l i s m  for  K, con-  
s ide r  the fol lowing.  Cement i te  is known to have an 
o r t h r o m b i c  c r y s t a l  s t ruc tu re  4'~~ with 4 fo rmula  
weights p e r  unit ce l l ,  while f e r r i t e  is bcc .*  When o c -  

*The lattice parameters (in A) for FeaC and femte @r_e) ~ 
FeaC: ao = 4.5235 Fernte: ao 2~ C = 2.8662 

b0 = 5.0890 a06ss~ = 2.8944 
co = 6 7433 

cu r r i ng  in the f o r m  of pea r l i t e ,  Fe3C and f e r r i t e  appear  
to have the o r i en ta t ion  re la t ionsh ip  ~2 

(110) a II ~ (O01)FeaC 

[1111  ,, [OlO]F  c 

Carb ides  p r e c i p i t a t e d  f rom m a r t e n s i t e  t e m p e r e d  at 
400~ have been  o b s e r v e d  by Kelly and Nutting m to 
have the o r i en ta t ion  re la t ionsh ip  
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(211) a II (001)Fe3 C 

[0h]  [100]Fe3c 

[ l i i ] a  ,, [010]Fe3 c 

with the f e r r i t e .  F o r  both of the above o r i en t a t i on  r e -  
l a t i o n s h i p s  the d e g r e e  of a tomic  match ing  be tween  the  
two p h a s e s  is  quite good in the given d i r e c t i o n s .  F o r  
e x a m p l e ,  t h e r e  is  only a 1.4 pc t  m i s m a t c h  p e r  unit ce l l  
a long the be ax i s  of the FeaC and a (111) ax i s  of the 
f e r r i t e .  It is  conce ivab le ,  t h e r e f o r e ,  that  t h e r e  a r e  a 
l a r g e  number  of r e g i o n s  of " c o h e r e n t  b o u n d a r y "  in 
the  F e a C - f e r r i t e  i n t e r f ace  and that  the i n t e r f ace  i s ,  on 
an a t o m i c  sca l e ,  a ne twork  of i n t e r p e n e t r a t i n g  l edges  
and k inks  ming led  among  p a t c h e s  of cohe ren t  b o u n d a r y  
which cons t i tu te  the t e r r a c e  a r e a s .  These  a r e a s  a r e  
v i s u a l i z e d  as  sha rp  i n t e r f a c e s  having a l a r g e  n u m b e r  
of co inc iden t  s i t e s  and o c c a s i o n a l  mis f i t  d i s l o c a t i o n s .  
The l edges  and kinks  a r e  p r e s e n t  to p rov ide  i n t e r r a c i a l  
c u r v a t u r e  needed for  s p h e r i c a l  p a r t i c l e s  and to a c c o m -  
moda te  r eg ions  of l a rge  a t o m i c  d i s r e g i s t r y .  S i m i l a r  
s o r t s  of s t r u c t u r e s  a s  t h e s e  have been  r e p o r t e d  for  
g r a i n  b o u n d a r i e s  in pu re  m e t a l s .  14 

The above suppos i t ions  conce rn ing  the i n t e r f a c i a l  
s t r u c t u r e  d e s c r i b e  b o u n d a r i e s  that  can conven ien t ly  be 
b r o k e n  into the four  b a s i c  t ypes  shown s c h e m a t i c a l l y  
in F ig .  6. F igs .  6(a) and 6(b) dep ic t  s h a r p  c o h e r e n t  
r e g i o n s  in both t e r r a c e  and ledge  conf igura t ions .  F ig .  
6(c) shows a s i tua t ion  where  one phase  is  a t o m i c a l l y  
f l a t  and the o ther  has  l edges ,  and Fig.  6(d) shows a 
d i s o r d e r e d  reg ion  where  l e d g e s  occur  in both p h a s e s .  
The m o s t  l ike ly  a r e a s  for  p e r m a n e n t  a tomic  j u m p s  to 
o c c u r  a r e  those  of the type  shown in Fig.  6(d). F u r t h e r ,  
under  low dr iv ing  f o r c e s ,  k inks  in the l edges  wi l l  be 
the  m o s t  f avo rab le  s i t e s  fo r  a t o m s  to both jump  f r o m  
and to.  Let  it  be a s s u m e d ,  t h e r e f o r e ,  that  a) a t o m s  
can make  p e r m a n e n t  j u m p s  only in a r e a s  such as  d e -  
p i c t e d  in Fig .  6(d) (he re in  ca l l ed  " m o b i l e  r e g i o n s " ) ,  
b) the  i n t e r f a c e s  in t h e s e  r e g i o n s  move n o r m a l  to 
t h e m s e l v e s  only by the l a t e r a l  mot ion  of l edges ,  
c) the l edges  move n o r m a l  to t h e m s e l v e s  only by the 
l a t e r a l  mot ion  of k inks ,  d) the a tom jumps  to and f r o m  
k inks  a r e  t h e r m a l l y  ac t iva t ed ,  and e) a toms  wi l l  have 
p e r m a n e n t  j umps  in mob i l e  r eg ions  only at s i t e s  h a v -  

Fe 3 C "~" 

. . . . . . . . . . . . . . . . . . . . . . . .  "1  I 

F E R R I T E  ( a )  ~ . . . .  '1 I 
L . . . . .  

(a) (b) 

(c) (d) 

Fig. 6--Schematic diagram showing the four basic boundary 
types which can make up an interphase boundary. (a) Coherent 
boundary in te r race  configuration. (b) Coherent boundary in 
ledge configuration. (c) Incoherent boundary with ledges in 
one phase and te r races  in the other. (d) Disordered boundary 
with ledges in both phases. 

I v b S 

Fig. 7--Schematic diagram of ledge-kink mechanism for inter-  
phase boundary migration. 

ing kinks  in both p h a s e s  as  n e a r  n e i g h b o r s .  Fig .  7 
shows a s c h e m a t i c  r e p r e s e n t a t i o n  of the  a s s u m e d  
l edge -k ink  m e c h a n i s m ,  where  the bounda ry  of the ith 
mobi le  r eg ion  moves  n o r m a l  to i t s e l f  with ve loc i ty ,  
Vi, the l edges  with ve loc i ty ,  Vi,1, and the kinks  with 
ve loc i ty  V i h. At " k i n k - p a i r s "  the  kink ve loc i ty ,  by 
analogy wit~ Eq. [19] is  given by 

Vi, k = f i v i b i  exp exp \- R-T ] RT 

[23] 

F r o m  g e o m e t r i c a l  c o n s i d e r a t i o n s ,  the  ledge  and s u r f a c e  
ve loc i t i e s  a r e  g iven by 

Vi, l = Vi ,ka in i ,kp  [24] 

where  ni~kp i s  the  number  of k i n k - p a i r s  p e r  unit length 
of ledge m the ith mobi le  reg ion ,  and 

V i = Vi, l l i h  i [25] 

where  l i i s  the  ledge  length p e r  unit a r e a  of the ith 
mobi le  r eg ion .  Combining Eqs.  [23],  [24],  and [25] 
under  the a s s u m p t i o n  a i = b i = h i = 50 y ie lds  

V=~71 ~. ' fi6~liviAt~i'Feni'hPRT 

, t 
A i as used in Eq. [26] and what follows is the area of the ith mobile region, 

t .  and A is the total surface area per partmle. 

Employ ing  Eqs .  [12] and [16] and us ing  a v e r a g e  quan-  
t i t i e s  (denoted by  lack  of s u b s c r i p t )  Eq. [26] b e c o m e s  

V = ( ~ f )  831Pnkp(Cs - Ceq) 
3A 

• exp exp \ / [271 

where  ~ is  now the a r e a l  f r ac t ion  of mobi le  r eg ions .  
The a v e r a g e  n u m b e r  of kink p a i r s  p e r  unit length of 
ledge in a mob i l e  r eg ion  is  

a nkFe3C n k ~ 
- [28] 

where  n~  and n F%C a r e ,  r e s p e c t i v e l y ,  the  a v e r a g e  
number  of k inks  p e r  unit length of l edge  in f e r r i t e  and 
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c e m e n t i t e ,  and N is the a v e r a g e  number  of la t t i ce  s i t e s  
p e r  unit length of ledge;  N is a s s u m e d  to be approx i -  
m a t e l y  the same  for  both phases .  Substituting Eq. [28] 
into Eq. [27] and using Eq. [20] yie lds  for  K, 

a a Fe3C [&Sm ~ ( A H s -  A H m )  (Tf )  5 lvn k n k 
K = 3A~2N exp \ ~ ]  exp \- -R'-T" 

[29] 
or ,  defining Nkp as the number  of kink p a i r s  p e r  unit 
a r e a  of mobi le  region,  

K = 3AI2 exp exp R T  ][30] 

Fo r  s o l i d - g a s  i n t e r f aces  that contain ledges  n k is a 
t e m p e r a t u r e  dependent t h e r m o d y n a m i c  va r i ab l e ,  the 
equ i l i b r ium number  of which is given approx ima te ly  
bylS,18 

N ~ B exp [31] 

whe re  B is a constant  and W is the energy  to f o r m  a 
kink and should be a f r ac t ion  of the heat  of v a p o r i z a -  
t ion.  

Given that the re l axa t ion  t ime  for  equi l ibra t ion  of 
n k in a s o l i d - s o l i d  in t e r f ace  at t e m p e r a t u r e  can be 
l a r g e  c o m p a r e d  to 1 sec ,  Eq. [30] is funct ional ly con-  
s i s t en t  with the obse rved  behav io r  of K with t e m p e r a -  
t u re  in that  Nkp d e c r e a s e s  with d e c r e a s i n g  t e m p e r a -  
t u r e .  In o r d e r  to c o m p a r e  an e s t ima ted  magni tude of 
the p reexponen t i a l  in Eq. [30] with the m e a s u r e d  in-  
t e r c e p t  data, le t  it be a s s u m e d  that the mobi le  r eg ions  
a r e  suff ic ient ly  d i s o r d e r e d  and open that Nkp " can be 
ca lcu la ted  by an equation of the fo rm of Eq. [31]. It is 
c l e a r ,  t h e r e f o r e  that the magni tude of the discontinuou~ 
d i sp l acemen t  of K with To, r e p r e s e n t e d  by A in (K), 
should be given by 

(W a + wFe3 C )(To, 1 -  To, z) 
A ln(K) = A ln(Nkp ) = _ R(To,~)(To,2 ) 

[32] 
where  t e r m s  o ther  than Nkp a r e  a s sumed  a p p r o x i m a t e l y  
t e m p e r a t u r e  independent.  The mean value of A In (K) 
o v e r  the expe r imen t a l  t e m p e r a t u r e  range for  s p e c i m e n  
HP-QS is A In(K) = 0.18.* 

*A In(K) is calculated by averaging the [a In(K)] 's for a given specimen at the 
upper and lower temperature extremes of the data at To = 650~ and To = 700~ 
For example, the least squares slope and intercept of the data at To = 700~ is 
used to extrapolate the data into the range of the To = 650~ data, and vine versa. 

Substi tution of this into Eq. [32] along with To, ~ 
= 650~ and To, a = 700~ y ie lds  (W a + wFe3 C) = W 
= 6500 cal  pe r  mole.  F r o m  Eqs.  [29] to [31] 

Nkp = lN B~ SFe3 C exp ( -  6500 / R T )  [33] 

which, a s suming  B ~ ~- BFe3 C ~ 1, l ~  l0  s c m  -~, N ~  3 
~,700~ ~ 101o • l07 cm -~, y ie lds  ~Vkp = 9 • cm -z. 

Using the T o = 700~ in t e rcep t  for  spec imen  HP-QS 
and the va r ious  p a r a m e t e r  e s t i m a t e s ,  (T f )  ~ 1.5 • I0 -s. 
It is not diff icul t  to imagine  that  m o r e  than one a tom 
jump may be n e c e s s a r y  b e f o r e  a kink pa i r  can move .  
This  would be e spec i a l l y  t rue  if the two kinks a r e  sep -  
a r a t e d  by a few atom d i a m e t e r s .  Given that  one a tom 
jump in ten is completed ,  then f = 0.I and ~ ~ 1.5 
• 10 -4 indicat ing that t he re  is  a r e l a t i ve ly  s m a l l  a r e a l  

f rac t ion  of pa r t i c l e  su r face  where  h ighly  d i s o r d e r e d  in- 
t e r f ace  ex i s t s .  The a r e a  per pa r t i c l e  of d i s o r d e r e d  in- 
t e r f ace  i s  7.5 x 10 - =  sq cm which e n c o m p a s s e s  in the 
o rde r  of 2 • 103 a toms .  This  number  is  cons ide rab ly  
m o r e  r e a l i s t i c  than that which evolved  f r o m  the e a r l i e r  
s im i l a r  ca lcu la t ion .  

A c lose  connect ion between the m e c h a n i s m  of m i g r a -  
tion of in t e rphase  boundar ies  and gra in  boundar ies  
would s e e m  to be expected.  However ,  t h e r e  a r e  s igni f -  
icant  d i f f e r ences  be tween the p r e s e n t  work  and some 
repor t ed  g ra in  boundary migra t ion  s tud ies .  Aust and 
Rut ter  17,1a have inves t iga ted  the e f fec t s  of tin, o r i e n t a -  
t ion, 17 and t e m p e r a t u r e  18 on the ra te  of g ra in  boundary 
migrag ion  in lead.  The dr iv ing  fo rce  for  mig ra t ion  was 
suppl ied by f i r s t  growing a s ingle  c r y s t a l  containing a 
l ineage s u b s t r u c t u r e ,  and then in t roducing a few (often 
one) r e c r y s t a l l i z e d  g ra ins  into the s t r i a t e d  c ry s t a l .  
The d r iv ing  fo r ce  for  growth of the r e c r y s t a l l i z e d  
g ra in  was cons tan t  and e s t ima ted  at 2 • 10 -2 cal  p e r  
mole ;  this  va lue  should be compared  to dr iv ing  f o r c e s  
in the range of 30 to 180 cal p e r  mole  which were  
achieved in the p r e s e n t  work. 

They found that  o r ien ta t ion  had l i t t le  ef fec t  on the 
mig ra t ion  r a t e  if the tin concent ra t ion  was l ess  than 
4 • 10 -4 wt pct .  However ,  for  concen t ra t ions  g r e a t e r  
than th is ,  (addit ions were  made to 4 • 10 -3 wt pct) the 
mig ra t i on  r a t e  d e c r e a s e d  rapid ly  with i nc r ea s ing  t in 
content for  r andomly  or ien ted  g ra ins  and much m o r e  
slowly for  c e r t a i n  " s p e c i a l "  o r i en ta t ions .  These  
" s p e c i a l "  o r i en t a t i ons  were  such that the r e c r y s t a l -  
l ized g ra in  and the s t r i a t ed  c ry s t a l  w e r e  r e l a t ed  by a 
rota t ion of a) 36 to 42 deg about a common  (111> di -  
rec t ion ,  b) 23 deg about a common (111) d i rec t ion ,  
and c) 26 to 28 deg about a common <100> d i rec t ion .  
These " s p e c i a l "  o r ien ta t ions  have p r o p e r t i e s  in c o m -  
mon with the cohe ren t  type of i n t e r f a c e s  d i s cus sed  
e a r l i e r  in th is  paper .  

The boundary  ve loc i ty  as a function of t e m p e r a t u r e  
at constant  d r iv ing  fo rce  was,  for  a l l  o r i en ta t ions ,  
adequate ly  d e s c r i b e d  by the r e l a t ion  

y = V o ( - Q ' / R T  ) [34] 

where  Q' was an apparent  ac t iva t ion  energy .  However ,  
it was found that  the Q' va lues  for  random boundar ies  
i n c r e a s e d  with i nc rea s ing  t in concen t ra t ion  and were  
always much l a r g e r  than those of the " s p e c i a l "  bound- 
a r i e s ,  which w e r e  obse rved  to be independent  of the tin 
concent ra t ion .*  The Q' va lues  for  r andom or ien ta t ions  

*These studms were made with tia addittons to 2 X 10 -3 wt pct. 

ranged f r o m  15 to 43 kcal  p e r  mole  and were  constant  
at about 6 kcal  p e r  mole  for  the " s p e c i a l "  o r ien ta t ions .  

Aust and Rut ter  ca lcu la ted  va lues  of V at 300~ using 
Eq. [34] and the p reexponen t i a l  g iven by Eq. [19] (Tf  
= 2 : Q' = AH m ) and found o r d e r  of magni tude a g r e e m e n t  
between ca lcu la ted  and m e a s u r e d  v e l o c i t i e s  for  the 
" s p e c i a l "  boundar ies .  However ,  ca lcu la ted  and m e a -  
sured  v e l o c i t i e s  for  the " r a n d o m "  and " i n t e r m e d i a t e "  
boundar ies  d i f f e red  by 3 to 16 o r d e r s  of magnitude,  the 
ca lcu la ted  being too low. Since Eq. [19] does not in-  
clude impur i ty  e f fec t s ,  Aust and Rut ter  concluded that  
the f o r m a l i s m  c o r r e c t l y  d e s c r i b e d  the e l e m e n t a r y  
boundary m i g r a t i o n  p r o c e s s  s ince  it fi t  the data for  
the " s p e c i a l "  boundar ies  which w e r e  insens i t ive  to 
tin concent ra t ion .  The d i s a g r e e m e n t  be tween theory  
and e x p e r i m e n t  for  the o ther  boundar ies  was a t t r i b -  
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u t e d  to t h e i r  s e n s i t i v i t y  to  i m p u r i t i e s  a n d  t h e  i n c a p a -  
b i l i t y  of  t he  t h e o r y  to a c c o u n t  f o r  i m p u r i t y - b o u n d a r y  
i n t e r a c t i o n s .  T h i s  p o i n t s  o u t  a n  e s s e n t i a l  d i f f e r e n c e  
b e t w e e n  t he  r e s u l t s  of A u s t  a n d  R u t t e r ' s  i n v e s t i g a t i o n s  
a n d  t h e  p r e s e n t  one ,  in  t h a t  i t  h a s  b e e n  d e m o n s t r a t e d  
t h a t  t h e  f o r m a l i s m  l e a d i n g  to  Eq .  [19] d o e s  no t  f i t  t h e  
p r e s e n t  e x p e r i m e n t a l  d a t a .  In a d d i t i o n ,  no e v i d e n c e  of 
a t e m p e r a t u r e  d e p e n d e n t  p r e e x p o n e n t i a l  w a s  f o u n d  b y  
A u s t  a n d  R u t t e r  t h o u g h  two  a n o m a l i e s  w e r e  f o u n d  in  
t h e i r  p l o t s  of In (V) v s  ( l / T ) .  18 H o w e v e r ,  t h e s e  c o u l d  
m o s t  e a s i l y  be  e x p l a i n e d  on  t h e  b a s i s  of s l i g h t l y  v a r y -  
ing  d r i v i n g  f o r c e s .  

In c o n t r a s t  to  t he  r e s u l t s  of b o t h  A u s t  a n d  R u t t e r  a n d  
t h e  p r e s e n t  a u t h o r s  a r e  t h o s e  of P a t h  a n d  Hu.  19 T h e y  
f o u n d  t h a t  h i g h  a n g l e  t i l t  b o u n d a r i e s  ( t i l t ed  a b o u t  a c o m -  
m o n  (111> a x i s )  in  w e d g e - s h a p e d  a l u m i n u m  b i c r y s t a l s  
m i g r a t e d  w i th  a v e l o c i t y  w h i c h  c o u l d  b e  d e s c r i b e d  a s  a 
p o w e r  f u n c t i o n  of t he  d r i v i n g  f o r c e ;  t h e  e x p o n e n t  d e -  
c r e a s e d  f r o m  4 fo r  a 40 d e g  b o u n d a r y  to 3.2 f o r  a 16 
d e g  b o u n d a r y .  I t  i s  c l e a r  f r o m  t h e s e  r e s u l t s  t h a t  a f i r s t  
o r d e r  p r o c e s s  o r  p r o c e s s e s  do no t  d o m i n a t e  t h e  m i -  
g r a t i o n  of t he  b i c r y s t a l  b o u n d a r y .  T h e  d r i v i n g  f o r c e s  
r a n g e d  f r o m  2.4 • 10 -4 to  1.2 • 10 -a c a l  p e r  m o l e  a n d  
i t  w a s  found  t h a t  t h e  b o u n d a r y  v e l o c i t y  w a s  n e a r l y  i n -  
d e p e n d e n t  of o r i e n t a t i o n  f o r  t h e  l o w e r  d r i v i n g  f o r c e s  
a n d  i n c r e a s e d  w i th  i n c r e a s i n g  m i s o r i e n t a t i o n  f o r  t h e  
h i g h e r  d r i v i n g  f o r c e s .  In a d d i t i o n ,  i t  w as  f o u n d  t h a t  
t h e  a c t i v a t i o n  e n e r g y  d e c r e a s e d  w i t h  i n c r e a s i n g  d r i v -  
ing  f o r c e  a n d  v a r i e d  o n l y  s l i g h t l y  w i th  o r i e n t a t i o n .  

T h e  l e d g e - d o u b l e  k i n k  m e c h a n i s m  p r o p o s e d  in  t h i s  
p a p e r  e x p l i c i t l y  r e q u i r e s  t h a t  i r o n  a t o m s  j u m p  f r o m  
t h e  FezC to t he  f e r r i t e  o n l y  a t  s i t e s  h a v i n g  k i n k s  in  
b o t h  p h a s e s  a s  n e a r  n e i g h b o r s .  T h i s  r e q u i r e m e n t  p r e -  
c l u d e s  t h e  p o s s i b i l i t y  of a n y  d i f f u s i o n  of i r o n  a l o n g  t h e  
F e a C - f e r r i t e  i n t e r f a c e .  S t a t e d  a n o t h e r  way ,  t h e  m e c h -  
a n i s m  r e q u i r e s  t h a t  i n t e r p h a s e  b o u n d a r y  d i f f u s i o n  of 
i r o n  b e  d i f f i c u l t ,  R i s  p r e c i s e l y  t h i s  f e a t u r e  of t h e  p r o -  
p o s e d  m e c h a n i s m  w h i c h  e n a b l e s  i t  to  a c c o u n t  f o r  t he  
low p r e e x p o n e n t i a l  v a l u e s  o b t a i n e d  e x p e r i m e n t a l l y ,  
a n d  i t  i s  a l s o  t h i s  f e a t u r e  w h i c h  d i f f e r s  m o s t  s i g n i f i -  
c a n t l y  f r o m  the  u s u a l  g r a i n  b o u n d a r y  m i g r a t i o n  t h e o -  
r i e s .  7'20'21 A t h e o r y  r e c e n t l y  a d v a n c e d  b y  G l e i t e r  2~ 
e x p l i c i t l y  a s s u m e s  b o u n d a r y  d i f f u s i o n  to  t a k e  p l a c e  
a n d  w o u l d  no t ,  t h e r e f o r e ,  b e  a b l e  to  a c c o u n t  f o r  t h e  
p r e s e n t  e x p e r i m e n t a l  f i n d i n g s .  

S U M M A R Y  

T h e  f o l l o w i n g  c o n c l u s i o n s  h a v e  b e e n  m a d e :  
1) T h e  d i s s o l u t i o n  of FesC  in  f e r r i t e  i s  c o n t r o l l e d  b y  

a s l o w  f i r s t  o r d e r  i n t e r r a c i a l  r e a c t i o n .  
2) The  r e a c t i o n  r a t e  c o n s t a n t ,  K, i s  A r r h e n i u s  in  b e -  

h a v i o r  a n d  i n v o l v e s  two a c t i v a t i o n  e n t h a l p i e s ;  one  a p -  
p l i e s  to  a j u m p  p r o c e s s  w i t h  a s h o r t  r e l a x a t i o n  t i m e ,  

a n o t h e r  to  a l o n g  r e l a x a t i o n  t i m e  p r o c e s s  w h i c h  i s  t e n -  
t a t i v e l y  i d e n t i f i e d  a s  a c h a n g e  in k i n k  d e n s i t y  on  l e d g e s  
in t he  i n t e r f a c e .  T h e  h e a t  of s o l u t i o n  of FesC in  f e r r i t e  
a l s o  a p p e a r s  in  t h e  e x p o n e n t i a l .  

3) A s i n g l e  p r o c e s s ,  a c t i v a t e d  j u m p  t h e o r y  i s  no t  
a d e q u a t e  to  e x p l a i n  t h e  b e h a v i o r  of K w i t h  t e m p e r a t u r e .  

4) A d i s s o l u t i o n  m o d e l  b a s e d  on  a l e d g e - d o u b l e  k i n k  
m e c h a n i s m  a p p e a r s  to  b e  in  a g r e e m e n t  w i t h  e x p e r i -  
m e n t .  

5) The  F e z C - f e r r i t e  i n t e r f a c e  i s  f e l t  to  b e  a t  e q u i l i b -  
r i u m  w i t h  r e s p e c t  to  c a r b o n  b u t  no t  i r o n ,  l e a d i n g  to 
s m a l l  d e p a r t u r e s  f r o m  s t o i c h i o m e t r y  in  t he  FeaC a t  
t he  i n t e r f a c e .  
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The  a u t h o r s  w i s h  to t h a n k  D r s .  R.  H. S p i t z e r ,  J r .  
a n d  K. N a t e s a n  f o r  m a n y  h e l p f u l  a n d  s t i m u l a t i n g  d i s -  
c u s s i o n s  of t h i s  w o r k ,  t h e  Of f i ce  of N a v a l  R e s e a r c h  
a n d  t he  N a t i o n a l  S t e e l  C o r p .  f o r  p a r t i a l  f i n a n c i a l  s u p -  
p o r t ,  and  t h e  U. ~. S t ee l  C o r p .  f o r  m a t e r i a l .  The  c o m -  
m e n t s  of D r s .  M. F.  A s h b y  and  K u r t  L{icke a r e  a l s o  
g r a t e f u l l y  a c k n o w l e d g e d .  A p o r t i o n  of t h i s  w o r k  was  
p e r f o r m e d  u n d e r  t h e  a u s p i c e s  of t h e  U n i t e d  S t a t e s  
A t o m i c  E n e r g y  C o m m i s s i o n .  
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