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The late s tages of the i so the rmal  proeutectoid f e r r i t e  react ion in Fe - C- M n  have been 
investigated theoret ica l ly  and exper imenta l ly .  For  the growth of gra in-boundary  a l lo -  
t r iomorphs  three tempora l  r eg imes  must be recognized.  In the ea r ly  reg ime the g r a in -  
s ize is infinite with r e spec t  to the diffusion length of carbon so the growth is parabol ic .  
The middle regime involves the cumulative impingement of the carbon fields f rom oppo- 
si te s ides  of the gra ins .  This reg ime ends as the carbon act ivi ty approaches  substant ial  
uniformity through the f e r r i t e  and austenite .  The final stage involves the ex t remely  slow 
approach of the manganese towards uniform act ivi ty  as well.  These tempora l  r eg imes  
must  be further subdivided into high and low supersa tura t ion  regions ,  In the low supe r -  
saturat ion region segregat ion of manganese must occur at al l  t imes ,  while in the high 
supersa tura t ion  region it must  occur significantly only for late t imes .  The growth ra t e s  
and the diffusion prof i les  for the third tempora l  reg ime have been calculated on a local 
equi l ibr ium model and compared with the metal lographic and microprobe  r e su l t s  for 
a l loys within the two regions of supersa tura t ion .  The agreement  between theory and 
exper iment  is  in al l  cases  good. 

M O S T  substi tutional alloying elements  r e t a rd  the ra te  
of diffusion-control led t ransformat ions  in s tee l .  The 
alloying effect on growth may be at t r ibuted to three 
fac tors :  

1) The effect of the alloying element  on the Fe-C 
phase d iagram.  

2) Te rna ry  diffusion in teract ions .  
3) Diffusion " d r a g "  due to the slowly-diffusing a l loy-  

ing element .  

Since manganese dep res se s  the Ae3 line we may 
expect  that this addition will  produce a strong r e t a r d -  
ing effect at  a given tempera ture  due to consti tutional  
effects alone. Fu r the rmore ,  since the proeutectoid 
reac t ion  involves re ject ion of both carbon and manga-  
nese f rom the f e r r i t e  and since the t e rnary  interact ion 
between manganese and carbon is a t t rac t ive ,  we may 
expect  the posit ive manganese " s p i k e "  at the interface 
to r e t a r d  the flow of carbon away from the interface 
and thus a lso  r e t a rd  the growth at cer ta in  s tages  of the 
t ransformat ion .  1 

According to the local  equil ibr ium theory for growth 
into an infinite medium, there exis t  two reg imes  which 
a r e  defined by the re la t ive  supersa tura t ion .  For  high 
supersa tu ra t ion ,  as indicated in Fig.  1, 2 the ra te  equa- 
tions with DC >> DMn imply that there is no par t i t ion 
of manganese between the austenite and the f e r r i t e  so 
factor  3 is negligible in this reg ime.  On the other hand, 
in the low supersa tura t ion  reg ime ,  par t i t ion must oc-  
cur and diffusion control  by the slowly-diffusing e le -  
ment takes over.  

There  is  a dis t inct  poss ibi l i ty  that in both reg imes  
for ea r ly  t imes of t ransformat ion and in both the in-  

finite and finite boundary conditions (the la t te r  will  
always be effectively infinite for ea r ly  enough t imes) 
the local equi l ibr ium conditions may fail .  One 
poss ible  solution in such cases  is  the substitution of 
paraequi l ibr ium z'3 (or the approximate ly  equivalent 
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ATOMIC PERCENT CARBON 

Fig. 1--730~ isotherm for iron-rich alloys in the Fe-C-Mn 
alloy systems. 2 The right triangles with tie-lines on the 
hypotenuse approximately define the boundary ( . . . .  ) between 
partition and no-partition reactions.1 
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" n o - p a r t i t i o n "  equ i l ib r ium 4) for local  equ i l i b r ium 
condi t ions .  Unfor tunate ly ,  a f i r m  c r i t e r i o n  for such 
a mode of t r ans i t i on  has not yet been enuncia ted .  

The p r e s e n t  paper  is concerned  with a theore t i ca l  
and expe r imen ta l  desc r ip t ion  of the l a t e - t i m e  p r o -  
eutectoid t r ans fo rma t ion  in f inite s y s t e m s ,  i . e . ,  with 
g ra in  boundary  prec ip i ta t ion  in m u l t i c r y s t a l l i n e  a u s t e -  
n i te ,  so the a forement ioned  ambigui ty  of mode does not 
a r i s e .  However,  the n e c e s s a r y  condit ions of carbon  
impingement  f rom opposite s ides  of a g ra in  lead to 
seve re  compl ica t ions  in the genera l  solut ion of the 
diffusion equat ions ,  necess i t a t ing  the in t roduct ion  of 
approximate  theore t i ca l  p rocedure s .  

In an e a r l i e r  paper ,  the t he rmodynamics  of the 
F e - C - M n  sys t em in the proeutectoid  f e r r i t e  reg ion  
were  elucidated via theory and conf i rma to ry  e xpe r i -  
men t s .  ~ Fig .  1 shows the cons t i tu t ional  r e s u l t s  for one 
t e m p e r a t u r e  of i n t e r e s t .  These  new data were  used by 
Gi lmour  ~ to analyze  the ea r ly  kinet ic  observa t ions  of 
Purdy  e t  a l .  ~ and K insman  and Aaronson .  6 The same 
the rmodynamic  data a re  used as the bas i s  for the 
kinet ic  p red ic t ions  p resen ted  here in .  It is demons t r a t ed  
that these data along with publ ished diffusion data,  
combined with an approximate  local  equ i l i b r ium model ,  
co r r ec t l y  p red ic t  the k ine t ics  for both high and low 
s u p e r s a t u r a t i o n  condi t ions .  The re la ted  p rob lem of 
growth of ca rb ides  in s t a i n l e s s  s tee l  has been d i s -  
cussed  in deta i l  by S t r aws t rom and Hi l l e r t .  7 

Of p a r t i c u l a r  note a re  the expe r imen ta l  methods used 
here  for measu r ing  and in t e rp re t ing  in ter face  diffusion 
p rof i l e s  which have half -widths  as sma l l  as 0.5 ~t. 

THEORY 

The following calculations deal with the one-dimen- 
sional growth of planar grain boundary allotriomorphs 
from opposite sides of a grain as indicated schematic- 
ally in Fig. 2. This process may be considered in 
three stages. The first involves parabolic growth from 
both s ides  according  to the e a r l i e r  exact  ca lcu la t ions .  5 
The t ime for this stage will  depend on the t ime for  the 
beginning of subs tan t i a l  ca rbon  impingement  f rom op- 
posi te  s ides  of the boundary .  During the second stage 
of imp ingemen t  the dr iv ing  force due to the carbon  
act iv i ty  g rad ien t  is gradual ly  reduced and the t r a n s -  
fo rmat ion  ra te  cor respond ing ly  d e c r e a s e s  to a value 
cons i s t en t  with a un i fo rm and equal carbon  chemica l  
potent ia l  in both phases .  This  stage is followed by the 
slow par t i t ion  of manganese  f rom the f e r r i t e  to the 
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Fig. 2--Model for "one-dimensional" growth of grain bound- 
ary allotriomorphs. 
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Fig. 3--Carbon concentration profile for the calculation of 
impingement time. 

aus ten i te  cont ro l led  by manganese  diffusion.  In the 
ana lys i s  we mus t  d i s t ingu i sh  between parabol ic  p r i -  
m a r y  s tages  at high and low s u p e r s a t u r a t i o n ,  which 
a re  in turn  d is t inguished  by n o - p a r t i t i o n  and par t i t ion  
of manganese ,  r e spec t ive ly .  

High Super sa tu ra t ion  Case 

While an exact  so lut ion is ava i lab le  for the ea r ly  
s tages  of t r a n s f o r m a t i o n  there  a re  no ana ly t ica l  so lu -  
t ions to the diffusion equat ions  for the va r i ab le  bound-  
a r y  condit ions involved in s tages  2 and 3 so approx i -  
mate  and (or) i t e ra t ive  p r o c e d u r e s  mus t  be used.  
I t e ra t ive  solut ions for this type of p rob lem using com-  
puter  techniques have been published." However,  we 
have developed solut ions  pa t te rned  af ter  Z e n e r ' s  ~ ap -  
p rox imat ion  (with the e r r o r  funct ion r e p r e s e n t e d  as a 
t r i ang le  as in Fig .  3) which a re  suff ic ient ly  accura te  
for our p ruposes .  Of c ou r se ,  the ca rbon  diffusion 
f ields begin to impinge ve ry  e a r l y ,  for an e r r o r  func-  
tion has a f inite value for a l l  but  inf ini te  a r g u m e n t s ,  
but  the effect of the extended ta i l  of the d i s t r ibu t ion  
on the growth ra te  wil l  be negl ig ib le  unt i l  the c e n t e r -  
l ine accumula t ion  has reached  about 20 pct.  Thus for 
the purposes  of this approximate  ca lcu la t ion  we have 
found it sa t i s fac tory  to a s s u m e  that  the in te r face  (for 
a p lanar  grain)  wil l  move pa rabo l i ca l ly  to a posi t ion 
(X~)* as  defined in F ig .  3 such that the t r i angu l a r  

*The concentration notation used is that of Purdy et al.S and summarized here 
Primed quantities refer to the ferrite and unpnmed quantmes refer to the austemte. 
The first subscript refers to the alloying element, carbon 1, or manganese 2 and the 
second subscript refers to the location: the interface 1, or the bulk O. Thus C2I re- 
fers to the Manganese concentration m austenite at the interface. All other quan- 
tities are defined in Fig. 3. 

r e p r e s e n t a t i o n  of the e r r o r  funct ion defines the in i t i -  
a t ion of impingement ,  and the m a s s  within this t r iangle  
equals  the m a s s  r emoved  f rom the a phase ,  v iz . ,  

1- ( c .  - C~o) (L - X ~ )  = CloX~ [1] 
2 

or 

X~ - L(C1, - C,o) [2] 
( C .  - C~o) 

where  

Dr2 
C .  : c~, + ~ (c2~ - C2o) [3] 

is the effective carbon  concen t ra t ion  dr iv ing  the t r a n s -  
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fo rmat ion .  This  la t te r  r e l a t ion  c o r r e c t s  the local  equi -  
l i b r i u m  value Cll for the t e r n a r y  in te rac t ion  of the c a r -  
bon prof i le  with the assoc ia ted  steep manganese  prof i le  
(not shown). It  is equal  to the ra t io  of the off-diagonal 
to on-d iagonal  diffusion coeff icients  and can be ex-  
p r e s s e d  the rmodynamica l ly  by 

Dl~-- s [4] 

where  c12 is the Wagner  in te rac t ion  p a r a m e t e r  and N1 
is the average mole f rac t ion of carbon in the i n t e r a c -  
t ion zones .  I~ The posi t ion of the in ter face  when the 
ca rbon  f i r s t  r eaches  un i form act iv i ty  is  again given by 
the appropr ia te  m a s s  balance and is  equal  to 

In both ca lcula t ions  the mass  of carbon in the spike at 
the in te r face  due to the thermodynamic  in t e rac t ion  with 
manganese  has been neglected.  

When X; < Xo < Xo / we may show from the carbon  
m a s s  balance that 

2LC~o - Cl l  (L  - Xo) [61 
C L  = L - Xo 

where  C L  is  the concent ra t ion  of carbon  at  the cen te r  
of the gra in .  When the carbon reaches  un i form act ivi ty ,  
C L  = C . .  Fina l ly  when Eq. [6] is combined with the 
ins tan taneous  in te r fac ia l  carbon mass  ba lance  

C11 dXo dC 
d t  = - D ~ [7] 

we obtain the d i f ferent ia l  equation 

dXo _ 2 D ~  (Xfo - Xo) [8] 
d t  ( L  - Xo) 2 

This  veloci ty express ion  may then be in tegra ted  to 
yield the t ime vs in ter face  posi t ion 

t ~ [x; ~ -xo~] + [2K + x / ] [ X o - x ; ]  t~ -- 2-b-T, ~ 
k rxo'-xol} 

K~InLx/o x; l 
where 

Clo [101 K = L Cn 

The total  t ime of t r ans fo rma t ion  is therefore  the t ime 
r equ i r ed  for the in ter face  to move parabo l ica l ly  to Xo 
plus  the impingement  t ime defined by re la t ion  [9]. A 
s i m i l a r  but s i m p l e r  Zene r  type ca lcula t ion  for the t ime 
to the beginning of impingement  yields  

tb  = CloC11 L 2 

(GI + Cio) ~ " ~ -  [11] 

Fig. 4 shows the evaluations of t/, tb, and t/ + tb for 
var ious  g ra in  half-widths in a 1.5 at.  pct  Mn, 0.45 at.  
pct  C alloy t r ans fo rmed  at 728~ Here we have used 
the carbon  diffusion data es t imated  by Kaufman e t  a l .  u 
and a s sumed  complete  impingement  at Xo = 0.99 X[ .  It 
is evident  that even for the l a rges t  g ra in  s izes  usual ly  
encounte red  in al loy s tee l s ,  the carbon wil l  r each  un i -  
f o r m  act iv i ty  in a few hours .  As the diffusion coeff i-  
c ien t  for  manganese  in this t empe ra tu r e  range  is  of 
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Fig. 4--rTime (t i + tb) required for the interface to reach 
0.99X/0 . Calculated for a 0.45 at. pct C, 1.5 at. pct Mn alloy 
at 728~ 

the order  10 -14 cm2/s,12 the amount  of par t i t ion  of this 
e l emen t  dur ing  the in i t ia l  impingement  per iod wi l l  be 
negl ig ib le .  

Since the t ime of impingement  t/ is r e la t ive ly  shor t ,  
the in te r fac ia l  manganese  concent ra t ions  cannot have 
changed apprec iab ly  f rom those predic ted  by the so lu -  
tion to the diffusion equations for t imes  up to tb .  The 
condit ions for subsequent  r ed i s t r ibu t ion  of manganese  
can therefore  be r e p r e se n t e d  as in Fig.  5. The diffu- 
s ion coefficient  for manganese  in f e r r i t e  is about two 
o rde r s  of magnitude higher than in aus teni te  5 so we 
may a s s u m e  that the manganese  grad ien t  in the f e r r i t e  
is  negl igible  and its content  C~'1 is un i fo rmly  lowered,  
Fig .  5. In addit ion,  the mass  of carbon in the carbon  
spike can again be ignored because  

a 
(Ctl - CI,) ~ << (Cll - Clo) (L - Xo) [12] 

As the manganese  diffuses out of the f e r r i t e  and the 
in ter face  moves slowly forward,  the t i e - l i ne  r e p r e -  
sent ing the in ter face  mus t  move towards the equi l ib -  
r i u m  posi t ion.  Since it  has been as sumed  that  the i n t e r -  
face is in local  equ i l ib r ium,  the specif icat ion of any one 
in ter face  concent ra t ion  au tomat ica l ly  fixes a l l  other 
concen t ra t ions .  A convenient  choice for the independ-  
ent  concent ra t ion  is C~1. The ana lys i s  again follows a 
Ze ne r  type approximat ion  with control  by manganese  
diffusion,  the t i e - l i ne  moving such that the rapid ly  ad-  
jus t ing  ca rbon  d i s t r ibu t ion  r e m a i n s  ve ry  c lose  to the 
condi t ions  of un i form act ivi ty .  
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Fig. 5--Approximate concentration profiles for manganese dif- 
fusion control at long times in highly supersaturated alloys. 

Now r e f e r r i n g  again  to F ig .  5, the ca rbon  m a s s  b a l -  
ance ( ignoring the a r e a  under  the ca rbon  spike)  g ives  

Xo = I c~-Clo]L [131 
C1~ l 

where  L is  aga in  the ha l f -wid th  of a p l ana r  g r a i n  and 
Xo the pos i t ion  of the i n t e r f ace .  Let t ing  

F1(C4) - C11_- Clo [14] 
CH 

then 

Xo = F,(C'~I)L [15] 

and 

dXo _ L dFt(C~I) [16] 
dt dt 

F r o m  the bulk manganese  m a s s  ba lance  we have as  
we l l  that  

FC o-C' , 1 a = 2XoLc2~ ~ [17] 

The  ins tan taneous  m a s s  ba lance  for  manganese  may  
then be wr i t t en  

__D22a (C21-  C2o) = (C2~ - C'21) dXOdt [18] 

whe re  Dzz is  the di f fus ion coef f ic ien t  for  manganese  in 
aus t en i t e .  

E, qs .  [15], [17], and [16] may  be subs t i tu ted  into Eq.  
[18] to y ie ld  

D22 [C2t C z d f~(C~)  - ~o] - F ~ ( C ~ )  [ 1 9 ]  
C' C' 2L 2 [Czo - 21] [C21 -- 21] dt 

Let t ing  

[C21 - C20] 2 = F2(Cgtl) 
[C~o - C4][C~1 - C'~1] 

then 

D22 dt FI(C~I) C'  
- -  = dFl(  21) [21] 2L 2 

and 

F,(C~,) 
= 1922 t = f 1 d{FI(C'~I)} 2 [22] 

q5 2L 2 2 F z ( C ~ I )  
FI (C~ ,  = C2o ) 

If the t i e - l i n e s  on the t e r n a r y  i s o t h e r m  a r e  known 
e m p i r i c a l l y  then this  e x p r e s s i o n  can be g r a p h i c a l l y  or 
n u m e r i c a l l y  i n t e g ra t e d  f r o m  C '  = 2t C2o (the unpar t i t i oned  
manganese  content  of the f e r r i t e )  to any lower  va lue .  
Th i s  e x p r e s s i o n  a c c o r d i n g l y  p r e d i c t s  the t ime  depend-  
ence of the pa r t i t i on ing  of the m a n g a n e s e ,  a quant i ty  
which can be c o m p a r e d  with e x p e r i m e n t .  

Low S u p e r s a t u r a t i o n  

The solut ion to the d i f fus ion equat ions  for  a l l oys  
t r a n s f o r m e d  in the r e g i m e  of low s u p e r s a t u r a t i o n  5 
under  the loca l  e q u i l i b r i u m  a s s u m p t i o n  p r e d i c t s  m a n -  
ganese  pa r t i t i on ing  for  a l l  t i m e s  and t h e r e f o r e  that  
the t r a n s f o r m a t i o n  r a t e  wi l l  a lways  be e x t r e m e l y  
s m a l l .  Th is  m e a n s  that  for  a l l  t i m e s  which a r e  r e a -  
sonab ly  a c c e s s i b l e  e x p e r i m e n t a l l y  (<1 y e a r ,  say)  the 
ca rbon  p r o f i l e ,  whe ther  in the non impingement  o r  i m -  
p ingemen t  t ime  r a n g e ,  wi l l  have a neg l ig ib le  ef fec t  on 
the k ine t i c s  and the p s e u d o b i n a r y  so lu t ion  for  growth 
by manganese  con t ro l  is  a p p l i c a b l e .  The  a l loy  ca rbon  
content  s e r v e s  only to help  d e t e r m i n e  the i n t e r f ace  
t i e - l i n e .  Th i s  so lu t ion  is 5 

Ce = C2o + (Cn - C2o) er f c  X/2 ~ [231 
e r f c  3 

where  

= x / ' f t  [24] 

= ~/2 D/~ [25] 
and ~ is  the pos i t ion  of the i n t e r f ace  in k - s p a c e .  

can be obtained as  a so lu t ion  of the t r a n s c e n d e n t a l  
equat ion 

2 

1 (C21 -- 6 2 0 )  e -3 
3 = ~ -  (C2, - C~1) e r f c  [3 [26] 

The p a r t i c u l a r  t i e - l i n e  app l i cab l e  is  that  c o r r e s p o n d -  
ing to a ca rbon  content  of 

D12 
C1~ = C~o - ~ [C21(Clo ) - C2o1 [27] 

E X PE RIM E N T A L  

M a t e r i a l s  and Methods  4 

Since p r e l i m i n a r y  e x p e r i m e n t s  showed that  l oca l i zed  
manganese  i n c r e a s e s  a t  the in t e r f ace  between the 
growing f e r r i t e  and the o r i g i n a l  aus t en i t e  could be 
r e a d i l y  de tec ted  in highly s u p e r s a t u r a t e d  a l loys  only 
a f t e r  t i m e s  exceed ing  a day ,  a s e r i e s  of l ong - t ime  e x -  
p e r i m e n t s  we re  c a r r i e d  out in Al loy  A,  0.45 at .  pc t  C,  
1.5 a t .  pc t  Mn, p r e p a r e d  as  d e s c r i b e d  e l s e w h e r e .  2 The 
s a m p l e s  we re  e n c a p s u l a t e d  in s m a l l  evacua ted  s i l i c a  
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tubes back- f i l l ed  with one- th i rd  a tmosphere  of argon.  
They were  aus teni t ized  for 19 h at  1200~ and then 
rap id ly  t r a n s f e r r e d  to a furnace  prehea ted  to 728~ 
Th i s  rapid  t r ans f e r  was accompl i shed  by placing two 
Kanthal  tube fu rnaces  end to end and s l iding the cap-  
sule  f rom one hot zone to the other.  At the end of the 
t r a n s f o r m a t i o n  t ime (two days to two months) the cap-  
su les  were  rapidly  withdrawn f rom the furnace  and 
the s amples  quenched by breaking the vacuoles  under  
wa te r .  F r o m  the t ime the capsule left the hot zone 
unt i l  it was broken under  water  was less  than three  
seconds .  Dur ing  the i so the rma l  t r a n s f o r m a t i o n  the 
fu rnace  t empera tu re  was per iod ica l ly  moni tored  with 
a s t andard ized  P t - P t  10 pct Rh thermocouple  and was 
cont ro l led  to •176 of the des i red  t e m p e r a t u r e .  

Another  s e r i e s  of exper imen t s  us ing the same tech-  
nique were  c a r r i e d  out on Alloy B, 1.11 at .  pct  C,  
2.09 at .  pct Mn alloy at  728~ At this t empe ra t u r e  
this  al loy l ies  jus t  outside of the zone of zero  p a r t i -  
t ion 5 as predic ted  by the local equ i l ib r ium ana lys i s  
and therefore  should show manganese  par t i t ion  for 
a l l  t imes .  

The manganese  par t i t ion  was invest igated expe r i -  
men ta l ly  using the modified e lec t ron  mic roprobe  an-  
a ly t i ca l  technique descr ibed  below. 

A Convolut ion Technique for In te rp re t ing  the 
Microprobe  Resul t s  for Steep Concent ra t ion  P ro f i l e s  4 

The spa t ia l  X - r a y  in tens i ty  d i s t r ibu t ion  f rom a 
spec imen  with steep concent ra t ion  prof i les  is the 
convolut ion of the t rue profi le  with what is known as 
the "p robe  func t ion" .  This  function is the spat ia l  i n -  
t ens i ty  d i s t r ibu t ion  of the emit ted c h a r a c t e r i s t i c  
X - r a y  l ine being inves t iga ted ,  no rma l i zed  so as to be 
concen t ra t ion  independent .  The spread  of the func-  
t ion is de t e rmined  by the beam width and the s c a t t e r -  
ing of the e l ec t rons  in the ta rge t  ma t e r i a l .  If this 
funct ion can be de te rmined  empi r i ca l l y  under  condi -  
t ions which cor respond  c losely  to those in the ana lys i s  
then it is poss ib le  to ma themat ica l ly  deconvolute the 
expe r imen ta l l y  de t e rmined  profi le  to yield the t rue  
concen t ra t ion  curve .  In the p r e sen t  study we have 
found it  more  profi table  to pe r fo rm the " f o r w a r d "  
ca lcu la t ion .  The e m p i r i c a l  probe function is convo-  
luted with a theore t ica l  concent ra t ion  prof i le  and the 
ca lcula ted  curve  compared  with exper iment .  Convolu-  
t ions of this type may be readi ly  c a r r i e d  out us ing 
n u m e r i c a l  methods and machine computat ion.  

In this expe r imen t  the probe function was expe r i -  
men ta l ly  de te rmined  by pass ing  the beam over a known 
concen t ra t ion  step obtained by c lamping together  two 
a l loys  ( s imi l a r  to the ma te r i a l  to be analyzed) ,  s e c -  
t ioning at r ight  angles  to the in ter face  and pol ishing.  
F ig .  6 shows the r e su l t  of a step scan  a c r o s s  the F e - F e  
3.5 pct Mn couple.  A s imple  automat ic  t iming device 
ac t ivated  the sample  to move in accura t e ly  r e p r o d u c i -  
ble s teps  of ~ ~t. 

If the probe function is gauss ian ,  then the emp i r i c a l  
probe t race  wil l  be an e r r o r  function.  I nve r se ly ,  if the 
probe t r ace  is an e r r o r  function as in our exper iment ,  
then the conjugate probe function is de t e rmined  by the 
p a r a m e t e r  " d "  in Fig .  6. The no rma l i zed  gauss ian  
is  then 

1 n rx-I 2 
g(x )  = -3 exp - ~,/L-3j [28] 
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Fig. 6--Electron probe microanalysis of a manganese concen- 
tration step. Predicted line is assuming a gaussian probe 
function with d = 0.9 p. 

Fig. 7--Micrograph typical of samples of alloy A (0.45 at. pct 
C, 1.50 at. pct Mn) transformed at 728~ for 2 d to 2 month. 
Magnification 75 times. 
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Fig. 8--A typical  microprobe scan a c r o s s  a sample  of a l loy A 
transformed for 5.37 • 106 s (2 month) at 728~ 
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Fig. 9--Detailed microprobe ana lys i s  of a l loy A transformed 
for 5.37 • 106 s (2 month) at 728~ 

and is  in the p r e c i s e  form required for a forward 
convolution ca lculat ion .  

RESULTS AND DISCUSSION 

High Supersaturat ion 

Fig .  7 i s  a micrograph  typical  of al l  s a m p l e s  of 
Al loy  A trans formed at 728~ for per iods  varying 
f r o m  2 d to 2 month.  T h e s e  s a m p l e s  cons i s t  of a r e l a -  
t ive ly  blocky f e r r i t e - m a r t e n s i t e  ( former  austenite)  
m i x t u r e .  Fig .  8 is  a p r e l i m i n a r y  microprobe  trace  
a c r o s s  an area  of the s a m p l e  t rans formed  for about 
2 months .  This  t race  i s  s i m i l a r  to that obtained for al l  
s a m p l e s ,  except  that the s i z e  of the peaks  due to the 
loca l  i n c r e a s e  of manganese  at the phase boundary is  
genera l ly  l e s s  in s a m p l e s  t rans formed  for shor ter  
t i m e s .  

F i g s .  9 to 13 contain the r e s u l t s  of the e l ec tron  
probe m i c r o a n a l y s i s  of these  s p e c i m e n s .  In al l  c a s e s  
the austenite  distant f r o m  the interface  was  used as a 
probe standard,  the background being m e a s u r e d  on a 
s a m p l e  of F e r r o v a c  E.  

The exp er imen ta l  points  on F i g s .  9 to 13 were  d e -  
t ermined  by detect ing the manganese  K s  radiation 
and point counting for 10 s ,  using the s t e p - s c a n  p r o -  
cedure  mentioned above.  The raw counts w e r e  c o r -  
rec ted  for background and the manganese  concentrat ion 
w a s  calculated a s s u m i n g  l ineari ty  of the concentrat ion 
vs  X - r a y  intensity  re lat ionship .  4 

All  s p e c i m e n s ,  with the except ion of the one t r a n s -  
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Fig. 10--Microprobe ana lys i s  of a l loy  A transformed for 5.37 
• 10 a s (2 month) a t  728 'C.  
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Fig. 11--Microprobe ana lys i s  of a l loy  A transformed for 1.78 
• 106 s (20 d) a t  728~ 
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Fig. 12--Microprobe ana lys i s  of a l loy  A transformed for 5.12 
• 10 ~ s (6 d) at 728~ 

formed for 2 d, showed a not iceable  increase  of man-  
ganese  at a l l  f e r r i t e - a u s t e n i t e  in ter faces .  In many 
c a s e s  the observed peak height  was  not as  great  as 
those presented  in the f i gures ,  but in these  c a s e s  the 
i n c r e a s e  was spread over  a greater  d i s tance .  These  
re su l t s  undoubtedly correspond to grain boundaries  
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Fig. 13--Microprobe analysis of alloy A transformed for 1.6 
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Fig. 14--The calculated relationship between C~I and ~ for a 
0.45 at. pct C, 1.5 at. pct Mn alloy at 728~ 

which i n t e r s ec t  the sur face  at an oblique angle .  The 
observed  inc rease  in manganese  at  f e r r i t e - a u s t e n i t e  
in t e r f aces  in the 2 d sample  was so sma l l  that at many 
in t e r f aces  it was sc reened  by the random sca t t e r  of 
the point  counts .  Nonetheless ,  F ig .  13 shows the 

M E T A L L U R G I C A L  TRANSACTIONS 

T a b l e  I .  Data Requ i red  f o r  C a l c u l a t i o n  o f  M a n g a n e s e  C o n c e n t r a t i o n  Curves 

Fzgure 9 10 11 12 13 

Time, s 5.37X 106 537X 106 1.78X 106 5.12X l0 s 1.6X l0 s 
C~l 1.30 1.30 1.44 1.44 1.47 
C~1 3.38 3.38 3.72 3.72 3.80 
F~, C'2~ 0.7472 0.7472 0.7129 0.7129 0.7044 
q~ 1.863 X 10 "3 1.863 • 10 "a 1.62 X 10 -4 1.62 X 10 -4 4.03 X 10 "s 
L,/a (talc) 24.6 24.6 48 25.7 30 
L, p(est*) 35 45 60 70 50 
a 3.9 3.9 1.9 1.0 0.6 
d,/.t 1 1 0.9 0.9 0.9 

*EsUmated from microstructure. 

posi t ive  r e su l t s  of two step scans  a c r o s s  the same 
in ter face  in this p a r t i c u l a r  sample .  

The in tegra l  4) f rom Eq. [22] was evaluated for a 
va r i a t ion  in C~'1 f rom the in i t ia l  value C~'~ = C2o = 1.50 
at .  pct Mn to 1.30 at.  pct Mn at in te rva l s  of AC~'I 
0.01 at .  pct  Mn. The l imi t ing  t i e - l i ne s  for C~'x = 1.5 
at .  pct and C~1 = 1.3 at.  pct Mn were  evaluated by the 
methods desc r ibed  in Ref. 1 and it was a s sumed  that 
the d i s t r ibu t ion  coeff icient  for manganese  var ied  
l i nea r ly  in this range between the l imi t ing  values  of 
0.3876 and 0.3846, Fig.  1. F r o m  this we obtain 

C'  = 21 
C2I 0:3651 + 1 .5C '  [29] 21 

The value of C ,  was calculated f rom C21 a s suming  
that the c~ + 7/Y phase boundary  was l i ne a r ,  thus 
genera t ing  

CH = -0 .592  C21 + 0.0391 [30] 

C ,  was calculated using Eq. [3], the value D~2/D. 
f rom express ion  [4] and the t e r n a r y  diffusion data 
given by Brown and Kirkaldy,  13 evaluated at Cll.  Thus 
a l l  of the concen t ra t ions  n e c e s s a r y  for the evaluat ion 
of F~(C~'I) and F2(C~1) are  known so the in tegra l  can 
be nume r i c a l l y  evaluated.  Fig.  14 shows the r e su l t  of 
this in tegra t ion ,  ~ being plotted as a function of C~'1. 

The expe r imen ta l  r e su l t s  were  compared  with the 
model  in two ways using the data in Table  I. F i r s t l y ,  
f rom the pene t ra t ion  curves  the average difference in 
manganese  concen t ra t ion  between the f e r r i t e  and the 

C'  aus ten i te  d is tant  f rom the in ter face  (C2o - 21) was 
recorded .  This  dif ference fixes the value of ~,  and 
thus using the extrapolated data of Wells  and Mehl ~2 
for D22, the t ime of the expe r imen t  for t, a value of 
L is obtained f rom Eq. [22], viz., 

L -- ~ [31] 

Ideal ly ,  we should have been given L as an in i t ia l  
p a r a m e t e r  and f rom this calculated C2o - C~1 for 
compar i son  with exper iment .  In view, however,  of the 
genera l  unre l i ab i l i ty  of the observed L ' s ,  as de-  
sc r ibed  below, we have chosen to proceed in this way. 

In the model ,  L r e p r e s e n t s  the half-width of an 
ideal ized elongated g ra in ,  as indicated in Fig.  2. An 
es t imate  of this d is tance  was made f rom d i rec t  ob- 
s e rva t ion  of the sample  while a pa r t i cu l a r  elongated 
gra in  was being analyzed in the mic roprobe .  These  
es t imated  va lues  a re  compared  with those calculated 
in Table  I and the a g r e e me n t  is seen to be sa t i s fac to ry ,  
in view of the unce r t a in t i e s  in the observed values  of 
L and C2o C' - 21. We bel ieve  that the sys temat ic  sho r t -  
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Fig. 15--Typical micrograph of alloy B (2.09 at. pet Mn, 1.11 
at. pct C) transformed for 4.32 • 105 s (5 d) at 728~ Mag- 
nification 295 times. 

fal l  in these calcula ted va lues  of L a re  due to the in -  
adequacy of the p l ana r  model  of Fig .  1 as  a r e p r e s e n -  
tat ion of the more  f requent ly  occu r r ing  equi-axed 
configurat ion.  

A more  p rec i se  c losure  between theory and e xpe r i -  
men t  can be found in the expe r imen t  desc r ibed  by 
Fig .  9. Since,  in this case ,  the c e n t e r - l i n e  of the 
g ra in  is  uniquely  located at the 25.5 ~ posi t ion and the 
mass  ba lance  locates  the or ig in  of growth at about 
- 2  ~,  L = 27.5 ~,  which is  in excel lent  ag r eeme n t  
with the calculated value of 24.6 ~.  This  is in tu rn  
theore t ica l ly  cons i s t en t  with the observed C2o - C~.  

As a second tes t ,  we have used the bas ic  data to 
p red ic t  the observed concent ra t ion  prof i les .  The width 
of the base of the manganese  spike,  a, was calcula ted 
f rom Eq. [17] and i ts  height is given by Eq. [29]. This  
predic ted  prof i le  was then convoluted at 0.2 ~ i n t e r -  
va ls  with the gauss ian  microprobe  d i s t r ibu t ion  function 
cor responding  to Fig.  6. Since the p r ec i s e  in te r face  
locat ion is not in i t ia l ly  known the cu rves  shown in 
F igs .  9 to 13 have been posi t ioned l a t e ra l ly  with r e -  
spect  to the expe r imen ta l  curves  via a v i sua l  bes t  fit .  
It  may be seen that the ag r eemen t  between the p r e -  
dicted or theore t ica l  mic roprobe  cu rves  and the ex-  
p e r i m e n t a l  r e su l t s  is  in genera l  excel lent .  

In the development  of the model  for these late t imes  
it  was a s sumed  that the manganese  grad ien ts  in the 
f e r r i t e  are  negl ig ib le .  F igs .  9 to 11 indicate that this  
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Fig. 16--Typical micrograph of alloy B transformed for 3.15 
• 106 s {37 d) at 728~ Magnification 295 times. 

is  a good assumpt ion  for e xpe r i me n t s  of long dura t ion  
(20 d and 2 month}. However ,  F ig .  12 (6 d) suggests  
that a nonzero  g rad ien t  of manganese  may exis t  in the 
f e r t i l e  nea r  the in ter face  for sho r t e r  t imes .  

The model  used in the ca lcula t ion  does not r equ i re  
that the in te r face  concen t ra t ions  throughout a sample  
be un i fo rm.  Var ious  in te r face  concen t ra t ions  may 
coexis t  in the sample ,  changing according  to the ef-  
fect ive value of L in Eq. [22]. F r o m  the obse rva t ions  
it appea r s ,  as expected,  that these  va r i a t i ons  wil l  be 
g r e a t e r  ea r ly  in the t r a n s f o r m a t i o n .  The r a the r  un i -  
fo rm f e r r i t e  composi t ion  f rom g ra in  to g ra in  observed 
in the 2 month sample  is undoubtedly due to the r e -  
d i s t r ibu t ion  of carbon  to un i fo rm act iv i ty  over the 
whole sample ,  thus forc ing  the f e r r i t e - a u s t e n i t e  i n t e r -  
faces  towards a common t i e - l i ne  in the t e r n a r y  phase 
d i ag ram.  

Low Supe r sa tu ra t ion  

To tes t  the local  e qu i l i b r i um model  for the reg ime  
of low supe r sa tu r a t i on ,  s e v e r a l  t r a n s f o r m a t i o n  expe r i -  
men t s  were  c a r r i e d  out with al loy B (1.11 at .  pct  C,  
2.09 at.  pct Mn) at  728~ According to the phase d ia -  
g r am this alloy l ies  jus t  outside the a r ea  of zero  p a r -  
t i t ion and the solut ion to the diffusion equat ions  5 
r e q u i r e s  the r ed i s t r i bu t i on  of manganese  for al l  t imes  
of t r ans fo rma t ion .  

F igs .  15 and 16 show gra in  boundary  prec ip i ta tes  

METALLURGICAL TRANSACTIONS 
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' F ig .  17 shows a mic roprobe  t race  for a r e la t ive ly  
thick prec ip i ta te  in the sample  t r a n s f o r m e d  for 5 d. 
The local  equ i l i b r ium model leading to Eqs.  [23] and 
[26] speci f ies  that C21 = 3.9 at .  pct Mn and C'  = 21 1.5 
at.  pct Mn and r e s u l t s  in a growth ra te  p a r a m e t e r  

= 0.97. This  prec ip i ta te  was 3 ~ thick cor respond ing  
to a diffusion coeff icient  for manganese  of 5 • 10 -14 
cmZ/s .  By c ompa r i son ,  the data of Wel ls  and Mehl t2 
ext rapola ted to this t e m p e r a t u r e  suggest  a value of 
4 • 10 -15 cm2/s .  Neve r the l e s s ,  the convoluted curve  
ca lcula ted  us ing  the solut ions  to the diffusion equa-  
t ions ,  Eqs.  [23] and [26], and the Wel l s -Meh l  value of 
D22 ag rees  ve ry  wel l  with the exper imen ta l ly  observed 
r e su l t .  Apprec iable  devia t ions  of the angle of i n t e r -  
sec t ion  of this p rec ip i ta te  with the sur face  could ac -  
count for its width, but if this were in fact  the case ,  
the bui ldup of manganese  ahead of the in te r face  would 
appear  l e s s ,  so the incons i s tency  would r e m a i n .  We 
mus t ,  the re fore ,  a s s e s s  the c losu re  between theory 
and obse rva t ion  for this expe r imen t  as  only f a i r .  

On the bas i s  of a l a rge  number  of mic rop robe  r e s u l t s  
such as Fig.  17, we conclude that mos t  of the p r e c i p i -  
ta tes  in this 5 d sample  are  growing only into one 
aus teni te  g ra in ,  p r e s u m a b l y  the inact ive  in ter face  is  
pa r t i a l ly  coheren t  as a r e m n a n t  of the nuclea t ion  
step,  as predic ted  by C. S. Smith. 14 

In the sample  t r a n s f o r me d  for 37 d, on the other 
hand, many of the p rec ip i t a tes  analyzed showed a 

- buildup of manganese  a t  both in te r faces  in contact  with 
the aus teni te  as shown in Fig .  18. To fit this p a r t i c u -  
lar  curve  a value of D22 = 1.7 x 10 -~5 cmZ/s has been 
used,  which is  in good a g r e e me n t  with the Wells  and 
Mehl value .  The in ter face  concen t ra t ions  a re  e m -  
p i r i ca l l y  the same as  given above for the 5 d sample ,  
as r equ i r ed  by the theory.  

2 4 6 8 I0 12 
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Fig. 18--Microprobe analysis of alloy B transformed for 3 
• 10 ~ s (37 d) at 728~ 

formed after  anneal ing for 5 and 37 d, r e spec t ive ly .  
It  is noted that the prec ip i ta t ing  f e r r i t e  does not form 
a cont inuous layer  at the aus teni te  g ra in  boundar ies .  
In many a reas  the f e r r i t e  develops as  a line of sma l l  
equiaxed prec ip i ta tes  and these grow together  at l a te r  
t imes  to form a re la t ive ly  cont inuous layer  of f e r r i t e  
at the gra in  boundary.  

At tempts  to de te rmine  the growth ra te  of the f e r r i t e  
in  these samples  were unsuccess fu l  due to the u n s a t i s -  
fac tory  morphological  h is tory  of the p rec ip i t a t e s  and 
the uncer ta in ty  of nuclea t ion  t imes .  Many of the equi -  
axed p rec ip i t a tes  a re  re jec t ing  manganese  in many d i -  
r e c t i ons  and thus grow fas t e r  than predic ted  by the 
model  for the un i form growth of p l ana r  g ra in  boundary 
p rec ip i t a t e s .  

CONCLUSION 

Approximate  solut ions to the diffusion equations 
a s suming  a local  equ i l i b r ium in ter face  have been de-  
veloped for the very  late s tages  of the proeutectoid  
f e r r i t e  t r a n s f o r m a t i o n  in highly supe r sa tu ra t ed  
F e - C - M n  a l loys .  The manganese  concen t ra t ion  p ro -  
f i les  nea r  the f e r r i t e - a u s t e n i t e  in te r face ,  as detected 
with the e lec t ron  probe m i c r o a n a l y z e r ,  a re  in good 
a g r e e me n t  with the pred ic t ions  based on the local  
equ i l i b r ium model .  

S imi l a r ly ,  e l ec t ron  probe m i c r o a n a l y s i s  of the m a n -  
ganese  d i s t r ibu t ions  in F e - C - M n  al loys t r a n s fo rmed  
in the p ro-eu tec to id  zone of low supe r sa t u r a t i on  show 
fa i r  to good a g r e e m e n t  with the p red ic t ions  of the 
parabol ic  local  equ i l ib r ium model  for t imes  g rea t e r  
than 1 d. 

In both zones ,  the manganese  prof i les  a re  too na r row 
to be detected by our own opt imal  mic roprobe  p r o -  
cedures  for reac t ion  t imes  of l ess  than 1 d. 
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