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The re la t ion  between nuclea t ion  theory  and hardenab i l i ty  of s tee ls  has been  c r i t i c a l l y  exam-  
ined. The effect on hardenab i l i ty  of most  e l ements  with the exception of boron and s t rong  
carbide  fo rming  a - s t a b i l i z e r s ,  is found to be semiquan t i t a t ive ly  cons i s t en t  with c l a s s i c a l  
nuclea t ion  theory.  The " a n o m a l o u s "  effects of boron,  ch romium and molybdenum,  are  d i s -  
cussed  in t e r m s  of poss ib le  phys ica l  i n t e r f e rence  of p r e c u r s o r  r eac t ions  with f e r r i t e  
format ion .  

T H E  re la t ionsh ip  between nuclea t ion  theory  and ha rd -  
enabi l i ty  r e m a i n s  a chal lenging topic for sc ient i f ic  in -  
ves t igat ion.  The ea r ly  rev iews  of Hobstet ter  1 and 
Chr i s t i an  2 and the r ecen t  and comprehens ive  review 
by Russel l  3 provide much of the source  m a t e r i a l  for 
this work. The purposes  of this  cont r ibut ion  a re :  

1) To use the genera l  theory  to draw some broad in-  
f e rences  about nuclea t ion  effects in hardenabi l i ty .  

2) To fo rmula te  expl ic i t ly  the t he rmodynamics  of 
nuclea t ion  in three  component  sy s t ems  (the m i n i m u m  
number  of components  which p e r m i t s  the t e r m  " h a r d -  
enab i l i t y "  to take its full meaning) .  

3) To compute re la t ive  hardenab i l i ty  effects of se -  
lected al loying e l emen t s .  

4) To compare  the o r d e r s - o f - m a g n i t u d e  of nuclea t ion  
t imes  and al loying e l emen t  effects with those expected 
on the bas i s  of c l a s s i c a l  he terogeneous  nuclea t ion  the-  
ory,  and as a complement ,  to cons t ruc t  a p laus ib le  
model for the c r i t i c a l  nucleus  for proeutec to id  f e r r i t e  
in aus teni te .  

5) To draw at tent ion to a l loy sy s t ems  which depar t  
f rom pred ic t ions  of the e l e m e n t a r y  theory and to spec-  
ulate on the causes  of these depa r tu re s .  

THERMODYNAMICS OF NUCLEATION 

The theory of t he rma l ly  act ivated nuclea t ion  focusses  
on the (unstable) equ i l ib r ium between the c r i t i ca l  nu-  
c leus  (of phase a) and the paren t  phase (/3). The i n t e r -  
face is a s sumed  to be sharp,  and the p rec ip i ta te  and 
ma t r ix  a re  a s sumed  to be un i form in composi t ion.  The 
f ree  energy  of the nucleus  is a max imum with r e spec t  
to growth or decomposi t ion,  and a m i n i m u m  with r e -  
spect  to any other  p rocess ,  such as a change in shape 
or composi t ion.  It is this  postulated uns table  equi l ib-  
r i um which makes  t r ac tab le  the d i scus s ion  of the ef-  
fects of complex f luctuat ions at the submic roscop ic  
level  in t e r m s  of m e a s u r a b l e  macroscop ic  quant i t ies .  

Provided that the macroscop ic  quant i t ies  a re  p r e -  
c i se ly  defined, it is poss ib le  to draw f rom the theory  
a number  of i l lumina t ing  s t a t emen t s  about nuclea t ion  
behavior .  It should be noted, however,  that the a s s u m p -  
t ions  desc r ibed  above have been  chal lenged by n e a r l y  
every  wr i t e r  in the f ield of nucleat ion theory.  While 
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the assumpt ion  that macroscop ic  equ i l i b r ium p rope r t i e s  
obtain at the f luctuat ion stage can be jus t i f ied  by de-  
ta i led  a rgumen t s  in many cases ,  4 in r e g i m e s  where the 
f luctuat ions a re  known to be coherent ,  and the i n t e r -  
faces a re  diffuse, c l a s s i ca l  nuclea t ion  theory  fai ls  con-  
c lus ively .  The r e a d e r  is r e f e r r e d  to the work of Cahn 
and Hi l l iard  as r ecen t l y  reviewed by Hil l iard.  s More 
re l evan t  to the p r e se n t  d i s cus s ion  is the case where the 
macroscopic  in te r face  contains  defects  which pe r iod ic -  
al ly in t e r rup t  coherency.  If the spacing between defects 
(e.g., dis loca t ions)  is g rea te r  than the nucleus  s ize,  
then the a s s i g n m e n t  of macroscop ic  in te r face  p r o p e r -  
t ies  to the nucleus  mus t  be c r i t i ca l ly  analyzed.  

We will be concerned  with the dr iv ing  force for nu-  
c leat ion in mul t icomponent  sys t ems ,  AGv, in energy  
per  unit volume.  In b ina ry  sys t ems ,  this  quant i ty  is ob-  
ta ined f rom free  energy  vs composi t ion  curves  by con-  
s t ruc t ing  a tangent  to the paren t  phase f ree  energy  
curve at the bulk composi t ion,  as in Fig. 1, and d e t e r -  
mining  the v e r t i c a l  d is tance  VaAG v to the p rec ip i ta te  
composi t ion.  This la t te r  is obtained by cons t ruc t ing  a 
second tangent  to the prec ip i ta te  f ree  energy  curve,  
such that A/~ 1 = - K a a ~ V l ~  and A~2 = -Kaa~F ~, where 
K is cu rva tu re ,  aap the in te r fac ia l  f ree  energy  and V/a 
the par t i a l  mola r  volume of i in the p rec ip i ta te  (a).  
This is the G ibbs -Thomson  equ i l ib r ium condit ion.  The 
double tangent  cons t ruc t ion  is due to Hil ler t ,  6 and p ro -  
vides  a useful  and genera l  graphical  method for d e t e r -  

X ~ X B 2 

�9 X 2 

Fig. i--Illustrating the equilibrium construction for a nuclei 
of critical size, i.e., with critical curvature K*. The matrix 
composition m X and the most probable nucleus composition 
is that which maximizes AG. For comparison the infinite ra -  
dius equilibria X a and X~ are shown (after Hillert6). 
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mining  phase equ i l ib r i a  involving curved in te r faces  in 
sy s t ems  where pa r t i a l  mola r  volumes  differ.  This p ro -  
cedure  is p a r t i c u l a r l y  impor tan t  when an in t e r s t i t i a l  
solute is involved. The more  usual  cons t ruc t ion ,  e .g . ,  
Fig. 2, f rom Hobstet ter ,  I a s s u m e s  equal pa r t i a l  mola r  
vo lumes ,  and is approximate  only. 

For  t e r n a r y  sys t ems  this  cons t ruc t ion  is eas i ly  ex-  
tended,  as desc r ibed  below. The Gibbs -Thomson  equa-  
t ion is again:  

h~i = - K ( y ( ~ V  i ; i = 1,2,  3. [1] 

The dr iv ing  force for nuc lea t ion  is propor t ional  to 
the ve r t i c a l  d is tance  f rom the plane,  which is tangent  
to the pa ren t  phase f ree  energy  sur face  at the bulk 
phase composi t ion,  to the p rec ip i ta te  f ree energy  s u r -  
face at the prec ip i ta te  composi t ion.  

As suggested by this cons t ruc t ion ,  the volume f ree  
energy  change of nuclea t ion  of s eve ra l  phases  (stable 
or metas tab le)  in the t e r n a r y  field may be appreciable ,  
the i r  r a t e s  of nuclea t ion  and o rder  of appearance  being 
de te rmined  by kinet ic  fac tors  and surface  ene rg ies  as 
well as the re la t ive  magni tudes  of AG v. 

.AGv 

Acm A 3 
x Fe3C 

�9 ~ - X  c 

Fig. 2--For undercooled austenite (y) of euteetoid composition 
the approximate driving forces for nucleation of ferrite and 
cementite are represented by the respective distances from 
tangent at X to the ferrite and cementite free energy curves 
(after Hobstetterl). 

X 2 

X I 

Fig. 3--The composition of the equilibrium critical nucleus (0) 
in the ternary system containing solutes 1 and 2 is given by the 
capillarity-modified tie-line which terminates at the bulk par-  
ent phase composition X. For dilute solutions, the solute dis- 
tribution coefficients for critical curvature are independent, 
and related to the zero curvature solute distribution coefficients 
by Eqs. [2] and [3]. 

The composi t ion of the c r i t i ca l  nucleus  in a t e r n a r y  
sys tem is r ead i ly  obtained f rom cap i l l a r i ty  theory.  For 
example,  in the t e r m i n a l  por t ions  of the t e r n a r y  i so-  
the rm,  which cons is t  of dilute (noninteract ing)  solutes  
with d i s t r ibu t ion  coeff icients  k i = C~/C~, we have the 
approximate  express ions  

, ,_ o _ - K *  cr F ~  k 1 = ~ l e  , [2] 

and 

k* = k~  [3] 

where the supe r sc r i p t  * r e f e r s  to a d i s t r ibu t ion  coeffi-  
c ient  under  c r i t i ca l  cu rva tu re  K* and the s u p e r s c r i p t  0 
r e f e r s  to zero  curva tu re .  Since the ma t r ix  composi t ion  
now l ies  on the phase boundary,  as shown in Fig. 3, the 
c r i t i ca l  equ i l ib r ium nucleus  composi t ion  is uniquely de-  
t e r m i n e d  by these two express ions .  Of course ,  other  
composi t ions  of nucle i  may form,  but with sma l l  p rob -  
abi l i ty  unless  kinet ic  p a r a m e t e r s  mi l i t a te  in their  favor 
(see below). 

This is the local  equ i l ib r ium model for nuclea t ion  in 
three  component  sy s t ems .  In the prev ious  contr ibut ion,  
Coates 7 d i s cus se s  two kinds of equ i l ib r ium models  
which can obtain dur ing  unpar t i t ioned growth, including 
the local equ i l ib r ium no-pa r t i t i on  (LE-NP) model.  For  
nucleat ion,  no pa ra l l e l  model ex is t s ;  par t i t ion  of a l loy-  
ing e lements  must  accompany the fo rmat ion  of a t rue  
local  equ i l ib r ium nucleus .  

At la rge  supe r sa tu ra t ions ,  the poss ib i l i ty  exis ts  that 
unpar t i t ioned nucle i  may form,  because  of the grea t  
t ime r equ i r ed  for a l loying e l emen t  r ed i s t r ibu t ion .  In 
this case ,  a specia l  kind of pa r t i a l  equ i l ib r ium t e r m e d  
" p a r a e q u i l i b r i u m "  by Hultgren s and Hil ler t ,  9 (or the 
s i m i l a r  concept of " n o - p a r t i t i o n  e q u i l i b r i u m "  of Aaron-  
son, Domian, and Pound 1~ may apply. Fig. 4 shows the 
pa r a e qu i l i b r i um cons t ruc t ion  which a s s u r e s  equal ac t iv -  
i t ies  of carbon  in pa ren t  and product  phases .  Here the 
t i e - l i ne  coincides  with a component  ray .  A p a r a e q u i l i b -  
r i u m  d iag ram as modified by cap i l l a r i ty  is given in 

~ Plane tangent to the austenlte free energy surface- at m 

Plane tangent to the fernte free energy surface p t  h 
= - 

GI ~ 

G; 

6' 

Mn 

Fig. 4--Schematic free energy surfaces for ferrite and austen- 
ite illustrating the paraequilibrium conditions (after Gilmour, 
Purdy, and Kirkaldyl2). 
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Fig. 5. A ca lcula ted  p a r a e q u i l i b r i u m  phase d i ag ram is 
shown super imposed  on a t rue  t e r n a r y  i so the rm for Fe -  
C-Ni in Fig. 6. it 

Note that, at low supersaturations, the host phase is 
not supersaturated with respect to the paraequilibrium 
boundaries, so that alloying element partition is neces- 
sary. At higher supersaturations, the formation of un- 
partitioned (or partially partitioned) nuclei is possible. 
For unpartitioned nuclei, the appropriate form of the 
Gibbs-Thomson equation is that given by Gilmour et 
a l .  t2 as 

I X 7 -  I x {  = - K o c ~ f i F ~  [4] 

c ~  , ~ Iv c~ v~] [5] 

Here subsc r ip t s  1, 2, and 3 re fe r  to carbon,  the i m m o -  
bi le  solute and the solvent  (iron), r e spec t ive ly .  This 
express ion  is seen to reduce  to the p a r a e q u i l i b r i u m  
condit ion for l a rge  radi i .  

The cap i l l a r i t y  condit ions given above also apply to 

X 2 

Xi 
Fig. 5--The equilibrium phase diagram (heavy lines), and the 
paraequilibrium phase diagram (light lines) are compared. 
The capillarity-modified paraequilibrium boundaries for a 
critical nucleus (bulk parent phase composition X) are shown 
as broken lines. The broken tie-line joins the bulk matrix 
composition to the paraequilibrium (unpartitioned) nucleus 
composition (0). 
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Fig. 6--Calculated isotherm of Fe-C-Ni at 730~ Also shown 
are the paraequilibrium and no-partition boundaries for local 
equilibrium growth. 

p rec ip i t a t e s  with noniso t ropic  in te r face  p rope r t i e s .  In 
this case ,  the condit ion that the c r i t i ca l  nucleus  pos-  
s e s s e s  the equ i l i b r ium shape wil l  a s s u r e  that ( r i / r  i is 
a constant ,*  which can be subs t i tu ted  d i r ec t ly  into the 

*For interfaces in cusp orientations; r t must be measured perpendicular to the 
interface plane. 

c ap i l l a r i t y  equat ions.  
Strain energy,  whether a ssoc ia ted  with volume change, 

or with the ma in tenance  of coherency,  should be added 
to the AG v t e r m  in the nuc lea t ion  equat ions whenever  it 
becomes  s ignif icant .  ~ 

In any quant i ta t ive  tes t  of the appl icabi l i ty  of nuc lea -  
t ion theory  to s t ee l s ,  the f ree  ene rg ie s  of t r a n s f o r m a -  
t ion mus t  be known. Figs.  7 and 8 give our ca lcula ted  
va lues  of these  f ree  ene rg ie s  for the al loy sy s t ems  Fe -  
C-Ni and F e - C - M n  for p a r a e q u i l i b r i u m  and local equi -  
l i b r i u m  modes.  We cons ide r  that the t he rmodynamics  
of these s y s t e m s  a re  among the mos t  r e l i ab le  avai lable .  
S imi lar  va lues  of AG v have been  given for these and 
other  al loy sy s t e ms  by Aaronson,  Domian, and Pound. 1~ 
s y m m e t r i c  spher ica l  caps at g ra in  boundar ies ,  the con-  
tact  angle be ing de t e rmined  by the ba lance  of in t e r fac ia l  
f ree  ene rg i e s  at the nucleus  edge. They showed that 
g ra in  boundar ies  can act as v e r y  effective nuclea t ion  
ca ta lys t s .  Recently,  Russe l l  TM cons ide red  the nuc lea t ion  
of s e ve r a l  types of g ra in  boundary  p rec ip i t a tes ,  inc lud-  
ing incoheren t  a l lo t r iomorphs ,  coherent  (on one side) 
a l lo t r iomorphs  and d iscs .  He a s sume d  that  the coher -  
ent a l lo t r iomorph  pos se s sed  one in ter face  which was 
i sot ropic  and of low energy  (hence the equ i l i b r ium nu-  
cleus bulges  into the g ra in  with which the nucleus  
sha res  a favorable  o r ien ta t ion  re la t ionsh ip  as shown 
in Fig. 9). The ene rge t i c s  of nuc lea t ion  of these f igures  
a re  developed by s t ra igh t fo rward  methods of c l a s s i c a l  
nuc lea t ion  theory,  and a re  tabulated in Table I. Russe l l  
a lso obtained exp re s s ions  for the incubat ion t imes ,  and 
these a re  a lso l i s ted in Table I. To de t e r mi ne  the incu-  
bat ion t ime  the p r inc ip le  of mic roscop ic  r e v e r s i b i l i t y  2~ 
is invoked, and the d isso lu t ion  of the subc r i t i ca l  c lus t e r  
studied. For incoheren t  a l lo t r iomorphs ,  Russe l l  con-  

I I I I I 
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Fig. 7--Free energy for nucleation vs temperature for four 
0.1 wt pet C alloys. 
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Fig. 8--(a) The effect of Mn on the free energy for nucleatmn 
of ferrite. (b) The effect of N1 on the free energy for nuclea- 
tion of ferrite. Note that the unpartitioned and partitioned re -  
actmn have simdar driving forces. 

s i d e r s  that  i n t e r f a c i a l  so lu te  di f fus ion con t ro l s  d i s s o -  
lut ion,  and the f r equency  fac to r /3  k is  e s t i m a t e d  as  the 

b 2 boundary  jump f r equency  Deff /a mul t ip l i ed  by the num-  
b e r  of so lu te  a t o m s  within one jump d i s t ance  of the a l -  
l o t r i o m o r p h  edge,  i.e., 

fik = 1-lr*Dbeffa ~sin 0C- [6] 

where  a is the jump d i s t a n c e  and C is the so lu te  con-  
c e n t r a t i o n  in the m a t r i x .  

Now for  cohe ren t  a l l o t r i o m o r p h s ,  m a t e r i a l  is  sup -  
p o s e d  to be able  to add to the en t i r e  cu rved  s u r f a c e :  
hence  the vo lume d i f fus iv i ty  g ives  the jump f r equency  
l~/a 2 and 

e k  - " ' 2 C ( 1  - c o s  0) [7 ]  (/4 

Thus, /3 k for  cohe ren t  a l l o t r i o m o r p h s  is  found to d e -  
pend on the volume d i f fus iv i ty  and/3 k for  i ncohe ren t  
a l l o t r i o m o r p h s  on the boundary  d i f fus iv i ty .  Both incu-  
ba t ion  t i m e s  and nuc lea t ion  r a t e s  wil l  be s t r o n g l y  in-  
f luenced s ince  

NUCLEATION KINETICS 

tn what fo l lows,  we a r e  conce rned  p r i m a r i l y  with the  
nuc lea t ion  of p r o e u t e c t o i d  cons t i tuen t s  at  g r a i n  bounda-  
r i e s  in aus t en i t e  s ince  f rom the o b s e r v a t i o n  of s t r u c -  
t u r e s  of p a r t i a l l y  t r a n s f o r m e d  s t e e l s  we know that  g r a i n  
bounda ry  nuc lea t ion  p r e d o m i n a t e s  under  a wide v a r i e t y  
of condi t ions .  F u r t h e r m o r e ,  the  me t i cu lous  m e t a l l o -  
g raph ic  work  of H i l l e r t  *a sugges t s  that  p e a r l i t e  a t t a ins  
full  coopera t ion  only a f t e r  an ex tended  p e r i o d  of non- 
coope ra t i ve  growth,  and that  the p r e c u r s o r  of p e a r l i t e  
is  a p roe u t e c to id  cons t i tuent .  If, a s  is  l ike ly ,  th is  is  
g e n e r a l l y  t rue ,  then the nuc lea t ion  of p r o e u t e c t o i d  f e r -  
r i t e  or  c a r b i d e  is  the p r o p e r  foca l  point  for  th is  d i s c u s -  
s ion.  Since we wil l  be conce rned  with lower  ca rbon  
s t e e l s ,  what fol lows wil l  dea l  with f e r r i t e .  

The d i s c u s s i o n  of k ine t i c s  r e q u i r e s  that  a de t a i l ed  
model  be adopted.  We wil l  c o n s i d e r  s e v e r a l  a p p r o a c h e s  
to th is  p r o b l e m  in the fol lowing sec t ion .  

In the textbooks,*4 and in the r e c e n t  l i t e r a t u r e  *% 16 the 
p o s s i b i l i t y  that  nuc lea t ion  of f e r r i t e  is  a c c o m p l i s h e d  by  
the s h e a r i n g  of a s m a l l  volume of aus t en i t e  has  been  
d i s c u s s e d .  Shewmon la d e a r l y  d i s t i n g u i s h e s  be tween  a 
t h e r m a l l y  ac t iva t ed  event ,  in which a s h a r p  i n t e r f ace  
c o m p l e t e l y  bounds the new p a r t i c l e  of a ,  and an event  
in which the o r ig ina l  s t r u c t u r e  is  s h e a r e d  l oc a l l y  into 
the p roduc t  l a t t i ce .  A theo ry  for  f e r r i t e  nuc lea t ion  by 
s h e a r  was put f o r w a r d  by  Ryder  and P i t s ch  .6 who a s -  
sumed  that  the g r a i n  boundary  plane r e m a i n e d  un ro -  
t a ted  dur ing  the nuc lea t ion  event .  The t h e o r y  was shown 

/ 
/ 

/ 7 SEMI-COHERENT 

INTERFACE 

',NCTOH[FRcEENT~" y G R AIANU S;ELINI;ER y 

Fig .  9 - -A s c h e m a t i c  s e m i c o h e r e n t  a l l o t r i o m o r p h  at  the  n u c l e a -  
t ion s t a g e .  The  n u c l e u s  b u l g e s  into the  p a r e n t  c r y s t a l  wi th  wh ich  
it s h a r e s  a s e m i c o h e r e n t  ( lower  e n e r g y )  i n t e r f a c e .  

Table I. Quantit,es Relevant to the Nucleation of Incoherent and 
Coherent AIIotriomorphs, after Russellt9 

Incoherent Coherent 
Allomomorphs Allotnomorphs 

r*(radms of crmcal nucleus) 2or162 lAG v 

6411%03 Cr 
n/(number of solute atoms) 

3AGv a 3AGv 3 

3211o~03 f(0 ) 16IIoe4s3 f(O) 
AG* energy/critical nudeus 

3AGv 2 3AGv 2 

6k Tn k T 6kTn k T 
~(mcubatlon time) a b 3 AGv~3k a D A G f  

A Gv,fl k Deft A G v 

-2%r v 

32n%/dr(0) 
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Fig. ll--Comparison of calculated relative incubatlon times 
(Tcalc) and incubation times estimated from the reaction start 
times (rapp) on TTT diagrams at 450~ For this calculation 
the Tapp and Tca]c were taken as 1 s for alloy 1 and we have 
assumed ~a(1/AG 3) (see Table I). 

to be cons i s t en t  with the expe r imen ta l  sca t t e r  in o r i e n -  
ta t ion re la t ionsh ips  (near  Kurd jumov-Sachs)  found for 
f e r r i t e  a l lo t r iomorphs  in Fe -C  a l loys .  More recent ly ,  
Kennon and Purdy 17 analyzed o r ien ta t ion  re la t ionsh ips  
between a and/3 b r a s s  us ing the R y d e r - P i t s c h  ana lys i s ,  
and showed that this  p a r t i c u l a r  theory  pred ic ted  the 
expe r imen ta l  sca t t e r  of the i r  r e su l t s ,  but fai led when 
it was applied to individual  p rec ip i t a t e s .  This  o b s e r v a -  
t ion cas t s  some doubt on the propos i t ion  that f e r r i t e  
nuc lea tes  by a shea r ing  p roce s s  of the type envis ioned 
by Ryder and Pi tsch.  

T h e r m a l l y  act ivated incoheren t  g ra in  boundary  nu-  
c leat ion has been d i scussed  by Clemm and F i she r .  18 
They a s sumed  that a l l o t r iomorphs  nucleate  as double 
range  of in t e re s t .  For tunate ly ,  this p rocedure  is com-  
pa ra t ive ly  insens i t ive  to the model chosen (e .g . ,  coher -  
ent or incoheren t  nucleat ion,  cont ro l led  by in t e r s t i t i a l  
or  subs t i tu t ional  volume or boundary  diffusion) but is 
ve ry  sens i t ive  to (rc~/3 , e spec ia l ly  at low s u p e r s a t u r a -  
t ions .  We have chosen to keep (raf t as high as poss ib le ,  
to be cons i s t en t  with p r i o r  kinet ic  work 21 which placed 
the energy  of a f e r r i t e  boundary  (at a Widmanst~/tten 
plate tip, and a s sumed  pa r t i a l l y  coherent )  in the ne igh-  
borhood of 200 e rgs  per  sq cm.  Thus we a r r i v e  at a 
" b e s t "  value of aafi of about 75 e rgs  per  sq cm. Fig. 
10 shows seve ra l  f ami l i e s  of r a t e s  calcula ted using this  
value in our  p r e f e r r e d  model .  

We next inqui re  into l imi t s  on the f requency  factor .  
/3k, as cons t r a ined  by fundamenta l  p r o c e s s e s  and by 
e m p i r i c a l  r e s u l t s .  As noted above, the r eac t ion  s t a r t  
t ime on a TTT  curve  is de t e rmined  by the incubat ion 
t ime ,  % and by the t ime  r equ i r ed  for the p rec ip i t a t e s  
to reach  obse rvab le  s ize.  At higher t e m p e r a t u r e s ,  
r a t e s  of nuc lea t ion  and growth may be low and so both 
cont r ibute  to the t ime  for obse rvab le  t r an s fo rma t i on .  
At 450 to 500~ however,  our ca lcula ted  r a t e s  of nu-  
c leat ion a re  la rge  for all  a l loys s tudied (except the high 
Mn alloy, n u m b e r  7) and for all  models  cons ide red  (as 
noted above). Reference  to expe r imen t  and to the the-  
ory  of proeutec to id  growth zz'z3 suggests  that high ra tes  
of growth will  also exis t  for this  t e m p e r a t u r e ,  such that 

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  

T a b l e  II. F e - C - X  S y s t e m s  S t u d i e s  

Alloy No. At. Pct C At. Pet Nl At Pct Mn 

1 0 . 5  - 

2 0.5 -- l 
3 0.5 3 
4 0.5 3 

5 1.7 - 
6 1.7 3 

7 1.7 - 3 

the t imes  for in i t ia t ion  of r eac t ion  on T T T  d i ag rams  
will be a guide to the magnitude of the incubat ion t ime,  
~-. This was ver i f i ed  by ca lcu la t ions  based  on the John-  
son-Meh124 equation as modified by DubS. 25 

Thus we have, for a l imi ted  range  of t e m p e r a t u r e  and 
al loying e l emen t  levels ,  an es t ima te  of T which c o r r e -  
sponds to expe r imen ta l  T T T  curves .  Without inqui r ing  
fur ther  into the r a t e - l i m i t i n g  p rocess ,  we can es t ima te  
the i so the rma l  a l l oy ing -e l emen t  effect on the TTT  d ia -  
g rams  using the fact that 7 ~ 1/(AGv) 3 for boundary  dif-  
fusion l imi ted  nuclea t ion .  Fig. 11 shows the r e su l t  of 
compar i son  with expe r imen ta l  TTT curves .  22'37 For the 
al loys l i s ted  in Table H. Here we have taken T = 1 s for 
the b i n a r y  Fe-0 .005 C alloy. The a g r e e me n t  is seen  to 
be gene ra l l y  quite good, and poores t  for the high m a n -  
ganese  alloy, no. 7, which is expected to posses s  the 
lowest  r a t e s  of nuclea t ion  and growth. 

Tn~ 
T cc [8] 

AG*[3 k 

and the s teady state  ra te  of nucleat ion 

J [9] 

where C~, the concen t ra t ion  of c r i t i c a l  nucle i ,  is 

- e  G*/kT [lO] 

and N o is the number  of a toms per  unit a r ea  of bound-  
ary .  
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ESTIMATION OF THE RELATIVE HARDENABILITY 
E F F E C T S  OF ALLOYING ELEMENTS 

The equat ions  of the prev ious  sect ion p e r m i t  us to 
catalog the fundamenta l  quant i t ies  needed to calcula ted 
incubat ion t imes  and nuclea t ion  r a t e s :  these a re  the 
in te r fac ia l  f ree  energy,  cra~, the effective diffusion 
coefficient ,  Dell ,  and the volume f ree  energy  for nuc l e -  
ation, ,XG v. We begin this d i scuss ion  with an a s sumed  
knowledge of AG v only. 

The quant i t ies  p red ic ted  by the theory (the incubat ion 
t ime  T, and s teady state  nuclea t ion  ra te  J) a re  acces -  
s ible  to exper iment ,  but we a re  aware of no such m e a -  
s u r e m e n t s  for s imple  b i n a r y  or t e r n a r y  s tee ls .  The re -  
fore,  we will focus on the pred ic t ion  of ce r t a in  aspects  
of expe r imen ta l  TTT  curves ,  taking cognizance of ava i l -  
able expe r imen ta l  growth data and theore t ica l  models  
for f e r r i t e  growth. It is r ecognized  that, at the ve ry  
leas t ,  the pos i t ion  of the f e r r i t e - s t a r t  l ine on a TTT  di-  
ag ram places  an upper l imi t  on the incubat ion t ime,  r, 
and r e q u i r e s  a co r r e spond ing  lower l imi t  on the s teady 
state nuclea t ion  ra te ,  J .  

We will  begin by a s s u m i n g  that  the free energy  for 
nucleat ion,  at la rge  s u p e r s a t u r a t i o n  AG v is that ca lcu-  
lated on the p a r a e q u i l i b r i u m  model.  Therefore ,  the 
nucleus  and its p rope r t i e s  a re  not apprec iab ly  changed 
by the addit ion of a l loying e l emen t s .  

Next, we cons ider  the a s s i g n m e n t  of an opt imum value 
to asp. This quant i ty  is unknown, so is adjusted such 
that sens ib le  nuclea t ion  r a t e s  a re  obtained for a wide 
range  of Fe -C  and F e - C - X  al loys  over  the t e m p e r a t u r e  

In the absence  of accura te  nuclea t ion  data, and of ac -  
cura te  act ivat ion ene rg ie s  for all  poss ib le  r a t e - d e t e r -  
min ing  p r o c e s s e s ,  it is difficult  to attach a f i rm  value 
to the act ivat ion energy  for nuclea t ion .  However, us ing  
the fact that the incubat ion t ime  T must  be no l a rge r  
than the r e a c t i o n - s t a r t  t imes  at a l l  t e m p e r a t u r e s ,  a 
theore t ica l  fit to the TTT  curves  allowed us to place 
an upper l imi t  of 35,000 cal  per  mol on this quantity.  
Higher act ivat ion ene rg ie s  would yield too grea t  an in -  
cubation t ime at some t e m p e r a t u r e s .  

Austeni te  g ra in  s ize  is not cons ide red  a major  factor  
in de t e rmin ing  reac t ion  s t a r t  t imes  at lower t e m p e r a -  
tu re s .  However, s ince our  nuclea t ion  ra tes  a re  given 
in nucle i  per  unit  a r ea  of g ra in  boundary  per  unit  t ime,  
a complete  TTT  d iag ram calcula ted  using these data 
would show a g r a i n - s i z e  dependence of f rac t ion  t r a n s -  
formed.  

The d i scuss ion  thus far  has been  l imi ted  to the a l loy-  
ing e lements  Mn and Ni. However,  we submit  that the 
approach taken so far  is qua l i ta t ive ly  cons is ten t  with 
the known behavior  of such e l emen t s  as Co and Si: as 
supe r sa tu r a t i on  is changed by al loying e lement  addi-  
t ions,  both nuc lea t ion  and growth should be inf luenced 
in the same way, i . e . ,  acce le ra t ed  for inc reased  s u p e r -  
sa tu ra t ions ,  and r e t a rded  for dec reased  s u p e r s a t u r a -  
t ions.  Hence the reduc t ion  of the r eac t ion  s t a r t  t ime 
assoc ia ted  with cobalt  addi t ions is unders tandable .  

The calcula t ion p rocedu re s  used here  will only yield 
ha rdenab i l i ty  effects which r e su l t  in a shift of the TTT 
d iag ram to the r ight  or left, with l i t t le  change in the 
shape of the curve .  Also, the magnitude of the shift 
will be s imply  r e l a t ed  to the change in supe r sa tu ra t ion ,  
as re f lec ted  in AG v. It is immedia t e ly  apparent ,  on this 
ba s i s ,  that the b a y - f o r m i n g  e l emen t s  Mo and Cr a re  
anomalous .  The effect of a modest  addit ion (say 1 pct 

of Mo) is to delay se lec t ive ly  the reac t ion  at i n t e r m e -  
diate t e m p e r a t u r e s .  While the ca lcula ted  equ i l ib r i a  
a re  admit tedly  not as ce r t a in  as those for Ni and Mn, 
they give no indicat ion of a co r re spond ing  major  de-  
c r ea se  in supe r sa tu ra t ion  at t e m p e r a t u r e s  where,  ex-  
pe r imen ta l ly ,  nucleat ion and /o r  growth a re  inhibited.  
Thus, our ca lcula ted  nuclea t ion  r a t e s  r e m a i n  la rge  for 
s tee l s  containing these e l emen t s  through the t e m p e r a -  
tu re  range  included by the bay, jus t  as the ca lcula ted  
growth ra tes  of Kinsman  and Aaronson 22 (based on a 
pa r a e qu i l i b r i um model) fai led to re f lec t  the major  in -  
hibi t ion observed  in Fe -C-Mo.  We have there fore  not 
been success fu l  in r a t iona l i z ing  the behavior  of the 
c a r b i d e - f o r m i n g  f e r r i t e  s t a b i l i z e r s  Mo and Cr,  nor 
have we managed to account for the effect of boron on 
any r easonab le  macroscop ic  t he rmodynamic  model.  

This d i scuss ion  c ompr i s e s  the max imum in quant i ta -  
t ive inference  in the absence  of expe r imen ta l  m e a s u r e -  
ments  for s imple  b ina ry  and t e r n a r y  s tee l s .  It appears  
that the calcula t ions  of bulk t he rmodynamic  effects of 
a l loying e lements  is suff icient  for the semiquan t i t a t ive  
unders tand ing  of the effects of a number  of e l ements  
but even this  s imple  tes t  of re la t ive  ef fec t iveness  fa i ls  
conc lus ive ly  in the case of s t rong  c a r b i d e - f o r m i n g  e le -  
ments .  

A MODEL FOR THE CRITICAL NUCLEUS 

Let us now cons ider  a poss ib le  form of f e r r i t e  nu -  
c leus  ( semicoherent )  at a h igh-angle  aus ten i te  g ra in  
boundary.  We expect that the K - S  re la ted  side will  be 
of low average  in te r rac ia l  f ree  energy.  The d i r ec t ions  
pe rpend icu la r  to (111>~/should have an energy  s i m i l a r  
to that es t imated  for Widmanst~t ten plate t ips by T r i -  
vedi et al . ,  21 i . e . ,  200 e rgs  per  sq cm. This is about 
one qua r t e r  of that thought r easonab le  for  aus teni te  
g ra in  boundar ies  ~750 ergs  per  sq cm. Now it is 
known that Widmanst~/tten pla tes  do not tend to s p h e r -  
oidize on prolonged holding at t e m p e r a t u r e ;  hence the 
in ter face  energy  is l ikely to be s t rong ly  an iso t rop ic ,  
with the Widmanst~itten habit  p lanes  p o s s e s s i n g  v e r y  
low ene rg ie s ,  say one-s ix th  of the tip energy,  or about 
30 e rgs  per  sq cm.  The cha rac te r  of the in te r face  in 
this cusp or ien ta t ion  has been the subject  of conjec ture  
by a number  of w r i t e r s .  

Paxton z6 super imposed  (110)~ and (111)~ p lanar  mod-  
els  and noted that isolated reg ions  of good fit were sep-  
a ra ted  by extens ive  reg ions  of misma tch .  More r e -  
cently,  Malcolm z7 observed  what appeared  to be cohe r -  
ent segments  of ~-/3 in te r face  in b r a s s ,  and Hall e t  al .  28 
found that Cr p rec ip i t a tes  in Cu were bounded by d i s lo -  
cated in te r faces .  They showed that, by t i l t ing the i n t e r -  
face plane f rom (111~3, , the reg ions  of good fit could be 
made to include inc reas ing ly  large f rac t ions  of the 
boundary  a rea ,  although per iodic  defect ive reg ions  a re  
s t i l l  r equ i red .  Now the d imens ions  of the c r i t i ca l  nu-  
cleus may well be l e s s  than the d i s tance  between im-  
per fec t  reg ions ,  so that we might expect the in te r face  
nea r  (111)~, to be a lmos t  comple te ly  coherent  and to 
posses s  a ve ry  low energy.  

Thus, our model for the nucleus  involves a half d isc ,  
lying in one gra in ,  with its ha l f - th ickness  to radius  
ra t io  given by a e / 3 / ~  ~ 0.2 as r equ i r ed  by the equi -  
l i b r i um condition d i scussed  prev ious ly .  The incoheren t  
boundary  energy  is expected to be s i m i l a r  to that of the 
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gra in  boundary  at3 B (Fig. 12). E l e m e n t a r y  geomet ry  
then gives the disc  rad ius  

r *  = - 2 a 2 / A G  v [111 

and 

AG*cc o'~o" 1 
(AGv)Z  [12] 

Thus the average  or effective ~aB is of o rder  75 e rgs  
per  sq cm, the value which was found to be r equ i r ed  to 
genera te  observab le  nuclea t ion  r a t e s  in the p rev ious  
sect ion.  The in te rp re ta t ion  of the f r equency  factor  f ik  

poses  a more  difficult  p rob lem.  We mus t  immedia te ly  
ru le  out volume diffusion of subs t i tu t iona l  e l ements  as 
a r a t e - d e t e r m i n i n g  step, because  the ac t iva t ion  energy  
for this p roce s s  is too high. (We r equ i r ed  < 35,000 cal  
per  mol for the r a t e - d e t e r m i n i n g  step in the previous  
sect ion).  

Carbon volume diffusion is a poss ib le  r a t e - d e t e r m i n -  
ing factor .  However, when we cons ider  the number  of 
carbon  a toms that  mus t  be r e j ec t ed  f rom a volume of 
aus teni te  which co r r e sponds  to a typical  f e r r i t e  c r i t i ca l  
nucleus  containing,  say, 200 i ron a toms,  we find this 
number  is about unity. It the re fore  s eems  most  unl ikely  
that carbon  diffusion will de t e rmine  nuc lea t ion  r a t e s .  
In addit ion it will  gene ra l ly  be poss ib le  to find c r i t i c a l  
n u c l e u s - s i z e d  vo lumes  in aus teni te  which a re  com-  
plete ly  f ree  of carbon.  

We are  thus led to fu r the r  cons ide ra t ion  of the model 
shown in Fig. 12. The equ i l ib r ium condit ion is expected 
to hold over  the growth of the c r i t i ca l  nucleus  to the 
s u p e r c r i t i c a l  s ta te .  This r e q u i r e s  that the shape in 
Fig. 12 be main ta ined  dur ing  growth, which then r e -  
qui res  d i sp lacement  of the p lanar  coheren t  in te r faces .  
We will postulate  that this n o r m a l  d i sp lacemen t  takes 
place he te rogeneous ly ,  involving l a t e r a l  propagat ion of 
an incoherent  ledge, emana t ing  f rom the incoherent  
g ra in  boundary .  

The ra te  of nuc lea t ion  will  then depend on the f r e -  
quency with which subs t i tu t iona l  a toms on the ledge r e -  
gion join the pa ren t  c rys t a l .  If we a s s u m e  that this is 
s i m i l a r  to the boundary  jump f requency  then the ac t iva -  
t ion e n e r g y - r e q u i r e m e n t  of the p rev ious  sect ion can be 
met .  

While the p reced ing  d i scuss ion  is highly conjec tura l ,  
the model has the advantage of being cons i s t en t  with 
what is known or gene ra l ly  in fe r r ed  about in te r faces  of 
the kind be l ieved to exis t  at the K - S  or ien ted  side of the 
nucleus ,  and the/3/e ex t rac ted  is in o r d e r - o f - m a g n i t u d e  

o- 2 

Fig. 12--A model for the d i sc -shaped  semicoheren t  grain 
boundary nucleus. The planar s ides ,  of energy el, lie on low 
energy habit planes in the lower grain and may therefore be 
inclined to the grain boundary normal. The upper (shaded) 
boundary is considered to be incoherent, and bulges slightly 
into the upper grain. The shape of the disc is determined by 
the relative edge and facet free energies, cr I and cr2, and the 
effective free energy for the nucleus becomes approximately 
(~V~) 1/3 . 

agreemen t  with the obse rved  k ine t ics  of f e r r i t e  f o r m a -  
t ion. 

THE ROLE OF CARBIDE-FORMING 
ELEMENTS 

In the prev ious  sec t ions ,  a s imple  the rmodynamic  
model was used to e s t ima te  incubat ion  t imes ,  and to 
show that c a r b i d e - f o r m i n g  e l emen t s  a re  not "we l l -  
behaved . "  We will  include boron  in this  group, s ince 
it is c l ea r  that boron  addit ions at the level  commonly  
used in s t ee l s  a re  unl ikely  to genera te  the enormous  
changes in AG o r equ i r ed  for the ha rdenab i l i ty  obtained.  
We might con jec ture  that boron  (or Cr, or Mo) inf lu-  
ence the in t e r fac ia l  ene rg ie s  enough to make this  dif-  
fe rence .  However,  it s e e ms  unl ikely  that a su r f ace -  
act ive e l emen t  would reduce  the coherent  in te r rac ia l  
energy  s igni f icant ly ;  and there  is some expe r imen ta l  
evidence that boron  reduces  the g r a i n - b o u n d a r y  energy  
by a few pe rcen t  only. 29 

We will  thus cons ide r  the poss ib i l i t y  (or ig inal ly  sug-  
gested by Zener  z~ that these  e l emen t s ,  when added to 
s tee l s ,  r e su l t  in copious nuclea t ion  of al loy carb ides ,  
which grow e x t r e me l y  slowly and in t e r f e re  with f e r r i t e  
nucleat ion.  

Let us f i r s t  cons ider  the e lement  boron,  which is 
known to form a borocarb ide ,  of the type M23CzB 3. This 
phase is cubic and admits  of an o r ien ta t ion  re la t ionsh ip  
with aus teni te  which yields a coherent ,  n e a r l y  i so t ropic  
in te r face ,  v e r y  probably  of low energy.  There  is ample  
evidence that this  phase fo rms  at the g ra in  boundar ies  
ve ry  ea r ly  in i so the rma l  t r e a t m e n t  (as would be ex-  
pected f rom the high diffusion r a t e s  of the in t e r s t i t i a l  
solutes ,  boron  and carbon),  and thus should act as a 
he terogeneous  nuclea t ion  site for proeutec to id  f e r r i t e ,  sl 
At f i r s t  sight one would not look towards a demons t r a t ed  
he terogeneous  nuclea t ion  ca ta lys t  for a nuclea t ion  inhi -  
bi t ion mechan i sm.  However, we note that by the t ime  
the bo roca rb ide  is observed  (normal ly  by optical  m i -  
croscopy) cons ide rab le  coa r sen ing  mus t  have occur red ,  
so that a l a rge  amount  of c o n t i n u o u s  incoheren t  bo ro -  
c a r b i d e / a u s t e n i t e  in te r face  is ava i lab le  to act  as a f e r -  
r i t e  nuc lea t ion  si te .  Thus it is not unreasonab le  to sug-  
gest  that,  in ea r ly  s tages ,  the boron  const i tuent  acts  to 
inhibi t  f e r r i t e - n u c l e a t i o n ,  by cover ing  the gra in  bound-  
a ry  with coheren t  pa r t i c l e s ,  as shown in Fig. 13. 

The c red ib i l i ty  of this me c ha n i sm  can be r e in fo rced  
by e s t ima t ions  of nuc lea t ion  r a t e s  and incubat ion t imes  
for the boron  const i tuent .  For  an in te r fac ia l  energy  
(coherent)  of about 30 e rgs  per  sq cm, and A G  o of 0 to 
200 cal  per  mol,  we find incubat ion t imes  of l e s s  than 
10 -2 s, and nuc lea t ion  r a t e s  of > 10 § per  sq cm per  s 
for mos t  of the t e m p e r a t u r e  range  of in te res t ,  imp ly -  
ing that bo roca rb ide  pa r t i c l e s  wil l  nuclea te  quickly and 
copiously  to cover  the g ra in  boundary  a rea .  In a s i tua -  
t ion like this  the g ra in  boundary  p rec ip i t a t e s  cover  and 
rep lace  with coheren t  in te rphase  boundary  segments  the 
h igh -ene rgy  aus ten i te  g ra in  boundar ies ,  and so inhibi t  
f e r r i t e  or cement i t e  nucleat ion.  Once the per iod  of in i -  

Fig. 13--A schemat ic  s ide view of an a r ray  of semicoheren t  
grain boundary a l lo t r iomorphs  (say M23BsC3) which acts to 
prevent  nucleation of a subsequent  react ion product.  
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I000 , , , tial growth is replaced by coarsening, or coarsening 
combined with growth, the configuration will rapidly 
change to give large areas of continuous incoherent 
grain or phase boundary (depleted in carbon) where 
ferrite can readily nucleate. Hence, we have a ration- 
ale which accepts the nucleation catalytic effect of the 
boron constituent at late stages, but which nevertheless 
invokes the presence of this phase, as coherent allo- 
trimorphs, as a nucleation-inhibiting agent at early 
times. This hypothesis can, and should be tested by 
high resolution metallographic observations of boron- 
containing steels after brief heat treatment. 

A similar approach to the explanation of the effects 
of other "renegade" elements, here typified by chro- 
mium and molybdenum, will now be considered. These 
elements, in sufficient concentrations, produce a "bay" 
in the TTT diagram. Until the present work, the bay 
has been postulated to result from a transition from 
partitioned to unpartitioned growth, 32 or to an impurity 
drag mechanism 2e'23 in which the carbon content at the 
austenite/ferrite boundary is reduced to that in equi- 
librium with an alloying-element-enriched boundary 
region. The first hypothesis, while attractive, has been 
disproven by microanalytic techniques 34 The second 
is current, and remains to be tested. We believe, how- 
ever, that the impurity (alloying element) will be equally 
concentrated at the boundary in both the impurity drag 
and local equilibrium 23'35 cases. Since, in both models, 
the activity of carbon is taken to vary slowly through the 
interface, we consider that the impurity drag mecha- 
nism exists as an approximate limiting case of the local 
equilibrium growth model, which always predicts slower 
growth than the paraequilibrium model,12'33 but which 
appears to be inadequate to account for the great inhibi- 
tion of ferrite formation found here.* [We say "appears 

*The reader Is referred to the prevlous contnbuUon, by Coates ,  7 where these 
models are explored m detad. 

to be inadequate" because of real uncertainties in the 
pertinent equilibria for these s-loop carbide-forming 
elements]. While we agree with Aaronson et al.10 that 
the absorption of surface-active elements can indeed 
alter interfacial energies, and so affect rates of nucle- 
ation, we do not believe that most coherent interfacial 
energies will be much influenced in this way. A reduc- 
tion of the incoherent grain boundary energy attending 
impurity absorption would have a small effect on nucle- 
ation if the incoherent interphase boundary energy is 
similarly affected. 

In summary, our current perception is that the im- 
purity drag effect exists, but that it is probably insuf- 
ficient to account for the nucleation and growth retard- 
ing effects of the strong carbide-forming ferrite sta- 
bilizers. Thus we are led to present an alternative hy- 
pothesis, which is consistent with the carbide-forming 
tendency of these elements, and which like the impurity 
drag hypothesis, remains to be tested experimentally. 

Coherent grain-boundary carbides containing excess 
Mo or Cr cannot nucleate in time to interfere with fer- 
rite nucleation, since these elements diffuse much too 
slowly. It is quite possible, however, that the growth 
(and to a lesser extent the nucleation) of ferrite in these 
systems is inhibited at higher temperatures by the for- 
mation of precursor clusters, which are enriched in 
alloying elements (Cr or Mo) and in carbon. Nucleation 
theory does not apply to the formation of such coherent 

,o 800 /~f~ 
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2 0 0  I I I I 
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T I M E  ( S E C )  

Fig. 14--Illustrating the posslble effect of prlor clustering of 
substitutional alloying elements and carbon on a TTT diagram. 
The time for a cluster growth to a 20A radius is estimated 
from t ~- a2/D, and shown as a shaded curve. Without the pre- 
cursor clustering reaction the broken line could be obtained. 
The full curve schematically incorporates the retarding effect 
of the clustering reaction. 

c l u s t e r s ,  but the min imum t ime  for  c l u s t e r s  to grow to 
a s i ze  suff ic ient  to hinder  f e r r i t e  fo rmat ion  can be 
c rude ly  e s t ima ted  f r o m  se l f -d i f fus ion  data for subs t i -  
tut ional  e l emen t s  in aus teni te  using a s imple  ~ a rgu -  
ment .  Indeed, it is found that the t imes  for  growth to 
20/~ rad ius  become  l a rge  at a t e m p e r a t u r e  which co in-  
c ides  with the bay on al l  such T T T  cu rves ,  as i l l u s t r a t ed  
in Fig. 14. This would p e r m i t  the fo rma t ion  of f e r r i t e ,  
at  lower  t e m p e r a t u r e s ,  at r a t e s  uninhibited by the 
c l u s t e r s .  

The drag,  or  inhibition of f e r r i t e  fo rmat ion ,  is sup-  
posed to a r i s e  because  carbon must  be d i s soc i a t ed  f r o m  
the a l loying e l emen t  c l u s t e r s  if f e r r i t e  is to fo rm.  Hence 
an in te r rac ia l  r eac t ion  component  is e f f ec t ive ly  in t ro -  
duced into what was p r ev ious ly  a vo lume diffusion con- 
t ro l l ed  p r o c e s s ,  and the carbon diffusion potent ia l  (and 
gradient)  will  be accord ing ly  r educed  and growth inhib-  
ited. One can think of a number  of e x p e r i m e n t s  which 
can be des igned to c r ed i t  or  d i s c r e d i t  this idea. It is 
o f fe red  here  as a p laus ib le  a l t e rna t ive  to the impur i ty  
d rag  model ,  and one which m e r i t s  fu r the r  c o n s i d e r a -  
tion. 

CONCLUSION 

In preparing this paper, we have become aware of 
the paucity of experimental information available on 
such fundamental quantities as nucleation rates and in- 
cubation times in high-purity binary and ternary steels. 
Also, we are just beginning to gain an understanding of 
the details of the structure of fcc-bcc interfaces. Ac- 
cordingly, much of what has been put forward here 
awaits confirmation by carefully designed experiments 
on appropriate alloy systems. 

We can nonetheless conclude that: 
1) Classical nucleation theory is sufficiently well- 

developed for the rationalization of the relative effects 
of such alloying elements as Mn, Ni, Co on nucleation 
of ferrite in steels. In the process of rationalization 
of observed transformation data, we have been led to 
place limits on the effective interfacial free energy for 
ferrite nucleation, and on the activation energy of the 
rate-limiting process. The model proposed here for 
the ferrite nucleus is not inconsistent with these limits. 
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2) In the case  of ca rb i de - fo rmi ng  ferr i te  s t a b i l i z e r s ,  
the observed  hardenabi l i ty  cannot be attributed s i m p l y  
to thermodynamic  factors ,  and we propose ,  instead,  
that precursor  react ions  interfere  with the formation 
of proeutectoid  const i tuents .  Boron additions are con-  
jectured to y ie ld  numerous  coherent  borocarbide  gra in-  
boundary prec ip i ta tes ,  which interfere  with ferr i te  nu- 
c leat ion when they are f i r s t  formed (but which cata lyze  
the ferr i te  react ion  after they have coarsened) .  On the 
other hand, chromium and molybdenum additions may 
lead at higher t emperatures  to the format ion of c lu s -  
t ers ,  to which carbon atoms are bound. This suggest ion  
is  put forward as a pos s ib l e  reason  for the bay in TTT 
curves ,  of s t ee l s  containing these  e l e m e n t s .  It is  to be 
cons idered  as  an a l ternat ive  to the impuri ty  drag hy-  
pothes i s .  
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