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The nucleation kinetics of proeutectoid ferrite allotriomorphs at austenite grain boundaries in Fe- 
0.5 at. pct C-3 at. pct X alloys, where X is successively Mn, Ni, Co, and Si and in an Fe-0.8 at. pct 
C-2.5 at. pct Mo alloy have been measured using previously developed experimental techniques. The 
results were analyzed in terms of the influence of substitutional alloying elements upon the volume 
free energy change and upon the energies of austenite grain boundaries and nucleus: matrix bound- 
aries. Classical nucleation theory was employed in conjunction with the pillbox model of the critical 
nucleus applied during the predecessor study of ferrite nucleation kinetics at grain boundaries in Fe-C 
alloys. The free energy change associated with nucleation was evaluated from both the Hillert- 
Staffanson and the Central Atoms Models of interstitial-substitutional solid solutions. The grain 
boundary concentrations of X determined with a Scanning Auger Microprobe were utilized to calculate 
the reduction in the austenite grain boundary energy produced by the segregation of alloying elements. 
Analysis of these data in terms of nucleation theory indicates that much of the influence of X upon 
ferrite nucleation rate derives from effects upon the volume-free energy change, i .e.,  upon alterations 
in the path of the y / ( a  + 3') phase boundary. Additional effects arise from reductions in austenite 
grain boundary energy, with austenite-forming alloying elements being more effective in this regard 
than ferrite-formers. By difference, the remaining influence of the alloy elements studied evidently 
results from their ability to diminish the energies of the austenite:ferrite boundaries enclosing the 
critical nucleus. The role of nucleation kinetics in the formation of a bay in the TTT diagram of 
Fe-C-Mo alloys is also considered. 

I. INTRODUCTION 

SEVERAL studies have been reported on the hetero- 
geneous nucleation kinetics of proeutectoid ferrite at aus- 
tenite grain boundaries in alloy steels.l-4 However, most of 
these studies are seriously compromised by inadequate 
methods of making the nucleation rate measurements, by 
analyses based on semi-quantitative rate equations, and by 
ancillary parameter data not accurately applicable to the 
complex commercial-type steels employed. 

In the recently-completed study of the nucleation kinetics 
of grain boundary allotriomorphs of proeutectoid ferrite at 
austenite grain boundaries in high-purity Fe-C alloys by 
Lange et al. ,5 several important improvements in the experi- 
mental techniques for conducting such measurements were 
made: (1)nucleation at austenite grain faces was distin- 
guished from that at grain edges by careful delineation of the 
former austenite grain boundaries; (2)the Schwartz- 
Saltykov analysis 6'7 was used to convert the number and the 
size distribution of ferrite crystals on the plane of polish to 
the actual size distribution and the total number per unit area 
of untransformed and compositionally unaffected (hereafter 
simply unreacted) grain boundary; (3)a correction was 
made for the effects of the carbon diffusion field sur- 
rounding previously nucleated ferrite allotriomorphs on sub- 
sequent nucleation at the grain boundaries. 

The measured nucleation rates were shown to be far too 
rapid to be explained by critical nuclei based upon high 
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interfacial energy spherical caps. Pillbox-type nuclei of the 
type shown in Figure 1 were accordingly proposed. The 
model of Figure 1 (a) is taken to have very low energy edges 
and low energy broad faces. The models of Figures l(b) and 
l(c) replace one low energy, coherent broad face with a high 
energy, disordered-type spherical cap; this is permissible 
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(c) 
Fig. 1 - -Three  variants of pillbox critical nucleus modelr (a) both top and 
bottom surfaces are low energy a : y interfaces; (b) top broad surface and 
(c) bottom surface are high energy a : 3~ interfaces. 
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when the other broad face has a sufficiently low energy; 
these two models yield kinetics little different from that of 
Figure l(a). Although the latter two are crystallographically 
less restrictive, nonetheless accurate parallelism of a low 
energy broad face to one of the conjugate planes forming the 
austenite grain boundary is required, thus providing a basis 
for sharply restricting the proportion of the grain boundary 
area at which nucleation can take place--  without even con- 
sidering the structure of the grain boundary. This restriction 
permits an accounting for the relatively slow increase in 
nucleation kinetics observed with decreasing reaction tem- 
perature in the previous study of Fe-C alloys. 

The purpose of the present investigation is to examine the 
influence of several representative substitutional alloying 
elements upon the nucleation kinetics of proeutectoid ferrite 
allotriomorphs at austenite grain boundaries in high purity 
Fe-C-X alloys, where X is successively Mn, Ni, Co, Si, and 
Mo, taking advantage of the experimental techniques and 
nucleus models developed in the previous investigation. 5 
Although the introduction of a second solute increases 
the requirements for ancillary data needed to calculate 
nucleation kinetics, theoretical schemes are available 
through which the influence of X upon the volume free 
energy change attending nucleation and the energy of the 
austenite grain boundaries can be estimated. The alloying 
elements were chosen to show a variety of characteristics 
with respect to a-3' equilibria and interaction with carbon. 
They also are expected to vary in their tendency for segre- 
gation to austenite grain boundaries. 

The Fe-C-Mo alloy is of special interest. It is well known 
that the TTT-curve for the beginning of transformation in 
this system usually exhibits a deep bay. The parabolic rate 
constant for the thickening kinetics of grain boundary allot- 
riomorphs varies with temperature in a manner nearly a 
mirror image to that of the TTT-curve. 8 It is thus important 
to ascertain whether or not nucleation kinetics exhibit sim- 
ilar, or some other behavior in and near the bay region. 

A TEM study of the Mn, Ni, and Si alloys used in this 
study indicates that carbide precipitation in the reaction 
time-temperature ranges of interest occurs only within for- 
rite and takes place after the formation of ferrite has begun. 9 
A similar situation is likely to obtain in the Fe-C-Co alloy. 
Although M2C precipitation in conjunction with ferrite takes 
place voluminously in the Fe-C-Mo alloy employed, these 
carbides also do not initiate transformation at the austenite 
grain boundaries.I~ Some prior formation of M 6 C  at grain 
boundaries was observed but was found to be of only minor 
significance 1~ in the temperature region investigated. 

II. EXPERIMENTAL PROCEDURES 

Table I gives the compositions of the vacuum-melted, 
vacuum-cast alloys being used in this study and also certain 
characteristics of the alloying elements. The concentrations 
of carbon and alloying element are all approximately 0.5 
and 3 at. pct, respectively, except in the Mo alloy where 
rapid constriction of the austenite region by Mo required the 
use of a lower concentration of Mo and a higher proportion 
of C. ~0 The positive and negative signs of the Wagner inter- 
action parameter in Table I correspond to repulsive and at- 
tractive interactions, respectively, between carbon and the 
substitutional solute, X, in austenite. 

Bars of these alloys were homogenized for three days at 
1300 ~ Square samples 6 • 10 -3 m on edge and 1.5 • 
10-4m thick taken from the homogenized bars were 
austenitized for 30 minutes at 1300 ~ in an argon 
atmosphere-protected, graphite-deoxidized bath of molten 
BaC12,1~ isothermally reacted in a graphite-covered lead bath 
and ice-brine quenched. They were then tempered for 
15 minutes at approximately 300 ~ in order to aid etching 
of the former austenite grain boundaries. The austenitizing 
time was chosen so that most of the boundaries become 
nearly perpendicular to the plane of polish established on the 
broad faces of the specimens. This geometry has been 
shown to be a prerequisite for applying the Schwartz- 
Saltykov method to the precipitates in the boundary plane, 
and also for facilitating discrimination between austenite 
grain face and edge nucleation. 5 

After heat treatment, specimens were mechanically 
polished and etched in two successive solutions: 50 ml satu- 
rated picric acid and 50 ml Teepol for grain boundary 
etching, and 7.8 gm oxalic acid, 108 ml H20, and 6 ml 
H 2 0 2  for revealing the martensite matrix and the ferrite 
allotriomorphs at the grain boundaries. 5 After a grid 
5 • 10 4 m square was developed on the plane of polish 
using a photo-sensitive lacquer, ~3 the number of allotrio- 
morphs per unit area was counted as a function of reaction 
time and temperature and converted to the actual number 
of allotriomorphs per unit area of unreacted austenite grain 
boundary. The details of these procedures have been pre- 
viously described. 5 

III. RESULTS 

In Figure 2, a scanning electron micrograph of an inter- 
granularly fractured specimen of an Fe-0.5 at. pct C- 

Table I. Chemical Compositions of Alloys and Characteristics of Substitutional Alloying Elements 

(2) , a or 3' ~c.v at 
Alloy WtPctC At. PctC WtPctX At. PctX WtPctMn WtPctSi WtPctP WtPctS Stabilizer 1000~ 

Fe-C-Mn 0.11 0.49 3.08 3.12 - -  0.080 0.001 0.007 3, -4.4 
Fe-C-Ni 0.11 0.51 3.28 3.11 <0.002 0.001 0.001 0.004 3' 4.1 
Fe-C-Co 0.12 0.54 3.16 2 . 9 7  . . . .  a (weak) 2.3 
Fe-C-Si 0.11 0.50 1.83 3.56 <0.002 - -  0.002 0.007 u 9.9 
Fe-C-Mo 0.18 0.84 4.25 2.48 <0.003 0.009 0.002 0.002 a -8.5 
,e(2) �9 c. ~ is the Wagner interaction parameter in austenite. It is defined by etc 2) = (0 In 7c)/(OxzL2=o, where 2 denotes the alloying element X. 7~ is the activity 

coefficient of carbon in austenite. 
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Fig. 2 - - S E M  micrograph of ferrite allotriomorphs formed at austenite 
grain boundary face: an intergranular fracture surface of Fe-0.5 at. pet 
C-3 at. pet Ni, austenitized at 1300 ~ for 30 min, isothermally reacted at 
710 ~ for 20 sec, and fractured at room temperature. Magnification 
666 times. 

3 at. pct Ni alloy* provides a "face on" view of ferrite 

*The other alloys containing 0.5 at. pet C did not fracture intra- 
granularly. 

allotriomorphs along austenite grain faces. 
Figures 3 through 7 show the plots of the observed num- 

ber of face-nucleated ferrite particles per unit unreacted 
grain boundary area, also termed the particle density, as a 
function of the isothermal reaction time. The temperature 
range over which the measurements were made was the 
widest experimentally accessible in each alloy. This was 
20 ~ in the Ni and Co alloys and 40 ~ in the Mn and Si 
alloys. In the Mo alloy, the much slower transformation 
kinetics permitted data collection over a range of approxi- 
mately 300 ~ from the bay temperature to a temperature 
above the nose of the upper C-curve. 

The decreasing numbers of allotriomorphs at grain faces 
observed at later reaction times in many of the plots in 
Figures 3 through 7 may be attributed to a combination of 
the impingement of adjacent face-nucleated allotriomorphs, 
the difficulty in revealing ferrite: ferrite boundaries with 
the etchants used, and the growth of face-nucleated allot- 
riomorphs to the grain edges;* coarsening might also have 

*The particles in contact with junctions of three grain boundaries, i . e . ,  

"triple points", were all regarded as edge-nucleated. 

been responsible for some part of the decrease, though only 
at late stages of reaction when overlapping of diffusion 
fields finally becomes significant. 

The conversion of the plots in Figures 3 through 7 to 
nucleation rates requires that the slope of the curves be 
plotted as a function of time. However, due to the scatter in 
the data, it was decided to calculate the slopes allowable in 
the scatterbands and take them as the probable range of J*, 
the steady state nucleation rate per unit unreacted grain 

0 50 I00 150 200 250 

REACTION TIME, sec 

Fig. 3 - -  Particle density vs  reaction time plot for Fe-0.5 at. pet C-3 at. pet 
Mn alloy. 
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Fig. 4 - -  Particle density vs  reaction time plot for Fe-0.5 at. pet C-3 at. pet 
Ni alloy. 

boundary area, neglecting the brief initial transient period. 
The J* values thus determined are summarized in Table II. 
This table also includes the calculated and experimen- 
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Fig. 5 --Particle density v s  reaction time plot for Fe-0.5 at. pct C-3 at. pct 
Co alloy. 
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Fig. 6--Part icle density v s  reaction time plot for Fe-0.5 at. pct C-3 at. pct 
Si alloy. 

tally determined 7/(a  + 7) temperatures, the calculated 
no-X-partition temperature (paraequilibrium 7 /(a + 7) 
boundary),and the volume free energy change at each reac- 
tion temperature. The calculation of each of these quantities 
is described in subsequent sections. 
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Fig. 7--Part icle density v s  reaction time plot for Fe-0.5 at. pet C-3 at. 
pct Mo alloy: (a) for two higher temperatures and (b) for two lower 
temperatures. 

It is seen that both the reaction temperature and the 
amount of undercooling which give rise to similar J* values 
vary widely with the alloying element. 
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T a b l e  I I .  M e a s u r e d  N u c l e a t i o n  R a t e s  

Temperature, ~ 

7/(a + y) Temperature 
Calc. No-Partition of 

Alloy Exptl. Boundary Measurement, ~ j * ( c m  - z  . S - 1 )  

AG~(J �9 cm-3) ** 

Paraequilibrium Orthoequilibrium 

Fe-C-Mn 775 735 620 (2.8 -+ 0.9) x 103 
765 600 (8.3 + 1.5) x 103 

580 (3.5 + 1.5) x 10 4 

Fe-C-Ni 785 770 700 (5.1 --- 1.4) x 10 3 

775 690 (6.0 ~ 0.8) X 103 
680 (1.6 - 0.7) X 104 

Fe-C-Co 885 880 850 (8.7 --- 2.4) x 102 
--* 840 (4.6 -+ 0.8) x 103 

830 (1.2 -+ 0.6) x 104 

Fe-C-Si 1000 995 910 (1.2 + 0.3) X 103 
990 890 (2.2 --- 0.6) X 103 

870 (4.1 ----- 1.0) X 103 

Fe-C-Mo 935 930 860 (6.7 +- 1.5) x 102 
- -  750 (1.3 -+ 0.5) x 103 

650 (7.0 + t.2) x 10 ~ 
570 1.7 --+ 0.7 

- 54.3 - 74.5 
- 67.8 - 88,8 
- 8 1 . 9  - 1 0 3 . 9  

- 19.2 - 28.6 
- 23.8 - 33.2 
- 30.3 - 38.2 

- 6 . 6  - 7.8 
- 9 . 3  - 1 0 . 6  

- 1 2 , 1  - 1 3 . 5  

- 1 0 . 2  - 1 2 . 0  

- 1 4 . 3  - 1 6 . 5  

- 17.8 - 20.3 

- 6 . 9  - 7.7 
- 33.9 - 34.6 
- 87.8 - 88.7 
- 149.3 - 150.8 

tNot measured, 
"AGv is the volume free energy change attending ferrite nucleation. 

IV. D I S C U S S I O N  

A. The Effect of  Growth Kinetics on Measured J* Values 

It is reported that some solute elements are remarkably 
effective in decreasing the growth kinetics of  ferrite allot- 
riomorphs. 14 Therefore,  it is necessary to estimate how 
much the growth kinetics affect measurement of  the nucle- 
ation rate. In Table III ,  the time, to, for the ferrite particles 
to grow to 1 /zm, the approximate resolution limit of  the 
optical microscope, at a representative reaction temperature 
in each alloy is given on the basis of parabolic rate constant 
data published for these alloys. 6'14'15 Including even the Mo 
alloy, all to are less than ~ of the time at which the par- 
ticle density reaches its maximum value. Nonetheless, the 
Schwartz-Saltykov method was applied to the virtual size 
distribution of al lotriomorphs back-calculated from the 
observed size distribution on the plane of polish at time 
t + to for a few sets of  data. However, this procedure 
merely shifted the time scale without significantly altering 
the slope of particle density vs time plots, probably because 
the to values are so small relative to those of  t. 

T a b l e  I l L  T i m e  f o r  a F e r r i t e  

A l l o t r i o m o r p h  t o  G r o w  t o  1 / ~ m ,  t ~  

Alloy Temperature, ~ to, Sec Ref. 

Fe-C-Mn 580 5.9 14 
Fe-C-Ni 680 1.4 14 
Fe-C-Co 820 0.03 15 
Fe-C-Si* 910 1.2 15 
Fe-C-Mo** 570 1.6 x 104 10 

tFe-0.5 at. pet C-2.7 at. pct Si alloy. 
*tNo data at high temperatures. 

B. Analysis of the Nucleation Rate Data 

Classical nucleation theory expresses the time dependent 
nucleation rate, J * ,  as:  ~6'17 

J* = N/3*Z e x p ~ - - - ~ - )  exp - [1] 

where N is the density of  viable atomic nucleation sites, 13" 
is the frequency factor, Z is the Zeldovich nonequilibrium 
factor, AG * is the free energy of activation for formation of 
the critical nucleus, ~" is the incubation time, t is the iso- 
thermal reaction time, and kT  has its usual meaning. The 
time-independent portion of this equation is termed the 
steady state nucleation rate, J* .  

The pillbox model of  Figure l(a) will be used to analyze 
the results of  the present investigation. Equation [1] thus 
becomes: 5 

2 D X B V a E  112 [4r 
J *  = N a4(3kT)V 2 exp L 492kT J [2] 

49 = AGv + W [3-A] 

e = cr~,~ + o ' ~  - ~r~ [3-B] 

where D is the appropriate diffusivity, X ~ is the atom frac- 
tion of solute in the parent austenite,* V~ is the molar vol- 

*When the austenite is enriched in a solute, X 8 is replaced by 1 - XB. '8 

ume of ferrite (=  7.09 cm3/mole),  a is approximately the 
average lattice parameter of  a and y, AGv is the volume free 
energy charge, and W is the strain energy associated with 

e c cb the nucleus, o-~, tr~r, o'~v, and tTvv are the energies of  the 
interfaces indicated in Figure 1. The radius, r* ,  and height, 
h*,  of the critical nucleus are: 
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2o'er 
r* -- [4-A] 

4, 
2e 

h* - [4-B] 
or 

C. Calculation of Volume Free Energy Change Associated 
with Nucleation 

Correct evaluation of the volume free energy change is 
very important for the interpretation of nucleation kinetics 
data. Although AGv is customarily evaluated at either the 
equilibrium composition or the composition yielding the 
maximum IAGvl, the critical nucleus composition is differ- 
ent from both of them due to the presence of capillarity.18 
However, calculations of the critical nucleus composition of 
ferrite incorporating the capillarity effect for the Mn alloy 
used in this investigation have shown that the error involved 
when the equilibrium composition is used to evaluate AFv is 
negligible because of the small carbon concentration in fer- 
rite, the relatively small difference in the partial molar vol- 
umes of Fe and C,~9 and the relatively high undercoolings at 
which the present measurements were conducted] ~ 

Two solution models are employed to evaluate AGv. One 
is the widely used Hillert-Staffanson (HS) regular solution 
model. 2~ The other is the Central Atoms Model (CAM), the 
product of an advanced statistical thermodynamic analy- 
sis. 22'23'24 In a current paper, the t~ + Y phase boundaries 
and AGv calculated from these two models are numerically 
compared for the proeutectoid ferrite reaction in Fe-C-X 
alloys having compositions the same as or similar to those 
used in this investigation. 25 The ancillary parameter data 
needed to use the Hillert-Staffanson model were taken from 
the compilation by Uhrenius 26 while those needed for the 
Central Atoms Model were largely drawn from analyses and 
summaries by Kaufman and Nesor 27 and Kirkaldy et al. 28 
The two analyses yielded similar results, and in the case of 
phase boundary calculations compared well with experi- 
mental data. 25 The advantages which the Central Atoms 
Model may offer in respect of calculations for quaternary 
and higher order systems are presently being explored] 9 

Phase boundaries and AGu were calculated on both the 
orthoequilibrium and paraequilibrium models of alloying 
element partition between austenite and ferrite. It is noted 
that all the nucleation rate measurements were conducted 
below the paraequilibrium y / (a  + y) boundary (Table II). 
In the orthoequilibrium case, both phases achieve their full 
equilibrium compositions throughout; these compositions 
are obtained by solving three simultaneous equations: 

/xi,~= /xi.r f o r i  = 1,2, andC [5] 

In this set of equations, iron, X, and carbon are denoted as 
1, 2, and C, respectively. The/xi 's are the chemical poten- 
tials of the i ' th species at equilibrium in ferrite or austenite. 
In the paraequilibrium case, partition of carbon takes place 
between austenite and ferrite, but the original bulk concen- 
tration of X is inherited by the ferrite. Paraequilibrium com- 
positions are derived from the solutions of two simultaneous 
equations: 3~ 

/Zc,~ = txc,~ [6-A] 

YL=tzL. + Y2, a]d,2, a = X1,T].s "~- X2,y]&2, 7 

[6-B] 
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under the condition: 

r2,~ = Y2,~ = (XJX,) 8 [7] 

Here, Y, is the ratio of the number of the i 'th species atoms 
to the total number of sites in the sublattice to which these 
atoms belong. They are written in terms of Xi as: 

X1 X2 Xc 
Y~ - 1 - Xc' Y2 - 1 - Xc' Yc r(1 - X~) 

[8] 

where X~, X2, and X~ are the atom fractions of Fe, X, and C, 
respectively, and r is the ratio of the number of interstitial 
sites to that of substitutional sites (3 for ferrite and 1 for 
austenite). In both types of equilibrium, AGv is calculated 
from the equation: 

~{ / ty(X~ '~) - /.r Xg r [91 AGv 

where # = (/~1,/~2,/Xc) and X = (X1,X2,Xc) are vectors. 
X~ ~ and X g r denote the equilibrium compositions in aus- 
tenite and ferrite, respectively. 

Figure 8 shows the ortho- and paraequilibrium Y/ 
(a + Y) phase boundaries calculated for each alloy used 
from the HS model except for the Co alloy.* Figure 9 is an 

*The data on the parameters for the Fe-C-Co system are not available in 
the compilation of Reference 26. Accordingly, this calculation was con- 
ducted only through the CAM. 
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Fig. 8--Orthoequilibrium y/(a + 7) and no-partition boundaries in the 
alloys studied. The curve for an Fe-C alloy is included for reference 
purposes. 
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Fig. 9 - -Volume free energy change of proeutectoid ferrite reaction in 
alloys studied. 

equivalent presentation for AGv. The curves for an Fe- 
0.5 at. pet C alloy are included for reference purposes. 

V. ANALYSIS OF  N U C L E A T I O N  
R A T E  M E A S U R E M E N T S  

Assuming that, in Eq. [2], N and 0 --- (trer)2e are con- 
stants in the temperature ranges in which the measurements 
were made, the ranges of  their values which give the ranges 
of measured J*  values were determined. The results are 
recorded in the first and the second columns of  Tables IV-a 
through c. The assumption that N and 0 are constant is not 
unreasonable for the Mn, Ni, Si, and Co alloys because the 

temperature ranges in which kinetics could be measured are 
only 20 to 40 ~ In the Fe-C-Mo alloy the temperature 
range available was about an order of  magnitude larger. 
Accordingly, the J*  at the two highest temperatures were 
used, though the 110 ~ temperature difference between 
them is still much wider than for the other alloys. 

In respect of  the diffusivity term in Eq. [2], three dif- 
ferent options were examined. If  paraequilibrium ferrite 
nuclei are formed (Case I), the volume diffusivity of  carbon 
in austenite is appropriate. The relationship derived by 
Kaufman, Radcliffe, and Cohen 32 for this diffusivity as a 
function of both temperature and carbon concentration was 
utilized. If  the ferrite nuclei are of  orthoequilibrium com- 
position (Case II), mass transport of X will presumably be 
rate-controlling. This can be accomplished by either volume 
diffusion through austenite (Case II- 1) or by diffusion along 
austenite grain boundaries and austenite: ferrite boundaries 
(Case II-2).33 The correlations developed by Fridberg et El. 34 
for volume and boundary diffusion in substitutional Fe-base 
alloys were used in these situations.* 

*It should be noted that on these correlations the boundary diffusion 
of X is only slightly more rapid than the volume diffusion of carbon 
in austenite. 

The value of  e was calculated from the relationship of  
Eq. [4-B] assuming a pillbox nucleus of  biatomic height at 
the lowest temperature of  measurement. Subsequently, t r~  
was calculated from the 0 values and r* from Eq. [4-A]. 

Compared to the ~e~of 18 erg /cm 2 in an Fe-0.6 at. pct C 
alloy determined with a similar procedure, 5 the values for 
ternary alloys are mostly larger. As in the previous study, 5 
it is reasonable to assume that the rim of  a thin pillbox 
nucleus is fully coherent. At the present time we are unable 

Table IV. Calculated Values of Viable Nucleation Site Density, Interfacial Energies, and Critical Nucleus Size 

a. Paraequilibrium: Volume Diffusion of Carbon in Austenite 

Alloying 0(ergs~3 j e rgs~  e [ergs~ 
Element N cm -2 \c--~m 2] \cm 2/ cr~c--~m2) 

r* at the Lowest Temperature 
(Number of Atomic Planes) 

Mn 
Ni 
Co 
Si 
Mo 

Alloying 
Element 

10 ~ to 2 (1.8 --+ 0.4) x 104 5.5 51 to 64 
10-1 to o (4.7 --- 2.6) x 102 1.9 11 to 20 
10-~ to o (2.2 -+ 0.5) x 102 0.7 16 to 20 
10-2 to I (7.0 +-- 2.5) X 10 ~ 1.0 7.0 to 9.7 
10-2 to -~ (1.8 --+ 0.6) X 102 3.4 17 to 25 

b. Orthoequilibrium: Volume Diffusion of Alloying Element in Austenite 

0(ergs~ 3 e(ergs~ e [ergs~ 
N cm -2 \cm2/ \cmZ/ ~ 

9.4 to 12 
5.7 to 10 
24 to 30 

6.9 to 9.5 
5.9 to 8.4 

r* at the Lowest Temperature 
(Number of Atomic Planes) 

Mn 
Ni 
Co 
Si 
Mo 

Alloying 
Element 

108 to 9 (5.2 --- 1.0) • 1 0  4 7.5 75 to 91 
1 0  6 to 7 (3.5 -+ 1.5) • 103 2.9 26 to 42 
104 to 5 (3.5 --- 0.7) • 102 0.8 19 to 23 
104 to 5 (1.0 -+ 0.2) x 103 1.2 26 to 31 
1 0  5 to 6 (3.0 -+ 0.6) x 1 0  2 3.5 8.3 to 10 

c. Orthoequilibrium: Boundary Diffusion of Alloying Element 

0(ergs~ 3 e(ergs~ e [ergs~ 
N cm 2 \-~m 2/ \cm 2/ cr~--~m2// 

10 to 12 
9.1 to 15 
24 to 30 
22 to 26 
24 to 29 

r* at the Lowest Temperature 
(Number of Atomic Planes) 

Mn 
Ni 
Co 
Si 
Mo 

10 ~ to 2 (4.1 ----- 1.0) X 104 7.5 64 to 83 
10 o ,o ~ (2.8 -+ 1.5) x l03 2.9 21 to 39 
10-' to o (3.3 --- 0.8) x 102 0.8 18 to 23 
10-2 to ~ (8.5 --- 3.0) x 102 1.2 21 to 31 
10-2 to -~ (1.8 +-- 0.5) x 102 3.5 6 to 8 

8.6 to 11 
7.4 to 14 
23 to 29 
18 to 26 
17 to 23 
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to calculate the temperature dependence of the a : y inter- 
facial energy with sufficient accuracy. From the work by 
Lee and Aaronson, 35 however, for the case of coherent 
fcc: fcc interfaces the temperature dependence of the inter- 
facial energy can be deduced as d o / d T  = - (0 .2  to 0.3) 
ergs/deg for T/T~ >>. 0.35 where T~ is the critical tem- 
perature of the regular solution miscibility gap. This de- 
pendence seems to give a reasonable explanation for the 
relatively high o'~ values in the Ni and Mn alloys in which 
measurements were made at lower temperatures than in the 
Fe-0.6 at. pct C alloy (800 ~ 

Of the three options, paraequilibrium gives somewhat too 
low tr~ v values. Since the procedures utilized yield the larg- 
est possible value in each alloy, these results tend to favor 
the orthoequilibrium mode of ferrite nucleation. Whereas 
Case II-1, i.e., orthoequilibrium with volume diffusion of 
X, gives reasonable values of both interfacial energies and 
N, Case II-2, orthoequilibrium with mass transport via 
boundary diffusion yields appropriate interfacial energies 
but values of N orders of magnitude below the experi- 
mentally observed number densities of grain boundary allot- 
riomorphs at late reaction times. Nonetheless, we still con- 
siaer that these results favor Case II-2. The primary reason 
for this choice simply is that in the Fe-C alloys reasonable 
interfacial energies but too low N values were also ob- 
tained, s The nonphysical results secured with respect to N 
were ascribed to differences between the pillbox model and 
the actual shape of the critical nuclei?* Similar results have 

*It must noted, however, that with all other quantities unchanged 0% 
needs to be only 1.5 to 5•  larger than the values given to make up the 
differences of 4 to 5 orders of magnitude between the calculated and 
experimentally observed N's .  

been found for the bcc/3 ~ hcpa massive transformation in 
Ti-Ag and Ti-Au alloys 36 and more recently for the pro- 
eutectoid a reaction in Ti-Co and Ti-Cr alloys. 3v Secondly, 
it is plausible to expect that the nucleus evolves to the 
critical size most readily when X atoms can diffuse along 
paths where their diffusivity is comparable to that of carbon 
in bulk austenite. Hence, we tentatively conclude that ferrite 
nuclei in Fe-C-X alloys in the temperature-composition re- 
gions investigated are of orthoequilibrium composition, 
with X transport during nucleation taking place by grain and 
interphase boundary diffusion. 

Studies of both X partition 38 and growth kinetics of 
ferrite 14'15 in several Fe-C-X alloys have led to the conclu- 
sion that the allotriomorphs formed in the temperature 
ranges utilized in the present investigation are of para- 
equilibrium composition. This can be interpreted as follows. 
As particles grow, progressively more X atoms are neces- 
sary to maintain full equilibrium. The situation is soon 
reached in which X transport along the grain boundary is no 
longer sufficient to maintain the rapid increase in the particle 
volume, particularly when the growth rate is controlled by 
carbon diffusion. 

Incorporation of volume strain energy can be attempted, 
at the present time, only by assuming that the pillbox nu- 
clei are discs wholly imbedded within the matrix. 39 This 
increases t r~  by 20 to 30 pct in the alloys in which 
measurements were made at relatively low undercoolings. 
At larger undercoolings, the strain energy effect becomes 
less important. Hence the qualitative nature of the conclu- 
sions is not altered. 

VI. INFLUENCE OF ALLOYING 
ELEMENT SEGREGATION UPON 

AUSTENITE GRAIN BOUNDARY ENERGY 

As indicated by Eqs. [2] and [3-B], the energy of aus- 
tenite grain boundaries, o-vr, may play a major role in deter- 
mining the nucleation kinetics of ferrite at these boundaries. 
Alloying element segregation to austenite grain boundaries 
has the potential for significantly reducing the energy, and 
thus the catalytic potency of such boundaries. Segregation to 
austenite: ferrite boundaries will have the reverse effect. 
However, the absence of experimental information with 
which to guide a treatment of the latter problem confines the 
considerations of this section to examination of segregation 
effects upon the energy of austenite grain boundaries. 

A number of models is available with which to compute 
the decrease in grain boundary energy accompanying solute 
segregation. 4~ Among them, the theory proposed by 
Guttmann and McLean 44 appears particularly useful in the 
present context as it incorporates the effect of interactive 
segregation between different species of solute atoms. A 
substantial amount of data on temper embrittlement can be 
readily explained by means of this theory. 44'45 The variant of 
the theory which assumes two kinds of solute atoms, e.g.,  
substitutional and interstitial, occupying different sub- 
lattices and thus segregating without "site competition", 
appears to be most appropriate for Fe-C-X alloys. The equa- 
tions for segregation of carbon and substitutional alloying 
element to austenite grain boundaries appropriate to this 
model are: 

/acc  
(1 - rc~)l+n(r~) n = (1 - y~)l+n(y~)n exp~--~T-- ) 

[10-A] 

1 - Y~ - 1 --- Y~ exp~--~-} [10-B] 

AGc = AG~ - 2flcv(Y~c- Y~) + f l2c(Y~'-  Y~) 

+ ~[-fl~2{(Y,~) 2 -  (Y2~) z} 
- - 

+ fl2c(V~V~c - Y~Y~)] [ll-A] 

AGz = AO~ - 2fllz(Y~ - Y~) + fl2c(Y~c - Y~) 

I l l - B ]  

where ~cv, ~2c, and fll2 are the HS regular solution con- 
stants whose values were taken from the compilation of 
Uhrenius. 26 AG~ and AG~ are the (average) binding free 
energy of carbon and of alloying element to the austenite 
grain boundaries in infinitely dilute solutions. Also, 1~ -= 
A-c/A-1 where A-c and X1 are the partial molar areas of C and 
of Fe, respectively. The partial molar area of substitutional 
solute is assumed equal to that of Fe. 4) and B denote 
the interfacial and bulk phases, respectively. The theory 
assumes that the regular solution constants are the same in 
both phases. When Y~ is small, the energy of austenite grain 
boundaries with segregated solute atoms, ~rv, is given by: 

(rvv = ~, " A-I + RT In Y~' + R r  I n ( 1  - 

- - 

+ flzc(Y~Y~ - Y~cY~)] [12] 
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0 . 2 0 1  I i i I I where o-1 is the energy of austenite grain boundaries in pure 
Fe. A Scarining Auger Microprobe (SAM) analysis was 
made of the boundary fracture surface in Fe-C-X alloys with 
similar alloying element concentrations but with 0.4 wt pct 
instead of 0.1 wt pct C.* X~ determined by peak height 

*The alloys with 0.4 wt pct C fractured along the former austenite grain 
boundaries after quenching to martensite. The 0.1 wt pct C alloys, other 
than the one containing Ni, studied in the present investigation fractured by 
intragranular cleavage. 

ratio in the Auger spectrum was substituted into Eqs. [10] 
and [11] to calculate AG~. 

Table V summarizes the data needed to calculate the 
decrease in austenite grain boundary energy and its tem- 
perature dependence. AG~ is estimated as 10 U/mole from 
the recent work of Bradley et al. 47 

Figures 10 and 11 show the calculated temperature 
dependence of boundary monolayer concentrations of car- 
bon and alloying element and the decrease in austenite grain 
boundary energy, Atr~ = o" - cq, in the alloys studied in 
this investigation.* Of all the alloying elements studied, Mo 

*In the calculation of A~r~, A is taken to be 3.3 x 108 cm2/mole. 46 

has the largest tendency to segregate to the austenite grain 
boundaries and thereby decreases tr~v most effectively 
below 1000 ~ this tendency is strengthened by the co- 
segregation of carbon (Figure 10). Among the other alloying 
elements, the decreasing order of capability for reducing the 
grain boundary energy appears to be Si, Mn, Co, and Ni. 

Since the AG~ is rather small, the influence of carbon 
upon Y~' and Ao-~ is generally not very significant except in 
the Mo alloys. 

When the diffusivity of X in austenite is low, it is very 
likely that nucleation occurs before the system attains 
equilibrium segregation. The time to reach halfway to equi- 
librium segregation can be estimated from an equation 
derived by D. McLean: 48 

9q262 
tv2 = 64Dr [13] 

where 6 is the grain boundary thickness, D v is the volume 
diffusion coefficient of X in austenite, and q is the enrich- 
ment factor at equilibrium, the values of which were taken 
from Figure 10(b). In Table VI, tm is compared to the time 
range of the nucleation rate measurements, tM. The value of 
tl/z does not vary significantly in the temperature range in 
which measurements were made for alloys other than the 
Mo alloy. For this alloy the values at two temperatures are 
shown. It is seen that in the Ni, Co, and Si alloys, tv2 is very 
small compared to tM. It is appropriate, then, to assume that 

Table V. SAM Data on Segregation 
of X to Austenite Grain Boundaries 

Alloying Temperature of Enrichment Factor, q, AG ~ z t 
Element Measurement, ~ in 0.4 Wt Pct Alloys kJ/mole 

Mn 1125 2.2 8 
Ni 900 to 1100 1.0 <5 
Co 1050 to 1100 1.0 <8 
Si 1050 2.4 20 
Mo 1200 to 1300 5.9 18 

terror caused by uncertainty in determining the boundary concentration 
does not exceed approximately 25 pct. 

0.15 
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(b) 
Fig. 10--Calculated grain boundary concentration of: (a) carbon X~, and 
(b) alloying elements X2 ~, as functions of temperature in alloys studied. The 
dashed curve shows the concentrations in "as-quenched" boundaries (see 
text), while the solid curves show those at equilibrium. 

equilibrium segregation is achieved before nucleation takes 
place in these alloys. However, in the Mn and Mo alloys 
the system is unlikely to be at equilibrium during nuclea- 
tion. Thus the problem arises of estimating the energy of a 
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Fig. 11--Calculated austenite grain boundary energy decrease, -Ao-~, 
due to solute segregation as a function of temperature in the alloys studied. 
The dashed curves show the reduction in the energy of "as-quenched" 
boundaries while the solid curves show those at equilibrium, 

boundary which is not in compositional equilibrium with its 
surroundings. The extremum situation is analyzed in which 
the boundary inherits the X concentration which it acquired 
at the austenitizing temperature but equilibrium is attained 
with respect to carbon at the reaction temperature. 46 The 
formalism used is similar to that for paraequilibrium, but Y2 
is not the same for the boundary and the bulk phases (see 
Eq. [7]). The segregation equation for carbon is the same as 
Eq. [10-A], but Y~ is kept constant at the value for the 
austenitizing temperature, T~, while Y2 B is also constant. For 
y[O~, only the result appropriate to the Mo alloy is shown in 
Figure 10(b). In the other alloys, it is not much different 
from that of orthoequilibrium. Rewriting Eq. [6-B] in terms 
of Y~ and Y~, 

Yf / x f  + Y~/z~ = Y~kt~ + Y~/~ [141 

Eq. [14] is used to obtain the following Aorrv relationship: 

Atr w" A = -Y~' .  AG~ + ( Y ~ -  YzB)(/x~ B - /x~ B) 

+ RT{Y~ In Y~' + Y~' In Y~' + ln(1 - Y~) 
- 

- RT{Y~ In Y~ + Y2 B In V~ n B --  fll2Y1 y2} 

[15] 

The calculated values of Acr~ for T~ = 1300 ~ are sum- 
marized in Figure 11. These are considered to correspond to 
the state of the boundary immediately after quenching to the 
reaction temperature, and thus to the lower limit of Acr~ at 
each temperature during nucleation. With increasing reac- 
tion time, Acr~ becomes more negative, approaching the 
equilibrium values given in these figures. The A~r~ values 
at the temperatures of measurement both for the equilibrium 
and the as-quenched situations are included in Table IV. 

From Eq. [3-B] it is seen that a reduction in the austenite 
grain boundary energy increases e. Before comparing the 
A~r~ with the e values in Table IV-c, it is noted that in an 
Fe-0.6 at. pct C alloy, e = 0.5 ergs/cm2. 5 Table IV-c 
shows that in all of the ternary alloys studied, e is increased, 
and Ao-~ is always greater than e.* This latter result indi- 

*In the Mn alloy, an apparent exception to this statement, the actual 
Ao'~ may also be larger than e because t~/: is not much larger than tM 
in this alloy and quenched-in vacancies usually expedite achievement of 
equilibrium. 

cates that the alloying elements also reduce the energies 
of nucleus:matrix boundaries but do so less extensively 
than those of austenite grain boundaries. Segregation of X 
to a : y  boundaries and reduction in the energy of such 
boundaries to lesser degrees than is accomplished at aus- 
tenite grain boundaries can explain this finding. These 
lower levels of segregation are consistent with the high 
levels of coherency expected at nucleus: matrix boundaries 
(Figure 10) and perhaps also with the observation that the 
energy of at least disordered interphase boundaries is less 
than that of disordered grain boundaries in many alloy sys- 
tems, including Fe-C. 5~ 

However, arrangement of the elements in the order of 
their ability to increase e does not yield the sequence of 
increasing A~r~ calculated using the SAM data. A possible 
reason for the apparent lack of correlation between the e and 
the Ao'r~ changes is segregation of other minor impurities 
such as P and S, etc. to the austenite grain boundaries. The 
data on these elements reported by Hondros, 42 however, 
indicate that P and S of the same impurity levels as in the 
present alloys (see Table I) reduce the grain boundary 
energy only by 1 to 2 ergs/cm 2. Also, there were no indi- 

Table VI. Comparison of Time of Measurement, tM, Time to Reach Halfway to Equilibrium, tl/2, 
at Lowest Temperature of Measurement,* and Reduction in Austenite Grain Boundary Energy, Acr~ 

Alloying 
Element tM Sec. tl/2 Sec. 

Acr~ ergs/cm 2 

As-Quenched Equilibrium 
Mn 250 3.0 x 102 
Ni <25 3.7 x 10 ~ 
Co <34 2.1 x 10 -3 
Si <27 3.3 X 10 -3 

Mo* <70 6.7 x 10 (750 ~ 
<6 x 104 6.2 x l0 s (570 ~ 

1 
<5 

<13 
34 
60 

167 

22 
<10 
<15 

44 
68 

175 
*Two temperatures for the Mo alloy. 
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cations in the Auger spectra that certain alloying elements, 
e.g. ,  Mn and Ni, etc.,  induce exceptional cosegregation of 
these impurities to the austenite grain boundaries. Hence, 
it seems most likely at the present time that the ability of 
alloying elements to introduce A~v, is not exactly parallel 
to their capability for producing At%,. 

VII. THE OVERALL EFFECT OF 
ALLOYING ELEMENTS ON J*  

In Figure 12, J* is calculated over an extended range of 
temperatures for each alloy studied, assuming the constant 
N and 0 values determined in the previous section. The 
equivalently calculated curve for an Fe-0.6 at. pet C alloy 5 
is reproduced in this figure for comparative purposes. 
Although the values determined for Case II-2 are used, 
similar curves are obtained for the other two cases except for 
minor differences far from the temperature range in which 
the experimental measurements were made. The curve for 
the Mo alloy does not fit the experimental data at low tem- 
peratures. This is reasonable because the parameters were 
determined from the J* data at two high temperatures in 
this alloy. This procedure implies that the amount of Mo 
segregation does not increase above the small value of the 
higher temperatures in the calculation; thus, at least the 
sign of the difference between the calculated and measured 
J* curves at lower temperatures can be explained. As seen 
in Figure 12, Mn reduces J* of ferrite most effectively 
and Ni does so next primarily because this is the order of 
the largest decrease in the -y/(~ + y) temperature and in 
IAG~I effected per at. pet X for the alloying elements 
studied. Co, Mo, and Si increase J* to successively greater 
degrees because they raise the y/(c~ + 3') temperature and 
thus lac l. 

In an effort to compensate for the different effects of the 
various alloying elements upon y/(c~ + T) boundary, these 
data are replotted in Figure 13 as a function of AG~. This 
approach is seen to rearrange the relative positions of the 
curves. All J* vs temperature curves for Fe-C-X now lie to 
the left of the curve for the Fe-C alloy, including that for the 
Co alloy. Displacements to higher [AG~I values are still 
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Fig. 12--Steady state nucleation rate, J* ,  vs temperature in the alloys 
studied. 
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Fig. 13--Steady state nucleation rate, J*,  vs volume free energy change 
in the alloys studied. 

observed to be associated with the austenite stabilizing 
elements, which are in turn associated with higher values 
of E. Since ferrite formers tend to segregate more to grain 
boundaries during austenitization, the above observation 
cannot be explained by Ao-~; reduction in Atr~ (coherent), 
not necessarily occurring in parallel, must also be involved. 

VIII. THE ROLE OF J* IN THE 
FORMATION OF A BAY IN THE 

TTT-DIAGRAM OF Fe-C-Mo ALLOYS 

In Figure 14 the temperature dependence of J* is com- 
pared with that of the parabolic rate constant, a, for ferrite 
growth ~~ and the TIT  curve for 1 pet transformation ~~ in 
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Fig. 14--Nucleation rate, J*,  and parabolic rate constant, (~, vs tem- 
perature, and ITT-curve for 1 pet transformation in the Mo alloy studied. 
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the Fe-C-Mo studied during the present investigation. Ear- 
lier measurements on more dilute Fe-C-Mo alloys indicate 
that the a vs temperature curve is essentially a mirror image 
of the TrT-curve for the beginning of transformation; 8 the 
same situation is likely to obtain in the present alloy. How- 
ever, unlike previous indirect estimates of J* from a data 
and the Dub651 modification of the Johnson-Mehl equa- 
tion, 52 which indicated that J* is nearly independent of tem- 
perature in the bay region, 3 the present direct measurements 
of J* show that it also varies with temperature in a manner 
parallel to that of the TTT-curve. Since it has long been 
recognized that overall transformation kinetics are more 
strongly affected by growth than by nucleation, 51'52'53 the 
earlier conclusion that the highly anomalous temperature 
dependence of a, which is ascribed to a solute drag-like 
effect, 3'8'14'L5 is primarily responsible for the bay in the TTT- 
curve of this alloy seems to remain intact. 

A more complete evaluation of the origin of the bay 
requires measurement of J* and of a below as well as above 
the bay temperature in the same alloys. However, the severe 
degeneracy of the ferritic component of the microstructure 
in this region seriously interferes with the acquisition of both 
types of data. 

IX. ON THE INFLUENCE OF 
GRAIN BOUNDARY STRUCTURE 
UPON NUCLEATION KINETICS 

The low values of N found during the present investiga- 
tion raise the same question as they did in the previous study 
on Fe-C alloys, 5 namely, whether or not a significant pro- 
portion of the nucleation occurs at relatively rare defects in 
the grain boundaries rather than at the average grain bound- 
ary structure. The commonly observed scatter in particle 
density from one grain boundary to the next is in the present 
context ascribed to AG * values which vary with the identity 
of boundary planes and to the presence of {111}~ planes 
parallel to only a small minority of grain boundaries.5 How- 
ever, it is possible that such defects as ledges and intruder 
dislocations contribute to this scatter. The virtual im- 
possibility of conducting TEM studies of the structure of 
austenite grain boundaries at which nucleation takes place 
because of the occurrence of the martensite transformation 
during quenching to room temperature was pointed out dur- 
ing the previous investigation. 5 In the present alloys, a fur- 
ther complexity arises from the varying extent to which each 
type of defect attracts X atoms. However, the greater reduc- 
tion in AG * attending the destruction of the austenite grain 
boundary rather than the strain field of an intruder dis- 
location or even the riser of a grain boundary ledge provides 
some measure of support for consideration of austenite grain 
boundaries as being characterized by an average energy 
during the nucleation process. 

X. CONCLUSIONS 

The nucleation kinetics of proeutectoid ferrite allot- 
riomorphs at austenite grain boundaries in Fe-C-X alloys 
have been measured with recently improved experimental 
techniques. 5 Alloys containing about 0.5 at. pct C and 
3 at. pct Mn, Ni, Si, or Co, and also an Fe-0.8 at. pet C 

C-2.5 at. pct Mo alloy were studied. The accessible tem- 
perature range was 20 ~ to 40 ~ except in the Fe-C-Mo 
alloy where it was an order of magnitude larger. The data 
acquired could be largely described in terms of a steady state 
nucleation rate characteristic of each alloy and reaction tem- 
perature. These data were analyzed on the basis of classical 
heterogeneous nucleation theory, using a pillbox model 
of the critical nucleus as was done in a previous study on 
Fe-C alloys. 5 Only a very small proportion of the austenite 
grain boundary area was again found to furnish viable nu- 
cleation sites. 

Ortho- and paraequilibrium phase boundaries and volume 
free energy changes were calculated from the Hillert- 
Staffanson 21 regular solution model and the Lupis-Elliott 22'24 
Central Atoms models. The Guttmann-McLean 44 non- 
competitive sublattice model was employed to analyze the 
reduction in austenite grain boundary energy by segregation 
of substitutional alloying element. 

The assumption that ferrite nuclei have the ortho- 
equilibrium composition and evolve to critical nucleus size 
through the participation of boundary diffusion of alloying 
element gives a somewhat better accounting for the data in 
connection with the study on Fe-C alloys than either ortho- 
equilibrium and volume diffusion transport of X or para- 
equilibrium and solute mass transport involving only carbon 
diffusion. In terms of the influence of alloying elements 
upon the volume free energy change and upon the interfacial 
energies, the observed characteristics of ferrite allotrio- 
morph nucleation rates in the alloys studied may be sum- 
marized as follows: 

1. Mn and Ni reduce the nucleation rate of grain boundary 
ferrite allotriomorphs primarily by reducing the volume 
free energy change during nucleation at a given reaction 
temperature. Mn further reduces the nucleation rate 
presumably through diminishing the austenite grain 
boundary energy more than the austenite:ferrite bound- 
ary energy. 

2. Si increases nucleation kinetics because the more nega- 
tive volume free energy change accompanying the 
marked increase in the y / ( a  + y) temperature more 
than offsets the decrease due to the reduction of the 
austenite grain boundary energy relative to that of the 
austenite: ferrite boundary energy. 

3. Co has a weak effect on nucleation rates because it has 
only a minor influence on a - y  phase stability and a small 
tendency to segregate to austenite grain boundaries. 

4. Mo increases the nucleation kinetics at high temperatures 
for the same reasons as Si. Extension of the mea- 
surements over a much wider temperature range shows a 
decrease in nucleation kinetics at lower temperatures. 
This decrease contributes substantially to bay formation 
in the TTT-curve for the beginning of transformation. 
However, the previously reported parallel diminution in 
growth kinetics continues to appear primarily responsible 
for the development of the bay. 
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