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Evaluation of the Nucleation and Coarsening Kinetic 
Behavior of the Secondary Hardening Carbide of 
Fe-14Co-10Ni-1Mo.0.16C Steel at Two Chromium 

Levels, Using an Analytical and Modeling Approach: 
Part II 

Y. Oh, P.M. Machmeier, T. Matuszewski, and R. Ayer 

The effect of 1% Cr addition on the resistivity during preaging and peak aging of an AFI410 based steel 
was examined by analytical and modeling approaches. The increased kinetics of aging resulting from a 
chromium addition, due to a variety of complex microstructural changes, was analyzed by Avrami-Mehl 
and Wert-Zener formulations, which were modified so that the exponent was a function of time. Using a 
generalized Avrami equation, it was shown that the nucleation rate, N(t), at short aging times was large 
but became a rapidly declining function as N(t) approaches zero in a supersaturated system. A mathe- 
matical solution, using AF1410 steel carbide growth data at 510 *C, confirmed reported experimental 
evidence of  second-stage carbide nucleation at 1 to 2 h. 

Keywords [ 

kinetics of aging, property modeling, steel properties 

1. Introduction 

IN THE DEVELOPMENT of a series of AF1410 based secon- 
dary hardening steels in high-performance Fe-Co-Ni-Cr-Mo-C 
steels, Machmeier et al. (Ref 1, 2) reported accelerated aging 
when chromium was increased from 2 to 3 wt%. This behavior 
is investigated by data analysis and modeling as a background 
for an improved understanding of the thermal treatment and 
mechanical property optimization (Ref 3). Earlier work by 
Chandhok et al. (Ref 4, 5) disclosed that, in high strength steels, 
the addition of cobalt maintained a high dislocation density by 
retarding the recovery of the dislocation substructure. Later, 
Speich et al. (Ref 6) confirmed this behavior and reported a 
chromium-related peak hardness shift for Fe-Ni-Co-Cr-Mo-C 
secondary hardening steels. 

The M2C secondary hardening reaction in steel was investi- 
gated previously (Ref 6, 7), but only recently did the impor- 
tance of this phenomenon become recognized in commercial 
steels. It was not resolved by transmission electron microscopy 
(TEM) whether the molybdenum-rich zones, which preceded 
the precipitation of the fine needles of M2C (Ref 7, 8) can cause 
streaking. The field ion microscopy (FIM) examination in con- 
junction with atom probe (AP) microanalysis (Ref 9-11) of the 
AF1410 steel, aged for approximately 100 s at 510 ~ revealed 
small clusters prior to the precipitation of fine needle M2C car- 
bides. Olson and others (Ref 11-13) proved that molybdenum 
initially forms M2C carbides as a result of the higher driving 
force. Chromium diffuses in and out of this carbide structure as 
equilibrium is approached. Heterogeneous nucleation of M2C 
carbides occurs on a highly dislocated substructure as defined 
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by Olson (Ref 14) and Speich et al. (Ref 6). Ayer et al. (Ref 3, 
8) systematically demonstrated by strain contrast that as the 
M2C carbides coarsen and approach optimum strength, they 
displayed carbide and matrix coherency, thus invoking 
Orowan looping. 

The isothermal aging response of the experimental AF1410 
series steels appears to be complex as experimental evidence 
suggests the nucleation and diffusion-controlled coarsening 
process will be interrupted. Cementite is precipitated initially 
and at a later stage is resolutionized. Retained austenite will 
transform, and later, reverted austenite may appear depending 
on the temperature of aging. The sequence of the M2C forma- 
tion and other microstructural characterization is discussed in a 
companion paper (Ref 15). In this article, the nucleation and 
growth kinetics of the two alloys, the 14Co-10Ni-lMo-0.16C 
steels with 2 and 3% Cr, respectively, are investigated for aging 
temperature ranging from 454.4 to 537.8 ~ for 6 rain to 60 x 
103 min (1000 h). 

In the investigation of the coarsening and nucleation analy- 
sis, there are two competing theories, namely, the Avrami- 
Johnson-Mehl formulation (Ref 16-19) and the Wert-Zener 
formulation (Ref 20). Even though they were used extensively 
in the past, the precise nature of the relationship between the 
two theories is not clear. In this study, the Wert-Zener equation 
is solved for a closed-form solution; thereby, they can be com- 
pared. It turns out that the Wert-Zener equation is a type of 
Avrami relationship with the "asymptotic" exponent of 1.0. 
The Avrami formula is well suited for most experimental stud- 
ies, even though the exponent n is not necessarily a constant. 
Instead of using a constant exponent, the original Avrami for- 
mula is generalized so that not only a constant, but any function 
can be substituted for the exponent n. Moreover, the average 
exponent n values obtained from the experiment area about 0.2 
to 0.5, which are much less than 1.0. According to the conven- 
tional Avrami formulation, the n must be greater than 1.0. For 
example, n = 2.0 for one-dimensional precipitation growth, n = 
3.0 for two-dimensional sheet growth, and n = 4.0 for three-di- 
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mensional spherical growth (Ref 21). This requires a closer ex- 
amination of the basic Avrami formulation. 

By further generalization of the Avrami Formula, the 
growth and nucleation rate functions are combined, and their 
relationship is explicitly disclosed. To solve the nucleation be- 
havior of the precipitation process, additional data are needed. 
The microstructure evolution data satisfies this requirement, 
that is, the average growth pattern of  the particle. By using this 
evolution data along with the resistivity measurements, the nu- 
cleation rate function can be solved. 

2. Procedure 
2.1 Exper imen ta l  

The nucleation and growth kinematics of  steel compositions 
14Co-10Ni-IMo-0.16C with 2% Cr (AF1410) and the 14Co- 
10Ni-IMo-0.16C with 3% Cr were studied by resistivity for 
temperatures ranging from 454.4 to 537.8 ~ and times from 6 
to 6 • 103 rain. The 5.08 • 3.94 • 85.75 mm resistivity speci- 
mens were thermally treated in an experimental furnace in 
which +2 ~ were maintained by specimen thermocouples. A 
collinear four-probe array (59.95 and 76.20 mm between po- 
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tential and current probes) with a constant load of  2.83 kg was 
applied to the sample holder at ambient temperature during all 
measurements. Corrections and checks were made for tem- 
perature, current direction, and specimen heating. A constant 
voltage source was used, and voltages were read to a +1 MV 
sensitivity when the current was less than 1 A. The determined 
error for all resistivity readings was less than +1.0%. The resis- 
tivity data p(Mf2-cm) are used to determine the volume frac- 
tion transformed, w, from the following formula: 

w = (Po - P)/(P0 - P~) (Eq 1) 

where P0 is resistivity at 0.0 min 0.5560 laf2-m as quenched 
for 2% Cr, 0.6448 gf2-m as quenched for 3% Cr, p~ is resis- 
tivity at 60 • 103 rain, and p is instantaneous value of  resis- 
tivity. 

2.2 Analy t ica l  

In the study of  the coarsening phenomenon, the most fre- 
quently used formula is Avrami-Johnson-Mehl equations (Ref 
16-19): 

w = 1 - exp - (Eq 2) 

where w is the volume fraction transformed, t is time, z is a time 
constant, and n is an exponent presumed to be a constant. These 
values w, x, and n are often obtained experimentally from the 
resistivity or hardness data. 

There is another competing theory proposed by Wert-Zener 
(Ref 20). However, the formula is given in terms of  a differen- 
tial equation: 

dw 3 
~-~t  = ~ [(1 -w)w~/3l (Eq 3) 

rather than a closed-form solution like the Avrami relationship. 
Therefore, it is difficult to compare the two theories, much less 
to choose the appropriate formulation for a particular experi- 
ment at hand. However, the Wert-Zener equation can be solved 
explicitly so that the two formulas can be compared. By chang- 
ing the variable, y = w 1/3 and simplifying both sides of  the 
equation (Eq 3), it is shown: 

__Z.__ dy = ~ dt (Eq 4) 
1 - y 3  2 x  

Then integrating both sides: 

t 2 In  I '~/w2~ l+w`/3 + 1 I 2 ~(2w1~_3_+ 1)_ 1 
x - 3 _ wl/3 ) - ~ arcta 

$ 0.6046 (Eq 5) 

which is an analytical solution of  the Wert-Zener equation. 
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The Avrami formula can also be written in a similar manner 
expressing t in terms of  w, as follows: 

t/z = {In[l/(1 - w)]} 1/,1 (Eq 6) 

It is not obvious how one formula is related to the other as 
shown in Fig. 1. At an n of  1.0 to 1.3, there is closer agreement 
to the Wert-Zener relationship, especially as w < 0.7. However, 
the difference becomes more pronounced as w approaches 1.0 
or time (t) becomes larger. 

3. Experimental Results 

dicted to occur up to 120 min. In other experimental work, Mur- 
phy and Whiteman (Ref 23) revealed that the formation of 
Mo2C carbide in tempered martensite can be described at 520 
~ by n of  0.67 from a w o f - 0  to 0.65, where a sharp change in 
slope suggests a change in the mechanism of  carbide transfor- 
mation. At approximately 300 min, the mean length of  Mo2C 
needles vary from 20 to 30 nm (Ref 8, 26) in the 2% Cr steel, 
and it was shown that the M2C retains a higher level of  molyb- 
denum resulting in higher hardness. 

The volume of  Fe3C is less when coupled with the increased 
dissolution kinetics (Ref 24), which effectively separated the 
Fe3C reaction from the MaC carbide. The variation in the pre- 
cipitation of  the M3C and M2C type curves at 2 and 3% Cr lev- 
els is depicted in Fig. 6 and 7. 

3.1 A g i n g  K i n e t i c s  

Kinetic data were obtained by measurement of  the vari- 
ation in resistivity with time for a series of  specimens iso- 
thermally aged at various temperatures. Aging curves for 
2% Cr and 3% Cr, using normalized resistivity changes 
measured from 427 to 593 ~ revealed that the maximum 
change in resistivity occurs during M2C precipitation (Fig. 
2). The differences in resistivity represent complex reac- 
tions where M3C forms and is resolutionized, retained 7 is 
transformed, reverted ~/is nucleated, coherency strains exist, 
and M2C carbides are formed. Isothermal aging curves using 
a generalized Johnson-Mehl-Avrami relationship (Eq 2) are 
shown in Fig. 3 and 4. In both alloys, the reaction (w ---> 1) 
was not compete at 100 h, Fig. 5. Near equilibrium conditions 
were obtained at 6 x 104 min. 

The plot revealed that the time exponents are considerably 
<1.0 and tend to be discontinuous after 300 rain. TEM analysis 
revealed that the addition of  3% Cr increases the dissolution ki- 
netics of  Fe3C in the 454 to 482 ~ age range (Ref 1, 3, 8, 15). 
The work also showed that Fe3C does not readily form in the 
3% Cr composition; thus carbon is readily available for rapid 
MaC precipitation at dislocation nucleation sites. It is clear 
from Fig. 3 and 4 that the early nucleation of carbide clusters 
and the coarsening of  MaC carbides result in low slopes (n = 
0.2 to 0.4), which are lower than slope estimates previously 
projected by theory or experiment. This slope range at 510 ~ 
holds for the 2% Cr steel up to w = 0.738 and the 3% Cr steel up 
to w = 0.675, where a slope change coincides with the resolu- 
tionized Fe3C and the formation of  reverted austenite. The ki- 
netics of  Mo2C alloy carbide formation in martensite, during 
aging treatments, by Wilkes (Ref 21) (n = 1.0 to 0.5, later 
stage) and Derbyshire-Barford (Ref 22) (n = 0.65) indicate that 
the kinetics of  reaction are somewhat faster than observed in 
the AF1410 based steels. An explanation is that the high aging 
temperature (>500 ~ resulted in increased diffusion rates and 
some microstructural recovery. In cases where low dislocation 
density bainitic structures were run for comparison, there was a 
decrease in nucleation rate leading to a higher n value. To ac- 
count for the decreased n in the 2 and 3% Cr steels, the authors 
speculated that the increased nucleation rate of M2C type clus- 
ters at the dislocations lead to w values greater than 0.41 at 482 
to 537 ~ (Fig. 3 and 4). Thus, the slope of  the modified Avrami 
curves (In In 1/(1 - w) vs. In t) deals primarily with short-range 
solute diffusion or coarsening, even though nucleation is pre- 

4. Comparison of Avrami Versus 
Wert-Zener Models 

If the transformation curves are broken into two segments of  
w < 0.7 and w > 0.7, it appears that the Wert-Zener formulation 
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(a)  (b) 

(c)  ( d )  

Fig. 5 2% Cr steel: Fe-14Co-10Ni-IMo-0.16C aged 510 ~ for 100 h. (a) Partially recovered substructure, 22,000x. (b) Dark field, 8 vol% 
7, 22,000x. (c) Overaged M2C precipitates, 22,000x. (d) Dark field image, M2C needles, 7.0 nm diam, 35 ntn long, 22,000x 

predicts behavior satisfactorily, as w = 1.0 and a long period of 
time, t = oo. 

Then: 

- - - ~ arctan 
,~ 3 (1 - w 1/3) 

+ 0 . 6 0 4 6 = 2 1 n [ ( 1  1_ ] wl/3), j - 0.2384 (Eq 7) 

Solving for W 113, it follows that: 

w 1/3 = 1 - 0.699 exp [-1.5 (t/x)] (Eq 8) 

By s impl i fy ing  and ma in ta in ing  only  the most  dominan t  
componen t  as (t --4 oo) and disregarding the rest, the authors 
have: 

w = 1 - 2.097 exp [-1.5 (t/'Cl)l.~ where (t = "ffl.5) (Eq 9) 

When  comparing the above formula with the Avrami for- 
mula (Eq 2): 

w = 1 - exp [-(t/x)'q 

it can be seen that the Wert -Zener  formula is a kind of Avrami 
formula with the exponent  n = 1.0 when w is close to -1 .0  as 
t ime approaches t = oo. Of course, when w is not close to 1.0 or 
t ime (t) is not  large, the Wer t -Zener  and Avrami-Johnson-Mehl  
formulat ions are not easily compared. Also n is not  always a 
constant  in this relationship. See Appendix 1 for the solution 
that yields: 

w(t)  = 1 - exp [-tin/ '(] where x" = exp ( -b)  (Eq 10) 

F igure  8 shows that the modi f ied  solut ion fits the experi-  
menta l  resist ivi ty data bet ter  than the conven t iona l  Avrami  
formula t ion .  
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5. Nucleation Rate 

Previous investigations revealed the rapid nucleation rate of 
these alloys at apparent dislocation sites (Ref9-11). While it is 
expected that the chromium content may strongly affect the nu- 
cleation kinetics, growth data for the 3% Cr alloy in this range 
is not available. Thus, AF1410 steel (2% Cr) cluster-carbide 
coarsening data, during aging at 510 ~ from 0.9 to 1.5 x 104 
rain, is compiled in Table 1. 

A basic kinetic equation (Ref 28) can be used to describe the 
nucleation and coarsening of  particles precipitated during iso- 
thermal aging as: 

w = 1 - exp [-(t/x) n] = 1 - exp - _ N(s)V(t - s)ds 
o 

(Eq 11) 

where w is the volume fraction transformed in time t, N is the 
nucleation frequency, V(t-s) is the particle volume nucleated at 
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Fig. 9 Averaged M2C type precipitate length in the 2%Cr steel 
(AF1410) at 510 ~ 

f 

time (t - s), and s is a"dummy" variable in the convolution type 
integral. 

The assumptions are that the particles are randomly nucle- 
ated and grow randomly from each other in the martensite ma- 
trix. In a short form o fEq  11, the generalized Avrami formula 
yields: 

t 

fO N(s)V(t-s)ds=lt f (Eq 12) 

This formula combines the three functions, the time-expo- 
nent (t/x) n, the nucleation rate function N(s), and the particle 
volume growth function V(s). If  any two of  the three functions 
are known, then the third function can be found, at least in prin- 
ciple. N(s) is solved for a discrete solution, as the closed form is 
not solvable. 

First, from the resistivity measurement, (t/x) n can be deter- 
mined by using the usual In In 1/(1 - w) versus In t curve as be- 
fore. Second, from the microstructure evolution data, the 
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pattern of the volume growth V(s) can be determined provided 
that the coarsening particles maintain a consistent geometric 
shape throughout the evolution period. From the resistivity 
data on 2% Cr at 510 ~ it follows that: 

t 

A 0 f N(s)[4.303442 (t - s) -1 - 6.7902 (t - s) -1-5] 
0 

ds = 0.207 x -1 (t/'0 -0'793 (Eq 15) 

(t/Z) n = (t/70.78) 0.207 (Eq 13) where: 

where time t is in minutes. 

Because the basic particle form is assumed to be a needle 
shape, the volume of each particle can be expressed as a func- 
tion of time: 

V(t) = AoL(t) (Eq 14) 

where A 0 = average cross-sectional area of the "needle," rela- 
tively constant, and L(t) = length of the needle at the time t, a 
predominant variable. 

Table 1 records the needle growth for time t ranging from 
t = 0.9 min through t = 15,000 min. These data determine the 
value of L(t) at those specified times in Table 1, and for other 
time instances, the approximated curve is used as shown in 
Fig. 9. 

The integral in Eq 11 can be solved for N(s) by a Rieman- 
nian summation in Appendix 2. A set of n equations is formu- 
lated by dividing the interval [0,t] in many At subintervals that 
can be put into a matrix form and solved. A simulated nuclea- 
tion rate function for the carbide data in Fig. 9 from the solution 
of the generalized Avrami Eq 11 by the matrix solution is 
shown in Fig. 10. This plot is derived from the matrix solution 
of the M2C carbide length data, which is substituted into the 
Avrami integral (Eq 12). 

A good approximation can be obtained from a closed loop 
solution when t is close to 0 at lit  n. 

By substituting a length function (curve fitting algorithm 
[Table 3 data]) into the integral (Eq 11): 

AoN(s) = A + Bs -0"793 + Cs -0"293 = 0.543413 

_ 0.207097s-0.793 + 0.32792s 4)-293 (Eq 16) 

The best fit solution in Fig. 10 indicates that the nucleation 
rate function is rapidly decreasing as the beginning approaches 
zero. Therefore, after a short time, there are few nucleation 
sites generated. The actual amount of nuclei is the area under 
the nucleation rate curve, which can be obtained by perform- 
ing an integration of the rate function. The rate of embryo nu- 
cleation from a supersaturated solution varies from extremely 
rapid to a reduced value, passing through a range of supersatu- 
rations (Ref 29, 30). 

Further studies of the competition between the nucleation 
and growth of 7 '  precipitates in nickel (Ref 31), disclosed that 
the Langer-Schwartz theory had to be modified to interpret the 
decrease of nucleation embryos to allow for Ostwald ripening. 

Note that the nucleation rate N(t), thus calculated, is not a 
"genuine" nucleation rate any longer because in the multicom- 
ponent experiment, the carbides of different types are emerging 
and disappearing throughout the entire coarsening process. 
Also, it is highly unlikely that the nucleation is homogeneous 
but rather a heterogeneous event at dislocation sites (Ref 11). 
Therefore, the solution obtained is an average of many compli- 
cated events. It would be difficult to derive any definite conclu- 
sions from this solution for the multicomponent coarsening. 

However, this solution provides an interesting nucleation 
pattern. For example, the nucleation rate is hardly a constant as 
assumed in the derivation of the usual Avrami formula. It is 
suspected that the nucleation rate at time (t = 0) may be ex- 

Table 1 AF1410 steel growth data, 2% Cr M2C carbides at 510 ~ 

Time, Average length, 
min nm Ref25 

Measured length, nm 
Ref26 Ref27 

0.9 2.5 ... 
4.98 2.5 ... 
6.0 2.5 ... 

15.0 4.0 ... 
18.0 3.5 ... 
30.0 5.25 ... 
60.0 9.0 ... 

180.0 12.0 ... 
300.0 13.5 ... 
480.0 14.95 11.9 
600.0 17.0 ... 
900.0 18.0 ... 
960.0 19.45 13.9 

2,880.0 18.6 18.6 
3,000.0 20.0 ... 
6,000.0 23.25 21.5 

11,760.0 24.4 24.4 
15,000.0 35.0 ... 

... 2.5 

... 2.5 
2.5 ... 
... 4.0 
3.5 ... 
5.0 5.5 
9.0 9.0 

12.0 12.0 
15.0 12.0 
... 18.0 

17.0 ... 
18.0 ... 
�9 .. 25.0 

20.0 
25.0 

35.0 
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tremely large and becomes a rapidly decreasing function as 
N(t) approaches zero (Fig. 10). At this point, there is specula- 
tion that some resolutionizing of  the nuclei occurs at a given 
rate during ripening, prior to precipitate growth. 

Also of  interest in the 2% Cr (AF1410) steel, is the reported 
second stage of  nucleation between 1 and 2 h that follows a 
short growth period (Ref 11, 14). This behavior has not been re- 
ported in the 3% Cr steels during APFM analysis. 

It is known that the fine M2C type carbides, which are pre- 
cipitated from supersaturated solid solutions, will initially 
grow at the expense of  matrix solutes. The nucleation duration 
was reported from 6 to 120 min. The ability of  the multicompo- 
nent carbides (Mor Cry)xC to adjust composition to achieve an 
evolving compromise between interfacial energy and volume 
driving force may be an important factor in sustaining the nu- 
cleation (Ref 11). To evaluate this premise, the M2C carbide 
length, at 510 ~ for the AF1410 steel, is expressed asf(t) = In 
[1/(1 - w)] using the modified Avrami curves [In 1/(1 - w) ver- 
sus In t] in Fig. 3 to fit the growth data (Fig. 11). This relation- 
ship was substituted into the generalized Avrami nucleation 
rate relationship (Eq 11), where after many corrective interac- 
tions for w =fit), evidence of  a primary and secondary carbide 
nucleation event occurs as reported in previous experimental 
work (Ref 14) (Fig. 12). 

of time. In most cases, they consist of  "piecewise" linear seg- 
ments. 

To investigate the nucleation effect, a generalized version of  
Avrami is considered that relates the nucleation rate function 
with the growth function. To solve for the nucleation, addi- 
tional data are needed, such as the microstructure evolution, 
which determines the pattern of  the particle growth. Based on 
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6. Discussion 

The addition of  1% Cr to the Fe-14Co-10Ni-2Cr-IMo- 
0.16C steel (AF1410) substantially increased the isothermal 
aging kinetics of this system as measured by resistivity. In- 
creased chromium limits the formation of autotempered ce- 
mentite (Ref 15), which caused a marked decrease in the 
coarsening rate of  cementite particles during aging (Ref 24) 
and decreases the stability of  cementite, leading to the early 
formation of  M2C carbides (Ref 8). It was suggested that the 
coarsening of  the M3C and M2C series of carbides is related to 
the rate controlling step of  chromium diffusion (Ref 32). In a 
supersaturated matrix, high molybdenum has a large driving 
force to form M2C; however, this is counteracted by the diffu- 
sion of  chromium in the (Mo l_xCrx)2C carbide, which results in 
a decreased lattice parameter (Ref 15). The reduced critical 
particle size for particle shear versus Orowan looping moves 
the peak hardness to a lower temperature during secondary 
hardening (Ref 13, 14). 

In this study, the two main theories of  the precipitation phe- 
nomena, namely the Avrami-Johnson-Mehl and Wert-Zener 
formulations, are reexamined and compared from a computa- 
tional perspective. They are not exactly identical to each other, 
but it is found that Wert-Zener is a kind of  Avrami formulation 
with the time exponent n close to 1.0. This information is help- 
ful for choosing a "correct" theory for a particular experiment 
at hand. 

In the experiment, the average values of  the exponent n are 
about 0.2 to 0.5, less than 1.0. Therefore, the Avrami formula- 
tion is used throughout the study. Moreover, the n values do not 
remain constant, as they often vary throughout the precipitation 
process. For better approximation, the conventional Avrami 
formula is modified so that the exponent n can be any function 
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Fig. 11 Carbide needle length represented asJ(t) = ln[l/(l - w)] 
for resistivity data using a modified Avrami relationship 
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these data, the nucleation rate function can be obtained. Be- 
cause the nucleation rate function is rather sensitive to the in- 
itial data, it is important to have accurate data of resistivity and 
growth evolution, especially when t -- 0. 

Because the exponent n is less than 1.0, it is expected that a 
singularity exists when the nucleation at t = 0. A further analy- 
sis was carded out to understand the nucleation behavior at the 
start of the precipitation process, although it is not included in 
this paper. 

It must, however, be acknowledged that the nucleation solu- 
tion, thus obtained, merely represents the "average" effect of 
very complicated events and different types of carbides con- 
stantly emerging and disappearing throughout the entire proc- 
ess. Further investigation of multicarbide component systems, 
especially at the early stages of nucleation, would require care- 
fully constructed experiments. 

7. Conclusions 

�9 In AF1410 based composition steels, an addition of 1 wt% 
Cr resulted in an increase in the Fe3C dissolution and kinet- 
ics of the M2C carbide formation. 

�9 To improve the modeling behavior of the Avrami and 
Wert-Zener formulations, they were modified so that the 
exponent n can be any function of time. The selection of the 
best formula depends on the time exponent and the require- 
ment to primarily analyze the nucleation as coarsening of 
precipitates. 

�9 Using a generalized Avrami equation, it was shown that the 
nucleation rate (N(t)) at time (t -- 0) was large but becomes 
a rapidly declining function as N(t) approaches zero in a su- 
persaturated system. A mathematical solution, using 
AF1410 steel (2% Cr) carbide growth data at 510 ~ con- 
firmed reported experimental evidence of second stage car- 
bide nucleation between 0.6 and 2 h. 
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