
The ability of steels to resist creep deformation depends on the presence in the microstructure of carbides and intermetallic
compounds which precipitate during tempering or during elevated temperature service. The precipitation occurs i~ a sequence
which leads towards thermodynamic equilibrium. The present paper deals with an extension of the 10hnson-Mehl-Avrami theory
for overall transformation kinetics. The modification permits the treatment of more than one precipitation reaction occurring
simultaneously, afeature which is found to be essential for representing the reactions observed experimentally in a wide range of
secondary hardening steels. MST/3604
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is therefore an extended volume; the change in extended
volume dVp is given by

dVp=wJVdT . . . . . . . . . . . . . (3)

Introduction

i.e.
Steels used in the manufacture of power plant range from
those designed to resist creep deformation at temperatures
~600°C to others which are exposed to relatively low
temperatures where the primary design criterion is tough-
ness.1.2 The microstructures of power plant alloys often
consist of b ferrite, martensite, bainite, allotriomorphic
ferrite, and retained austenite as the major phases obtained
following a normalising heat treatment. However, these
microstructures are then subjected to very severe tempering
( ~ 700°C for several hours) causing general coarsening and
the precipitation of ever more stable alloy carbides and
intermetallic compounds. It is these solid state reactions
which ultimately determine the mechanical stability of the
steels and, hence, their useful design lives.

The purpose of the present work was to model the
kinetics of carbide and Laves phase precipitation reactions
that occur in power plant steels over long periods of time
at elevated temperatures: in other words, to produce time-
temperature-transformation diagrams for tempering rea~-
tions as a function of steel chemical composition and
tempering temperature. It has been necessary, therefore, to
develop theory capable of handling several simultaneous
precipitation reactions whereby the different phases influ-
ence each other, for example by drawing the same solute
from the matrix ferrite.

(6)

so th

Overall transformation I<inetics

-In(1-~)=(47t/3)g31tI(t-'C)3d'C .. . . (7)

In making this conversion from extended to actual volume,
all information about individual particles is lost, so that
the application of the Avrami model can only yield average
quantities such as grain size and volume fraction, but not
grain size distribution or grain volume distribution.

The approach described above is limited to the precipi-
tation of a single phase. The theory can be applied to cases
where more than one decomposition reaction occurs if the
individual reactions occur over different temperature ranges,
i.e. they occur successively and largely independently.4-6
However, a great deal of fruitless work demonstrated that
the evolution of carbides during the tempering of steels can
not be treated in this way. Precipitation and dissolution
reactions during tempering overlap significantly, with
profound interactions between the different precipitates.
Consequently, the 10hnson-Mehl-Avrami approach has
been adapted to deal with many reactions occurring
simultaneously.

The evolution of volume fraction during solid state
transformation can be modelled using the classical John-
son-Mehl-Avrami theory, which has been reviewed by
Christian.3 It is necessary briefly, to introduce this theory
to set the scene for the modifications made to allow for
simultaneous reactions.

A given precipitate particle effectively forms after an
incubation period -r. Assuming growth at a constant rate g,
the volume w, of a spherical particle is given by

w,=(4n/3)g3(t--r)3d-r t>-r . . . . . . . . (1)

w,=Ot<-r ~ (2)

where t is the time defined to be zero at the instant the
sample reaches the isothermal transformation temperature.

Particles nucleated at different. locations may eventually
touch; this problem of hard impingement is neglected at
first, by allowing particles to grow through each other and
by permitting nucleation to happen even in regions which
have already transformed. The calculated volume of P phase

Simultaneous reactions

The principles involved are first illustrated by a simplified
example in which p and e precipitate at the same time
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from the parent phase which is designated (x. It is assumed
that the nucleation and growth rates do not change with
time and that the particles grow isotropicB:lly.

The increase in the extended volume owing to particles
nucleated in a time i~terval t = -r to t = -r + d-r is, therefore,
given by

dVp=4/37tg3p(t--r)3III(V)d-r . . . . . . . . (8)

dV~=4/37tg3g'(t--r)3Ie(V)d-r . . . . . . . . (9)

where gll' ge, III' and Ie are the growth and nucleation rates
of II and B respectively, all of which are assumed here to
be independent of time, and V is the total volume of the
system. For each phase, the increase in extended volume
will consist of three separate parts. These are, for II:

(i) II which has formed in untransformed (X
(ii) II which has formed in regions which are already II

(iii) II which has formed in regions which are already B.
Only II formed in untransformed (X will contribute to the
real volume of II. On average, a fraction [1 - (VII + Ve)/V]
of the extended volume will be in previously untransformed
material. It follows that the increase in real volume of II is
given by
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1 Simultaneous precipitation of {J and p at given
nucleation and growth rates

each phase precipitating alone. This is because in the early
stages of transformation, nearly all of the extended volume
lies in previously untransformed material and contributes
to the actual volume. As transformation proceeds, the
volume fraction of each phase predicted for the phases
precipitating simultaneously becomes less than that pre-
dicted if the phases were precipitating alone. This is what
is expected, since additional phases reduce the ffaction of
the extended volume which lies in previously untrans-
formed material.

As the nucleation and growth rates were assumed to be
constant, it is possible explicitly to calculate the value of
K. The volume of each phase at any time depends on its
nucleation rate and the cube of its growth rate. The ratio
Ve/V/J is then constant and given by

19r1

~
K=~-

Vp- (19)
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5 Driving force AG for Laves phase precipitation
in system containing ferrite and cementite with
paraequilibrium composition for 10CrMoV steel and
2"25Cr1 Mo steel

1
a both Ii and y precipitating; b precipitation of Ii has been completed

6 Distribution of solute at given stages

procedure was repeated for all the phases where the
composition results from minimisation of the Gibbs free

\ energy (i.e. M2X, M23C6, and Laves phase). For example,
the composition of the M2X in the 2.25CrlMo steel given
in Table 4 was calculated by first suppressing M23C6, which
is the more stable phase, and then calculating the new
equilibrium state.

is a plot of the volume fraction of the equilibrium phases
as a function of temperature. The calculated equilibrium
composition of Laves phase in the lOCrMoV steel is given
for two temperatures in Table 6.

It can be seen that, in this steel, Laves phase is
molybdenum rich. It was assumed, therefore, that Laves
phase grows at a rate controlled by the diffusion of
molybdenum. The particles were assumed to grow iso-
tropically and were represented as spheres as in the case of
M23C6 precipitation. The same model was used as for
M23 C6 with the appropriate molybdenum concentrations
being substituted into the growth equations. The nucleation
behaviour was also modelled in an identical manner to the
other phases, with the appropriate chemical driving force
being given by consideration of the reaction

IX + M3 Cpara -+ IX + Laves

This gives the maximum conceivable value for the driving
force. Figure 5 shows how this driving force varies with
temperature for the lOCrMoV steel and the 2.25CrlMo
steel. It is apparent that there is only a driving force for
Laves phase precipitation in the lOCrMoV steel. Clearly,
in reality, this driving force will be considerably reduced
by the precipitation of intermediate phases, as discussed
in the section on 'Solute partitioning effects' below. The
number of sites and surface energy were found by comparing
the predicted and experimental results, although the lack
of suitable experimental results means that these parameters
are probably not fully optimised.

Solute partitioning effects

CALCULATING PHASE COMPOSITIONS
The growth rates of all the phases being modelled depend
on the concentrations of the alloying elements at the
interface in both the parent and product phases. For all
the phases except cementite, precipitation occurs by
diffusion of both substitutional and interstitial atoms, and
it is expected, therefore, that the composition each phase
adopts will be such that the Gibbs free energy of the system
is minimised. The program MTDATA was used to calculate
each phase using this criterion. The procedure used has
two stages. The first is the calculation of the final
equilibrium state, allowing all the phases included in the
model to be potential equilibrium phases. This calculation
gives the composition of the equilibrium precipitates and
the associated ferrite. By suppressing the equilibrium
precipitate phases and recalculating, the next most stable
phases and associated compositions are found. This

It is not possible to rigorously account for soft impingement
in a method based on the extended volume concept, and
for a problem as complex as power plant steels. However,
the observed effects undoubtedly can not be simulated
without soft impingement. A common approximation in
these circumstances is to take account of the average solute
concentration change caused by precipitation; this is
explained below.

Each precipitating phase will consume or reject atomic
species into the untransformed matrix, whose subsequent
transformation behaviour, therefore, will be altered.
Consider the precipitation of j3 and y from iX, whi~h initially
has a uniform composition. Figure 6 shows how the
distribution of solute might change during precipitation at
an intermediate stage when both j3 and yare precipitating
(Fig. 6a), and at a later time when the formation of j3 is
just complete (Fig. 6b).

For the situation illustrated, the maximum fraction of
each phase is designated XM and the fraction at any instant
X. The maximum fraction is given by a lever rule

"{-caP
xft = (32)

cP« - c«P
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It is then possible to define a parameter <I> for each phase,
such that <I> = X/XM' which changes from 0 to 1 during the
course of the transformation. When there is more than one
precipitating phase, <I> can be generalised to account
for concentration changes caused by each new/ phase.
Identifying each of the n precipitating phases by a subscript
i=l,...,ngives

nI (x;)(da - Cai)

time allowing cementite to change its chemical
composition (i.e. tend towards equilibrium)

(iv) the volumes of P and yare updated, as is the
composition of the cementite

(v) the amount of solute removed from ferrite due to
the precipitation of P and y, and due to the change
in cementite composition, is calculated, and the
mean ferrite composition modified accordingly. All
the driving force terms and nucleation and growth
rate terms are modified to be consistent with the
change in ferrite chemical composition

(vi) steps (ii)-(v) are repeated until t = tf, where tf is the
time of heat treatment at the temperature concerned

(vii) the volume fractions of P and y at time tr are, thus,
output along with the composition of ().

c -'"c.
~,~c= . . . . . . . . . . . .3 C"'3~~ - c'

where c' is the mean solute level in the matrix at any
instant, and a function of all the other phases

(35)

n

c- L xida
~I iz1 (36)c = n""""""

1- I Xi
i=1

The analysis in terms of <I> is a crude approximation to
what is commonly referred to as soft impingement phen-
omena.3 The concentration gradients in the ferrite for the
precipitation reactions that occur in powel plant steels are
very shallow, so the approximation may be justified.

As many of the phases in the precipitation sequence are
metastable, they must tend to dissolve as soon as the
concentration in the ferrite falls below that consistent with
metastable equilibrium with the precipitate (i.e. ~':::; cai).
This is discussed further in the 'Dissolution of phases'
section below.

VOLUME INCREMENT P AND y
A detailed description of the method used for spherical
precipitates (e.g. M23C6) is now given, and its adaptation
for other shapes.

During diffusion controlled growth of spherical particles,
each dimension of the growing particle increases in
proportion to the square root of the time (equation (29)).
Considering small increments in time, each of magnitude
~t, it follows that the corresponding change in the extended
volume of spherical particles beginning with the first
increment of time is given by

~V~=(11V~tl)(Cxf~tf/2) . . . . . . . . . (37)

where C = 4n/3 and the numerical subscripts identify the
sequence of time increments. The two terms on the right
represent the number of particles nucleated and the
contribution of each particle to the extended volume,
respectively.

The change in extended volume for the second interval
~t2 is then

~V~ =(12 V~tz)(CX~~t~/2) +~11 V~tlCX~(~t; + ~tz)1/2~t2
. . . . . . . '. (38)

where the second term on the right is the contribution
resulting from the increase in the size of particles which
were nucleated in the first time interval. Since the time
intervals are of equal size, this equation can be written

~V~=CV~t5/2x~(12+~(2)1/21z) . . . . . . . (39)

or, in general, for the mth time increment, the corresponding
change in extended volume is given by

~V:'n = CV~t512X~(lm + ~V21m-l ... + ~-I/m11) (40)

For each interval, the increase in extended volume for a
specific phase y is converted to a corresponding change
in actual volume of y as before, allowing now for the
coexistence of n phases

( n
)IJ'i - i=1- e ...

~Vy- 1- V ~Vy ( -,

Computation of overall transformation
I<inetics

1411

where ~ is the actual volume of the ith phase. The total
volume of y, thus, is updated ,

~ew= V~ld+dVy (42)
This procedure is repeated for all the intervals from t=
0 ~ 4, at which time the final volume is output along with
the time. The same approach is used for all phases with a
spherical morphology (Laves phase and M23C6 in this
case). For needle shaped particles, the basic method is the
same but the expression for the extended volume is different.
Equation (25) gives the volume of a single needle shaped
particle of fJ at a time (t - t) after its nucleation. This may
also be written as Vp = C/I[g(t - t)]3 where C/I = n11/J2. It

Having incorporated all the nucleation and growth phen-
omena into a computer program, it becomes possible to
solve for simultaneous transformation kinetics. The follow-
ing explanation is, for the sake of simplicity, based on three
precipitation reactions, although the method can be made
much more general. The three prbcipitates are designated
e, P, and y, to represent M3C, M2X, and M23C6,
respectively.

An iterative procedure is used, as described in the
'Complex simultaneous reactions' section above:

(i) the time t and volume fractions of P and yare set
initially to zero. The concent~ation of substitutional
solute in the cementite e is set to mean solute
composition, consistent with; its paraequilibrium
growth mechanism

(ii) the growth and nucleation rates for P and yare
calculated using the current value for the solute
concentration in the matrix

(iii) the time t is incremented by a small step L\t. The
additional volume of each phase precipitated in the
interval t -+ t + L\t is calculated while at the same

Materials Science and Technology August 1997 Vol. 13



638 Robson and Bhadeshia Modelling precipitation sequences in power plant steels: Part 1

where c/l« and c«/l now refer to the concentrations of solute
in the needle shaped phase, and 1 is the needle length which
decreases as the particles dissolve.

There is a slight difference when considering the dis-
solution of M3 C since its composition varies with time.
Enrichment will stop, and dissolution will start when the
extent of reaction cf) for M3C equals 1. Dissolution may
then be dealt with in the same way as for other phases,
with the solute concentration in the M3C fixed from the
point when enrichment stopped.

Conclusions

The classical Johnson-Mehl-Avrami theory describing the
rate at which a phase precipitates during solid state
transformation has been adapted to deal with the simul-
taneous precipitation of many phases. In the simplest of
cases, where the fractions of the product phases are related
by constants, it has been possible to solve the problem
rigorously. An approximate method has been necessary to
deal with cases where the composition of the matrix
changes during the course of the transformations. The
method, in principle, enables any number of simultaneous
precipitation reactions to be modelled theoretically, relying
only on the availability of interfacial energies, number
densities of nucleation sites, and thermodynamic data. It is
possible, therefore, to attempt a prediction of the time-
temperature-transformation diagram for tempering reac-
tions in secondary hardening steels as a function of the
chemical composition and heat treatment. Such calculations
are presented in Part 2 (Ref. 23).

3(m+ 1)211]

follows that

~V~ = CpV~t::'g~[Jm + 3(2flm-l
. . . . . . . . . (43)

This approach can be used for any number of phases at
the risk of increasing the computational time and memory
requirements. One thousand time increments were used
for each temperature after checking that decreasing the
increment did not make any significant difference to
the results.

Dissolution of phases
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Metastable phases must eventually dissolve as equilibrium
is approached. Figure 7 illustrates the circumstances in
which metastable p begins to dissolve when the concen-
tration in the matrix away from the p particle drops below
c.p, with a tendency for solute to be released from the
dissolving p to the more stable y.

During diffusion controlled dissolution of a particle of
radius r, a consideration of mass balance at the PIll interface
requires that

dr dc- (cp. - C.p ) - - D - (44)dt - .dr The term on the left hand side is the rate at which solute

is released into the matrix as the particle dissolves, which
must be carried away by diffusion as represented by the
right hand side of the equation. If the concentration
gradient is assumed to be constant (the Zener linearised
gradient approximation) then

dc (c.Y - c.p)
d;:=- d (45)

where d is the mean diffusion distance between the P and

y particles, given by

d=(Pp+PJ-1/3 . . . . . . . . . . . . (46)
where P is a number density of particles, assumed constant
throughout dissolution; smaller particles should, in reality,
vanish before larger ones but, for simplicity, it is assumed
that the whole process can be represented by a mean
particle size of radius r. With this \ approximation, it

follows that

dVp - D. (c.p - c.Y)
~=4nr2d(cp.-c.P) :

In the case of a needle shaped particle dissolving (e.g.
M2X), the reduction in volume is given by

d Vp 3n13(c.P - c.Y)
- = - --- I
dt
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