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An earlier model for the overall transformation kinetics of bainite has been corrected and modified to be consistent with known
details of the mechanisms of bainitic nucleation and growth. A comparison with published experimental data shows that the
model is capable of accurately representing the development of transformation as afunction of alloy chemistry and temperature.
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Introduction

A large increase is currently apparent in the demand for
bainitic steels, cast irons, and weld deposits for a wide
variety of applications ranging from rail steels to accelerated
cooled low carbon steels for structural engineering.l.2 The
research effort backing these developments could benefit
greatly from kinetic theory capable of predicting the
bainitic microstructures as a function of alloy chemistry
and thermomechanical treatment.

The problem is complicated by the fact that there are
several microstructural scales to consider (Fig. 1). The
transformation usually begins at the austenite grain surfaces
with the nucleation and growth of individual platelets of
ferrite. The displacements that occur during growth rep-
resent a shape change which is an invariant plane strain
(IPS) with a large shear component.3 The growth of the
platelet is stifled by the dislocation debris created as
the IPS shape change is plastically accommodated.4.5 The
platelets thus grow to a limited size, which is usually
smaller than the austenite grain size. Further transformation
occurs by the formation of new, parallel platelets in clusters
known as sheaves; the platelets are therefore called the
'subunits' of the sheaf.6

It is thought that the subunits grow without diffusion,
but that any excess carbon in the ferrite is soon afterwards
partitioned into the residual austenite!.8 The indications
are that the time required to grow a subunit is small
relative to that needed to nucleate successive subunits.9.1o
The growth rate of individual subunits9 is known to be
much faster than the lengthening rate for sheaves.8.10-13

The overall transformation kinetics include the simul-
taneous growth and impingement of many different sheaves.
A further complication is that carbide precipitation may
eventually occur from the carbon enriched residual austen-
ite, or, in the case of lower bainite, from the supersaturated
ferrite. Carbide precipitation is not addressed in this study,
which is confined to situations where the use of alloying
additions such as silicon prevents it. Fortunately, it
transpires that the vast majority of bainitic steels under
active consideration for major applications do not involve
carbide precipitation.

The purpose of the work presented here was to develop
a model for the overall transformation kinetics, based on
the mechanism of the bainite transformation. Such a model
was last attempted in 1982.14 As seen below, it contains a
number of important discrepancies.14

suppressed, especially when the transformation temperature
is in the upper bainite range. We have noted that bainitic
ferrite subunits grow without diffusion, but that any excess
carbon is soon afterwards partitioned into the residual
austenite. This makes it more difficult for subsequent
subunits to grow, as the austenite becomes stabilised by
its increased carbon concentration. The maximum extent
to which the bainite reaction can proceed is therefore
determined by the composition of the residual austenite.
Bainite growth must cease when the free energies of
austenite and ferrite of identical composition become equal.
The locus of all points on a temperature-carbon concen-
tration plot, where austenite and ferrite of identical
chemistry have equal free energies, is called the To curve;
when this is modified to allow for the stored energy of
bainite (-400 J mol-1 ),S.8 the locus becomes the T~ curve.
Thus, the diffu~ionless growth of bainitic ferrite becomes
impossible when the carbon concentration of the residual
austenite reaches the To concentration. This maximum
volume fraction is termed (). The normalised volume
fraction ~ is then defined as

~=vf() ..(1)

where v is the actual volume fraction of bainitic ferrite.
The activation energy for the nucleation of bainite is

known to be directly proportional to the driving force for
transformation.ls This is consistent with the theory for
martensite nucleation,16,17 although it is required that
carbon should partition into the austenite during bainite
nucleation.ls The nucleation mechanisms ofWidmanstiitten
ferrite and bainite are considered to be identical; a potential
nucleus can develop into either phase depending on whether
or not an ade~uate driving force is available for the growth
of bainite at the transformation temperature concerned.
On this basis, it is possible to define a universal nucleation
function of temperature GN which is applicable to all steels.
In a given stee), nucleation first becomes possible at a
detectable rate below a temperature Ws (the Widmanstiitten
ferrite start temperature), at which the magnitude of the
maximum nucleation free energy change L\Gm for the steel
exceeds that given by GN.IS.18,19

According to the original overall transformation kinetics
theory developed by Bhadeshia,14 the nucleation rate of
ferrite per unit volume I, at any temperature 1; can be
expressed as a multiple of the nucleation rate at the Ws
temperature, Iws

- [-~-~ (~-~
)J ( 2 )I-Iwsexp RTWs R T Ws ...

where L\Gm represents the maximum possible free energy
change on nucleation, and GN is the value of the universal
curve representing the minimum necessary free energy
change for displacive nucleation of ferrite at the Ws
temperature. C2 and C3 are empirical constants. L\Gm is a
function of the volume fraction of ferrite, since carbon

Problems with earlier theory

In steels containing a relatively large concentration of
silicon (> 1.5 wt-%), the precipitation of carbides can be
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increment. This is done as follows

dv=(l-~)dve (6)

where

dve = Iu dt (7)

which gives

(}d~=(I-~)Iudt . . . . . . . . . . . . (8)

Substituting the expressions for the nucleation rate of
bainite gives

d~(}"dt = ulo(l - ~)(l + P(}~) exp(r~)

x exp[- ~ - ~ (~ - ~ )JRTWs R T WS ..

where u is the average volume of a single subunit and

r=~

t4
(9)

4-RT (10)

The equation can be integrated by separating the variablesf~ Adf. f~ Bdf. f~
-++C0 ] - f. 0 I + flOf.

= .r~exP[-~-~10 RTWs R

exp(- r~) d~

(~-~)J f~ dt
. . . . . . . . . (11)

where A, R, and C are constants arising from the separation
of the differential equation into partial fractions. L\ T is
defined as T - Ws.

An analytical solution is obtained which gives the time
t taken to form a normalised volume fraction c; at the
reaction temperature T

0[- A In(l - C;) + (RIPO) In(l + POC;) + (C/r)(l :- e-r~)]
t= 0[ C2L\T C3(L\Gm GN)]uloexp -~-R T-~TIME

1 Schematic of variety of stages of development of
bainitic microstructure . . . . . . . . . (12)

After optimisation of the model, the best fit values of the
empirical constants were found to be14

ufo = \..234 x 10-4 S-1
C2 = 27910 J mol-1
C3 = 3,679
C4 = II

{J=200

The present study began with the use of this model as a
means to the prediction of weld metal microstructures, but
it was soon realised that there are certain important errors.

PREDICTION ERRORS
A thorough assessment of the model was made, using
thermodynamic parameters and theory (necessary to calcu-
late I1.Gm, for example) outlined when it was first proposed. 14
As is shown in Fig. 2, the original model incorrectly
predicts that, at the same transformation temperature, a
steel with a high manganese content will transform at a
faster rate than a more lightly alloyed steel. This prediction
is contrary to experience. Table 1 gives the compositions
of the steels used for the comparison calculation, which
was performed for a reaction temperature of 470°C. This
temperature was calculated to lie between the bainite start
and martensite start temperatures for both alloys. The
compositions were chosen to be consistent with the welding
alloys that are currently under investigation. The values
of I1.G~, GN, and Wg, together with the predicted Bs and
Ms, were calculated using theory outlined in Ref. 15.

enrichment of the untransformed austenite will lower the
magnitude of the free energy change as the volume fraction
of ferrite increases. This effect is modelled as

dGm = dG~[I-(C4()~/C3)] (3)

where dG~ is the initial value of dGm, and C4 is an
empirical constant.

The effect of autocatalysis, i.e. the increase in number
density of nucleation sites as the volume fraction of ferrite
increases, is modelled as

1ws = 10(1 + P()~) .. .. (4)

where p is the empirical autocatalysis constant. At the
onset of transformation, the increment dv of volume
fraction of ferrite that forms between times t and t + dt is
given by

dv=()d~=ludt. . . . . . . . . . . . . (5)

where u is the volume of a bainitic subunit and I is the
nucleation rate per unit volume.

At later stages in the transformation, as the volume of
austenite available for transformation has decreased, it is
necessary to consider the increment in the 'extended
volume' dve,2° which accounts for the formation of
'phantom' nuclei within regions of ferrite already trans-
formed. This enables the use of the nucleation rate of
bainite per unit volume of austenite, despite the fact that
the volume of austenite is changing, provided that the
extended volume increment is related to the real volume
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obtained for Fe-Ni-Si-C steel. as used for
optimisation of original kinetics model'4

original model show many cases where the volume fractions
are much higher than 0,34. This can be seen in Figs. 4-6,
which show the data for the steels Fe-Mn-Si-C,
Fe-Ni-Si-C, and 300 M.14

Development of new model

NUCLEATION RATE AT Ws
To ensure that the activation energy for nucleation remains
directly proportional to ~Gm,14 and imposing the condition
that the nucleation rate at ~ is constant for all steels, the
expression for the nucleation rate of bainite is modified to

F" (K1 ~..2~Gm \ --

As the austenite carbon concentration increases during
transformation, the magnitude of both ~Gm and ~G1'-.
will decrease. Eventually the reaction will cease when one
criterion is not satisfied. The value of e, the maximum
allowable volume fraction at the reaction temperature, is
taken as the ferrite volume fraction when reaction ceases,
regardless of whether termination is by a failure of the
nucleation or the growth criterion.

Let XNo and XTo represent the austenite carbon concen-
tration when the nucleation and growth criteria respectively
fail. If the driving force is assumed to vary linearly with
the extent of reaction, between its initial value ~G~ and
its final value when the reaction terminates, then

~Gm = ~G~- ~(~G~ - GN) . . . . . . . . (23)

This equation is inaccurate when XNo > XTo' but this is not
a significant problem, as the model also includes a growth
criterion in which reaction ceases when the fraction e is
achieved. The form of the equation has an additional
advantage in that the linear function of ~ preserves the
ability to integrate the final differential equation rep-
resenting the overall transformation kinetics analytically.
A comparison of the XNo and XTo curves for the steel 300 M
is shown in Fig. 7, demonstrating that they are in fact
quite close and that both lie well below the AeJ curve,
which is the (IX + y)/y paraequilibrium phase boundary.

(19)1 = i..1 exp\ - RT - -;RT )

where K1 and K2 are constants, denoted as such in' order
to avoid confusion with the constants of the original
theory. K I represents the number density of potential sites
for nucleation. At WS, equation (19) becomes

I=K1.. .. ...(20)

regardless of the alloy composition.

AUTOCATALYSIS
Steels with a high carbon concentration eject more carbon
from the newly transformed ferrite than lower carbon
steels. The buildup of carbon at the ferrite/austenite
interfaces causes a temporary local decrease in the driving
forcl: for diffusionless transformation. The process of further
nucleation on the previously formed plates (i.e. auto-
catalysis) is inhibited by this carbon buildup, suggesting
that the autocatalysis factor used in the kinetics model
should in some way be dependent on the overall carbon
concentration of the alloy. For simplicity, it is assumed
that

P=Al(I-A2X) (24)
where x represents the mean carbon concentration of the
alloy, and p is the autocatalysis factor (equation (4)). Al
and A2 are empirical constants. In this way, the effect of

EFFECT OF CARBON PARTITIONING ON
FREE ENERGY CHANGE
As transformation proceeds, it becomes necessary to
account for the decrease in driving force due to the carbon
enrichment of untransformed austenite. The effect of
autocatalysis also becomes important.

As mentioned above, the formation of bainite can occur
only when the thermodynamic criteria for both nucleation
and growth are satisfied. At the onset of transformation
the criterion for nucleation is

~Gm < GN . . . . . . (21)

and the growth criterion is that the driving force for
transformation without a composition change exceeds the
stored energy of bainite

~G1'-. < - 400 J mol-l (22)

Equation (22) defines the To curve, but both the nucleation
and growth criteria must be satisfied during transformation.
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7 Comparison of XNO and XT'o curves for 300 M steel:
Ae3' curve represents paraequilibrium (~+ y)/y phase
boundary

where r 2 is given by
r - K2(~G~ - GN)

'1-autocatalysis is less for high carbon steels than for those
with lower carbon content. The additional nucleation sites
introduced as transformation proceeds are then specified
by equation (4).

rRT (29)

The solution of equation (29) has the same form as in the
previous theory, i.e.

O[-Aln(l-f.)+(B/pO)ln(l +P°f.)+(C/r2)(1.",,-e-r,,)]
t-

K K AGO)22m --
rRT

-
uK! exp( -

RT
. . . . . . . . (30)

The constants were determined by optimising the theory
using the same data as used by Bhadeshia.14 In this way
the two theories can be directly compared.

EFFECT OF AUSTENITE GRAIN SIZE
The original model did not include a specific austenite
grain size effect. The nucleation rate of a grain boundary
nucleated transformation can be assumed to be prop-
ortional to the surface area of austenite grain boundaries
per unit volume Sv. This is because the number of suitable
sites for nucleation is expected to be directly proportional
to the surface area of y/y grain boundaries within the
sample.

Stereological theory relates Sv to the mean linear
intercept L of a series of random lines with the austenite
grain boundaries!! by

Sv = 2/L (25)

In the new expression for the nucleation rate of bainite,
the term K! will be a function of the austenite grain size,
as expressed by the mean linear intercept

K! =(LK;)-! . . . . . . . . . (26)
where K; is an empirical constant.

INTERPRETATION OF EXPERIMENTAL DATA
The compositions of the steels used for the original analysis
are given in Table 2.- The experimental data were obtained
by dilatometry over various temperatures within the
bainitic transformation range. These length change data
were analysed using the procedure outlined in Ref. 14. For
each individual reaction the data were then normalised
with respect to the maximum extent of reaction, to produce
datasets of normalised volume fraction ~ versus time t, for
the purpose of evaluating the unknown constants.

Figures 4-6 show plots of the experimental isothermal
transformation kinetics data obtained by Bhadeshia for
the Fe-Mn-Si-C, Fe-Ni-Si-C, and 300 M steels.14 Of
the three steels, 300 M shows the most consistent behaviour;
the other two occasionally show odd results for trans-
formation under similar conditions. A mathematical model
obviously cannot reproduce results that are intrinsically
inconsistent in this way.

In the case of the Fe-Mn-Si-C steel, two transformation
runs, at 409 and 357°C, gave particularly dubious results.
The optimisation of the model was carried out after
discarding those points, though the calculations were also
carried out incorporating the rogue points in order to
determine their effect on the overall agreement.

FINAL EXPRESSION
The modifications discussed above can be incorporated
into a new model as follows. The volume fraction increment
between times t and t + dt is

(Jd~ = (1 - ~)uI dt (27)

where u is the subunit volume and 1 is the nucleation rate
of bainite per unit volume. The expression for the nucleation
rate of bainite can be substituted into this equation, giving
a differential equation for the overall transformation rate
of bainite

~ - .uK! ( r ~-dt -
GRAIN SIZE MEASUREMENT
The original model gives no account of the effect of the
austenite grain size on transformation kinetics. To incorpor-
ate this effect, the austenite grain sizes produced in the
three steels after austenitisation for 5 min at IOOO°C were

x exp[- L\G~1
r ) (28)+,~ (RT
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