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As a step in the further development of models and databases to support design of new steels,
i.e., the ‘‘steel genome’’, the growth of bainitic ferrite plates is accounted for by a
thermodynamic and kinetic approach. The thermodynamic aspects are represented by
CALPHAD databases and a Gibbs energy barrier for growth Bm. Experimental information
on ferrite-plate growth rates for a number of Fe-C alloys, some of high-purity, are analyzed in
terms of a modified Zener–Hillert model and the barrier as well as some kinetic parameters are
evaluated. It is found that the barrier varies in a smooth way with carbon content and
lengthening rate. In order to improve the agreement with the experimental information it was
necessary to adjust the diffusion coefficient of carbon in austenite at low temperatures. It is
concluded that the representation of the experimental data is satisfactory.
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I. INTRODUCTION

THE materials genome is the combination of models
and databases that supports efficient materials design,[1]

the aim being to decrease the development time and
costs for materials and processes. The CALPHAD type
of models and databases for thermochemical and
diffusional data may be seen as role models for materials
genomic databases. The purpose of the present work is
to provide a practical formalism based on the CAL-
PHAD methodology and databases for predicting the
lengthening rate of bainitic ferrite, an important part of
the bainite transformation. The approach is inspired by
the remarkable success of CALPHAD in materials
science and engineering.

The bainite transformation in steels is now considered
because it has received a lot of attention over the last
decade. Such steels hold promises of excellent engineering
properties, e.g., high hardness and strength, good wear
resistance and toughness, to mention a few. In order to
optimizeproduct andperformance,models are increasingly
being used to facilitate tailoring of material properties.

In this paper we shall not discuss the mechanism of
the bainite transformation as such discussions can be
found elsewhere, e.g., in References 2 and 3. We will

rather base our approach on the hypothesis that the
primary ferritic component in bainite grows by the same
diffusional mechanism as Widmanstätten ferrite over the
whole temperature range,[4] i.e., the transformation rate
is mainly controlled by carbon diffusion in austenite.
The approach is developed through a combined ther-
modynamic and phenomenological model and the
parameters in the model will be evaluated from exper-
imental data on starting temperatures and growth rates.

II. GROWTH OF ACICULAR FERRITE

A. Modified Zener–Hillert Model

The present work stems from the classical Zener–Hil-
lert model[5,6] which was recently improved by Leach
et al.[7] A key quantity in the improved model is the
thermodynamic barrier for growth, suggested already by
Hillert in 1960[8] and in the later work by Hillert et al. in
2004.[9] We will simply refer to it as ‘‘the barrier for
growth’’, denoted as Bm and expressed per mole of metal
of formed ferrite, a. All molar quantities in the present
work are expressed per mole of metal atom, i.e. they are
calculated from the normal molar quantities by dividing
with ð1� xCÞ and will be denoted with the subscript m.
The barrier will be discussed in later sections. The
Zener–Hillert equation was based on two major math-
ematical approximations which were removed in the
improved model. The first one is that the capillarity
effect was accounted for by the Gibbs-Thomson equa-
tion. The second one is the equation for the driving
force. Both these equations are direct consequences of
the dilute solution approximation which is not needed
due to the development of computers and CALPHAD
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methodology. Instead of the Zener–Hillert equation[6]

we write for the lengthening rate.

v ¼ Dc
C

2q
u
c=a
C � u0C

u0C � u
a=c
C

½1�

where Dc
C is the diffusion coefficient of carbon in

austenite and q is the radius of curvature of the edge of
the growing a plate. The carbon contents are expressed in
u fractions and are related to the ordinary mole fraction
xC according to uC ¼ xC=ð1� xCÞ. It should be empha-

sized that u
c=a
C and u

a=c
C are the actual carbon contents on

the c and a side of the phase interface taking into account
the barrier and the capillarity effect for the plate edge
with radius of curvature q and the a=c interfacial energy
r. The effect of capillarity thus is contained in Eq. [1] and
consequently it looks different compared to the equa-
tions in References 6 and 7. u0C is the carbon content in c
far away from the growing a tip, i.e., the carbon content
of the alloy. The barrier Bm and the capillarity effect
Vmr=q, Vm being the molar volume per metal atom,
require a driving force acting over the interface DGm � 0.
The driving force must be larger than the barrier and the
capillarity effect in order for a reaction to occur. Thus,
there is a critical temperature above which no reaction is
possible. At this temperature DGm ¼ B0

m and q ! 1.
This critical temperature will be referred to as WBs, see
Section III.

The driving force depends on the carbon contents on
each side of the interface and is calculated from the
thermodynamic description of the c and a phase as

DGm u
c=a
C ; u

a=c
C ;T

� �
¼ DlFe þ u

a=c
C DlC ½2�

where DlFe ¼ lc=aFe � la=cFe and DlC ¼ lc=aC � la=cC . Below
WBs the curvature q is finite and the driving force
DGm is balanced by the capillarity and the barrier, i.e.,

DlFe þ u
a=c
C DlC ¼ Vmr=qþ Bmðv; u;TÞ ½3�

The critical temperature WBs for onset of growth is
calculated from

DGm u0C;T
� �

¼ B0
m u0C
� �

½4�

The growth of carbon-poor a requires carbon transfer
over the interface from a to c and thus a drop in car-

bon chemical potential, i.e., lc=aC � la=cC ¼ DlC<0. The
corresponding flux of carbon is expressed as
JtC ¼ �LCDlC. The parameter LC thus represents the
carbon cross interface diffusion. It was argued already
by Hillert [8] that due to the similarity with the marten-
sitic transformation the mobility of the interface is
probably very high and thus we neglect the effect of
finite interface mobility. From the steady state condi-
tion and a flux balance over the interface one obtains

�DlC ¼ la=cC � lc=aC ¼ v

LC

h uc=aC � u
a=c
C

Vm

i
½5�

Equation [5] gives the driving force expressed per
mole of carbon transported across the interface. It is

expressed per mole of metal atom of the growing a by

multiplication with the factor ½uc=aC � u
a=c
C � and the total

barrier then becomes

Bmðv; uc=a; ua=c;TÞ ¼ B0
m þ v

LC
Vm

h uc=aC � u
a=c
C

Vm

i2 ½6�

Inserting Eq. [6] in Reference 3 yields

DlFe þ u
a=c
C DlC ¼ Vmr=qþ B0

m þ v

LC
Vm

h uc=aC � u
a=c
C

Vm

i2

½7�

The barrier B0
m and its dependence of alloy content and

temperature will be discussed in the next section. In
comparison with the previous treatment by Leach
et al.[7] we have added one term on the right-hand side
of Eq. [6] which is proportional to the growth rate v.
Equations [1], [5], and [7] constitutes three non-linear

equations from which the same number of unknowns
may be calculated. At a given temperature, alloy
composition u0C and a given value of q we may thus

calculate uc=a, uaC and v.

B. Critical Curvature and Maximum Growth Rate

For a given alloy u0C and temperature T the growth
rate may be calculated for any radius of curvature q. It
is then found that the growth rate will be positive only
when the radius of curvature is larger than a critical
value qcr and will increase towards a maximum at some
radius of curvature. The critical value is obtained by
setting v ¼ 0 in Eq. [6] and combine it with Eq. [3]

qcr ¼
Vmr

DGm u0C;T
� �

� B0
m u0C
� � ½8�

In this case DGm is obtained directly by a parallel
tangent construction from the composition in austenite

equal to the C content of the alloy u
c=a
C ¼ u0C.

In accordance with Zener we shall take this maximum
growth rate and the corresponding radius of curvature
as the values that should be compared with experiments.
In the classical Zener–Hillert model the maximum

growth rate occurs at 2qcr. However, Leach et al.[7]

showed that the growth rate of their modified model has
a rather different dependence of the curvature than the
original Zener–Hillert model. In fact the maximum
occurs at 2qcr only at very high temperatures where the
dilute solution approximation is valid. In general the
maximum could occur at much higher values and has to
be calculated for each particular case.

III. EVALUATING THE BARRIER B0
m IN Fe-C

As mentioned it is observed experimentally that the
growth of Widmanstätten and bainitic ferrite occurs
below a critical temperature referred to as WBs which
depends on the carbon content of the initial austenite,
i.e. u0C. In the following we shall first consider cases
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where the influence of alloy content on the barrier can
be neglected and the treatment will then hold for binary
Fe-C alloys and approximately for low-alloy steels.

Leach et al.[10] derived an empirical equation for the
effect of alloying elements on WBs temperatures from
experimental information. They then calculated the
driving force DGmðu0C; uM; . . . ;TÞ under these conditions
using the empirical representation of experimental data
and represented it as the function DG0

mðuC; uM; . . .Þ,
where uM is the u fraction of a substitutional element M.
Their barrier for onset of growth in binary Fe-C is
shown as a function of carbon content in mass percent
in Figure 1. Their evaluation was based on binary Fe-C
alloys. As can be seen it is quite low for low carbon
content but increases steadily as the carbon content is
larger than ca 0.5 mass percent. The critical driving
force is represented by a second order polynomial of
content uC i.e.

DG0
m ¼ 70� 4560uC þ 178900u2C ½9�

When evaluating B0
m from information on the onset of

growth the carbon content in Eq. [9] is the carbon
content of the alloy, u0C. At WBs where qcr ! 1 and

v ¼ 0, Eq. [4] shows that B0
m ¼ DG0

m, i.e.,

B0
m ¼ 70� 4560u0C þ 178900 u0C

� �2 ½10�

However, when using Eqs. [6] or [7] it is not self-evi-
dent for what carbon content in austenite B0

m should
be evaluated. We argue that it should be for the car-
bon content on the c side of the interface because all
quantities in Eqs. [6] and [7] are properties of the
migrating interface. In general we thus take

B0
m ¼ 70� 4560u

c=a
C þ 178900ðuc=aC Þ2 ½11�

The procedure outlined in Section II–B allows the
calculation at any temperature T � WBs for a given
alloy content u0C. At each temperature the critical radius
of curvature is obtained from Eq. [8] and the growth

rate v, the contents u
c=a
C and u

a=c
C from the solution of

Eqs. [1], [5], and [7].

IV. EVALUATING THE UNKNOWN
PARAMETERS FROM EXPERIMENTAL
GROWTH RATE INFORMATION IN Fe-C

It is clear that Eq. [4] can represent the onset of
growth of bainitic ferrite. We shall now investigate to
what extent the present model, see Section II–B, is
capable of representing the experimental lengthening
rate data. The following quantities are needed to
calculate the lengthening rate; the thermodynamic
properties of austenite and ferrite, the diffusion coeffi-
cient Dc

C for carbon in austenite, the ferrite/austenite

interfacial energy r, the barrier B0
m and the kinetic

transfer coefficient LC. The information on thermody-
namics available in CALPHAD databases will be
accepted and the barrier B0

m was discussed in Section III.

A. Diffusion in Austenite

In principle the diffusion coefficient Dc
C is available in

the CALPHAD databases and it is well established that
it increases not only with temperature but also drasti-
cally with carbon content. However, in Eq. [1] only a
single value enters for a given temperature and alloy
composition. This means that some kind of effective
value must be used. A simple choice would be the
arithmetic mean between the maximum value close to
the edge, where the carbon content is highest, and the
value far away in the austenite. This average value was
chosen in the present work. Nevertheless, it should be
kept in mind that the diffusion coefficient in the
databases is evaluated from experimental information
above the eutectoid temperature where austenite is
stable whereas the present application represents a long
extrapolation both in temperature and carbon content.
Consequently the database value will thus be very
uncertain at the lower temperatures where the carbon

contents u
c=a
C becomes very high.

In view of these uncertainties we have chosen to
accept the database values of Dc

C above 1000 K and take
the average value as discussed above. Below 1000 K we

have introduced a correction factor fD ¼ e
Qcorr
R ð1=T�1=1000Þ

which is unity at 1000 K and Qcorr is an
adjustable parameter.

B. Experimental Data from Literature

The experimental lengthening rates of bainitic ferrite
in binary Fe-C alloys were collected from literature as
the absence of additional alloy elements allowed for a
simpler comparison with the model. These data were
therefore used as a basis for the evaluation of the
unknown parameters. The microstructures of interest
were selected as Widmanstätten ferrite, acicular ferrite,
lower bainite, or upper bainite. Ferrite is the leading
phase and in principle the formation of carbides is a
secondary reaction that occurs after plate lengthening.
The presence of cementite in the experimental data used
is therefore not thought to have any effect on the
lengthening rate unless it formed on the tip or close to
the tip of the plate, in which case the diffusion field ofFig. 1—Critical driving force DG0

m for onset of growth as a function
of carbon content in mass percent.
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carbon would be strongly affected. Much of the data fall
into one of two categories in terms of the methods used
to measure lengthening rates. In situ measurements were
done by References 11 and 12 with hot stage metallog-
raphy. Another method used was to measure the longest
plate on a polished plane after isothermal heat treatment
from optical micrographs.[8,13,14] For in situ measure-
ments it is not necessarily the longest plate that was
observed but rather a typical plate. In certain
instances[12] distinct surface and bulk lengthening rates
were measured with reference to the spatial location of
the acicular plates in the sample. In such instances
surface lengthening rates were higher and there was
better agreement with the model than with bulk length-
ening rates.

We now only use binary Fe-C alloys with the carbon
contents of the binary alloys are 0.24, 0.33, 0.43, 0.50,
0.70, 0.90, 0.96, 1.16, and 1.43 given in mass percent
carbon from References 11 through 14. The aim was to
be able to predict C-curves for growth rates of bainite.

C. Optimization Procedure

The calculation method outlined in Section II was
now coded in MATLAB[15] using the Thermo-Calc
MATLAB interface[16] and the optimization procedure
in MATLAB. The unknown parameters, i.e., LC, r and
the correction to the diffusivity were then fitted to the
experimental growth rates as discussed in Section IV–B.

D. Results of Optimization

The following parameters were found in the
optimization:

fD ¼ exp ½3:53ð1000=T � 1Þ�
r ¼ 0:098 Jm�2

LC ¼ 2:344 10�5 mol2J�1m�2s�1

where fD is the expression used for the correction factor

by which the database value for the diffusivity is

multiplied with below 1000 K. At 700 K it yields a

factor 4.5 and it reduces the activation energy with ca

30 kJmol�1.
In Figures 2 and 3 the growth rates for the different

binary Fe-C alloys are shown. Solid lines are calculated
whereas the symbols are the experimental measure-
ments. The information in Figures 2 and 3 was used in
the optimization. Figure 4, with information on a
number of low-alloy steels from References 8 and 14,
shows data that were not included in the optimization.
In Figure 5 we have compared all the experimental
information with the simulations. The red squares
denote the information used in the optimization.
The fitted diffusivity (dashed line) is compared with the

database value calculated for uC ¼ 0:03 (solid line) in
Figure 6. The optimized interfacial energy is somewhat

lower than the value 0:23 Jm�2 suggested by Hillert.[8]

V. DISCUSSION

The present approach gives a reasonable representa-
tion of the experimental data for binary Fe-C alloys. It
should be emphasized that in some cases data from
different authors are not consistent probably due to
experimental uncertainties.
In Figures 2 and 3, calculated growth rate curves are

shown with their respective experimental Fe-C growth
rates for alloy data used in the optimization. In Figure 2
there is good agreement with the Fe-0.5C and Fe-0.7C
alloys though towards lower temperatures, the growth
rate data decrease less with temperature. There is a
notable disparity in the temperature dependence of
growth rates below 630 K (357 �C) for the Fe-0.7C alloy
compared to the alloys with 0.90C, 0.96C, 1.16C, and
1.43C, which are in agreement with the calculations. The
low carbon alloys at high temperatures[13] in Figure 3 also
indicate aweaker decrease in growth rate than is predicted
by themodel. This characteristic could not be reproduced
by the present model and in recent work[14] it was tested
with composition dependence of diffusivity. The use of a

maximum value, Dðuc=aC ;TÞ broadens the curve but the
change was not sufficient to capture the effect that would

Fig. 2—Growth rates for binary Fe-C alloys used for the
optimization. Lines are calculated and symbols are experimental
(Color figure online).

Fig. 3—Growth rates for some binary Fe-C alloys used for the
optimization. Lines are calculated and symbols experimental (Color
figure online).
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cause a flatter curve. It was proposed that such an effect
may be related to an increased supersaturation of carbon
in the ferrite, in which case some fundamental adjustments
would be required to adequately represent the curves.
Figure 4 shows comparison between calculated growth
rates and experimental data for low alloyed steels not used
in the optimization. The high and intermediate tempera-
ture data are in fairly good agreement with the calculated
lines with the exception of some of the low carbon data[14]

at lower temperatures. In spite of this characteristic, the
experimental growth rates are satisfactorily represented by
the calculated curves. The overall result of all the data
examined is compared in Figure 5 and the largest discrep-
ancies correspond to the lower temperature velocity range
of the low carbon alloys and of the 0.7C alloy.
At lower temperatures the model critically depends on

long extrapolations of thermodynamic and kinetic
properties. We have chosen to rely on established
CALPHAD databases for the thermodynamic proper-
ties but to adjust the diffusivity. In Figure 6 it is seen
that the fitted value of the diffusivity at 500 K is more
than 30 times higher than the database value. The
magnitude of velocity can thus be reduced to fit the data
by an adaptation of the fitted diffusivity. Evidently, the
type of data used bears influence on the optimized
parameters and applicability to other types of alloy
data. The data used here were binary Fe-C and for the
strong ferrite stabilizers Mo and Cr, the parameters may
require due adjustment. Future improvements to the
predictive capacity can be made by careful selection of
experimental information over a wide temperature range
with preference to binary Fe-C alloys.

VI. CONCLUSION

A model for the formation of bainite has been
developed on the basis of an energy dissipation
approach taking into account existing kinetic and
thermodynamic aspects. Important developments are
introduced to mitigate the uncertainty of extrapolated
diffusivity and interfacial energy. Both parameters are
optimized to experimental data and the calculated result
is sufficiently satisfactory. Discrepancies observed were
in part due to experimental accuracy though the peculiar
temperature dependency for low carbon steels would
require further investigation in another context. Further
work is required to give generic fitting.
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Fig. 4—Growth rates for Fe-C-Mn-Si alloys not used for the
optimization. Lines are calculated and symbols are experimental
(Color figure online).

Fig. 5—All experimental lengthening rates compared with the
calculations. The ones used are the red squares (Color figure online).

Fig. 6—Dc
C, solid line: database value calculated for uC ¼ 0:03;

dashed line: fitted value.
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