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A model describing the bainite reaction is presented that takes into account the effect of very small
austenite grain size. This model considers the displacive approach and uses thermodynamic criteria for the
description of the nucleation and growth of bainite sub-units forming either at grain boundaries or autocat-
alytically on previous sub-units. The evolution of the austenite composition with the partitioning and redistri-
bution of carbon is estimated as the transformation proceeds. The size of the sub-units is calculated for

each composition and temperature.

The transformation kinetics, as well as the incomplete reaction phenomenon, are correctly predicted.
Furthermore, the influence of the austenite grain size on the bainite transformation rate is addressed in the
case of austenite grains smaller than the length of an unconstrained bainite sub-unit. In this case, the ob-
served enhanced nucleation rate is semi-empirically related to the austenite yield strength. This semi-empir-
ical relationship is corroborated with kinetics data from different alloys.
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1. Introduction

Due to an increasing demand for advanced bainitic
steels, it is necessary to achieve a better understanding of
the formation mechanism of this phase. Once considered as
a deleterious phase in quenched structural components, bai-
nite becomes more and more one of, or even the, target
phase in the microstructure of high-performance alloys like
cast irons, weld steels and also high-strength low-alloy
TRIP-assisted multiphase steels.

Different mechanisms have been proposed for the bainite
formation'™ but only a few quantitative models can predict
the reaction kinetics.”® When considered to be a displacive
transformation, the bainite reaction involves the repeated
nucleation and growth of small sub-units of supersaturated
bainitic ferrite, followed by the redistribution of carbon into
the surrounding untransformed austenite.” Due to this car-
bon redistribution the bainite transformation may stop be-
fore the complete austenite transformation. Indeed, the in-
complete reaction phenomenon occurs when the austenite
carbon content reaches the 7| curve, i.e. the locus where
austenite and ferrite of the same composition have the same
Gibbs free energy.”

The effect of the austenite composition and grain size,
the carbon redistribution, the entrapment of carbon-en-
riched austenite films between bainite sub-units'®'? and the
role of newly formed bainite sub-units as potential nucle-
ation sites (autocatalysis or sympathetic nucleation)>!*-!5
are all issues that need to be considered in a model describ-
ing this reaction. Furthermore, the extreme case of very
small austenite grains that constrain the growth of the bai-
nite sub-units is particularly interesting, since it may in-
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volve the interaction of the strains generated during the
transformation with the transformation kinetics, and an
early soft impingement. Hitherto, the bainite transformation
in small grains has been hardly referred in the literature.
The purpose of the present study is to assess a model that
addresses the above-mentioned issues and is able to predict
the transformation kinetics of the bainite reaction and the
final volume fractions of bainite, retained austenite and car-
bon-enriched austenite films for a wide range of steels.

2. Description of the Model

2.1.

As already advanced in the introduction, the bainitic
transformation is a complex process, and even a simplified
description needs to consider a large number of events. The
reaction starts with the nucleation of a sub-unit at the
boundary of the austenite grain, which lengthens until its
growth is restrained by plastic deformation of the austenite
matrix. Other sub-units nucleate at the tip of this sub-unit,
and as this process keeps repeating itself to end up forming
the characteristic sheaf structure of bainite. As for
Widmanstatten ferrite, carbon partitions during nucleation,
but the development of a nuclei into a bainite sub-unit is a
diffusionless process. It is only after the growth of a bainite
sub-unit has stopped that carbon partitions and redistributes
in the remaining austenite matrix. Due to the intervals be-
tween nucleation events the overall growth rate of the sheaf
is very different to that of the individual sub-units. Several
sheafs may form simultaneously in different regions of the
grain, contributing to the total amount of bainite created.”

The bainite reaction is therefore a nucleation-controlled
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transformation. The growth of individual sub-units is so
fast that for the purpose of this model it can be assumed to
be instantaneous. Hence, the method used in this work to
calculate the kinetics of the bainite transformation consists
in determining in the first place the maximum number of
nucleation events potentially occurring in each time inter-
val, and then use thermodynamic criteria to find how many
of them successfully develop into bainite sub-units.

2.2.

During the decomposition of austenite into an equilibri-
um mixture of ferrite and carbon enriched austenite there is
a substantial change in chemical composition. However, the
formation of a ferrite nucleus in an austenitic matrix in-
volves such a very small volume of material that it cannot
possibly be considered to affect the composition of the re-
maining austenite. Keeping that in mind it is possible to de-
termine the maximum possible free energy change for nu-
cleation AG,, (Fig. 6.2, pp. 130 of Ref. 9)). It is observed
however, that to observe nucleation leading to a displacive
transformation AG,, needs to be larger (in absolute values)
than the “universal nucleation function”, Gy, as defined by
Ali and Bhadeshia®'®:

Gy =3.637(T—273.18) =2 540 (1)

Thermodynamics of Nucleation

where T is the absolute temperature.
The criterium for the nucleation of a bainite nucleus has
been integrated in the model using the function

AG, —G,

RT

]: (4G, =G<0

F = tanh(—

0: (AG,,—Gy)=0

which provides a simple way to describe smoothly the com-
plete transition from no nucleation till site saturation.

2.3. Primary Nucleation

It is defined as primary the nucleation that occurs at the
austenite grain boundaries. Analogously to the case of
martensite nucleation, bainite primary nucleation occurs on
surface defects present on austenite grain boundaries. The
parameter N, is defined as a surface density of potential nu-
cleation sites. As this parameter would be difficult to mea-
sure it is used as one of the adjustable parameters of the
model. As the reaction proceeds, the austenite grain bound-
ary area decreases as austenite is consumed by the transfor-
mation. The remaining austenite grain boundary area, s,
can be estimated from the total grain boundary area, S,, and
the volume fraction of remaining austenite, Uy, as 5=
S, 02,

The number of successful (primary) nucleation events
occurring during a time interval d7 is therefore estimated as

dl,=Ny-s, V- F,-

where Vv is an attempt frequency reflecting the thermal agi-
tation of the atoms. The attempt frequency is v=k- T/hwith
k the Boltzmann constant, # the Planck constant and 7T the
absolute temperature.

2.4. Autocatalytic Nucleation
Autocatalytic nucleation occurs at the tip of already
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formed bainite sub-units. As new sub-units repeatedly form
at the end of existing ones, the usual sheaf structure of bai-
nite develops. This process always starts with a primarily
nucleated sub-unit, and eventually finishes by the last sub-
unit impinging on the grain boundary. As the average
length of a sheaf that develops in a grain of diameter D, is
2D,/m, the number of sub-units in such sheaf will be rough-
ly proportional to 2D, /(7 - ,), where I, is the length of a sin-
gle sub-unit. The proportionality factor 3, is one of the ad-
justable parameters of the model, and accounts for the mis-
orientation between bainite sub-units and the sheaf and for
the possibility that more than one sub-unit is nucleated in
each autocatalytic nucleation event. The amount of success-
ful (autocatalytic) nucleation events occurring in a time in-
terval d7 is therefore estimated as

, 2D,
L 2V A

dl

2.5. Bainite Sub-unit

Bainite sub-units are considered to have a lenticular
shape. The size of each bainite sub-unit is defined in the
model by its thickness and aspect ratio. The thickness of a
bainite sub-unit has been described as a function of temper-
ature, driving force for transformation and yield strength of
austenite by Singh and Bhadeshia.!” The average aspect
ratio of bainite sub-units has been characterised by Wang
et al. for a large range of alloys.'® In the case that bainite
growth is constrained by austenite grain size the model will
adjust the size of the sub-unit because bainite cannot grow
across grain boundaries.

2.6. Bainite Fraction Formed

Once the bainite nucleus has formed, there needs to be
enough driving force to sustain partitionless transformation
from austenite to ferrite for the nucleus to develop into a
sub-unit. AG]”“is the free energy change for diffusionless
transformation from austenite to ferrite, parameter that con-
trols the probability of a nuclei to develop into a sub-unit,
as described (Fig. 6.2, pp. 130 of Ref. 9)). The amount of
bainite formed during a time interval d7 is therefore given
by
Yo
np

RT

dvg =(I, +1,) uy,-exp| —

where /, and /, are, respectively, the primary and autocat-
alytic contributions of successful nucleation events. u, is
the volume of one bainite sub-unit. R and 7 are the gas con-
stant and absolute temperature.

A method based on Avramis extended volume
correction'” has been used to account for nucleation site
depletion and impingement of developing sub-units. The
total volume of new bainite sub-units created during each
time interval is corrected by the volume fraction of remain-
ing austenite as,

where dv; is the extended volume of bainite created during
an interval d7, v, is the volume fraction of remaining
austenite and dv} the real volume of bainite formed during
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that interval.

2.7. Carbon Redistribution

As described earlier, the development of a bainite sub-
unit occurs diffusionlessly, and it is only after its growth
has stopped that carbon partitions. The partitioning of car-
bon can either produce a distribution of carbides or, in high
silicon alloys, can redistribute into the remaining austenite
without precipitation.” This model only deals with the sec-
ond case, in which all the partitioning carbon is redistrib-
uted in the remaining austenite.

The degree of homogeneity of the carbon redistribution
depends on the mobility of carbon and on microstructural
aspects. As the bainite reaction happens at temperatures for
which the mobility of carbon is low, the redistribution of
carbon in austenite tends to be inhomogeneous. It has often
been observed that films of carbon-enriched austenite be-
come trapped between bainite sub-units.>>!”) The composi-
tion of these austenite films is close to the value given by
the 4e} curve® (i.e. the composition of the (a+7Y)/y phase
boundary in paraequilibrium conditions). The carbon-en-
riched austenite films act as reservoirs of carbon, prevent-
ing it to enrich the remaining austenite. The end of the bai-
nite reaction is thus postponed.

The volume fraction of austenite trapped as thin films be-
tween sub-units depends on the volume fraction of bainite
formed.'"” Although the thickness of these films varies
slightly with temperature,'®!'" the model presented here
considers, as a first approximation, that the volume fraction
of enriched austenite v, is proportional to the bainite vol-
ume fraction. The proportionality parameter, which is one
of the fitting parameters of the model, is adjusted so that the
volume fraction of enriched austenite is limited to an upper
boundary of 12% of the volume fraction of bainite, keeping
it consistent with published literature.>*'?

2.8. Transformation in Small Austenite Grains

The model presented so far describes accurately the
transformation of austenite into bainite when the austenite
grains are large with respect to the size of the bainite sub-
units. However, in the case of austenite grain size of the
same order than the length of a bainite sub-units, the final
size of these sub-units will be constrained by the size of the
austenite grains.

During the transformation in these ‘small’ grains, several
changes will be induced in the morphology and kinetics of
the reaction. Most of them are already taken into account
in the model. First, the larger proportion of austenite grain
boundary area will promote primary nucleation. However,
impingement with the boundaries of the austenite grains
will inhibit autocatalytic nucleation,” and the length of the
bainite sub-units will be eventually limited by the size of
the austenite grains.?" Finally, as impingement forces bai-
nite sub-units to grow parallel to each other (as described
by Jacques,?” minimisation of the transformation strains by
the growth of an optimal combination of different bainite
variants is no longer possible, as it would happen in larger
grains,”?? and some transformation stresses may build up
as the reaction proceeds.

Only the effect of internal stress needs to be considered,
as the rest are already included in the formulation of the
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model. It is well known that external and internal stresses
affect the kinetics of many transformations, and particularly
of the bainite reaction, by an enhancement of the nucleation
rate.?® The effect of the stresses generated during the
transformation can therefore be described by including an
additional term in the definition of the density of potential
nucleation sites per unit surface N,. This term takes the
form of an enhanced activation rate, in which the activation
energy is a function of the austenite yield strength, 0,.*”

B;-o,
R-T

Ny =N, exp{—

where 0, is the austenite yield strength; B, is a function that
describes the tensile state of the parent austenite; N, is a po-
tential nucleation site surface density and R and T have
their usual meanings. As more work is still needed to char-
acterise B, and N, thoroughly, they are only used presently
as fitting parameters of the model.

3. Validation of the Model and Discussion

3.1.

The present model uses the following fitting parameters:

(1) The surface density of potential nucleation sites N,
It has been fitted to N,=2.0-10"* nucleim 2. It would be
expected that N, is related to the surface energy of the
boundary, and therefore changes with composition and
stress state.

(ii) The proportionality factor 8, accounts for the mis-
orientation between bainite sub-units and the sheaf and for
the possibility that more than one sub-unit is nucleated in
each autocatalytic nucleation event. This value has been
treated as an adjustable parameter and its value fitted to
B,=1.5 as a realistic value.

(iii) The thickness of each one of the carbon-enriched
austenite films trapped between bainite sheaves is a para-
meter difficult to evaluate. In the present model, it has been
restricted to an upper boundary of 6% of the thickness of a
bainite sub-unit. Even though this value is above the values
found in literature it is still in the same order of magni-
tude.>*1

(iv) Finally, the nucleation rate in the case of small
austenite grains still needs to be better understood. In the
present model, it is described using a semi-empirical func-
tion defined with two adjustable parameters: B, which is
believed to describe the stress state of the parent austenite
and N,, which is the pre-exponential parameter of the en-
hanced surface density of potential nucleation sites. As for
the parameter (i), these parameters need to be characterised
for each alloy composition, but they are only needed in the
case of small austenite grains. The values adjusted for the
studied alloys are shown in Table 2.

Fitting Parameters

3.2.
3.2.1.

In order to assess the validity of the model, its predic-
tions are compared with published experimental data of the
bainite transformation kinetics. The chemical composition
of the investigated alloys is given in Table 1. All steels ex-
cept steel D steels contain some silicon to inhibit cementite

Validation
Experimental Data
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precipitation from austenite during the bainite transforma-
tion.” Steel A has been used to validate and adjust the fit-
ting parameters of the general model (items (i) to (iii) in
Sec. 3.1), and steels B, C and D have been used to study the
special case of transformation occurring in small austenite
grains. Steel A was either austenitised for 15 minutes to ob-
tain an austenite grain size of about 50 um, or thermally cy-
cled to obtain an austenite grain size of 8 um. Steels B, C
and D were intercritically annealed to generate a mi-
crostructure containing ferrite and small austenite grains
with an average size of 2 um and various carbon contents.
The specimens were then rapidly quenched to the bainite
transformation temperature and isothermally transformed.
Specimens of the studied alloys were held at different tem-
peratures between 310 and 460°C. The heat treatments
were conducted in a dilatometer that continuously mea-
sured the change in length of the specimens. The mi-
crostructure of the different specimens was characterised by

Table 1. Chemical composition and austenite grain size of the
investigated steels.

/wt.% C Ciny Mn Si Al -~ grainsize /um
Steel A 0.58 0.58 1.66 1.35 0.03 8, 50
Steel B 0.29 0.58 142 141 0.04 2

Steel C 0.11 0.29 1.50 1.53 0.04 2

Steel D 0.16 0.64 1.30 0.38 0.03 2

The carbon content of the austenite phase is specified due to the dual mi-
crostructure (intercritical austenite+ ferrite) of some of the alloys studied.

Table 2. Parameters describing the surface density of poten-
tial nuclei for the investigated steels.

N By 7 grain size /pm 1,/D,
Steel A 2.0-107* 0 50 0.04
Steel A 2.0-1074 0 8 0.4
Steel B 1.07-10* 274.5 2 1.8
Steel C  2.11-10* 324.6 2 1.7
Steel D 9.74-10* 301.3 2 1.8

N, has the units of surface density of potential nuclei, that is nuclei-m™2.

1,/D, is the calculated length of a bainite sub-unit at the beginning of the
transformation (in the case of small austenite grains, unconstrained by the
size of the austenite grain) divided by the diameter of the austenite grain.

TEM or SEM and the volume fraction of retained austenite
and its carbon content was measured by X-ray diffraction
and Mossbauer spectroscopy.?*23!

3.2.2. Overall Transformation Kinetics

Figure 1 compares the predicted evolution of the bainite
reaction with the experimental data for steel A with an
austenite grain size of 8 um held at 360°C. The model pre-
dicts correctly that the reaction first accelerates with the
increasing volume fraction of bainite, and then decreases
asymptotically up to the final bainite volume fraction de-
scribed by the T} curve (incomplete reaction). It is worth re-
minding that the volume fraction of bainite when the trans-
formation stops is not one of the inputs of the model, but is
correctly predicted by the thermodynamic criteria and by
the calculated increasing carbon content of the remaining
austenite.

3.2.3. Effect of Temperature and Grain size

Figures 2(a) to 2(c) present the experimental and pre-
dicted times for achieving bainite transformation levels of
30% and 60% and the maximum bainite volume fraction
obtained when the incomplete reaction phenomenon occurs
in steels A and B. The considered austenite grain sizes are
2, 8 and 50 um, and the temperatures of the isothermal heat
treatments are 310, 360, 410 and 460°C, respectively.

The time for the several degrees of transformation is re-
markably well predicted for the different grain sizes. The
prediction of the final volume fraction of bainite (incom-
plete reaction phenomenon), presents a varying degree of
accuracy. The assumption that carbon partitions rapidly into
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Fig. 1. Experimental and predicted kinetics of isothermal bainite
transformation at 360+C for steel A with an austenite
grain size of § um.
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Fig. 2. Predictions vs. experimental values of the time needed to reach (a) 30% of transformation, (b) 60% of transfor-
mation and (c) of maximum volume fraction of bainite. ¥ grain size 2 um at 310°C; A grain size 2 um at 360°C;
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the remaining austenite, and redistributes evenly is a sim-
plification that can explain these discrepancies. As shown
by the differences in accuracy, this assumption is better
suited for small grains for which diffusion distances are
shorter and for higher temperatures when mobility of car-
bon is enhanced. It may also be postulated that this dis-
crepancy results from the carbide precipitation within the
bainitic ferrite observed in the case of the larger austenite
grains.??

3.2.4. Effect of Composition on Nucleation in Small
Grains

As stated earlier, it was expected that in all cases where
austenite grain is smaller than the unconstrained bainite
sub-unit, nucleation will be better described by a function
N, of the type shown in Eq. (7), and that has already been
validated using kinetics data of steels A and B. However, is
was also expected that as primary nucleation rate is related
to the surface energy of the austenite grain boundary, the
parameters of such equation would depend on the composi-
tion of the alloy. As a preliminary study of this effect, kinet-
ic data of steels C and D have been considered. Steel C has
virtually the same manganese and silicon content in austen-
ite as steels A and B but a different carbon content in
austenite.’? Steel D has a similar carbon and manganese
content, but a reduced silicon content. Furthermore, the sil-
icon content of steel D is not high enough to avoid carbide
precipitation from austenite, so that the incomplete reaction
phenomenon is not observed.>® For this alloy, the model
was modified to account for the lack of carbon enrichment
of the austenite matrix. In both cases, the resulting values
of the surface density of potential nucleation sites, N, fit
comfortably to an expression of the type of Eq. (7), as
shown in Fig. 3. The parameters of such equation for each
alloy are also shown in Table. The underlaying phenomena
are nevertheless complex, and more work is needed to char-
acterise the nucleation behaviour of bainite in small austen-
ite grains.

3.2.5. Carbon Redistribution

The carbon content of retained austenite in steel B, ex-
perimentally determined after the bainite reaction has
stopped, has been plotted in Fig. 4 with the T;, curve and
with the austenite carbon content as predicted by the model.
The T, curve has been determined using algorithms devel-
oped by Bhadeshia and coworkers.”*? This plot shows that
although the nucleation and growth of bainite should stop
when the composition of the parent austenite reaches the
composition of the 7, curve, post-transformation austenite
presents a composition slightly beyond that value. The car-
bon expelled from the bainite sub-units that form right be-
fore the parent austenite reaches the 7;, composition pushes
the final composition of austenite beyond that critical value.

The model describes correctly not only the carbon en-
richment of austenite, but also this enrichment beyond the
T, curve. The accuracy of the prediction in reactions occur-
ring at medium and high temperatures is remarkable, al-
though as the reaction temperature is lowered the model
tends to overestimate the carbon enrichment of the untrans-
formed austenite.

This is again a consequence of the assumption that car-
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Fig. 4. Experimental and predicted austenite carbon content after
transformation for steel B.

bon redistributes rapidly and evenly at all temperatures,
without taking into account the reduced mobility of carbon
at lower temperatures, when the the fact is that the diffusion
coefficient of carbon in austenite varies by about two orders
of magnitude between 300°C, and 450°C.

4. Conclusion

A model for the bainite reaction kinetics has been devel-
oped. This model takes into account the effects of the com-
position and austenite grain size, of the different nucleation
sites, of the carbon partitioning and inhomogeneous redis-
tribution, of the formation of carbon enriched austenite
films between bainite sub-units and also of the varying di-
mensions of the forming bainite sub-units with tempera-
ture, austenite composition and yield strength. The model
also takes into account the effect of the stress state resulting
from transformation in the case of small austenite grains.
As more work is still required, this effect is described using
a semi-empirical equation function of the austenite yield
strength. The same equation has been used for several al-
loys with the same small austenite grain size but different
composition with equally good results. On the other hand,
the decreasing mobility of carbon with decreasing tempera-
ture needs to be addressed in future models. The model has
been applied to published data and its predictions show re-
markable agreement over a large interval of temperature
and grain size.
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