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Bainite formation in steels typically starts at austenite grain boundaries and continues through nucleation of
bainite at newly formed bainitic ferrite/austenite interfaces. Recent experimental evidence has pointed out
that austenite to bainite transformation can also proceed in the presence of martensite. Studies suggest that
the presence of athermal martensite formed prior to bainite formation can accelerate the kinetics of bainite
formation with the martensite/austenite interfaces acting as potential nucleation sites. In this work, a kinetic
model based on the displacive mechanism of bainite formation is adapted to isolate the impact of martens-
ite/austenite interfaces on the overall rate of bainite formation when bainite formation occurs in the presence
of previously formed martensite. This adapted kinetic model is validated using dilatometer studies published
in the literature on a silicon-containing low-carbon steel in which bainite formation experiments are per-
formed both below and above the Ms temperature. The results suggest that the formalism of the existing
kinetic theory can describe the effects of martensite/austenite interfaces on the bainite formation.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

In the quest to meet the ever-growing demands of the industry,
multiphase steel microstructures with their outstanding mechanical
properties have been the subject of considerable attention in the recent
years. One of the main constituents of such microstructures is bainite
[1�4]. The formation of bainite in steels is one of the most intensely
researched topics in the field of metallurgy [1,5�12]. Bainite micro-
structures typically consist of an assembly of bainitic ferrite laths which
are separated by untransformed austenite, martensite or cementite
[1,13�15]. The thickness of the bainitic laths depends on the bainite
formation temperature [16]. Typically, as the transformation tempera-
ture decreases, the bainitic laths tend to become finer [14�16]. It is
well established in the literature that grain refinement in metallic
materials can lead to improved strength and toughness [17�19]. The
mechanism of bainite formation naturally leads to highly fine grained
structures, thereby making bainitic microstructures a popular choice
for materials for structural applications [15,18].

The reduction of bainite formation temperature, however, leads to
slower transformation kinetics [20,21]. Currently, researchers are
investigating several strategies to accelerate the bainite formation
kinetics [20]. Studies show that one of the strategies to improve the
rate of bainite formation is through the formation of a small fraction of
martensite prior to bainite formation [22�24]. Several studies show
that quenching of samples to a temperature below theMs temperature
to form a limited fraction of martensite, followed by isothermal hold-
ing above the Ms temperature leads to acceleration of bainite forma-
tion when compared to transformation without prior quenching
belowMs [23,24]. However, the mechanism for acceleration of kinetics
is disputed. Kawata et al. [24] suggest that the enhancement of bainite
kinetics is due to the faster nucleation of bainitic subunits on martens-
ite/austenite interfaces. Vetters et al. [22] argue that the initial pre-
quenching favours further bainite formation by altering the austenite
matrix for easier austenite to bainite transformation. On the other
hand, Sourmail et al. [25] point out that although the overall heat
treatment time for austenite decomposition was reduced, they
observed no detectable acceleration in bainite formation due to the
presence of martensite during the isothermal holding itself.

Studies have also been carried out to understand the effect of
prior martensite on microstructural processes during isothermal
holding below Ms temperatures [26�28]. Literature evidence shows
that bainite formation can not only occur during the isothermal hold-
ing below the Ms temperature [26,27,29], but the prior martensite
formation can also have a strong accelerating effect on the bainite
formation [26]. However, other studies seem to indicate that the iso-
thermal transformation product obtained during isothermal holding
below theMs temperature may not be bainite [30,31].
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It is evident from these studies that several aspects regarding the
effect of prior martensite on the kinetics of bainite formation are still
unresolved. In order to further clarify these unresolved issues, it is
important to analyse the kinetics of bainite formation with and with-
out prior martensite formation. As mentioned above, bainite formation
in steels (without prior martensite formation) has been studied exten-
sively and several researchers have proposed kinetic models to
describe bainite formation kinetics [32�37]. The authors of the present
work also recently proposed a kinetic model to understand the various
factors which describe the kinetics of bainite formation by assuming
that bainite grows via a displacive and diffusionless mechanism [38].
Published results show that kinetic models based on the displacive
and diffusionless theory of bainite formation can accurately simulate
the bainite formation kinetics in most cases [33,35�39].

In this study, the formalism of the kinetic model proposed in [38]
by the authors of the present work is modified and adapted to ana-
lyse the experimental results obtained for the kinetics of bainite for-
mation both with and without prior martensite formation. The
kinetic model considers that the evolution of bainite fraction with
time is controlled by the nucleation of bainitic ferrite at austenite
grain boundaries and at bainite/austenite interfaces which form as
bainite formation progresses. In principle, bainite nucleation would
occur at austenite grain boundaries and bainite/austenite interfaces
even in the presence of pre-existing martensite. Therefore, the trends
obtained for the model parameters during the comparison of experi-
mental results with the proposed kinetic model must be applicable
(and extrapolatable) to the entire range of temperatures at which
bainite formation can occur. With the help of the analysis of the
model parameters over a range of transformation temperatures for
bainite formation, this work explores the interplay between different
factors which affect the bainite formation kinetics in conditions both
in the presence of and the absence of martensite. Such an analysis
sheds light on the role of prior martensite during bainite formation
and its impact on bainite kinetics.
2. Theory and modified model

2.1. Background and model description

According to the kinetic model proposed in [38], the rate of the bain-
ite formation, df/dt, at a given time, t, is proportional to the overall rate
of bainite nucleation. Bainite nucleation is a thermally activated process
[35] and depends on parameters such as the carbon concentration of
the austenite matrix, Xg, as a function of bainite fraction, f, and the bain-
ite formation temperature, T [20,35,39,40]. The quantities Xg and f are
related to the bulk carbon concentration of the steel, X. According to the
model proposed in [38], the rate of bainite formation can be given by

df
dt

¼ ð1�f Þ T
0
0�T

T 0
0X
�T

 !
1þ exp

DQ �

kT

� �
f

� �
k ð1Þ

where k is

k ¼ CðTh�TÞexp �Q �
G

kT

� �
ð2Þ

C depends on the composition of the steel and the prior austenite
grain size. Th is the critical temperature below which bainite nucle-
ation can occur [41] while T

0
0 is the critical temperature below which

bainite growth can occur according to the displacive theory of bainite
formation [1,41]. T 0

0X
is the T

0
0 temperature when the carbon concen-

tration of austenite is equal to the bulk carbon content of the steel.
The factor Th�T gives the undercooling which defines the driving

force for bainite nucleation from austenite [41]. The factor T
0
0�T

T 0
0X
�T

� �
accounts for the thermodynamic condition required for the diffusion-
less growth of bainite [38].
The activation energy for bainite nucleation depends on the inter-
face at which nucleation occurs [38]. In Eqs. (1) and (2), Q �

G is the acti-
vation energy for bainite nucleation at austenite grain boundaries
which can be related to the activation energy for autocatalytic nucle-
ation (bainite nucleation at already formed bainite/austenite interfa-
ces), Q �

A ; using DQ*, by [38]

DQ � ¼ Q �
G�Q �

A ð3Þ
The factor ð1�f Þ in Eq. (1) gives the residual austenite fraction in

which bainite formation can take place. As bainite formation pro-
gresses, the residual austenite fraction decreases along with the
available austenite grain boundary area for further bainite nucleation.
Physically, the factor ð1�f Þ accounts for the decreasing austenite
grain boundary area. The number density of autocatalytic nucleation
sites depends, however, on the bainite/austenite interfaces. The den-
sity of bainite/austenite interfaces initially increases as the bainite
fraction increases and then decreases as the austenite grain becomes
increasingly consumed. As proposed in [38], the density of bainite/
austenite interfaces can be accounted for by the factor ð1�f Þf .

It should be noted that the bainite formation in steels can be
accompanied by carbon enrichment of surrouding austenite. This car-
bon enrichment of austenite affects the parameters such as T

0
0; Th and

Q�
G [38], gradually changing them during the bainite formation.

2.2. Physical parameters of the kinetic model

The kinetic model [38] uses the following physical parameters
that can be determined by modeling the experimentally obtained
kinetics.

2.2.1. Carbon content in bainite, Xb

In the kinetic model given in [38], the carbon concentration
within the austenite matrix, Xg, is calculated based on the overall car-
bon content, X; the bainite fraction and the carbon content of the
bainite, Xb. It must be noted that bainite can be classified as an aggre-
gate of bainitic ferrite sub-units and carbides [13] depending on the
chemical composition of the steel and bainite formation temperature.
This implies that Xb accounts for the carbon in bainitic ferrite and in
carbides including carbon trapping in defects. A simple mass balance
shows that Xg, as a function of Xb and f, can be given as [38]

Xg ¼ ðX�fXbÞ
ð1�f Þ : ð4Þ

2.2.2. Initial activation energy for grain boundary nucleation, Q �
GX

In order to accurately determine the activation energy for nucle-
ation as a function of f, it is important to estimate the initial activation
energy for austenite grain-boundary bainite nucleation, Q �

GX
(i.e., Q �

G
at Xg ¼ X). Using the physical parameter Q �

GX
; the activation energy

for bainite nucleation at austenite grain boundaries as a function of
Xg is given in [38] as

Q�
G ¼ Q �

GX
þ KGC1ðXg�XÞ ð5Þ

where KGC1 is the proportionality constant relating the activation
energy for bainite nucleation to the carbon enrichment of austenite.
KGC1 can be calculated according to the procedure described in [38].
It depends on the undercooling below the Th temperature.

2.2.3. Difference in activation energy for grain-boundary and
autocatalytic nucleation, DQ*

Similar to Q �
GX
; it is necessary to determine the initial activation

energy for autocatalytic nucleation, Q �
AX

(i.e., Q �
A at Xg ¼ X), to accu-

rately model the bainite kinetics. Q �
AX

can be determined by using the
parameter DQ �

X
which is the difference between the two activation

energy values at the start of the transformation (DQ* at f = 0 or
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Xg ¼ X). As noted before, the activation energy for bainite nucleation
increases with increasing carbon enrichment of austenite (which
increases with increasing bainite fraction if Xb <X) [34,39]. However,
due to the differences in the nature of the interfaces, carbon enrich-
ment of the austenite during bainite formation will have different
influences on the activation energies for grain-boundary and autocat-
alytic nucleation [42]. Furthermore, factors such as the instantaneous
deformation state of the austenite in the vicinity of the bainite/aus-
tenite interfaces can be expected to affect the autocatalytic bainite
nucleation as well [42]. Accounting for these factors, DQ* can be
given by

DQ � ¼ DQ �
X
þ uf ð6Þ

where the parameter u quantifies the difference between the activa-
tion energy for autocatalytic bainite nucleation and grain-boundary
nucleation as a function of bainite fraction [42].
2.3. Modifications to account for pre-existing martensite during bainite
formation

One of the most important factors which influences the kinetics of
bainite formation is the transformation temperature at which bainite
forms. The effect of transformation temperature is well accounted for
using the kinetic model proposed in the above sections [38]. How-
ever, during bainite formation after quenching the steel below the Ms

temperature, the presence of pre-existing martensite also affects the
rate of bainite formation. Studies suggest that during treatments
where austenite is quenched to form a certain fraction of martensite
prior to bainite formation, martensite/austenite interfaces can also
act as nucleation sites for bainite formation [22,24,26]. Thus, the
overall bainite formation rate at any given moment in the presence
of pre-existing martensite can then be given as

df
dt

¼ df
dt

� �
M
þ df

dt

� �
G
þ df

dt

� �
A

ð7Þ

where (df/dt)M gives the rate of bainite formation due to nucleation at
martensite/austenite interfaces, (df/dt)G gives the rate of bainite for-
mation due to nucleation at austenite grain boundaries and (df/dt)A
gives the rate of autocatalytic bainite formation.

Typically, bainite formation begins at austenite grain boundaries
and then continues autocatalytically at bainite/austenite interfaces.
In the presence of pre-existing martensite, bainite can also nucleate
at martensite/austenite interfaces following which bainite nucleation
can proceed autocatalytically at newly formed bainite/austenite
interfaces. This implies that the presence of martensite/austenite
interfaces can be a source of additional autocatalytic nucleation sites
and therefore can increase the rate of autocatalytic nucleation. Hence,
Eq. (7) can be further expanded as,

df
dt

¼ df
dt

� �
M
þ df

dt

� �
G
þ df

dt

� �
A

¼ df
dt

� �
M
þ df

dt

� �
G
þ df

dt

� �
AM

þ df
dt

� �
AG

� �
ð8Þ

where (df/dt)AM gives the rate of bainite formation due to nucleation
at bainite/austenite interfaces which are formed due to bainite nucle-
ation at martensite/austenite interfaces and (df/dt)AG gives the rate of
bainite formation due to nucleation at bainite/austenite interfaces
which are formed due to bainite nucleation at austenite grain bound-
aries. In the absence of martensite/austenite interfaces, (df/dt)AM
would be 0 and autocatalytic nucleation would be determined by (df/
dt)AG alone.

The rate of bainite formation is directly proportional to the den-
sity of potential nucleation sites which depends on the density of
interfaces. As the bainite formation progresses, the nucleation sites
are consumed at various interfaces. If the pre-exisiting martensite
has an accelerating effect on the kinetics of bainite formation as
observed in the literature [22�24], it can be postulated that bainite
nucleation will take place at the martensite/austenite interfaces
when bainite formation occurs after quenching below theMs temper-
ature. Additionally, martensite/austenite interfaces would be con-
sumed quicker than grain-boundary nucleation sites and
autocatalytic nucleation sites under such circumstances. Once mar-
tensite/austenite interfaces are consumed due to bainite formation in
its vicinity, (df/dt)M tends to zero and its influence on the overall
bainite kinetics would diminish. Consequently, after a certain degree
of bainite formation, the kinetics would be dominated by autocata-
lytic and grain-boundary bainite nucleation.

The kinetic model proposed in Section 2.1 is designed to capture
the influence of autocatalytic bainite nucleation and grain-boundary
bainite nucleation on the rate of bainite formation. Based on the
above discussion, the proposed kinetic model can therefore be com-
pared with experimentally determined bainite kinetics obtained
from later stages of bainite formation (when (df/dt)M � 0) where
austenite to bainite transformation no longer occurs from martens-
ite/austenite interfaces. The analysis will give the specific values for
the physical parameters (discussed in Section 2.2) used by the kinetic
model. With the help of the parameters obtained, the contributions
of (df/dt)A and (df/dt)G on the overall rate of bainite formation over
the entire isothermal holding time for bainite formation can be calcu-
lated. Using these calculations and the experimentally obtained bain-
ite formation kinetics, the influence of martensite/austenite
interfaces on the bainite formation ((df/dt)M) can be subsequently
isolated using Eqs. (7) and (8).

In order to determine the contributions of (df/dt)G and (df/dt)A
when bainite formation occurs in the presence of martensite, the
effect of pre-exisiting martensite fraction, fM, on (df/dt)G and (df/dt)A
should be incorporated into the model. It should be noted along with
direct impact of fM on the rate of bainite formation, as given by (df/
dt)M, fM also influences the available austenite fraction in which bain-
ite formation can occur. As mentioned previously, the density of
grain-boundary and autocatalytic nucleation sites depends on the
fraction of available austenite. Thus, it can be summarized that fM has
an effect on (df/dt)G and (df/dt)A. The effect of fM on the volume frac-
tion of available austenite and on subsequent bainite autocatalytic
nucleation or grain-boundary nucleation would be similar to the
effect of the bainite fraction during typical bainite formation without
any pre-existing martensite. Therefore, since f and fM have a similar
effect on the rate of bainite formation, the factor f in Eqs. (1), (4) and
(6) can be replaced with ðf þ fMÞ in order to incorporate the effects of
pre-existing martensite on the bainite kinetics. The presence of mar-
tensite would also affect the carbon enrichment of austenite since
martensite can trap carbon either in form of carbides (tempered mar-
tensite) or as supersaturated martensitic ferrite (as shown in Sec-
tion 4.4). As mentioned in Section 2.1, T

0
0; Th and Q �

G are a function of
carbon concentration of austenite, Xg, which varies as bainite forma-
tion progresses. It should be noted that if the factor f is replaced with
ðf þ fMÞ while calculating Xg in Eq. (4), T 0

0; Th and Q �
G values will vary

accordingly.

3. Experiments

Dilatometer studies carried out in [26] were used to validate the
modified model proposed in this work. A steel with nominal compo-
sition Fe-0.2C-3.52Mn-1.52Si-0.25Mo-0.04Al (in wt-%) (or, Fe-0.91C-
3.49Mn-2.96Si-0.04Mo-0.08Al (in at-%)) was used in the study.

Dilatometer samples were first completely austenized at 900 BC
for 4 min. The experimentally obtained Ms temperature of the steel is
approximately 320 BC. The samples were then quenched to and iso-
thermally held at temperatures ranging from 370 BC to 270 BC for 1 h.
Finally, the samples were quenched to room temperature. It should
be noted that during isothermal bainite treatments below the Ms



Table 1
Experimentally determined bainite fraction at the end of the isothermal treatment,
fexp and the martensite fraction formed during the initial quench from austenization
temperature, fM.

T [BC] fexp fM

370 0.62 0
340 0.74 0
330 0.83 0
320 0.84 0
310 0.82 0.04
300 0.71 0.16
270 0.12 0.77
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temperature, a certain fraction of athermal martensite will have
already formed prior to the start of bainite formation. The detailed
experimental procedure is given in [26].

Optical microscopy and scanning electron microscopy was carried
out to understand the microstructural evolution within the samples
as a result of the heat treatments [26]. Microstructural studies
revealed the possibility of macrosegregation of Mn within the steel
used in this study (shown in Section 4.1). Electron probe microanaly-
sis (EPMA) experiments were carried out to investigate the macrose-
gregation of Mn and to understand the distribution of alloying
elements within the steel.

4. Results and discussion

4.1. Experimental results

The experimentally determined evolution of bainite fraction
under different isothermal conditions as a function of time is given in
Fig. 1. The detailed procedure for the calculation of the reported vol-
ume fraction of bainite as well as martensite formed prior to bainite
formation is described in [26]. The experimentally obtained bainite
fraction at the end of the isothermal steps and the martensite frac-
tions prior to bainite formation are given in Table 1 as well.

Fig. 1 (a) shows the evolution of bainite fraction as a function of
time in the absence of previously formed martensite, while Fig. 1(b)
Fig. 1. Experimentally obtained bainite fraction, fexp, as a function of time, t, (a) in the absen
formed athermal martensite, i.e. below Ms conditions. Experimentally obtained rate of bainit
any athermal martensite and (d) in the presence of pre-formed athermal martensite. The ma
shows the bainite formation kinetics in the presence of previously
formed martensite. In Fig. 1(b), the value on the y-axis at the start of
the treatment gives the fraction of martensite formed prior to the iso-
thermal treatment. The x-axis gives the holding time at the isother-
mal step during which bainite formation occurs. The isothermal step
is considered to start (time = 0 on the x-axis) at the moment the prior
cooling step, from the austenization temperature, terminates. It
should be noted that although the dilatometer is programmed to ter-
minate the aforementioned cooling step at the intended isothermal
bainite formation temperature, this is not exactly realized during the
experiments. A small undercooling (2-5 BC) below the intended iso-
thermal temperature is usually observed. However, the sample
ce of any athermal martensite, i.e. above Ms conditions and (b) in the presence of pre-
e formation as a function of bainite+martensite fraction, ðfexp þ fMÞ (c) in the absence of
rtensite fraction is 0 when T>320BC.



Fig. 2. (a) Microstructural evolution following bainite formation treatment at 370 BC. Banded microstructure can be seen with bainite (etched; dark) and austenite/martensite
(unetched; white) regions (b) Microstructural evolution following bainite formation treatment at 310 BC. The severity of banding is reduced (fully etched; dark). (c) Areas (in black)
indicating austenite resistant to bainite formation at 370 BC. This fraction of austenite is stabilized due to high Mn content in these regions. These black regions correspond to the
white etched regions in (a).(d) EPMA results showing Mn distribution over a length of 3 mmwithin the steel used in the study

A.M. Ravi et al. / Acta Materialia 188 (2020) 1�12 5
temperature quickly stabilizes to the intended temperature ( § 0.1 BC)
within a couple of seconds.

Based on Fig. 1(a) and Fig. 1(b), the rate of bainite formation as a
function of bainite evolution in the absence and in the presence of
previously formed martensite is calculated (Fig. 1(c) and Fig. 1(d)). It
should be stated that since Fig. 1(c) and Fig. 1(d) are plotted as a func-
tion of combined bainite and martensite fractions, the curves for the
rate of bainite formation are shifted depending on the fraction of pre-
viously formed martensite (Table 1). The rate of bainite formation
due to grain-boundary and autocatalytic nucleation is influenced by
both bainite and martensite fraction when bainite forms in the pres-
ence of previously formed martensite as explained in Section 2.3.
During bainite formation in the absence of martensite, it can be seen
from Fig. 1(c) that the rate of bainite formation initially increases
until a certain fraction of bainite is reached and then decreases as fur-
ther bainite is formed. Furthermore in Fig. 1(d), it can be clearly seen
that the presence of martensite fraction prior to bainite formation
influences the rate of the bainite formation. During bainite formation
in the presence of martensite, the rate of bainite formation is rela-
tively high in the early stages of bainite formation. The rate of bainite
formation rapidly decreases after certain fraction of bainite is formed
and then follows a trend similar to the one observed when bainite
forms without martensite. Comparing Fig. 1(c) and 1(d), it can be
observed that the rate of bainite formation in the presence of mar-
tensite is typically higher almost throughout the bainite formation
process. This can be seen especially in the case of bainite formation at
310 BC and 300 BC. Based on Fig. 1(d), a qualitative description for
bainite formation process in the presence of previously formed mar-
tensite can be envisaged. When bainite forms in the presence of mar-
tensite, bainitic ferrite initially forms quickly, presumably at
martensite/austenite interfaces, resulting in the fast initial bainite
kinetics. Once these interfaces are consumed, the bainite formation
proceeds at a speed controlled by grain-boundary bainite nucleation
and autocatalytic bainite nucleation which peaks again until a certain
bainite fraction is reached and then the bainite formation slows
down. This is similar to the trend seen when bainite forms in the
absence of martensite where bainite forms only via grain-boundary
nucleation and autocatalytic nucleation. This results in a peak (at fexp
� 0.2-0.3) (Fig. 1(c) in all cases and in Fig. 1(d) at 310 BC where fM =
0.04). In case of bainite formation at 300 BC and 270 BC, the rate of
bainite formation only slows down after initial fast kinetics due to
the presence of martensite/austenite interfaces since the combined
bainite-martensite fraction is too high (fexp þ fM > 0.2). These results
are in line with the assumptions proposed in Section 2.3 suggesting
that (df/dt)M tends to zero after a certain fraction of bainite is formed.
Furthermore, the higher overall rate of bainite formation in the pres-
ence of previously formed martensite even after (df/dt)M tends to
zero can be attributed to the increase in density of nucleation sites.
The presence of martensite/austenite interfaces leads to an increase
in the rate of autocatalytic nucleation as discussed earlier (Eq. (8)). A
further understanding of this trend is discussed in Section 4.2.

The results of the optical microscopy studies carried out on the
samples obtained after various heat treatments is given in Fig. 2.
These results show a certain degree of inhomogeneity in the micro-
structural evolution depending on the transformation temperature at
which bainite formation occurs. At relatively high bainite formation
temperatures (above 340 BC), a banded microstructure can be
observed (Fig. 2(a)) where certain bands clearly show bainite while
some bands appear to remain untransformed during the bainite for-
mation stage and show only martensite/retained austenite micro-
structure. It must be noted that 2% Nital etchant was used to reveal
the microstructures. Nital etches the bainitic regions while martens-
ite and retained austenite regions remain unetched [43]. The banded
microstructure is a result of inhomogeneous distribution of Mn
within the steel as shown by EPMA results in Fig. 2(d), which is due
to macrosegregation of Mn introduced during the casting and rolling



Table 2
Adjusted fraction of bainite considering inhomogeneous Mn distribution.

T [BC] fexp fgu fad

370 0.62 0.18 0.75
340 0.74 0.08 0.80
330 0.83 0.01 0.84
320 0.84 0.01 0.85
310 0.82 0 0.82
300 0.71 0 0.71
270 0.12 0 0.12
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of the as-received steel. Thermodynamic calculations indicate that
the driving force for both bainite nucleation and bainite growth
decreases as the Mn content increases. Furthermore, comparing
Fig. 2(a) and Fig. 2(b), it can be seen that the severity of the banded
microstructure, or in other words the resistance to bainite formation,
decreases as the bainite formation temperature (T) decreases. Such a
trend can be attributed to increasing undercooling (or increasing
driving force, see Section 2.1) for both bainite growth and bainite
nucleation for a given Mn distribution in the steel.

It is evident from the above discussion that Mn segregation
results in certain fraction of stable austenite which resists bainite
formation throughout the isothermal holding step, especially at
higher bainite formation temperatures (as evidenced in Fig. 2(a)).
Furthermore, this stable austenite fraction decreases with decreas-
ing bainite formation temperature since the undercooling increases.
This implies that the experimentally obtained bainite fraction is
underestimated since bainite formation only proceeds within a lim-
ited austenite matrix and the degree of this underestimation varies
with bainite formation temperature. Thus, in order to compare bain-
ite kinetics obtained at various temperatures, the total volume frac-
tion of bainite formed at a given transformation temperature is to
be adjusted by considering only the fraction of austenite where
bainite formation occurs. Physically, this adjusted fraction of bainite
formed, fad, signifies the fraction of bainite that would have formed
if bainite formation was not restricted by inhomogeneities in Mn
distribution and it can be given by

fad ¼ fexp
1�fgu

ð9Þ

where fexp is the experimentally determined bainite fraction and fgu is
the Mn-rich austenite fraction which remains untransformed
throughout the isothermal holding step. fgu was determined by
image analysis of micrographs obtained. Using the banded structure
seen in optical micrographs (Fig. 2(a)), untransformed austenite
bands during the isothermal bainite formation treatment can be iso-
lated (black regions in Fig. 2(c)). It should be noted that the untrans-
formed austenite from the bainite formation stage partially
transforms into martensite during final cooling, leading to a retained
austenite/untempered martensite microstructure (which can be
identified in the optical micrographs). The volume fraction of these
untransformed austenite bands during bainite formation, fgu, is
assumed to be equal to the area fraction of the black regions in Fig. 2
(c). The experimentally determined volume fraction of bainite and
the volume fraction of bainite after adjusting for Mn distribution (Eq.
(9)) are tabulated in Table 2.
4.2. Comparison of experimental data with calculated kinetics

With the help of the modified kinetic model proposed in this
work, the experimentally obtained bainite kinetics is compared with
the modelled bainite kinetics (Figs. 3 and 4). The values for the vari-
ous constants used for the model are given in Table 3. They were
obtained using Thermo-Calc as well as different empirical equa-
tions [39,44], as mentioned in [38]. The final bainite fraction given in
Figs. 3 and 4 is based on the adjusted bainite fraction, fad, as tabulated
in Table 2.

Fig. 3 shows the comparison between experimentally obtained
and model derived bainite kinetics when the bainite formation tem-
perature is above the Ms temperature (i.e., in the absence of martens-
ite). It can be seen that the calculated and experimentally obtained
kinetics agree well. It should be noted that the experimental kinetics
was obtained using dilatometer experiments and over 7000 data
points were recorded during the isothermal step where bainite for-
mation occurs. Since the purpose of Fig. 3 and Fig. 4 is to highlight
the good correlation between the model and the experimental data,
only a few, but a representative set, of the experimentally obtained
data points is shown.

The modified kinetic model is derived based on the nucleation
kinetics of bainite at austenite grain-boundaries and bainite/austen-
ite interfaces only. However, in the presence of martensite, bainite
formation can occur at martensite/austenite interfaces as well which
is not accounted for by the model. But, considering the results dis-
cussed in Section 4.1 and seen in Fig. 1(d), only the kinetic data per-
taining to the initial stages which shows high rate of bainite
formation is attributed to the bainite formation due nucleation at
martensite/austenite interfaces. The rest of the kinetic data is con-
trolled by bainite formation due to grain-boundary and autocatalytic
nucleation and thus, this partial experimental data set (Fig. 4) is used
to compare the experimentally obtained kinetics with the model
when bainite is formed in the presence of martensite. It can be seen
that the kinetic model fits well when compared with the experimen-
tally obtained data once the martensite/austenite interfaces are con-
sumed during bainite formation. In Fig. 4(b), Fig. 4(c) and Fig. 4(d),
the dots give the experimentally obtained rate of bainite formation
as a function of combined bainite-martensite fraction. The solid line
gives the calculated rate of bainite formation according to the model
when it is fitted to the partial experimental data set. The dashed lines
in Fig. 4(b), Fig. 4(c) and Fig. 4(d) show the rate of bainite formation
extrapolated over the entire time-scale of the bainite formation treat-
ment based on the model parameters obtained using the partial fit-
ting. Physically, this extrapolation gives the rate of bainite formation
if it was only determined by autocatalytic nucleation and grain-
boundary nucleation.

Based on results obtained in Figs. 3 and 4, a few important conclu-
sions can be derived. Firstly, the existing kinetic theory based on the
displacive mechanism of bainite formation [33�35,37,38] and the
formalism of kinetic model proposed in [38] can be used to accurately
describe the bainite formation kinetics in the presence of pre-existing
martensite once a certain fraction of bainite in formed. Similar analy-
sis has been proposed recently by Samanta et al. [28]. Secondly, any
effect of pre-existing martensite on the kinetics of bainite formation
fades once the bainite formation progresses.

Both the complete fitting (for data obtained above Ms tempera-
ture) and the partial fitting (for data obtained below Ms temperature)
of the experimentally determined data with the kinetic model yields
corresponding model parameters. Fig. 5(a) shows the Q �

GX
parameter

as a function of undercooling (Th�T). It can seen that Q �
GX

decreases
linearly with increasing undercooling. A linear trend compares well
with similar results reported in the literature [1,37]. The authors in
their previous work also found similar results [38]. It must be also
noted in Fig. 5(a) that the linear trend obtained for the variation in
Q�
GX

as a function of undercooling can be extrapolated to the entire
temperature range where austenite to bainite formation is possible,
regardless of the presence of pre-existing martensite. The linear
trend (dashed line in Fig. 5(a)) is based only on Q �

GX
values obtained

when bainite forms in the absence of martensite and the Q �
GX

values
obtained when bainite forms in the presence of martensite falls along
this linear trend.

Fig. 5(b) shows the variation in Q �
AX

as a function of undercooling
(Th�T). Similar to Fig. 5(a), Q �

AX
decreases linearly with increasing



Fig. 3. Comparison of bainite kinetics. fad (markers) and model derived (lines) bainite fraction as a function of time, t, in the absence of any athermal martensite is given in (a). Exper-
imentally determined (grey dots) and model derived (black solid lines) rate of bainite formation in the absence of any athermal martensite at various isothermal conditions is given
in (b), (c) and (d).
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undercooling when bainite formation occurs in the absence of mar-
tensite. However, unlike Fig. 5(a), the linear trend cannot be extrapo-
lated to transformation temperatures where bainite formation occurs
in the presence of martensite. As seen in Fig. 5(b), the calculated Q �

AX
values based on the obtained kinetic data is slightly below the pre-
dicted trend.

As mentioned earlier, in Section 4.1, the presence of previously
formed martensite leads to an increased rate of autocatalytic nucle-
ation. On the other hand, bainite nucleation at martensite/austenite
interfaces would not have any effect on bainite nucleation at austen-
ite grain boundaries. These can be considered as two separate events
which will proceed based on local conditions at the respective inter-
faces. These observations are corroborated by results seen in Fig. 5.
The variation in Q�

GX
as a function of undercooling (Fig. 5(a)) shows

that the activation energy for grain-boundary nucleation does not
depend on the presence of previously existing martensite and only
depends on transformation temperature. This also serves as a valida-
tion for the values of fitting parameters obtained based on the partial
fitting of experimental data with the proposed kinetic model. Fig. 5
(b) shows that autocatalytic nucleation is however influenced by the
presence of previously existing martensite. It should be noted that
the kinetic model proposed in Section 2 is used to calculate the Q �

GX
and Q�

AX
given in Fig. 5. As described previously, the model does not

incorporate the influence of previously formed martensite and conse-
quently does not account for increase in autocatalytic nucleation sites
due to presence of martensite/austenite interfaces. Thus, when
compared with the experimental results, the model estimates a lower
Q �
AX

when bainite forms below Ms to compensate for the underesti-
mated autocatalytic nucleation sites and elucidate the increased rate
of autocatalytic nucleation.

4.3. Impact of pre-existing martensite on bainite kinetics

Based on the results obtained in Sections 4.1 and 4.2, it is clear
that the presence of martensite prior to bainite formation accelerates
its kinetics. This acceleration is due to bainite nucleation at martens-
ite/austenite interfaces as well as autocatalytic nucleation of bainite
on bainite/austenite interfaces created during bainite formation at
martensite/austenite interfaces (Eq. (8)).

Using Eq. (7), the rate of bainite formation due to bainite nucle-
ation at martensite/austenite interfaces can be derived by estimating
the difference between the experimentally obtained rate of bainite
formation and the sum of (df/dt)G and (df/dt)A. This difference is plot-
ted (dots) as a function of bainite evolution in Fig. 6 with the help of
calculations reported in Fig. 4(b�d). It should be noted that Fig. 4
(b�d) gives the experimentally obtained overall rate of bainite for-
mation as well as the model estimated sum of (df/dt)G and (df/dt)A. As
already noted, the rate of bainite formation typically depends on two
factors - activation energy for bainite nucleation and number density
of nucleation sites. Published results on the crystallography of bainite
and martensite suggest that both the bainite/austenite interfaces
and the martensite/austenite interfaces are typically coherent or



Fig. 4. Comparison of bainite kinetics. fad (markers) and model derived (lines) bainite fraction as a function of time, t, in the presence of previously formed athermal martensite is
given in (a). Experimentally determined (grey dots) and model derived (solid black lines) rate of bainite formation in the presence of previously formed athermal martensite at vari-
ous isothermal conditions is given in (b), (c) and (d). A partial fit is used to compare the model with experimental data. In (a), the solid line (model based results) do not cover all
markers (experimental data) showing the length of the partial fit. This is highlighted with text as well for T = 300 BC case. Similar partial fit is used in all cases. In (b), (c) and (d), the
solid black line shows the model calculated rate of bainite formation. Based on this fit, the rate of bainite formation is extrapolated (dashed black lines) to the entire data range to
calculate the influence of autocatalytic and grain-boundary nucleation alone. The arrows in (b), (c) and (d) indicate the end of extrapolation and start of partial fit.
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semi-coherent interfaces and show a defined orientation relationship
(near Kurdjumov�Sachs or near Nishiyama�Wasserman relation-
ship) [45,46]. Furthermore, at temperatures where bainite formation
or martensite formation occurs, partitioning of substitutional solute
atoms does not occur [47,48]. Based on the above mentioned similari-
ties between bainite/austenite interfaces and martensite/austenite
interfaces, it can be postulated that the activation energy for bainite
nucleation at both these interfaces is similar. However, the number
density of nucleation sites at bainite/austenite interfaces depends on
the bainite fraction whereas the number density of nucleation sites
at martensite/austenite interfaces depends on the previously formed
Table 3
Values for the constants used in relating experimental observation with the bainite
formation model.

Parameter Value Reference

ThX 821 K Thermo-Calc
C1 2271 K/at.fr. Thermo-Calc
T0X 818 K Thermo-Calc
C2 7165 K/at.fr. Thermo-Calc
KG 130 J/mol K [39]
m 0.018 /K [44]
martensite fraction. With the help of the above discussion and using
Fig. 6, the rate of bainite formation at martensite/austenite interfaces
can be best fit using an exponential function as

df
dt

� �
M
¼ df =dtð ÞA

ð1�f Þf b1 exp�b2fð Þð Þ ð10Þ

where b1 and b2 are constants. It should be noted that the rate of
bainite formation at martensite/austenite interfaces is given in
terms of the rate of bainite formation due to autocatalytic nucle-
ation. The factor ð1�f Þf accounts for the number density of autocat-
alytic nucleation sites and the factor f df =dtð ÞA=ð1�f Þf g gives the
rate of bainite formation due to autocatalytic nucleation per unit
density of bainite/austenite interfaces. The factor b1 exp�b2fð Þð Þ
accounts for the density of nucleation sites at martensite/austenite
interfaces. This factor is an exponential decay type expression. It is
evident that as bainite nucleation continues at martensite/austenite
interfaces, the density of nucleation sites at these interfaces
decreases. Furthermore, along with bainite formation during the
isothermal holding, tempering of martensite formed in the previous
cooling step takes place. Thus, as time progresses (or equivalently,
as bainite formation progresses), austenitic regions in the vicinity of
martensite/austenite interfaces become carbon enriched and these
interfaces become less favourable for bainite nucleation. It can thus



Fig. 5. Variation of (a) Q�
GX

and (b) Q �
AX

as a function of undercooling (Th�T). Square data points give the respective activation energy values derived from the model fitting parame-
ters. The dashed line represents the linear fit considering only the activation energy values obtained when bainite formation occurs in the absence of martensite. The error bar gives
the 95% confidence interval. In case the error bar is not visible, the margin of error is less than 1 kJ/mol.
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be postulated that both progress of bainite formation and martens-
ite tempering lead to an exponential decay in the density of nucle-
ation sites at martensite/austenite interfaces.

(df/dt)A can be calculated using the model given in Section 2 and
the model parameters obtained in Section 4.2. Using Eq. (10) and
Fig. 6, b1 and b2 are calculated for different bainite formation treat-
ments carried out in the presence of previously formed martensite
(Table 4). It can be noted that b1 increases with increasing martens-
ite fraction (decreasing bainite formation temperature). On the
other hand, b2 initially increases with increasing prior martensite
fraction (decreasing bainite formation temperature) and then
decreases when the martensite fraction is considerable (in this case
� 77%). These values indicate that the accelerating effect of mar-
tensite/austenite interfaces is considerable at the start of the bainite
formation process and depends on the fraction of martensite pres-
ent. This accelerating effect decreases exponentially as bainite for-
mation continues. The exponential decay may be related to the
availability of martensite/austenite interfaces whose density also
initially increases with increasing martensite fraction and later
decreases as a result of increasing austenite decomposition. Addi-
tionally, a higher initial martensite fraction implies that the subse-
quent carbon enrichment of austenite would be higher as well due
to carbon partitioning from martensite to austenite during the iso-
thermal step. This will increase the activation energy of bainite
nucleation at martensite/austenite interfaces resulting in slower
kinetics. This implies that the impact of previously formed martens-
ite on bainite kinetics depends on the fraction of martensite present
Fig. 6. Impact of previously formed martensite on subsequent rate of bainite formation whic
formation and the sum of (df/dt)G and (df/dt)AG when bainite forms at (a) T = 310 BC, (b) T = 3
sents a exponential fit of the calculated difference.
which influences the density of nucleation sites where bainite can
occur and the carbon concentration of the austenite. These factors
determine the acceleration of bainite formation.

Based on Eq. (8), the total impact of pre-existing martensite on
bainite kinetics can be quantified as the sum of (df/dt)M and (df/dt)AM.
Alternatively, the difference between the overall experimentally
obtained rate of bainite formation and the sum of (df/dt)G and (df/
dt)AG would give the impact of pre-existing martensite on bainite
kinetics. The kinetic model described in Section 2 can be used to esti-
mate the sum of the (df/dt)G and (df/dt)AG terms.

Fig. 5 gives the variation of Q �
GX

and Q �
AX
. It is evident that Q �

GX
determines (df/dt)G and Q �

AX
determines (df/dt)A [38,42]. Since (df/

dt)AM is 0 when bainite formation is carried out in the absence of
martensite/austenite interfaces, Q �

AX
determines (df/dt)AG under such

conditions. Fig. 5(b) shows that Q �
AX

decreases linearly above Ms.
Based on the above discussion, it can be postulated that if this linear
trend based on above-Ms (in the absence of martensite) data points
can be extrapolated, Q �

AX
predicted by this extrapolation can be used

to determine (df/dt)AG at a given temperature below Ms (in the pres-
ence of martensite). This predicted Q �

AX
as well as the obtained Q �

GX
(Fig. 5(b)) is used to recalculate the bainite kinetics using the model
given in Section 2. Physically, the results give the sum of (df/dt)AG and
(df/dt)G terms which is the rate of bainite formation assuming that
there is no influence of martensite formation at all. Fig. 7 gives a com-
parison between the predicted rate of bainite formation without any
influence of pre-existing martensite and experimentally obtained
kinetics when bainite forms belowMs temperatures.
h is calculated as the difference between the experimentally determined rate of bainite
00 BC and (c) T = 270 BC. The dots give the calculated difference and the solid line repre-



Table 4
b1 and b2 values obtained as a function of bainite formation temperature.

T [BC] fM b1 b2

310 0.04 9 17
300 0.16 15 11
270 0.77 101 290

Table 5
Xb values obtained as a function of bainite formation temperature, T (X = 0.91 at%). The
calculated standard error of the Xb values is less than 0.03 at%.

T [BC] Xb [at%]

370 0.164
340 0.187
330 0.405
320 0.466
310 0.433
300 0.489
270 0.520
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4.4. Physical parameter Xb

Table 5 shows Xb as a function of bainite formation temperature. It
can be seen in Table 5 that Xb is higher at lower bainite formation
temperatures. Microstructural observations detailed in [26] show
that when bainite formation occurs above 340 BC in the steel studied
in this work, cementite precipitation is completely suppressed. How-
ever, as bainite formation temperature decreases, the possibility of
lower-bainite formation increases. Furthermore, as the bainite forma-
tion temperature drops below the Ms temperature, austenite also
decomposes into martensite prior to bainite formation. The Xb values
shown in Table 5 are in line with these results. If cementite formation
is completely suppressed, the amount of carbon trapped within bain-
ite would be relatively low and more carbon would be available for
carbon enrichment of surrounding austenite. Therefore, the Xb value
would be relatively low as well. As the probability of lower-bainite
Fig. 7. Experimentally determined (solid line) bainite evolution in the presence of previou
excluding the influence of previously formed martensite on bainite kinetics is given in (a).
when T = 270 BC. Experimentally determined (dots) rate of bainite formation in the presence
previously formed martensite at various isothermal conditions is given in (b), (c) and (d).
formation increases and/or as more martensite formation occurs, the
amount of carbon available for carbon enrichment of the austenite
will be lower since more carbon would become trapped within the
bainitic or martensitic regions. This would result in a higher Xb value.
5. Conclusions

The studies carried out in this work show that the existing kinetic
theory for displacive bainite formation can be used to describe grain-
boundary and autocatalytic bainite formation both in the presence of
and absence of martensite. Using the existing kinetic theory for
sly formed athermal martensite and model predicted (dashed line) bainite evolution
In (a), grey lines indicate the case when T = 300 BC while black line represent the case
of martensite and calculated (lines) rate of bainite formation excluding the influence of



A.M. Ravi et al. / Acta Materialia 188 (2020) 1�12 11
bainite formation, the role of martensite/austenite interfaces on the
overall rate of bainite formation is isolated and quantified in detail.
An equation to describe the rate of bainite nucleation at martensite/
austenite interfaces has been proposed in this work.

The results indicate that bainite formation in the presence of pre-
viously formed martensite begins at both austenite grain boundaries
as well as martensite/austenite interfaces. The rate of bainite forma-
tion at martensite/austenite interfaces does not affect bainite forma-
tion at austenite grain boundaries. However, bainite formation at
martensite/austenite interfaces leads to the creation of bainite/aus-
tenite interfaces which can facilitates autocatalytic nucleation. The
role of the martensite/austenite interfaces on the rate of bainite
nucleation is closely dependent on the fraction of the pre-existing
martensite. The fraction of pre-existing martensite can affect both
the number density of nucleation sites and carbon enrichment of aus-
tenite. As the pre-existing martensite fraction increases, the rate at
which bainite formation starts, increases. However, the overall rate
of bainite formation decreases quickly as the available martensite/
austenite interfaces are consumed and carbon enrichment of austen-
ite increases due to carbon partitioning frommartensite to austenite.
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