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The rate of bainite formation depends on several factors such as austenite grain size, decomposition of aus-
tenite into other phases and austenite composition. Although studies have been carried out to understand
various factors affecting bainite formation, open lines of investigation still remain. In this work, the effect of
ferrite formation prior to bainite formation as well as the effect of parent austenite grain boundary composi-
tion on the bainite formation kinetics is investigated. With this aim, bainite formation treatments directly
after complete austenitization and in combination with an intermediate heat treatment step prior to bainite
formation were applied to a low-carbon silicon-containing steel. The intermediate heat treatment step leads
to ferrite formation at and/or elemental segregation to austenite grain boundaries which were characterized
using scanning electron microscopy, electron backscatter diffraction analysis and atom probe tomography.
The results indicate that the kinetics of bainite formation can be accelerated with the help of an intermediate
heat treatment step prior to bainite formation. The acceleration of bainite formation is mainly due to increase
in the density of bainite nucleation sites.

© 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/)
Keywords:

Bainite
Kinetics
Nucleation
Isothermal heat treatments
esearch Development & Tech-

.M. Ravi).

vier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction

Bainitic microstructures form the crux of several modern steel
grades [1�4]. However, despite the dominant presence of bainite in
modern-day steels, several aspects of its formation are still unre-
solved [5�7]. Currently, bainite formation is one of the most
intensely researched topics in steel metallurgy [1,5,8�16]. One of the
major research topics is related to understanding the kinetics of bain-
ite formation [17�22]. The isothermal bainite formation kinetics
mainly depends on the composition of the steel and the temperature
at which the bainite forms [17,19�21]. Additionally, the overall heat
treatment which is applied prior to the bainite formation process
influences the kinetics of bainite formation. For instance, parent aus-
tenite grain size, prior martensite formation and prior ferrite forma-
tion have all been shown to influence the rate of subsequent bainite
formation [21�31]. Studies suggest that prior martensite formation
can reduce the overall time required for subsequent bainite forma-
tion [22,27�29]. On the other hand, the effects of parent austenite
grain size as well as prior ferrite formation on bainite kinetics are still
under debate. With respect to the parent austenite grain size, some
studies show that decreasing its size can accelerate the bainite
formation kinetics [1,23,24] while other studies show the contrary
[25,26]. Such results have been related to the evolution of bainite
microstructures within the austenite grain during the bainite forma-
tion [32]. Similarly, contradictory effects of prior ferrite formation on
subsequent bainite formation kinetics have been reported in the lit-
erature. Quidort et al. argued that prior ferrite formation stimulates
bainite formation [31] while Zhu et al. showed the opposite trend
[30]. However, it must be pointed out that the studies regarding the
effect of ferrite formation prior to bainite formation are very scarce in
the literature. Such studies are nevertheless essential for efficient
development of multi-phase microstructures where ferrite formation
may precede bainite formation.

In addition to phase transformations prior to bainite formation,
the austenite grain boundary condition, i.e., presence of interface pre-
cipitates or segregation of alloying elements to the austenite grain
boundaries, affects the rate of bainite formation since austenite grain
boundaries provide the potential nucleation sites for bainite forma-
tion [32]. Umemoto et al. [33] showed that precipitation of cementite
or FeS at austenite grain boundaries can act as preferential nucleation
sites and can lead to an acceleration of bainite kinetics. Furthermore,
the elemental distribution of alloying elements in the vicinity of
interfaces (such as austenite grain boundaries) will be determined in
the prior heat treatments and can affect bainite formation. It should
be noted that austenite grain boundaries are regions of defects in a
material and solute segregation occurs to these interfaces [34]. The
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heat treatment affects the transport of solute atoms to these interfa-
ces, both thermodynamically and kinetically. The grain boundary seg-
regation can influence the activation energy for bainite nucleation at
austenite grain boundaries and consequently affect the rate of bainite
formation. Nonetheless, little attention has been paid to understanding
the influence of chemical composition in the vicinity of austenite grain
boundaries on the rate of bainite formation in the literature.

In this work, a series of heat treatments is carried out to systemati-
cally investigate the influence of the overall heat treatment on the rate
of bainite formation in a low-carbon silicon-containing steel. The effect
of ferrite formation prior to bainite formation as well as the effect of
chemical composition at and in the vicinity of austenite grain bound-
aries is the primary focus of this work. Isothermal bainite formation
treatments are carried out directly after complete austenitization as
well as following an intermediate annealing treatment at different
temperatures for varying holding times. The intermediate annealing
treatment employed prior to the bainite formation step is an isother-
mal heat treatment at a temperature between the austenitization tem-
perature and the bainite formation temperature. The intermediate
annealing treatment affects the austenite grain boundary condition via
elemental segregation and/or austenite decomposition into ferrite
near the austenite boundaries. It was observed that the kinetics of
bainite formation can be influenced by the intermediate annealing
treatment. These experiments provide insight into nucleation mecha-
nism of bainitic ferrite at austenite boundaries. Furthermore, with the
help of the results obtained from this work, the authors are able to pro-
pose strategies to control the kinetics of bainite formation.

2. Experiments

A hot rolled steel with a nominal composition of Fe�0.2C�3Mn�2Si
(in wt%) was used in this study. 10 mm long cylindrical dilatometer
samples with a diameter of 3.5 mm were machined from the hot-rolled
plate. The samples were subjected to various heat treatments in a B€ahr
DIL805A/D dilatometer. The detailed time-temperature parameters
used during various heat treatments are given in Fig. 1(a). Some sam-
ples were cooled to 400 BC for isothermal bainite formation directly
after complete austenization, while other samples were subjected to an
intermediate annealing treatment at different temperatures prior to the
isothermal bainite treatment. The experimentally determined Ac3 tem-
perature of the steel used in this study is approximately 895 BC when a
heating rate of 5 BC/s is employed.

In order to further understand the microstructural processes, the
samples were subjected to a series of selected characterization tech-
niques. Microstructural evolution during bainite formation was
observed using optical microscopy and Scanning Electron Microscopy
(SEM) techniques. Site-specific Atom Probe Tomography (APT)
experiments were carried out to study the austenite grain boundary
condition in terms of local chemical composition and nano-scale fer-
rite formation at the austenite grain boundaries prior to bainite
Fig. 1. (a) Schematic of heat treatment profiles used for understanding the effect of austenit
treatment profiles used prior to APT sample preparation. Heating was carried out at a rate o
formed at -40 BC/s. After the bainite formation treatment, the samples were cooled to room te
formation. An additional set of heat treatments was employed to pro-
duce samples for this APT study. Firstly, the as-received and
machined dilatometer samples were homogenized at 1250 BC for
48 h to eliminate any artefacts related to chemical composition as a
result macro-segregation of Mn in the steel. In order to ensure that
the samples were not subjected to decarburization during homogeni-
zation, the samples were sealed within a quartz tube under argon
atmosphere prior to the homogenization treatment. Following
homogenization, the samples were heat treated according to the
thermal profile given in Fig. 1(b), where some samples were sub-
jected to an intermediate annealing treatment while others were
cooled directly to 400 BC similar to the earlier heat treatments. It
should be noted that the samples were immediately quenched at a
rate of -400 BC/s from 400 BC. Considering such a high cooling rate, it
can be assumed that the diffusion processes would not occur during
cooling and the solute atoms would be frozen at their respective loca-
tions. Thus, the chemical composition observed at the austenite grain
boundaries after these heat treatments will provide quantitative
information regarding interfacial composition at the austenite grain
boundaries prior to the start of the bainite formation at 400 BC.

It can be observed from the above experimental description that
samples subjected to heat treatments given in Fig. 1(b) (i.e., samples
used for APT) were homogenized while a such a homogenization
treatment is not specified for samples subjected to heat treatments
given in Fig. 1(a). The heat treatments described in Fig. 1(a) are used
to study the effect of intermediate annealing treatment on bainite
formation. For these studies, both homogenized and non-homoge-
nized samples were used. However, obtained trends were similar
regardless of homogenization. Thus, in order to clarify the effect of
intermediate annealing treatment on bainite formation, results
obtained with non-homogenized samples are used in this article
since extensive amount data considering various intermediate
annealing conditions was generated using non-homogenized sam-
ples compared to homogenized samples.

The site-specific studies were carried out following the steps
described in already published works such as [35�37]. Electron Back-
scatter Diffraction (EBSD) analysis with a step size of 100 nm was car-
ried out on the heat treated samples prepared for APT analysis to
understand the crystallography of the microstructures obtained after
different heat treatment conditions. EBSD data analysis was performed
using TSL OIM software. ARPGE software [38] was employed to per-
form the prior austenite reconstruction using the EBSD data. With the
help of the prior austenite reconstruction analysis, the sites for APT
analysis in all samples, namely locations on a general high angle aus-
tenite grain boundary, were extracted. The misorientation angles of
the isolated general high angle austenite grain boundaries lie within a
narrow range of 40B�45B in order to ensure that results obtained from
the APT measurements on different samples are comparable.

APT specimens were prepared from these isolated grain boundaries
via Focused Ion Beam (FIB) milling according to the procedure described
e grain boundary pre-conditioning on bainite formation kinetics. (b) Schematic of heat
f 5 BC/s while all the cooling steps prior to the isothermal bainite treatment were per-
mperature at a rate of almost -400 BC/s (dashed line).
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in [39]. APT analyses were then performed using a Local Electrode Atom
Probe (LEAP 3000£ HR, Cameca Instruments) in voltage mode at a spec-
imen temperature of 65 K. During the APT experiments, the pulse frac-
tion was 15% and the pulse frequency was 200 kHz. The data obtained
from the APT experiments were reconstructed and analyzed using the
IVAS software developed by Cameca Instruments. The reconstruction
parameters were estimated using the technique described in [40].

3. Results

The experimental observations are illustrated in detail in the fol-
lowing sections.

3.1. Dilatometer results

Fig. 2 shows the kinetics of bainite formation at 400 BC in terms of
change in length of the sample following complete austenitization and
various additional intermediate annealing treatments. The degree of
sample expansion corresponds with the volume fraction of bainite
formed [32,41]. Bainite formation kinetics at 400 BC without any prior
Fig. 2. Change in length of the sample during bainite formation treatment after intermedia
sponding rate of change of length w.r.t sample length change after intermediate annealing t
time of 0 seconds represents bainite formation treatment without any intermediate annealin
intermediate annealing treatment is also plotted in Fig. 2 (solid lines in
Fig. 2(a)�(d) indicated by intermediate annealing time equal to 0).
Fig. 2(a) and (b) shows change in length of the sample as a function of
time while Fig. 2(c) and (d) shows the corresponding rate of change in
length of the dilatometer sample as a function of its linear expansion.
Since the change in length of the sample is determined by the volume
fraction of bainite formed, Fig. 2(c) and (d) essentially give the rate of
bainite formation as the fraction of bainite increases. Fig. 2 shows that
the annealing time and the annealing temperature used during the
intermediate treatment play a role in the acceleration of the subsequent
bainite formation. An increase in the intermediate annealing time and/
or a decrease in the intermediate annealing temperature increases the
degree of acceleration of bainite formation.

Fig. 3 gives insight into the effect of intermediate annealing time-
temperature parameters on the degree of acceleration of bainite for-
mation kinetics. This degree of acceleration, G200, is calculated as

G200 ¼ DLI200=DLO200 ð1Þ
DLI200 is the observed change in length of the sample after 200 s

from the start of bainite formation treatment following a particular
te annealing treatment (a) at 800 BC and (b) at 600 BC for varying holding times. Corre-
reatment (c) at 800 BC and (d) at 600 BC for varying holding times. In all figures, holding
g treatment (solid lines).



Fig. 3. Degree of acceleration, G200, of bainite formation kinetics as a function of hold-
ing time during various intermediate annealing treatments.

A.M. Ravi et al. / Acta Materialia 188 (2020) 424�434 427
intermediate annealing treatment and DLO200 is the corresponding
change in length of the sample during bainite formation without inter-
mediate annealing treatment.G200 is greater than 1 when the interme-
diate annealing treatment results in the acceleration of bainite
formation kinetics. Fig. 3 shows that, within the range of the experi-
ments performed, G200 increases linearly with increasing intermediate
annealing time when the intermediate annealing temperature is
800 BC. In case of an intermediate annealing at 600 BC, G200 increases
strongly when the intermediate annealing time is short. However, for
longer annealing times, G200 increases at a lower rate. The possible
reasons behind these trends are further discussed in Section 4.

Thermo-Calc calculations indicate that there is a chemical driving
force for austenite to ferrite transformation below 812 BC, which
implies that the intermediate annealing treatment can lead to ferrite
formation. Fig. 4 shows the dilatometer results pertaining to the
change in the length of the sample during intermediate annealing
treatment at 800 BC and 600 BC. Similar to austenite to bainite trans-
formation, ferrite formation leads to an expansion of the sample.
Fig. 4 shows that dilatometry gives no indication of ferrite growth
during intermediate annealing treatment at 800 BC, while ferrite for-
mation is indicated to continuously occur during intermediate
annealing treatment at 600 BC. Similar results are observed during
microstructure analysis and APT experiments as shown in Sections 3.2
and 3.3, respectively. It should be noted that in Fig. 4, the change in
Fig. 4. Change in length of the sample during intermediate annealing treatment.
length of the sample observed within the first 200 s is related to an
instrument error which is caused due to change in atmosphere
within the dilatometer. The cooling step before the intermediate
annealing treatment was carried out using a controlled flow of He
gas while the isothermal annealing treatment was carried out in vac-
uum. The time required for the evacuation of the chamber during the
intermediate annealing treatment following He injection during the
previous cooling step led to the instrumental error seen during the
initial 200 s of the intermediate annealing treatment. Fig. 4 shows
that this change in length due to instrumental error is around 2mm
and is independent of annealing temperature. It can be postulated
that this instrumental error occurs during bainite formation at 400 BC
as well. However, Fig. 2 shows that the change in length at 400 BC is
higher than 2mm in all cases in the first 200 s of the bainite-forma-
tion treatment. Therefore, the recorded sample dilatation during the
first 200 s could be attributed to both bainite formation and instru-
mental error. The instrumental error will influence the calculation of
G200. However, since this error is constant and independent of
annealing temperature (Fig. 4), trend observed for G200 in Fig. 3
would not be affected.

3.2. Microstructural evolution

Fig. 5 sheds light on the microstructural evolution of bainite with-
out and with intermediate annealing treatment. Fig. 5(a) shows a bai-
nitic microstructure with martensite/austenite islands (formed
during final quenching) which is obtained after a bainite treatment
without any intermediate annealing. By comparing the microstruc-
tures shown in Fig. 5 to previously published results [1], it can be pos-
tulated that upper bainite forms during the isothermal treatment at
400 BC. Fig. 5(b) and (c) gives the microstructure obtained when bain-
ite formation treatment was carried out after an intermediate anneal-
ing treatment at 600 BC and 800 BC for 10 min, showing that the
obtained microstructures are almost identical in spite of the different
heat treatment routes. Similar microstructure is obtained when bain-
ite treatment is carried out after an intermediate annealing treatment
at 800 BC for 30 min. Unlike these figures, Fig. 5(d) shows a mixed
microstructure where both ferrite and bainite are present. This
microstructure was obtained after bainite formation following an
intermediate annealing treatment at 600 BC for 30 min. Based on the
image analysis of the obtained optical micrographs, a maximum of
5% ferrite is formed during intermediate annealing treatment at
600 BC for 30 min. These results correspond well with the results pre-
sented in Section 3.1 where ferrite formation was observed by dila-
tometry only during the intermediate annealing treatment at 600 BC.
Comparing the dilatometer results and the microstructural studies, it
can be argued that when a holding time of less than 10 min is
employed during intermediate annealing treatment at 600 BC, the
fraction of ferrite formed may be too small to be detected via micros-
copy, while a holding time greater than 10 min leads to observable
ferrite growth.

3.3. Site-specific APT studies

Since dilatometer and microstructural studies did not reveal any
ferrite growth during intermediate treatment at 800 BC, site-specific
APT studies were carried out as a higher resolution experiment to
explore the reasons behind the accelerating effect of these treatments
on subsequent bainite kinetics. APT studies can reveal any local chemi-
cal composition variation in the vicinity of parent austenite boundaries
as well as any nano-scale ferrite growth during which carbon parti-
tioning takes place as a result of intermediate annealing treatment.

In Fig. 6, the APT results based on the site-specific investigations
carried out in the vicinity of parent austenite boundaries are com-
piled. Fig. 6(a)�(e) shows the results from samples which were
directly quenched without any prior intermediate annealing



Fig. 5. Microstructures obtained after bainite treatment (a) without intermediate annealing treatment, (b) with intermediate annealing treatment at 600 BC for 10 min, (c) with
intermediate annealing treatment at 800 BC for 10 min and (d) with intermediate annealing treatment at 600 BC for 30 min. Figures (a) - (d) are obtained via SEM analysis. In all fig-
ures, needle-shaped regions are bainite while lightly etched or unetched regions are martensite/austenite islands. Also, white dashed lines indicate prior austenite boundaries. In
Figures (d), large dark etched islands denote ferrite formed during intermediate annealing treatment. The ferrite islands are observed in the vicinity of prior austenite boundaries.
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treatment while Fig. 6(f)�(j) shows the results from samples which
were quenched after a prior intermediate annealing treatment at
800 BC for 30 min. Fig. 6(a) and (f) gives the microstructure location
from which the atom probe tips were lifted out for the APT study. In
order to calculate the variation in local chemical composition at the
interface, a cuboid shaped region of interest (ROI) with dimensions of
45 nm £ 20 nm £ 20 nmwith the longest axis normal to the parent
austenite boundary was chosen. The elemental distributions in and
around the ROI are shown in Fig. 6(b) and (g). Based on the elemental
distribution, Gibbs Interface Excess (GIE) plots were calculated within
the ROI (Fig. 6(c)�(d) and (h)�(i)). GIE plots give the number of
atoms of a given element as compared to the total number of atoms
within the volume of the ROI along its longest axis [42]. The slope of
the GIE plot represents the concentration of a given element along
the length of the ROI. It is evident that the GIE plot would be linear if
there is no difference in composition along the length of the ROI and
the slope of the GIE plot will be a constant. A change in slope indi-
cates a difference in elemental distribution along the ROI.

APT results show no signs of segregation of Mn and Si to the parent
austenite grain boundaries prior to bainite formation irrespective of
the use of intermediate annealing during the heat treatments. Unlike
Mn and Si, Fig. 6(d) and (i) shows that carbon segregation to austenite
boundaries prior to bainite formation does occur. Based on the APT
results, the degree of carbon segregation to the austenite grain bound-
aries is observed to increase during an intermediate annealing treat-
ment. Using the GIE plots, the interfacial carbon excess at the prior
austenite grain boundaries after the intermediate annealing treatment
at 800 BC for 30 min is measured to be 9.2 atoms per nm2 while the
interfacial carbon excess at the prior austenite boundaries without any
intermediate annealing is 4.2 atoms per nm2. The interfacial carbon
excess was calculated using the procedure described in [42].

It is important to point out that further statistical data regarding
such carbon segregation as a result of intermediate annealing
treatment would strengthen the argument, but could unfortunately
not be achieved during this work. Moreover, Herbig et al. [43] noted
that the crystallography of the grain boundaries has an effect on the
degree of carbon segregation. Thus, it is important to confirm if the
observed carbon segregation is a result of the character of grain
boundaries or the intermediate annealing treatment. However, as
pointed out in the experimental section, all the parent austenite
boundaries used for site-specific APT analysis in this work are high
angle grain boundaries and have a misorientation angle between 40B

and 45B. Such a criterion for site selection for APT studies was adopted
to alleviate the effects of the character of grain boundaries on carbon
segregation.

APT studies do not reveal any ferrite growth along the parent aus-
tenite grain boundaries at 800 BC. It should be noted that the low sol-
ubility of carbon in ferrite would have been highlighted in the APT
results if ferritic regions were present during APT studies. It can be
seen in Fig. 6 that the carbon concentration on either side of parent
austenite grain boundaries is about 0.92 at%, which is equal to the
bulk carbon carbon concentration of the steel. This indicates the pres-
ence of martensite which is expected to form upon cooling without
any bainite formation. (Fig. 6(e) and (j)). This is consistent with the
previously presented dilatometer and microstructural results.

4. Discussion

Based on the results illustrated in the previous sections, in-depth
inferences regarding the effect of overall heat treatment on rate of
bainite formation is derived in this discussion.

4.1. Bainite formation kinetics

The results described in Section 3.1 clearly show that the use of an
intermediate annealing treatment prior to isothermal bainite



Fig. 6. APT results in samples which were directly quenched from 400 BC without any holding at this temperature. Figures (a)�(e) show the results in samples without any prior
intermediate annealing treatment while Figures (f)�(j) show the results in samples with a prior intermediate annealing treatment at 800 BC for 30 min. (a) and (f) give the combined
inverse pole figure and image quality map showing the prior austenite boundary (white dashed line) used for atom probe tips lift-out (white shaded rectangles). (b) and (g) give the
reconstructed APT image showing overall C distribution along with atom maps of elements near the grain boundary regions (black squares). Grey shaded regions in the vicinity of
the grain boundaries indicate the ROIs used to calculate the local compositional variations. (c) and (h) provide the ladder GIE plot of Mn and Si in ROI 1 and ROI 2 respectively
whereas (d) and (i) show the ladder GIE plot of C in ROI 1 and ROI 2, respectively. (e) and (j) provide the carbon distribution across the grain boundary in ROI 1 and ROI 2 respec-
tively. Dots shows the actual amount of carbon while the line shows the smoothed trend. The analysis for the ladder plot calculation and carbon distribution was carried out perpen-
dicular to the respective grain boundary.
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treatment leads to an acceleration of bainite formation kinetics. In
order to understand these results better, the underlying rate deter-
mining factors are explored in this section. The influence of interme-
diate annealing treatment at 600 BC and 800 BC on these underlying
factors is discussed in Sections 4.2 and 4.3.

The kinetics of bainite formation is dependent on the rate of bain-
ite nucleation [17,44,45]. In a previously published paper [44], it was
presented that the overall rate of bainite formation, df =dt; can be
given in terms of rate of bainite nucleation at austenite grain bound-
aries and rate of autocatalytic bainite nucleation. It should be noted
that bainite nucleation typically occurs at available interfaces and the
rate of bainite nucleation depends on the type of the interface at
which nucleation occurs [44]. With the approach given in [44], df =dt
can be given as

df
dt

¼ kp exp
�Q �

G

kT

� �
þ exp

�Q �
A

kT

� �
f

� �
ð1�f Þ ð2Þ

where k is Boltzmann constant, T is the bainite formation tempera-
ture and f is the bainite fraction. Q �

G; according to [44], gives the acti-
vation energy for bainite nucleation at austenite grain boundaries
and Q �

A is the activation energy for autocatalytic bainite nucleation at
bainite/austenite interfaces. During bainite formation from a
completely austenitic matrix, austenite grain boundaries are initially
the only available interfaces. As bainite formation progresses, bain-
ite/austenite interfaces are created and become available for further
bainite formation. However, in the presence of an intermediate
annealing treatment involving ferrite formation, bainite nucleation
can occur at ferrite/austenite interfaces as well [31]. In such cases, Q �

G
is the effective activation energy for bainite nucleation at any previ-
ously existing interfaces of two different characters. The combination
of austenite grain boundaries and ferrite/austenite interfaces is
referred to as previously existing interfaces in this paper. kp is the
pre-exponential factor and mainly accounts for the influence of the
number density of initial nucleation sites, N, available at previously
existing interfaces prior to bainite formation. According to [44], kp
can be given as

kp / kT
h

N ð3Þ

where h is Planck constant. N depends on factors such as density of
interfaces available and bainite formation temperature. Based on Eqs.
(2) and (3), the rate of bainite formation under isothermal conditions
depends on N, Q �

G and Q �
A .

Any influence of the intermediate annealing treatment on Q �
A can

be categorically ruled out due to two reasons. Firstly, Q �
A affects the

rate of bainite formation if bainite nucleation occurs at bainite/aus-
tenite interfaces. These interfaces are only created during the isother-
mal treatment at the isothermal bainite formation temperature and
not during any prior treatment. Eq. (2) shows that Q�

A is coupled with
f which is 0 prior to the isothermal treatment at 400 BC. Secondly, the
activation energy for bainite nucleation is dependent on the carbon
concentration of austenite matrix in the vicinity of the interface at
which the nucleation occurs [20,44]. APT results show that the inter-
mediate annealing treatment at 800 BC only influences the carbon
concentration at austenite grain boundaries while the carbon concen-
tration within the bulk of the austenite remains practically unaf-
fected. Additionally, microstructural results (Section 3.2) show that
the maximum ferrite fraction formed during the intermediate
annealing treatment at 600 BC is around 5%. Although ferrite forma-
tion is typically accompanied by carbon enrichment of surrounding
austenite, such a low ferrite fraction will not influence the average
carbon concentration of austenite significantly. Thus, it can be postu-
lated that the carbon concentration of the austenite near the bainite/
austenite interfaces, and consequently Q �

A ; would be similar regard-
less of the intermediate annealing treatment since the initial bulk
composition of austenite grain is unaffected by it. This implies that
the experimentally observed acceleration of bainite formation kinet-
ics is due to either a decrease in Q �

G or an increase N, or both.
In order to understand the influence of Q �

G and N on the rate of bain-
ite formation, df =dt is computed for various Q �

G and kp values using Eq.
(2) (Fig. 7). It should be noted that since kp is directly proportional to N
(Eq. 3), the effect of kp and N ondf =dt would be similar. Q �

A is assumed to
be a constant (145 kJ/mol, based on results in literature [44,46]) in these
calculations. This assumption does not affect the conclusions of this work
since it does not play a role in accelerating bainite kinetics during the
experiments carried out in this work. Using df =dt; the bainite evolution
over time can be calculated (Fig. 7). In order to make a rigorous compari-
son between the experimentally determined data and the model calcula-
tions, the values for Q �

G and kp are chosen such that the calculated time
required for the completion of bainite formation is comparable with the
corresponding experimentally observed value (Fig. 2).

Fig. 7(c) shows that the overall time required for bainite formation
decreases as Q �

G decreases. However, Q �
G does not have any significant

influence on the instantaneous rate of bainite formation as the bain-
ite fraction increases (Fig. 7(d)). On the other hand, as kp (i.e., N)
increases, the overall time required for bainite formation decreases
(Fig. 7(a)) and the instantaneous rate of bainite formation increases
(Fig. 7(b)). These trends can be explained by the mechanism of bain-
ite formation. Since bainite formation begins at previously existing
interfaces, a reduction in Q �

G for a constant N implies that the bainite
formation begins earlier in time. However, once the bainite formation
begins, its formation rate is mainly controlled by nucleation at bain-
ite/austenite interfaces where Q �

G does not play a role. This is
highlighted in Fig. 7(c) and (d). Unlike Q �

G; N influences the rate of
bainite nucleation at bainite/austenite interfaces as well as at austen-
ite grain boundaries and ferrite/austenite interfaces. The above dis-
cussion suggests that the nucleation at previously existing interfaces
is a precursor for autocatalytic nucleation at bainite/austenite interfa-
ces. Thus, an increase in N results in the increase of the rate of auto-
catalytic nucleation as the density of autocatalytic nucleation sites
increases. Since N influences both the rate of bainite formation at pre-
vious existing interfaces and at bainite/austenite interfaces, kp affects
the instantaneous rate of bainite formation and the overall time
required for bainite formation (Fig. 7(a) and (b)).

Fig. 7 can be compared with experimental results observed in
Fig. 2. Experimental results show that the intermediate annealing
treatment has an effect on both the overall time required for bainite
formation and the instantaneous rate of bainite formation as a func-
tion of bainite fraction. This implies that the acceleration of bainite
formation kinetics as a result of the applied intermediate annealing
treatment is mainly due to the increase in N.

4.2. Effect of ferrite growth on bainite kinetics

As observed in Section 3, the intermediate annealing treatments at
600 BC can lead to observable ferrite growth while ferrite growth is
undetected in other cases. Furthermore, results in Section 3.1 clearly
show that the rate of bainite formation is influenced to a certain degree
by the prior intermediate annealing treatment regardless of observable
ferrite growth. In this section, bainite formation following intermediate
annealing treatments which lead to observable ferrite growth is dis-
cussed. Additionally, the effect of intermediate annealing treatments on
ferrite growth itself is also explored in this section. In Section 4.3, bain-
ite formation following intermediate annealing treatments which do
not lead to observable ferrite growth is discussed.

The results shown in earlier sections show that ferrite growth is
detected only during intermediate annealing treatment at 600 BC
with annealing times longer than 10 min. Thermo-calc calculations
for the steel composition used in this study suggest that there is a
driving force for ferrite formation below 812 BC. However, it must be
realized that, although ferrite formation may be thermodynamically
feasible, kinetic constraints need to be overcome for ferrite growth to



Fig. 7. Bainite evolution at 400 BC as a function of time with variation in (a) kp and (c) Q�
G . Correspondingdf =dt values as a function of bainite fraction, fwith variation in (b) kp (d) Q �

G .
Increase in kp implies an increase in the number density of bainite nucleation sites.
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occur. Literature reports suggest that the mode of the austenite to fer-
rite phase growth is controlled by the prevailing thermodynamic
conditions, diffusivities of the alloying elements and interface mobil-
ity [47,48]. In general, the austenite to ferrite growth may occur in
different ways � (i) with complete redistribution of alloying elements
and the austenite and ferrite fraction in full equilibrium (ortho-equi-
librium) (ii) with partitioning of substitutional alloying elements (or
elements which diffuse slowly) between austenite and ferrite, and
the interface in full local equilibrium condition (Partitioning Local
Equilibrium, PLE); (iii) with negligible partitioning of substitutional
alloying elements between austenite and ferrite, and the interface in
full local equilibrium condition (Negligible Partitioning Local Equilib-
rium, NPLE) and (iv) without any redistribution of substitutional
alloying elements (para-equilibrium) [47]. In all cases, carbon is
assumed to partition between ferrite and austenite.

The mode of austenite to ferrite growth can be estimated using
the equilibrium phase diagram. Fig. 8 shows the isothermal section
(at 600 BC and 800 BC) through the Fe�C�Mn-2 wt% Si phase diagram
with NPLE/PLE transition line. It can be seen in Fig. 8 that for the com-
position of the steel used in this study, the austenite to ferrite growth
at 600 BC occurs under NPLE conditions while ferrite growth at 800 BC
occurs at PLE conditions. Typically, PLE conditions for ferrite growth
are characterized by sluggish kinetics due to redistribution of substi-
tutional alloying elements during ferrite growth, while under NPLE
conditions ferrite growth is considerably faster. Moreover, it can be
expected that ferrite nucleation rate at 800 BC is lower compared to
at 600 BC due to the lower driving force for nucleation. These kinetic
restrictions can explain the differences in the fraction of ferrite
observed during the intermediate annealing treatment.

In Section 4.1, it was derived that the acceleration of bainite for-
mation after an intermediate annealing treatment was due to an
increase in number density of initial bainite nucleation sites, N. Fer-
rite growth prior to bainite treatment has a direct influence on the
density of interfaces (consequently, N) available for bainite formation.
Ferrite growth leads to the creation of ferrite/austenite interfaces.
This implies that additional interfaces within the prior austenite
grains are created and the total density of interfaces available for
bainite nucleation increases.

Zhu et al. reported that the presence of ferrite/austenite interfaces
retards the kinetics of subsequent bainite formation since the driving
force for bainite nucleation at these interfaces is lower than the driv-
ing force for bainite nucleation at prior austenite grain boundaries
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[30]. Such a retarding effect is mainly due to partitioning of carbon
into austenite during ferrite growth. Zhu et al. suggested that the
partitioning of alloying elements leads to higher elemental (mainly
C and Mn) concentration near the ferrite/austenite interfaces. It is
evident that the partitioning of carbon into austenite during ferrite
formation increases the chemical stability of austenite and thus, the
driving force for subsequent bainite formation following ferrite for-
mation during intermediate annealing treatment will be lower.
However, the impact of carbon partitioning on the reduction of the
driving force for bainite formation is not significant when the ferrite
fraction is small [30], as is in the case for the experiments in this
work. Quidort and Br�echet [31] postulated that the formation of
around 10% of grain boundary ferrite can stimulate subsequent bain-
ite formation.

4.3. Carbon segregation and its effect on bainite nucleation sites

During the intermediate annealing treatment at 800 BC as well as
at 600 BC for annealing times less than 10 min, experimental results
do not show any ferrite growth. However, this cannot be unequivo-
cally claimed as complete absence of ferrite formation during these
intermediate annealing treatments, especially since austenite trans-
formation to ferrite is thermodynamically possible at these tempera-
tures. But, based on the experimental results, it can be suggested that
if ferrite formation does occur during these annealing treatments, the
ferrite grains would be nano-scale in size and they would be sparsely
dispersed along the parent austenite grain boundaries. Ferrite grains
larger than 100 nm would have been detected during SEM/EBSD
analysis. Additionally, if the ferrite grains were not sparsely dis-
persed, they would have been detected during APT analysis as low
carbon regions near parent austenite grain boundaries due to low sol-
ubility of carbon in ferrite. Such small and sparsely dispersed ferrite
grains will not have any considerable impact on the total density of
interfaces. Thus, it can be argued that the acceleration of bainite for-
mation kinetics in the presence of intermediate annealing treatment
at 800 BC as well as during intermediate annealing treatment at
600 BC for shorter annealing times is not due to creation of ferrite/
austenite interfaces, unlike as seen in Section 4.2. Under these cir-
cumstances, acceleration of bainite formation alludes to a different
mechanism in play. This fits well with results given in Fig. 3 which
shows that the rate of acceleration of bainite formation, G200, changes
when significant ferrite growth is observed during longer prior inter-
mediate annealing treatment at 600 BC.

APT results presented in Section 3.3 show that the carbon segregation
to austenite grain boundaries is more pronounced when an intermediate
annealing treatment is used prior to bainite formation compared to
when bainite formation occurs without any intermediate annealing.
These results are in line with previously published experimental results
[49�51]. Abe et al. carried out a two-step heat treatment in order to
understand the segregation behavior of carbon and phosphorus in
medium carbon steels [49]. In their study [49], samples were austenized
at 1100 BC, followed by isothermal holding at temperatures between
800 BC and 1000 BC for 10�1000 s. The samples were then cooled to
room temperature. Such a treatment is similar to the austenization and
intermediate annealing treatment (Fig. 1(b)) used in this study. Abe
et al. also observed that the use of a step treatment (or intermediate
annealing treatment) led to increased carbon segregation at the aus-
tenite grain boundaries compared to samples directly cooled from
the austenitization temperature (which would be the starting condi-
tion for bainite formation without intermediate annealing treatment)
[49]. These results compare well with results presented in this work.
In addition, Abe et al. suggested that the degree of carbon segregation
during the intermediate annealing treatment increases with increas-
ing holding time as well as with decreasing intermediate annealing
temperature [49]. The role of such a increased carbon segregation to
austenite grain boundaries as a result of intermediate annealing
treatment in accelerating subsequent bainite formation kinetics can
be explained using the discussion below.

Several previously published studies have hypothesized that sol-
ute segregation to grain boundaries during isothermal holding can
lead to solute-rich and solute-poor areas within the austenite matrix
[50�53]. Kang et al. studied the distribution of carbon in the vicinity
of the austenite grain boundaries after short isothermal holding at
300 BC in several high carbon steels [50]. They observed that the iso-
thermal holding led to carbon enrichment of the austenite grain
boundaries as well as to the creation of carbon-depleted zones in
near vicinity of the austenite grain boundary (upto a distance of
200 nm from the grain boundary) [50]. In a separate study, Zhang
et al. reported similar results [51]. These results are in good agree-
ment with the APT results presented in this work which show that
intermediate annealing treatment (which is a isothermal holding
step at an elevated temperature) leads to carbon segregation in the
vicinity of austenite grain boundaries. Furthermore, comparing the
published results in [50,51] with the APT results observed in this
study, it can be postulated that the increased carbon segregation dur-
ing intermediate annealing treatment would consequently lead to
similar carbon-rich and carbon-poor areas. Kang et al. suggest that
the formation of carbon-rich and carbon-poor areas during isothermal
holding is a result of stress fields associated with the dislocations and
grain boundaries [50]. Kang et al. argue that clustering of carbon atoms
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occurs within the tensile zones near the dislocations and grain bound-
aries and carbon depletion occurs in the regions under compressive
stress during isothermal holding [50]. The formation of carbon-rich
and carbon-poor areas is referred to as a pre-bainitic phenomenon by
Kang et al.. Furthermore, it is suggested that the low-carbon regions
assist in the bainite nucleation process since the driving force for bain-
ite formation increases with decrease in the carbon concentration of
the austenite matrix. However, Bhadeshia argues that the formation
carbon-depleted regions does not affect the kinetics of bainite forma-
tion since an equal fraction of carbon-rich regions would be created in
the process which would counter-balance the effects of carbon-poor
areas [1]. The longevity and thickness of carbon-depleted regions
observed has also been questioned by certain researchers [53,54]. As
mentioned previously, carbon segregation to austenite grain bound-
aries reduces their interfacial free energy [34]. Aaronson et al. argue
that carbon-depleted regions in the immediate vicinity of austenite
grain boundaries would exist only for a limited time until the chemical
potential of carbon in the austenite grain boundary is the same as in
the bulk [53]. Using the McLean model for kinetics of solute segrega-
tion [55], Umemoto et al. estimate that the carbon segregation to aus-
tenite grain boundaries should be practically instantaneous due to the
high diffusion rate of carbon and near equilibrium segregation is
expected to be achieved even during quenching [23]. Therefore in
order to explain results seen by Kang et al. [50], Aaronson and Hirth
[53] suggest that presence of extensively carbon-enriched regions and
corresponding depleted regions during isothermal holding is indica-
tive of austenite decomposition into phases with low carbon solubility,
for instance ferrite.

The above hypothesis from Aaronson and Hirth [53] fits the experi-
mental results observed in this study and forms the basis for the theory
explaining the accelerated bainite kinetics as a result of intermediate
annealing treatment. It can be argued that carbon segregation to austen-
ite grain boundaries leads to fluctuations in carbon composition in its
vicinity. These carbon fluctuations can result in the formation of stable
ferrite nuclei during the intermediate annealing treatment especially
since there is a driving force for ferrite formation at the annealing tem-
peratures used in this study. However, kinetic constraints as seen in Sec-
tion 4.2 will restrict the diffusional growth of these ferrite grains. If the
intermediate annealing treatment already leads to body-centered cubic
(BCC) ferrite nuclei with low carbon content in the vicinity of the austen-
ite grain boundaries which grow into bainite once the isothermal bainite
formation temperature is reached, the initiation time for bainite forma-
tion is reduced. This leads to acceleration of bainite kinetics. It can be
argued that, during intermediate annealing treatment, the number of
BCC ferrite nuclei increases with increasing annealing time and with
decreasing annealing temperature (since chemical driving force for aus-
tenite to ferrite transformation increases). The above discussion explains
the results observed in Fig. 3, which shows that the rate of bainite forma-
tion increases with increasing annealing time in the presence of an inter-
mediate annealing treatment at 800 BC where no austenite to ferrite
formation is detected. Additionally, the rate of bainite formation increases
at a much higher rate in the presence of an intermediate annealing treat-
ment at 600 BC when short annealing times are used. However, during
longer annealing times at 600 BC, the BCC nuclei would grow to form fer-
rite rendering the nuclei formed during the intermediate annealing treat-
ment unavailable for subsequent bainite formation. Under such
circumstances, the rate of bainite formation is controlled by the increase
in total density of interfaces as a result of formation of ferrite/austenite
interfaces. It should be further pointed out that an increase in the number
of BCC ferrite nuclei directly increases N which was determined as the
primary rate controlling factor in Section 4.1.

During the experiments carried out in this work, the carbon-poor
areas were not detected. However, it must be pointed out that these are
difficult to detect via APT measurements since fast cooling to room tem-
perature after intermediate annealing treatment leads to martensite for-
mation in the low carbon steel used in this study. This leads to additional
interfaces and defects into which carbon segregation can further occur.
Additionally, if ferrite nuclei form during the intermediate annealing
treatment, their location would be difficult to isolate. It must be noted
that, due to the composition of the steels in the studies of Kang et al. [50]
and Zhang and Kelly [51], the room temperaturemicrostructure obtained
after a short isothermal holding at an elevated temperature and quench-
ing is entirely austenitic. However, in the present study the carbon-rich
areas along the austenite grain boundaries due to carbon segregation are
immediately visible (Fig. 6) which can be extrapolated as indirect evi-
dence for the fluctuation of carbon composition in the vicinity of austen-
ite grain boundaries (bainitic nucleation sites) during intermediate
annealing treatment.

Based on the evidence presented here, it can be postulated that car-
bon segregation during intermediate annealing treatment plays a role in
the rate of subsequent bainite formation. Typically, without any interme-
diate annealing treatment, carbon segregation would occur at the bainite
formation temperature. An intermediate annealing treatment assists to
start the primary stages of bainite nucleation, and thus reducing the time
required for overall bainite formation during subsequent treatment.
5. Conclusions

The effect of different heat treatment routes on the rate of bainite
formation has been studied in this work with the help of a custom-
ized set of heat treatments. The results of this work show that the
rate of bainite formation in low-carbon steels can be accelerated
mainly via two mechanisms.

A small fraction of ferrite (less than 5%) formed prior to bainite forma-
tion increases the number density of interfaces available for bainite
nucleation and consequently, leads to an increase in the rate of bainite
formation. It is important to note that the rate of bainite formation
increases only as long as the nucleation rate increases which is when the
fraction of ferrite formed prior to bainite formation is small. As the frac-
tion of ferrite formed increases, the activation energy for subsequent
bainite formation increases and this, in extreme cases, can slow down
the kinetics of the bainite formation. Furthermore, a short isothermal
holding between the bainite formation and austenitization temperatures
leads to increased carbon segregation to austenite grain boundaries prior
to the start of bainite formation as compared to bainite formationwithout
such treatment. The increased carbon segregation plays an important role
in the acceleration of bainite kinetics as well.

Based on the results obtained, it can be further hypothesized that
the rate of bainite formation can be manipulated by controlling the
overall heat treatment route. In this study, intermediate annealing
treatments are used for acceleration of bainite formation. Another
energy-efficient route for introducing secondary nucleation sites is
via appropriately choosing the austenitization temperature or a
proper cooling rate. For instance, an austenitization temperature
just below the Ac3 temperature would create both the primary
nucleation sites (austenite/austenite interfaces) and the secondary
interfaces (austenite/ferrite interfaces) in the same heat treatment
step. Such an austenitization temperature would automatically lead
to an almost fully austenitic matrix with a minute fraction of ferrite
at the interfaces. The small fraction of ferrite nestled within the aus-
tenite matrix would not affect the chemical composition of the aus-
tenite matrix for subsequent bainite formation. Furthermore, a
tailored cooling rate can influence the carbon segregation at austen-
ite grain boundaries as well as austenite decomposition into ferrite.
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