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h i g h l i g h t s

� A novel in-situ SEM method was used
to observe bainite formation in a
medium carbon steel, and the results
corresponded well to dilatometer and
ex-situ SEM-EBSD results.

� Thermal cycle was designed using a
previously developed mean field
model, succesfully producing a
suitable austenitic grain structure and
cooling to bainite formation
temperature.

� A Cellular Automata (CA) model was
applied to reproduce the dynamical
nucleation, growth and inpingement
phenomena of the bainite regions.
The model was parameterized by
utilizing experimental data.

� CA model was enhanced by
reworking the rate parameter
equation and statistical accuracy was
increased with multiple repetitions.
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a b s t r a c t

A novel in-situ scanning electron microscope (SEM) characterization technique for observing phase trans-
formation is developed and its results studied and compared to well-founded experimental ex-situ meth-
ods as well as numerical modelling of bainite formation. Phase transformation kinetics are compared
between the in-situ SEM, dilatometry test as well as mean field and Cellular Automata (CA) models.
Microstructural evolution during phase transformation is compared between in-situ SEM, ex-situ EBSD
and CA model results. The in-situ method allows for direct observation of bainite sheaf growth and
impingement. The in-situ results in combination with EBSD data can be used to parameterize the CA
model sheaf nucleation and growth equations.
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1. Introduction

Development of steel must evolve constantly to keep up with
the high demands of steel industry. Because microstructure has a
decisive influence on the mechanical properties of steel, it is of
paramount importance to understand the evolution of microstruc-
ture during thermal processing. As the modern steel concepts
increase in complexity, traditional research methods may not be
able to produce sufficiently in-depth information about the rele-
vant phenomena. In such a case, new methods should be sought
to see more than before, unencumbered by the limits of the old
ways. The ultimate goal for steel microstructure modelling is to
obtain a quantitative predictive model, which can describe the
essential features of the microstructure formation, in particular
at high temperature. Such a model would then allow virtual exper-
imentation for microstructural design. As a step toward this goal,
this work aims to quantify the shape-defining parameters of the
previously developed cellular automata model [1], based on in-
situ microscopy hot-stage SEM experiments [2–4] and ex-situ
EBSD analysis.

Due to the apparent technological importance of controlling the
microstructure evolution by the cooling process parameters,
numerical modeling of phase transformations has been a subject
of numerous earlier studies. An overview of different methodolo-
gies used for simulating phase transformations in steels is given
in [5]. Here, we mention some examples of usage of similar models
from different decades.

Umemoto et al. simulated pearlite formation during continuous
cooling assuming additivity and Kolmogorov-Johnson-Mehl-
Avrami (KJMA) equation [6]. The phase transformation model that
had been fitted to several different steel compositions was
described in [7]. Comprehensive modeling of different aspects of
microstructure development in steels was examined in [8], includ-
ing austenite decomposition and ferrite grain size. Serajzadeh
modeled phase transformations and heat condution in hot-strip
runout table cooling conditions [9]. Hot deformation and phase
transformation phenomena were modeled in [10], where also
usage of cellular automata models were described. Chen con-
structed a coupled phase transformation heat conduction simula-
tion for Jominy end quench test [11]. Chen et al. applied a
generalized additivity rule for simulating the phase transforma-
tions during cooling [12]. More recently Zhao et al. applied KJMA
and Kamamoto equations for modeling the phase transformations
with a coupled finite element heat conduction model using Abaqus
software to simulate hot stamping process [13].

We have previously developed a coupled heat conduction and
mean field (MF) phase transformation model [14–17], that has
been applied for simulating austenite decomposition in cooling
of a steel coil [15] as well as in slow cooling of low temperature
ausformed steel, which leads to the formation of fine bainitic struc-
ture [18]. The mean field phase transformation model has been
also used for simulating microstructure evolution to aid the design
of induction hardening of a medium carbon pipeline material [19]
where the model can be used for optimizing the cooling path and
strategy so that desired fractions of different phases can be
obtained [20,21] through the pipe thickness. Using this model, it
is possible to quantitatively estimate the phase fraction and final
hardness. In the current study, the mean field model is used to pre-
dict phase transformation process and design the thermal cycle to
produce bainitic microstructure.

To simulate the approximate morphology of microstructure for-
mation, we have earlier developed a two dimensional cellular
automata (CA) model [1] which calculates the nucleation, growth,
and impingement of bainite sheaves [22]. The temperature depen-

dent rate parameter obtained from the parameterized mean field
model is used as input for the CA model. The ratio of nucleation
to growth and the aspect ratio of the growing bainite regions are
determined from the observed microstructure.

In other studies, CA has been implemented in various ways to
study the microstructural evolution of steel. In [23], several contin-
uous cooling paths were used to simulate growth of ferritic phases
as well as carbon diffusion in a complex phase steel. In [24], the full
annealing cycle of a dual phase steel was simulated with a 3D CA
model. A CA model was combined with a finite element model in
[25] to simulate cold rolling on the microstructure and to simulate
the subsequent annealing. Elahi et al. [26] compared phase-field
and CA models to simulate the grain growth competition during
melt pool solidification.

The formation of bainite can be observed on the surface, due to
the surface relief which is created by the shear displacements [27].
Nucleation and growth of bainite have been previously examined
with in-situ measurements using a laser scanning confocal micro-
scope [28,29]. Advanced microscopy has been used in other studies
to observe steel microstructure. Heard et al. [30] showed the pos-
sibility and challenges of high temperature in-situ SEM to observe
and to document the phase transformation of steel during the ther-
mal cycle. Ma and co-workers [31] used a novel heating system
with multi-layer thermal insulation to prevent the effect of ther-
mal electrons which allowed to capture a high quality image at ele-
vated temperature. In a recent study, Nutter et al [32] studied
bainite sheaf growth using in-situ TEM.

To gain information on how bainitic microstructure forms, an
in-situ SEM microscopy experiment for observing the morphology
of growing bainite regions was conducted. The results obtained
from the experiments were then used for parameterizing the mor-
phological parameters of the previously developed cellular auto-
mata (CA) microstructure model. The detailed microstructure
models allow the possibility of describing phase morphology dur-
ing cooling. This provides the understanding needed for the capa-
bility to design and to control microstructure and mechanical
properties of complex advanced steels.

2. Materials and methods

2.1. Materials

A medium-carbon, low-alloy steel microalloyed with Nb was
used in this study. The composition was as follows: 0.4 C, 0.2
Si, 0.25 Mn, 0.90 Cr, 0.50 Mo, and 0.013 Nb (mass percent). The
studied material was initially cast in a vacuum-induction melting
(VIM) furnace before being cut into a slab-shaped block (51 � 200
� 75 mm). After being reheated at 1200 �C for 3 h, the blocks
were then rolled on a pilot rolling mill to a final thickness of
10 mm. For a pilot rolling, a two-stage thermomechanically con-
trolled process was carried out: a 4-pass rough rolling stage from
1200 to 1100 �C (above the recrystallization stop temperature)
with a total reduction of 48 percent, and a 4-pass finish rolling
stage below the recrystallization stop temperature with a finish
rolling temperature of 800 �C, just above the finish temperature
for austenite formation (A3). The rolled strip was immediately
water quenched to 420 �C, then transferred to a furnace with
the same temperature (coiling simulation), where it was allowed
to cool down slowly (about 0.01 �C/s) in order to achieve a lower
bainite microstructure. The final thickness of rolled plate was
about 10 mm. More details on the thermomechanical process
can be found in [33].

O. Seppälä, A. Pohjonen, J. Mendonça et al. Materials & Design 230 (2023) 111956

2



2.2. High temperature in-situ SEM

Microscope: A Quanta 200 ESEM FEG scanning electron micro-
scope provided by the FEI company was used for the in-situ
microstructural observation during the applied thermal cycle.

Furnace: To apply the heating part, a high-temperature Furna-
SEM1300 furnace (developed by ICSM and NewTEC Scientific com-
pany) was employed. The furnace was placed into the microscope,
as shown in supplementary file 1. The furnace is fully metallic and
contains a platinum ring as a heating element. The ring is welded
to the sample holder made of a platinum alloy. The sample was
directly placed onto the sample holder. The sample temperature
was measured by a Pt-PtRh10 thermocouple located 1 mm below
the sample. Dedicated measurements, performed using both an
IR camera and a pyrometer showed that the sample temperature
measurement is within a + -5 �C interval at T = 1000 �C. The heating
rate that can be achieved with the furnace is ranging from 1 �C/min
to 10 �C/s. The cooling rate can be controlled up to 2 �C/s within the
1000–200 �C temperature range. The sample can also be cooled
naturally using a copper-made cooling system to achieve an aver-
age cooling rate of 5 �C/s in the temperature window of 1000–
400 �C which allows to observe the austenite to bainite transfor-
mation. Furthermore, the metallic structure of the furnace ensures
the pressure in the SEM chamber remains below 15 � 10-3 Pa dur-
ing the whole thermal cycle. No variation to the higher values of
the vacuum is measured during the thermal cycle, indicating that
there is no undesired outgassing in the SEM chamber.

Sample and thermal cycle: A rectangular piece
(10 � 20 � 10 mm) was cut from the rolled plate and ground down
to a thickness of 150 lm using an automatic polisher machine.
Subsequently, disks of 5 mm diameter and 150 lm thickness were
punched from the plate and polished to a mirror-grade finish using
a 0.1 lm colloidal silica solution. These polished plates were then
sectioned into 1 to 2 mm2 pieces for the in-situ SEM experiments.
The sample was heated up to 1000 �C with a 5 �C/s heating and
cooled naturally down to 500 �C (approx. 5 �C/s), maintained at this
temperature for 10 min, then cooled down naturally to room
temperature.

Back Scattered Electron collection, image capture and image

processing: The collection of the back-scattered electrons (BSE)
at high temperatures is ensured by the Karmen detector provided
by the Crytur company [4]. BSE images were recorded on a unique
zone of the sample. The best compromise between the image con-
trast and the noise-to-signal ratio was achieved while operating
with a 20 kV acceleration voltage. The image series were aligned
using the SIFT Fiji plugin [34]. The Noise2Void (N2V) Fiji plugin
was used to denoise the raw images. The N2V method is a power-
ful, context aware, and flexible algorithm for image denoising. It
uses artificial neural networks to learn about the properties of
the images and how to best denoise them [35].

2.3. Ex-situ thermal cycle and microstructure characterization

Gleeble dilatometer: To separately provide the critical phase
transformation temperatures and dilatometric data, a Gleeble
3800 thermomechanical simulator has been employed in order to
simulate the exact same thermal cycle performed during in-situ
SEM. For this purpose, a cylindrical sample with a diameter of
6 mm and length of 30 mm was used.

Ex-situ SEM – EBSD: In order to characterize the grain structure
of the final microstructure, electron backscatter diffraction (EBSD)
investigations were performed on the in-situ tested samples (with-
out any further sample polishing) using a Sigma Zeiss field-
emission scanning electron microscope (FESEM). EBSD mappings

were captured using an accelerating voltage of 15 kV, a working
distance of 15 mm, a tilt angle of 70� and a step size of 0.2 lm.

3. Theory

3.1. Bainite growth

The aim of the on-going modelling work is to build a simplified
model for rapid calculations, which still incorporates the essential
features of the bainite growth theory as cellular automata rules.
The model describes the growth of bainite regions, as observed
in the in-situ experiments. The regions comprise similarly oriented
sheaves, which in turn are formed by nucleation and growth of
subunits.

The growth of a bainite sheaf is initiated on the prior austenite
grain boundaries by nucleation of a subunits. A bainite subunit
grows to a certain size, arrested by the plastic deformation of the
austenite. New subunits are nucleated at the tip of the previous
subunits. The carbon is rapidly partitioned from the bainite to
the regions located next to and between the subunits. The growth
of a sheaf consists of the successive nucleation and growth of sub-
units, where the subunit nucleation is the rate-limiting step. The
aspect ratio of a growing sheaf is constant. However, a sheaf can
continue to thicken even if the longitudinal growth is stopped.
[36].

Some commonly applied simplifying assumptions are made in
the models. A constant ratio between the growth and nucleation
rates was assumed in the same way as in [37]. In the mean field
model, it was assumed that the transformation rate depends on
temperature and previously transformed fraction but does not
depend on the previous history of temperature changes [14,37].
In the current study, these assumptions serve as simplifications
for building computationally fast models that still incorporate
many of the essential features of bainite formation. The detailed
(but computationally heavy) physically based model for bainite
formation is under development [38], and it can be used in the
future for building more accurate cellular automata rules for fast
computations.

3.2. Mean field model

The mean field (MF) model described in references
[14,17,19,39] was applied to simulate the overall austenite to bai-
nite transformation during cooling, and it was applied in designing
the cooling path used in the experiments. The MF model describes
the instantaneous overall transformation rate as a function of the
temperature and the previously transformed phase fraction.

In the MF model, the transformation start (assumed as 1% of
bainite formed) was calculated by applying the Scheil’s additivity
rule [14,40], i.e. the transformation is estimated to start whenP

iDti=sðTÞ ¼ 1, where Dti is the simulation time-step and sðTÞ is
the fitted function, described by Eq. (1).

s Tð Þ ¼ K Bs � Tð Þm exp
Q

R T þ 273:15ð Þ
� �

ð1Þ

Where K, m and Q (activation energy) are fitting parameters, R is gas
constant, and Bs is the bainite start temperature. After the transfor-
mation has started, the subsequent transformation kinetics was cal-
culated by applying Eq. (2), as in [19]

dv
dt

¼ vmax � v
� �

ln
vmax

vmax � v

� �� �n�1
n

nkMFðTÞ
1
n ð2Þ

Where v is the transformed bainite fraction, n is the Avrami expo-
nent, vmax is the maximum bainite fraction and kMF Tð Þ is the tem-
perature dependent rate parameter, which is described in Eq. (3).
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kMF Tð Þ ¼ expð�a T � bð Þ2 � cÞ ð3Þ
Where a, b and c are fitting parameters. As described in [19] the
mean field transformation model was fitted to the experimental
thermo-mechanical test results. The parameters shown in Table 1
were obtained.

3.3. Cellular automata model

In order to simulate the nucleation and growth, as well as the
shapes of the growing bainitic regions, the previously developed
cellular automata (CA) model was applied [1]. The kinetic parame-
ters obtained from the MF model were partly used in defining the
CA model parameters. As described in [1], the overall transforma-
tion rate obtained from the fitted MF model was divided into
nucleation and growth rates in the CA model based on the experi-
mental in-situ microscopy observations of the growing bainitic
regions. Also, the observed morphology of the growing regions
(fraction of the longitudinal growth speed of bainitic sheaf to the
transverse growth speed) was used to parameterize the CA model.
The nucleation and growth direction of a new sheaf are partly ran-
domized, so multiple repetitions are calculated for each parameter
combination to achieve statistically more reliable results. The
model is presented concisely here and details are described in [1].

In the CA equations, rate parameter kCA is split into nucleation
and growth, in Eqs. (4) and (5).

kCA Tð Þ ¼ knuclkgrowth ¼ N Tð Þ
V

G Tð Þ ð4Þ

knucl
kgrowth

¼ Rb ð5Þ

where knucl; kgrowth are the nucleation and growth part of the rate
parameter, N is the nucleation rate, V is the volume of simulated

region (thin slice), G is the growth rate and Rb is a fitting parameter
describing the relation between nucleation and growth. The param-
eter can be used to emphasize either sheaf nucleation (many small
sheaves) or sheaf growth rate (few large sheaves). This way the
resulting morphology can be fitted to experimentally obtained
microstructures.

The shape of a single sheaf is assumed to be a triangle. This
growth geometry simplification allows to handily define the
growth directions and speed mathematically. Sheaf growth speed
is calculated as in Eq. (6)

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G Tð Þ � 3Lsu

dz

r
ð6Þ

where Lsu is sheaf growth ratio (height/width) and dz is the volume
of the simulation region. Lsu is another parameter used to affect the
microstructure morphology. Increasing the value of the parameter
causes long, thin sheaves and decreasing it causes short, thick
sheaves. Sheaf growth ratio also affects phase transformation kinet-
ics through the impingement effect, because longer sheaves collide
faster with high-angle grain boundaries, thus slowing the phase
transformation rate [22].

A new equation, which describes the correspondence between
the macroscopic MF and the 2-dimensional CA models is devel-
oped in the current article. The kinetics and morphology of the
growing bainitic regions obtained with the CA model are shown
to be in good agreement with the experimental observations. The
fitted MF model describes the bainite formations in 3-
dimensional material, where the Avrami exponent n is a fitting
parameter. The CA model describes the bainite formation in a 2-
dimensional slice of the material, assuming a triangular shape for
the bainite region. For this reason, the Avrami exponent in the
CA model is n ¼ 3 (see [1] for details). In reality, in some cases,
the maximum bainite fraction that can form may be limited
because of the chemical and strain stabilization of the austenite,
which is called the incomplete transformation phenomena, charac-
terized by the maximum phase fraction that can be transformed
vmax [18]. In the CA model, there is no limitation for the maximum
phase fraction. For this reason, vmax ¼ 1 in the CA model. The kinet-
ics described by the CA model must be equal to the kinetics of the
MF model (Eq. (2)),

Table 1
Mean field model parameters [19].

K Bs (�C) m Q (kJ) a b c n

0.04915 657.6 0.8681 56.7 1:2317 � 10�4 469.2 3.374 1

Fig. 1. Formation of austenite grains on the sample surface during heating.
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vmax � v
� �

ln vmax
vmax�v

	 
h in�1
n
nkMFðTÞ

1
n ¼ 1� vð Þ ln 1

1�v

	 
h i3�1
3
3kCAðTÞ

1
3,

hence the rate parameter kCA for the CA model can be calculated
from Eq. (7)

kCAðTÞ ¼
vmax � v
� �

ln vmax
vmax�v

	 
h in�1
n
nkMF Tð Þ1n

1� vð Þ ln 1
1�v

	 
h i2
3 � 3

2
664

3
775

3

ð7Þ

Fig. 2. Formation of bainite sheaves on the sample surface during cooling.

Fig. 3. In-situ image manual processing: a) raw image, b) prior austenite grain boundaries emphasized with black lines and c) bainite areas highlighted in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Observed growth of polygonal ferrite.
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where kMFðTÞ is the mean field model rate parameter [19]. For the
current study and fitted model vmax ¼ 1. Eq. (7) provides the corre-
spondence between the MF model rate parameter and the 2–di-
mensional CA model rate parameter.

4. Results and discussion

4.1. In-situ SEM

Five experiments were performed on the as-received material
using the same thermal cycle in order to check the reproducibility
of the phenomena as well as to determine the best imaging condi-
tions to observe the phase transformations. The image stacks are

aligned and reported as movies (see supplementary file 2). First
of all, one must note that no surface oxidation of the samples has
been evidenced, indicating that the oxygen partial pressure in
the SEM chamber always remains sufficiently low to overcome this
difficulty.

The use of the BSE collection at high temperature allows observ-
ing phase transformations. The first transformation observed is the
formation of austenite during the sample heating, shown in Fig. 1.
The images show the formation of austenite grains, which is
observed starting at 917 �C and is completed when the tempera-
ture reaches 949 �C. These observations are not in line with previ-
ous studies on the same material [19,41], so a dilatometer test was
performed to evaluate the precise phase transformation tempera-
ture under the same thermal cycle.

Fig. 5. Observed bainite growth of several sheaves, temperature � 500 �C.

Fig. 6. Bainite sheaf transformation with bainite areas highlighted in blue and ferrite in purple. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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When the sample is fully transformed into austenite, it is cooled
naturally down to 500 �C and the formation of bainite sheaves from
austenite grains is observed in Fig. 2. This phase transformation
begins at 760 �C and is completed when temperature reaches
500 �C. Unlike austenisation, the bainitic phase transformation is
in line with previous studies.

The image segmentation allows to discriminate between the
zones corresponding to austenite and bainite. Phase fraction is cal-
culated as the surface ratio of transforming phase relative to the
area of the whole image. The variation of the surface coverage of
austenite and bainite during their formation are calculated to esti-
mate phase transformation kinetics as a function of time. In Fig. 3,
the manual processing of images is presented. First, the austenite
grain boundary lines are drawn to a fully austenitic image (taken
right before the start of bainite transformation) as a separate layer,
which is copied to the partially bainitic image and aligned with the
black smudge in the middle of the image using the green line. Next,
the image topography is compared to a fully austenitic state and

any topography changes are interpreted as phase transformation.
The transformed areas are highlighted in blue.

A minor amount of polygonal ferrite growth was observed in
the in-situ images during cooling from 816 to 738 �C, shown in
Fig. 4. The temperature is in accordance with the mean field simu-
lation of the result. Note that the three ferrite grains appear within
a single austenite grain.

A small area of the images was chosen for closer inspection.
Fig. 5 shows the area marked with a red rectangle and a slide show
of the growth stages. These bainite sheaves can be used to compare
the in-situ experiment results to other methods in this paper.

In Fig. 6, the whole image bainite areas are marked without sep-
arating growing sheaves from each other. The combined surface
coverage of the highlighted areas is interpreted as the fraction of
bainite transformation. With the images in Fig. 6, the fraction of
bainite as a function of time is obtained.

For comparison, CA model results for the best fitted parameter
combination are shown in Fig. 7. The images are chosen so that

Fig. 7. Bainite sheaf transformation as calculated with CA model, case Lsu2 | Rb40.

Fig. 8. In-situ temperature paths and estimated bainite fraction during cooling.
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they correspond with transformed phase fractions in Fig. 6 and the
images are scaled to the same size. See supplementary file 3 for full
video.

The temperature path of the in-situ test and estimated phase
fractions of bainite are shown in Fig. 8 for the cooling stage. During
heating, the microstructure transforms to fully austenitic and dur-
ing cooling the microstructure transforms mostly to bainite with a
minor amount (�2 %) of visible polygonal ferrite. Since it was pos-
sible to observe only one location in the in-situ experiment, the
amount of error for the phase transformation kinetics was esti-
mated by dividing the observed area to four quadrants. For each
quadrant the fraction of phase formed was calculated. Standard
deviation was calculated with all quadrants, they are shown with
the error bars in Fig. 8.

4.2. Dilatometry data

The in-situ test produces interesting results, but they need to be
compared with well-founded experimental methods. In this study,
the dilatometer test was chosen to study phase transformation
kinetics of the bulk materials. The thermal cycle for the dilatome-
ter test was chosen to imitate the in-situ test heating and cooling
rates as well as holding temperatures with reasonable accuracy.
Fig. 9 shows the comparison of the thermal cycles of both tests.

Dilatometer test measures the thermal expansion and contrac-
tion of the test sample during the thermal cycle. With a steady
heating or cooling rate the change is linear, so non-linear beha-
viour can be assumed to result from phase transformation. In
Fig. 10, the dilatometer test results are presented. Fig. 10a) shows

Fig. 9. Heating and cooling cycles of in-situ tests and Gleeble dilatometry tests.

Fig. 10. A) dilatometer full test, b) austenite transformation, c) ferritic transformation with temperature, d) ferritic transformation with time.
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the overall dilatometer curve during both heating and cooling.
Fig. 10b) shows the dilatometer curve in a non-linear section dur-
ing heating and helper lines have been fitted to linear areas before
and after the non-linear section, depicting ferrite (red line) and
austenite (green line) thermal expansion. Using the lever rule,
phase transformation can be calculated, and the resulting austenite
fraction is depicted by the dashed black line. Fig. 10c) shows the
dilatometer curve in a non-linear section during cooling in the
same way as Fig. 10b). The thermal cycle includes a holding period
at 500 �C during cooling, so the lever rule is applied to Fig. 10d)
where the same area is shown as a function of time and phase
transformation can be calculated.

4.3. Ex-situ EBSD

The in-situ SEM final bainitic microstructure is compared to ex-
situ EBSD data, obtained from the same sample at room tempera-
ture. Fig. 11 presents the EBSD results including image quality (IQ)
map (Fig. 11a) and inverse pole figures (IPF) map (Fig. 11b). The
grain structure with a misorientation angle higher than 15� were
constructed and overlayered on both maps (high angle grain
boundaries plotted in solid black lines).

As observed in the EBSD results, there are some very small bai-
nite subunits which considered as a grain as well as other oddly
shaped grains, like the highlighted grain in Fig. 11c). It seems like

Fig. 11. EBSD image as analyzed by the TSL OIM -software.
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two separate grains have been joined together, probably because of
similar grain orientation. These results may not generate trustwor-
thy results regarding the bainitic grain size distribution and
directly comparing grain surface areas to the CA model results
would produce unreliable results since in the CA model the distinct
sheaves are always calculated as separate regions, so other meth-
ods for comparing grain sizes were investigated. After some initial
comparison to modeling results, linear intercept interval distribu-
tion was found to be a good way to compare the data. This compar-
ing method is based on the mean linear intercept (MLI) method,
presented in [42]. Traditionally the MLI method is done manually,
but in this case, the data is digital with well-defined grain bound-
aries, so the process can be completely automated.

First, the EBSD data is converted from point data to a cell struc-
ture, similar to CA. This allows using the same calculation script for
both the EBSD data and the CA data. Then measure lines are drawn
horizontally and vertically at regular intervals. The cells on a mea-
sure line are checked in sequence, and when the grain ID on a cell
changes from the previous cell, a grain boundary has been found

and a linear intercept is marked. This way each measure line is
analyzed. Fig. 12a) includes the result of the MLI analysis proce-
dure. A dataset is formed of linear intercept intervals, which is
the distance between consecutive intercepts. The dataset distribu-
tion is presented in this study as a histogram, shown in Fig. 12b).

4.4. Modeling – Kinetics

Phase transformation kinetics were modelled using both the
mean field and CA methods. The mean field model is fitted to the
experimental data, and the CA method uses parameters that are
partly calculated from the mean field model and partly from the
geometry and number of observed bainite regions to control the
phase transformation rate.

The mean field model parameters are obtained in previous
studies of the same material [19]. Fig. 13 includes ferrite and bai-
nite growth as predicted by the mean field model and the experi-
mental result (black line) based on the dilatometry test. There is
some discrepancy between the observed and modelled transfor-

Fig. 12. A) ebsd image (zoomed-in) with linear intercept markings and b) linear intercept interval distribution of ebsd image.

Fig. 13. Dilatometry data and mean field simulation.
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mation kinetics. The observed kinetics curve for bainite formation
starts somewhat later (at slightly lower temperature) in the mean
field model than in reality. Most likely, the parameters that were
fitted for the continuous cooling tests in [19] yielded a function,
which was inaccurate in the temperature range 625–650 �C, where
bainite seems to form earlier in reality. However, once the temper-
ature is below 625 �C, the transformation rate seems to agree with
the experimental data.

For the CA method, a simulation test series was created with
values for Lsu 2, 6, 10 and Rb 5.0–800.0 and 60 repeats of each test
case to improve the statistical validity of the data. The starting
point for each simulation is the austenitic microstructure obtained
from the in-situ test and the same thermal cycle is used. Phase
transformation kinetics can be calculated for each time step by
dividing the ferritic fraction area with the total simulation area.
Kinetics obtained this way for all repeats of Lsu 2, Rb 40.0 are pre-

Fig. 14. CA example case (Lsu 2, Rb 40.0) with 60 repeats (green lines), their average (black dashed line) and standard deviation as error bars in selected phase fractions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 15. Averaged values of the CA results with model parameters a) Rb ¼ 40:0 and b) Lsu ¼ 2. c) Fraction transformed at 150 s with various Rb values.
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sented in Fig. 14 to exemplify the randomness associated with the
numerical model. The black dashed line in the figure is the average
of all the repeats, and standard deviation is calculated for selected
phase fractions, indicated by the error bars and values in the table
of Fig. 14.

Effect of simulation parameters on kinetics is discussed in more
detail in [22]. Similar observations have been made in the current
study, and Fig. 15 shows the effect of test parameters, a) shows the
effect of Lsu, with b) and c) showing the effect of Rb. Rb seems to
show no significant effect on phase transformation kinetics
between values 20 and 400, with smaller values slowing down
nucleation and higher values slowing sheaf growth disproportion-
ally. Increasing Lsu has a retarding effect on the phase transforma-
tion rate. This is caused by impingement of the sheaves and the
effect increases as the length-wise growth increases.

The experimental in-situ and dilatometer phase transformation
kinetics are compared with the simulated mean field and CA model
kinetics in Fig. 16. It appears that there is some amount of inaccu-
racy in the mean field model (which had been fitted to the CCT
experiments in the previous study [10]) above temperature
625 �C. To compare the simulated kinetics curve with the curve
obtained from the dilatometry measurements at temperature
range below 625 �C, the offset caused by the transformation occur-
ring at higher temperature is removed in Fig. 16 b) and d), as indi-
cated by the arrows in a). This comparison of the kinetic curves
shows the good agreement between the transformation rate below
625 �C. The CA model results are averaged as shown in Fig. 14 and
compared to mean field data, and case Lsu2 | Rb40 was found to be
close to the MF kinetics. When comparing the in-situ results to
other data, it must be kept in mind that the studied area is a freely
expanding two-dimensional surface, which inevitably behaves dif-
ferently than the bulk material which is constrained from all direc-

tions. That being said, the dilatometry and in-situ curves are quite
nicely in line with each other.

4.5. Modeling – Microstructure

The CA model was used to calculate microstructural evolution
during phase transformation. The rate parameter, which affects
the kinetics through equations (4) and (5) were obtained from
the mean field model. Linear intercept interval distributions were
calculated for each test case in the way described in the EBSD
results section. The distributions between CA and EBSD were com-
pared for each test case, and the results are shown in Fig. 17. The
first bin was filtered out of the comparison as the results of that
size are mostly artefacts. The bin sizes were fixed, so numerical
comparison was done by simply adding up the bin differences for

each test case BD ¼ Ri B
EBSD
i � BCA

i

��� ���, where BEBSD
i and BCA

i are bin val-

ues for the EBSD and CA data respectively. Lsu 2 was deemed the
best case when considering transformation kinetics, and when
comparing the different Rb cases, it was found that Rb 40 shows
minimum bin difference to the EBSD results. The best case with
the chosen criteria is then Lsu 2 | Rb 40, which is marked with a
green dashed ellipse.

A visual comparison of the final microstructure with in-situ, CA
and EBSD is shown in Fig. 18. The images are shown in the same
length scale, and it can be seen that the general sheaf size is quite
close in all cases. In-situ and CA images have the prior austenite
grain boundary included for clarity. The different colors in CA rep-
resent bainite instances and have no further meaning, whereas the
EBSD image colors mean the instance orientation. The small
austenite regions around the CA simulation area are caused by

Fig. 16. A) comparison of phase transformation kinetics. the arrows indicate offset caused by the mean field model inaccuracy at higher temperature range 625–650 �C (see
text for details). b) The kinetics comparison at temperatures below 625 �C, where the offset has been removed. c) the transformation rate corresponding to a). d) the
transformation rate corresponding to b).
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the fixed time limit of the simulation, which was added to prevent
absurdly long computational times.

5 Conclusions and outlook

The in-situ method presented in this article provides direct
observation of the initiation and growth of phase regions in the
length scale of 10 lm. Transformation kinetics and the evolution
of phase morphology can simultaneously be studied with the same

experiment. It is especially interesting to be able to observe the ini-
tiation and the impingement of the growing bainite regions, since
these aspects have a decisive influence on the dynamics of the
phase formation. The test is quite demanding and time-
consuming and the data it produces is difficult to process and anal-
yse due to the constantly changing focus of the microscope and the
high amount of noise in images. Despite these limitations, the
experimental in-situ method provides important information on
the phase formation dynamics, which is not attainable with the
usual ex-situ investigations. Using the combination of the in-situ

Fig. 17. Bainite sheaf size distribution, EBSD (orange) vs. CA (blue). The green dashed ellipse is the best case based on a combination of kinetics comparison and bin
difference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Microstructure images with scales matched for a) in-situ, b) EBSD and c) CA case Lsu2 | Rb40.
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and ex-situ methods, a comprehensive understanding of the phase
formation phenomena emerges.

The dilatometer test was used to compare phase transformation
kinetics to the in-situ results. It was seen that during heating in the
in-situ test, the changes in the grain morphology were observed at
clearly higher temperature than in the dilatometer test. For this
reason, the in-situ observation most likely corresponds to the grain
growth stage. The information about the austenite grain structure
is useful since it affects bainite formation greatly.

The bainitic transformation with a minor amount of ferrite was
observed with the in-situ test. The phase transformation kinetics
agreed quite nicely with the dilatometry results as well as the
modelled results. The morphology of the bainite regions appears
quite similar as the EBSD data and the parameterised CA results.

The mean field and CA models both produced phase transfor-
mation data quite similar to experimental methods, although some
difference can be seen. CA model parameters were calibrated to
find a good agreement to the EBSD and in-situ images. Linear inter-
cept interval distributions of CA and EBSD were compared against
each other to find the parameter combination that best describes
the observed morphology. A satisfactory comparison method was
found, and a good correspondence was found between the model
and experimental data.

The in-situ method was compared to well-founded experimen-
tal ex-situ methods and previously developed models. Obtained
results are promising and show that the in-situ provides new
important insights to the phase transformation dynamics by allow-
ing direct observation of bainite sheaf growth and impingement.
These results can be used in parameterising the CA model and
can certainly be used to gain new knowledge of phase transforma-
tion in future studies. With some improvements in the image pro-
cessing, growth of phase instances can be studied in more detail.
Studying the statistical error of the in-situ method is also an
important part of future studies.

In addition to the nucleation, growth and impingement of bai-
nite modelled by the current fast model, the partitioning and diffu-
sion of carbon and the effect of transformation strains are
important phenomena, which have been considered in a more
detailed but computationally much more demanding model [38].

Current trend of steel development is leading towards very
complex steels with multiple phases, which have microstructures
that are very difficult to study just by using previous methods that
can only study the final microstructure or the macro-scale phase
transformation kinetics. The in-situ method could prove to be an
invaluable addition to a metallurgist’s toolbox by studying the
dynamically interactive formation of each phase. This information
can be used to improve current phase transformation models and
the resulting phase morphologies could be linked to material
mechanical properties in future studies.
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