
XXXX www.steel-research.de

COMMUNICATION
Multiphase-Field Simulation of Cementite Precipitation
during Isothermal Lower Bainitic Transformation
Wenwen Song,* Ulrich Prahl, Yan Ma, and Wolfgang Bleck
In the present work, isothermal lower bainitic transformation with nano-sized
cementite (θ) precipitation is simulated by means of multiphase-field
approach. In order to simulate the very fine cementite, ultra-small grid
spacing, that is, 2 nm, is applied. A faceted anisotropy model is coupled in
the simulation of both bainitic ferrite (αB) and cementite (θ) growth. The
simulated microstructure evolution and bainite fraction are compared with
experimental results. Carbon redistribution across γ/αB and αB/θ phase
boundaries during lower bainitic transformation is further discussed.
Bainitic steels are widely applied in the manufacturing,
automotive, and construction industry. The sophisticated
bainitic microstructure provides bainitic steels with a combina-
tion of high strength and good toughness.[1] A considerable
amount of research work has been carried out to understand the
bainitic transformation over many decades,[2–10] since its
discovery in 1930.[11] The bainitic microstructure can be
designated to upper bainite and lower bainite in medium-
and high-carbon steels.[12] Both the upper bainite and lower
bainite consist of bainitic ferrite and cementite. The quantitative
description of bainite morphology and bainitic transformation
kinetics is of great significance for the heat treatment adjustment
and mechanical property control of bainitic steels.

Phase-field method is a powerful tool in the visualization of
microstructure evolutionduringdistinctphase transformations in
material simulations.[13–15] Over the last two decades, the phase-
field approach has been increasingly employed in a variety of
applications, for example, solidification,[16] solid phase transfor-
mation,[17–24] recrystallization,[25,26] segregation behavior,[27] etc.
The austenite formation[28–30] and most of the austenite
decomposition reactions, for example, ferrite formation,[17–19]

pearlite formation,[20,21] martensite formation,[22,23] have been
extensively studied using phase-field method, albeit with an
exception of bainite formation. In the recent years, dedicated
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single phase-field models were developed
assuming displacive bainitic phase transfor-
mation by Arif and Qin,[31] and Düsing and
Mahnken,[32] respectively. Zhang et al.[18]

reported that accounting for anisotropic
elastic energy is sufficient to simulate the
formation of Widmanstaẗten ferrite with
their phase-field modeling. Notable prog-
ress of bainite simulation work has been
developed by Toloui and Militzer[33] using
multiphase-field approach to simulate the
carbide-free bainite formation in TRIP steel.

Due to the complexity of bainitic
transformation mechanisms, phase-field
simulation of bainite formation still remains a challenge. On
the one hand, the bainitic transformation shows the coupled
diffusive-mechanical mechanisms, which requires either com-
plex coupled models or a diffusion-driven model, that is,
only valid for specific situations. On the other hand, the two-scale
nature of bainite, that is, bainitic sheaves in micrometer
scale and carbides in nanometer scale, needs either a two-scale
approach or very tiny grid size. In most of the phase-field models
for bainitic transformation in literature, either bainite was
considered as ferrite or only carbide-free bainite was considered.
So far, the carbide precipitation has been long-term neglected in
the phase-field simulation of bainitic transformation.

In the present work, both bainitic ferrite (αB) formation and
nano-sized cementite (θ) precipitation during isothermal lower
bainitic transformation are simulated by a multiphase-field
approach, employing a faceted anisotropy model. The diffusion
(chemical) effectsduringbainitic transformationare considered in
a physical way by solving the multiphase-field functions. In
addition, the mechanical contribution of bainitic phase transfor-
mation is simulated by employing the “faceted growth”model. A
2-dimensional phase-field simulation with an ultra-small grid
spacing, that is, 2 nm, isperformedusing the commercial software
MICRESS1 (MICRostructure Evolution Simulation Software).[35]

The simulated microstructure evolution and bainite fraction are
comparedwith experimental results. Carbon redistribution across
γ/αB and αB/θ phase boundaries during lower bainitic transfor-
mation is investigated and further discussed.
1. Experimental Section

The chemical composition of the studied material 100Cr6 is
Fe–0.967C–0.3Si–0.23Mn–1.38Cr (wt%). After hot forging, the
material was soft annealed at 800 �C followed by a slow cooling to
room temperature. Subsequently, the samples were heated up at
a rate of 3.3 �C s�1 and austenitized at 910 �C for 3600 s, followed
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by rapid cooling to 260 �C at a cooling rate of 55 �C s�1. At the
isothermal bainitic transformation temperature of 260 �C, the
samples were held for 1500 s followed by a rapid cooling to room
temperature. Austenitization and bainitizationwere performed in
a Baḧr 805A dilatometer. Specimen dimensions were 3mm in
diameter and 10mm in length. In addition, the phase fractionwas
determined by the metallography approach using Zeiss Sigma
field emission scanning electron microscope (SEM). The SEM
samplesweremechanically ground,polishedand thenetchedwith
nital-3% (HNO3). Thebainite fractionwas estimated from the area
fraction in theSEMimagesbycontrastanalysisbasedon itsneedle-
shaped morphology using ImageJ software. The bainite fraction
(fB) was calculated by the following equation:

f B ¼
X

ABi=Aimage ð1Þ

where, ABi is the area of single bainite needle and Aimage is the
area of SEM image. With an extra low scanning voltage (about 2
keV), close working distance, high contrast, and slow scanning
speed, the in-lens detector allowed us to identify clearly the
bainitic needle-shape morphology. In order to achieve reason-
able statistics, six SEM images in dimensions of 18 μm� 18 μm
were selected under each heat treatment conditions for bainite
fraction measurement.
2. Phase-Field Simulation

The multiphase-field model proposed by Steinbach et al.[36] is
applied in the present work to simulate isothermal bainitic
transformation at 260 �C in 100Cr6. The transformation kinetics
is described by phase-field parameters ϕi i ¼ 1 . . . Nð Þ. ϕi
assumes a value of 1 inside grain i and 0 outside of the grain.
At the interface between two grains i and j, 0 < ϕi < 1,

0 < ϕj < 1, and ϕi þ ϕj ¼ 1. In general,
XN

i
ϕi r; tð Þ ¼ 1 holds

at each position r in the simulation domain with a total number
ofN grains. In the case of a double-well potential, the change rate
of each phase-field parameter with time is given by pairwise
interactions with neighboring grains[36]:

dϕi
dt

¼
X

j
μij σij ϕir2ϕj � ϕjr2ϕi þ

π2

2η2ij
ϕi � ϕj

� � !"

þ π

ηij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕiϕjΔGij

q #
ð2Þ

where, η, σij, μij, and ΔGij represent interface width, surface
energy, interface mobility, and free energy difference of two
interacting grains or phases i and j, respectively. The first term of
Equation (2) represents the interface curvature and the second
term stands for the thermodynamic driving force. The driving
force ΔGij is assumed to be proportional to the local under-
cooling ΔT, as given by Equation (3)[37]:

ΔGij ¼ ΔSijΔT ¼ ΔSij T
eq � Tð Þ ð3Þ

where, ΔSij value links the undercooling and the driving
pressure during the phase transformation, and Teq represents
the local equilibrium temperature.
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Carbon fluxes are calculated from the composition gradient
and the diffusivity in each grain. The time dependence of the
local concentration of carbon in a phase is given by:

@c
@t

¼ r �
X

ϕiDirci ð4Þ

where, ci is the carbon concentration and Di represents the
diffusivity in phase i.

The austenite (γ) was assumed to be isotropic, which
decomposes into bainite identically in all directions. To describe
the anisotropic growth of αB and θ according to their
morphologies, a faceted anisotropy model[34] implemented in
MICRESS1 was applied. In this model, it is assumed that each
crystallographic orientation has individual properties, for
example, interfacial energy and interfacial mobility.[34] For each
facet type, the interfacial energy is calculated as:

σ ¼ σ0 � k2st � k2st � cosβ2 þ sinβ2
� ��3

2 ð5Þ

where, σ0 is the interfacial energy coefficient between two
phases, kst is the static anisotropy coefficient of the facet, and β is
the misorientation of the normal vector of the interface to the
normal vector of the nearest facet. The interfacial mobility is
calculated as the following equation:

μ ¼ μ0 kkin þ 1� kkinð Þ � tan κ

tan β

� �
� tan β

κ

	 

ð6Þ

where, μ0 is the interfacial kinetic coefficient between two
phases, indicating the interface mobility; kkin is the kinetic
anisotropy coefficient; the κ value defines the broadness
of anisotropy with the value in the range of 0 and 1. The static
anisotropy coefficient (kst) and the kinetic anisotropy coeffi-
cient (kkin) describe the anisotropy characteristics of the bainite
and cementite growth. A smaller kinetic anisotropy coefficient
indicates a higher degree of anisotropy. kkin ¼ 1 indicates the
isotropic growth and kkin ¼ 0 indicates the maximal aniso-
tropic growth. A smaller kkin illustrates a faster interface
mobility decrease, thus leads to a larger lengthening rate
and sharper growth tip. For replicating the experimental
microstructural observation, κ¼ 0.95, kst ¼ 3� 10�3, and
kkin ¼ 8� 10�3 were used in the simulation of bainite
transformation.

The size of the domain was 2mm� 8 μm. An ultra-small grid
spacing ΔX¼ 2 nm has been applied in order to resolve very
fine cementite within the bainitic structure. The thickness of an
interface between the phases was defined to be five times of the
grid spacing, that is, η ¼ 5ΔX. In the phase-field simulation,
carbon was assumed to be homogeneously distributed with the
nominal concentration in the initial γ grain. θ carbide was
considered to nucleate within αB bulk or at αB/γ boundaries,
whereas θ precipitation from γ was not included in the model.
αB was assumed to be randomly distributed in the austenite
bulk area, maintaining a Kurdjumov-Sachs (KS) crystallo
graphic orientation relationship with the γ. The orientation
angle between bainite and austenite was assigned in the
simulation in respect with the orientation relationship between
bainite and austenite, however, the actual K-S orientation
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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Table 1. Input interface and diffusion parameters in phase-field
simulation of lower bainitic transformation in 100Cr6.

Parameters Values Ref.

Interface

properties

Interfacial energy coefficient σ0 2.0E–05 J/cm�2

(All interfaces)

[39]

γ/αB interfacial kinetic coefficient μr=αB0
3.0E-09 cm4 � J�1 � s�1 –

αB/θ interfacial kinetic coefficient μαB=θ0
1.0E-11 cm4 � J�1 � s�1 –

Diffusion

data

Pre-exponential term of the C diffusion

coefficient in austenite Dγ
0C

0.15 cm2 � s�1 [21]

Pre-exponential term of the C diffusion

coefficient in ferrite Dα
0C

2.2 cm2 � s�1 [21]

Activation energy for carbon diffusion

in austenite Qr
C

1.421Eþ 05 J �mol�1 [21]

Activation energy for carbon diffusion

in ferrite Qα
C

1.225Eþ 05 J �mol�1 [21]
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relationship was not represented. The simulation was conducted
with periodic boundary conditions. Three phases were involved
in the simulation of austenite decomposition and bainite
formation process: γ, αB, and θ. θ was considered
Figure 1. Evolution of carbon concentration in the simulated bainite microst
260 �C for a) 800 s, b) 1000 s, c) 1200 s, and d) 1500 s; Corresponding SEM
bainitic ferrite; θ: cementite; M represents martensite, which is formed from
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as stoichiometric with a constant carbon concentration of
6.67wt%.

The thermodynamic interactions between phases were
described by a linearized para-equilibrium phase diagram,
which was calculated using Thermo-Calc software with the
TCFe7 database based on CALPHAD (CALculation of PHAse
Diagrams) method. The thermodynamic interactions between
the phases, that is, austenite (γ), bainitic ferrite (αB), and
cementite (θ), were defined on the basis of a para-equilibrium
phase diagram, assuming that only carbon redistributes via
diffusion, whereas substitutional alloy elements such as Cr, Mn,
and Si, are considered to be frozen-in. xαB=γC and xγ=αBC are the
respective carbon concentrations in the bainitic ferrite (αB) and
in the austenite (γ) during bainitic ferrite formation (γ! αB).
xαB=θC and xθ=αBC are the respective carbon concentrations in
bainitic ferrite (αB) and cementite (θ) during cementite (θ)
precipitation (αB! θ). Our previous investigation by atom probe
tomography (APT) revealed that the θ precipitates form under
para-equilibrium mode and the carbon partially partitions
between γ and αB during γ! αB transformation.[38] The carbon
diffusivities in αB and γ were calculated according to the
Arrhenius equation D¼D0 exp (�QD)⁄RT). The input interface
and diffusion parameters applied for the phase-field simulation
of bainitic transformation are listed in Table 1. The interfacial
ructure during isothermal lower bainitic transformation in 100Cr6 steel at
micrographs e) 800 s, f) 1000 s, g) 1200 s, and h) 1500 s. γ: austenite; αB:

austenite during quenching in experiment.[38]

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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kinetic coefficient parameters in this study were used as fit
parameters, in order to replicate the experimental observations.
3. Results and Discussion

3.1. Microstructure Evolution during Bainite Formation

Figure 1 displays the simulated carbon concentration evolution
during isothermal bainitic transformation at 260 �C in the high-
carbon steel 100Cr6. The initial bainite plate nucleation and
growth sites are indicated and marked with white ellipses. The
bainitic ferrite (αB) nucleates randomly in the austenite (γ)
matrix. During bainitic transformation, the bainite plates grow
with a rapid lengthening rate at the early stage followed by
thickening and cementite (θ) precipitation. The simulated
microstructure (Figure 1a–d) shows a good agreement with
bainite microstructure observed in the SEM micrographs
(Figure 1e–h). During bainitic transformation, the excess
carbon within αB partitions into γ, which leads to a higher
Figure 2. a) The simulated bainite microstructure after isothermal lower bain
selected region of interest in Figure 1d; b) carbon concentration along the a-b
c-d line in a) across αB/θ phase boundary.[38]

steel research int. 2018, 1800028 1800028 (
carbon concentration in γ at αB/γ phase boundaries. This
is indicated by the color change of γ in the simulation in
Figure 1a–d.
3.2. Carbon Redistribution across Phase Boundaries during
Bainite Formation

Figure 2 shows the simulated θ precipitation in a single lower
bainite plate after isothermal bainitic transformation at 260 �C
for 1500 s. Figure 2a corresponds to the selected region of
interest in the white rectangular in the simulated microstructure
in Figure 1d. In Figure 2a, θprecipitates at an inclination of about
60� with respect to the long axis of αB, which was predefined in
the simulation according to the morphological characteristics of
bainite microstructure in the transmission electron microscopy
(TEM) bright field image.[40] It was reported that the carbide
precipitation within bainitic structure tends to adopt a single
crystallographic variant in an αB plate and this is different from
the carbide precipitation in tempered martensite with multiple
itic transformation at 260 �C for 1500 s and the domain corresponds to the
line in a) across γ/αB phase boundary; c) carbon concentration along the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 6)
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Figure 3. Simulated bainite fraction in 100Cr6 during isothermal bainitic
transformation at 260 �C and experimentally determined bainite fraction
by metallographic analysis. In the simulated microstructure, red phase
represents austenite, yellow phase represents bainitic ferrite, and white
phase represents cementite.[38]
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crystallographic variants.[41] The angle quoted in carbide
precipitation within the bainitic structure varies as a function
of the plane of section. For the αB with a habit plane (0.761 0.169
0.626)γ, θ precipitates on 1�12Þα

�
maintaining an angle of 57�

between αB and θ habit plane normal.[1,40]

Figure 2b illustrates the carbon concentration profiles along
the a-b line in Figure 2a, showing the migrating αB/γ phase
boundary and carbon redistribution behavior during αB
thickening at 260 �C. The simulated αB formation is accompa-
nied by carbon diffusion from the αB to γ, while substitutional
elements, that is, Cr, Si, Mn, are frozen in the sublattice. This
agrees well with previous APT analysis.[38] Figure 2c illustrates
carbon concentration along the c-d line in Figure 2a, showing the
migrating αB/θ phase boundary and carbon redistribution across
the phase boundary during θ precipitation. θ nucleates and
precipitates from the αB plate when the minimum local
undercooling in αB is achieved for θ formation. Carbon is
near-equilibrated under para-equilibrium mode during the θ
precipitation within αB.
3.3. Comparison of Simulated and Experimental
Transformation Kinetics during Bainite Formation

Figure 3 manifests the simulated microstructure evolution in
100Cr6 during isothermal bainitic transformation at 260 �C and
the αB volume fraction as a function of isothermal bainitic
transformation time. The red phase in Figure 3 represents
austenite, yellow phase represents bainitic ferrite and white
phase stands for cementite. The simulation shows that the
bainite fraction increases progressively with an increase in
the bainitic transformation time after the incubation period. The
bainite fraction achieves approximately 0.18 after bainitic
transformation at 260 �C for 1500 s. The simulated bainite
fraction (Simu._PF) is compared with the metallographic
approach determined bainite fraction (Metall._SEM) in
100Cr6. The experimental and phase-field simulated kinetics
agree well with a deviation of about 0.02 in bainite fraction. The
metallographic approach evaluates the area fraction of different
phases in a cross section (in two dimensions), which might lead
steel research int. 2018, 1800028 1800028 (
to a slight underestimation of bainite fraction. The bainitic
transformation kinetics is strongly affected by the kinetic
parameters in the simulation, that is, diffusivity, interfacial
mobility etc. Therefore, the appropriate kinetic data input is
crucial in the further application of the present model for
simulating θ precipitation during lower bainitic transformation.
In particular, in the cases which bainitic transformation kinetics
are influenced by, for example, different alloy concepts, different
heat treatment conditions, proper kinetics data should be
considered.
4. Conclusions and Outlook

In the present work, a phase-field model was proposed for
simulating nano-sized cementite (θ) precipitation during
isothermal lower bainitic transformation. The simulated
microstructure evolution by phase-field modeling was compared
with SEM data. As the very first attempt to simulate θ
precipitation during lower bainitic transformation, the phase-
field simulated results and the experimental analysis showed
good agreement. Phase-field simulation coupled with the
faceted anisotropy model seems to be a promising tool in
material simulations, particularly for the complex bainitic
transformation.
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