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Abstract

The concurrent ferrite recrystallization and austenitic transformation during intercritical annealing of cold-rolled DP steels is inves-
tigated by cellular automaton (CA) modeling. The simulations provide insight into the microstructural phenomena that result from the
interaction of primary recrystallization and phase transformation. We find that the interaction between ferrite recrystallization and aus-
tenite formation affects not only the transformation kinetics but also the morphology and spatial distribution of the austenite. From this
we can interpret experimental data of the observed temperature-dependent hardness and its dependence on the two metallurgical pro-
cesses. The influence of the initial heating rate on subsequent isothermal transformation kinetics and the microstructure evolution is also
obtained by the model.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to a favorable combination of high strength and
good formability, dual-phase (DP) steels are currently
receiving high interest in the automotive industry for low
energy consumption vehicle design through weight reduc-
tion [1–6]. The microstructure of DP steel is characterized
by hard martensite islands dispersed in a soft and ductile
ferrite matrix [7]. To generate DP microstructures, a con-
tinuous annealing process that includes reheating of a
cold-rolled ferrite/pearlite microstructure followed by
intercritical annealing is implemented to form an austen-
ite/ferrite mixture, which after final quenching results in a
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DP microstructure [8]. During this process, microstructure
formation is determined by a number of interacting metal-
lurgical phenomena, of which ferrite recrystallization, aus-
tenite formation and carbon diffusion are the most
important. What makes the prediction of DP microstruc-
tures challenging is the fact that these phenomena may pro-
ceed consecutively or simultaneously, i.e. complex local
interactions between the metallurgical diffusion and trans-
formation phenomena occur. The nonlinear character of
the phenomena involved minor changes in these interac-
tions, and this may have a profound influence on the result-
ing microstructure. On the other hand, from a theoretical
point of view, it is also an essential challenge to quantita-
tively understand and evaluate the interdependence and
competition between these two metallurgical processes.

In earlier studies, such potential interactions between
recrystallization and phase transformation have been
reported to occur for various intercritically annealed steels
on materials that had been initially cold rolled [9–11]. Yang
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Fig. 1. Schematic drawing about the variation in the carbon content
across the austenite–ferrite boundary [20]: c0 = pearlite-nucleated austen-
ite, a = ferrite and c = grain-boundary-nucleated austenite.
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et al. [9] observed austenite nucleation both on grain
boundaries of unrecrystallized ferrite and at the interfaces
between recrystallized and unrecrystallized grains. This
work revealed an influence of ferrite recrystallization on
the formation and distribution of austenite. Huang et al.
[10] systematically investigated the effect of the initial heat-
ing rate on austenite formation and ferrite recrystallization
in two steels with chemical compositions that are typically
used for DP and transformation-induced plasticity (TRIP)
steels. They suggested that there was a strong interaction
between ferrite recrystallization and austenite formation,
which could affect the kinetics of austenite formation as
well as its spatial distribution. Their findings were recently
verified by Azizi-Alizamini et al. [11] in a plain low-carbon
steel, including a similar morphology shift from randomly
distributed to a banded structure of austenite when increas-
ing the initial heating rate. Despite these important findings
and their potential practical relevance, further investiga-
tions of such interaction phenomena as well as their poten-
tial effect on the final microstructure and properties of the
steels annealed in the intercritical region are still required.
More specifically, the interaction between the two metallur-
gical processes may cause property variations and makes it
difficult to identify the relation between direct thermal pro-
cessing settings and the final product properties. However,
the approach of integrated microstructural simulation that
includes all relevant metallurgical processes is ideally suited
to provide the desired insight for this problem, which hence
enables us to conduct quantitative microstructure design
for optimal properties.

With the recent development of mesoscale microstruc-
ture-based transformation models [12], e.g. the cellular
automaton (CA), the Monte Carlo (MC) and the phase
field (PF), simulations can now provide deeper insight into
the mechanism and morphological complexity of both the
phase transformation and recrystallization in steels
[13,14]. Numerical modeling is thus emerging as an alterna-
tive tool to investigate the interaction mechanism of recrys-
tallization and phase transformation in DP steels.
Recently, Rudnizki et al. [15] developed a PF model to
describe the austenite formation from a ferrite–pearlite
aggregate during the annealing of a cold-rolled DP steel.
However, their simulation started from an already recrys-
tallized microstructure. Hence, the approach did not con-
sider the interaction between recrystallization and phase
transformation. Bos et al. [16,17] presented an integrated
three-dimensional (3-D) CA model to describe the
through-process microstructure evolution during the entire
processing of DP steels. In their model, simulation of con-
current ferrite recrystallization and austenite formation
was involved. However, their interest was placed on the
model development [16] and its usage on a study of
the influence of individual transformation processes on
the final DP microstructure [17], whereas the interaction
between recrystallization and phase transformation was
not addressed. Okuda et al. [18] performed an MC simula-
tion to examine the competition between recrystallization
and transformation in several DP microstructures. How-
ever, their model did not involve detailed thermodynamic
criteria of either recrystallization or phase transformation.

In this work, we present a modified two-dimensional
(2-D) CA model to investigate the competition between fer-
rite recrystallization and austenitic transformation during
the intercritical annealing of cold-rolled DP steels. In this
model, discrete microstructural constituents either in
recrystallization or in phase transformation are depicted
through involving relevant thermodynamic criteria (stored
deformation energy, chemical transformation driving
force, etc.) and kinetic effects (grain boundary mobility,
carbon diffusion, etc.), so that a detailed microstructural
insight into the mutual interactions between these various
metallurgical processes can be obtained. This model also
enables us to study the influence of initial heating rate
and annealing temperature on subsequent isothermal
transformation kinetics and the associated microstructure
evolution.

2. Model concept

2.1. Austenite transformation

During the intercritical annealing of DP steels, two dif-
ferent situations of austenite nucleation are usually consid-
ered [19,20]. One is related to the austenite formation at the
ferrite/cementite interfaces within the carbon containing
colonies, e.g. within the pearlite. The other is the nucleation
on the ferrite/ferrite grain boundaries. In general, nucle-
ation of austenite starts from the pearlite colonies. The
newly formed austenite nuclei grow rapidly at the expense
of the pearlite and subsequently of the ferrite. During this
process, austenite growth is mainly limited by carbon diffu-
sion inside the austenite, as schematically represented in
Fig. 1. The transformation proceeds much faster for the
pearlite-nucleated austenite than that in ferrite due to the
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available surplus of carbon. As for the austenite nucleation
at the ferrite/ferrite boundaries, an austenite nucleus forms
without direct contact with the carbon source. In this case,
the subsequent growth of the austenite nuclei requires car-
bon diffusion from the carbon-rich areas through the ferrite
matrix in order to support the austenite formation at the
moving c/a interface, as shown in Fig. 1.

In our current simulation, both scenarios of austenite
nucleation, namely nucleation within pearlite and nucle-
ation on ferrite/ferrite boundaries, are considered. The aus-
tenite nucleated within the carbon-rich regions is here
referred to as “pearlite-nucleated austenite” and that
formed at the ferrite grain boundaries as “grain-bound-
ary-nucleated austenite”.

In order to describe the two situations of austenite for-
mation, a mixed-mode growth kinetics model [21] is
adopted in the present simulations. The interface velocity
can be described by [22]

vac ¼ MacDG ð1Þ
where Mac is the interface mobility and DG is the chemical
driving force. The mobility is assumed to follow an Arrhe-
nius relationship [23]:

Mac ¼ Mac
0 exp �Qac=RT

� �
ð2Þ

where Qac is the activation energy for boundary migration,
Mac

0 is the pre-exponential factor of the interface mobility,
and R and T are the universal gas constant (8.314 J mol�1

K�1) and absolute temperature, respectively.
The chemical driving force, DG, is here considered in a

first approximation as proportional to the deviation from
the equilibrium concentration on the moving interface
[24,25]. For the austenite formed within the pearlite colo-
nies, the driving force for growth outwards into ferrite
can be rewritten as [24,25]

DGI ¼ vðT Þ xc0=a � xc
� �

ð3Þ

where v(T) is a proportionality factor, which can be calcu-
lated using Thermo-Calc [26]. xc0=a and xc are the carbon
concentrations at the moving c/a interface and the equilib-
rium concentration of austenite, respectively, as shown in
Fig. 1. In the current simulation, pearlite is treated as a sin-
gle effective phase with an averaged carbon content of
0.71 wt.% (i.e. the eutectoid carbon concentration for this
specific alloy).

As for the austenite nucleated at the ferrite grain bound-
aries, the driving force for the austenite growth can be
described by

DGII ¼ vðT Þ xa=c � xa
� �

ð4Þ

with xa/c the interfacial carbon concentration at the ferrite
side of the moving interface and xa the equilibrium ferrite
concentration at the given temperature. xc and xa can be
derived from the Fe–C phase diagram.

The solute diffusion in the two phases (a and c) is
described by
@x/
c

@t
¼ r � D/

crx/
c

� �
ð5Þ

where / acts as a structure indicator and denotes either
phase a or phase c, x/

c is the carbon concentration in phase
/ and D/

c is the carbon diffusion coefficient in either the a
or c phase. The diffusion coefficient D/

c is assumed to be
thermally activated according to

D/
c ¼ D/

c;0 exp �Q/
c =RT

� �
ð6Þ

with D/
c;0 the pre-exponential constant and Q/

c the activa-
tion energy for carbon diffusion.

In this simulation, austenite nucleation is described as a
continuous nucleation event. The dependence of nucleation
rate _NA on the annealing temperature is described accord-
ing to the classic nucleation theory [27]:

_NA ¼ K1Dc
cðkT Þ�

1
2 exp � K2

kT ðDGN Þ2

 !
ð7Þ

where K1 is a constant related to the nucleation site density,
K2 is a constant related to all the interface involved in
nucleation, Dc

c is the carbon diffusion coefficient in austen-
ite, k is the Boltzmann constant (1.38 � 10�23 J K�1) and
DGN is the driving force for austenite formation. The driv-
ing force DGN depends on the annealing temperature and
the carbon concentration, i.e. the carbon concentration of
the initial pearlite and the ferrite. Then the nucleation rate
of the two austenite nucleation scenarios can be distin-
guished. DGN is here also considered to be proportional
to the deviation from the equilibrium concentration as
indicate by Eqs. (3) and (4).

2.2. Ferrite recrystallization

Nucleation of primary static recrystallization is treated
as a thermally activated process. We implemented a contin-
uous nucleation law to describe ferrite recrystallization.
The nucleation rate _N RX is described by a phenomenologi-
cal relation [28]:

_NRX ¼ C0 ED � EC
D

� �
exp �QN

RX=RT
� �

ð8Þ

with ED the stored deformation energy, EC
D the critical

stored deformation energy for triggering recrystallization
which can be determined by the critical deformation strain
and QN

RX the apparent activation energy for ferrite recrystal-
lization. C0 is a fitting parameter (1.7 � 1014 s�1 J�1). Here,
EC

D is set as the stored deformation energy at the strain of
0.1. Recrystallization nucleation is hence treated as being
both temperature- and time-dependent.

The velocity of the recrystallization front, vRX, moving
into the deformed ferrite can be expressed as follows [29]:

vRX ¼ MRX ED � P Zð Þ ð9Þ
where ED is the driving pressure for the primary static
recrystallization front movement, which is provided by
the difference in stored deformation energy between the
recrystallized grains and the deformed matrix, and PZ is
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the potential pinning force stemming from the precipitation
of small austenite particles [30]. The stored deformation en-
ergy, ED, is related to the dislocation density, q:

ED ¼
1

2
lb2q ð10Þ

where l is the shear modulus of the material and q is a
function of the prior strain level and the deformation tem-
perature. During the continuous annealing of cold-rolled
DP steels, the stored deformation energy will be released
due to recovery. The evolution of the stored energy ED(t)
as function of temperature T and annealing time t is given
as follows [31]:

EDðtÞ ¼ EDðt0Þ1=2 � C1l
�1=2kT ln 1þ t

s0

� �� �2

ð11Þ

where ED(t0) is the initial stored energy of deformation, t0

is the time when recovery starts, C1 is a combined fitting
parameter (5.7 � 1018 m�3), l is the shear modulus of the
material and k and T have their usual meanings. Recovery
is assumed to occur from the start of the reheating process,
i.e. t0 = 0 s. s0 is a time constant which is set as 1 s in this
simulation. Details of the calculation of the stored defor-
mation energy can be found in Refs. [32,33].

The Zener-based particle back-driving force derived
from small-sized austenitic precipitations, PZ, can be
described by [34]

P z ¼
3

2
cm

fp

r
ð12Þ

here cm is the grain boundary energy, fp is the volume frac-
tion of the grain boundary nucleated austenite particles
and r is their mean radius. MRX is the boundary mobility
of high angle grain boundary which can be estimated by
[35]

MRX ¼ D0b2

kT
exp � Qb

RT

� �
ð13Þ

where Qb is the activation energy for grain-boundary mo-
tion, D0 is the boundary self-diffusion coefficient and b is
the magnitude of the Burgers vector.

2.3. Grain coarsening

Competitive growth of the grains caused by the bound-
ary curvature effect would lead to grain coarsening after
hard impingement among the neighboring grains. The
velocity of a grain boundary segment driven by the curva-
ture can be expressed by [36]

vcc ¼ M ccF ð14Þ
where Mcc is the grain boundary mobility between grains
and F is the driving force originating from interface curva-
ture. The driving force for capillary-driven grain boundary
motion F is expressed by [36]

F ¼ gj ð15Þ
where g is the grain boundary energy and j is the curvature
of the grain boundary. In the present model, the grain
boundary curvature is calculated using an approach known
from the curvature calculation in lattice-based models [37]:

j ¼ A
Ccell

Kink � N i

N þ 1
ð16Þ

where Ccell is the grid spacing in the CA model, A = 1.28 is
a topological coefficient, N = 18 is the number of the first
and second nearest neighbor sites for a hexagonal lattice,
Ni is the number of cells within the neighborhood belong-
ing to grain i and Kink = 9 is the number of cells within the
neighborhood belonging to grain i for a flat interface
(j = 0). The topological considerations behind this model
can be found in Figs. A1–A3 in Ref. [37].

3. CA model

In this work, a 2-D CA approach is implemented as a
solver to simulate the competing phase transformation
and the recrystallization phenomena in a DP steel accord-
ing to the equations outlined above. In this formulation,
the spatial system is discretized onto a 2-D regular equal
spaced hexagonal lattice. Each cell represents a volume of
real material characterized by certain attributes with a dis-
tinct phase, solute content and an orientation indictor. The
neighbors of a cell are defined by von Neumann’s rule,
which considers the nearest six cells. In order to describe
the microstructure evolution of phase transformation and
recrystallization during the intercritical annealing, eight
state variables are used on each CA node. These are: (1)
the phase state variable that denotes whether the cell is
pearlitic, ferritic, austenitic or contains c/a, P/c interfaces;
(2) the ferrite recrystallization status that indicates whether
it belongs to deformed ferrite, recrystallized ferrite or the
interface; (3) the carbon concentration variable; (4) the ori-
entation variable which is assigned an integer identifier rep-
resenting its crystallographic orientation; (5) the austenite
transformation fraction variable, fc, quantifying the aus-
tenite fraction transformed from ferrite; (6) the austenite
transformation fraction variable, f 0c ; representing the aus-
tenite fraction transformed from pearlite; (7) the ferrite
recrystallization fraction variable, fRX; and (8) the fraction
variable, f, used for the motion of the boundary segment
within an c/c or a/a boundary cell.

The values of each state variable on each of the CA
nodes are functions of their respective previous states and
the previous states of their neighbors. They are determined
according to the sub-models described in Section 2. The
kinetics of the automaton is realized by synchronously
updating the state variables for all lattice cells in each time
step.

Details regarding the mapping of the constitutive and
kinetic laws outlined above into the discrete CA approach,
i.e. nucleation, growth and competitive grain coarsening
for phase transformation and recrystallization, are given
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in Refs. [38,39]. Here, only the items relevant to the current
simulation are outlined in more detail:

(1) The grid size used in the present CA model is 0.4 lm,
which is too coarse to describe the individual pearlitic
lamellae structure. Pearlite is hence considered as one
effective phase with a carbon concentration of
0.71 wt.% in accordance with a Thermo-Calc
calculation.

(2) The growth of austenite into pearlite is assumed to be
controlled solely by interface migration, with the
driving force derived from the effective pearlite
carbon concentration (0.71 wt.%).

(3) Simulation of cementite spheroidization/dissolution
and the associated effects on the carbon concentra-
tion field and subsequent austenite formation are
not involved.

(4) A contribution of the stored deformation energy as
an additional portion to the driving force for phase
transformation is not considered. This means that
the occurrence of primary recrystallization does not
alter the (chemical) driving force for phase
transformation.

(5) Curvature-driven grain coarsening is assumed to
occur between austenite grains as well as with recrys-
tallized ferrite grains after impingement.

4. Microstructure set-up and initial conditions

The simulated material is a DP steel with chemical
composition (wt.%) 0.08 C, 0.01 Si and 1.75 Mn. The
transformation temperature A3 is calculated as 817 �C
by Thermo-Calc. In order to create the starting micro-
structure for the simulation, a method indicated by Bos
et al. [16] has been implemented. A fine, unbanded
Fig. 2. Formation of the starting microstructure for the intercritical anneal
deformation; (b) the microstructure after 80% cold reduction as input for the
ferrite–pearlite aggregate is firstly built using a separate
CA simulation, as shown in Fig. 2a. The white regions
indicate ferrite and the gray areas are pearlite colonies.
The black lines represent the a/a grain boundaries or
a/P hetero-interfaces. The initial simulated domain is
defined by a 150 � 700 CA lattice, representing a physical
domain of 60 lm � 280 lm in real material. The initial
structure consists of �9 vol.% pearlite and 91 vol.% fer-
rite. The initial average ferrite grain size (diameter) is
�15 lm. In this simulation, pearlite is considered as one
effective phase, as assumed in previous simulations [15–
17], with an effective carbon concentration of 0.71 wt.%.
The ferrite matrix is assigned an initial carbon concentra-
tion of 0.01 wt.% [40]. Then a uniaxial compression of
80% thickness reduction is applied to mimic a cold-rolled
grain structure (Fig. 2b). The simulated domain is corre-
spondingly mapped onto a 498 � 210 CA lattice, equiva-
lent to 199 lm � 84 lm in the real material. The
microstructure is characterized by the alignment of ferrite
and pearlite along the rolling direction. This specific cold-
rolling microstructure is important for the subsequent
topology evolution during ferrite recrystallization. Firstly,
the distribution and shape of the pearlite colonies are geo-
metrically modified by the simulated cold deformation.
This type of distorted microstructure provides characteris-
tic boundary conditions for the grain growth during
ferrite recrystallization. Secondly, the prior cold deforma-
tion in the mixed-microstructure with hard pearlite and
soft ferrite introduces an inhomogeneous distribution of
the deformation energy. The stored deformation energy
is concentrated in the vicinity of the pearlite/ferrite
boundaries which, therefore, provide favorable sites for
the nucleation of ferrite recrystallization. In the current
simulation, both the ferrite/ferrite grain boundaries and
the pearlite/ferrite interfaces are hence defined as prefer-
ential nucleation sites for ferrite recrystallization.
ing simulation: (a) the initial unbanded ferrite–pearlite aggregate before
simulation. In this model, pearlite is treated as a single effective phase.



Fig. 3. Schematic representation of the thermal cycles used in current simulations: (a) influence of various intercritical temperatures; a fast reheating is
imposed here; (b) influence of the initial heating rate.
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The related thermal processing schedule implemented in
the simulation is shown schematically in Fig. 3. To study
the interaction between ferrite recrystallization and austen-
ite formation under isothermal conditions, fast heating is
imposed to yield full coupling between these two processes
during the isothermal annealing. Then the influence of var-
ious intercritical temperatures is discussed, as shown in
Fig. 3a. As for the heating rate examination, two specific
rates of 50 and 5 �C s�1 are applied, where the samples
are heated into the intercritical region at the two heating
rates (50 and 5 �C s�1) and then held for a predetermined
time at the given annealing temperature, as seen in
Fig. 3b. The key parameters used in the modeling are listed
in Table 1.

5. Simulation results and discussion

5.1. Interaction between ferrite recrystallization and
austenite transformation during intercritical annealing

During intercritical annealing of the cold-rolled DP
steel, competition and overlap of ferrite recrystallization
Table 1
The parameters used in simulations.

Symbol Definition and unites

K1 Austenite nucleation factor (J1/2 m�4)
K2 Austenite nucleation factor (J3 m�2)
Dc

c Carbon diffusion coefficient in austenite (m2 s�1)
Da

c Carbon diffusion coefficient in ferrite (m2 s�1)
Mac Mobility of the a/c interface (mol m J�1 s�1)
MRX Mobility of high angle a/a grain boundary (m4 J�1 s�1

QN
RX Activation energy for ferrite recrystallization (kJ mol�

b Burgers vector (m)
cm Grain boundary energy of high-angle a/a boundary (J
u Shear modulus of ferrite (GPa)
and austenite transformation takes place. For a better
understanding of the interactions between these two phe-
nomena, we here consider in more detail isothermal anneal-
ing at an intercritial temperature of 760 �C where full
coupling of these two processes occurs. Fig. 4 shows the
simulated transformation kinetics of competitive ferrite
recrystallization and austenite formation at 760 �C. The
associated kinetics of microstructure formation (left-hand
side) and the carbon concentration fields in the ferrite
(right-hand side) are shown in Fig. 5. In the simulated
microstructures, the yellow regions indicate the austenite
formed within the original pearlite domains (c0). The small
red patches are the austenite grains formed at ferrite grain
boundaries (c). The blue areas are the recrystallized ferrite
(aR), and the white zones are the non-recrystallized ferrite
(aNR).

During intercritical annealing, austenite formation
starts from the initial pearlite colonies by nucleation,
occurring instantaneously [4]. Subsequently, these austenite
nuclei grow rapidly, consuming the dissolving pearlite until
the original pearlite is replaced entirely. However, the mor-
phology of the newly formed austenite grains is strongly
Value Refs.

2.07 � 1011 [27]
2.5 � 10�18 [41]
1.5 � 10�5 exp(�142,100/RT) [42]
2.2 � 10�4 exp(�122,500/RT) [42]
0.5 exp(�140,000/RT) [21,32]

) 0:429
T exp(�120,000/RT) [32]

1) 170 [33]
2.58 � 10�10 [32]

m�2) 0.56 [32]
32 [32]
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determined by the shape of the initial pearlite zones, which
hence produces banding structures of austenite, as revealed
in Fig. 5. Such austenite bands lead to local growth condi-
tions such as encountered in thin films for the concurrent
ferrite recrystallization. Therefore, further growth of
recrystallizing ferrite grains along the compression direc-
tion will be topologically restricted. This effect results in
Fig. 5. Simulated microstructure (left) and the carbon concentration field (wt.%
t2 = 5 s, (b) t4 = 20 s; (c) t6 = 40 s during the isothermal holding of 760 �C. In t
pearlite-nucleated austenite; the small-sized red patches (image left-hand sid
the recrystallized ferrite and the white indicate unrecrystallized ferrite (image l
The images on the right-hand side indicate the distribution of carbon. (For in
referred to the web version of this article.)
a slow recrystallization rate [43]. Moreover, with the
recrystallization front traversing across the region between
the closely spaced austenite colonies, the strongly curved
moving boundaries would experience pinning at the inter-
faces in conjunction with different constituents, which also
slows down the recrystallization rate.

The pearlite-nucleated austenite forms with relatively
high carbon concentrations, which leads to high driving
forces acting on the a/c0 interfaces moving to sweep the sur-
rounding ferrite. Therefore, rapid thickening and lengthen-
ing of the austenite bands is expected at the beginning of
the a-to-c0 dissolution. Advancing of rapid austenite thick-
ening affects the concurrent ferrite recrystallization as fol-
lows: (I) if the surrounding ferrite matrix remains
unrecrystallized, rapid thickening of the austenite bands
will consume most of the potential nucleation sites of
recrystallization located in the vicinity of prior a/P inter-
faces. As a consequence, nucleation of ferrite recrystalliza-
tion will be inhibited through the elimination of its most
favorable interface nucleation sites by the advancing aus-
tenite interfaces. This effect can be clearly observed in the
simulated microstructure in Fig. 5c. We can see that a con-
siderable amount of ferrite still remains un-recrystallized,
even after a long period of annealing up to 40 s. In these
regions, further nucleation of recrystallization is blocked
) in ferrite phase (right) at different soaking times as indicated in Fig. 4: (a)
he simulated microstructure (image left-hand side), the yellow areas are the
e) are the grain-boundary-nucleated austenite. The blue regions indicate
eft-hand side). The black lines in the figures indicate the grain boundaries.

terpretation of the references to color in this figure legend, the reader is
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completely. The recrystallization becomes dominated solely
by growing laterally into the deformed matrix. However,
the well-recovered microstructure produces extremely low
driving forces for the migration of the recrystallization
fronts, which is responsible for the prevalence of the resid-
ual deformed ferrite. (II) If the surrounding ferrite has
already been recrystallized, the intensive austenite growth
will occupy the recrystallized regions and transform them
into austenite. The recrystallization fraction hence is
decreased gradually due to the phase transformation. This
will lead to a competition of recrystallization softening and
phase transformation hardening in the material properties
as discussed in Section 5.2.

During intercritical annealing, austenite nuclei may also
appear at various ferrite grain boundaries, i.e. the aR/aR,
aR/aNR or aNR/aNR boundaries. Savran et al. [19] once pro-
vided a thermodynamic explanation on the austenite for-
mation within the intercritical temperature range. They
argued that beyond the preferable austenite formation in
the carbon-rich areas, such as pearlite, nucleation is also
possible at lower than equilibrium carbon content in aus-
tenite, which can favor nucleation on the boundaries of fer-
rite grains without contact with cementite [19]. In this case,
as indicated in Fig. 1, the austenite formation is promoted
by the carbon rejected from the ferrite-solid solution. How-
ever, subsequent growth of these austenite grains highly
depends on the carbon removal from the carbon-rich area
towards the moving c/a interface to “feed” the austenite
formation as shown in Fig. 1. This leads to very slow
migration of the c/a interface and hence small austenite
particles are formed at the ferrite boundaries, as shown
in Fig. 5. This result is consistent with the measured kinet-
ics related to the austenite nucleation and growth on fer-
rite–ferrite grain boundaries by 3-D X-ray diffraction
microscopy conducted at the level of individual grains [20].

Although the small-sized austenitic particles that form
at the ferrite grain boundaries contribute only little to the
overall volume fraction of austenite, it profoundly affects
the microstructure evolution of the recrystallizing ferrite:

1. The presence of large population of aR/aR boundaries
after recrystallization favors austenite nucleation at
these sites. However, the appearance of the small-
sized austenitic particles will impede grain coarsening
within the recrystallized ferrite by pinning the grain
boundaries and hence stabilize the microstructures.
This effect promotes microstructure refinement of
the DP steel processed by intercritical annealing.

2. At the moving aR/aNR boundaries, however, the
recrystallization front is suffering pinning due to
appearance of the fine austenitic particles. This effect
might slow down the recrystallization rate slightly.
Yet the moving interface can easily escape across
these small particles owing to insufficient pinning,
particularly at the early stage of the recrystallization.
These particles of grain-boundary-nucleated austen-
ite are then changed to be intragranularly located,
as shown in Fig. 5c. In experimental observations,
intragranular austenitic particles were usually consid-
ered to be associated with the presence of carbides
within the ferrite matrix prior to transformation that
can stimulate austenite nucleation and support the
growth by the surplus of carbon [9]. Obviously, cur-
rent simulation reveals another reasonable explana-
tion about the mechanism of their formation from
the perspective of interaction between recrystalliza-
tion and phase transformation.

3. At the aNR/aNR boundaries, the situation becomes
more complex since recrystallization and phase trans-
formation both are preferentially nucleated at these
sites. This indicates that the austenite nucleation
occurs in competition with the nucleation of ferrite
recrystallization at the aNR/aNR boundaries. How-
ever, the extensive nucleation of the fine austenite
precipitates will inversely stabilize the deformation
structure and thus hinder the ferrite recrystallization.
It will influence the subsequent development of the
microstructure in following annealing steps.

It should be pointed out that the discussions so far are
made in two dimensions based on the 2-D simulations.
This might give rise to potential limitations implied by
the 2-D nature of the simulation. In the current simulation,
the simulated domain is selected within the 2-D cut parallel
with the rolling direction, which hence contains more align-
ment-like deformation structures of ferrite grains and
pearlite colonies in the considered section compared to that
within other 2-D sections, e.g. the cross-section of the 3-D
microstructure. This indeed implies an exaggerated effect of
topological restrictions on ferrite recrystallization derived
from the initial banded microstructure, which thus leads
to a much slower recrystallization rate compared to 3-D
simulations. In addition, the pinning effect on the recrystal-
lization exerted by the formation of the small-sized austen-
ite particles in 2-D simulation is actually larger than that in
three dimensions [44]. Consequently, the intragranular
austenitic particles as shown in Fig. 5 occur less frequently
than those in the 3-D simulation such that they may be
found located mainly at the grain boundaries in current
2-D results. This might also render the 2-D recrystalliza-
tion kinetics slightly different from corresponding 3-D
results. Despite the limitations, however, current 2-D sim-
ulation presents a successful microstructural description of
the interaction between recrystallization and phase trans-
formation. We can find that the interaction between ferrite
recrystallization and austenite formation does affect not
only the transformation kinetics but also the morphology
and spatial distribution of austenite.

Fig. 6 shows the resultant microstructure as the result of
concurrent ferrite recrystallization and austenitic transfor-
mation in carbon steels derived from both the micrographs
[11] and the simulations. A detailed comparison among the
various microstructural constituents is made in Fig. 6c. It
can be seen that the simulated phase arrangement and



Fig. 6. Comparison of the resultant microstructure between the micrographs (a) and the simulations (b) as a result of competitive ferrite recrystallization
and austenitic transformation in carbon steels. Details of the various microstructural constituents are shown in (c) with (I) the austenitic islands formed
from prior pearlitic regions; (II) the austenitic patches located at the ferrite grain boundaries; (III) intragranular austenite grains; and (IV) the
unrecrystallized ferrite zone. In the simulated microstructure, the yellow areas are the pearlite-nucleated austenite and the small-sized red patches are the
grain-boundary-nucleated austenite. The blue regions indicate the recrystallized ferrite and the white zones are the unrecrystallized ferrite. The black lines
in the figures indicate grain boundaries. The micrograph result is taken from Ref. [11]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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the grain structure resemble the micrographic results very
well in both the grain morphology and their spatial distri-
bution. The present CA modeling can reproduce the recrys-
tallization and the phase transformation satisfactorily and
also match the experimental results well.

5.2. Effect of the annealing temperature

Further understanding on the interaction between
recrystallization and phase transformation can also be
made by examining the microstructure changes for differ-
ent intercritical temperatures. Fig. 7a and b shows the sim-
ulated transformation kinetics of ferrite recrystallization
and austenite formation, respectively, at different annealing
temperatures. We observe that recrystallization and phase
transformation are both promoted significantly with the
increase of the annealing temperature.
As a diffusion-controlled process, austenite formation
should be easier at higher temperature in the intercritical
regime. Firstly, the carbon solubility in austenite reduces
with the temperature increase. Therefore, less carbon is
required to form austenite at the transforming c/a interface.
The phase transformation is more facilitated and produces
larger amounts of austenite, as shown in Fig. 7b. Secondly,
higher annealing temperature leads to higher diffusivity of
carbon. Thus, transfer of carbon within the pearlite-
nucleated austenite or across the ferrite zones becomes
easier to “feed” carbon for austenite formation at the c/a
interfaces. This will evidently accelerate the phase transforma-
tion. Thirdly, both the mobility of the moving interface and
the chemical driving force for the phase transformation are
increased, which also leads to a higher transformation rate.

As a thermally activated process, ferrite recrystallization
is also enhanced upon temperature increase. Its kinetics is
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closely correlated with the progress in phase transforma-
tion, as revealed by Fig. 7a. At the ferritic temperature of
700 �C, without occurrence of phase transformation, the
recrystallized fraction increases gradually, following a typ-
ical sigmoidal curve [29]. Within the intercritical tempera-
ture range, recrystallization proceeds much faster with
increasing annealing temperature. The recrystallized frac-
tion drops significantly at the late stage of the phase trans-
formation. This declining trend becomes more obvious at
higher intercritical annealing temperatures. At the intercrit-
itical temperature of 800 �C, a distinct fraction peak
appears in the recrystallization kinetics. This microstruc-
tural result can be applied to rationalize the observed prop-
erty variation of the studied steel in more detail.

In a previous study, Peranio et al. [45] analyzed the com-
petition between ferrite recrystallization and phase trans-
formation in a cold-rolled DP steel by performing a
series of hardness measurements on differently annealed
samples. For annealed DP steels, the softening effect caused
by ferrite recrystallization is responsible for the hardness
reduction, whereas hardness increase is correlated with
the ongoing austenite formation during annealing as it
turns into martensite after quenching. Therefore, the
hardness of the steel after quenching is a consequence of
the dynamic balance between ferrite recrystallization soft-
ening and phase transformation hardening, as shown in
Fig. 8. However, the hardness measurement alone is an
integral measure and does not include any topological
information on the development of the different micro-
structural constituents, be it the recrystallized ferrite dis-
persion or the transformed austenite or, respectively,
martensite fraction. The current simulation can provide
this information, and hence enables a closer inspection of
the kinetic and morphological interactions between the
two metallurgical processes on a microscopic level as well
as their mechanical consequences.

In Fig. 8, we observe that at the ferritic temperature of
695 �C the hardness decreases gradually with annealing
time and then remains constant during the subsequent
transformation. This course reveals the individual soften-
ing process associated with ferrite recrystallization, as
shown by the simulation result for 700 �C in Fig. 7. The
hardness minimum corresponds to the state where the fer-
rite recrystallization is completed. When the temperature
increases within the lower intercritical temperature range
(e.g. see hardness data and microstructures at T = 725 �C
and 740 �C), the reduction in hardness is faster due to the
accelerated ferrite recrystallization. However, in these cases
the hardness increases continuously. This is attributed to
the ongoing phase transformation, which leads to an
increase in the martensite volume fraction after quenching.
At the medium intercritical temperature regime (e.g.
T = 770 �C), the hardness is observed to decrease slowly
at the early stage of the transformation. Surprisingly, the
hardness drops much more slowly compared to the decline
observed at lower temperatures. This is attributed to the
fact that in the experiments the ferrite recrystallization
accelerates with increasing temperature, as seen in the sim-
ulation at 780 �C, whereas the recrystallization softening is
gradually compensated by the competing hardening associ-
ated with the phase transformation. When the hardening
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effect through an increase in the martensite fraction exceeds
the ferrite recrystallization softening, the effective hardness
rises again before reaching a minimum value. A micro-
structural example of this interaction can be found in the
simulation at 780 �C in Fig. 7. When the temperature
increases to a value above the intercritical temperature of
830 �C, ferrite recrystallization and phase transformation
are both accelerated significantly. The rapid recrystalliza-
tion softening leads to a very rapid reduction in hardness.
It is observed that the hardness already decreases to
230HV5 after a short annealing time of 10 s. Thereafter,
the hardness increases sharply again owing to the rapid
austenite formation. The phase transformation proceeds
to such an extent that the hardness increases above the
value observed after the initial cold rolled sheets. The cor-
responding microstructural prediction of this process is
shown by the simulation results obtained for 800 �C in
Fig. 7.

It is clear that the present modeling cannot in all cases
exactly reproduce all microstructural features pertaining
to a specific set of experimental parameters of the studied
DP steel. However, it enables us to reveal and manipulate
the details of the competing microstructural mechanisms
with the aim to design optimal microstructures. For
instance, in the current model, the incubation time both
of the recrystallization and for the phase transformation
is not taken into account. This might cause a discrepancy
between the hardness measurements and the kinetics
extracted from the microstructural simulations, especially
within the lower intercritical temperature region. With
the temperature increasing, however, the incubation time
is decreased significantly [45] and the effect of the incuba-
tion time becomes negligible.

Fig. 9 shows the simulated microstructure and associ-
ated carbon concentration fields in austenite after the iso-
thermal annealing up to 40 s at three different
temperatures. In the right-hand-side images, the carbon-
depleted areas where the carbon concentration is below
0.01 wt.% indicate the ferrite phase. During the intercritical
annealing, the austenite forms preferentially within the iso-
lated pearlite colonies with different sizes and then grows
up gradually controlled by the carbon diffusion in austen-
ite. However, the carbon diffusion distance is determined
by the grain size of the isolated austenite islands. As a
result, carbon concentration variations exist among the dif-
ferent austenite grains due to the inhomogeneous morphol-
ogy of the microstructure at all three temperatures (Fig. 9).
Moreover, significant carbon concentration gradients are
still sustained within some large austenite regions. This
result indicates that the growth rates of individual austenite
grains can substantially differ from each other during
transformation.

Fig. 9 reveals further important effects regarding the dis-
tribution and morphology of the austenite. At 800 �C the
pearlite-nucleated austenite and the grain-boundary-
nucleated austenite both prevail significantly compared to
that at lower temperatures. Relatively large austenite
islands can be observed as well as isolated fine austenite
islands that are distributed on the ferrite boundaries, form-
ing a necklace-type arrangement of new grains along the
grain boundaries. At lower temperatures, however, the aus-
tenite grains that were formed at the ferrite grain bound-
aries are substantially smaller. Furthermore, the density
of these austenite nuclei is also decreased drastically. We
find that the formation of pronounced austenite banding
is more pronounced at lower temperatures in comparison
with the microstructure obtained after higher-temperature
annealing. Another result is that at lower annealing tem-
perature, intragranular austenite occurs more frequently
than that at higher temperature. This is because the recrys-
tallization occurs so rapidly at higher annealing tempera-
tures that the austenite prefers to nucleate at the ferrite
grain boundaries after recrystallization is completed. At
lower intercritical temperature, however, the austenite that
nucleated within the partially recrystallized structure easily
changes to an intragranular mode due to the rapidly
expanding recrystallizing ferrite grains that grow around
the austenite nuclei. The associated microstructural fea-
tures are in accordance with this analysis and are also
matched by the temperature-dependent hardness evolution.

5.3. Effect of the heating rate

The microstructures and properties arising from anneal-
ing processes that involve transformation phenomena
strongly depend on the heating rates ( _R) employed. This
applies also for the competition between phase transforma-
tion and recrystallization. To examine the effect of the ini-
tial heating rate in more detail, two distinct heating rates of
5 and 50 �C s�1 were tested. Fig. 10 compares the temporal
evolutions of the overall austenite fraction during the iso-
thermal holding at 760 and 780 �C, respectively, for the
two different heating rates. Fig. 11 shows the correspond-
ing resulting microstructures when just heating to the iso-
thermal temperature and after isothermal holding up to
60 s at 760 �C for the two initial heating rates. We observed
that both the transformation kinetics and resulting micro-
structures change profoundly under these different reheat-
ing conditions.

In general, at lower heating rates, the recrystallization
starts earlier than the austenite transformation [45]. Hence,
under these constraints, sufficient time is available for
recrystallization to take place during the heating process.
Fig. 12 shows the simulated kinetics of ferrite recrystalliza-
tion upon heating at a rate of 5 �C s�1 together with the
evolving microstructure. We observe that most of the
deformed ferrite matrix has been replaced by equiaxed
recrystallized ferrite grains before austenite formation
starts. The presence of a large fraction of recrystallized fer-
rite will facilitate subsequent austenite formation at the fer-
rite boundaries. The results shown in Fig 11c reveal that
the phase transformation has been stimulated both at the
ferrite grain boundaries and within the prior pearlitic zones
before reaching the soaking temperature. In this scenario,



Fig. 9. Simulated microstructure (left) and carbon concentration field (wt.%) in the austenite phase (right) after isothermal holding of 40 s at different
soaking temperatures: (a) T = 800 �C, (b) T = 760 �C; (c) T = 720 �C during isothermal intercritical annealing. In the simulated microstructure, the yellow
areas are the pearlite-nucleated austenite and the small-sized red patches are the grain-boundary-nucleated austenite. The blue regions indicate
recrystallized ferrite and the white zones are unrecrystallized ferrite. The black lines in the figures indicate the grain boundaries. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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extensive growth of the boundary-nucleated austenite is
promoted with significant competition with the pearlite-
nucleated austenite during isothermal holding. As a result,
a network of fine and evenly distributed austenite islands is
formed along the boundaries for the lower initial heating
rate. When the heating rate is increased, both recrystalliza-
tion and phase transformation are delayed. As shown in
Fig. 11a, although the pearlite-to-austenite transformation
process is relatively fast, the pearlite does not dissolve com-
pletely during heating at the given rate of 50 �C s�1.
Recrystallization and phase transformation then take place
simultaneously during the subsequent isothermal holding.
Compared with the case of the lower heating rate, austenite
nucleation at the ferrite boundaries is strongly delayed.
Associated with this is the preferential growth of the pearl-
ite-nucleated austenite without significant competition
from the boundary-nucleated austenite. Conversely,
growth of the grain-boundary-nucleated austenite is ham-
pered. As a result, at higher heating rates a complex micro-
structure is formed that is composed of a pronounced
banded structure containing smaller austenite patches. This
simulation result is consistent with the experimental find-
ings that a morphological transition occurs from randomly
distributed to a more banded structure of austenite when
increasing the heating rate [11].

Another result of interest is that although significant dif-
ferences exist in the austenite volume fraction at the initial
stage of the isothermal annealing for various initial heating
rates, these differences should eventually disappear; i.e.
given enough soaking time, the steel will reach the
equilibrium austenitic fraction at the given intercritical



Fig. 11. Simulated microstructures both at the beginning of isothermal holding (a, c) and after isothermal holding of 60 s (b, d) at 760 �C with initial
heating rates of 50 and 5 �C s�1, respectively: (a) t = 0 s, _R = 50 �C s�1; (b) t = 60 s, _R = 50 �C s�1; (c) t = 0 s, _R = 5 �C s�1; (d) t = 60 s, _R = 5 �C s�1. In
the microstructures depicted, the yellow areas represent the pearlite-nucleated austenite and the small-sized red patches are the grain-boundary-nucleated
austenite grains. The blue regions indicate the recrystallized ferrite and the white zones indicate the unrecrystallized ferrite. The dark gray regions are the
pearlite colonies. The black lines in the figures indicate grain boundaries. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 12. Simulated kinetics of ferrite recrystallization together with the
corresponding microstructure changes during continuous heating at a rate
of 5 �C s�1. In the microstructures, the blue regions indicate the
recrystallized ferrite and the white zones are unrecrystallized ferrite. The
dark gray regions are the pearlite colonies. The black lines in the figures
indicate grain boundaries. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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temperature, as seen in Fig. 10. The difference in austenite
fractions is vanishing much faster at higher annealing tem-
peratures. This is due to the accelerated transformation
when increasing the annealing temperature.

However, it should be pointed out that in this simula-
tion, the effect of the stored deformation energy as an addi-
tional portion to the driving force for phase transformation
is not considered. Therefore, acceleration of the austenite
formation due to the non- or partial recrystallization, i.e.
the preferred nucleation and faster austenite growth in
non-recrystallized microstructures [46] cannot be simulated
by this model. This thus might cause discrepancies of
current simulation results with the experimental findings
by several other authors [10,47] in the effect of the heating
rate on the kinetics of austenite formation during the
reheating process. For example, Andrade-Carozzo and Jac-
ques [47] found a considerable increase in martensite vol-
ume fraction with increasing heating rate and they
attributed these microstructural changes to the preserva-
tion of the defect structure in the non-recrystallized ferrite
owing to the rapid reheating and hence increasing the aus-
tenite nucleation rate. Despite the above-mentioned limita-
tion, however, the observed morphological transitions as
functions of heating rates are well reproduced by the cur-
rent simulations.

It should also be pointed out that in CA models the grid
size is usually of the order of 0.1 lm, which is too coarse to
describe individual lamellae of ferrite and cementite in
pearlite. Therefore, spheroidization and dissolution of
cementite lamellae in pearlite colonies cannot be involved.
Thus, the pearlite has to be treated as an effective phase in
the current approach. Under these constraints, the effect of
cementite spheroidization and dissolution on both austen-
ite formation and ferrite recrystallization, especially from
broken and scattered cementite fragments, cannot be simu-
lated. Consequently, further improved CA model concepts,
e.g. with a more refined grid size, is required to capture also
these more subtle and fine scaled microstructural character-
istics during intercritical austenite formation in ferrite–
pearlite structures. This next step would require separate
descriptions of cementite dissolution and the possible aus-
tenite formation at the ferrite–cementite interfaces,
together with a careful introduction of the initial spatial
distributions of the lamellar ferrite–cementite aggregates
in the starting microstructure for simulation as presented
in Refs. [42,48].
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6. Conclusions

In this work, we develop and use a modified 2-D CA
model to investigate concurrent ferrite recrystallization
and austenitic transformation during intercritical annealing
of cold-rolled DP steels. This simulation provides insight
into the microstructural phenomena that result from the
interaction of primary recrystallization and phase transfor-
mation. The simulation shows that the interaction between
ferrite recrystallization and austenite formation affects not
only the transformation kinetics but also the morphology
and spatial distribution of austenite.

The results show that ferrite recrystallization and phase
transformation are both promoted significantly with an
increase in annealing temperature. Both phenomena are
kinetically closely connected. From that we can interpret
the experimentally observed temperature-dependent hard-
ness data and their dependence on the two metallurgical
processes. Increasing the annealing temperature is found
to be favorable for the formation of austenite necklace
structures along the grain boundaries.

The results also show that increasing the heating rates
produces a variety of initial microstructures ranging from
fully recrystallized to partially recrystallized structures
prior to austenite formation, which affects the subsequent
austenite distribution significantly. We observed that a
morphology occurs from randomly distributed to a banded
structure of austenite when increasing the initial heating
rate. This morphology trend is consistent with experimen-
tal findings.
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