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A B S T R A C T

Ferrite recrystallization and austenite formation occurring during annealing of cold-rolled advanced high-
strength steels are key mechanisms as they largely determine the final microstructure and mechanical properties.
However, the influence of processing parameters on these mechanisms and their interactions is still not fully
understood. This is particularly the case for Dual-Phase steels having an initial cold-rolled microstructure con-
sisting of ferrite and martensite before annealing, which were scarcely investigated compared to ferrite-pearlite
initial microstructures. In situ synchrotron X-ray diffraction experiments together with post-mortem metallo-
graphic analysis allowed clarifying both ferrite recrystallization and austenite formation during annealing of a
ferrite-martensite initial microstructure depending on the process parameters of the annealing cycle. Results
showed a major influence of recrystallization state on austenite formation, leading to an unexpected effect of
heating rate on austenite formation kinetics. A modeling approach was undertaken to rationalize the influence of
heating rate on austenite formation by taking into account the bi-phased ferrite-martensite initial microstructure
and the effect of ferrite recrystallization state.

1. Introduction

The steel industry is facing great challenges in the development of
advanced high-strength steels designed to improve the fuel efficiency of
automobiles without compromising their safety, performance and af-
fordability. Dual Phase (DP) steels have been developed for this purpose
and have become reference materials for these applications. They offer
significant weight-saving potential thanks to their high strength and
exhibit a good compromise between strength and formability [1–3].
The final microstructure of DP steels consists of hard martensite islands
dispersed in ferritic and sometimes bainitic matrix. Processing steps for
cold-rolled products include successive hot-rolling, cold-rolling, an-
nealing and subsequent cooling. Annealing of cold-rolled sheets consists
in heating and soaking in the intercritical temperature range, producing
a mixture of ferrite and austenite phases. Austenite decomposition
during cooling leads to the final Dual Phase microstructure. As the final

microstructure directly inherits from the austenite-ferrite mixture ob-
tained at the end of annealing, a broad knowledge of microstructure
formation during this stage is of prime importance for the design of
industrial processing routes. Microstructure formation during annealing
is the result of two major mechanisms: ferrite recrystallization and
austenite formation. They can occur simultaneously or successively and
can interact with each other depending on their kinetics. The influence
of processing parameters of the annealing cycle (heating rate, soaking
temperature and soaking time) on the kinetics and interactions of these
mechanisms has thus received much attention. The experimental stu-
dies dealing with annealing of cold-rolled DP steel grades agree that
rapid heating leads to delayed recrystallization [4–7]. Understanding
austenite formation kinetics depending on process parameters is much
more complex. Huang et al. [5] found that austenite formation during
heating of a Fe–C–Mn–Si steel with a ferrite-pearlite initial cold-rolled
microstructure is delayed when increasing the heating rate from 1 °C/s
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to 100 °C/s. A similar behavior was also observed by Azizi-Alizamini
et al. [8] in a cold-rolled low carbon steel with a ferrite-pearlite initial
microstructure. On the contrary, in a cold-rolled Fe-C-Mn-Mo steel
presenting also a ferrite-pearlite initial microstructure, the austenite
fraction as a function of temperature was found to be independent of
heating rate in the range 1 to 100 °C/s by Huang et al. [5], i.e. the rate
of austenite formation increases with heating rate accordingly and was
then e.g. 100 times faster at 100 °C/s as compared to 1 °C/s. This was
also observed by other authors in Fe-C-Mn-Si cold-rolled DP steels
[9,10]. Besides, Chbihi et al. [7] observed that the volume fraction of
austenite is much higher after continuous heating at 100 °C/s than at
1 °C/s. Kulakov et al. [11] also observed the formation of a higher
austenite fraction in case of rapid heating for a Fe-C-Mn-Si-Cr grade
having a ferrite-pearlite-bainite initial microstructure. Studies dealing
with a ferrite-martensite initial microstructure are very few: Philippot
et al. [6] showed that increasing the heating rate from 1 °C/s to 10 °C/s
has very little effect on austenite volume fraction formed during
heating. However, all studies [5–7,9,11] agree that increasing the
heating rate favors the overlap of ferrite recrystallization and austenite
formation, which results in a finer and more heterogeneous micro-
structure inheriting from the initial cold-rolled microstructure. They
also revealed a significant acceleration of austenite growth during
isothermal soaking when increasing the heating rate. This behavior is
mainly attributed to the delayed recrystallization of ferrite, which is
thought to provide additional nucleation sites for austenite and enhance
the growth rate of austenite thanks to high density of defects in non-
recrystallized ferrite [11].

The difficulty in understanding and predicting austenite formation
kinetics depending on process parameters thus relies on this effect of
recrystallization state. As recrystallization state also depends on other
factors including the microstructure obtained after cold-rolling [11]
and the nominal composition [12,13] which in turn affect austenite
formation, the kinetics and interactions of ferrite recrystallization and
austenite formation can be very different for various steels.

In order to bring some clarifications regarding this microstructure
development coming from the interrelation of ferrite recrystallization
and austenite formation in the case of a ferrite-martensite initial cold-
rolled microstructure, the present study investigates both mechanisms
during annealing of a cold-rolled Dual Phase steel grade using various
heating rates and complementary experimental techniques of in situ
synchrotron X-ray diffraction and post-mortem metallographic analysis.

2. Materials and experimental procedure

The steel under investigation is a low carbon Dual Phase steel. Its
nominal composition is 0.075C-2.5Mn-0.3Cr-0.3Si-0.028Nb-0.027Ti-
0.002B-0.004N-Fe (balance) (in weight percent). Laboratory ingots
were obtained from a slab pilot caster and hot-rolled followed by cold-
rolling down to a thickness of 1.25mm. The microstructure obtained
after cold-rolling and before annealing is composed of martensite is-
lands (30%±5%) embedded in a ferrite matrix (Fig. 1).

Recrystallization kinetics during annealing was investigated by
post-mortem metallographic analysis and austenite formation kinetics
was determined by metallographic analysis and in situ synchrotron X-
ray diffraction.

Post-mortem metallographic analysis was carried out after con-
tinuous heating of cold-rolled sheets (12mm length and section of
3× 1.25mm2) using DT 1000 thermal simulator and interrupted at
different temperatures between 650 °C and 830 °C by helium blowing.
Heating rates of either 1 °C/s or 10 °C/s were used. Cooling rates were
higher than 300 °C/s to transform the austenite into fresh martensite
during cooling. The annealed samples were prepared by standard me-
tallographic techniques, etched with Dino solution (140ml of distilled
water, 100ml of H2O2, 4 g of oxalic acid, 2 ml of H2SO4, and 1.5ml of
HF) and observed at ¼ of the sheet thickness using FEG-SEM JEOL®
JSM-7800F microscope. Non-recrystallized ferrite zones are elongated

and appear with surface irregularities whereas recrystallized ferrite
grains are polygonal and appear with a smooth surface. Fresh marten-
site is strongly etched and has a typical rough aspect. Phase fractions
were obtained by manual phase identification and image analysis of
FEG-SEM images.

In situ synchrotron high-energy X-ray diffraction (HEXRD) analysis
was carried out at beamline P07B of PETRA III storage ring in DESY
(Deutsches Elektronen-Synchrotron, Hamburg, Germany). The experi-
mental set-up was composed of a Bähr DIL805 A/D dilatometer mod-
ified with two windows on the beam path and a 2-D image plate de-
tector. The measurements were conducted in transmission geometry
using a photon energy of 87 keV (wavelength λ=0.1425 Å) and a
beam size of 0.7× 0.7 mm2. Samples of 7mm length and section of
4×1.25mm2 were cut from the cold-rolled sheets and mounted on the
dilatometer so that the incoming X-ray beam made a 45° angle with the
sample length direction to limit the effect of texture coming from the
successive hot-rolling and cold-rolling steps. The sample was heated up
by an induction coil open in the middle so that the beam passes only
through the sample [14]. Temperature measurements were recorded by
Pt/Pt–Rh thermocouples which were spot-welded on the 7mm×4mm
surface of the sample. The dilatometer chamber was maintained under
vacuum (5·10−2 Pa) during the experiment. Heat treatment cycles
consisted in continuous heating using five different heating rates (0.25,
1, 5, 10 and 50 °C/s) up to 900 °C followed by He blowing. Cycles
composed of continuous heating at 1 or 10 °C/s followed by 120 s
soaking at 700 °C, 750 °C and 790 °C were also carried out. The dif-
fraction patterns were recorded by a 2-D image plate detector Perkin
Elmer XRD 1621 with a pixel size of 200 μm and a pixel grid of
2048×2048 with an acquisition time of 0.1 s. The small wavelength
led to small diffraction angles (< 10°) and allowed the collection of
complete sets of Debye–Scherrer rings. Fit2D software [15] was used for
the integration of the diffracted intensities according to the azimuthal
angles. The geometry of the detector was calibrated with reference to
the diffraction geometry using LaB6 standard powder. Fig. 2 shows an
example of raw data consisting of a diffraction pattern recorded during
the in situ experiment (Fig. 2(a)) and the corresponding azimuthally
integrated diffraction pattern obtained after integration by Fit2D
(Fig. 2(b)).

Phase fractions of ferrite and austenite were derived from azi-
muthally integrated XRD patterns using Rietveld refinement method
implemented in FullProf software [16]. The contribution of cementite
to the global volume fraction was assumed to be negligible as it could
not be detected in the integrated XRD pattern due to insufficient vo-
lume fraction and/or size (the estimated maximum volume fraction and
size of cementite particles are 1.1%vol. and 150 nm, respectively). A
pseudo-Voigt function was selected to describe ferrite and austenite
peak shape and for each pattern the cyclic refinement option available
in Fullprof was used to refine the following parameters: the

F 

’ 

Fig. 1. Initial microstructure of the cold-rolled sheet made of martensite (α′)
and ferrite (F) (SEM micrograph).
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background, which was modeled as a polynomial function, scale fac-
tors, lattice parameters, peak widths, the peak shape (Gaussian Lor-
entzian components) and the overall isotropic temperature factor.

Formation of recrystallized ferrite grains is evidenced on XRD pat-
terns by the appearance of sharp spots on Debye-Scherrer rings
(Fig. 3(b)). These spots appear and increase in intensity with the for-
mation and growth of recrystallized grains [17]. Visual inspection of
XRD patterns thus allows quick estimation of ferrite recrystallization
start temperature during heating.

3. Results

3.1. Austenite formation kinetics during continuous heating

3.1.1. In situ synchrotron X-ray diffraction experiments

Austenite formation kinetics during annealing was first investigated
using in situ synchrotron X-ray diffraction experiments. The austenite
fraction measured by this technique during continuous heating ex-
periments using a broad range of heating rates (0.25, 1, 5, 10, 50 °C/s)
is represented in Fig. 4. Comparison of austenite fraction as measured
by HEXRD and by image analysis of SEM micrographs (metallography)
for 10 °C/s shows a satisfactory agreement.

Results reveal a trend of increasing Ac1 temperature with increasing
heating rate and show that austenite nucleation is shifted towards
higher temperatures when increasing the heating rate from 1 °C/s to
10 °C/s. The shift in Ac1 temperature is however not significant when
increasing the heating from 0.25 °C/s to 1 °C/s or from 10 °C/s to 50 °C/
s. If Ac1 temperatures are overall ranging according to the heating rates,
the slope of austenite fraction as a function of temperature is slower in

case of lower heating rates (0.25 °C/s and 1 °C/s). As a consequence, the
austenite fraction formed at a given temperature is not systematically
smaller when increasing the heating rate. In particular, austenite frac-
tion formed during heating at 5 °C/s becomes higher than the austenite
fraction formed during heating at 1 °C/s for T > 730 °C, and it becomes
even higher than the austenite fraction formed during heating at
0.25 °C/s for T > 790 °C. Thus increasing the heating rate does not
systematically result in smaller austenite fraction at a given tempera-
ture, as it could be expected for a thermally-activated mechanism.

As ferrite recrystallization state has been reported to have an in-
fluence on austenite formation [4–8], ferrite recrystallization was also

(a) (b)

Fig. 2. X-ray diffraction patterns (a) as recorded by the flat panel detector during in situ experiments (b) as obtained after integration with Fit2D software.

(a) (b)

Fig. 3. Evidence of ferrite recrystallization on diffraction patterns during continuous heating at 5 °C/s (a) at 649 °C and (b) at 697 °C. Arrows indicate sharp spots due
to recrystallized grains on {200}α ring.
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Fig. 4. Austenite fraction formed during continuous heating in case of various
heating rates: 0.25, 1, 5, 10 and 50 °C/s (in situ HEXRD results).
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investigated by the previously described in situ synchrotron XRD ex-
periments. Recrystallization start temperatures determined by visual
inspection of XRD patterns during continuous heating are represented
in Fig. 5 for the various investigated heating rates. Results reveal a
continuous increase of recrystallization start temperature when in-
creasing heating rate from 0.25 °C/s to 10 °C/s. For the highest heating
rate of 50 °C/s, ferrite Debye-Scherrer rings disappear before any ap-
pearance of sharp spots, indicating negligible recrystallized ferrite
fraction during heating at 50 °C/s. These results clearly show that the
recrystallization state when austenite starts to form is significantly
different depending on the heating rate.

3.1.2. Post-mortem metallographic analysis

Microstructural changes during continuous heating were further
investigated using post-mortem metallographic analysis in the case of
two heating rates: 1 °C/s and 10 °C/s. Contrary to XRD results origi-
nating from the whole sample thickness, metallographic analyses were
conducted in the ¼ of the sheet thickness, which classically gives an
average representation of the whole microstructure. Examples of mi-
crostructural observations are illustrated in Fig. 6.

3.1.2.1. Continuous heating at 1 °/s. Heating the cold-rolled ferrite-
martensite microstructure at 1 °C/s until 670 °C leads to a mixture of
ferrite and cementite resulting from the tempering of martensite
(Fig. 6(a)). Observations reveal the presence of cementite-rich regions
corresponding to former martensite islands of the cold-rolled sheet
(dotted rectangles in Fig. 6(a)). At 670 °C, ferrite is still mostly non-
recrystallized. First recrystallized grains smaller than 1 μm can however
be distinguished in former martensite islands (green arrows in
Fig. 6(a)). During heating between 670 °C and 690 °C, ferrite
recrystallization progresses by nucleation and growth. At the end of
heating at 750 °C, ferrite is almost fully recrystallized (Fig. 6(d)).

First austenite nuclei can be seen at 690 °C (black holes in Fig. 6(b)).
These first austenite grains nucleated at triple junctions. Between
690 °C and 710 °C, austenite formation occurs essentially by nucleation
(Fig. 6(b) and (c)). Austenite nucleation sites are regions with high
cementite density located in former martensite islands, which mostly
correspond to triple junctions and recrystallized ferrite grain bound-
aries. Cementite particles located inside recrystallized ferrite grains are
second-order nucleation sites. In case of heating at 1 °C/s, the advanced
recrystallization state when austenite nucleates leads to homogeneous
spatial distribution of austenite nucleation sites, and thus an homo-
geneous microstructure composed of austenite grains nucleated around
recrystallized ferrite grains (Fig. 6(d)).

3.1.2.2. Comparison of 1°/s and 10 °/s heating rates. Comparing the
microstructural features obtained in case of slow heating at 1 °C/s and

faster heating at 10 °C/s (Fig. 6(e) and (f)) brings first conclusions about
the influence of heating rate on ferrite recrystallization and austenite
formation.

Micrographs obtained at the end of heating at 710 °C (Fig. 6(c) and
(e)) show that ferrite recrystallization is strongly retarded when in-
creasing the heating rate from 1 °C/s to 10 °C/s: recrystallization has
already well progressed when heating at 1 °C/s (Fig. 6(c)) while it has
barely started when heating at 10 °C/s. Comparing Fig. 6(c) and (e) also
shows that austenite nucleation is delayed when increasing the heating
rate. At 710 °C, very few austenite islands are visible after heating at
10 °C/s while a significant amount of austenite islands (blue arrows on
(c)) formed during heating at 1 °C/s. Nucleation sites for austenite are
identical for the two heating rates: cementite particles located at triple
junctions or recrystallized ferrite grain boundaries. However, their
spatial distribution and their number are completely different de-
pending on the heating rate. Delayed ferrite recrystallization in case of
higher heating rate leads to concentration of austenite nucleation sites
in ferrite recrystallized zones coming from former martensite islands. A
higher heating rate also results in smaller recrystallized ferrite grain
size due to delayed recrystallization but also to smaller and more nu-
merous cementite particles. The number density of austenite nucleation
sites is thus higher in case of higher heating rate. The austenite-ferrite
microstructure is less homogeneous as it contains some regions com-
posed of a fine mixture of recrystallized ferrite and austenite grains
concentrated in the former martensite islands.

The influence of heating rate on ferrite recrystallization state when
austenite starts to form thus determines the number and location of
austenite nucleation sites. This leads to very different ferrite-austenite
microstructures depending on the heating rate.

Phase fractions determined by analysis of SEM images are sum-
marized in Fig. 7. Results confirm that recrystallization kinetics is
strongly shifted towards higher temperatures when increasing the
heating rate from 1 °C/s to 10 °C/s. However, austenite volume fraction
is similar for the two investigated heating rates despite very different
microstructures (Fig. 6). Fig. 7 clearly shows that recrystallization has
already well progressed when austenite starts to form in case of heating
at 1 °C/s while it has barely started in case of heating at 10 °C/s: at the
end of heating at 710 °C, non-recrystallized ferrite fraction is 0.16 and
0.96 (± 3% vol.) in case of heating at 1 °C/s and 10 °C/s, respectively.

In order to clarify the influence of heating rate on austenite for-
mation, the density and mean size of austenite grains after continuous
heating are represented for the two heating rates of 1 °C/s and 10 °C/s
until 790 °C in Fig. 8. Results confirm that austenite nucleation is
shifted towards higher temperatures when increasing the heating rate
(Fig. 8(b)). They also reveal that higher heating rate leads to higher
density of austenite islands but smaller mean area (Fig. 8(a)), resulting
in similar austenite fractions compared to the lower heating rate
(Fig. 8(c)). Despite the strong effect of heating rate on size and density
of austenite islands, austenite fraction as a function of temperature is
similar for the two investigated heating rates because the effects of size
and density compensate in this case.

3.2. Austenite formation kinetics during isothermal soaking

The evolution of austenite fraction obtained by in situ synchrotron
XRD experiments in case of 120 s isothermal soaking after heating at
1 °C/s or 10 °C/s is summarized in Fig. 9. Recrystallized ferrite fractions
measured by post-mortem analysis at the beginning of soaking are also
presented. They show that recrystallization state is much less advanced
after a fast heating at 10 °C/s. XRD results reveal that the increase in
austenite fraction during soaking is greater after fast heating. This leads
to higher austenite fractions after fast heating from the very beginning
of soaking. Austenite fraction at the end of 120 s soaking is higher in
case of fast heating and can be higher than the austenite fraction cal-
culated under ortho-equilibrium conditions.
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4. Discussion

4.1. Effect of heating rate on recrystallization and austenite formation

Both in situ synchrotron XRD experiments and post-mortem me-
tallographic analysis revealed a strong shift of ferrite recrystallization
kinetics towards higher temperatures when increasing the heating rate.
This shift is due to thermal activation, as reported in the literature [18]:

lower heating rates promote the recrystallization process by increasing
the time spent at each temperature.

The effect of heating rate on austenite formation is less obvious.
Indeed, experimental results show that austenite formation kinetics is
not simply shifted towards higher temperatures with increasing heating
rate. In particular, increasing the heating rate can result in higher
austenite fraction at a given temperature. These results indicate that the
kinetics of austenite formation does not result from a unique thermally-

(c) (d) 

(a) (b) 

(e) (f) 

670°C-1°C/s 690°C-1°C/s 

710°C-1°C/s 750°C-1°C/s 

710°C-10°C/s 750°C-10°C/s 

Fig. 6. Microstructures obtained at the end of heating at 1 °C/s at (a) 670 °C (b) 690 °C (c) 710 °C (d) 750 °C and at the end of heating at 10 °C/s at (e) 710 °C and (f)
750 °C (SEM-FEG). Dotted red, full green and open blue arrows indicate non-recrystallized ferrite, first recrystallized grains and austenite islands, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(a) (b)

Fig. 7. Phase fractions during continuous heating at (a) 1 °C/s and (b) 10 °C/s.
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activated mechanism. They suggest that the promoting effect of higher
heating rates on austenite formation is related to the ferrite re-
crystallization kinetics. Indeed, delayed recrystallization in case of
higher heating rate brings several consequences:

- higher density of austenite nucleation sites (Fig. 8(b)),
- faster cementite dissolution kinetics due to its smaller size, which
provides C release necessary for the austenite growth [19,20],

- accelerated diffusion in non-recrystallized ferrite due to the pre-
sence of defects [21],

- possibly different nature of the local equilibrium at the ferrite-aus-
tenite interface [7].

All these consequences are likely to promote austenite formation.
Austenite formation kinetics during isothermal soaking also reveals this
promoting effect of a high heating rate since austenite fraction is higher
from the very beginning of soaking following fast heating. This may be
due to the growth of austenite from a superior density of austenite
grains at the end of fast heating (Fig. 8(b)). The other factors listed
above may also contribute to the accelerated austenite formation
during soaking after a fast heating. Our results show that austenite
fraction can be higher than the ortho-equilibrium fraction. This has
already been observed in other studies [5–7] in case of isothermal
soaking treatments applied after fast heating of cold-rolled micro-
structures. This overrun of maximum fraction may be a transitional
regime preceding a decrease of austenite formation after a long time to
reach equilibrium.

Another key result is the influence of heating rate on the mor-
phology of the ferrite-austenite microstructure. Increasing the heating
rate results in a higher density of austenite nuclei formed in prior
martensite regions from the cold-rolled microstructure due to the less
advanced recrystallization state. The heating rate has thus a strong
impact on the morphology of the microstructure as increasing the
heating rate leads to more heterogeneous ferrite-austenite micro-
structures.

4.2. Modeling ferrite recrystallization and austenite formation during

annealing

In order to clarify the influence of heating rate on austenite for-
mation and particularly the influence of ferrite recrystallization on
austenite formation, a modeling approach of coupled ferrite re-
crystallization and austenite formation during annealing is proposed.
Some modeling approaches are already present in the literature cou-
pling ferrite recrystallization and austenite formation during inter-
critical annealing using different degree of complexity from Johnson-
Mehl-Avrami-Kolgomorov equations [22,23], phase-field modeling
[24] to cellular automaton model [25,26]. The aim of the present
modeling approach is to develop a phenomenological approach as
simple as possible to rationalize the effects observed experimentally.
These effects are (i) the influence of heating rate on austenite formation
in the absence of ferrite recrystallization, and (ii) the indirect effect of
ferrite recrystallization kinetics on the austenite formation kinetics.

Ferrite recrystallization and austenite formation during annealing of
a cold-rolled ferrite-martensite microstructure are modeled using the
constitutive equations of Johnson-Mehl-Avrami-Kolgomorov (JMAK)
theory [27–29]. The two transformations are treated simultaneously
using the approach described by Jones and Bhadeshia [30]. Calculating
the variation of recrystallized ferrite fraction dfαREX

from the variation of
extended recrystallized ferrite fraction dfαREX

e(Eq. 1) not only involves
the recrystallized ferrite fraction but also the austenite fraction:

= − −df t f t f t df t( ) (1 ( ) ( )). ( ).α α γ α
e

REX REX REX (1)

Assuming site saturation, the extended recrystallized fraction is
given by (Eq.2):

∫= ⎛

⎝
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NREX is the number of recrystallization sites per unit volume, con-
sidering that nucleation is instantaneous. The mobility of the re-
crystallization front MREX is temperature-dependent and the driving
force for recrystallization EREX is linked to the stored energy of de-
formation, determined by the dislocation density ρ:
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2
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(4)

D0
gb and Qgb are respectively the pre-exponential factor and the ac-

tivation energy for grain boundary mobility, VFe(α) is ferrite molar vo-
lume (7.11cm3.mol−1) and λ is the grain boundary thickness (0.25 nm).
μ is the shear modulus (8.1010 J.m−3) and b is the Burgers vector
(2.5.10−10m).

The variation in austenite volume fraction is expressed as a function
of the variation of the extended austenite fraction (Eq. 5). Austenite is
assumed to form both in recrystallized ferrite and non-recrystallized
ferrite, and indifferently in these two phases:

= −df t f t df t( ) (1 ( )). ( ).γ γ γ
e

(5)

Considering radial growth geometry for austenite grains, the var-
iation of extended austenite fraction is given by (Eq. 6):

=
df t

dt
π N R t

dR t

dt

( )
4 . . ( ) .
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e

γ γ
e γ

e
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where Nγ is the number of austenite nucleation sites per unit volume
and Rγ

e is the extended mean austenite radius. Its growth rate (Eq. 7)
can be expressed as a function of the mobility of the α/γ interfaceMαγ(t)
and the driving force for α→ γ transformation ΔGγ(t):

=
dR t

dt
M t G t

( )
( ). ∆ ( ).

γ
e

αγ
γ (7)

Combination of (Eq. 6) and (Eq. 7) gives the growth rate of the
extended austenite fraction (Eq. 8):

=
df t
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We express the mobility of the α/γ interface by an Arrhenius law:

⎜ ⎟= ⎛
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with M0 (mol.m.J−1.s−1) and Qγ (en J.mol−1) the pre-exponential
factor and the activation energy for the interface mobility. ΔGγ is the
transformation driving force, expressed as a function of the deviation
from the austenite equilibrium fraction fγ

eq:

= −G t G f t f t∆ ( ) ∆ ( ( ) ( )),γ γ γ
eq

γ0 (10)

where ΔGγ0 (J.mol−1) is a prefactor for the driving force. The variation
of extended austenite volume fraction is finally given by (Eq. 11):
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Experimental results revealed a faster austenite formation in case of
less advanced recrystallization state. In particular, the number of aus-
tenite nucleation sites is higher (Fig. 8(b)). The influence of re-
crystallization state on austenite formation can be taken into account in
the model by the number of austenite nucleation sites per volume Nγ.
Expressing Nγ as a function of the recrystallized ferrite fraction at
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T=Ae1 according to (Eq. 12)

=N
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γ

αREX Ae

0

1 (12)

leads to an increasing number of austenite nucleation sites with less
advanced recrystallization state.

To model ferrite recrystallization and austenite formation in case of
annealing of a bi-phased ferrite-martensite cold-rolled microstructure,
the modeled system is divided into two sub-systems representing the
two phases of the initial cold-rolled microstructure: ferrite and mar-
tensite. The two sub-systems differ in dislocation density, assumed to be
higher in martensite. Higher dislocation density leads to higher re-
crystallization driving force in martensite, which is consistent with the
experimental results showing that ferrite recrystallization initiates in
former martensite islands of the cold-rolled sheets. The phases also
differ by their composition, especially in C and Mn. This is expected to
affect the kinetics in the same way as the dislocation density, i.e. higher
C and Mn lead to larger rates for austenite formation. Therefore, the
parameter ρ in the model accounts for both differences in composition
and in dislocation density. The behavior of the full system is obtained
by a summation of the two sub-systems weighted by their volume
fraction in the cold-rolled sheet (70% ferrite and 30% martensite). The
values of adjustable parameters used in the model are summarized in
Table 1.

Applying the model using a fixed number of austenite nucleation
sites equal to Nγ0 for the various heating rates allows the prediction of
the expected austenite fraction if there were no influence of ferrite re-
crystallization. Modeling results in this case are represented in Fig. 10
and show that austenite formation is strongly shifted towards higher
temperatures, which is expected in case of a thermally activated me-
chanism. The predicted austenite fraction remains close to zero for the
highest heating rate of 50 °C/s while it is closer to equilibrium fraction
for the lower heating rate of 0.25 °C/s.

Taking into account the influence of recrystallization state on aus-
tenite formation results in the modeled austenite kinetics displayed in
Fig. 11(b) in case of continuous heating. Fig. 11(a) represents the
modeled recrystallized ferrite fraction and shows that modeling results
reproduce the shift of the recrystallization mechanism towards higher
temperatures when increasing the heating rate. Introducing the influ-
ence of ferrite recrystallization state on austenite formation results in
accelerated kinetics of austenite formation in case of increasing heating
rates (Fig. 11(b)). The promoting effect of a delayed recrystallization
process leads to limited sensitivity of austenite fraction to the heating
rate (Fig. 11(b)). These modeling results taking into account the effect
of recrystallization (Fig. 11(b)) are closer to the trend observed ex-
perimentally.

Our coupled model thus supports the hypothesis of a major influ-
ence of ferrite recrystallization state on austenite formation kinetics.
This influence is modeled by introducing an effect of recrystallization
on austenite nucleation sites, but it is very likely that recrystallization
state also affects austenite formation by other means, including

cementite dissolution kinetics or carbon diffusion. The agreement with
experimental points is not perfect due to this simplified approach on the
one hand, but also due to natural dispersions in the sample [36], which
are not taken into account in the model and to the use of adjustable
parameters (see Table 1) that are not known with certainty.

In order to have a global picture of recrystallization and austenite
formation kinetics depending on the heating rate, Fig. 12 represents the
modeled phase fractions for the different investigated heating rates.
Fig. 12 shows that recrystallization state when austenite forms is totally
different depending on the heating rate. In particular, modeling results
indicate that recrystallization is completed in case of heating at 0.25 °C/
s (Fig. 12(a)) while it did not start in case of heating at 50 °C/s
(Fig. 12(e)).

The modeled temperature ranges for which recrystallization and
austenite formation occur during continuous heating at various heating
rates are summarized in Fig. 13, representing the temperatures for
which the modeled austenite fraction and fraction of recrystallized
ferrite (defined as the ratio of recrystallized ferrite to total ferrite) are
0.10 and 0.90. Modeling results show that the temperature range of
recrystallization is strongly shifted towards higher temperatures while
the temperature range of austenite formation is only slightly affected by
the increase of heating rate, due to the influence of recrystallization.
The retardation of recrystallization combined with the acceleration of
austenite formation due to the promoting effect of a less advanced re-
crystallization state lead to the overlap of the two mechanisms in case
of high heating rates (Fig. 13).

Modeled austenite fraction obtained using the same parameters in
case of 120 s soaking at 750 °C after heating at 1 °C/s or 10 °C/s is
displayed in Fig. 14. Modeling the influence of recrystallization on
austenite nucleation sites leads to higher austenite fraction from the
first stages of soaking after fast heating, which is in agreement with
experimental results. However, modeling results indicate that the aus-
tenite fractions become equal for the two heating rates after 80 s and do

Table 1

Values of the key parameters used in the model.

Parameter Symbol Unit Values reported in the literature Value used in the model

Dislocation density ρ m−2 1·1014 < ρ< 1·1015 [11,31] ρferrite=5·1014

ρmartensite=1·1015

Grain boundary energy γbg J.m−2 0.5 < γbg < 1 [32,33] 1.0
Number density of recrystallization nucleation sites NREX m−3 5·1014 < NREX < 1·1016 [11,26,31] 2·1015

Pre-exponential factor for grain boundary mobility D0
gb m2.s−1 1·10−2 < D0

gb < 1·10−5 [31,33] 0.01
Activation energy for grain boundary mobility Qgb J.mol−1 140,000 < Qgb < 230,000 [26,31,34] 210,000
Minimum number density of austenite nucleation sites Nγ0 m−3 4·1015 < Nγ0 < 1·1016 [11,26] 8·1015

Activation energy for the interface mobility Qγ J.mol−1 Qγ ~ 140,000 [24,26] 140,000
Product of the pre-exponential factors for the mobility of the α/γ interface and the

driving force for α→ γ transformation
M0·ΔG0 m.s−1 0.1 < M0·ΔG0 < 300 [26,35]· 1

Fig. 10. Modeled austenite formation kinetics without the influence of ferrite
recrystallization (constant number of nucleation sites: Nγ=Nγ0).
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(a) (b)

Fig. 11. Modeled results (a) recrystallized ferrite fraction (b) austenite fraction during continuous heating at different heating rates. Comparison with the experi-
mental results

(a) (b)

(c) (d)

(e)

Fig. 12. Modeled phase fractions during continuous heating by taking into account the influence of recrystallisation on the density of austenite nucleation sites at (a)
0.25 °C/s (b) 1 °C/s (c) 5 °C/s (d) 10 °C/s and (e) 50 °C/s.
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not reproduce the experimental overshoot of the equilibrium fraction as
the modeled austenite fraction is imposed to tend towards the equili-
brium fraction at the soaking temperature via (Eq. 10).

5. Summary

In situ synchrotron X-ray diffraction experiments together with
post-mortem metallographic analysis allowed the investigation of both
ferrite recrystallization and austenite formation kinetics during an-
nealing of ferrite-martensite cold-rolled microstructures depending on
the process parameters of the annealing cycle. Experimental results
revealed a strong shift in recrystallization to higher temperature when
increasing the heating rate. Austenite formation kinetics has, however,
limited sensitivity to the heating rate, indicating a promoting effect of
high heating rates on austenite formation. Indeed, higher heating rates
can lead to higher austenite fractions during continuous heating and
systematically result in higher austenite fractions from the very be-
ginning of isothermal soaking after heating. This unexpected trend is
attributed to the promoting effect of a retarded recrystallization state
on austenite formation in case of high heating rates. In particular, lower
recrystallized fractions result in higher density of austenite nuclei. A

model coupling ferrite recrystallization and austenite formation during
annealing of the bi-phased initial microstructure reproduces the trends
observed experimentally, when the influence of recrystallization state
on austenite formation is taken into account. If austenite fraction has
limited sensitivity to the heating rate, the spatial distribution and size of
austenite islands is, however, strongly modified by a change of heating
rate. In particular, the overlap of ferrite recrystallization and austenite
formation in case of high heating rates results in a higher density of
austenite nuclei formed in prior martensite regions from the cold-rolled
microstructure and leads to more heterogeneous microstructures.
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