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Annealing of cold-rolled high-strength steels leads to various microstructural changes such as
recrystallization, cementite precipitation, microalloying elements precipitation and austenite
formation. These transformations are expected to interact with each other. Understanding how
and where austenite forms in a microstructure is of prime importance to avoid formation of
banded microstructures, which are detrimental to good in-use properties. In this work, a
mean-field model is used to simulate concomitant recrystallization, cementite precipitation,
microalloying elements precipitation and austenite formation kinetics, as well as their
interactions during 1 and 10 �C/s heating. Excellent agreement with experimental data is
obtained only if cementite pinning effect on recrystallized grain boundaries is considered. It is
shown that cementite exhibits a much stronger delaying effect on recrystallization kinetics than
microalloying elements, leading to the formation of banded microstructures. Carbon nominal
content of a steel appears to be the most important parameter to acknowledge to understand
recrystallization kinetics.
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I. INTRODUCTION

HIGH-STRENGTH steels (HSS) are widely used in
the automotive industry to help manufacturers reach
their goals of greenhouse gases emissions reduction
without compromising passenger safety.[1–3]

High-formability steels are a subtype of HSS for which
nominal carbon content is increased (compared to
low-carbon dual-phase steels) to stabilize austenite (c)
crystals at room temperature and benefit from TRIP
effects, giving the steel higher tensile elongation.

Manufacturing high-formability steels involves a
cold-rolling step before intercritical annealing, during
which a certain volume fraction of austenite is formed.
Upon cooling, austenite decomposes into several prod-
ucts and gives the steel its final microstructure, from
which the mechanical properties (yield strength, tensile

elongation, …) and in-use properties (formability, weld-
ability, hole expansion ratio) result. Homogeneous
distribution of phases in the final microstructure is of
prime importance, as so-called banded microstructures
are detrimental to good formability properties. It is,
therefore, essential to understand how and where
austenite forms in the microstructure during annealing.
Austenite formation has already been studied for

many combinations of chemistries, microstructures and
steel conditions (hot- or cold-rolled).[4–24] Indeed, each
transformation kinetics will depend on the steel nominal
chemistry, initial microstructure, manufacturing process
and subsequent annealing parameters. The possible
overlap of transformations offers many interaction
possibilities, leading to numerous scenarii of microstruc-
tural evolutions from one steel to another. Understand-
ing how transformations interact with each other is thus
essential for who wants to accurately predict if a given
annealing process will lead to the formation of a banded
microstructure.
To this end, many authors have taken interest in the

study of how incomplete recrystallization affects austen-
ite formation scenario and kinetics.[6,7,10,12–14,16,19,23,24]

The influence of microalloying elements such as Ti or
Nb on recrystallization kinetics (in ferrite or austenite)
has also been a topic of interest for a long time, and led
to modelling efforts regarding their precipitation kinet-
ics.[24–33] However, it is surprising to notice that
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cementite precipitation has only scarcely been consid-
ered in the available literature.[34–36] Moreover, these
works do not take interest in how it might affect
recrystallization kinetics.

This lack of studies about cementite precipitation and
recrystallization kinetics could be linked to most of the
available literature being dedicated to low-carbon
chemistries (£ 0.1 wt pct C)[6,10,13,14,17,18,20,24] or fer-
rite-pearlite initial microstructures, in which cementite
precipitation does not occur.[6,7,12–14,16,17,19,23] Mainly,
available studies focus on austenite formation mecha-
nisms and not on why recrystallization can be
incomplete.

The aim of this work is to investigate microstructural
evolutions in a cold-rolled, high-carbon (0.2 wt pct)
high-formability steel undergoing continuous heating (1
and 10 �C/s), and understand if cementite precipitation
can affect recrystallization and other transformations
through interactions between them, eventually leading
to the formation of banded microstructures. A mean-
field model for microstructural evolutions is developed
to compare simulated kinetics to experimental data.

II. MATERIALS AND METHODS

The steel grade studied in this work was elaborated at
ArcelorMittal Research Center in Maizières-lès-Metz,
France. Its nominal composition is given in Table I.
Initial microstructure after hot rolling and coiling at 545
�C was made of 65 vol pct bainite (aB) and 35 vol pct
martensite (a¢). Cold rolling with 50 pct reduction was
then applied (Figure 1). Samples for FEG-SEM obser-
vations were heat-treated at 1 �C/s (slow heating) or 10
�C/s (fast heating) on a DT1000 dilatometer, with
interruption at desired temperatures by helium blowing.
Conventional metallographic polishing was applied to
these samples before DINO etching (140 mL distilled
water, 100 mL H2O2, 4 g oxalic acid, 2 mL H2SO4, 1.5
mL HF). Micrographs were obtained on a FEG-SEM
JEOL� JSM-7800F at quarter steel sheet thickness and
phase fractions determined by random point counting
method with Fiji software.[37] Samples for TEM obser-
vations and gravimetric analyses of electrolytic extrac-
tion residues were heat treated in an annealing simulator
furnace with water quenching. TEM observations were
performed on electro-thinned foils with a JEOL�
JEM-2100F instrument at 200 kV. Modelling work
was written in Python 2.7.16 language with Spyder 3.3.3
suite.

III. MICROSTRUCTURAL EVOLUTIONS
DURING HEATING

A. Microstructural Changes

SEM micrographs of samples heated up to 670 �C,
690 �C, 710 �C and 730 �C at 1 and 10 �C/s heating
rates are presented in Figures 2 and 3, respectively.
DINO etching is used to reveal recrystallization.

Non-recrystallized zones show irregular surfaces while
recrystallized grains appear polygonal with a smooth
surface. Austenite is deeply etched and appears as
darker valleys on grain boundaries. Relative carbide
surface density helps to differentiate former martensite
islands (high density) from former bainite (low den-
sity). Recrystallized grains will be referred to as
recrystallized ferrite (aREX), regardless of their mother
phase.
During slow heating, recrystallization seems to start

around 670 �C on aB/a¢ interfaces but also in former
martensite islands, where cementite mostly lies. Prior
grain boundaries and carbides are indeed known to be
nucleation sites for recrystallization.[38] At 690 �C,
recrystallization has advanced. Big aREX grains are seen
in former martensite but also in what seems to be former
bainite. Large parts of the microstructure are still
deformed. At 710 �C, most of the microstructure is
recrystallized. However, big aREX grains are mostly
found in former bainite, while the remaining non-re-
crystallized zones lie in former martensite. It also looks
like aREX grains are slightly smaller in former marten-
site. First austenite nuclei are seen on triple aREX grain
boundaries. At 730 �C, necklace austenite formation
begins in former bainite and former martensite. Austen-
ite nuclei are more numerous in former martensite. This
could be due to the smaller grain size but also to a higher
carbide density than in former bainite. The austenite
nuclei density being different between former bainite
and former martensite, a banded microstructure forms
at higher temperature by preferential growth in former
martensite, even though global recrystallization is close
to 100 pct.
During fast heating, recrystallization starts around

710 �C on aB/a¢ interfaces and in former martensite
islands, similarly to what is observed with slow heating.
At 730 �C, first austenite nuclei appear in a mostly
non-recrystallized microstructure. They seem to be
preferentially located in former martensite, where
cementite almost exclusively lies. Some recrystallized
grains are seen in cementite-depleted zones. Recrystal-
lization thus seems to be favored in former bainite. At
750 �C, most austenite nuclei are found in former
martensite. A few big aREX grains are seen in former
bainite. No recrystallization is seen in former martensite
yet. At 790 �C, all former martensite has been turned
into austenite (which transforms back into fresh marten-
site upon quenching). Non-recrystallized zones have
been preferentially transformed into austenite.
Microstructure thus mainly consists of alternating layers
of fresh martensite (austenite) and big, elongated aREX

grains. A banded microstructure is obtained.
The studied steel exhibits an unusual recrystallization

behavior. Previous studies led on low-carbon steels with
bainite-martensite initial microstructures[18,24] showed
that martensite recrystallized before bainite, allowing
for the formation of homogeneous microstructures.
However, it is observed here that if recrystallization
does start in martensite, it is then fully achieved in
bainite but not in martensite. A mean-field model for
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microstructural evolutions is developed to understand
why recrystallization happens that way.

B. Modelling

1. Model description

a. Austenite formation Austenite formation kinetics is
modeled with JMAK theory.[39–43] Assuming site satu-
ration for this transformation, the extended volume
fraction is given by:

fec tð Þ ¼ 4

3
pNc

Z t

0

dRe
c

0
@

1
A

3

½1�

and true volume fraction comes from the JMAK
equation:

fc tð Þ ¼ 1� exp �fec tð Þ
� �

½2�

Growth rate of austenite grains in bainite and
martensite is calculated through the evolution of the
extended mean radius, which is the product of the
austenitic transformation interface mobility and the
transformation driving force:

Mc tð Þ ¼ M0
c exp � Qc

RT

� �
½3�

Gc tð Þ ¼ G0
c feqc tð Þ � fc tð Þ
� �

½4�

Equilibrium volume fraction feqc tð Þ is calculated with
Thermo-Calc software with TCFE9 database.[44,45] All
parameters are given in Table II.

b. Recrystallization Just like austenite formation,
recrystallization kinetics are modeled with JMAK the-
ory with site saturation assumption. As recrystallized
grains can only grow in the non-recrystallized parts of
the microstructure, following equations are obtained:

feREX tð Þ ¼ 4

3
pNREX

Z t

0

dRe
REX

0
@

1
A

3

½5�

fREX tð Þ ¼ exp �fec tð Þ
� �

1� exp �feREX tð Þ
� �� �

½6�

The evolution of the extended mean radius is
described as the product of recrystallized grain bound-
aries mobility M0

REX tð Þ and recrystallization driving
force G0

REX tð Þ. They are however expected to be altered
by microalloying elements precipitation (see
Section III–B–2.).

M0
REX tð Þ ¼ D0

REX

RT

Va
m

kREX
exp �QREX

RT

� �
½7�

G0
REX tð Þ ¼ 1

2
lb2q ½8�

All parameter values are indicated in Table III. Note

that N0;aB
REX and N0;a0

REX are fitted to ensure agreement with
mean recrystallized grain radius (not shown in this
paper).

c. Microalloying elements precipitation Nucleation
stage
The microalloying elements precipitation model used

in this study is based on the Deschamps-Bréchet
model,[26,27] which involves calculation of two different
stages for precipitation. First stage consists of nucle-
ation and growth of precipitates, second of growth and
coarsening of existing precipitates. Homogeneous nucle-
ation of (Ti, Nb)C is assumed. Ti and Nb atoms are not
differentiated. Ti/Nb atoms are thus represented by a
mean microalloying element, whose properties are
weighted between those of pure Ti and Nb, according
to Ti and Nb relative quantities in the initially available
solid solution (90 at. ppm Nb, 60 at. ppm Ti). All
parameter values are indicated in Table IV.
The nucleation barrier and nuclei critical radius are:

Table I. Nominal Chemical Composition of Studied Steel

C Mn Cr+Si Nb Ti + Al, N, B

[Weight Percent] 0.197 2.57 1.2 0.031 0.028

Fig. 1—FEG-SEM micrograph of the initial cold-rolled
microstructure of the studied steel. aB stands for bainite (65 vol pct),
a¢ for martensite (35 vol pct)—DINO etching.
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Fig. 2—Microstructural changes during 1 �C/s heating. Former martensite and bainite can be distinguished by relative carbide density (higher in
former martensite)—DINO etching.

Fig. 3—Microstructural changes during 10 �C/s heating—DINO etching.
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DG� ¼ 16

3
p

c3P
Dg2v

and R� ¼ � 2cP
Dgv

½9�

with cP the precipitate interfacial energy and Dgv the
nucleation driving force (per unit volume). For a regu-
lar solid solution, this driving force is[55]:

Dgv ¼ �RT

VP
m

ln
xssTi;Nb

xeqTi;Nb

þ ln
xssC
xeqC

 !
½10�

It is assumed that C is at equilibrium between ferrite
and cementite when (Ti,Nb)C precipitation occurs. The
solubility limit of Ti/Nb in ferrite xeqTi;Nb is obtained

through the solubility product of (Ti,Nb)C in ferrite (A
and B being two constants):

log xeqTi;Nb

h i
wt

xeqC
� 	

wt

� �
¼ �A

T
þ B ½11�

Not all nuclei that reach the critical size will grow
further. Some might dissolve back into the surrounding
matrix. Only nuclei with a slightly higher radius than R*
will grow. Maugis and Gouné give the following
corrected critical radius[56]:

R�
corr ¼ R� þ 1

2

ffiffiffiffiffiffiffiffiffi
kBT

pcP

s
½12�

The nucleation barrier value is very dependent on the
interface energy value, whose experimental determina-
tion is challenging.[55,57] Thus, cP is often considered as
an adjustable parameter of precipitation models. There-
fore, it must be looked upon as an effective interfacial
energy, which reflects several phenomena that might
influence the precipitation kinetics, such as nucleation
on lattice defects, non-sphericity of particles, anisotropy
of true interfacial energy, stabilizing effects of alloying
elements, etc. In our study, best fit between calculated
and experimental kinetics is obtained with a value of cP
= 0.72 J m�2. It is close to the one found by Perez
et al.[58] for Nb(C,N) precipitation in ferrite (0.78 J m�2)
with a similar model. Gouné et al. and Jang et al.[59,60]

used values of 0.55 and 0.493 J m�2 for TiC precipita-
tion in ferrite. Monte Carlo simulations by Gendt[61] led
to a value of 1.22 J m�2 for NbC precipitation in ferrite.
Nucleation rate is given by:

dN

dt

����
nucl

¼ N0
Ti;Nbð ÞCZb

� exp �DG�

kBT

� �
1� exp � t

s

� �� �

½13�

where Z is Zeldovich parameter (probability of growth
of a critical nucleus), b* the absorption frequency of
Ti/Nb atoms by a critical nucleus, and s the incuba-
tion time.

Table II. Parameters Used for the Austenite Formation Model

Parameter Value Units Literature Values

N0;aB
c

Nucleation sites density for austenite formation in former bainite 8 9 1015 m�3 2 9 1016[46]

N0;a0

c
Nucleation sites density for austenite formation in former
martensite

8 9 1016 m�3

M0
c

Mobility of a ! c transformation interface 0.0023 mol m J�1 s�1 0.002 to 1[46–48]

Qc Activation energy for austenite formation 140,000 J mol�1 140,000[46–51]

G0
c

Prefactor for austenite formation driving force 100 J mol�1 > 100[52]

Table III. Parameters Used for the Recrystallization Model

Parameter Value Units Literature Values

N0;aB
REX

Nucleation sites density for recrystallization in bainite 1� 1016 m�3 5� 1014 to 1� 1016[13,31]

N0;a0

REX
Nucleation sites density for recrystallization in martensie 5� 1016 m�3

qaB0 Dislocation density in bainite 8� 1014 m�2 1013 to 1016[53]

1� 1015 [24]
qa

0

0
Dislocation density in martensite 1� 1015 m�2

D0
REX

Prefactor for recrystallized grain boundary mobility 0:01 m2s�1 1:5� 10�4[31]

0:01 [24]

QREX Activation energy for recrystallized grain boundary mobility 222000 J mol�1 180000 to 290000[6,24,46,49]

cGB Interfacial energy of recrystallized grain boundary 1. J m�2 0:56 to 1[24,31,49,54]

kREX Grain boundary thickness 0:25� 10�9 m
Va

m Ferrite molar volume 7:11� 10�6 m3mol�1

l Ferrite shear modulus 80� 109 Pa
b Dislocations Burgers vector in ferrite 2:5� 10�10 m
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Z ¼ VP
at

2pR�2

ffiffiffiffiffiffiffiffiffi
cP
kBT

r
; b� ¼

4pR�2DTi;Nbx
ss
Ti;Nb

a4a
;

s ¼ 4

p
1

2b�Z2

½14�

Mean radius evolution due to nucleation of new
precipitates is:

dR

dt

����
nucl

¼ 1

N

dN

dt
R�

corr tð Þ � R tð Þ
� �

½15�

Growth stage
Diffusion-controlled growth of existing precipitates is

given by Zener’s law:

dR

dt

����
gr

¼ VTi;Nb
m

Va
m

DTi;Nb

R tð Þ xssTi;Nb tð Þ � xiTi;Nb tð Þ
� �

½16�

Here, xiTi;Nb tð Þ is the Gibbs-Thomson-corrected Ti/Nb
solubility at immediate vicinity of a spherical precipitate
with R(t) radius (R0 is the capillarity radius, with

R0 ¼ 2cPV
P
m

RgpT
):

xiTi;Nb tð Þ ¼ xss;eqTi;Nb exp
R0

R tð Þ

� �
½17�

At each time step, one can now find the precipitate
volume fraction:

f Ti;Nbð ÞC
v tð Þ ¼ N tð Þ � 4

3
pR tð Þ3 ½18�

and mass balance is ensured with:

xssTi;Nb tð Þ ¼ x0Ti;Nb � f Ti;Nbð ÞC
v tð ÞV

a
m

VP
m

½19�

Coarsening stage
Diffusion-controlled coarsening of existing precipi-

tates is given by:

dR

dt

����
coar

¼ 4

27

VP
m

Va
m

DTi;Nbx
i
Ti;NbðtÞR0

RðtÞ2
½20�

During coarsening stage, equilibrium volume frac-

tion of (Ti,Nb)C precipitates f
Ti;Nbð ÞC
v;eq has been

reached. It only changes with temperature (through
the solubility product evolution) and can be found
with a mass balance, accounting for Gibbs-Thomson
effect:

f Ti;Nbð ÞC
v;eq tð Þ ¼ x0Ti;Nb � xiTi;Nb tð Þ

� �VP
m

Va
m

½21�

Precipitate density then diminishes when mean radius
increases:

Ncoar tð Þ ¼ f Ti;Nbð ÞC
v;eq tð Þ � 4

3
pR tð Þ3

� ��1

½22�

Transition from nucleation-growth to growth-coarsen-
ing stage
Mean radius evolution of all precipitates is calculated

by considering the existence of two substages for precip-
itation, the first being the nucleation of new precipitates
and their growth, the second being the growth and
coarsening of existing precipitates. When more precipi-
tates disappear by coarsening than new ones nucleate,
substage transition is achieved. The criterion is:

� dN

dt

����
coar

>
dN

dt

����
nucl

½23�

Smooth transition from growth-controlled to coars-
ening-controlled mean radius evolution is done by using
a coarsening transition function ftr, so that in the first
substage:

dN

dt
¼ dN

dt

����
nucl

and
dR

dt
¼ dR

dt

����
nucl

þdR

dt

����
gr

½24�

while mean radius and precipitate density evolutions in
the second substage are:

dN

dt
¼ ftr

dN

dt

����
coar

and
dR

dt
¼ 1� ftrð ÞdR

dt

����
gr

þftr
dR

dt

����
coar

½25�

Perrard et al.[62] use the following function:

ftr ¼ Sup 1� 100
f
Ti;Nbð ÞC
v tð Þ
f
Ti;Nbð ÞC
v;eq tð Þ

� 1

 !2

; 0

2
4

3
5 ½26�

which ensures that if f
Ti;Nbð ÞC
v tð Þ<<f

Ti;Nbð ÞC
v;eq tð Þ then ftr �

0 and coarsening cannot begin, while if f
Ti;Nbð ÞC
v;eq is

reached then ftr � 1. The growth of precipitates cannot
happen anymore by pumping solute from the surround-
ing matrix.
Diffusivities of Ti/Nb are assumed to be affected by

dislocation density and their values fitted in ferrite,
bainite and martensite. A very wide variety of solubility
product values can be found in DeArdo and Gladman
works[63,64] for TiC and NbC in ferrite. The values used
in our model are also fitted.

2. Interactions between transformations
Literature has shown that austenite formation kinet-

ics are deeply dependent on the recrystallized fraction
when Ac1 temperature is reached. For this reason, the
interaction between these two transformations has been
a topic of interest for a long time.[6,7,10,12–14,16,19,23,24]

Consensus is that austenite formation kinetics are
accelerated when austenite forms in non-recrystallized
areas of the microstructure. This effect is thought to be

4064—VOLUME 51A, AUGUST 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



due to a larger nucleation site density. To model this
interaction, we use the following correction to express
the effective nucleation site density for austenite:

Nc ¼
N0

c

fREXðAe1Þ2
½27�

Invertedly, several authors observed a stagnation of
recrystallization kinetics once austenite had appeared in
the microstructure.[16,19,20,23] Such an effect is seen in
this work at 10 �C/s (see Figure 6(d)). This interaction
might be due to austenite nucleation consuming the
remaining nucleation sites for recrystallization, but also
to competing migration of recrystallization and austen-
itization interfaces. Moreover, as austenite nucleation is
favored in non-recrystallized zones, these zones are
more likely to be transformed into austenite than
recrystallized ones, thus resulting in inhibition of recrys-
tallization. fcritc ¼ 10 pct was found to be a good critical

value for the austenite fraction above which recrystal-
lization would be stopped. Ollat et al.[23] used the same
value. The interaction is easily transcribed by the
following condition:

if dfREX>0 and fc>fcritc

� �
then dfREX ¼ 0 ½28�

Microalloying elements are expected to hinder recrys-
tallization kinetics by the combination of a solute drag
effect and Zener-pinning of aREX/aNREX grain bound-
aries. Following Sinclair et al.,[31] effective mobility of
recrystallized grain boundaries is:

MREX tð Þ ¼ M0
REX tð Þ

1þ aTi;Nbx
ss
Ti;Nb tð ÞM0

REX tð Þ
½29�

in which xssTi;Nb tð Þ is the fraction of microalloying ele-
ments in solid solution and aTi,Nb their solute drag
coefficient (dimensionless). A value of 4.1 9 103 was
used for aTi,Nb, following the work of Bellavoine
et al.[24] and the initially available quantities of Ti and
Nb in solid solution in the studied steel. Net recrystal-
lization driving force is:

GREX tð Þ ¼ G0
REX tð Þ � 3

2
cGB

f
Ti;Nbð ÞC
v tð Þ

R Ti;Nbð ÞC tð Þ ½30�

Microalloying elements diffusivities are increased in
non-recrystallized parts of the microstructure, as lattice
defects act as high-diffusivity paths. Therefore, recrys-
tallization progression reduces the effective diffusivity of
microalloying elements. A mixture law is used to
consider this:

Deff
Ti;Nb Tð Þ ¼ sREXD

aREX

Ti;Nb Tð Þ þ 1� sREXð ÞDaB;a0

Ti;Nb Tð Þ ½31�

with sREX = fREX/(fREX + fNREX) being the recrystal-
lization ratio.
Finally, how microalloying elements precipitation

kinetics might interact with austenite formation has
not been found in existing literature. Girina et al.[32]
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indicate an acceleration of austenite formation kinetics
in Nb-containing steels, compared to Nb-free ones, but
this could be the result of incomplete recrystallization.
Gouné et al.[59] calculate that the driving force for
austenite formation, of around 15,000 kJ m�3, is much
higher than the Zener-pinning force of microalloying
elements (1875 kJ m�3) for their steel (0.163 wt pct Ti).
Therefore, it can be safely assumed that (Ti,Nb)C
precipitation does not directly interfere with austenite
formation in this work. No interaction is implemented
in the model.

3. Modelling results
The main results obtained with our model for slow

heating (1 �C/s) are presented in Figure 4. Calculated
recrystallization kinetics (Figure 4(a)) are in agreement
with experimental values, and so are austenite formation
kinetics. However, recrystallization kinetics in marten-
site and bainite do not correspond to what has been
experimentally observed (Figure 4(b)). Indeed, recrys-
tallization is completed in bainite before martensite, and
parts of martensite do not recrystallize before austenite
formation. The results obtained with the model do not
transcribe this phenomenon. No parameters ensemble
that would allow to keep a good global agreement
(recrystallization + austenite formation + (Ti,Nb)C
precipitation kinetics) and relate delayed recrystalliza-
tion in martensite has been found. It is thus concluded
that recrystallization mechanisms in bainite and marten-
site are not well accounted for in the model.

Concerning microalloying elements precipitation
(Figure 4(c)), the calculated kinetics reproduces well
experimental data.

C. Interaction Between Cementite Precipitation
and Recrystallization

The study of microstructural changes left aside an
important interaction regarding recrystallization. A
comparison of recrystallized and non-recrystallized
zones (Figure 5(a)) during slow heating (up to 670 �C)
shows that recrystallized zones are located where car-
bides are few and coarsened, whereas non-recrystallized
zones coincide with numerous, small carbides. This
indicates that carbides growth and coarsening interact
with recrystallization.

Further insight is given by a TEM observation of the
recrystallization process (Figure 5(b)). On the center of
the micrograph lies a non-recrystallized zone (in dark),
surrounded by recrystallized grains. Carbides are dis-
persed in recrystallized grains but also on aREX/aREX

grain boundaries. Most importantly, aREX/aNREX

boundaries are pinned by cementite particles (green-
dashed circles). Recrystallized grain boundaries move-
ment is therefore hindered by cementite presence. This
effect of cementite had already been noticed in several
studies[12,19] during pearlite spheroidization, but had not
been discussed any further. Hence, recrystallization
kinetics could be limited in cementite-rich zones of the
microstructure, i.e. martensite.

D. Modelling with Cementite Precipitation

1. Model particularities
Cementite precipitation kinetics are also calculated

with Deschamps-Bréchet model. Used parameters are
given in Table V. It is approximated that cementite
precipitation only occurs in martensite, where most of
carbon lies in solid solution. The precipitation of
transition carbides is neglected, and cementite dissolu-
tion during austenite formation is not modelled. Cemen-
tite volume fraction is also neglected when calculating
phase fractions (fREX + fNREX + fc = 1).
Deschamps–Bréchet model is based on homogeneous

nucleation. This hypothesis is not valid for cementite, as
it is known that it preferentially nucleates on disloca-
tions, laths boundaries, prior austenite grain bound-
aries, etc.[35,65] The chosen value for cementite interfacial
energy is, therefore, an effective value (0.268 J m�2),
much lower than the one of 0.74 J m�2 already reported
in the literature.[35,66] It is however closer to the values
reported in similar models by Perez and Deschamps
(0.174 J m�2) and Yang et al. (0.151 J m�2).[34,36]

Then, every atom along a dislocation core is a
potential cementite nucleation site.[35,67] Nh is set equal

to qa
0
0 =a, where a is the mean atomic distance (2 9 10�10

m in ferrite), giving a value of 6.6 9 1024 m�3. Finally,
carbon diffusivity in martensite is considered lower than
that in ferrite due to lattice distortion, as originally

proposed by Hillert.[68] Recent measurements of Da0
C by

Maugis et al.[69] confirm this.
Assuming that (Ti,Nb)C and cementite nucleate

independently,[34] the two precipitation models are
coupled through the carbon mass balance:

xssC tð Þ ¼ xss;0C � fhv tð ÞV
a
m

Vh
m

� f Ti;Nbð ÞC
v tð ÞV

a
m

VP
m

½32�

fhv;eq tð Þ ¼ xss;0C � f Ti;Nbð ÞC
v tð ÞV

a
m

VP
m

� xss;eqc

� �
Vh

m

Va
m

½33�

The effect of cementite on recrystallization is consid-
ered throughZener-pinning of grain boundaries. Simplest
assumption is that the pinning forces exerted by (Ti,Nb)C
and cementite can be considered additive. The net
recrystallization driving force in martensite now writes:

Ga0
REX tð Þ ¼ G0

REX tð Þ � 3

2
cGB

f
Ti;Nbð ÞC
v tð Þ

R Ti;Nbð ÞC tð Þ þ
fhv tð Þ
Rh tð Þ

 !
½34�

Dislocation density value in martensite was adjusted

from qa
0

0 = 1 9 1015 m�2 to qa
0

0 = 2 9 1015 m�2 so that
the best fit could be obtained between calculated kinetics
and experimental ones now that cementite precipitation
is considered. All other parameters are left unchanged.

2. Results
The results obtained with our model are given in

Figures 6(a) through (h). Excellent agreement is
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obtained between global recrystallization kinetics,
austenite formation kinetics and experimental data for
slow heating simulation (1 �C/s – (a)). Moreover,
individual recrystallization kinetics (Figure 6(b)) are
now consistent with metallographic observations:
recrystallization is not complete in martensite, whereas

bainite is fully recrystallized when T = Ac1 = 710 �C is
reached. The faster decrease of fREX in martensite than
in bainite indicates faster austenite formation in this
phase. This result is compatible with the genesis of a
banded microstructure. Microalloying elements precip-
itation kinetics are also in good agreement with

Fig. 4—1 �C/s heating rate: (a) Recrystallization and austenite formation kinetics; (b) Recrystallization kinetics in bainite and martensite; (c)
Microalloying elements precipitation kinetics.

Fig. 5—(a) FEG-SEM observation (1 �C/s to 670 �C) of big and fine, dispersed carbides in recrystallized and non-recrystallized zones,
respectively; (b) TEM observation (1 �C/s to 700 �C) of cementite particles pinning aREX/aREX and aREX/aNREX grain boundaries.

Table V. Parameters Used for the Cementite Precipitation Model

Parameter Value Units Literature Values

N0
h

Nucleation sites density for cementite 6:6� 1024 m�3 —

Da
C Prefactor for C diffusion in recrystallized ferrite 2� 10�6 m2 s�1 [70]

Da0

C
Prefactor for C diffusion in martensite 1� 10�7 m2 s�1 2 � 10�6[35]

Qa
C Activation energy for C diffusion in recrystallized ferrite 84,100 J mol�1 [70]

Qa0

C
Activation energy for C diffusion in martensite 108,000 J mol�1 [35]

ch Interfacial energy of cementite in ferrite 0.268 J mol�2 0.151 to 0.174 [36,34]

Vh
m

Molar volume of cementite 23:3� 10�6 m3 mol�1 —
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experimental data (Figure 6(c)). Cementite volume frac-
tion evolution at 1 �C/s is presented in Figure 6(g),
along with its mean radius in Figure 6(h). The calcu-
lated volume fraction is in accordance with experimental
measurements. Equilibrium fraction is reached at
around T = 450 �C, suggesting the end of martensite
tempering. Calculated mean radius is also close to the
one determined experimentally.

Fast heating is also simulated. Global recrystalliza-
tion and austenite formation kinetics are presented in
Figure 6(d). Once again, good agreement with experi-
ment is found. The recrystallization stagnation phe-
nomenon is well-reproduced. No recrystallization is
calculated in martensite (Figure 6(e)), which fits our
observations. Bainite only partly recrystallizes before
the beginning of austenite formation. Microalloying
elements precipitation kinetics are also in agreement
with experimental data (Figure 6(f)). Cementite volume
fraction (Figure 6(g), dotted line) at 700 �C is consistent
with experience but is too high for lower temperatures.
This discrepancy could be attributed to the absence of C
in bainite in our model. Finally, cementite mean radius
is close to the experimentally determined one
(Figure 6(h), dotted line).

Considering cementite precipitation in the model
leads to excellent agreement between calculated kinetics
and experimental ones at both heating rates. Cementite
showed to have a strong delaying effect on recrystal-
lization, leading to incomplete recrystallization in
martensite before austenite formation. The interaction
between recrystallization and austenite formation, mod-
elled through the evolution of nuclei density for austen-
ite, then allows for good reproduction of austenitization
kinetics. It is concluded that cementite presence in steels
should not be carelessly neglected, as it can have
dramatic effects on the kinetics of subsequent
transformations.

IV. EFFECTS OF CEMENTITE
AND MICROALLOYING ELEMENTS
ON RECRYSTALLIZATION KINETICS

A. Recrystallization Driving Force

The effect of cementite on recrystallization of marten-
site has been considered by Zener-pinning, resulting in a
diminution of the net recrystallization driving force in

martensite Ga0
REX. The evolution of Ga0

REX, either consid-
ering or neglecting cementite and (Ti,Nb)C pinning
effects, is drawn with corresponding recrystallization
kinetics in Figures 7(a) and (b) for slow heating, and in

Figures 7(c) and (d) for fast heating. Evolution of Ga0
REX

is plotted up to T = Ac1 only, since austenite growth
prevents recrystallization from happening above this
temperature.

During slow heating (Figure 7(a)), Ga0
REX does not

differ much from the pure driving force for recrystal-
lization if one only considers the microalloying elements
pinning effect (+ (Ti,Nb)C case). The recrystallization
kinetics are indeed only slightly delayed to higher
temperatures (Figure 7(b)). Considering cementite

pinning (+ h case) however leads to a strong reduction

of Ga0
REX. G

a0
REX then increases again from around T =

550 �C along with cementite coarsening, which reduces
fhv=Rh ratio and lowers its pinning effect. A delay of
recrystallization kinetics is thus observed in martensite.
Only with cementite pinning is recrystallization signif-
icantly delayed in martensite. Its recrystallization kinet-
ics indeed become very close to those of bainite.
Considering cementite and microalloying elements pin-
ning (+ h + (Ti,Nb)C case) finally leads to enough
delay in martensite recrystallization kinetics to make it
incomplete at T = Ac1 = 710 �C. It is the only scenario
in which bainite is the most-recrystallizing phase of the
microstructure. Cementite thus proves to have a
stronger pinning effect than (Ti,Nb)C particles during
slow heating, which makes it responsible for the
recrystallization kinetics in martensite, and therefore
of the banded microstructure that forms.
Results are similar for fast heating. Only considering

microalloying elements pinning effect does not induce a

very strong variation of Ga0
REX, thus giving close recrys-

tallization kinetics for the pure and + (Ti,Nb)C cases
(Figures 7(c) and (d)). However, cementite considera-

tion once again strongly reduces Ga0
REX around T = 400

�C. Fast-heating leads to the precipitation of finer
particles, giving a higher value to fhv=Rh ratio than in the
slow-heating case, and therefore, giving cementite an
even stronger delaying effect on recrystallization kinet-
ics. Coarsening of particles is also limited in the
considered temperature range. Martensite cannot
recrystallize anymore.
Therefore, it is concluded that cementite presence is

the most important parameter to acknowledge regarding
the recrystallization kinetics of our steel. Consequently,
carbon nominal content of the steel is a crucial
parameter whose effect on recrystallization kinetics
should be investigated.

B. Influence of Carbon Nominal Content
on Recrystallization Kinetics

The recrystallization kinetics of martensite are calcu-
lated for different levels of carbon nominal content
(w0

C ¼0.075, 0.1, 0.15 and 0.2 wt pct) for both heating
rates, as equilibrium volume fraction of cementite
directly depends on w0

C. These nominal contents corre-

spond to martensite C enrichments wa0
C of 0.185, 0.26,

0.41 and 0.54 wt pct respectively, other things being
equal. The evolution of the recrystallization driving

force of martensite Ga0
REX and corresponding recrystal-

lization kinetics are drawn for 1 �C/s heating in
Figures 8(a) and (b), and for 10 �C/s heating in
Figures 8(c) and (d). (Ti,Nb)C pinning effect is consid-
ered in all cases.
During slow heating (Figures 8(a) and (b)), the

recrystallization driving force Ga0
REX is not significantly

altered by carbon content if wa0
C �0.26 wt pct. The Ga0

REX
decrease magnitude is indeed comparable to the
+(Ti,Nb)C case previously shown (Figure 7(a)).
Recrystallization kinetics are only delayed to higher

4068—VOLUME 51A, AUGUST 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



temperatures for w0
C 	0.41 wt pct. (Figure 8(b)). It is,

however, only with wa0
C ¼ 0.54 wt pct C that recrystal-

lization becomes incomplete in martensite when T =
Ac1 is reached, leading to the formation of a banded
microstructure. Consequently, low carbon enrichments
of martensite are to be preferred to ensure full

recrystallization of bainite-martensite initial microstruc-
tures before austenite formation, if slow heating is
applied. This is consistent with previous literature
results.[18,24]

During fast heating, Ga0
REX becomes more sensitive to

wa0
C due to finer cementite particles being precipitated

Fig. 6—(a) 1 �C/s—Recrystallization and austenite formation kinetics; (b) 1 �C/s—Recrystallization kinetics in bainite and martensite; (c) 1 �C/
s—Microalloying elements precipitation kinetics; (d) 10 �C/s—Recrystallization and austenite formation kinetics; (e) 10 �C/s—Recrystallization
kinetics in bainite and martensite; (f) 10 �C/s—Microalloying elements precipitation kinetics; (g) Cementite precipitation kinetics for 1 and 10�C/
s heating rates (plotted up to T = Ac1 only); (h) Cementite mean radius for 1 and 10 �C/s heating rates (plotted up to T = Ac1 only).
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(Figure 8(c)). Recrystallization of martensite is very

close to recrystallization of bainite for wa0
C ¼0.41 wt pct.

Above 0.41 wt pct, recrystallization is fully inhibited in
martensite.

Those calculations show that carbon content of
martensite is an important parameter to consider when
tuning a steel chemistry. For a bainite-martensite initial
microstructure such as the one studied (65 vol pct
bainite, 35 vol pct martensite), w0

C should not be chosen
above 0.15 wt pct, as enough cementite would precip-
itate to prevent the steel from fully recrystallizing, even
for low heating rates. It is thus very likely to obtain
banded microstructures if the carbon nominal content is
not set low enough.

V. SUMMARY

This work took interest in the microstructural changes
underwent by a cold-rolled, Ti-Nb microalloyed
high-formability steel with a bainite–martensite initial
microstructure during 1 and 10 �C/s heating. It has been
shown that banded microstructures were obtained for
both heating rates due to incomplete (1 �C/s) and
absence of recrystallization (10 �C/s) of martensite.
Experimental data suggested that the incomplete

recrystallization phenomenon in martensite could be
attributed to cementite. TEM observation indeed
showed that aREX/aNREX grain boundaries are pinned
by cementite particles. A model based on JMAK theory
(austenite formation and recrystallization) and classical

Fig. 7—(a) 1 �C/s—Recrystallization driving force in martensite with or without considering microalloying elements and cementite precipitation
(plotted up to T = Ac1 only); (b) 1 �C/s—Corresponding recrystallization kinetics of martensite compared to those in bainite; (c) 10
�C/s—Recrystallization driving force in martensite with or without considering microalloying elements and cementite precipitation (plotted up to
T = Ac1 only); (d) 10 �C/s—Corresponding recrystallization kinetics of martensite compared to those in bainite.
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nucleation theory for nucleation, growth and coarsening
of (Ti,Nb)C precipitation and cementite precipitation
was developed to simulate microstructural changes.

Calculations confirmed that the delayed martensite
recrystallization kinetics during slow heating were a
consequence of cementite precipitation in this phase.
Fast-heating calculations also reproduced the total
inhibition of recrystallization in martensite.

These results show that cementite precipitation is of
prime importance, since its effect on the recrystallization
driving force is much more important than microalloy-
ing elements precipitation. Consequently, carbon enrich-
ment of martensite, and therefore, carbon nominal
content of the steel were shown to be of utmost

importance regarding the recrystallization kinetics.
Low-carbon steels (0.1 wt pct C and less) should be
preferred to ensure full recrystallization before austenite
formation and prevent the formation of banded
microstructures, which are detrimental to good in-use
properties.
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