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Abstract The present work investigates the interactions
between ferrite recrystallization and austenite formation in
dual-phase steels by experiments performed at high heating
rate (100 °C/s). It was shown that both ferrite recrystalli-
zation and austenite formation are strongly coupled and
interdependent. The kinetics of ferrite recrystallization is
strongly affected by the formation of austenite and can be
even inhibited in some cases. The microstructure is more
heterogeneous and anisotropic when both the austenite
formation and the ferrite recrystallization overlap. It was
highlighted that the degree of anisotropy depends on the
volume fraction of austenite at a given temperature. Fur-
thermore, an unusual behavior for austenite growth was
highlighted. It is characterized by a much higher volume
fraction than those obtained under OrthoEquilibrium and
ParaEquilibrium. The results, especially those at 715 °C
close to the eutectoid plateau, at which the driving force for
austenite growth is classically low, suggest a diffusionless
transformation for austenite.
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Introduction

There is a continuous development of high-strength steels
for automotive industry, under the conflicting objectives of
lightening cars while ensuring low prices and high level of
safety. This can be achieved by limiting the element
addition while optimizing the microstructures. The cur-
rently mostly used low-alloyed high-strength steels are the
so-called dual-phase (DP) steels [1-4]. DP steels are Fe—C—
Mn alloys with a microstructure constituted by ferrite (o)
and martensite (o) phases, which gives a good compromise
between strength and ductility. This microstructure is
directly obtained through continuous annealing at galva-
nizing line after the last cold-rolling step. More precisely, it
is achieved by heating and soaking cold-rolled sheets in the
ferrite/austenite (y) domain—also called intercritical
region—then cooling them rapidly to transform austenite to
martensite. In an effort of designing the microstructure of
DP steels, the formation of austenite in the intercritical
region focused much attention [5-9]. Indeed, process
parameters such as heating rate, soaking temperature, and
holding time strongly influence the microstructure (volume
fraction and topology of phases, grain size, etc.) which
determines the final mechanical properties.

During heating rolled metal up to the soaking temper-
ature, the austenite formation is preceded by ferrite
recrystallization [10-13] and cementite (Fe;C carbides)
spheroidization [14]. Therefore, the austenite nucleates on
dissolving globular cementite then grows at the expense of
“fresh” ferrite [15-20]. In classical DP steels, austenite
growth was shown to be controlled in a first step by carbon
diffusion in austenite, then by manganese diffusion in
ferrite, finally by partitioning of Mn in austenite [S]. Until
recently, most studies devoted to austenite formation were
concerned with “weak interaction” between ferrite
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recrystallization and austenite formation. In that case, both
phenomena do not overlap, and only the recrystallized
ferrite grain size influences the austenite growth. However,
as a consequence of recent evolutions of DP steel grades
and process conditions, the ferrite recrystallization is pro-
gressively delayed toward or even above the temperature at
which the austenite formation starts (Acl). One way of
inducing such “strong interaction” between recrystalliza-
tion and austenite formation is to use rapid heating rates to
reduce the processing time [21, 22]. Another one is to add
microalloying elements such as Nb or B, which not only
strengthens the steel by precipitation but also delays ferrite
recrystallization [23, 24]. In any cases, this “strong inter-
action” results in significant changes in the final micro-
structures [25-31]. However, at the present time, the
mechanisms driving this interaction need to be clarified,
and the expected consequences on the resulting properties
still lead to some controversies. This lack of knowledge
mostly results from the difficulty to decorrelate the effects
of a higher heating rate (increase of the nucleation density
and of the driving force for transformation) from the
competition between recrystallization and phase transfor-
mation. In a recent article [30], we tackled this question by
applying different heating rates on a given DP steel (Fe-
0.15wt%C-1.5 %Mn), inducing weak and strong interac-
tions. We characterized and analyzed in detail the micro-
structure evolutions, and the involved mechanisms were
discussed from both experimental and theoretical approa-
ches. However, for sake of simplicity, this previous work
only investigated one soaking temperature (740 °C). The
present article relates the results of experiments in which
only one heating rate was used (100 °C/s), leading to
strong interaction, but different soaking durations and
temperatures were tested, which results in significant
changes in the final microstructure. In general, the whole
results reported in the following are in agreement with our
previous work [30] but some complementary valuable data
and analysis are given concerning both the mechanisms of
microstructure formation and the unusual behavior of
austenite growth.

Material and experimental procedures
Material

The chemical composition of the laboratory casted steel is
given in Table 1. This composition is typical of advanced
high-strength steels with dual-phase microstructure (fer-
rite + martensite). The initial hot-rolled sheet exhibited a
ferrite 4 pearlite microstructure. It was firstly rolled at
room temperature to 75 % reduction. Then, heat treatments
were applied to induce the interaction between ferrite

Table 1 Chemical composition of the steel under investigation

(Wt%)
C Mn Si P S Fe
0.15 1.48 0.013 0.01 27 ppm bal

recrystallization and austenite formation. They were per-
formed on a DT 1000 Thermal Simulator from Adamel-
Lhomargy, using samples with a section of 4 x 0.7 mm?
and a length of about 12 mm. The temperature was con-
trolled by a type-K thermocouple spot welded on the sur-
face at the center of the sample. Continuous heating from
room temperature was applied under argon gas at a rate of
100 °C/s. Four different soaking temperatures were stud-
ied: 680, 715, 740, and 780 °C. Samples were quenched
from different heating temperatures or after different
soaking durations up to 1 h. Quenching was performed by
helium blowing (about —300 °C/s above 500 °C) to pre-
vent ferrite formation during cooling.

Microstructure characterization

All the microstructure analyses were performed at %4 of the
sheet thickness in the RD-ND plane (Rolling Direction—
Direction Normal to the sheet surface). Two types of etchants
were used for the metallographic investigations by optical
microscopy (Olympus PMG 3): (i) Dino etching to reveal the
ferrite + martensite microstructure (140 ml of distilled
water, 100 ml of H,0,, 4 g of oxalic acid, 2 ml of H,SOy,,
and 1.5 ml of HF); (ii) Metabisulfite etching to quantify the
austenite/martensite fraction (7 g of sodium metabisulfite in
100 ml of distilled water). This volume fraction was deter-
mined by optical image analysis and processing (gray-level
thresholding method) using Aphelion software (copyright
ADCIS S.A. and A.A.Imaging). An average value was
measured on ten micrographs (120 x 90 um?). When
reported, error-bars correspond to confidence interval at

95 %, ie., ~ iZ.U*/\/ﬁ, where o* is the estimated standard

error and n the number of micrographs.
Evaluation of recrystallized fraction

The fraction of recrystallized ferrite was determined using
either Vickers hardness measurements (0.5 kg load) or
Electron Back Scattered Diffraction (EBSD; Nordlys-F
camera, Oxford Instruments) analysis on a JEOL 7001-F
scanning electron microscope. The method using hardness
measurements estimates the volume fraction of recrystal-
lized ferrite (FReX) as the relative decrease of hardness
between cold-rolled (HS®), fully recrystallized, (HR*Xy and
partially recrystallized (HLRX) states, according to the
following relation:
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Obviously, the hardness method only operates below
Acl and is not applicable in the (ferrite 4 austenite)
domain. Above Acl, EBSD was used to estimate the re-
crystallized ferrite fraction. Samples for EBSD mapping
were prepared following conventional metallographic
sample preparation finished by mechanical polishing with a
suspension of silica particles (OPS). The recrystallized
ferrite fraction estimation was based on the Grain Orien-
tation Spread (GOS) criterion [32]. Grains were identified
using a misorientation angle threshold of 2°. Grains with a
GOS lower than 1.5° were considered as recrystallized. To
ensure a good correlation between both determined frac-
tions, the recrystallized fractions during a slow heating
(1 °C/s) before Acl were determined by both methods for
samples quenched from 600, 650, 670, and 700 °C during
heating. As for the metallographic analysis, error-bars
correspond to confidence interval at 95 % obtained on
three different EBSD maps. Figure 1 compares the results
obtained by Vickers hardness and EBSD-GOS analysis.
Both measured fractions are in very good agreement, with
a correlation coefficient higher than 0.999. An extract of an
EBSD map performed at 670 °C is showed to illustrate the
GOS method. The upper map is represented in the band
contrast mode when the lower one displays in red the re-
crystallized grains determined with the GOS method.

When the recrystallization and the phase transformation
were occurring simultaneously, the following procedure
was used to quantify the three constituents, i.e., martensite,
deformed ferrite, and recrystallized ferrite. First, the mar-
tensite fraction was determined from optical micrographs

@ Springer
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as described in “Material” section. Then the ratio between
deformed and recrystallized ferrite was determined using
the EBSD—GOS method. For that purpose, martensite has
to be previously eliminated from the EBSD map. This was
done using a thresholding on the band slope value. This
allowed the discrimination of about 80 % of the martensite.
The rest was excluded manually by taking into account the
grain size and the mean band contrast.

Results and discussion

Figure 2 presents the evolution of the volume fraction of
deformed ferrite, recrystallized ferrite, and austenite as a
function of the annealing temperature and time. Figure 4
reports various microstructures observed after quenching
from different temperatures and times. The austenite
(observed as martensite) appears in dark, the recrystallized
grains in light gray, and the deformed grains in dark gray.
Dino etching also reveals the grain boundaries. In the
following, we will firstly discuss the global kinetics of
recrystallization/transformation, then focus on the associ-
ated microstructure evolutions.

Kinetics of ferrite recrystallization and austenite
formation

As can be seen on Figs. 2d and 4j-1, the recrystallization
takes place in less than one min at 680 °C, which is under
Ael. The resulting distribution of grain sizes is rather
heterogeneous, with an average size of about 2.3 um. In
pearlite-rich bands, the grains are much smaller than in the
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Fig. 2 Evolution of the different phase fractions during isothermal annealing at different temperatures after rapid heating (100 °C/s) (a) 780 °C

(b) 740 °C (¢) 715 °C (d) 680 °C

rest of the material. Although no deeper investigation of
the recrystallization process was performed under Ael, two
reasons can be invoked to explain this observation:
(i) deformation gradients are expected to be higher in
pearlite regions, leading to a higher density of recrystal-
lized nuclei; (ii)) Growth of recrystallized grains may be
hindered due to pinning by carbides.

Above Ael, for all annealing temperatures, the austenite
volume fraction reaches a plateau in less than one minute
(Fig. 2a—c). In general, the maximum volume fraction of
austenite is much higher than the austenite fraction under
both OrthoEquilibrium (OE) and ParaEquilibrium (PE)
calculated by ThermoCalc [33] (see Fig. 3). This unusual
behavior is exacerbated at lower temperatures (below
740 °C) and was already reported in [9, 29] without any
clear explanation. In order to explain the effect of high

heating rate on kinetics of austenite formation, it was
suggested in [30] that the heating rate would influence the
nature of local equilibrium at the o/y interface. This local
equilibrium depending on the interaction between alloying
elements such as manganese and the migrating interface, a
transition between PE and OE conditions is expected to
occur similarly to the ferrite transformation [34]. However,
the results obtained below 740 °C do not support this
explanation for the main reason that the measured volume
fractions are much higher than both OE and PE ones. The
results, especially those at 715 °C close to the eutectoid
plateau, at which the driving force for austenite growth is
classically low, would rather suggest a diffusionless
transformation for austenite [35].

At 715 °C (Fig. 2¢), when soaking begins, 30 % of the
ferrite is already recrystallized but no austenite has already

@ Springer
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Fig. 3 Evolution of the maximum austenite fraction as a function of
temperature. For comparison, the volume fraction of austenite under
both orthoequilibrium and paraequilibrium is given

been formed. Then, austenite appears and rapidly reaches a
plateau at about 45 % after 10 s. Meanwhile, the fraction
of deformed ferrite strongly decreases while recrystallized
one slightly but steadily increases. A different situation is
observed at a higher temperature. At 740 °C (Fig. 2b), the
initial recrystallized fraction is also 30 % but 40 % of
austenite has already formed. Then, it continues to grow
and reaches a plateau at about 60 % in less than one
minute. Meanwhile, recrystallization of ferrite appears to
be inhibited for more that 10 min before to slowly restart.
The reasons for this inhibition are not clear. Different
possible origins have been proposed in our previous article,
which precisely focused on the mechanisms of the inter-
action between recrystallization and transformation at this
temperature [30]. They are associated with a relaxation of
the driving force for recrystallized nuclei after austenite
formation took place. This was suggested by the observa-
tion that the last steps of recrystallization rather proceed by
growth of already recrystallized grains and restoration of
deformed ones (see also the discussion in “Resulting
microstructures” section). At 780 °C (Fig. 2a), when
annealing begins, the austenite fraction is already above
70 %, and it still increases up to 90 % in less than one min,
at the expense of both recrystallized and deformed ferrites.
Small amount of non-recrystallized ferrite persists after
long soaking times, although fine evolutions can hardly be
evidenced in that case with regard to the very small
amounts of ferrite.

Obviously, the recrystallization kinetics is affected by
the formation of austenite. At 680 °C, when no austenite is
formed, the primary recrystallization is finished after one
min only. At 715 °C, in the presence of austenite and
despite a higher driving force, some deformed ferrite is still
detected in the microstructure even after 5 min. The

@ Springer

recrystallization rate decreases with the increasing aus-
tenite fraction. At moderate temperatures, an inhibition of
the recrystallization is clearly evidenced. At high temper-
ature, small amount of non-recrystallized ferrite persists
after long soaking times.

Resulting microstructures

The interaction between recrystallization and austenite
formation has a considerable influence on the microstruc-
tures at the end of the treatment. Representative optical
microstructures are presented in Fig. 4 for different soak-
ing times and temperatures. Figure 5 also shows band
contrast EBSD maps showing the microstructure at higher
magnification.

Relatively similar evolutions are observed at 715 and at
740 °C, characterized by heterogeneous recrystallization
and development of anisotropic two-phase microstructures
in the sense that the size of the grains depends on direction.
The second phenomenon appears more marked at 740 °C.
At 715 °C-0 min, no austenite is yet present. First, re-
crystallized grains appear scattered relatively homoge-
neously in the deformed microstructure. After 1 min, the
amount of austenite has significantly increased, and some
recrystallized grains appear elongated in the rolling direc-
tion. After 5 min, some very large grains are observed,
resulting in a very heterogeneous but relatively more iso-
tropic microstructure. At 740 °C-0 min, 40 % of austenite
is already present, and the recrystallized ferrite already
shows coarse anisotropic grains. This anisotropy persists
and even increases during soaking. At the end of the
treatment, very long and coarse ferrite grains are observed.
At 780 °C-0 min, significant fractions of austenite and re-
crystallised ferrite are formed, with some sparse elongated
ferrite grains. However, due to the percolation of austenite
growing at the expense of both types of ferrite, anisotropy
progressively disappears and the microstructure appears
relatively homogeneous and equiaxed at the end of the
treatment.

EBSD characterization allows the discrimination of
deformed and recrystallized ferrite whatever the grain size
(Fig. 5). Deeper analysis of EBSD maps showed that the
final shape of the recrystallized ferrite grains is constrained
by the spatial distribution of austenite. As austenite
nucleates around globular cementite, it is preferentially
formed in carbides-rich (Mn-rich) bands. The presence of
Mn-rich bands have been highlighted and investigated in a
previous study on the same material [30]. This tendency is
also promoted by the fact that Mn is a gamma-stabilizer
element. On the contrary, the rate of growth of recrystal-
lized grains is reduced by Mn [36], leading to hindering of
the recrystallization. After nucleation, further growth of
austenite is very rapid. The deformed ferrite grains, which
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Fig. 4 optical micrographs obtained on microstructures after annealing at 780, 740, 715, and 680 °C for O, 1, and 5 min after rapid heating

(100 °C/s)

were still present when austenite transformation took place,
are afterward only able to recrystallize from the already
present ferrite nuclei, due to the inhibition of additive
nucleation. They developed constrained by the topology of
austenite, i.e., parallel to the direction of segregated bands.
In other words, austenite grains act as pinning obstacles for

the moving boundaries between deformed and recrystal-
lized ferrite. Consequently, microstructure anisotropy is
clearly related to the influence of Mn segregation on aus-
tenite transformation. A maximum effect seems to be
obtained in a temperature range where the ferrite recrys-
tallization is constrained by 40-60 % of austenite.
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Fig. 5 EBSD band contrast maps obtained on microstructures after
annealing at 715, 740, and 780 °C for 1 and 5 min after rapid heating
(100 °C/s). The different constituents are indicated: recrystallized

Conclusions

The present work studied the interaction between the ferrite
recrystallization and the austenite formation in dual-phase
steels. This interaction was forced by a high heating rate
(100 °C/s) from room temperature (75 % cold-rolled
microstructure) up to different temperatures below and
within the intercritical domain (680, 715, 740, 780 °C).
The global kinetics of evolution of the three main con-
stituents of the microstructure—deformed ferrite, recrys-
tallized ferrite, and austenite—were quantified at these four
temperatures. The development of grain size heterogeneity
and microstructure anisotropy was followed by micro-
scopic observations coupled with EBSD analyses. The
main conclusions are as follows:

@ Springer

ferrite (ReX o), deformed ferrite (Def o), and martensite (o). In the
microstructure at 780 °C - 1/, deformed ferrite is highlighted in light

gray

— The austenite formation was found to proceed very
rapidly (in less than 1 min) for all the temperatures
tested in the intercritical domain; the measured final
volume fractions (stable over a time range of 1 h) were
higher than the expected equilibrium values.

— The nucleation of austenite is heterogeneous; it pref-
erentially takes place in the Mn-rich bands due to the
presence of cementite particles and to the fact that Mn
is a gamma-former element.

— The formation of austenite has a strong delaying effect
on the subsequent growth of recrystallized ferrite; this
effect was attributed to the inhibition of recrystallized
seeds nucleation in presence of austenite. The ferrite
recrystallization finishes by grain growth and
restoration.
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Strong microstructure heterogeneity and anisotropy can
result from the competitive growth of austenite and
recrystallized ferrite; the maximum of anisotropy is
observed for temperatures where the final recrystalliza-
tion/restoration step is constrained by the presence of
about 40-60 % of austenite; at lower temperatures, the
pinning effect of austenite is lower but growth of some
ferrite grain can be observed; at higher temperatures,
high amount of austenite results in finer and more
homogeneous microstructures.
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