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Intercritical annealing of cold-rolled ferrite-pearlite steel: microstructure evolutions and phase transformation kinetics
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The manufacturing of Dual-Phase steels includes as a crucial step the annealing of a cold-rolled ferrite-pearlite (F/P) microstructure, which involves numerous and interacting metallurgical mechanisms, namely recovery/recrystallization of ferrite, globularization, manganese enrichment, coarsening of cementite and finally austenite transformation. Present study focuses on the austenite transformation considering its interaction with the ferrite recrystallization and the influence of the chemical composition of the cementite. The behavior of a cold-rolled F/P microstructure is studied at three heating rates to induce weak and strong interactions between the mechanisms, in particular using post mortem microstructure observations but also in situ High Energy X-Ray Diffraction experiments on a synchrotron beamline. Slow heating leads to a necklace austenite distribution whereas fast heating conducts to a banded topology. This particular microstructure morphogenesis is explained by the presence of numerous intergranular (or isolated) carbides inside the ferrite matrix, inherited from the hot-rolling. Thermokinetic analysis accounting for the cementite composition shows that the pearlite islands transformation necessarily involves the partition of substitutional elements. Conversely, the dissolving isolated carbides undergo a partition/partitionless transition on heating. After the dissolution of the cementite, a final ferrite/austenite transformation takes place. The phase transformation kinetics increases with increasing heating rates, despite the thermal-activated nature of the austenite growth process. This is interpreted thanks to kinetic simulations with DICTRA software, which allow to analyze the austenite growth regimes involving or not the partition of the alloying elements.

Introduction

Dual-Phase (DP) steels are largely employed in the automotive industry for their excellent strength / ductility trade-off and their weight reduction potential [START_REF] Speich | Formation of Austenite During Intercritical Annealing of Dual-Phase Steels[END_REF][START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Allam | Mechanical Properties, Formability, and Corrosion Behavior of Dual Phase Weathering Steels Developed by an Inter-Critical Annealing Treatment[END_REF][START_REF] Hofmann | Advanced cold rolled steels for automotive applications[END_REF][START_REF] De Moor | Austenite stabilization through manganese enrichment[END_REF][START_REF] Movahed | The effect of intercritical heat treatment temperature on the tensile properties and work hardening behavior of ferrite-martensite dual phase steel sheets[END_REF][START_REF] Allain | Dual-Phase Steels: The First Family of Advanced High Strength Steels[END_REF]. DP steels have a composite microstructure composed of carbon-rich martensite islands embedded in a matrix of softer ferrite [START_REF] Speich | Formation of Austenite During Intercritical Annealing of Dual-Phase Steels[END_REF] and occasionally containing bainite [START_REF] Fonstein | Advanced High Strength Sheet Steels Physical Metallurgy, Design, Processing, and Properties[END_REF]. The tensile properties (yield strength, ultimate tensile strength, uniform elongation) depend strongly on the volume fraction of the martensite [START_REF] Erdogan | Effect of austenite dispersion on phase transformation in dual phase steel[END_REF][START_REF] Jacques | Enhancement of the mechanical properties of a low-carbon, low-silicon steel by formation of a multiphased microstructure containing retained Austenite[END_REF][START_REF] Allain | Towards the microstructure design of DP steels: A generic size-sensitive mean-field mechanical model[END_REF]. Its three-dimensional features, i.e. the spatial and morphological distribution of the phases, also influence the fracture properties and the resistance to damage. For example, banded structures of elongated martensite islands aligned in the rolling direction have a negative impact on the damage properties and on the local ductility [START_REF] Tasan | Strain localization and damage in dual phase steels investigated by coupled in-situ deformation experiments and crystal plasticity simulations[END_REF][START_REF] Avramovic-Cingara | Effect of martensite distribution on damage behaviour in {DP600} dual phase steels[END_REF][START_REF] Uthaisangsuk | A study of microcrack formation in multiphase steel using representative volume element and damage mechanics[END_REF][START_REF] Ismail | Impact of second phase morphology and orientation on the plastic behavior of dual-phase steels[END_REF]. Conversely, the tensile properties depend weakly on the spatial organization of the phases [START_REF] Tasan | Strain localization and damage in dual phase steels investigated by coupled in-situ deformation experiments and crystal plasticity simulations[END_REF].

Precise control of the properties requires thus to understand how the microstructures are formed during the thermomechanical processing of DP steels. The sequence of treatments starts with a hot-rolling operation in the full-austenite domain. After a cooling sequence during the coiling operation, a cold-rolling step at room temperature is applied in addition to obtain thinner products of interest for automotive construction. The crucial step is the final intercritical annealing [START_REF] Martín | Effect of heating rate on reaustenitisation of low carbon niobium microalloyed steel[END_REF][START_REF] Agren | The dissolution of cementite in a low carbon steel during isothermal annealing at 700°C[END_REF][START_REF] Arlazarov | Evolution of microstructure and mechanical properties of medium Mn steels during double annealing[END_REF]: a partial austenite transformation takes place in the biphasic ferrite+austenite domain of stability; during the final cooling, the austenite transforms progressively again to ferrite at high temperature, then in bainite and finally into martensite.

Hence, the final martensite microstructure (previously austenite) is largely inherited from the intercritical annealing. Many investigations considered the austenite transformation occurring during this step, focusing on two main features: the austenite morphogenesis and the phase transformation kinetics.

Important parameter of the intercritical annealing is the heating rate up to the soaking temperature. Slow heating leads to a necklace morphology of the austenite, whereas fast heating leads to a banded morphology, with strong impact on the mechanical behavior [START_REF] Mazinani | Effect of Martensite Plasticity on the Deformation Behavior of a Low-Carbon Dual-Phase Steel[END_REF][START_REF] Avramovic-Cingara | Effect of martensite distribution on damage behaviour in DP600 dual phase steels[END_REF][START_REF] Tasan | Strain localization and damage in dual phase steels investigated by coupled in-situ deformation experiments and crystal plasticity simulations[END_REF]. This morphological transition is mostly specific to cold-rolled ferrite-pearlite initial microstructures [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Andrade-Carozzo | Interactions between Recrystallisation and Phase Transformations during Annealing of Cold Rolled Nb-Added TRIP-Aided Steels[END_REF][START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF]. Except in [START_REF] Martín | Effect of heating rate on reaustenitisation of low carbon niobium microalloyed steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF][START_REF] Mohanty | Effect of Heating Rate on the Austenite Formation in Low-Carbon High-Strength Steels Annealed in the Intercritical Region[END_REF], it does not occur for other initial microstructures such as hot-rolled ferrite-pearlite [START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF] or mixtures including bainite and/or martensite [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF]. Faster heating leads to faster austenite transformation kinetics [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Andrade-Carozzo | Interactions between Recrystallisation and Phase Transformations during Annealing of Cold Rolled Nb-Added TRIP-Aided Steels[END_REF][START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Mohanty | Effect of Heating Rate on the Austenite Formation in Low-Carbon High-Strength Steels Annealed in the Intercritical Region[END_REF], despite the thermal-activated nature of the nucleation-growth process and whatever the initial microstructure. After fast heating, the final fraction of austenite can overcome the value expected from thermodynamics [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF]. The local chemical compositions in the final microstructure may remain out of equilibrium. The transformation kinetics can follow different stages involving or not the partition of the alloying elements [START_REF] Speich | Formation of Austenite During Intercritical Annealing of Dual-Phase Steels[END_REF][START_REF] Lai | Mechanism of Austenite Formation from Spheroidized Microstructure in an Intermediate Fe-0.1C-3.5Mn Steel[END_REF][START_REF] Wei | Growth of austenite from as-quenched martensite during intercritical annealing in an Fe-0.1C-3Mn-1.5Si alloy[END_REF].

These complex evolutions come from the interactions of the austenite transformation with other metallurgical processes. In the case of an initial cold-rolled ferrite-pearlite microstructure, the cementite and the ferrite matrix undergo several phenomena during the heating and before the start of the austenite transformation [START_REF] Garcia | Formation of austenite in 1.5 pct Mn steels[END_REF][START_REF] Yang | Ferrite recrystallization and austenite formation in cold-rolled intercritically annealed steel[END_REF]. The cementite carbides undergo fragmentation, spheroidization and coarsening; these processes are accelerated by the defects introduced by the cold-rolling [START_REF] Chattopadhyay | Quantitative measurements of pearlite spheroidization[END_REF][START_REF] Chattopadhyay | Kinetics of pearlite spheroidisation during static annealing and during hot deformation[END_REF][START_REF] Etou | Super Short Interval Multi-pass Rolling Process for Ultrafine-grained Hot Strip[END_REF][START_REF] Yin | Ultra-low-carbon steel spheroidization and torsion[END_REF][START_REF] Courtney | Shape instabilities of plate-like structures-II. Analysis[END_REF][START_REF] Arruabarrena | Influence of Prior Warm Deformation on Cementite Spheroidization Process in a Low-Alloy Medium Carbon Steel[END_REF][START_REF] Yi | Austenitization during intercritical annealing of an Fe-C-Si-Mn dual-phase steel[END_REF]. This modifies the size and the spatial distribution of the carbides and thus of the initial nucleation sites and the carbon sources for the austenite. The chemical composition of the carbides also evolves during heating; enrichment in Mn and Cr stabilizes the carbides, slows-down their dissolution and hence the austenite transformation [START_REF] Liu | An experimental and theoretical study of cementite dissolution in an Fe-Cr-C alloy[END_REF][START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF][START_REF] Gouné | A Criterion for the Change from Fast to Slow Regime of Cementite Dissolution in Fe-C-Mn Steels[END_REF][START_REF] Xia | Effects of alloying elements on the kinetics of austenitization from pearlite in Fe-C-M alloys[END_REF][START_REF] Enomoto | Partition and non-partition transition of austenite growth from a ferrite and cementite mixture in hypo-and hypereutectoid Fe-C-Mn alloys[END_REF][START_REF] Hillert | EFFECT OF ALLOYING ELEMENTS ON FORMATION OF AUSTENITE AND DISSOLUTION OF CEMENTITE[END_REF][START_REF] Wu | Austenite formation kinetics from multicomponent cementite-ferrite aggregates[END_REF][START_REF] Marceaux Dit Clément | Effects of cementite size and chemistry on the kinetics of austenite formation during heating of a highformability steel[END_REF]. Actually, the initial composition of the carbides before the annealing treatment already depends on the metallurgical history of the hot band (so-called inheritance effects) [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF].

As for the ferrite matrix, it becomes highly defected after the cold-rolling. It undergoes on heating recovery and then recrystallization processes [START_REF] Petrov | Recrystallization of a Cold Rolled Trip-assisted Steel during Reheating for Intercritical Annealling[END_REF][START_REF] Maruyama | Recrystallisation at Intercritical Annealing in Low Carbon Steels[END_REF][START_REF] Dillien | EBSD study of the substructure development with cold deformation of dual phase steel[END_REF]. During slow heating, the ferrite recrystallization is complete before the start of the austenite transformation, which takes place, except for the pearlitic ferrite, inside a fully recrystallized microstructure. ("Weak" interaction between austenite transformation and ferrite recrystallization as the mechanisms occur sequentially). In the case of slow heating, there is a general agreement in literature regarding the austenite morphogenesis. The necklace morphology comes from the nucleation and growth of the austenite at the boundaries of the large and equiaxed ferrite grains. Point of disagreement concerns the nature of the nucleation sites: either intergranular carbide, or "empty" ferrite grain boundaries. During fast heating, the austenite transformation and the ferrite recrystallization take place simultaneously (strong interaction). The heating rate has to be sufficiently fast to shift the ferrite recrystallization above the Ac1 temperature. The critical heating rate depends on the steel composition, the amount of cold-rolling reduction and the initial microstructure, as shown e.g. by processing maps produced by some authors [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Ollat | Characterization and modeling of microstructural evolutions during the thermal treatment of cold-rolled Dual-Phase steels[END_REF]. In this latter case, there is no general agreement regarding how the austenite transformation and the ferrite recrystallization interact.

There are several interpretations to explain the faster transformation kinetics during faster heating. Some studies report that the presence of non-recrystallized and recovered ferrite would accelerate the austenite transformation [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF]. The defects in the deformed ferrite grains would provide nucleation sites, fast diffusion paths and increased driving force. On the contrary, other studies do not report that the deformed ferrite would transform particularly fast [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF]. According to [START_REF] Huang | Austenite formation during intercritical annealing[END_REF], the austenite nucleation would even be difficult at the moving boundaries of the recrystallizing ferrite. According to other studies, the faster austenite transformation on faster heating would come from an increased driving force, which would increase the density of austenite nuclei [START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF]. In return several studies report that newly formed austenite slows down the ferrite recrystallization [START_REF] Andrade-Carozzo | Interactions between Recrystallisation and Phase Transformations during Annealing of Cold Rolled Nb-Added TRIP-Aided Steels[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF][START_REF] Maruyama | Recrystallisation at Intercritical Annealing in Low Carbon Steels[END_REF][START_REF] Ogawa | Incomplete Recrystallization and Subsequent Microstructural Evolution during Intercritical Annealing in Cold-rolled Low Carbon Steels[END_REF], for instance by consuming potential nucleation sites [START_REF] Andrade-Carozzo | Interactions between Recrystallisation and Phase Transformations during Annealing of Cold Rolled Nb-Added TRIP-Aided Steels[END_REF].

The origin of the transition from the necklace to the banded morphology is also discussed.

According to [START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF], the austenite would inherit the initial elongated shape of the deformed ferrite grains. The recrystallizing ferrite grains would also adopt this shape according to [START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF].

Other studies [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF] mention the influence of Mn microsegregation bands stimulating the austenite transformation and slowing-down the ferrite recrystallization. Li et al. [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF] mention the influence of the distribution of the carbides in the initial microstructure. This distribution would be modified when recrystallization processes occur. According to [START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF], faster heating shifts the austenite nucleation to the pearlite islands to the detriment of the slowertransforming ferrite matrix. The pearlite islands would thereby confer their initial elongated and banded shape (due to the cold-rolling) to the forming austenite.

Hence, despite a number of studies, the transition from the necklace to the banded morphology remains to be understood, as well as the faster transformation kinetics during faster heating. The present study aims to investigate further these issues by several means. A steel with composition Fe-0.1C-1.9Mn-0.2Cr-0.2Si wt.% with cold-rolled ferrite-pearlite initial microstructure is considered. A new experimental approach [START_REF] Moreno | Real-Time Investigation of Recovery, Recrystallization and Austenite Transformation during Annealing of a Cold-Rolled Steel Using High Energy X-ray Diffraction (HEXRD)[END_REF] is utilized to establish in situ by synchrotron high energy XRD the austenite transformation and the ferrite recovery/recrystallization global kinetics, in one single experiment. Three heating rates before isothermal annealing at 800°C are applied, fast (30 and 100°C.s -1 ) and slow (3°C.s -1 ) to induce strong or weak interactions. Only three annealing treatments are thus considered, but the microstructure evolutions are observed in detail by systematic SEM characterizations, focusing on the interactions of the austenite transformation with the ferrite recrystallization and the carbides ripening. Particular emphasis is also put on the influence of the isolated cementite carbides on the austenite transformation and morphogenesis. Their spatial and size distribution evolutions are established thanks to quantitative metallography, before and after ferrite recrystallization. Enrichments of the cementite carbides in Mn during annealing were already established in this steel by TEM-EDS in [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF]. On this basis and from quantifications of the initial microstructure, DICTRA simulations are setup in order to understand the influence of the heating rate on the austenite transformation kinetics.

Studied material, experimental techniques, thermodynamic calculations

Studied material

The composition of the studied steel is given in Table 1. It is a low-carbon steel without microalloying elements (Ti, Nb, V, B). The material has been provided by ArcelorMittal either in hot-rolled or in cold-rolled state, as flat sheets of respectively 3 mm and 1.2 mm thickness. The industrial hot-rolling process consists of a reheating of the slabs at ca. 1200°C, a finish rolling at 900°C and a coiling at about 550°C after fast cooling on a run-out table.

After coiling, cooling rate of the hot-rolled coils is about 20°C/h, from 550°C down to room temperature. In hot bands, the resulting microstructure is a mixture of ferrite and pearlite. The reduction ratio of the cold-rolling is 60%; this corresponds to a mean deformation of 106% in bulk. As the pearlite shows a higher flow stress than the ferrite, the deformation is even higher in the ferritic matrix. According to micromechanical models [START_REF] Bouaziz | Flow stress and microstructure modelling of ferrite-pearlite steels during cold rolling[END_REF][START_REF] Allain | Microstructure based modeling for the mechanical behavior of ferrite-pearlite steels suitable to capture isotropic and kinematic hardening[END_REF], the deformation in pearlite and ferrite is respectively equal to 67% and 119% accounting for their respective volume fractions (values are presented in Section 3.1.1).

The steel presents micro-segregations bands resulting from the processing. According to WDS measurements (spatial resolution ca. 1 µm) in the cold-rolled state, the Mn concentration along the whole thickness of the sheet ranges between 1.84 and 2.02 wt.% The chromium concentration ranges between 0.17 and 0.22 wt.% and the concentration of the silicon ranges between 0.20 and 0.24 wt.%. The average spacing between the microsegregation bands is of the order 4.5 µm. 

C Mn

Annealing schedules

The model heat treatment, which is applied to the cold-rolled material, comprises two steps:

the cold-rolled samples are heated from room temperature to the annealing temperature of 800°C, followed by 10 min holding before helium quenching. Three constant heating rates are considered: 3°C.s -1 , 30°C.s -1 and 100°C.s -1 . Both lowest heating rates are representative of present-day annealing capabilities by most steelmakers.

Interrupted treatments between Ac1 and 800°C and spaced out by 10°C are done to follow in detail the development of the austenite microstructure and the ferrite recrystallization. Except for the XRD in situ experiments (Section 2.7), the heat treatments have been performed with an in-house Rapid-Cycle Dilatometer. Heating is achieved by four light bulbs of 1500 W and cooling is achieved by helium blowing.

Metallographic preparation

Samples prepared for SEM observations were coated with epoxy resin (sagittal cut), polished with silicate grid paper down to 1 µm and finished with a colloidal silica suspension solution.

Before etching, an ultra-sonic cleaning bath in warm methanol (~30 min.) permits to remove the fine colloidal silica particles and to avoid pollution of the samples. Two types of etching have been applied. A Picral solution at 2% was used to characterize the carbides sizes and distributions (initial hot-rolled or cold-rolled state or heating below Ac1). A Dino etchant (40 mL of distilled water, 100 mL of hydrogen peroxide (30%), 4 g of oxalic acid, 2 mL of sulfuric acid and 1.5 mL of hydrofluoric acid) was used to reveal the carbides and the martensite (previously austenite) after heating above Ac1 and quench. The Dino etchant also permits to reveal the grain and sub-grain boundaries in the ferrite.

SEM microstructural observations

Two SEMs have been used in this study. The carbides microstructures were characterized (heating below Ac1, Picral etching) with a Philips XL-30 FEG-SEM. The austenite microstructure evolutions (heating above Ac1, Dino etching) were followed with a JEOL JSM-IT300 Tungsten SEM. All observations were made in secondary electron mode. The micrographs were acquired at quarter thickness of the sheets to avoid skin effects and possible macro-segregation in the center. The microstructures have been observed only in the samples heated at 3°C.s -1 and 30°C.s -1 .

Image analysis

Mean pearlite island and ferrite grain sizes were measured using the intercept method defined by the ASTM standard E112-96 procedure [START_REF]Standard Test Methods for Determining Average Grain Size[END_REF]. The fractions of austenite or pearlite islands were quantified following the ASTM E65 standard [START_REF]Test Method for Determining Volume Fraction by Systematic Manual Point Count[END_REF]. Fractions of austenite were measured after Dino etching on SEM micrographs by applying a threshold in grey levels. Fractions of recrystallized ferrite were estimated following the point counting method for the 30°C.s -1

heating rate and by EBSD analysis based Grain Orientation Spread (GOS) parameter at 3°C.s - 1 [START_REF] Radwański | Application of FEG-SEM and EBSD Methods for the Analysis of the Restoration Processes Occurring During Continuous Annealing of Dual-Phase Steel Strips[END_REF].

ImageJ software was used to characterize the carbides morphologies, sizes and densities. First operation is a binarization of the SEM micrograph obtained after Picral etching. Despite the good initial contrast, the definition of a simple threshold was not sufficient. Classical routines such as opening, eroding or closing led to biases. Specific routines were developed in particular to deal with the presence of grain boundaries. The reader is referred to [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF] for a detailed presentation. The true cementite particles sizes distribution was determined by applying the Johnson-Saltikov stereological correction [START_REF] Saltikov | The Determination of the Size Distribution of Particles in an Opaque Material from a Measurement of the Size Distribution of Their Sections[END_REF], as detailed in [START_REF] Russ | Practical Stereology[END_REF], which also reviews and compares other existing correction methods.

Transmission electron microscopy

The chemical composition of the carbides was measured by EDXS in TEM. The specimens were ground parallel to the initial faces of the flat products down to a thickness of 60 µm with grinding papers, to avoid both the decarburized layer close to the surface, and macrosegregations near the center. 3 mm diameter foils were punched out and then drilled by electropolishing using a perchloric-acetic acid solution at 18°C with a tension of 30V. A JEOL TEM microscope was operated at 200 kV (ARM FEG). Composition measurements were performed with a BRUKER XFlash EDXS Silicon Drift Detector with a resolution of 127 eV and a collector plate of 30 mm 2 . The probe size for these measurements is about 1 nm.

As the detection of light chemical species like carbon is not possible by EDXS because of the energy resolution and pollution issues, only the major substitutional species were considered:

Fe, Mn, Cr and Si. By using standard statistical techniques, the relative error in the measured concentrations does not exceed 5%.

For each investigated condition, about 5 cementite particles have been observed in detail by measuring composition profiles with a probe size of ca. 1 nm. Average compositions were also measured in about 20 other carbides. All particles were located in pearlite islands (not at ferrite grain boundaries). It was not possible to determine with certainty whether or not the particles were located in microsegregation bands. More details on the TEM sample preparation and observations can be found in reference [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF], which is focused on the evolutions of the carbides compositions.

High Energy X-Ray Diffraction

The HEXRD experiments were carried out at the Deutsches Electronen-Synchrotron on the PETRA III P07 beamline (DESY, Hamburg, Germany). It was operated with a powder diffraction setup in transmission, similar to the one used in reference [START_REF] Allain | Internal stresses and carbon enrichment in austenite of Quenching and Partitioning steels from high energy X-ray diffraction experiments[END_REF]. The samples were lamellar with dimensions 10 x 5 x 1.2 mm 3 . Like for other analyses, these were cut down from the industrial steel sheet. The long direction (10 mm) corresponds to the rolling direction. The thickness (1.2 mm) direction is normal to the plane of the sheet. The X-Ray beam crosses the sample along its thickness. The size of the high energy monochromatic beam (energy 100 keV, wavelength 0.012398 nm) was 400 × 400 μm 2 broad, which means that approximatively 50,000 grains were scanned through the thickness (1.2 mm) of the sample (but the number of diffracting grains in Bragg reflection condition is lower).

Calibration was performed using Fit2D software (v18, ESRF, Grenoble, France) [START_REF] Hammersley | Twodimensional detector software: From real detector to idealised image or two-theta scan[END_REF][START_REF]THE FIT2D HOME PAGE[END_REF] to adjust the sample to detector distance and correct the detector tilts using LaB6 powder. The distance was set to 1.251 m to observe fully the 6 first diffraction rings of ferrite. The diffraction patterns can be recorded at a high rate (10 Hz) on a PerkinElmer 2-D plate detector thanks to the brilliance of the line and the energy used. The thermal cycle was performed in a modified Bähr 805 A/D (TAinstruments) dilatometer. The sample could not be rotated during the experiments, but it will be seen that powder diffraction conditions could be achieved, despite the strong texture introduced by the cold rolling.

The continuous heating step was recorded in fast acquisition mode (10 Hz). Slow mode was re-activated after 60 s holding at 800°C until the end of the treatment. In slow mode, patterns are acquired every 3 s (~0,33 Hz). The temperature was measured in real time with a K-type thermocouple spot welded at the surface of the sample, just above the volume crossed by the beam. During heating in fast mode, the uncertainty in the temperature is estimated as ∆T = ±0.1 x HR, where HR is the heating rate and 0.1 s is the duration of an acquisition in fast mode. For instance, uncertainty due to the acquisition method in temperature during heating at 30°C.s -1 is ±3°C.

A Rietveld analysis [START_REF] Rietveld | Line profiles of neutron powder-diffraction peaks for structure refinement[END_REF] was conducted to determine the phase transformation kinetics.

Pictures of Debye-Scherrer (DS) rings were integrated using the Fit2D software. The 1D diffraction pattern was then refined with Fullprof software (V2.05, ILL, Grenoble, France) in a 2θ range from 2.70° to 8.70° using Pseudo-Voigt functions [START_REF] Rodríguez-Carvajal | Recent advances in magnetic structure determination by neutron powder diffraction[END_REF]. Only two phases have been considered (ferrite and austenite); peaks due to cementite could be detected, but these peaks were too small to allow a proper quantification. The minimum detectable austenite mass fraction is about 2% with such a procedure. This value corresponds to the accuracy of the phase fraction measurement [START_REF] Allain | Internal stresses and carbon enrichment in austenite of Quenching and Partitioning steels from high energy X-ray diffraction experiments[END_REF].

A new method has been introduced recently to track in situ by HEXRD the recrystallization kinetics, together with the phase transformation kinetics [START_REF] Moreno | Real-Time Investigation of Recovery, Recrystallization and Austenite Transformation during Annealing of a Cold-Rolled Steel Using High Energy X-ray Diffraction (HEXRD)[END_REF]. This method is related to the presence of individual spots of intensity inside the Debye-Scherrer diffraction rings, which are ascribed to the new recrystallizing ferrite grains. By counting the number of diffraction spots, it is possible to estimate the recrystallization kinetics. The accuracy of the method has to be improved, but first comparisons with recrystallized fractions determined by EBSD are satisfactory.

Thermodynamic and kinetic simulations

The thermodynamic calculations were performed with Thermocalc software and the TCFE7 database. The kinetics simulations were performed with DICTRA software with TCFE7 and MOBFE2 databases.

Results

Microstructure evolutions before the austenite transformation

Hot-rolled microstructure

Figure 1 shows SEM micrographs of the as received industrial hot-rolled (HR) and coldrolled (CR) microstructures. The micrographs were binarized with the procedure described in Section 2.5. After HR and subsequent cooling, the microstructure consists of polygonal ferrite and pearlite islands containing lamellar cementite carbides. The cementite is often not perfectly lamellar and presents a more rounded shape near the pearlite island boundaries. The proeutectoid ferrite grains are equiaxed and their mean radius is estimated to 5 µm. The pearlite islands have a volume fraction estimated to 16%. Observations at a larger scale (not shown here) show that the pearlite islands are often organized in bands parallel to the rolling direction. This topology is due in part to the Mn microsegregations; it is known that proeutectoid ferrite forms preferentially in Mn-depleted zones during the coiling. But in many other observations, the pearlite islands are more randomly distributed.

Important feature of the HR microstructure is the presence of a large number of isolated cementite carbides located mainly at the boundaries of the proeutectoid ferrite grains and outside the pearlite islands. Most of these carbides have an elongated shape along the ferrite grain boundaries (GBs), but some are more equiaxed. Despite their low volume fraction, the isolated carbides contain about one third of the carbon of the steel (64%). This proportion is deduced from the volume fraction of the pearlite islands (16%), which is lower than a value of 25%, expected from a thermodynamic analysis of pearlite transformation detailed in [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF]. It will be seen in the following that these isolated carbides will play a major role during the austenite transformation even if presence of intergranular carbides has rarely been reported [START_REF] Yang | Ferrite recrystallization and austenite formation in cold-rolled intercritically annealed steel[END_REF][START_REF] Yi | Austenitization during intercritical annealing of an Fe-C-Si-Mn dual-phase steel[END_REF][START_REF] Lee | Microstructural development in non-oriented lamination steels[END_REF][START_REF] Lee | Microstructural development in nonoriented lamination steels[END_REF][START_REF] Lee | The interaction between proeutectoid ferrite and austenite during the isothermal transformation of two low-carbon steels -a new model for the decomposition of austenite[END_REF][START_REF] Granbom | Simulation of the Soaking and Gas Jet Cooling in a Continuous Annealing Line using Dilatometry[END_REF]. According to [START_REF] Lee | Microstructural development in non-oriented lamination steels[END_REF][START_REF] Lee | Microstructural development in nonoriented lamination steels[END_REF][START_REF] Lee | The interaction between proeutectoid ferrite and austenite during the isothermal transformation of two low-carbon steels -a new model for the decomposition of austenite[END_REF], these are formed during slow cooling before the pearlite transformation. During the proeutectoid ferrite transformation, some carbon-rich regions of austenite would be trapped between growing ferrite grains and would then decompose to one or several cementite carbides and ferrite. Another mechanism assuming the super-saturation in carbon of the ferrite was proposed more recently in [START_REF] Granbom | Simulation of the Soaking and Gas Jet Cooling in a Continuous Annealing Line using Dilatometry[END_REF]. microstructures. The ferrite is represented in black, the pearlitic cementite in white and the isolated carbides in red.

Effects of the cold-rolling

After the cold rolling (Figure 1b), the ferrite grains and the pearlite islands are flattened and elongated in the rolling direction; both are ca. 3 µm thick, while the lengths are more scattered. Inside the pearlite islands, some of the cementite lamellae remain unmodified, but most of these are now fragmented. As for the isolated carbides, those which were elongated before the CR were fragmented during the deformation, generating clusters of carbides aligned parallel to the rolling direction and distributed at the boundaries of the deformed ferrite grains (see also [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF]). There are also some intra-granular carbides inside the ferrite grains, but their number is very small.

Microstructure evolutions during heating to Ac1

For both heating rates, 3 and 30°C.s -1 , the microstructure was observed (Figure 2) after heating up to 700°C and 720°C respectively. Close to the Ac1 temperature (respectively 710°C and 720°C according to microstructure observations, Section 3.4), these temperatures are representative of the initial microstructure at the start of the austenite transformation.

Before this stage, different microstructural evolutions occur during the heating up to Ac1: the recovery and recrystallization of the ferrite; the fragmentation of the cementite carbides. The latter also undergo enrichment in Cr and Mn during the slow heating at 3°C.s -1 [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF][START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF].

Regarding the recrystallization, the evolutions are different for both heating rates. As shown in Figure 2a, the ferrite matrix is almost fully recrystallized after the slow heating. The recrystallized ferrite grains are nearly equiaxed and have an average size of 6 µm. Very few ferrite grains remain unrecrystallized, whereas former pearlite islands are never recrystallized.

Conversely, after the fast heating, the ferrite recrystallization has almost not started (Figure 2b) at 720°C. Most ferrite grains kept their initial elongated shape resulting from the cold rolling. They contain a large number of subgrains with a typical size of 0.5 µm, which result from recovery processes starting at 380°C [START_REF] Moreno | Real-Time Investigation of Recovery, Recrystallization and Austenite Transformation during Annealing of a Cold-Rolled Steel Using High Energy X-ray Diffraction (HEXRD)[END_REF]. Hence, a transition from full recrystallization before austenite transformation to no recrystallization occurs between heating rates 3°C.s -1 and 30°C.s -1 . The order of magnitude of the critical heating rate for this transition between two modes of interaction (the so-called "weak" and "strong" interactions) is in accordance with previous studies on similar systems [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Mohanty | Effect of Heating Rate on the Austenite Formation in Low-Carbon High-Strength Steels Annealed in the Intercritical Region[END_REF][START_REF] Ollat | Modeling of the Recrystallization and Austenite Formation Overlapping in Cold-Rolled Dual-Phase Steels During Intercritical Treatments[END_REF]. Detailed experimental and modelling study of recrystallization is presented in [START_REF] Moreno | Real-Time Investigation of Recovery, Recrystallization and Austenite Transformation during Annealing of a Cold-Rolled Steel Using High Energy X-ray Diffraction (HEXRD)[END_REF][START_REF] Allain | A Physics-Based Mean-Field Model for Ferrite Recovery and Recrystallization[END_REF]. Regarding the pearlitic ferrite, no significant recrystallization occurs during both slow and fast heating, as confirmed by EBSD analyses.

As for the cementite carbides, different effects of the heating rate are observed for the pearlitic cementite and for the isolated carbides. The cementite carbides inside the pearlite islands undergo the same evolutions for both heating rates: they become more fragmented, leading to a more spheroidal shape and to a large increase of the particles density. They probably also undergo coarsening. Both fragmentation and coarsening phenomena are accelerated by the prior severe deformation [START_REF] Chattopadhyay | Quantitative measurements of pearlite spheroidization[END_REF][START_REF] Chattopadhyay | Kinetics of pearlite spheroidisation during static annealing and during hot deformation[END_REF], especially, for the fragmentation, by the defects introduced inside the cementite [START_REF] Etou | Super Short Interval Multi-pass Rolling Process for Ultrafine-grained Hot Strip[END_REF][START_REF] Yin | Ultra-low-carbon steel spheroidization and torsion[END_REF][START_REF] Courtney | Shape instabilities of plate-like structures-II. Analysis[END_REF][START_REF] Arruabarrena | Influence of Prior Warm Deformation on Cementite Spheroidization Process in a Low-Alloy Medium Carbon Steel[END_REF]. The pearlitic cementite carbides reach the same average equivalent radius, 75 nm, for both heating rates (Table 2). It should be mentioned that the lamellar carbides (i.e

. not yet fragmented) were excluded from the size measurements, which makes difficult to interpret in detail the size and densities evolutions.

More measurements can be found in reference [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF].

In contrast with the pearlitic cementite, the evolution of the isolated carbides (outside the pearlite islands) shows a dependence on the heating rate. During slow heating, the ferrite recrystallization, which has time to occur, modifies the size and the spatial distribution of the isolated cementite carbides with respect to the ferrite grain boundaries. Some carbides get trapped inside the recrystallized ferrite grains, while other carbides are localized at the boundaries of the ferrite grains. The latter tend to be bigger than the intragranular carbides (this could not be quantified), probably because of the faster diffusion at the grain boundaries.

The mechanisms by which the recrystallization can modify the carbides distribution are discussed in Section 4.1.3. After the fast heating, the isolated carbides keep their initial distribution in the CR microstructure, mostly in the form of elongated clusters, parallel to the rolling direction and located at the boundaries of the deformed ferrite grains. There are almost no carbides inside the deformed ferrite grains (Figure 2d). The isolated carbides are larger in average after slow heating than after fast heating (Table 2), because of the larger size of the carbides located at the boundaries of the recrystallized ferrite grains. More measurements can also be found in reference [START_REF] Allain | A Physics-Based Mean-Field Model for Ferrite Recovery and Recrystallization[END_REF]. 

Ferrite recrystallization kinetics

As presented in [START_REF] Moreno | Real-Time Investigation of Recovery, Recrystallization and Austenite Transformation during Annealing of a Cold-Rolled Steel Using High Energy X-ray Diffraction (HEXRD)[END_REF], the in situ HEXRD experiments also allow to estimate the kinetics of the ferrite recrystallization. Figure 3 shows the recrystallized fraction as a function of the temperature during the heating stage, as determined both from HEXRD and from SEM.

Above Ac1, relative fractions are plotted, that is, the ratio of the recrystallized fraction over the fraction of remaining ferrite. It can be seen that the method based on HEXRD tends to overestimate the recrystallization kinetics, compared to the image analysis of SEM micrographs. The latter are actually accurate only for the heating rate 3°C.s -1 , for which EBSD was employed to draw Grain Orientation Spread maps. Conversely at 30°C.s -1 , the estimates of recrystallized fractions are based on observation of SEM micrographs after chemical etching. Nevertheless, SEM and HEXRD observations are in agreement regarding the temperature range at which the ferrite recrystallization occurs, as a function of the heating rate. Focusing on the kinetics obtained from HEXRD, at 3°C.s -1 , the ferrite recrystallization starts at ca. 670°C and is almost complete at 710°C, the Ac1 temperature, as will be seen in next sections. At 30°C.s -1 , the ferrite recrystallization starts near 730°C and finishes at ca. 780°C. This is in good agreement with the microstructure observations near the Ac1 temperature (Figure 2). At 100°C.s -1 , the recrystallization kinetics is shifted to higher temperatures. It finishes in less than 6 s during the isothermal hold at 800°C. Thus, as aimed when designing the treatments, the slow heating at 3°C.s -1 permits (almost) full decoupling of the respective kinetics of ferrite recrystallization and austenite transformation, while faster heating at 30°C.s -

Austenite transformation: kinetics

The austenite transformation kinetics was measured in situ by HEXRD with the method presented in Section 2.7. Figure 4 shows the Debye-Scherrer (DS) rings recorded at 650°C and 800°C during the heating at 3°C.s -1 , along with the integrated intensity-2θ profiles.

Additional profile at 760°C is added to illustrate the start of the austenite transformation.

Continuous DS rings and the expected relative intensities of the diffraction peaks are obtained thanks to the large number of diffracting grains, leading to powder diffraction conditions. At 650°C, only visible DS rings are those of the ferrite. At 800°C, these become weaker because of the lower ferrite mass fraction, while austenite rings are clearly visible. The cementite peaks are visible only at high magnification of the I-2q profiles. The cementite mass fraction could not be quantified by our Rietveld method.

Figure 5a shows the austenite fraction as a function of the temperature during the heating stage. According to the HEXRD, the Ac1 temperature is equal to 710°C, 740°C and 746°C respectively at 3°C.s -1 , 30°C.s -1 and 100°C.s -1 . (The first detection of austenite by HEXRD corresponds to the beginning of the curve). At 3°C.s -1 and 30°C.s -1 , the austenite fraction follows a similar evolution as a function of the temperature, with an upward shift of about 10°C at 30°C.s -1 . Hence, the phase transformation kinetics is about ten times faster at 30°C.s -1 than at 3°C.s -1 . Both kinetics show two stages: a first sluggish stage up to about 740°C and 750°C at 3°C.s -1 and 30°C.s -1 respectively, followed by a fast kinetics. During the first stage, the fraction of austenite remains below a few percent, but the austenite is clearly detected by the HEXRD. The kinetics at 100°C.s -1 exhibits one single stage; the fraction of austenite at any given temperature is almost always higher than at 3°C.s -1 and 30°C.s -1 . This shows that the kinetics is the fastest for this heating rate. One has though to mention that at 100°C.s -1 , the experimental uncertainty on the temperature is equal to ±15°C. For all heating rates, the austenite fraction remains far below the orthoequilibrium (OE) value, up to 800°C.

The austenite fraction evolution during the isothermal annealing at 800°C is plotted in Figure 5b. For all heating rates, the transformation kinetics firstly slows down quickly; the austenite fraction then progressively stabilizes to reach some plateau. The higher the heating rate, the faster the kinetics and the higher the final fraction of austenite. At 30°C.s -1 and 100°C.s -1 , this final fraction exceeds the value expected from overall thermodynamic equilibrium. Similar overshoot above the equilibrium at higher heating rates was also reported in [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF]. 

Austenite transformation: microstructure evolutions above Ac1

The nucleation sites of the austenite and the different stages of its morphogenesis are identified here with SEM observations of the microstructure after interrupted treatments (Section 2.2). The most relevant observations are summarized here, but additional observations are reported in the discussion on the austenite morphogenesis (Section 4.1).

Slow heating, 3°C.s -1

Figure 6 shows SEM micrographs of the microstructure at the main stages of the austenite transformation during the slow heating. The ferrite matrix is almost fully recrystallized when the austenite transformation starts as already discussed and shown in Figure 4a. Outside the pearlite islands, the microstructure mostly consists of large and equiaxed ferrite grains. The nucleation of the austenite starts between 700°C and 710°C, at isolated carbides located at the boundaries of these ferrite grains (Figure 6a). Second main nucleation sites are the boundaries of the pearlite islands. Nevertheless, nucleation starts later on these sites, between 710 and 720°C. This first detection of austenite is in good agreement with the Ac1 determined by HEXRD (710°C).

Up to 730°C, the growth of the austenite grains remains sluggish and limited to the boundaries of the ferrite grains or the pearlite islands (Figure 6b). Austenite fraction remains below 1.5%m (XRD). The austenite morphology is either spheroidal (especially when it nucleated at triple junctions involving or not a pearlite island) or elongated, as a result of the preferential austenite growth along the grain boundaries. At ca. 740°C, the pearlite islands start to transform quickly to austenite; their transformation is almost complete at 750°C (Figure 6c). Newly formed austenite grains inherit the width of the pearlite islands, typically 3 µm, and their high carbon concentration, 1.78 at.%. Hereafter, the austenite grains stemming from the pearlite islands will be referred to as carbon-rich austenite (CRA) grains. On further heating, the CRA grains grow towards the surrounding ferrite. The pearlite islands transformation corresponds to a marked increase of the rate of austenite formation (Figure 5a). The austenite grains which nucleated on the isolated carbides grow more slowly along the proeutectoid ferrite grain boundaries. Nucleation on the isolated carbides is progressive and the sizes of the austenite grains nucleated on these sites are thus scattered. The austenite eventually decorates the ferrite grain boundaries, giving rise to the necklace morphology.

At 800°C, the necklace morphology is clearly observable; most of the ferrite grain boundaries are decorated by the austenite. The austenite films actually percolated before, at ca. 780°C (corresponding micrograph is not shown here). The austenite films observable at 800°C grew into the interior of the ferrite grains and reached a thickness of ca. 500 nm. Besides, the austenite grains stemming from the pearlite islands achieve a banded morphology, because of the initial distribution of the pearlite islands. 

Fast heating, 30°C.s -1

During the fast heating, the austenite transformation starts in a microstructure which is almost non-recrystallized, contrary to the case of the slow heating. As shown in Figure 7a at 740°C, most of the ferrite grains are still deformed and filled with subgrains; only few recrystallized ferrite grains can be observed. Despite the different initial microstructure, the nucleation sites of the austenite remain the same as during slow heating. The austenite nucleates first on isolated carbides between 710 and 720°C (high-magnification micrographs are not shown here) and then at the boundaries of the pearlite islands (between 720 and 730°C). The Ac1 temperature determined by HEXRD is higher (740°C), but for a heating rate of 30°C.s -1 , this corresponds to 1 s during the experiment. What differs compared to the slow heating is the distribution of the austenite nucleation sites outside the pearlite islands. The isolated carbides are located at the boundaries of the deformed and elongated ferrite grains. The austenite grains nucleating on these sites grow equiaxially exclusively; in contrast with the slow heating, preferential growth along the grain boundaries is rarely observed, as shown for instance at 740°C in Figure 7a.

Like in the case of the slow heating, the pearlite islands start to transform at a sluggish rate before an acceleration at about 750°C, whereas the austenite grains nucleating on the isolated carbides nucleate more progressively and grow more slowly. The pearlite islands transform in most part in a narrow temperature range, between 750 and 760°C (Figure 7b). This temperature range is slightly shifted to higher temperatures (ca. 10°C), compared to the slow heating. When the pearlite islands are fully transformed, significant recrystallization has still to take place (fraction of ferrite remaining to recrystallize depends on the experimental method, HEXRD or SEM, see Figure 3). This further recrystallization of the ferrite will contribute to the morphogenesis of the microstructure. The recrystallizing ferrite grains reach a more elongated shape than during slow heating; their length can reach 10 µm. This is the consequence of the concomitant austenite transformation, because the ferrite recrystallization is confined inside the forming bands of austenite (stemming from pearlite islands or from the isolated carbides). Thus, the new recrystallized ferrite grains inherit the initial elongated shape of the deformed ferrite grains. Figure 7c (770°C) shows several examples of elongated recrystallized ferrite grains. These are surrounded by austenite grains emanating either from perlite islands or from isolated carbides.

Once the recrystallized ferrite grains have acquired an elongated shape, the austenite continues to nucleate and grow at their boundaries, thereby reinforcing further the banded topology of the microstructure. These combined phenomena lead to the banded morphology of the austenite, which is clearly observable at 800°C (Figure 7d).

Isothermal annealing at 800°C

During isothermal annealing at 800°C for 10 min., the austenite transformation progresses further. As shown in Figure 5c, the austenite mass fraction increases from 47% to 81% after heating at 3°C.s -1 , from 49% to 85% after heating at 30°C.s -1 and from 56% to 89% at 100°C.s -1 . This further growth of the austenite into the ferrite (originating from pearlite islands or isolated carbides) is associated with a disappearance of the austenite topology (Figure 8), which was initially either necklace or banded. The austenite distribution becomes more homogeneous. This vanishing of the initial morphology is already observable after 60 s of isothermal hold (corresponding micrographs are not shown). After the isothermal annealing for 600 s, there is no clear difference between the microstructures corresponding respectively to the slow and to the fast heating. In both cases, the smaller ferrite grains are fully consumed, while the largest ones remain in the final microstructure. As for the kinetics characterizations, which showed a marked slowdown of the kinetics after 60 s annealing (cf. Figure 5b), this was confirmed by SEM micrographs. Indeed, the initial pearlite islands occupy only 16% of the volume fraction in the initial microstructure.

During fast heating (30°C.s -1 ), the recrystallization has almost not started at the Ac1 temperature (710-720°C). On heating, the isolated carbides thus kept their initial distribution resulting from the cold rolling. It consists of clusters aligned in the rolling direction and located at the boundaries of the deformed ferrite grains. Alignments of austenite grains nucleate on these carbides (ANC) and grow equiaxially. By impinging, these grains start to form the banded morphology. Meanwhile, the transforming pearlite islands (CRA grains) also contribute to form the banded topology. The concomitant ferrite recrystallization is now confined between the forming bands of austenite, originating either from the isolated carbides or from the pearlite islands. Hence during fast heating, the new recrystallized ferrite grains acquire an elongated shape, thereby reinforcing the banded topology of the microstructure.

Finally, the last austenite grains nucleate at the boundaries of the elongated recrystallized ferrite grains, thereby reinforcing further the morphology in bands.

The mechanism proposed above for the genesis of the necklace morphology during slow heating is in agreement with the literature related to initial cold-rolled ferrite-pearlite microstructures [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF]. The nucleation of austenite at carbides located at recrystallized ferrite grain boundaries is also clearly mentioned [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF], except in [START_REF] Huang | Austenite formation during intercritical annealing[END_REF]. Nevertheless, in the latter study, these carbides are observable in the presented micrographs. Conversely, the origin of the banded morphology has been interpreted differently [START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF]. As it is obtained during fast heating, the austenite transformation takes place in the presence of nonrecrystallized ferrite grains. The point of disagreement concerns whether or not the latter transform to austenite faster than the remaining of the ferrite matrix. The role of Mn microsegregation bands has also been considered. This is discussed in Sections 4.1.3 and 4.1.4.

Figure 9. Schematic of the austenite morphogenesis depending on the heating rate.

Influence of the isolated and intergranular carbides

It comes out the preceding analysis that the "isolated carbides" distribution determines the formation of either a necklace or a banded austenite microstructure. The isolated carbides are those localized outside the pearlite islands, in the ferrite matrix (as presented in Section 3.1.1).

Among these carbides, only those located at ferrite grain boundaries or triple junctions (intergranular carbides) play a significant role. As the austenite starts to nucleate and grow from these sites, this determines the initial spatial distribution of the austenite and its further morphogenesis. The same conclusion was reached, as far as we know, in only one previous study, by Li et al. [26]. Minor differences concern what are the firstly activated nucleation sites (the pearlite islands in [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF]). In [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF], intermediate heating rates were also investigated, leading to an austenite microstructure intermediate between necklace and banded.

The role played by these carbides may seem unexpected at first sight, because of their low volume fraction in the initial microstructure (see Figure 1). This is why these carbides are frequently not considered in literature [START_REF] Yang | Ferrite recrystallization and austenite formation in cold-rolled intercritically annealed steel[END_REF][START_REF] Yi | Austenitization during intercritical annealing of an Fe-C-Si-Mn dual-phase steel[END_REF][START_REF] Lee | Microstructural development in non-oriented lamination steels[END_REF][START_REF] Lee | Microstructural development in nonoriented lamination steels[END_REF][START_REF] Lee | The interaction between proeutectoid ferrite and austenite during the isothermal transformation of two low-carbon steels -a new model for the decomposition of austenite[END_REF][START_REF] Granbom | Simulation of the Soaking and Gas Jet Cooling in a Continuous Annealing Line using Dilatometry[END_REF]. Despite their low volume fraction, the isolated carbides contain (in the studied steel) about one third of the carbon. Hence, a similar proportion of the austenite is expected to form from these carbides. Contrary to the case of the pearlite islands, their spatial distribution with respect to the ferrite grain boundaries may evolve during heating, depending on the heating rate, because of some interaction with the ferrite recrystallization (see next section). Conversely, the pearlite islands and the austenite resulting from their transformation keep a banded morphology whatever the heating rate.

However, the pearlite islands have an initial volume fraction equal to 16%, which limits their impact on the final microstructure.

In order to confirm the role played by the isolated carbides, SEM observations were conducted. Figure 10 shows some examples for a heating up to 740°C at 3°C.s -1 . In most cases, a carbide (white contrast) was observed as expected inside austenite grains forming along planar ferrite grain boundaries. However, the presence of such carbide is not systematic.

Despite the absence of fully conclusive observations, the preferential nucleation of austenite on isolated carbides is highly probable: combined with a ferrite grain boundary, the intergranular cementite particles represent high-energy defects, which are favorable heterogeneous nucleation sites for the austenite. The austenite grains then grow preferentially in their vicinity, because the dissolving carbides provide a source of carbon. Several studies also report that in presence of intergranular carbides, the austenite nucleates preferentially on these sites [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF][START_REF] Lai | Mechanism of Austenite Formation from Spheroidized Microstructure in an Intermediate Fe-0.1C-3.5Mn Steel[END_REF][START_REF] Garcia | Formation of austenite in 1.5 pct Mn steels[END_REF][START_REF] Yang | Ferrite recrystallization and austenite formation in cold-rolled intercritically annealed steel[END_REF]. When the austenite is reported to nucleate at "empty" ferrite/ferrite grain boundaries [START_REF] Savran | Microstructural Features of Austenite Formation in C35 and C45 alloys[END_REF][START_REF] Savran | Austenite Nucleation and Growth Observed on the Level of Individual Grains by Three-Dimensional X-Ray Diffraction Microscopy[END_REF][START_REF] Offerman | Grain Nucleation and Growth During Phase Transformations[END_REF], the considered microstructures do not include any intergranular carbide.

The only other significant nucleation sites for the austenite are the intragranular carbides, which are trapped inside recrystallized ferrite grains, mostly in the case of the slow heating.

Some examples can be seen in Figure 2. However, few austenite grains nucleated on these sites; these grains grew slowly and always stabilized to a limited size (Figure 10a). Their slow growth comes most likely from the bulk diffusion which is involved; their small size comes from the absence of other neighboring carbon sources. Therefore, these intragranular austenite grains contribute weakly to the austenite morphogenesis. In the case of the fast heating, intragranular carbides were almost never observed. 

Influence of the ferrite recrystallization

From our experimental observations, we have established in the studied steel that the main influence of the ferrite recrystallization on the austenite morphogenesis is indirect, but determining. During the slow heating, it modifies the spatial distribution of the isolated carbides which are then located in large part at the boundaries of the recrystallized ferrite grains. This is thought to be the origin of the necklace microstructure. These carbides are also larger than in the initial microstructure. The detailed interactions between the recrystallizing ferrite and the carbides are not clear from the literature. Straightforward reason for the larger intergranular carbides sizes is that the presence of the grain boundary would accelerate the diffusion and the coarsening processes. The large number of isolated carbides at the boundaries of the recrystallized ferrite grains can be explained if the carbides impeded the moving boundaries of the recrystallizing ferrite grains. According to [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Lai | Mechanism of Austenite Formation from Spheroidized Microstructure in an Intermediate Fe-0.1C-3.5Mn Steel[END_REF], the boundaries of the recrystallizing ferrite grains can in some cases overcome the pinning force of the carbides and leave behind intragranular carbides, inside the new recrystallized ferrite grains. These carbides would tend to dissolve to the benefit of those localized at the grain boundaries.

During the fast heating, the ferrite recrystallization has a different effect, which comes from its interaction with the concomitant austenite transformation. As described previously, the bands of transforming austenite tend to "channel" the ferrite recrystallization, which reinforces the banded morphology. Same observation was reported in [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF]. In return, the ferrite recrystallization has an impact on the austenite morphogenesis. Alignments of austenite grains form at the boundaries of elongated recrystallized ferrite grains (Figure 7c). Similar observation was reported in [START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF].

Point of disagreement with some previous studies [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF] is related to the rate of transformation to austenite of the deformed and non-recrystallized ferrite grains. During fast heating, this would explain the morphogenesis in bands according to these works. The austenite grains would acquire a banded morphology by inheriting the elongated shape of the deformed ferrite grains [START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF]. The fast transformation of the deformed ferrite grains is explained in [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF] by the energy stored inside and by the defects, which provide nucleation sites and fast diffusion paths. However, in present study, any faster transformation of the deformed ferrite could not be seen clearly from the microstructural observations. Further quantitative analysis of the microstructure would be necessary, as done for instance in [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF].

Let us mention that in the latter study, the non-recrystallized ferrite grains contained a large number of intragranular cementite carbides. This may explain in part their fast transformation to austenite. Conversely in present study, the deformed ferrite grains were almost empty of any carbide (Section 3.1.3).

Let us mention that the development of the banded morphology was interpreted in [START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF] without considering any influence of the deformed ferrite grains on the austenite transformation. For very fast heating rates, 100°C.s -1 in [START_REF] Huang | Austenite formation during intercritical annealing[END_REF] and 140-693°C.s -1 in [START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF], the austenite transformation takes place exclusively from the pearlite islands, which confer their elongated shape to the austenite. In the ferrite matrix, the more sluggish austenite transformation has not enough time to occur. Hence, in these cases, the morphology in bands comes from the selection of the nucleation sites for kinetic reasons. This selection of austenite nucleation sites (pearlite vs. ferrite grain boundaries) was also been put into evidence in [START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF].

Such transition did not occur in present study because of the too slow heating rates considered.

Influence of the Mn microsegregation bands

The investigated steel contains manganese microsegregation bands (Mn bands) aligned with the rolling direction (Section 3.1.1). Although the range of Mn concentrations is low (1.8-2.0

wt.% at quarter thickness, according to WDS) possible impact on the morphogenesis in bands during fast heating cannot be ruled out. No clear correlation could though be found between the spacing of the Mn bands (4.5 µm according to WDS) and of the austenite bands after fast heating at 30°C.s -1 , for instance up to 800°C (Figure 7d). The austenite bands are actually scattered, which makes difficult to measure their spacing. In contrast, in [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF] where a steel with higher magnitude of Mn concentrations was considered, the bands of austenite were better defined and more continuous.

More indirect impact of the Mn bands, could be to influence the distribution of the cementite in the initial microstructure. In [START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF], it is reported that the Mn bands are spatially correlated with a higher density of intragranular carbides, inside the deformed ferrite grains. In [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF], it is also mentioned that the pearlite in the initial microstructure tends to occupy the Mn-rich regions. Weaker impact of the Mn bands on the initial pearlite distribution was found in present study (Section 2.1). This may come again from the weak degree of Mn segregation in the investigated steel.

Austenite transformation kinetics

Kinetics stages; identification of two sub-systems

For both heating rates 3°C.s -1 and 30°C.s -1 , the austenite transformation starts at a sluggish rate (Figure 5b), before a strong acceleration at about 740 and 750°C respectively. (The first stage is less visible at 100°C.s -1 , but this may come from the precision of the measurements).

This first stage corresponds to the slow growth of the first austenite grains, which nucleated both at isolated carbides and at the boundaries of pearlite islands. The acceleration corresponds clearly to the transformation of the pearlite islands, according to the SEM micrographs (Section 3.4). The impact on the global kinetics is visible because the pearlite islands transform simultaneously in a narrow temperature range of about 10°C. In contrast, the austenite grains stemming from the carbides isolated in the ferrite matrix nucleate and grow more progressively and more slowly. Their impact on the global kinetics is thus less visible. Hence, two sub-systems behaving differently in terms of kinetics are identified: the austenite stemming from the pearlite islands (carbon-rich austenite 'CRA'), or the isolated carbides (austenite nucleated on carbides, 'ANC').

Conversely to previous studies which also considered an initial ferrite-pearlite microstructure (e.g. [START_REF] Speich | Formation of Austenite During Intercritical Annealing of Dual-Phase Steels[END_REF][START_REF] Savran | Austenite Nucleation and Growth Observed on the Level of Individual Grains by Three-Dimensional X-Ray Diffraction Microscopy[END_REF]), there is no sharp transition from a fast regime of pearlite transformation followed by a slower ferrite / austenite transformation. This is due to the isolated carbides, which dissolve progressively, both before and after the pearlite islands transformation. Moreover, as the pearlite islands occupy initially 16% of the volume fraction, their transformation does not make increase drastically the austenite fraction (Figure 5b). Once the pearlite islands have fully transformed at 750 or 760°C, the austenite transformation goes on in both sub-systems, without further identifiable kinetics stages.

Influence of the heating rate

The faster the heating rate, the faster the austenite transformation kinetics, during both the heating stage and the subsequent isothermal hold. During heating, the austenite transformation is about ten times faster at 30°C.s -1 than at 3°C.s -1 ; it is even faster at 100°C.s -1 (Section 3.3). These results from XRD are further confirmed by austenite fractions determined by image analysis at 800°C: 49% at 3°C.s -1 , 49% at 30°C.s -1 and 47% at 100°C.s - 1 . Similar observation was done in previous studies regarding the isothermal annealing stage [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF][START_REF] Thomas | Formation of Banded Microstructures with Rapid Intercritical Annealing of Cold-Rolled Sheet Steel[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF]. As for the heating stage, there is no clear agreement in the literature, but some studies do also report faster transformation during faster heating (e.g. [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF]). Three possible origins of the faster kinetics are discussed in the following: the presence of non-recrystallized ferrite, the higher driving force linked with the faster heating and the faster growth of the austenite stemming from the pearlite islands. (The influence of kinetics regimes of austenite growth involving or not the partition of the alloying elements is treated separately in the next Section).

According to some studies [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF], one possible origin of the faster austenite transformation during faster heating and/or subsequent holding is the presence of non-recrystallized ferrite grains, which would transform faster to austenite. In present study, this would explain the faster kinetics at 30°C.s -1 than at 3°C.s -1 , because for the latter heating rate, the ferrite almost fully recrystallizes before reaching the Ac1 temperature. As mentioned in Section 4.1.3, faster transformation of the non-recrystallized ferrite is possible in the investigated steel, but further quantitative microstructural characterization would be necessary to confirm this. Let us mention that for both heating rates 30°C.s -1 and 100°C.s -1 , the ferrite recrystallization is concomitant to the austenite transformation (Section 3.2). Hence, the faster austenite transformation kinetics at 100°C.s -1 than 30°C.s -1 can be less clearly interpreted by the presence of more non-recrystallized ferrite than when comparing heating rates 3°C.s -1 and 30°C.s -1 . At least, accelerated growth in non-recrystallized ferrite is not the sole mechanism.

Other possible origin of the faster austenite transformation kinetics is that during faster heating, the nucleation would be shifted to higher temperatures, increasing thereby the driving force and the density of the austenite nuclei. The transformation kinetics would be increased by the higher density of growing fronts of austenite. Such refinement of the microstructure was put into evidence in [START_REF] Azizi-Alizamini | Austenite Formation in Plain Low-Carbon Steels[END_REF] (considering a hot-rolled initial state, with two heating rates 1 and 300°C.s -1 ). However, in present study, the austenite transformation kinetics is not shifted to much higher temperatures, according to the HEXRD experiments (Figure 5a). The transformation rate of the pearlite islands depends weakly on the heating rate. As for the austenite grains forming in the ferrite matrix, their density is not evidently higher at higher heating rate, according to SEM micrographs (compare Figure 6 and Figure 7).

The only effect of the heating rate on the austenite transformation kinetics which is observable on the micrographs concerns the austenite stemming from the pearlite islands.

Although the transformation rate of the latter depends weakly on the heating rate (Section 3.4), these transform to coarse, carbon-rich austenite (CRA) grains, which then do show a large difference in growth rate between both heating rates, 3 and 30°C.s -1 . For example, the CRA grains are clearly larger at 800°C after the fast heating (Figure 11). At 760, 770 and 800°C (0s) the CRA grains are 3, 5 and 10 μm thick during slow heating and respectively 10, 12 and 14 μm thick during fast heating. This faster growth could be ascribed in part to the presence of non-recrystallized ferrite, but as mentioned above, this has to be examined with further quantitative microstructural analyses. As the growth of the CRA grains is thermalactivated, there is thus no straightforward interpretation for their faster growth on faster heating. But it explains in part the faster overall kinetics measured by HEXRD (Figure 5).

The growth of the CRA grains is further discussed in the modeling part, Section 4.2.3. To conclude, the qualitative analysis of the microstructure evolutions is not sufficient to understand why the austenite transformation is faster during faster heating. The higher final fraction of austenite with faster heating also remains to be interpreted, as well as how this fraction can exceed the orthoequilibrium (Section 3.3). In the following sections possible outcomes of thermokinetic analyzes are examined.

Thermokinetic analysis

Simulation approach; representation of the microstructure

The austenite transformation is simulated with the DICTRA software [START_REF] Andersson | Thermo-Calc & DICTRA, computational tools for materials science[END_REF], which resolves the diffusion equation in a multi-component system. The simulations predict the velocity of the interfaces and the evolutions of the composition profiles. The alloy is simplified here to the ternary Fe-0.1C-1.91Mn (wt.%) system. As in recent works using DICTRA [START_REF] Lai | Mechanism of Austenite Formation from Spheroidized Microstructure in an Intermediate Fe-0.1C-3.5Mn Steel[END_REF][START_REF] Wei | Growth of austenite from as-quenched martensite during intercritical annealing in an Fe-0.1C-3Mn-1.5Si alloy[END_REF][START_REF] Gouné | A Criterion for the Change from Fast to Slow Regime of Cementite Dissolution in Fe-C-Mn Steels[END_REF][START_REF] Xia | Effects of alloying elements on the kinetics of austenitization from pearlite in Fe-C-M alloys[END_REF][START_REF] Ollat | Characterization and modeling of microstructural evolutions during the thermal treatment of cold-rolled Dual-Phase steels[END_REF],

it is assumed that the only rate-limiting process is the diffusion of the alloying elements Mn and C and that the local equilibrium holds at the interfaces. (Let us mention that paraequilibrium [START_REF] Speich | Formation of Austenite During Intercritical Annealing of Dual-Phase Steels[END_REF][START_REF] Mecozzi | A mixed-mode model for the ferrite-to-austenite transformation in a ferrite/pearlite microstructure[END_REF] or other deviations to local equilibrium [START_REF] Mecozzi | A mixed-mode model for the ferrite-to-austenite transformation in a ferrite/pearlite microstructure[END_REF][START_REF] Ollat | Mixed-mode model for ferrite-to-austenite phase transformation in dual-phase steel[END_REF][START_REF] Zhu | Phase-Field Modeling for Intercritical Annealing of a Dual-Phase Steel[END_REF] have been considered in other studies).

A geometrical representation is defined for both main origins of the austenite: the isolated carbides and the pearlite islands. 1D simulation cells with spherical symmetry, afforded by DICTRA, are utilized (Figure 12). The formation of the austenite stemming from the pearlite islands is simulated in two stages: first, the transformation of the pearlite island to a carbonrich austenite (CRA) grain, then the growth of the latter towards the surrounding ferrite matrix. The simulation cell representing the first stage (Figure 12a) contains a pearlitic spheroidized carbide inside a ferrite matrix; the austenite grows from the exterior. (Hence, it does not describe the transformation of the full pearlite island to a CRA grain, but only one pearlitic carbide). Although this representation is not perfect, it includes an essential feature of the process: the fast diffusion of the alloying elements from the carbide to the austenite, through the ferrite. Next stage is the growth of the CRA grain towards the surrounding ferritic matrix: the geometrical representation by a spherical simulation cell is straightforward (Figure 12b), although the "true" CRA grains have an elongated shape. The formation of the austenite stemming from the isolated carbides (ANC) is also well represented by a spherical simulation cell (Figure 12c). The austenite is assumed to form rapidly a shell around the carbide. The respective sub-systems or simulation cells will be denoted hereafter P, A and I. (A and P cells serve to describe the formation and then the growth of the of CRA grains; I cell describes the evolution of the ANC). Figure 13 schematizes the representation of the overall microstructure. The starting microstructure consists of pearlite islands and isolated carbides distributed in the ferrite matrix (a). Upon annealing, the austenite will consume the pearlite islands, until the formation of carbon-supersaturated austenite grains (the CRA grains) which will inherit the former pearlite grain size and carbon composition (b). This part of the simulation concerns the cell P.

In a second stage, the resulting CRA grains grow into the surrounding ferrite matrix (c), as calculated in the cell A. Meanwhile, austenite transformation from isolated carbides (ANC) is described by the sub-system I. This representation has drastic simplifications: the absence of isolated carbides in the vicinity of the pearlite islands and the fact that there is no transfer of carbon between A and I sub-systems, which are considered as closed systems. Also, the isolated carbides have the same sizes and compositions, contrary to the experimental observations. Consequences of these simplifications will be discussed when comparing the simulations to the experiments. The dimensions inside the simulation cells (Table 2) are based on the measurements by quantitative metallography of the average sizes of the spheroidized pearlitic carbides and the isolated carbides [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF][START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]; the pearlite islands have an average radius of 2.5 µm, which gives the size of the CRA grain in cell A. The sizes of the carbides are assumed to be the same for both heating rates 30 and 100°C.s -1 , as no measurements were done for the latter experiment.

The total size of cell P is set by knowing from the experiment the overall carbon concentration in the pearlite islands, 1.78 at.% and then by applying a molar balance on the carbon. (Carbon concentration in ferrite is close to zero). Setting the total size of cells A and I (i.e. the size of the ferrite "shells") is less straightforward. Indeed, the number density of the isolated carbides and of the CRA grains could not be determined accurately, due to the complexity of the microstructures.

One possible approach could be to set the size of the ferrite shells in cells A and I such that the overall carbon concentration in each cell is the one of the steel, 0.46 at.%. But it was realized that a respectively higher and lower concentration should be ascribed to cells A and I, to avoid large discrepancies between the simulation and the experiments. Indeed, the carbon distribution is actually heterogeneous. In the initial microstructure, the pearlite islands contain about two thirds of the carbon, but they occupy 16% of the volume fraction; these high heterogeneities subsist during the intercritical annealing. Different criteria, such as the approximate number density of the isolated carbides, guided the selection of the A and I cell sizes; these criteria are detailed in [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]. As a result, the overall carbon content in cells A and I was set to 0.65 at.% and 0.30 at.% respectively. The cell sizes were calculated accordingly by applying carbon molar balances.

The cementite Mn compositions in cells P and I (Table 2) are taken from the EDS measurements detailed in references [START_REF] Moreno | Evolution of cementite composition along the processing of cold-rolled and annealed Dual-Phase steels[END_REF][START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]. For the heating rate at 100°C.s -1 , no measurements were done, but it can be expected that the compositions are the same as for the heating at 30°C.s -1 , because the latter heating rate is already too fast to permit Mn enrichment in the cementite [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]. In cell A, it is assumed that the CRA grain has the average Mn concentration of the steel (u 0 Mn=1.94%), even though the initial partition of the Mn inside the cementite platelets could involve local subsisting heterogeneities (so-called ghost cementite).

It can be assumed that these heterogeneities are too far from the austenite/ferrite interface to influence its velocity, because of the large dimensions of the cell A. In the ferrite, the Mn content is calculated such that the overall Mn content has the bulk steel composition (u 0 Mn=1.94 %) in all cells P, A and I.

Heatings at 3, 30 and 100°C.s -1 are simulated. The temperature at which the austenite starts to form is taken from the experiments; values are reported in Table 2. DICTRA gives the possibility to trigger the austenite transformation once some critical driving force is overcome (usually 10 -5 RT [START_REF] Lai | Mechanism of Austenite Formation from Spheroidized Microstructure in an Intermediate Fe-0.1C-3.5Mn Steel[END_REF][START_REF] Huyan | Simulation of the Growth of Austenite from As-Quenched Martensite in Medium Mn Steels[END_REF]). However, in view of the limited knowledge regarding the austenite nucleation kinetics, both from present study and literature [START_REF] Savran | Austenite Nucleation and Growth Observed on the Level of Individual Grains by Three-Dimensional X-Ray Diffraction Microscopy[END_REF][START_REF] Offerman | Grain Nucleation and Growth During Phase Transformations[END_REF][START_REF] Roósz | Isothermal formation of austenite in eutectoid plain carbon steel[END_REF], setting this critical driving force almost amounts to impose directly the temperature at which the austenite starts to form. For each simulation cell, the same start temperature is used for all heating rates, despite small differences (less than 10°C) according to the experiment. The purpose is to compare more easily the three simulations.
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Results: kinetics related to each sub-system

In the following, the simulation results are presented by focusing on the austenite transformation kinetics. Composition profiles or operative tie-lines are not presented in order to shorten the presentation; these are detailed in [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF].

Dissolution of pearlite islands (system P)

Figure 14a shows the austenite volume fraction as a function of the temperature during the heating inside the cell P, representing the pearlitic carbide dissolution (Figure 12a, Figure 13b). (The cementite fraction is not plotted for clarity). For all heating rates, the transformation kinetics accelerates with increasing temperature because of the faster diffusion. The operative tie-lines and the composition profiles (not presented here) show that the Mn partitions during the transformation. Austenite transformation with partition of Mn is possible here because of the fast diffusion through the ferrite and the short diffusion distances.

The simulation reproduces well the main kinetics features of the pearlite islands transformation, which were established experimentally: the fast kinetics and the weak dependence on the heating rate. Indeed, the curves are shifted only by 10°C between 3°C.s -1 and 100°C.s -1 heating rates. The temperature range for the transformation of the pearlite islands is also in agreement with the microstructure observations (at 3 and 30°C.s -1 ). Growth of the CRA grains (system A)

Next stage is the growth of the CRA grain towards the surrounding ferritic matrix. The evolution of the austenite fraction inside the A simulation cell (Figure 12b, Figure 13c) is plotted in Figure 14b for all heating rates. This time, the austenite transformation occurs without partition of the Mn in all cases. (Tie-lines and Mn concentration profiles are again not presented). All simulation curves tend to follow one single curve denoted NPLE (calculated with Thermocalc), which corresponds to the maximum fraction of austenite which can be formed without Mn partition. There is an apparent discrepancy for both highest heating rates (30 and 100°C.s -1 ), but it corresponds to a time discrepancy of less than 1 s. In fact, for heating rates 30°C.s -1 and 100°C.s -1 , the carbon has not enough time to diffuse and to reach a homogeneous concentration inside the austenite. This is illustrated in Figure 14c which shows the carbon concentration profiles calculated for instance at 780°C. However, the operative tieline at the g/a interface is the same one for the three heating rates; it corresponds to the NPLE regime. This is illustrated by the carbon concentration in the austenite at the g/a interface, which is the same for the three heating rates. Due to the high carbon concentration ascribed to the cell A (see previous Section), full austenite transformation is achieved at 800°C at 3°C.s -1 , and in less than 2 s at 800°C after both heatings at 30 and 100°C.s -1 .

Dissolution of isolated carbide and growth of ANC (system I)

Figure 15a shows the result of the simulation for the austenite stemming from the isolated carbides during the heating up to 800°C. For all heating rates, three stages can be identified.

The first slow stage corresponds to the carbide dissolution involving the partition of the Mn.

The sharp acceleration at the second stage corresponds to the shift to a regime of dissolution without partition (PLEàNPLE). It occurs at the partition-no partition transition temperature (PNTT [START_REF] Enomoto | Partition and non-partition transition of austenite growth from a ferrite and cementite mixture in hypo-and hypereutectoid Fe-C-Mn alloys[END_REF]), which can be calculated from thermodynamic data, as presented in [START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF][START_REF] Gouné | A Criterion for the Change from Fast to Slow Regime of Cementite Dissolution in Fe-C-Mn Steels[END_REF][START_REF] Enomoto | Partition and non-partition transition of austenite growth from a ferrite and cementite mixture in hypo-and hypereutectoid Fe-C-Mn alloys[END_REF][START_REF] Hillert | EFFECT OF ALLOYING ELEMENTS ON FORMATION OF AUSTENITE AND DISSOLUTION OF CEMENTITE[END_REF]. The PNTT increases with increasing Mn concentration in cementite. The PNTTs calculated with Thermocalc are equal to 730°C at 3°C.s -1 and 725°C at 30 and 100°C.s -1 . These values are in agreement with the DICTRA simulations. The last stage corresponds to the final ferrite/austenite transformation. Like for the CRA grains growth, it occurs without Mn partition and the austenite fraction follows again the maximum predicted for this regime (NPLE curve). The discrepancy at 3°C.s -1 comes from the fact that significant partition of Mn occurred during the first stage. 2).

The ferrite to austenite transformation goes on during the isothermal hold at 800°C after all heating rates (Figure 15b). In this stage, the Mn partitions from the ferrite to the austenite and the kinetics is controlled by the diffusion of the Mn inside the ferrite [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]. After the heating at 3°C.s -1 , the austenite fraction slightly overcomes the equilibrium value in less than 10 s, in accordance with the experiment, if taking account of the experimental uncertainties. Actually, the system is not fully equilibrated, as heterogeneities in Mn concentration subsist in the austenite [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]. After the heating at 30°C.s -1 , the austenite fraction also reaches a plateau in less than 10 s, but the final fraction exceeds the OE value by ca. 10%. The discrepancy is even higher at 100°C.s -1 . This "overshoot" of the austenite OE fraction comes from the absence of Mn partition up to 800°C. As a result, there is more Mn remaining available to partition from the ferrite to the austenite, and more austenite will thus be formed. Similar conclusion was reached in [START_REF] Lai | Mechanism of Austenite Formation from Spheroidized Microstructure in an Intermediate Fe-0.1C-3.5Mn Steel[END_REF]. A final stage towards the equilibration is observable for both faster heatings: after ca. 100 s, the austenite fraction decreases slowly; the kinetics is then controlled by the Mn diffusion in the austenite, which is about 100 times slower than in the ferrite.

The previous kinetics simulations allow to understand why the austenite transformation kinetics is faster during faster heating. One common result comes out: after the dissolution of the cementite carbides (either isolated in the matrix or inside pearlite islands), the further ferrite/austenite transformation always occurs without partition of Mn during the heating up to 800°C (for the investigated range of heating rates). As a result, the transformation kinetics depends only on the temperature, because the austenite fraction follows in each sub-system some maximum fraction (denoted NPLE in the curves), which is predictable from thermodynamics. Consequently, faster heating leads to faster austenite transformation kinetics. Accordingly, the experimental curves in Figure 5 do show kinetics which depend only on the temperature, with small differences between heating rates 3°C.s -1 , 30°C.s -1 and 100°C.s -1 . Some microstructural observations are in good agreement with these simulations.

As presented in Section 4.2.2, the CRA grains grow faster during faster heating, according to the measurements. Direct experimental confirmation is nevertheless more difficult for the austenite stemming from the isolated carbides, as the kinetics specific to each carbide are more scattered. Finally, the "overshoot" of the equilibrium austenite fraction during isothermal hold after the fast heating comes from the absence of Mn redistribution during heating after the carbides dissolution, as presented above.

Results: overall kinetics during the heating stage

The overall fraction of austenite according to the simulation, f g , is calculated in two stages, as represented in Figure 13. First stage corresponds to the simultaneous transformation of the pearlite islands and the isolated carbides.

𝑓 ! = 𝑓 " ! 𝑓 " + 𝑓 # ! 𝑓 # (1) 
where 𝑓 " ! and 𝑓 # ! are the volume fractions of austenite calculated in the sub-systems P and I (the results are plotted in Figure 14a and Figure 15). 𝑓 " is the volume fraction of the pearlite islands, which is known experimentally: fP=16% (Section 3.1.1). fI is the volume fraction ascribed to the isolated carbide sub-system; it is calculated hereafter.

Second stage corresponds to the growth of the CRA grains into the surrounding ferrite matrix, while the austenite transformation from the isolated carbides continues.

𝑓 ! = 𝑓 $ ! 𝑓 $ + 𝑓 # ! 𝑓 # (2) 
where 𝑓 $ ! is the volume fraction of austenite calculated in the sub-system A (results are plotted in Figure 14b) and fA the volume fraction occupied by the sub-system A.

Assuming for simplicity that the volume and the molar fractions are equal, the carbon is distributed in A and I sub-systems according to the following molar balances:

𝑟𝑥 % & = 𝑓 $ 𝑥 % $ (3a) 
and

(1 -𝑟)𝑥 % & = 𝑓 # 𝑥 % # (3b)
where 𝑥 % & is the molar carbon content of the steel, 0.453 at.%, 𝑥 % $ and 𝑥 % # are the carbon molar concentrations in sub-systems A and I. r is the proportion of the carbon of the steel inside the A sub-system. It is equal to the proportion of carbon inside the pearlite islands in the initial microstructure, because the CRA grains inherit the carbon of their parent pearlite island. r is known from the experiments (Section 3.1.1): r=64%. The proportion of carbon inside the isolated carbides is equal to (1-r). Both previous equations let one degree of freedom to calculate fA, fI, 𝑥 % $ and 𝑥 % # (knowing that fA+fI=1). As mentioned above, 𝑥 % $ and 𝑥 % # were set to 𝑥 % $ =0.65 at.% and 𝑥 % # =0.30 at.% by following an approach detailed in [START_REF] Moreno | Mécanismes métallurgiques et leurs interactions au recuit d'aciers ferritoperlitiques laminés : caractérisation et modélisation[END_REF]. From previous equations, fA=44% and fI=56%.

Figure 16 shows the calculated overall austenite fraction during the heating as a function of the temperature for the three heating rates 3, 30 and 100°C.s -1 . Four stages are visible: (i) sluggish cementite dissolution in I sub-system (isolated carbides); (ii) sharp acceleration when the PNTT is reached in I sub-system; (iii) pearlite islands transformation (P sub-system); (iv) ferrite to austenite transformation without Mn partition (NPLE regime) in both A 1 and I subsystems. The curve denoted NPLE represents the sum of the NPLE austenite fractions inside I and A subsystems (𝑓 '"() = 𝑓 $ '"() 𝑓 $ + 𝑓 # '"() 𝑓 # ). The simulations reproduce the main experimental tendency: the austenite fraction follows a similar evolution as a function of the temperature for the three heating rates. This is 1 The simulations in cell A are started at 749, 755 and 766°C at 3, 30 and 100°C.s -1 respectively, unlike the simulations presented previously (Section 4.2.2), which were started at 755°C. The three temperatures correspond to the end of the austenite transformation in cell P for the three heating rates.

particularly true above ca. 760°C, during the final ferrite to austenite transformation under NPLE regime: the three simulations are close to the "NPLE curve". Hence, despite the discrepancies with the experiments, these simulations show that the similar kinetics for the three heating rates can reasonably be explained by the partitionless growth of the austenite during the heating, once the cementite has fully dissolved. Other possible origins of the faster kinetics, such as the more intense nucleation or the presence of non-recrystallized ferrite (see Section 4.2.2) should still be investigated with more quantitative microstructural characterizations. However, the kinetic analysis presented here is likely to remain valid whatever these further improvements. It already explains in large part the kinetic trends during the heating.

Although the simulation framework introduced here allowed to interpret the influence of the heating rate on the austenite transformation kinetics, it is not yet sufficiently precise for quantitative predictions. As can be seen in Figure 16, the overall kinetics is largely overestimated (except at 100°C.s -1 ). There are several origins:

• The simplification to the ternary Fe-C-Mn system (instead of Fe-C-Mn-Cr-Si) which makes overestimate the austenite fraction by about 5%. The Cr also strongly stabilizes the cementite by increasing the PNTT [START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF], even when it is a minor element of the steel, according to kinetic simulations [START_REF] Marceaux Dit Clément | Effects of cementite size and chemistry on the kinetics of austenite formation during heating of a highformability steel[END_REF].

• Considering for the isolated carbides distributions of size and Mn/Cr composition would spread their dissolution in a larger temperature range and thus slow down the calculated overall kinetics. Progressive nucleation of the austenite should also be considered, as

shown by the microstructural observations. This is thought to be the main origin of the too sharp and early start of the simulations at 30 and 100°C.s -1 , compared to the experiment.

• The geometry of the I cell is actually no more representative once the austenite has decorated the ferrite grain boundaries to form the necklace network (see e.g. Figure 7).

The austenite then grows to the ferrite from the exterior, instead of the center of the simulation cell, as assumed currently. This low representativeness of the I simulation cell at late stages is the reason why the simulations are not compared to the experiment during the isothermal hold step. Nevertheless, the current geometrical representation already allows to predict the "overshoot" of austenite fraction above the OE value after faster heating.

Final possible improvement concerns the distribution of the carbon between the austenite stemming respectively from the isolated carbides and from the pearlite islands. A carbon concentration of 0.65 at.% and 0.30 at.% was ascribed respectively to the A and I simulation cells (Section 4.2.3.1), in order to reflect the carbon concentration heterogeneity coming from the initial microstructure. However, there is probably a transfer of the carbon from the A subsystem to the I sub-system during the heating. As seen in Figure 6 and Figure 7, the austenite grains stemming from the pearlite islands and the isolated carbides end up to percolate and to form one single network of austenite, inside which the carbon concentration will tend to homogenize. The hypothesis of closed A and I subsystems is probably too strict.

This may explain another discrepancy that we have not yet pointed out, concerning the size of the CRA grains. According to the current simulations in A cell, the CRA grains should reach for the three heating rates nearly the same size at 800°C. Indeed, the austenite fraction is nearly the same (with time shifts less than 2 s), as shown in Figure 14a. However, the observation (Figure 11) shows that the CRA grains are clearly larger after the heating at 30°C.s -1 than at 3°C.s -1 . It is thought that during the slow heating, the carbon has more time to leave the CRA grains towards the austenite necklace network. The CRA grains would thus reach a smaller size, because the carbon concentration in austenite remains fixed by the equilibrium tie-line corresponding to the NPLE growth regime. Actually, this transfer of carbon from the pearlite bands to the austenite network at grain boundaries may be another origin of the transition from the banded to the necklace microstructure when decreasing the heating rate.

Final comment regards the influence of the non-recrystallized ferrite on the austenite transformation kinetics. The defects present in the ferrite would accelerate the diffusion according to previous works [START_REF] Kulakov | The Effect of the Initial Microstructure on Recrystallization and Austenite Formation in a DP600 Steel[END_REF][START_REF] Chbihi | Interactions between ferrite recrystallization and austenite formation in high-strength steels[END_REF][START_REF] Barbier | Microstructures resulting from the interaction between ferrite recrystallization and austenite formation in dual-phase steels[END_REF]. According to our simulations, this is not thought to have significant consequences during the heating stage. Indeed, the austenite grows under the NPLE regime and therefore, the rate-limiting process is the diffusion of carbon inside the austenite. (As was already pointed out in reference [START_REF] Speich | Formation of Austenite During Intercritical Annealing of Dual-Phase Steels[END_REF], see the Figure 10). This is illustrated by the examples of carbon concentration profiles plotted in Figure 14c inside the simulation cell A. The carbon concentration in austenite has not enough time to homogenize, while it remains close to zero and homogeneous inside the ferrite. Hence, accelerating or not the diffusion inside the ferrite would not change the simulation results. During the subsequent isothermal step at 800°C, the rate-limiting process is then the Mn diffusion inside the ferrite, according to the simulations in cell I. But at this temperature, the ferrite is fully or almost fully recrystallized, according to our experiments (Section 3.2).

Conclusion

The austenite transformation occurring during the intercritical annealing of a dual-phase Fe-0.1C-1.9Mn-0.2Cr-0.2Si wt.% (DP-600) steel has been investigated. The initial microstructure is ferrite-pearlite cold-rolled to 60% amount of reduction. Three heating rates have been applied, slow (3°C.s -1 ) and fast (30 or 100°C.s -1 ) before an isothermal holding at 800°C, to induce weak or strong interactions between the austenite transformation, the ferrite recrystallization and the cementite carbides ripening. Main conclusions are the following:

• The initial microstructure contains a large number of intergranular and isolated cementite carbides inherited form the hot-rolling stage and distributed outside the pearlite islands.

These carbides contain about one third of the carbon of the steel. The pearlitic cementite contains the remainder of the carbon.

• These isolated carbides play a predominant role in the austenite morphogenesis. A necklace or a banded austenite microstructure is generated respectively on slow and fast heating, depending on whether or not the ferrite recrystallization has enough time to modify their spatial distribution with respect to the ferrite grain boundaries, and thus the nucleation sites and the carbon sources for the austenite. Our experimental results sustain the analysis proposed by Li et al. [START_REF] Li | Effect of heating rate on ferrite recrystallization and austenite formation of cold-roll dual phase steel[END_REF].

• The austenite transformation starts with a slow kinetic regime corresponding to the cementite dissolution involving the partition of the substitutional elements.

• Two sub-systems with different kinetic behavior are then identified. The pearlite islands transform simultaneously to austenite in a narrow temperature range which depends weakly on the heating rate. The process still involves the partition of the substitutional elements, but is accelerated because of the low diffusion distances inside the pearlitic ferrite. In contrast, the austenite nucleates and grows more progressively from the isolated carbides. The latter dissolve quickly, without partition, once some critical partition-non partition transition temperature (PNTT) has been reached. The PNTT is predictable from thermodynamic data; it increases with increasing Mn concentration in cementite carbides.

• During heating up to 800°C, the final stage corresponds to a ferrite to austenite transformation, without partition of the substitutional elements. During the isothermal holding at 800°C, the austenite transformation continues with partition. The rate-limiting process is the diffusion of substitutional elements in the ferrite and finally in the austenite.

• The faster transformation during faster heating is largely explained by the partitionless austenite transformation during this last stage, as shown by DICTRA simulations. The austenite fraction stays close to a maximum value which only depends on the temperature and which is predictable from thermodynamics (NPLE fraction). However, other possible origins such as the presence of non-recrystallized ferrite or faster nucleation should still be considered.

• DICTRA simulations of austenite transformation achieve to predict kinetics orders of magnitude during the heating stage and the influence of the heating rate. However, the geometrical representation of the microstructure has to be improved for accurate predictions and to encompass both the heating and the holding stages in the simulations.
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Figure 1 .

 1 Figure 1. SEM micrographs treated by image analysis representative of the hot-rolled (a) and cold-rolled (b)

Figure 2 .

 2 Figure 2. SEM micrographs representative of the microstructure after heating to a,c,e) 700°C at 3°C.s -1 ; b,d,f) 720°C at 30°C.s -1 . Figures c and d correspond to views at higher magnification of a and b. Figures e and f have been threshold to reveal carbide microstructures in both cases (carbides in bright contrast).

Figure 3 .

 3 Figure 3. Fraction of recrystallized ferrite as a function of the temperature during heating at 3, 30 or 100°C.s -1 .Dots: HEXRD, squares: SEM at 30°C.s -1 or EBSD at 3°C.s -1 . (In the SEM analyses, the pearlitic ferrite was excluded).

Figure 4 .

 4 Figure 4. 2D Debye-Scherrer rings recorded at 650 and 800°C during heating at 3°C.s -1 . Intensity-2q profiles from circular integration of the DS rings at 650, 760 and 800°C.

Figure 5 .

 5 Figure 5. Austenite mass fraction as a function of a) temperature during heating; b) time during isothermal annealing at 800°C (zoom on first stages in the insert). Time scale starts at the beginning of the isothermal annealing in b). The dots indicate the austenite fraction at the start of the isothermal annealing.

Figure 6 .

 6 Figure 6. SEM observations (Dino etching) of the microstructure after heating at 3°C.s -1 followed by quench up to a) 710°C; b) 730°C; c) 750°C; d) 800°C. In a), the arrows show the first grains of austenite.

Figure 7 .

 7 Figure 7. SEM observations (Dino etching) of the microstructure after heating at 30°C.s -1 followed by quench up to a) 740°C; b) 760°C; c) 770°C; d) 800°C. The arrows indicate: first austenite grains in (a); alignments of austenite grains at the boundaries of elongated recrystallized ferrite grains in (c).

Figure 8 . 9 .

 89 Figure 8. SEM observations (Dino etching) of the microstructure after heating up to 800°C and isothermal annealing for 600 s. a) 3°C.s -1 ; b) 30°C.s -1 .

Figure 10 .

 10 Figure 10. SEM micrographs (Dino etchant) showing austenite grains nucleated on ferrite grain boundaries after heating to 730°C at 3°C.s -1 . Cementite carbides appear in light contrast.

Figure 11 .

 11 Figure 11. Optical micrographs of the microstructure after heating up to 800°C at a) 3°C.s -1 ; b) 30°C.s -1 .

Figure 12 .

 12 Figure 12. Spherical simulation cells employed in the DICTRA simulations. a) dissolution of a pearlitic cementite carbide (P sub-system); b) Growth of carbon-rich austenite (CRA) grain into ferrite (A sub-system); c) dissolution of an isolated carbide leading to formation of ANC (I sub-system).

Figure 13 .

 13 Figure 13. Geometrical representation of the microstructure; two stages of austenite transformation. a) Initial microstructure; b) first stage of austenite transformation; c) second stage.

Figure 14 .

 14 Figure 14. Austenite volume fraction as a function of temperature according to DICTRA simulations inside the simulation cells represented in Figure 12a-b. a) transformation of the pearlite island (sub-system P); b) growth of the CRA grain (sub-system A). OE and NPLE curves represent the austenite volume fraction at equilibrium and after a ferrite to austenite transformation without partition of the Mn; c) carbon concentration profiles at 780°C in simulation cell A, as a function of the distance from the center of the simulation cell.

Figure 15 .

 15 Figure 15. Austenite volume fraction evolution according to DICTRA simulations representative of the isolated carbides dissolution (sub-system I). a) during heating, as a function of temperature; b) during isothermal hold at 800°C. OE and NPLE curves have the same meaning as in Figure 14. (Values are different because of the different overall carbon concentration in cells A and I, see Table2).

Figure 16 .

 16 Figure 16. Overall austenite fraction as a function of temperature during heating at 3, 30 and 100°C.s -1 according the simulation (lines) and the experiments (dots). Main stages are indicated by the arrows.

Figure 17 .

 17 Figure 17. SEM micrographs treated by image analysis representative of the hot-rolled (a) and cold-rolled (b) microstructures. The ferrite is represented in black, the pearlitic cementite in white and the isolated carbides in red.

Figure 18 .

 18 Figure 18. SEM micrographs representative of the microstructure after heating to a,c,e) 700°C at 3°C.s -1 ; b,d, f) 720°C at 30°C.s -1 . Figures c and d correspond to views at higher magnification of a and b. Figures e and f have been threshold to reveal carbide microstructures in both cases (carbides in bright contrast).

Figure 19 .

 19 Figure 19. Fraction of recrystallized ferrite as a function of the temperature during heating at 3, 30 or 100°C.s -1 . Dots: HEXRD, squares: SEM at 30°C.s -1 or EBSD at 3°C.s -1 . (In the SEM analyses, the pearlitic ferrite was excluded).

Figure 20 .

 20 Figure 20. 2D Debye-Scherrer rings recorded at 650 and 800°C during heating at 3°C.s -1 .Intensity-2q profiles from circular integration of the DS rings at 650, 760 and 800°C.

Figure 21 .

 21 Figure 21. Austenite mass fraction as a function of a) temperature during heating; b) time during isothermal annealing at 800°C (zoom on first stages in the insert). Time scale starts at the beginning of the isothermal annealing in b). The dots indicate the austenite fraction at the start of the isothermal annealing.

Figure 22 .

 22 Figure 22. SEM observations (Dino etching) of the microstructure after heating at 3°C.s -1 followed by quench up to a) 710°C; b) 730°C; c) 750°C; d) 800°C. In a), the arrows show the first grains of austenite.

Figure 23 .

 23 Figure 23. SEM observations (Dino etching) of the microstructure after heating at 30°C.s -1 followed by quench up to a) 740°C; b) 760°C; c) 770°C; d) 800°C. The arrows indicate: first austenite grains in (a); alignments of austenite grains at the boundaries of elongated recrystallized ferrite grains in (c).

Figure 24 .

 24 Figure 24. SEM observations (Dino etching) of the microstructure after heating up to 800°C and isothermal annealing for 600 s. a) 3°C.s -1 ; b) 30°C.s -1 .

Figure 25 .

 25 Figure 25. Schematic of the austenite morphogenesis depending on the heating rate.

Figure 26 .

 26 Figure 26. SEM micrographs (Dino etchant) showing austenite grains nucleated on ferrite grain boundaries after heating to 730°C at 3°C.s -1 . Cementite carbides appear in light contrast.

Figure 27 .

 27 Figure 27. Optical micrographs of the microstructure after heating up to 800°C at a) 3°C.s -1 ; b) 30°C.s -1 .

Figure 28 .

 28 Figure 28. Spherical simulation cells employed in the DICTRA simulations. a) dissolution of a pearlitic cementite carbide (P sub-system); b) Growth of carbon-rich austenite (CRA) grain into ferrite (A sub-system); c) dissolution of an isolated carbide leading to formation of ANC (I sub-system).

Figure 29 .

 29 Figure 29. Geometrical representation of the microstructure; two stages of austenite transformation. a) Initial microstructure; b) first stage of austenite transformation; c) second stage.

Figure 30 .

 30 Figure 30. Austenite volume fraction as a function of temperature according to DICTRA simulations inside the simulation cells represented in Figure 12a-b. a) transformation of the pearlite island (sub-system P); b) growth of the CRA grain (sub-system A). OE and NPLE curves represent the austenite volume fraction at equilibrium and after a ferrite to austenite transformation without partition of the Mn; c) carbon concentration profiles at 780°C in simulation cell A, as a function of the distance from the center of the simulation cell.

Figure 31 .

 31 Figure 31. Austenite volume fraction evolution according to DICTRA simulations representative of the isolated carbides dissolution (sub-system I). a) during heating, as a function of temperature; b) during isothermal hold at 800°C. OE and NPLE curves have the same meaning as in Figure 14. (Values are different because of the different overall carbon concentration in cells A and I, see Table2).

  Figure 31. Austenite volume fraction evolution according to DICTRA simulations representative of the isolated carbides dissolution (sub-system I). a) during heating, as a function of temperature; b) during isothermal hold at 800°C. OE and NPLE curves have the same meaning as in Figure 14. (Values are different because of the different overall carbon concentration in cells A and I, see Table2).

Figure 32 .

 32 Figure 32. Overall austenite fraction as a function of temperature during heating at 3, 30 and 100°C.s -1 according the simulation (lines) and the experiments (dots). Main stages are indicated by the arrows.

Table 1 .

 1 Chemical composition of the investigated steel. u-fractions correspond to the chemical compositions with respect to the sole substitutional elements.

	Cr	Si

Table 2 .

 2 Main parameters defining the DICTRA simulation cells.

	3	75	203	8.8	720
	30 and 100	75	203	7.2	720

CRA grain growth: overall carbon composition: Xc=0.65at.% Heating rate (°C.s -1 ) g grain radius (nm) Total cell radius (nm) u g Mn and u a Mn (%) Start T (°C)

and 100°C.s -1 will give rise to strong interactions, as will be seen in the next sections.
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