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A hybrid composite medium-field (Hy-MFC) model was developed to predict the tensile properties of dual-phase steels under monotonic loading based on physical parameters of the microstructure (phase fraction, chemical composition, and grain size of each phase). The Hy-MFC model is intended to be applicable to a wide range of fully ferritic to fully martensitic steels, particularly for alloy design and production-line monitoring. Accounting for the prior austenitic grain size as well as the chemical composition of martensite in the model resulted in good agreement between the modelling and experimental data for the investigated industrial and ternary steels with various martensite fractions. In addition, electron backscatter diffraction monitoring performed during tensile tests allowed to understand the different interactions necessary to reproduce the macroscopic hardening of dual-phase steels. In particular, a hybrid scaling transition law was proposed to reproduce the strain-hardening rate for small deformations for bi-percolant microstructures.

Introduction

Dual-Phase (DP) [START_REF] Kot | Fundamental of Dual Phase Steels[END_REF] steels were developed in the 1980's and are commonly manufactured in the form of thin steel sheets, mostly for the automotive industry. They constitute the majority of the first generation of advanced highstrength steels and are characterized by a two-phase microstructure consisting of a hard martensitic phase (α') embedded in a soft ferritic matrix (α). DP steels generally exhibit very good mechanical strength (500-1200 MPa) as well as very good forming and welding capabilities. Because of their low manufacturing costs, they are heavily used in the automotive industry. This typical ferrite-martensite microstructure is generally produced from a cold-rolled state. The steel sheet is first heated to its annealing temperature T selected from the intercritical domain (Ac 1 < T < Ac 3 ). It is then annealed for a given time t at temperature T , leading to partial austenitization. Finally, the steel is quenched to achieve the austenite-to-martensite transformation and final ferrite-martensite microstructure. DP steels are characterized by a relatively low Yield Strength (YS) compared to their high Ultimate Tensile Strength (UTS). In addition, the lack of yield point and yield-point elongation as well as their high level of work hardening (WH) is the basis for their high energy-absorption ability [START_REF] Hell | Microstructure -Properties relationships in carbide-free bainitic steels[END_REF]. The high strain-hardening rate of DP steels stems from the presence of a hard phase in a soft matrix, which can be associated with a matrix composite effect. Indeed, it has been shown that the elasto-plastic transition behaviour of martensite plays a major role in the overall behaviour of DP steels and cannot be simplified as perfectly elasto-plastic behaviour [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF]. Indeed, the stress difference between the two phases [START_REF] Sugimoto | Cyclic deformation behavior of a transformation-induced plasticity-aided dual-phase steel[END_REF][START_REF] Asaro | Elastic-plastic memory and kinematic-type hardening[END_REF][START_REF] Jiang | Effects of microstructural variables on the deformation behaviour of dual-phase steel[END_REF] generates a kinematic contribution to strain hardening, which explains the important Bauschinger effect of these steels. Moreover, the difference in mechanical properties between the two phases leads to strain incompatibilities [START_REF] Jiang | Effects of microstructural variables on the deformation behaviour of dual-phase steel[END_REF][START_REF] Kadkhodapour | Experimental and numerical study on geometrically necessary dislocations and non-homogeneous mechanical properties of the ferrite phase in dual phase steels[END_REF][START_REF] Kim | Crystal plasticity approach for predicting the Bauschinger effect in dual-phase steels[END_REF]. Thus, the formation of strain gradients and a high geometrically necessary dislocation (GND) density within the ferrite surrounding the martensite islands have been observed in numerous studies [START_REF] Lani | Multiscale mechanics of TRIP-assisted multiphase steels: II. Micromechanical modelling[END_REF][START_REF] Timokhina | Transmission electron microscopy characterization of the bake-hardening behavior of transformation-induced plasticity and dual-phase steels[END_REF][START_REF] Gardey | Correlation between the macroscopic behavior and the microstructural evolutions during large plastic deformation of a dual-phase steel[END_REF][START_REF] Tsipouridis | On the strength of grain and phase boundaries in ferritic-martensitic dual-phase steels[END_REF][START_REF] Korzekwa | Dislocation substructure as a function of strain in a dual-phase steel[END_REF].

The strain-hardening properties of DP steel are particularly dependent on the ferritic and martensitic grain sizes [START_REF] Ramazani | Transformation-induced, geometrically necessary, dislocation-based flow curve modeling of dualphase steels: Effect of grain size[END_REF]. Pierman et al. [START_REF] Pierman | The influence of microstructure and composition on the plastic behaviour of dual-phase steels[END_REF] demonstrated the strong effect of local morphology while varying the size of the microstructure, which prevented the morphology effect from being isolated. Conversely, many authors have shown a moderate effect of phase morphology (spatial distribution and shape of the martensitic structure) on the global properties of DP steels [START_REF] Krebs | Caractérisation et prévision des structures en bandes dans les aciers Dual-Phase : lien avec les propriétés d'endommagement[END_REF][START_REF] Lei | A new expression for the strength of martensite plus ferrite dual-phase steels[END_REF], which has enabled mean-field models to reproduce the mechanical properties of DP steels. Many microstructural parameters affect the strength behaviour of DP steels (martensite fraction and carbon content, phase morphology, ferritic and martensitic grain sizes). As the respective importance of each of these parameters on the final properties is difficult to establish, the calibration and development of models from literature data remains a challenging task.

Currently, the modelling of overall parameters affecting the mechanical properties of DP steels is not yet fully satisfying. Three types of approaches can be distinguished in ongoing studies: (1) "monophase" mean-field approaches [START_REF] Sugimoto | Cyclic deformation behavior of a transformation-induced plasticity-aided dual-phase steel[END_REF][START_REF] Jiang | Effects of microstructural variables on the deformation behaviour of dual-phase steel[END_REF][START_REF] Perlade | A physically based model for TRIPaided carbon steels behaviour[END_REF][START_REF] Bouaziz | Physical modelling of microstructure and mechanical properties of dual-phase steel[END_REF][START_REF] Ma | Bauschinger Effect and Back Stress in a Dual Phase Steel[END_REF], (2) "composite" mean-field approaches [START_REF] Lian | Theoretical model for the tensile work hardening behaviour of dual-phase steel[END_REF][START_REF] Berbenni | Micromechanical modeling of the elastic-viscoplastic behavior of polycrystalline steels having different microstructures[END_REF][START_REF] Lani | Multiscale mechanics of TRIP-assisted multiphase steels: II. Micromechanical modelling[END_REF][START_REF] Delince | Structure-property optimization of ultrafine-grained dualphase steels using a microstructure-based strain hardening model[END_REF][START_REF] Pierman | The influence of microstructure and composition on the plastic behaviour of dual-phase steels[END_REF][START_REF] Jacques | Multiscale mechanics of TRIP-assisted multiphase steels: I. Characterization and mechanical testing[END_REF][START_REF] Tomota | Prediction ot Mechanical Properties of Multi-phase Steels Based on Stress-Strain Curves[END_REF][START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF], and (3) local-field approaches [START_REF] Prahl | Micromechanics-based modelling of properties and failure of multiphase steels[END_REF][START_REF] Liedl | An unexpected feature of the stress-strain diagram of dual-phase steel[END_REF][START_REF] Kadkhodapour | Experimental and numerical study on geometrically necessary dislocations and non-homogeneous mechanical properties of the ferrite phase in dual phase steels[END_REF][START_REF] Hüper | Effect of Volume Fraction of Constituent Phases on the Stress-Strain Relationship of Dual Phase Steels[END_REF][START_REF] Al-Abbasi | Characterizing DP-steels using micromechanical modeling of cells[END_REF][START_REF] Fillafer | On strain partitioning and microdamage behavior of dual-phase steels[END_REF][START_REF] Ramazani | Transformation-induced, geometrically necessary, dislocation-based flow curve modeling of dualphase steels: Effect of grain size[END_REF][START_REF] Krebs | Caractérisation et prévision des structures en bandes dans les aciers Dual-Phase : lien avec les propriétés d'endommagement[END_REF][START_REF] Li | Bauschinger effect and residual phase stresses in two ductilephase steels: Part II. The effect of microstructure and mechanical prop-erties of the constituent phases on Bauschinger effect and residual phase stresses[END_REF][START_REF] Li | Bauschinger effect and residual phase stresses in two ductilephase steels. Part I. The influence of phase stresses on the Bauschinger effect[END_REF][START_REF] Paul | Micromechanics based modeling to predict flow behavior and plastic strain localization of dual phase steels[END_REF][START_REF] Paul | Real microstructure based micromechanical model to simulate microstructural level deformation behavior and failure initiation in DP 590 steel[END_REF][START_REF] Choi | Influence of martensite mechanical properties on failure mode and ductility of dual-phase steels[END_REF][START_REF] Kumar | Influence of bainite/martensite-content on the tensile properties of low carbon dual-phase steels[END_REF][START_REF] Sodjit | Microstructure based prediction of strain hardening behavior of dual phase steels[END_REF][START_REF] Pardoen | Interface controlled plastic flow modelled by strain gradient plasticity theory[END_REF].

The "monophase" approach consists of simplifying the composite structure as the ferritic phase, which will be hardened by the martensitic phase. Generally, two contributions are considered: (i) a kinematic contribution from the strain gradients, which depends on the martensite fraction, and (ii) an isotropic contribution of structural hardening (forest contribution) stemming from the GND distribution within the ferrite. These hypotheses assume an elastic martensite behaviour and are restricted to non-percolating microstructures with low martensite content.

The "composite" mean-field approach considers the mechanical DP steel behaviour as a function of the behaviour of the two phases weighted by their volume fraction ??. Subsequently, several homogenization methods have been used in the literature to reproduce the mechanical properties of DP steels. However, these methods generally suffer from an oversimplification of the mechanical behaviour of each constituent, particularly for martensite, which is often erroneously assumed to be purely elastic [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF]. Moreover, these models are often not sensitive to grain size and do not account for strain incompatibility effects at the interfaces. Délincé et al. [START_REF] Delince | Structure-property optimization of ultrafine-grained dualphase steels using a microstructure-based strain hardening model[END_REF] and Allain et al. [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF] have proposed more elaborate models that account for microstructural characteristic sizes. However, these models neglect the Hall-Petch effect observed in martensite as a function of the prior austenitic grain size and are thus inadequate for high martensite fractions, such as those encountered in industrial steels.

Local approaches aim to calculate the mechanical field on a representative volume element of the microstructure, which can be created numerically [START_REF] Prahl | Micromechanics-based modelling of properties and failure of multiphase steels[END_REF][START_REF] Liedl | An unexpected feature of the stress-strain diagram of dual-phase steel[END_REF][START_REF] Kadkhodapour | Experimental and numerical study on geometrically necessary dislocations and non-homogeneous mechanical properties of the ferrite phase in dual phase steels[END_REF][START_REF] Hüper | Effect of Volume Fraction of Constituent Phases on the Stress-Strain Relationship of Dual Phase Steels[END_REF][START_REF] Al-Abbasi | Characterizing DP-steels using micromechanical modeling of cells[END_REF][START_REF] Fillafer | On strain partitioning and microdamage behavior of dual-phase steels[END_REF] or based on real microstructures [START_REF] Ramazani | Transformation-induced, geometrically necessary, dislocation-based flow curve modeling of dualphase steels: Effect of grain size[END_REF][START_REF] Krebs | Caractérisation et prévision des structures en bandes dans les aciers Dual-Phase : lien avec les propriétés d'endommagement[END_REF][START_REF] Li | Bauschinger effect and residual phase stresses in two ductilephase steels: Part II. The effect of microstructure and mechanical prop-erties of the constituent phases on Bauschinger effect and residual phase stresses[END_REF][START_REF] Li | Bauschinger effect and residual phase stresses in two ductilephase steels. Part I. The influence of phase stresses on the Bauschinger effect[END_REF][START_REF] Paul | Micromechanics based modeling to predict flow behavior and plastic strain localization of dual phase steels[END_REF][START_REF] Paul | Real microstructure based micromechanical model to simulate microstructural level deformation behavior and failure initiation in DP 590 steel[END_REF][START_REF] Choi | Influence of martensite mechanical properties on failure mode and ductility of dual-phase steels[END_REF][START_REF] Kumar | Influence of bainite/martensite-content on the tensile properties of low carbon dual-phase steels[END_REF][START_REF] Pardoen | Interface controlled plastic flow modelled by strain gradient plasticity theory[END_REF].

Simulations can thus be conducted using either finite-element or fast-Fouriertransform solvers. These approaches can be used to study the effects of not only martensite fraction and morphology but also more local phenomena such as fracture or decohesion. Nevertheless, this family of models has an important drawback, which is the time needed to set up and solve a very particular case of microstructure. It is therefore difficult to generalize these methods for all types of DP steels with the aim of designing and monitoring their mechanical properties.

In this context, the aim of the present study was to develop a model to predict the mechanical behaviour of DP steels based on physical microstructure parameters (martensite fraction, microstructure size, and chemical composition).

One of the requirements of the model was that it capture the complexity of the real microstructure. In addition, as the model is intended for use in production as well as alloy design, a fast computational time was essential. As the goal was for the model to be applicable to a wide range of steels from fully ferritic interstitial-free steels to fully martensitic steels as well as the whole range of DP steels, the study was based on the "composite" mean-field model developed by Allain et al. [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF], which provided a detailed description of the interactions between the different phases, as well as the development of a new homogenization law.

To calibrate and improve the model, a wide range of chemical compositions and grain sizes were used to account for the Hall-Petch effect of martensite.

Finally, the microstructural evolution of a DP600 steel during deformation was followed using Electron Backscatter Diffraction (EBSD) to observe and understand the effect of key microstructural parameters (size of martensitic islands and role of ferrite/martensite interfaces) on the deformation mechanisms of such steels.

Materials and procedures

This study was performed using four model ternary Fe-C-Mn steels prepared by Ascometal and two industrial DP steels. Their chemical compositions are shown in Table 1.

The chemical composition of the ternary steels was selected to be close to that of the industrial steels in terms of C and Mn contents to clearly analyse the effect of these two elements on the mechanical properties. Two industrial steels were also selected, with similar Mn, Cr, and Si contents. The C content was 0.09 wt% for the DP600 steel and 0.17 wt% for the DP1000 steel; the DP1000 steel also contained some Nb and Ti. The Fe-C-Mn ingots were cast and hot forged to obtain bars of 50 mm in diameter with a ferrito-pearlitic structure. The samples for the experimental study of the phase transformation were machined using wire-cut electroerosion.

Steel

The two industrial steels were hot-rolled in the austenitic phase, coiled at approximately 873 K (600 • C), and slowly cooled to obtain a ferrito-pearlitic structure. The sheets were finally cold rolled with a 55 % reduction ratio to attain a final thickness of 1.5 mm. The initial microstructures (obtained either after forging or cold rolling) of the studied steels are presented in Figure 1. For the ternary model castings, the increase in carbon and manganese content led to refinement of the initial microstructure. In comparison, the initial ferritic grain size of the industrial steels was much smaller because of the hot-rolling process. The grain sizes are summarized in Table 1.

Annealing treatments were performed on all the steels to obtain various set of microstructures and investigate the resulting mechanical properties using tensile tests. The samples (10 mm wide by 10 mm long) were heat treated in salt baths before being water quenched using the treatments detailed in Table 2. Optical quantification of the martensite fraction was performed using the etching method proposed by Bandoh (2.3 mL picral + 2.3 mL metabisulfite + 1 mL Nital -30 s). Thresholding performed using Otsu's method [START_REF] Vala | A review on Otsu image segmentation algorithm[END_REF][START_REF] Liu | Otsu method and K-means[END_REF] using ImageJ led to the different fractions presented in Table 2. For all the steels, the 100% martensitic states were obtained after a 3-min treatment at 1123 K (850 A microtensile test was performed on a Gatan Deben 2000E with a maximum load of 2000 N. The specimen had an effective length of 8 mm and an area of 1 mm 2 . The microstructural evolution of specific areas during deformation was followed using EBSD maps, obtained using an Oxford Instrument Symmetry detector, with an accelerating voltage of 20 kV in a ZEISS Supra 55VP field emission gun scanning electron microscope. Three deformation states were observed for the DP600 steel containing 41% martensite with global strains of 0%, 4.5%, and 7%. The EBSD maps were post treated using Atex software [START_REF] Beausir | Analysis Tools for Electron and X-ray diffraction[END_REF].

Hybrid mean-field composite (Hy-MFC) model

The aim of the hybrid mean-field composite (Hy-MFC) model framework developed in this study was to enable the prediction of the tensile properties of DP steels under linear monotonic loading based on the fraction, chemical composition, and grain size of all the phases.

The model was intended to be applicable on-the-fly to a wide range of steels from fully ferritic to fully martensitic steels. Once the properties of each of the single phases (ferrite and martensite) were modelled, an interaction law was applied between the two phases with a plasticity model that reproduced the mechanisms involved during the phase transformations and composite loading.

Finally, a homogenization law was applied according to the phase fractions to recover the macroscopic properties of the steel.

Ferrite behaviour

Grain size and dislocation densities are the main parameters governing the mechanical properties of ferrite. Since the pioneering work of Hall and Petch [START_REF] Hall | The deformation and ageing of mild steel: II characteristics of the Lüders deformation[END_REF][START_REF] Petch | The cleavage strength of polycrystals[END_REF], many researchers have proposed physical approaches to reproduce the different hardening mechanisms of polycrystals [START_REF] Delince | Structure-property optimization of ultrafine-grained dualphase steels using a microstructure-based strain hardening model[END_REF][START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF]. The ferrite constitutive law used in this paper is based on the work of Bouaziz et al. [START_REF] Bouaziz | Effect of grain refinement on the mechanical behaviour of ferritic steels: evolution of isotropic hardening and kinematic hardening[END_REF].

The flow stress in ferrite σ f is a function of the plastic deformation and can be decomposed as follows:

σ f ( f p ) = σ f 0 + σ f R + σ f X ( 1 
)
where:

• σ f 0 is the sum of the Peierls force contribution and the friction stress resulting from the alloying elements in solid solution. It is directly related to the chemical composition of the steel according to the following law :

σ f 0 = 52 + 33%Mn + 80%Si + 60%Cr + 80%Mo (2) 
with σ f 0 in MPa and the different chemical elements (Mn, Si, Cr, Mo) in wt%. Only the effects of the main elements present in the composition of DP steels were considered here, namely Mn, Si, Mo, and Cr. For the sake of simplicity, the hardening effect of C and N in solid solution in ferrite has been neglected here (Gutierrez et al. [START_REF] Gutiérrez | Work-hardening of ferrite and microstructurebased modelling of its mechanical behaviour under tension[END_REF] indeed show that their contribution is lower than 30 MPa).

• σ f R is the forest dislocation hardening (i.e. isotropic hardening) governed by ρ f , the density of Statistically Stored Dislocations (SSDs) in ferrite:

σ f R = αM µb 111 ρ f ( 3 
)
where α is the forest hardening coefficient, M is the Taylor factor, µ is the elastic shear modulus, and b 111 is the Burgers vector, indicating the direction of lattice distortion due to dislocations, with the other lattice distortion directions being neglected.

• σ f X is the back-stress (i.e. kinematic hardening). Unlike the previous contribution of SSDs, GNDs created during elastic energy storage pile up at Grain Boundaries (GBs). They thus generate a non-relaxed internal back-stress contribution that contributes to the overall macroscopic stress as kinematic hardening. It can be expressed as follows:

σ f X = M µb 111 d f n f (4)
where d f is the grain size and n f is the average number of dislocations accumulated at GBs required to accommodate the strain gradients.

The total deformation of ferrite f tot is the sum of elastic ( f el ) and plastic( f p ) deformations:

f tot = f el + f p (5)
According to the Kocks-Mecking-Estrin law [START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF], the evolution of dislocation density as a function of deformation depends on a dislocation-dislocation pinning term as well as a dislocation-annihilation term due to dynamic recovery, which is dependent on the deformation rate and temperature. An additional term is added to account for the effect of grain size on the increase in dislocation density by assuming an accumulation of GNDs at GBs [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF][START_REF] Bouaziz | Effect of grain refinement on the mechanical behaviour of ferritic steels: evolution of isotropic hardening and kinematic hardening[END_REF]:

dρ f d f p = M    1 -n f n f 0 b 111 d f + k f ρ f -f f ρ f    (6) 
where k f and f f are the two classical parameters controlling the Kocks-Mecking-Estrin law. n f 0 represents the maximum number of dislocations piled up at GBs required to accommodate the strain gradients.

In addition, to reproduce the back-stress saturation with plastic deformation, the evolution of the number of dislocations accumulated at the GBs n f can be described as follows:

dn f d f p = λ f b 111 1 - n f n f 0 (7)
where λ f is the average spacing between slip bands at GBs. The corrective term 1 -n f /n f 0 reproduces site saturation, and the term λ f /b 111 represents the number of GNDs per slip band to realize the deformation.

Finally, the model was calibrated to be able to reproduce the effect of ferritic grain size on stress-strain evolution as well as back-stress evolution for a wide range of interstitial-free steels from 3.5 to 22 µm, as shown in Figure 2. The different parameters used are listed in Table 3 and are identical to those used by Allain et al. [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF].

Martensite behaviour

To reproduce the mechanical properties of martensitic steels, it is essential to be able to model the plastic behaviour and strain hardening up to failure. the strain-hardening behaviour of fully martensitic steel observed between the yield strength and its ultimate tensile strength. Moreover, regardless of the carbon content of the martensite, it has a practically unique microplastic yield strength of approximately 400 MPa.

Conventional dislocation storage strain-hardening mechanisms cannot explain

Martensite must be considered a "continuous heterogeneous" composite. Indeed, studies have shown that the internal stresses and carbon content within martensitic islands can be highly variable, leading to important modifications of local mechanical properties in DP steels as well as in fully martensitic steels [START_REF] Pushkareva | Distribution of carbon in martensite during quenching and tempering of dual phase steels and consequences for damage properties[END_REF][START_REF] He | On the nanoindentation behaviour of complex ferritic phases[END_REF][START_REF] Hutchinson | Plastic yielding in lath martensites -An alternative viewpoint[END_REF].

To model the elasto-plastic transition of martensite, a continuous composite approach (CCA) was used in agreement with Allain et al. [START_REF] Allain | Toward a New Interpretation of the Mechanical Behaviour of As-quenched Low Alloyed Martensitic Steels[END_REF]. The soft phase controls the deformation while the hard phase, assumed to be elastic, leads to significant strain hardening of the composite. The behaviour of the composite is controlled by the interaction of elastic and perfectly plastic domains.

The Young's modulus Y (identical for each phase) and the respective elasticity limit allow the mechanical behaviour of each domain to be precisely described.

The composite can thus be described by a continuous distribution of density of probability f (σ l ) to find a domain having a local yield stress σ l .

To describe the interaction between the different phases of the composite, a constant parameter β is fixed as

β = σ m -σ l m -l ( 8 
)
where σ l and l are the local stress and strain of each composite part, respectively, and σ m and m are the macroscopic stress and strain of martensite, respectively. Note that β ranges between 0 (iso-stress) and ∞ (iso-strain). Hereafter, β was set at 50 GPa (as in ref. [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF]).

It is then possible to express σ l as follows [START_REF] Allain | Toward a New Interpretation of the Mechanical Behaviour of As-quenched Low Alloyed Martensitic Steels[END_REF]:

σ l ( m ) = σ m + β m 1 + β Y ( 9 
)
Assuming that the macroscopic stress is given by σ m = ∞ 0 f (σ)σdσ and assuming a elasto perfectly plastic behaviour of each domain leads to:

dσ m d m = 1 1 Y + F (σ l ) β (1 -F (σ l )) (10) 
where F (σ l ) = σ l 0 f (σ)dσ is the cumulative probability density.

To capture the Bauschinger effect on different martensitic steels, the stress spectrum is defined using an Avrami-like law with three adjustable parameters

(∆, n, σ min + σ 0 m ): if σ l < σ m 0 + σ min then F (σ l ) = 0 else F (σ l ) = 1 -exp - σ l -(σmin+σ m 0 ) ∆ n (11)
where • σ m 0 is the contribution sum of the Peierls force and the friction stress due to solid-solution hardening and depends on the chemical composition in wt% of the steel as follows:

σ m 0 = 52 + 33%Mn + 80%Si + 60%Cr + 80%Mo (12) 
• σ min = 320 MPa and n = 1.8 are the two constants of Avrami's law controlling the yield strength and the rate of strain hardening of the composite, respectively, enabling the strain hardening of the martensitic steels to be reproduced after calibration.

• ∆ is the width of the local yield-strength distribution that controls the magnitude of the strain hardening between the yield strength and ultimate tensile strength. Allain et al. [START_REF] Allain | Toward a New Interpretation of the Mechanical Behaviour of As-quenched Low Alloyed Martensitic Steels[END_REF] proposed a description of this parameter depending only on the nominal carbon composition in martensite. Figure 3 illustrates the inability of this description to reproduce the mechanical properties of either industrial or ternary grades (with the same C and Mn contents). As suggested by the optical micrographs of the ternary and industrial steels, this poor reproducibility could stem from a marked difference in the microstructure characteristic sizes. This explanation is also supported by the important effect of the prior austenitic grain size before quenching on the martensite mechanical properties highlighted in several studies [START_REF] Prawoto | Effect of Prior Austenite Grain Size on the Morphology and Mechanical Properties of Martensite in Medium Carbon Steel[END_REF][START_REF] Ohmura | Nanohardness measurement of highpurity Fe-C martensite[END_REF][START_REF] Zamani | Dependency of Natural Aging on the Ferritfoe Grain Size in Dual-Phase Steel[END_REF]. The difference in former austenitic grain size (5-6 µm for the industrial steel and 30-60 µm for the model alloys) explains the difference observed in the mechanical properties. The Hall-Petch effect must thus be included in the description of ∆ in addition to the effect of the nominal carbon content C m (in wt%), leading to the following original expression:

∆ = K 0 + K 1 √ d γ + K 2 C m 1.34 (13) 
where d γ is the diameter of the austenitic grains before quenching.

Considering the limited variety of phenomena (chemical composition and prior austenitic grain size) affecting the mechanical properties, it was possible to calibrate the model for prediction of the mechanical properties of martensite over the wide range of carbon content necessary in DP steel modelling owing to carbon enrichment in martensite. Indeed, during phase transformations in the intercritical range, the austenitic phase will be enriched in both carbon and manganese, leading to an improvement of the mechanical properties. Figure 4 shows that the model captures the effect of carbon from 0.07 wt% C to 0.36 wt% C on not only the tensile properties but also the strain-hardening rate.

As all the ternary grades were produced using the same manufacturing process (leading to approximately the same grain size), it was possible to show that manganese contributed only to the solid-solution hardening of fresh martensite.

Moreover, the refinement of the microstructure in the austenitic phase appears to be a key parameter controlling the mechanical properties of martensite as well as the austenitic transformation start temperature [56? ]. Figure 4 shows the ability of the model, through the incorporation of the Hall-Petch effect in the ∆ parameter, to reproduce the mechanical properties of both industrial and ternary grades. This term will thus play a decisive role in the development of new medium manganese grades with refined microstructure. 

Composite model design definition for DP steels

Using the fully ferritic (section 3.1) and martensitic (section 3.2) constitutive laws, the aim of the present section is to propose a composite mechanical model accounting for their interactions. Preliminary tensile tests followed by EBSD observations were used to better understand these fine interactions at the level of the microstructure. The interaction formalism between the phases and homogenization method is based on Allain et al.'s [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF] approach. Our observations validate most of their assumptions. However, the scale transition law has been modified.

Preliminary microstructural observations

With the aim of understanding the mechanical interactions between the two phases, an interrupted tensile test followed by EBSD was conducted for three global deformation states (0%, 4.5%, and 7%) on the industrial grade used to produce a DP600 but with higher martensite fraction. Several grains were selected and followed during deformation to better describe the effect of their size and neighbourhood on their deformation behaviour. Ferrite and martensite, having similar crystallographic structures, were both indexed as a ferritic phase.

Martensite islands can be distinguished by their specific lath morphology and by the slightly lower band contrast index. Using this last criterion, it was possible to measure the martensite fraction (41%, close to the value of 45% observed by metallographic analysis). Upon deformation, many dark spots appeared between the ferrite and marten-site grains, as shown in Figure 5. These dots correspond to martensitic grains that were too deformed to be indexed. The crystal misorientation can be directly related to the GND content [START_REF] Muransky | On the measurement of dislocations and dislocation substructures using {EBSD} and {HRSD} techniques[END_REF][START_REF] Wilkinson | Quantitative deformation studies using electron back scatter patterns[END_REF], enabling the construction of GND maps, as shown in Figure 5 d), e) and f). The evolution of GNDs inside the ferritic grains can be qualitatively followed. However, because of the small size of martensitic laths, and thus the small number of pixels for each lath, the evolution of GNDs within the laths is not accurate. The deformation is clearly not homogeneous, with a globally higher GND density at ferrite/martensite phase boundaries. Additionally, the deformation of ferritic grains is not homogeneous, and the two following trends can be identified: • The martensitic transformation induces a volume change. To accommodate the induced deformation, GNDs appear in ferrite grains surrounding martensite islands. EBSD observations of the initial state of the DP600 steel with 41% of martensite in Figure 6a) and 6b) clearly reveal the absence of misorientation for a cluster of ferrite grains without martensite. In contrast, Figure 6b), c), e) and f) show areas of misorientation for ferritic grains in contact with martensitic islands. These observations confirm previous findings for DP steels (see for example [START_REF] Tsipouridis | On the strength of grain and phase boundaries in ferritic-martensitic dual-phase steels[END_REF]) and underline the need to introduce GNDs in ferrite grains neighbouring martensite islands.

• The hardness difference between ferritic and martensitic phases induces the creation of GNDs required to accommodate deformation incompatibilities. This deformation incompatibility affects the length L f at the ferrite/martensite interface. The EBSD observation of an overall deformation of 7% (just before necking) reveals the importance of the surroundings of a given ferritic grain. Figure 7 presents the misorientation map of two ferrite grains with approximately the same crystallographic orientation. If the grain neighbourhood is mostly ferritic, it deforms rather homogeneously (Figure 7a), whereas when it is surrounded by martensitic islands, heterogeneous elongation of the grain is observed (Figure 7b). Several studies have shown that the density of dislocations within ferrite is higher when approaching martensite islands and that the length affected by this deformation incompatibility reaches 3-4µm, which is consistent with the results of other studies [START_REF] Timokhina | Transmission electron microscopy characterization of the bake-hardening behavior of transformation-induced plasticity and dual-phase steels[END_REF][START_REF] Gardey | Correlation between the macroscopic behavior and the microstructural evolutions during large plastic deformation of a dual-phase steel[END_REF][START_REF] Tsipouridis | On the strength of grain and phase boundaries in ferritic-martensitic dual-phase steels[END_REF][START_REF] Korzekwa | Dislocation substructure as a function of strain in a dual-phase steel[END_REF].

Accounting for extra hardening of ferrite

The equations developed to define the properties of the ferritic phase in section 3.1 are only valid for a single-phase material. It is therefore essential to introduce the two mechanisms leading to the creation of GNDs discussed in a previous paragraph (additional isotropic hardening within the ferrite matrix, see section 3.3.1). This hardening is introduced by means of GNDs distributed within the ferrite matrix. These GNDs can be inherited from the expansion of the martensitic phase during its formation [START_REF] Tsipouridis | On the strength of grain and phase boundaries in ferritic-martensitic dual-phase steels[END_REF]:

ρ f ( f p = 0) = F m M b 111 d f 0 (14)
where F m is the martensite fraction and 0 is an average deformation term in the initial state allowing the experimental curves to be reproduced. It also allows the dislocation density to be integrated within the ferrite.

Material deformation can also create GNDs to accommodate deformation incompatibilities between the two phases resulting from their different mechanical properties. Figure 8a) schematically illustrates the coupling between these two contributions, which consists of simplifying this phenomenon and assuming that such an interaction can occur over a characteristic distance L f . Allain et al. [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF] proposed the following relationship based on Ashby's work [START_REF] Jiang | Effects of microstructural variables on the deformation behaviour of dual-phase steel[END_REF][START_REF] Bouaziz | Physical modelling of microstructure and mechanical properties of dual-phase steel[END_REF]:

ρ GN D = F m b 111 L f 1 -exp -β GN D ( f tot -m + 0 ) β GN D ( 15 
)
where L f is the characteristic dispersion length of Ashby's GNDs in the ferrite from the ferrite/martensite interfaces and β GN D is a parameter controlling the saturation effect of the GNDs.

Once the amount of GNDs within the ferrite grains has been defined, it is necessary to update equations ( 3) and ( 6) as follows: dρ

σ f R ( f p ) = αM µb 111 ρ f + ρ GN D ( 16 
)
f d f p = M    1 - n f n 0 f b 111 d f + k f ρ f + ρ GN D -f f ρ f    (17) 

Scale transition law

The mechanical behaviour of heterogeneous DP steel is modelled using a mixture law. The stress and macroscopic deformation of the composite are thus expressed as a function of the properties of the respective constituents weighted by their relative phase fractions using the following formulas [START_REF] Bouaziz | Mechanical behaviour of multiphase materials : an intermediate mixture law without fitting parameter[END_REF]:

σ DP ( DP ) = F m σ m ( m ) + (1 -F m )σ f ( f tot ) (18) 
DP = F m m + (1 -F m ) f tot ( 19 
)
To fully solve the problem, it is necessary to add a scale transition law between the two phases. There are several possible options, with the two most classic being the iso-strain and iso-stress laws. A more physical law, which supposes the equality of the mechanical work dissipated in each phase, called the iso-work law [START_REF] Bouaziz | Mechanical behaviour of multiphase materials : an intermediate mixture law without fitting parameter[END_REF], has been used particularly for this type of system for small martensite fractions. However, for higher fractions (approximately 15%-20%), this model underestimates the composite strain hardening for small deformations. Therefore, the approach developed here assumes an iso-deformation law at the beginning of the deformation that will then tend linearly towards an isowork law. The martensitic structure will thus block the ferrite deformation at the beginning before rearranging (fracture of ferritic or martensitic grains) and leading to a more homogeneous distribution of the stress within the material.

The following hybrid interaction law allows to account for the percolation of martensite: 

d f = d m 1 + σ m σ f -1 m m c (20) 
else [iso-work law]:

d f σ f = d m σ m : (21) 
where m c is the critical deformation for which we assume martensite fracture and above which the iso-work law is assumed.

Once the basics of the Hy-MFC model were established, it was possible to distinguish the different stages during the tensile test, as shown in Figure 8b):

• Step 1 (∼ 0 -100M P a): Both phases deform elastically as long as the stress of the DP composite is below the yield stress of ferrite.

• Step 2 (∼ 100 -400M P a): The martensitic phase remains in the elastic domain while the ferrite begins to deform plastically (close to isodeformation). The composite strain hardening remains very high because of the martensite, which limits the deformation of the ferrite. GNDs start to appear at this stage as the deformation gradient increases between the two phases. This stage is very short as it ends when the martensite reaches the first local microplastic yield stress.

• Step 3: As deformation proceeds, the iso-deformation gradually switches to the iso-work law. Additionally, as the deformation gradient between the phases increases, the number of GNDs formed at the interfaces to accommodate this deformation increases until critical local values leading to a microstructure fracture combined with void nucleation. This microstructure modification enables a stress relaxation responsible for a more homogeneous stress distribution within the microstructure. However, as the quantity of SSDs increases, the dislocation annihilation effect becomes more effective and tends towards global saturation of the dislocation density. This saturation results in a decrease of the macroscopic work-hardening rate of the material.

Hybrid model parameters

The model parameters were validated using literature data for different steels. Steels with low microalloy element contents were selected to avoid pre- • F m , the fraction of martensite that can be obtained during the thermal cycle using a phase-transformation model or optical quantification.

• d f , the ferritic grain size, which is highly dependent on the hot-rolling thermal cycle.

• C m , the mass concentration of carbon within martensite. This is estimated from a mass balance assuming that ferrite no longer contains carbon:

C m = C F m ( 22 
)
where C is the total carbon content of the steel (expressed in wt%). Note that the C m concentration should be limited to 0.6 wt% in view of the experimental results, which reveal saturation of the mechanical properties and brittle behaviour of martensite for high C concentrations. In addition, the substitutional elements are supposed to be homogeneously distributed in the steel, although it could be possible to study their partitioning in the case of longer heat treatment.

The parameters constituting the intrinsic properties of ferrite and martensite were calibrated on single-phase steels and are summarized in Table 3.

For the calibration of the Hy-MFC model, three parameters were adjusted by Allain et al. [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF]:

• 0 =0.05 is the average deformation within the initial ferrite imposed by the martensitic transformation.

• β GN D =18 is the parameter characterizing the saturation of the number of GNDs with the appearance of the relaxation phenomenon during storage.

• L f is the characteristic length over which the GNDs will disperse from the martensite/ferrite interfaces. For steels processed in the intercritical domain, this length L f appears to be sensitive to the size of the martensitic islands. Moreover, it is possible to correlate the size of martensitic islands with the ferritic grain size. The best calibration led to the following formula [START_REF] Allain | Towards the microstructure design of DP steels: a generic size-sensitive mean-field mechanical model[END_REF]:

L f = 0.0225d f F 1 3 m 1 -F 1 3 m + 0.288 µm (23)

Model validation and discussion

As described in section 2, the use of two DP states containing different martensite fractions in addition to the fully martensitic state allowed to validate the hybrid transition law developed in this paper. The EBSD observations shown in Figure 10 reveal a significant misorientation of ferrite grains in contact with martensite islands for an overall deformation of only 4.5%. This highlights the effect of martensite on ferrite, which prevents the ferrite from reaching the deformation predicted by the iso-work law hypothesis. Additionally, many examples of fracture/decohesion were observed in the ferritic grains and possibly within martensite, justifying the hybrid law (transition between iso-strain to iso-work).

Finally, Figure 11 compares the Hy-MFC model with tensile tests of industrial steels. Good agreement was attained for all martensite fractions and chemical compositions.

It is important to note that the model poorly accounted for strain-hardening saturation for the DP1000 steel containing 28% martensite. Indeed, the chemical composition of martensite is approximately 0.6 wt% C, which is the limit of the martensite calibration properties (see section 3.3.4). Moreover, martensite exhibits brittle behaviour during tensile tests for such a chemical composition, explaining the strain-hardening saturation and the need to introduce an additional phenomenon in this case.

Nevertheless, as most industrial steels undergo an additional tempering treatment that softens the properties of martensite, the concentration of carbon in solid solution within the martensite will be lower, enabling to more closely approach the assumptions of the established model.

Conclusion

The Hy-MFC physical model developed in this paper is designed to reproduce and predict the mechanical properties of Dual-Phase steels based on mi-crostructural parameters (i.e. chemical composition, martensite fraction and grain size). The following points have to be highlighted : 3. The development of the model took place in three steps:

• For fully ferritic phase, we used the model of Bouaziz et al. [START_REF] Bouaziz | Effect of grain refinement on the mechanical behaviour of ferritic steels: evolution of isotropic hardening and kinematic hardening[END_REF] (including all model parameters).

• For fully martensitic phase, a new dependence of the mechanical properties on the prior austenite grain size enabled the calibration of the model on all the studied steels. A calibration on the effect of carbon on martensite properties has been proposed, leading to an excellent agreement with all studied steels. Finally, it has been demonstrated that manganese contributes only by solid solution hardening.

• A set of hypotheses allowing to reproduce the interaction between ferrite and martensite led to an excellent description of the overall mechanical behaviour of the composite. This integration is based on the addition of GND within the ferrite due to the martensitic volume variation and the deformation incompatibility between the two phases. In addition, a new scale transition law has been proposed assuming a linear transition between an iso-strain and iso-work law.

It allowed us a more accurate description of the strain hardening of the composite for low deformations in bi-percolant microstructures.

4. A complete validation of the Hy-MFC model has been made for a wide range of chemical composition, grain sizes and different martensite fractions.

5.

The integration of this model within a larger package allowing the martensite fraction to be predicted and including the effect of tempering on the martensite properties [START_REF] Waterschoot | Tempering kinetics of the martensitic phase in DP steel[END_REF][START_REF] Malheiros | Mechanical behavior of tempered martensite: Characterization and modeling[END_REF] would make it possible to predict the mechanical properties of a Dual-Phase steel based exclusively on the thermal cycle parameters, the chemical composition and the initial microstructure.

Figure 1 :

 1 Figure 1: Optical micrographs of the different initial states: (a) Fe-0.17C-0.5Mn, (b) Fe-0.17C-1.7Mn, (c) DP1000 in cold-rolled condition, (d) Fe-0.17C-2.5Mn, (e) Fe-0.08C-1.7Mn, and (f) DP600 in cold-rolled direction.

Figure 2 :

 2 Figure 2: Model calibration for ferritic steels with grain size ranging between 3.5 and 22 µm: (a) stress and (b) backstress evolution during tensile test. The experimental data and modelwere extracted from[START_REF] Bouaziz | Effect of grain refinement on the mechanical behaviour of ferritic steels: evolution of isotropic hardening and kinematic hardening[END_REF], and the Luders' plateau was excluded from the model calibration.

Figure 3 :

 3 Figure 3: Comparison of results of Allain's model [3] (K 1 = 645, K 2 = 0 and K 3 = 5053) and experimental true stress -true strain tensile curves of (a) (Fe-0.08C-1.7Mn, DP600) and (c) (Fe-0.17C-1.7Mn, DP1000). Optical micrograph of (b) DP600 and (d) Fe-0.08C-1.7Mn steel. Allain's model fails to reproduce the different properties of industrial and ternary grades.

Figure 4 :

 4 Figure 4: Comparison between experimental data and modelling. Effect of the carbon content (in wt%) on the (a) tensile curves and (b) strain-hardening rates of the ternary steels in this study and of other steels studied in the literature [52]. Effect on the tensile properties of the (c) prior austenitic grain size and (d) manganese content.

Figure 5 :

 5 Figure 5: (a-c) IPFZ colour maps and (d-f) Kernel Average Misorientation (KAM) maps of EBSD observation made on the DP600 steel with 41% martensite for three 3 deformation values (0%, 4.5%, 7%).

Figure 6 :

 6 Figure 6: (a-c) IPFZ colour maps and (d-f) KAM maps of EBSD observation of initial state of DP600 steel containing 41% martensite.

Figure 7 :

 7 Figure 7: (a-b) IPFZ colour maps and (c-d) KAM maps of EBSD observation of DP600 steel containing 41% martensite at 7% global strain.

Figure 8 :

 8 Figure 8: (a) Scheme describing the characteristic length L f of martensitic island interaction within a ferritic grain of diameter df. (b) Comparison of two mixing laws (iso-work and new hybrid law proposed in this study) to determine the macroscopic behaviour of DP steel from the behaviour of ferrite and martensite.

Figure 9 :

 9 Figure 9: Comparison between experimental and simulated tensile curves with iso-work law for (a) Fe-0.08-1.7Mn and (c) Fe-0.17C-1.7Mn. Comparison between the experimental and simulated tensile curves with new hybrid law for (a) Fe-0.08-1.7Mn and (c) Fe-0.17C-1.7Mn.

  if m c < 0.04 and F m > 20% then [hybrid law]

Figure 9

 9 Figure 9 presents a comparison of the two transition laws for the two ternary Fe-C-1.7Mn grades. The iso-work law leads to a clear underestimation of strain hardening for small deformations. This effect is amplified by the martensite C content, which is explained by an increase in the intrinsic mechanical properties of martensite and thus the mechanical incompatibility between the two phases. The hybrid law proposed in this paper thus better reproduces the strain hardening.

Figure 10 :

 10 Figure 10: (a-c) IPFZ colour maps and (d-f) KAM maps of EBSD observation of DP600 steel containing 41% martensite at 4.5% global strain.

Figure 11 :

 11 Figure 11: Comparison of experimental and simulated tensile curves with new hybrid law for (a) DP1000 and (c) DP600.

1 .

 1 The wide range of steels available for this study allowed us to overcome the difficulty of calibrating a model from literature data with varying experimental conditions (cooling rate, quenching conditions) as well as with uncontrolled microstructure features (grain size, fraction and topology of the different phases). It has thus been possible to study the influence of the key parameters by a precise control of the different microstructural parameters while avoiding the problems of partial tempering which can influence the final mechanical properties.2. EBSD observations of selected areas for different deformation helped iden-tifying the influence of the ferrite grains neighbourhood on their deformation. Local disorientation zones were observed within the ferritic grains in contact with martensitic islands. Numerous decohesion and high misorientation zones within the ferrite grains revealed the primordial effect of the composite on the microstructure,validating the hypothesis of adding GNDs to accommodate the deformation incompatibility between the phases.

Table 2 :

 2 • C) followed by water quench. Thermal cycle and martensite fraction observed for different steel grades.

		Martensite	Thermal cycle
	Steel grades			
		fraction	Temperature Time
		29%	780 • C	3 min
	0.07C-1.7Mn	45%	800 • C	3 min
		45%	760 • C	3 min
	0.17C-1.7Mn	70%	780 • C	3 min
		30%	780 • C	3 min
	DP600	45%	800 • C	3 min
		28%	735 • C	3 min
	DP1000	62%	760 • C	5 min
	All steels	100%	850 • C	3 min

Table 3 :

 3 cipitation and focus on microstructures without bainite and without additional tempering treatment. Three key microstructure parameters are required to be able to predict the mechanical properties of the steels, i.e.: Values of the key parameters used in the different mechanical models

		Parameter	Symbol	Unit	Value used
		Forest hardening coefficient	α	-		0.38	
		Taylor factor	M	-		2.77	
		Shear modulus	µ	GPa		79.3	
	Ferrite	Burgers vector in α-Fe	b 111	m	2.48 × 10 -10
	model	Maximum number of dislocations on GB	n f 0	-		6.2	
		Latent coefficient hardening	k f	m -1	2.82 × 10 7
		Dynamical recovery parameter	f f	-		1.3	
		Mean shear-band spacing	λ f	m	2.23 × 10 -8
		Young's modulus	Y	GPa		210	
		Composite interaction parameter	β	GPa		50	
	Martensite	Avrami parameter	σ min	MPa		320	
	model	Avrami parameter	n	-		1.8	
		Local yield strength constant	K 0	MPa		570	
		Local yield strength constant	K 1	MPa.mm 0.5		24	
		Local yield strength constant	K 2	MPa.wt% -1.34		6053	
	Interaction law model	Initial mean deformation in ferrite GND relaxation process parameter	0 L f	-µm	0.0225d f	0.05 1 1-F m 3 F 3 m 1	+ 0.288
		GND relaxation process parameter	β GN D	-		18	
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