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The growth kinetics of ferrite during intercritical annealing of steel has been investigated using in situ high energy X-ray diraction with a specially designed furnace allowing highly quantitative measurements of phase volume fractions. Kinetics have been obtained at 730 • C, 750 • C and 775 • C in dierent ternary Fe-C-X (where X : Mn, Ni, Mo and Cr) alloys and in a quaternary Fe-C-1Mn-1Cr (wt.%) alloy. The obtained results were compared with the predictions of classical Local Equilibrium and Para-Equilibrium models as well as an improved version of a three-jump solute drag model, where the interactions between the solute elements and the moving interface are described comprehensively. Good agreement was obtained between the measured ferrite growth kinetics and the predictions of the solute drag model for the dierent Fe-C-X systems using only one tting parameter, namely the Fe-X interaction parameter at the interface. The interactions found here qualitatively match those reported in literature for all solutes except for Ni, which displayed an attractive interaction with the interface. For the quaternary Fe-C-Mn-Cr system, the solute drag model succeeded in predicting ferrite growth kinetics using the same interaction values as used for the ternary Fe-C-Mn and Fe-C-Cr systems.

Introduction

Tailoring microstructures by means of solid-solid phase transformations and adapting chemical compositions is the main avenue to control mechanical properties in steels. Among a large variety of solid state phase transformations, austenite-to-ferrite has been the most studied reaction from both technological and scientic standpoints [START_REF] Bhadeshia | Steels: Microstructure and Properties[END_REF][START_REF] Bhadeshia | Diusional formation of ferrite in iron and its alloys[END_REF][START_REF] Enomoto | Comparison of alloy element partition behavior and growth kinetics of proeutectoid ferrite in Fe-C-X alloys with diusion growth theory[END_REF][START_REF] Enomoto | Local Conditions at Moving a/g Boundaries of Proeutectoid Ferrite Transformation in Iron Alloys[END_REF][START_REF] Gilmour | Partition of manganese during the proeutectoid ferrite transformation in steel[END_REF][START_REF] Oi | A study of the inuence of Mn and Ni on the kinetics of the proeutectoid ferrite reaction in steels[END_REF]. Ferrite growth kinetics in steels is highly conditioned by the partitioning behavior of substitutional alloying elements between the parent and child phases. This is due to the low diusivity of these elements compared to interstitial elements, notably carbon. As a result, the transformation can proceed with either full or negligible partitioning of the substitutional elements between the growing ferrite and austenite [START_REF] Van Der Ven | Models for precipitate growth during the γ → α + γ transformation in Fe-C and Fe-C-M alloys[END_REF][START_REF] Bhadeshia | Diusional formation of ferrite in iron and its alloys[END_REF]. In the former case, the transformation kinetics is controlled by their slow diusion (LEP mode), whereas in the latter, it is mainly dictated by the much faster diusion of carbon. Two models representing the limit cases of negligible partitioning transformations known as para-equilibrium (PE) and local equilibrium with negligible partitioning (LENP) have been proposed to describe the rate of austenite to ferrite transformation in ternary and higher order systems [START_REF] Hillert | Nature of local equilibrium at the interface in the growth of ferrite from alloyed austenite[END_REF][START_REF] Coates | Diusion-controlled precipitate growth in ternary systems I[END_REF][START_REF] Gouné | Overview of the current issues in austenite to ferrite transformation and the role of migrating interfaces therein for low alloyed steels[END_REF][START_REF] Bhadeshia | Diusional formation of ferrite in iron and its alloys[END_REF]. Both models were used to successfully predict ferrite growth in ternary Fe-C-X systems under particular conditions of temperature and composition [START_REF] Hutchinson | The diusional formation of ferrite from austenite in Fe-C-Ni alloys[END_REF][START_REF] Oi | A study of the inuence of Mn and Ni on the kinetics of the proeutectoid ferrite reaction in steels[END_REF][START_REF] Gilmour | Partition of manganese during the proeutectoid ferrite transformation in steel[END_REF][START_REF] Enomoto | Comparison of alloy element partition behavior and growth kinetics of proeutectoid ferrite in Fe-C-X alloys with diusion growth theory[END_REF]. However, experimental observations showed a more complex behavior of the interface conditions during ferrite growth in some systems where such models failed to predict the measured growth kinetics. One of the theories generally invoked to explain the mentioned discrepancies between calculated and measured kinetics is that substitutional element interactions with the moving (α/γ) interface lead to a dissipation of the available driving force and thus, to a retardation of ferrite growth. The so-called 'Solute Drag eect' (SD) involves solute segregation at the mobile (α/γ) interface, thereby reducing its velocity. The solute drag based models display a better aptitude at predicting kinetics for broad ranges of composition and temperature in ternary systems. The three-jump solute drag based model was proposed by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] to describe ferrite growth kinetics in Fe-C-X alloys using the dissipation approach developed by Hillert and Sundman [START_REF] Hillert | A treatment of the solute drag on moving grain boundaries and phase interfaces in binary alloys[END_REF]. Zurob's model was applied to a large kinetic dataset from decarburization experiments in ternary Fe-C-X systems (X : Mn, Ni, Mo, Co, Si, Cr ...) [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF]. In most cases, good agreement was obtained between the experimental results and the predicted ferrite growth kinetics. In multicomponent systems, the segregation behavior of solute elements at the interface becomes more complex [START_REF] Qiu | The coupled solute drag eect during ferrite growth in FeCMnSi alloys using controlled decarburization[END_REF][START_REF] Sun | Coupled solute drag and transformation stasis during ferrite formation in Fe-C-Mn-Mo[END_REF]. The simultaneous presence of multiple solutes at the interface may aect the interaction behavior of each element with the moving interface [START_REF] Tanaka | Growth Kinetics of Grain Boundary AIIotriomorphs of Proeutectoid Ferrite in Fe-C-Mn-X2 Alloys[END_REF]. Beside the solute-interface interaction of each solute element, inter-elemental interactions must be considered when modeling growth kinetics in Fe-C-X 1 -X 2 systems, giving rise to the so-called 'coupled-solute drag eect' [START_REF] Qiu | The coupled solute drag eect during ferrite growth in FeCMnSi alloys using controlled decarburization[END_REF][START_REF] Guo | Kinetic transitions and substititional solute (Mn) elds associated with later stages of ferrite growth in Fe-C-Mn-Si[END_REF][START_REF] Aaronson | Coupled-solute drag eects on ferrite formation in Fe-C-X systems[END_REF]. Carbon is reported to segregate at the interface [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF] and thus, it is important to consider its interactions with substitutional elements. These can vary drastically, from strongly repulsive to strongly attractive, and result in complex segregation behaviors when three elements (X 1 ,X 2 ,C) or more are present.The XC interaction eect on the dissipated energy due to solute drag was evaluated by Enomoto et al. [START_REF] Enomoto | Inuence of solute drag on the growth of proeutectoid ferrite in FeCMn alloy[END_REF] and Guo et al. [START_REF] Guo | Eects of Substitutional Solute Accumulation at α/γ Boundaries on the Growth of Ferrite in Low Carbon Steels[END_REF] for dierent Fe-X-C systems. Results showed that this parameter plays an important role in the segregation behavior of the substitutional elements at the austenite/ferrite interface. In Zurob's approach [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF], the only modied parameter to express the mutual interaction between elements at the interface is the Fe-X interaction parameter (using L parameters from ThermoCalc database). However, modifying this parameter can implicitly lead to an eective change in the Wagner interaction parameter between X 1 and X 2 [START_REF] Lee | Evaluation of Wagner Interaction Parameter in Fe-Mn-Si-Nb-Ti-V-C System[END_REF]. Moreover, experimental observations show that carbon segregates at the transformation interface [START_REF] Van Landeghem | Solute Segregation During Ferrite Growth: Solute/Interphase and Substitutional/Interstitial Interactions[END_REF][START_REF] Danoix | A direct evidence of solute interactions with a moving ferrite/austenite interface in a model Fe-C-Mn alloy[END_REF], a phenomenon that was not accounted for in Zurob's original version of the three-jump model. Thus, a more in-depth study is needed on the eect of interaction terms on the apparent binding energy and thus the segregation behavior of solute elements at the interface. In the declinations of the three-jump solute drag model reported so far, the eect of these interactions on the segregation behavior of solute elements at the interface has not been integrated. Based on these experimental observations as well as Enomoto et al. [START_REF] Enomoto | Inuence of solute drag on the growth of proeutectoid ferrite in FeCMn alloy[END_REF] and Guo et al. [START_REF] Guo | Eects of Substitutional Solute Accumulation at α/γ Boundaries on the Growth of Ferrite in Low Carbon Steels[END_REF] works, we propose in the present study, the integration of the dierent interaction parameters to the three-jumps solute drag model.

The three-jump model has, until now, been mostly applied to the simulation of ferrite growth during decarburization experiments [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Sun | Coupled solute drag and transformation stasis during ferrite formation in Fe-C-Mn-Mo[END_REF][START_REF] Qiu | The coupled solute drag eect during ferrite growth in FeCMnSi alloys using controlled decarburization[END_REF][START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF][START_REF] Béché | Quantifying the Solute Drag Eect of Cr on Ferrite Growth Using Controlled Decarburization Experiments[END_REF], where the progression rate of the transformation front is obtained by metallography. There are only few reports comparing experimental precipitation kinetics and solute drag modelling, although precipitation is more representative of the microstructural evolution in industrial conditions. This is mainly due to the diculty to obtain high quality measurements of ferrite growth kinetics using standard metallography due to stereological and sectioning eects [START_REF] Hutchinson | The growth of ferrite in Fe-C-X alloys: The role of thermodynamics, diusion, and interfacial conditions[END_REF][START_REF] Phillion | Studies of the inuence of alloying elements on the growth of ferrite from austenite under decarburization conditions: Fe-C-Nl alloys[END_REF]. Dilatometry oers the advantage of an in situ investigation of phase transformations in steels [START_REF] Chen | Application of cyclic partial phase transformations for identifying kinetic transitions during solid-state phase transformations: Experiments and modeling[END_REF][START_REF] Sun | Dynamically transformed ferrite fraction inferred from dilatometry measurements after deformation[END_REF][START_REF] Zhao | Quantitative dilatometric analysis of intercritical annealing in a low-silicon TRIP steel 7[END_REF][START_REF] Esin | In situ synchrotron X-ray diraction and dilatometric study of austenite formation in a multi-component steel: Inuence of initial microstructure and heating rate[END_REF]. However, obtaining quantitative data from this method relies on assumptions regarding, notably, the austenite and ferrite lattice parameters and their evolutions during phase transformation [START_REF] Sun | Dynamically transformed ferrite fraction inferred from dilatometry measurements after deformation[END_REF]. Alternatively, high energy X-Ray diraction (HEXRD), performed using a synchrotron X-ray source, can be used to obtain accurate quantitative data on the transformation, especially the nature of phases and their respective fractions [START_REF] Geandier | Study of diusive transformations by high energy X-ray diraction[END_REF][START_REF] Catteau | Carbon and nitrogen eects on microstructure and kinetics associated with bainitic transformation in a low-alloyed steel[END_REF][START_REF] Esin | In situ synchrotron X-ray diraction and dilatometric study of austenite formation in a multi-component steel: Inuence of initial microstructure and heating rate[END_REF][START_REF] Bénéteau | Austenitization and precipitate dissolution in high nitrogen steels: an in situ high temperature X-ray synchrotron diraction analysis using the Rietveld method[END_REF], provided that a sucient number of grains is illuminated by the X-ray beam to ensure powder diraction conditions. By coupling this method with the appropriate sample environment, phase transformation kinetics can be studied with sub-second time resolution.

In the present work, ferrite precipitation kinetics have been investigated using HEXRD in ternary Fe-C-X and quaternary Fe-C-X 1 -X 2 systems. Dierent substitutional elements were considered (Mn, Ni, Mo and Cr), in order to determine their interaction with the moving interface. Varying temperature and solute content enabled the evaluation of their eects on the transformation kinetics. The experimental results were compared to the predictions of a modied version of the solute drag model developed by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF], which accounts for the interaction of carbon with the interface, as well as for the interaction of the various solutes at the interface.

Material and methods

The materials used in this study were cast, hot-rolled and homogenized at 1200 • C for 18 h and their precise initial composition is provided in Table 1. Cylindrical samples with a 30 mm length and a 3 mm diameter were cut from the billets. The samples were austenized at 910 • C for 1 min and quenched into water to obtain a martensitic microstructure. In situ High energy X-ray diraction experiments were performed at the beamline P21.2 of the DESY PETRA III synchrotron in Hamburg, Germany, using an energy of 82 keV (λ = 0.1512 Å). The high-energy beam allows to obtain diraction data in transmission. To maximize the number of grains in the illuminated volume, a beam size of 0.5 x 0.5 mm 2 was used. The Debye-Scherrer diraction rings were collected using a high-resolution 2D VAREX 4343CT detector with a 10 Hz acquisition rate placed 1 m away from the sample. The cylindrical samples were heated using a radiative heating furnace specially developed to perform thermal treatments with a controlled rotation of the sample (Fig. 1) [36]. This controlled rotation drastically increases the number of grains in diraction conditions during the measurements, thereby approaching random powder diraction conditions and ensuring the quantitative character of the phase fraction measurements. The rotation speed was set at 5 full rotations per second, leading to a 180 • rotation per detector frame. Heating was achieved by a set of lamps surrounding the sample and the temperature was regulated using a type-S thermocouple spot-welded on the sample, close to the beam path. An argon ow of 0.4 l.min -1 was used to limit decarburization and oxidation during the experiments. The details of the heat treatments for in situ HEXRD experiments were as follows.

The samples were heated to 910 • C at 10 • C/s and held for 30 s at this temperature to reach complete austenitization, which was checked using the diraction patterns recorded during this step. Samples were then rapidly cooled at 60 • C/s down to the inter-critical temperature (730 • C, 750 • C, and 775 • C), and held for 15 min at this temperature to monitor the austenite-to-ferrite phase transformation. Finally, samples were quenched to room temperature at 60 • C/s. The obtained Debye-Scherer diraction rings, as illustrated in Fig. 2-a, were converted to classical intensity-2 θ diraction diagrams, as shown in Fig. 2-b, by circular integration using the pyFAI software package [START_REF] Kieer | Pyfai, a versatile library for azimuthal regrouping[END_REF]. Rietveld renement was used to calculate phase fractions using the FullProf software package [START_REF] Rodriguez-Carvajal | Fullprof: a program for rietveld renement and pattern matching analysis[END_REF]. A pseudo-Voigt function was used to model the experimental diraction peaks and a total of 18 parameters were used for Rietveld renement, including scale and shape factors, temperature eect and lattice parameters.

Modeling

Experimental results were compared with the predicted ferrite growth kinetics using local equilibrium (LE), para-equilibrium (PE) and solute drag (SD) models. LE and PE calculations were carried out using the Thermo-Calc DICTRA software package, with the TCFE9 and MOB2 databases. Calculations were performed using an initial spherical parent grain. The initial grain size of austenite was measured by metallography techniques for each sample after the end of the partial transformation to ferrite, based on the assumption that ferrite nucleates at the boundary of austenite and grows into the spherical grain. An initial ferrite nucleus of thickness 100 nm was considered at the start of modeling, and thus nucleation was not taken into account.This initial condition is chosen as the nucleation happens exclusively intergranularly in the studied cases and is assumed to be complete in the rst few seconds of the isothermal hold. As illustrated in Fig. 3, ferrite (bright etched phase) is shown to nucleate on the whole austenite grain boundary indicating nucleation site saturation. Moreover, almost all the measured growth kinetics show some ferrite formation at time t=0. These data support the assumption that the eect of nucleation is signicant only in the early stages of precipitation and that the overall transformation kinetics is mostly governed by the growth stage, save perhaps for the conditions where a more pronounced lag is observed. Thus, the eect of nucleation was ignored for analysis simplicity, as was the case in other ferrite precipitation studies [START_REF] Hutchinson | The diusional formation of ferrite from austenite in Fe-C-Ni alloys[END_REF][START_REF] Dong | A comparative study on intrinsic mobility of incoherent and semicoherent interfaces during the austenite to ferrite transformation[END_REF][START_REF] Fazeli | Application of solute drag theory to model ferrite formation in multiphase steels[END_REF][START_REF] Farahani | Prediction and Validation of the Austenite Phase Fraction upon Intercritical Annealing of Medium Mn Steels[END_REF].

We developed a modied version of the three-jump solute drag model proposed by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] to predict the eect of composition and temperature on ferrite growth kinetics. In this model, the austenite-ferrite interface is considered as a thick interface comprising two discrete atomic layers. During ferrite growth, diusion of substitutional elements across the interface involves three jumps across the interface, from ferrite to the rst atomic layer, a second jump within the interface and a nal jump to austenite. The solute diusion across the interface results in a dissipated energy referred as the solute drag energy. The details of the dierent calculations in the three-jump model can be found in [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF].

In this model, the thermodynamic properties of the interface are described using an approach developed by Hillert [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Aaronson | Lectures on the theory of phase transformations[END_REF]. The interface properties are modied from those of austenite by shifting the reference state for the free energy by 3.5 kJ.mol -1 . This value was chosen to capture an interfacial energy of 0.5 J.m -2 . In the present study, and in order to capture the signicant segregation of carbon at the interface observed using atom probe experiments [START_REF] Danoix | A direct evidence of solute interactions with a moving ferrite/austenite interface in a model Fe-C-Mn alloy[END_REF][START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF], the interaction parameter between carbon and iron at the interface was adjusted from -34 kJ.mol -1 (value in austenite) to -50 kJ.mol -1 (see Fig. S6 and Fig. S7). This parameter is explained further in the text. A key feature of Zurob's model is the choice of two parameters: the binding energy of the substitutional element at the interface and the trans-interface diusion coecient of the solute element. These two parameters are not known experimentally, and generally used as tting parameters. The binding energy (E 0 ) is generally dened as the dierence between the chemical potential of solute X at the interface and the average chemical potentials of X in ferrite and austenite as shown in gure 4 [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Qiu | Quantifying the Solute Drag Eect on Ferrite Growth in Fe-C-X Alloys Using Controlled Decarburization Experiments[END_REF][START_REF] Chen | A general mixed-mode model for the austenite-to-ferrite transformation kinetics in FeCM alloys[END_REF]. ∆E is half the dierence between the solute chemical potentials in austenite µ γ X and in ferrite µ α X . The binding energy parameter has been used to express the segregation behavior of the substitutional element at the interface [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF][START_REF] Qiu | The coupled solute drag eect during ferrite growth in FeCMnSi alloys using controlled decarburization[END_REF][START_REF] Chen | A general mixed-mode model for the austenite-to-ferrite transformation kinetics in FeCM alloys[END_REF][START_REF] Zurob | Kinetic transitions during non-partitioned ferrite growth in FeCX alloys[END_REF][START_REF] Panahi | Kinetic Transitions during Non-Partitioned Ferrite Growth in Fe-C-Mn Alloys[END_REF]. However, this parameter as calculated with this approach 6 depends on the conditions under which the calculations are made. The interface velocity and its associated carbon segregation aect the calculated binding energy signicantly. The binding energies (E 0 ) predicted by solute drag models as shown in gure 4 have been compared to that obtained from APT measurements, which have been derived from the enrichment factor (K max ) [48,[START_REF] Danoix | A direct evidence of solute interactions with a moving ferrite/austenite interface in a model Fe-C-Mn alloy[END_REF] using Eq.1, where x X,max and x X,0 are the maximal X segregation at the interface and the bulk content, respectively. R and T are the gas constant and temperature, respectively.

K max = x X,max x X,0 = exp( E 0 -∆E RT ) (1) 
It should be noted that the eect of carbon co-segregation is not accounted for in the derivation of Eq.1. As a result, using Eq.1 to deduce the binding energy of an element from its segregation data returns a value that encompasses inter-elemental interactions. It may dier from the intrinsic binding energy of this element if the segregation data originates from multi-component systems.

In the present study, we propose to overcome this ambiguity, by evaluating the segregation behavior by means of an enrichment factor calculated at slow velocities (when equilibrium conditions are approached). To dierentiate between the two calculated binding energies, shown in gure 4 and the one calculated using Eq.1, the latter will be called the eective binding energy (E b ).

In the present study, diusion coecients for the three jumps were chosen as the diusion coecient of element X in ferrite D α for the jump from ferrite to the interface, the diusion coecient in austenite D γ for the jump from the interface to austenite, and the geometrical average of D α and D γ for the jump within the interface. It is important to note that this choice of coecients was retained for all studied systems. As a result, interfacial diusion is not a tting parameter as in previous studies [START_REF] Qiu | Quantifying the Solute Drag Eect on Ferrite Growth in Fe-C-X Alloys Using Controlled Decarburization Experiments[END_REF]. The only tting parameter remaining in the present study is the interaction parameter between Fe and substitutional element X at the interface. It must be emphasized that this parameter does not express directly the segregation behavior of element X at the interface, which also depends on its interactions with the other elements of the system (carbon and other substitutional elements). For example, an element with a high anity with carbon such as molybdenum will highly segregate at the interface due to the presence of carbon [START_REF] Hutchinson | The growth of ferrite in Fe-C-X alloys: The role of thermodynamics, diusion, and interfacial conditions[END_REF]. The interaction between Fe and element X is expressed using the 0 L F e,X:V a thermodynamic parameter in the ThermoCalc database. The interaction parameter between carbon and iron is expressed using the 0 L F e:C,V a thermodynamic parameter in the ThermoCalc database. Changing these parameters leads to a modication of the Wagner interaction parameter between X and C at the interface (ϵ XC ). In the present study, this value (ϵ XC ) was considered to have the same value as in austenite [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF]. To this end, the Wagner interaction parameter was calculated both in austenite and at the interface and the dierence was adjusted to obtain a similar value between the two parameters using Eq.2 [START_REF] Lee | Evaluation of Wagner Interaction Parameter in Fe-Mn-Si-Nb-Ti-V-C System[END_REF].

ϵ XC = -{ ( 0 L F e,X:V a + 1 L F e,X:V a + 2 L F e,X:V a ) + ( 0 L F e:C,V a -1 L F e:C,V a + 2 L F e:C,V a ) -( 0 L X:C,V a -1 L X:C,V a + 2 L X:C,V a ) -( 0 L F e,X:C + 1 L F e,X:C + 2 L F e,X:C ) -L F e,X:C,V a } /RT (2) 
In quaternary systems, the Wagner interaction between the two solutes X 1 and X 2 (ϵ X1X2 ) at the interface is also aected by the tting parameters ( 0 L F e,X1:V a 0 L F e,X2:V a ) interaction parameters. Again, the (ϵ X1X2 ) interaction parameter in the interface is assumed similar to the one in austenite [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF]. Once the 0 L F e,X1:V a and 0 L F e,X2:V a interaction parameters are adjusted, the Wagner interaction parameter between X 1 and X 2 (ϵ X1X2 ) is calculated in both austenite and the interface and the dierence is adjusted to capture the same ϵ X1X2 Wagner parameter as in austenite using Eq.3 [START_REF] Lee | Evaluation of Wagner Interaction Parameter in Fe-Mn-Si-Nb-Ti-V-C System[END_REF].

ϵ X1X2 = -{ ( 0 L F e,X1:V a + 2( 1 L F e,X1:V a ) + 3( 2 L F e,X1:V a )) + ( 0 L F e,X2:V a + 2( 1 L F e,X2:V a ) + 3( 2 L F e,X2:V a )) -( 0 L X1,X2:V a ) -(L F e,X1,X2:V a ) } /RT (3)
To summarize, in the present study, the only used tting parameter was the interaction between Fe and the substitutional element X at the interface expressed by the L F e,X1:V a parameter. The interaction parameter between iron and carbon at the interface was set to a constant value of -50 kJ.mol -1 for the whole studied conditions (thus it was not used as a tting parameter). Moreover, the interaction between X and C were also set to xed values (equal to those in austenite) for the whole conditions, which makes them not tting parameters. Finally, the diusion coecient at the interface was also set to a dened value (as the geometrical average of the two diusion coecients of carbon in austenite and ferrite) and thus not considered as a tting parameter. 

Fe-C-Mn system

Three dierent manganese compositions (0.3, 0.7 and 1%wt.) were examined at three dierent temperatures 730 • C, 750 • C and 775 • C. Figure S2 a, b andc show the isothermal sections of the Fe-C-Mn system calculated using the TCFE9 database of ThermoCalc, at 730 • C, 750 • C and 775 • C, respectively. At 730 • C and 750 • C, the three studied compositions are located below the zero partition line, where both LENP and PE growth modes are expected. At 775 • C, the 0.3%-Mn containing alloy (Fe-C-0.3Mn) is located below the zero partition line, Fe-C-0.7Mn lies on the zero partition line and Fe-C-1Mn is located above the LENP/LEP boundary.

The measured ferrite fractions as a function of time in the Fe-0.26C-0.3Mn, Fe-0.26C-0.7Mn and Fe-0.26C-1Mn systems are shown in gures 5 and 6, for the three temperatures 730 • C, • C and 775 • C. Table 2 summarizes the measured ferrite fractions at the end 240 of the isothermal holding and the ones obtained using the dierent models as well as the measured grain sizes using metallography, for all the studied systems. For almost all the studied systems, the experimental ferrite growth tends toward a plateau where ferrite fraction is nearly constant. One can notice that for some cases, the volume fraction of ferrite at time 0 second starts from a non-zero value. This can be related to inaccuracy of ferrite measurements using Rietveld technique when ferrite fraction is below 5%, but also to nucleation starting during the transition from the austenitizing temperature to the transformation temperature, even though this transition was made to be as short as possible with the experimental setup. The measured growth kinetics as well as the nal ferrite volume fraction reached at the plateau decrease with increasing temperature and manganese content. The predicted growth kinetics using the PE model is faster than the experimental measurements and the calculated ferrite fractions at the end of the transformation are overestimated by the PE model for all temperatures and manganese compositions. The LE predicted kinetics are slower than the PE calculated ones, and are for most Fe-C-Mn cases close to the experimental measured ones. For the 0.7-Mn containing system, one can notice that the measured kinetics at 730 • C and 775 • C lie between the PE and LE predicted ones. The solute drag model was also able to predict the measured ferrite growth kinetics at the three temperatures and for almost all the studied manganese compositions.

Table 2: Comparison between the measured nal fraction (%) and the predicted ones using LE, PE and SD models for the Fe-C-Mn system. 

Fe

-C-Mn T( • C) f(Exp.) f(LE) f(PE) f(SD) Grain size(µm) Fe-0.26C-0.

Fe-C-Ni system

The isothermal sections of the Fe-0.22C-1Ni (%.wt.) system at the three examined temperatures 

Fe-C-Cr and Fe-C-Mo systems

The measured ferrite growth kinetics for the Fe-C-Cr system is shown in gure 8 for the two temperatures 750 • C and 775 • C. The data obtained at 730 • C are not shown here due to the formation of pearlite during the isothermal holding. At both temperatures, the measured ferrite growth kinetics are slower than those obtained using LE and PE models. The solute drag model predicts kinetics slower than both the PE and LE models and closer to the measured ones. Figure 9 shows the obtained ferrite fractions as function of time for the 0.2Mo containing system at the three temperatures 730 • C, 750 • C and 775 • C, respectively. Under the chosen conditions, the predicted ferrite fractions using the PE and LE model are similar as shown in gure 9. Like the previous cases, ferrite fraction tends toward a plateau. For the three examined temperatures, the ferrite fractions at the plateaus are lower than the LE/PE predicted values (table 2). The SD predicted kinetics are slower than the LE/PE kinetics and agree well with the HEXRD measured kinetics.

Fe-C-Mn-Cr system

The measured ferrite fraction as a function of time for the quaternary Fe-0.26C-1Mn-1Cr system at 730 • C is shown in gure 10. Ferrite fraction increases with time and tends towards a constant fraction (31%). The experimental kinetics lies between the LE and PE predicted ones and is well described by the SD model.

Discussion

Fe-C-Mn system

The solute drag (SD) model was applied to predict the measured ferrite growth kinetics in the Fe-C-Mn system as a function of composition and temperature. The predicted kinetics are plotted along with the measured ones as well as the LE and PE calculations in gures 5 and 6. In all cases except the 0.7wt.%-Mn alloy at 775 • C, excellent agreement was obtained between the SD model and the experiments. The SD model successfully predicts the measured kinetics in cases where both LE and PE fail to do so. It must be noted that two conditions (0.7wt.% and 1wt.% at 775 • C) are located on and above the zero partition line where growth mode can be controlled by manganese diusion in austenite (LEP mode). As mentioned before, the three-jump model considers that ferrite growth is always controlled by carbon diusion only and the deviation from PE conditions is due to a dissipation of the available transformation energy by the diusion of manganesein the interface. Thus, the model is not applicable when the partitioning of substitutional element is not negligible. The Fe-Mn interactions parameters ( 0 L F e,M n:V a ) used in the solute drag model to obtain the best t of the experimental results are summarized in table 3. Results show a small decrease of the Fe-Mn interaction parameter with increasing temperature (∆ 0 L F e,M n:V a : -0.5 kJ.mol -1 when increasing temperature from 730 • C to 775 • C). However, the Fe-Mn interaction seems to be independent of composition (or at least this dependence is weak).

Table 3: The Fe-Mn interaction parameter 0 L F e,M n:V a used in the solute drag modeling for the dierent Fe-C-Mn systems.

T( • C) Fe-C-Mn 0 L F e,M n:V a (kJ.mol -1 )
Fe-C-Mn

0 L F e,M n:V a (kJ.mol -1 )
Fe-C-Mn

0 L F e,M n:V a (kJ.mol -1 ) 730 0.3Mn -1.4 0.7Mn -1.5 1Mn -1.5 750 0.3Mn -1.6 0.7Mn -1.8 1Mn -1.8 775 0.3Mn -1.9 0.7Mn -2.0 1Mn -2.0
Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] investigated the ferrite growth kinetics using decarburization experiments in Fe-C-Mn systems and reported a binding energy of -2.5 kJ.mol -1 to model the observed kinetics. The binding energy was calculated under PE conditions (i.e. at high interface velocity). Using the same calculation conditions, the obtained binding energy in the present study is +1.5 kJ.mol -1 for all the studied manganese compositions and at the three temperatures. In both Zurob's modeling and the present one, only the Fe-Mn interaction parameter was used as a tting parameter. The dierence between the two obtained binding energies (+1.5 kJ.mol -1 and -2.5 kJ.mol -1 ) can be attributed to the dierence in the thermodynamic properties of the interface as used by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] and in the present study. The carbon-iron interaction parameter (expressed using the 0 L F e:C,V a parameter of ThermoCalc database) used by Zurob [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] was -34 kJ.mol -1 (as in austenite) versus a value of -50 kJ.mol -1 in the present study. Moreover, in the present version of the model, the interaction between manganese and carbon (ϵ XC ) was modied to capture a similar value as in austenite. As already mentioned, modifying the Fe-Mn ( 0 L F e,M n:V a ) and Fe-C ( 0 L F e:C,V a ) interaction parameters results in a change of the Wagner interaction parameter between manganese and carbon at the interface (ϵ M nC ). In this study this parameter was re-adjusted to a similar value as in austenite. In Zurob's model [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF], this parameter was not re-adjusted meaning that the Wagner interaction parameter (ϵ M nC ) can be dierent from that in austenite.

In the following section, the eect of these two changes (Fe-C ( 0 L F e:C,V a ) and X-C (ϵ M nC ) interaction parameters) on the solute segregation behavior is detailed. To this end, three cases representing the dierent modications are studied. In the rst case, no changes were made to either the Fe-C or the X-C interaction parameters. This approach is similar to the one used by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF]. In the second case, the Fe-C interaction parameter ( 0 L F e:C,V a ) at the interface is modied to -50 kJ.mol -1 but the X-C interaction parameter (ϵ M nC ) is not re-adjusted to a similar value as that in austenite. Finally, the last case represents the current conguration of the model, where the Fe-C ( 0 L F e:C,V a ) interaction parameter is modied to -50 kJ.mol -1 and the X-C interaction parameter (ϵ M nC ) is re-adjusted to the austenite value. In all three cases, the Fe-Mn ( 0 L F e,X:V a ) interaction parameter (and thus the binding energy) was modied to obtain the best t of the experimental data. Table 4 summarizes the calculated binding energies that yielded the best t of the experimental data for the Fe-C-Mn using the three approaches. One can notice that the binding energy required to get the best t of the experimental data changes when other thermodynamic parameters of the interface are modied.

Figure 11 shows the evolution of the total dissipated energy and the dissipation due to manganese transfer at each atomic plane, as a function of velocity for the Fe-C-1Mn alloy at 730 • C using the 3 dierent approaches used to model the experimental growth kinetics. The total dissipated energies are comparable for the three cases, with a maximum of 45 J.mol -1 attained at medium velocities (1e -7 to 1e -9 m/s). At high velocities, the dissipated energy is mostly due to the diusion of manganese from ferrite to the rst interfacial atomic plane (the rst jump, named ux J1). It can be seen from Fig. 11 that this dissipated energy (SD1) depends on the used approach. With decreasing velocity, the dissipated energy, SD2, due to manganese diusion within the interface starts to increase. The maximum dissipated energy SD2 follows the same trend as SD1. At low velocities, the total dissipated energy is mostly due to the ux of Mn atoms from the second interfacial atomic plane to the austenite interface side. The maximum dissipated energy due to this ux (J3) is independent of the used approach.

The eect of the approach used to describe the interaction parameters at the interface is more noticeable when comparing the solute segregation at the dierent interfacial atomic layers. The evolution of manganese contents at the dierent atomic planes as well as the carbon content at the austenite interface side are plotted as function of velocity in gure 12. The carbon content on the austenite side of the interface increases with increasing interface velocity and its evolution is comparable for the three approaches. When no modications are made to the Fe-C and Mn-C interaction parameters (Fig. 12a), the segregation of Mn at the interface (Mn1 and Mn2) reaches a maximum of 340% of the the bulk composition (K max = 3.4) at low interface velocities (< 1e -9 m.s -1 ). The Mn content at the austenite interface reaches a maximum of 310% at low velocities. When changing the Fe-C interaction parameter ( 0 L F e:C,V a ) to -50 kJ.mol -1 (Fig. 12b), the maximum of Mn segregation at the two atomic planes decreases to 270%. This can be explained by the higher content of carbon present at the interface when using a Fe-C interaction of -50 kJ.mol -1 . As a result, less manganese is needed to obtain the same ferrite growth kinetics (the same carbon evolution at the austenite interface side). Moreover, setting the Fe-C interaction parameter to -50 kJ.mol -1 induces a change in the Mn-C interaction parameter (ϵ XC ) and results in a less attractive value between Mn and C at the interface compared to austenite.

When re-adjusting the Mn-C Wagner interaction parameter (ϵ XC ) at the interface to a similar value as in austenite (Fig. 12-c), the maximum of Mn segregation at the interface increases to 290% of the bulk composition (K max = 2.9). As stated before, the Mn-C interaction parameter is dependent on the Fe-Mn and Fe-C interaction parameters at the interface. By taking into account this eect, the new interaction between Mn-C is more attractive compared to the case where only the Fe-C interaction parameter was changed. As a result, the required Mn content at the interface in order to obtain the same ferrite growth kinetics is lower than the former case (only the Fe-C interaction parameter is changed).

Fe-C-Ni system

The solute drag model was also applied to the Fe-C-Ni system at the three temperatures 730 • C, 750 • C and 775 • C. As in the Fe-C-Mn system, the interaction parameter between iron and carbon at the interface ( 0 L F e:C,V a ) was set to -50 kJ.mol -1 and the Wagner interaction parameter between nickel and carbon (ϵ N iC ) at the interface was modied to capture the same value as in austenite. The interaction parameter between nickel and iron at the interface was used as the only tting parameter. Using this set of parameters, good agreement between the experimental results and the predicted kinetics were obtained at 730 • C and 750 • C as shown in Fig. 7. For the 775 • C temperature, the predicted growth kinetics is faster than the measured one. The Fe-Ni interaction parameter that gave the best t of the experimental data is -11.7 kJ.mol -1 at 730 • C, -11.8 kJ.mol -1 at 750 • C and -11.9 kJ.mol -1 at 775 • C corresponding to a binding energy of -6.5 kJ.mol -1 for the three temperatures, when calculated under para-equilibrium conditions. Qiu et al. [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF] used a binding energy (calculated under the same conditions) of +1.5 kJ.mol -1 for predicting ferrite growth kinetics in Fe-C-Ni alloys. Oi et al. [START_REF] Oi | A study of the inuence of Mn and Ni on the kinetics of the proeutectoid ferrite reaction in steels[END_REF] on the other hand reported a nickel binding energy calculated under the same conditions of -4 kJ.mol -1 . An example of the dissipated energy as function of velocity for the Fe-C-Ni alloy at 730 • C is shown on gure S4 . The evolution of nickel segregation at dierent atomic planes as well as the interfacial carbon content as function of interface velocity are illustrated in gure 5.2. It can be noticed that the transformation energy is mostly dissipated by diusion of nickel from ferrite to the rst atomic plane and from the rst atomic plane to the second one. The maximal dissipated energy (63 J.mol -1 ) is reached at 1e -8 m.s -1 . The maximum segregation of nickel at the interface (atomic planes 1 and 2) is 360% (K max = 3.6) compared to the bulk composition and 1.6 times higher than the nickel segregation at the austenite interface side which represents the LENP spike.

When increasing the temperature to 750 • C, the maximal dissipated energy increases to 65 J.mol -1 and the enrichment factor of nickel (K max ) at the interface to 3.7. At 775 • C the maximum dissipated energy is 80 J.mol -1 and the nickel segregation is 380% compared to the bulk composition (K max = 3.8). Although the highest dissipated energy is obtained at 775 • C, the predicted kinetics is faster than the HEXRD measurements.

It is interesting to notice that this condition (1wt.% at 775 • C) is located on the zero partition line. The very low measured ferrite fraction indicates that the transformation is controlled by nickel diusion in austenite i.e. under LEP conditions. Again, the present model is not applicable under such conditions.

Fe-C-Mo and Fe-C-Cr systems

Both molybdenum and chromium are ferrite-stabilizing elements and hence it is interesting to compare ferrite growth in these systems with that obtained in systems containing austenite stabilizers such as nickel and manganese. Moreover, chromium and molybdenum are known to have a strong interaction with the interface when compared to that of nickel and manganese [START_REF] Hutchinson | The growth of ferrite in Fe-C-X alloys: The role of thermodynamics, diusion, and interfacial conditions[END_REF][START_REF] Aaronson | Coupled-solute drag eects on ferrite formation in Fe-C-X systems[END_REF].

The measured ferrite growth kinetics in the Fe-C-Mo system showed slower kinetics than those predicted by both PE and LE, meaning that the observed experimental deviation from both models is due to an additional dissipated energy during the phase transformation. Moreover, at the chosen composition and temperatures, both LE and PE predicted similar kinetics. This is attributed to the fact that under these conditions, the chemical potentials of molybdenum in austenite and ferrite are almost the same. The predicted kinetics using the solute drag model are in good agreement with the experimental ones at all three temperatures, indicating that the additional dissipated energy can be attributed to molybdenum diusion across the interface. The best t of the experimental results was obtained using a Fe-Mo interaction parameter of -7.1 kJ.mol -1 , -7.5 kJ.mol -1 and -7.9 kJ.mol -1 corresponding to a binding energy of -15 kJ.mol -1 for the three temperatures as calculated under para-equilibrium conditions. Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] reported the same binding energy calculated under the same conditions to model ferrite growth kinetics in a Fe-0.51Mo-0.54C (%wt.) alloy at 806 • C and 825 • C.

Hutchinson et al. [START_REF] Hutchinson | The growth of ferrite in Fe-C-X alloys: The role of thermodynamics, diusion, and interfacial conditions[END_REF] measured the ferrite growth kinetics in a Fe-0.54C-0.51Mo (%wt) steel at 775 • C using decarburization experiments. The authors reported a deviation from the LENP/PE model predictions and attributed this dierence to an additional energy dissipation due to solute drag eect. The estimated dissipated energy needed to shift the LENP/PE kinetics to the measured ones was 43 J.mol -1 . The authors reported that the magnitude of this energy decreases with increasing temperature. In the present study, the same trend was observed concerning the maximal dissipated energy as function of temperature, 84 J.mol -1 , 70 J.mol -1 and 56 J.mol -1 at 730 • C, 750 • C and 775 • C, respectively. Figure S5-a shows an example of the dissipated energies due to molybdenum diusion across the interface as function of velocity for the 730 • C temperature. The corresponding evolution of molybdenum segregation at the interface as well as carbon interfacial content as a function of interface velocity is plotted in gure 14-a. It can be noticed that the total dissipated energy is mostly due to molybdenum diusion across the interface and that the molybdenum spike (third plane) has a small eect on the dissipated energy. The maximum dissipated energy decreases with increasing temperature as well as the molybdenum segregation at the interface.

The experimental results obtained for the Fe-0.26C-1Cr system at 750 • C and 775 • C were nally compared with the predictions of the dierent models. Both PE and LE predicted kinetics are slower than the experimental observations indicating an extra dissipation of energy due to solute drag. The Fe-Cr interaction parameter was modied to t the experimental kinetics. The best t was obtained using an Fe-Cr interaction parameter of +5.1 kJ.mol -1 at 750 • C and +4.9 kJ.mol -1 at 775 • C, corresponding to a binding energy calculated under para-equilibrium conditions of +1.5 kJ.mol -1 and -1.5 kJ.mol -1 , respectively. Panahi et al. [START_REF] Panahi | Eect of alloying elemnts on ferrite growth in fe-c-x ternary alloys[END_REF] used the solute drag model to predict ferrite growth kinetics in a Fe-0.58C-2Cr (%wt.) alloy at dierent temperatures ( 775• C to 850 • C) and reported a binding energy of -1.5 kJ.mol -1 as calculated under paraequilibrium conditions. Results show a temperature dependence of the Cr binding energy which was not observed in other systems. Given the small magnitude of this dependence, one should not draw denitive conclusions about chromium segregation behaviour from these two experimental results. It is clear however, that this observation should be investigated more deeply using additional experimental conditions.

The dissipated energies as a function of velocity are shown in gure S5-b for the 750 • C case. The corresponding segregation behavior of molybdenum at the interface is shown in gure 14-b. As for the Fe-C-Mo system, the dissipation due to solute diusion across the interface contributes the most to the total dissipated energy. In contrast to the previous observation in the Fe-C-Mo system, a similar dissipated energy is observed at higher temperatures. At 750 • C, the maximal dissipated energy is 68 J.mol -1 , as is the case at 775 • C. Béché et al. [START_REF] Béché | Quantifying the Solute Drag Eect of Cr on Ferrite Growth Using Controlled Decarburization Experiments[END_REF] estimated the dissipated energy necessary to bring the PE model in agreement with the observed kinetics in a Fe-0.58C-2Cr (wt.%) steel. At 775 • C, the authors reported a dissipated energy of 50 J.mol -1 .

The segregation behavior of the dierent substitutional elements

As stated above, comparing the binding energies as calculated under para-equilibrium conditions to express the segregation behavior of the element to the interface can be misleading.

This issue can explain the discrepancy between the binding energies that can be found in the literature for the same element. Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] and Chen et al. [START_REF] Chen | A general mixed-mode model for the austenite-to-ferrite transformation kinetics in FeCM alloys[END_REF] both studied ferrite growth kinetics in the Fe-C-Mn system using solute drag based models. The binding energy of manganese was reported to be around -2.5 kJ.mol -1 in Zurob's calculations [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] and -9.9 kJ.mol -1 in Chen's [START_REF] Chen | A general mixed-mode model for the austenite-to-ferrite transformation kinetics in FeCM alloys[END_REF] study. However, when comparing the enrichment factors of manganese (K max ), from the two models, similar values are found, 3.3 at 755 • C in Zurob's study and 3.4 at the same temperature in Chen's study. This dierence in the calculated binding energies can originate from the considered conditions in the calculations. In Zurob's [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] approach, the binding energy is calculated at the initial PE conditions, i.e. high interface velocity and no carbon segregation. This value can be highly dierent from the calculated one at the local equilibrium conditions. In Chen's approach, it is not clear under which conditions the binding energy was calculated.

For a better understanding of the segregation behavior of solute elements at the interface, one should compare the segregation proles. In Zurob's study [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF], the manganese enrichment factor (K max ) calculated at 775 • C for a Fe-0.57C-0.94Mn (%wt.) steel composition is 3.1. At the same temperature, the manganese enrichment factor obtained by the present modeling for the Fe-C-1Mn alloy is 2.17. Van Landeghem et al. [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF] used atom probe tomography (APT) to study solute segregation at the austenite/ferrite interface in Fe-C-X alloys. The authors reported an enrichment factor of 2.47 for a Fe-0.57C-0.94Mn (%wt.) alloy transformed at 775 • C. One has to note that the interface width obtained in Van Landeghem et al.'s [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF] study is 3 nm compared to 1 nm in the present model. As a result, the enrichment factor as calculated by Van Landeghem et al. can be higher if a 1 nm interface width is considered. Danoix et al. [START_REF] Danoix | A direct evidence of solute interactions with a moving ferrite/austenite interface in a model Fe-C-Mn alloy[END_REF] measured the segregation of manganese at the austenite ferrite interface of a Fe0.12C-2Mn (wt.%) alloy at 680 • C obtained by precipitation experiment. In their study, Danoix et al. found an interface width of 1 nm, similar to that considered in the present study. The authors reported an enrichment factor of manganese of 3.7 at 680 • C. Using the expression of the enrichment factor as function of the eective binding energy and temperature (Eq.1) and assuming that the eective binding energy is independent on temperature, the K max estimated at 775 • C is 3.2. The obtained enrichment factor in the present study (2.17) is slightly lower but comparable to the measured ones (2.47 and 3.2). The dierence could be explained by joint eects of carbon content and temperature. Elucidating this eect would require data points with varying carbon contents at the same transformation temperature and same manganese composition.

As it was shown in gure 5.2-b, the predicted segregation values of nickel at the interface are surprising since the reported APT measurements on the Fe-C-Ni system show no segregation or very low segregation of nickel at the interface [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF]. Qiu et al. [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF] studied ferrite growth kinetics in a Fe-0.74C-1.46Ni (wt. %) alloy and reported a K max of 2.4 at 755 • C. It has to be noted that the authors used a binding energy of +2.5 kJ.mol -1 (as calculated under para-equilibrium conditions). This again shows that calculating the binding energy under these conditions is not representative of the segregation tendency of an element.

The predicted enrichment factors for molybdenum at the interface were 20, 18 and 14.5 at the temperatures 730 • C, 750 • C and 775 • C, respectively. The reported APT measurements conducted by Van Landeghem et al. [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF] on the Fe-0.57C-0.5Mo (wt.%) system at 806 • C showed a K max of 8.48 corresponding (Eq.1) to a K max of 9 at 775 • C.

The experimental value is thus lower than the value predicted by the present modeling (14.5). One possible cause of this dierence can emerge from the interface thickness in the APT measurements (3 nm) and the assumed one in the SD model (1 nm). Using the reported eective binding energy by Van Landeghem et al. [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF] for the same alloy considering a 1 nm interface width, the adjusted K max from APT results is 12.5 compared to 14.5 in the present study.

The chromium enrichment factor was 4.3 for both temperatures 750 • C and 775 • C, respectively. The K max value reported by Van Landeghem et al. [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF] using APT measurements is 2.7 for a Fe-0.57C-2Cr (%wt.) at 806 • C corresponding to 2.9 for 775 • C. This value is lower than the predicted one using the present model, namely 4.3. However, if one considers the eect of the interface thickness, the new experimental K max estimated in Van Landeghem's [START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF] study is 5.3, which is comparable to the predicted value in the present work (4.3).

The intrinsic segregation energy

Danoix et al. [START_REF] Danoix | A direct evidence of solute interactions with a moving ferrite/austenite interface in a model Fe-C-Mn alloy[END_REF] estimated an eective binding energy of manganese of -6 kJ.mol -1 using the formula in Eq.1. Using the same approach, the eective binding energy calculated for the Fe-C-1Mn at 730 • C in the present study is -5 kJ.mol -1 with ∆E as -4.4 kJ.mol -1 calculated using TCFE9 database of ThermoCalc. This value is comparable with the reported segregation energies of manganese on austenite grain boundaries (-8 (+/-3) kJ.mol -1 [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF]) or at ferrite grain boundaries [START_REF] Guttmann | Equilibrium segregation in a ternary solution: A model for temper embrittlement[END_REF] (-5.5 kJ.mol -1 ). However, the reported values represent the intrinsic segregation energies (intrinsic binding energies) of manganese. As it was mentioned, the eective binding energy as calculated using Eq.1 does not take into account the eect of other segregated elements at the interface such as carbon in the present case. Qiu et al. [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF] reported an eective segregation energy of -4 kJ.mol -1 calculated using Eq.1 for nickel in a Fe-0.74C-1.46Ni (wt. %) alloy at 755 • C. The calculated eective segregation energy using Eq.1 of the Fe-C-1Ni at 730 • C is -7.5 kJ.mol -1 with a ∆E of -3.4 kJ.mol -1 calculated using TCFE9 database of ThermoCalc. The dierence between the present value and the one estimated by Qiu et al. (-4 kJ.mol -1 ) is partially due to the carbon segregation at the interface, which is enhanced in the present study due to the modication of the interaction parameter between carbon and iron at the interface. Finally, for molybdenum and chromium, the estimated eective segregation energies using equation 1 are -25 kJ.mol -1 at 730 • C for molybdenum and -12 J.mol -1 at 750 • C for chromium. Again, the eective segregation energies as calculated using Eq.1 are not representative of the intrinsic segregation energy of the element X.

To estimate the intrinsic segregation energy, the eect of carbon can be decorrelated using Guttmann's approach [START_REF] Guttmann | Equilibrium segregation in a ternary solution: A model for temper embrittlement[END_REF][START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF] of grain boundary segregation in interacting multicomponent systems. The intrinsic segregation of an element X (∆G 0 X ) in a Fe-C-X system where X is a substitutional element and C is an interstitial element (carbon) is estimated using Eq 4.

∆G 0 X = ∆G X + 2β F eX (Y boun X -Y B X ) -β XC (Y boun C -Y B C ) (4) 
where

Y boun X = x boun X 1-x boun X , Y B X = x B X 1-x B X
, B is the bulk phase, boun is the boundary phase and ∆G X is the eective segregation energy (similar to E 0 in Eq.1) estimated at equilibrium between the bulk (B) and the boundary (boun) (µ boun X = µ B X ) as follows :

Y boun X 1 -Y boun X = Y B X 1 -Y B X exp(- ∆G X -∆E RT ) (5) 
β F eX and β XC are the interaction parameters of Fe with X and X with C, assumed to be similar in the bulk phase and at the interface and their values are summarized in table 5. The β F eX interaction parameter was estimated using the L interaction parameters of the two-sublattice model as :

β F eX = 0 L F e,X:V a + 1 L F e,X:V a (1 -4Y X ) (6) 
β XC represent the interaction between substitutional elements and carbon and its value can be calculated using :

β XC = o G F e + o G XC -o G F eC -o G X (7) 
o G F e and o G X are the standard free energy of pure Fe and pure X, respectively.

o G XC and o G F eC are the Gibbs free energies of hypothetical compounds where all of the interstitial sites are lled with carbon and all the substitutional sites are lled with elements X and iron, respectively. The values of β XC were extracted from [START_REF] Uhrenius | A compendium of ternary iron-base phase diagrams[END_REF].

Table 5: Numerical values of β F eX and β XC coecients in Fe-C-X used in austenite and the boundary phase

X β F eX J.mol -1 β XC J.mol -1 [51] Mn -7762+3.865×T -(1 -4 × Y X )×259 -48500 Ni -12054.355+3.27413×T 46000 Mo 28347-17.691×T -89080 Cr 10833-7.477×T +1410 ×( 1 -4× Y X ) -251160 + 118×T
However, to apply this approach in the present case, a hypothesis must be made on the nature of the bulk phase. In the following procedure, the bulk phase is considered as austenite. Moreover, in Guttmann's approach, the boundary phase is considered to have the same thermodynamic properties as the bulk with the dierence that the standard chemical potentials of Fe and X are shifted by σ 1 A and σ 2 A, respectively, where σ 1 and σ 2 are the grain boundary energies of pure Fe and elements X and A is the molar area of atoms at the interface. Using this approach, the intrinsic segregation energy of the element X can simply be estimated as (∆G 0

X = σ 1 A -σ 2 A).
Here again, the present model uses a dierent approach, where the segregation of the elements are expressed by modifying the Fe-X interaction parameter of the interface and the σ 1 A and σ 2 A are set to +3500 J.mol -1 for iron and all substitutional elements. However, Guttmann's approach can be used as an analogy in the present case, meaning that the results of the present model (the segregation contents) are used to calculate the segregation energy using Eq.5 and then the intrinsic segregation energy of the element X is estimated using Eq.4 assuming a thermodynamic approach of the interface similar to Guttmann's.

Using this approach, the calculated intrinsic segregation energy of the dierent elements are summarized in table 6.

The solute drag modeling shows that segregation of manganese at the α/γ interface is increased due to the presence of carbon (eective segregation of -5 kJ.mol -1 ) and that its intrinsic segregation (-2.2 kJ.mol -1 ) is weak to such interfaces. Van Landeghem et al. [START_REF] Van Landeghem | Solute Segregation During Ferrite Growth: Solute/Interphase and Substitutional/Interstitial Interactions[END_REF] used APT to measure manganese segregation at the austenite ferrite interface in Fe-C-Mn and Fe-N-Mn alloys. Manganese has an attractive interaction with both carbon and nitrogen in austenite and ferrite. It was reported that nitrogen, in contrast to carbon, segregates little at grain boundaries. Van Landeghem et al. [START_REF] Van Landeghem | Solute Segregation During Ferrite Growth: Solute/Interphase and Substitutional/Interstitial Interactions[END_REF] reported a signicant segregation of manganese at the austenite ferrite interface in the Fe-C-Mn and a weak or nonexistent segregation in the Fe-N-Mn system. These observations suggest that the presence of carbon at the austenite ferrite interface is the main factor responsible for manganese segregation at the austenite and ferrite. This is in agreement with the calculations made in the present study.

For nickel, the intrinsic segregation energy calculated in the present study indicates a higher tendency for nickel to segregate to the austenite-ferrite interface, contrary to the reported low segregation of this element to such interfaces [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF] or at grain boundaries [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF][START_REF] Guttmann | Equilibrium segregation in a ternary solution: A model for temper embrittlement[END_REF].

The intrinsic segregation energy of molybdenum is in good agreement with the reported value in austenite grain boundaries [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF]. On the other hand, Guttmann et al. [START_REF] Guttmann | Equilibrium segregation in a ternary solution: A model for temper embrittlement[END_REF] estimated a very low binding energy of molybdenum at ferrite grain boundaries (0.1 kJ.mol -1 ) and claimed that the observed molybdenum segregation is only due to carbon presence at the interface. However, Murayama et al. [START_REF] Maruyama | Interaction of the solute niobium or molybdenum with grain boundaries in α-iron[END_REF] showed that molybdenum can segregate at α-Fe grain boundaries and estimated an intrinsic segregation energy of -28 kJ.mol -1 at 800 • C. For chromium, calculations show that the presence of chromium at the interface is mainly due to its attractive interaction with carbon. This is in good agreement with the reported intrinsic segregation energy of chromium at ferrite grain boundaries [START_REF] Guttmann | Equilibrium segregation in a ternary solution: A model for temper embrittlement[END_REF]. On the other hand, Enomoto et al. [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF] estimated an intrinsic segregation energy of chromium at austenite grain boundaries of -10 kJ.mol -1 .

Fe-C-Mn-Cr system

The quaternary version of the solute drag model was used to predict the ferrite growth kinetics in the Fe-0.26C-1Mn-1Cr system at 730 • C. To this end, the same Fe-Mn and Fe-Cr interaction parameters used to successfully predict growth kinetics in the Fe-C-1Mn (at 730 • C) and Fe-C-1Cr (at 750 • C) alloys were used to model the expected kinetics in the quaternary Fe-C-Mn-Cr system. It must be noted that ferrite growth kinetics could not be modeled in the Fe-C-Cr system at 730 • C due to pearlite formation.

Like in the ternary systems, the Fe-C interaction parameter ( 0 L F e:C,V a ) at the interface was adjusted to -50 kJ.mol -1 , and the Mn-C and Cr-C Wagner interaction parameters (ϵ M nC and ϵ CrC ) were modied to capture the same Wagner interaction parameters as in austenite for both Mn and Cr. As mentioned before, the modication of the Fe-Mn ( 0 L F e,M n:V a ) and Fe-Cr ( 0 L F e,Cr:V a ) parameters induces a modication of the Mn-Cr Wagner interaction parameter (ϵ M nCr ). In the present study, this parameter was adjusted to capture the same Mn-Cr Wagner interaction as in austenite. Good agreement was obtained between the model predictions and the experimental results as shown in gure 10. This agreement is especially signicant since the parameters used to successfully predict the growth kinetics were directly extracted from the ternary systems and no further calibration was needed. The dissipated energies due to manganese and chromium diusion across the interface as function of the interface velocity are shown in gure 15-a. The maximal total dissipated energy (86 J.mol -1 ) is reached at medium velocities (5e -8 m.s -1 ). The maximal dissipated energy of Mn and Cr are 38 J.mol -1 and 50 J.mol -1 , respectively. When comparing with the obtained dissipated energies for the ternary systems (Fe-0.26C-1Mn and Fe-0.26C-1Cr) at the same temperature using the same binding energies, the maximal dissipated energies for Mn and Cr were 44 J.mol -1 and 96 J.mol -1 , respectively.

Figure 15-b shows the evolution of Mn and Cr contents at the dierent interface atomic planes as well as the evolution of C at the austenite side of the interface as function of velocity. Both Mn and Cr show the same segregation behavior as in the ternary systems. The Mn and Cr contents start to deviate from PE conditions and segregate at the dierent atomic layers with decreasing velocity. A higher maximum segregation of Cr is reached at low velocities compared to Mn (Cr : K max = 3.18, Mn : K max = 2.64).

The manganese enrichment factor in the Fe-C-Mn-Cr alloy is similar to that calculated in the ternary Fe-C-Mn system (2.9). On the other hand, the chromium enrichment factor obtained for the quaternary Fe-C-Mn-Cr system is lower than that calculated in the ternary Fe-C-Cr system at the same temperature, 730 • C (K max : 5). It has to be noted that the interaction between chromium and manganese is slightly attractive (ϵ CrM n : -0.13) and thus cannot be the origin of the observed segregation behavior. The calculated eective binding energies for manganese and chromium are, -3.8 kJ.mol -1 and -9.2 kJ.mol -1 respectively.

To highlight the eect of taking in consideration the dierent interaction parameters (Fe-C, Mn-C, Cr-C and Mn-Cr), the solute drag model was applied to the Fe-C-1Mn-1Cr system under three dierent sets of hypothesis: a) the Fe-C ( 0 L F e:C,V a ) interaction parameter is not modied, the Mn-C (ϵ M nC ), Cr-C (ϵ CrC ) and Mn-Cr (ϵ M nCr ) Wagner interaction parameters are not adjusted.

b) only the Fe-C ( 0 L F e:C,V a ) interaction parameter was modied a) the Fe-C interaction parameter ( 0 L F e:C,V a ) is modied, the Mn-C and Cr-C

Wagner interaction parameters (ϵ M nC and ϵ CrC ) are adjusted to their values in autenite, the Mn-Cr Wagner interaction parameter (ϵ M nCr ) is not adjusted to its value in austenite. In all cases, the same Fe-Mn and Fe-Cr interaction parameters used to obtain the best t in ternary systems Fe-C-Mn and Fe-C-Cr were used in to model the quaternary Fe-C-Mn-Cr.

The calculated kinetics and the measured one are plotted in gure 16. Exp. Fe-026C-1Mn-1Cr 730°C SD : all parameters adjusted SD : Mn-Cr not adjusted SD : no adjustements SD : only Fe-C is modified In a rst stage, no modications were made on the Fe-C, Mn-C, Cr-C and Mn-Cr interaction parameters. The model predicts a faster growth kinetic and a lower nal fraction compared to measurements. As already mentioned, the used Fe-Mn and Fe-Cr interaction parameters gave good results for the ternary systems. A similar result was obtained when only the Fe-C interaction parameter ( 0 L F e:C,V a ) was modied (-50 kJ.mol -1 ) and no adjustments were conducted on the Mn-C, Cr-C and Mn-Cr Wagner interaction parameters.

When the Fe-C ( 0 L F e:C,V a ), Mn-C (ϵ M nC ) and Cr-C (ϵ CrC ) parameters are modied and the Mn-Cr (ϵ M nCr ) is not adjusted, the obtained kinetics are in good agreement with the experimental result. The dissipated energy and the segregated values are similar to the case where the all the interaction parameters were modied. This can be explained by the small dierence in the Mn-Cr Wagner interaction parameter (ϵ M nCr ) between austenite and the interface caused by the modication of the Fe-Mn ( 0 L F e,M n:V a ) and Fe-Cr ( 0 L F e,Cr:V a ) tting interaction parameters. These results highlight the importance of considering the whole thermodynamic description of the dierent interaction parameters when modeling ferrite growth kinetics in multicomponent systems. The interactions of all the elements in the system should be accounted for, especially those of substitutional elements with carbon, which have signicant eects on the segregation behaviors of those elements, and as a result, on ferrite growth kinetics as well.

Conclusion

The eect of alloying elements and temperature on ferrite growth kinetics during austenite to ferrite phase transformation was studied using HEXRD experiments in dierent ternary Fe-C-X systems (where X : Mn, Ni, Mo and Cr) as well as in a quaternary Fe-C-Cr-Mn system. The comparison between the experimental results and the classical PE and LE models showed that these models cannot be used to describe ferrite growth kinetics in all conditions. Moreover, the Fe-C-Mo and Fe-C-Cr systems showed ferrite growth kinetics slower than both LE and PE predictions, indicating that the transformation generally proceeds under conditions diering from the hypotheses of those models. These experimental results were compared to the predictions of a modied version of the solute drag model initially developed by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF]. In the present version of the model, the interaction between carbon and iron at the interface was modied to account for the signicant carbon segregation at the austenite ferrite interface reported in the literature. Moreover, it was shown that the calibration of inter-elemental interactions must be carried out in a comprehensive manner as their eect on the calculated transformation rate can be signicant. In particular, it was shown that interactions with carbon can severely aect the segregation behavior of substitutional elements, and in turn, the drag they exert on the interface. The comparison between the measured kinetics and the solute drag model predictions showed good agreement for almost all studied systems. It has to be mentionned again that only one tting paramter (i.e the Fe-X interactin parameter expressed using the L F e,X:V a parameter) was used in the present version of the solute drag model.Table 7 summarizes the L F e,Xn:V a parameters used to get the best t of the experimental kinetics as well as their corresponding binding energies (E 0 ), calculated at the para-equilibrium conditions.

The estimated intrinsic segregation energies showed a weak anity of manganese for the interface and that its segregation is enhanced by the presence of carbon at the interface. Nickel on the other hand is predicted to segregate highly to the interface, in contrast to reported observations at grain boundaries and interfaces. The tendency of molybdenum and chromium to segregate at the interface is also enhanced by the presence of carbon at the interface. The solute drag model was also applied successfully to the quaternary Fe-C-Mn-Cr system using the parameters of the ternary sub-systems.

These results illustrate the importance of an exhaustive calibration of the interelemental interactions at the interface and show that solute drag models could lead to reliable and universal modeling of the transformation of austenite into ferrite in multicomponent steel grades.

Table 7: The Fe-X interaction parameters ( 0 L F e,X:V a ) as well as the corresponding binding energies E 0 used in the solute drag modeling for the Fe-C-X systems. 

T(

• C) Fe-C-X 0 L F e
∆G chem m = X (u α X + u γ X ) 2 (µ γ,i X -µ α,i X ) + (u α F e + u γ F e ) 2 (µ γ,i F e -µ α,i F e ) (S6) 
Where u F e = X F e 1-X C and u X == X X 1-X C are the molar fraction of X and Fe elements at the austenite and ferrite interface sides. The interface is considered to be initially in PE mode and the interface velocity is evaluated from carbon diusion in bulk phases (ferrite and austenite in decarburization and austenite only in precipitation):

v = J γ C -J α C x i,γ C -x i,α C (S7)
The carbon chemical potential is assumed constant across the interface. The thermodynamic properties of the interface are described using an approach developed by Hillert [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Aaronson | Lectures on the theory of phase transformations[END_REF].

The interface properties are modied from those of austenite by shifting the reference state for the free energy by 3.5kJ.mol -1 . This value was chosen to capture an interfacial energy of 0.5 J.m -2 . TCFE9 and MOB2 databases of ThermoCalc and DICTRA were used to calculate the dierent thermodynamic properties in austenite and ferrite such as chemical potentials and diusion coecients. In the present study, and in order to capture the signicant segregation of carbon at the interface observed using atom probe experiments [START_REF] Danoix | A direct evidence of solute interactions with a moving ferrite/austenite interface in a model Fe-C-Mn alloy[END_REF][START_REF] Van Landeghem | Investigation of solute/interphase interaction during ferrite growth[END_REF], the 'L' interaction parameter between carbon and iron at the interface was adjusted from -34 kJ.mol -1 (as in austenite) to -50 kJ.mol -1 (as shown in Fig. S6 and Fig. S7). This parameter is explained further in the text. A key feature of Zurob's model is the choice of two parameters: the binding energy of the substitutional element at the interface and the trans-interface diusion coecient of the solute element. These two parameters are not known experimentally and generally used as tting parameters. The binding energy is generally dened as the dierence between the chemical potential of X at the interface and the average chemical potentials of X in ferrite and austenite as shown in gure S1 [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Qiu | Quantifying the Solute Drag Eect on Ferrite Growth in Fe-C-X Alloys Using Controlled Decarburization Experiments[END_REF][START_REF] Chen | A general mixed-mode model for the austenite-to-ferrite transformation kinetics in FeCM alloys[END_REF]. ∆E is the average of the solute chemical potential dierence between austenite and ferrite, µ α X and µ γ X are the chemical potential of the substitutional solute in ferrite and austenite, respectively. The binding energy is here modied throught the 0 L F e,X:V a interaction parameter as follows :

The binding energy E 0 is calculated using :

E 0 = (µ γ X + µ α X ) 2 -µ boun X (S8)
The chemical potential of element X at the interface is modied to obtain the desired binding energy, using :

µ X = µ 0 X + RT ln(Y X ) + RT c a ln(1 -Y C ) + E G X (S9)
where :

a E G X = Y F e Y C (∆G + L(F e, X : V a) -L(F e, X : C) + L(X : C, V a) -L(F e : C, V a)) + Y 2 F e L(F e, X : V a) + Y 2 C L(X : C, V a) +Y 2 F e Y C 2(L(F e, X : C) -L(F e, X : V a)) +Y F e Y 2 C 2(L(F e : C, V a) -L(X : C, V a)) (S10) 
Y i is site fraction. a and c are the number of sites per mole. For austenite a=1, c=1. For ferrite a=1, c=3 and

L(i : j) = k k L(Y i -Y j ) k (S11)
The choice of the 0 L F e,X:V a interaction parameter to express the segregation behaviour of element X at the interface was initially proposed by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF], based on the initial proposition by Hillert [START_REF] Aaronson | Lectures on the theory of phase transformations[END_REF]. One should note that other parameters, including for instance 0 L X:V a , can also be used to express this segregation. However, the choice made here enabled consistency with the original three-jump model [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF].

The binding energy parameter has been used to express the segregation behavior of the substitutional element at the interface [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF][START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF][START_REF] Qiu | The coupled solute drag eect during ferrite growth in FeCMnSi alloys using controlled decarburization[END_REF][START_REF] Chen | A general mixed-mode model for the austenite-to-ferrite transformation kinetics in FeCM alloys[END_REF][START_REF] Zurob | Kinetic transitions during non-partitioned ferrite growth in FeCX alloys[END_REF][START_REF] Panahi | Kinetic Transitions during Non-Partitioned Ferrite Growth in Fe-C-Mn Alloys[END_REF]. However, this parameter as calculated with this approach depends on the conditions under which the calculations are made. Carbon segregation and thus interface velocity highly impacts the calculated binding energy. In the present study, the segregation behavior was discussed in terms of enrichment factor calculated at slow velocities (when equilibrium conditions are approached).

In the present study, diusion coecients for the dierent jumps were chosen as: the diusion coecient of element X in ferrite D α for D 1 , the diusion coecient in austenite D γ as D 3 and the geometrical average of D α and D γ as D 2 . It is important to note that this assumption was used for all the studied systems. As a result, interface diusion is not a tting parameter as in previous studies [START_REF] Qiu | Quantifying the Solute Drag Eect on Ferrite Growth in Fe-C-X Alloys Using Controlled Decarburization Experiments[END_REF]. The only tting parameter used in the present study is the interaction parameter between Fe and X element at the interface. It has to be noted that this parameter does not express directly the segregation behavior of element X at the interface. The segregation behavior of element X at the interface depends on a set of interaction parameters, namely those for Fe-X, Fe-C, X-C and X 1 -X 2 (in case of two substitutional solutes). For example, an element with a high anity to carbon such as molybdenum will highly segregate at the interface due to the presence of carbon [START_REF] Hutchinson | The growth of ferrite in Fe-C-X alloys: The role of thermodynamics, diusion, and interfacial conditions[END_REF]. The interaction between Fe and X element is expressed using the 0 L F e,X:V a thermodynamic parameter in the ThermoCalc database and the Fe-C interaction parameter is expressed using 0 L F e:C,V a parameter. The interaction parameter between X and C at the interface is estimated using the Wagner interaction parameter as function of the dierent L parameters as shown by Eq.S12 [START_REF] Lee | Evaluation of Wagner Interaction Parameter in Fe-Mn-Si-Nb-Ti-V-C System[END_REF] ϵ XC = -{ ( 0 L F e,X:V a + 1 L F e,X:V a + 2 L F e,X:V a ) + ( 0 L F e:C,V a -1 L F e:C,V a + 2 L F e:C,V a ) -( 0 L X:C,V a -1 L X:C,V a + 2 L X:C,V a ) -( 0 L F e,X:C + 1 L F e,X:C + 2 L F e,X:C ) -L F e,X:C,V a } /RT (S12)

where ϵ XC is the Wagner interaction parameter between X and C elements, expressed in the two-sublattice model [START_REF] Sundman | A regular solution model for phases with several components and sublattices, suitable for computer applications[END_REF], where one sublattice is occupied by the substitutional solute elements and the second one by the interstitial elements (carbon). The thermodynamic parameters L describe the mutual interaction between two elements. L F e,X:V a and L F e,X:C express the interaction between F e and X elements when the rst sub-lattice is occupied by Fe and X elements and the second sub-lattice by interstitial vacancies V a and carbon, respectively. The left side superscripts on the L parameters express the coecients of the Redlich-Kister polynomial order.

As it is shown by Eq.S12, the Wagner interaction parameter ϵ XC is aected by the Fe-X and Fe-C interaction parameters ( 0 L F e,X:V a and 0 L F e:C,V a , respectively). Consequently, changing these two parameters, Fe-X (to t the experimental results) and Fe-C (to express the high carbon segregation at the interface) results in a modication of the interaction behavior between carbon and the solute element at the interface. In the present study, the interaction between X and C at the interface was considered to have the same value as in austenite [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF]. To this end, the Wagner interaction parameter (ϵ XC ) is calculated both in austenite and at the interface using Eq.S12 and the dierence is adjusted by modifying the L F e,X:C,V a parameter of the interface.

In quaternary systems, the Wagner interaction between the two solutes X 1 and X 2 (ϵ X1X2 ) at the interface is expressed using Eq.S13. This parameter is impacted by the Fe-X1 and Fe-X2 interaction parameters. Again, the X 1 -X 2 interaction parameter in the interface is assumed similar to the one in austenite [START_REF] Enomoto | Evaluation of the eects of segregation on austenite grain boundary energy in fe-cx alloys[END_REF]. Once the Fe-X 1 and Fe-X 2 interaction parameters are adjusted, the Wagner interaction parameter between X 1 and X 2 is calculated in both austenite and the interface and the L X1,X2:V a parameter of the interface is adjusted to capture the same X 1 -X 2 Wagner parameter as in austenite. 

Figure 1 :

 1 Figure 1: Diagram of the experimental setup used for HEXRD experiments. A rotation system was used to maximize the number of analyzed grains in the diracted volume.

Figure 2 :

 2 Figure 2: a) Debye-Scherer diraction rings obtained from HEXRD experiments. b) Integrated 1D diractogram (intensity vs 2θ).

Figure 3 :

 3 Figure 3: Micrographs showing microstructures of three samples : a) Fe-0.26C-0.3Mn, b) Fe-0.22C-1Ni, c) Fe-0.26C-1Cr and d) Fe-0.26C0.2Mo transformed at 750 • C during 15 min. Ferrite is shown in bright and martensite in dark. The samples were etched using 4% metabisulte (100 ml H 2 O + 4 ml N a 2 O 5 )

Figure 4 :

 4 Figure 4: Schematic illustration of the potential well for (a) ferrite stabilizer and (b) austenite stabilizer inside the interface and the calculation of the binding energy in solute drag models.
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Figure 5 :

 5 Figure 5: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a) Fe-0.26C-0.3Mn at 730 • C, b) Fe-0.26C-0.3Mn at 750 • C, c) Fe-0.26C-0.3Mn at 775 • C, d) Fe-0.26C-0.7Mn at 730 • C, e) Fe-0.26C-0.7Mn at 750 • C and f) Fe-0.26C-0.7Mn at 775 • C.

Figure 6 :

 6 Figure 6: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions of PE (dashed blue line), LE (dashed green line) and solute drag (dashed black line) models for the : a) Fe-0.26C-1Mn at 730 • C, b) Fe-0.26C-1Mn at 750 • C, c) Fe-0.26C-1Mn at 775 • C.

  730 • C, 750 • C and 775 • C are shown in gure S3. The studied composition is located below the zero partition line for 730 • C and 755 • C temperatures, and on the partition boundary at 775 • C. The measured ferrite fractions as function of time for the Fe-C-Ni alloys are shown in gure 7 for the three temperatures 730 • C, 750• C and 775 • C, respectively. At 730 • C and 750 • C, the measured kinetics tends towards a plateau with a constant ferrite fraction. At 775 • C, the growth kinetics is very slow and the nal fraction at the end of the isothermal hold is (less than 1%). The comparison with the predicted ferrite growth kinetics using LE and PE models shows that the experimental results are slower than both modeled kinetics. The LE calculations predict closer nal fractions at 730 • C and 750 • C. At 775 • C, the measured ferrite fraction (2%) is much lower than the predicted one using LE calculations (12%) as well as the PE model (32%). The solute drag (SD) predicted kinetics are very close to the measured ones at both 730 • C and 750 • C and higher than the measured values at 775 • C.

Figure 7 :

 7 Figure 7: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a) Fe-0.22C-1Ni at 730 • C, b) Fe-0.22C-1Ni at 750 • C, c) Fe-0.22C-1Ni at 775 • C.

Figure 8 :Figure 9 :

 89 Figure 8: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the : a) Fe-0.26C-1Cr at 750 • C, b) Fe-0.26C-1Cr at 775 • C.

Figure 10 :

 10 Figure10: Comparison between the measured ferrite growth kinetics (solid black line) and the predictions of PE (dashed blue line), LE (dashed green line) and solute drag (dashed red line) models for the Fe-0.26C-1Mn-1Cr at 730 • C.

Figure 11 :

 11 Figure 11: The dissipated free energy due to Mn diusion across the interface (at each jump) as function of the interface velocity for the Fe-0.26C-1Mn at 730 • C calculated using the three approaches to describe the interaction parameters at the interface. Approach 1 : Fe-C : -34 kJ.mol -1 , Mn-C : not re-adjusted. Approach 2 : Fe-C : -50 kJ.mol -1 , Mn-C : not re-adjusted. Approach 3 : Fe-C : -50 kJ.mol -1 , Mn-C : as in austenite.

Figure 12 :

 12 Figure12: Evolution of Mn content at the dierent atomic planes (1, 2 and 3) of the interface as well as the carbon content at the austenite interface side as function of interface velocity for the Fe-0.26C-1Mn at 730 • C calculated using the three approaches to describe the interaction parameters at the interface. a) Fe-C : -34 kJ.mol -1 , Mn-C : not re-adjusted. b) Fe-C : -50 kJ.mol -1 , Mn-C : not re-adjusted. c) Fe-C : -50 kJ.mol -1 , Mn-C : as in austenite.

Figure 13 :

 13 Figure 13: Evolution of Ni content at the dierent atomic planes of the interface as well as the carbon content at the austenite interface side as function of interface velocity for the Fe-0.22C-1Ni at 730 • C.

Figure 14 :

 14 Figure 14: The evolution of Mo (a) and Cr (b) content at the dierent atomic planes of the interface as well as the carbon content at the austenite interface side as function of interface velocity for Fe-0.26C-0.2Mo at 730 • C and Fe-0.26C-1Cr at 750 • C, respectively.

Figure 15 :

 15 Figure 15: a) The dissipated free energy due Mn and Cr elements diusion across the interface as function of the interface velocity for Fe-0.26C-1Mn-1Cr at 730 • C. b) The evolution of Mn and Cr contents at the dierent atomic planes of the interface as well as the carbon content at the austenite interface side as function of interface velocity.

Figure 16 :

 16 Figure 16: Comparison between the measured ferrite growth kinetics (solid black line) of the Fe-0.26C-1Mn-1Cr at 730 • C, and the predictions of the solute drag (dashed lines) model obtained using dierent approaches in the description of the interaction parameters.

Figure S1 :

 S1 Figure S1: Schematic illustration of the potential well for (a) ferrite stabilizer and (b) austenite stabilizer inside the interface and the calculation of the binding energy in solute drag models.

ϵFigure S2 :

 S2 Figure S2: Isothermal sections of the Fe-C-Mn at a) 730 • C, b) 750 • C and c) 775 • C showing the dierent possible growth modes (LEP-LENP and PE) for the studied compositions (grey circles).

Figure S3 :

 S3 Figure S3: Isothermal sections of the Fe-C-Ni at a) 730 • C, b) 750 • C and c) 775 • C showing the dierent possible growth modes (LEP-LENP and PE) for the studied compositions (grey circles).

Figure S4 :

 S4 Figure S4: The dissipated free energy due to Ni diusion across the interface as function of the interface velocity for the Fe-0.22C-1Ni at 730 • C.

Figure S5 :

 S5 Figure S5: Dissipated free energy due element X (a. Mo and b. Cr) diusion across the interface as function of the interface velocity for Fe-0.26C-0.2Mo at 730 • C and Fe-0.26C-1Cr at 750 • C, respectively.

Figure S6 : 1 L 1 Figure S7 :

 S611S7 Figure S6: Dierent APT measurements showing carbon and X element distribution across a ferrite marteniste interface in dierent Fe-C-X systems, a) Fe-C-Mo [43], b) Fe-C-Ni[43], c) Fe-C-Cr [43] and d-f) Fe-C-Mn [43, 25].

Table 1 :

 1 Chemical composition (wt. %) of the dierent alloys used to investigate ferrite growth kinetics using HEXRD experiments. The measurements were realized by Spark-OES method.

	Composition %wt C	Si	Mn	Mo	Cr	Ni	Al	Other	Fe
	Fe-C-1Mn	0.26 0.029 0.98 <0.002 <0.002 <0.002 0.003 <0.002 Bal.
	Fe-C-0.7Mn	0.26 0.03	0.7 <0.002 <0.002 <0.002 0.003 <0.002 Bal.
	Fe-C-0.3Mn	0.26 0.03	0.3 <0.002 <0.002 <0.002 0.003 <0.002 Bal.
	Fe-C-0.2Mo	0.26 0.019 0.004	0.21	<0.002 <0.002 0.003 <0.002 Bal.
	Fe-C-1Ni	0.22 0.02 0.004 <0.002 <0.002	1.05	0.003 <0.002 Bal.
	Fe-C-1Cr	0.26 0.027 0.004 <0.002	0.98	<0.002 0.003 <0.002 Bal.
	Fe-C-1Mn-1Cr	0.26 0.02 0.98 <0.002	1.01	<0.002 0.006 <0.002 Bal.

Table 4 :

 4 

	Fe-0.26C-xMn T( • C)	E 0 Approach 1	E 0 Approach 2	E 0 Approach 3
	0.3Mn	730	-1.5	-1.5	+1.5
	0.3Mn	750	-1.5	-1.5	+1.5
	0.3Mn	775	-1.5	-1.5	+1.5
	0.7Mn	730	-1.5	+0.5	+1.5
	0.7Mn	750	-1.5	+0.5	+1.5
	0.7Mn	775	-1.5	/	/
	1Mn	730	+0.5	+1.5	+1.5
	1Mn	750	+0.5	+1.5	+1.5
	1Mn	775	+0.5	+1.5	+1.5

The binding energies, E 0 (kJ.mol -1 ) used to obtain the best t of the experimental growth kinetics using the three dierent approaches for the Fe-C-Mn system. Approach 1 : 0 L F e:C,V a :-34 kJ.mol -1 , ϵ M nC : not re-ajusted. Approach 2 : 0 L F e:C,V a :-50 kJ.mol -1 , ϵ M nC : not re-ajusted. Approach 3 : 0 L F e:C,V a :-50 kJ.mol -1 , ϵ M nC : ϵ M nC in austenite.

Table 6 :

 6 Numerical values of β F eX and β XC coecients in Fe-C-X used in austenite and the boundary phase

	Element	∆G 0 (kJ.mol -1 )	∆G 0 (kJ.mol -1 ) in austenite grain boundaries	∆G 0 (kJ.mol -1 ) in ferrite grain boundaries
	Mn	-2.2	-8 (±3) [20]	-5.5 [50]
	Ni	-9.5	> -7 [20]	-3 (±3) [50]
	Mo	-14.5	-15 (±3) [20]	0.1 [50], -28 [52]
	Cr	-1.9	-10 [20]	0 [50]
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Supplementary material

Solute drag modeling

We developed a modied version of the three-jump solute drag model proposed by Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] to predict the eect of composition and temperature on ferrite growth kinetics. Zurob et al. [START_REF] Zurob | Self-Consistent Model for Planar Ferrite Growth in Fe-C-X Alloys[END_REF] used Hillert's [START_REF] Hillert | A treatment of the solute drag on moving grain boundaries and phase interfaces in binary alloys[END_REF] approach tto develop a discrete model of mass transport across the interface to evaluate solute drag during ferrite growth in Fe-C-X systems. In this model, the austenite-ferrite interface is considered as a two atomic layer thick discrete interface. During ferrite growth, diusion of substitutional elements across the interface involves three jumps across the interface, from ferrite to the rst atomic layer, a second jump within the interface and a nal jump to austenite. As a result, an atomic ux of solute atoms is generated due to the dierence of thermodynamic properties across the interface. The composition of alloying elements in each of these atomic planes is estimated using a mass balance equation:

where v is the interface velocity and J i is the ux of the solute element from plane i -1 to plane i and is expressed as follows :

where µ i X and µ i F e are the respective chemical potentials of X and Fe at plane i, δ is the interface thickness, V m is the molar volume, R is the gas constant, T is temperature and D i is the diusion coecient of element X from plane i -1 to plane i. Assuming a steady state, the composition of X in each plane can be evaluated from Eq.S1 and S2.

The dissipated energy due to diusion is then estimated using Hillert's approach [START_REF] Hillert | A treatment of the solute drag on moving grain boundaries and phase interfaces in binary alloys[END_REF]:

and the total dissipated energy due to diusion of all substitutional elements is given by :

The local energy balance at the interface is used to calculate the interfacial conditions during ferrite growth.

The interface mobility is considered large enough for the dissipated energy due to interface friction to be neglected in the present model [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF][START_REF] Hutchinson | The diusional formation of ferrite from austenite in Fe-C-Ni alloys[END_REF]. Moreover, interface friction mainly contributes at very high (> 10e -6 m.s -1 ) and very low velocities (< 10e -11 m.s -1 ), which are not the operating velocities during precipitation or decarburization experiments [START_REF] Qiu | The `Solute-Drag' Eect on Migrating Interfaces during Solid-State Phase Transformations[END_REF]. The driving force is expressed in terms of substitutional elements as follows:

Table S1: All the parameters used in the solute drag modeling for dierent Fe-C-X systems at dierent tables. TCFE9 and MOB2 databases of ThermoCalc and DICTRA were used to calculate the dierent thermodynamic properties in austenite and ferrite such as chemical potentials and diusion coecients.

L F e,X:C,V a (kJ.mol