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Introduction

High-strength steels are widely used in the automotive industry to help reduce the average weight of vehicles without compromising passenger safety [START_REF] Fonstein | Advanced high strength sheet steels : physical metallurgy, design, processing, and properties[END_REF][START_REF] Bouaziz | Driving force and logic of development of Advanced High Strength Steels for automotive applications[END_REF][START_REF] Bhattacharya | Microalloyed steels for the automotive industry[END_REF]. Manufacturing of these steels involves several complex steps at high temperature (continuous casting, hot rolling, coiling) and at ambient temperature (cold rolling). This last step precedes intercritical annealing, during which a certain amount of austenite ( ) is formed. The way austenite decomposes upon cooling gives the steel its final microstructure and therefore its mechanical properties.

During intercritical heating of a cold-rolled bainite-martensite initial microstructure, recrystallization and cementite ( ) precipitation occur simultaneously [START_REF] Philippot | Austenite formation in a ferrite/martensite cold-rolled microstructure during annealing of advanced high-strength steels[END_REF][START_REF] Bellavoine | Combined effect of heating rate and microalloying elements on recrystallization during annealing of dual-phase steels[END_REF]. As austenite forms from a mixture of ferrite ( ) and cementite following the eutectoid reaction + → , it is of prime importance to determine how a variation of cementite size or chemistry can affect austenite formation kinetics during intercritical heating. These parameters are indeed variable from one steel to another, as they depend on all previous manufacturing steps. It is therefore difficult to accurately predict cementite size or chemistry at the beginning of austenite formation during intercritical heating.

Austenite formation has been extensively studied for a variety of initial microstructures under isothermal conditions [START_REF] Speich | Formation of austenite during intercritical annealing of dual-phase steels[END_REF][START_REF] Huang | Austenite formation during intercritical annealing[END_REF][START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF][START_REF] Azizi-Alizamini | Austenite formation in plain low-carbon steels[END_REF][START_REF] Wei | Growth of austenite from asquenched martensite during intercritical annealing in an Fe-0.1C-3Mn-1.5Si alloy[END_REF][START_REF] Xia | Effects of alloying elements on the kinetics of austenitization from pearlite in Fe-C-M alloys[END_REF][START_REF] Lai | Mechanism of austenite formation from spheroidized microstructure in an intermediate Fe-0.1C-3.5Mn steel[END_REF][START_REF] Yang | Transition between alloy-element partitioned and non-partitioned growth of austenite from a ferrite and cementite mixture in a high-carbon low-alloy steel[END_REF][START_REF] Enomoto | Partition and non-partition transition of austenite growth from a ferrite and cementite mixture in hypo-and hypereutectoid Fe-C-Mn alloys[END_REF][START_REF] Zhang | Growth mode of austenite during reversion from martensite in Fe-2Mn-1.5Si-0.3C alloy: A transition in kinetics and morphology[END_REF][START_REF] Ollat | Mixed-mode model for ferrite-to-austenite phase transformation in dual-phase steel[END_REF]. It has been shown that, still under isothermal conditions, increasing nominal Mn content delays austenite formation kinetics (AFK) [START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF][START_REF] Li | Kinetics of reverse transformation from pearlite to austenite in an Fe-0.6 mass pct C alloy and the effects of alloying elements[END_REF]. There is however a lack of studies on the influence of cementite initial Mn enrichment on AFK [START_REF] Lai | Mechanism of austenite formation from spheroidized microstructure in an intermediate Fe-0.1C-3.5Mn steel[END_REF][START_REF] Gouné | A criterion for the change from fast to slow regime of cementite dissolution in Fe-C-Mn steels[END_REF]. It can be assumed that varying the initial cementite composition will lead to a change in AFK, as changing cementite Mn or Cr content will affect the set of operative tie-lines of austenitic transformation [START_REF] Lai | Mechanism of austenite formation from spheroidized microstructure in an intermediate Fe-0.1C-3.5Mn steel[END_REF]. Similarly, under isothermal conditions, increasing nominal Cr content leads to delayed austenitization [START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF][START_REF] Xia | Effects of alloying elements on the kinetics of austenitization from pearlite in Fe-C-M alloys[END_REF][START_REF] Li | Kinetics of reverse transformation from pearlite to austenite in an Fe-0.6 mass pct C alloy and the effects of alloying elements[END_REF] but the influence of cementite initial Cr enrichment on AFK has not been studied either. The same conclusion can be drawn for different particle sizes [START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF], even though it is commonly accepted that larger particles lead to slower austenitization kinetics. Moreover, very few studies take interest in studying the importance of these parameters under anisothermal conditions. As diffusivities and equilibrium conditions evolve with temperature, transformation kinetics will vary from isothermal cases. The existing works usually consider very high heating rates, very simple chemical compositions or put aside the redistribution of substitutional elements between ferrite and austenite [START_REF] Ollat | Mixed-mode model for ferrite-to-austenite phase transformation in dual-phase steel[END_REF][START_REF] Enomoto | Simulation of the growth of austenite during continuous heating in low carbon iron alloys[END_REF][START_REF] Enomoto | Modeling the growth of austenite in association with cementite during continuous heating in low-carbon martensite[END_REF][START_REF] Castro Cerda | Austenite formation in 0.2% C and 0.45% C steels under conventional and ultrafast heating[END_REF]. Studies led on conventional heating rates [START_REF] Enomoto | Simulation of the growth of austenite during continuous heating in low carbon iron alloys[END_REF][START_REF] Enomoto | Modeling the growth of austenite in association with cementite during continuous heating in low-carbon martensite[END_REF][START_REF] Liu | Kinetic transitions and Mn partitioning during austenite growth from a mixture of partitioned cementite and ferrite: Role of heating rate[END_REF] or quaternary systems [START_REF] Wei | Growth of austenite from asquenched martensite during intercritical annealing in an Fe-0.1C-3Mn-1.5Si alloy[END_REF][START_REF] Emo | Austenite growth and stability in medium Mn, medium Al Fe-C-Mn-Al steels[END_REF] are scarce. Available literature thus lacks studies about anisothermal austenitization and the influence of cementite chemistry on austenitization kinetics.

In this work, 1°C/s heating of a high-formability steel is considered. Growth of austenite is studied by calculations assuming sharp interfaces and local equilibrium holding on them. To this end, Thermo-Calc and DICTRA softwares [START_REF] Andersson | Thermo-Calc & DICTRA, computational tools for materials science[END_REF] were used. Fluxes evolution on the transformation interface will be used to show how Cr affects the transformation kinetics. Indeed, the combination of evolving diffusivities, compositions and activities with temperature makes this approach more adapted to the analysis of non-isothermal transformation kinetics than composition/activities gradients only. The effects of cementite size and Mn or Cr enrichment on austenite formation kinetics were also investigated. 1. The initial microstructure after hot rolling and coiling at 545°C was made of 60% bainite and 40% martensite. Cold rolling (50% reduction) was then applied. Slow heating (1°C/s heating rate) was performed in a DT1000 dilatometer, and interruption at desired temperatures done by helium blowing. SEM micrographs were obtained on a FEG-SEM JEOL® JSM-7800F at quarter steel sheet thickness. Cementite, austenite and ferrite grain boundaries were revealed by Dino etching (140 mL distilled water, 100 mL H2O2, 4 g oxalic acid, 2 mL H2SO4, 1.5 mL HF) after conventional metallographic polishing. To determine the mean chemistry of cementite before austenite formation, cementite particles were first extracted from the ferritic matrix by electrolytic extraction. The dimensions of the steel sample were of approximately 10 squared centimeters with 1.25 mm thickness. Mass of the sample was of about 10 grams. Extraction residues were then analyzed by inductively-coupled plasma mass spectrometry (ICP-MS).

4/21

Materials and methods

Calculations are conducted using Thermo-Calc 2018b and DICTRA softwares with TCFE9 thermodynamical database [START_REF]Thermo-Calc software TCFE9 Steels/Fe-alloys database[END_REF] and MOB2 mobility database [START_REF] Engström | MOB2 mobility database[END_REF]. The absence of mobility data for Si in cementite in MOB2 database prevents the consideration of this element in the calculations. DICTRA default parameters are kept unchanged for austenite nucleation, which starts when the driving force for nucleation exceeds Δ = 10 . As determined by ICP-MS on a sample heated up to 700°C at 1°C/s, cementite initial Mn and Cr enrichment is of 14.1 wt.% Mn and 2.9 wt.% Cr. This mean chemistry is compared to the orthoequilibrium chemistry of cementite calculated by Thermo-Calc when a ferrite-cementite equilibrium is forced up to 710°C (i.e. austenite presence is forbidden) (Figure 2). Since both chemistries differ significantly and the effects of and on austenite formation kinetics are not known, the orthoequilibrium one cannot be used as initial set-up conditions.

Results
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Since carbon is a fast-diffusing element, it can be assumed that cementite equilibrium volume fraction , has been reached far before T = Ae1. This fraction is calculated with Thermo-Calc. Mean initial radius of cementite is determined from image analysis with Fiji software [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] from FEG-SEM micrographs and found to be about 50 nanometers. Lastly, the thickness of ferrite shell is adjusted in respect to , , and ferrite chemistry is derived from the nominal chemistry by a mass balance.

Calculations are started from T = Ae1 = 642°C to ensure that no absurd transformation kinetics are obtained between T = Ae1 and T = Ac1. 

FeCMn system

Calculations were first carried out in the ternary FeCMn system. As a first guess, it is hereby assumed that Cr effects on austenite formation kinetics can be neglected, as it is only a minor element in the steel chemistry when compared to Mn or Si. Ae1 and Ae3 temperatures of this system are given in Table 2. Initial phases chemistries can be found in Table 3. The evolution of elemental composition gradients and activities in phases are checked during heating to help understand how the simulation cell undergoes austenite formation (Figure 3 (a) to (d)). The / interface will not be considered in this study, since austenitization mainly progresses thanks to the transformation of into . Thus, austenite formation will be explained by the evolutions of composition gradients and activities in and only. The absence of a C gradient in ferrite and the flatness of its activity profile (Figure 3 (a,b)) in both austenite and ferrite at all temperatures confirm that this element cannot be held responsible for austenite formation kinetics. This result was anticipated, as carbon diffusivity is much higher than Mn diffusivity at all considered temperatures. Between Ae1 and 730°C, a very distinct gradient of Mn activity in ferrite near the austenite-ferrite transformation interface can be seen (Figure 3 (d)). This indicates Mn diffusion towards growing austenite. This is confirmed by the Mn composition gradient in ferrite in this temperature interval (Figure 3 (c)). For temperatures above 760°C, Mn activity has been homogenized in ferrite and no composition gradient can be detected anymore between the / interface and the outer boundary. Mn diffusivity is now high enough to almost instantly equalize its activity in ferrite. However, an activity gradient is still very clearly visible in austenite. As Mn diffuses slower in austenite than ferrite, diffusion did not erase the composition gradient built from cementite dissolution, and austenite formation is now controlled by Mn diffusion in that phase. At T = 860°C, Mn activity profile and 8/21 composition gradients are less marked but are not flat. Orthoequilibrium is thus not reached yet, even though the whole simulation cell is transformed into austenite.
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In these anisothermal conditions, austenite transformation appears to follow the classical scheme already reported for isothermal holdings [START_REF] Speich | Formation of austenite during intercritical annealing of dual-phase steels[END_REF]. The first stage of the transformation kinetics is controlled by Mn diffusion in ferrite, and the second stage by Mn diffusion in austenite, up until orthoequilibrium is reached. This final equilibrium could in this study be obtained by heating to higher temperatures or by holding at final temperature for some time.

However, simulated austenite formation kinetics in the FeCMn system does not agree well with the experimental kinetics determined by dilatometry (Figure 5). New simulations considering the presence of chromium were thus carried out to represent more accurately the austenitization conditions of the studied steel. It has indeed already been reported that the addition of 1 wt.% of Cr can make the austenitization kinetics very sluggish [START_REF] Miyamoto | Effects of Mn, Si and Cr addition on reverse transformation at 1073K from spheroidized cementite structure in Fe-0.6 mass% C alloy[END_REF][START_REF] Li | Kinetics of reverse transformation from pearlite to austenite in an Fe-0.6 mass pct C alloy and the effects of alloying elements[END_REF]. We can thus expect the kinetics to be altered by the addition of 0.31 wt.% Cr in the calculations.

FeCMnCr system

A similar analysis to the one made for the FeCMn system was conducted for the FeCMnCr system. Ae1 and Ae3 temperatures of this system are given in Table 2 and initial phase compositions of ferrite and cementite are given in Table 4. Composition and activity profiles were checked at several temperatures during heating (Figure 6 (a) to (e)). Just like the FeCMn case, C activity in austenite and ferrite equalizes rapidly. Once again, C is not responsible for the global austenitization kinetics. Small composition gradients of C can be seen in austenite throughout heating: they are the consequence of the flux coupling with Mn and Cr composition gradients due to the attractive Mn-C and Cr-C interactions. 6 (d,f) respectively show Mn and Cr composition and activity profiles during austenite growth for several temperatures. When temperatures are below 760°C, a clear activity gradient in ferrite can be seen for both elements. As composition gradients exist in ferrite at these same temperatures, this indicates that austenite growth is first controlled by Mn or Cr diffusion in ferrite towards austenite. C, Mn and Cr diffusion coefficients in ferrite and austenite are given in Figure 4. As " and " are very close to each other in the investigated temperature range, one cannot discriminate their individual effects on austenite formation kinetics.
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For temperatures above 790°C, Mn and Cr activities seem to have become homogeneous in ferrite. This would indicate that " and " are now sufficiently high to "erase" composition and activity gradients in ferrite, and that Mn and Cr diffusion in ferrite do not control the transformation kinetics anymore. In austenite, below 760°C, very steep gradients of activity and composition exist. Diffusivities are not high enough to erase these gradients. Above 790°C, however, there is an on-going process of austenite homogenization during its growth, as can be seen by the progressive flattening of activity profiles in austenite (Figure 6 (d,f)). Therefore, it seems that austenite formation is now controlled by Mn and Cr diffusion in austenite until full orthoequilibrium is reached. Thus, Cr presence does not seem to change the austenite growth mode (compared to FeCMn system). However, as shown in Figure 5, austenite formation kinetics is deeply modified by Cr addition. A reasonable agreement between simulated and experimental kinetics is now found. It is necessary to understand why Cr shows such a 10/21 delaying effect on the transformation kinetics, and why the kinetics of the FeCMnCr case do not show a sharp transition like the one observed for the FeCMn case. 12/21
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Origin of Cr delaying effect on austenite formation kinetics

A first explanation for the delaying effect of Cr addition on austenite formation kinetics simply lies on a slightly higher Ae1 temperature (+3°C) for the +Cr-case (Table 2). It can be noted that this evolution is partly due to a greater stability of cementite, as it is now Crenriched ( # $%&'()* = 36,5 kJ•mol -1 and # $%&'()'.* = 37,9 kJ•mol -1 at 640°C, with 5.2 wt.% Cr in ). This difference is however not enough to explain why both kinetics is so different in each case.

The evolution of the Gibbs energy dissipation rate is obtained by full equilibrium calculations (Figure 7). It is defined as Δ <=>> ? $%&'()'.* is even slightly lower than Δ <=>> ? $%&'()*, which is not compatible with the calculated austenitization kinetics. Another explanation must be found to understand why Cr changes the austenitization kinetics so much. The velocity of the / interface is proportional to the flux difference at this interface ("entering" minus "leaving" fluxes). To understand how Cr addition slows down the transformation kinetics, we considered the evolution of Δ@ = @ ?/ @ /? , with @ ?/ A 0 and @ /? B 0. The Δ@ curves are classical C-curves, whose intensities are the result of simultaneous evolution of diffusivities and composition gradients. Since it is known that Mn/Cr diffusivities rise with temperature (Figure 4), we will take special interest in the evolution of composition gradients through the study of appropriate phase diagrams. 
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In a phase diagram, the interfacial compositions chosen to respect local equilibrium at an interface are given by the operative tie-lines. Therefore, composition gradients in each phase result from the positions of these tie-lines and their evolutions with temperature. It would be complex and tedious to analyze diffusion paths in each phase diagram at each temperature. According to Figure 8 (a) and (b), Cr affects transformation kinetics the most at around 735°C. Indeed, Mn flux difference on / interface is strongly diminished by Cr addition on the whole temperature range, but especially at this temperature. Individual fluxes must be looked at to understand this behavior.

Figure 8 (c)

shows the evolutions of Mn fluxes in ferrite and austenite on the / interface with temperature. For the FeCMn case, it is obvious from Figure 8 (a) and(c) that for temperatures below 740°C, Δ@ ≈ @ /? , which means that for these temperatures the transformation kinetics is controlled by diffusion in ferrite. Between 740°C and 750°C, @ /?

drops as diffusivities become high enough to equalize the existing composition gradients in ferrite. Then, above 750°C, Δ@ ≈ @ ?/ , showing that diffusion in austenite now controls the transformation kinetics. A sudden growth mode transition has thus been happening between 740°C and 750°C, hence the observed two-step kinetics.

The scenario is different in the +Cr-case. Figure 8 (a) and (c) show that diffusion in ferrite controls the transformation kinetics up to around 800°C, as Δ@ ≈ @ /? below this temperature. Only then does diffusion in austenite become dominant (Δ@ ≈ @ ?/ ). Two conclusions can thus be drawn about Cr effect. On one hand, its addition does not change the austenite growth mode, which still sees a transition between diffusion in ferrite and austenite being the kinetically controlling mechanism. On the other hand, Cr has been affecting Mn flux in ferrite such that the growth mode transition still begins around 740°C (when @ /? starts to decrease) but ends much later (800°C). Since @ /? fades more progressively in the +Cr-case than in the FeCMn case, the transformation kinetics lose their two-step character and become smoother.

Then, the delaying effect of Cr on the transformation can be understood with the evolution of interfacial compositions on / interface (Figure 8 (d)). Considering the FeCMn case, no sudden change in /? can be seen between 740°C and 750°C. This indicates that the growth mode transition does not originate from specific interfacial conditions but indeed from the rise of diffusivities with temperature, progressively erasing the composition gradient Δ in ferrite. For the +Cr-case, /? is increased on the whole investigated temperature range. Therefore, Δ $%&'()'.* B Δ $%&'()* and @ /? is weaker. This implies a slower movement of the transformation interface (Figure 8 (b)) and, in the end, delayed transformation kinetics.

Finally, it is interesting to look at the phase diagrams of the FeCMn and FeCMnCr systems. They are plotted at 735°C in Figure 8 (e) and (f). For the FeCMnCr case, this diagram is plotted at constant carbon activity, as it has been seen that C activity was uniform between ferrite and austenite (Figure 6 (b)). It is seen with these diagrams that Cr consideration mostly affects Δ ? , which is done by having a strong decreasing influence on ?/ . However, since diffusivities are much lower in austenite than ferrite, @ ?/ does not 15/21 vary much and stays low (Figure 8 (c)). In ferrite, Δ does not seem to be strongly altered by Cr addition. Yet, the combination of this small gradient change with high diffusivities in this phase result in a strong variation of Mn flux, as explained previously.

Expected effect of silicon

This study was led without considering silicon, as there is no available mobility data for this element in cementite in MOB2 database. Yet, it is a major constituent of the studied steel. It has to be noted that adding 0.9 wt.% Si in the Thermo-Calc calculations increases Ae1 by ~15°C. This increase is approximately the temperature discrepancy between the calculated and experimental kinetics (FeCMnCr case, Figure 5). Taking Si into account thus might help to optimize the agreement between the calculations and experience. Following that silicon is a ferrite-stabilizer element, Mn interfacial composition in ferrite is expected to be higher with Si consideration. This would reduce Δ and lead to another delay in the transformation kinetics.

Cementite size and chemistry

Three parameters are considered to characterize cementite before austenite formation: its mean radius, Mn enrichment and Cr enrichment. Each parameter was varied individually to observe its influence on austenite formation kinetics. The steel nominal chemistry was kept constant.

For the sake of simplicity, and to prevent the inclusion of too many images in this paper, only one phase diagram will be presented for each varied parameter in the next sections. The diffusion paths of each case will be drawn on this diagram. It is plotted at 735°C with constant carbon activity. The chosen value for E is the one seen at the / interface for the case previously discussed (for which = 14.1 wt.% and = 2.9 wt.%). Therefore, the diffusion paths of other cases do not perfectly superimpose with the diagram.

Effect of cementite Mn initial content

As the nominal chemical composition is fixed, a Mn enrichment of cementite implies that the surrounding ferrite is depleted in Mn (Table 5). Mn enrichment is varied from an arbitrarily low level of 10 wt.% to the orthoequilibrium one (22.7 wt.%), calculated by Thermo-Calc at a temperature just below Ae1. It appears that higher values of not only lead to a reduced mean Mn content in ferrite, but also slightly diminish /? values (Figure 10 (b)). Overall, Δ becomes lower for higher Mn cementite content since the decrease of /? is lower than that of , J6 . As a result, since it is known that @ /? is dominant for most of the transformation, the velocity of the transformation interface decreases. Thus, transformation kinetics is delayed to higher temperatures when cementite Mn content is increased.

Varying from 10 to 22.7 wt.% delays the austenite formation kinetics of approximately 15°C at ? = 0.5. This delay is rather important, as it takes about 90°C in each case to go from ? = 0.1 to ? = 0.9. Mn initial cementite enrichment thus appears as an important parameter regarding austenitization kinetics and should not be neglected. 17/21 

Effect of cementite Cr initial content

Similarly to the previous case, increasing implies that ferrite is depleted in Cr, as nominal composition is fixed (Table 6). Cr enrichment was varied from 2 wt.% to 5.2 wt.%, which is the orthoequilibrium enrichment calculated by Thermo-Calc at a temperature just below Ae1. Following Figure 11 (a), similarly to Mn effect, increasing cementite Cr content delays the transformation kinetics to higher temperatures. Indeed, Δ@ is slightly decreased, thus slowing down the corresponding transformation kinetics (Figure 11 (b)). The diffusion paths in Figure 12 (b) show that when increasing Cr content, /? is also slightly increased.

Consequently, as , J6 is not affected by Cr initial distribution, Δ becomes lower when is increased. Finally, the transformation kinetics is slowed down, as they are primarily decided by @ /? evolution.

Like Mn, the effect of cementite Cr enrichment on transformation kinetics is also rather important. The delay is of about 15°C at ? = 0.5 when increasing from 2 wt.% to 5.2 wt.%. 
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Effect of cementite initial radius

The main consequence of a variation is the modification of the total size of the simulation cell. Volume fraction of cementite is fixed: increasing results in an increase of the ferrite shell thickness. Distances on which elements must diffuse to assist the austenitic transformation are therefore increased, and transformation kinetics will inevitably be delayed by the increase of this parameter, as "more matter" has to be transformed into austenite.

Austenite formation kinetics is deeply altered by a change in (Figure 13 (b)). Maximum intensity for Δ@ is reached at around 710°C for = 20 nm, 740°C for 50 nm (reference case) and 770°C for 80 nm. This variation is a direct consequence of the simulation cell size: the smaller initial cementite radius, the smaller distance Mn must cross in ferrite to equalize its composition gradient. Therefore, diffusivities do not need to be particularly high 19/21 to see this gradient being progressively erased, hence the lower temperature at which Δ@ sees its maximum intensity.

For bigger particles ( = 80 nm), increasing ? of the same amount than for small particles asks for the transformation interface to travel on a larger distance. For that reason, the corresponding transformation kinetics seem to take more time to "start" than for small particles. Temperature has to be increased more than for small particles to start erasing the composition gradient in ferrite. This is related to the transformation interface having to go further to get close to the outer boundary of the simulation cell. This combination of a very high diffusivity (higher temperature) to a still important gradient in ferrite leads to a high maximum intensity for @ /? and, consequently, for Δ@ .

In isothermal cases, increasing the initial radius would lead to a delay in time with a ² dependence, as the diffusion distance is expressed as ² = " O. However, in anisothermal conditions, " becomes a function of temperature. This implies that increasing the cementite initial radius leads to a delay in time with a P /" $ * dependence. During heating, the delay progressively decreases as " $ * also increases. Finally, the transformation kinetics seen for "big-particle kinetics" catch up on the "small-particle kinetics" at high temperatures.

It is noteworthy that since the cementite volume fraction is kept constant, increasing its initial radius is the numerical equivalent to, experimentally, a decrease in austenite nuclei density. What matters most is not the absolute value of cementite radius but the ferrite volume that then needs to be transformed to complete the transformation. This is why cementite radius is such an influential parameter on the transformation kinetics. For larger particles, due to the longer time needed to see the "effective start" of the transformation and the effect of the P /" $ * dependence, the resulting kinetics are non-20/21 monotonous (accelerating and decelerating stages). Therefore, most of the transformation spans on a tighter temperature range than small-particle kinetics, which are more regular. As a result, large particles might be detrimental to a good control of the transformed austenite fraction upon heating. However, thermomechanical treatments needed to obtain smaller particles in the microstructure might lead to other microstructural transformations that could themselves have other effects on the transformation kinetics.

Summary

It has been shown in this study that Cr plays an important role on austenite formation kinetics during heating, as it modifies Mn fluxes in ferrite by changing the positions of operative tie-lines during the transformation, resulting in a weaker Mn flux difference at the transformation interface. Transformation kinetics is thus delayed to higher temperatures. Reasonable agreement between simulated and experimental kinetics can only be obtained if Cr is considered in the calculations.

Three parameters used to characterize cementite before austenite formation (Mn/Cr enrichment, initial radius) have been individually varied to study their effects on austenite formation kinetics during heating. It was shown that Mn and Cr enrichment levels have a relatively high influence on the transformation kinetics (delay of approximately 15°C for from 10 to 22.7 wt.% or from 2 to 5.2 wt.%). Thus, cementite chemistry should be properly considered to accurately predict austenite formation kinetics. Moreover, cementite initial radius is the most influential parameter, leading to dramatic changes on the transformation kinetics. This effect is related to the equivalent change of austenite nuclei density.

Figure 1 -

 1 Figure 1 -(a) SEM micrograph (DINO etching) of the studied steel after 1°C/s heating up to 710°C (Ac1 temperature). Cementite carbides are relatively homogeneously dispersed in the almost 100%recrystallized ferritic matrix. -(b) 2D representation of the chosen spherical DICTRA geometry to simulate austenite growth. The cementite particle is embedded in a ferrite shell.

Figure 1 (

 1 Figure 1 (a) shows the microstructure of the steel after 1°C/s heating up to 710°C, temperature at which austenite starts to form (Ac1 = 710°C). Recrystallization is almost complete. Cementite particles (in white) are homogeneously dispersed in the ferrite matrix. Austenite forms on cementite particles located on grain boundaries. The steel microstructure at T = Ac1 can thus be represented by a simulation cell with a spherical geometry (Figure 1 (b)). A cementite particle of initial radius is embedded in a ferrite shell of thickness .

Figure 2 -

 2 Figure 2 -Calculated chemistry for cementite with Thermo-Calc (TCFE9 database) under forced equilibrium up to 710°C, and initial chemistry of cementite as easured by ICP mass spectrometry (1°C/s heating up to 700°C).

Figure 3 -

 3 Figure 3 -Composition (a,c) and activity (b,d) profiles of C and Mn during heating as calculated by DICTRA. Position of / interface at each temperature is given by the dashed lines in the activity diagrams.

Figure 4 -

 4 Figure 4 -Diffusion coefficients (in m²/s) of C, Mn and Cr in ferrite and austenite as calculated by Thermo-Calc with TCFE9 and MOB2 databases.

Figure 5 -

 5 Figure 5 -Comparison of simulated (FeCMn system) and experimental austenite formation kinetics (by dilatometry).

Figure 6 -

 6 Figure 6 -Composition (a,c,e) and activity (b,d,f) profiles of C, Mn and Cr during heating as calculated by DICTRA. Position of / interface at each temperature is given by the dashed lines in the activity diagrams.
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 6 being the total molar Gibbs energy of the simulation cell and 7 8 the heating rate. As the heating rate is of 1°C/s in the present case,

  be calculated with Thermo-Calc. However, it does not help to explain austenite formation kinetics. Indeed, both Δ <=>> ? $%&'()* and Δ <=>> ? $%&'()'.* are very close to each other between 640°C and 860°C. Moreover,

Figure 7 -

 7 Figure 7 -Evolution of the Gibbs energy dissipation rate for both FeCMn and +Cr cases.

Figure 8 (

 8 a) and (b) give the evolutions of Δ@ and C /? with temperature.

Figure 8 -

 8 Figure 8 -(a) Evolution of Mn flux difference Δ@ at / interface with temperature; (b) Velocity of / interface with temperature; (c) Evolution of Mn fluxes on both sides of / interface with temperature; (d) Evolution of interfacial compositions on / interface with temperature; (e) Partial FeCMn phase diagram at 735°C (zoom on the domain) ; (f) Pseudo-ternary FeMnCr phase diagram (zoom on the domain) at constant carbon activity. Corresponding diffusion paths are drawn in dotted curves.

Figure 9 -

 9 Figure 9 -(a) Effect of initial cementite Mn enrichment on austenite formation kinetics during 1°C/s heating; (b) Mn flux difference seen at the / interface.

Figure 10 -

 10 Figure 10 -(a) Pseudo-ternary FeMnCr phase diagram at 735°C (zoom on the domain) at constant carbon activity. Diffusion paths of each case are drawn. Slight deviations from the / + frontier occur due to different values of carbon activity at 735°C for each Mn content of cementite; (b) Zoom on the + domain.

Figure 11 -

 11 Figure 11 -(a) Effect of initial cementite Cr enrichment on austenite formation kinetics during 1°C/s heating; (b) Mn flux difference seen at / interface.

Figure 12 -

 12 Figure 12 -(a) Pseudo-ternary FeMnCr phase diagram at 735°C (zoom on the domain) at constant carbon activity; (b) Zoom on the + domain.

Figure 13 -

 13 Figure 13 -(a) Effect of cementite initial radius on austenite formation kinetics; (b) Mn flux difference seen at / interface.

Table 1 -

 1 Nominal chemical composition of studied steel. The steel grade investigated in this work was elaborated in ArcelorMittal Research Center in Maizières-lès-Metz, France. Its nominal chemical composition is given in Table

		C	Mn	Cr	Si	Other elements
	[wt.%] [at.%]	0.197 0.9	2.57 2.57	0.306 0.323	0.916 1.79	Al, Nb, Ti, B

Table 2 -

 2 Remarkable temperatures of considered FeCMn and FeCMnCr systems calculated with Thermo-Calc (TCFE9 database).

	[°C]	Fe-C-2.57Mn Fe-C-2.57Mn-0.31Cr
	Ae1	645	648
	Ae3	769	767

Table 3 -

 3 Initial DICTRA conditions at T = Ae1 for the Fe-C-2.57Mn system.

	[wt.%]	C	Mn	Cr
		3.6×10 -3	2.2	-	97.01 vol.%
		6.72	14.1	-	2.99 vol.%

Table 4 -

 4 Initial DICTRA conditions at T = Ae1 for the Fe-C-2.57Mn-0.31Cr system.

	[wt.%]	C	Mn	Cr
		3.3×10 -3	2.22	0.22	97 vol.%
		6.72	14.1	2.85	3 vol.%
	Figure 6 (c,e) and Figure		

Table 5 -

 5 Evolution of initial ferrite Mn content with cementite Mn enrichment (in wt.%).

	F GH I	10	14	18 22.7
		2.35 2.22 2.11 1.96

Table 6 -

 6 Evolution of initial ferrite Cr content with cementite Cr enrichment (in wt.%)

	F LM I	2	2.9	4	5.2
		0.25 0.22 0.19 0.15
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