The influence of the electric current on the diffusion of carbon in an ARMCO iron sample is studied. The sample, placed between two graphite punches, is heated in the intercritical domain (between 736 °C and 912 °C) thanks to Joule heating. The diffusion of C in ferrite induces its transformation into austenite. After cooling, the microstructure of the sample gives information on the transformation fronts positions and C concentration profiles. The transformation front velocity is higher in the direction of the electric current and lower in the opposite direction. To understand and predict this phenomenon, a new model accounting both for the allotropic phase change and the electromigration of C in iron is proposed. Some model parameters are fitted comparing the predicted and the measured interface positions. With these parameters, the simulated C concentration profile is in good agreement with the experimental one.

Introduction

Heat treatments are key processes in metallurgy to tune the microstructure and the resultant mechanical properties for a given application. Conventional thermal treatments are done using radiative and convective heat transfer. They are very time-and energyconsuming. Joule heating (induction heating, Spark Plasma Sintering, etc.) is an interesting alternative method; it includes alternating, direct, continuous and pulsed currents (a.k.a. electropulsing (EP)). Induction furnaces allow fast heating rate (over 100 °C/s) and low thermal inertia. Until recently, thermal treatments assisted by electric current were considered equivalent to conventional heating methods. However, spectacular enhanced kinetics induced by Joule heating have been reported for intermetallic compound growth [1] , phase recrystallization [2] and microstructure changes [3] . Several works [4][5][6] suggest that these phenomena might be due to either the enhancement of defects mobility or the modification of the system Gibbs free energy modification. The interpretation of experimental observations is difficult, mainly because the experimental conditions do not always allow to distinguish the influence of the electric current and the temperature level due to Joule heating. Nevertheless, it is now clear that the electric current has a significant influence on the microstructure evolution in metals and alloys. All the physical phenomena induced by electric current are not fully understood, especially when phase change occurs. However, it opens new routes to tailor new microstructures and to improve the process productivity. Moreover, thanks to the direct Joule heating but also because the electric current allows decreasing the temperature level of thermal treatment, the energy consumption is significantly reduced.

Electromigration (EMG) is a mechanism of mass transfer observed in metals crossed by high electric current densities. In 1861, Gerardin was the first to report observations of this phenomenon as he described the motion of atoms in molten salts under an applied voltage [START_REF] Gerardin | De l'action de La Pile Sur Les Sels de Potasse et de Soude et Sur Les Alliages Soumis à[END_REF] . As might be expected, EMG in solid metals takes place at a much slower rate than in liquid metals. Consequently, for a number of years it was thought that the effect did not occur in solid metals. However, in the early 1930's a number of investigators experimentally demonstrated EMG in solid metals by using sufficiently high current densities and temperatures. Skaupy introduced in 1914 the concept of "electron wind" [8] , which laid the foundation for the understanding of EMG. The electrons flow through a metal submitted to an electric current and collide with metal atoms, resulting in momentum transfer. In the 1950's, Seith & Wever presented the first systematic studies of EMG based on the correlation between the direction of the current flow and the material transport [START_REF] Seith | Zeitschrift für Elektrochemie und Angew[END_REF] . Fiks [10] and Huntington & Grone [11] both proposed the first mathematical formulations of the driving force of EMG:

𝐹 ⃗ = 𝑒𝐸 ⃗⃗ 𝑍 * (1) where 𝑒 is the charge of an electron, 𝐸 ⃗⃗ is the electric field intensity and 𝑍 * is the effective charge of metal atoms. The latter is one of the most important quantity to evaluate the magnitude of electromigration, as it sets the amplitude of the driving force which is the sum of the direct electrostatic force and the electron wind force. Consequently, a drift velocity, 𝑣 𝑑 ⃗⃗⃗⃗⃗, originates from this force and leads to a mass transfer in the direction of the electric field.

The increasing presence of Joule heating in the steel industry motivates the study of the effect of electric current in iron, ferrous alloys and steels. Most thermal treatments of these materials imply heating in the intercritical domain, in which the increase of C concentration leads to the phase transformation of ferrite into austenite. Among the different metallurgical processes, solid (pack) carburizing is used to easily increase the C content and the surface hardness of iron or steel. It is a heat treatment process in which the ferrous material absorbs C while the metal is heated in the presence of a carbonbearing material such as charcoal or carbon monoxide. Thus, it is of utmost importance to study the electromigration of C in both iron phases and the possible influence of the electric current on phase transformation kinetics. However, few data are found in the literature about electromigration C in iron or carbon steels, and only for single phase materials (ferrite or austenite). The effective charge of C in single phase (α or γ) iron was experimentally determined many years ago by Okabe & Guy [12,13] , Nakajima et al. [14,15] and Falquero & Youdelis [16] . They used the steady-state method to determine its value in either ferrite or austenite, at several temperature levels and electric current densities. Nakajima et al. [15] determined the equivalent charge of C in ferrite, 𝑍 𝛼 * , (Figure 1a) for temperature between 550 °C and 850 °C and for current densities between 100 and 900 A/cm². Its value drops from +12.2 at 550 °C to +3.5 at 850 °C. For temperatures higher than 700 °C, 𝑍 𝛼 * scatters between +3 and +4. The uncertainty on the data values is ±0.5 because of the small influence of electric current density on 𝑍 𝛼 * . The effective charge of C in austenite, 𝑍 𝛾 * , at different electric current densities have also been measured for temperatures between 920 °C and 1000 °C (Figure 1b). Its value significantly depends on electric current density, dropping from +14 for low current densities to values around +4 for high current densities. The effect of the temperature level is not clear and a single value of 𝑍 𝛾 * is reported in the intercritical domain (+4.4 at 827 °C with 2900 A/cm² [13] ). Moreover, the influence of electric current on ferrite-austenite phase transformation has not been studied.

In the above-mentioned context, the objective of this work is to study the influence of electric current on the C diffusion in iron with phase transformation in the inter-critical temperature domain. This study focuses on the influence of an electric current on ferrite (Fe-α)/austenite (Fe-γ) phase transformation kinetics occurring in an ARMCO iron sample during a solid carburization experiment. Both experimental and modelling aspects of the electromigration of C in iron are explored. The experimental methodology is first described and solid carburization of an ARMCO iron during Joule heating in a Spark Plasma Sintering (SPS) apparatus is presented. Then a model accounting for the C diffusion, the iron phase change and the influence of the electric current on C diffusion is introduced. This model explains both the polarity effect on C diffusion and the modification of ferrite to austenite phase change kinetics. A detailed sensitivity study is presented to discuss the influence of the different parameters of our model. Lastly, the results of the SPS thermal treatments simulations are compared with the experimental observations (optical microscopy, phase quantification, microhardness indentation) in the framework of the electromigration theory. a b Figure 1. (a) Plot of effective charge of carbon in ferrite 𝑍 𝛼 * vs. temperature T, at different electric current densities (represented with a heatmap color scale). (b) Plot of effective charge of carbon in austenite 𝑍 𝛾 * vs. electric current density (100-3000 A/cm²), at different temperature levels (represented with a heatmap color scale). Data from Okabe et al. [12, 13], Nakajima et al. [14, 15], Falquero & Youdelis [16].

Materials and techniques

A DC current Spark Plasma Sintering apparatus (HPD25 model from FCT System Company) is used to apply an electric current through a sample during a thermal treatment. The temperature of the sample increases due to Joule heating. The temperature level is controlled varying the current density. The current in the sample is pulsed: it is equal to 𝐼 𝑝𝑒𝑎𝑘 during a part Δ𝑡 of the period 𝜏 of the pulse. For all the experiments, a pulsed current with a ratio ∆𝑡/𝜏 = 2/3 and a frequency of 667 Hz. The electric current density is then equal to 𝑗 𝑝𝑒𝑎𝑘 = 𝐼 𝑝𝑒𝑎𝑘 /𝑆, with S the sample cross section. Figure 2 presents the principle of experimental setup and the phenomena induced by C diffusion inside the sample. The ARMCO iron sample is placed between the upper and the lower graphite punches. Two type K thermocouples, 1 mm in diameters are placed in holes 2.5 mm in depth, one near the interface (𝑇 𝐶1 ) and another one (𝑇 𝐶2 ) in the middle of the sample. From the ambient temperature, the sample is heated via the Joule effect to the target temperature in the intercritical domain. The electric current density is regulated so that the temperature 𝑇 𝐶1 follows the imposed thermal cycle. The temperature difference between 𝑇 𝐶1 and 𝑇 𝐶2 reaches a maximum of 15 °C at the beginning of the heating phase and then decreases and does not exceed 2 °C after 2 hours. Therefore, the temperature gradient between the interface and the middle of the sample is not significant. The SPS apparatus measures and stores the root-mean square value of the electric current intensity:

𝐼 𝑟𝑚𝑠 = √ 1 𝜏 ∫ (𝐼(𝑡))²𝑑𝑡 𝜏 0 (2)
During the holding stage 𝐼 𝑟𝑚𝑠 varies between 2.3 and 2 kA. This variation is due to creep deformation which reduces the sample height during the experiment and due to the sample electrical resistivity variation. The punches cooling conditions are not controlled and thus, the electric current depends on the choice of the temperature level. Moreover, the cooling kinetics at the end of the experiment is not controlled but it is measured thanks to the thermocouples; the cooling stage lasts 4.5 min. To ensure a good electric contact, the lower value of the force between the two punches is set to 5 kN equivalent to a pressure of 7 MPa. Above 736 °C, iron is not anymore elastic and deforms continuously [5] under the force applied between the punches. However, if the sample section is larger than 7 cm², the deformation becomes lower than 10% at 950 °C during 7 hours. Moreover, the heat source due to Joule effect induces temperature gradients in the sample. To minimize these temperature gradients, the sample has the shape of a hollow cylinder which inner diameter, 𝑑 𝑖 , outer diameters, 𝑑 𝑜 , and height, ℎ, are equal to:

𝑑 𝑖 = 40 mm, 𝑑 𝑜 = 50 mm and ℎ = 6 mm. In order to decorrelate the influence of the electric current and the thermal diffusion, carburization experiments were also realized without Joule heating. A specific radiative heating furnace was used in which the sample is placed between two punches (top and bottom) which apply the same pressure than in the SPS apparatus. Due to the heating process, the sample is now a cylinder which is 1 cm in diameter and 1 cm in height but the top and bottom surfaces were prepared with the same procedure than for SPS experiments.

Our work aims to analyze the electromigration of C in iron related with phase transformation. Considering the Fe-C thermodynamic diagram (Figure 3), C might significantly diffuse in iron in the intercritical domain (temperature between 736 °C and 911 °C). So, three target temperatures were chosen: 775 °C, 825 °C and 875 °C. In the intercritical domain, C diffusion promotes ferrite to austenite transformation leading to an austenite/ferrite interface (figure 2). Due to the drift velocity induced by electromigration, we expect different C diffusion depth from these two interfaces. The former literature results on electromigration of C in Fe combined with the prediction model described in section 4. allow to estimate that a 7 hours long isothermal treatment would lead to a significant diffusion depth and a significant difference between the diffusion depths between the anode and the cathode. Despite the thickness of the interface between ferrite and austenite is of the nanometer scale, it is represented as a thick interface on the figure 2 in order to identify the characteristic values of the C concentrations. A microstructure gradient after cooling is expected due to the austenite transformation into ferrite and pearlite. Identifying the ferrite/austenite phase change front and the pearlite concentration profile will then give us information about C diffusion during the electro thermal treatment. This is the key point of this experimental methodology: a simple optical observation of the microstructure allows to extract information about the phase change front position and the C concentration in austenite. This analysis method is possible only because the phase change during the thermal treatment give rise to a significant microstructure change after cooling. It is much simpler than using C 14 concentration profile as used in previous studies [12][13][14][15][16] .

To ensure C diffusion from graphite to iron, the contacting surfaces have to be polished (SiC grinding paper with grade down to 4000, polycrystalline diamond suspensions with particles 6 µm, 3 µm and 1 µm in size). At the end of each experiment, the samples have been cut and the sections have been polished and chemically etched with NITAL solution (4% nitric acid solution in ethanol) during few seconds in order to reveal their microstructure. Optical images of the sample's microstructure are used to identify the phase change front position. Microhardness indentation and phase quantification are also used to evaluate the C distribution after experiment. Vickers hardness measurements were performed on a Buehler machine with a load of 0.2 kg and a step of 25 µm between indentations in staggered rows to draw hardness profiles along the samples. The uncertainty on hardness measurements is 10 HV0.2. Image analysis of binarized experimental microstructures is used to quantify pearlite and ferrite phases fraction, 𝑓 𝑝 and 𝑓 𝑓 respectively (𝑓 𝑝 +𝑓 𝑓 =1), function of the distance from the electrodes (Carbon/Iron interfaces). We assume here that measured volume fractions are equal to mass fractions 𝑓 𝑝 and 𝑓 𝑓 (the error associated to this assumption is less than 1%, far below the uncertainty of volume fraction measurements). We assume that at first order the carbon concentration in pearlite and in ferrite are equal to 𝐶 𝑝 = 0.77 𝑤𝑡% and 𝐶 𝑓 = 0.02 𝑤𝑡% respectively [START_REF] Goldbeck | Iron-binary phase diagrams[END_REF] . The corresponding carbon concentration is then calculated as:

𝐶 𝐶 = 𝑓 𝑝 𝐶 𝑝 + 𝑓 𝑓 𝐶 𝑓 (3) Figure 3. Schematic Iron-Carbon phase diagram. The boundary condition 𝐶 0 of the C concentration at the interface is determined by the equilibrium concentration between C graphite and Fe at a given temperature. The intercritical domain of temperature is filled in orange.

Experimental results

3.1.Thermal treatments with electric current

Figure 4 shows the microstructure near the cathode and the anode interface respectively, obtained after the treatments. The NITAL chemical etching reveals the microstructure of the iron sample. As expected, three zones appear. Two of them are close to the interfaces made of pearlite and ferrite mixture corresponding to the former austenite before cooling down to ambient temperature. The pearlite content decreases when the distance from the interface increase since the C concentration decreases. As ARMCO iron is almost pure (99.98%), and as the cooling rates are slow, no residual austenite or martensite is observed. The third zone is the central zone: it is made of large ferrite grains that have not been transformed in austenite during the thermal treatment because the C concentration remained low enough. As can be seen on the figure 4, the interface between these zones are really sharp. Then it is possible to identify the positions of the former austeniteferrite transformation fronts before cooling. Figure 4. Image of the sample's microstructures perpendicular to the C diffusion direction after a thermal treatment in SPS at 775 °C, 825 °C and 875 °C for 7 hours. For each temperature, the electric current density is given in table 1. Table 1 Experimental phase change front positions (± 10 µm) measured after thermal treatments, corresponding C diffusion coefficients and equivalent charge of C in austenite.

Table 1 gathers the measurements of phase change front positions resulting from the SPS experiments. The thickness of the sample affected by the carbon diffusion is larger for higher temperature: the mean value of the front's displacement, 〈𝑑〉, equal to (233 ± 10) µm at 775 °C and increases up to (955 ± 10) µm at 875 °C. The displacements of the phase change fronts measured from the anode and from the cathode are different for all experimental temperatures. Indeed, the difference between the fronts' displacements, 𝜎 𝑑 , increases with the temperature, soaring from (45 ± 10) µm at 775 °C to (450 ± 10) µm at 875 °C. The main conclusions from the experimental observations are the following: 

K=D g /D Agren
1,00±0,04 0,17±0,13 0,69±0,02 0,18±0,07 0,73±0,01 0,43±0,06 0,42±0,07 0,39±0,05 0,31±,06

Z * g 17±4 --- 25±2 --- 39±1 --- --- --- --- 775 
825 875 0 -Our experiments showed that the ferrite to austenite phase transformation kinetic is faster in the direction of the electric current (from the anode to the cathode) and hindered in the opposite direction. This is expected with the electromigration phenomenon since the drift velocity is in the same direction as the electric current if 𝑍 * > 0. -The difference of front displacements from anode and cathode also increases when the temperature increases. This is also expected since this difference is mainly due to the drift velocity which is proportional to the diffusion coefficient (Eq. ( 13) demonstrated in section 4). The positions of these fronts on the anode and the cathode sides reveals the influence of the electric current on the C diffusion during the heat treatment with Joule effect.

3.2.The mean values of the front displacements increase with higher temperature as expected since diffusion is a thermally activated phenomenon. Thermal treatment without electric current

Figure 5 shows the sample's microstructure after the same thermal treatments (temperature, duration) than in the SPS. Three more treatments were realized at 875 °C for duration ranging from 1 to 5 hours. The thickness of the zone which has been transformed in austenite during the thermal treatment can also be easily identified and measured (table 1). In these conditions (radiative heating without electric current), the thickness should be the same on both sides of each samples. This is not the case, which means that the quality of the interface between graphite and iron is not reproductible. However, despite the variability of the interface, comparing results for thermal treatment with no electric current and the one with current, two conclusions arise:

-The mean value of the phase change fronts displacements, 〈𝑑〉 , is significantly lower compared to the one obtained when the sample has been heated by Joule effect in the SPS. We may then expect that the electric current influence the diffusion coefficient of C in iron. This assumption will be confirmed in section 4 thanks to simulations. -Without electric current, 𝜎 𝑑 (bottom front position minus top front position) is either negative or positive. So there is a clear influence of the electric current on 𝜎 𝑑 at 875 °C (𝜎 𝑑 =450 µm in SPS versus -110 µm in the radiative furnace). At lower temperatures (775°C and 825 °C), the order of magnitude of the absolute value of 𝜎 𝑑 is the same with and without electric current, but 𝜎 𝑑 is systematically positive with electric current which confirm the directional influence of the electric current on the C diffusion. As the directional effect of the electric current is due to the equivalent charge of C in iron (Eq. 1), it is thus clear that its determination will suffer of larger uncertainties at low temperature than at high temperature due to the varying quality of the graphite/iron interface from one sample to another (despite following identical surface preparation). Figure 5. Image of the sample's microstructures perpendicular to the C diffusion direction after a thermal treatment in a radiative furnace at 775 °C, 825 °C and 875 °C for 7 hours. To interpret these experimental observations, a model accounting for the allotropic phase change and the electromigration of C in iron is presented here after. The objective is to predict the microstructure evolution during the carburization of iron assisted by electric current by fitting diffusion and electromigration parameters in this model.

Model of C diffusion in iron with electromigration

A recently developed model was proposed by Mathevon et al. to predict austenite-ferrite transformation kinetics in steels [START_REF] Mathevon | [END_REF] . It is built on the prediction of diffusion and concentration profiles for all elements in iron in the whole domain, including the phase transformation interface volume. The ferrite/austenite interface is displaced to minimize the Gibbs energy of the system calculated thanks to thermodynamic data extracted from Thermocalc TCFE6 database. This model has been modified in order to account for the influence of the electric current on the C diffusion.

In most existing theories of the electric current-induced mass transfer, the driving force for electromigration comprises two components, one is the direct force 𝐹 𝑑 from the external current stress causing the columbic force, and the other is the "electron wind" force 𝐹 𝑤 from the momentum transfer of electrons colliding with ions. The associate models originate from Fiks [10] and Huntington & Grone [11] first mathematical formulations who treated the electron wind force with a ballistic approach (collisions between mobile points defects and charge carriers). Assuming a 1D geometry along x direction, Equation 4gives the equivalent force exerted on an atom:

𝐹 𝑑 + 𝐹 𝑤 = 𝑒𝑍 * 𝐸 (4) With 𝐸(𝑥, 𝑡) = - 𝜕𝜙(𝑥,𝑡) 𝜕𝑥 = 𝜌(𝑥)𝑗(𝑡) (5) 
𝑒 is the Coulomb charge, 𝐸 the electrical field, 𝜙 the electrostatic potential, 𝑗 the current density and 𝜌 the electrical resistivity. 𝑍 * is the atomic equivalent effective charge of the atoms submitted to the electric current density. It sets the scale of the driving force as the balance between the direct electrostatic force and the electron force. It is one of the most important quantity to evaluate the magnitude of electromigration.

The continuity equation associated with the Fick's law gives the diffusion equation in 1D controlling the distribution of C [19] :

𝜕𝐶(𝑥,𝑡) 𝜕𝑡 = ∂ ∂𝑥 (𝐶(𝑥, 𝑡) 𝐷(𝑥) 𝑅𝑇 𝜕𝜇(𝑥) 𝜕𝑥 ) ( 6 
)
where 𝐶 is the concentration of carbon, 𝑇 is the temperature, 𝐷 is the diffusion coefficient of carbon, 𝑅 is the ideal gas constant, 𝜇 is the electrochemical potential of carbon.

Assuming an ideal dilute solution of carbon in iron, at a given temperature, the electrochemical potential of C in a dilute solution submitted to an electric field can be written as [START_REF] Albrecht | Engineered Nanopores for Bioanalytical Applications: A Volume in Micro and Nano Technologies[END_REF] (in molar unit) 𝜇(𝑥) = 𝜇 0 (𝑥) + 𝑅𝑇 ln 𝐶(𝑥) + 𝐹𝑍 * (𝑥)Φ(𝑥, 𝑡) 

where 𝐹 is the Faraday constant, defined as the product of the Coulomb charge 𝑒 and the Avogadro constant 𝑁 𝐴 : 

𝐹 = 𝑒𝑁 𝐴 (9) 
Thanks to the second term of the right-hand side, this equation can be used in the whole volume of the system (volume between the two electrodes on figure 2) and remains valid in austenite and ferrite phases and in the interface region of width 𝛿 between these two phases. The experimental results show that the austenite/ferrite interface is quite sharp. Moreover, we do not have any experimental evidence of the real interface thickness. Thus, the interface thickness 𝛿 is set to 10 µm. This value is not especially related to the experimental uncertainties of the position of the interface. This value is a compromise between the numerical accuracy and the computational time. We indeed checked that the results do not depend on the interface thickness 𝛿. In austenite and in ferrite, the chemical potential µ 0 is constant, so its derivative is equal to 0. However, in the interface, we assume that µ 0 varies linearly between its value in austenite on one side and in ferrite on the other side (𝜇 𝛼 0 and 𝜇 𝛾 0 respectively). The numerous defects at the interface between ferrite and austenite, this enhance the C diffusion in this region. Thus we choose to set the C diffusion coefficient in the interface equal to the one in ferrite, which is always faster than the diffusion in austenite [START_REF] Mathevon | [END_REF] . The effective charge of C in iron is constant with different values, 𝑍 𝛾 * in austenite and 𝑍 𝛼 * in ferrite. In the interface, the effective charge is simply given by the average

𝑍 𝛼+𝛾 * = 𝑍 𝛾 * + 𝑍 𝛼 * 2 (11) 
With the above assumptions and assuming constant properties on each phase, equation 10 combined with equation 5 gives rise to equation 12, in which the drift velocity due to the electric field 𝑣 𝑑 which has already been introduce by [START_REF] Ho | [END_REF] appear (equation 13). 𝑣 𝑑 is a convenient parameter to interpret the experimental results. 

With

𝑣 𝑑 = 𝐷𝑍 * 𝑅𝑇 𝐹𝐸 (13) 
The diffusion equation (Eq. 10) is solved using 1D implicit Finite Difference scheme. The choice of the numerical scheme and the final discretized equation are given in the appendix. The advantage of this approach lies in the fact that a single equation is used to solve the C diffusion in the whole domain of interest, including the austenite, the ferrite and the interface regions. In our experiments, as iron is carburized in the intercritical domain (the temperature T is lower than 911°C and higher than 736 °C) then, C first diffuses in -iron; when the C has saturated -iron then it transforms into g-iron.

The phase change and interface migration are based on Gibbs Energy Minimization [START_REF] Mathevon | [END_REF] . At each time step, the carbon concentration profile is calculated for three configurations: a-the interface does not move; b-the interface moves on step forward and c-the interface moves one step backward.

From the concentration profile of each configurations, the Gibbs energy is calculated and the configuration which exhibits the lowest Gibbs energy is used for the next time step.

Simulation set-up

The numerical solution of the model has been implemented for two ferrite/austenite interfaces to simulate iron carburization as experimented in SPS and represented in Figure 2. A rectangular cross-section sample is represented initially as ferrite with a small fraction of austenite at both ends; two ferrite/austenite interfaces are placed between the two phases. The electric current is directed along increasing abscissa 𝑥. The anode corresponds to the position 𝑥 = 0 and the cathode is at the position 𝑥 = 𝐿. The austenite fraction grows as the C diffuses through existing austenite, reaches the 𝛼/𝛾 interface and enriches the ferrite near this interface.

All the results are detailed for the simulations of the Joule effect treatments as described before. The simulation parameters are:

the sample is 4 mm long with a rectangular cross-section, S, of 7 cm².

the electric current density through the sample is given in Table 1.

the thickness of the ferrite/austenite interfaces is equal to 𝛿 = 10 µm.

the effective charges of C in iron are 𝑍 𝛼 * in ferrite and 𝑍 𝛾 * in austenite. A first guess for these values is taken from Figure 1(a) depending on the temperature level in ferrite and current density in austenite.

-The carbon concentration at the boundary nodes (the boundary with electrodes on figure 2) is set equal to the maximum value of carbon concentration in austenite (𝐶 0 on Figure 3, values in table 2). -The diffusion coefficients depend on the temperature and the carbon concentration. They are calculated at each node from equations proposed by Ågren in ferrite [22] and austenite [23] (equations 14 and 15).

𝐷 𝛼 = 0.02 m 2 s × exp [- 10115 K 𝑇 ] exp {0.5898 [1 + 2 π arctan (1.4985 - 15309 K 𝑇 )]} ( 14 
)
𝐷 𝛾 = 4.53 m 2 s × 10 -7 [1 + 𝑦 𝐶 (1 -𝑦 𝐶 ) 8339.9 K 𝑇 ] × exp {-( 1 K 𝑇 -2.221 × 10 -4 )(17767 -26436𝑦 𝐶 )} (15) 
with

𝑦 𝐶 = 𝑥 𝐶 1-𝑥 𝐶
, 𝑥 𝐶 being the mole fraction of C and 𝑇 the temperature in K.

-The electrical resistivity also depends on the C concentration. Its value is calculated using equation 16 [START_REF] Yafei | 4th IEEE Conference on Industrial Electronics and Applications[END_REF] :

𝜌(𝑇, 𝐶) = 𝛼 + 𝑏 1 𝑇 + 𝑏 2 𝑇 2 + 𝑏 3 𝐶 

4.2.Model parameters sensitivity study

The influence of our model parameters (the effective charges and the diffusion coefficients of C in iron phases) is examined in a multi-parameter study. Table 3 gathers the results of the "One-At-a-Time" sensitivity study on the influence of these parameters on the phase change kinetics obtained for 7h carburization simulated at 775, 825 and 875 °C. Simulations were first done with initial input parameters as described in section 4.1 and the resulting mean displacement 〈𝑑〉 and difference of displacement 𝜎 𝑑 of the two α/γ interfaces are recorded as nominal output values. When one input parameter is modified, the output values change consequently. The impact of the model parameters on the carburization kinetics simulated are expressed by the sensitivity coefficients. They are calculated as follows:

𝜕 ( 𝛥𝑜𝑢𝑡 𝑜𝑢𝑡 ̅̅̅̅̅ ) 𝜕 ( 𝛥𝑖𝑛 𝑖𝑛 ̅ ) ( 17 
)
where 𝛥𝑜𝑢𝑡 is the variation of the output value (mean 〈𝑑〉 or difference of displacement 𝜎 𝑑 , in µm) stemmed from 𝛥𝑖𝑛 the variation of the input parameter (for example the diffusivity of C in ferrite 𝐷 𝛼 ), when out ̅̅̅̅ and in ̅ are the nominal values (in µm) of the output and input parameters respectively. Table 2 Values of the C concentration on the phase change interface in ferrite (C2 ) and in austenite (C1 ) and between austenite and graphite (C0 ). Values calculated with Thermocalc TCFE6 database for the Iron / graphite system. The sensitivity study is used to set up a methodological approach to identify the most important parameters. The first conclusion from the sensitivity coefficients in Table 3 is that only the diffusion coefficient in austenite 𝐷 𝛾 has a significant influence on the mean displacement of the interfaces 〈𝑑〉. Diffusion kinetics on both anode and cathode sides are faster with a higher 𝐷 𝛾 allowing C to reach quickly the interfaces. The diffusion of C in austenite is critical for the carburization kinetics because C atoms have to diffuse through austenite to reach the interface and then to enrich ferrite.

Secondly, it appears that all model parameters have a significant influence on the difference of displacement 𝜎 𝑑 between anode and cathode interfaces. The sensitivity coefficients for the diffusion coefficient in ferrite 𝐷 𝛼 and the effective charge of C in ferrite 𝑍 𝛼 * are negative; they are positive for the diffusion coefficient in austenite 𝐷 𝛾 and the effective charge of C in austenite 𝑍 𝛾 * . The drift velocity of carbon 𝑣 𝑑 is proportional to the product of 𝐷, 𝑍 * and 𝜌 (Eq. 13). On one hand, higher parameters in ferrite lead to a smaller 𝜎 𝑑 due to a greater drift velocity of carbon in ferrite 𝑣 𝑑 𝛼 . It allows more C to migrate from the anode to the cathode sides and emphasizes the phase transformation kinetic on the cathode. On the other hand, higher parameters in austenite lead to a wider 𝜎 𝑑 . In this case, both the diffusion and the electromigration of C in austenite are enhanced (through 𝑣 𝑑 𝛾 ). Thus, C atoms reach quickly the α/γ interface on the anode side and the phase transformation is enhanced. Our model and its sensitivity study reveal that the drift velocity leads the C diffusion and the carburization kinetics during a heat treatment assisted by electric current.

From this sensitivity study, we define a methodology to fit the model parameters: the diffusion coefficient of C in austenite 𝐷 𝛾 is the first to be adjusted in order to well represent the mean value of α/γ interfaces displacement, 〈𝑑〉. This first step implicitly assumes that the electric field may influence the diffusion coefficient of C in iron despite no physical phenomena to explain this influence have been identified. As the C diffusion in Fe depends on the C concentration (Eq. 15), the diffusion coefficient proposed by Agreen [23] is then multiplied by a factor K. -Then, from the interface displacement difference, 𝜎 𝑑 , three parameters remain to be identified: 𝑍 𝛼 * , 𝑍 𝛾 * and 𝐷 𝛼 . Considering the Figure 1(b), 𝑍 𝑎 * slightly depends on the temperature level and on the current density, it is then considered constant and equal to +3.5. As the influence of 𝐷 𝑎 * is lower than the one of 𝑍 𝛾 * , then we assume that the diffusion coefficient in ferrite is not influenced by the electric current. Thus, the interface displacement difference, 𝜎 𝑑 , allows identifying the equivalent charge of C in austenite 𝑍 𝛾 * .

The experimental methodology and the model lead us to assume that the electric field may have an influence on the diffusion coefficient of C in austenite. This is a new assumption that have never been considered in previous studies in which only the equivalent charge of C in iron has been identified [12][13][14][15][16] . However 𝐷 𝛾 and 𝑍 𝛾 * are the two parameters that have the largest influence on the measured quantities (〈𝑑〉 and 𝜎 𝑑 ), then we may at least have a first trend of the influence on the electric current on these parameters.

4.3.Simulation results

The model has first been used to simulate the C diffusion and phase change in the sample treated in the radiative furnace, i.e. without electric current. As a result, the mean value of the phase change front displacements 〈𝑑〉 were overestimated. As 〈𝑑〉 mainly depends on the C diffusion coefficient in austenite, the diffusion coefficient in austenite had then been multiplied by a factor K (table 1) to get the same value of 〈𝑑〉 than experimentally. As a conclusion, when there is no electric current, accounting for the variability of the quality of the graphite/iron interface, the diffusion coefficient in austenite is significantly lower than the one proposed by Agreen [23]. The initial composition and microstructure of the ARMCO iron, might explain the difference. Thermal treatments were realized during different durations (1, 3, 5 and 7 hrs) at 875 °C. As can been seen in table 1, the diffusion coefficient of C in austenite slightly decreases when the duration of the thermal treatment increases. This might be explained by the fact that the interface quality between graphite and iron changes during the thermal treatment.

Then, thanks to the results of the sensitivity study, 𝐷 𝛾 and 𝑍 𝛾 * have been determined (table 1) for the treatment in the SPS, i.e. with electric current:

-𝐷 𝛾 is first fitted setting 𝑍 𝑎 * = 𝑍 𝛾 * = 0. The dashed line (fig. 6) represents the kinetic of the phase change front in this condition and the final position correspond to the experimental value of 〈𝑑〉. The phase change front position is determined from the C concentration profile. These profiles have been plotted on figure 7 (black lines) for T = 825 °C at different time. The positions of the ferrite/austenite phase transformation interfaces correspond to the C concentration gaps, dropping from around 0.25 to 0.01 wt.% C in austenite and ferrite respectively.

-With the fitted value of 𝐷 𝛾 , 𝑍 𝑎 * is set to 3.5 and 𝑍 𝛾 * is then determined to find the same value of 𝜎 𝑑 than experimentally. The position of the austenite/ferrite interface is determined by the same way than for the first stage of the fitting procedure. However, as the C atom has a positive charge, the kinetic of the austenite/ferrite near the anode is faster than the one near the cathode (figure 7, red curves). The plain curves on figure 6 represent the simulated interfaces positions kinetics and compare the final positions with the experimental values.

Figure 7 also shows an interesting feature of the C diffusion. As C diffuses into Iron, C enrichment becomes high enough to allow ferrite to austenite transformation even if all the ferrite has not been saturated (curve for t=1 h). This is due to the assumption that the C concentration at the interface with graphite is equal to the maximum value of C concentration in austenite (C0). To check this assumption, the final simulated C concentration profile is compared to the experimental one. Results for T = 825 °C are shown on figure 8. Image analysis of experimental microstructures was used to quantify pearlite and ferrite phases distribution and calculate the corresponding carbon content. Electron Probe MicroAnalysis (EPMA) was also carried out to obtain the carbon content in C-rich areas (first 300 µm on both sides). Vickers micro-hardness measurements were also performed (weight = 0.2 kg, step = 25 µm). The experimental positions of the ferrite/austenite phase transformation interfaces are easily identified by the C concentration gap dropping between 0.25 and 0.01 wt.% C corresponding to the values of C1 and C2 of table 2 at 825 °C. The austenite ferrite interface can also be identified but with a lower accuracy looking at the microhardness gap dropping from around (150 ± 10) to (90 ± 10) HV0.2. These observations are coherent with the microstructures observed on figure 4. The agreement between the image analysis technic and EPMA is excellent far enough from the anode and cathode where ferrite and pearlite are both present. Near the electrodes, the pearlite fraction is so high that image analysis is less accurate and underestimates the C concentration. EPMA is the most accurate technique for high C concentration. The simulation results give the same trend than the experimental one, but slightly overestimate the C concentration. This might be due to the choice of the boundary condition. Using the experimental value of the C boundary concentration leads to an increase of the diffusion coefficient between 5% and 10% depending on the temperature level. However, this does not change the difference observed between the diffusion coefficient with and without electric current. 

Discussion conclusions

An original experimental methodology to study the electromigration of C in iron with phase change is proposed. ARMCO iron samples were submitted to solid carburization during a thermal treatment using Joule heating. As C diffuses and enriches the sample during the heat treatment, initial ferrite transforms into austenite. The carburization of iron in the intercritical domain allows an easy observation of the interface of ferrite/austenite phase transformation and the microstructure after cooling. The C diffusion is enhanced in the direction of the electric current and hindered in the opposite direction, due to the electromigration phenomenon. The influence of the electric current on the C diffusion leads to different positions of the ferrite/austenite interface from the anode and from the cathode; this asymmetry increases with the temperature level.

C diffusion and iron phase transformation model has been developed accounting for the electromigration phenomenon. It is used to predict the kinetics of ferrite/austenite interface displacement and the C distribution resulting from the carburization of the ARMCO iron, with or without electric current. From the sensitivity study it has been chosen to fit two parameters: the diffusion coefficient and the equivalent charge of C in austenite 𝐷 𝛾 , and 𝑍 𝛾 * . In this configuration, carburization with phase change, these two parameters can be identified separately. In previous studies [12 -16] of C electromigration in a single solid phase, 𝐷 𝛾 have been considered constant and 𝑍 𝛾 * is identified from the C concentration profile: the two parameters cannot be identified separately since their influence is correlated through the drift velocity.

As seen on Figure 1(b), the values of 𝑍 𝛾 * previously reported in the literature are scattered and fluctuate from +7 to +15 for a similar current density (around 370 A/cm²).

Our results for 𝑍 𝛾 * are higher than these values: 𝑍 𝛾 * increases from (+17 ± 4) at 775 °C to (+39 ± 1) at 875 °C. Actually, the data available in the literature concerns fully austenite specimens and the influence of the electric current on the C diffusion coefficient in austenite has not been considered. Moreover our study concerns iron transforming from ferrite to austenite. The effective charge of C is indeed "effective" as it is a physical parameter to represent the apparent behavior of C submitted to an external electrical force while iron experiences phase change.

The electric current significantly increases the C diffusion coefficient in austenite. The influence of the electric current is more important at low temperature (table 1): the carbon diffusion coefficient in austenite has been multiplied by almost 6 at 775°C, 4 at 825 °C and 2 at 875 °C which is much beyond the uncertainties due to the experimental conditions (mainly the quality of the graphite/iron interface) and the assumptions for the model.

This study clearly shows that two phenomena occur in an iron-carbon alloy during a thermal treatment with Joule heating: electromigration and enhancement of diffusion. Electromigration has already been characterized either in ferrite or in austenite [12 -16]. In these conditions it has been assumed that electric current does not influence C diffusion. In our conditions, carburization of iron inducing phase change, the two effects can be evaluated despite the experimental uncertainties and model assumptions. However, an independent evaluation of these two effects would be quite interesting. This might be done using alternative electric current instead of pulsed direct current or direct continuous currents. Indeed, with alternative direct current, only the influence of the electric current on the diffusion coefficient would remain, since the directional electromigration phenomenon would be neutralized. Also, the use of iron alloy with a lower value of Ae1 would allow to study C electromigration in austenite without the phase change. This will give rise to further studies.

Acknowledgments

The equation to be solved is equation 10 which is recalled below, rename A1 here The products CD are calculated with equation A8.

Equation A1 to A10 are discretized equations, which are implicit for the concentration.

They lead to a tridiagonal matrix system solved using Thomas's Algorithm [START_REF] Condé | Elementary Numerical Analysis : An Algorithmic Approach[END_REF] which is quite efficient from a computational point of view. As for every discretization scheme, the time step and space step are chosen small enough such that the results do not depend on their specific values. The space step is fixed and equal to 1 µm during the whole simulation. The time scale has to be varied during the simulation from small increment (µs) during the initial stages of the simulation to much larger one (100 s) at the end of the simulation. The value of the time step actually depends on the phase change front kinetic.

Two issues have to be discussed for the evaluation of the electrostatic potential at each node i and each time t:

-The first one is related to the time step. The electrostatic potential is link to the instantaneous electric current density. As explained in section 3, the electric current is pulsed at a frequency of 667 Hz. Considering this frequency, the use of the instantaneous value of the electric current density to describe electromigration would lead to huge computational duration. So, we assume that a continuous current density given rise to the same Joule effect (same electron matter interactions) than the pulse current density has the same influence on electromigration. This continuous current is actually the rms value of the instantaneous current. We checked a posteriori that the results are the same (not significantly different, considering numerical resolution) using the instantaneous value of the electric current and it rms value.

Figure 2 .

 2 Figure 2. Principle of carburization during SPS thermal treatment with phase transformation inside an ARMCO iron sample. The cross-section of an ARMCO iron ring is represented (vertical axis symmetry) and stretched for more clarity. C concentrations 𝐶 0 , 𝐶 1 and 𝐶 2 are linked to the Fe-C phase diagram (Figure 3).Figure2presents the principle of experimental setup and the phenomena induced by C diffusion inside the sample. The ARMCO iron sample is placed between the upper and the lower graphite punches. Two type K thermocouples, 1 mm in diameters are placed in holes 2.5 mm in depth, one near the interface (𝑇 𝐶1 ) and another one (𝑇 𝐶2 ) in the middle of the sample. From the ambient temperature, the sample is heated via the Joule effect to the target temperature in the intercritical domain. The electric current density is regulated so that the temperature 𝑇 𝐶1 follows the imposed thermal cycle. The temperature difference between 𝑇 𝐶1 and 𝑇 𝐶2 reaches a maximum of 15 °C at the beginning of the heating phase and then decreases and does not exceed 2 °C after 2 hours. Therefore, the temperature gradient between the interface and the middle of the sample is not significant. The SPS apparatus measures and stores the root-mean square value of the electric current intensity:

Equations 6 and 8

 8 lead to the diffusion equation of C: ,𝑡)𝐷(𝑥)𝐹 𝑅𝑇 𝜕(𝑍 * (𝑥)Φ(𝑥,𝑡)) 𝜕𝑥 )

  concentration 𝐶 in weight percent, the temperature 𝑇 in °C, 𝛼 = 6.51 × 10 -8 Ω. m, 𝑏 1 = 4.74 × 10 -10 Ω. m. °C-1 , 𝑏 2 = 8.89 × 10 -13 Ω. m. °C-2 and 𝑏 3 = 1.22 × 10 -7 Ω. m. (wt%) -1/4 .

Figure 6 .

 6 Figure 6. Comparison of simulation predicted kinetics (curves) and experimental SPS results (points) after 7 hours, from the anode and from the cathode. Experimental measurements are displayed with the same color code for the temperature. Only one point of the experimental kinetics is displayed at the end of the thermal treatment (7 hours): plain triangles pointing either up or down are for the final phase change front positions at the anode and at the cathode respectively. The circles show the experimental mean positions of the phase change fronts.To check this assumption, the final simulated C concentration profile is compared to the experimental one. Results for T = 825 °C are shown on figure8. Image analysis of experimental microstructures was used to quantify pearlite and ferrite phases distribution and calculate the corresponding carbon content. Electron Probe MicroAnalysis (EPMA) was also carried out to obtain the carbon content in C-rich areas (first 300 µm on both sides). Vickers micro-hardness measurements were also performed (weight = 0.2 kg, step = 25 µm). The experimental positions of the ferrite/austenite phase transformation interfaces are easily identified by the C concentration gap dropping between 0.25 and 0.01 wt.% C corresponding to the values of C1 and C2 of table 2 at 825 °C. The austenite ferrite interface can also be identified but with a lower accuracy looking at the microhardness gap dropping from around (150 ± 10) to (90 ± 10) HV0.2. These observations are coherent with the microstructures observed on figure4. The agreement between the image analysis technic and EPMA is excellent far enough from the anode and cathode where ferrite and pearlite are both present. Near the electrodes, the pearlite fraction is so

Figure 7 .Figure 8 .

 78 Figure 7. Carbon profiles from simulation of 1-, 3-and 7-hours carburization at 825 °C.In red: thermal diffusion alone; In black: thermal diffusion and electromigration are accounted for. The red dashed lines show the final experimental austenite/ferrite interface positions.

  discretized considering the discretization scheme below at each node i: And for the last term of equation A1:

  

  

  

  

  

Table 3

 3 Sensitivity coefficients on diffusion and electromigration parameters

	𝑇 (° C)	775	825	875	𝑇 (° C)	775	825	875
	Sensitivity coefficients of 〈𝑑〉 (output)	Sensitivity coefficients of 𝜎 𝑑 (output)
	𝜕 ( Δ〈𝑑〉 〈𝑑〉 𝜕 ( Δ𝐷 𝛼 𝐷 𝛼 ) )	1.4x10 -4	9.5x10 -3	8.6x10 -4	𝜕 ( 𝜕 ( Δ𝐷 𝛼 Δ𝜎 𝑑 𝜎 𝑑 𝐷 𝛼	) )	-1.4 -7.0x10 -1 -4.0x10 -1
	𝜕 ( Δ〈𝑑〉 〈𝑑〉 𝜕 ( Δ𝐷 𝛾 𝐷 𝛾 ) )	5.0x10 -1	5.0x10 -1	5.0x10 -1	𝜕 ( 𝜕 ( Δ𝐷 𝛾 Δ𝜎 𝑑 𝜎 𝑑 𝐷 𝛾	) )	2.6	1.6	1.4
	𝜕 ( Δ〈𝑑〉 〈𝑑〉 𝜕 ( Δ𝑍 𝛼 * 𝑍 𝛼 * ) )	-2.9x10 -4	6.5x10 -4	1.6x10 -3	𝜕 ( 𝜕 ( Δ𝑍 𝛼 Δ𝜎 𝑑 𝜎 𝑑 𝑍 𝛼 * ) ) *	-1.4 -6.0x10 -1 -4.0x10 -1
	𝜕 ( Δ〈𝑑〉 〈𝑑〉 𝜕 ( Δ𝑍 𝛾 * 𝑍 𝛾 * ) )	2.4x10 -3	2.8x10 -3	4.0x10 -3	𝜕 ( 𝜕 (	Δ𝜎 𝑑 𝜎 𝑑 𝑍 𝛾 * ) ) Δ𝑍 𝛾 *	2.7	1.6	1.4
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For the left-hand side of Equation A1 of first order time discretization scheme is used:

In the first term of the right hand-side of equation A1:

In this term, the concentrations are evaluated at time 𝑡 + ∆𝑡 (implicit scheme) while the diffusion coefficient is calculated explicitly (at time 𝑡).

The discretization of the second term of the right-hand side in equation A1

In equations A11 and A12, the concentrations C are evaluated at time 𝑡 + ∆𝑡 (implicit scheme) and all the other parameters are evaluated at time t.