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The pairwise interactions of substitutional solute atom X = Al, Si with interstitial carbon at stable (octahedral) and saddle-point (tetrahedral) positions in body-centered-cubic iron (α-Fe) are computed using density-functional theory. These pairwise interactions are used in atomistic kinetic Monte Carlo approach to simulate carbon internal friction and tracer diffusion measurements in Fe-Si, Fe-Al, and Fe-Al-Si ferritic alloys without any adjusting parameters. The good agreement between the simulated and experimental Snoek relaxation profiles validates the pair interaction model for kinetic simulations. The predicted effect of Al on slowing down carbon diffusion is consistent with previous studies. We highlight a super-cell size effect on the Si-carbon interactions obtained from first principles. Using a carefully tested database, it is shown that the introduction of Si into ferrite only decreases the carbon diffusivity below a critical temperature.

Introduction

Fe-Si, Fe-Al and Fe-Al-Si are ferritic systems that have been widely studied because of their practical relevance. They are functional materials with favorable mechanical and magnetic properties. Carbon segregation and carbide formation play an essential role in the ageing of these ferritic systems [START_REF] Ruiz | Aging phenomena in high-Si steels studied by internal friction[END_REF][START_REF] Becquart | Atomistic modeling of an Fe system with a small concentration of C[END_REF][START_REF] Tapasa | Computer simulation of carbon diffusion and vacancy-carbon interaction in α-iron[END_REF][START_REF] Golovin | Effect of thermal aging on the temperature spectrum of internal friction of alloyed Fe-Si-Al-C ferrite[END_REF]. Therefore, the study of carbon diffusion is of particular importance. It is known that carbon kinetics is much affected by substitutional Si and Al atoms due to solute-carbon interactions [START_REF] Walz | Kinetics of carbon precipitation and re-solution in low Si-content silicon iron[END_REF][START_REF] Strahl | Influence of Al concentration on the short-range and long-range diffusion of carbon in Fe-Al alloys[END_REF][START_REF] Simonovic | Diffusion of carbon in bcc Fe in the presence of Si[END_REF][START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF]. Multiple experimental studies attempted to investigate this solute effect by measuring the internal friction profiles in ferritic alloys [START_REF] Hasson | Substitutional-Interstitial Interactions in bcc Alloys[END_REF][START_REF] Golovin | Effect of substitutional ordering on the carbon snoek relaxation in Fe-Al-C alloys[END_REF][START_REF] Pozdova | Mechanical spectroscopy of Fe-Al-C alloys ordering[END_REF][START_REF] Golovin | Anelasticity of Fe-Al alloys, revisited[END_REF][START_REF] Saitoh | Influence of substitutional atoms on the Snoek peak of carbon in b.c.c. iron[END_REF][START_REF] Golovin | Effect of alloying α-Fe with aluminum, silicon, cobalt, and germanium on the snoek relaxation parameters[END_REF][START_REF] Blanter | Internal Friction in Metallic Materials[END_REF][START_REF] Golovin | Snoek-type and Zener relaxation in Fe-Si-Al Alloys[END_REF][START_REF] Sinning | Interactions between solute atoms in Fe-Si-Al-C alloys as studied by mechanical spectroscopy[END_REF]. This profile corresponds to the macroscopic signal of the carbon atomic jumps, which is sensitive to the change in activation enthalpies due to solute-carbon interactions [START_REF] Nowick | Anelastic Relaxation in Crystalline Solids[END_REF][START_REF] Blanter | Internal Friction in Metallic Materials[END_REF]. Therefore, internal friction profile characterizes well the behaviors of short-range carbon diffusion. However, in these alloys, the long-range diffusion of carbon with kinetic correlations has been much less studied experimentally.

High-performance ab-initio calculations make it possible to compute accurately the solute-carbon interactions [START_REF] Simonovic | Diffusion of carbon in bcc Fe in the presence of Si[END_REF][START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF][START_REF] Herschberg | Atomistic modelling of the diffusion of C in Fe Cr alloys[END_REF][START_REF] Eyméoud | Impact of Ni alloying on Fe-C martensite ageing: an atomistic investigation[END_REF]. In the dilute limit, the exact calculation of carbon diffusivity is possible using available analytical approaches such as kinetic cluster expansions [START_REF] Schuler | KineCluE: A kinetic cluster expansion code to compute transport coefficients beyond the dilute limit[END_REF][START_REF] Buggenhoudt | Predicting carbon diffusion in cementite from first principles[END_REF].

In alloys with concentrated substitutional solute atoms, the general approach to study the short-range and longrange carbon kinetics is the atomistic kinetic Monte Carlo (AKMC) simulations [START_REF] Garruchet | Modelling the carbon snoek peak in ferrite: coupling molecular dynamics and kinetic monte-carlo simulations[END_REF][START_REF] Simonovic | Diffusion of carbon in bcc Fe in the presence of Si[END_REF][START_REF] Dmitriev | Ab initio based investigation of interstitial interactions and Snoek relaxation in Nb-O[END_REF][START_REF] Herschberg | Atomistic modelling of the diffusion of C in Fe Cr alloys[END_REF][START_REF] Huang | Effect of substitutional Ni atoms on the Snoek relaxation in ferrite and martensite Fe-C alloys: An atomisitic investigation[END_REF]. In general, only pairwise solute-carbon interactions are considered in the simulation because ab-initio calculations for more complex clusters (e.g., triplet, quadruplet) requires very high computational cost.

Our objective is to perform quantitative studies on the short-range and long-range carbon diffusion in Fe-Si, Fe-Al and Fe-Al-Si ferritic systems following a multi-scale scheme, which is reflected in the outline of this paper. First, we will perform ab-initio calculations of pair interactions between substitutional atom X = Al, Si and carbon atoms at octahedral and tetrahedral (saddle-point) positions. Second, we will perform AKMC simulations of internal friction measurements in investigated alloys using a pair interaction model. The validation of this model will be justified by a comparison between the simulated and experimental Snoek profiles. Finally, using the same numerical approach, we will compute the tracer diffusion coefficients of carbon atoms in the investigated alloys.

Diffusion model

The three sets of non-equivalent octahedral (resp. tetrahedral) sites are characterized by the force dipole tensor P O i=1,2,3 (resp. P T j=1,2,3 ). Assuming that the carbon atoms are randomly distributed in space, the resulting strain field ( ) is given by a mean-field approach [START_REF] Khachaturyan | On the theory of the ordering of carbon atoms in a martensite crytal[END_REF][START_REF] Maugis | Ferrite, martensite and supercritical iron: A coherent elastochemical theory of stress-induced carbon ordering in steel[END_REF] and is written Preprint submitted to Elsevier as:

= S(σ + p), (1) 
where S is the elastic compliance tensor, σ is the stress tensor, and p is the average dipole tensor which is given by

p = 1 V 0 3 i=1 c i P O i , (2) 
with V 0 the atomic volume of the lattice and c i is the site fraction defined as the ratio between the number of carbon atoms sitting on the i-octahedral site and the number of bcc lattice sites. The migration enthalpy of a carbon atom from octahedral site i through the tetrahedral site j is expressed as function of the strain tensor and the elastic dipole tensors [START_REF] Varvenne | Point defect modeling in materials: Coupling ab initio and elasticity approaches[END_REF][START_REF] Lawrence | Carbon diffusion in supersaturated ferrite: a comparison of mean-field and atomistic predictions[END_REF][START_REF] Clouet | Elastic modeling of pointdefects and their interaction[END_REF][START_REF] Maugis | Ferrite, martensite and supercritical iron: A coherent elastochemical theory of stress-induced carbon ordering in steel[END_REF]:

H m i/j = H m 0 -(P T j -P O i ) : , (3) 
where H m 0 is the migration enthalpy of the stress-free bcc Fe crystal. This equation implies that the carbon diffusion enthalpy depends on both the applied stress σ and the carbon distribution.

In systems with substitutional solutes, the carbon migration enthalpy depends also on the local chemical environment. A pairwise interaction model is applied to describe the variation of the carbon migration barriers with the local environments. The X-C (X = Al, Si) pairwise interactions are given by the ab initio calculations. These interactions are included in the carbon jump frequency:

ω i/j = ν 0 exp - H m i/j + X (E T X-C -E O X-C ) k B T , (4) 
where k B is the Boltzmann constant, T is temperature, ν 0 is the attempt frequency that is assumed to be strain-and composition-independent, and

E T X-C = k z k V k X-C(T) , E O X-C = k z k V k X-C(O) , (5) 
where z k is the number of atom X = Al, Si at the kth nearest-neighbour shell of the considered carbon atom, and

V k X-C(T) [resp. V k X-C(O)
] is the pairwise interaction between an atom X on a substitutional site and a carbon atom on a tetrahedral (resp. octahedral) site at the k-th nearest-neighbor distance.

Density functional theory calculations

We followed a similar numerical scheme as our previous work [START_REF] Eyméoud | Impact of Ni alloying on Fe-C martensite ageing: an atomistic investigation[END_REF] to perform the density function theory (DFT) calculations of the X-C (X = Al, Si) pairwise interactions. First-principles calculations have been performed with VASP code [START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a planewave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF], with generalized gradient approximation [START_REF] Krauss | Martensite in steel: strength and structure[END_REF] with projector augmented wave method [START_REF] Blöchl | Projector augmented-wave method[END_REF] and Perdew-Burke-Ernzerhof exchange-correlation functionals [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF][START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF], spin polarized approximation, 550 eV energy cut-off, 4 × 4 × 4 bcc supercell containing 127 Fe atoms, 1 X atom and 1 C atom (associated 6 × 6 × 6 Monkhorst-Pack scheme [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF] for k-points meshes construction), 10 -8 eV energy convergence criterion for electronic self-consistency. To reproduce carbon migration paths, Climbing Image Nudged Elastic Band (CI-NEB) methodology has been used for fixed lattice volume and shape (only internal relaxations were allowed), with 9 intermediary images, and 0.05 eV/ Å ionic relaxation criterion. We considered seven (resp. five) neighboring shells of octahedral (resp. tetrahedral) sites [cf. Fig. 1 (left)].

In Fig. 1 (middle and right), we compare the X-C pair interactions given by this work with those from different studies in the literature [START_REF] Simonovic | Diffusion of carbon in bcc Fe in the presence of Si[END_REF][START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF][START_REF] Bakaev | Interaction of minor alloying elements of high-Cr ferritic steels with lattice defects: An ab initio study[END_REF][START_REF] Mirzoev | Ab initio Computer Simulation of the Energy Parameters and the Magnetic Effects in Ternary Fe-X-C (X = Si[END_REF]. Overall, the interactions of X = Al, Si with carbon atoms in octahedral sites obtained from this work are in relatively good agreement with other studies. As for the interactions of X with carbon atoms in tetrahedral sites, our results are in general smaller than those from Liu et al. We will discuss in Section 6.1 this difference and the resulting deviation in the predicted carbon diffusion properties.

Elastic parameters of α-Fe used in the following kinetic simulations are taken from our previous work [START_REF] Eyméoud | Impact of Ni alloying on Fe-C martensite ageing: an atomistic investigation[END_REF], which are given in Tab. 1. The attempt frequency and the stressfree carbon migration enthalpy are obtained by fitting the data in Ref. [START_REF] Silva | Diffusion of carbon and nitrogen in B.C.C. iron[END_REF]: ν 0 = 149 THz and H m 0 = 0.872 eV.

Table 1: Elastic parameters of α-Fe that are used in the kinetic simulations. These results were computed from first principles in Ref. [START_REF] Eyméoud | Impact of Ni alloying on Fe-C martensite ageing: an atomistic investigation[END_REF].

Lattice 

Monte Carlo simulation

The internal friction and tracer diffusion are calculated by atomistic kinetic Monte Carlo (AKMC) simulations based on the residence-time algorithm. These simulations are performed on the body-centered cubic (bcc) lattice with the octahedral sites. Details of the method can be found in Refs. [START_REF] Maugis | Ferrite, martensite and supercritical iron: A coherent elastochemical theory of stress-induced carbon ordering in steel[END_REF] and [START_REF] Huang | Effect of substitutional Ni atoms on the Snoek relaxation in ferrite and martensite Fe-C alloys: An atomisitic investigation[END_REF].

Internal friction

For the internal friction simulation, we consider a system submitted to a sinusoidal (1 10)[110] shear stress at selected frequency f such that σ 22 = -σ 11 = σ 0 sin(2πf t). The crystal response is a sinusoidal shear strain (t). The time lag between stress and strain corresponds to the energy loss of the system, i.e., the internal friction (denoted by Q -1 ). The latter is computed as the fraction energy loss per cycle:

Q -1 = 1 2π ∆W W max , (6) 
where ∆W = σ : d is the energy loss per cycle and W max is the maximum elastically stored energy per unit volume during a cycle. Note that if carbon atoms are diffusing in low-carbon Fe, Q -1 follows a Debye curve [START_REF] Nowick | Anelastic Relaxation in Crystalline Solids[END_REF]:

Q -1 = ∆ ωτ 1 + (ωτ ) 2 , (7) 
where ω = 2πf , τ is the relaxation time, and ∆ is the relaxation strength. It is shown in Ref. [START_REF] Maugis | Thermo-kinetic modelling of the giant Snoek effect in carbon-supersaturated iron[END_REF] that both τ and ∆ depend on the material parameters, carbon content and temperature. At low carbon content, the relaxation time τ has a simplified expression [START_REF] Weller | The Snoek relaxation in bcc metals-From steel wire to meteorites[END_REF][START_REF] Herschberg | Atomistic modelling of the diffusion of C in Fe Cr alloys[END_REF][START_REF] Maugis | Thermo-kinetic modelling of the giant Snoek effect in carbon-supersaturated iron[END_REF]:

τ = (6ν 0 ) -1 exp H m 0 k B T . (8) 
Q -1 reaches its maximum when τ = 1/ω. According to Eq. ( 8), for a given relaxation frequency (f or ω), the temperature corresponding to the maximum Q -1 writes

T max = H m 0 k B ln(6ν 0 /ω) . (9) 
We introduce 1000 carbon atoms in the lattice. The size of the simulation box is adjusted by the atomic fraction of carbon atoms. The number of the substitutional solute atoms in the bcc lattice is set to a value so that the solute concentration equals the chosen one. The number of simulation steps is adjusted such that the number of stress cycles is larger than 50 in order to reach a good statistics. The applied stress amplitude is set to 300 MPa. The latter is a relatively high value compared with the experimental usage, but technically necessary to overcome the high fluctuations present in the finite-size simulation box [START_REF] Maugis | Thermo-kinetic modelling of the giant Snoek effect in carbon-supersaturated iron[END_REF]. The site fractions of the carbon atoms (c i=1,2,3 ) are measured after each atomic jump. The resulting strain evolution (t) is given by the mean-field elastic model [START_REF] Maugis | Ferrite, martensite and supercritical iron: A coherent elastochemical theory of stress-induced carbon ordering in steel[END_REF].

Tracer diffusion

For the tracer diffusion measurement, about 9 carbon atoms are inserted in the simulation box of 2×36 3 bcc sites (corresponding to a carbon concentration of 0.01 at.%). 1000 measurements of the mean squared displacement (MSD) of the carbon atoms after 9 × 10 6 atomic jumps (i.e., a total of 9 × 10 9 carbon jumps for each simulation) are performed to compute the tracer diffusion coefficients. The standard error of the obtained carbon diffusivities is within ±5% with these settings. The tracer diffusivity D C is related to the MSD R 2 during a period of time τ via the Einstein-Smoluchowski equation: R 2 = 6D C τ . The MSD is given by

R 2 = N n=1 R n 2 = f C N n=1 R 2 n , ( 10 
)
where N is the total number of jumps in the period of time τ and R n is the displacement of a carbon atom due to the n-th jumps.

N n=1 R 2 n
is the uncorrelated MSD corresponding to the random diffusion path, and f C is the correlation factor characterizing the deviation between the tracer diffusion and a random walk. Note that the displacements of about 9 C atoms are simultaneously measured during the simulation. Therefore, the final MSD results from the average of all carbon atoms. [START_REF] Sinning | Interactions between solute atoms in Fe-Si-Al-C alloys as studied by mechanical spectroscopy[END_REF], in which all the samples were waterquenched from 1000 K. The experimental excitation frequency of Fe-3Si and Fe-8.7Si systems is 320-410 Hz, and the one of Fe-6Al and Fe-3Al-3Si is about 600 Hz. The excitation frequency of AKMC simulation is set to 400 Hz for Fe-3Si and Fe-9Si, and 600 Hz for Fe-6Al and Fe-3Al-3Si. (d)-(f): Distribution of carbon migration enthalpy H m in Fe-6Si, Fe-6Al and Fe-3Al-3Si alloys measured by AKMC simulation at 400 K. The shaded area indicates the carbon migration enthalpy in substitutional solute-free bcc Fe.

Results of carbon kinetics

Internal friction: validation of the pairwise interaction model

In Fig. 2 (a)-(c), we present the simulated temperaturedependent internal friction (TDIF) profiles in Fe-Si, Fe-Al and Fe-Al-Si alloys obtained by AKMC simulation. In order to validate the simulation approach of the Snoek relaxation process, we present also the experimental profiles obtained by Sinning et al. [START_REF] Sinning | Interactions between solute atoms in Fe-Si-Al-C alloys as studied by mechanical spectroscopy[END_REF] and Golovin et al. [START_REF] Golovin | Mechanical spectroscopy of snoek type relaxation[END_REF]. The TDIF amplitude is mainly related to the carbon concentration and the elastic properties of the material. Here, we focus mainly on the TDIF peak temperatures, which are directly determined by the carbon migration enthalpy in the investigated alloys. The TDIF profiles are normalized by their maximum amplitude to avoid the influence of carbon concentration and elastic parameters. It is shown in Ref. [START_REF] Herschberg | Atomistic modelling of the diffusion of C in Fe Cr alloys[END_REF] that the internal friction profiles are closely related to the distribution of carbon migration enthalpy in the alloy. Therefore, such distribution is measured by AKMC simulation and plotted in Fig. 2 (d)-(e) for a better understanding of the TDIF profile.

In Fig. 2 (a), we plot the simulated profiles in Fe-3Si and Fe-9Si, as well as the experimental ones in Fe-3Si and Fe-8.7Si. These profiles consist of two potential relaxation peaks: one at about 380 K, the other at about 415 K. The former peak temperature is almost the same as the one reported in α-Fe (the so-called Fe-C-Fe peak) at an excitation frequency of about 400 Hz [START_REF] Golovin | Effect of alloying α-Fe with aluminum, silicon, cobalt, and germanium on the snoek relaxation parameters[END_REF] and thus, it corresponds to the carbon jumps far from solute Si atoms. Note that by applying Eq. ( 9), we obtain consistent result: this peak results mainly from the jump with migration enthalpy of 0.87 eV-the ab initio value of the carbon migration enthalpy in α-Fe and the most frequent value in the migration enthalpy distribution. The second peak results from short-range interactions between C and Si atoms-the so-called Fe-C-Si peak. Applying Eq. ( 9), we can roughly estimate the migration enthalpy related to this temperature peak, which is about 0.95 eV. However, this value does not correspond to one of the most frequent enthalpies in the distribution [cf. Fig. 2 (d)].

In the Fe-6Al alloy, the experimental profile consists of a peak at about 435 K and a shoulder at about 390 K [cf. Fig. 2 (b)]. The latter corresponds to the Snoek peak of carbon jumps in α-Fe (i.e. the Fe-C-Fe peak) at 600 Hz. According to the relation Eq. ( 9), the peak temperature of 435 K is consistent with the most frequent migration enthalpy (about 0.99 eV) of the distribution shown in Fig. 2 (e). Therefore, this peak results from carbon jumps near Al atoms (Fe-C-Al peak). In the simulated profile, the Fe-C-Fe peak is not as visible as it is in the experimental profile, though the Fe-C-Al peak position is well reproduced.

As for the Fe-3Al-3Si system, the experimental profile is similar to the one of Fe-6Al alloy: it is composed of a peak at about 435 K and a shoulder at about 390 K. Once again, the latter corresponds to the Fe-C-Fe peak. The appearance of 435 K-peak should be due to the Al-C pair interactions because it appeared also in the profile of Fe-6Al alloy. Moreover, the profile of Fe-3Al-3Si alloy is wider than the one of Fe-6Al alloy because it comprises also a peak due to the Si-C pair interaction at about 405 K corresponding to the most frequent migration enthalpy in the distribution [cf. Fig. 2 (f)]. Accounting for only the pairwise interactions, AKMC simulations predict that the major peak is at about 435 K. This value corresponds well to the highest peak of the experimental profile.

Overall, the agreements between experimental and simulated profiles respective in Fe-Si, Fe-Al and Fe-Al-Si systems are satisfactory. This validates the use of the pairwise interaction model [i.e. Eq. ( 4)] to describe the dependence of carbon kinetics on the local alloy composition. Moreover, this confirms the Snoek nature of the experimental profiles, and therefore the C-Snoek peaks in Fe-Si alloys are not masked by the so-called 'P1' peak related to dislocation motions shown in Ref. [START_REF] Lambri | Magnetic behavior in commercial iron-silicon alloys controlled by the dislocation dynamics at temperatures below 420 K[END_REF].

Long-range carbon diffusion

In Fig. 3, we present the long-range diffusion properties of carbon in Fe-Si, Fe-Al and Fe-Al-Si alloys. We also compare these properties to those in α-Fe to highlight the substitutional solute effect on carbon diffusion.

In Fe-Si alloys, the tracer diffusion coefficients of carbon are close to those in α-Fe. The introduction of Si in Fe slightly increases the carbon diffusivity at 500-1000 K, while it reduces the diffusivity below 500 K. This decrease of carbon diffusivity results from the kinetic correlation at low temperature (i.e. the reduce of correlation factor) mainly due to a trapping mechanism at O5-configuration in which the Si-C interaction is attractive.

In Fe-Al alloys, the carbon diffusivity is much lower than that in α-Fe. The introduction of 3 at.% Al in Fe decreases the carbon diffusivity by about 20% at 1000 K, and by about an order of magnitude at room temperature; the introduction of 6 at.% Al in Fe reduces the carbon diffusivity by about 40% at 1000 K, and by more than an order of magnitude below room temperature. Compared with Si, Al has a more significant effect on the reduction of carbon diffusion because it has more attractive pair configurations (O3, O5, and O5'), which lead to stronger trapping effects and kinetic correlations.

In Fe-3Al-3Si, carbon diffusion is also slower than that in α-Fe mainly because of the introduction of 3 at.% Al, as the effect of 3 at.% Si on slowing down carbon diffusion is much smaller. The carbon diffusivity is reduced to 85% of the substitutional solute-free value [D(C X = 0)] at 1000 K and to 10% of D(C X = 0) at room temperature.

Discussions

Ab-initio energy database and KRA model

Simonovic et al. [START_REF] Simonovic | Diffusion of carbon in bcc Fe in the presence of Si[END_REF] have performed AKMC simulations to compute the carbon diffusivity in Fe-Si alloys. They showed that the introduction of 2 at% Si in Fe reduced the carbon diffusivity by about 20% at 500 K and by about 8% at 1000 K. Liu et al. [START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF] have performed similar studies in Fe-Si and Fe-Al alloys. They obtained that the introduction of 2 at% Si reduced the carbon diffusivity by about 80% at 500 K and by about 50% at 1000 K. In addition, they showed that Si is more efficient in slowing down carbon diffusion than Al. Their results are qualitatively and quantitatively different from what we predict. This difference originates from the following two aspects. [START_REF] Mirzoev | Ab initio Computer Simulation of the Energy Parameters and the Magnetic Effects in Ternary Fe-X-C (X = Si[END_REF] with a supercell of 128 atoms as our work (+0.012 eV). Note that a similar size effect on the sign of carbon-carbon pair interactions computed by DFT has been revealed in [START_REF] Yan | Configurational thermodynamics of C in body-centered cubic/tetragonal Fe: A combined computational study[END_REF].

• The interactions of Si with carbon at tetrahedral sites in Simonovic's work were obtained from an approximated approach-Kinetically-Resolved Activation (KRA) model [START_REF] Van Der Ven | First-principles theory of ionic diffusion with nondilute carriers[END_REF]. However, the corresponding interactions are obtained from first principles in our work. We compare in Fig. 4 the pair interactions obtained from these two approaches. KRA model capture well the global features of these interactions, while, quantitatively, it overestimates such interactions (except T1-configuration for Al-C pair), leading to higher migration barriers of carbon atoms. Therefore, carbon diffusivity deduced from KRA model is smaller than that from ab initio database. As in Liu's work, their interactions of Si with carbon at tetrahedral sites are higher than those in our work, leading also to higher carbon migration barriers. This difference is due to the size effect mentioned in the first point. Note that the signal of the internal friction is sensitive to the distribution of the migration enthalpy, which depends on the pairwise interaction database. In Fig. 5, we compare the simulated TDIF profiles in Fe-3Si using the database of this work and that of Liu et al. [START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF]. The experimental profile is also plotted as a reference result. As presented previously in Section 5.1, the simulated profile obtained from our ab initio energy database is in good agreement with the experimental profile. However, using Liu's database, we obtain a much wider TDIF profile. Moreover, the obtained peak position (around 420 K) does not correspond to the experimental peak (380 K). To this extent, our energy database has a higher reliability than that of Liu et al.

Short-range and long-range diffusion

The signal of internal friction results from one carbon jump. Thus, it characterizes the short-range diffusion behavior. However, in addition to the short-range atomic jumps, tracer diffusion also provides information on the long-range kinetic correlation. If the main difference between internal friction and tracer diffusion mea- [START_REF] Sinning | Interactions between solute atoms in Fe-Si-Al-C alloys as studied by mechanical spectroscopy[END_REF], in which the sample was waterquenched from 1000 K. The two simulated profiles were respectively obtained from the pair-interaction database of this work and the one of Liu et al. [START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF]. The experimental excitation frequency is 320-410 Hz, and the simulated one is set to 400 Hz.

surements is whether or not kinetic correlation is taken into account, the uncorrelated carbon diffusion coefficient (D C /f C ) should be related to the relaxation peak of TDIF profile. Note that one can extract an effective migration enthalpy, H m eff , from the highest relaxation peak using Eq. ( 9). In Section 5.1, it is shown that H m eff is close to the most frequent jumps in the enthalpy distribution. From the Arrhenius fit of D C /f C , we can also obtain an effective migration enthalpy. We compare in Table 2 the effective migration enthalpies obtained from (a) the relaxation peak of internal friction profile, (b) the Arrhenius fit of the uncorrelated tracer diffusion coefficients, and (c) the Arrhenius fit of the correlated tracer diffusion coeffi-cients in the investigated alloys. As expected, H m eff from correlated diffusion is higher than those from the other two approaches because the solute-induced kinetic correlation decreases the carbon diffusivity. The H m eff from internal friction profile corresponds relatively well with the one from uncorrelated diffusion, especially in Fe-3Si where the TDIF profile is nearly single-peaked. This quantitatively good agreement shows that one can roughly estimate the migration enthalpy of uncorrelated tracer diffusion from the internal friction measurement (with an error smaller than 0.03 eV in the investigated alloys). However, for a more complete study on the long-range diffusion behaviors, the tracer diffusion measurement is indispensable. The introduction of concentrated substitutional solute atoms in ferrite can lead to significant modification of the elastic properties of the material. However, this point was not considered in the above presented simulation results because we mainly focus on the effect of short-range substitutional solute-carbon pair interactions on the carbon diffusion. The modification of the elastic parameters should not have remarkable effect on the carbon diffusion in ferrite because the carbon-induced strain is so small that it has negligible impacts on the carbon diffusion. However, a correct calculation of the elastic parameters is essential for the simulation of carbon kinetics in martensite (or bodycentered tetragonal iron) [START_REF] Maugis | Ferrite, martensite and supercritical iron: A coherent elastochemical theory of stress-induced carbon ordering in steel[END_REF][START_REF] Maugis | Stress-controlled carbon diffusion channeling in bct-iron: A meanfield theory[END_REF]. Note that the elastic parameters in concentrated alloys can be computed from first principles by building a Special Quasi-random Structure (SQS) [START_REF] Zunger | Special quasirandom structures[END_REF]. We follow the same numerical scheme as presented in Ref. [START_REF] Eyméoud | Impact of Ni alloying on Fe-C martensite ageing: an atomistic investigation[END_REF] to compute the elastic parameters of the bcc Fe-12.5Al (at.%) alloy (cf. Tab. 3), using the mcsqs module [START_REF] Van De Walle | Efficient stochastic generation of special quasirandom structures[END_REF] of ATAT code [START_REF] Van De Walle | The alloy theoretic automated toolkit: A user guide[END_REF]. Since the peak height of the internal friction profile is sensitive to the elastic parameters, the comparison between TDIF profiles from experimental measurement and those obtained from AKMC using the parameters in Tab. 3 provides a way to validate these parameters. The experimental and simulated profiles of α-Fe and Fe-Al systems are plotted in Fig. 6. To avoid the effect of the carbon concentration on the peak height, the TDIF profiles are normalized by the carbon content. We convert the simulated profile for a single crystal to the one for poly-crystal via the Reuss averaging method [START_REF] Ino | On the relaxation strength of the snoek peak[END_REF][START_REF] Nowick | Anelastic Relaxation in Crystalline Solids[END_REF]. According to the AKMC simulation the introduction of Al in α-Fe lowers the relaxation peak: the peak height in Fe-12.5Al is about one third of that in α-Fe. This decrease is consistent with what we observe from the experimental profiles. However, in both α-Fe and Fe-Al, the peaks of the simulated profiles are higher than those of the experimental profiles. This error may, on one hand, origin from the computed elastic parameters. On the other hand, the carbon content in the solid solution of the experimental specimens can be lower than the nominal value because, for instance, carbon atoms can be trapped in the Cottrell atmosphere around the dislocation. This unexpected decrease of the carbon content contributing to the internal friction in the experiment also leads to the discrepancy with the simulation results.

Conclusion

This work provides a multi-scale simulation of the shortrange and long-range diffusion of carbon atoms in ferritic Fe-Si-C, Fe-Al-C and Fe-Al-Si-C alloys. First-principles calculations provide a database of the pairwise interaction of carbon atoms with neighboring substitutional solute atoms. Atomic kinetic Monte Carlo simulations are performed to calculate the internal friction profile and the tracer diffusion coefficients of carbon atoms. The most relevant results are summarized below.

• We obtain a good agreement between the simulated internal friction profile and the experimental one for an alloying solute up to 9 at.%. This consistency validates the pairwise interaction model which has been widely used to describe the local environmentdependent carbon migration.

• The comparison between the simulated and experimental internal friction profiles also provides a way to verify the database of the pairwise interaction energy.

• Al is much more efficient than Si in slowing down carbon diffusion because Al has more attractive neighboring shells, which leads to a more remarkable kinetic trapping of carbon atoms.

• We highlight a super-cell size effect on the short-range Si-C pair interactions resulting from first-principles calculations. Increasing the size of super-cell changes the sign of certain pair interactions. According to our energy database, the introduction of 3 at% and 9 at% Si in ferrite slightly increases the carbon diffusivity at above 500 K, which is unexpected by previous studies.

Figure 1 :

 1 Figure 1: Left: Neighboring shells of octahedral and tetrahedral interstitial sites surrounding a substitutional solute atom X = Al, Si. Middle: Si-C pairwise interaction for C in octahedral (top) and tetrahedral (bottom) sites. Right: Al-C pairwise interaction for C in octahedral (top) and tetrahedral (bottom) sites. Positive pairwise interactions correspond to repulsive interactions.

Figure 2 :

 2 Figure 2: (a)-(c): Experimental and simulated carbon Snoek relaxation profiles in bcc Fe-Si, Fe-Al and Fe-Al-Si alloys. The alloy compositions are expressed in at.%. The experimental profiles are reproduced from the results of Sinning et al.[START_REF] Sinning | Interactions between solute atoms in Fe-Si-Al-C alloys as studied by mechanical spectroscopy[END_REF], in which all the samples were waterquenched from 1000 K. The experimental excitation frequency of Fe-3Si and Fe-8.7Si systems is 320-410 Hz, and the one of Fe-6Al and Fe-3Al-3Si is about 600 Hz. The excitation frequency of AKMC simulation is set to 400 Hz for Fe-3Si and Fe-9Si, and 600 Hz for Fe-6Al and Fe-3Al-3Si. (d)-(f): Distribution of carbon migration enthalpy H m in Fe-6Si, Fe-6Al and Fe-3Al-3Si alloys measured by AKMC simulation at 400 K. The shaded area indicates the carbon migration enthalpy in substitutional solute-free bcc Fe.

Figure 3 :

 3 Figure 3: (a) Arrhenius plots of tracer carbon diffusion coefficients in bcc Fe, Fe-Si, Fe-Al and Fe-Al-Si systems. The alloy compositions are expressed in at.%. (b) Ratio between tracer diffusion coefficients of carbon in ferritic alloys and that of α-Fe. (c) Correlation factor of carbon in bcc Fe, Fe-Si, Fe-Al and Fe-Al-Si systems as a function of inverse temperature.

Figure 4 :

 4 Figure 4: Pairwise interactions of carbon on tetrahedral positions with substitutional Al (left) and Si (right) obtained from DFT and KRA model.

Figure 5 :

 5 Figure5: Experimental and simulated carbon Snoek relaxation profiles in bcc Fe-3Si (at.%). The experimental profile is reproduced from the work of Sinning et al.[START_REF] Sinning | Interactions between solute atoms in Fe-Si-Al-C alloys as studied by mechanical spectroscopy[END_REF], in which the sample was waterquenched from 1000 K. The two simulated profiles were respectively obtained from the pair-interaction database of this work and the one of Liu et al.[START_REF] Liu | Effects of dilute substitutional solutes on interstitial carbon in α -Fe: Interactions and associated carbon diffusion from firstprinciples calculations[END_REF]. The experimental excitation frequency is 320-410 Hz, and the simulated one is set to 400 Hz.

Table 2 :

 2 Comparison of effective migration enthalpies (in eV) obtained from (a) the major relaxation peak of internal friction profile, (b) the Arrhenius fit of the uncorrelated tracer diffusion coefficients, and (c) the Arrhenius fit of the correlated tracer diffusion coefficients in Fe-3Si, Fe-6Al and Fe-3Si-3Al alloys.

3 .

 3 Solute effect on the elastic parameters

Figure 6 :

 6 Figure 6: Experimental and simulated carbon Snoek relaxation profiles in α-Fe and bcc Fe-Al systems. The alloy compositions are expressed in at.% in the legend. The profiles are normalized by the carbon concentration (c). The excitation frequency is about 1 Hz in experiment and simulation. The experimental profile in α-Fe is reproduced from the results of Weller [42], and the one in Fe-11.7Al is from Golovin et al. [47].

•

  The interactions of Si with carbon at octahedral sites obtained from Simonovic et al. and Liu et al. are different from our results. For example, compared with our results, they had more attractive O3, O4, and O5' configurations. Thus, the trapping mechanism due to Si is more significant with their energy database. However, our ab initio calculations are performed with a larger simulation box, in which the effects of periodic images on the pair interactions are much smaller. Focusing only on the energy of O3 configuration, we can see notable variations depending on the size of the supercell used for the DFT cal-

	culation. A slightly negative O3-interaction was ob-
	tained by Simonovic et al. (-0.002 eV) [7] and Liu
	et al. (-0.005 eV) [8] with a supercell of 54 atoms,
	while a slightly positive O3-interaction was obtained
	by Bakaev et al. (+0.01 eV) [38] and Mirzoev et al.
	(+0.04 eV)

Table 3 :

 3 Elastic parameters of Fe-12.5Al (at.%) computed from first principles based on a SQS approach.

	Lattice parameter [ Å]	2.860
	S 11 [GPa -1 ]	0.00836
	S 12 [GPa -1 ]	-0.00307
	S 44 [GPa -1 ]	0.00084
	P O , transverse [eV]	6.5
	P O , longitudinal [eV]	14.6
	P T , transverse [eV]	11.9
	P T , longitudinal [eV]	3.4
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