Penghui Yang 
  
Hanguang Fu 
email: hgfu@bjut.edu.cn
  
Xingye Guo 
  
Bennacer Rachid 
email: rachid.bennacer@ens-paris-saclay.fr
  
Jian Lin 
  
Yang Penghui 
  
Fu Hanguang 
  
Guo Xingye 
  
Rachid Bennacer 
  
Lin Jian 
  
Prof Fu Hanguang 
  
Prof Rachid Bennacer 
  
  
  
Mechanism of NbC as heterogeneous nucleus of M3C in CADI: first principle calculation and experiment research

Keywords: NbC, M3C, First principles, Heterogeneous nucleation, CADI Highlights

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

M3C type eutectic carbide is a common hard phase in various ferrous alloys. It plays an important role in improving the hardness and the wear resistance of ferrous alloys such as low alloy white cast iron, bearing steel, hypereutectoid steel, and carbidic austempered ductile iron (CADI), etc. [START_REF] Banadkouki | Effect of Cu addition on hardness and microstructural features of low alloy white cast iron[END_REF][START_REF] Khan | The effect of soaking on segregation and primary-carbide dissolution in ingot-cast bearing steel[END_REF][START_REF] Kannan | Identification of inverse bainite in Fe-0.84C-1Cr-1Mn hypereutectoid low alloy steel[END_REF][START_REF] Han | Effects of molybdenum on the wear resistance and corrosion resistance of carbidic austempered ductile iron[END_REF][START_REF] Wei | Review on research progress of steel and iron wear-resistant material[END_REF]. CADI contains (Fe, Cr)3C (referred as M3C) and austempered ductile iron (ADI), and has been widely used in mining, automotive, railways, construction and other industries [START_REF] Laino | Development of wear resistant carbidic austempered ductile iron (CADI)[END_REF]. Cheng et al. [START_REF] Cheng | Effect of Cr content on microstructure and mechanical properties of carbidic austempered ductile iron[END_REF] researched the influence of Cr content on the microstructure and properties of CADI.

They found that the amount of M3C carbides increased with the increase of chromium content, which led to a gradual decrease in the wear loss of CADI and an increase in wear resistance. Chiniforush et al. [START_REF] Chiniforush | The influence of chill thickness and austempering temperature on dry sliding wear behaviour of a Cu-Ni carbidic austempered ductile iron (CADI)[END_REF] investigated the influence of chill thickness on the wear resistance of CADI, and found that an improvement in wear resistance of austempered ductile iron by introducing carbides into the matrix compared to the non-carbidic samples. However, the M3C type carbides distributed at the grain boundaries are interconnected into a network, resulting in stress concentration, which seriously damages the mechanical properties of CADI [START_REF] Peng | Influence of cooling rate on the microstructure and properties of a new wear resistant carbidic austempered ductile iron[END_REF]. Besides, the more its quantity is, the worse the impact toughness of CADI is. It has been proved that the fine dot-like carbides could improve the impact toughness and wear resistance of CADI [START_REF] Sun | Modification of carbidic austempered ductile iron with nano ceria for improved mechanical properties and abrasive wear resistance[END_REF][START_REF] Yang | Effect of Ti modification on microstructures and properties of carbidic austempered ductile iron[END_REF]. Sun et al. [START_REF] Sun | Modification of carbidic austempered ductile iron with nano ceria for improved mechanical properties and abrasive wear resistance[END_REF] prepared a carbide-containing austempered ductile iron containing nano-oxides and found that the fine carbides can effectively improve mechanical properties and wear resistance. In the previous study, authors [START_REF] Yang | Effect of Ti modification on microstructures and properties of carbidic austempered ductile iron[END_REF] used the Ti element to modify the CADI. The results showed that the impact toughness, hardness and wear resistance of the CADI were significantly improved after the carbides were refined.

NbC has been widely applied in engineering fields due to its high melting point, high elastic modulus, and high hardness. During the solidification process, NbC particles could act as the crystallizing nucleus of the post-solidification phase to refine the microstructure of the alloy, improving the mechanical properties [START_REF] Hecht | Effects of Nb modification and cooling rate on the microstructure in an ultrahigh carbon steel[END_REF][START_REF] Zhang | Carbide precipitation in austenite of Nb-Mo-bearing low-carbon steel during stress relaxation[END_REF][START_REF] Liu | Experiments and calculations on refining mechanism of NbC on primary M7C3 carbide in hypereutectic Fe-Cr-C alloy[END_REF][START_REF] Qin | A novel method for preparing nano-NbC/Fe powder and nano-NbC particle reinforced cast low-carbon steel[END_REF]. Hecht et al. [START_REF] Hecht | Effects of Nb modification and cooling rate on the microstructure in an ultrahigh carbon steel[END_REF] used Nb to modify the microstructure of high carbon steel, which broke the carbide network. Zhang et al. [START_REF] Zhang | Carbide precipitation in austenite of Nb-Mo-bearing low-carbon steel during stress relaxation[END_REF] investigated the effect of NbC particles on low-carbon steel, which indicates that NbC particles exhibit coarsening resistance on austenite. Liu et al. [START_REF] Liu | Experiments and calculations on refining mechanism of NbC on primary M7C3 carbide in hypereutectic Fe-Cr-C alloy[END_REF] researched the refinement mechanism of NbC on hypereutectic high-chromium cast iron, which reveals that NbC can act as an effective heterogeneous nucleation site of primary M7C3 carbides. Qin et al. [START_REF] Qin | A novel method for preparing nano-NbC/Fe powder and nano-NbC particle reinforced cast low-carbon steel[END_REF] added Nb element into low carbon steel, and found that the microstructure of steel was obviously refined due to the appearance of NbC particles, resulting in the increase of hardness. However, whether NbC can refine M3C type carbides, has not been reported in detail. In addition, the interface relationship between NbC and M3C and the heterogeneous nucleation mechanism are still unclear.

With the development of computer technology, the first principle based on density functional theory has been gradually applied to calculate various properties of materials and the interface relationship of each phase [START_REF] Zhuo | Density functional theory study of Al/NbB2 heterogeneous nucleation interface[END_REF][START_REF] Zhang | Mechanism of NbC heterogeneous nucleation on TiN in microalloyed steel: a first-principless study[END_REF][START_REF] Shi | Structure and properties of YAlO3/NbC heterogeneous nucleation interface: First principles calculation and experimental research[END_REF]. Zhuo et al. [START_REF] Zhuo | Density functional theory study of Al/NbB2 heterogeneous nucleation interface[END_REF] studied the interfacial adhesion, stability and bonding nature of Al(111)/NbB2(0001) interface by using density functional theory, and investigated the heterogeneous nucleation potential of alpha-Al grains on NbB2 particles. Zhang et al. [START_REF] Zhang | Mechanism of NbC heterogeneous nucleation on TiN in microalloyed steel: a first-principless study[END_REF] investigated the interfacial properties and bonding properties of NbC/TiN interface, which reveals the heterogeneous nucleation mechanism of NbC on TiN in microalloyed steel. Shi et al. [START_REF] Shi | Structure and properties of YAlO3/NbC heterogeneous nucleation interface: First principles calculation and experimental research[END_REF] studied the NbC/YAlO3 heterogeneous nucleation interface by first-principles calculation and experiment. However, the interface relationship between NbC and M3C has not been studied by the first principles calculation to date.

In this paper, the heterogeneous nucleation mechanism between NbC and M3C is researched by calculation and experiment. Firstly, the precipitation process of NbC phase in carbidic ductile iron was calculated by JMatPro software. Then, the structure and properties of the NbC/M3C interface were calculated by the first-principle. Finally, the interface combination states of M3C and NbC were observed by SEM and TEM, which provides theoretical and experimental basis for producing carbidic austempered ductile iron with better performance.

Details of calculation and experiment

Computational details

The phase precipitation curves of carbidic ductile iron with 3.8 wt.%C, 2.8 wt.%Si, 0.5 wt.%Mn, 1 wt.%Cr, 0.12 wt.%Nb were simulated by the thermodynamic module in JMatPro software. The calculated starting and ending temperatures are 1400 °C and 600 °C, respectively, and the step length is 0.01 °C.

The crystal models are shown in Fig. 1. In the previous work [START_REF] Yang | Experimental and ab initio study of the influence of a compound modifier on carbidic ductile iron[END_REF], it has been proved that the cohesive energy and formation enthalpy of M3C formed by the substitution of Cr in the position of 8D are the lowest. Therefore, the Fe8Cr4C4 crystal unit cell with orthorhombic lattice (space group: PNMA) is established as the model of M3C, as shown in Fig. 1a All the first principles calculations based on density functional theory (DFT) were performed by using cambridge serial total energy package (CASTEP). The Generalized Gradient Approximation (GGA) with the Perdew Burke Ernzerhof (PBE) function was executed as the exchange associated functions in calculations. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [28] was applied in relaxation process of models to optimize the structures. For all calculations of M3C and NbC, the cut-off energy was set to 360 eV. In the structural optimization process, the maximal displacement was 11.0×10 -3 Å, the largest force was 0.03 eV/Å, and energy change convergence value was less than 1×10 -5 eV/atom. K-points for the interface, surface and bulk models were set as 8×8×1, 8×8×1 and 8×8×8, respectively.

Experiment methods

The molten iron with 3.8C-2.8Si-0.5Mn-1Cr (wt.%) was smelted in a 50kg medium frequency induction furnace. An inoculant with FeSi75 (75 wt.% Si) and a nodularizer with FeSiMg6Re2 (6Mg-2Re-40 wt.%) were used to perform the inoculation and spheroidization, respectively. A ferroniobium modifier with Fe-50 wt.%Nb was added in molten alloys at 1440 °C, and the samples were obtained by casting process. The microstructures were observed by a JSM-6510 scanning electron microscope (SEM) with an energy dispersive X-ray spectrometer (EDS) and a JEM-2100F transmission electron microscope (TEM).

Results

Phase structure analysis

The phase precipitation curves of the carbidic ductile iron with Nb-free and 0.1 wt% Nb are shown in Fig. 2. For Nb-free ductile iron, the proeutectic graphite (100 wt.%C) begins to precipitate at 1200 °C, and the stable eutectic reaction (liquid → eutectic graphite (100 wt.%C) + austenite (FCC solid solution with Fe and C)) or metastable eutectic reaction (liquid → M3C eutectic carbides (Fe, Cr)3C) + austenite) occurs between 1130 °C and 1160 °C. It is found from Fig. 2b that for the carbidic ductile iron with 0.1 wt% Nb, MC carbides precipitate at 1350 °C previously and then the eutectic reaction occurs between 1130 °C and 1160 °C. The phase transition processed and phase structures of the two carbidic ductile irons are almost identical except for the MC type precipitation. Therefore, the precipitate at 1240 °C in Fig. 2b is NbC. The calculated elastic moduli C11, C12 and C44 of NbC are 711.10 GPa, 90.32 GPa and 184.83 GPa, respectively. The necessary conditions for elastic stability in cubic crystal is [START_REF] Sun | The stability, mechanical properties, electronic structures and thermodynamic properties of (Ti, Nb)C compounds by first-principles calculations[END_REF]:

Bulk property of NbC and M3C

C11 > 0,C44 > 0,C11-C12 > 0,C11+2C12 > 0 (1)
The calculated elastic constants of NbC compound satisfies the above criterion, which illustrated that NbC is mechanically stable structure. Table 2 listed the elastic moduli of M3C, which are basically similar to those in reference [START_REF] Ghosh | A first-principles study of cementite (Fe3C) and its alloyed counterparts: Elastic constants, elastic anisotropies, and isotropic elastic moduli[END_REF]. The necessary conditions for elastic stability in an orthorhombic crystal are [START_REF] Ghosh | A first-principles study of cementite (Fe3C) and its alloyed counterparts: Elastic constants, elastic anisotropies, and isotropic elastic moduli[END_REF]:

C11>0, C22>0, C33>0, C44>0, C55>0, C66>0 (C11+C22-2C12)>0 (C11+C33-2C13)>0 (C22+C33-2C23)>0 (C11+C22+C33+2C12+2C13+2C23)>0 (2) 
The calculated elastic constants of bulk M3C satisfies the above criterion, which illustrated that bulk M3C is mechanically stable structure. Fig. 6 shows the 3D and 2D views of shear modulus, Young's modulus, linear compressibility, and Poisson's ratio of M3C. It can be known from the results, the anisotropy in x, y and z orientations of shear modulus, Young's modulus, linear compressibility, and Poisson's ratio is different in x, y and z orientations, indicating that the anisotropy of the M3C type carbide is very large. Interestingly, the linear compressibility and Poisson's ratio of bulk M3C show negative values, which indicates that the bulk M3C exhibits auxeticity.

Two-dimensional lattice misfit

The two-dimensional lattice mismatch theory proposed by Bramfitt [START_REF] Bramfitt | The effect of carbide and nitride additions on the heterogeneous nucleation behavior of liquid iron[END_REF] is suitable for analyzing the heterogeneous nucleation mechanism of materials, which is calculated by Eq. ( 3) [START_REF] Bramfitt | The effect of carbide and nitride additions on the heterogeneous nucleation behavior of liquid iron[END_REF]:

where According to the Bramfitts criterion [START_REF] Bramfitt | The effect of carbide and nitride additions on the heterogeneous nucleation behavior of liquid iron[END_REF], if δ<6%, the nuclei is the most effective, if 6%<δ<12%, medium effective, if δ> 12%, ineffective nucleus.

Based on the lattice mismatch theory, the lattice mismatch between M3C crystal and NbC crystal was calculated by Eq. ( 3), and the results are shown in Table 2. The lattice mismatch of M3C(100/NbC(110) interface is only 3.75%, which indicates that the geometric condition of NbC as an effective heterogeneous nucleation site of M3C is satisfied. Therefore, this paper selects the M3C(100) face and the NbC(110) face to build the surface model, and selects (100)M3C//(110)NbC to build the interface models. and Fe-Cr terminated (e), respectively.

Surface convergence test

Surface energy of NbC

To prove that the NbC(110) surface model achieves convergence, the surface energy of NbC(110) surface model was calculated by Botteger Eqs [START_REF] Boettger | Nonconvergence of surface energies obtained from thin-film calculations[END_REF]:

σNbC(110) = △E =
Where σNbC( 110 

Surface energy of M3C

The surface energy of M3C(100) surface model can be calculated by equation as follow:

σM3C(100) =
where σM3C(100) is the surface energy of M3C(100) surface models; A is the surface area; Eslab is the total energy of M3C(100) surface model; NFe,NCr and NC are the quantity of Fe, Cr and C atom in model respectively; μFe,μCr and μC are the chemical potentials of Fe, Cr and C atom respectively. The M3C bulk unit energy can be calculated by Eq. ( 7):

For M3C(100) Fe-terminated surface model, the quantity of atoms follows the Eq. ( 8):

NC = NCr NFe = 2NCr + 1 (8) 
Combined Eq. ( 6), Eq. ( 7) and Eq. ( 8), the surface energy of M3C(100)

Fe-terminated surface model can be calculated by Eq. ( 9):

σM3C(100) =
For M3C(100) C-terminated surface model, the quantity of atoms follows the Eq. ( 10):

NC = NCr + 1 NFe = 2NCr + 1 (10) 
Combined Eq. ( 6), Eq. ( 7) and Eq. ( 10), the surface energy of M3C(100)

C-terminated surface model can be calculated by equation as follows:

σM3C(100) = (11) 
For M3C(100) Fe-Cr terminated surface model, the quantity of atoms follows the Eq. ( 12):

NC = NCr 1 NFe = 2NCr (12) 
Combined Eq. ( 6), Eq. ( 7) and Eq. ( 12), the surface energy of M3C(100) Fe-Cr terminated surface model can be calculated by equation as follows:

σM3C(100) = (13) 
At 0 K and atmospheric pressure, the chemical potentials of each Fe, Cr and C atom are μFe = -8.45 eV,μCr = -9.63 eV and μC = -9.22 eV. The M3C bulk unit energy and the chemical potential are put into Eq. ( 7), Eq. ( 9) and Eq. ( 11) to calculate the surface energies of the M3C(100) models. 

Interfacial property

According to different stacking modes of atoms on NbC(110) and M3C(100) surface, six interface models were established. Case II/Fe-Cr (f).

The bonding strength and stability of interface can be evaluated by interface adhesive work and interface energy. Among them, the interface adhesive work is the reversible work required to divide the interface into two free surfaces. It can be calculated by Eq. ( 14) [START_REF] Xian | Interfacial properties and electron structure of Al/B4C interface: a first-principless study[END_REF]:

(14)
Where, and are the total energy of M3C(100) surface models and NbC(110) surface models; is the total energy of M3C(100)/NbC(110) interface model; is the interface area of M3C(100)/NbC(110) model. The interfacial energy can evaluate the interface stability. Usually, the minor the interfacial energy is, the interface is more stable [START_REF] Xian | Interfacial properties and electron structure of Al/B4C interface: a first-principless study[END_REF]. The interfacial energy can be calculated by Eq. ( 15) [START_REF] Shi | Mechanism of Y2O3 as heterogeneous nucleus of TiC in hypereutectic Fe-Cr-C-Ti-Y2O3 coating: first principles calculation and experiment research[END_REF]: [START_REF] Qin | A novel method for preparing nano-NbC/Fe powder and nano-NbC particle reinforced cast low-carbon steel[END_REF] Where and are the surface energy of M3C(100) and NbC(110); is the adhesive work of M3C(100)/NbC(110) interface. Table 7 and Table 8 

Discussion

Electronic structure of Interface

To further discuss the properties of the interfaces and analyze the charge transfer between atoms, the electronic structure of Case I/Fe,Case II/Fe,Case I/C,Case II/C,Case I/Fe-Cr,Case II/Fe-Cr interfaces were calculated. Fig. 9 shows the charge density difference of different interfaces. The localized electron density is mainly concentrated on the interface and its vicinity. In Fig. 9a, a charge depletion region exists between Nb and Fe atoms at the interface. In Fig. 9b, a charge depletion region exists between C and Fe atoms at the interface, which indicates that the electrons of C atom and Fe atom near the interface leave the interface by transfer during the interface bonding process. In Fig. 9c, a charge sharing region exists between the C and C atom. In Fig. 9d, the electron loss of Nb atom occurs at the interface, and the lost electrons are transferred to the interface, resulting in the obvious electron accumulation at the interface. Therefore, a chemical bond mainly composed of covalent characteristics is formed at the interface. In Figs.

9e and 9f, Fe, Cr and Nb atoms exist charge loss, while C atoms have electronegative.

Interfacial bonding

To further discuss the bonding characteristics of different interfaces, the partial density of states of the atoms at the interface was calculated. 

Experiment verification of heterogeneous nucleation

To verify the simulation results, 0. (4) SEM and TEM results show that M3C grows around NbC proving that NbC can act as an effective heterogeneous nucleation site of M3C. 
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  . The optimized lattice constants are a = 5.06 Å, b = 6.71 Å and c = 4.51 Å. Fig. 1b is NbC model with a face-centered cubic structure (space group: FM-3M), and the optimized lattice constants are a = b = c = 4.47 Å.

Fig. 3

 3 Fig.3shows the band structure and density of states of NbC, and the dashed line

Fig. 4

 4 Fig.5shows the band structure and density of states of M3C, and the dashed line

  hkl)s is a low-index lattice plane of nucleation substrate; (hkl)n is a lattice plane of nucleating phase; d[uvw]s is the interatomic spacing along [uvw]s; d[uvw]n is the interatomic spacing along [uvw]n; θ is the angle between the[uvw]s and [uvw]n.

A 10 Å

 10 vacuum layer was added on M3C(100) surface and NbC(110) surface, as shown in Fig.7. There are two stacking methods for the NbC(110) surface, and there are three stacking methods for the M3C(100). Fig. 7c-7e are M3C(100) surface models with different termination conditions, and they are Fe-terminated (c), C-terminated (d),

  ) is the surface energy of the NbC(110) model, and are the total energy of surface models with N and N-2 atomic layers respectively, A is the surface area. The surface energy of the NbC (110) Case I and NbC (110) Case II surface models were calculated by Botteger equation, and the calculation results are listed in Table 3. For the NbC(110) Case I surface model, when the number of layers is 11 layers, the surface energy can converge to 2.59 J/m 2 , indicating that the 11-layered NbC (110) Case I surface model can achieve convergence. For the NbC(110) Case II surface model, when the number of layers is 13 layers, the surface energy can converge to 2.74 J/m 2 , indicating that the 13-layer NbC(110) Case II surface model can achieve convergence.

Fig. 8

 8 shows the schematic structures of different interface models, which are Case I/Fe (a); Case II/Fe (b); Case I/C (c); Case II/C (d); Case I/Fe-Cr (e);

  list the interface adhesive work and interface energy of the M3C(100)/NbC(110) model, respectively. It can be concluded that the and γ of interfaces have the following relationship: Wad (Case I/C) > Wad (Case II/C) > Wad (Case I/Fe) > Wad (Case II/Fe) > Wad (Case I/Fe-Cr) > Wad (Case II/Fe-Cr) and γ(Case I/Fe) < γ(Case I/Fe-Cr) <γ (Case II/Fe) <γ(Case II/Fe-Cr) <γ(Case I/C)γ(Case II/C). Therefore, the Case I/C interface has the strongest binding force, and the Case I/Fe interface has the best stability.

  The calculated results are shown in Fig. 10, and the dashed line indicates the Fermi level. At the Fermi level, the DOS in the four interfaces exhibit non-zero, indicating that the interface exhibits clear metallic feature. The peak of PDOS is mainly composed of d orbit and P orbit, while the contribution of S orbit is small. The Cr atom, the Fe atom and the Nb atom easily form a covalent bond with the C atom, so, from -7.5 eV to -5 eV, the peak shape and the peak intensity of the Fe-d, Cr-d, Nb-d orbit and C-p orbit are similar, as shown in Figs. 10b, 10d and 10e, indicating that there is resonance and orbital hybridization between the d orbit of Fe atom and C atom. In addition, from -10 eV to -7.5 eV, the peak shape and peak intensity of the Fe-d and C-p orbit are also very similar in the Case II/Fe interface. For Fig. 10f, the hybridization also occurs between Cr-d orbit and Nb-d orbit.

( 1 ) 2 )( 3 )

 123 1 wt%Nb element was added into the carbidic ductile iron, and the SEM image, BSE image and the corresponding EDX spectrum are shown in Fig. 11. The microstructure of CADI is consisted of graphite nodules, carbides and matrix. Noting that the brightness of some small particles is slightly brighter than M3C carbides and matrix in BSE image, as shown in Fig. 11b. These particles were scanned by EDX spectra, and the results are shown in Fig. 11c. Nb content of these particles was significantly high, indicating that these particles are compounds of Nb. In addition, this Nb-rich carbides exist in the middle of M3C carbides and act as the heterogeneous nucleation site of the M3C type carbides. To further investigate the type of Nb-rich carbides, the microstructure of the Nb-bearing CADI was observed by transmission electron microscopy (TEM), as shown in Fig. 12. Fig. 12a is a bright-field TEM micrographs image of the CADI, and the selected area diffraction pattern (SADP) of the Nb-rich particles is shown in the upper right corner. The results show that the particle is NbC particle with face-centered cubic structure. Fig. 12b and Fig. 12c show the SADP of region B and region C in Fig. 12a, respectively. According to the results of SADPs, it can be deduced that the particle near NbC particle is M3C with orthorhombic lattice, and the matrix is ferrite. Obviously, M3C grows around NbC particles, in other words, NbC can act as an effective heterogeneous nucleation site of M3C. Firstly, NbC particles can preferentially precipitate in carbidic ductile iron during solidification, which provides a thermodynamic basis for NbC as a heterogeneous core of M3C. Secondly, the lattice mismatch of the M3C(100)/NbC(110) interface is only 3.75% (<6%), which provides a geometric basis for the mechanism of heterogeneous nucleation. Finally, the first-principles calculations show that the adhesive work of the Case I/C interface is 1.35 J/m 2 , and the Case I/Fe interface is the most stable, which provides energy conditions for the heterogeneous nucleation. The experimental results show that NbC are closely combined with M3C carbides, indicating that NbC can act as the nucleus core of M3C During solidification of Nb bearing carbidic ductile iron, NbC precipitates preferentially at 1240 °C (The lattice mismatch of the M3C(100)/NbC(110) is 3.75%, indicating that NbC can act as an effective heterogeneous nucleation site of M3C. The chemical bonds of the M3C bulk and the NbC bulk are both a mixture of ionic bonds and covalent bonds, and there are covalent bonds for the Case II/Fe, Case I/C, Case II/Fe-Cr, and Case I/Fe-Cr interface. In addition, the adhesive work of Case I/C interface is 1.35 J/m 2 , and Case I/Fe interface is the most stable.
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	When the layer is 27, the surface energy could converge to 1.99 J/m 2 .
	Convergence test results show that 11-layered NbC (110) Case I surface model,
	13-layered NbC (110) Case II surface model, 24 layered M3C (001) Fe-terminated,
	32-layered M3C (001) C-terminated and the 27-layered M3C(001) Fe-Cr terminated surface
	model could achieve convergence and the bulk-like properties. Therefore, this paper used
	these models to build interface models.

lists the surface energies of the 6-36 layers M3C(001) Fe-terminated surface model. When the layer is 24, the surface energy could converge to 2.34 J/m 2 .

Table

5

lists the surface energies of the 8-38 layers M3C(001) C-terminated surface model. When the layer is 32, the surface energy could converge to 4.51 J/m 2 . Table

6

lists the surface energies of the 9-39 layers M3C(001) Fe-Cr terminated surface model.

Table Captions Table 1 .

 Captions1 Calculated Single Crystal Elastic Constants (SCEC) of M3C is compared with previous DFT-GGA calculated elastic constant values.

Table 2

 2 Lattice misfit between M3C and NbC

Table 3

 3 Surface energy (σNbC(110)) of NbC(110) model

	Table 4 Surface energy (σM3C(100)) of M3C(100) Fe-terminated model
	Table 5 Surface energy (σM3C(100)) of M3C(100) C-terminated model

Table 6

 6 Surface energy (σM3C(100)) of M3C(100) Fe-Cr terminated model

Table 7

 7 Interface adhesive work of M3C(100)/NbC(110) models.

Table 8

 8 Interfacial energy of M3C(100)/NbC(110) models.

Table 1 .

 1 Calculated Single Crystal Elastic Constants (SCEC) of M3C is compared with previous DFT-GGA calculated elastic constant values.

	SCEC	C11	C12	C13	C22	C23	C33	C44	C55	C66
	Ref[22] 421	125	164	341	163	387	14	128	153
	CrFe2C 372	158	154	310	140	362	12	158	156

Table 2

 2 Lattice misfit between M3C and NbC

	Matching	(100)M3C//(110)NbC	(100)M3C//(100)NbC	(100)M3C//(111)NbC
	interface			

Table 3

 3 Surface energy (σNbC(110)) of NbC(110) model

	Layer		5	7	9	11	13	15
		Case I	3.16	3.25	3.05	2.59	2.68	2.78
	σNbC(110) (J/m 2 )						
		Case II	3.24	3.21	3.08	3.05	2.74	2.89
	Table 4 Surface energy (σM3C(100)) of M3C(100) Fe-terminated model
	Layer	6	12	18	24	30		36
	σM3C(100) (J/m 2 )	2.36	2.57	2.64	2.34	2.48	2.52
	Table 5 Surface energy (σM3C(100)) of M3C(100) C-terminated model
	Layer	8	14	20	26	32		38
	σM3C(100) (J/m 2 )	4.53	4.69	4.45	4.66	4.51	4.25

Table 6

 6 Surface energy (σM3C(100)) of M3C(100) Fe-Cr terminated model

	Layer		9	15	21	27	33	39
	σM3C(100) (J/m 2 )	2.25	2.34	1.98	1.99	2.15	2.34
	Table 7 Interface adhesive work of M3C(100)/NbC(110) models.
	Interface	Case I/Fe Case II/Fe Case I/C Case II/C Case I/Fe-Cr Case II/Fe-Cr
	Wad (J/m 2 )	0.66	0.59	1.35	1.01	0.29		0.23

Table 8

 8 Interfacial energy of M3C(100)/NbC(110) models.

	Interface	Case I/Fe Case II/Fe Case I/C Case II/C Case I/Fe-Cr Case II/Fe-Cr
	(J/m 2 )	4.27	4.49	5.75	6.24	4.29	4.5
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