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Introduction

With increasing demand for high-performance lightweight materials in industry, Fe-Mn-Al-C steels have gained more and more attention, due to their excellent mechanical properties and low density [START_REF] Chen | Current state of Fe-Mn-Al-C low density steels[END_REF][START_REF] Kim | Strain hardening of novel high Al low-density steel consisting of austenite matrix and B2-ordered intermetallic second phase in the perspective of non-cell forming face-centered-cubic alloy with high stacking fault energy[END_REF][START_REF] Lee | Prediction of precipitation kinetics and strengthening in FeMnAlC lightweight steels[END_REF][START_REF] Liu | Microstructural evolution and tensile properties of Fe-11Mn-10Al-1.2C medium-Mn lightweight steel[END_REF][START_REF] Mapelli | JMAK model applied on the κ-carbide precipitation in FeMnAlC steels[END_REF][START_REF] Moon | Atomistic investigations of κ-carbide precipitation in austenitic Fe-Mn-Al-C lightweight steels and the effect of Mo addition[END_REF][START_REF] Haase | On the deformation behavior of κ-carbide-free and κ-carbide-containing high-Mn light-weight steel[END_REF][START_REF] Welsch | Strain hardening by dynamic slip band refinement in a high-Mn lightweight steel[END_REF]. Among them, austenite-based steels are highly attractive because of a high ultimate tensile strength (UTS) of 800-1500 MPa combined with a total elongation (TE) of 30-80% [START_REF] Chen | Current state of Fe-Mn-Al-C low density steels[END_REF]. The addition of 1 wt% Al would result in 1.3% density reduction in the Fe-Mn-Al-C system [START_REF] Frommeyer | Microstructures and mechanical properties of highstrength Fe-Mn-Al-C light-weight TRIPLEX steels[END_REF], and a high Al content promotes the formation of κ-carbide nano-precipitates in γ-austenite for strengthening. The high Mn content significantly stabilizes the γ-austenite contributing to achieve good comprehensive mechanical properties. Therefore, the austenite-based Fe-Mn-Al-C lowdensity steels have a high potential for many industrial applications [START_REF] Chen | Current state of Fe-Mn-Al-C low density steels[END_REF][START_REF] Suh | Low-density steels[END_REF].

Nano-scale κ-carbide precipitate is one of the most important strengthening phases in the austenite-based low-density steels [START_REF] Haase | On the deformation behavior of κ-carbide-free and κ-carbide-containing high-Mn light-weight steel[END_REF][START_REF] Yao | Strengthening and strain hardening mechanisms in a precipitation-hardened high-Mn lightweight steel[END_REF][START_REF] Wu | Influence of Al content on the strainhardening behavior of aged low density Fe-Mn-Al-C steels with high Al content[END_REF][START_REF] Song | κ-Phase formation in Fe-Mn-Al-C austenitic steels[END_REF]. It has an ideal stoichiometry of (Fe, Mn)3AlC with E21 crystal structure, in which Al atoms are at the corners of the cube, Fe/Mn atoms are at the face-centered sites, and C atoms are at the body-center octa-hedral site [START_REF] Dey | Ab initio explanation of disorder and off-stoichiometry in Fe-Mn-Al-C κ carbides[END_REF]. The κ-carbides with a volume fractions of 5-35% have been proved to have a strengthening potential between 100 and 350 MPa [START_REF] Song | κ-Phase formation in Fe-Mn-Al-C austenitic steels[END_REF]. Simultaneously, elongation has not been deteriorated seri-ously [START_REF] Yao | Strengthening and strain hardening mechanisms in a precipitation-hardened high-Mn lightweight steel[END_REF][START_REF] Choi | Effect of aging on the microstructure and deformation behavior of austenite base lightweight Fe-28Mn-9Al-0.8C steel[END_REF], because the κ-carbide has high coherency with austenite and shearable characteristics [START_REF] Wu | Influence of Al content on the strainhardening behavior of aged low density Fe-Mn-Al-C steels with high Al content[END_REF][START_REF] Choi | Effect of aging on the microstructure and deformation behavior of austenite base lightweight Fe-28Mn-9Al-0.8C steel[END_REF]. For example, the yield strength increase of 340 MPa could be achieved by a large amount of κ-carbide nanoprecipitates in a Fe-29.8Mn-7.65Al-1.11C (wt%) steel, while the uniform elongation remained as high as 26% [START_REF] Haase | On the deformation behavior of κ-carbide-free and κ-carbide-containing high-Mn light-weight steel[END_REF]. Gutierrez-Urrutia and Raabe [START_REF] Gutierrez-Urrutia | High strength and ductile low density austenitic FeMnAlC steels: Simplex and alloys strengthened by nanoscale ordered carbides[END_REF] have also found that the κ-carbide precipitation resulted in a high yield strength (0.8-1.2 GPa) and good elongation (30-50%) in an + = = austenitic Fe-30.5Mn-8.0Al-1.2C steel. During the deformation process, the interaction between κ-carbides and dislocations significantly affects the strain hardening ability of steels [START_REF] Welsch | Strain hardening by dynamic slip band refinement in a high-Mn lightweight steel[END_REF][START_REF] Zhang | Microstructures, mechanical properties and deformation of near-rapidly solidified low-density Fe-20Mn-9Al-1.2C-xCr steels[END_REF]. Shearing or Orowan bypassing mechanisms by dislocations are dependent on the size of κcarbides [START_REF] Frommeyer | Microstructures and mechanical properties of highstrength Fe-Mn-Al-C light-weight TRIPLEX steels[END_REF][START_REF] Gutierrez-Urrutia | High strength and ductile low density austenitic FeMnAlC steels: Simplex and alloys strengthened by nanoscale ordered carbides[END_REF]. Therefore, modulating the formation of κ-carbides is essential for tailoring mechanical properties and corresponding deformation behavior of low-density steels.

Recently, a high UTS of about 1200 MPa and TE of more than 30% have been achieved in a new family of austenitic Fe-Mn-Al-Cr-C lowdensity steel [START_REF] Sutou | High-strength Fe-20Mn-Al-Cbased alloys with low density[END_REF][START_REF] Moon | A new class of lightweight, stainless steels with ultra-high strength and large ductility[END_REF]. With the addition of 5 wt% Cr, the content of Al could be increased up to 12 wt% while maintaining an elongation of more than 40% [START_REF] Moon | A new class of lightweight, stainless steels with ultra-high strength and large ductility[END_REF]. The other two expected benefits by the addition of Cr are: (i) it can improve corrosion resistance by forming a protective passive film [START_REF] Moon | Effect of Mo and Cr additions on the microstructure, mechanical properties and pitting corrosion resistance of austenitic Fe-30Mn-10.5Al-1.1C lightweight steels[END_REF][START_REF] Yuan | Effect of Cr on mechanical properties and corrosion behaviors of Fe-Mn-C-Al-Cr-N TWIP steels[END_REF][START_REF] Tuan | Corrosion behaviors of austenitic Fe-30Mn-7Al-xCr-1C alloys in 3.5% NaCl solution[END_REF], which solves the problem of insufficient corrosion resistance of the Fe-Mn-Al-C steel in aqueous environments [START_REF] Tuan | Corrosion behaviors of austenitic Fe-30Mn-7Al-xCr-1C alloys in 3.5% NaCl solution[END_REF][START_REF] Wang | Effect of chromium content on corrosion behaviors of Fe-9Al-30Mn-(3,5,6.5,8)Cr-1C alloys[END_REF]; (ii) it can enhance the cohesion of austenite grain boundary due to the anisotropic bonding being beneficial for achieving the balance of mechanical properties [START_REF] Sutou | High-strength Fe-20Mn-Al-Cbased alloys with low density[END_REF][START_REF] Yang | Effects of Cr, Mn on the cohesion of the γ-iron grain boundary[END_REF].

However, many recent investigations also found that the addition of Cr suppressed the precipitation of intragranular κ-carbides in γ-austenite to decrease yield strength [START_REF] Zhang | Microstructures, mechanical properties and deformation of near-rapidly solidified low-density Fe-20Mn-9Al-1.2C-xCr steels[END_REF][START_REF] Sutou | High-strength Fe-20Mn-Al-Cbased alloys with low density[END_REF][START_REF] Moon | Effect of Mo and Cr additions on the microstructure, mechanical properties and pitting corrosion resistance of austenitic Fe-30Mn-10.5Al-1.1C lightweight steels[END_REF]. On the other hand, the suppression effect of Cr on the formation of coarse κ-carbides along grain boundaries was beneficial for elongation [START_REF] Kim | Characterization of microstructural evolution in austenitic Fe-Mn-Al-C lightweight steels with Cr content[END_REF]. Y. Sutou et al. [START_REF] Sutou | High-strength Fe-20Mn-Al-Cbased alloys with low density[END_REF] deemed that the suppression of the κ-carbide precipitation by Cr addition was due to the γ/γ κ phase boundary moving toward the high-C side in terms of the phase diagram. J. Moon et al. [START_REF] Moon | A new class of lightweight, stainless steels with ultra-high strength and large ductility[END_REF] found that the addition of Cr made the κ-carbide formation energy unfavorable. To the best of authors' knowledge, understanding of the suppression effect by Cr addition on κ-carbide precipitation has still been insufficient.

Our recent work found the new formation mechanism of the intragranular κ-carbides in a Fe-20Mn-9Al-3Cr-1.2C low-density steel [START_REF] Zhang | Revisiting the formation mechanism of intragranular κ-carbide in austenite of a Fe-Mn-Al-Cr-C low-density steel[END_REF]. It obeyed the nucleation and growth mechanism being completely different from the well-known spinodal decomposition-ordering one [START_REF] Chen | Current state of Fe-Mn-Al-C low density steels[END_REF]. Thus, this work aimed to systematically investigate the underlying mechanisms regarding the effect of Cr content on κ-carbide precipitation in the Fe-Mn-Al-C steels. Multiscale characterization at the length scales from macroscopic down to atomic scale was carried out using X-ray diffraction (XRD), scanning electron microscopy (SEM), probe-corrected (high-resolution) scanning transmission electron microscopy ((HR) STEM) and atom probe tomography (APT). Thermodynamic calculations were conducted to investigate the precipitation behavior of κcarbides in the low-density steels with Cr addition during cooling processing. First-principles calculations were performed to clarify the impurity of Cr atoms in κ-carbide structure and the corresponding effect on the formation energy of κ-carbide.

Material and methods

Fe-20Mn-9Al-xCr-1.2C (in wt%, x 0, 3, 6 and 9) low-density steels, hereafter referred to 0Cr, 3Cr, 6Cr and 9Cr steels, were prepared by centrifugal casting under near-rapid solidification in an argon atmosphere. The detailed process can be referred to our previous paper [START_REF] Zhang | Microstructures, mechanical properties and deformation of near-rapidly solidified low-density Fe-20Mn-9Al-1.2C-xCr steels[END_REF][START_REF] He | Microstructure and mechanical behavior of a low-density Fe-12Mn-9Al-1.2C steel prepared using centrifugal casting under near-rapid solidification[END_REF][START_REF] Yang | Structures and properties of Fe-(8-16)Mn-9Al-0.8C low density steel made by a centrifugal casting in near-rapid solidification[END_REF]. Then, as-cast steels were isothermally aged at 600 • C for 9 h under vacuum. Quantitative chemical composition was measured by an inductively coupled plasma-atomic emission spectrometry (ICP-AES) and a CS2800 carbon-sulfur analyzer, as shown in Table 1.

An X-ray Diffractometer (Rigaku, D/Max-2200, Cu target operated at 40 kV and 40 mA, a radiation wavelength of λ 0.154056 nm) with a graphite monochromator was used for phase identification. SEM characterization was carried out using a JEOL JSM-7800F FEG-SEM (JEOL GmbH) microscope equipped with an electron backscatter diffraction (EBSD) detector. In order to determine elemental composition of the constituent phases, an electron probe micro-analyzer (EPMA-8050G) was performed at an electron beam voltage of 15 kV. SEM and EPMA samples were mechanically polished down to use a 0.25 μm diamond suspension, followed by final polishing using a colloidal silica suspen-sion. TEM observation of κ-carbide precipitates was first performed using a FEI Tecnai G2-20 twin microscope, operated at 200 kV. A Thermo Scientific Titan Themis 300 microscope operated at 300 kV and equipped with a probe aberration corrector was further used to acquire HRSTEM high-angle annular dark-field (HAADF) images. TEM specimens were prepared by a twin-jet electrolytic polishing at around 1 • C and 50 V, with a mixed solution of 5% perchloric acid and 95% acetic acid and followed by final ion milling in a GATAN precision ion polishing system. Atomic-scale HAADF image simulation was performed by Dr. probe software [START_REF] Barthel | Probe: A software for high-resolution STEM image simulation[END_REF]. Needle-shaped specimens for APT were prepared by standard two-step electro-polishing procedures. Local electrode atom probe instruments (CAMECA LEAP 4000 XHR) were used in laser-pulsing mode with a repetition rate of 200 kHz, a pulse fraction of 15%, and a specimen temperature of 50 K. APT data were reconstructed and analyzed using IVAS 3.6.8 software (CAMECA software suite).

Overlapping problem of mass peaks of Fe 2+ , Cr 2+ and Al + at 27 Da was solved by peak decomposition algorithm of IVAS.

To elucidate the effect of Cr on the κ-carbide formation, firstprinciple calculations were conducted with all spin-polarization density functional theory (DFT) [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF], which was implemented in Vienna Ab Initio Simulation Package (VASP) [START_REF] Kresse | Ab initio molecular dynamics for open-shell transition metals[END_REF]. Self-consistent calculations were performed by means of generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formulation for exchangecorrelation potential [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. Projected augmented wave (PAW) potentials were chosen to describe the ionic cores [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmentedwave method[END_REF][START_REF] Blo ¨chl | Projector augmented-wave method[END_REF] and took valence electrons into account using a plane wave basis set with a kinetic energy cutoff of 500 eV. The Brillouin zone integration was performed using 6 × 6 × 6 Monkhorst-Pack k-point sampling for 2 × 2 × 2 atomic supercells of the κ-carbides (Fe3AlC, stoichiometric/off-stoichiometric). A geometry optimization was considered convergent when the energy change was smaller than 0.03 eV/Å. Electronic energy was considered self-consistent when the energy change was smaller than 10 -7 eV. Partial occupancies of the Kohn-Sham orbitals were allowed using the Gaussian smearing method and a width of 0.05 eV.

Results

Overall microstructures

Fig. 1 indicates that all the samples consist of both γ-austenite and δ-ferrite phases. With increasing the Cr content, intensities of the characteristic peaks corresponding to δ-ferrite are increased. This means the increased volume fraction of δ-ferrite with the Cr content. However, no characteristic peak of κ-carbides is observed, which confirms the low κ-carbide content in all the studied samples. As shown in Fig. 2 and being consistent with the XRD results in Fig. 1, the volume fractions of δ-ferrite in the 0Cr, 3Cr, 6Cr and 9Cr steels were measured as 3%, 8%, 17% and 27%, respectively. Further, Table 2 shows that the content of C in γaustenite is increased by increasing the Cr content, while the evolution of Al content is marginal.

Structure of κ-carbide precipitates in γ-austenite

As shown in Fig. 3 (a-c), the cube-on-cube orientation relationship between κ-carbide and γ-austenite of [100]κ // [100]γ and (001)κ // (001)γ [START_REF] Chen | Current state of Fe-Mn-Al-C low density steels[END_REF] is confirmed by selected area diffraction patterns (SADPs) along the [100]γ orientation. All the corresponding dark-field (DF) aγ body-center octahedral sites [START_REF] Yang | Evidence of carbon ordering and morphology change in a cubic carbide phase[END_REF]. By measuring the ( 011) and ( 001) superlattice reflection intensity in SADP shown in Fig. 3, the intensity ratios I(011)/I(001) of the as-cast 0Cr, 3Cr and 6Cr steels are 0.34, 0.52 and 0.72, respectively. Therefore, the increased content of Cr decreases the size and content of κ-carbides in the as-cast steels, which may be accompanied by reducing the ordering of C atoms in the L ′ 12 structure without considering the contribution of dynamical effect. Further, close look in Fig. 4 (a) and (c) reveals local periodic alternative contrasts of atomic columns in both the as-cast 0Cr and 3Cr steels. Local presence of κ-carbides (marked by dotted line box) is identified using FFT patterns and confirmed by the overlapped simulated images, as shown in Fig. 4 (b) and (d). The κ-carbides exhibit a full coherency with the γ-austenite matrix without visible interfacial misfit dislocations. The measured lattice constants of γ-austenite and κ-carbides in both the as-cast 0Cr and 3Cr steels are shown in Table 3. With increasing the Cr content, they are increased simultaneously.

The lattice misfit (δ) between γ-austenite and κ-carbides was calculated by the following equation [START_REF] Porter | Phase Transformations in Metals and Alloys[END_REF]: images were generated using (001) superlattice reflections where the average sizes of κ-carbide precipitates are estimated as 5 nm, 3 nm and ~ 1 nm in the 0Cr, 3Cr and 6Cr steels, respectively. The fact that no superlattice reflections representing the κ-carbides are visible in the SADP of the 9Cr steel (Fig. 3 (d)) indicates their complete suppression.

δγ / κ = a κ -a γ (1) 
According to the SADPs shown in Fig. 3, the κ-carbides precipitated in these as-cast steels have an ordered L ′ 12 structure [START_REF] Han | TEM evidence of modulated structure in Fe-Mn-Al-C austenitic alloys[END_REF][START_REF] Yang | Evidence of carbon ordering and morphology change in a cubic carbide phase[END_REF], in which nonstoichiometric C atoms are located at the body-center octahedral sites of the ordered structure. Theoretically, the intensity of the superlattice reflections is proportional to square of the structure factor (Fhkl, h, k and l are the Miller indices) [START_REF] Yang | Evidence of carbon ordering and morphology change in a cubic carbide phase[END_REF]. The L ′ 12 structure can thus be distinguished due to the partial C ordering, because the intensity of {100} superlattice reflections is stronger than that of {110} ones in this structure. And the intensity difference between the {100} and {110} superlattice reflections becomes even larger with higher ordering of C atom in the where aγ and aκ are the lattice constants of γ-austenite and κ-carbides, respectively. As given in Table 3, the lattice misfit between the γaustenite and κ-carbide in the as-cast 0Cr steel is 0.13%, which is increased to 0.27% with the addition of 3 wt% Cr.

After the aging treatment, Fig. 5 (a) and (b) show that the average sizes of κ-carbides are increased to 13 nm and 8 nm in the 0Cr and 3Cr steels, respectively. Fig. 6 shows that the presence of local κ-carbides in the γ-austenite matrix is again confirmed using FFT and simulated images agreeing with Fig. 4. The full coherency between the γ-austenite and κ-carbides is also maintained. However, the lattice constant of γ-austenite is slightly decreased, while that of the κ-carbides is increased (Table 3). Thus, both the lattice misfit values between the γ-austenite and κ-carbide in the 0Cr and 3Cr steels are increased after the aging treatment.

Chemical composition distribution of κ-carbide in γ-austenite

The chemistry of κ-carbides in the aged 0Cr and 3Cr steels was examined at near-atomic scale by APT, as shown in Fig. 7. The κ-carbides are visibly distributed along a certain direction. The concentration profiles of different elements indicate that the κ-carbides are enriched in Al and C elements. A quantitative analysis of the element composition in the γ-austenite matrix and κ-carbides of the aged 0Cr and 3Cr steels is shown in Table 4. A partitioning coefficient ε i = Cκ i /Cγ i , was used here to quantify the partitioning of alloying elements between the κ-carbides and γ-austenite matrix, where the Cκ i and Cγ i are the content (at. %) of element i in the κ-carbides and γ-austenite matrix, respectively. Both in the 0Cr and 3Cr samples, Fe and Mn are always partitioning to γaustenite matrix, while the Al and C are always partitioning to κ-carbides. With the addition of Cr, the partitioning coefficients of Al and C are decreased from 1.25 and 2.03 to 1.19 and 1.55, respectively. This indicates that the addition of Cr decreases the partitioning of Al and C to the κ-carbide. The evolution of the C content is consistent with being suggested by SADPs in Fig. 3.

Sublattice occupancies of Cr in κ-carbides

In general, both atomic lattice structure and ordering play an important role in controlling the formation and stabilization of nanoparticles [START_REF] Hirata | Characterization of oxide nanoprecipitates in an oxide dispersion strengthened 14YWT steel using aberration-corrected STEM[END_REF][START_REF] Jiao | Synergistic effects of Cu and Ni on nanoscale precipitation and mechanical properties of high-strength steels[END_REF][START_REF] Kapoor | Aging characteristics and mechanical properties of 1600MPa body-centered cubic Cu and B2-NiAl precipitation-strengthened ferritic steel[END_REF]. The atomistic knowledge of the Cr occupancy in the sublattices of the ordered κ-carbides is essential for the fundamental where EF is the formation energy, EDFT is the total energy by DFT, NX is the atomic number of element X and μX is the atomic chemical potential of element X. So the smaller value of EF implies a higher stability. The calculated results are given in Table 5. The formation energies of κcarbides containing substitution of Fe by Cr and of Al by Cr are increased by 0.5841 eV and 0.2441 eV, respectively, which indicates that the Cr atom prefers to occupy the Al site (corner of the cube).

Further, the experimental results of APT demonstrate that the C content in κ-carbides is far less than the ideal stoichiometric C content (shown in Table 4), in which there are a large number of C deficiencies in the κ-carbide structure. Additional calculations were performed by considering the presence of C vacancies in the studied κ-carbides. In order to maintain the stability of the supercell structure and consider the existence of C vacancies, two C vacancies were placed in the supercell structure, as shown in Fig. 8 (d-f). The calculated formation energies and lattice constant of the κ-carbides (Fe24Al8C6, Fe23CrAl8C6, Fe24Al7CrC6) are shown in Table 5. The results still indicate that Cr atom prefers to substitute Al atom rather than Fe atom in the nonstoichiometric κ-carbide structure with the energy preference by 0.5272 eV. The C vacancies decrease the lattice constant of the κ-carbides, which is consistent with the study in Ref. [START_REF] Bartlett | An atom probe study of kappa carbide precipitation and the effect of silicon addition[END_REF].

Discussion

Effect of Cr content on the formation of κ-carbides

As shown in Fig. 3 and Fig. 4, increasing the Cr content significantly suppresses the κ-carbide precipitation in the as-cast samples. The most fundamental reason responsible for this is the κ-carbide formation mechanism, i.e. the nucleation and growth mechanism, as revealed in our recent work [START_REF] Zhang | Revisiting the formation mechanism of intragranular κ-carbide in austenite of a Fe-Mn-Al-Cr-C low-density steel[END_REF]. In addition, the matrix composition, temperaturedependent precipitation and crystallographic structure characteristics should also be considered [START_REF] Xiong | Clustering, nano-scale precipitation and strengthening of steels[END_REF].

According to the classical nucleation theory [START_REF] Aaronson | An assessment of studies on homogeneous diffusional nucleation kinetics in binary metallic alloys[END_REF], nucleation of the κ-carbides in γ-austenite can be described as:

dN ∝ ( -ΔG * ) (3) 
Quantitative chemical compositions of the γ-austenite and κ-carbide in the aged 0Cr and 3Cr low-density steels by APT analysis (in at. %). understanding of the effects of Cr on κ-carbide precipitation. To elucidate the effect of Cr addition on the lattice structure of κ-carbides at atomic scale, the first-principles analysis was performed. The Cr addition was modeled using 2 × 2 × 2 atomic supercell structure for κ-carbides (Fe3AlC, 40 atoms with E21 structure). The Cr content in the κcarbide supercell with a Cr impurity (1/40, 2.5 at. %) is similar to the measured Cr content in κ-carbides (2.45 at. %) by APT, as shown in Table 4. In order to clarify the preferable site of Cr impurity in the κcarbide lattice structure, the Cr atom was placed at the face-centered sites (the position of Fe) and corner of the cube (the position of Al) respectively, as shown in Fig. 8. The formation energies of κ-carbides (Fe24Al8C8, Fe23CrAl8C8, Fe24Al7CrC8) are calculated by Eq. ( 2):

Samples

EF = EDFT - ∑ NXμ X (2)
ergy of κ-carbides can be discussed in terms of the interfacial energy (γκ/γ) and elastic strain energy (ΔGS). Firstly, the Cr addition increase the interfacial energy between the κ-carbide and γ-austenite. J. Moon et al. [START_REF] Moon | A new class of lightweight, stainless steels with ultra-high strength and large ductility[END_REF] have confirmed by first-principles calculations that comparing with the ideal Fe3AlC structure, the Fe3AlC structures containing Cr substitution in Fe positions had higher interfacial energy with γ-austenite. An additional calculation considering the substitution of Cr atoms at different positions on the interfacial structure along {001} plane between γ-austenite (FCC Fe) and κ-carbide (Fe3AlC) was performed by using Eq. ( 2), the simulated structure is shown in Fig. 9 (a). The formation energies of the structures with Cr atoms at different positions are 0.185 eV (Site 1), 0.596 eV (Site 2), 0.612 eV (Site 3), 0.205 eV (Site 4), 0.483 eV (Site 5) and 0.652 eV (Site 6), respectively. So, when Cr atom is in Site 1 (Cr atom substitutes Al atom in κ-carbide) or site 4, the energy of the interfacial structure is lowest. Then, the κ/γ interfacial structures without and with Cr impurities were constructed to calculate the interfacial energy, as shown in Fig. 9 (b) and (c). The interfacial energy was calculated using the Eq. ( 5): structures without and with Cr impurities are 0.251 J•m -2 and 0.493 J•m -2 , respectively. Therefore, regardless of substitution of Al or Fe atoms by Cr atoms in the κ/γ interfacial structure, the interfacial energy will always be increased. Secondly, the elastic strain energy is proportional to the square of lattice misfit (δ 2 ) between the precipitates and Without C EF (eV) 0.891 1.4751 1.1351 matrix [START_REF] Porter | Phase Transformations in Metals and Alloys[END_REF]. In this work, the lattice misfit between the κ-carbides and vacancies Lattice constant (Å) 3.7635 3.794 3.7795 γ-austenite is increased by increasing Cr content (Table 3), which increases the elastic strain energy. Therefore, the increased interfacial As shown in Fig. 2, increasing the Cr content increases the volume fraction of the δ-ferrite, which would change the chemical composition of the γ-austenite matrix. Especially, the Al and C elements have an important influence on the driving force of κ-carbide formation [START_REF] Chen | Current state of Fe-Mn-Al-C low density steels[END_REF][START_REF] Xing | An overview of the effects of alloying elements on the properties of lightweight Fe-(15-35)Mn-(5-12)Al-(0.3-1.2C steel[END_REF]. However, the increase of δ-ferrite content results in a slight increase of C contents in γ-austenite, while the Al content is almost unchanged (Table 2). It indicates that the decreased κ-carbides do not result from the change of the γ-austenite composition due to the increased Cr content.

In order to investigate the κ-carbide precipitation behavior in the low-density steels with increasing Cr content during cooling processing, the equilibrium phase diagram of Fe-20Mn-9Al-1.2C-(0 10)Cr (wt%) steels at temperatures between 400 • C to 1200 • C and the mass fractions of κ-carbide in low-density steels with different Cr content were calculated by using Thermocalc in conjunction with the TCFE9 database, as shown in Fig. 10. According to the phase diagram, with increasing the Cr content, the phase region with κ-carbides is gradually decreased and the precipitation temperature of κ-carbides is decreased, as shown in Fig. 

Einterface = (Eκ + EFe -Etotal ) / A ( 5 
)
where Eκ is the total energy of the κ-carbide part, EFe is the total energy of the FCC Fe part, Etotal is the total energies of the interfacial system and A is the interface area. The interfacial energies of the κ/γ interfacial (a). Correspondingly, the total mass fraction of κ-carbides is decreased by increasing Cr content, as shown in Fig. 10 (b). As a result, in the ascast steels, the higher the Cr content, the lower the κ-carbide content.

In addition, according to the first-principles calculation results (Table 5), the Cr impurity prefers to substitute Al atom in the κ-carbide structure, which is consistent with the APT results (Table 4). Comparing to the composition of κ-carbides in the 0Cr and 3Cr steels shown in Table 4, the addition of 2.45 at. % Cr decreases the Al content in the κcarbides by 2.05 at. %, while there is almost no change in the total content of Fe and Mn. And when Cr impurity is added into the κ-carbide structure, the formation energies of κ-carbides with and without the C = vacancies are increased by 0.1647 eV and 0.2441 eV, respectively. Consequently, the substitution of Cr atoms in the Al sites of the κ-carbide structure increases formation energy further making the κ-carbide formation more difficult.

Therefore, the increased Cr content increases the formation energy and elastic strain energy of κ-carbide, as well as the κ/γ interfacial energy, resulting in the increased nucleation energy barrier of κ-carbide (see Eq. ( 4)). In addition, increasing the Cr content narrows the κ-carbide formation temperature range. All the factors result in the decreased κ-carbide content in the as-cast steels prepared under near-rapid solidification.

Effect of Cr content on the growth of κ-carbides

After aging at 600 • C for 9 h, the average sizes of intragranular κcarbides in the 0Cr and 3Cr steels are increased from 5 nm and 3 nm to 13 nm and 8 nm, respectively as shown Fig. 3 and Fig. 5. It indicates the growth of intragranular κ-carbides in γ-austenite matrix during aging treatment and increasing the Cr content slows down the growth rate of the κ-carbides. A similar phenomenon was also observed in Fe-20Mn-12Al-1.5C-xCr (wt%, x 0, 2, 5, 5.5, 6 and 7) lightweight steels by K. W. Kim et. al [START_REF] Kim | Characterization of microstructural evolution in austenitic Fe-Mn-Al-C lightweight steels with Cr content[END_REF]. Since the growth and coarsening of the precipitates in alloys generally overlap in time, rather than occur in a strict sequence, the factors affecting the two processes are similar [START_REF] Xiong | Clustering, nano-scale precipitation and strengthening of steels[END_REF][START_REF] Ratke | Growth and Coarsening: Ostwald Ripening in Material Processing[END_REF]. The distance of diffusion field is the only difference between growth and coarsening [START_REF] Xiong | Clustering, nano-scale precipitation and strengthening of steels[END_REF]. According to the Lifshitz-Slyozov-Wagner (LSW) model describing the coarsening process of spherical precipitates [START_REF] Wagner | Theory of precipitate change by redissolution[END_REF][START_REF] Lifshitz | The kinetics of precipitation from supersaturated solid solutions[END_REF], the interfacial energy, the matrix equilibrium solubility and effective diffusion coefficient must be considered when the evolution of precipitates is analyzed. Firstly, the interfacial energy between the κ-carbides and γ-austenite matrix is increased by increasing Cr content, which has been discussed in Section 4.1. Secondly, the increased Cr content increases the solubility of Al and C in the γ-austenite matrix. According to the APT results (Fig. 7), Al and C are both enriched in the κ-carbides. In the as-cast steels, the contents of C in γ-austenite matrix is slightly increased with the increased δ-ferrite by increasing Cr content and the Al content is hardly changed (Table 2). However, the κ-carbide volume fraction is decreased, which indicates that the solubility of Al and C in the γaustenite matrix is increased by increasing Cr content. This phenomenon is consistent with the results in phase diagram by Y. Sutou et. al [START_REF] Sutou | High-strength Fe-20Mn-Al-Cbased alloys with low density[END_REF]. Thirdly, increasing the Cr content decreases the diffusion coefficient of C slowing down the growth rate of the κ-carbides. Cr element is known as a strong carbide formation element, the attractive interaction between Cr and C atoms retards the C diffusion in γ-austenite [START_REF] Babu | Diffusion of carbon in substitutionally alloyed austenite[END_REF]. As shown in Fig. 7, both Al and C are partitioned to the κ-carbides during their formation. The diffusion coefficient of Al and C in γ-austenite of the low-density steels with Cr addition at 600 • C was calculated by Thermocalc in conjunction with the TCFE9_MOBFE4 database, the results are showed in Fig. 11. With the addition of 3 wt% Cr, the diffusion coefficient of C in γ-austenite at 600 • C is decreased from 1.21 × 10 -13 m 2 •s -1 to 6.25 × 10 -14 m 2 •s -1 , while that of the Al is increased from 3.26 × 10 -19 m 2 •s -1 to 4.67 × 10 -19 m 2 •s -1 . The decreased growth rate of the κ-carbides indicates that the diffusion of Al has less effect on the growth of κ-carbides. S.M. Chu et. al [START_REF] Chu | Growth kinetics of κ-carbide particles in Fe-30Mn-10Al-1C-1Si alloy[END_REF] found that the long-range diffusion of Al atom was less involved in the growth and coarsening of κ-carbide particles, while the diffusion of C atom was very necessary. The same results were further confirmed by J.B. Seol et. al [START_REF] Seol | Direct evidence for the formation of ordered carbides in a ferrite-based low-density Fe-Mn-Al-C alloy studied by transmission electron microscopy and atom probe tomography[END_REF]. Therefore, the increased interfacial energy, the increased solubility limit of Al and C in austenite and the decreased diffusion coefficient of C result in a decreased growth rate of the κ-carbides in γ-austenite with increasing Cr content.

Conclusions

In this work, the effect of Cr content on the κ-carbide precipitation in the Fe-Mn-Al-C low-density steels was investigated at multi-scale. The following conclusions were draw:

1. With increasing the Cr content, the volume fraction of κ-carbides in the near-rapidly solidified steels was decreased, and the κ-carbide completely disappeared when the Cr content reached 9 wt%. Thermodynamic calculations showed that increasing the Cr content decreased the starting temperature of κ-carbide formation and narrowed the temperature range of κ-carbide formation. 2. The results of APT and first-principles calculations indicated that the impurity of Cr atoms in the κ-carbide structure preferred to occupy the Al sites, which increased the formation energy of κ-carbides making the κ-carbide formation difficult. Simultaneously, the impurity of Cr atoms in κ-carbide structure increased the interfacial energy and elastic strain energy for nucleation, thereby significantly increasing the critical energy for formation of the κ-carbides in γ-austenite. 3. After the aging treatment, the κ-carbides in γ-austenite were significantly grown. However, the addition of 3 wt% Cr decreased the growth rate of κ-carbides. This was mainly because of the increased interfacial energy between the κ-carbides and γ-austenite, the improved solubility of Al and C and decreased diffusion coefficient of C in γ-austenite. 

Fig. 2 .

 2 Fig. 2. SEM-EBSD phase maps of the as-cast low-density steels with different Cr content: (a) 0Cr; (b) 3Cr; (c) 6Cr and (d) 9Cr (red and gray contrasts indicate δferrite and γ-austenite phases, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3 .

 3 Fig. 3. TEM micrographs of the κ-carbides in different steels: (a-c) are the TEM DF images of κ-carbides and corresponding SADP patterns (insets) along [100]γ orientation of the as-cast 0Cr, 3Cr and 6Cr low-density steels, respectively; (d) is a [100]γ SADP pattern of the as-cast 9Cr low-density steel.

Fig. 4 .

 4 Fig. 4. HRSTEM micrographs of the κ-carbide in as-cast 0Cr and 3Cr low-density steels: (a) and (c) are filtered HRSTEM-HAADF images of the γ-austenite along [100]γ orientation in 0Cr and 3Cr low-density steels, respectively, insets are corresponding fast Fourier transform (FFT) patterns of γ-austenite and κ-carbide; (b) and (d) are zoom-in images of (a) and (c), respectively, overlapped images are simulated HRSTEM-HAADF images using γ-austenite (FCC Fe) and κ-carbide (E21 Fe3AlC) structure models.

Fig. 5 .

 5 Fig. 5. TEM DF images of κ-carbides and corresponding SADP patterns (insets) along [100]γ orientation of the different aged low-density steels: (a) 0Cr, (b) 3Cr.

Fig. 6 .±Fig. 7 .

 67 Fig. 6. HRSTEM micrographs of the κ-carbide in aged 0Cr and 3Cr low-density steels: (a) and (c) are filtered HRSTEM-HAADF images of the γ-austenite along [100]γ orientation in 0Cr and 3Cr low-density steels, respectively, insets are corresponding FFT patterns of γ-austenite and κ-carbide; (b) and (d) are zoom-in images of (a) and (c), respectively, overlapped images are simulated STEM-HAADF images using γ-austenite (FCC Fe) and κ-carbide (E21 Fe3AlC) structure models.

Fig. 8 .

 8 Fig. 8. Calculated supercell of κ-carbides (E21 structure): (a) Fe24Al8C8; (b) Fe23CrAl8C8; (c) Fe24Al7CrC8; calculated supercell of κ-carbides with C vacancies: (d) Fe24Al8C6; (e) Fe23CrAl8C6; (f) Fe24Al7CrC6.

  energy barrier for the κ-carbide precipitation.
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 10 

Fig. 9 .

 9 Fig. 9. The calculated interfacial structure between κ-carbides and γ-austenite: (a) shows the possible positions of Cr impurity in the calculated interfacial structure along {001} plane between κ-carbides and γ-austenite; (b) and (c) are the simulated κ/γ interfacial structure without Cr impurities (b) and with Cr impurities (c).

Fig. 10 .

 10 Fig. 10. The thermodynamic calculation results: (a) equilibrium phase diagram of Fe-20Mn-9Al-1.2C-(0-10)Cr (wt%) steels; (b) the mass fraction of κ-carbides in low-density steels with different Cr content.

Fig. 11 .

 11 Fig. 11. The diffusion coefficient of Al and C in γ-austenite of the 0Cr and 3Cr steels at 600 • C: (a) C element; (b) Al element.

Table 1

 1 Measured compositions of the studied low-density steels in this work (wt%).

	Samples	Mn	Al	C	Cr	Fe
	0Cr	19.96	8.99	1.16	-	Bal.
	3Cr	19.85	9.03	1.21	3.01	Bal.
	6Cr	19.91	8.95	1.20	5.97	Bal.
	9Cr	20.01	8.96	1.18	9.03	Bal.

Table 2

 2 Measured compositions of δ-ferrite and γ-austenite in the as-cast low-density steels by EPMA.

	Samples	Phases	Fe/ wt%	Mn/ wt%	Al/ wt%	Cr/ wt%	C/ wt%
	0Cr	δ	73.47 ±	14.85 ±	11.35 ±	-	0.33 ±
			0.19	0.35	0.21		0.02
		γ	68.69 ±	21.68 ±	8.39 ±	-	1.24 ±
			1.02	1.73	0.22		0.06
	3Cr	δ	70.89 ±	15.54 ±	11.04 ±	2.17 ±	0.36 ±
			0.37	0.52	0.22	0.15	0.03
		γ	66.25 ±	20.96 ±	8.53 ±	2.98 ±	1.28 ±
			1.35	1.21	0.34	0.31	0.04
	6Cr	δ	67.28 ±	16.99 ±	10.47 ±	4.82 ±	0.44 ±
			0.26	0.34	0.21	0.18	0.05
		γ	63.12 ±	20.85 ±	8.54 ±	6.14 ±	1.35 ±
			1.51	1.61	0.49	0.69	0.08
	9Cr	δ	63.28 ±	19.08 ±	10.21 ±	6.95 ±	0.48 ±
			0.43	0.19	0.20	0.24	0.09
		γ	60.30 ±	20.79 ±	8.56 ±	8.89 ±	1.46 ±
			1.82	2.21	0.68	1.94	0.09

Fig. 1. XRD patterns of the as-cast 0Cr, 3Cr, 6Cr and 9Cr low-density steels.

Table 3

 3 Measured lattice parameters of γ-austenite and κ-carbides by HRSTEM-HAADF.

	Samples		aγ	aκ	δγ/κ
	0Cr	As-cast Aged	3.702 ± 0.012 3.690 ± 0.022	3.706 ± 0.017 3.800 ± 0.026	0.13% 2.98%
	3Cr	As-cast Aged	3.718 ± 0.018 3.696 ± 0.020	3.728 ± 0.015 3.810 ± 0.016	0.27% 3.08%

Table 5

 5 Calculated

	Hypothesis	Calculation	Fe24Al8C8	Fe23CrAl8C8	Fe24Al7CrC8

formation energies (EF) and lattice constant of the κ-carbides (with or without C vacancies) with different Cr impurity.
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