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Abstract

:

The ternary Cr-Fe-Si system was investigated with X-ray diffraction, energy dispersive X-ray spectrometry, scanning and transmission electron microscopy, and electron diffraction. Samples melted at 1723 K were examined right after cooling or after annealing at 1073 K for 3 days to determine phases, grain sizes, and interphase interfaces. During annealing, a polymorphic transformation of the tetragonal α-FeSi2 to the orthorhombic β-FeSi2 phase occurs, while CrSi2 retains its hexagonal structure at high-temperature treatment. Thin layers of ε-FeSi with a cubic structure were observed and identified within the CrSi2 grains. Crystallographic orientation relationships are determined at the interphase interfaces. The contributions of lattice mismatch and thermal expansion coefficient misfit to deformation are discussed.






Keywords:


ternary Cr-Fe-Si system; phases; annealing; interphase interface; orientation relationships












1. Introduction


Binary iron and chromium silicides attracted much interest due to their intrinsic qualities (crystal chemistry, phase diagram, phase transitions, dependance of physical properties on stoichiometry) and their technological importance for the production of thermoelectric and microelectronic materials. The Cr-Fe-Si ternary system has been much less studied, although it is of definite industrial and technological importance. Examples include applications in commercial alloy steels, anode materials for rechargeable Li-ion batteries, electromagnetic wave absorbers for mobile phones, and soft magnetic materials and some special applications in high temperature thermoelectric materials [1,2,3,4]. For thermoelectric applications, the two semiconducting silicides CrSi2 and β-FeSi2 are known as environmentally friendly and low-cost materials [5,6,7,8]. However, their efficiency expressed by the dimensionless figure of merit ZT, is less than 1. Therefore, several concepts have been developed to achieve ZT > 1, including a concept based on enhanced phonon scattering through interfaces, the grain boundaries, and nano-inclusions in nanocomposites to reduce thermal conductivity [9,10].



It is known that synthesis of a ternary Fe–Si–Cr alloys (arc melting, high temperature pressing, mechanical allowing, sintering) is usually carried out at high temperature and leads to formation of different Cr and Fe silicides [11,12,13,14]. Much attention has been paid to the study of the properties (structural, mechanical, thermodynamic, electrical, magnetic, etc.) of different phases of iron and chromium silicides. See, for instance, the studies and syntheses [15,16,17,18,19,20,21,22,23]. It should be noted that the structure of binary iron or chromium silicides has been studied separately either at the micro- or nano-metric scale in the case of thin films or nanocrystals [24,25,26,27,28,29].



The goal of the present work was the investigation at the micro- and nanoscale of the composition and distribution of phases in Fe-Si-Cr ternary systems, both bulk and annealed, as well as their morphology and distribution, to help to establish a solid basis for the design of new thermoelectric devices oriented towards specific properties. Particular attention has been paid to the study of mutual spatial distribution, grain shape and size, determination of crystallographic orientation relationships at the interfaces between adjacent grains, presence of impurities in the grains. Quantitative analysis of the elemental phases was carried out on large areas or at the nanoscale by analytical scanning and transmission electron microscopy, respectively.




2. Results


2.1. Powder X-ray Diffraction Study


In accordance with Cr-Fe-Si ternary phase diagrams [13,14], the position of the sample composition of FeCrSi4 is at the point 17 at% Cr: 17 at % Fe: 66 Si at.%. Thus, we expected the following phases to be formed: FeSi2, CrSi2, and (Cr, Fe)Si for the temperature interval and starting stoichiometric composition used in the work. Close to this point, pure Si can also be formed.



The possible phases, their lattice parameters and space groups of the Cr and Fe silicides and Si used in this work for identification are listed in Table 1 according to corresponding ICSD database (FIZ Karlsruhe, Germany) and references. We will use general notations for phases of iron silicides: α-FeSi2 (tetragonal structure), β-FeSi2 (orthorhombic structure) and ε-FeSi (cubic structure).



The Rietveld refined powder XRD patterns obtained from the samples are shown in Figure 1. The reflections on the XRD patterns from the sample before annealing can be indexed with three phases tetragonal α-FeSi2, hexagonal CrSi2, and cubic FeSi (Figure 1a). While the XRD pattern obtained from the annealed material shows the presence of four phases orthorhombic β-FeSi2, hexagonal CrSi2, cubic ε-FeSi, and cubic Si (Figure 1b). No cubic CrSi was revealed in any of the samples, nor was any traces of α-FeSi2 found in the annealed sample. Thus, α-FeSi2 phase with space group P4/mmm completely transforms into orthorhombic Cmca β-FeSi2 phase and silicon appears in the composition of the sample after 3 days of annealing at 1073 K.



The quantitative composition of phases in the samples together with the Rwp (weighted least-squares error) and GOF (goodness of fit) in accordance with Rietveld refinement are reported in Table 2. It shows that CrSi2 hex has retained its space group and quantity, while iron disilicide has undergone a tetragonal to orthorhombic phase transition due to the tetragonal FeSi2 phase and partly of cubic ε−FeSi phase.



The presence of minor other phases found by TEM will be described later in the article. (See for instance Section 2.3 and the corresponding figures).




2.2. SEM and EDXS Analysis


Information on grain morphology, size, shape, and distribution over large areas was collected by scanning electron microscopy (SEM) using secondary electron (SE) and backscatter electron (BSE) imaging. In parallel, contrast analysis of the BSE images and elemental analysis by energy dispersive X-ray spectrometry (EDXS) provided chemical contrast and at least semi-quantitative elemental analysis to distinguish grains by their nature.



Figure 2a shows a view of a polished section in an as-grown sample in backscattered electron mode (BSE). The brightness of the image essentially reflects the atomic number of the object (“Z-contrast”), and the contrasts differentiate the regions according to their effective atomic numbers; thus, their different chemical compositions [51,52]. As the number of BSE electrons increases monotonically with the atomic number, the higher the effective atomic number, the brighter the area. This rapid access to chemical contrast is particularly effective for tracking the distribution of different phases, but insufficient for distinguishing phases or phase mixtures of similar effective atomic numbers. Therefore, an initial estimate of the composition by BSE must be refined by EDXS chemical analysis. In addition, the acceleration voltage should be as low as possible to reduce the penetration depth of the electrons, thus the risk of superposition of different phases, but still high enough to detect all elements present. In this case, 12 kV was chosen as a fair compromise that covers all lines up to Fe-K.



The general chemical formulas obtained from microanalysis data on each of the three different grey areas: the darkest, intermediate, and brightest, which corresponds to CrSi2, CrFe1.5Si4, and CrFe3Si5, respectively (Figure 2a). Taking in account the XRD observation that led to a material made of the three phases CrSi2, α-FeSi2 and FeSi, the darkest area can be understood as to the single phase CrSi2, the brightest as a mixture of the CrSi2 + 3FeSi phased and the intermediate as CrSi2 + FeSi2 or CrSi2 + 2FeSi (within the uncertainty of the EDXS data). The inset (Figure 2b) shows clearly that the intermediate gray area contains a mixture of fine-grained phases. In addition, the brighter lines at interfaces suggest the presence of a higher Z interfacial phase.



To compare the BSE contrast to the assumed phases we used the Reuter method recommended by Goldstein [53]. We estimated and compared the relative ratio <ZAB>2 between several possible Fe and Cr silicides and their combinations with the relative ratio of experimental intensity. BSE line scan intensity profiles like on Figure 2c were used to find the relative intensities from different grains. For the darkest gray area, the intensity was 155 a. u., for the intermediate gray area the intensity was about 157 a.u., and for the brightest area the intensity value reached 179 a.u.



It was found a very good agreement between the calculated (for average atomic numbers) and the experimental ratios (for intensity on the SEM BSE image). Such agreement together with the EDXS microanalysis data allowed to conclude that that the brightest regions in the SEM image (Figure 2) belong to a mixture of CrSi2 and FeSi phases with the ratio CrSi2–3FeSi. While light grey areas seen with the SEM are interconnected and constitute a net that may be a matrix enclosing the dark grey and bright areas consisting of CrSi2 and FeSi2, a combination CrSi2–2FeSi cannot be excluded.



The different phases are indicated by specific colors on the EDXS concentration map (Figure 2d). Isolated pure CrSi2 grains have the largest size, from several tens of µm to more than one hundred µm. They are surrounded by a continuous network of a mixture of either FeSi2 + CrSi2 or 2FeSi + CrSi2 phases that appear homogeneous at the resolution of this SEM analysis. Within this network, finer grains have formed that contain a mixture of 3FeSi + CrSi2 phases that is also homogeneous at this scale. The fine granularity of this EDXS concentration map is due to the statistical noise of the quantification procedure.



The results show that large grains of CrSi2 of several tens (even more than 100 μm) in size are quite homogeneous, while the FeSi2 or FeSi phase always exists in combination with CrSi2. The true phase composition was investigated with TEM, EDXS, and transmission electron diffraction.




2.3. TEM, EDXS and Electron Diffraction Study


TEM images and the corresponding SAED patterns confirms the presence of the phase CrSi2 hex in both as grown (Figure 3a,b) and annealed samples (Figure 3d,e). However, quantitative EDXS microanalysis revealed a difference in iron impurity concentrations. It showed that CrSi2 grains in non-annealed samples contained about 1.5–2.0 at.% of Fe impurities while annealing results in their decrease by almost an order of magnitude to 0.2 at.%. The Fe−K line is clearly visible in the spectrum (Figure 3c) from as grown sample as contrast to the spectrum of the annealed sample (Figure 3f). The difference in Fe impurities content is highlighted in Figure 3g where counts cps/eV of the Cr-Kb lines have been normalized to the same level.



As-grown sample (non-annealed) contains the two Fe silicide phases: tetragonal α-FeSi2 and cubic ε−FeSi. Both phases participate in formation of a network spreading throughout the sample around large grains of Cr disilicide grains. Figure 4 shows TEM image, SAED patterns, and chemical spectra obtained from the α−FeSi2 and CrSi2 phases. Microanalysis of α-FeSi2 grains showed that they contained about 2 at.% Cr.



The TEM images and SAED patterns on Figure 5 are obtained from two adjacent areas. Diffraction patterns (Figure 5b,c) correspond to ε-FeSi grains seen respectively along the [122] and [124] directions. EDXS analysis show the presence of 10 at.% Cr in this area. The 3% lattice parameter difference between the ε-FeSi and CrSi, both with the space group P213 (Table 1), is a difference large enough that would have been observed in routine SAED interpretation if a mixture would have been present. BF TEM and HAADF STEM do not reveal any other kind of precipitates that are potentially Cr-rich. Therefore, one should consider that Cr has substituted to Fe in a (Fe−Cr)Si solid solution as reported by Wittmann et al. [41] and Gladyshevskii et al. [54] who reported a complete solubility between CrSi and ε-FeSi. Assuming a Vegard law, the FeSi lattice parameter would increase only by 0.3% for 10% Cr impurity, a change that will require special attention in further XRD and electron diffraction.



It was reported [55] that as a result of annealing of the Cr–Fe–Si ternary system in the range of 970–1190 K, eutectoid decomposition of tetragonal α−FeSi2 occurs with the formation of orthorhombic β–FeSi2 and silicon. Indeed, Si nanoprecipitates were revealed in β–FeSi2 (Figure 6). Two adjacent grains β–FeSi2 and CrSi2 are shown in HAADF STEM image (Figure 6a) and the corresponding element map (Figure 6b), which clearly demonstrates the phase boundary. Two superimposed EDXS spectra were taken from the selected rectangle rectangular areas shown on the map.



SAED patterns obtained from the circular areas indicated on the TEM images (Figure 6c–e) confirmed the phase composition of the grains − CrSi2 hex (area c), β−FeSi2 (area d), and elongated Si precipitates (area e). It was found that β−FeSi2 grain contains Si precipitates and about 2 at.% Cr impurities, while the CrSi2 grain contains about 0.2 at.% Fe.



In addition to Si nanoprecipitates, annealing of the samples leads to the formation of Cr−rich nanoparticles in the form of prolate spheroids in β-FeSi2 grains (Figure 7). From the phase distribution on EDXS maps, their larger length reaches up to 200 nm. The presence of these Cr rich silicide nanoparticles in the β−FeSi2 zones is in good agreement with the reduction of the Cr impurity in this phase from 2.0 at% to 0.3 at% after annealing. Quantitative EDXS analysis near the center of the larger ones leads to an apparent Cr−Si−Fe phase. Due to the relative size of the ellipsoids and a matrix thickness near 100 nm, they may be embedded in FeSi2 and the apparent concentration will be obtained that corresponds to a heterogeneous mixture of Cr−Si and FeSi2 phases.



BF TEM (Figure 8a) and electron diffraction patterns (Figure 8b,c) obtained from the selected circular areas “b” (without precipitates) and “c” (with Cr−rich precipitates) showed that the grain is a β−FeSi2, which contains Cr5Si3 tetr precipitates.



The presence of ε−FeSi lamellar precipitates of 100–150 nm wide inside the CrSi2 grains (Figure 9a–e) is unexpected. Its cubic structure was confirmed by electron diffraction (Figure 9f,g).



Nanoscale phase identification was carried out by HRTEM imaging and image simulation (Figure 10). The image simulation was performed using large ranges of sample thicknesses, defocus values, crystal orientations, and tilts [56,57]. The best agreement between experimental and simulations was obtained for thickness of about 90 nm and a defocus value close to that of Scherzer.



Electron diffraction patterns in Figure 6, Figure 8 and Figure 9 as well the Fourier diffractogram in Figure 10b allowed us to derive the crystallographic orientation relationships between phases what will be discussed later in the paper.




2.4. Crystallographic Orientation Relationships, Lattice Mismatch, Thermal Expansion Coefficient Mismatch


Interfaces control the mechanical, thermal, and electrical properties of polycrystalline and multiphase materials. Orientation relations between the phases show how well the atomic planes in two different phases fit together, which determines the nature of the interface (coherent, partly coherent, or incoherent). A partially coherent interface differs from a fully coherent interface only in that continuity interruptions occur due to the appearance of linear defects (dislocations) that compensate for the mismatch [58]. Only small (a few nm in size) precipitates can remain coherently strained up to a certain critical thickness or size.



The analysis of electron diffraction patterns where reflections from the adjacent phases are present allowed the determination of orientation relationships. Lattice mismatches at the interphase interfaces allow an evaluation of the strains. A complete analysis of the interface structure for all phases in this material, including the determination of the degree of boundaries coherence requires more work and will be the aim of future work.



The mismatch at interphase interfaces due to lattice mismatch and thermal expansion can generate mechanical stresses that can be relieved by the formation of defects including cracks and cavities. Thus, knowledge of the corresponding lattice interplanar spacings and thermal expansion coefficients (listed in Table 3) of materials is necessary to compare the relative contributions of strain induced by thermal expansion coefficient mismatch to strains from the crystal structure.



The in-plane strain between two adjacent phases is defined as


   δ  l a t t i c e   =   2  |   d  F e   −  d  C r   o r   S i    |     d  F e   +  d  C r   o r   S i      








where dFe and dCr or dSi are the interplanar spacings of the corresponding planes of Fe and Cr silicides or Si at their interfaces (the corresponding interplanar spacing values are listed in Table 3).



The following orientation relationships between phases are found:



1. [881] (1  1 ¯  0) α−FeSi2 tetr // [11  2 ¯  0] (2  2 ¯  00) CrSi2 hex;



2. [   7 ¯    15  ¯     8] (713) β−FeSi2 orth // [2   1 ¯   1 ¯   0] (02  2 ¯  4) CrSi2 hex;



3. [2   1 ¯   1 ¯   0] (0003) CrSi2 hex // [342] (0  1 ¯  2) ε−FeSi cub;



4. [2   1 ¯   1 ¯   0] (0003) CrSi2 hex // [463] (0  1 ¯  2) ε−FeSi cub;



5. [11  1 ¯  0] (0003) CrSi2 hex // [120] (  2 ¯  10) ε−FeSi cub;



6. [112] (   1 ¯   5 ¯   3) β−FeSi2 orth.// [379] (233) Cr5Si3 tetr;



7. [311] (   2 ¯   2 ¯   8) β−FeSi2 orth.// [123] (60  2 ¯  ) Si cub;



Each from listed 7 orientations relationships have several variants that provide the same lattice mismatch.



The deformation caused by differences in thermal expansion of materials can be represented as [63]


   δ  t h e r m   =  δ  t h e r m  T  −  δ  t h e r m   R T   =    d 1  R T    (   α 1  −  α 2   )  Δ T    d 2  R T    (  1 +  α 2  Δ T  )    ,  








where    δ  t h e r m  T    and    δ  t h e r m   R T     are the in-plane strain at the annealing and room temperature, respectively;    d 1  R T     and    d 2  R T     are the corresponding interplanar spacings in the crystallographic lattices of different phases at room temperature,   Δ T   is the difference between the synthesis/annealing temperature and room temperature,    α 1    and    α 2    are the thermal expansion coefficients of phases in two adjacent grains 1 and 2. It is accepted that if materials have similar thermal expansion coefficients, room temperature lattice parameters of both materials at interfaces can be used [64].



The comparison of lattice and thermal expansion coefficient mismatches (Table 4) shows that the possible strains are mainly induced by the lattice mismatch of the adjacent phases, and the contribution of thermal expansion coefficient mismatches is insignificant.



The results show that the formation of the μm-size scaled ε-FeSi cub lamellas leads to a large lattice mismatch with the CrSi2 phase, and silicon crystallites have not only to a large lattice mismatch between with the β-FeSi2 tetr phase, but a noticeable misfit between their coefficients of thermal expansion. In fact, the material fracture occurs along the silicon crystallites and the interface with iron silicide what is clearly visible in Figure 6a,b,e. Thus, formation of large ε-FeSi cub lamellar precipitates and Si nanocrystals weakens the mechanical stability of the ternary allows, and cracking with crumbling of the samples both before and after annealing is a consequence of stress relaxation.





3. Materials and Methods


High-purity iron (99.5 wt.%, powder, Sigma-Aldrich, St. Louis, MI, USA), chromium (99.5 wt.%, powder, Sigma-Aldrich), and silicon (99.0 wt.%, powder, Sigma-Aldrich) were used as starting materials to prepare stoichiometric FeCrSi4. The powder mixture was melted in an arc melting furnace at T = 1723 K, and then then crystallized under vacuum (about 0.1 Pa). A part of the samples was finally annealed in air at T = 1073 K for 72 h.



X-ray powder diffraction (XRD) patterns were obtained in reflection mode using a Rigaku MiniFlex 600 diffractometer (Rigaku Corporation, Japan) with the CuKα radiation (45 kV, 40 mA, Ni–Kβ filter) in the angle range 2θ = 15°–100° with a scanning step of 0.02° and a rate of 1°/min. The quantitative ratio of the identified phases was estimated by the Rietveld method using PANalytical X’Pert High Score Plus software (Malvern Panalytical, UK). In the initial stages the overall zero error, phase scale factors, background, profile parameters, and lattice parameters of identified phases were refined. The peak shapes were approximated with pseudo-Voight profile function. Since the CrSi2 and FeSi2 phases exhibited the different pronounced orientations, the preferred texture parameters were also refined in the final stages.



To obtain an overview of the multiphase grain distribution and elemental composition, the mechanically polished samples were characterized using a scanning electron microscope (SEM, FEI Scios, Massachusetts, USA) at accelerating voltages between 5−15 keV) and equipped with an EDAX energy dispersive X-ray spectrometry (EDXS) system (Pleasanton, CA, USA) running under the TEAM™ EDS Software Suite and fitted with an Apollo X Silicon Drift Detector.



Thin samples for TEM (transmission electron microscopy) were prepared using conventional Ar ion milling (Gatan PIPS, Pleasanton, CA, USA) at room temperature after preliminary mechanical polishing. This preparation method was chosen because the samples were found to be quite fragile and easily broken at thin places, as well as because the useful areas were larger.



TEM, high resolution TEM (HRTEM), bright field (BF), and high angular annular dark field (HAADF) scanning TEM (STEM) images, EDXS microanalysis, and selected area electron diffraction (SAED) patterns were obtained at a 200 kV accelerating voltage on an Tecnai Osiris analytical field emission transmission electron microscope (FEI, Hillsboro, OR, USA) fitted with a 4 SDD detectors Super X ChemiSTEM EDXS system (FEI) running under ESPRIT software (Bruker, Ratingen, Germany).



Element quantification from EDXS was performed with the Cliff–Lorimer ratio method [65] in TEM and ZAF (Z = Atomic number, A = Self-absorption, F = Fluorescence) method [66,67] in SEM. Low concentrations of oxygen and aluminum impurities were ignored when writing the stoichiometries.



Crystallographic phase analysis was performed using the selected area electron diffraction (SAED) patterns and Fourier transform diffractograms (FFT) of high-resolution TEM (HRTEM) images, which were processed with the DigitalMicrograph suite GMS 2.31 (Gatan Inc, Pleasanton, CA, USA). SAED patterns and FFT were interpreted with the JEMS software [68].




4. Discussion and Conclusions


Binary Cr and Fe disilicides were found in the sample obtained by high-temperature reaction at 1723 K and after annealing at 1073 K for 3 days. Neither ternary silicides, nor brittle σ−Cr−Fe phase were observed.



Low solubility of Fe dicilides was observed in CrSi2 in both as-grown and annealed samples which allows for the formation of large (200–300 μm size) homogeneous CrSi2 grains. While α−, β−FeSi2 regions have significantly smaller grain sizes.



The ε−FeSi phase is present in both as grown and annealed samples. In the annealed material it forms lamellar precipitates of about 100–150 nm in width.



The CrSi2 grains contain Fe impurities at a concentration between 1.5 at.% and 2.0 at.% (mainly before annealing) and annealing reduce it to 0.2%. The FeSi2 grains also contain Cr impurities of about 2 at. %. Up to 10 atomic % Cr was detected in the cubic ε−FeSi phase.



Annealing leads to the formation of Si and Cr5Si3 precipitates and a significant decrease in the Cr concentration in the FeSi2 regions where Cr5Si3 precipitates appeared.



XRD showed that the amount of the CrSi2 phase was approximately 50 % before and after annealing, while the amount of ε−FeSi phase decreased after annealing from 7.5 to about 1.3 w.%. This fact may mean that part of the ε−FeSi phase was taken together with α-FeSi2 for the phase transformation to create the β−FeSi2 phase.



Secondary phases like ε−FeSi and particularly Si have a large lattice mismatch with Cr and Fe dicilicides which consequently leads to stresses and strains and eventually to cracking of the material. In comparison, the thermal expansion coefficient has only a minor effect.



Future Research Directions


Investigations of chemistry, crystallography, and properties of Cr and Fe silicides have a long and rich history. Low cost, abundance, and ecological safety are the most attractive features of this type of compounds for their use in mass production. However, “the characterization and understanding of single-metal silicides is only a first step”, and “a full knowledge of individual binary systems is insufficient to analyze the product phases since the growth of a ternary compound may now be part of the evolution of the structures” [69].



In fact, the ternary Cr−Fe−Si system is a complex system not only because of the multiphase composition, but also because of the complex spatial arrangement of the various phases and their mutual distribution in bulk materials. How it was noticed in [70] that there are extensive solid solutions in the ternary system, but there is no formation of ternary compound phase in the Fe−Si−Cr system.



Therefore, we consider that more research is still needed to achieve optimal composition among several different binary and ternary (if any) phases and processing to develop the adequate microstructure. First, studying the structure at the nano- and atomic level will help to improve knowledge about the mechanism of phases and interphase interfaces formation and stability, chemical bonding, and diffusion kinetics. We must emphasize that for this goal, a combination of several methods is needed, such as XRD, electron diffraction, analytical SEM and TEM, including high resolution (S)TEM, to gain a clear understanding of multiphase systems for better control of synthesis.
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Figure 1. Phase analysis using Rietveld refinement for the Fe−Cr−Si samples before (a) and after annealing (b). The Bragg peaks of α−FeSi2 tetr and β−FeSi2 orth, ε−FeSi and Si cub were labeled with 3 indices, and the planes in hexagonal CrSi2 are shown with the Miller-Bravais indices (hkil), labels of visible Si (111, 022 and 113) peaks are shown under the XRD pattern. 
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Figure 2. Non-annealed sample: BSE SEM image with grains of different chemical composition (based on EDXS analysis) CrSi2, CrFe1.5Si4 and CrFe3Si5 and thus responsible for the 3 different brightness levels (a); enlarged area of the selected rectangular area corresponding to an apparent chemical composition CrFe1.5Si4 (b); BSE intensity line profile through grains of different effective atomic numbers due to their specific compositions (c), corresponding EDXS map with a mixture of Cr and Fe silicides that satisfies microanalysis data and BSE Z-contrast (d). 
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Figure 3. Comparison of CrSi2 grain in non−annealed (left) and annealed (right) samples. TEM image (a) with the corresponding SAED pattern obtained along the [4   2 ¯   2 ¯   3] CrSi2 hex direction (b), EDXS spectrum with Fe−Kα peak visible (c). CrSi2 grain in annealed sample (right): TEM image (d) with the corresponding SAED pattern obtained along the [11  2 ¯  3] CrSi2 hex direction (e); EDXS spectrum with Fe−Kα peak absent (f); Superimposed EDXS spectra of CrSi2 from non-annealed (light blue) and annealed samples (dark blue) after Cr−Kβ intensity normalization to highlight the loss of Fe in the CrSi2 phase after annealing (g). 
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Figure 4. Non-annealed sample: TEM image with α-FeSi2 and CrSi2 hex phases (a), the corresponding SAED patterns obtained from α−FeSi2 [110] (b) and [11  2 ¯  9] CrSi2 directions (c); spectra obtained from the α-FeSi2 (d) and CrSi2 areas showed all elements (e). 
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Figure 5. Non-annealed sample: FeSi grains from the network from. EDXS elemental map (containing about 10 at% Cr) with the spectrum (a–d), TEM image and the corresponding SAED patterns taken from the left and right grains along the [124] ε−FeSi and the [122] ε−FeSi directions. 
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Figure 6. Annealed sample: HAADF STEM image (a) and EDXS map (in atomic %) showing grains CrSi2 and FeSi2 with Si precipitates (b); TEM images (c–e) with the corresponding SAED patterns taken from [01  1 ¯  2] CrSi2 hex, [   3 ¯   3 ¯   1] β−FeSi2 orth and [   3 ¯   3 ¯   1] β−FeSi2 orth with Si precipitates along the [123] direction. 
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Figure 7. Grain of Fe disilicide and Cr-rich particles in annealed sample. Left column: HAADF STEM image (a), element maps from Cr, Fe and Si (b). Right column: enlarged HAADF STEM image and the elemental maps; superimposed element maps and spectra obtained from the FeSi2 grain and Cr−rich nanoparticle (selected areas). 
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Figure 8. Annealed sample: BF STEM image (a); SAED pattern obtained from the [112] β−FeSi2 orth directions (b); SAED pattern obtained from the β−FeSi2 orth along the [112] direction and Cr5Si3 nanoprecipitates along the [379] direction (Miller indexes are in regular or italic characters for FeSi2 Cr5Si3, respectively (c). 
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Figure 9. Annealed sample: HAADF STEM image (a) the EDXS map (in atomic %) and inserted concentration profiles from Cr, Si and Fe across the across the lamellar precipitate (b), EDXS elemental maps from Cr (c), Si (d) and Fe (e); TEM image (f) and the SAED pattern (g) corresponding to the circular area in (f) [463] (012) ε−FeSi cub and [   2 ¯   1 ¯   10] (0003) CrSi2 hex are parallel. 
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Figure 10. Annealed sample: HRTEM image taken at the interface FeSi cub / CrSi2 hex (a), Fourier diffractogram obtained from the selected rectangular area brings their zone axis [2   1 ¯   1 ¯   0] and [342], respectively (b); filtered HRTEM images from the [2   1 ¯   1 ¯   0] CrSi2 hex and [342] FeSi cub. HRTEM insets delimited by arrows are simulated HRTEM images using JEMS (c,d). 
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Table 1. Chemical and phase composition of binary Fe and Cr silicides.
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Fe–Si

	
Cr–Si




	
Phase

	
Space Group; Lattice Parameters (nm)

	
# ICSD

	
Phase

	
Space Group; Lattice Parameters (nm)

	
# ICSD






	
Fe3Si

	
Fm  3 ¯  m; a = 0.5665 [30];

	
412838

	
Cr3Si

	
Pm  3 ¯  n; a = 0.45599 [31];

	
32509




	
Fm  3 ¯  m; a = 0.5662 [32].

	
633537

	
Pm  3 ¯  n; a = 0.4539 [33].

	
199130




	
Fe5Si3

	
P63/mcm; a = 0.67552, c = 0.47174 [34];

	
42585

	
Cr5Si3

	
I4/mcm; a = 0.917, c = 0.4636 [35];

	
15683




	
P63/mcm; a = 0.6755, c = 0.4715 [36];

	
633525

	
I4/mcm; a = 0.915, c = 0.464 [37].

	
626782




	
P63/mcm; a = 0.6756, c = 0.4718 [38].

	
633540

	

	




	
ε-FeSi

	
P213; a= 0.445507 [39];

	
5250

	
CrSi

	
P213; a = 0.4629 [33].

	
626772




	
P213; a= 0.4489 [40];

	
76945

	

	




	
β-FeSi2

	
Cmca, a= 0.9863, b = 0.7791, c = 0.7833 [41];

	
9119

	
CrSi2

	
P6222; a = 0.4428, c = 0.6364 [42];

	
626776




	
Cmca, a= 0.9876, b = 0.7798, c = 0.7836 [43];

	
163384

	
P6222; a = 0.4428, c = 0.6364 [44];

	
626787




	
Cmca, a= 0.988, b = 0.7798, c = 0.7839 [45].

	
603890

	
P6422; a = 0.4283, c = 0.6368 [46];

	
96026




	
α-FeSi2

	
P4/mmm, a = 0.2725, c = 0.5202 [47];

	
5258

	
Si

	
Fd  3 ¯  m, a = 0.54307 [48];

	
29287




	
P4/mmm, a = 0.269, c = 0.5133 [49].

	
633544

	
Fd  3 ¯  m, a = 0.543086 [50].

	
76268
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Table 2. Phase composition of the samples according to the Rietveld refinement.
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As Grown (Non-Annealed)

	
Annealed




	
Rwp = 13.4%, GOF = 6.4

	
Rwp = 11.5%, GOF = 5.2






	
phase

	
weight %

	
Phase

	
weight %




	
CrSi2

	
50.5 (4)

	
CrSi2

	
50.7 (3)




	
α−FeSi2

	
41.9 (4)

	
β−FeSi2

	
46.8 (3)




	
ε−FeSi

	
7.5 (2)

	
ε−FeSi

	
1.3 (1)




	
Si

	
Not found

	
Si

	
1.2 (1)
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Table 3. Planes and corresponding interplanar spacings d, thermal expansion coefficients [23,59,60,61,62] to derive the lattice mismatch from orientation relationships.
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	Material
	hkl
	d, nm
	α·10−6 K−1





	CrSi2 hex
	(2  2 ¯  00)

(02  2 ¯  4)

(0003)
	0.19148

0.1222

0.2117
	12.87



	α–FeSi2 tetr
	(1   1 ¯   0)
	0.19057
	12.0



	β–FeSi2 orth
	(713)

(   1 ¯   5 ¯   3)

(   2 ¯   2 ¯   8)
	0.12246

0.13259

0.09325
	11.8



	ε–FeSi cub
	(0  1 ¯  2)

(  2 ¯  10)
	0.20351

0.20351
	15.5



	Cr5Si3 tetr
	(233)
	0.13207
	14.07



	Si cub
	(60  2 ¯  )
	0.08617
	4.3
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Table 4. The thermal expansion coefficient misfit and lattice mismatch at the interphase interfaces.






Table 4. The thermal expansion coefficient misfit and lattice mismatch at the interphase interfaces.





	Interfaces
	Misfit, δ therm
	Mismatch, δ lattice





	CrSi2 hex–α-FeSi2 tetr
	0–2.9·10−2%
	0.5%



	CrSi2 hex–β-FeSi2 tetr
	7.8·10−2%
	0.2%



	CrSi2 hex–ε-FeSi cub
	0.2%
	4.1%



	β-FeSi2 tetr–Cr5Si3 tetr
	0.2%
	0.4%



	β-FeSi2 tetr–Si cub
	0.6%
	7.9%
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