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The structure and elasticity of cubic Fe-Si alloys at high pressures

I. INTRODUCTION

The Fe-Si system underpins an important class of technological materials, providing a low-cost route to materials with high corrosion resistance, mechanical durability, combined with widely tunable magnetic and electronic properties [1]. Indeed, up to 10-12 at% Si is added to Fe to form silicon steels-widely used for electrical and energy conversion applications [e.g. 2,3]. More Si-rich compounds have shown promise for applications ranging from photovoltaics to microelectronics [e.g. 4]. While classical pulse-echo ultrasonics and X-ray diffraction investigations have established a clear picture of the variation of elasticity and structure with Si content in alloys containing up to at least 50at% Si [e.g. [5][6][7][8], there is still no consensus on the physical origins of the observed variations in this system [4,[9][10][11]. Ab initio calculations indicate that changes in magnetic structure are a key driver of structural stability in the Fe-rich Fe-Si phase diagram [9,10]. However, there is debate over whether the anomalous elastic behaviour at low Si content and the observed ductile-brittle transition in this system is driven by magnetic or electronic effects [11].

Fe alloys with up to 25 at% Si display a series of solid solutions based on the bcc Fe structural motif at ambient temperature and pressure [6]. While such materials are ductile for concentrations up to about 8at% Si, they are exceedingly brittle and consequently unworkable at higher concentrations, in spite of their improved magnetic properties as electrical steels [e.g. 12]. In order to retain the mechanical properties of dilute Fe-Si * eric.edmund@upmc.fr alloys while providing magnetic properties only accessible at higher Si concentrations, modern studies of the Fe-Si system have increasingly moved towards using outof-equilibrium synthesis methods [e.g. 13,14], such as melt-spinning, mechanical annealing or physical vapor deposition (PVD) [START_REF] Herzer | Handbook of Magnetic Materials[END_REF]. Through these methods, it has been possible to strongly modify the Fe-Si phase diagram, synthesizing structures well beyond their thermodynamic stability fields. However, there are virtually no experimental investigations into the elastic properties of Fe-Si alloys synthesized by such means, nor their behaviour under pressure. Such information plays a key role in understanding the interdependence of structure, bonding and magnetism in this system. Indeed, the variation of lattice parameter (and consequently volume) with Si concentration is linked to changes in magnetic structure in this system [e.g. 16], and compressional sound velocities (noted here as V P ), are highly sensitive to changes in elastic moduli -the 2 nd derivative of free energy with strain. Thus, combined investigations of V and V P under pressure provides an accurate probe for assessing compositional and structural variations in alloy interatomic potentials.

In order to better understand the role of chemical ordering on the physical properties of Fe-rich Fe-Si alloys (with less than 50 at% Si), a series of Fe-Si alloys synthesized by melt-spinning and PVD (Si content up to 29at%) have been here characterized using synchrotron X-ray Diffraction and picosecond acoustics (PA) up to 65 GPa under quasihydrostatic conditions. Such measurements allow for the determination of unit cell volume and Vp at both ambient and high pressures, placing tight constraints not only on ambient pressure elastic parameters, but also their volume and structure dependence.

II. METHODS

Experiments were performed using Fe-Si alloys measured by scanning electron microscope (SEM) to contain 9.8(5), 14.7(2.0), 16.4(2.0), 18.6(2.0), 21.3(2.0), 28.9(2.0) at% Si respectively. These alloys are referred to hereafter as Fe-xSi where x = 10, 15, 16, 19, 21, 29 -the rounded concentrations of each alloy in atom percent. Fe-10Si was synthesized by melt-spinning at Institut de Chimie et des Matériaux de Paris-Est (Paris, France) following the experimental protocol outlined in Morard et al. [17]. All other alloys have been synthesized by PVD at either DEPHIS company or Institut de Mineralogie, de Physique des Materiaux et de Cosmochimie (Paris, France). All alloys have been measured by synchrotron X-ray diffraction (XRD) both at ambient conditions and at high pressures, except in the case of Fe-16Si where only ambient pressure characterization was performed and are observed to be single phase, fully crystallized materials. PVD samples were further characterized at ambient pressure by profilometry and picosecond acoustics, allowing for the determination of reference values of Vp of these alloys at ambient conditions to an error of ≤ 1% for Fe- [START_REF] Overman | Mathaudhu[END_REF]19,21)Si and ≤ 2% for Fe- [START_REF] Herzer | Handbook of Magnetic Materials[END_REF]29)Si. The ambient pressure Vp and error in Vp for Fe-10Si was determined using literature elastic constants [7] as discussed in Edmund et al. [18].

Measurements at high pressures were performed using Le Toullec-type membrane-driven Diamond Anvil Cells (DACs), equipped with diamonds with culet diameters ranging from 350 to 100 microns, and 200 micron-thick Rhenium gaskets. The Rhenium gaskets were indented to thicknesses of 60 to 20 micron depending on diamond culet diameter. A femtosecond pulsed laser was used to machine a hole in the center of the indented gasket, roughly half the diameter of the diamond culet, to act as the sample chamber. Ne was used as the pressuretransmitting medium (PTM), ensuring quasihydrostatic compression. The sample chamber was stable to the highest achieved pressures of the present study, without contact between the sample, gasket or pressure calibrant during any experimental run.

II.1. X-ray Diffraction

For all diffraction experiments, the sample chamber contained Mo or Pt as the pressure calibrant. For the Mo equation of state we used the elastic parameters reported in Litasov et al. [19], (K 0 = 260 GPa, K' = 4.19 (5)) and the reference V 0 of Mo (V 0 = 31.17 Å3 , [20]). For the Pt equation of state we used that proposed by Dewaele et al. [21], V 0 = 60.38 Å3 , K 0 = 277.3 GPa, K' = 5.12. Both pressure scales are in good agreement where there is overlap in datasets, and are observed to be consistent with the ruby fluorescence scale used for PA measurements [22].

All alloys investigated by XRD were loaded as foils, either mechanically etched from a glass sub-strate in the case of PVD samples or from a larger alloy ribbon in the case of Fe-10Si. On the basis of SEM analysis of the starting materials, the grain size of the alloys were less than 200 nm. Williamson-Hall analysis of ambient pressure diffraction measurements has shown that crystallite size varies from alloy to alloy, however this is not observed to correlate with the reported compositional variations in elasticity presented in this study.

Synchrotron XRD measurements were carried out on beamline PSICH É at Synchrotron-Soleil, and on beamlines ID15b and ID27 at the ESRF. All XRD measurements were performed in transmission geometry. At PSICH É, the X-ray wavelength was λ = 0.3738 nm, and the beam was focused to approximately 15 µm by 10 µm (horizontal by vertical, H x V) Full-Width at Half Maximum (FWHM). At this beamline, collection times were between 30-60 seconds, and the cell was rotated +/-5 degrees during collection to improve orientational averaging. At ID15b, the X-ray wavelength was λ = 0.411545 nm, the beam was focused to about 6 µm by 6 µm H x V FWHM, and collection times were about 5 seconds, without rotation of the cell. At ID27, the X-ray wavelength was λ = 0.3738 nm, focused to ∼ 3 µm by 3 µm (H x V FWHM) and collection times were 30-60 seconds.

Diffraction images were calibrated against a CeO 2 standard for measurements performed at PSICHE and ID27, or were calibrated against an Si standard for those performed at ID15b. The images were then azimuthally integrated using Dioptas [23] to make diffraction patterns, which were then fit using Jana2006 [START_REF] Václav | Crystallographic computing system jana2006: General features[END_REF] or PDIndexer [START_REF] Seto | [END_REF].

II.2. Picosecond Acoustics

Pump-probe time-resolved reflectivity measurements were performed at IMPMC [26] in order to determine the acoustic travel time of the Fe-Si alloys investigated. A Ti:Sapphire laser beam (λ = 800 nm, pulse duration ∼ 100 fs) is split into two optical paths (with intensity split roughly 80:20 pump:probe) -a pump beam, and a probe beam. The pump and probe beams are focused on opposite, parallel surfaces of the flat metallic sample loaded in the DAC. The pump beam has a repetition rate of 80 MHz modulated at 1 MHz through the use of an acoustooptic modulator for lock-in noise rejection. The absorption of the pump beam at the sample surface generates a small thermal stress, which relaxes by launching elastic waves that propagate throughout the sample. The probe beam is employed to measure the time-resolved reflectivity of the opposite sample surface. The reflected signal from the probe beam is passed through an interferometer, used to determine the phase shift of the reflectivity, which is observed to change abruptly upon the arrival of the elastic wave at the surface. To resume, the pump beam generates bulk waves, and the probe beam measures sample reflectivity as a function of time in order to detect the arrival of compressional bulk waves at the opposite face of the sample.

For the preparation of DAC experiments, samples synthesized by PVD were mechanically etched from the glass substrate that they were deposited on. Sample diameters were between 20 and 50 micron, depending on target pressures and sample chamber size. Measured travel times at different locations on a given sample were observed to be uniform, both at ambient and high pressures. For Fe-10Si, some scatter was observed in travel times due to texturing of the initial sample during loading, described in Edmund et al. [18].

The ruby fluorescence method was employed [27] for the determination of pressure during experimental runs, using the pressure calibration of Sokolova et al. [22]. Ruby fluorescence was measured before and after each measurement. Pressure drift was about 0.1 GPa below 10 GPa, up to 0.5 GPa between 10-30 GPa, and up to 2 GPa at the highest pressures in this study. As the difference in pressure before and after measurement is the largest source of experimental uncertainty in pressure, this was used as the error bar in pressure for the determination of sound velocities.

Vp of the alloys are simply determined by dividing a sample's thickness (e) by the measured acoustic travel time. e was determined through the measurement of the initial travel time of the sample loaded in the DAC before gas loading, combined with the known sound velocity of the starting material at ambient pressure, and was assumed to scale as e 0 V V0 1/3 under pressure (the assumption of hydrostatic compression of the sample).

III. RESULTS

III.1. X-ray Diffraction

Pressure-Volume (P-V) Equations of State (EoS) of each alloy was determined at high pressures over the entire bcc/B2 pressure stability field, except in the case of Fe-29Si where an hcp transition was not observed. The measured P-V relations were fit with both Rydberg-Vinet (RV) and 3rd-Order Birch Murnaghan (3BM) EoS [28,29].

P (V ) = 3 2 K 0 1 -η 2 η 7 • 1 + 3 4 (K -4) 1 -η 2 η 2 (1) 
P (V ) = 3K 0 1 -η η 2 exp 3 2 (K -1) (1 -η) (2) 
In equations 1 and 2, K 0 and K' refer to the Bulk modulus (in GPa) and its pressure derivative (dimensionless) respectively, while η = V V0 1/3 where V and V 0 are the high pressure and ambient pressure unit cell volumes (with units Å3 /atom).

For the determination of sound velocities, the 3BM formalism and elastic parameters were used in data analysis, however we stress that the difference in fitted elastic parameters for the two choices of EoS are minor. Figure 1 shows the present dataset alongside selected literature studies. FIG. 1: Cell volume per Atom vs. Pressure for the Fe-Si alloys investigated here and selected literature [30][31][32][33][34]. All datapoints presented here have error bars smaller than the symbols, with the exception of some points from Fe-15Si. All literature results except Guinan and Beshers [30] were rescaled using pressure scales consistent with the present study.

Out of the DAC studies performed on this system we excluded from Figure 1 results obtained using pressuretransmitting media which are non-hydrostatic at high pressures. Furthermore, for consistency, results of studies performed in Ne or employing laser annealing to reduce non-hydrostatic stress are shown [31][32][33][34], and are refitted using pressure values which have been re-scaled to modern calibrations consistent with the present dataset and studies employing 'absolute pressure' methods [35]. The significant discrepancies among the various studies can be reconciled by noting systematic differences due to the employed pressure calibrations.

Table I summarizes the fitted EoS elastic parameters from the present study while Supplementary Table S2 summarizes the EoS parameters reported in DAC and high pressure pulse-echo ultrasonics literature. It is seen that there is general agreement between refit static data, the present study and ultrasonics for a number of compositions. However, in the present study there are clear discrepancies in the EoS parameters (and compressional behaviour) of Fe- [START_REF] Herzer | Handbook of Magnetic Materials[END_REF]19,21)Si alloys relative to literature trends. For alloys, V 0 and its error has been fixed to the value determined at ambient pressure, with the exception of Fe-10Si where some fits were performed with all parameters free. In the case of Fe-15Si, K' was fixed to 5 based on the observation that Fe- (19,21,29)Si exhibit comparable values of K', however the fitted value of K 0 for this dataset is not sensitive to variation of K'. The sound velocities of Fe-Si alloys were determined up to the bcc-hcp transition for all alloys except Fe-29Si, where a transition was not observed. In the case of pure Fe, pre-transition elastic softening has not been reported [e.g. 37,38]. However, for alloys of Fe- (19,21)Si we observe nonlinear variations in Vp a few GPa before the onset of the structural transition determined by XRD, attributed to shear softening of the alloy before the bcc-hcp transition. While all alloys studied appear to systematically exhibit different behaviour from Fe during the bcc-hcp transition region, the pressure stability field of Fe-10Si and Fe-15Si was too small to unambiguously confirm the existence of pre-transition softening. Regardless, bcc-phase data points close to the bcc-hcp transition were omitted from analysis of velocity-density relations. While velocity determination is dependent on the assumption that sample thickness only varies with unit cell volume, elastic or plastic deformation of the sample is likely negligible at these conditions. The highest pressure velocity points used in the velocity-density relations of this study (Figure 2), result in derived Young's moduli of ∼ 340 GPa for Fe-19Si at P = 36.3 GPa and ∼ 490 GPa for Fe-21Si at P = 51.9 GPa. At the same pressures, the shear strength of Ne is less than 1-2 GPa [39] and thus deformation of the sample by the Ne PTM is not likely.

In the quasiharmonic approximation, phonon energies are proportional to 1/V which results in a linear relationship between Vp and density, also referred to as Birch's law [START_REF] Poirier | Introduction to the Physics of the Earth's Interior[END_REF]. The variation of sound velocities with density encodes the material-specific elastic response to compression. Consequently, variation in the slope of the velocity-density plot provides a sensitive probe to changes in the Fe-alloy interatomic potential. Figure 2 shows the velocity-density relations from the present work and selected literature. It is observed that from Fe to Fe-21Si there is little difference in the general trends of the velocity-density plots -these bcc alloys are roughly parallel to each other, with the primary differences arising from changes in the initial density (ρ 0 ) and Vp (V P,0 ). Alloys in either the B2 (Pm-3m) or B20 (P2 1 3) structure show a significant variation of the slope of Vp vs. density indicating modifications in the interatomic potential, discussed further in Section IV.4. Linear fits to both the Vp-ρ relations and derived shear velocity (Vs)-ρ relations are shown in Table II. from the present study and selected literature [35,38,[START_REF] Voronov | [END_REF][42][43][44]. In the legend, IXS = inelastic x-ray scattering, US = polycrystal ultrasonics, SC-US = single-crystal ultrasonics. Derived shear velocity (Vs)-ρ relations can be seen in Supplementary Figure S2. US and PA studies on bcc-Fe [38,42] are observed to be in good agreement at high pressures, as are velocity measurements on hcp-Fe performed by techniques covering the MHz to THz frequency range [45]. Thus, it is expected that differences in sound velocities from these techniques due to frequency dispersion is small within experimental uncertainties. [6]. While endmember B20 FeSi is approximately stoichiometric, for a wide range of more Fe-rich compositions (about 0-30 at% Si), the phase diagram exhibits bcc, B2 and DO3 type solid solutions, depending on the synthesis conditions, Si concentration and the mechanical or thermal treatment of the material [46]. As a result, these alloys display varied magnetic properties, and such properties strongly depend on the process by which the samples were made. Both melt-spinning and PVD are techniques which tend to suppress the formation of ordered phases within Fe-Si alloys, however through different mechanisms. With melt-spinning techniques, a homogeneous, molten liquid is ejected through a pressurized quartz nozzle on a spinning Cu-alloy wheel [e.g. 17], suppressing migration of solutes within an alloy during cooling. In the case of PVD, the temperature of sample synthesis is sufficiently low that kinetics prevent the formation of long range Si ordering [3]. Thus, these two techniques can both hamper the formation of the ordered B2 and DO3 structures, as shown in Figure 3. In the present study, the phase content of all alloys has been determined via XRD at ambient pressure.

At very low Si contents (approx. less than 8 at%) the Fe-xSi alloys are primarily composed of a bcc solid solution, with Si atoms randomly replacing Fe with no site preference. Using classical methods for sample synthesis, B2-type ordering occurs for samples above 7-8 at% Si, and DO 3 above 10 at%Si [47]. However, in the present study, through the use of PVD methods the formation of Si ordering was suppressed in all alloys containing up to 21at% Si, above which a B2 structure is observed.

Shown in Figure 4, it can be seen that the unit cell volume of Fe-Si alloys decreases linearly with Si concentration, with two regimes from 0 to 8 at% Si and from about 11 to 30 at% Si with an intermediary region between the two (8-11 at% Si) where the literature is somewhat scattered. Linear fits to the volume (in Å3 per atom) vs. at% data of available literature (omitting samples synthesized by out-of-equilibrium methods) gives relations of V = 11.780(2) -0.0088(3)x from 0-8 at% Si and V = high pressure studies) [5,6,14,[48][49][50]. Phragmén [5], Farquhar et al. [6], Jette and Greiner [48] were converted from Cu X-units [51]. Single crystal denotes single-crystal XRD studies [52,[START_REF] Rausch | The Lattice Parameters and Structures of Iron-Silicon Single Crystals and the Elastic Constants of Fe3Si[END_REF]. High pressure V 0 denotes ambient pressure measurements from high P studies [31,32,35,[START_REF] Hirao | [END_REF][55][56]. Volumes from other out-of-equilibrium techniques (Mechanical Annealing, [57] and Epitaxial Growth, [58]) are shown for comparison.

11.936(6)-0.0255 (3)x from 11-30 at% Si. It is observed that while Fe-10Si and Fe-29Si measured here are both consistent with literature trends, all alloys intermediate to these compositions exhibit systematically higher volumes at the same concentration relative to equilibrium literature. The observed deviations from equilibrium V vs at% relations are likely driven by the differences in structural ordering as for bcc alloys the volume decreases more slowly with Si content than for DO 3 -type alloys. While Fe and Si have similar atomic sizes within an Fe-Si lattice, the volume per atom of bcc Fe is significantly larger than that of diamond Si due to magnetic interactions of Fe d electrons. Fe atoms in bcc-Fe have unpaired d-electrons which generate a local magnetic moment, which in turn causes a repulsive interaction between these atoms. Ab initio calculations of bcc-Fe either including or excluding magnetic effects have shown that a fictive non-magnetic bcc-Fe lattice exhibits a significantly reduced unit cell volume relative to experimental determinations [e.g. 59]. By contrast Si has no d-electrons and is nonmagnetic, and as a consequence, alloying Fe with Si screens magnetic interactions between Fe atoms, which can weaken the bulk magnetic moment of the resulting alloy [9,10].

The general trend of decreasing lattice constant with Si shown in Figure 4 is due to the weakening of the average magnetic moment of the alloy. While the bulk magnetic moment decreases weakly from 0 to ∼8 at% Si [60], the kink in the Volume-Si content curve at 8-11 at% Si arises from a splitting of the different crystallographic locations of Fe within the Fe-Si alloy into magnetic states with differing moments, coinciding with the onset of DO 3 -type ordering [9]. This in turn alters how the magnetism varies with Si content. It is interesting to note, that while the volume per atom of B20 Fe-50Si is markedly different from the trends established above, the volume of the high pressure B2 phase of this composition agrees well with extrapolations from the stability field of DO 3 structured alloys.

IV.2. Bulk modulus vs Si content

It has been shown experimentally that the elastic moduli of Fe-Si solid solutions undergo significant changes in behaviour in the vicinity of the DO 3 transition. The bulk moduli (K 0 ) in particular have been reported to decrease with increasing Si content up to the DO 3 transition pressure, followed by an increase in K 0 with increasing Si concentration in the stability field of the DO 3 structure [e.g. 7,8].

The results of ab initio calculations generally agree that the initial reduction of K 0 has an electronic origin [9], related to the screening of d-d interactions of Fe sites [10,11]. However, there is still debate over whether the recovery of K 0 in the DO 3 stability field is due to a magnetovolume effect (the relative change of the magnetic moment and volume with Si content) [10] or increased bond covalency due to the formation of long range Si ordering [11].

Figure 5 shows the K0 values determined in the present study alongside DAC literature [31][32][33][34] (isothermal K 0 ) and the results of single crystal and polycrystalline ultrasonics measurements [7,8,30,35,[START_REF] Voronov | [END_REF]42,62,63]. (adiabatic K 0 ). It is observed that while there is significant scatter across ultrasonic determinations of K 0 in FIG. 5: Bulk modulus at ambient pressure (K 0 ) vs. Si content determined in the present study and selected experimental literature [7, 8, 30-32, 35, 41, 61-63]. The difference between isothermal and adiabatic bulk moduli has not been taken into account, as at 300 K this difference is about 2-3 GPa when using literature thermoelastic parameters [31,64,65].

the DO 3 region, DAC measurements tend to support a weaker trend in K 0 vs Si content in the DO 3 region. FIG. 6: Isothermal compression curves from the present study and modern literature [31,32].

In the present study, it has been observed that K 0 of Fe- (19,21)Si is markedly reduced relative to literature trends, while Fe- (10,[START_REF] Herzer | Handbook of Magnetic Materials[END_REF]29)Si are in good agreement. This is attributed to the fact that Fe- (19,21)Si are bccstructured alloys well beyond the compositional stability field of this structure at ambient conditions. Thus, due to the suppression of Si ordering, the K 0 of these materials is significantly reduced because of the increased influence of d-d screening relative to ordering on the cohesive properties of the alloys. Indeed, shown in Figure 6 while the Fe- [START_REF] Overman | Mathaudhu[END_REF]27)Si DO 3 structured alloys reported in Fischer et al. [31,32] have comparable compressibility to each other at high pres-sures, the alloys from the present study show significant variation of compressibility over the same compositional range. Si Content (at% Si) B20 FeSi FIG. 7: K' vs. Si Content for the present study and available literature [30-35, 41, 42].. The two values for the same composition reported in the present study correspond to the results of fitting compressional data with RV or 3BM formalisms. It is observed that this quantity is effectively constant with Si content up to 30 at% Si irrespective of Si ordering.

Across different literature investigations of the Fe-Si system, there has been little consensus on the evolution of K' with Si content due to scatter between different studies. Thanks to the high P-range and quality of the present dataset, it is observed in Figure 7 that K' is roughly in the range of 5-5.5 for alloys Fe- (19,21,29), in agreement with [31,32] and that the influence of Si ordering on K' is negligible within errors. Furthermore, a comparison of the K' of DAC experiments and Single-Crystal pulse-echo ultrasonics (SC-US) measurements for Fe and Fe-5Si shows that K' of these alloys are weakly dependent on Si concentration. However, this relation does not hold at higher Si concentrations, as B2 Fe-50Si has been observed to exhibit systematically lower K' (K' = 4-4.5, [33,56]), while the K' of B20 Fe-50Si is considerably higher (K' = ∼6.6, [32,35]).

IV.4. Density dependence of sound velocities (dVp/dρ and dVs/dρ) at high pressures As sound velocities are highly sensitive to changes in both the shear and compressional moduli of a solid, the slope of the Vp-and Vs-density plots are a key indicator for changes in the interatomic potential of solids as a function of composition and structure. It is observed in Figure 8 that there is a weak increase in dVp/dρ as FIG. 8: dVp/dρ vs. Si content, Inset: dVs/dρ vs. Si content from the present study and available literature [30,35,38,[START_REF] Voronov | [END_REF]42,44]. It is seen that there is good agreement across different studies and methods, with large changes corresponding primarily to changes in structure.

a function of composition for the bcc-structured alloys, and a significant increase in this quantity relative to bcc-Fe associated with the B2 and B20 structures. The inset of Figure 8 shows that while dVs/dρ is essentially constant across the bcc alloys, dVp/dρ observed for Fe-29Si and B20 Fe-50Si [35] are larger, as a direct consequence of modifications of the shear properties of the material. This observation supports the argument made by recent ab initio calculations that changes in bond covalency, in competition with the magnetovolume effect drives the observed anomalies in the elastic properties of Fe-Si alloys in the vicinity of the DO 3 transition [11]. An increase in covalency results in increased directionality of bonding, and this change in bonding typically enhances the shear modulus of the material [e.g. 66], which could affect the variation of shear velocities with density.

IV.5. Bcc-hcp phase transition at high pressures

In Fe-Si alloys, Si addition is known to stabilize the bcc phase relative to hcp at ambient temperature [e.g. 31,67]. However at present the variation of transition pressure with Si content is poorly constrained. In this study the bcc-hcp transition pressure and the extent of two-phase coexistence has been constrained using two metrics: the 'smearing' of the first acoustic echo in time domain PA measurements and the direct observation of a mixed phase by XRD. Figure 9 shows the time domain PA measurements taken for alloys Fe-10Si and Fe-19Si. It is observed that within the bcc or hcp stability field, the first acoustic echo is sharp and well defined, while in contrast the mixed phase region is characterized by a distortion of the shape and intensity of the first acoustic echo.

When this metric is applied for the determination of the onset and end of the bcc-hcp transition, PA measurements are in good agreement with structural determination via XRD (Figure 10a). This distortion of the acoustic echo is likely related to the fact that during the bcc-hcp transition the sample is a mechanical mixture of elastically distinct phases. In Figure 10a it is shown that, in agreement with ab initio calculations [67], there is a weak increase in transition pressure for Fe-Si alloys containing up to 16 at%Si above which there is a significant increase in transition pressure. Between Fe-15Si and Fe-21Si there is a change in bcc-hcp transition pressure of ∼7 GPa per at% Si, and no transition is observed for Fe-29Si up to the highest investigated pressure. It has been shown that Si alloying acts to reduce the volume of bcc/B2/DO3 Fe-Si alloys at constant pressure, while all existing literature indicates that hcp-Fe-Si alloys have a similar or higher volume than hcp-Fe at constant pressure [e.g. 18,32,55,68]. Thus, assuming that the free energy of the transition does not significantly change with Si content, the reduction in volume difference between the two phases necessitates a shift of the transition to higher pressures. It can be seen in Figure 10b that based on the present work and existing literature [18,32,55,69,70], P∆V (the pressure-volume work) of the bcc-hcp transition decreases with increasing Si content, indicating a reduction in the free energy change of the transition with increasing Si content in the absence of an external hcpstabilizing mechanism. Both the significant increase in transition pressure with Si content and decrease in P∆V compare favorably with recent ramp compression studies, which show that for Fe-26Si there is no hcp phase of this alloy to at least 1.3 TPa [71]. It is noted however that the exact phase boundaries as identified by static and dynamic compression might vary, depending on kinetics of diffusion and the timescales of dynamic compression experiments. For instance, the demixing of Fe-27Si into hcp and B2 structured alloys [31] is not reported in laser driven dynamic ramp compression experiments [71]. Furthermore, the decrease in ∆V of the bcc-hcp transition with increasing Si content at ambient temperature highlights the critical importance of differences in both thermoelasticity and entropy of the B2 and hcp phases to elucidate the boundaries between these phases at high P-T.

V. CONCLUSIONS

In summary, bcc and B2 Fe-Si alloys were investigated at ambient and elevated pressures by picosecond acous-tics and synchrotron X-ray diffraction. The combined datasets show that: the suppression of Si ordering in the DO 3 stability field by out-of-equilibrium synthesis methods results in significantly larger variability of the ambient pressure bulk modulus than DO 3 structured Fe-Si alloys of the same composition. Despite the observed variation in K 0 , for Fe-Si alloys with Si content up to ∼30 at%, K' is essentially constant -irrespective of the degree of Si ordering. For Fe-Si alloys in the bcc structure, variation of Vp and Vs with density is mostly driven by variation in V P,S0 and ρ 0 . It follows that the variation of dVp/dρ and dVs/dρ with composition of the alloy is primarily a function of the structure of the alloy, which changes considerably between the bccand B2-structured alloys studied here. This observation indicates a strong influence of Si ordering on the alloy interatomic potential, which is posited to be due to an increase in bond covalency in Si-ordered Fe-Si solid solutions. Finally, the bcc-hcp transition in these alloys has been investigated by both PA and XRD and it has been shown that there is a sharp increase in transition pressure above ∼15 at% Si, in agreement with ab initio calculations. 
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 2 FIG. 2: Compressional Velocity (Vp) vs. Density (ρ)from the present study and selected literature[35,38,[START_REF] Voronov | [END_REF][42][43][44]. In the legend, IXS = inelastic x-ray scattering, US = polycrystal ultrasonics, SC-US = single-crystal ultrasonics. Derived shear velocity (Vs)-ρ relations can be seen in Supplementary FigureS2. US and PA studies on bcc-Fe[38,42] are observed to be in good agreement at high pressures, as are velocity measurements on hcp-Fe performed by techniques covering the MHz to THz frequency range[45]. Thus, it is expected that differences in sound velocities from these techniques due to frequency dispersion is small within experimental uncertainties.
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 3 FIG. 3: Diffraction patterns of Fe-19Si and Fe-29Si both measured under the same experimental conditions at beamline PSICHE. The black arrow shows a weak reflection at low angle for Fe-29Si, the signature of structural ordering of the Si atoms in the alloy. An extended figure including all Fe-Si alloys is shown in Supplementary Figure S3
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 4 FIG. 4: Volume per atom at ambient pressure vs. alloySi concentration of the present work and available literature. Polycrystal denotes XRD investigations of polycrystalline samples (omitting those performed for high pressure studies)[5,6,14,[48][49][50]. Phragmén[5], Farquhar et al.[6], Jette and Greiner[48] were converted from Cu X-units[51]. Single crystal denotes single-crystal XRD studies[52,[START_REF] Rausch | The Lattice Parameters and Structures of Iron-Silicon Single Crystals and the Elastic Constants of Fe3Si[END_REF]. High pressure V 0 denotes ambient pressure measurements from high P studies[31,32,35,[START_REF] Hirao | [END_REF][55][56]. Volumes from other out-of-equilibrium techniques (Mechanical Annealing,[57] and Epitaxial Growth,[58]) are shown for comparison.
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 10 FIG. 10: a) Pressure-dependence of the bcc-hcp transition as a function of Si content (end of the transition for Fe-21Si was not observed). b) Pressure-volume work across the bcc-hcp transition vs. Si content (right).

TABLE I :

 I Table of EoS parameters from the present study. Supplementary table S1 (See Supplemental Material at[36]) indicates the pressure standard employed and the beamline used for measurements. Bolded numbers have been fixed during the fitting process. Literature EoS parameters are presented in TableS2

III.2. Picosecond Acoustics

TABLE II :

 II Table of velocity-density (Vp and derived Vs) relations from the present study. Ambient pressure densities (ρ amb ) are derived from the measured molar mass and ambient pressure unit cell volume.
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	group: Pm-3m), DO3 Fe-xSi (Space group: Fm-3m),
	and B20 FeSi (Space group: P213)

  Time domain PA measurements of Fe-10Si (left) and Fe-19Si (right) across the bcc-hcp transition.
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