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Elastic anisotropy of iron-bearing alloys and compounds can lead to a variation
of seismic velocities along different directions in planetary cores. Understanding
the deformation properties of candidate core-forming materials is thus
necessary to reveal the details about the interior of distant planets. Silicon
has been considered to be one of the dominant light elements in the cores.
Here we investigated the deformation of the e-FeSi phase up to 49 GPa and
1100 K employing the radial X-ray diffraction technique in diamond anvil cells.
Stoichiometric FeSiis a good approximation for the deformation behavior of the
Fe-FeSi system and the low-pressure polymorph of FeSi may be the stable
phase in the cores of small terrestrial planets such as Mercury. Yield strength in
e-FeSi is higher than in hcp-Fe and hcp-Fe-Si alloys, in the temperature range
we investigated here the temperature has little influence on the lattice strain
parameters, yield strength, and anisotropy within experimental precision. The
azimuthal anisotropy of the longitudinal sound waves in e-FeSi is below 0.6% at
low pressure and decreases further with compression, while the shear wave
contrast is below 1.25% in the entire investigated pressure range. Therefore,
polycrystalline aggregates of iron silicide are nearly isotropic at extreme
conditions. Consequently, any observed anisotropy in planetary cores will be
incompatible with silicon being the dominant light element in the core
composition.
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1 Introduction

The heterogeneous nature of sound wave propagation inside the deepest portions of
the Earth’s interior was already discovered 40 years ago (Masters and Gilbert, 1981;
Anderson and Dziewonski, 1982; Poupinet et al., 1983; Vinnik et al., 1989; Lay and Young,
1991). One of the first explanations of these effects was the hypothesis of inner core
material anisotropy (Morelli et al., 1986; Woodhouse et al., 1986). Later it gained a firm
confirmation from other geophysical observations (Creager, 1992; Song and Helmberger,
1993; Tromp, 1993). Evidence for inner core anisotropy comes from two sources—a
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directional variation of travel times (Poupinet et al., 1983) and an
anomalous splitting of the normal modes (Masters and Gilbert,
1981) that cannot be explained by the contributions of the
Coriolis effect or the ellipticity of the Earth (Song, 1997). The
initial models assumed cylindrical symmetry with the waves
travelling 3% faster along the Earth’s north-south spin axis
compared to the equatorial plane (Song and Helmberger,
1993; Irving and Deuss, 2011). Later, more complex models
were proposed, such as the presence of the innermost inner core
(Ishii and Dziewonski, 2002), depth dependence of anisotropic
properties (Garcia and Souriau, 2000), and hemispherical
variation in anisotropic properties (Creager, 1999; Irving and
Deuss, 2011), recently reviewed in Deuss (2014) and Tkalci¢
(2015).

The anisotropy in the solid inner core originates either from
the shape preferred orientation (SPO) or from lattice preferred
orientation (LPO) of the core-forming material (Singh et al,
20005 Deuss, 2014). LPO is considered to be more likely due to
the anisotropy of iron that most probably crystallizes in the
hexagonally close-packed structure at the inner core conditions
(Tateno et al,, 2010). The anisotropy due to LPO can be induced
by (re)crystallization but most likely, it is the result of the
of
materials. The deformation may originate from various
sources, such as Maxwell stress (Karato, 1999), thermal
convection (Wenk et al, 2000), preferential
(Yoshida et 1996),
(Takehiro, 2011). In the most recent research, Frost et al.

deformation-induced  lattice  rotation core-forming

equatorial
solidification al., or Joule heating
(2021) suggested that the structure of the inner core can be
well reproduced by the deformation of hcp-Fe-Ni alloy induced
by a combination of its preferential growth on one side of the
equator followed by a slow translation.

Measurements of the moments of inertia of the terrestrial
planets, i.e., Mercury (Genova et al,, 2019), Venus (Dumoulin
et al., 2017), Mars (Cook, 1977), and the Moon (Toksoz et al.,
1974) suggested the existence of dense metallic cores. The
presence of the magnetic fields and quite a small mean
moment of inertia (Sohl et al, 2002; Breuer et al, 2015)
indicate that Jovian moons such as Io, Europa, and Ganymede
also have metallic cores (Sohl et al., 2002; Soderlund et al., 2020).

The cores of terrestrial planets are likely comprised of Fe-Ni
alloys with some other, lighter elements (Breuer et al, 2015;
Tronnes et al,, 2019). The amount of light elements can reach up
to 25 wt% in the core of Mercury (Chabot et al., 2014), 9 wt% in
the core of Venus, 5wt% in the Moon, and 14 wt% in Mars
(Tronnes et al, 2019). Silicon has long been considered as a
major light element of the Earth’s core: it has a high cosmic
abundance and can be incorporated into Fe-Ni alloy during core
formation (Tronnes et al., 2019). Silicon content in planetary
cores is heavily dependent on how reducing are the conditions
inside the planet. For example, estimations for silicon content in
Mercury’s core range from 15 to 25 wt% (Chabot et al., 2014;
Knibbe and van Westrenen, 2018; Tronnes et al., 2019), while
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Venus’s core may contain up to 6 wt% of silicon, (O'Neill, 2021).
Pressure conditions in the cores of terrestrial planets span over a
huge range, from less than 6 GPa in the Jovian moons and the
Moon to 20—40 GPa in Mercury and Mars, over 100 GPa in
Venus (Tronnes et al, 2019). This diversity in pressure,
temperature, and composition determines the conditions for
the study of the physical properties of iron alloys relevant for
planetary interiors.

We performed plastic deformation experiments employing
diamond anvil cells (DAC) as a deformation apparatus at
extreme pressure and temperature conditions coupled with
X-ray diffraction in the radial geometry. In view of a
of the
investigated yield strength and anisotropy of stoichiometric e-

potentially high Si content core Fe-alloy, we
FeSi. That provides a good first-order approximation of the
deformation behavior of the Fe-FeSi system at the conditions
of planetary cores. Our results tell that e-FeSi is less anisotropic
than hcp-Fe and its alloys. This difference can be used for
constraining the silicon amount in planetary cores from

seismic observations.

2 Materials and methods

2.1 Resistive-heated diamond-anvil cell
experiments

We performed all the experiments on commercial iron
silicide (FeSi) powders (AlfaAesar, CAS 12022-95-6, 99.9%
nominal purity). Upon preliminary X-ray diffraction analysis,
we found that the sample powder contained a small amount of
SiC impurity (below 3.5 mass%). The initial powder was finely
ground in an agate mortar and further loaded into the high-
pressure chamber made of an X-ray transparent amorphous
boron epoxy gasket (Merkel and Yagi, 2005). Diamond anvils
with culet sizes of 300 um were employed and typical diameters
sizes for the sample chamber were 80 um. The gaskets were held
in place by a piece of Kapton. We did not use any pressure
transmitting mediums in order to maximize the stress applied to
the sample. Mao-Bell piston-cylinder type diamond anvil cells
modified for high-temperature studies and equipped with
graphite resistive heaters were employed to reach the desired
P-T conditions (Liermann et al., 2009; Liermann et al., 2015;
Immoor et al.,, 2020). The temperature was monitored with two
type-R thermocouples. One thermocouple was put in contact
with the diamond near the compression chamber while the
second one was in contact with the heater. A water-cooled
vacuum vessel capable to maintain 10™* mbar was used to
avoid oxidation of the diamonds, seats, and electrical
connections. Additional details about the design and operation
of the resistive heated DAC for X-ray diffraction in radial
geometry can be found elsewhere (Liermann et al, 2015;

Immoor et al., 2020).
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2.2 Synchrotron radial X-ray diffraction
experiments

We performed measurements at the P02.2 extreme
conditions beamline of PETRA IIT synchrotron (DESY). The
radial X-ray diffraction data were collected along isotherms at
300 K and 1100 K up to 49 GPa (Supplementary Table SI).

The X-ray beam was focused down to 8(H) x 2(V) pm? by an
array of compound refractive lenses. Diffraction experiments
conducted during separate with
monochromatic X-rays of 0.4817 A and 0.4843 A wavelengths
at 300 K and 1100 K, respectively, collected by a Perkin Elmer
XRD 1621 flat panel detector. The sample-detector distances
were 415.6 mm and 502.3 mm for the experiments at room

were two beamtimes

temperature and high temperature, respectively. The sample-
detector distance, tilt, and beam center were calibrated using a
CeO, standard from NIST (674b) in DIOPTAS software
(Prescher and Prakapenka, 2015).

We employed the equation of state (EOS) of the sample
(Fischer et al., 2014) to determine the pressure in the experiment
conducted at room temperature. In the heated cell, the pressure
was determined (Supplementary Table S2) using the EOS of Au
pieces placed inside the high-pressure chamber (Fei et al., 2007).
The pressure dependence of the unit-cell volumes at both
temperatures is on Supplementary Figure S1.

2.3 Data reduction

Collected data were divided into 72 azimuthal sections by 5°
and each section was fitted using the MAUD software (Lutterotti
et al, 1999). The fitting of lattice strain parameters was
performed utilizing a model “radial diffraction in the DAC” as
implemented in MAUD that relies on the formalism of Singh
et al. (1998).

The stress (0;;) applied to a sample in a diamond anvil cell
can be described as (Singh and Balasingh, 1994):

o.ij = [0'11 o 033] = [Up Op O'p] + [—t/3 —t/3 2t/3]
1)

:0P+Dij

where ¢y, and o033 are radial and axial stress components,
respectively, op is the normal mean stress (hydrostatic
pressure) applied to a sample and ¢t is the differential stress.
The term D;; denotes the deviatoric stress tensor. Deviatoric
stress produces lattice strains (ep(hkl,y)) that can be
calculated as:

d,,, (hkl) — dp (hKI))
dp (hkI)

en (K, y) = 2

where d,,, (hkl) and dp (hkl) are the interplanar distances under
deviatoric and hydrostatic stresses, respectively. y is the angle
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between the maximum stress direction and the normal to the
diffracting plane. The ep (hkl, y) is described by:

ep (hkl,w) = (1 -3cos? y) - Q(hkl) (3)

where coefficient Q(hkl) is the lattice strain parameter.
Deformation of the diffraction planes leads to the deviation of
the positions of the diffraction lines and the lattice strain
parameter represents the amplitude of this deformation
(Merkel, 2010). Under the assumption of the absence of
lattice preferred orientations in a polycrystalline sample,
Q (hkl) is linked to the differential stress t and shear modulus
G by the relationship:

t = 6G(Q(hkl)) 4

We used the Voigt-Reuss-Hill scheme (Hill, 1952) to
calculate the shear modulus Gy of a polycrystalline aggregate
of FeSi:

_Gv+GR

: ®)

Gu
where Gy and Gp are the Voigt and Reuss shear moduli,
respectively. For cubic crystals, Gy and Gy can be calculated as:

Ci—Cp+3Cy
5

_ 5(Cy; = C1)Cy

N 4Cy +3(Cy; - Cp)

Gy = (6)

Gr ?)
where C;; are the corresponding stiffness tensor components. The
pressure and temperature dependence of the stiffness tensor
components of e-FeSi were derived from the first-principle
by Qi et al. (2019)
Supplementary Table S3. Stiffness tensor components at

calculations and presented in
1100 K were obtained by linear interpolation of data between
300 K and 2000 K.

The texture of crystallites developed due to the plastic
refined with the E-WIMV model
implemented in MAUD with the assumed fiber symmetry

deformation  was
around the compression axis. The model is based on the
WIMV method (Matthies and Vinel, 1982), extended to be
used on irregular grids, which includes a build-in smoothing
function (Lutterotti et al., 2004). The corresponding pole figures
were exported from MAUD and the MTEX software (Bachmann
et al, 2010; Mainprice et al., 2015) was used for plotting the
inverse pole figures (IPFs) and the anisotropy of the sound
velocities derived from the elastic tensor of Qi et al. (2019).

3 Results

We carried out the experiments in the FeSi polycrystalline
sample at pressures from 7 GPa to 49 GPa at 300 K and from
13 to 49 GPa at about 1100 K (1080 + 30 K). Our diffraction data
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FIGURE 1

Unrolled diffraction patterns (bottom) collected at 7 GPa and

300 K (A) and 49 GPa and 1100 K (B) along with the best-fit models
(top). The intensity variations of the diffraction lines are caused by
lattice preferred orientation in e-FeSi, the curvature is a

measure of elastic lattice strains. Numbers (e.g., 110) indicate the
Laue indices of the Bragg reflections of compressed e-FeSi, brown
crosses are the diffraction lines of e-FeSi located outside the
pressure chamber, as indicated by the absence of strain or change
in 20 upon increasing pressure.

confirms that the sample remains in the e-FeSi (B20-structure,
P2,3 space group) throughout the studied range.

Representative unrolled diffraction data are presented in
Figure 1. The deviations of d-spacings from the straight line
are due to the induced lattice strains, Eq. 2. We used the strongest
reflections corresponding to (110), (111), (200), (120), (211), and
(130) lattice planes. We used them to derive the lattice strain
parameters Q (hkl). These values were then averaged for the
calculation of the differential stress according to Eq. 4. The results
are presented in Supplementary Table S1. The individual lattice
strain parameters at various pressure-temperature conditions are
summarized in Supplementary Tables S4, S5.

Analysis of the average lattice strain parameters {(Q (hkl))
obtained at two temperatures (300 K and 1100 K) is shown in
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FIGURE 2

Pressure evolution of the average lattice strain parameter
{Q(hkl)y in e-FeSi at 300 (black squares) and 1100 K (red triangles).

1.5

[001]g 7 gpy [011] 444 461 1 mrd

B

12.8

489

FIGURE 3

Inverse pole figures of the compression direction showing
deformation textures in e-FeSi at 300 K (A) and 1100 K (B) and
indicated pressures, in GPa. Texture is expressed in mrd—multiples
of a random distribution.

Figure 2 and Supplementary Table S1. At relatively low pressures,
{Q(hKkl)) increases at both temperatures. At 300 K, <Q (hkl))
increases continuously until around 15 GPa and much more
smoothly above this pressure. At 1100 K {(Q (hkl)) increases with
a slower rate until 20 GPa and reaches approximately the same
values as at room temperatures (=0.005). Upon further
compression up to 49 GPa, lattice strain parameters remain
scattered around this value, both at 300 K and 1100 K.

The pressure evolution lattice preferred orientations in e-FeSi at
different temperatures is presented in Figure 3 as IPF of the
compression direction. The B20-structure is cubic but without
the 4-fold rotation axis and therefore directions [101] and [011]
are not equivalent. At low pressures, the texture is almost absent
resulting in almost uniform IPF (Figure 3A). At higher pressures,
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both at room and high temperature, the maximum intensity on the
fitted IPFs does not exceed 1.5 multiples of the random distribution
(mrd) indicating low texturing of the polycrystalline aggregate.
Upon compression, the intensity on IPFs grows along [111]
direction at the expense of [001]. Textures are slightly stronger
at 1100 K than at room temperature even at relatively low pressures
(Figure 3B).

4 Discussion

At all studied pressures we detected only e-FeSi without
evidence for the transition towards the high-pressure FeSi phase
(B2-structure, space group Pm3m). Previous studies (Lord et al,
2010; Fischer et al., 2013; Geballe and Jeanloz, 2014; Edmund et al.,
2022) that employed laser-heating in DACs reported on the
transformation in the 14-42 GPa pressure range. There is a huge
discrepancy in the exact pressure of the B20 to B2 phase transition,
which is characterized by a wide two-phase coexistence region,
which could be explained by the temperature gradient, common for
the laser-heating DAC experiments, and further inhibited by a high
kinetic barrier of the transition as shown by recent first-principle
studies (Niu et al, 2020). Thus, our study indicates that a
temperature as high as 1100 K is not sufficient to overcome the
kinetic barrier to form a B2 phase even at 49 GPa.

Analysis of texture evolution of B20 e-FeSi shows strong
intensities on [111], and to a lesser degree on [101] and [011].
In most face centered cubic metals (such Cu, Al, or Ni alloys or
austenitic stainless steel), compression textures develop along
[110] as a result of {111}[110] slip (Calnan, 1954; Kestens and
Pirgazi, 2016; El-Tahawy et al., 2020). In cubic materials with
the Bl-structure, e.g., in MgO and low-pressure phase of
NaCl, compression textures develop along [100] direction
as a result of {110}[110] slip (Kern and Braun, 1973; Mi
et al, 2018). Materials with the B2 structure tend to
develop either [110] texture due to {112}[110] slip as in the
high-pressure phase of NaCl (Mi et al., 2018) or a maximum
along [111] with the most active slip system {011} [100] as in
the intermetallic NiAl (Khadkikar et al., 1990; Margevicius
and Cotton, 1995). Thus, textures developed in B20 e-FeSi
somewhat resemble the textures of the B2-structured crystals.
Note, however, that none of the regular slip systems reported
for cubic metals or ionic crystals can result in textures with a
minimum at [001] and maxima at both [011], [111], and
[101]. Also note that, in the body-centered cubic Fe-Si alloys,
texture develops along [111] direction in compression
(Brennan et al., 2021) this behavior is similar to the
dominant texture in the B20 e-FeSi phase. However, the
Fe-Si alloy does not show the secondary maximum along
[110] we observe here. Overall, we have not been able to
unambiguously attribute our measured textures to a single
dominant slip system. The deformation mechanisms in
intermetallic compounds such as e-FeSi are less studied and
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FIGURE 4

Pressure evolution of the yield strength of e-FeSi at 300 Kand
1100 K along with data for hcp-Fe-5Si, hcp-Fe-9Si alloy (Brennan
etal, 2021), and hcp-Fe (Gleason and Mao, 2013) for comparison.

understood than those of pure metals hence this point will
require additional work in the future.

Our  results
significantly influence the average lattice strain parameter in

demonstrate that temperature does not

e-FeSi, at least within the experimental precision. Brennan et al.
(2021) reported a decrease of the (Q (hkl)) with estimated % =
-1.6-107° K" in iron with 5 wt% silicon in the 43-46 GPa pressure
range. This disagreement with our observations may arise from
the difference in plastic behavior of hcp Fe-Si alloy and cubic
FeSi, but more likely from differences in the experimental
strategy. Brennan et al. (2021) measured the sample stress
while increasing temperature between 300 and 1800 K at
43-46 GPa but did not further deform their sample at high
temperature. Their measurement is hence more related to
stress relaxation induced by laser heating rather than an effect
of temperature on plastic strength. Our result demonstrates that
{Q(hkKl)) is indeed lower at higher temperatures in the low
pressure range, where {Q (hkl)) increases, but not in the higher
pressure range where {(Q (hkl)) values saturate (Figure 2).

We further employed the experimental {Q (hkl)) values to
calculate the differential stress applied to the sample as described
in Eq. 4. Assuming that the sample undergoes plastic flow, the
differential stress deduced from Eq. 4 should equal the material
yield strength, with the addition of plastic hardening.
Unfortunately, increases in pressure and applied plastic strain
are coupled in a diamond anvil cell experiment. Hence, it is not
possible to separate the relative effects of pressure strengthening
and strain hardening with our data. However, we should note,
that at high temperatures most crystalline materials exhibit
negligible hardening and can reasonably be considered
perfectly plastic solids (Poirier, 1995). Our measurements can
hence be seen as a steady state flow stress under the conditions of
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FIGURE 5

Anisotropy of the longitudinal waves (Vp) in e-FeSi single
crystal at 300 K (black squares) and 1100 K (red triangles)
(recalculated based on elastic constants from Qi et al. (2019).
Insert: pole figure of Vp anisotropy in e-FeSi single crystal at
48.9 GPa and 1100 K.

a diamond anvil cell experiment. A proper extrapolation to
planetary cores would require scaling the measurements to
planetary strain rates, which is not feasible experimentally for
long strain rates and would be better addressed through
numerical methods (e.g., Reali et al., 2019). Nevertheless, our
data provide critical anchoring points for such calculation to be
performed. The results of our calculations are shown in Figure 4
and Supplementary Table S1. We do not observe any significant
difference of the yield strength based on temperature. Figure 4
shows a comparison of the strength of e-FeSi, Fe-Si alloys
(Brennan et al., 2021) with the compositions Fe-5 wt% Si (Fe-
5Si) and Fe-9 wt% Si (Fe-9Si), and pure iron (Gleason and Mao,
2013) at 300 K. The e-FeSi investigated here displays a yield
strength about 3 times higher than hcp-Fe and about 2 times
higher than that of Fe-9Si and Fe-5Si alloy at 30 GPa. In other
words, our result suggests that e-FeSi is a harder material to
deform compared to pure iron and iron-silicon alloys.
Experimental textures combined with elasticity data (Qi et al,,
2019) allow calculating the anisotropy of sound velocities in a
textured polycrystalline aggregate. The azimuthal anisotropy
refers to the relative difference in the velocity of the wave
propagation between different propagation directions:

2 Vmax -V min
Anisotropy = W - 100 % (8)
Shear wave splitting could be described by Eq. 9:
Shear wave splitting = Max (Vs — V) 9)

where Vg, and Vg, are two perpendicular components of shear
waves and their splitting is maximum difference between them.
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FIGURE 6

Azimuthal anisotropy of the longitudinal waves (Vp) in
polycrystalline e-FeSi at 300 K (black squares) and 1100 K (red
triangles) based on single-crystal elastic moduli and the measured
experimental textures. Insert: pole figure of Vp velocities in a
polycrystalline e-FeSi assembly along the compression direction at
48.9 GPa and 1100 K.

Shear wave contrast is also a measure of difference between the
two shear waves given by:

2(Vs1 —Vsa)

- 100 %
(Va +Vg)

Shear wave contrast = (10)

For a single-crystal, anisotropy of sound velocity depends
only on the Cj elastic constants (Supplementary Table S3). The
calculated values for the anisotropy of the longitudinal waves
(Vp) in e-FeSi single-crystal are presented in Figure 5 and for the
two transverse waves (Vs; and Vi) in Supplementary Figure S2.
Numerical data on sound-wave anisotropy is shown in
Supplementary Tables S6, S7 for 300 and 1100 K, respectively.
At low pressure, the single-crystal anisotropy is higher at high
temperatures. However, the single-crystal Vp anisotropy
decreases from 4.3% to 0.6% at 300 K and from 4.4% to 0.7%
at 1100 K, reaching similar values above 30 GPa.

Further, we have utilized experimental deformation textures
to model sound velocities for a polycrystalline aggregate of e-FeSi
deformed in compression (Figure 6, Supplementary Figure S3
and Supplementary Tables S8, S9). Due to relatively weak
textures, the azimuthal anisotropy for longitudinal waves in a
polycrystalline aggregate does not exceed 0.2% above 30 GPa
(Figure 6) with anisotropy at the high temperature slightly higher
than that at 300 K. Compressional waves are fast along the
compression direction and reach a minimum at approximately
45° of the compression direction. The measurement of azimuthal
anisotropy of shear waves is currently beyond the capabilities of
seismological methods for core studies. Shear wave splitting
between two shear waves with different polarization (Vg; and
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FIGURE 7

Maximum shear wave splitting (Vs;-Vsp) in polycrystalline e-

FeSi at 300 K (black squares) and 1100 K (red squares) based on
single-crystal elastic moduli and the measured experimental
textures. Insert: pole figure of Vs;-Vs, shear wave splitting in a
polycrystalline e-FeSi assembly along the compression direction at
48.9 GPa and 1100 K.

Vs,) is presently not measured for the Earth’s inner core but
could potentially be addressed in future studies. Our predictions
for the shear wave splitting are presented in Figure 7,
Supplementary Tables S6, S7, and demonstrate vanishingly
than 0.05 km/s all
propagation directions). Thus, the shear wave contrast is

low values (less in all cases and
below 0.1% for all studied pressure-temperature conditions.
This value is well below those of anisotropic regions of the
Earth’s mantle with typical shear wave splitting of up to
several percent in the D" layer, for instance (Mainprice, 2015).

Obtained results contribute to a global understanding of the
effect of elements other than Fe on the mechanical properties of
planetary core Fe alloys. Our observations of weak anisotropy of
sound waves in e-FeSi at high-pressure high-temperature
conditions may play an important role in understanding the
composition of inner cores of small terrestrial planets. Among
such bodies is primarily Mercury, where e-FeSi can crystalize, due
to the compatibility with a sufficient amount of silicon in the
composition of its core and suitable pressure-temperature
conditions for the stability of the e-FeSi phase. Solidification of
the planetary cores can happen in two ways: either from the center
of the planet or at some depth within the liquid outer core (Breuer
et al, 2015; Edmund et al, 2022). The depth of solidification
depends on the change of the liquidus temperature with pressure
in the core-forming mixture and on the nature of the core-forming
mixture itself. For the cores with high silicon content, and, hence
with e-FeSi as the liquidus phase, solidification of the FeSi layer on
the mantle side may take place (Edmund et al., 2022).

The lowest pressure when B2-FeSi appears is 14 GPa and the
full transformation to B2-FeSi occurs within the limit of 42 GPa,
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according to Fischer et al. (2013) and Geballe and Jeanloz (2014).
The estimated pressure at the outer border of the Mercury core
does not exceed 6 GPa, below which there is a liquid core (Hauck
et al,, 2013; Tronnes et al,, 2019). With a crystallization on the
outer portion of the core, we do not expect any B2 FeSi phase but
rather the e-phase to crystallize in Mercury’s core. Core pressures
in the Moon and other planetary satellites are below 10 GPa.
Hence, FeSi would also solidify there as e-FeSi. Venus core-mantle
boundary pressure is above 100 GPa (Tronnes et al., 2019), while
the Mars core-mantle boundary pressure is about 18-19 GPa at
temperatures of 1900-2000 K (Stahler et al., 2021). Thus, FeSi
could exist in the B2 form in the cores of Mars or Venus. However,
current estimations of the amounts of silicon in the Venusian and
Martian cores suggest that there are too low concentrations for
stoichiometric FeSi crystallization (Tronnes et al., 2019).

Alloys of hcp-Fe-Ni-Si demonstrate stronger texture
(Brennan et al., 2021) compared to e-FeSi (Figure 3). In
addition, X-Ray by
Antonangeli et al, 2004 revealed that Vp anisotropy in

inelastic scattering measurements
polycrystalline hcp-Fe increases from about 1% at 22 GPa to
above 4% at 112 GPa. Thus, hcp-Fe and Fe-Si alloys show at least
one order of magnitude higher anisotropy compared to that of e-
FeSi. Our data suggest that, contrary to iron and its alloys,
intermetallic FeSi should form an isotropic solid layer on the
outer side of the planetary core. Consequently, measurement of
the anisotropy of the seismic wave propagation by planetary
missions could confirm or rule out iron silicide as a dominant
component in planetary cores.

5 Conclusions

We have conducted radial X-ray diffraction experiments on
stoichiometric FeSi at 300 K and 1100 K. FeSi remained in the
B20-phase (e-FeSi) up to 49 GPa.

Lattice strains in e-FeSi do not show significant
temperature dependence at least up to 1100 K. At both
studied temperatures, 300 K and 1100 K, the lattice strains
initially increase fast upon pressurization until about 20 GPa
and then stagnate. As a result, the yield strength in e-FeSi
demonstrates only a weak increase above 20 GPa, which
originates from the increase of the shear modulus. We
have not detected the temperature effect on the yield
strength of e-FeSi within experimental precision.

The yield strength of e-FeSi is higher compared to iron-silicon
alloys and pure iron i.e., e-FeSi is a harder material to deform.
Consequently, the polycrystalline aggregate of e-FeSi shows weak
textures at extreme pressure-temperature conditions, resulting in
the weak anisotropy of sound velocities. The anisotropy we
estimate for e-FeSi deformed in axial compression does not
exceed 1.2% and decreases below 0.5% upon compression.

The plastic properties of e-FeSi can be used to constrain the
amount of silicon in planetary cores. Our research demonstrates
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that e-FeSi should form elastically isotropic structures in the
interior of small terrestrial planets. Therefore, any anisotropy
detected in planetary cores will be incompatible with crystallized
e-FeSi and could rule out silicon as the dominant element in the

core composition.
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