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Abstract: Knowledge of the elastic properties and equations of state of iron and iron alloys are of
fundamental interest in Earth and planetary sciences as they are the main constituents of telluric
planetary cores. Here, we present results of X-ray diffraction measurements on a ternary Fe-Ni-Si
alloy with 5 wt% Ni and 5 wt% Si, quasi-hydrostatically compressed at ambient temperature up to
56 GPa, and under simultaneous high pressure and high temperature conditions, up to 74 GPa and
1750 K. The established pressure dependence of the c/a axial ratio at ambient temperature and the
pressure-volume-temperature (P-V-T) equation of state are compared with previous work and
literature studies. Our results show that Ni addition does not affect the compressibility and axial
compressibility of Fe-5i alloys at ambient temperature, but we suggest that ternary Fe-Ni-Si alloys
might have a reduced thermal expansion in respect to pure Fe and binary Fe-Si alloys. In particular,
once the thermal equations of state are considered together with velocity measurements, we conclude
that elements other than Si and Ni have to be present in the Earth’s inner core to account for both
density and seismic velocities.

Keywords: iron alloys; nickel; silicon; high pressure; high temperature; equation of state; Earth’s
core; telluric planetary cores

1. Introduction

Different lines of evidence, from the analysis of meteorite compositions and Earth’s differentiation
models to the comparison of shock compression measurements with seismic observations, have put
forward the notion that iron (Fe) is the main constituent of the Earth’s core [1,2]. Cosmochemical
arguments have also suggested that some weight percent (wt%) of nickel (Ni) is alloyed to iron [3],
and, since Birch’s pioneering work [1], it has been clear that elements lighter than an Fe-Ni alloy are
present in the liquid outer core [2]. The density mismatch in the case of the solid inner core is less
than that of the outer core, and though the fact that pure Fe is too dense in respect to seismic models
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has been well-established, the accurate quantification of this density deficit is still an object of active
research (e.g., [4,5]).

Concerning inner core density, the effect of Ni is generally considered minor. Indeed, based on
results obtained at high pressure and ambient temperature, Ni alloying seems to marginally affect
the compressibility curves [6-8] and compressional sound velocities [9-11] of pure Fe. Possible
effects of Ni on the shear sound velocity have been suggested [12], but calculations have indicated
that these too should become negligible at inner core conditions [13]. However, studies of the
elasticity of Fe-Ni alloys at simultaneous high-pressure, high-temperature conditions are very
limited [9,13]. Face-centered cubic (fcc) Fe-Ni alloys are known to exhibit an anomalously low
(almost zero) thermal expansion over a wide temperature range (the Invar effect) [14,15].
Anomalous compressibility has also been observed for certain ranges of pressure as a consequence
of a pressure-induced Invar effect [16]. The degree to which such effects extend to the more
moderate Ni concentration expected for the Earth’s core (about 5 wt% [17]), and in the hexagonal
close-packed (hcp) structure, which is expected to be stable at inner core pressure and temperature
conditions [18,19], remain to be addressed. Additionally, the comparative effect of nickel and light
elements on the elasticity and equation of state of a ternary alloy needs further investigation, with
only few experimental studies in literature that have been limited to ambient temperature [7,8,10,12].
In particular, amongst the light elements that have been proposed to enter into the inner core
composition, silicon has recently received much attention [7,8,10,19-23], as both core differentiation
models [24,25] and isotopic arguments [26] have supported its presence at a small level of wt%.

The c/a axial ratio is another material property of interest for the characterization of the Earth’s
inner core, as this relates to elastic anisotropy in materials with an hcp structure. Recently, starting
from a survey of previous work, the effect of pressure, temperature, and composition on the axial ratio of
iron and alloys in the Fe-Ni-Si system have been parameterized [27]. However, the determination of
axial ratios in static compression experiments is highly sensitive to the pressurizing conditions of the
sample (e.g., [4,6]). Due to the challenges inherent in the generation of high static pressures under
quasi-hydrostatic conditions, data on iron alloys became available only recently [8,21,23]. It follows
that the direct determination of the axial ratios of iron alloys is critical to validate and improve such
models to more adequately reflect actual material properties at the conditions of planetary interiors.

We thus carried out X-ray diffraction (XRD) measurements on a ternary Fe-Ni-Si alloy at high
pressure and under simultaneous high pressure and high temperature conditions. Data have been
used to establish the pressure dependence of the c/a axial ratio and the pressure-volume—temperature
(P-V-T) equation of state. A comparison of the obtained results with previous work indicates that Ni
does not affect the compressibility and axial compressibility of Fe-Si alloys at ambient temperature,
but we suggest that Ni-bearing Fe-Si alloys might have a reduced thermal expansion. Hence, the
effects of nickel should be considered when modeling the Earth’s inner core or, more generally,
iron-rich planetary cores.

2. Materials and Methods

An Fe-Ni-Si alloy with 5 wt% Ni and 5 wt% Si, hereafter referred to as Fe-5Ni-55i, was
synthesized by an ultra-rapid quench method at the Institut de Chimie et des Matériaux de Paris-Est,
Paris, France, starting from Fe (99.9%, GoodFellow), Ni (99.9%, GoodFellow), and Si (99.9%,
GoodFellow), following a protocol detailed in [28]. Sample composition and homogeneity were
studied with an electron microprobe (Camparis center, Sorbonne Université, Paris, France) and with
scanning electron microscopy (Institut de Minéralogie, de Physique des Matériaux et de
Cosmochimie, IMPMC, Paris, France) analysis. The homogeneity of the sample was confirmed below
the 1 um scale, and the measured composition was observed within 0.3 (Ni and Si) and 0.7 (Fe) wt% of
the nominal values.

High pressure was generated by using Le Toullec-type membrane-driven diamond anvil cells
(DAC) equipped with Re gaskets and beveled diamonds with a culet size of 150/300 um. Samples were
scraped from a large, thin ribbon, and specimen dimensions were chosen such that there was no
bridging between the sample and the diamonds, nor was there contact between the gasket and the
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sample. Selected samples were 5-7 um thick for ambient temperature measurements and 1-3 um thick
for measurements at high temperature.

For room temperature measurements, the Fe-Ni-Si alloy was loaded alongside Pt as a pressure
calibrant [29], with neon as a pressure transmitting medium so to ensure quasi-hydrostatic
compression over the pressure range of interest.

For measurements at high temperature, the Fe-Ni-Si alloy was sandwiched between dry KCI
disks that served as a pressure transmitting medium and to thermally and chemically insulate the
sample from the diamonds. KCl was also used as the pressure calibrant by employing the thermal
equation of state (EoS) reported in [30] and the temperature correction for KCl outlined in [31]. After
loading the DAC, the assembly was left open to dry in a vacuum oven at 130 °C for several hours, after
which the DAC was closed. This practice ensured that the moisture content was minimal within the
sample chamber.

Angle-dispersive XRD measurements were performed at beamline ID27 at the European
Synchrotron Radiation Facility (ESRF). The monochromatic radiation (A = 0.3738 A) was focused to
approximately 3 x 3 um?, horizontal x vertical full-with-half-maximum (FWHM). Diffraction patterns
were collected on a MarCCD camera, with collection times of 30-60 s. Samples were heated on both
sides by two continuous Nd:YAG fiber lasers (TEMO0), each one supplying up to 110 W. Hot spots
were approximately 20 um in diameter, much larger than the FWHM of the focused X-ray beam.
Temperatures were measured on both sides before and after XRD data collection, as well as on one
side during data collection, by the spectroradiometric method while using a Planck fit of the observed
blackbody radiation from the center of the heating spot. While absolute errors in temperature can be
estimated on the order of 150 K, the measured temperature was seen to vary by less than 30 K during
pattern collection (averaged over 3-5 measurements per diffraction pattern).

Diffraction images were calibrated against a CeO: standard and then radially integrated by using
the Dioptas image processing software [32]. The integrated diffraction pattern was then analyzed by
use of Le Bail fits in the software Jana 2006 [33].

3. Results

3.1. X-Ray Diffraction at High Pressure and Ambient Temperature

X-ray diffraction patterns were collected at ambient temperature in the stability field of the hcp
structure between 21 and 56 GPa. A typical two-dimensional diffraction image and the
corresponding integrated diffraction pattern are shown in Figure 1. All observed peaks are indexed
as either belonging to sample or to the Ne pressure transmitting medium. Pressure was assessed
from the measured volume of the Pt calibrant (collected independently from that of the sample by
translating the cell a few microns from the sample position, before and after sample measurement).
Aside from an intrinsic 1%-2% error in absolute pressure due to the systematic effects of pressure
calibration, the primary source of quantifiable error in pressure measurement was due to the
pressure drift between the calibrant and sample measurements. Errors due to volume determination
are very difficult to quantify, as the calibrant EoS is often the outcome of combined studies, and
heavily parameterized with the use of results from diffraction as well as other techniques (e.g.,
ambient pressure ultrasonics). The Le Bail method of fitting power diffraction patterns while using
the standard crystallography software typically leads to an underestimation of uncertainties when
the sample background is large, as in the case of studies employing diamond anvil cells [34].
Differences between determined pressures before and after sample measurements were less than 1
GPa at all pressures, and errors in pressure were generally less than 2%. The observation of the
near-hydrostatic peak ratios for the hcp Fe-5Ni-55i sample and the minimal misfit of the Le Bail fit
to both the sample and calibrant diffraction patterns indicated that the effects of deviatoric stress
were negligible for the present dataset. Due to the weak intensity of the Ne reflections at the sample
and calibrant measurement positions, as well as their overlap with strong sample and Pt reflections,
the volume of Ne could not reliably be used to determine the magnitude of pressure gradients
within the cell, which were expected to be small [35].
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Figure 1. Example of the collected data at high pressure and ambient temperature. (a) 2D diffraction
image and (b) integrated diffraction pattern of Fe-5Ni-55i at 55.7 GPa.

The obtained compression curve is reported in Figure 2 along with the literature results for pure
Fe [4] and alloys in the Fe-Ni-Si system [8,21,23] that were compressed by using either He or Ne as a
pressure transmitting medium. All data are generally consistent within mutual uncertainties, thus
highlighting that the compressibility of iron at 300 K is not significantly modified over the
here-considered pressure range by addition of either Ni or Si at a small wt% level. Accordingly, the
presence of Ni and Si affect the density of an alloy essentially by slightly increasing it, when Ni is

present, or decreasing it, when Si is present; according to their difference in atomic mass in respect to
Fe.

1 1 1 ° Fe
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Y + Fe-10Ni
] \* + Fe-10Ni-5Si
= Fe-5Si
20 Present Study:
m  Fe-5Ni-5Si

Volume (A®)

=N
@
|
T

¢
hd

20 40 60 80 100
Pressure (GPa)

Figure 2. Isothermal compression curve of hexagonal close-packed (hcp) Fe-5Ni-5Si at ambient
temperature compared to those of Fe [4] and Fe-5i alloys with 2.8 [21], 5 [23] and 6.1 wt% Si [21], an
Fe-Ni alloy with 10 wt% Ni [8] and an Fe-Ni-Si alloy with 10 wt% Ni and 5 wt% Si [8], all in the hcp
structure.
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Conversely, as illustrated in Figure 3, both Si and Ni have a significant effect on the axial c/a
ratio of the alloys, increasing it in respect to that of pure Fe while only moderately affecting its
pressure dependence. As such, both Si and Ni are expected to qualitatively affect, in the same way,
the elastic anisotropy of the alloy at ambient temperature. The pressure dependence of the c/a ratio
of pure Fe and the effects on the c/a ratio when alloyed with 10 wt% Ni and when alloyed with 5
wt% Si were estimated by following the parameterization proposed in [27] (Figure 3). It stands clear
that this model overestimates the c/a ratio of hcp Fe at low pressure, and it also overestimates its
reduction with increasing pressure. On the other hand, the effect of Si and Ni inclusion are
underestimated.
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Figure 3. Axial c/a ratio of hcp alloys in the Fe-Ni-Si system at ambient temperature as a function of
pressure. Legend is same as in that in Figure 2. Dashed lines are the expected c/a ratio according to
the parameterization proposed in [27] for Fe (dark green), Fe-10Ni (red), and Fe-5Si (gray).

3.2. X-Ray Diffraction at High Pressure and High Temperature

X-ray diffraction patterns were collected under simultaneous high pressure and high temperature
conditions along two isotherms, at 1450 K, upon compression up to about 74 GPa, and at 1750 K
upon decompression. Temperatures varied by less than 50 K along each isotherm (1c variation of 40
K for the 1450 K isotherm and 20 K for the 1750 K isotherm). A typical two-dimensional diffraction
image and the corresponding integrated diffraction pattern are shown in Figure 4. All observed
peaks are indexed either belong to the sample or to KCI. Pressure was increased (or decreased)
step-wise by using a gas-driven membrane while the sample was maintained at high temperature
via laser heating. The relative alignment of the focused X-ray spot, laser-heating system, and cell
assembly was checked every 10-20 GPa. The application of high temperatures resulted in the
relaxation of deviatoric stress in both the sample and the pressure-transmitting medium, becoming
effectively negligible for high-temperature runs in the present study (quasi-hydrostatic conditions).
This also ensured a comparable stress-state in both the compression and decompression runs. As
previously mentioned in Section 3.1, standard crystallography softwares tend to underestimate error
bars. Reported error bars for high temperature data were the determined by refitting the diffraction
patterns with PDIndexer.

A single fcc phase was observed along the 1450 K isotherm up to 31-35 GPa, pressure above
which this phase transformed into the hcp structure. Remnant traces of fcc diffraction lines were
observed to 56 GPa. Along the 1750 K isotherm, an fcc phase was observed to crystallize upon
decompression to pressures below 40 GPa. The entire pressure-volume-temperature (P-V-T) data
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set measured for the hcp structure in this study, including data at ambient temperature, is reported
in Figure 5.

Intensity (arb. units)

10 12 14 16 18 20 22 24
d-spacing (A)
(a) (b)

Figure 4. Example of the collected data at high pressure and high temperature. (a) 2D diffraction
image and (b) integrated diffraction pattern of Fe-5Ni-5Si at 52 GPa and 1470 K.
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Figure 5. Isothermal compression curves of hcp Fe-5Ni-5Si at 300, 1450 and at 1750 K. Color-coded
solid lines are the thermal equation of state fit to the experimental data, with the values of K’ and q
fixed according to either Edmund et al., 2019 [23] or Morrison et al., 2018 [8]—cases 1 and 3,
specifically. Inset: residuals in pressure for the present dataset (colors correspond to the respective
isotherms of the main figure). See main text for more details.

Acquired data were used to establish a thermal equation of state (P-V-T EoS) following the
formalism presented in [23]. Briefly, the ambient temperature component of the P-V-T thermal
model was based on a Rydberg—Vinet equation of state

P30k (V)=3K, <1n;277> €xp E K'— D@A- 77)] (1)
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1
where n = (VK) 3, V is the unit cell volume, Vo is the ambient pressure unit cell volume, Ko is the
0

bulk modulus, and K’ is its pressure derivative at ambient pressure and temperature. Minor
differences in fitted elastic parameters can arise when using a different EoS formalism (e.g.,
Birch-Murnaghan vs. Rydberg—Vinet). The Rydberg—Vinet formalism was chosen here because it is
generally accepted to better reflect the compressional behavior of metals at high pressures compared
to other finite-strain equations of state [36,37].

The thermal pressure includes vibrational (Pvib) and electronic and anharmonic (Pei +anh) terms:

P(V; T) = P300K(V) + Fyip (V, T)l'goo + Pe +anh(V' T)lgoo (2)
The vibrational term of the thermal pressure can be written as:
9RYyib [6p <T )3 feD/T x3

Piy(VT) = —— |5 + T+ ——d 3

WD = =2+ () | e 3)

where yviv is the vibrational Griineisen parameter, 6o is the Debye temperature, and R is the ideal gas
constant.

The volume dependence of the vibrational Griineisen parameter and Debye temperature are,
respectively, given by:

Yvib <V)q

tfvib (T 4

Yvib,0 Vo @
6p = 0p,0exp[(Yvibo — Yvib)/d] )

where q is an exponent that characterizes the volume dependence.
As both Pe and Panh scale as T?, a single term was used in the fitting procedure:

Ye, (VY
Patcann (¥, 1) = 7B () 77 ©)

where 7. is the electronic Griineisen parameter, Po is the electronic heat capacity, and k is an
exponent that characterizes the volume dependence.

Though the variation from study to study across the literature in terms of data points at
ambient temperature is small (see Figure 2), the reported values for Vo, Ko and K’ vary up to about
3%, 40% and 35%, respectively [4,8,21,23]. As all these studies were performed employing Ne or He
as a pressure transmitting medium and with pressure calibrations that are generally in close
agreement (e.g., [38,39]), we argue that such discrepancies likely arise primarily from technical
challenges that are associated with very high pressures generation and the strong covariance
between Vo, Ko and K’ [5,8]. In regards to the former, at Mbar pressures, it is expected that all
pressure-transmitting media develop non-negligible stress gradients across the sample chamber
[38,40] that may represent a systematic bias among these studies and strongly contribute to the
differences between the available quasi-hydrostatic EoS for the Fe-Ni-Si system (e.g., [4,8,23]). In
regard to the latter, the lack of direct measurements on the Vo of hcp iron and iron alloys, these being
high-pressure phases, directly reflects on the ambient temperature EoS parameters, which are
particularly sensitive to the investigated pressure range, the employed pressure metrology, and the
stress-state of both the sample and the calibrant. The fitting of only the 300 K data of the present
study with a fixed K’ value systematically resulted in values of Vo and Ko that were in agreement
with those reported in studies over a similar pressure range (e.g., [21]) but were higher in respect to
studies that used the same value of K’ but covered a larger pressure range. The simultaneous
refinement of both ambient and high temperature datasets provides a closer agreement with the Vo
and Ko reported by studies that extended to higher pressures [8,23], likely due to the expanded
pressure range of the high T data and the cancellation of experimental errors across the measured
isotherms. Given the uncertainty in K’ for the Fe-Si alloys, q was kept fixed because it is related to
the variation of K’ with temperature [41] and strongly dependent on the fixed value of K’ when left
as a free parameter. In view of the overall limited pressure and temperature range covered in this
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study and in order to better highlight the effects due to Ni, the values for K’, q and 6o were either
fixed to those established for Fe-55i [23] (cases 1 and 2) or to those proposed for Fe-10Ni-5Si [8]
(cases 3 and 4). Furthermore, given the considerable uncertainties over the role of anharmonic effects
in the thermal EoS of iron and iron alloys, Table 1 includes fits to the present dataset with (cases 1
and 3) or without (cases 2 and 4) the incorporation of an anharmonic term. When an anharmonic
term was incorporated, following previous studies, ye, fo and k were fixed to 2, 3.2 and 1.34,
respectively [23]. In particular, value of fo was chosen in between previously reported values of 3.9
[5] and ~1.7 [4]—it must be noted, however, that the latter employed a different parameterization
which led to small differences in pressure dependence, as it separately treated lattice and electronic
anharmonicity. As highlighted in Figure 5, these fitting strategies similarly accounted for
experimental data (as a matter of fact, the fits are virtually indistinguishable over the investigated
pressure and temperature range).

Table 1. Pressure-volume—temperature equation of state (P-V-T EoS) fitting parameters for hcp
Fe-5Ni-55i (cases 1-4) and reported thermoelastic parameters for Fe-55i [23] and Fe-10Ni-55i [8].
For cases 1-4, when errors are not given, the parameter was kept fixed (see main text).

Caset Vo (A3) Ko(GPa) K’ op (K) Yvibo q Ye Bo(10-5-cm?mol-1-J-K-1) k
1 2261+008 1605 513 4221  1.66+009  0.67 2 3.2 1.34

2 2261+007 160+5 513 4221  213:008  0.67 - - -
3 2297 +0.10 125+5 6.38 4171 1.82+£0.09 1 2 3.2 1.34

4 2297+009 125+4 638 4171  230+0.09 1 - - -
[23] 22.59 163 5.13 422 1.73 0.67 2 3.2 1.34

[8] 22.84 125 6.38 417 2 1 t + +

! Literature values for 6p in hcp Fe and Fe-Si alloys ranged between 417 and 422 K [5,8,23,42,43].
Actual values within this range do not affect fit quality or other fitting parameters.t Reference [8]
employed anharmonic thermal pressure corrections after reference [4].

When the P-V-T EoS determined here for hcp Fe-5Ni-55i is compared to the P-V-T EoS of hcp
Fe-5Si [23] (Figure 6), the effects of the inclusion of 5 wt% Ni are found to be very minor on
compressibility (P-V curves of Fe-5Ni-55i and Fe-5Si are almost parallel along the three isotherms),
while the Ni-bearing Fe-Si alloys appear to have a somewhat reduced thermal expansion. Indeed,
the volumes of Fe-5Ni-5Si along the high temperature isotherms are systematically below those of
Fe-5Si (although the difference is small). All data presented in this study may be found in the
Supplementary Information.
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® 300K ® 1450K 1750 K
20.5 NG " —————"Edmund et al. 2019, Fe-5Si:
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=}
©°
>
18.5
18.0
T T T T T T T T
20 30 40 50 60 70 80

Pressure (GPa)



Minerals 2020, 10, 98 9 of 12

Figure 6. Comparison of the isothermal compression curves of hcp Fe-5Ni-55i at 300, 1450 and 1750
K with literature results on Fe-S5i, Fe-Ni and Fe-Ni-Si alloys. Color-coded solid lines are the thermal
equation of state fit to the experimental data (see Figure 5 and discussion in the main text). P-V-T
relations for hcp Fe-5Si [23] are also reported as dotted curves (same temperature—color code).
Dashed and dash-dotted lines are the P-V relation established at 300 K for hcp Fe-10Ni and hcp
Fe-10Ni-5Si, respectively [8]. While compression curves at ambient temperature do not show
differences, the high-temperature compression curves of Fe-5Ni-5Si are parallel but systematically
below those of Fe-5Si, suggesting a reduced thermal expansion.

4. Discussion

Seismic studies have argued for an elastically anisotropic inner core [44—46], and this feature
has been commonly ascribed to the preferential alignment of comprising crystals (e.g., [47,48]). The
elastic anisotropy of the hcp-structured materials in the meridian a—c plane is largely governed by
the ratio of the elastic moduli Css/Cu1 which, in turn, can be related to the axial compressibility and,
hence, to the c/a axial ratio. In agreement with previous measurements [8], both nickel and silicon
are individually observed to increase the c/a axial ratio in binary Fe-Si and Fe-Ni alloys in respect of
pure iron, while the effect on its pressure dependence is less evident (Figure 3). Interestingly, we
note that Ni addition does not significantly modify the c/a ratio of the Fe-Si alloys. As illustrated in
Figure 3, Fe-5Ni-55i and Fe-10Ni-55i have the same c/a ratio as Fe-5Si. As already pointed out, the
recently proposed parameterization of the effects of pressure, temperature and composition on the
c/a axial ratio of the hcp Fe-Ni-Si alloys [27] fails to reproduce the values measured in
quasi-hydrostatically compressed Fe, binary Fe-Si and Fe-Ni alloys, and ternary Fe-Ni-Si alloys.

To quantitatively correlate the c/a ratio with Cs3/Cii and elastic anisotropy is not a
straightforward exercise (see, for instance, discussion in [8]). Calculations pointed out the
importance of the c/a ratio to derive the correct elastic moduli from stress—strain methods [49,50]. As
the c/a ratio in Fe-Ni, Fe-Si and Fe-Ni-5i alloys is closer to the ideal value for hcp structure of 1.633
(Figure 3), we might expect the elastic anisotropy to be reduced in respect to pure Fe, but direct
measurements remain necessary to substantiate this speculation.

Concerning inner core density, the current results do not allow for a reliable extrapolation to
inner core conditions. Further measurements over an extended pressure and temperature range are
planned. Nonetheless, a few considerations can be made. The negligible effect of nickel and silicon at
a small wt% level on the compressibility of pure iron argues for substitutional alloys where Ni
and/or Si randomly replace Fe in the crystal lattice without significantly modifying it. Thus, the main
effect on density (and the only effect at ambient temperature) is the scaling according to relative
atomic masses. On the other hand, thermal expansion seems to be smaller in hcp Fe-Ni-Si alloys
than in pure hcp-Fe [5] and hcp-Fe-Si alloys [23]. On a qualitative ground, this is not surprising
because fcc Fe-Ni alloys are known for their anomalously low thermal expansion. In hcp alloys and
for moderate Ni concentration in the range expected for the Earth’s core, such effect is much reduced
but appears to still be present. Accordingly, nickel acts to increase the density of the alloy at inner
core conditions by both the increased atomic mass of Ni in respect to Fe and because Ni-bearing
alloys have comparatively smaller volume at core temperatures due to the reduced thermal
expansion.

Based on these arguments, the effects of nickel vs. silicon alloying are qualitatively different in
many aspects. Though both Ni and Si do not change the compressibility of Fe (Figures 2 and Figure
6), Ni increases density without significantly affecting compressional sound velocity [9-11,13], while
Si decreases density and increases compressional sound velocity [10,20,23]. No composition within
the binary Fe-Ni or Fe-Si system is expected to match both seismically observed velocities and
densities at inner core conditions [13,20,23]. In particular, an Fe-5i alloy with 5 wt% Si can match the
density of the Earth's inner core for all reasonable core temperatures, but its velocities remain too
high in respect to seismological observations [23]. The addition of Ni would call for more Si to
account for the inner core density, pushing the velocity of this ternary Fe-Ni-Si alloy even further
away. Fe-5i alloys whose velocities are expected to get close to seismological observations are too
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dense at relevant pressure and temperatures [20,23]. The addition of Ni would make the ternary
Fe-Ni-Si alloy even denser. We can then conclude that no Fe-Ni-Si alloy can account for the
seismically observed physical properties of the inner core and that elements other than Si and Ni
have to be present in the Earth’s inner core.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1.
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