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Abstract Using dynamic compression technique, the equation of state for Fe‐8.6 wt% Si was measured
up to 240 GPa and 4,670 K. A least squares fit to the experimental data yields the Hugoniot parameters
C0 = 4.603±0.101 km/s and λ = 1.505±0.037 with initial density ρ0=7.386±0.021 g/cm3. Based on the
Hugoniot data, the calculated isothermal equation of state is consistent with static compression data when
the lattice Grüneisen parameter γl =1.65(7.578/ρ) and electronic Grüneisen parameter γe=1.83. The
calculated pressure‐density data at 300 K were fitted to a third‐order Birch‐Murnaghan equation of state
with zero pressure the parameters K0=192.1±6.3 GPa, K

0

0=4.71±0.27 with fixed ρ0ε =7.578±0.050 g/cm3.
Under the conditions of Earth's core, the densities of Fe‐8.6±2.0 wt% Si and Fe‐3.8±2.9 wt% Si agree with
preliminary reference Earth mode (PREM) data of the outer and the inner core, respectively. These are the
upper limits for Si in the core assuming Si is the only light element. Simultaneously considering the
geophysical and geochemical constraints for a Si‐S‐bearing core, the outer core may contain 3.8±2.9 wt% Si
and 5.6±3.0 wt% S.

Plain Language Summary Silicon (Si) may be a dominant light element in the core, and precise
evaluation of its amount requires accurate thermal equation of state of Fe‐Si alloy. Here we present the
Hugoniot data for Fe‐8.6 wt% Si, measured up to 240 GPawith two‐stage light gas gun. The experimental data
allow us to establish reliable thermal equation of state of Fe‐Si alloy over a wide pressure‐temperature range
and to constrain the composition of the core. The results indicate that the densities of Fe‐8.6 wt% Si and
Fe‐3.8 wt% Si agree with the observed density profiles of the outer core and the inner core, respectively. Our
model prefers an Fe‐Si‐S core that contains about 3.8±2.9 wt% Si and 5.6±3.0 wt% S in the outer core.

1. Introduction

Based on cosmochemical constraints, high‐pressure experiments, and seismic data, the Earth's outer core
consists of mainly iron and small amounts of light elements, such as O (oxygen), S (sulfur), Si (silicon),
C (carbon), and H (hydrogen; Birch, 1952; Hillgren et al., 2000; Hirose et al., 2013; Li & Fei, 2003; Mao
et al., 1990; Poirier, 1994). Among these light elements, Si has been proposed as one of the major candidates
for the following reasons. First of all, it is one of the most abundant elements in the Earth (Birch, 1964;
Ringwood, 1959). Second, the high solubility of silicon in iron at high pressures and temperatures supports
its existence in Earth's core (Fischer et al., 2012, 2013, 2014; Ozawa et al., 2016; Sakai et al., 2006; Takafuji
et al., 2005; Tateno et al., 2015). Third, relative to C1 chondritic material, the depletion of Si in Earth's mantle
indicates that Si might be incorporated into the core (Allègre et al., 1995; Ringwood, 1959; Wänke & Gold,
1981). Fourth, the chemical reaction of liquid iron with silicate producing a silicon‐iron alloy provides a
plausible mechanism for Si entering to the core (Dubrovinsky et al., 2003; Knittle & Jeanloz, 1991).

In order to estimate the Si content in the core, many research groups have been focused on the equation of
state (EOS) of Fe‐Si alloys, but no consensus has been reached so far (Asanuma et al., 2011; Balchan &
Cowan, 1966; Fischer et al., 2012, 2014; Hirao et al., 2004; Lin et al., 2003; Tateno et al., 2015; Zhang
et al., 2016, 2018). For example, using shock compression method, Balchan and Cowan (1966) investigated
the EOS of Fe‐4 wt% Si and Fe‐19.8 wt% Si, and they suggested that Earth's outer core contains about
14–20 wt% Si. According to the EOS and sound velocity of Fe‐9Ni‐10Si along Hugoniot measured by
Zhang et al. (2016), the content of Si in the outer core is no more than 10 wt%. Using static compression tech-
nique at 300 K, Lin et al. (2003) measured the EOS for Fe‐Si system, and they concluded about 8–10 wt% Si in
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the outer core and 4 wt% Si in the inner core. Experimental data and ab initial calculations by Fischer et al.
(2014) indicate that the maximum amount of Si in the outer core and the inner core is 11 and 6–8 wt%,
respectively. Most recently, static compression data by Tateno et al. (2015) support that the inner core con-
tains about 7 wt% Si.

Here we use dynamic compression technique to obtain new pressure‐density relation for well‐characterized
Fe‐9Si alloy up to 240 GPa along Hugoniot. Using the new data, we derive the thermodynamic parameters of
Fe‐9Si and evaluate consistency of the existing static compression data. Finally, we estimate the content of Si
in the outer core and the inner core based on our thermodynamic model.

2. Materials and Methods

2.1. Sample Preparation

The starting material is iron‐silicon alloy, Fe‐9Si powder, from Goodfellow Co. Ltd. The average grain size
of the powder is about 10 μm. The content of Si in the alloy powder ranges from 8.7±0.3 wt% (Hirao
et al., 2004) to 8.75±0.40 wt% (Fischer et al., 2013) and 8.87±0.54 wt% (Zhang & Guyot, 1999). Under
ambient condition, although the Fe‐9Si powder was from Goodfellow Co. Ltd, their structure is controver-
sial. For example, according to the X‐ray diffraction patterns, Zhang and Guyot (1999) and Hirao et al.
(2004) proposed that powdered Fe‐9Si has a body‐centered cubic (bcc) structure (space group Im3m).
Fischer et al. (2014, 2013) suggested that Fe‐9Si alloy has D03 structure (BiF3‐type; space group Fm3m)
because they found three to seven hkl peaks in their diffraction patterns. Our measured X‐ray diffraction
pattern (D8 Advance) has three hkl peaks, which indicated that the structure of powder Fe‐9Si is bcc
(Figure 1a). The lattice parameter and unit‐cell volume are a0=2.845 (1) Å and V0=23.03 (3) Å3, which
are consistent with a0= 2.8429(8) Å and V0= 22.976(20) Å3 (Zhang & Guyot, 1999) and a0= 2.8437(3)
Å and V0= 22.995(6) Å3 (Hirao et al., 2004).

For our shock wave experiments, we need a dense, bulk sample. Using a multianvil high‐pressure device in
Wuhan University of Technology, we sintered the Fe‐9Si alloy powder at pressure ~4 GPa and temperature
~1,200 °C. The bulk samples were polished to a flat disc with a tolerance of~0.002 mm. The diameter of
the disc was about 12 mm, and the thickness varied from 1.77 to 2 mm. The X‐ray diffraction pattern
(Figure 1a) showed that the structure of Fe‐9Si alloy is still bcc after sintering. The electron microprobe
(JEOL‐JXA8530F) analyses (Table S1 in the supporting information) showed Si is uniformly distributed in
the sample with an average content of 8.62±0.03 wt% Si (Fe0.84Si0.16 by mole, hereafter Fe‐9Si). According
to the backscattered electron image (JSM‐7500F), the grain size in the sintered sample is no more than ~20
μm, and no detectable porosity in the sintered sample (Figure 1b). Because the distribution of Si in the sample
is uniform according to Table S1, the contrast in Figure 1b cannot be caused by the composition. And it might
be caused by the different orientation of each grain. From energy‐dispersive X‐ray images (Figures 1c and 1d),
Fe and Si are homogenously distributed in the bulk sample. According to the unit‐cell volume obtained from
X‐ray diffraction patterns, the density of the powder sample is ρ0= 7.419±0.011 g/cm3, which is very close to
the average bulk density 7.386 ±0.021 g/cm3measured by the Archimedean method. Therefore, the porosity
of the bulk sample is less than 0.5%.

2.2. Experimental Methods

The EOS of Fe‐9Si under shock compression is determined by Rankine‐Hugoniot relation (Mitchell &
Nellis, 1981)

PH−P0 ¼ ρ0 DS−u0ð Þ u−u0ð Þ; (1)

VH ¼ V0 1− u−u0ð Þ= DS−u0ð Þ½ �; (2)

EH−E0 ¼
1
2

PH þ P0ð Þ V0−Vð Þ: (3)

The symbol P represents the pressure. ρ and V are density and specific volume. E is the specific internal
energy. DS represents the velocity of the shock wave. The particle velocity of the sample is expressed as u.
Subscripts H and 0 indicate the Hugoniot state and initial state. DS and u for Fe‐9Si were measured using
two‐stage light gas gun at the Institute of Fluid Physics of China Academy of Engineering Physics and at
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the High Pressure Physics and Novel Materials Research Center in Wuhan University of Technology using
the reverse‐impact and impedance‐matching techniques described below.
2.2.1. Reverse‐Impact Technique

The reverse‐impact technique has been described by Duffy and Ahrens (1995). The diagram of the target was
shown in Figure S1 (Huang et al., 2011, 2018). For this technique, a single crystal lithium fluoride (LiF) was
used as window. In order to avoid the effect of the high pressure gas in the launching tube on the signal and
to get a good reflective surface, in front of the LiF, we coated an aluminum film and mounted an aluminum
foil with epoxy. The thicknesses of the aluminum film and foil are about 3 and 8 μm, respectively. A displa-
cement interferometer system for any reflector (Weng et al., 2006) was used to measure the particle velocity
u of the Al/LiF interface. When the flyer made of Fe‐9Si impacted the LiF window with the velocity W, the
shock waves were generated in the flyer and window, and the particle velocity u of the window increases
immediately and remains constant. Figure S2 shows the experimental signals measured by displacement
interferometer system for any reflector. In equation (1), the initial particle velocity u0 for the Fe‐9Si flyer
and LiF window areW and zero, respectively. According to boundary and continuity conditions, the particle
velocities u and pressure PH of the flyer and LiF window should be equal.

PH ¼ ρ0;f −DS;f−W
� �

u−Wð Þ ¼ ρ0;W C0;W þ λWu
� �

u (4)

Substituting the Hugoniot parameters for LiF C0,w=5.148 km/s, λw=1.353, and ρ0,w=2.638g/cm
3 (Marsh,

1980) into equation (4), we solved the shock wave velocity and pressure in the flyer (Table 1).

Figure 1. (a) X‐ray diffraction patterns of powder sample and sintered sample. (b) Backscattered electron image of the Fe‐9 Si alloy. (c) Distribution of Si in the
sample measured using energy dispersive X‐ray spectroscopy. (d) Distribution of Fe in the sample measured using energy dispersive X‐ray spectroscopy.
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2.2.2. Impedance‐Matching Technique

In the work reported by Huang et al. (2013), the impedance‐matching technique was described. The diagram
of the target was shown in Figure S3a. When the flyer impacted the base plate with velocity W, two shock
waves were generated in the flyer and baseplate. According to boundary and continuity conditions, the pres-
sure and particle velocity in the flyer and base plate are equal, Pf=Pb, uf=ub.

PH ¼ ρ0;f −C0;f þ λf uf−W
� �� �

uf−W
� �

¼ ρ0;b C0;b þ λbub
� �

ub (5)

Subscripts f and b represent the flyer and base‐plate, which were both made of copper with Hugoniot
parameters C0,b=3.933 km/s, λb=1.500 (Mitchell & Nellis, 1981). Substituting the measured W and
Hugoniot parameters in equation ((5)), we can obtain the particle velocity ub and velocity of shock wave
Ds in the base plate. As Ds reached the interface between base plate and the sample, a rarefaction wave pro-
pagated backward in the base plate, and a shock wave propagated forward in the sample if the impedance of
the base plate is higher than that of sample (Jing, 1986). The velocity of DS in the sample was measured by
electrical pins placed on the base plate and sample. The distributions of the electrical pins were shown in
Figure S3b. The tilt and distortion of the flyer were determined according to the method given by Mitchell
and Nellis (1981).

Δt ¼ tji−tj ¼
−Rjtanθ

W
cos α0 þ αið Þ (6)

Subscript i means the ith electrical pin, and j means the jth circle (j = 1, 2, 3). αi is the angular position
of the ith electrical pin. Rj is the radius of the jth circle, and R1=9mm, R2=7mm, and R3=4mm.
tj means the average time on the jth circle. For example, for the experiment 20150330†, the fitted tilt
angles θ are 0.73° and 0.7° for Circles 2 and 3, respectively (Figure S3b). This implies that the shock
wave propagated through the sample with nearly constant tilt angle. Usually, the distortion is modeled
as an axially symmetric parabolic bow t´j=aR

2
j+b, where the parameter b for the experiment 20150330†

equals to the time t0=210.22 ns measured by the center electrical pin, and a=(t3‐t0)/R
2
3=0.2425 ns/mm2.

Thus, the transit time equals Δt=t´2‐t2=t3‐t2‐Δtc. For the experiment 20150330†, the correction time Δtc
caused by the distortion is about 4.8%. Then we obtained the shock velocity DS=d/Δt, where d is the
thickness of the sample. The pressure PH and particle velocity u in the sample were calculated by the
following equation.

Table 1

The Experimental Data for Fe‐9Si

Shot no.
Initial density

(g/cm3) Flyer
Impact velocity

(km/s)
Shock velocity

(km/s)
Particle velocity

(km/s)
Pressure
(GPa)

Compressed density
(g/cm3)

Shock
temperature (K)

20150324a 7.364 Sample 2.021 (7) 5.55 (8) 0.631 (8) 25.8 (0.8) 8.31 (3) 407 (17)

20150326a 7.385 Sample 3.792 (7) 6.29 (8) 1.244 (8) 57.8 (0.9) 9.21 (4) 790 (44)

20160823a 7.362 Sample 3.830 (5) 6.46 (9) 1.242 (11) 59.1 (1.1) 9.11 (4) 730 (40)

20150325a 7.357 Sample 4.960 (7) 7.06 (7) 1.632 (8) 84.7 (1.0) 9.57 (3) 1,099 (78)

20150608a 7.385 Sample 6.139 (6) 7.67 (7) 2.040 (9) 115.6 (1.3) 10.06 (4) 1,709 (142)

20150609a 7.378 Sample 6.940 (7) 8.10 (7) 2.322 (11) 138.8 (1.4) 10.34 (4) 2,186 (192)

20150610a 7.391 Sample 7.692 (6) 8.43 (6) 2.597 (11) 161.9 (1.5) 10.68 (4) 2,896 (270)

20150331b 7.385 cu 3.903 (6) 7.80 (9) 2.001 (18) 115.3 (1.7) 9.94 (5) 1,534 (127)

20150401b 7.418 cu 4.682 (7) 8.25 (8) 2.420 (19) 148.0 (1.9) 10.50 (6) 2,497 (224)

20150330b 7.378 cu 5.602 (7) 8.97 (13) 2.905 (23) 192.2 (3.2) 10.91 (9) 3,482 (344)

20150327b 7.386 cu 6.485 (6) 9.68 (13) 3.360 (25) 240.3 (3.7) 11.31 (9) 4,670 (477)

aReveres‐impact experiments. The data in parentheses are uncertainties. Shock temperatures TH are not directly measured but were calculated using the ther-
modynamic parameters determined in this study. bImpedance‐matching experiments.
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PH ¼ ρ0b −C0b þ λb u−2ubð Þ½ � u−2ubð Þ ¼ ρ0suDs (7)

3. Results and Geophysical Implication

3.1. EOS Along Hugoniot for Fe‐Si

Table 1 lists the experimental data for the Fe‐9Si alloy from 25.8 to
240.3 GPa. Figure 2 plots theDS‐u and PH‐ρ data. The shock velocities
DS and particle velocities u were fitted by a linear equation,

DS ¼ C0 þ λu: (8)

The fitted Hugoniot parameters are C0=4.551±0.077 km/s and
λ=1.526±0.035. We also fixed the initial density ρ0=7.386 g/cm3

and fitted the pressure PH and density ρ using the following equation:

PH ¼ ρ0C
2
0 1−ρ0=ρð Þ= 1−λ 1−ρ0=ρð Þ½ �2: (9)

The fitted Hugoniot parameters are C0=4.603±0.101 km/s and
λ=1.505±0.037. The fitted result is slightly different from that of the
DS‐u relationship, but it is considered more reliable because the
initial density used in equation (9) is normalized. In Figure 2b, we
also plotted the PH‐ρ data for iron (Brown et al., 2000), Fe‐3.8Si (by
weight, Marsh, 1980), Fe‐4.0Si (by weight, Balchan & Cowan,
1966), Fe‐9Ni‐10Si (by weight, Zhang et al., 2014), and Fe‐8Ni‐10Si
(by weight, Zhang et al., 2018) for comparison. The data of Fe‐9Si
are close to the data of Fe‐8Ni‐10Si (Zhang et al., 2018) but differ from
their earlier data on Fe‐9Ni‐10Si (Zhang et al., 2014). The difference
may be caused by the presence of SiO2, and Si‐rich silicides (Fe3Si7
and FeSi2) in their sample. The Hugoniot data of Fe‐3.8Si (Marsh,
1980) and Fe‐4Si (Balchan & Cowan, 1966) fall between the results
of pure iron (Brown et al., 2000) and our Fe‐9Si data. Based on the
Hugoniot data for iron (Brown et al., 2000) and Fe‐9Si, we calculated
the EOS of Fe‐3.8Si and Fe‐10Si along Hugoniot shown as the dashed
lines in Figure 2b according to the additive law (Al'tshuler &
Sharipdzhanov, 1971).

V Pð Þ ¼ ∑
i

miV 0i 1−
1

2λ2i
2λi þ

C2
0i

V 0iP

� �

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2λi þ
C2
0i

V 0iP

� �2

−4λ2i

s
0

@

1

A

8

<

:

9

=

;

(10)

Subscript i represents the component i andm is the weight percent of
the component. V0 is the specific volume at ambient conditions, and
C0 and λ are the Hugoniot parameters. The calculated results are
in general agreement with those of Fe‐3.8Si (Marsh, 1980) and
Fe‐4.0Si (Balchan & Cowan, 1966), and Fe‐8Ni‐10Si (Zhang et al.,

2018), but there is a slightly systematic offset (~2%) below 189 GPa (Figure 2b). At same pressure, the density
of Fe‐8Ni‐10Si is about 1.3 wt% lower than that of Fe‐8.6Si due to the content of Si in the sample. The com-
parison demonstrates that the effect of Si on the EOS is systematic and can be reliably modeled using the
additive law. All the Hugoniot parameters for Fe‐Si system are summarized in Table 2.

3.2. The Isothermal EOS and Shock Temperatures for Fe‐Si

From the Hugoniot data PH(V), we can calculate the isothermal pressure as a function of specific volume,
PT(V), for Fe‐9Si at a given temperature T according to Mie‐Grüneisen EOS:

Figure 2. Hugoniot data for Fe‐Si system. (a) Shock velocities DS versus particle
velocity u for Fe‐Si system. (b) Pressure increases with density along Hugoniot
for Fe‐Si system. Open circles represent Fe‐9Si (this work). Green down triangles
and open squares represent Fe‐9Ni‐10Si (Zhang et al., 2014) and Fe‐8Ni‐10Si
(Zhang et al., 2018). Solid circles, open triangles, and open diamonds represent
Fe‐4Si (Balchan & Cowan, 1966), Fe‐3.8Si (Marsh, 1980), and pure Fe (Brown
et al., 2000). Solid lines are the fitted results of experimental data. Dashed lines are
the calculated results for Fe‐3.8Si and Fe‐10Si based on the additive law.
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PT Vð Þ ¼ PH Vð Þ−
1
V
∫
TH

T CVγeff dT: (11)

TH is the shock temperatures, which can be estimated via the following
thermodynamic relations (Brown & McQueen, 1986).

dT ¼ −T
γeff

V
dV þ

1
2CV

PH Vð Þ þ V0−Vð Þ
dPH Vð Þ

dV

	 


dV ; (12)

CV ¼ CVl þ CVe; (13)

γeff ¼ γlCVl þ γeCVeð Þ=CV : (14)

CVl is the specific heat contributed by the lattice. At high temperature
CVl=3R/μ, where R is the gas constant and μ is the molar mass for
Fe‐9Si. At high pressure and temperature, Fe‐9Si is in hcp (hexagonal
close‐packed) or hcp+B2 (CsCl‐type) phase (Fischer et al., 2014), so we
assumed its electronic specific heat is similar to that of hcp iron
CVe=β0(ρ0ε/ρ)

κT, where β0=0.091 J·mg‐1·K‐2 and κ = 1.34 (Boness et al.,
1986). Here ρ0ε should be the density of Fe‐9Si in hcp structure at 1 Bar and 300 K, rather than the initial
density in bcc phase ρ0α = 7.386 ±0.021 g/cm3 measured by the Archimedean method. In equation (14),
the effective Grüneisen parameter γeff should also include the lattice contribution γl=γ0 (ρ0ε/ρ)

q and electro-
nic contribution γe (Anderson, 2002). Fischer et al. (2014) proposed that the lattice, anharmonic, or electro-
nic contributions to thermal pressure variation can be described by γ0 and q. Based on the P‐V data measured
at high pressure and temperature for hexagonal close‐packed (hcp) structure and hcp+B2 (CsCl‐type) struc-
ture, Fischer et al. (2014) suggested γ0=1.14±0.14, q=1 (hcp Fe‐9Si) and γ0=2.22±0.08, q=1 (hcp+B2 Fe‐9Si).
According to the measured shock temperature of Fe‐8Ni‐10Si, Zhang et al. (2018) proposed γ0=2.7±0.2,
q=0.4±0.1. If we substitute these Grüneisen parameters into equations (11) and (12) without considering
the contributions of electrons, the calculated isothermal EOS at 300 K does not match the experimental data

(Tateno et al., 2015) (Figure 3). Therefore, it seems that the Grüneisen
parameters for hcp Fe‐9Si suggested by Fischer et al. (2014) and Zhang
et al. (2018) are not consistent with the static and dynamic data. Here
we only compared with the data measured by Tateno et al. (2015). So
far, the EOS for hcp Fe‐9Si has been measured by Hirao et al. (2004),
Fischer et al. (2014), and Tateno et al. (2015), respectively. All the para-
meters were list in Table 3. Hirao et al. (2004) did not use pressure med-
ium; thus, the nonhydrostatic condition affects the accuracy of the EOS.
At high pressure and temperature, Fischer et al. (2014) measured the
EOS for Fe‐9Si and calculated the EOS at 300 K based on the
γ0=1.14±0.14, q=1. Tateno et al. (2015) directly measured the EOS of
Fe‐9Si up to 304.9 GPa at 300 K and high temperature. Fitting the data
measured by Tateno et al. (2015) to third‐order Birch‐Murnaghan EOS

yields ρ0ε =7.578 ±0.050 g/cm3, K0=190.0±11.3 GPa, and K ′
0=4.76±0.14.

Hereafter, we adopted ρ0ε =7.578 ±0.050 g/cm3 to establish the EOS of
Fe‐9Si.

It is important to consider the contributions of both lattice and electrons
to the Grüneisen parameter for the model, especially at simultaneous
high pressure and temperature. In order to evaluate the lattice and
electron contribution, we tested various values of γ0, q, and γe. The calcu-
lated EOS at 300, 1,200, 2,000, 3,000, 4,000, and 5,200 K were compared
with the experimental data (Fischer et al., 2014; Tateno et al., 2015).
When using γ0=1.65, q=1, and γe=1.83, the calculated isothermal EOS
are in good agreement with experimental data (Figure 4). Up to 400 GPa
and 5,200 K, the differences of pressure between our calculated

Figure 3. The calculated equation of state for Fe‐9Si at 300 K according to
the Hugoniot data and Grüneisen parameters. The crosses and red dash
line represent the experimental data and fitted results at 300 K (Tateno et al.,
2015). Black solid line represent the calculated results when γ0=1.14 and
q=1 for hcp Fe‐9Si (Fischer et al., 2014). Blue dot line was the calculated
result when γ0=2.22 and q=1 for hcp+B2 Fe‐9Si (Fischer et al., 2014).
Assuming the Grüneisen parameter of Fe‐9Si close to γ0=2.7 and q=0.4 of
Fe‐8Ni‐10Si (Zhang et al., 2018), the estimated equation of state was shown
as the green dot‐dash line.

Table 2

The Hugoniot Parameters for Fe, Fe‐Si, and Fe‐Ni‐Si Alloys

Alloy
Density
(g/cm3)

C0
(km/s) λ Reference

Fe‐9Ni‐10Si 6.853 (36) 3.95 (15) 1.53 (5) Zhang
et al. (2014)

Fe‐8Ni‐10Si 7.352 (5) 4.75 (9) 1.48 (3) Zhang
et al. (2018)

Fe‐3.8Si 7.652 3.785 (10) 1.716 (4) Marsh
(1980)

Fe‐4Si 7.646 4.072 (123) 1.563 (57) Balchan and
Cowan (1966)

Fe 7.85 3.935 (29) 1.578 (10) Brown et al.
(2000)

Fe‐9Si 7.386 (21) 4.603 (101) 1.505 (37) This work
Fe‐3.8Si 7.638 4.226 (121) 1.546 (60) This worka

aCalculated based on the Hugoniot data of Fe and Fe‐9Si.
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Table 3

The Parameters of Birch‐Murnaghan Equation of State for Fe‐Si Alloy at 300 K

Alloy and structure ρ0 (g/cm
3) K0 (GPa) K′0 Reference

Fe‐9Si (hcp) 7.67 (20) 198 (9) 4.7 (3) Hirao et al. (2004)
Fe‐9Si (hcp) 7.145 (53) 129.1 (1.4) 5.20 (8) Fischer et al. (2014)
Fe‐9Si (hcp+B2) 7.452 (18) 170.8 (1.6) 4.49 (7) Fischer et al. (2014)
Fe‐9Si (hcp) 7.578 (50) 190.0 (11.3) 4.76 (14) Tateno et al. (2015)a

Fe‐9Si (hcp) 7.578 (50) 190.8 (6.7) 4.74 (28) This workb

Fe‐9.8Ni‐4Si (hcp) 7.975 174 (8) 4.79 (5) Asanuma et al. (2011)
Fe‐3.8Si (hcp) 7.949 (50) 181.9 (11.0) 4.67 (35) This workb

Fe (hcp) 8.269a 172.7 (1.4) 4.79 (5) Fei et al. (2016)
aTateno et al. (2015) fitted the experimental data to the Vinet equation of state, and we refitted their data to third‐order Birch‐Murnaghan equation of state.
bThe data were estimated according to the Hugoniot data and Grüneisen equation of state.

Figure 4. (a) The pressure versus density of Fe‐Si system along different isotherm. All the lines represent the calculated
pressure based on our Hugoniot data and Grüneisen equation of state. Symbols represent the static experimental data
measured at different pressure and temperature. The data measured by Fischer et al. (2014) are shown as solid
diamonds (1,100–1,300 K), solid triangles (1,900~2,100 K). The data measured by Tateno et al. (2015) are shown as plus
(300 K), open triangle (1,800–2,200 K), open square (2,900–3,100 K), open circle (3,900–4,150 K), and open down
triangle (5,040–5,320 K), respectively. Crosses represent the data of Fe‐9.8Ni‐4Si (Asanuma et al., 2011). The errors of
pressure mainly caused by Hugoniot parameters are 6% and 10% at the pressure 135 and 300 GPa. (b) The difference of
measured pressure and calculated results for Fe‐9Si at same density and temperature. Up to 5,000 K and 400 GPa, the
pressure differences for Fe‐9Si range between 4 and −4 GPa. At 300 K, the pressure differences between Fe‐3.8Si and
Fe‐9.8Ni‐4Si vary from −6 to 5 GPa below 210 GPa and vary from −20 to 0 GPa up to 370 GPa.
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results and experimental data for Fe‐9Si range between −4 and 4 GPa,
which are within the experimental uncertainty (Figure 4). Fitting our
calculated isothermal EOS at 300 K to third‐order Birch‐Murnaghan
EOS, fixing ρ0ε =7.578 ±0.050 g/cm3, we obtain K0=190.8±6.7 GPa and

K ′
0=4.74±0.28. The uncertainties are mainly caused by the uncertainties

in the fitted Hugoniot parameters. The agreements between our
calculated results and experimental data showed that specific heat and
Grüneisen parameter (Table 4) used in this work are self‐consistent.

According to equations (11) and (12), the isothermal EOS and shock
temperature were simultaneously calculated. Figure 5 shows the calcu-

lated shock temperatures compared with existing phase stability data of Fe‐9Si at high pressure and tem-
perature (Fischer et al., 2013; Hirao et al., 2004; Lin et al., 2003; Tateno et al., 2015). We infer that the
shocked Fe‐9Si has bcc structure at low pressure and converts to hcp structure at moderate pressure
and temperature up to 145(±4) GPa and 2,400(±190) K. Above 145(±4) GPa and 2,400(±190) K, the static
compression experiments revealed that hcp Fe‐9Si only partially transforms to B2 (CsCl‐type) structure
because of the kinetic hindrance of the transition (Fischer et al., 2014; Tateno et al., 2015). From the
Hugoniot data we found no detectable kink in the shock velocities and density, implying that either only
a small quantity or no Fe‐9Si might change to B2 structure during shock compression. Because the com-
pression time of shock wave is much shorter than that of static compression technique, a sluggish phase
transition is often not detectable. At ultrahigh pressure (>250 GPa), the Fe‐9Si is expected to be melt and
shocked into liquid state. Due to lack of experimental data on sound velocity of Fe‐9Si, its onset melting
along Hugoniot cannot be determined in this work. So we simply estimated according to intersection of
the shock temperature for Fe‐9Si and the melting curve of Fe‐8Ni‐10Si (Zhang et al., 2018). The melting

temperatures of Fe‐8Ni‐10Si obtained using dynamic compression tech-
nique are lower than the extrapolated data of Fe‐9Si (Fischer et al.,
2013) according to Simon equation (Simon & Glatzel, 1929). This differ-
ence may not be caused by the addition of Ni because the melting tem-
perature of Fe‐5Ni‐10Si (Morard et al., 2011) is consistent with Fe‐9Si
(Fischer et al., 2013) up to 50 GPa. Therefore, the difference of the melt-
ing temperature could be caused by the different phase of Fe‐9Si. The
phase of Fe‐9Si measured by (Fischer et al., 2013) is fcc+hcp+B2, while
Fe‐8Ni‐10Si (Zhang et al., 2018) is in hcp (or hcp+B2) phase. Assuming
the melting curve of the Fe‐8Ni‐10Si (Zhang et al., 2018) is correct, the
intersection point is about 250(30) GPa and 5,000 (450) K, indicating
that Fe‐9Si begins to melt at 250 GPa. It is larger than the data 171
(5) GPa for Fe‐8Ni‐10Si (Zhang et al., 2018). This difference might be
caused by two reasons. The first one is that the melting curve of Fe‐Si
alloy (with 8.6 wt% Si) might be different with that of Fe‐8Ni‐10Si
(Zhang et al., 2018). The second one is that the onset melting of Fe‐
8Ni‐10Si (Zhang et al., 2018) was also not directly measured according
to the sound velocity. Although the onset melting of Fe‐9Si is also larger
than the data of 225 GPa for Fe along Hugoniot (Nguyen & Holmes,
2004), its melting temperature is lower than the melting temperature
of iron (Anzellini et al., 2013) at same pressure (Figure 5). In order to
clarify the melting behavior of Fe‐9Si at high pressure, especially along
Hugoniot, we need more experiments, such as the sound velocity mea-
surements near the melting region.

For the analysis of shock temperature, we ignored the transformation
energies from bcc to hcp and from hcp to B2. Because the phase bound-
ary of the bcc‐hcp transition at 16 GPa (Hirao et al., 2004; Lin et al.,
2003) is almost vertical (Figure 5), we expect the transformation energy
is close to zero according to the Clapyron equation.

Table 4

The Thermodynamic Parameters for hcp Fe‐Si Alloys

Iron compound β0 J·kg
‐1·K‐2

κ γ0 q γe

Fe 0.091a 1.34a 1.74b 0.78b 2.0c

Fe‐9Si 0.091a 1.34a 1.65d 1d 1.83d

Fe‐3.8Si 0.091a 1.34a 1.74c 0.78c 2.0c

aBoness et al. (1986). bFei et al. (2016). cAnderson (2002). dThis
work.

Figure 5. The shock temperature and phase diagram of Fe‐9Si at high
pressure. Black lines represent the phase diagram of Fe‐9Si suggested by
Fischer et al. (2013). The magenta dash‐dot‐dot line represents the
melting temperature of Fe (Anzellini et al., 2013). Blue dash‐dot line
represents the melting curve of Fe‐8Ni‐10Si provided by Zhang et al. (2018).
Green dash line represents the phase boundary between hcp and hcp+B2
proposed by Tateno et al. (2015). The shock temperatures of Fe‐9Si are
shown as red short dash line, and the open circles represent the Hugoniot
data. The phase boundary between bcc to hcp is inferred according to the
transformation of bcc to hcp at 16 GPa (Hirao et al., 2004; Lin et al., 2003)
and the quadruple point of bcc (or D03), fcc, hcp, and B2 at about 17 GPa
and 970 K. The errors of the shock temperature increase with pressure, from
2.5% at 25.8 GPa to 9% at 240.3 GPa. And this errors are mainly caused by
Hugoniot parameters.
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ΔH ¼ T Vhcp−Vbcc

� � dP

dT
(15)

For the partial transition from hcp to B2 at 145±4 GPa and 2,400±190 K, it
is difficult to estimate the transformation energy. However, if all the hcp
Fe‐9Si phase transforms to B2, the transformation energy can be esti-
mated using equation (15). The slope of the phase boundary between
hcp and B2 is constant dP/dT=0.09 GPa/K (Tateno et al., 2015). The
volume difference between hcp and B2 is 0.3±0.6% (Fischer et al., 2014).
Thus, the transform energy from hcp to B2 is about 0.06±0.12 MJ/Kg,
which causes the temperature decreasing about 100 K above 145 GPa,
which is not significant considering uncertainties associated with the
experimental measurement and calculations. Table 4 lists all the thermo-
dynamic parameters for Fe‐9Si. The errors of the calculated shock tem-
perature were estimated by assessing the uncertainties in the Grüneisen
parameters and the fitted Hugoniot parameters. If the uncertainty in
γ0 =1.65 is about 10%, the corresponding uncertainty in shock tempera-
ture is about 70 K at 300 GPa, and it increases linearly with pressure.
The errors of the shock temperature are mainly caused by the fitted
Hugoniot parameters, which increases from 2.5% at 25.8 GPa to 9% at
240.3 GPa (Table 1 and Figure 5).

Using equations (11) and (12), the EOS for Fe‐3.8Si along 300 K isotherm
was also calculated. Because the content of Si is small in the Fe‐3.8Si, we
assumed that the thermodynamic parameters of Fe‐3.8Si are similar to
those of pure iron: Grüneisen parameter contributed by the lattice and

electrons are γl=1.74(ρ0ε/ρ)
0.78 (Fei et al., 2016), γe=2 (Anderson, 2002), and the specific heat contributed

by electrons is CVe=0.091(ρ0ε/ρ)
1.34T J·Mg‐1·K‐1 (Boness et al., 1986). At ambient condition, the density of

hcp Fe‐3.8Si is ρ0ε=7.949 (±0.050) g/cm3, interpolated according to the density of hcp Fe (Fei et al., 2016)
and Fe‐9Si under same condition. Substituting above thermodynamic parameters in to equations (11) and
(12), the pressure‐density data at 300 K for Fe‐3.8Si were consistent with the static experimental data of
Fe‐9.8Ni‐4Si below 210 GPa (Figure 4). Because Ni has only a marginal effect on the density of iron alloys
(Asanuma et al., 2011), it is expected the densities of Fe‐3.8Si and Fe‐9.8Ni‐4Si are similar. At the higher
pressure between 210 and 270 GPa, the calculated results are slightly higher than the experimental data
(Asanuma et al., 2011). Fitting the calculated data for Fe‐3.8Si to third‐order Birch‐Murnaghan EOS yields

K0=181.9±11 GPa and K ′
0=4.67±0.35.

3.3. Geophysical Implication

Using above thermodynamic parameters, we estimated the EOS for Fe‐3.8Si and Fe‐9Si along the tempera-
ture profile of the core T = TICB (ρ/ρICB)

1.5.

PT Vð Þ ¼ P300 Vð Þ þ
1
V
∫
T

300CVSγeff dT; (16)

PT Vð Þ ¼ P300 Vð Þ þ
1
V
∫
Tm

300CVSγeff dT þ
γeff

V
ΔSTm þ

1
V
∫
T

TmCVlγeff dT: (17)

TICB=5,400±300 K (Hirose et al., 2013; Zhang et al., 2018) is the temperature at inner‐core boundary (ICB).
ΔS=0.79±0.11 R is the melting entropy (Wallace, 1991). CVS and CVl are the specific heat for solid and liquid,
respectively, CVl=CVS ‐0.15RT/Tm (Xu & Zhang, 1986). Tm is the melting temperature. In the model, we
assume the melting temperature of Fe‐9Si close to that of Fe‐8Ni‐10Si (Zhang et al., 2018). Figure 6 shows
the calculated density profiles for solid (red dash line) and liquid (blue solid line) Fe‐9Si under outer core
conditions. The effect of melting on the density, Δρmelting/ρsolid, is estimated to be about 1.1% at 135 GPa
and 0.8% at 330 GPa. This value is close to ~1.2% derived from the thermodynamic calculations
(Komabayashi & Fei, 2010). Under the conditions of Earth's outer core, Fischer et al. (2014) found the
densities of solid Fe‐9Si is 2.4–2.7% higher than PREM profile (Dziewonski & Anderson, 1981), and they

Figure 6. The density verse pressure for Fe‐Si and Fe‐S system in Earth's
core. The data of solid and liquid Fe‐9Si are shown as red dash‐dot line
and blue solid line. The data of Fe‐9Si (Fischer et al., 2014) are drawn as a
dash‐dot‐dot line. The data of Fe‐10S (Huang et al., 2018) are shown as a
green dash line. The black solid line represents the data of iron. The dot line
represents the data of Fe‐3.8Si under the inner core condition. The errors for
density of liquid Fe‐9Si are ~1 and ~2 wt% at core‐mantle boundary and
inner core boundary. Under the inner core condition, the errors of solid
Fe‐3.8 Si is about ~2.9 wt%. All the errors are propagated from the errors
associated with Hugoniot parameters and temperatures in the core.

10.1029/2019JB017983Journal of Geophysical Research: Solid Earth

HUANG ET AL. 9



suggested that the content of Si is about 11.2±0.7 wt%. Our new data show that the densities of liquid Fe‐9Si
match with the PREM data well at the core‐mantle boundary, but they are ~1.1% lower than the PREM
data at the ICB. The corresponding uncertainties are ~1% and ~2.0% at core‐mantle boundary and
ICB, respectively.

Under the inner core conditions, the density of solid Fe‐3.8Si shows a good match to the PREM profile
(Figure 6). The errors for density of Fe‐3.8Si are ~2.9% under inner core condition. These errors are propa-
gated from the errors associated with Hugoniot parameters, and temperatures in the core. Using the density
as the only constraint, the maximum content of Si in the liquid outer core is 8.6±2 wt%, and the solid inner
core limits to 3.8±2.9 wt% Si. The sound velocity for Fe‐Ni‐Si alloys supports the inner core containing ~4
wt% Si (Antonangeli et al., 2010). In addition, some geochemical constraints also support this viewpoint
(Wood et al., 2006). The investigation of Fe‐Si phase diagrams at high pressure also implies that about 4
wt% Si in the inner core (Fischer et al., 2013). However, recent investigation on Fe‐Si system indicates that
Si is depleted in the inner core (Ozawa et al., 2016).

Assuming that the content of Si in the solid inner core is about 3.8 wt% and Si has an equal partitioning
between the solid inner core and the liquid outer core, additional light element is required to match the
observed density of the outer core. Sulfur may be the major candidate among the proposal light elements.
According to the partitioning experiments of Zn between metal and silicate, Mahan et al. (2016) proposed
an upper limit of 6–8 wt% S content in Earth's core. Mori et al. (2017) conducted the melting experiments
on Fe‐Fe3S system up to 254 GPa, and they found 5.7±0.3 wt% S in the eutectic liquid and 3.9±0.4 wt% S
in solid Fe, respectively. Huang et al. (2018) suggested that both the density and sound velocity of liquid
Fe‐10 wt% Smatch the PREM data for the liquid outer core. Of course, some scientific achievements opposed
S as the main light elements of Earth's core. For example, some geochemical and cosmochemical constraints

Figure 7. The density of Fe‐S‐Si system (a) and its difference with the PREM profile of Earth's outer core (b). Cross
represents the PREM profile of Earth's outer core (Dziewonski & Anderson, 1981). The density of Fe‐10S, Fe‐9Si, and
Fe‐3.8Si‐5.8S are shown as the green dash‐dot line, blue dash line, and red solid line, respectively.
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placed the S content in the core at 2–3 wt% (e.g., Dreibus & Palme, 1996; McDonough, 2003; Suer et al.,
2017). Assuming the remainder light element is sulfur, the composition of Earth's core might be Fe‐S‐Si.
Because S and Si have the same effect on the density of iron under the outer core conditions (Figure 7),
we determined that the density of Fe‐3.8±2.9 Si‐5.6±3.0 S best matches the observed density profile of the
outer core. The proposed Fe‐Si‐S composition model is also in line with the geochemical constraint.
Planned shockwave experiments on density and sound velocity measurements for Fe‐S‐Si alloys will allow
us to further constrain the core composition.

4. Conclusion

In this work, we measured the Hugoniot data of Fe‐9Si up to 240.3 GPa and 4,670 K with the two‐stage light
gas gun. The Hugoniot parameters are C0=4.603±0.101 km/s and λ=1.505 ±0.037. The experimental data
allow us to establish a reliable thermal EOS for Fe‐9Si over a wide pressure‐temperature range. Based on
the Hugoniot data and Grüneisen EOS, we calculated isothermal EOS at 300, 1,200, 2,000, 3,000, 4,000,
and 5,200 K. When using the lattice Grüneisen parameter γl=1.65(7.578/ρ), and electronic Grüneisen para-
meter γe=1.83, the calculated isothermal EOSs are consistent with the static compression data. Fitted the cal-
culated pressure‐density data at 300 to the third‐order Birch‐Murnaghan EOS yields K0=192.1±6.3 GPa and

K ′
0=4.71±0.27 with fixed density ρ0ε =7.578 ±0.050 g/cm3. Combined the shock temperatures with phase

diagram measured using the static compression, the shocked Fe‐9Si is in bcc structure at lower pressure,
and then in hcp structure at moderate pressure and temperature. At 145 GPa and 2400 K, there is detectable
kink in the shock velocity and density, indicating no phase transition from hcp to B2, which is observed in
the static compression. Above 250 GPa and 5000 K, the shocked Fe‐9Si is in liquid state. Based on the
Hugoniot parameters of Fe‐9Si and Fe, the pressure‐density for Fe‐3.8Si along Hugoniot were determined
according to additive law with the fitted Hugoniot parameters C0=4.226±0.121 km/s and λ=1.546±0.060.
And the deduced pressure‐density relation at 300 K for Fe‐3.8Si also agrees well with the experimental data.
Under the conditions of Earth's core, the densities of liquid Fe‐9Si and solid Fe‐3.8Si are consistent with the
PREM data of the outer core and inner core, respectively. These are the upper limits for Si in the core assum-
ing Si is the only light element. Assuming the content of Si in the solid inner core is about 3.8 wt%, and simi-
lar amount of Si in the outer core because Si has an equal partitioning between the solid and liquid iron.
Then other light element, such as sulfur, is required to match the observed density of the outer core.
Based on the equations of state of Fe‐9Si and Fe‐10S under conditions of Earth's outer core, the density of
Fe‐3.8Si‐5.6S were obtained and consistent with the PREM data of the outer core. Therefore, the outer core
may contain 5.6±3.0 wt% S and 3.8±2.9 wt% Si. This composition not only satisfies the geophysical con-
straint but also satisfies the geochemical constraint.
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