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Abstract
Sound velocities of iron and iron-based alloys at high pressure and high temperature are crucial 

for understanding the composition and structure of Earth’s and other telluric planetary cores. In this 
study, we performed ultrasonic interferometric measurements of both compressional (vP) and shear (vS) 
velocities on a polycrystalline body-centered-cubic (bcc)-Fe90Ni10 up to 8 GPa and 773 K. The elastic 
moduli and their pressure and temperature derivatives are derived from least-square fits to third-order 
finite strain equations, yielding KS0 = 154.2(8) GPa, G0 = 73.2(2) GPa, K′S0 = 4.6(2), G0′ = 1.5(1), ∂KS/∂T 
= –0.028(1) GPa/K, and ∂G/∂T = –0.023(1) GPa/K. A comparison with literature data on bcc-Fe sug-
gests that nickel not only decreases both P and S wave velocities but also weakens the temperature 
effects on the elastic moduli of Fe-Ni alloys.
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Introduction
Understanding the nature of Earth’s core, which is the least 

accessible region of the Earth, is one of the most challenging 
tasks in geophysical research. Seismic waves can travel inside the 
Earth and serve as a powerful tool to probe the physical properties 
of Earth’s interior, such as the density, compressional (P), and 
shear (S) wave velocities depth profiles; see, for example, the 
Preliminary Reference Earth Model (Dziewonski and Anderson 
1981). Comparing seismic results with lab-based mineral phys-
ics investigations, as well as other evidence from geochemical 
and cosmochemical studies, it has been widely accepted that the 
Earth’s core is composed of iron alloyed with ~10 wt% nickel 
and several percent of light elements (such as Si, O, H, S, C, 
etc.; e.g., Birch 1952, 1964; Li and Fei 2014; McDonough and 
Sun 1995). However, direct studies on the behavior and elasticity 
properties of iron alloys at high pressure and high temperature 
are still scarce.

Iron-nickel alloys can exist in several crystallographic struc-
tures: body-centered-cubic (bcc) structure (α phase), face-cen-
tered cubic (fcc) structure (γ phase), and hexagonal close-packed 
(hcp) structure (ε phase), etc., depending on the pressure (P) and 
temperature (T) conditions and the nickel concentration (Fig. 1). 
At ambient conditions, iron crystallizes in bcc structure while 
nickel prefers the fcc structure; when the nickel concentration 
exceeds ~20 wt%, Fe-Ni alloys will gradually transform from 
bcc to fcc structure. However, there is no conclusive consensus 
on the phase diagram of Fe-Ni systems at high pressure and 
high temperature (e.g., Dubrovinsky et al. 2007; Kuwayama et 
al. 2008; Mao et al. 1990; Sakai et al. 2011; Tateno et al. 2010, 
2012). While there are several experimental and theoretical pre-
dictions arguing that the bcc structure could be the stable phase 

(e.g., Dubrovinsky et al. 2007; Vocadlo et al. 2003) at Earth’s 
core conditions, these predictions were not supported by later 
experiments (e.g., Sakai et al. 2011; Tateno et al. 2010, 2012). The 
more recent calculations by Stixrude (2012) demonstrate a wide 
stability field of hcp Fe to 23 Mbar (2300 GPa) and 19 000 K, 
supporting the later high P-T experiments. With the complex-
ity of alloying with light elements, the phase diagram is even 
more controversial. Thus, more information about the physical 
and chemical properties (such as density, sound velocity, bulk 
modulus, shear modulus, and anisotropy) of the different phases 
of the Fe-Ni alloys is needed to further constrain the composition 
and structure of the Earth’s core.

Sound velocities of pure iron (Fe) have been experimentally 
determined by ultrasonic interferometry (UI), inelastic X-ray 
scattering (IXS), nuclear resonant inelastic X-ray scattering 
(NRIXS), and laser pulses (LP), etc., at room temperature (e.g., 
Chigarev et al. 2008; Decremps et al. 2014; Fiquet et al. 2001; 
Gleason et al. 2013; Mao et al. 1998; Murphy et al. 2013) and 
high temperature (e.g., Antonangeli et al. 2012; Lin et al. 2005; 
Liu et al. 2014; Mao et al. 2012; Ohtani et al. 2013; Shibazaki et 
al. 2016). In contrast, experimental studies on the sound veloc-
ity of iron-nickel (Fe-Ni) alloys are still limited (Kantor et al. 
2007; Lin et al. 2003; Morrison et al. 2019; Wakamatsu et al. 
2018), especially for the shear properties under simultaneous 
high-pressure and high-temperature conditions.

In the present study, we have carried out ultrasonic inter-
ferometric (UI) measurements on a polycrystalline bcc-Fe90Ni10 
sample at simultaneous pressure and temperature conditions. 
Compared to other sound velocity measurement techniques, UI 
in large volume apparatus embeds the advantages of stable and 
uniform heating of sample and direct measurement of both P and 
S wave velocities simultaneously. We applied a third-order finite 
strain approach for data analysis; the resultant compressional and 
shear velocities as well as the bulk and shear moduli for bcc-
Fe90Ni10 are compared with those for pure iron to evaluate the 
effects of nickel content on the elastic properties of Fe-Ni alloys.
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