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Abstract
Density and thermal expansion coefficient of metals are fundamental characteristics to describe 

the equation of state. Especially for liquid metals, the reported data for density and thermal expansion 
coefficient vary in the literature, even at ambient pressure. To determine the density of solid and liquid 
metals precisely at high temperatures and ambient pressure, we have developed a high-temperature 
furnace. The densities of solid Sn, Ni, and Fe were determined from the sample image with an uncer-
tainty of 0.11–0.7% in the temperature range of 285–1803 K with increments of 1–10 K. The density 
of solid Sn decreased linearly with increasing temperature up to 493 K, and then the decrease became 
drastic until the melting temperature (Tm) was reached. By contrast, for solid Ni and Fe, the densities 
decreased linearly with increasing temperature up to the Tm (1728 and 1813 K) without any drastic 
density drop near Tm. This suggests that Ni and Fe do not exhibit the “premelting effect.”

The density of liquid Fe was determined with an uncertainty of 0.4–0.7% in the range of 
1818–1998 K with temperature increments of 5 K. The obtained thermal expansion coefficient (a) of 
liquid Fe was well approximated as either a constant value of a = 2.42(1) × 10–4 K–1 or a linear function 
of temperature (T); a = 1.37(10) × 10–3 – [6.0(6) × 10–7]T [K–1] up to at least 2000 K.
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Introduction
Density is one of the most fundamental physical properties 

for understanding planetary interiors. To estimate the structure 
and composition of a planetary core, the equation of state (EoS) 
of Fe alloys provides indispensable information, along with 
planetary exploration data. The density of Fe alloys at ambient 
pressure is one of the most fundamental characteristics used to 
describe the EoS, as well as its elastic properties (bulk modulus, 
K, its pressure derivative dK/dP, and the thermal expansion coef-
ficient, a). Although the density and thermal expansion of the 
core constituting metals (Fe and Ni) have been reported, they 
have not been determined precisely near the melting temperature 
(Tm). An unusual drastic decrease in the elastic wave velocities 
near Tm, the so-called “premelting effect,” has been reported for 
some solid metals (Sn and Fe) based both on experiments and 
theoretical calculations. It is reported to occur at T/Tm > 0.99 for 
Sn at ambient pressure (Nadal and Le Poac 2003) and at T/Tm > 
0.96 for Fe at 360 GPa (Martorell et al. 2013a). If the premelting 
effect occurs in the elastic wave velocity, it could also occur in 
density, which is closely related to the elastic wave velocity and 
thermal expansion. This could significantly influence the EoS and 
elastic properties of the core. However, the density behaviors of 
Sn and Fe near Tm have not been precisely known.

The density (r) of liquid Fe at ambient pressure has been 
reported by many researchers (e.g., Lucas 1960, 1972; Kirsh-
enbaum and Cahill 1962; Frohberg and Weber 1964; Brillo and 
Egry 2004; Assael et al. 2006; Kobatake and Brillo 2013; Le 

Maux et al. 2019). However, the reported r values have some 
significant deviation (Dr ~0.2 g/cm3 ~2.8%) and the thermal 
expansion coefficient has not been precisely constrained.

In this study, density measurements of solid Sn, Ni, Fe, 
and liquid Fe were performed using a newly developed high-
temperature furnace with observation windows. The effect of 
temperature on the density of solid Sn, Ni, Fe, and liquid Fe was 
precisely investigated at ambient pressure.

Methods
Experimental methods

The samples were metal rods of Sn (99.9% in purity, Nilaco Corp.), Ni (99.5% 
in purity, Nilaco Corp.), and Fe (99.9% in purity, Nilaco Corp.). The diameter and 
height of the sample were 2.99–3.00 and 2.09–3.00 mm, respectively. The top and 
bottom interfaces of the samples were mirror-polished.

The experiments were conducted using a high-temperature gas furnace (Nagano 
Co. Ltd., Tokyo) installed at Osaka University (Fig. 1a). Heating was performed 
using a composite resistance heater composed of carbon fiber-reinforced carbon 
composite (C/C). The C/C heater is superior for generating high temperatures 
(~2173 K) stably under vacuum or inert gas conditions, and it has a small thermal 
expansion coefficient, which enables rapid heating (~1500 K/min). The C/C heater 
plate is located around the sample stage and has a slit for sample observation. 
The sample is set on a sintered alumina plate located at the center of the chamber 
(Fig. 1b). During the experiment, the temperature was monitored using a K-type 
thermocouple (TC). The TC junction was located at same height as the sample 
and 18.6 mm away from the sample center horizontally. The Tm values of Ni and 
Fe were determined to be 1728 and 1812 K (TC temperature), respectively, based 
on the shape change of the sample. These results are in good agreement with the 
literature. Therefore, the temperature at the TC junction was identical to that at the 
sample center. Temperature was controlled using a proportional integral differential 
controller. The heating rates were in the range of 3–25 K/min. The measurement 
was performed under an argon atmosphere at 0.05 MPa (flow rate: 0.8–1.0 l/min).

The chamber had two optical windows for observation of the sample in the 
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