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Abstract  29 

The cores of the Earth and other differentiated bodies are believed to comprise iron and 30 

various amounts of light elements. Measuring the densities and sound velocities of iron and 31 

its alloys at high pressure and high temperature is crucial for understanding the structure 32 

and composition of these cores. In this study, the sound velocities (VP and VS) and density 33 

measurements of body-centered cubic (bcc)-Fe were determined experimentally up to 6.3 34 
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GPa and 800 K using ultrasonic and X-ray diffraction methods. Based on the measured VP, 35 

VS, and density, we obtained the following parameters regarding the adiabatic bulk KS and 36 

shear G moduli of bcc-Fe: KS0 = 163.2(15) GPa, ∂KS/∂P = 6.75(33), ∂KS/∂T = –0.038(3) 37 

GPa/K, G0 = 81.4(6) GPa, ∂G/∂P = 1.66(14), and ∂G/∂T = –0.029(1) GPa/K. Moreover, we 38 

observed that the sound velocity–density relationship for bcc-Fe depended on temperature 39 

in the pressure and temperature ranges analyzed in this study and the effect of temperature 40 

on VS was stronger than that on VP at a constant density, e.g., 6.0% and 2.7% depression for 41 

VS and VP, respectively, from 300 K to 800 K at 8000 kg/m3. Furthermore, the effects of 42 

temperature on both VP and VS at a constant density were much greater for bcc-Fe than for 43 

ε-FeSi (cubic B20 structure), according to previously obtained measurements, which may 44 

be attributable to differences in the degree of thermal pressure. These results suggest that 45 

the effects of temperature on the sound velocity–density relationship for Fe alloys strongly 46 

depend on their crystal structures and light element contents in the range of pressure and 47 

temperature studied.  48 

 49 

 50 

 51 
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Introduction  52 

Observations of seismic wave propagation and normal mode oscillation are the 53 

most powerful probes for examining the Earth’s interior, allowing us to obtain physical 54 

information on the Earth’s interior such as distributions of densities and sound velocities 55 

(both compressional (VP) and shear (VS) wave velocities) (e.g., Preliminary Reference Earth 56 

Model (PREM), proposed by Dziewonski and Anderson (1981)). According to 57 

observation-based geophysical data and laboratory-based studies, the Earth’s core is 58 

considered to comprise metallic iron (Fe) with various amounts of light elements, such as 59 

hydrogen (H), carbon (C), oxygen (O), silicon (Si), and sulfur (S) (e.g., Birch 1952; Poirier 60 

1994). Thus, iron alloyed with light elements is widely accepted as a basis for the chemical 61 

models of other planetary cores (e.g., Zharkov et al. 2009; Dumberry and Rivoldini 2015).  62 

To constrain the species of major light elements and their abundances in the core, 63 

many studies have investigated the density and sound velocity of Fe as well as its alloys 64 

with light elements at the high pressures and high temperatures characteristic of interior 65 

planetary conditions (see the review by Li and Fei 2014). At high pressure and temperature, 66 

sound velocities have been measured mainly using shock compression (e.g., Brown and 67 

McQueen 1986), high-energy resolution inelastic X-ray scattering (IXS) (e.g., Fiquet et al. 68 
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2001; Badro et al. 2007), and nuclear resonant inelastic X-ray scattering (NRIXS) (e.g., 69 

Mao et al. 2001; Lin et al. 2003). Most recently, measurements by picosecond acoustics 70 

have been reported (Decremps et al. 2014). However, to estimate VS (and also VP in the 71 

case of NRIXS), those measurements require other physical quantities (e.g., density and 72 

bulk modulus) that must be obtained in separate experiments. That is, VS (and VP of 73 

NRIXS) must be obtained indirectly, and thus the accuracy of the estimated value depends 74 

on the uncertainties of these physical quantities as well as the velocity measurement itself. 75 

Therefore, most core compositional models have been developed using only VP data, 76 

although the proposed physical models for the Earth’s interior (e.g., PREM) provide us 77 

with both VP and VS for the solid inner core. To constrain the abundances of light elements 78 

in the core more tightly, direct measurements of VS for Fe and Fe alloys and core 79 

compositional analyses using both VP and VS are necessary.  80 

Analyses based on VP have also led to another issue, i.e., disagreements in the 81 

temperature dependence of sound velocities between previous studies (see the review by 82 

Antonangeli and Ohtani (2015)). The sound velocity–density relationship has been used 83 

widely to compare experimental results with proposed physical models for the Earth’s 84 

interior (e.g., Lin et al. 2004; Gao et al. 2008; Fiquet et al. 2009, Antonangeli et al. 2010; 85 
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Shibazaki et al. 2012; Murphy et al. 2013; Kamada et al. 2014). Assuming a 86 

quasi-harmonic approximation, this relationship is expected to exhibit linearity regardless 87 

of the pressure and temperature conditions, which is known as Birch’s law (Birch 1961). 88 

On the other hand, when a nonharmonic temperature effect appears, the velocity–density 89 

relationship is likely to change significantly with the temperature. Recent studies have 90 

investigated the effects of temperature on the sound velocity–density relationship for Fe 91 

and Fe alloys at high pressures using the IXS (Kantor et al. 2007; Antonangeli et al. 2012; 92 

Mao et al. 2012; Ohtani et al. 2013; Liu et al. 2014; Antonangeli et al. 2015) and NRIXS 93 

(Lin et al. 2005; Gao et al. 2011) techniques, but no consensus has been reached regarding 94 

the effects of temperature. Previous ab initio molecular dynamics simulations showed that 95 

the effect of temperature on VP is small compared with that on VS (e.g., Vočadlo et al. 2009; 96 

Sha and Cohen 2010). Then, the experimental temperatures used in previous studies might 97 

be too low to observe clearly that on VP. In contrast, measuring VS is expected to facilitate 98 

clear analyses of the effects of temperature on the velocity–density relationship, even at 99 

relatively low temperatures.  100 

In this study, as a first step toward addressing these issues (i.e., discussions on the 101 

temperature dependence of sound velocities and the core compositions using both VP and 102 
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VS), we directly measured both VP and VS and the density of body-centered cubic (bcc)-Fe 103 

up to 6.3 GPa and 800 K using an ultrasonic technique, X-ray radiography, and X-ray 104 

diffraction methods. The bcc phase is a low-pressure and -temperature phase and the most 105 

fundamental structure for Fe (e.g., Bundy 1965). Recently, Liu et al. (2014) and 106 

Antonangeli et al. (2015) obtained high-pressure and high-temperature data of VP for 107 

bcc-Fe using IXS techniques, but they reported different temperature dependences for VP, 108 

and there were no discussions on VS. In the present study, we analyzed the effects of 109 

temperature on the sound velocity–density relationships of both VP and VS for bcc-Fe and 110 

discussed the difference in the effects of temperature between Fe and Fe compounds.  111 

 112 

 113 

 114 

Experimental Methods  115 

High-pressure and high-temperature ultrasonic measurements and X-ray 116 

radiography and diffraction experiments were performed simultaneously using the 1500-ton 117 

Kawai-type multianvil apparatus (SPEED-1500) with synchrotron X-ray radiation at the 118 

BL04B1 beamline of the SPring-8 facility in Japan. The experimental pressure range was 119 
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2.0 to 6.3 GPa at temperatures up to about 800 K. We used a 14/8 cell assembly (14 mm 120 

octahedron edge length and 8 mm truncated edge length of tungsten carbide cubic anvils). 121 

Figure 1a is a schematic illustration of the cell assembly used in this study. Iron powder 122 

(99.99% purity, Rare Metallic Co. Ltd.) was used as a starting material, which was 123 

sandwiched between an yttrium-stabilized zirconia (YSZ) buffer rod and backing plate 124 

(mirrored on both surfaces), and surrounded by cup-shaped hexagonal boron nitride (hBN). 125 

A powdered mixture of magnesium oxide (MgO) and hBN, placed just behind the hBN cup, 126 

was used as a pressure marker. High temperatures were generated using a cylindrical 127 

graphite heater.  128 

The experimental temperatures and pressures were estimated simultaneously based 129 

on two equations of state, i.e., that for MgO (Tange et al. 2009) and that for hBN 130 

(Wakabayashi and Funamori 2015), as the pressure marker, as follows. Using the test 131 

assembly with a W3%Re–W25%Re thermocouple (TC) (Fig. 1b), we performed an in situ 132 

X-ray diffraction experiment and measured the transition temperature between the bcc and 133 

face-centered cubic (fcc) phases of Fe at approximately 2 GPa, thereby determining the 134 

temperature difference between the sample and TC positions in the assembly. The results 135 

showed that the TC temperature was approximately 120 K lower than the bcc–fcc transition 136 
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temperature reported by Claussen (1960), whereas the temperature based on the two 137 

equations of state for the pressure marker was consistent with the reported temperature. 138 

This difference probably occurred because the TC position was off-center and away from 139 

the sample. Additional experiments were performed, in which the pressure markers were 140 

placed in both the sample and original pressure marker positions at approximately 1 GPa up 141 

to 800 K and at approximately 5.5 GPa up to 1000 K, using the cell assembly used for 142 

simultaneous sound velocity and density measurements (Fig. 1a). The differences in 143 

temperature between the two positions were less than 40 K under both pressure conditions, 144 

being less than the uncertainty in the temperature estimates. Therefore, we considered the 145 

temperatures and pressures by the two equations of state to be most appropriate as the 146 

experimental conditions in this study.  147 

 Ultrasonic VP and VS measurements were performed using a pulse-echo overlap 148 

technique (see Higo et al. (2009) for details of the experimental setup). Both P- and S-wave 149 

signals were generated and received by a 10° Y-cut LiNbO3 transducer with a thickness of 150 

0.05 mm and diameter of 3.2 mm. An electrical sine wave (three cycles) was generated by a 151 

waveform generator, and a series of reflected P- and S-wave signals were acquired by a 152 

digital oscilloscope at a sampling rate of 1.0 × 1010 points/s (0.1 ns at each data point). The 153 
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frequencies used in this study were 57 MHz and 30 MHz for P- and S-waves, respectively, 154 

because we could obtain the reflected signals with best signal-to-noise ratio using these 155 

frequencies. The P- and S-wave travel times in the sample were estimated using the signals 156 

reflected from the buffer-rod/sample and sample/backing. The sample lengths at high 157 

pressure and high temperature were measured from an X-ray radiography image using a 158 

high-resolution CCD camera. The resolution of the optical setup was about 2 μm/pixel. 159 

Then, VP and VS were obtained simply by dividing the sample length by the P- and S-wave 160 

travel times, respectively, under each of the pressure and temperature conditions. In this 161 

study, the typical travel times (two way) were 240 ns for P-waves and 440 ns for S-waves, 162 

and the typical sample length was 700 μm. The sampling rate for the ultrasonic 163 

measurements (0.1 ns at each data point) and the optical resolution for X-ray radiography 164 

(about 2 μm/pixel) were sufficient to determine VP and VS precisely. The uncertainties in VP 165 

and VS were derived mainly from the uncertainty in the sample length determination, i.e., 166 

approximately ±1% (2σ) in this study (Table 1).  167 

 The unit-cell volumes of the sample and the pressure marker were determined 168 

based on an energy-dispersive X-ray diffraction measurement. A Ge solid-state detector 169 

was placed at a fixed angle of approximately 6° from the incident X-ray beam. The incident 170 
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and receiving X-ray slit sizes were 0.1 × 0.05 mm and 2.0 × 0.2 mm, respectively. The 171 

collection time of diffraction patterns was 120 s.  172 

First, we increased the pressure to approximately 3 GPa and the temperature to 173 

approximately 800 K to reduce the deviatoric stress imposed on the sample during 174 

compression. We then collected the ultrasonic, X-ray radiography, and X-ray diffraction 175 

data every 100–150 K while decreasing the temperature. After cooling the sample to room 176 

temperature, it was then re-pressurized and re-heated to the next target pressure and 177 

temperature conditions, and then data were again collected while decreasing temperature. 178 

We repeated this procedure at pressures up to approximately 7 GPa. All of the pressure and 179 

temperature conditions were in the stability field for the bcc phase (Bundy 1965).  180 

The chemical composition of the recovered sample was analyzed using a 181 

wavelength-dispersive electron microprobe (JEOL, JXA-8800M), installed at Tohoku 182 

University, Japan, to check for contamination of the Fe sample, especially oxidization. The 183 

accelerating voltage and beam current were 15 kV and 20 nA, respectively. The beam size 184 

was 1 μm in diameter. The sample grain size was observed using a scanning electron 185 

microscope (JEOL, JSM-5410) at Tohoku University.  186 

 187 
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 189 

Results  190 

Experimental results  191 

The experimental conditions and results are summarized in Table 1. The chemical 192 

composition of the recovered sample (number of analyses = 21) was 99.77(51) wt% Fe and 193 

0.22(3) wt% O, but other elements, such as Zr and Y, were not detected in the iron grains. 194 

The grain size was approximately 5 μm. Oxides such as FeO were not observed. Oxygen 195 

could increase the value of VP for Fe and decrease its density (Badro et al. 2007), but, as 196 

described in detail in later sections, the values of VP, VS, density (unit-cell volume), and 197 

elastic moduli were consistent with previously reported values for bcc-Fe within the known 198 

margins of error. Thus, we considered the effect of 0.22(3) wt% O on these values to be 199 

negligible in this study.  200 

Figure 2 shows the diffraction patterns obtained for the samples at ambient 201 

conditions and at the highest pressure of 6.3 GPa and 640 K. We observed the diffraction 202 

lines for bcc-Fe throughout the experiments, which indicated that the experimental 203 

conditions did not cross any phase boundaries (i.e., bcc–fcc or bcc–hexagonal close-packed 204 
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(hcp) boundaries). Moreover, the intensity and width (full width at half maximum) of each 205 

peak were almost the same at high pressure and high temperatures as those at ambient 206 

conditions (Fig. 2). These results suggest that the deviatoric stress and preferred orientation 207 

of the sample were minimal in this study.  208 

Examples of the P- and S-wave signals obtained at 6.3 GPa and 640 K are shown 209 

in Fig. 3a and 3b, respectively. The amplitudes of the echoes from the buffer-rod/sample 210 

and sample/backing were low compared with others, such as those from the 211 

anvil/buffer-rod and backing/hBN, due to the small difference in impedance between the 212 

sample and YSZ, but the signal-to-noise ratios were sufficient to determine the precise 213 

travel times for both P- and S-waves (Fig. 3 inserts).  214 

 215 

Pressure and temperature dependences of the unit-cell volume and sound velocities for 216 

bcc-Fe  217 

Figure 4 shows the unit-cell volumes obtained in the present study and the 218 

compressional curves for bcc-Fe reported by Zhang and Guyot (1999) and volume data 219 

from previous IXS studies (Liu et al. 2014; Antonangeli et al. 2015). The unit-cell volumes 220 

around 6 GPa in the present study were slightly lower than the compressional curves, but 221 
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they were consistent within errors for the pressure and temperature. The volumes obtained 222 

from IXS studies by X-ray diffraction method (Liu et al. 2014; Antonangeli et al. 2015) 223 

were higher than the compressional curve (Zhang and Guyot 1999). Those inconsistencies 224 

may have been due to the use of different pressure scales, i.e., Liu et al. (2014) used a Au 225 

pressure scale (Fei et al. 2007), whereas Antonangeli et al. (2015) employed a ruby 226 

fluorescence method at ambient temperature as well as the bcc-Fe equation of state, which 227 

they derived fitting the volume data from Huang et al. (1987) with a third-order 228 

Birch–Murnaghan equation of state, at high temperature, although there might also be some 229 

issues with the volume measurements and temperature determinations by Liu et al. (2014) 230 

and Antonangeli et al. (2015). Figures 5a and 5b show the pressure dependences of VP and 231 

VS, respectively, for bcc-Fe in the present study, together with picosecond acoustics 232 

(Decremps et al. 2014), IXS studies (Liu et al. 2014; Antonangeli et al. 2015), and an 233 

ambient-pressure study, where the sound velocities were estimated with the single-crystal 234 

elastic constants given by Dever (1972) using the Voigt–Reuss–Hill average. The pressure 235 

values of the IXS studies were re-estimated based on the bcc-Fe equation of state described 236 

by Zhang and Guyot (1999). Those of picosecond acoustics were measured using ruby 237 

fluorescence (Decremps et al. 2014). The values obtained for VP and VS in the present study 238 
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increased with pressure and decreased with increasing temperature. These trends agree with 239 

previous studies (Dever 1972; Decremps et al. 2014; Liu et al. 2014; Antonangeli et al. 240 

2015), but the absolute values of VP obtained in the present study were different from the 241 

picosecond acoustics (Decremps et al. 2014) and IXS data (Liu et al. 2014; Antonangeli et 242 

al. 2015) (Fig. 5a). We discuss the differences in the values for VP in the present study and 243 

previous studies in detail in the “Comparison with previous high-pressure results” section 244 

in the Discussions.  245 

 246 

Elastic moduli for bcc-Fe  247 

We calculated the adiabatic bulk (KS) and shear (G) moduli using the following 248 

relationships:  249 

S  P S ,       (1) 250 

  S ,        (2) 251 

where ρ is the density. The calculated values of KS and G are listed in Table 1 and shown in 252 

Fig. 6. They seem to increase monotonically with pressure and decrease with increasing 253 

temperature in the pressure and temperature ranges considered in this study. Assuming 254 

linear pressure and temperature dependences for KS and G, we fitted KS and G in this study 255 
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using the following equation:  256 

 ,     (3) 257 

where M and M0 denote KS or G in high-pressure and high-temperature conditions and in 258 

ambient conditions, respectively. ∂M/∂P and ∂M/∂T are the pressure and temperature 259 

derivatives, respectively. P is the pressure in gigapascal and P0 = 0 GPa. T is the 260 

temperature in kelvin and T0 = 300 K. We obtained KS0 = 163.2(15) GPa, ∂KS/∂P = 261 

6.75(33), ∂KS/∂T = –0.038(3) GPa/K, G0 = 81.4(6) GPa, ∂G/∂P = 1.66(14), and ∂G/∂T = 262 

–0.029(1) GPa/K (Table 2). The fitting lines at 300 K, 400 K, 500 K, 600 K, and 700 K are 263 

shown in Fig. 6.  264 

We can convert an adiabatic bulk modulus KS to an isothermal bulk modulus KT 265 

using the thermodynamic relationship:  266 

S  1 T,       (4) 267 

where α and γ are a thermal expansion coefficient and a thermodynamic Grüneisen 268 

parameter, respectively. We estimated KT (Table 1) by assuming that these parameters were 269 

constant (α = 4.51 × 10-5 K-1 from Zhang and Guyot (1999) and γ = 1.65 from Quareni and 270 

Mulargia (1988)). Using the estimated values of KT and equation (3), we obtained KT0 = 271 

159.9(15) GPa, ∂KT/∂P = 6.52(32), and ∂KT/∂T = –0.049(3) GPa/K. All of the estimated 272 
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elastic moduli and the previously obtained values for single-crystal and polycrystalline 273 

bcc-Fe are summarized in Table 2. The elastic moduli values obtained in the present study 274 

agreed with the previously reported values, except for the pressure derivatives (∂KS/∂P, 275 

∂KT/∂P, and ∂G/∂P). However, if we assumed the same values as previous studies (∂KS/∂P 276 

= 6.0 (Rotter and Smith 1966), ∂KT/∂P = 5.5 (Takahashi et al. 1968), and ∂G/∂P = 1.9 277 

(Rotter and Smith 1966)), we could obtain similar values for KS0, KT0, and G0, as well as 278 

their temperature derivatives, to those reported previously (Rotter and Smith 1966; 279 

Takahashi et al. 1968), as shown in Table 2.  280 

 281 

 282 

 283 

Discussions  284 

Temperature dependences of VP, VS, the bulk sound velocity (VΦ), and elastic moduli (KS 285 

and G) for bcc-Fe  286 

The bulk sound velocity (VΦ) is defined as follows:  287 

S,        (5) 288 

The values of VΦ calculated in each of the pressure and temperature conditions are listed in 289 
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Table 1, and Fig. 7a shows the temperature dependences of VP, VS, and VΦ at approximately 290 

constant pressure (2–3 GPa). In the pressure and temperature range analyzed in this study, 291 

VΦ exhibited a relatively small temperature dependence (2.5% depression from 300 K to 292 

700 K), whereas VS exhibited a large dependence (6.0% depression). This smaller 293 

temperature dependence of VΦ (= S⁄ ) than VS (= ⁄ ) reflects the smaller effect of the 294 

temperature on KS than G (Fig. 7b). The large temperature dependence of VS for bcc-Fe 295 

observed in this study is the same as that for hcp-Fe (e.g., Vočadlo et al. 2009), while the 296 

temperature dependence of VΦ for bcc-Fe is different from that for hcp-Fe (e.g., Vočadlo et 297 

al. 2009) and liquid Fe (Ichikawa et al. 2014), which reported that VΦ was quite 298 

independent of temperature at approximately 300 GPa and even several thousand kelvin 299 

based on ab initio molecular dynamics simulations. This VΦ difference between bcc-Fe and 300 

hcp-Fe (and liquid Fe) may be due to the difference of the temperature dependence of KS. 301 

As shown in Fig. 7b, the KS of bcc-Fe clearly decreased with increasing temperature (6% 302 

depression from 300 K to 700 K at 2–3 GPa). In contrast, Vočadlo et al. (2009) showed that 303 

the KS of hcp-Fe exhibited only 4% depression even with increasing temperature from 0 K 304 

to 5500 K at approximately 300 GPa. Thus, the difference of the temperature dependence 305 

of VΦ between bcc-Fe and hcp-Fe may result from a decrease in effect of the temperature 306 
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on KS with increasing pressure.  307 

 In the present study, both KS and G decreased linearly as the temperature increased 308 

up to 700 K at approximately 2–3 GPa. These trends agreed well with previously reported 309 

results obtained at ambient pressure (Dever 1972), as shown in Fig. 7b. Dever (1972) 310 

showed that KS and G at ambient pressure monotonically decreased with increasing 311 

temperature in the ferromagnetic region and rapidly dropped near the magnetic transition 312 

(1043 K, the Curie temperature of Fe), indicating that magnetism influences the elastic 313 

constants of bcc-Fe at ambient pressure. Because KS and G at 2–3 GPa in this study 314 

exhibited the same temperature dependences as those in the ferromagnetic region at 315 

ambient pressure (Fig. 7b), the elastic moduli at 2–3 GPa might also be influenced by 316 

magnetism. In order to verify the magnetic contributions to the elastic moduli of Fe at high 317 

pressure, additional measurements of the elastic moduli and magnetism in the wide range of 318 

pressure and temperature conditions must be conducted.  319 

 320 

Effect of temperature on the sound velocity–density relationship for bcc-Fe  321 

 Figure 8 shows the values of VP and VS, obtained as a function of density, together 322 

with previously reported bcc-Fe single-crystal data at ambient pressure (Dever 1972). Our 323 
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VP and VS data appeared to depend not only on density but also temperature, which clearly 324 

indicates that the temperature affected the sound velocity–density relationship for bcc-Fe in 325 

the pressure and temperature ranges analyzed in this study. We assumed the following 326 

linear temperature dependence for the velocity–density relationship as the first-order 327 

approximation:  328 

P,S P,S P,S ,       (6) 329 

P,S P,S P,S ,      (7) 330 

where aP,S, b0
P,S, and b1

P,S are constant parameters for VP and VS, respectively. After fitting 331 

our results with relationships (6) and (7), we obtained aP = 1100(56), b0
P = –2753(454), and 332 

b1
P = –0.33(4) for VP and aS = 304(46), b0

S = 831(369), and b1
S = –0.39(3) for VS. The 333 

calculated lines are shown in Fig. 8. The values of VS drop more at high temperatures (b1
S = 334 

–0.39(3)) than that of VP (b1
P = –0.33(4)), e.g., 6.0% and 2.7% depression for VS and VP, 335 

respectively, from 300 K to 800 K at 8000 kg/m3. The effects of temperature on the sound 336 

velocity–density relationship for both VP and VS were consistent with the data obtained at 337 

ambient pressure (Dever 1972), although the lines for VP extrapolated to the ambient 338 

pressure were slightly lower than the reported ambient pressure results (though the results 339 

were consistent within error).  340 
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 341 

Comparison with previous high-pressure results 342 

 We compared the results of the present study with previously reported picosecond 343 

acoustics (Decremps et al. 2014) and IXS studies (Liu et al. 2014; Antonangeli et al. 2015) 344 

using the sound velocity–density relationship because both the sound velocities and 345 

densities were measured directly, except the densities of Decremps et al. (2014) which were 346 

obtained from the equation of state of Fe. Figure 9 compares the results of this ultrasonic 347 

study and previous picosecond acoustics and IXS studies. The densities of Decremps et al. 348 

(2014) plotted in Fig. 9 were estimated based on the equation of state of bcc-Fe reported by 349 

Zhang and Guyot (1999). Our results at 300 K were consistent with the results of the 350 

picosecond acoustics and IXS at 300 K reported by Antonangeli et al. (2015). High 351 

temperature data of Antonangeli et al. (2015) seemed to be too scattered to define a high 352 

temperature trend, and Antonangeli et al. (2015) reported a temperature-independent linear 353 

velocity–density relationship up to 1020 K. On the other hand, the IXS data of Liu et al. 354 

(2014) were systematically higher than our results both at 300 K and at higher temperatures. 355 

The density derivative of the IXS data of Liu et al. (2014) was also greater than that of our 356 

results, whereas the effects of temperature were almost consistent, e.g., 2.2% and 2.4% 357 
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decreases in the present study and the IXS data of Liu et al. (2014), respectively, from 300 358 

K to 700 K at 8000 kg/m3. The exact reason for the difference between the results of the 359 

present study and the IXS data (even between IXS studies (Liu et al. 2014; Antonangeli et 360 

al. 2015)) is unclear. Liu et al. (2014) stated that their Fe sample did not contain any 361 

detectable chemical impurities according to electron microprobe analyses, although the 362 

actual chemical composition was not shown. Antonangeli et al. (2015) reported that the 363 

upper limit for possible carbon inclusion in their samples was about 0.6 wt% carbon. It was 364 

shown that the presence of carbon increased the value of VP and decreased the density of Fe 365 

(Fiquet et al. 2009), similar to the effects of oxygen (Badro et al. 2007). However, 366 

Antonangeli et al. (2015) concluded that the incorporation of carbon had negligible effects 367 

on the measured velocities and densities because their velocities and densities for fcc-Fe 368 

were consistent with results obtained in another study at ambient pressure and high 369 

temperature (Zarestky and Stassis 1987). The sample of Decremps et al. (2014) was 370 

deposited iron, the chemical composition of which was not shown. Because the chemical 371 

compositions of those Fe samples seem not to show clear difference to influence the sound 372 

velocity and density, the chemical composition might not explain the disagreement between 373 

the results of the present study and previous IXS studies.  374 
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Another possible explanation for these differences is the possible frequency 375 

dependence of sound velocity. Ultrasonic measurements, including this study, are usually 376 

performed at MHz frequencies, whereas the frequencies used for picosecond acoustics are 377 

GHz (e.g., Decremps et al. 2014), and for IXS, exceed THz (e.g., Fiquet et al. 2004; Liu et 378 

al. 2014). The agreement on absolute values of VP between the present study and 379 

picosecond acoustics (Decremps et al. 2014) and disagreement between the present study 380 

and the IXS study (Liu et al. 2014) might indicate that the frequency dependence of VP 381 

becomes marked over THz. Furthermore, the differences in the density evolution for VP in 382 

the present study and that of Liu et al. (2014) might suggest that the frequency dependence 383 

also exhibits a density (or pressure) dependence. However, many factors (grain size, 384 

impurities, etc.) could affect the frequency dependence. To clarify the frequency 385 

dependence and its density (or pressure) dependence, further careful measurements (e.g., 386 

using the same grain size and pure samples with various frequencies) are required.  387 

 388 

Comparison with the temperature dependence for ε-FeSi  389 

 Very limited numbers of high-pressure and high-temperature data sets are available 390 

for both VP and VS for Fe alloys and Fe compounds. Whitaker et al. (2009) carried out 391 
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ultrasonic measurements for polycrystalline ε-FeSi (cubic B20 structure) up to 8 GPa and 392 

1273 K. The reported values of VP and VS for ε-FeSi as a function of density are plotted in 393 

Fig. 10. For ε-FeSi, the values of VS decreased as the temperature increased at a constant 394 

density, which agreed with our results for bcc-Fe, but the temperature depression was 395 

smaller than that obtained in our study, e.g., only 1.9% from 308 K to 873 K at 6200 kg/m3 396 

for ε-FeSi, whereas we determined a depression of 6.0% from 300 K to 800 K at 8000 397 

kg/m3 for bcc-Fe. In contrast, the value of VP for ε-FeSi was almost constant or increased 398 

slightly (at the very least, it did not decrease) as the temperature increased at a constant 399 

density, which differed greatly from that for bcc-Fe.  400 

Martorell et al. (2013) reported that the sound velocities of Fe would drastically 401 

drop near melting temperature (Tm) due to a premelting effect (when T/Tm > 0.96). The 402 

temperature conditions in this study were T/Tm < 0.42 (Tm of Fe reported by Liu and Bassett 403 

(1975)), and those of ε-FeSi by Whitaker et al. (2009) were T/Tm < 0.58 (Tm of FeSi by 404 

Lord et al. (2010)) or T/Tm < 0.75 (Tm by Santamaría-Pérez and Boehler (2008)). As such, 405 

the premelting effect would not be significant for both measurements of bcc-Fe and ε-FeSi.  406 

We considered the difference in the effect of temperature on the sound 407 

velocity–density relationship for VP (= S 4 3⁄ ⁄ ) between bcc-Fe and ε-FeSi to be 408 
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attributable, possibly, to the different effects of temperature on the KS–density relationship. 409 

Figures 11b and 11d show that for both bcc-Fe and ε-FeSi, respectively, G decreased as the 410 

temperature increased at a constant density, but the high-temperature KS behavior at a 411 

constant density was extremely different between bcc-Fe and ε-FeSi (Figs. 11a and 11c, 412 

respectively). The value of KS for bcc-Fe appeared to change in a linear manner with 413 

density, regardless of the temperature (Fig. 11a), whereas that for ε-FeSi increased with 414 

temperature at a constant density (Fig. 11c).  415 

The difference in the behavior of KS between bcc-Fe and ε-FeSi at a constant 416 

density may have been due to differences in the value of (∂P/∂T)V related to thermal 417 

pressure ΔPth. For example, for bcc-Fe at 8000 kg/m3, we found that the pressure increased 418 

from 2 GPa to 3 GPa (ΔPth = 1 GPa) as the temperature increased from 300 K to 800 K (ΔT 419 

= 500 K). However, for ε-FeSi at 6200 kg/m3, the pressure increased from 1 GPa to 5 GPa 420 

(ΔPth = 4 GPa) as the temperature increased from 308 K to 873 K (ΔT = 565 K) according 421 

to a previous study (Whitaker et al. 2009), which is much larger than the thermal pressure 422 

for bcc-Fe. Thus, for ε-FeSi, the increase in KS induced by the effect of pressure was 423 

considered to be larger than the decrease due to the effect of temperature (i.e., ∂KS/∂P × 424 

ΔPth + ∂KS/∂T × ΔT > 0), and KS increased with temperature at a constant density (Fig. 11c). 425 
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In contrast, the value of KS for bcc-Fe was almost constant because the effects of pressure 426 

and temperature on KS were thought to cancel each other out at a constant density (i.e., 427 

∂KS/∂P × ΔPth + ∂KS/∂T × ΔT ≈ 0) (Fig. 11a).  428 

Therefore, under the pressure and temperature conditions analyzed in this study, 429 

the velocity–density relationship of VP for ε-FeSi had an almost negligible dependence on 430 

temperature because the effects of temperature on KS and G at a constant density balanced 431 

each other out, and that for bcc-Fe was negative in the same manner as the behavior of G.  432 

 433 

 434 

 435 

Implications   436 

 We may qualitatively predict the effects of temperature on the sound velocity 437 

(VP)–density relationship based on the degree of thermal pressure for Fe and Fe compounds. 438 

The fundamental thermodynamic relationship gives (∂P/∂T)V = αKT. αKT is correlated with 439 

the thermal pressure ΔPth according to the following relationship (Anderson et al. 1989).  440 

∆ , , 300   441 

T , T ln 300    (8) 442 
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Zhang and Guyot (1999) reported αKT(V300,T) = 6.5(1) × 10-3 GPa/K for bcc-Fe. For ε-FeSi, 443 

we fitted the data reported by Guyot et al. (1997) using equation (8) to estimate αKT(V300,T) 444 

as 7.6(1) × 10-3 GPa/K. We simply assumed that when αKT(V300,T) for Fe compounds < ~7 445 

× 10-3 GPa/K (intermediate between 6.5(1) × 10-3 and 7.6(1) × 10-3), then the effect of 446 

temperature on the VP–density relationship is negative, similar to bcc-Fe. In contrast, the 447 

effect is small or negligible when αKT(V300,T) > ~7 × 10-3 GPa/K, similar to ε-FeSi.  448 

 Yamazaki et al. (2012) reported a valuable pressure–volume–temperature data set 449 

for hcp-Fe up to 80 GPa and 1900 K. After fitting these data using equation (8), we 450 

obtained αKT(V300,T) = 12(1) × 10-3 GPa/K. This indicates that the effect of temperature on 451 

the VP–density relationship might be quite small for hcp-Fe, as found for ε-FeSi. This small 452 

effect of temperature was also reported for hcp-Fe in previous IXS studies by Antonangeli 453 

et al. (2012) and Ohtani et al. (2013). To discuss the temperature effect on the VP–density 454 

relationship for hcp-Fe quantitatively based on experimental results, higher temperature 455 

conditions (> 2000 K) may be necessary.  456 

For iron–sulfur compounds, Fe3S, we estimated αKT(V300,T) to be 15(2) × 10-3 457 

GPa/K after fitting the thermal pressure data given by Seagle et al. (2006) using equation 458 

(8), thereby implying a small effect of temperature on the VP–density relationship. Gao et al. 459 
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(2011) reported VP and VS data for Fe3C up to 47 GPa and 1450 K using NRIXS. It is 460 

difficult to verify the quantitative effect of temperature on the velocity–density relationship 461 

for Fe3C due to the limited data available, but VS appears to decrease as the temperature 462 

increases at a constant density, whereas the effect of temperature on VP falls within the 463 

uncertainty of measurements. Using the pressure–volume–temperature data for Fe3C given 464 

by Litasov et al. (2013), we estimated αKT(V300,T) to be 2.6(3) × 10-3 GPa/K and 8.9(1) × 465 

10-3 GPa/K for ferromagnetic and paramagnetic Fe3C, respectively. Thus, ferromagnetic 466 

Fe3C might exhibit a clear negative effect of temperature on the VP–density relationship, 467 

whereas paramagnetic Fe3C might exhibit a small effect.  468 

hcp-Fe, Fe3S, and paramagnetic Fe3C with large αKT values are high-pressure 469 

phases, and ferromagnetic Fe3C and bcc-Fe with small αKT values are low-pressure phases. 470 

These results imply that a high-pressure phase may generally exhibit a small temperature 471 

effect on the VP–density relationship. Therefore, at ultra-high pressures pertinent to Earth’s 472 

core conditions, the effects of temperature on the VP–density relationship for Fe alloys 473 

might be small regardless of light element contents. However, it should be noted that the 474 

aforementioned discussion of the effects of temperature on the VP–density relationship for 475 

Fe compounds is still speculative. Thus, to achieve a more quantitative analysis of the 476 
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effects of temperature, further sound velocity measurements (of both VP and VS) are 477 

required under a wide range of pressure and temperature conditions with various 478 

compositions. Understanding differences and/or common points regarding the effects of 479 

temperature on the sound velocity–density relationship for various Fe alloys and 480 

compounds will be important for constraining the abundances of light elements in planetary 481 

cores and for elucidating planetary interiors.  482 

 483 
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Figure captions  679 

Fig. 1. Schematic illustrations of cell assemblies used for: (a) simultaneous sound velocity 680 
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and density measurements and (b) thermocouple (TC) tests.  681 

 682 

Fig. 2. Diffraction patterns obtained from the samples at ambient conditions (0 GPa and 683 

300 K) and at the highest pressure (6.3 GPa and 640 K).  684 

 685 

Fig. 3. Examples of: (a) P- and (b) S-wave signals observed at 6.3 GPa and 640 K.  686 

 687 

Fig. 4. Pressure–volume–temperature data obtained in this study (solid circles), together 688 

with the equation of state for bcc-Fe reported by Zhang and Guyot (1999) (gray lines) and 689 

previous IXS studies (open squares, Liu et al. (2014); open stars, Antonangeli et al. (2015)).  690 

 691 

Fig. 5. (a) VP and (b) VS, obtained as a function of pressure, for polycrystalline bcc-Fe in 692 

this study (solid circles), together with previous IXS data (open squares, Liu et al. (2014); 693 

open stars, Antonangeli et al. (2015)), picosecond acoustics (PA) at frequencies of about 694 

100 GHz (Decremps et al. 2014) (open down triangles), and ambient-pressure results for 695 

bcc-Fe single-crystal, measured using an ultrasonic technique at frequencies of 20–70 MHz 696 

(Dever 1972) (open diamonds). The pressure values for the IXS studies were re-estimated 697 
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based on the equation of state for bcc-Fe reported by Zhang and Guyot (1999). Those for 698 

picosecond acoustics were measured using ruby fluorescence (Decremps et al. 2014). The 699 

error bars fall within symbols for the data of Decremps et al. (2014).  700 

 701 

Fig. 6. Calculated adiabatic (a) bulk (KS) and (b) shear (G) moduli obtained in this study, as 702 

a function of pressure, with the fitting lines at each temperature (300 K, 400 K, 500 K, 600 703 

K, and 700 K) for polycrystalline bcc-Fe.  704 

 705 

Fig. 7. (a) Temperature dependences obtained in this study for VP, VS, and VΦ at 706 

approximately 2–3 GPa for polycrystalline bcc-Fe. (b) Temperature dependences obtained 707 

in this study for KS, G, and ρ at approximately 2–3 GPa, together with KS and G from a 708 

previous ambient-pressure study (Dever 1972). The vertical axis shows the value 709 

normalized against that at 300 K. Lines are provided as guides.  710 

 711 

Fig. 8. VP and VS as functions of density with the fitted lines. The solid circles and open 712 

diamonds denote the results obtained in the present study (polycrystalline bcc-Fe) and 713 

previously reported ambient pressure results (bcc-Fe single-crystal) (Dever 1972), 714 
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respectively. The extrapolation of the lines obtained in the present study for VS to ambient 715 

pressure agreed well with the ambient data (Dever 1972). The lines for VP were slightly 716 

lower than the ambient data, but they were consistent within errors for velocity and 717 

temperature.  718 

 719 

Fig. 9. Comparison of the dependences of VP on density and temperature for polycrystalline 720 

bcc-Fe according to the present ultrasonic study and previous picosecond acoustics (PA) 721 

(Decremps et al. 2014) and IXS studies (Liu et al. 2014; Antonangeli et al. 2015). Densities 722 

of Decremps et al. (2014) were estimated based on the equation of state of bcc-Fe reported 723 

by Zhang and Guyot (1999). The solid lines are the fitted lines obtained in the present study 724 

at 300 K, 500 K, and 700 K. The dotted lines represent the IXS results obtained by Liu et al. 725 

(2014). The open down triangles and stars denote the PA (Decremps et al. 2014) and IXS 726 

(Antonangeli et al. 2015) results, respectively. The typical errors of this study and Liu et al. 727 

(2014) are shown in the insert figure. The error bars fall within symbols for the data of 728 

Decremps et al. (2014).  729 

 730 

Fig. 10. VP and VS as functions of density for polycrystalline ε-FeSi, obtained by Whitaker 731 
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et al. (2009).  732 

 733 

Fig. 11. (a) KS and (b) G as functions of density for polycrystalline bcc-Fe in the present 734 

study, and previously reported results for (c) KS and (d) G for polycrystalline ε-FeSi 735 

(Whitaker et al. 2009).  736 

 737 
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 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

P  (GPa)a T  (K)a V  (Å3) ρ  (kg/m3) VP (m/s) VS (m/s) VΦ (m/s) KS (GPa) G  (GPa) K T (GPa)

3.0(5) 814(84) 23.57(2) 7872(5) 5705(59) - - - - -

2.7(5) 706(78) 23.54(3) 7881(9) 5786(58) 3066(31) 4576(77) 165.1(57) 74.1(15) 156.8(55)

2.4(5) 544(72) 23.43(1) 7917(4) 5881(62) 3147(33) 4624(84) 169.3(62) 78.4(17) 162.7(60)

2.2(5) 409(67) 23.28(4) 7968(13) 5955(60) 3210(33) 4660(83) 173.0(61) 82.1(17) 167.9(60)

2.0(5) 300b 23.26(2) 7976(5) 6018(61) 3262(33) 4693(84) 175.7(63) 84.9(17) 171.8(61)

4.5(5) 651(84) 23.11(2) 8028(8) 5969(50) 3120(26) 4759(67) 181.8(51) 78.1(13) 173.4(50)

4.5(5) 620(82) 23.07(1) 8042(4) 5998(51) 3147(27) 4772(68) 183.1(52) 79.6(14) 175.1(51)

4.2(5) 536(78) 23.06(2) 8045(7) 6030(52) 3185(27) 4779(69) 183.7(53) 81.6(14) 176.7(52)

4.0(5) 421(73) 22.97(1) 8076(2) 6090(51) 3244(27) 4801(69) 186.1(54) 85.0(14) 180.5(53)

3.7(5) 309(68) 22.89(2) 8105(6) 6146(59) 3274(31) 4846(79) 190.4(62) 86.9(17) 186.1(62)

6.3(5) 635(91) 22.79(2) 8142(6) 6087(51) 3193(27) 4843(68) 191.0(54) 83.0(14) 182.4(53)

5.8(5) 503(82) 22.74(3) 8158(10) 6113(65) 3207(34) 4863(87) 192.9(69) 83.9(18) 186.0(67)

5.5(5) 367(75) 22.71(1) 8169(4) 6193(61) 3275(32) 4905(82) 196.5(66) 87.6(17) 191.3(65)

5.4(2) 300b 22.68(2) 8180(8) 6255(52) 3332(28) 4933(70) 199.0(57) 90.8(15) 194.7(56)

Table 1. Experimental pressures (P ) and temperatures (T ), and determined unit-cell volume (V ), density (ρ ), P- (V P) and S-wave (V S), and
bulk sound (V Φ) velocities, and adiabatic bulk (K S), shear (G ), and isothermal bulk (K T) moduli for bcc -Fe.

Number in parenthesis represents the uncertainties in the last digit.
a Most of uncertainties in pressures and temperatures originate in uncertainties in equation of state for hBN (Wakabayashi and Funamori 2015).
b Fixed values.
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 760 

 761 

P  range T  range K S0 ∂K S0 /∂P ∂KS0 /∂T G 0 ∂G0 /∂P ∂G0 /∂T K T0 ∂K T0 /∂P ∂K T0 /∂T Method Sample Ref.a

(GPa) (K) (GPa) (GPa/K) (GPa) (GPa/K) (GPa) (GPa/K)

2.0–6.3 300–800 163.2(15) 6.75(33) -0.038(3) 81.4(6) 1.66(14) -0.029(1) 159.9(15) 6.52(32) -0.049(3) Ultrasonic Polycrystal This study

2.0–6.3 300–800 166.1(9) 6b -0.037(4) 80.4(3) 1.9b -0.029(1) 163.8(10) 5.5b -0.048(4) Ultrasonic Polycrystal This study

0–0.36 300 166.9 5.97 - 81.8c 1.91 - - - - Ultrasonic Single 1

0–1 300 166.4 5.29 - 81.4c 1.82 - - - - Ultrasonic Single 2

0 298–773 168.7 - -0.041 72.1c - -0.015 - - - Ultrasonic Single 3

0 298–773 167.8 - -0.035 82.0c - -0.029 - - - Ultrasonic Single 4

0 298–800 165.7 - -0.046 82.0c - -0.034 - - - Ultrasonic Single 5

0 300–500 166.2 - -0.029 81.5c - -0.025 - - - Ultrasonic Single 6

0-10 300 159.0 - - 77.9c - - - - - INSd Single 7

0–15 296 - - - - - - 156.3 5.62 - XRDd Polycrystal 8

0–30 296 - - - - - - 162 5.5 - XRD Polycrystal 9

0–11 298 - - - - - - 164 4b - XRD Polycrystal 10

0–12 298–723 - - - - - - 171 4b -0.010 XRD Polycrystal 11

0–9 298–774 - - - - - - 159 4b -0.043 XRD Polycrystal 12

d INS = inelastic neutron scattering; XRD = X-ray diffraction.

a References: 1 = Rotter and Smith (1966); 2 = Guinan and Beshers (1968); 3 = Leese and Lord (1968); 4 = Dever (1972); 5 = Isaak and Masuda (1995); 6 =
Adams et al. (2006); 7 = Klotz and Braden (2000); 8 = Mao et al. (1967); 9 = Takahashi et al. (1968); 10 = Wilburn and Bassett (1978); 11 = Huang et al. (1987); 12
= Zhang and Guyot (1999).

Table 2. Comparison of elastic parameters for bcc -Fe.

Number in parenthesis represents the uncertainties in the last digit.

b Fixed values.
c Voight-Reuss-Hill average.



P  (GPa)a T  (K)a V  (Å3) ρ  (kg/m3) V P (m/s) V S (m/s) V Φ (m/s) K S (GPa) G  (GPa) K T (GPa)

3.0(5) 814(84) 23.57(2) 7872(5) 5705(59) - - - - -

2.7(5) 706(78) 23.54(3) 7881(9) 5786(58) 3066(31) 4576(77) 165.1(57) 74.1(15) 156.8(55)

2.4(5) 544(72) 23.43(1) 7917(4) 5881(62) 3147(33) 4624(84) 169.3(62) 78.4(17) 162.7(60)

2.2(5) 409(67) 23.28(4) 7968(13) 5955(60) 3210(33) 4660(83) 173.0(61) 82.1(17) 167.9(60)

2.0(5) 300b 23.26(2) 7976(5) 6018(61) 3262(33) 4693(84) 175.7(63) 84.9(17) 171.8(61)

4.5(5) 651(84) 23.11(2) 8028(8) 5969(50) 3120(26) 4759(67) 181.8(51) 78.1(13) 173.4(50)

4.5(5) 620(82) 23.07(1) 8042(4) 5998(51) 3147(27) 4772(68) 183.1(52) 79.6(14) 175.1(51)

4.2(5) 536(78) 23.06(2) 8045(7) 6030(52) 3185(27) 4779(69) 183.7(53) 81.6(14) 176.7(52)

4.0(5) 421(73) 22.97(1) 8076(2) 6090(51) 3244(27) 4801(69) 186.1(54) 85.0(14) 180.5(53)

3.7(5) 309(68) 22.89(2) 8105(6) 6146(59) 3274(31) 4846(79) 190.4(62) 86.9(17) 186.1(62)

6.3(5) 635(91) 22.79(2) 8142(6) 6087(51) 3193(27) 4843(68) 191.0(54) 83.0(14) 182.4(53)

5.8(5) 503(82) 22.74(3) 8158(10) 6113(65) 3207(34) 4863(87) 192.9(69) 83.9(18) 186.0(67)

5.5(5) 367(75) 22.71(1) 8169(4) 6193(61) 3275(32) 4905(82) 196.5(66) 87.6(17) 191.3(65)

5.4(2) 300b 22.68(2) 8180(8) 6255(52) 3332(28) 4933(70) 199.0(57) 90.8(15) 194.7(56)

Table 1. Experimental pressures (P ) and temperatures (T ), and determined unit-cell volume (V ), density (ρ ), P- (V P) and S-wave 
(V S), and  bulk sound (V Φ) velocities, and adiabatic bulk (K S), shear (G ), and isothermal bulk (K T) moduli for bcc -Fe.

Number in parenthesis represents the uncertainties in the last digit.
a Most of uncertainties in pressures and temperatures originate in uncertainties in equation of state for hBN (Wakabayashi and Funamori 2015). 
b Fixed values.



P  range T  range K S0 ∂K S0 /∂P ∂K S0 /∂T G 0 ∂G0 /∂P ∂G0 /∂T K T0 ∂K T0 /∂P ∂K T0 /∂T Method Sample Ref.a

(GPa) (K) (GPa) (GPa/K) (GPa) (GPa/K) (GPa) (GPa/K)

2.0–6.3 300–800 163.2(15) 6.75(33) -0.038(3) 81.4(6) 1.66(14) -0.029(1) 159.9(15) 6.52(32) -0.049(3) Ultrasonic Polycrystal This study

2.0–6.3 300–800 166.1(9) 6b -0.037(4) 80.4(3) 1.9b -0.029(1) 163.8(10) 5.5b -0.048(4) Ultrasonic Polycrystal This study

0–0.36 300 166.9 5.97 - 81.8c 1.91 - - - - Ultrasonic Single 1

0–1 300 166.4 5.29 - 81.4c 1.82 - - - - Ultrasonic Single 2

0 298–773 168.7 - -0.041 72.1c - -0.015 - - - Ultrasonic Single 3

0 298–773 167.8 - -0.035 82.0c - -0.029 - - - Ultrasonic Single 4

0 298–800 165.7 - -0.046 82.0c - -0.034 - - - Ultrasonic Single 5

0 300–500 166.2 - -0.029 81.5c - -0.025 - - - Ultrasonic Single 6

0-10 300 159.0 - - 77.9c - - - - - INSd Single 7

0–15 296 - - - - - - 156.3 5.62 - XRDd Polycrystal 8

0–30 296 - - - - - - 162 5.5 - XRD Polycrystal 9

0–11 298 - - - - - - 164 4b - XRD Polycrystal 10

0–12 298–723 - - - - - - 171 4b -0.010 XRD Polycrystal 11

0–9 298–774 - - - - - - 159 4b -0.043 XRD Polycrystal 12

d INS = inelastic neutron scattering; XRD = X-ray diffraction. 

a References: 1 = Rotter and Smith (1966); 2 = Guinan and Beshers (1968); 3 = Leese and Lord (1968); 4 = Dever (1972); 5 = Isaak and Masuda 
(1995); 6 = Adams et al. (2006); 7 = Klotz and Braden (2000); 8 = Mao et al. (1967); 9 = Takahashi et al. (1968); 10 = Wilburn and Bassett (1978); 11 = 
Huang et al. (1987); 12 = Zhang and Guyot (1999).

Table 2. Comparison of elastic parameters for bcc -Fe.

Number in parenthesis represents the uncertainties in the last digit.

b Fixed values.
c Voight-Reuss-Hill average.
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