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We have performed the measurements of the sound velocities of fcc-FeHx and fcc-Fe by using a pulse-echo 
overlap technique at high pressures and high temperatures at BL04B1. The P-wave velocity (VP) of 
fcc-FeHx (x~0.4) at approximately 12.0 GPa and 900 K was same as that of fcc-Fe, indicating no hydrogen 
effect on VP of fcc-Fe under that pressure-, temperature-, and hydrogen-conditions.  
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Background and Purpose:  
The planetary cores are considered to be composed of iron (Fe) with considerable amount of light elements 
[1]. Understanding effects of the light elements on physical properties, such as density and sound velocity, 
of Fe is fundamental to discuss the cores’ compositions. Hydrogen is one of plausible light elements.  

Effect of hydrogen on the density of Fe has been investigated for the body-centered cubic (bcc), 
face-centered cubic (fcc), and hexagonal close-packed (hcp) structures under high-pressure and 
high-temperature conditions, and it is known that hydrogen lowers the densities of bcc-, fcc-, and hcp-Fe 
[2-4]. The sound velocities of iron hydride (FeHx) have been reported for a fcc structure [5] and a double 
hexagonal close-packed (dhcp) structure [6, 7] which is formed by dissolving hydrogen into hcp-Fe. 
Regarding dhcp-FeH, it has been shown that the hydrogen increases the sound velocity of hcp-Fe at a 
given pressure, at least up to 70 GPa at room temperature [6, 7]. In contrast, the effect of hydrogen on 
fcc-Fe is still unclear due to limited data of the sound velocities of fcc-FeHx and fcc-Fe at high 
temperatures and high pressures. In this study, we have developed the cell assembly for the sound-velocity 
measurements of FeHx with a pulse-echo overlap technique at high pressures and high temperatures, and 
measured the sound velocities of both fcc-FeHx and fcc-Fe.  
 

 

 
Experimental Summary:  
High-pressure and high-temperature experiments were performed using a Kawai-type 1500-ton multianvil 
high-pressure apparatus (SPEED-1500) installed at the BL04B1 beamline. We used a 14/8 cell assembly 
(14 mm octahedron edge length and 8 mm truncated edge length of tungsten carbide cubic anvils). Figure 1 
shows schematic illustrations of the cell assemblies used in this study. Iron powder (99.99% purity, Rare 
Metallic Co. Ltd.) was used as a starting material, which was sandwiched by an yttrium-stabilized zirconia 
(YSZ) in order to keep the bottom side of the sample parallel to that top side, and surrounded by NaCl (Fig. 

Figure 1. Cell assemblies used in this study for (a) fcc-FeHx and (b) fcc-Fe. 
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1a) or hexagonal BN (Fig. 1b) capsules for FeHx or Fe, respectively. NaCl is known to seal the hydrogen 
inside the capsule and has been used for the high-pressure and high-temperature experiments on FeHx [8]. 
Hydrogen was supplied to the sample by the thermal decomposition of LiAlH4 [9], which was packed into 
the bottom of the NaCl capsule (Fig. 1a). A powdered mixture of MgO and NaCl, placed just behind the 
capsule, was used as a pressure marker. The experimental temperatures and pressures were estimated based 
on two equations of state, i.e., those for MgO [10] and NaCl [11]. The unit-cell volumes of the sample and 
the pressure markers were determined based on an energy-dispersive X-ray diffraction measurement. A Ge 
solid-state detector was placed at a fixed angle of approximately 6° from the incident X-ray beam.  

Ultrasonic sound-velocity measurements were performed using a pulse-echo overlap technique 
[12]. Both P- and S-wave signals were generated and received by a 10° Y-cut LiNbO3 transducer with a 
thickness of 0.05 mm and diameter of 3.2 mm. The frequencies used in this study were 60 and 42 MHz for 
P- and S-waves, respectively. The sound velocity was estimated by dividing the sample length, which was 
measured from an X-ray radiography image, by the travel time obtained by a digital oscilloscope.  

First, we increased the pressure to the target pressure and increased the temperature to the highest 
temperature in order to reduce the deviatoric stress imposed on the sample during compression, and 
synthesized FeHx. We then collected the ultrasonic, X-ray radiography, and X-ray diffraction data every 
100–150 K while decreasing the temperature.  

In metal hydrides, hydrogen atoms occupy interstitial sites of metal lattices and the atomic 
volume of the host metal expands. Thus, the hydrogen concentration (x) in a metal hydride, MHx, can be 
roughly estimated from the following expression:  

x = [V(MHx)-V(M)]/VH    (1) 
where V(MHx), V(M), and VH denote the atomic volumes of the metal hydride and host metal, and the 
volume increase per hydrogen atom, respectively [8]. V(FeHx) were directly measured by in situ X-ray 
diffraction experiments, and V(fcc-Fe) were estimated from the previous volume data [13]. For values of 
VH, we follow the previous studies, i.e., 1.9 Å3 [e.g., 2].  
 

 
 
Results and Discussion:  
The experimental conditions and results are summarized in Table 1. Hydrogen concentrations in fcc-FeHx 
were x = 0.10–0.14 and 0.40–0.43 at approximately 7 and 12 GPa, respectively. We calculated the adiabatic 
bulk (KS) and shear (G) moduli using the following relationships:  

KS = (VP2-4/3VS2)ρ and G = VS2ρ    (2) 
where VP and VS are P- and S-wave velocities, respectively, and ρ is the density. In this study, we could 
obtain only P-wave signals for fcc-FeHx, while both P- and S-wave signals for fcc-Fe were obtained. 

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

fcc-FeHx

6.7(1) 839(35) 46.22(1) 0.10(2) 8048(12) 6051(60) - - -

6.8(2) 863(54) 46.45(1) 0.13(2) 8011(12) 6047(55) - - -

6.9(1) 896(28) 46.61(1) 0.14(2) 7987(12) 6021(58) - - -

11.5(1) 884(18) 47.28(2) 0.40(2) 7908(13) 6224(49) - - -

11.7(1) 940(16) 47.56(1) 0.43(2) 7866(12) 6189(47) - - -

fcc-Fe

9.2(2) 878(40) 44.82(1) - 8276(11) 6111(46) 3130(29) 201(5) 81.1(15)

9.3(1) 963(30) 44.99(2) - 8246(13) 6059(53) 3026(26) 202(6) 75.5(13)

9.9(2) 1116(51) 45.19(3) - 8209(15) 5996(67) 2941(33) 200(7) 71.0(16)

10.0(1) 1206(27) 45.37(1) - 8176(12) 5938(59) 2833(28) 201(6) 65.6(13)

12.1(1) 816(12) 43.97(1) - 8437(12) 6271(48) 3233(25) 214(5) 88.2(14)

12.4(1) 906(19) 44.09(1) - 8413(12) 6236(40) 3189(21) 213(4) 85.6(11)

12.8(1) 1038(20) 44.27(1) - 8379(12) 6169(41) 3102(21) 211(4) 80.6(11)

12.9(1) 1130(7) 44.44(1) - 8347(12) 6108(48) 3018(24) 210(5) 76.0(12)

13.4(1) 1272(10) 44.62(1) - 8313(11) 6057(43) - - -

13.7(1) 1383(20) 44.79(1) - 8282(12) 6003(35) - - -

Table 1. Experimental pressures (P ) and temperatures (T ), and determined unit-cell volume (V ), hydrogen
concentration (x ), density (ρ ), P- (V P) and S- (V S) waves, and adiabatic bulk (K S) and shear (G ) moduli.

Number in parenthesis represents the uncertainties in the last digit.



DOI 10.18957/rr.8.2.274 SPring-8/SACLA利用研究成果集 Section A 

 276 

Examples of the P-wave signal of fcc-FeHx and X-ray radiography image obtained at 6.9 GPa and 896 K 
are shown in Fig. 2. The amplitudes of the echoes from the YSZ1/sample and the sample/YSZ2 were low 
compared with others due to the small difference in impedance between the sample and YSZ, but the 
signal-to-noise ratios were sufficient to determine the travel time (Fig. 2a insert).  
 

 

 
Figures 3 shows the pressure dependences of VP and VS for fcc-FeHx and fcc-Fe. Both VP and VS 

of fcc-Fe increased with increasing pressure and decreased with increasing temperature. Estimating the 
temperature dependences of VP and VS, dVP,S/dT, for fcc-Fe using the data between approximately 900 and 
1100 K, we obtained the values of -0.49(5) and -0.77(20) for VP and VS, respectively, at 9.2–9.9 GPa, and 
those of -0.56(4) and -0.75(7) for VP and VS, respectively, at 12.4–12.9 GPa. It indicates that the 
temperature dependence of VS is larger than that of VP, whereas the dVP,S/dT shows no pressure dependence 
in the pressure range in this study, which is the same as the results of bcc-Fe [14]. The VP of fcc-FeHx also 
appears to exhibit the negative temperature dependence (Fig. 3a), while the pressure dependence of VP is 
unclear because the hydrogen concentrations in fcc-FeHx in this study are different between two pressure 
conditions: x = 0.10–0.14 at 6.7–6.9 GPa and x = 0.40–0.43 at 11.5–11.7 GPa (Table 1).  
 

 

 
Comparing VP between fcc-FeHx [6224(49) m/s at 11.5(1) GPa and 884(18) K] and fcc-Fe 

[6236(40) m/s at 12.4(1) GPa and 906(19) K], it is considered that the hydrogen shows no effect on VP of 
fcc-Fe, at least at this pressure-, temperature-, and hydrogen-conditions. Because the decrease of ρ by 
dissolving hydrogen (Table 1) would induce the increase of VP considering the relationship of VP2 = 

Figure 2. (a) Example of P-wave signals and (b) X-ray radiography image obtained at 6.9 GPa and 896 K. 

Figure 3. Obtained (a) VP and (b) VS as a function of pressure. 
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(KS+4/3G)/ρ, the similar values of VP between fcc-FeHx and fcc-Fe imply that the hydrogen significantly 
reduces KS and/or G of fcc-Fe. This is consistent with results of the previous studies; the isothermal bulk 
modulus at ambient condition, KT0, is 99 GPa for fcc-FeHx [15], while that is 139 GPa for fcc-Fe [13]. On 
the other hand, based on the previous studies of dhcp-FeH [6] and hcp-Fe [16], the VP of dhcp-FeH (7035 
m/s) is higher than that of hcp-Fe (6850 m/s) at 15 GPa. This difference of the hydrogen effect between 
fcc-Fe and hcp-Fe may come from the difference of hydrogen concentrations, suggested by Thompson et al. 
(2018) [5], because of x ~ 0.4 in fcc-FeHx in this study while x ~ 1 in dhcp-FeH in the previous studies [6, 
7], as well as the difference of structures between the fcc and dhcp phases. Further investigations on the 
sound velocities of fcc-FeHx and dhcp-FeH in the wide range of pressure and temperature conditions with 
varying x values are required to advance understanding of the effects of hydrogen on the sound velocity of 
Fe.  
 
Challenges:  
We could measure the VP of fcc-FeHx at high pressures and high temperatures by using newly developed 
cell assemblies. However, to measure VS of fcc-FeHx is still unachieved. The cause is probably the large 
reflection at the boundary of the YSZ buffer rod and NaCl due to the large difference in acoustic 
impedance of S-waves between the YSZ and NaCl. As a next step, we will adopt other materials such as a 
Si3N4 [17] as the buffer rod instead of YSZ, and address the problem of measuring the VS of fcc-FeHx 
which is crucial to obtain KS and G of fcc-FeHx directly.  

In addition, in order to understand the effect of hydrogen on VP and VS of Fe more precisely, it is 
important to obtain the VP and VS data for FeHx with various x values. We have already checked that it is 
possible to control the hydrogen concentration in FeHx by changing the amount of LiAlH4. We will also 
perform the sound-velocity measurements of fcc-FeHx with various x values.   
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