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Abstract

Thermal diffusivity measurements for hatnium hydrides (HfH,) with different hydrogen concentrations (o + &’-HfH 5, o + &’-HfHg 9, ot + 8-
HfH, ;5, 8’-HfH, 45, 8’-HfH, 57, 8-HfH, 79, 8 + e-HfH, 76, e-HfH, g3 and e-HfH,(,) were carried out within the temperature range of 290-570 K
by means of a laser-flash method. The temperature dependence of the thermal diffusivity for o+ &’-HfHj,o was the result of a mixture of a
hexagonal a-phase and a slightly deformed face-centered cubic (fcc) &8’-phase structure that was similar to that observed in a-Hf. The thermal
diffusivities for HfHg 9, 50, at temperatures below 373 K drastically changed due to the phase transformation, while those at temperatures above
373 K remained almost the same, 0.06-0.08 cm?/s, which is approximately half that of a-Hf. In particular, the thermal diffusivities for §’-HfH, 45
and &’-HfH, 57 changed between 360 and 390 K with the conversion to an ideal fcc structure in the 8-phase. The temperature dependence of
the thermal conductivities for o +&’-HfH 59, oo +&’-HfHg o, 8’-HfH, 45, 8-HfH, 70 and e-HfH, o, were evaluated by way of calculations from the

experimental thermal diffusivity data and reference data for the specific heat and density.
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1. Introduction

The application of hafnium hydrides (HfH,) as control rods
for the fast neutron flux process in fast reactors was recently
proposed [1]. Hafnium (Hf), as a storage metal for pure hydro-
gen, has both a significantly high neutron absorption capacity
and captures cross section with regards to thermal neutrons, and
does not generate certain gases such as “He during the nuclear
reaction. In addition, hydrogen atoms occupying tetrahedral
interstitial sites of the hydride play a role as fast neutron mod-
erators in gaining thermal neutrons. Therefore, an HfH, control
rod is expected to be able to efficiently absorb a large number
of fast neutrons, and has the additional advantage of a much
longer lifetime than the conventional boron carbide (B4C) rod.
In order to design this hydride control rod, it is extremely impor-
tant to understand changes in the physical, chemical, thermal and
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mechanical properties of the hydrides relative to the hydrogen
distribution within the rod itself.

At this time, there is a scarcity of reported data concerning
the thermal conductivity, which is one of the most important
parameters regarding the thermal properties, of HfH, over a
wide range of temperatures and hydrogen concentrations. In the
present study, the objectives were to obtain quantitative thermal
diffusivity values for HfH, (0.20 <x < 2.02) and to evaluate the
thermal conductivities at these hydrogen concentrations while
taking into account the specific heat and the density of the com-
pound. The heat conduction of HfH, is discussed mainly in terms
of its influence on the phase transformation that results from
changing the temperature and hydrogen concentration.

2. Experiments

HfH, compounds with hydrogen compositions in the range of
0.20 <x <2.02 were prepared with a Sieverts apparatus by heating and out-
gassing hafnium pure metal (99.8% quality) in an evacuated quartz tube at
1073 K, followed by exposure to 99.9% pure hydrogen gas in the tube at pres-
sures ranging from 0.1 to 1.0 x 10° Pa for 4 h. The specimens were then cooled
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to room temperature at a rate of 4.5 x 1073 K/s while still in the tube. The
compositions of the specimens were calculated based on mass gain after the
hydrogenation.

X-ray diffraction (XRD) measurements confirmed that the hafnium—
hydrogen system at room temperature consists of three phases and the presence
of mixtures. The crystal structures of the compositions with 1.60 <x < 1.73 and
1.84 <x <2.02 were face-centered cubic (fcc) 8-phase and face-centered tetrag-
onal (fct) e-phase, respectively [2—4]. The HfH, samples with 1.74 <x <1.83
had & + e-phase structures that were mixtures of an 8-phase with a e-phase. The
crystal structures of the composition with 1.48 <x < 1.59 were distinguishable
from the 8-phase structure by the XRD patterns, and exhibited a pseudocubic
defect 8-phase (3’-phase) that has previously been reported in other literature
[4-6]. The unit cell of this pseudocubic phase is slightly deformed and displays
some tetragonal characteristics, such as the lattice constants for the a and b
axes having the same values as those of the d-phase, while that for the ¢ axis
is lower. It was also confirmed from diffraction patterns obtained from TEM
observation experiments during annealing up to 673 K that the deformed cubic
phase converts into a face-centered cubic phase at temperatures above 353 K.
The tetragonal phase in the present study was present for HfH; 431 57. The HfH,
samples with 0.20 <x < 1.47 had « + &’-phase structures consisting of a mix-
ture of a hexagonal a-phase and a 8’-phase [4]. Based on this, the HfH, samples
prepared were determined to be o +8’-HfHo 29, o + 8’-HfH 92, o + 8’-HfH] 15,
8’-HfH; 48, 8’-HfH; 57, 8-HfH{ 79, 8 + e-HfH, 76, e-HfH; g3 and e-HfH; . It
has been reported in the literature [3] that the hydrogen atoms in the &- and
d-phases are located in vacant tetrahedral interstices. Scanning electron micro-
scope micrographs have shown the existence of microcracks in the surface of
the HfH, samples with 1.83 <x.

The thermal diffusivity measurements were carried out on samples
$10.0 x 1.0mm? in size using the laser-flash method [7]. This method makes
it possible to investigate thermal properties in simple systems. The measure-
ments were carried out during heating of the samples up to 570 K and cooling
down to room temperature. The upper limit of 570 K was used so as to avoid the
rapid decomposition of the HfH, samples at temperatures above 600 K. Within
the temperature range of 290-570 K, several of the phases in the HfH, samples
were maintained. One exception to this was the Hf-rich tetragonal compound
&’, which approaches 8 cubic symmetry at about 358-373 K [5,6].

3. Experimental results and discussion

Fig. 1(a)—(c) show the thermal diffusivities of HfHp 20-1.15,
HfH| 43-170 and HfH; 762 02, respectively, as a function of tem-
perature from 290 to 570K, where (@, A, 4) and (O, A, ¢)
represent the data when heating and cooling the samples, respec-
tively. The dashed curve in Fig. 1(a) represents the thermal
diffusivity of a-Hf, which has previously been reported [8]. The
agreement between the heating (@, A, 4) and cooling (O, A, O)
curves indicates no reduction in the hydrogen concentration of
the samples due to thermal desorption with heating up to 570 K.
For o +&’-HfHg 201 .15, the thermal diffusivities at 300 K were
higher than those of a-Hf, as shown in Fig. 1(a). In addition,
the thermal diffusivity of HfHg 29 was coincident with that of
a-Hf at temperatures above 350 K, while those of HfHp 9> and
HfH| 15 exponentially decreased with increasing temperature.
Moreover, the diffusivity of HfH; 5 was slightly higher than
that of HfHg 9>. These results show that the thermal diffusivity
of a + &’-HfH, greatly depends on the ratio of a-Hf to 8’-HfH,,
since HfH, coexist with hafnium metal in these samples. The
heat conductions of a-Hf and &’-HfH, determine the overall
thermal diffusivity of o +8& -HfH, at low and high hydrogen
concentrations, respectively. As the total composition of hydro-
gen increases, the 8’-phase approaches the stoichiometric ratio
of an fcc structure like that of CaF,, and the incremental changes
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Fig. 1. Temperature dependence of the thermal diffusivities for (a) a-Hf, o + &’-
HfH()_z(), 0L+5’-HfH()_92 and 0L+8’-HfH1_15, (b) 8’-HfH]_4g, 8’-HfH1_57 and d-
HfH]jO and (C) S+ S—Hfﬂlj(), S—Hﬂ‘ll.gg and S—Hsz.oz

in the diffusivity are caused by the reduction of phonon and elec-
tron scattering due to hydrogen vacancies. For §’-HfH; 43 and
-HfH; 57, shown in Fig. 1(b), the thermal diffusivity quickly
decreased until the temperature reached 360 K, and thereafter
quickly increased in the range of 370-390 K, at which point it
began to gradually decreased again to 570 K. The thermal diffu-
sivity values at temperatures above the 370-390 K range were
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in agreement with those for 8-HfH; 79. This thermal behavior is
due to the phase transformation from the &’- to the &-structure.
Moreover, the migration of hafnium atoms in the lattice cell
of the hydride plays an important role in the change in the
thermal diffusivity for the &’-phase. For HfH| 76202, shown in
Fig. 1(c), the thermal diffusivity increased with decreasing tem-
perature and increasing hydrogen concentration. It is known that
phonon—phonon and electron—phonon scattering contribute to
the temperature dependence of the thermal diffusivity according
to the relationship between the thermal and electrical conduc-
tivities for e-phase zirconium and &-phase titanium hydrides
[9,10]. Additionally, the thermal diffusivity of & + e-HfH/ 7¢ is
lower yet than that of e-HfH,,, which decreases with a decrease in
the composition (x) from 2.02 to 1.88. These results indicate that
the decrease in the thermal conduction with decreasing hydrogen
concentration can be attributed to the effects of phonon and elec-
tron scattering at both the interface between the 8- and e-phases
and at hydrogen vacancies at the tetrahedral interstitial sites.

In order to show in more detail the effects of the phase
transformation on the thermal diffusivities, the thermal diffu-
sivities at 300, 350, 400, 450, 500 and 550K for HfHg 209-2.02
are plotted as a function of the composition in Fig. 2. How-
ever, it should be noted that the data at temperatures above
400K for the compositions of 1.48 and 1.57 are for the &-
phase. The thermal diffusivities at 300 K for HfHp 20-1.48 and
HfH; 57202 were higher and lower, respectively, than that of a-
Hf. Furthermore, the thermal diffusivities at temperatures above
400K for HfHp 92202 were almost constant in the range of
0.06-0.08 cm?/s, and were about a factor of one-half lower than
that of a-Hf. Also, the composition dependence of the thermal
diffusivity for HfH 76_5 02 indicates that phonon scattering due
to electrons and phonons has a greater effect on the mixed phases
and non-stoichiometric structures, which is consistent with past
results for ZrH 76_2.02 [9].

Fig. 3 shows the thermal conductivities of a-Hf, a+3’-
HfH().z(), o+ 8’-HfHo,92, 8’-HfH],4g, 8-HfH]_7() and S-HfHZ'OQ.
The thermal conductivities, A;, for i=HfH, and Hf were
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Fig. 2. Composition dependence of the thermal diffusivities at temperatures of
300, 350, 400, 450, 500 and 550 K.
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Fig. 3. Temperature dependence of the thermal conductivities for a-Hf, o +8’-
HfHo 20, & +&’-HfHo 92, 8’-HfH; 43, 8-HfH; 70 and e-HfH> 0,.

calculated for A;= aiCpidi, where «;, Cpi and d; are the
thermal diffusivity, specific heat and density, respectively,
of i. The values of CpHf can be expressed as a function of
temperature 7 with Cp"'=0.130+4.64 x 10T [J/gK] [11].
At this time, the values for CpHfH* have not yet been measured.
Therefore, the values for 0 <x <0.20 and 0.20<x <2.02 were
assumed based on the following. CpHH* = CpHf and CpHiHx =
CpZH138 5 cpHf/Cp?" = 0.0940 4+ 3.30 x 107# T for the
above composition ranges, respectively, where Cp?H!-38
and szr are the specific heats of ZrH;sg and Zr, respec-
tively, expressed as CpZH138=0.155+7.52 x 1074T [12]
and CpZ'=0.235+1.49 x 1074T (290 < T<570K) [11]. The
values of dyy, and dyr were expressed as dyy = 13.24-1.01x
and dyr=13.24 [g/cm3] [13], respectively, where x represents
the compositions 0 < x <2.02. For 300 K, the thermal conduc-
tivities of a + &’-HfHg 9o and 8’-HfH| 43 significantly exceeded
that of a-Hf by factors of 1.4 and 1.6, respectively, while that of
8-HfH| 70 was less by a factor of 0.8. Those of the other compo-
sitions were almost the same as that for a-Hf. For 300 < 7'< 550,
the conductivity of ©8-HfH;79 increased with increasing
temperature, while those of the other compositions decreased.
However, for the 8’-HfH| 43 sample, the conductivity quickly
started to increase at 380 K until 387 K, at which point it contin-
ued to increase a slower rate. The conductivity of the 8’-HfH| 48
sample was similar to that of 8-HfH; 70 in that the &’-phase
structure converted to a 8-phase structure. The thermal diffusiv-
ity contributes to the thermal conductivity. At 550K, all of them
were at almost the same value, 0.21 W/cm K, as that of a-Hf.

4. Summary

The thermal diffusivities of HfH, (HfH,; 0.20 <x <2.02),
prepared by adjusting the temperature and hydrogen gas pressure
with a Sieverts apparatus, were measured within the temperature
range from room temperature to 570 K by means of a laser-flash
method. The temperature dependence of the thermal diffusivity
changed significantly with changes in the hydrogen concen-
tration, which alters the phase transformation. The thermal
diffusivities of the o + &’- and &’-phase (HfH,; 0.20 <x < 1.57)
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and 98-, 8 + &- and e-phase HfH, (HfH,; 1.57 <x <2.02) at room
temperature were higher and lower, respectively, than that of
metallic Hf. At temperatures above 350 K, the thermal diffusivi-
ties for all of the HfH, were lower than that of metallic hafnium.
The change in the heat conduction of x=1.48 and 1.57 caused
by the phase transformation from the &’- to the &-phase in the
temperature range of 360-380 K.

In addition to the above experimental results, the thermal con-
ductivities for several phases of the HfH, were calculated as a
function of temperature from the relationship between the mea-
sured thermal diffusivity, the reported density and specific heat.
The specific heat for Zr and ZrH, was used in the calculations.
The calculated thermal conductivities at 550K for o+8’-
HfHg 29, a+8’-HfHg 9>, 8’-HfH| 48, 8-HfH; 79 and e-HfH; >
were about 0.21 W/cm K, which is similar to that of a-Hf.
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