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The thermal conductivities of &-, 5-, 3+&-, and &-phase hafnium hydrides and deuterides with various
hydrogen isotope concentrations (HfH,, 1.48 < x < 2.03; HfD,, 1.55 < x < 1.94) were evaluated within
the temperature range of 290-570 K from the measured thermal diffusivity, calculated specific heat,
and density. The thermal conductivities of &-, 3-, +&-, and €-phase HfH, and HfD, are independent of
the temperature within the range 300-550 K and are in the range 0.15-0.22 W/cm K and 0.17-0.23

g ’;‘C;(; - W/cm K, respectively; these values are similar to and lower than the observed thermal conductivities
e of a-phase Hf. The experimental results for the electrical resistivities of &'-, 5-, 3+&-, and e-phase HfH,

72.15.Ed . . . . .

66.30.Xj and HfD, and the Lorenz number corresponding to the electronic conduction, obtained from the Wiede-

mann-Franz rule, indicated that heat conduction due to electron migration significantly influences the
thermal conductivity values at high temperatures. On the other hand, heat conduction due to phonon

migration significantly affects the isotope effects on the thermal transport properties.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hafnium hydride (HfH,) and deuteride (HfD,) could be used to
fabricate one of the control rods for fast-neutron flux in fast reac-
tors [1]. These materials are found suitable for this purpose be-
cause the transition metal hafnium (Hf) strongly absorbs thermal
neutrons [2], which are generated by the elastic collision of fast
neutrons with the hydrogen atoms occupying the tetrahedral
interstitial sites of HfH, and HfD, [3], and does not generate certain
gases such as “He during the nuclear reaction. However, the con-
centration of hydrogen in HfH, and HfD, (x> 1.5) decreases due
to the decomposition of HfH, and HfD, at temperatures above
623 K and elastic collisions with fast neutrons. Therefore, it is ex-
tremely important to understand the changes in the physical,
chemical, thermal, and mechanical properties of HfH, and HfD,
with hydrogen distribution within the control rod.

In the present study, we investigated the thermal diffusivity,
specific heat, and thermal conductivity of HfH, and HfD,
(1.48 < x < 2.03); these are some of the most important parame-
ters representing the thermal properties. The temperature at the
control rods in fast reactors is speculated to be in the range of
approximately 673-873 K; this temperature significantly depends
on the temperatures of the cooling materials made from liquid so-
dium (Na). In this study, annealing was carried out over a wide
range of temperatures (290-570 K). Furthermore, the hydrogen
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isotope effects as well as the thermal transport properties pertain-
ing to the migration of free electrons and phonons in HfH, and HfD,
with various compositions are investigated by considering the
thermal conductivity, experimental data on electrical resistivity,
and the Wiedemann-Franz rule.

2. Experiments

HfH, and HfD, compounds with hydrogen composition in the
range of 1.48 < x < 2.03 were prepared using a Sieverts apparatus
by heating and outgassing hafnium metal including impurities
such as Zr (6.3 at.%), C (<0.04 at.%), and O (<0.0002 at.%), the con-
centrations of which were determined through chemical analysis,
in an evacuated quartz tube at 1073 K. Subsequently, the hafnium
metal was exposed to hydrogen gas (99.9% pure) in the tube at
pressures ranging from 0.1 x 10° to 1.0 x 10° Pa for 4 h. The spec-
imens were then cooled to room temperature at a rate of
4.5 x 1073 K/s while still in the tube. The compositions of the spec-
imens were calculated on the basis of the mass gain caused by
hydrogenation.

Fig. 1 shows the X-ray diffraction (XRD) patterns for o-Hf, &'-
HfH, 45, &-HfH; 57, 8-HfH; 70, 3+€-HfH; 76, £-HfH, g, and e-HfH; o,
at room temperature. The crystal structures of the samples with
1.60 <x < 1.75 and 1.84 < x < 2.03 are face-centered cubic (fcc) -
phase and face-centered tetragonal (fct) e-phase, respectively [3-
5]. HfH, samples with 1.75 <x < 1.84 have &+e-phase structures
that comprise a mixture of the 5-phase and the e-phase. The crystal
structures of the samples with 1.48 < x < 1.60 are distinguishable
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Fig. 1. XRD patterns for o-Hf, &-HfH; 45, 8'-HfH; 57, 3-HfH; 70, +&-HfH; 76, e-HfH; g3,
and e-HfH, o, at room temperature.

from the 8-phase structure by using the XRD patterns, as shown in
Fig. 1; these samples exhibit a pseudocubic defective 3-phase (&'-
phase) that has previously been reported in literature [5-7]. The
unit cell of this pseudocubic phase is slightly deformed and dis-
plays some tetragonal characteristics; for example, the lattice con-
stants for the a- and b-axes for the &'-phase are identical to those
for the 3-phase, while that for the c-axis for the &-phase is lower
than that for the 5-phase. The diffraction patterns obtained from
transmission electron microscopy (TEM) observations and XRD
measurements performed while annealing the samples up to
673 K revealed that the deformed cubic phase for &-HfH; 55 is con-
verted into an fcc phase at temperatures above 353 K. In this study,
the tetragonal phase was observed for HfH; 45_1.60. It has been re-
ported [3] that the hydrogen atoms occupy the vacant tetrahedral
interstices in the &- and §-phases. The scanning electron micro-
graphs confirmed that the lattice expansion caused by the occupa-
tion of the interstitial spaces by the hydrogen atoms led to the
formation of microcracks in the HfH, and HfD, samples with
x > 1.88. Fig. 2 shows the theoretical densities of &-, §-, d+¢e-,
and e-phase HfH, and HfD, (1.48 <x < 2.03) and o-Hf at room
temperature, where @ and A denote the reference data for HfH,
and o-Hf, respectively [8], and 4 and V represent the experimental
data obtained in this study for HfH, and HfD,, respectively; the
data are obtained on the basis of the weight and volume of the
samples. As can be seen in Fig. 2, the theoretical densities of HfH,
and HfD, dymix and duymy are dependent on x; the relationships be-
tween x (1.48 < x < 2.03) and the theoretical densities [g/cm®] are
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Fig. 2. Theoretical densities of &-, &-, d+e-, and e-phase HfH, and HfD,
(1.48 < x < 2.03) with various compositions and o-Hf at room temperature. ®
and A are obtained from the Ref. [8]. ¢ and V represent the data obtained in this
study. The solid and dotted lines represent the calculated theoretical densities of
HfH, and HfD,, respectively, which are dependent on the composition.

assumed to be as follows: dygix = dur—1.01x and dymx = dyr—0.82x,
where dyr represents the theoretical density of metallic o-Hf
(13.24 g/cm?) [8]. The theoretical densities dymy and dymy calcu-
lated using these equations are represented by HfH, calc. (—)
and HfDy calc. (-----), respectively, in Fig. 2.

Thermal diffusivity measurements were carried out on samples
(¢: 10.0 mm; height: 1.0 mm) by using a laser-flash method [9].
This method enables the investigation of the thermal properties
of simple systems. The measurements were carried out while heat-
ing the samples up to approximately 570 K and subsequently cool-
ing them down to room temperature in vacuum. The maximum
temperature was set to 570K because HfH, and HfD, rapidly
decompose at temperatures above 600 K. In the temperature range
of 290-570 K, several phases of the HfH, and HfD, remained stable.
One exception to this is the Hf-rich tetragonal compound with the
&'-phase, which approaches §-phase cubic symmetry at tempera-
tures of approximately 358-373 K [6,7].

In order to determine the thermal conductivities for HfH, and
HfD, samples with different phases, the specific heat of a &'-
HfH; 53 sample (size: 1.0 x 1.0 x 20.0 mm3) and &-HfH;s; and
5+e-HfD; 7 samples (size: 1.0 x 1.0 x 2.0 mm>) was measured
from room temperature to approximately 573 K using a direct
heating pulse calorimeter (DHPC) at Nagoya Univ. [10,11] and a
differential scanning calorimeter (DSC) at Osaka Univ. [12]. The
data obtained from the DSC measurements were calibrated by con-
sidering the specific heat of sapphire (a-Al,03) as the standard
value.

The changes in the thermal conductivity values with the com-
position and temperatures can be mainly attributed to phonon
and electron scattering caused by the presence of vacancies be-
tween the hydrogen atoms at the tetrahedral interstitial sites and
the interface between different phase structures as well as the ther-
mal vibration of the constitutive atoms. To investigate the elec-
tronic conduction corresponding to thermal transport, the
electrical resistivity of specimens (size: 1.0 x 1.0 x 20.0 mm?)
was measured using a four-contact DC method [13]. The measure-
ments were performed while heating the samples up to approxi-
mately 570 K in vacuum.

3. Experimental results

Fig. 3(a)-(h) shows the thermal diffusivities of &-phase
HfH; g8 201, &+e-phase HfH;76153, d-phase HfHig3175 &'~
phase HfH;4s 160, €-phase HfD;gs 104, S+e-phase HfDq7s_1s84,
3-phase HfDjg4-16s, and &-phase HfD; s5_160, respectively, as a
function of temperatures in the range of 290-570 K, where @, a,
¢, and ¥ represent the data collected while heating the samples,
and O, A, ¢, and V represent the data collected while cooling
the samples. The dotted curves in Fig. 3(b) and (f) represent the
thermal diffusivity of o-Hf, which has been reported previously
[14]. The agreement between the heating and cooling curves indi-
cates that the hydrogen concentration of the samples does not re-
duce due to thermal desorption when the samples are being heated
to 570 K. The thermal diffusivities of HfH, at all temperatures and
hydrogen concentrations are higher than those of HfD,, in that, iso-
tope effects exist. For e-phase HfH, and HfD,, the thermal diffusiv-
ities increase as the value of x approaches 2.0, that is, as a
stoichiometric structure is attained. Moreover, the thermal diffu-
sivities decrease with an increase in temperature because of the ef-
fects of thermal vibration during heat conduction caused by the
migration of carriers such as phonons and electrons. A similar
trend has been observed in e-phase ZrH, and ZrD, [15]. The
existence of microcracks in the &-HfH, and e-HfD, samples has
no influence on the thermal diffusivity. Additionally, the thermal
diffusivities of d+e-phase HfH, and HfD, hardly change with the
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Fig. 3. Temperature dependence of the thermal diffusivities of (a) e-HfH1 gg-2.01, (b) 8+&-HfH1 76-1.83 and o-Hf, (c) 8-HfH; 63-1.75, (d) 8'-HfH1 45-1.60, (€) €-HfD1 85194, (f) d+&-

HfD; 78-1.84 and o-Hf, (g) 8-HfD1 64-1.6s, and (h) &'-HfD1 55_1 60

composition; however, they decrease with an increase in temper-
ature. The total thermal diffusivities at various temperatures are
the lowest for &'-, 8-, and &-phase HfH, and HfD,, and o-Hf. For
&-phase HfH, and HfD,, the thermal diffusivity decreases rapidly

in the temperature range of 320-380 K, thereafter increases rap-
idly, and eventually decreases gradually as the temperature
reaches 570 K. The thermal diffusivity values of &-phase HfH,
and HfD, at temperatures above 350-390 K are similar to those
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of 3-phase HfH, and HfD,. This is due to the phase transformation
from the &'-phase structure to the 3-phase structure. Moreover, the
migration of hafnium atoms in the lattice cell of the hydride signif-
icantly influences the change in the thermal diffusivity of the &'-
phase compounds.

In order to demonstrate in more detail the effects of phase
transformation on the thermal diffusivities, the change in the ther-
mal diffusivities of HfH1'4g_2'03 and HfD1'55_]'94 at 300, 350, 400,
450, 500, and 550 K with the composition of the compounds is
plotted in Fig. 4(a) and (b). It should be noted that the data points
at temperatures above 400 K for x = 1.48-1.60 correspond to the §-
phase compounds. The thermal diffusivities of HfH; 45_1.53 at 300 K
are higher than that of o-Hf. Furthermore, the thermal diffusivities
of HfH 48_3.03 and HfD; 55_1 94 at temperatures above 400 K are al-
most constant and are in the ranges 0.05-0.09 cm?/s and 0.045-
0.06 cm?/s, respectively; these values are approximately half of
the thermal diffusivity of o-Hf under the same conditions. The
thermal diffusivities of HfH, decrease for x > 2.0 because of the ef-
fect of the hydrogen atoms occupying the octahedral as well as the
vacant tetrahedral interstices.

Fig. 5 shows the specific heat of o-Hf, which has been reported
in [16], the specific heat of §'-HfH; 53, which was measured using
the DHPC, the specific heat of &-HfH; 57 and +&-HfD, 56, the values
of which were measured using the DSC, in the temperature range
of 300-570 K. The values of specific heat at several different com-
positions and temperatures are very similar; further, the values
indicate the isotope effects. The A-type peaks in the spectra indi-
cate the rapid heat absorption due to the phase transformation
from & to & in the temperature range of 360-380 K. The experi-
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Fig. 5. Temperature dependence of the specific heat of o-Hf at different temper-
atures (these values have been previously reported in [16]) and the specific heat of
&-HfH, 53, &'-HfH; 57, and 6+&-HfD; 76 (determined in the present study). The lines
— and - represent the calculated specific heat of HfHj4s<x<160 and
HfH; 60 < x < 2.03, respectively; the calculated specific heat is dependent on the
temperature. The lines --— and ---- represent the calculated specific heat of
HfD1 48 < x < 1.60 and HfDq 6o < x < 2,03, Tespectively; these values are dependent on
the temperature.

mental data are in agreement with previously reported data [10].
However, the experimental values are scattered and cannot be
accurately interpolated to obtain the data pertaining to compounds
with different compositions. In the present study, the specific heat
values of HfH, and HfD, (1.60 < x < 2.03) Cp"™* and Cp"™*, which
are represented by HfH, calc. (------) and HfDy calc. (----) in Fig. 5, are
estimated by considering the previously reported values of specific
heat Cp™f, Cp#, and Cp?™™* for Hf, Zr, ZrH; 55, ZrHs 0, ZID1 55, and
ZrD, go. The CpHMHPX yalue, which is the specific heat of HfH(D),,
can be expressed as a function of temperature T as
CpHMHPX = cpZHDX o cpHfiCcp?” = 0.0940 + 3.30 x 1074T for 1.60 <
x < 2.03; here, CpHf, Cp?, and Cp?™P* (J/g K) can be expressed as
CpHf=0.130 +4.64 x 10 5T, Cp“=0.235+1.49 x 10 *T (290K <
T<570K) [16], Cp?*=0.155+7.52 x107%T, and Cp*™*=
Cp?™M* % 1.27, respectively [17-19]. Using the experimental data,
the CpH™* and Cpi™* values of &-HfH, and &-HfDy
(1.48 < x < 1.60), represented by HfH, calc. (—) and HfD, calc.
(--) in Fig. 5 ~can be expressed as Cp"™*=
-0.917+6.00 x 1073T-1.04 x 10°T?> + 6.24 x 10~°T> and Cp"™*=
CpHx « 1.27, respectively. However, the values of specific heat
at the phase-transition temperature are not considered for obtain-
ing the equations.

4. Discussion

Fig. 6(a) and (b) shows a comparison of the thermal conductiv-
ities for 6/-HfH]53, 5-Hﬂ‘l1'53, 5+8-HfH1V83, E-HfHng, 5/-HfD1'55, o-
HfD; g4, 5+&-HfD g4, and &-HfD; g, with the thermal conductivity
values previously reported for o-Hf [20]. The thermal conductivi-
ties A;, where i = HfH,, HfD,, and Hf, can be expressed as /; = o,Cp'd;,
where o, Cp', and d; are the measured thermal diffusivity, the cal-
culated specific heat, and density of i, respectively. However, the
thermal diffusivity data pertaining to the transition from the &'-
phase to the 5-phase in the temperature range of 365-390 K are
eliminated while formulating this equation. The thermal conduc-
tivities of HfH, at several compositions, temperatures, and phases
are slightly lower than those for HfD,. At 550 K, the conductivities
for HfH, and HfD, are in the ranges 0.17-0.22 W/cm K and 0.20-
0.23 W/cm K, respectively; these values are similar to the thermal
conductivity of a-Hf (0.21 W/cm K) [20].

Fig. 7(a) and (b) shows the electrical resistivities of a-Hf, &'-
HfH1.53, 6-HfH1_53, 8+8-Hﬂ‘[1.31. 8-HfH1_92 and those of 8/-HfD]455,
3-HfDq g4, 8+&-HfD; 75, and e-HfD; o5, respectively, in the tempera-
ture range of 290-570 K. A comparison of Fig. 7(a) and (b) did
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Fig. 6. Temperature dependence of the thermal conductivities of (a) a-Hf, &-
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not reveal any isotope effects, regardless of the different composi-
tions of each phase considered. The electrical resistivity of &-phase
HfH, 53 increase rapidly at the phase-transition temperature below
400K, as do the thermal diffusivity and the specific heat, and
thereafter increases gradually due to electron-phonon scattering
by acoustic and optical modes. For compounds in other phases,
the resistivities increase gradually, although the rate at which
the resistivities increase for e-phase compounds is different from
that for 5-phase and &+&-phase compounds. The thermal conduc-
tivities of e- Hﬂ'll'gz, ote- Hﬂ‘[1_83, S- Hﬂ'[1'63, o Hﬂ'[1'53, e- HfDng,
d+e-HfDq g4, 8-HfDq g4, &-HfD; 55, and a-Hf were estimated using
the values of electronic conduction () obtained from the relation
2, = LLo;T, which is based on the Wiedemann-Franz rule, as shown
in Fig. 8(a)-(i). In the abovementioned equation, o; denotes the
electrical conductivity of i and is obtained from the measured elec-
trical resistivity p; (;=1/p;), although the composition considered
for each phase is different. Further, L' is the Lorenz number corre-
sponding to the electronic conduction in i, i.e., Lé = (1?/3)(kgfe)? ~
2.45 x 1078 WQ/K?, where kg and e are the Boltzmann constant
and the elementary electric charge, respectively. Finally, the ther-
mal conductivities of S-Hﬂ‘ll_gz, 6+8-Hﬂ'{]_83, S-HfH]_Gg, 8’-Hﬂ‘l1_53,
S-Hnygz, 6+8-HfD1vs4, 6-HfD1'54, 5/-HfD1.55, and o-Hf associated
with phonon conduction /i, were determined by subtracting 2,
from the calculated thermal conductivity A’ (i.e., 2' = 4, +/4,), as
shown in Fig. 8(a)-(i). Heat is conducted for each phase at 300-
550 K because of the migration of both free electrons and phonons,
while heat is conducted for a-phase at temperatures above 450 K
because of the migration of free electrons only. At high tempera-
tures near 550K, the contribution of the migration of electrons
to heat conduction is greater than that of the migration of phonons.
In &-phase compounds, electron migration significantly dominates
the heat conduction at temperatures below 400 K. The dependence
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Fig. 7. Temperature dependence of the electrical resistivities of (a) a-Hf, &'-HfH; 53,
8-HfH; g3, 8+€-HfH; g1, and e-HfH; o5, and (b) a-Hf, &'-HfD; 55, 8-HfD1 g4, 8+&-HfD1 75,
and &-HfD; g5.

of the thermal diffusivity of 5-, 5+¢-, and &-phase compounds on
the composition indicates that phonon scattering by electrons
and phonons has a significant effect on the nonstoichiometric
structures; this is consistent with previously reported results for
e-phase ZrH;76-203 and &-phase TiH;g4-198 [13,21]. The lowest
values of thermal diffusivity for 8+e-phase HfH, and HfD, samples
can be attributed to the effects of phonon and electron scattering at
the interface between the §- and e-phases. The isotope effects on
thermal diffusivities are ascribed to electron-phonon scattering
by the optical mode and to phonon-phonon scattering. The differ-
ence in the 7, values of HfH, and HfD, is slightly larger than the dif-
ference in )‘ Therefore, phonon conduction has a stronger
influence on the isotope effects on thermal transport properties.

5. Summary

The thermal diffusivity of HfH, and HfD, (1.48 < x < 2.03), pre-
pared at different temperatures and hydrogen-gas pressures using
the Sieverts apparatus, was measured for the temperature range
from room temperature to 570 K by means of a laser-flash method.
The thermal diffusivities of HfH, are higher than those of HfD,. The
temperature dependence of thermal diffusivity changes signifi-
cantly with changes in the composition of the samples, as the
phase transformation is altered. The thermal diffusivities of &'-
phase HfH; 45 153 at room temperature are higher than that of
metallic o-Hf. At temperatures above 350 K, the thermal diffusivi-
ties for all the HfH, and HfD, samples are lower than that of o-Hf.
In the case of &-phase HfH, and HfD,, the change in heat conduc-
tion is caused by the phase transformation from the &'- to the &-
phase in the temperature range of 360-380 K. The effect of phase
transformation on the thermal transport properties was confirmed
through specific heat and electrical resistivity measurements.
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conductivity of &-HfH;s3, 8-HfH; 63,
&'-HfDq 55, 8-HfDqg4, 8+e-HfDg4, &-

HfD; g, obtained from the relationship between the measured
thermal diffusivity, calculated density, and specific heat, was found
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to be a function of temperature. The calculated thermal conductiv-
ities of HfH, and HfD, at 550K are approximately in the range
0.17-0.22 W/cm K and 0.20-0.23 W/cm K, respectively; these val-
ues are similar to the thermal conductivity of o-Hf (0.21 W/
cm K). On the basis of the Wiedemann-Franz rule, heat conduction
due to the migration of electrons and phonons for each phase was
distinguished by considering the calculated thermal conductivity,
experimental data on electrical conductivity, and the Lorenz num-
ber corresponding to the electronic conduction. For 3-, +¢-, and &-
phase HfH, and HfD,, heat conduction due to electron migration
significantly influences the thermal transport properties. In partic-
ular, electron migration significantly influences the thermal con-
ductivity values of &-phase HfH, and HfD, at temperatures below
400 K. On the other hand, heat conduction due to phonon migra-
tion has a greater influence on the isotope effects on the thermal
transport properties of HfH, and HfD,.
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