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Abstract

Thermal diffusivities of e-phase Zirconium hydrides (ZrH; g9 500) wWere measured in the temperature range from 300
to 600 K by means of a laser-flash method. The thermal diffusivity of e-phase Zr hydrides increased with increasing
hydrogen concentration and decreased with increasing temperature. The thermal diffusivities of e-phase ZrH, with
x > 1.83 were larger than that of a-phase Zr. The experimental data on the thermal diffusivity were expressed with the
equations as a function of temperature and composition. Moreover, the thermal conductivities of e-phase Zr hydrides
were estimated from the measured data of the thermal diffusivity and the reported data of the density and specific heat.
It was found that the e-phase Zr hydrides were better thermal conductors than a-phase Zr and d-phase Zr hydrides. The
thermal diffusivity and conductivity of U-ZrH, were also estimated with the ones of ZrH, and U. © 2001 Elsevier

Science B.V. All rights reserved.

PACS: 65.90.+i1; 67.80.Gd; 72.15.Eb

1. Introduction

Hydride fuels have been used in research reactors
(e.g., TRIGA reactors) for many years [1,2]. Recently,
the transmutation method of nuclear wastes using acti-
nide hydrides has been proposed [3]. It was pointed out
that one of the important research and development
items for establishment of the transmutation method is
to develop stable actinide hydride fuels under reactor
irradiation conditions. Specifically, thermal conductivity
data of actinide hydride fuels are necessary for the de-
sign of the hydride fuel pin.

The actinide hydride fuels consist of actinide metal
phases and actinide hydride phases. The Zr hydride
phase is also included in the target and plays an im-
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portant role for controlling the hydrogen decomposition
pressure. The thermal diffusivity of ZrH, was measured
using a laser-flash method and was expressed with the
equations as a function of temperature and composition
in the present work. The thermal conductivity was cal-
culated from the relation of the measured thermal dif-
fusivity, the literature data of the density and specific
heat. Finally, the thermal conductivity of U-ZrH,
(1.6 <x<2.0) which had not been published yet in the
TRIGA reports [1,2], except for U-ZrH;s, was esti-
mated with the reported values of metal uranium.

2. Experiments
2.1. Hydrogenation

Specimens of ZrH, (x = 1.69-2.00) were prepared by
hydrogenation of zirconium in a Sieverts apparatus. The
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pure Zr metal, 99.8 wt% in purity and 1.0 mm in
thickness and 6.3 or 10.0 mm in diameter, was placed in
a quartz vessel. It was then evacuated and kept in vac-
uum under a pressure of 4.0 x 1073 Pa. Before the hy-
drogenation, a little residual hydrogen in Zr was
removed out by flush heating in vacuum to 1073 K for
1 h (#, in Fig. 1). In the present study, Zr hydride
specimens with various compositions were prepared by
controlling hydrogen pressures. For example, Fig. 1
shows the hydrogen absorption history of ZrH g3, where
Zr metal was hydrogenated at a pressure of 1.0 x 10° Pa
and a temperature of 1053 K for 2 h () and cooled
down to room temperature at the rate of 8.7 x 1073 K/s.
The pressure rapidly decreased when hydrogen gas was
induced into the quartz vessel by opening the valve (¢,).
With the decrease of temperature, hydrogen was grad-
ually absorbed in Zr (#.). No microcracks were detected
by the scanning electron microscope (SEM) technique,
in spite of the lattice expansion due to hydrogen ab-
sorption. Although the concentration of hydrogen re-
tained in Zr was measured both from the hydrogen
pressure changes and mass gains after hydrogenation,
unfortunately, weight of the specimens used was too
limited to obtain accurately the fraction of hydrogen to
Zr (H/Zr). The X-ray diffraction (XRD) technique was
used to evaluate the composition as well as the phase.
The compositions of the hydride specimens were deter-
mined based on the experimental data by Cantrell et al.
[4]. Fig. 2 shows the selected part of the XRD patterns of
d-phase ZrH 45 and e-phase ZrH; 9509 specimens. It is
noticed that the diffraction peak of (220) of e-phase
shifts to a lower angle side with the increase of hydrogen
concentration, while that of (022) goes to the opposite
direction. This implies the expansion of the axis a and
the contraction of axis ¢ in the face-centered tetragonal
(fct) structure.
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Fig. 1. Hydrogen absorption history in the case of ZrH,g;
specimen. The hydrogenation is performed using Sieverts
apparatus.
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Fig. 2. X-ray diffraction patterns of &-phase ZrH,;q4 and
e-phase ZrH; 69 2.00-

2.2. Thermal diffusivity measurements

The thermal diffusivity measurement was made for
the e-phase ZrHj g 500 in the temperature range from
300 to 600 K using the laser-flash method. Details of the
laser-flash method can be found in the references [5,6].
The specimen was measured up to around 600 K, be-
cause Zr hydride tends to decompose at high tempera-
tures [2,7]. Reproduction ability of the measurement was
good for both increasing and decreasing temperature
processes, which indicated that little hydrogen was re-
leased in the measurement. The phase-transition from ¢
to & has also been reported to take place at a high
temperature [2]. In the present work, a high-temperature
XRD detection showed that no phase-transition oc-
curred up to 600 K.

3. Experimental results and discussion
3.1. Thermal diffusivity and thermal conductivity of ZrH,

The experimental results of the thermal diffusivity
measurements at room temperature are shown as a
function of the composition for §- and e-phase Zr hy-
drides. It can be seen in Fig. 3 that the present results
agree well with the data of ZrH,; and ZrH,g (2) re-
ported by Weeks et al. [6]. It should be noted that the
thermal diffusivities of e-phase (®) increase with in-
creasing hydrogen concentration and are larger than
that for a-phase Zr (<) [8] especially when x > 1.83. On
the other hand, the thermal diffusivities of the d-phase
are almost constant, independent of the hydrogen con-
centration. Their hydrogen concentration dependence of
thermal diffusivity was similar to that of electrical re-
sistivity [9]. These results indicate that Zr hydrides have
a metallic nature and electronic heat conduction is the
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Fig. 3. Thermal diffusivity versus composition for 8- and -
phase Zr hydrides at room temperature. (@) represents the
experimental values for e-phase ZrH, (x = 1.69-2.00). (A) and
(¢) represent the experimental values for 8- and e-phase ZrH,
(x = 1.65-1.81) [6] and a-phase Zr [8], respectively.

dominant process. The curve in Fig. 3 can be expressed
as a function of compositions of ZrH, (1.6 <x<2.0) as
described latter.

Fig. 4 shows the temperature dependence of the ex-
perimental thermal diffusivities for e-ZrH, 75, e-ZrH g3,
e-ZrH, o and &-ZrH, o, in the temperature range from
300 to 600 K. As shown in Fig. 4, the data measured
during temperature increasing (@ ¢, A, V) are in
good accord with those during temperature decreasing
(O, ¢, A, V). Itindicates that neither oxidation on the
specimen surface nor the release of hydrogen occurs
during the measurement. It is also seen in Fig. 4 that the
thermal diffusivities with various compositions decrease
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Fig. 4. Temperature dependence of thermal diffusivities for &-
ZrH, 76, e-ZrH g3, e-ZrH, 9y and e-ZrH,o4. The dashed curve
represents the thermal diffusivity of e&-ZrH;g measured by
Weeks et al. [6]. The solid curves are expressed with Eq. (1)
obtained by fitting the experimental data.
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Fig. 5. Temperature dependence of thermal conductivities for
S-ZrHl_(,(), S-ZrHlj(), S-ZrHl_g3, S—ZrHvaO and a—ZrH1_94, which
were calculated from the relation of 1 = aC,p, as compared
with that for o-Zr [8].

with increasing temperature, as the result for ZrH, 5, has
been reported by Weeks et al. [6].

The temperature dependence of thermal diffusivities o
(cm?/s) for several compositions x (1.6 <x <2.0) can be
expressed by the following equation:

L 67.9
T {74 1.62 x 103(2.00 — x) — 1.18 x 102}
—1.16 x 1072, (1)

where T (K) represents the temperature.

The thermal conductivities for 6-ZrH; gy, e-ZrH; 7, &-
ZrH, g3, e-ZrH, o9 and e-ZrH, o4 were calculated from the
relation of A = aCpp, where 4, C, and p represented the
thermal conductivity, the specific heat and the density,
respectively, as shown in Fig. 5. The values of C,, and p
for 6-Zr hydrides have been described with the temper-
ature and composition in the Simnad report [2]. The
effect of density change due to thermal expansion was
not taken into account in the calculation, where for
example the decrease in the density at 600 K is less than
1.0% [6]. It is seen in Fig. 5 that the temperature de-
pendence of the thermal diffusivity greatly contributes to
that of the thermal conductivity. Moreover, the e-ZrH,
is a better thermal conductor than that of a-Zr [8] and
8-ZrH, ¢y at temperatures up to 600 K.

3.2. Thermal diffusivity and thermal conductivity of
U-ZrH,

45 wt% U-ZrH, s was prepared by means of the
Sieverts apparatus. It was observed from XRD and
SEM analyses that the a-phase U of 1.0 um in grain size
was uniformly dispersed in the bulk of §-phase ZrH, .
The results are similar to those observed by Simnad et
al. [1]. It is assumed that the thermal diffusivity oy_zm,
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Fig. 6. Comparison for the calculated values with the experi-
mental ones of thermal diffusivities for 10 wt% U-ZrH, 5,
7ZI'H1_75, 7ZTH1_81 and 7ZI'H]»90 [1 1,12]

of U-ZrH, for the two-phase component material can
be expressed by the simple rule of mixture (ROM) [10]:

ou-zm, = VWow + Vzm, %z, (2)

where o; and ¥; are the thermal diffusivity and the vol-
ume fraction of the constituent phase i. Fig. 6 shows the
oy zm, of 10 wt% U-ZrH, (x =1.70, 1.75, 1.81 and
1.90). The curves in Fig. 6 are represented based on
Eq. (2) with the oz, of ZrH, (x = 1.70, 1.75, 1.81 and
1.90) which are obtained with Eq. (1) and the oy (0.11-
0.12 cm?/s in the temperature range 300-800 K) of U [8]
and ¥z, = 96.8% and 1y = 3.2%.

Moreover, it is also assumed that the thermal con-
ductivity Ay zmn, of U-ZrH, for the two-phase compo-
nent material can be expressed by ROM [10]:

vz, = VWolu + Van, Az, s (3)
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Fig. 7. Temperature dependence of thermal conductivities for
45 wt% UfZl"H]_s(), 7ZI'H]_76, *ZI‘H]_&;, *ZTH]_% and 7ZI'H1_94
which were estimated from those of ZrH, ¢ 194 and U. The
solid line represents the thermal conductivity which has been
published in the TRIGA reports [2].

where 4; is the thermal conductivity of the constituent
phase i. The thermal conductivities Ay zmn, of 45 wt%
U-ZrH, (x = 1.60, 1.76, 1.83, 1.90 and 1.94) were esti-
mated in the temperature range 300-800 K from the
Azm, of ZrH, (x =1.60, 1.76, 1.83, 1.90 and 1.94) in
Fig. 5 and the Ay of U [8] and Vzm, = 80.5% and
Ty = 19.5%, as shown in Fig. 7. The estimated values of
thermal conductivity for 45 wt% U-ZrH;e (dashed
curve) were close to the thermal conductivity of 0.18 W/
(cm K) (solid curve) used for the design calculation of
the TRIGA reactor [2].

4. Summary

The temperature dependence of the thermal diffu-
sivities of €-ZrH, g0 500 has been studied at temperatures
300-600 K by means of the laser-flash method. The
thermal diffusivities of e-ZrH, at room temperature in-
creased with the increase of hydrogen concentration.
The values of e-ZrH, with x > 1.83 are larger than that
of a-Zr. The thermal diffusivities with various compo-
sitions decrease as the temperature increases. The fol-
lowing equation of the thermal diffusivity of
ZrH,(1.6<x<2.0) in the temperature range 300 <
T<600 K was obtained by fitting the experimental
data.

. 67.9
T T+ 1.62 x 10°(2.00 —x) — 1.I8 x 10}
x 1072,

—1.16

Moreover, the thermal conductivities were calculated
with the equation of the thermal diffusivity and the
references of the density and specific heat. The &-Zr
hydrides are better thermal conductors than a-phase Zr
metal and §-phase Zr hydrides in the temperature range
300-600 K.

The thermal diffusivity and conductivity of U-ZrH,
were estimated with those of ZrH, and U. The thermal
conductivity of 45 wt% U-ZrH, ¢ was 0.17-0.20 W/(cm
K) in the temperature range 300-800 K and was close to
the reported data of the TRIGA reactor.
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