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ABSTRACT

A48 F442EF AAESS TiLOMn0OSVLIZES 49 313Kk 353 KojAl,
TioCrL.5Vi, 889 49 313 Ko} 338K A 2zt =4 4 ARG =AMt §29)
AATE, & 39 A%, A4S FL Rietveld methodol] ol&] AAHYUL}. 5 g2 ¥
F 25 @A glol F449 F3Fo] Axdd vty BRI, olF FFY 4 B9
A A LaNis@adl vlste digs] 24 Jeigch 48 25 H9Y oA TiioMnooV, 1 ¥
59 BAF4NELE F4A3E ¥E9 GASY R, TiLOCLSVLIEF dolMe 4
A3Ee] O dAIIFY EF TioCnsVirgdsol TioMnoVuEEH B Fo AS5A
¢} #5428 F4s9.

FRI|I®BN : Hydrogen isotope effect(=2 594 E3}), Hydrogen storage alloy(d=2 A&
) BCC alloviBCCEHE)

majority of them showed that metal
deuterides are less stable  than the
corresponding metal hydrides. Wiswall and
Reilly®, however, found an inverse

1. Introduction

Metal hydrides which have hydrogen
isotope effects can be applicable for the

recovery, storage and concentration of
deuterium and tritium which are the fuel of
a nuclear fusion reactor. Many articles' *
have reported on the hydrogen isotope
effect of metals and/or binary alloys. The

behaviour that the replacement of protium
by deuterium and tritium results in more
stable compounds in some metal hydrides
such as VH, NbH (V, Nb)H: and
LaNisHg. Also, titanium has been known to
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show little isotope effect. Haag and
Shipkoe) found a zero isotope effect in
titanium at 500C. Ueda” reported that the
deuterides with D/M=1 of Ti-V alloys are
stable than the

without regard to the alloy

more corresponding
protides
composition by comparing the composition
dependence of the activation energy for the
diffusion of protium and deuterium.

Akiba and Iba reported a new generation
alloy, "Laves phase related BCC solid
solution alloy”, which has a large hydrogen
capacity of >2 mass%®. The TiioMnosVi1
and TioCrisViz alloys, in particular, were
found to have high hydrogenation rate as
well as large hydrogen capacitym). Thus,
it is expected that if these BCC alloys
show large hydrogen isotope effects they
can be used for separation of hydrogen
isotopes.

With this point of view, in this study,
the  hydrogen isotope  effects in
TiroMnogVi1 and TioCrisViz alloys have
been investigated at 313K and 353K, and
at 313K and 338K respectively by using
protium and deuterium.

2. Experimental Procedure

8%

TiieCrisViz were made in massive
production(lkg lot) by a vacuum
high-frequency induction furnace to ensure
the reproducibility of the experimental
results and used without heat treatment.
Table 1 shows the chemical compositions
of the alloys, which were analyzedby ICP
emission spectrometer. The ingots were
mechanically crushed into powder in air.
The powders under 500um were taken for
the experiments. The activation treatment
was carried out as follows. In the case of
alloy TiioMnegV11, the sample powders of
about 10g were placed in the reactor and
evacuated for 1 h by a diffusion pump at
773K, and then the hydrogen gas with the
pressure of 5MPa was introduced into the
reactor at room temperature. It was
repeated three times. Thereafter, in order
to desorb the hydrogen, the reactor was
evacuated for 1 h by a diffusion pump at
773K. In the case of alloy Ti1oCrisVis, the
reactor was evacuated for 2h by a rotary
pump at 313K, which was carried out only

once.
The P-C isotherms of the alloys
TitoMnosVia  and  TieCrisViz  were

measured at 313K and 353K, and at 313K
and 338K, respectively, up to a hydrogen

The alloys of TiioMnogVi1 and pressure of 5SMPa by a volumetric method.
Table 1. Chemical compositions of the alloys analyzed by ICP (at%)
Sample Ti Mn(Cr) A% Chemical Formula
alloy TiroMnogV1.1 33.3 30.7 36.0 Ti1oMnosVia
alloy TiroCrisViz 24.0 36.0 40.0 Ti1oCr15Vi7
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Table 2. - Parameters of the alloys refined by the X-ray Rietveld analysis

. Phase
Sample Phase |Lattice| RI a (A) ¢ (A) abundance(%)
Matrix | BCC | 438 | 3.0183 (1) - 57.1
Tite MnogVia
Rwp=19.0 Ti-rich] FCC | 139 | 11.293 (1) - 39.0
$=2.47 ~ ‘
‘|Ti-conc.| HCP | 1761 29669 (9) 4784 (2) 39
TieCrisVir | Matrix | BCC | 128 | 3.0212 (9) - 9.1
Rwp=11.0
§=1.97 Ti-conc.;] HCP | 102 | 29602 (7) 4.789 (1) 39

Since purity and pressure of commercially
available deuterium(99.5% min., 3MPa) are
not sufficient, deuterium was absorbed by
MmNis to increase the pressure, to purify
it, and to recover the used one.

The phases, crystal structures, phase
abundance, and lattice parameters of the
alloys were determined by using XRD and
the Rietveld analysis method. The sample
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Fig.1. Rietveld refinement for alloy Ti;oMnosVy,.
powders under 30um were used for the
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XRD measurements.

3. Resuits and Discussion

RIETAN 97 was used for the
Rietveld analysis. Alloy TiioMnosVii was
assumed to be composed of three phases,
as derived from the XRD qualitative
analysis: The matrix with BCC structure,
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Fig. 2. Rictveld refinement for alloy TiyoCri sV,
a phase with FCC structure, and a-Ti with
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Fig. 3. Desorption isotherms of deuterium and
protium for alloy TijoMnoeVi.1.

HCP structure. Fig. 1 shows the result of
the Rietveld analysis for this alloy. In this
figure, the diffraction pattern calculated
from the model, which is represented by
the full curve, agreed well with the
measured data represented by the plus
marks. The phase abundance of the matrix,
the phase with FCC structure, and a-Ti
calculated from the parameters refined by
the X-ray Rietveld analysis were 57.1%,
39.0% and 3.9%, respectively. The
parameters refined are summarized in
Table 2.

Alloy Ti1oCrisViz was assumed from
the XRD qualitative analysis to consist of
two phases: The matrix with BCC
structure and' a-Ti with HCP structure.
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Fig. 4. Desorption isotherms of deuterium and
protium for alloy Ti1oCrisVy7.

The result of the X-ray Rietveld analysis
for this alloy is shown in Fig. 2. As shown
in this figure, the diffraction pattern
calculated from the model is in good
agreement with that measured. The phase
abundance of the matrix and the a-Ti
calculated from the parameters refined by
the Rietveld analysis were respectively
96.1% and 3.9%. The parameters refined
for this alloy are also summarized in Table
2.

Figs. 3 and 4 show the desorption
isotherms of deuterium and protium for the
alloys TiioMnosVii  and  TiCrisViz
respectively. It was found that both alloys,
except the data for Ti10MnooV11 measured
at 313K, show marked hydrogen isotope
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Fig. 5. Desorption isotherms of deuterium and
protium_ for LaNis,

effects. As a reference, -data for
LaNismeasured at 313K are shown in Fig.
5 In the latter material the hydrogen
isotope effect was hardly observed. Also,
from Figs. 3 and 4, differences in the
absorbed amounts were found between
deuterium and protium. In both alloys and
regardless of temperature, the absorbed
amount of deuterium was larger than that
of protium. Alloy TiieCrisVi7 - absorbed
more deuterium and protium than alloy
TiioMneoVii. This is because the content
of the BCC phase of the alloy Ti1oCrisViz
was larger than that of the - alloy
TiioMnosV11, - which is - represented in
Table 2.

Fig. 6 shows a plot of In P vs. I/T
obtained in " this study, in which the
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Fig. 6. Van' t Hoffplots of the studied alloys:(-V

-H? v - DY@LaNis - H in this work

respective plateau pressure was obtained
from the middle point between two points
indicated by the arrow marks in Figs. 3
and 4, assuming a straight line between
the two points. Data for the zone-refined
vanadium obtained by Wiswall and Reilly”
are also represented by the dotted line in
this figure. Results for LaNis obtained by
Biris et al.” as well as results obtained in
this study are also Alloy
TiCrisVi7 showed an inverse behaviour
without regard to the measured
temperature, which were different to those
for alloy TiioMnesVii the plateau

shown.
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Table 3. Standard formation enthalpies and entropies of hydrides

Sample H(D) AH°(k]J/mol Ha) AS°(J/mol Hz: K)
, H 42 -120
Tiro MnogV11
D -63 -187
, H -34 -119
Ti10Cr15V17
D ~52 -168
H -40 -141
Va
D -50 -164
N H -31 -109
LaNis
D -35 -123

pressures of deuterium were lower than
those of protium in alloy TiioCrisVi7 and
vise versa in alloy TiioMnogVi1.

This difference can be explained by the
differences in the formation enthalpies
and entropies between protide and
deuteride in each alloy. Fig. 7 shows a

schematic drawing of the van't Hoff

inP

Fig. 7. Schenatic drawing of the van" t Hoff
equation

equation. The formation enthalpies and
entropies of the hydrides are correlated
with the slopes and the intercepts on the
van't Hoff plot,
respectively. Also, the temperature of the

y-axis of the

crossing point (Teross) can be expressed
as

Teross = (AHOD - AHOH) / (ASOD - ASOH)
(1

where AH°p, AHy, AS°p, and AS% are the
standard formation enthalpies and entropies
of the deuteride and the -corresponding
protide. The standard formation entropy of
the hydride is mainly determined by the
loss of the absolute entropy of hydrogen
gas (S°pz = 144.8, S°%2 = 1305 J/mol Hz K
at 208K). It means that AS°» and AS°4 can
be assumed to be constants and do not
depend on the nature of each a]loym.
Therefore, equation (1) can be rewritten as

Teross = (AHOD - AHOH) / C 2)
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Fig. 8. Enlarged representation of the framed part
shown in fig. 9(- @ - Tie Cnis Viz —H,
- - Tiw Cris Viz —D, - - LaNis —H

- -LaNis —D", @LaNis —H in this work
BMLaNis —D in this work)

where C is the constant (AS°p - AS‘w).
Here, it should be pointed out that the C
value is negative because AS°p is more
negative. Thus, only when the deuteride’s
formation enthalpy is more negative than
that of the corresponding protide (AHp - A
H°4< 0 ), can inverse behaviour occurr. In
such a case, when the value of (AH’p - A
H°w) becomes more negative, the
temperature of the crossing point
increases. Fig. 7 shows such a case. In
which, the absolute value of the difference

in standard formation enthalpies between
the deuteride and protide shown by dotted
lines is larger than that shown by the solid
lines. Therefore, Tcoss Of the dotted lines
(T1) is higher than that of the solid lines
(T2). Consequently, it can be said that if
the difference in standard formation
entropies  between  isotope hydrides is
constant, Teoss depends only on the
difference in AH°. The “inverse isotope
effect”® can be explained in the same way.

Table 3 shows the standard formation
enthalpies and entropies of hydrides
obtained in this work together with those
reported for V® and LaNis”. The values of
AS® in Table 3 show a dispersed behaviour;
in particular, the absolute values of AS°p
measured for the BCC alloys and V are
larger than the absolute entropy of
deuterium (1448 J/mol H: K at 298K).
There are several reasons for this. One is
the difficulty in  determining the
equilibrium pressures from the P-C
isotherms obtained. It is not easy to define
them from sloping isotherms. Figs. 3 and 4
are typical examples. Also, the errors in
measuring temperature and pressure are
not negligible. Another difficulty is the
difference in standard formation entropies
between monohydride and dihydride in
BCC alloys. In addition, deuterium in V
occupies different interstitial sites than
protium.

Because the AS°p values obtained for
Ti1oMnosVii and TiieCrisVir differ from
each other, the order of the magnitude of
(AH°p - AH%4) of these alloys does not
correlate with that of Tecwss. However, it is
clear that AH° and AS° can describe the
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hydrogen isotope effect of metal-hydrogen
systems.

Fig. 8 shows the framed part of Fig. 6.
It should be noted that the hydrogen
isotope effect of LaNis is very small and
those of the alloys TiioMnogVii and
TioCri5Vy7 are fairly large. In the case of
LaNis, the differences in AH° and AS°
between protide and deuteride are small,
which makes the hydrogen isotope effect
of LaNis small.

4. Conclusions

The  hydrogen  isotope  effects in
Til.0Mn0.9V1.l and Til.0OCrl1.5V1.7 alloys have
been investigated at 313K and 353K, and at
313K and 338K, respectively, by using protium
and deuterium. The conclusions of this study
are summarized as follows.

1) In both alloys and regardless of temperature,
the absorbed amounts of deuterium are
larger than those of protium.

2) While the hydrogen isotope effect of LaNi5

is very small, those of the alloys
Til.OMn0.9V1.l and Til.0Crl.5VL.7 are
fairly large.

3) The plateau pressure of deuterium is higher
than that of protium in the Til.0Mn0.9V1.1
alloy, although at 313K it shows the
opposite behaviour. In the Til.0Crl.5V1.7
alloy the plateau pressure of deuterium is
always lower than that of protium in the
experimental temperature range.

4) The inverse isotope effect can be explained
by the differences in standard formation
enthalpies and entropies between
hydrides.

isotope
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