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Abstract

Because of the limited nature of elemental metals, most of the hydrogen storage
materials are used as alloys. To apply hydrogen storage materials to tritium proces-
sing systems, it is indispensable to understand alloying effects on their properties such
as storage, supply, recovery, separation and others to develop/design new materials.
From this viewpoint, alloying effects on the ab/desorption kinetics of deuterium for:
the Zr-Ni system was studied. It was revealed that the absorption of deuterium obeys
first order kinetics with respect to the deuterium pressure, whereas, the desorption
obeys second order kinetics with respect to the amount of deuterium absorption. In
addition, alloying Zr with Ni caused an increase in the activation energy for absorption ;
on the contrary, the activation energies for desorption decreased. The heat of the
deuterium solution and/or deuteride formation, evaluated through the proposed potential

energy diagram, was found to decrease with increasing Ni Content.
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1. Introduction

Some metals and alloys forming stable hydrides have potential for tritium proces-
sing in thermonuclear fusion devices such as storage'~®, supply* *', recovery® '",
separation''’ and others'*~'® . Various properties, however, are required depending on
theif applications, for example, low equilibrium pressure at around room temperature
for storage, high equilibrium pressure at moderate temperature around 500C for
supply, high ab/desorption rate for recovery/supply, and so on. To meet these require-
ments, most of the hydrogen storage materials are used as alloys because of the limit-
ed nature of elemental metals.

To develop/design new materials, it is indispeﬁsable to understand alloying effects
on their physicochemical properties such as electronic'™ as well as crystallographic

18, 19)

structure ., and thermodynamic and kinetic properties against hydride formation

7,13, 14)

and/or decomposition . A number of theoretical'” as well as experimental

studies?~'*%

have been carried out. However, the accumulation of experimental data
is still a matter of importance in order to investigate in more detail the alloying
effects.

From the viewpoint of the practical importance of the ab/desorption rates of
tritium by/from hydrogen storage materials, the alloying effects on the absorption
and desorption kinetics were studied using deuterium as an alternative of tritium for

ZrNi alloys which were selected as a model system.
2. Experimental

2. 1. Sample and apparatus _

Samples were selected from the intermetallic compounds of Zr and Ni. There are
eight intermetallic compounds in the Zr-Ni system as shown in Fig. 1'®. In this study,
Zr;Ni, (cubic), ZriNi,(orthorhombic), ZrsNi:(cubic) and ZraNizx(triCliniC) were used,
which were purchased from Japan Metals & Chemicals Co. These compounds were pre-
pared with arc melting method. They were examined with x-ray diffraction spectroscopy
to confirm their structures before use. The samples used in the ab/desorption measure-
ments were granular about 0.5 mm in diameter. Deuterium gas was purchased from
Nippon Sanso Co. being guaranteed as 99.9%, and used without further purification.

Figure 2 shows the schematic drawing of the high vacuum system used in the
present study. The system was equipped with a B-A type ionization vacuum gauge
(ANELVA, NI-10D), a capacitance manometer (MKS Baratron, 113A with 1000 Torr
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Fig. 1 Phase diagram of Zr-Ni system.
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Fig. 2 Schematic drawing of the apparatus used.

2. 2. Ab/desorption measurements

The amounts of samples used were in a range from 150 to 1550 mg, depending on
their reactivities against deuterium. The sample was always activated by vacuum heat-
ing at 800C for 30 min before each run, and, then it was cooled to a given tempera-
ture. After the temperature being kept constant, deuterium gas was introduced into
the closed part of the system enclosed by V-3, V-4, and V-5 valves. Subsequently, the
V-4, valve opened quickly, and the time course of pressure decay due to the absorption
was measured using the capacitance manometer. The kinetics of the absorption was

analyzed through the decay curve of the deuterium pressure. The metal to deuterium
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ratio in the present sutdy was in the range from x=0.1 to 2.0 for (Zr.Ni,)D..

After an absorption measurement, the sample was heated linearly with time from
the temperature to 800C to desorb the absorbed deuterium. The heating rate of the
sample in this study was varied from 7 to 17 X/min. The pressure of desorbing deu-
terium was measured with the mass spectrometer. The kinetics of the desorption was

analyzed through mass analyzed thermal desorption spectrum (TDS) of deuterium.
3. Results and discussin

3. 1. Absorption process
The ratio of the number of surface atoms (denoted as S) to that of the bulk

(denoted as B) for a spherical particle is given by

S/B=3/(r/d) (1)

~where r and d represent radius of spherical particle and the atomic distance, respective-

66

ly. If we assume that the granules of the samples are spheres of about 0.5 mm in
diameter, the S/B ratio was roughly estimated to be 3.6X107°, where r=0.25 and d=
3X 107" mm are taken as plausible values. This result indicate that the ratio of the
number of surface atoms to that of bulk does not exceed 3.6X107°. It is also valid
that hydrogen to metal ratio does not exceed this value as far as deuterium adsorption
on the sample surface is considered. On the other hand, the observed ratio was in the
range from 0.1 to 1, being 4 or 5 order of magnitude greater than the above estima-
tion. Namely, the observed pressure decay was due to absorption by the bulk of
samples.

In general, the absorption rate of hydrogen isotopes would be expressed as

-(dQ/dt)=kP-
=k,P"(k.=k/V) 4 (2)

where P is the pressure of hydrogen isotopes, k the absorption rate constant, V the
volume of the system, and n the order of reaction. For most of the Zr-based alloys,

n is known to be unity®°® *¥’. In this case, equation (2) is rewritten as follows.

In[(P.-Po)/(Pn-1-Po)]=ka(ta-1-tn)
In(AP./AP._.)=k.At, (3)

Equation (3) indicates that the plots of At. vs. In(AP./AP._.) give a straight line

when the absorption process obeys the first order kinetics. Figure 3 shows the plots
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Fig. 3 Plots of In(AP./AP..,)
against At, for ZrsNii:.

Fig. 4 Arrhenius plots of absorption
rate constants for ZreNii:.

of In(AP./AP.-1) against At. for ZrsNi,: at various temperatures. Each of the
plots shows fairly well linearity, indicating that the absorption obeys the first order
kinetics. Similar results were observed for other samples. The first order kinetics in-
dicates that the rate determining step for absorption is the first order dissociation
reaction of gaseous or adsorbed deuterium molecules on the surface, and the rate

equation can be expressed for all of the samples used as follows.

-(dP/dT)=k,P"° (4)
k.= v .exp(-E./RT) {5)

where v . is the frequency factor for absorption and E. the activation energy for ab-
sorption. ‘

From the slope of each line in Fig. 3, the rate constant, k., for respective tempera-
tures were evaluated for ZrsNii:. Figure 4 shows the Arrhenius plots of the rate con-
stant for the absorption of deuterium by ZrsNi::. From the slope of the plots, the
activation energy was evaluated to be 2.1 kcal/mol(D.). The absorption kinetics and
mechanism of deuterium were the same for other samples. The activation energies for
other samples were also evaluated similarly as 1.0(Zr;Ni,), 1.6(ZrNi;) and 4.2(Zrs
Ni::) kcal/mol(D:). Figure 5 shows the plots of the activation energies against the
alloy composition. From this figure, the activation energy for absorption was found

to increase with increasing Ni content in the Zr-Ni system. The frequency factor for
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absorption could be also eval-

5
uated from the intersection ~
. . . =]
of the straight line with ver- _~ 4
]
tical axis in Arrhenius plot é 3
diagram (Fig. 4). In thepresent 8 )
study, however, the frequency mg
. ~1
factor has not much physical o
significance, because the spe- 0

cific surface areas of the sam-

ples were not measured.

3. 2. Desorption process

Figure 6 shows TDSs of deute-
rium for ZrsNi::. Each of these spec-
tra consisted of a single desorption
peak and the peak shifted toward
the lower temperature side with in-
creasing amount of absorption. Sim-
ilar peak shift has been observed
for other samples.

As a first step, the possibility
of diffusion limited desorption mech-
anism was examined. In this case,
the desorption rate was given by
the following equation, being assum-

ed to the radial diffusion?? .

(o0}

M(t)= o m[1-(6/ 7 *) = (1/n?*)exp(-Dn? = *t/r?)]

n=1

where D is the diffusion coefficient, o w the total deuterium uptake, M(t) the desorbed
deuterium at time t, and r the radius of the sphere particle. Examples of the calculat-
ed desorption spectra were shown in Fig. 7. In addition, the diffusion constant of hy-

drogen in Zr which was quoted from literature
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23)

was used for calculation because of
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nism assuming radial diffusion.

the lack of diffusion date of hydrogen isotopes in the Zr-Ni system. This figure shows
that in the case of a diffusion limited desorption mechanism, there are typical differ-
nces between calulated spectra and that of observed ones : namely, 1 the desorption
peak does not shift with increasing amount of absorption when the heating rate is
kept constant, and 2 ° the calculated desorption spectra shows rather wide FWHM (Full
Width at Half Maximum) with factor of two or more in comparision with the obser-
ved ones.

As for the surface reaction mechanisms, the desorption rate would be expressed,

in general, as follows.

N(t)=kso " (7)
ke= v sexp(-E4/RT) (8)

where ¢ is the amount of absorption, ks the desorption rate constant, v « the frequen-
cy factor for desorption, and E. the activation energy for desorption. Differentiating
equation (7) with T by taking account of T=T,+ At and taking [dN(t)/dT] =0 at

the peak temperature, T,, one obtains the following equations.

(E«/RT:*)=(nvac ™ '/8 Yexp(-Es/RT,) (9)
case 1, n=1"
1In(T,*/ 8 )=(Es/RT,)+1n(Es/Rv «) (10
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case 2, n=2°

1n(Tn2 o/ B )= (Ed/RTp)+1n(Ed/2R v d) 1y

Case 1 appears not to be plausible because Eq.00) indicates that the desorption peak
temperature, T, is independent of the amount of deuterium absorption, o, being con--
tradicted- to the observations. On the other hand, the peak temperature and the amount
of deuterium absorption depend each other in case 2. Equation (11 indicates that the
plots of 1n(Ts* ¢/ pB) against T, give a straight line when the desorption obeys the
second order kinetics. Figure 8 shows an example of the plots for ZrsNii:. A straight
line could be drawn using the least square method. A unique set of the activation
energy and the frequency factor for desorption could be evaluated from the slope of
this line and the intersection with vertical axis as 19.0 kcal/mol(D:) and 7.5X 107'?
molecules™'s™!, respectively. The circles in Fig. 6 show calculated desorption spectra
using these parameters. Agreement with the observed spectra indicates that the desorp-
tion process obeys the second order kinetics and the parameters, v « and E4, are valid
as well.

The activation energies
40

for other samples were also ~ U D D B A
evaluated from similar anal- ‘_5“ o : .. Jctivation Energy for Desorption 7
ysis as 27.0 (Ze:Ni), 22.0 3 | ]
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kcal/mol(D:). Figure 9 shows ™ - - .
the plots of activation ener- o ) ]
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sition. This figure shows that 0 20 10 60 80 100

. . Composition / Ni-at.g%
the activation energy for de-

Fig. 9 Plots of activation energies for desorption
against alloy composition for the Zr-Ni
creasing Ni content in the Zr- system.

sorption decreases with in-

Ni system. The observed frequency factors, however, could not compared each other

because of the lack of data for specific surface areas.

3. 3. Alloying effects
The potential energy diagram for the absorption and desorption of deuterium in
/from the Zr-Ni system should be drawn schematically as shown in Fig. 10?"’. From

this diagram, the heat of deuterium solution and/or deuteride formation, AH, can be
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approximated to the differ-
ence in the activation energy
between the absorption and
the desorption. Figure 11 shows
the plots of the heat of deu-
terium solution and/or deute-
ride formation observed in
the present study against alloy
composition with those by

others’ 2%

, including the data
for deuteride formation by
Watanabe et al. This figure
indicates that - AH decrease
with increasing Ni content,
being agreed with a generally
observed trend that hydride
forming potential decreases
with alloying a hydride form-
ing element with a nonhydride
former. The hydride forming
potential is closely related to
the difference in the electro-
negativity between a metal

(alloy) and hydrogen. These
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Fig.10 Schematic potential energy diagram for
the absorption and desorption of deuterium
for the Zr-Ni system.
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relation is expressed by the following empirical equation?® 28’ .

(-AHco1)=23s( x v-2.20)2+3.72(s-1) 12

where s is the stoichiometric number of hydrogen in the hydride (MH,, s=2 in the

present study), and ¥ w and 2.20 are the electronegativities of material M (metal or

alloy) and hydrogen, respectively. The values calculated from Eq.12 are plotted against
observed ones in Fig.12. The fairly good agreement between them is observed in spite
of the difference in hydrogen content : namely, experimental values obtained under
relatively low deuterium concentrations comparing with the stoichiometric number of
hydrogen, s, of the hydride equation (2. Nevertheless, Fig. 12 still suggests that elec-

tronic factors play an important role for hydrogen isotope solution and/or hydride
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formation for the Zr-Ni system.

4. Conclusions

On account of the practical impor-
tance for the rates of tritium uptake i ZrsNiy
———— 0

and/or release for hydrogen storage

- AHgaye [ keal-mol™!
N
S
I

ZeeNi ZryNi;
materials, the present study is concern- L —“-9#—'0 ]
. . . . " ZrgNi

ed with the elucidation of alloying ef- L o i 3 B

fect on ab/desorption kinetics of deute- L . i
rium in/from the Zr-Ni system. Based ok

I S R NI R

on the above mentioned results and dis- 0 20 40

' ' _ - AHgps / keal-mol!
cussion, we conclude the followings : ons

1. The absorption of deuterium obeys Fig.12 Acﬁlzga?f: nd(;;jricr:csiﬁtion
the first order kinetics with respect ?}?edé?-rNid:;;igg? formation for
to the deuterium pressure, and the
rate determining step for absorption is the dissociation of deuterium molecules on
the sample surface.

2. The desorption of deuterium obeys the second order kinetics with respect' to the
amount of deuterium absorption, and the rate determining step for desorption is the
association of deuterium atoms on the surface.

3. Alloying Zr with Ni caused to increase the activation energy for absorption ; on
the contrary, the activation energy for desorption decreased. The heat of deuterium
solution and/or deuteride formation was found to decrease with increasing Ni content.

4. The changes in AE,, AE; and - AH were smooth functions of the composition
of the compounds ‘ namely, there is no characteristic feature suggesting the impor-
tance of the crystallographic structures. Consequently, the present results strongly

suggest that electronic factors play important roles to determine the above mention-

ed values.
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