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Abstract

Solubility of H, gas and diffusion of H interstitials were studied in drogMnogVo1FeysNios, (Tio1Zr0.9)1.1MNogVo1Fe&sNigs and
Tip.1ZrooMngoVo1FeysCays alloys with C14 hexagonal structure. Data were taken between 400 andCH@@r H, gas pressures up
to 100 mbar and H concentrations up to 0.012H atoms per host-metal formula unit (solid solution phas®otgtion is exothermic,
and the partial enthalpy of solution per H atom-i§210+ 10) and—(2484+ 10) meV for the two alloys Fi1ZrpoMngoVo1FesNigs and
(Tio1Zro9)1.1MngoVo1FeysNigs, respectively. The diffusion coefficient of the H interstitials was determined for all three samples from the
kinetics of H, gas absorption. At 500, the diffusion coefficients are 5 x 10~° cnPs™2, with activation energies between 292 and 423 meV.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental details

Zr-based AB Laves phase H-storage alloys are promis- The Tig.1ZrogMnggVo1FegsNigs, Tig1Zro.9MngogoVo.1
ing candidates for the negative electrode in Ni-metal hydride FeysCops and (Tb.1Zro.9)1.1MnogVo1FensNigs alloys
batteried1-3]. The battery performance depends on H solu- were prepared from the constituent elements in an arc fur-
bility and absorption kinetics, where the latter involves also nace under an argon atmosphere of about 0.8 bar. The sam-
H diffusion within the alloys. ples were remelted six times by turning them upside down

This paper reports experiments in which we studied to ensure homogeneity. X-ray powder diffraction (Feta-
H, gas solubility of and H diffusion in the three Zr- diation) confirmed for all investigated alloys C14 hexagonal
based Laves phase alloysoT¥ZrooMnggVo.1FeysNigs, structure with space group6s/mmc. Other phases were not
Tig.1Zr0.9MngoVo.1Fen5C0op 5 and (Th.1Zrp.9)1.1MNogVo.1 observed. The lattice parameterandc are listed inTable 1
FepsNigs. The experiments were performed between 400 Hy gas solubility was determined in a vacuum system
and 600°C and for small H concentrations ranging up to equipped with a temperature-controlled sample cell (accu-
r = 0.012, wherer is the number of H interstitials per host- racy+0.3°C) and a sensitive membrane pressure gauge. The
metal formula unit. For all investigated alloys, the small H investigated alloy in the cell was exposed tod4s (pressures
concentrations guaranteed that H was in solid solution ( between 0.1 and 100 mbar) and the absorbed H concentra-
phase). Our experiments differ in this respect from previous tions were determined from the pressure decrease following
H absorption studies on the same alloys, carried out with high absorption.
H concentrations (up to= 3.4) [4]. The diffusion coefficient of the H interstitials in the es-
sentially spherical alloys (radik between 3.0 and 3.1 mm)
was determined from the time dependence of the pressure
decrease in the sample cell during the absorption process. In
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this situation, a prerequisite for measuring a true diffusion co-
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Fig. 1. Hydrogen absorption isothermg 1Zro.9Mng oV 1FensNigs (left) and (Th.1Zro.9)1.1Mnp.gVo.1FensNigs (right). For the indicated temperatures, the
square root of the plgas pressure is plotted vs. H concentration

efficient is that H absorption kinetics is dominated by bulk the entropy per gas molecule. Furthigy, is the partial en-
diffusion, and not by surface barrier effects. Therefore, we thalpy andsi{ is the non-configurational part of the partial
performed measurements only at and above°@Where entropy of a H interstitial in the respective alloy. The total
surface barriers become less important. The consistency ofpartial entropy of the H interstitials is the sumsgf and the
our results for the diffusion coefficients will also show that configurational partial entropykg In(r/ro), whererg is the
bulk diffusion dominated the absorption kinetics. number of interstitial sites per host-metal formula unit. The
value ofrg is not precisely known, or at least under discussion
[10], so that we arbitrarily assumg = 1. It is obvious that
3. Results and discussions a differentrg value, for instanceo = n, will add the term

3.1. Hydrogen solubility

—kg In(n) to s andAs©) [5-9].
With the two quantitieszh and As(®"<) above, the rela-
tionship between H concentratiorand H gas pressurg

Fig. 1 presents the H absorption isotherms obtained can be written af5—-9]
from the Tb.1Zr0.9Mno.gVo.1FensNios and (Tb.1Zro.9)1.1-

Mng.oVo.1FeysNig 5 alloys, respectively. For each tempera- Al A7)

ture, H concentrationis proportional to the square root ofH r exp () exp( 5 ) (1)

gas pressurg. Therefore, the isotherms obey Sieverts’ law 70 po keT ks

[5-9] which demonstrates that H-H interaction effects are

negllglble and, in particular, that the H was in solid solution whereT is the temperature arkb is the Boltzmann’s con-
in the investigated H concentration and temperature range. stant.

H absorption is quantitatively described by the partial en-  Our numerical results forrs and As©7¢) were ob-
thalpy of solutionA# and the non-configurational partial en-  tained by standard procedure from the absorption isotherms
tropy of solution As(®<) [5-9]. For the present pressures [5,6,8,9]and are collected iffable 1 The fact that Sieverts
where an ideal K gas can be assumed these two quantities |aw holds means thats andAs©¢) are concentration inde-
are defined by\h = hy — 3hy, andAs©@79) = gi¢ — 35D, | pendent. The present absorption data show further that these
wherehy, is the enthalpy per plgas molecule ans{?|2 is, two quantities do also not exhibit any temperature depen-
for a standard reference presspe= 1 atm= 1.01325 bar, dence within experimental accuracy.

Table 1
Comparison of results for lattice parameteendc, partial enthalpy of solutiomy 2, non-configurational partial entropy of solutiowz©-7<) diffusion coefficient
D at 500°C, activation energ¥ and pre-exponential factddg

Alloy a(®) ¢ (A) —Ah (meV) —As(n) (meV/K) D (500°C) (cn?/s) E (meV) Dg (cm?/s)
1 4.993 8.152 21610 056+ 0.10 (594 0.5) x 1075 423+ 25 35x 1072
2 5.014 8.200 24& 10 056+ 0.10 (43+05) x 1075 292415 40 x 1073
3 4.990 8.161 - - (#+0.5)x 10°° 320+ 44 60 x 1073

Alloy 1, 2 and 3 represents diZro.gMng gV 1FensNios, (Tip 1Zr0.9)1.1MnogVo.1Fey sNigs and Th 1Zrp9MnogVo.1Fey 5Can s, respectively.
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3.2. Hydrogen diffusion 1 T T T T T T 1

— O (Tig1 Zrog)y.1 Mng g Vg 4 Feg 5 Nig 5
""" A (Tig 1Zrg.g) Mg Vg 1 Feg 5Cog 5
< === DO(Tig 1Zrg g) Mg g Vg 1 Feg 5 Nig 5

Fig. 2 presents, for the §ihZro.9MnggVo.1FeysCops al- m
loy, examples for the time-dependent pressure decrease in the 104
sample cell due to figas absorption after the gas was admit-
ted at timer = 0. The data were taken at different tempera-
tures and it is clearly seen that the absorption rate increases

I

= |
with increasing temperature, as expected for a thermally ac- oy i
tivated diffusion process. 5
The pressure decrease describes the amount afad a ]
absorbed by the respective alloy. For an absorption process
controlled by bulk diffusion in a spherical sample with radius i
R, the absorption-induced variation of presspifg with time
t can be written afl1]
105 T I R NN R SN R

® 4 220 11 12 13 [ru;k) 15 16
p(t) — ps 6 —n 1000/T (1
= 2 eee( ) @ |

n=1 Fig. 3. Arrhenius plot of the diffusion coefficient of H in @liZrog)1.1-

. . . . . L MnogVo.1FensNios, Tio.1Zro.9MnogVoi1FesCans and To.1ZroeMno.ge-
where D is the diffusion coefficientp; is the initial pres- VoiFesNigs. The diffusion coefficient is logarithmically plotted vs.
sure at timer = 0 and ps is the final pressure for = co. reciprocal temperature.

The normalized presentation of the pressure decrease in Eq.
(2) is identical to that of the data iRig. 2 Eq. (2) con- The solid, broken and dotted lineshig. 3were fitted to

siders a diffusion process with constant H concentration at gy data for an Arrhenius relatidd = Dg exp k—% . Where
the sample surface. This is not entirely correct singegbls ®
absorption implies a decreasing presse@ and, thus, a de-
creasing equilibrium H concentration at the sample surface.
Therefore, the total pressure decreagse- pr was always
kept sufficiently small againgt; in order to make this effect
negligible.

Using Eq(2), we determined diffusion coefficiensfrom
our data with the help of a fit routine. The solid fitted curves
in Fig. 2demonstrate that E(R) provides a good description
of our data. This supports a diffusion dominated absorption
since effective surface barriers would lead to an absorption
behavior different from Eq(2). The diffusion coefficients
obtained for the three investigated alloys are collected in
Fig. 3

Do andE are the pre-exponential constant and the activation
energy, respectively. The lines describe our data well which
again makes a noticeable influence of surface barriers un-
likely since such barriers are particularly effective at lower
temperatures and would, therefore, simulate an additional de-
crease of the measured diffusion coefficient at lower temper-
atures, thus causing deviations from an Arrhenius relation.
The values folE and Dg, as determined from the fitted lines
in Fig. 3are presented ifable 1 together with the value of
D at 500°C.

The presently determined (chemical) diffusion coefficient
D describes the H flux in a H-concentration gradient accord-
ing to Fick’s first law[5,12—15] This diffusion coefficient
is of potential relevance in technological applications since
it describes absorption or desorption kinetics in a diffusion
dominated situation. It has, to our knowledge, not yet been

T J T T T T

Tio 1 Zrs MNgs Vo1 Fegs Cops | measured for Zr-based AB aves phase alloys. In previous
i studies, the self (or tracer) diffusion coefficidie s was de-
< = 600°C 4 termined which characterizes diffusion of a single (tagged)
' e H interstitial, even in the absence of H concentration gradi-
v 400°C | ents. AlthoughDserapplies to a different situation and differs

7 generally from the chemical diffusion coefficiebt it is in-
teresting to compare our results for as given inTable 1,

:\\\K — with literature data forDsejs Of H in the two representative
¥

(p(t) - pf) / (pi

Vo e Laves phase alloys dZrp2CrMn [16] and ZrCp [17] (see

T R further references ifiL6,17]). At 500°C, the Dgejs values in
500 1000 1500 2000 these alloys, obtained by a high-temperature extrapolation,

t(s) are 11 x 10~5cm?/s [16] and 16 x 10~%cn?/s [17], thus

Fig. 2. Hy gas pressure decrease following H absorption igyi being somewhat smaller than our resultsforConsidering

T 114705~ . . i i .

MnasVo1FensCoos as a function of time. The pressure decrease is given finally the activation energies, we find that the reported data,
in the normalized form () — pr)/(pi — pr), wherep(t) is the pressure at 220 meV[1.6] and 136 me\{17], vary much more than our
times, p; the initial pressure ang is the final pressure. values which are between 292 and 423 meV.
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4. Conclusion
H> gas solubility of and H diffusion in Bi1Zrog

MnogoVo.1FensNigs, Tig1ZrogMnogoVoi1FesCas and
(Tig.1Zro.9)1.1Mng gVo.1Fep sNigs were studied for low H
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[3] P. Dantzer, in: H. Wipf (Ed.), Hydrogen in Metals lll, vol. 73, Springer-
Verlag, Berlin, 1997, p. 279.

[4] M. Kandavel, S. Ramaprabhu, J. Phys.: Condens. Matter 15 (2003)
7501-7517.

[5] Y.Fukai, Springer Series in Materials Science, vol. 21, Springer-Verlag,
Berlin, 1993.

concentrations (solid solution phase). The partial enthalpy [6] R. Speiser, W.M. Mueller, J. P. Blackledge, G.G. Libowitz (Eds.), Metal

of solution and the non-configurational partial entropy
of solution for the (exothermic) absorption process were
determined. The diffusion coefficients follow an Arrhenius

relation with activation energies between 292 and 423 meV.

At 500°C, the diffusion coefficients have a value of
~5x 1072 cmé/s.
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