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Abstract

The formation of superabundant vacancies (Vac-H clusters) has been observed in many M—H alloys, but the factors that determine the
equilibrium concentration of vacancies have not been identified yet. To identify these factors, the equilibrium concentration of vacancies
was estimated from lattice contraction measurements on Ni, Co and Pd having a fcc structure, at high temperatures (930-1350K) and high
hydrogen pressures (2.4-7.4 GPa). The results show that the vacancy concentration is not so much dependent on temperature and hydroge
pressure as the hydrogen concentration. In Ni and Co, the vacancy concentrgjiomcfeases linearly with the hydrogen concentration
(xn) for the whole concentration range, reaching~ 0.3 atxy ~ 1.0. In Pd, the vacancy concentration is very small upifo~ 0.6 and
increases linearly thereafter with nearly the same slope as in Ni and Co. The maximum vacancy concentration reacheg in B8d2s
It is noted that the observed difference in the-x relation correlates with the magnitude of the formation energy of Vac-H clusters, which
is very small in Ni and Co and relatively large in Pd.
© 2005 Published by Elsevier B.V.
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1. Introduction As H atoms trapped by a vacancy in fcc metals are known
to occupy positions slightly displaced from nearest-neighbor

Although the vacancy concentration,} in pure metals  O-siteg10], and the number of H atoms trapped by a vacancy

amounts to only,, = 10~ to 10~2 at temperatures around  (r) can be assumed to be< 6, substituting the known values

the melting point, concentrations as high as 0.3 were observedf ¢} andep,, we readily find that the formation energy of a

when Ni and Co specimens were held under high tempera-Vac-H cluster can be reduced nearly to zero or even to a

tures and high hydrogen pressures. This phenomenon calledhegative value.

superabundant vacancy (SAV) formation has been substanti- At low concentrations of the constituents, { xH, x¢ <

ated by the observation of lattice contractidr5], density 1), an application of Boltzmann statistics to the equilibrium

reduction6], enhancement of diffusidi7,8], etc. The mech-  Vac+ rH <« VacH. leads to the relatiofb,9]:

anism of SAV formation is now understood as being primarily

due to the reduction of the formation energy in the presence x| « xj; €xp (—efc'/kT) @3]

of interstitial H atoms. If a vacancy traps H atoms and forms

avacancy-hydrogen (Vac-H) cluster, the formation energy of inwhichxy isimplicitly dependent on the temperatufeand

this cluster é?') should be smaller than the formation energy hydrogen pressurgy. This expression has not been checked

of a vacancy «f) by the sum of binding energiesy, viz. experimentally, however.
[9]: The purpose of this paper is to experimentally clarify
d v the dependence of the Vac-H concentration on temperature,
ef =ef — Ziebi 1) hydrogen pressure and hydrogen concentration. For this
purpose, the lattice contraction caused by SAV formation
* Corresponding author. Fax: +81 3 3817 1792. was measured in fcc Ni, Co and Pd at high tempera-
E-mail address: yuh.fukai@m8.dion.ne.jp (Y. Fukai). tures ( = 930-1350K) and high hydrogen pressures
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Fig. 1. A cross sectional view of the sample cell assembly used for Ni and Co experiments. For Pd experiments, the hydrogen source is replacetl by a stack «
Pd foils having the same hydrogen concentration as the sample. Collimated X-rays are passed horizontally through the sample.
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2. Experimental techniques

The lattice contraction was measured by in situ energy-
dispersive XRD under high temperature (<1350 K) and high ®
hydrogen pressure (<7.4GPa), using a cubic anvil press ®
MAX80 at a synchrotron radiation source in Tsukuba (KEK). I L] |

The MAX80 compresses a sample placed in a solid 36 F o -
pressure-transmitting medium (amorphous boron-epoxy I ‘%
resin composit_e, a cube _of 8mr_n in_edge length) simulta- i ®s00p 00 50 ]
neously from six perpendicular directions. 358 | -

The sample is mixed with BN powder to avoid X-ray I T
absorption and grain growth, encased in a hydrogen-sealing
capsule made by compression forming of NaCl powder, and
placed at the center of the pressure-transmitting medium.
The heating was performed by passing an electric currentgig. 2. Arepresentative dependence of the lattice parameter of Ni measured
in a graphite tube heater surrounding the capsule. A cross-as a function of time under a hydrogen pressure of 3GPa at 1173 K.
sectional view of the sample cell assembly is shown in
Fig. 1L A well-collimated X-ray beam of 0.05 x 0.3mm cell was determined from the lattice parameter of NaCl using
was passed horizontally through the sample. In the case ofa Decker scalgl1].

Ni and Co, which require high hydrogen pressures for hydro- ~ An example of the lattice contraction measurements is
genation, the internal hydrogen source (NaBHCa(OH)) shown inFig. 2 After compression to 3 GPa and subse-
was placed inside the capsule. Thermal decomposition ofquent heating to 1173 K, the lattice parameter was measured
this material is completed at500 K and produces hydro- as a function of time. Since the diffusion of hydrogen is
gen atmosphere around the sample. In the case of Pd, thé&ufficiently fast, hydrogen reaches the equilibrium concentra-
sample was prepared in advance, and the hydrogen sourcdéion in Ni immediately after heating. The difference between
in the sample cell was replaced with the stack of Pd foils the initial atomic volume of hydrogenated Ni and the stan-
hydrogenated to the same concentration as the sample. Thélard atomic volume of Ni under the sameT condition

Pd foils served as a buffer and kept the hydrogen concentra-Without hydrogen was regarded as an expansion caused by
tion of the sample very nearly constdniThe pressure in the

Lattice Parameter [A]

Time [ks]

gen (of concentration H/Pd 0.1). As this effect was suppressed by inserting
Pd of larger volume in the capsule, we inferred that the limited supply of
1 It was recognized that a pure Pd sample, after high-pressure heat treat-hydrogen came from water in the grain boundaries of compressed NaCl
ment without internal hydrogen source, contained a small amount of hydro- powder.



S. Harada et al. / Journal of Alloys and Compounds 404—406 (2005) 247-251 249

hydrogen, and the hydrogen concentration was estimated S5 77— 77—
from this difference divided by the hydrogen-induced volume _ 1%
vy = 2.2A3/H-atomin Ni[12]. The Vac-H concentration,on  ~ Ni-H
the other hand, was estimated from the relation: f-i Ml
g LK ] 108 &
xel = (3Aa/a)/(vR/ Q) 3) Tosl XY S
s =
whereAa/a is the lattice contraction anﬁg/Q is the relax- g & 0“ 402 §
ation volume, i.e. the lattice contraction caused by a unit § 2 [ . ] e
concentration of Vac-H clusters. In the absence of reliable 1 '
data, here we assume the relaxation volufeQ = —0.36, % 't Joq x
which is the average of calculated values for vacancies in = 1 [ ﬁii 1
a number of fcc metal§l3]. Measurements of the lattice ®
parameter of the pure metals performed in the relevant range o L .‘.:. , L L
of pressure and temperature will be reported separately. 0 02 04 06 08 1 0
(a) H conc. [H/M]
3. Results and discussion 5 : : . ’
04
The measured lattice contractiafg/a, in Ni, Co and Pd ]
as a function of the hydrogen concentratiap, is shown & 4  CoH
in Fig. 3a—c The Vac-H cluster concentratiag, estimated 7 los
from Eqg.(3) is also given on the right-hand scale. 8 3
Fig. 3ashows the result obtained for Ni gt = 940- s S} ¢ <
1200K, pyq = 2.4-5.5GPa. The H concentration varies in % ¢ g
a wide rangexy = 0.1-0.8) and the maximum Vac-H clus- % ) o 1°%2 3
ter concentration attained is extremely high ¢ 0.3). This 8 [ "
result suggests that the Vac-H cluster concentration is pri- ?_:_’ =<
marily determined by the H concentration, to be expressed § 4 [ [ Y 101
by an empirical formulag = 0.42xy. - ¢
Fig. 3bshows the result for Co &t = 930-1350K py = t‘
2.0-7.4 GPa. The H concentration was estimated usging 0 P R T SR SR )
1.9A3/H-atom in Co[14]. Thexy—x relation is closely the 0 0.2 0.4 0.6 0.8 1
same as for Nix¢ = 0.38xy. A similar dependence¢ = (b) H conc. [H/M]

0.29xy is reported for Fe—HI15].
Fig. 3c shows the result for Pd—H &t = 920-1120K,
pH = 3.0-5.0 GPa. The H concentration was estimated using ! !
vy = 2.7A3/H-atom in Pd. Atxy < 0.6, the Vac-H cluster ! § 0.12
¢

16 ——T—TT—T—"T T T T T

concentration is too small to be measured by lattice contrac- P
tion, butitincreases linearly aty > 0.6 with a slope similar

to the case of Niand Co. The maximum cluster concentration
xc) ~ 0.12 reached in Pd is smaller than in Ni and Co.

The result obtained for a bcc metal Nb can be quoted
for comparisor{16]. Unlike the method used in the present
work, the Vac-H cluster concentration in Nb was estimated
by electrical resistivity measurements. For H concentrations
of xy < 0.5, the equilibrium concentration of vacancies was
an order of magnitude smalleg < 0.01. The Vac-H cluster i
concentration was nearly proportional to the H concentration; L ; $
xel = 0.022«¢, but it was also dependent on the temperature 0 b
and hydrogen pressure.

The above results show that, in the fcc phase of Fe, (©) H conc. [H/M]

Co, Ni and Pd, the Vac-H cluster concentration is deter-

mined by the H concentration rather than the temperature Fi9: 3. The lattice contraction of the Ni-H (a), Co—H (b) and Pd-H (c)
L. . alloys as a function of H concentration. The Vac-H concentration estimated

{:md hydrogen pressure. We note th.at a distinctive d|fferenceastl — (3Aa/a)/(~0.36) i indicated on the right axis.

in the xy—x¢ relation for Fe, Co, Ni on the one hand and

0.8 |

04

Lattice contraction, -Aa/a(10?)
g
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Pd on the other may be correlated with the magnitude of ple in contact with fluid H constitutes an open system.
the formation energy of Vac-H clustets=or Ni, substitut- Vacancies should be introduced together with H atoms, and
ing ¢f = 1.67-1.78eV[13] ande, = 0.28 eV[17] into Eq. in consequence both vacancy and H concentrations will
(1), we Obtainegl = —0.01t0 0.10eV. For Feyf = 2.65eV increase with time. We therefore regard the SAV forma-
[13] andep = 0.43 eV [18] lead t0ef°' = 0.07eV. For Co, tio_n process as a process of a gradua_ll approach to the
¢! =2.18eV[13] andep ~ 0.35eV givee$' ~ 0.08¢eV. In ultlmate structure M\_/acl—|4,_the mtermedlatt_a _state bemg
Pd, on the other hand, substitutionef= 1.70 eV[19] and a fine-scale fluctuating mixture of the orlglnal_ hydride
ep = 0.15eV[20] into Eq.(1) giveSeEI = 0.80eV, which is MHX and a short-range ordered phasg/MagllmH in the

in reasonable agreement with the value deduced from previ-ratlo (1-a): a. Thus, the average composition should be
ous experiments¢' = 0.72 eV[5]). It can be added that the ~ M1-/4VaGy/aH(1—c)xto- IN terms of the Vac-H cluster con-

cluster formation energy®' = 0.30eV for Nb is also rela-  CEMtration, this can be rewritten as MVgEl(1—ax)x+4v:
. Lo . and the concomitant change of the atomic voluméas=
tively large, and the observedy—x relation is consistent

with the result for Pd in the sense that the cluster concentra—xc'[vg{ +(4- .3x)UH]' The significance ofthl_s expressioncan
tion remains very small up tey ~ 0.5 be assessed in the Nb—H alloys. Substltunﬁgz =0.18-

These results indicate that the correlation betweenjhe 10 = -0.82 andvy/Q = 2.8/20 = 0.14 [14], we obtain

: : : Av/Q = —(0.26 4 0.42x)x¢, With the proportionality coef-
Xl rellatlon and the magnltyde of the cluster formation energy ficient ranging betweer0.26 and-0.47 forx = 0-0.5. The
is quite general, being valid for both fcc and bcc structures.

A simple physical explanation of the observeg—rg average value-0.36 of the coefficient in this range of H con-

relation is not available at present. It is no surprise that giztrrr?gtc;?;lgs]v'?r%g%sj tec;':ihn?aetli\:)enr2?tehfeo\r/:c\fi|cc?gr$c>:/elrr:t\r/:-”-
Eq. (2), valid only at low cluster concentrations, fails at tion from the Iéttice c,ontraction data proved to be appropriate
high hydrogen and cluster concentrations. At best, it can P pprop

be applied to the low-concentration region of the Pd—H numerically, although its physical basis was different.

system and to the Nb—H system. A clue for understanding
the high-concentration behavior of the SAV formation is
provided by the formation of a vacancy-ordered structure
in fcc hydrides (NiVacH;, PdVacH;), which is likely
to be a Lb-type structure. In practice, superlattice lines
manifesting this structure were observed only in few cases
[6], probably because the temperature was too high for
the ordering of vacancies and/or the concentration of
vacancies was too low to stabilize the ordered structure. The
SAV formation data shown irfrig. 3a—cindicate that the
limiting concentrationxc = 1/3 of Vac-H clusters is the
concentration characteristic of this ordered structure. The
repulsive interaction between vacancies, which gives rise to
the vacancy-ordered structure, should be a limiting factor
for the maximum vacancy concentration. The origin of this
repulsive interaction has not been identified, however.

Recently, Ono and Sugimof@1] performed a preliminary
calculation by the Monte-Carlo method for the case of a large
cluster formation energy in the fcc lattice, and succeeded
in reproducing thexy—x¢ relation observed for the Pd-H
system. It was shown that; is nearly zero forxy < 0.5
and increases linearly at; > 0.5 and reachesg ~ 0.1 at
xy = 1. Qualitatively this is believed to be a combined effect
of the configurational entropies of interstitial hydrogen atoms
and M-atom vacancies. As their calculation is in progress,
it is expected that the physical understanding ofithex
relation should be attained in the near future.

Finally, one supplementary remark about the analysis of

: . _ This work has been supported in part by a Grant-in-Aid
the experimental data. In the present experiment, the sam for Scientific Research on Priority Areas A of ‘New Protium

- _ _ Function’ from the Ministry of Education, Science, Sports
In the paucity of reliable experimental data, here we adopt calculated . .
values of the vacancy formation ene@]. For the binding energy, the value e_md Cu_lt_ur_e' XRD data were Obtam_ed ata SynChrO_tron radia-
for Fe is determined in the bce phase, and the one for Co is approximated tion facility in Tsukuba (KEK). We wish to thank T. Kikegawa

by the average for Fe and Ni. of KEK for his general support.

4. Conclusion

In this study the equilibrium concentration of vacancies
was estimated from the lattice contraction experiments on
Ni, Co and Pd having the fcc structure7at= 930-1350K,
pH = 2.4-7.4 GPa. The results show that the Vac-H cluster
concentration is determined by H concentration rather than
the temperature and hydrogen pressure. We note that a dis-
tinctive difference in thecy—x¢ relation for Fe, Co, Ni on
the one hand and Pd on the other can be correlated with
the magnitude of the formation energy of Vac-H clusters. A
physical explanation of the observed—x relation is not
available at present. As the calculation of #pe-x relation
is in progress, it is expected that the physical understanding
of this relation should be attained in the near future.

Note added in proof
Atentative interpretation of thgy—x relation §ig. 3) has

since been re-examined, and a fairly complete understanding
of the overall feature has been attairi2d].
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