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Pressure—composition isotherms of the titanium—hydrogen and Tig,Alg~hydrogen systems have been measured
in the temperature range 673-973 K and hydrogen-concentration range (atomic ratio) 0.01-1. The plateaux of the
isotherms, which correspond to the (x + ) phase region, have been found to slope upward slightly in the
titanium—hydrogen system and to slope upward appreciably in the Tig,Alg—hydrogen system. The observed
sloping plateaux are shown to be explicable on the basis of a lattice-gas model which incorporates in it a
Gaussian distribution of energies of hydrogen in the metals with a standard deviation 0.0015 eV for the titanium-
hydrogen system and 0.01 eV for the Tig, Alg—hydrogen system. Possible origins of the energy distribution are

also mentioned.

Titanium and some of its alloys can abscrb a large amount of
hydrogen and are suitable for hydrogen storage. Alloys of
titanium and aluminium are also potential candidates for
hydrogen-storage materials, particularly light hyvdrogen-
storage materials.! In a practical application for hydrogen
storage, full use is made of the properties of a plateau (such
as the temperature and the hydrogen pressure at which the
plateau occurs and the range of hydrogen concentration over
which it extends) in the pressure—composition (p—0) isotherms
of metal-hydrogen systems.> Amongst these properties is the
slope of the plateau, which plays a crucial role in determining
the efficiency of hydrogen storage.

Sloping plateaux in the p—8 isotherms have been reported
for  alloy-hydrogen and amorphous-metal-hydrogen
systems.>”7 Careful experimental investigations of the
palladium-hydrogen,3-8-19 titanium-hydrogen!! and
hafnium-hydrogen'? systems show that even in pure-metal-
hydrogen systems, in which the plateaux are expected to be
horizontal, the plateaux slope in that part of the isotherm
which corresponds to the two-phase state of the systems, i.e.
to the phase separation. Models to explain the sloping pla-
teaux have been proposed for alloy-hydrogen,'3!4
amorphous-metal-hydrogen'® and pure-metal-hydrogen'®
systems. These models ascribe the slope of the plateaux to a
distribution of the hydrogen-site energies in the metals, as
well as to a hydrogen—hydrogen interaction that is non-linear
with respect to 6.!*'® Although these models are capable of
reproducing the slope of the plateaux, it is not clear whether
or not the plateaux reproduced are associated with the phase
separation. The sloping plateaux observed in the p-6 iso-
therms of the alloy-hydrogen??°® and pure-metal-
hydrogen®-1!-!2 systems do correspond in most cases to the
phase separation and in the Tiy,Alg—hydrogen system, this is
likely to be the case.''!” Some modification of the proposed
models is therefore needed to take into account the observed
phase separation. To do this, we can apply either a rule of
equal areas'® or Maxwell’s rule!® to the isotherms i.e. a con-
dition that a straight line intersecting the p—6 isotherm corre-
sponds to the phase separation and is defined so that the
areas enclosed between the single-phase isotherm and the

+ Permanent address: Department of Materials Science and
Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-
ku, Nagoya 466, Japan.

horizontal line are numerically equal. We then calculate
the plateaux. In fact, Maxwell’s rule has been applied to the
isotherms with two kinds of site energies.2°~2? To our know-
ledge, however, no reports dealing with a distribution of site
energies are found in the literature.

In the present study we have measured the p—0 isotherms
of the titanium-hydrogen and Tiy,Al,—hydrogen systems.
The observed sloping plateaux are compared with a lattice-
gas model, which has been modified to include a distribution
of site energies. The component isotherms that correspond to
the site energies are calculated and Maxwell’s rule is applied
to each of them. The isotherm is then calculated from the
component isotherms and compared with the observed
sloping plateaux. We also mention possible origins of the
site-energy-distribution.

Experimental

Isotherms were obtained by measuring the amount of hydro-
gen gas absorbed by titanium and Tig,Al, samples. The
apparatus and procedure for measurements were the same as
described previously.23~27 In the present study, we took the
precaution of measuring correctly the isotherm in its plateau
region, since the isotherm is likely to be influenced by the
hysteresis'® accompanying absorption and desorption of
hydrogen. Here, we examined the partial reversibility of the
equilibrium hydrogen pressure,?” i.e. whether the same equi-
librium hydrogen pressure was reached or not after the tem-
perature fluctuated by +50 K. The difference between the
equilibrium pressures before and after applying the tem-
perature fluctuation turned out to be less than 2%. This dif-
ference was small enough not to give serious effects on the
observed slope of the plateaux.

We used the same titanium and Tig,Alg samples as used in
the previous study.?” Measurements were made in the tem-
perature range (T) 673-973 K and in the hydrogen-pressure
range (p) 10 '-10* Pa, which corresponds approximately to
the hydrogen-concentration range (0, atomic ratio) 10~ 2-1.

Results and Discussion
Experimental Results

Fig. 1 shows the p—0 isotherms measured for the titanium-—
hydrogen system at the temperatures indicated. For 6 < 0.08,
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Fig. 1 p-0 isotherms of the titanium-hydrogen system; (a) 673, (b)
773, (c) 873 and (d) 773 K. (O), experiment. The solid lines have been

computed from eqn. (10)—(12). &, § and § indicate the phases. For the
values used in the computation, see the text.

titanium is in the hexagonal close packed (hcp) « phase at all
temperatures. The (« + f) coexisting phase begins to appear
near 6 = 0.08 and extends up to 6 = 0.2-0.5, depending on
the temperature. As 0 increases, the body-centred cubic (bcc)
B phase remains, and p increases as § increases. Near 0 = 1,
the coexisting f + & phase begins to form, and a plateau
appears again. (In Fig. 1, these plateaux can only be seen at
673 and 773 K). This observation agrees with previously
reported results.!*-28 If we look closely at the isotherms, we
can see that at 773 K and above, the plateaux slope slightly
upward with increasing 6. In addition, the measured iso-
therms for the « and f phases deviate from the linear
relationship between log 8 and log p, i.e. Sieverts’ law, as they
approach and leave the plateaux, respectively, so that the iso-
therms bend near the plateaux. This can clearly be seen in
Fig. 2, in which the isotherm at 873 K is shown enlarged.
This observation shows the possibility of sloping plateaux
even in pure-metal-hydrogen systems and is consistent with
the results reported for the titanium-hydrogen system at tem-
peratures above ca. 830 K,!! the palladium-hydrogen
system®8%° and the hafnium-hydrogen system.!? In the
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Fig. 2 Isotherm at 873 K shown enlarged: the region between the
vertical bars corresponds to the (« + f) phase, the symbols are the
same as in Fig. 1
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hafnium-hydrogen system, it has been confirmed by in situ
X-ray diffraction that the sloping plateaux correspond to the
phase separation.!?

Fig. 3 shows the isotherms measured for the
Tig,Alg—hydrogen system. They are largely of similar form to
those in the titanium-hydrogen system. In these cases, the
(o + B) phase appears near 6 = 0.07. In contrast to the case
for the titanium-hydrogen system, the plateaux slope appre-
ciably upward as 0 increases and in the « and f phases near
the plateaux we can see considerable deviations from the
linear relationships. This is consistent with previously re-
ported isotherms measured at T > 1073 K.!7 Similar observ-
ations have been reported for the isotherms of several alloy—
hydrogen systems,> in which the sloping plateaux
correspond to the phase separation. Steeper slopes have been
found in the isotherms of amorphous-metal-hydrogen
systems.>*7 In these cases the slopes, however, do not neces-
sarily correspond to the phase separation and the model pro-
posed to explain the slopes!® cannot be applied directly to
the results in the present study.

Derivation of the Isotherm

We calculate the p—f isotherm capable of describing the
sloping plateaux by applying statistical mechanics to a
lattice-gas model.3-18:20-22.2% T¢ o so, a distribution of the
site energies is introduced into the model and Maxwell’s rule
is applied to every component isotherm corresponding to
each site energy. The following two points should be noted
before the calculation is carried out. First, the lattice-gas
model is used in the present study primarily because it is rela-
tively easy, compared with other relevant models, to modify
it so that the distribution of site energies is included, and to
make numerical computations of the isotherm. However, we
must keep in mind the fact that its applicability is not univer-
sal and is limited (as has already been discussed for the
palladium-hydrogen system®). Secondly, when the isotherm
has a sloping plateaux, it is often accompanied by hyster-
esis.2*® It is known that this hysteresis is closely related to the
strain in the metal-hydrogen system as has been reported
previously for the palladium-hydrogen system mentioned
above.>''® The importance of strain for the p- isotherm
must be kept in mind. In the present study, since it is not
clear at present whether or not the strain is a possible main
origin of the sloping plateau, we introduce the site-energy dis-
tribution to account for the sloping plateau.
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Fig. 3 p-0 isotherms of the Tiy,Al,-hydrogen system. The regions
between the vertical bars correspond to the (ax + f) phase. The
symbols etc. are the same as in Fig. 1.
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Simplifying assumptions must be made in order to formu-
late the expression of the isotherm. We first assume that
hydrogen atoms in the metal occupy sites whose energies
follow a distribution, and positions of the sites and the site
energies do not change on absorption of hydrogen. We next
assume that the hydrogen atoms in the metal can interact
with each other. This interaction, however, is assumed to be
only between hydrogen atoms with the same site energies.
The phase change, therefore, can occur only in those parts of
the system associated with these hydrogen atoms.

We comment here on the assumptions made above. The
assumption made concerning the site-energy distribution
seems obvious in alloys,3® especially in random alloys such as
Tig,Alg.3! The distribution in pure metals, however, is not
obvious and will be mentioned later. The assumption made
concerning the unchanging positions and site energies is not
fully justifiable because of the change of the crystal structure
of the metal, which accompanies, for example, the o« — f§
phase change caused by hydrogen absorption. A model in
which hydrogen atoms in the metal create new sites, different
from those in the metal without the hydrogen atoms?° can
better simulate the crystal-structure change. By using this
model, however, it is difficult to reproduce Sieverts’ law at
small 0. No reasonable model of the isotherm that suc-
cessfully incorporates the crystal-structure change now seems
available. We also cannot fully justify the assumption made
concerning the interaction, although since the sites with
smaller site energies are more densely populated by hydrogen
atoms and the interaction prevails between these hydrogen
atoms, this assumption does not seem to be totally unjustifi-
able. To simulate more precisely the isotherms, we need to
have recourse to a microscopic description. Unfortunately
such a description requires a large amount of numerical com-
putation and is not feasible unless a simplified method is
used, as has been done to simulate the isotherms of the
palladium-hydrogen system,*? where embedded atom poten-
tials, which are rather empirical, have been used. In the
present study we are content to use the outcome of these
assumptions, i.e. to see to what extent the sloping plateaux
are reproduced on the basis of the assumptions, without
making more efforts to justify them.

We now formulate the expression for the isotherms. Con-
sider a system comprising N, metal atoms with N sites
available to Ny hydrogen atoms. The Ny sites are divided
into sites of a given number of kinds, a representative of
which we denote by i. We thus have

Ny =) Ny t)
Ny=Y N @
Ng=3 Ng=3 r'Ny 3)

where the superscript i indicates the ith kind and r is the
number of sites per metal atom. The sum is taken over all
kinds of sites. We define the density of sites of the ith kind as

d' = Ni/Ng @)

This is the distribution of kinds of sites and, therefore, of site
energies. The hydrogen concentration is written for the
system as

x = Ny/Ng (5)
and for the site of the ith kind as
x* = Ny/Ng (6)

We assume the heat of hydrogen absorption into the site of
the ith kind, &', increases as (3)k(x)* where k' is a constant.
The expression ($)k’(x)? is of the same form as the hydrogen—
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hydrogen interaction obtained by using the mean-field
approximation, and is usually discussed in terms of the strain
caused by the absorption of hydrogen.”®3®> A more precise
form, which we do not seek in the present study, may be
obtained, e.g. from total energy calculations of the system at
different hydrogen concentrations.” The partition function for

hydrogen atoms in the metal is thus written as?°
iy

Z =[] =—————— exp[Ni & + (1/2ki(x)/ky T] (7

[T Nnr —igr ©PIVe + (/2K ke TT ()

where [] denotes the product over all the different kinds of
sites. From eqn. (7), we have for the chemical potential of the
hydrogen atoms in the site of the ith kind

xi

— & —kixt 8)
1—x

w=kyT In

Hydrogen atoms in each kind of site must be in equilibrium
with hydrogen gas outside the metal:

W= (1/Dpw, ©)

where the subscript H, denotes the hydrogen molecule.
Inserting eqn. (8) into eqn. (9), we have the component iso-
therm of the ith kind:

xl

% exp(e’ + kix'/kg T) = a(T)p*? (10
The right-hand side of this equation comes mainly from the
partition functions for hydrogen atoms in the metal and
hydrogen molecules in the gas phase and «(T) is approx-
imately proportional to T7/4.7:16:18.20 Since eqn. (4)—(6) give
the relationship between x and X', i.e.

x=Y dix (11)

we have, from eqn. (10) and (11), the p—x isotherms. For the
convenience of comparison with the measured isotherms, the
hydrogen concentration is converted from x to 8 (atomic
ratio). Using eqn. (1) and (5), we have 6 = Ny/Ny, = xNg/
Y. Ni, which can then be rewritten as

0 = x/3 (d'/r') (12)

because Ni; = (d'/r)Ng from eqn. (3) and (4). The p-8 iso-
therm is given by eqn. (10)—(12). The distribution, &', of ¢,
together with r' and k', will be determined when the derived
p—-0 isotherm is compared with the experimental result.

Comparison between the Measured and Derived Isotherms

Fig. 1 shows, for the titanium-hydrogen system, a compari-
son of the measured isotherms with those derived as above.
The solid lines are the result of fits of eqn. (10)-(12) to the
measured isotherms. The method of computation of the iso-
therms is as follows. Values of x' and p in eqn. (10) (the com-
ponent isotherm) are computed for every site energy at a
given temperature. Maxwell’s rule is then applied to the com-
ponent isotherms. For a given value of p, the hydrogen con-
centration of the system [x in eqn. (11)] is computed from the
component isotherms and then converted to 6 by using eqn.
(12). Repeating this procedure for other values of p, we have
the p—0 isotherm of the system. Values used for the param-
eters in eqn. (10)—(12) are as follows. Some of them have been
determined by least-squares fits of eqn. (10)—(12) to the mea-
sured isotherms and are shown with errors; the others have
been chosen so that eqn. (10)—(12) best simulate the measured
isotherms, and are shown without errors. Two distributions
of ¢ are considered in order to reproduce the two coexisting
phases, i.e. the (x + f) phase (the plateaux at lower hydrogen
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concentrations in Fig. 1) and the (8 + J) phase (the plateaux
at higher hydrogen concentrations at 673 and 773 K). For the
(¢ + p) phase, we use ri=1 Kk'=040+008 eV,
log a(T) = —3.9 + 1.3 and a Gaussian distribution of the site
energies and &' with the standard deviation 0.0015 eV and the
mean 0.25 + 0.20 eV while for the (8 + &) phase, ' =2,
k' =025 eV, log a(T) = —6.2 and ¢ = 0.6 eV. The distribu-
tion, d, of ¢ [eqn. (4)] is normalized as ) d'=1. We
compute the component isotherms for 50 values of &' in the
range 0.243-0.257 eV and for a value & = 0.6 eV. The dis-
tribution for the (8 + &) phase (¢ = 0.6 €V) has been con-
sidered only to improve the fit in the (x + ) phase region
and not to simulate precisely the plateaux in the (f + 9)
phase region. Nevertheless, owing to the presence of the
a — B phase transformation of pure titanium at 1155 K,?® the
computed isotherms cannot very well reproduce the experi-
mental result. The error involved in &' for the (« + f) phase
(0.25 4+ 0.20 eV) seems to be rather large. The reason for this
large error is that the position and range of the plateau is
closely related to the value of ¢, and the plateau can be rela-
tively well simulated even by a nearly horizontal curve that
corresponds to the isotherm without the phase separation,
and therefore to the isotherm computed for a rather different
value of ¢. The mean £(=0.25 eV) for the (« + §) pbase
differs considerably from the value of the heat of hydrogen
absorption, ¢ = 0.48 eV reported previously for the o phase.?”
This difference arises because we have intended in this study
to simulate the plateaux and so have introduced the
hydrogen—hydrogen interaction, while we tried in the pre-
vious study to reproduce the isotherm of only the a phase.
We can see that the introduction of the distribution of &
makes it possible to reproduce the slope of the plateaux and
the bend of the isotherms in the « and f phases near the
plateaux. To see this more clearly, we show enlarged, in Fig.
2, the isotherm at 873 K. Note that the bend in the computed
isotherm is due to the distribution of & and therefore includes
the coexisting phase, and corresponds to the phase separa-
tion. Experimental evidence for this may be difficult to
observe, because the amount of either of the two coexisting
phases is too small to detect, e.g. with X-ray diffraction.

The origin of the distribution of ¢ in pure titanium is not
obvious and needs to be commented on. As we can see in Fig.
1, the measured plateaux have slightly larger slopes at higher
temperatures. This is in accordance with a previously re-
ported result.!’ A simple, possible explanation of this fact is
that the motion of hydrogen atoms and metal atoms is
greater at higher temperatures, hence the broader distribu-
tion of &. This explanation is consistent with that suggested
for the larger width of inelastic neutron scattering (INS)
peaks at higher temperatures, i.e. greater diffusion of hydro-
gen atoms and interaction of phonons of the metal at higher
temperatures.>* In the palladium-hydrogen system, we can
clearly see the sloping plateaux in the isotherms measured at
ca. 300 K.3>® This may also be explained in terms of the
motion of hydrogen atoms in palladium. According to the
calculation of vibrational states of hydrogen atoms in palla-
dium, the energy required for a hydrogen atom to move from
one site to another is rather small,3® suggesting that even a
small hydrogen-atom energy can effectively cause a distribu-
tion of &. In addition, the INS peaks measured for hydrogen
atoms in palladium?®%-*” have some structure, which has been
ascribed to the motion of hydrogen atoms and palladium
atoms. An origin of the distribution of &' for pure metals is
thus expected to be the motion of hydrogen atoms and of
metal atoms.

In Fig. 3, the isotherms measured for the
Tig,Alg—hydrogen system are compared with those com-
puted. The steeper slope of the plateaux and the greater bend
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of the isotherms near the plateaux, compared with the
titanium-hydrogen system, imply a broader distribution of &'.
In fact, values of the parameters used in the computation are
r=1, k=036+007 eV, log a(T)= ~45+ 12 and a
Gaussian distribution of ¢ with a standard deviation of 0.01
eV and a mean of 0.36 + 0.19 eV for the (x + ) phase and
=2 ki=03eV, log a(T)= —5.9 and & = 0.5 eV for the
(B + ) phase, the standard deviation being larger for this
system. The values with errors have been determined by the
least-square fit and those without errors have been chosen as
done in the case of titanium. The distribution with a larger
standard deviation for Tig,Als seems reasonable, considering
the possible sites for hydrogen atoms in other alloys*® and
the chemical environment induced by substitutional alu-
minium atoms, whose electronic structure is highly different
from that of titanium atoms. Note, however, that no clear
evidence of the distribution of ¢’ for Tiy,Alg have been found,
although electronic-structure calculations of some titanium—
aluminium and titanium-aluminium-hydrogen alloys have
been made.>®*° Apart from the fact that the origin of the
distribution of &' is not fully elucidated, we can say that the
computed isotherms well reproduce the characteristics of the
observed slope and bend in the measured isotherms.

Conclusions

The pressure—composition isotherms of the titanium—- and
Tig,Al—hydrogen systems have been measured. Sloping pla-
teaux were observed in the coexisting-phase region and so
was a bend in the single-phase regions near the plateaux. It
has been shown that the sloping plateaux and the bend are
explicable on the basis of the site-energy distribution for
hydrogen atoms in the metals. In the titanium-hydrogen
system, the origin of the distribution has been suggested to be
the motion of hydrogen atoms and of metal atoms, while in
the Tig Alg—hydrogen system, it has been suggested to be the
presence of substitutional aluminium atoms, in addition to
the motion of the hydrogen and metal atoms.

The authors thank T. Tsuchiyama for technical assistance in
measuring the hydrogen pressure and T. Tsuboi for numeri-
cal computations of the isotherms.
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