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Abstract

A statistical thermodynamics approach based on the cluster variation method (CVM) is put forward for designing new Pd-based membrane
materials. The tetrahedron approximation of CVM coupled with effective pair potentials is used to describe the phase boundaries between o- and
B-phases in Pd-alloys—hydrogen systems. The model takes into account the volume changes during a—f3 transitions, and the possible order—disorder
transitions. In principle, the method allows to predict the phase boundaries of new, not yet synthesized, ternary alloys using effective pair potentials

determined based on experimental data of known binary Pd-alloys.
© 2006 Published by Elsevier B.V.
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1. Introduction

Commercial Pd-based membranes are not yet suitable
for long-term use as repeated cycles of hydrogen absorp-
tion/desorption lead to embrittlement caused by the hydride
formation and subsequent decomposition. The development of
suitable Pd-based membranes requires new alloys that meet cer-
tain criteria such as, e.g. critical temperature for the hydride
formation below operating conditions, high hydrogen solubility
and permeability, minimal stress development, poisoning resis-
tance, etc. The knowledge and prediction of the phase stability of
the a-metal solid solutions and the 3-hydride phases formed dur-
ing hydrogen absorption in Pd-alloys is particularly important
for this purpose. Although experimental data on hydrogen sol-
ubility and thermodynamic properties of hydrogen in numerous
binary Pd-alloys are available in literature [1,2], data for hydro-
gen in ternary or multicomponent alloys, which are of interest
for practical applications, are scarce or absent. In this paper
a statistical thermodynamic approach for describing the phase
stabilities in Pd-alloys—H systems is put forward.

Pd-alloys—hydrogen systems are interstitial solid solutions:
Pd and many of its alloys (with small content of alloying ele-
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ments) have fcc crystal structures. The hydrogen atoms occupy,
in most of the cases, the octahedral interstitial sites formed by
the close-packed metal lattice [3]. The occupation of interstitial
sites may result in pronounced distortion of the metal matrix
resulting in strain-induced interactions, which could lead to
order—disorder transitions. Thus the thermodynamic modeling
of such systems should be capable of describing these effects.
The cluster variation method (CVM) [4-6], used in this work,
provides a reliable way to estimate the configurational entropy
and to predict thermodynamic properties of systems showing
order—disorder transitions [6—10]. The tetrahedron approxima-
tion of CVM is applied to model the a—[3 phase boundaries and
the site occupations in the B-hydride phase in Pd-alloys—H sys-
tems. In particular, the method is applied to the Pd-Ni—H and
Pd-Rh-H systems. The calculated phase boundaries are com-
pared with experimental data. The effect of alloying on hydrogen
solubility and on the short range ordering (SRO) of H in the B-
hydride phase is assessed. The method is further used to predict
the a—(3 phase boundaries of ternary alloy—hydrogen systems
(Pd-Ni—Rh-H) by using effective pair potentials of the binary
alloys.

2. Methodology

The tetrahedron approximation of CVM is chosen to describe fcc Pd—M sub-
stitutional alloys containing interstitial hydrogen atoms. It is assumed that the
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Table 1

Effective Lennard—Jones parameters used to model the a—@ phase boundaries in Pd(100—x)Ni,—H and Pdj09—xRh,—H systems

System Pair &0 (kJ/mol) g0 / 8%“7\,36 O (nm) 70 / r(\)/ac—Vac
Vac—Vac 63.213 1.0000 0.27429 1.0000
PdgsNis—H H-Vac 0.6810 1.0375
H-H 22.416 0.3546 0.28902 1.0537
Vac—Vac 63.623 1.0000 0.27328 1.0000
Pdgg 4Nig ¢—H H-Vac 0.6885 1.0390
H-H 23.093 0.3630 0.29012 1.0616
Vac—Vac 64.104 1.0000 0.27209 1.0000
PdgsNijs—H H-Vac 0.7000 1.0425
H-H 23.891 0.3727 0.29345 1.0785
Vac—Vac 64.238 1.0000 0.27478 1.0000
PdysRhs—H H-Vac 0.6855 1.0370
H-H 23.591 0.3673 0.29013 1.0558
Vac—Vac 65.708 1.0000 0.27457 1.0000
PdgoRhjo—-H H-Vac 0.6930 1.0365
H-H 25.246 0.3842 0.28907 1.0528

interstitial atoms only occupy the octahedral sites formed by the close-packed
metal lattice. Hence the interstitial lattice has also an fcc structure. The system
comprising two fcc sublattices (binary Pd—M metal lattice, and binary H-Vac
interstitial lattice) is modeled as a binary H-Vac system in the effective field cre-
ated by the metal lattice. The I-sublattice is subdivided into four interpenetrating
fce sublattices, denoted by «, 8, y and §. For each of these four sublattices the
site occupation is described by i, j, k and [, respectively. The indices i, j, k and
1, can take the values of 1 or 2 whether the sites are occupied by H or Vac [11].
The distribution variables of the tetrahedron cluster are denoted by ngzlya and
represent the probability that a tetrahedron has the configuration i, j, k, [, on the
lattice sites «, B, y, 8, respectively. The grand potential function, 2, is used to
calculate the equilibrium states. For each phase, the grand potential per lattice
site is defined [7] as:

2

QU.T I i =U =TS+ pV = xa+1 [ 1= Zyw )
n=1 ijkl

where U and S describe the energy and the entropy per lattice site, respectively,
T the temperature, p the external pressure, V the volume per lattice site, x, the
mole fraction of component n (n=1, 2) in the phase considered and p;; is the
effective chemical potential defined as w); = w, — (1 + p12)/2, where w, is

the chemical potential of component . The term A | 1 — ZZi jki | expresses
ijki

the constraint that the cluster distribution variables are normalized, A being a
Lagrange multiplier. The internal energy U and the entropy S of the system
are described as functions of cluster and subcluster distribution variables [11].
The vibrational contributions to energy and entropy are not considered in the
calculations. The internal energy is taken as the weighted sum of the internal
energy of all occurring tetrahedrons. The internal energy of each tetrahedron is
described as the sum of the pairwise interactions within the tetrahedron. An 8-4
type Lennard—Jones (L-J) potential is used to describe the volume dependence
of the effective pair interactions [7]. The L-J parameters describing the H-H
and Vac—Vac effective pair interactions are determined based on the cohesive
energies and lattice parameters of, respectively, the fully hydrogenated and the
hydrogen free alloys as described in [12]. The parameters describing the H-Vac
effective pair interactions are obtained by fitting to the phase boundaries, i.e. the
parameters were optimized by trial and error so to achieve a good agreement
between the calculated and the experimental compositions at the phase bound-
aries at one temperature. The values of the L-J parameters used to describe the
systems discussed in this paper are given in Table 1.

For a given temperature, T, and fixed effective chemical potentials, j;, the
equilibrium state of the system corresponds to those configurations that minimize

the value of the grand potential 2(V, T, /f{, ué). The natural iteration method
[5,13]is used to minimize $2(V, 7, u}, 113) with respect to the cluster distribution
variables and volume. Atmospheric pressure is taken as the reference pressure p.
The thermodynamic equilibrium between two phases, here the a-solid solution
and B-hydride phases, is determined by the T and ™ for which the £2’s are the
same for both phases. In this way the concentrations and the lattice parameters
of the phases in equilibrium are determined.

3. Results and discussion

The phase boundaries between a-metal solid solutions and
[B-metal hydrides were calculated for a number of binary Pd-M
alloys with different content of alloying element M. Correlations
between the effective L-J parameters and the content of alloying
element were derived and subsequently used to predict the phase
boundaries in multicomponent Pd-M1-M2-H alloys. Due to
space limitation we will discuss just a few examples, more results
and further applications will be described in [12].

The calculated and experimental data of a—3 phase bound-
aries for Pd(j0o—xNi,—H and Pd(190—xRh,—H systems are
shown in Fig. 1. The phase boundaries calculated by using the
L-J parameters given in Table 1 are represented by lines, the
experimental data by symbols. The experimental data shown in
Fig. 1 are the compositions at the phase boundaries (i.e. atomic
ratio H/(Pd+ M) contents at oyax and Bnin) determined at a
given T by extrapolation [14] from the pressure-composition
isotherms reported in [15,16]. The calculated (a+ 3)/ phase
boundaries are in better agreement with the experimental data
than the o/(a+3) phase boundaries. Part of the discrepancy
can be assigned to the difficulties in the determination of
the experimental omax because of (i) the very low (below
0.05 atomic ratio H/metal) H-content and (ii) the non-ideality
of the solvus formation causing errors in the extrapolation.
Nevertheless, the model seems to underestimates the omax
compositions at a given 7, and also the temperature dependence
of the amax compositions seems to be not correctly described.
This can most probably be attributed to the fact that the model
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Fig. 1. Comparison of experimental (symbols) and calculated (lines) phase
boundaries in Pd(joo—yNi,—-H with x=5, 9.6 and 15at.% Ni, and in
Pd(100—xRh—H systems with x =5 and 10 at.% Rh. Symbols: experimental data
for (#) PdysNis—H [15], (A) Pdgo4Nig—H [15], (M) PdgsNijs—H [15], (@)
PdosRhs—H [16], and (x) PdgoRh;o—H [16] systems. Lines: phase boundaries
calculated with L-J parameters given in Table 1.

does not take into account the elastic/vibrational effects. These
generally bring phase boundaries of low interstitials containing
alloys to higher compositions [17].

In view of the above, it can be concluded that the model
describes well the increase of the maximum hydrogen solubility
(omax) 1in the a-phase, and the decrease of the minimum hydro-
gen absorption capacity (Bmin) in the (3-phase, with increasing
Ni content in Pd(j00—x)Ni,—H systems, as well the increase of
the minimum hydrogen absorption capacity with increasing Rh
content in Pd(19p—x)Rh,—H systems.

The results shown in Fig. 1 demonstrate that the model is able
to describe the effect of the choice of the alloying element (Ni
and Rh) and its concentration on the phase boundaries. Similar
results were obtained for the case of other Pd-M-H systems;
some examples will be discussed in [12]. The analysis of the
values of the L-J parameters used to calculate the phase bound-
aries in Pd(100—x) Ni,—H and Pdj 00— Rh—H systems shows that
the strength of the effective field of the metal sublattice and the
relative interaction strength between nearest-neighbor occupied
(H) and unoccupied (Vac) interstitial sites determine the phase
boundaries (see Table 1).

The relative interaction strength between hydrogen and
vacancies could also induce SRO in the 3 phase. This is demon-
strated by comparing the site occupancies of the tetrahedron
clusters calculated for a fixed composition and 7T from the
cluster distribution variables Zf;@’a obtained by CVM, with
those corresponding to a random distribution of atoms at the
same composition (here taken as 38 at.% H=0.61 atomic ratio
H/(Pd + M)). In Fig. 2 the presence of SRO at room temperature
in the 3 phase of Pd and Pd—M alloys is obvious. In all cases, the
CVM results indicate a larger fraction of tetrahedrons occupied
with two or three H atoms, and a smaller fraction of empty tetra-
hedrons and tetrahedrons occupied by one or four H atoms than
those of a random distribution. Moreover, a small effect of the
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Fig. 2. Fraction of tetrahedron clusters containing 0—4 H atoms (@) or vacancies
(O) occurring in the B-hydride phase of Pdj0o—x)M,—H systems for an H content
of 38 at.% at 298 K as obtained from the CVM and for a random distribution.

alloying element on the occupation of tetrahedrons with respect
to those in Pd can also be observed.

For the given Pd(jpo—xMx—H systems, the L-J parameters
used to describe the phase boundaries are found to depend
linearly on the concentration of alloying element. Based on
these relations the L-J parameters for any metal content can be
estimated and used to predict the corresponding phase bound-
aries. Furthermore, the L—J parameters obtained for binary Pd-M
alloys with hydrogen can be used to predict the L-J param-
eters for ternary or multicomponent Pd-alloys with hydrogen,
thereby using the weighted averages of all the L-J parameters
of the corresponding pairs of the binary Pd-alloys included in
the multicomponent alloy.

Some examples of predicted (a + 3)/ phase boundaries in
Pd(100—2x)NiyRh—H systems, with x=2.5 and 5 at.% are shown
in Fig. 3. In these cases the L—J parameters are obtained by aver-
aging the L-J parameters used to describe the Pd(joo—xNi,—H
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Fig. 3. Prediction of the (a+3)/B phase boundaries in Pdjpo—2y)Ni,Rh,—H
systems. Symbols: experimental data for (@) PdosNiysRhys—H [18], (H)
PdgoNisRhs—H [18] systems. Lines: predicted phase boundaries (see text for
explanations).
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and Pd(j00—xM,—H systems. The calculated phase boundaries
are in rather good agreement with the experimental results.
These results suggest that the present approach allows to predict
the a—f3 phase boundaries of new, not yet synthesized, ternary
alloys.

4. Conclusions

The tetrahedron approximation of CVM coupled with effec-
tive pair potentials is successfully used to describe the a—3
phase boundaries in PdA-M-H systems (M = Ni, Rh). The calcu-
lations show that the strength of the effective field of the metal
sublattice and the relative interaction strength between nearest-
neighbor occupied and unoccupied interstitial sites determine
the phase boundaries and degree of short-range order. The
method also allows to predict the a—f3 phase boundaries of
ternary Pd-Ni—-Rh-H alloys using effective pair potentials
obtained from experimental data of the corresponding binary
alloys. In principle the approach allows the prediction of phase
boundaries of new multicomponent alloys provided that data on
the binary alloys is available.
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