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a b s t r a c t

The three binary systems H–Pd, D–Pd and Pd–T have been modelled in the frame of the Calphad
approach. A complete literature search has been undertaken and the most significant experimental data
have been selected for a thermodynamic assessment of these systems. To complement the available data,
pressure–composition curves have been measured for the three systems in the present work. The three
systems are characterized by a strong isotope effect which is well taken into account in the modelling.
They have been combined to perform calculations in the quaternary H–D–Pd–T system. It is shown that
a reasonable extrapolation can be made without the use of ternary parameters if it is calculated with the
so-called Toop model.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction quences in particular in the case of palladium for which the plateau
Research on metal–hydrogen systems is motivated by the many
fundamental properties and possible applications of these systems
among which hydrogen storage, metal–hydride batteries, hydro-
gen purification and gettering. The thermodynamic modelling of
such systems by the Calphad method has recently become a very
active field [1–15]. Palladium–hydrogen system can be considered
as a model for all the metal–hydrogen systems. It has been the
most studied system in particular because it is easy to study exper-
imentally. It combines high kinetics, easy activation and low oxida-
tion. The phase diagram is relatively simple, at least at moderate
temperatures. It is characterized by the classical miscibility gap be-
tween hydrogen poor and rich compositions. The equilibrium be-
tween these two compositions occurs at a constant, so-called,
plateau pressure. In spite of its apparent simplicity, Pd–H system
possesses incredibly rich chemistry (Pd is the only element absorb-
ing and desorbing hydrogen at room temperature) and physics
(superconductivity, low temperature ordering). Additionally, Pd is
the only element that does no pulverize after hydrogen insertion
yielding interesting applications in hydrogen purification since
membranes can be manufactured.

Generally, changing an element by its isotope does not influ-
ence the thermodynamic properties. However, hydrogen is the
only element for which the mass ratio between isotopes can reach
2 (for deuterium) or even 3 (for tritium). This has severe conse-
ll rights reserved.
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pressure is multiplied by a factor of almost ten between hydrogen
and tritium systems. This makes palladium very attractive for iso-
tope separation.

Tritium is considered as a fuel for future thermonuclear power
plants. Tritium storage in palladium offers a safe and compact solu-
tion to the problem of handling this gas with specific radioactivity.
In addition, 3He associated with tritium decay is trapped in Pd
offering the possibility to recover very pure gas. Generally, the
presence of 3He, insoluble in metals, generates structural defects
and induces changes in their storage properties (the phenomena
associated with the presence of 3He in metals are called ‘‘ageing”).
But in the case of Pd, ageing induces very few changes, in particular
of the storage properties, compared to what is observed in other
hydride forming metals or compounds such as Ti [16] or LaNi5

[17] even for long term storage.
The modelling of Pd–H–D–T system is very important in partic-

ular because experiments with tritium are very difficult to under-
take. Modelling will allow the calculation of the isotope separation
factor at any temperature, pressure and overall H, D, T content
offering the possibility to find optimized conditions for separation.
It will allow as well the prediction of the nature of the species
formed in the gas phase at the equilibrium among H2, D2, T2, HD,
HT, DT. It has been conducted in this work in the frame of the Calp-
had approach. This method consists in fitting the parameters
describing the Gibbs energy of the different phases of the system
to the experimental data by a least-square procedure. When the
parameters are obtained, the calculation of various thermody-
namic quantities can be performed (phase diagram, enthalpies)
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and the Gibbs energies relative to different systems can be com-
bined in order to obtain reliable extrapolations in higher order
systems.
2. Literature review and selection of data

We review the data available for the different systems studied.
The list of the experimental data used in the present assessments is
given in Table 1.

2.1. Pd–H system

This system has been extensively studied. It is not the purpose
of this work to make an exhaustive review of the existing data.
Such reviews are already available in Refs. [18,19], but the most
complete description of the system from the phase diagram and
thermodynamic point of view is the one by Manchester et al.
[20]. We will describe mainly the data selected for the
optimization.

2.1.1. Phase diagram
The phase diagram of the Pd–H system is a simple miscibility

gap [20]. Hydrogen poor and rich compositions on the two sides
Table 1
Experimental data used in the present assessment.

Type of data System Temperature
domain (K)

Reference

Miscibility gap Pd–H,
Pd–D

195 < T < 348 [22]

Pd–H 287 < T < 363 [23]
Pd–H 293 < T < 561 [24]
Pd–D,
Pd–T

323 < T < 393 [41]

Pd–D 343 < T < 553 [42]
Pd–H T = 273 [25]

Pressure–composition–temperature
data

Pd–H,
Pd–D

195 < T < 348 [22]

Pd–H 273 < T < 363 [23]
Pd–H,
Pd–D

167 < T < 333 [30]

Pd–H 293 < T < 571 [24]
Pd–H 393 < T < 473 [31]
Pd–D T = 555 [43]
Pd–T 298 < T < 343 [45]
Pd–D 700 < T < 909 [36]
Pd–D,
Pd–T

303 < T < 433 [44]

Pd–H,
Pd–D

433 < T < 593 [32]

Pd–T 333 < T < 673 [46]
Pd–D 303 < T < 613 [42]
Pd–T 423 < T < 673 [47]
Pd–T 273 < T < 393 [48]
Pd–T 298 < T < 313 [49]
Pd–H T = 303 [33]
Pd–T 413 < T < 473 [50]
Pd–H,
Pd–D,
Pd–T

239 < T < 471 This work

Calorimetric measurements Pd–H T = 323 [37]
Pd–H T = 689 [35]
Pd–H 518 < T < 625 [38]
Pd–H,
Pd–D

555 < T < 909 [36]

Pd–H,
Pd–D

518 < T < 593 [39]

Pd–H,
Pd–D

T = 298 [40]

Pd–H T = 303 [33]
of the miscibility gap are generally named a and b phases, though
this appellation is very confusing since both names refer to the
same phase. The position of the critical point has been evaluated
by different techniques mostly based on extrapolations. The rec-
ommended values are Tc = 566 K, xC = 0.22, PC = 20.15 � 105 Pa
[21]. Since these are derived data, they will not be used in the
assessment of the system.

The limits of the miscibility gap have generally been deter-
mined as the inflexion points on the pressure–composition curves
at different temperatures [22,23]. The limit between the solubility
branch and the pressure plateau corresponding to the phase tran-
sition characteristic of the miscibility gap is often difficult to locate
precisely. More abrupt changes are observed for the magnetic sus-
ceptibility as a function of composition. This allows to define more
accurately the composition limits [24,25]. All the data from these
four references are compatible and have been used in the
assessment.
2.1.2. Crystal structure
Pd is fcc and hydrogen in Pd(H) solid solutions is located in

interstitial sites. Neutron diffraction studies have shown that
hydrogen atoms are located in octahedral sites both in hydrogen
rich [26] and hydrogen poor [27] solid solutions. In these two stud-
ies both hydrogen and deuterium solid solution were studied and,
as usual for metal hydrides, the crystal structure properties are
identical. As deuterides are much easier to study due to the inco-
herent scattering of hydrogen, most structural studies are devoted
to deuterium solid solutions. No long range ordering has been evi-
denced at any composition around room temperature or above. For
a complete review of the structural studies made on palladium hy-
dride and deuteride, one may refer to Ref. [28]. The complete occu-
pancy of the octahedral sites limits the composition of the
stoichiometric hydride to be PdH. As this composition may be ap-
proached at high pressures, several studies were undertaken to
investigate the possibility of additional insertion in the tetrahedral
sites. The tetrahedral occupancy has been evidenced in only one
case in the most recent and careful study [28]. However, it is
claimed that this occupancy is due to a special sample preparation
(samples loaded in the supercritical region) and the tetrahedral
occupancy remains quite small as compared the octahedral occu-
pancy (around 10%).

Low temperature superstructures have been evidenced when
samples are cooled below 85 K due to hydrogen ordering. For a re-
view, the reader is referred to Ref. [20]. They will not be considered
in the present work.
2.1.3. Pressure–composition curves
The pressure–composition curves measured at temperatures

below the critical point are characterized by the presence of a pres-
sure plateau corresponding to the transition between the two com-
position sets defined by the miscibility gap. A lot of these curves
have been measured in isothermal conditions, a few in isochoral
conditions, most of them with the Sieverts method [29]. We se-
lected the most accurate data. In Refs. [22–24,30–33], the whole
pressure–composition curves, solubility curves in the hydrogen
poor or rich regions, or only plateau pressures have been mea-
sured. Additionally, several isothermal pressure–composition
curves have been measured in the present work in volumetric de-
vices with the Sieverts method.

The pressure–composition curves are characterized by the pres-
ence of a strong hysteresis between absorption and desorption.
When available both data have been taken into account. We have
limited our study to moderate temperatures. Solubilities in solid
and liquid palladium at very high temperatures (1573–2503 K)
[34] have not been considered in this work.
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2.1.4. Thermodynamic measurements
Thermodynamic data derived from pressure–composition–tem-

perature measurements are presented in many papers. They have
not been used, since it is preferable to optimize the original pres-
sure–composition data points. The derived data can however be
used for comparison purposes with the calculated thermodynamic
data (see e.g. the comparison of enthalpy at infinite dilution).

Partial enthalpies as a function of composition have been mea-
sured by calorimetry in low H concentration [33,35,36] and both
low and high H concentration [37–39] solubility branches. Flana-
gan et al. have measured the enthalpy in the complete composition
range i.e. also across the transformation plateau [40]. It is evi-
denced that the enthalpy is the same during absorption and
desorption. Unlike pressure–composition curves it does not show
hysteresis. This result shows not only that calorimetric data are
more suitable than pressure–composition data to represent the
thermodynamics of the system but also that the real equilibrium
plateau pressure is neither absorption nor desorption pressure, as
several authors claim, but lies in between. As a consequence, in
the present assessment, the calorimetric data will be preferred
over the pressure–composition data when possible.
2.1.5. Modelling
An assessment of the Pd–H system by Huang et al. has recently

been published [9]. Comparison will be made between the two
assessments in the following.
2.2. Pd–D system

Pd–H and Pd–D systems are pretty similar. The most remark-
able change is the magnitude of the plateau pressure. The issues
addressed for Pd–H system which remains valid for the Pd–D sys-
tem will not be repeated (crystal structure, presence of the hyster-
esis, absence of hysteresis in the calorimetric data). Neither a
complete review nor a thermodynamic assessment is available
for this system.
2.2.1. Phase diagram
Only slight differences can be noted between the Pd–H and Pd–

D phase diagrams. Different values of the critical temperature have
been stated but the difference does not exceed 10 K [20]. Like for
Pd–H system, the determination of the miscibility gap has been
made from the observation of the pressure–composition curves
[22,41]. However, the most significant contribution to this system
is the one of Blaurock [42]. This author used the same susceptibil-
ity technique as Frieske and Wicke [24] for the determination of
the miscibility gap. He evidenced differences between absorption
and desorption.
2.2.2. Pressure–composition curves
We selected the following data: [22,30,32,36,42–44]. As for

hydrogen, several pressure–composition curves have been mea-
sured in the present work. If the phase diagrams of Pd–H and
Pd–D are very similar, on the contrary, the plateau pressures of
the pressure–composition curves are affected by a huge isotope ef-
fect (they are approximately 5 times higher for deuterium than for
hydrogen).
2.2.3. Thermodynamic measurements
The available thermodynamic properties are more limited than

for hydrogen. Only two paper reports the partial enthalpies in di-
lute solid solutions at high temperature [36,39], while Flanagan
et al. have measured the enthalpy in the complete composition
range as for hydrogen [40].
2.3. Pd–T system

Due to the specific radioactivity of tritium, experimental mea-
surements on the Pd–T system are very difficult to perform. This
is the reason why only few papers are devoted to the study of this
system. In this respect, we should emphasize the extensive work
made by Lässer. In addition to the difficulty of handling radioac-
tive materials, other experimental problems are raised by the iso-
topic purity of the gas. Tritium is always associated with the
presence of hydrogen and deuterium which may affect the mea-
sured quantities (in particular the pressure in the solubility
branches). Some papers consider corrections due to this isotopic
purity, other do not. Another difficulty is associated with the
chemical purity of tritium due to its radioactive decay into 3He.
The presence of 3He may also affect the measurements of the
equilibrium pressures.

Few data exist on the miscibility gap [41]. Pressure–composi-
tions curves have been measured in the low T concentration re-
gion [45,46], or in the complete concentration range [44,47–50].
As for the two previous systems, we have measured pressure–
composition curves. The precise experimental procedure is given
in Ref. [49]. The most important point to notice is that the gas
used contains less than 1 at.% H, less than 2 at.% of both H and
D and less than 1 at.% 3He, so corrections are not necessary. More-
over, the gas composition is measured by mass spectrometry for
each equilibrium point, so pressure in the pressure–composition
curves corresponds to the partial pressure of H, D and T, not to
the total pressure (to which high partial 3He pressure can
contribute).

The plateau pressures are even higher in the Pd–T system
(approximately 10 times higher than for hydrogen). No previous
assessment of this system has been published.

2.4. Pd–H–D, Pd–H–T and Pd–D–T

Information on the ternary systems are of two kinds: measure-
ment of the isotope separation factor [22,51–54] and measurement
of mixed pressure–composition curves [55,56]. The isotope separa-
tion factor is defined as the ratio between hydrogen to deuterium
content in the solid and the gas phase:

a ¼ xfcc
H

xfcc
D

xgas
D

xgas
H

ð1Þ

In general, in the above papers, the experimental conditions
have not been detailed sufficiently to perform exact comparison
between calculated and experimental values. For the measurement
of the separation factor, the ratio between the number of moles in
the gas and in the solid phase is important and has been sometimes
disregarded. For the measurement of pressure–composition
curves, the knowledge of the path followed in the ternary systems
is of primary importance. If the composition of the gas is changing
during the measurement, the resulting plateau in the pressure–
composition curves may show a slope which is impossible to
reproduce by calculation without knowing the volumes of the sys-
tems and the ratio between the number of moles in the gas and so-
lid phases at each step.

This is the reason why, in the present work, the value of the
plateau pressure for hydrogen–deuterium mixing has been
measured. With our experimental set-up, it was not possible to
measure the isotope ratio in the gas phase. Therefore, our mea-
surement has been performed in absorption only. We have used
a large weight of palladium so that the number of moles in the
gas phase after absorption is negligible. Hence, the isotope ratio
in the solid corresponds to the isotope mixing introduced before
absorption.
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3. Thermodynamic modelling

3.1. The Calphad method

For a complete description of the Calphad methodology, the
reader is referred to textbooks such as Ref. [57]. This method con-
sists in assessing the Gibbs energy of each phase of the system. The
Gibbs energies are described by equations with parameters that
are adjusted by a least-square method in order to reproduce as
well as possible the available thermodynamic or phase diagram
data. After assessment of simple systems, these can be combined
to predict phase equilibria in higher order systems.

3.2. Gas phase

The gas phase has been considered as ideal. We limit the mod-
elling to moderate temperatures and pressures. The correction for
non-ideality of the Gibbs energy of hydrogen gas is significant only
far above 100 or 1000 bar and far below 300 K [58]. Given the very
low vapour pressure of Pd for the considered temperature range,
the only species considered are the diatomic molecular species
H2, D2, T2, HD, HT and DT. The values of the Gibbs energy of these
species in their stable-element reference (SER) state at 298.15 K
and P0 = 105 Pa have been taken from the PURE [59] and SSUB4
[60] databases.

For pure hydrogen, the Gibbs energy can be written as:

Ggas ¼ GSER
H2
þ RT lnðP=P0Þ ð2Þ
Table 2
List of the optimized parameters (in J mol�1).

Gfcc
Pd:H ¼ Gfcc

Pd þ
1
2 GSER

H2
� 14550þ 39:7T þ 2:6T lnðTÞ � 0:0122T2

Gfcc
Pd:D ¼ Gfcc

Pd þ
1
2 GSER

D2
� 12200þ 37:5T þ 2:68T lnðTÞ � 0:0122T2

Gfcc
Pd:T ¼ Gfcc

Pd þ
1
2 GSER

T2
� 11500þ 37:94T þ 2:68T lnðTÞ � 0:0122T2

0Lfcc
H;vac ¼ �7390þ 10:1T

1Lfcc
H;vac ¼ �21090þ 19:6T

2Lfcc
H;vac ¼ �9400þ 13:7T

0Lfcc
D;vac ¼ �9150þ 15:3T

1Lfcc
D;vac ¼ �21280þ 21:4T

2Lfcc
D;vac ¼ �8550þ 12:5T

0Lfcc
T;vac ¼ �9150þ 15:3T

1Lfcc
T;vac ¼ �21280þ 21:4T

2Lfcc
T;vac ¼ �8550þ 12:5T
3.3. Solid phase

Though evidenced by Pitt, but in a special occasion, the minor-
itary tetrahedral occupancy by H and its isotopes will be neglected.
We will therefore consider the unique solid phase of this system as
an interstitial solid solution of H, D and T in fcc palladium. This
choice is justified not only by the fact that the limiting composition
PdH is never overcome but also by the many structural studies we
have detailed above. We have used the sublattice model expressed
in the compound energy formalism [61]. The model is therefore:
Pd:H, D, T, vac where the semi-column separates the two sublattic-
es, the commas separate the elements sharing a same sublattice
and vac stands for vacancy.

For the binary Pd–H system (similar equations are used for Pd–
D and Pd–T systems), the Gibbs energy of the solid phase is de-
scribed as a function of the site fractions of hydrogen and vacancies
in the octahedral sites (yH and yvac) and temperature, and modelled
as the sum of the reference (ref), ideal (id) and excess (ex) parts:

Gfcc ¼ ref Gfcc þ idGfcc þ exGfcc ð3Þ

where

ref Gfcc ¼ yvacGfcc
Pd þ yHGfcc

Pd:H ð4Þ

Gfcc
Pd is taken from the PURE database [59]. Gfcc

Pd:H is the Gibbs en-
ergy of formation of the hypothetical compound PdH from fcc Pd
and H (a, b, c and d are the parameters to be optimized):

Gfcc
Pd:H ¼ Gfcc

Pd þ
1
2

GSER
H2
þ aþ bT þ cT lnðTÞ þ dT2 ð5Þ

The ideal Gibbs energy is associated with the mixing entropy of
the species H and vac in the second sublattice:

idGfcc ¼ RTðyH ln yH þ yvac ln yvacÞ ð6Þ

The non-ideal part of the Gibbs energy is described with the
Redlich–Kister model [62] following:
exGfcc ¼ yHyvac

Xn

v¼0

mLfcc
H;vacðyH � yvacÞ

m ð7Þ

mLfcc
H;vac ¼ mafcc þ mbfccT ð8Þ

The miscibility gap arises from peculiar values of these interac-
tion (repulsive) parameters. Finally, the occupancy parameter and
the composition of hydrogen in the solid phase are related by:

xfcc
H ¼

yH

1þ yH
ð9Þ
3.4. Optimization

The three binary systems have been modelled independently
using the Parrot module [63] of Thermocalc [64]. In the final stage
of the optimization, all the experimental data described above and
in Table 1 have been assessed with weights corresponding to the
estimated uncertainties and the relative importance of the mea-
surement until a set of parameters is able to describe all the data
sufficiently well. Finally, the optimized parameters were rounded
off to the last significant digit and are presented in Table 2.

As shown by Flanagan et al. [40], in the plateau region neither
the absorption nor the desorption pressure–composition curves
represent the true equilibrium. Contrary to these, the calorimetric
data do not show any hysteresis. There are therefore more suited to
describe the real equilibrium and higher weight has been put on
these data for the optimization of the two systems in which they
were available (Pd–H and Pd–D).

The non-symmetrical miscibility gaps are described by using
interaction parameter up to 2L, each with temperature depen-
dence. This has been found to be necessary especially to model
the curvature of the pressure–composition curves in the hydro-
gen-rich region. The variation of the partial enthalpy as a function
of temperature had to be described by adding terms in Tln(T) and
T2 in the description of the Gibbs energy of the end-member
Pd:H. In the Pd–T system, because of few available experimental
data, all the interaction parameters and the terms in Tln(T) and
T2 have been kept equal to the values obtained for the Pd–D
system.
4. Results and discussion

4.1. Pd–H system

The calculated phase diagram of the Pd–H system is drawn in
Fig. 1 with a comparison of the experimental data describing the



Fig. 1. Pd–H phase diagram at 1 � 107 Pa. The calculated spinodal line and the
phase diagram calculated by [07Hua, [9]] are shown. Experimental data from
[64Wic, [22]], [64Sim, [23]], [73Fri, [24]] and [87Wic, [25]] are represented.

Fig. 2. Partial enthalpy at low temperature as a function of composition in the Pd–H
system. Experimental data from [74Lyn, [37]] and [91Fla, [40]] are represented.

Fig. 3. Partial enthalpy at high temperature as a function of composition in the Pd–
H system. Experimental data from [78Pic, [38]] and [85Wic, [39]] are represented.

Fig. 4. Partial enthalpy at infinite H dilution as a function of temperature in the Pd–
H system. The experimental data are redrawn from [20].

Fig. 5. Pressure–composition curves at low H concentration in the Pd–H system.
Selected experimental data from [64Wic, [22]], [74Eva, [31]] and [84Läs, [32]] are
represented.
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miscibility gap. The estimated critical point is located at xc = 0.190,
TC = 566 K, in good agreement with experimental data (see 2.1.1).
The calculated spinodal curve is shown. The calculated partial
enthalpies as a function of composition at 298 K and 580 K (this la-
ter temperature being above the miscibility gap) is shown in Figs. 2
and 3 and compared with the experimental data [37–40].

It is shown also at infinite dilution and as a function of temper-
ature in Fig. 4 compared to experimental data. Most of the plotted
data have not been taken into account during the optimization
since they are values derived from the pressure–composition
curves. One may appraise the non-constant and non-linear behav-
iour justifying the use of the terms in Tln(T) and T2 in the descrip-
tion of Gfcc

Pd:H .
Selected pressure–composition curves in the hydrogen-poor re-

gion and in the complete composition range are shown in Figs. 5
and 6 again in comparison with experimental data. One may notice
the very good agreement with the plotted experimental data in the
hydrogen-poor region. Note that the agreement is also very good
with the other data (not plotted) for example from Refs. [23,30,33].

As already discussed the true equilibrium plateau pressure lies
between absorption and desorption curves. This equilibrium calcu-
lated value of the plateau pressure is plotted in Fig. 7 as a function
of temperature.
As one may see from the different figures, the agreement is
quite good with most experimental data. A comparison of our
assessment can be made with the assessment recently published



Fig. 6. Pressure–composition curves in the complete concentration range in the Pd–
H system. Selected experimental data of [73Fri, [24]] and from this work are
represented.

Fig. 7. Plateau pressure as a function of the inverse temperature in the Pd–H
system. Experimental data of [64Wic, [22]], [73Cle, [30]], [73Fri, [24]] are
represented.

Fig. 8. Pd–D phase diagram at 1 � 107 Pa. The calculated spinodal line is shown.
Experimental data from [64Wic, [22]], [85Bla, [42]] (absorption and desorption) and
[85Läs, [41]] are represented.

Fig. 9. Partial enthalpy at two temperatures as a function of composition in the Pd–
D system. Experimental data from [85Wic, [39]] and [91Fla, [40]] (absorption and
desorption) are represented.
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by Huang et al. [9]. As can be inferred from Fig. 1, a better agree-
ment of the phase diagram data has been obtained. In particular,
the critical point assessed by these authors is clearly different from
the one determined experimentally. The differences between the
two assessments can be attributed to the smaller (and probably
insufficient) number of parameters used by these authors (7 com-
pared to 10 in our description) and to the choice to fit the desorp-
tion curves as the equilibrium curves instead of the calorimetric
data (see Fig. 2) which are more representative of the real equilib-
rium because they do not depend on the direction of the reaction
[40].

4.2. Pd–D system

The calculated phase diagram is shown in Fig. 8 and is com-
pared to the experimental data. Several authors pointed out differ-
ences in the miscibility gap positions when measured in
absorption or desorption [25,42]. The calculated line is found to
be closer to absorption than desorption data. The critical point
(xc = 0.194, Tc = 566 K) is found to be very similar to the one deter-
mined for Pd–H system. The spinodal curve is also shown. Fig. 9
presents the most significant calorimetric data with the calculated
ones. The data of Wicke at high deuterium concentration [39] have
been found to be incompatible with the data of Flanagan et al. and
are impossible to reproduce (the partial enthalpy should reach a
minimum and increase at higher deuterium concentration). The
pressure–composition curves are plotted in Figs. 10 and 11 for
low and high deuterium concentration with a selection of experi-
mental data. The pressure plateau is shown in Fig. 12. Like for
Pd–H system, a very good description of most experimental data
is obtained by calculation.

4.3. Pd–T system

As much less data are available (in particular no calorimetric
data), all the interaction parameters have been fixed to the values
obtained for deuterium. Only the enthalpy and entropy of forma-
tion of the tritide PdT were optimized and were sufficient to de-
scribe well all the available data.

This choice is justified by the following reasons:

– these parameters do not differ very much from H to D and
even smaller changes are expected between D and T because
of the lower relative mass change between the isotopes;

– less data and especially no calorimetric data are available to
stabilize the fit of so many parameters;

– less confidence can be placed in the experimental data due to
the problems raised by the isotopic purity (some data have
been corrected for this phenomenon, other have not and



Fig. 10. Pressure–composition curves at low D concentration in the Pd–D system.
Selected experimental data from [73Cle, [30]], [82Kle, [36]] and [84Läs, [32]] are
represented.

Fig. 11. Pressure–composition curves in the complete concentration range in the
Pd–D system. Selected experimental data of [64Wic, [22]], [85Bla, [42]] (absorption
and desorption) and from this work (absorption and desorption) are represented.

Fig. 12. Plateau pressure as a function of the inverse temperature in the Pd–D
system. Experimental data of [64Wic, [22]], [73Cle, [30]], [83Läs, [44]], [85Bla, [42]]
and this work are represented.
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for some data the isotopic purity is not specified), by 3He pol-
lution and by the specific experimental procedures that
should be used to handle this isotope;

– a good fit to most data was obtained with this set of param-
eters and did not justify to change anything (a refinement of
some parameters did not improve much the description, on
the contrary, a tendency to divergence was observed when
too much parameters were refined simultaneously).

In the course of the assessment, we found that the data of
Schmidt and Sicking [45] were incompatible with those of Ref.
[46]. They were finally discarded.

The phase diagram is shown in Fig. 13 again with the spinodal
curve. The critical point is unchanged compared to Pd–D system.
Selected pressure–compositions curves are shown in Figs. 14 and
15 in the tritium poor and rich regions. The plateau pressure is
plotted in Fig. 16 as a function of temperature.

4.4. Comparison between the three binary systems

The calculated miscibility gaps in the three systems Pd–H, Pd–D
and Pd–T are quite similar. In contrast with other works that found
the critical point of the Pd–D system lower than the one of the Pd–
H system [20], we find a very close value of the critical tempera-
ture. The previously assessed difference is probably much smaller
than the uncertainty generated by the different limits of the misci-
bility gap observed in absorption and desorption. Too few data ex-
ist on the miscibility gap of Pd–T system to evaluate the critical
temperature. As we have chosen to describe this system with the
same interaction parameters as for the Pd–D system, the same mis-
cibility gap and critical point are calculated. In contrast, the H, D or
T solubility lines at a given pressure (compare Figs. 1, 8 and 13) and
the pressure–composition curves for the three systems at a given
temperature are strongly different. At 300 K, the ratio between
the D and H plateau pressures is 4.2 while the ratio between T
and H plateau pressure is 8.1. A close look to the parameters shows
that the main difference between the three systems is the enthal-
pic term corresponding to the formation of PdH, PdD or PdT while,
on the contrary, the interaction with vacancies in the second
sublattices are quite independent on the isotope.

4.5. Pd–H–D–T

An extrapolation of the binary systems into the different ter-
naries can be performed. For this, the mixed species HD, HT and
Fig. 13. Pd–T phase diagram at 1 � 107 Pa. The calculated spinodal line is shown.
Experimental data from [85Läs, [41]] are represented.



Fig. 14. Pressure–composition curves at low T concentration in the Pd–T system.
Selected experimental data from [84Läs, [32]] and [08Pag, [50]] are represented.

Fig. 15. Pressure–composition curves in the complete concentration range in the
Pd–T system. Selected experimental data of [83Läs, [44]], [88Läs, [47]], [99Sha,
[48]], [08Pag, [50]] and this work are represented.

Fig. 16. Plateau pressure as a function of the inverse temperature in the Pd–T
system. Experimental data of [83Läs, [44]], [88Läs, [47]], [99Sha, [48]], [03Thi, [49]],
[08Pag, [50]] and this work are represented.

Fig. 17. Ternary isothermal section of the Pd–H–D system at 300 K and 1 � 107 Pa.
The gas phase has no extension in the ternary field. The central fcc domain extends
continuously from binary Pd–H to binary Pd–D system. Selected tie-lines (shown as
thinner lines) represent the compositions in equilibrium in the two two-phase
domains of the phase diagram (fcc + fcc and fcc + gas).
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DT have to be considered in the gas phase. The ternary extrapola-
tion of the Pd–H-D system at 300 K was first made in the frame of
the classical model of extrapolation of Muggianu et al. [65]. Con-
trary to the expectation, the system develops a miscibility gap be-
tween the hydrogen rich and deuterium rich compositions of the
solid phase. This feature is very unlikely. Though very difficult to
evidence experimentally, it would produce anomalies on the iso-
tope separation factor due to the presence of a tie-triangle joining
these two compositions and the gas phase that were never put in
light. In order to suppress the miscibility gap, a large negative ter-
nary interaction parameter has to be introduced associated with
the hydrogen–deuterium mixing. The physical meaning of such a
parameter is difficult to apprehend since, hydrogen and deuterium
being isotopes, they have no reason to interact chemically. In addi-
tion, with this model, the isotope separation factors measured
experimentally could never be reproduced well.

In a second step, we realized that the interactions on the second
sublattice of the model used for the solid are extremely dissym-
metric, since this sublattice mixes two similar elements (H and
D) with vacancies. As we have shown, the interaction between H
and vacancies, on the one hand and D and vacancies on the other
hand are strongly repulsive, while no interaction between H and
D is expected. This is a typical example of a system which should
be extrapolated following the Toop method [66], choosing vacancy
as the Toop element. Additional analysis of the different extrapola-
tion methods in ternary systems can be found in Refs. [67–69].
Such an extrapolation has been performed and gives a much more
reasonable calculated isothermal section without the use of any
ternary parameter (Fig. 17). A detailed analysis of the projection
method used of Muggianu et al. [65] shows that the miscibility
gap present in the former calculation is the projection of the mis-
cibility gaps of the two binary systems Pd–H and Pd–D, since at a
composition close to PdH0.4D0.4 very repulsive interaction parame-
ters are extrapolated which is not the case with the Toop model.

Hydrogen preference for the solid phase compared to the gas
phase can be appraised from the inclination of the tie-lines in
Fig. 17 joining these two phases compared to lines passing by pure
Pd which represent an equal distribution of H and D in the two
phases. The corresponding isotope separation factor can be calcu-
lated numerically at any composition, pressure and temperature.
It is shown in Fig. 18 as a function of composition and in Fig. 19



Fig. 18. Isotope separation factor in the ternary Pd–H–D system as a function of
hydrogen concentration in the gas phase at T = 273 K and P = 105 Pa. Experimental
data of [78And, [52]] are represented.

Fig. 19. Isotope separation factor in the ternary Pd–H–D system as a function of
temperature at P = 105 Pa, xPd = 0.5, xH = 0.25 and xD = 0.25. Experimental data of
[64Wic, [22]] are represented.

Fig. 20. Absorption pressure in the ternary Pd–H–D system at xfcc
H þ xfcc

D ¼ 0:23 as a
function of xfcc

D at 298 K.
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as a function of temperature in comparison with experimental
data. The agreement is quite good. We should note that the exper-
imental details provided in the publication dealing with the sepa-
ration factors are generally not sufficient to describe completely
the equilibrium (lack of the overall quantity of the gas phase as
compared to the solid phase), so that we are not sure that the cal-
culation is strictly comparable to the experimental data.

Finally, we can compare the calculated plateau pressures for
hydrogen–deuterium mixing and compare to the experimental val-
ues obtained in the present work (Fig. 20). Again the agreement is
good, given the fact that only absorption data are reported for the
ternary compositions while the calculation is done at the equilib-
rium i.e. between absorption and desorption.

The Pd–D–T and Pd–H–T systems ternary diagrams can be cal-
culated in a similar manner (not shown). Any extrapolation can
also be performed in the quaternary system Pd–H–D–T with good
confidence.
5. Conclusions

As far as we are aware, this work is the first Calphad assessment
of a system with different isotopes. As described in the introduc-
tion, metal hydrides are very suited for this kind of work, since
the isotope effect is indeed very large. Not only a good description
of the three binary systems Pd–H, Pd–D and Pd–T have been ob-
tained, but also good estimations could be obtained by projection
in the higher order systems without the use of any ternary interac-
tion parameter, as expected from the chemical identity of the three
isotopes. This kind of calculation allows in particular the determi-
nation of the isotope separation coefficient which can be of very
high interest. It has been discovered major differences between
extrapolations made with the conventional Muggianu model [65]
and with the Toop model [66]. This effect is often disregarded
and should perhaps be looked into more details in other systems.
To our knowledge, this is the first time that the Toop model is used
for the modelling of a solid phase described within the sublattice
model.
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