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Abstract

The thirty-fourth annual CALPHAD meeting was held at Kasteel Vaeshartelt, Maastricht, The Netherlands, on May 22–27, 2005. The local
organizing committee consisted of Harry A.J. Oonk (chairman), Aad C.G. van Genderen, Michel H.G. Jacobs, Paul J. van Ekeren, and Marjan
Hogenbirk (secretary); all employed at Utrecht University, Faculties of Chemistry and Geosciences.

There were 134 delegates and 6 accompanying guests from 23 different countries. Oral communications (72) were presented in the following
10 sessions:

1. First Principles and Other Matters
2. High Pressure
3. Modeling and Experiments
4. CALPHAD Thermodynamics
5. Kinetic Matters
6. Miscellaneous (a collection of diverse subjects)
7. Experimental Thermodynamics
8. Nuclear Materials and Other Matters
9. Cluster Variation Subjects

10. CALPHAD Thermodynamics and Related Subjects.

Posters (60) were exposed in a continuous manner from Monday morning to Thursday evening. The posters were largely divided into two groups
with one group closely related to Calphad Thermodynamics: first principles; thermodynamic phase diagram analysis; algorithms for Gibbs energy
minimization; and kinetics, and another group covering a variety of subjects: teaching; statistical thermo-dynamics; experimental determination
of phase equilibrium relationships; (micro)-calorimetry; molar volume; viscosity; waste heat; and subjects from the realm of molecular alloys.

After Monday’s last lecture, a lively plenary discussion took place—some kind of a game between (traditional) CALPHAD thermodynamics
and first principles. The discussion was continued on Tuesday evening. The present summary is organized into three sections

I. Summaries of oral communications
II. Titles of the exposed posters

III. Summary of the discussions on Monday and Tuesday evening.

c© 2006 Elsevier Ltd. All rights reserved.
I. Summaries of oral communications

1. First principles and other matters

Stability, metastability, and instability: On integrating first-
principles and CALPHAD modeling

Zi-Kui Liu
E-mail address: oonk@chem.uu.nl.

0364-5916/$ - see front matter c© 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.calphad.2006.01.002
Results from first-principles calculations are becoming
more and more important in CALPHAD modeling. This
is particularly true for phases with homogeneity ranges of
compositions, which are typically represented by sublattice
models. In these sublattice models, the enthalpy of formation
of the end-members are calculated by means of the first-
principles techniques in the same manner as for stable, ordered
compounds. One issue largely overlooked in this practice is
whether those calculations suffer the same problem as the
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lattice stability of pure elements, which are still an unresolved
issue between the data from the CALPHAD modeling and first-
principles calculations. In this presentation, structure stability,
metastability, and instability are discussed in terms of the
vibrational entropy calculations of end-members in sublattice
models.

Embedded atom study of the interaction between point
defects in iron aluminides

Renata Nascimento Nogueira and Cláudio Geraldo Schön

The embedded atom method (EAM) has been used
to perform atomistic simulations in the molecular statics
framework, aiming to investigate the interaction between point
defects (both vacancies and antisite atoms) in Fe–Al alloys.
This method is particularly useful in obtaining the self-energies
of crystal defects characterized by strong core relaxation
strains, which generate long-range elastic fields. The following
cases have been considered:

• Double defects (divacancies, antisite–vacancy and antisite–
antisite pairs) in Fe (A2), FeAl (B2) and Fe3Al(D03)

otherwise stoichiometric crystals as a function of the
separation distance (up to the seventh neighbourhood) and

• Selected triple defects configurations in Fe (A2) and FeAl
(B2).

It has been observed that the double defects are usually
characterized by strong (with magnitudes of the order of 0.1 eV)
long-range interactions (either attractive, as in the general case
of the divacancies, or repulsive, as in the case of antisite–antisite
pairs in A2 Fe) while triple defects present weaker interactions.

The results of the present work allow us, at least
qualitatively, to explain several “anomalous” properties of
point defects in iron aluminides, as, for example, the
large equilibrium concentration of vacancies in concentrated
alloys near the solidus temperature, the resistance that non-
equilibrium vacancies produced after quenching from high
temperatures present to annealing and the formation of
“predominance fields” for given defect complexes in certain
regions of the Fe–Al phase diagram [1].
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Ab initio studies of displacive phase transformations in
metallic systems

M. Šob, M. Friák, D. Legut, M. Čák, T. Káňa and M. Zelený

We give an account of applications of quantum-mechanical
(first-principles) electronic structure calculations to the problem
of mechanical stability of metals and intermetallics and of
change or loss of magnetic ordering during volume and
shape deformation. First, we review previous as well as
ongoing research on this subject. We then describe briefly
the electronic structure calculational methods. Our approach is
illustrated by the analysis of stability and magnetic behaviour
of selected ferromagnetic metals and intermetallics (Fe, Ni,
Fe3Al, Ni3Al, FeNi, FeCo etc.). We calculate total energies
along the tetragonal and trigonal displacive transformation
paths at various atomic volumes by the spin-polarized full
potential linearized augmented plane waves (FLAPW) method
employing the generalized gradient approximation (GGA)
for exchange-correlation energy. The results are displayed in
contour plots as functions of tetragonal or trigonal deformation
and volume. Borderlines between various magnetic phases
are shown and application of the calculated results for
determination of atomic configuration and magnetic moments
in thin films are discussed.

Ab initio lattice stability in Laves phases: All-electron
(WIEN) vs. pseudopotential (VASP) calculations

Jana Houserová and Mojmír Šob

Ab initio electronic structure calculations may provide valu-
able information concerning the structure and thermodynamics
of various phases. These characteristics were investigated for
about 10 intermetallic compounds with the C14 Laves phase
structure.

Our survey was accomplished using two codes. The full-
potential linear augmented plane wave (FLAPW) method
incorporated in the WIEN97 code [1] provided reliable results
based on the all-electron approach whereas the pseudopotential
VASP code [2] allows full structure relaxation. In all our
calculations the general gradient approximation (GGA) [3] for
the exchange-correlation energy term was employed.

It turned out that the equilibrium lattice parameters of the
standard element reference (SER) states (e.g. bcc ferromagnetic
Fe, bcc Mo, etc.) calculated using both codes do not differ
more than one percent from the experimental values, which
provides a reasonable starting point for our study. After that we
used the VASP code for the full relaxation of the Laves phases
with C14 structure. The deviation of the equilibrium lattice
parameters of existing Laves phases (Cr2Ta,Fe2Mo,Fe2Ta and
Fe2W) from the experimental values does not exceed 2.9%. In
the case of hypothetical Laves phases we do not have any hint
from experiment so that the effect of relaxation on the lattice
parameters was much more pronounced.

Our study shows that ab initio calculations performed
at experimental lattice parameters essentially reproduce the
stability of existing Laves phases but in some cases the
total energies of formation found by the above-mentioned
codes (i.e. WIEN97 and VASP) are considerably different
(up to 13 kJ/mol for Fe2Ta and Fe2W). Additional structural
relaxation performed by the VASP code does not influence
these total energy differences very much (up to 2kJ/mol).

For all Laves phases studied, we have also calculated
energies of formation of other (hypothetical) configurations
with different occupations of sublattices. These structures are
significantly influenced by relaxation, which becomes evident
from both the lattice parameters and energies of formation.
Again as we do not know a priori what are the lattice parameters
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of these hypothetical structures even a qualified guess provides
total energies which are considerably higher than the energies
at relaxed minimum. These effects are most obvious in the case
of the Laves phases of pure constituents. Therefore if intended
to study such hypothetical structures the relaxation of structural
parameters is absolutely necessary.
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Semi-empirical interatomic potentials for carbon and Fe–C
system

Byeong-Joo Lee

A semi-empirical interatomic potential for carbon has
been developed based on the Modified Embedded Atom
Method formalism. The potential describes the structural
properties of various poly-types of carbon, elastic, defect and
surface properties of diamonds as satisfactorily as the well-
known Tersoff potential. Combined with the Lennard-Jones
potential, it can also reproduce the physical properties
of graphite and amorphous carbon reasonably well. The
applicability of the present potential to atomistic approaches
on carbon nanotubes and fullerenes is also presented. The
potential has the same formalism as previously developed
MEAM potentials for bcc, fcc and hcp elements, and can
be easily extended to describe various metal–carbon alloy
systems. As an example, the MEAM potential for carbon was
applied to develop an interatomic potential for a Fe–C binary
system. The potential parameters were determined by fitting to
experimental information on dilute heat of solution of carbon,
vacancy–carbon binding energy and its configuration, location
of interstitial carbon atoms and migration energy of carbon
atoms in bcc-Fe, and to a first principles calculation result on
the cohesive energy of hypothetic NaCl type FeC carbide. The
potential reproduces known physical properties of carbon as an
interstitial solute element in bcc- and fcc-Fe very well. The
applicability of the present potential to atomistic approaches
to investigate the interactions between carbon interstitial solute
atoms and other defects such as vacancies, dislocations and
grain boundaries, etc., and also to investigate the effects of
carbon on various deformation and mechanical behaviors of
iron, is demonstrated. The extensibility of the potential into
ternary Fe–metal–C systems, its applicability to simulate the
energetic and structural behaviors of relatively simple MC and
M2C type carbides as well as the solution effects of the solute
“metal” elements, and the limitations of the present potential
are also presented.
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The use of first principles calculations for the thermody-
namic modelling of B2 in the Al–Ni–Ru system

Sara Prins, Raymundo Arroyave and Zi-Kui Liu

The ordered B2 NiAl and RuAl compounds are of interest
as high-temperature stable bond coat materials on Ni-based
superalloys (NBSAs) used in aerospace applications. NiAl is a
stable high-strength high-temperature phase and has been used
as protective coating on NBSAs for many years. RuAl has even
more robust high temperature physical properties than NiAl
and shows good room temperature ductility. Furthermore, Ru
is an alloying element in 4th generation NBSAs and can thus
be present in the NiAl bond coat, and more recently RuAl has
been investigated as a bond coat material itself.

Despite many recent experimental investigations [1–6]
there is still disagreement on the existence (or not) of a
miscibility gap in the Al–Ni–Ru system, and if it exists, at
which temperature the miscibility gap will close. Experimental
work is complicated by the fact that, depending on the
cooling/quenching method, a Ru-rich B2 phase can solidify first
followed by a Ni-rich B2, and this can give the appearance of a
miscibility gap. Furthermore, as Ru has a very slow diffusion
coefficient [7], much longer homogenisation times may then
be required to reach true equilibrium. The lattice parameters
of NiAl and RuAl are also very close to each other, with third
element solubility on these phases increasing the NiAl and
decreasing the RuAl lattice parameters. Discerning the phases
by lattice parameter measurements using XRD analysis can
thus be complicated [8].

To overcome the experimental challenges and facilitate a
better understanding of the ternary effects of Ru on NiAl and Ni
on RuAl and the associated defect structures, as well as to glean
information on the existence or absence of a miscibility gap
between NiAl and RuAl in the Al–Ni–Ru system, the B2 phases
were studied from first principles. A 32-atom two-sublattice B2
supercell (A)16(B)(16) was constructed. Following the Special
Quasirandom Structure approach for B2 phases [9], one type
of defects was allowed on only one sublattice per calculation.
Vacancies, anti-site atoms and ternary element additions were
considered. Vibrational entropy calculations using the quasi-
harmonic approach were used to determine the temperature
dependence.

Enthalpies of formation and lattice parameters were
calculated and compared to experimental results. The
enthalpies of formation for the different defects over the
composition ranges of the B2 phases have been used to
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determine which excess mixing parameters should be assessed
in the CALPHAD extrapolation of the Al–Ni–Ru system.

It will be shown how incorporating first principles
calculations of the defects in B2 can be used as a guideline in
the modelling and evaluation of excess interaction parameters.
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Thermodynamic analysis of the Zr–Be system using
thermochemical properties based on ab initio calculations

Tokunaga Tatsuya, Ohtani Hiroshi and Hasebe Mitsuhiro

The experimental investigation has shown that the Zr-
rich alloys produced by rapid-quenching exhibit a fully glass
state in the composition range 30–45 mol% Be [1]. In
addition, the experimental work showed that the metastable
ZrBe phase with a CrB-type structure appeared in the as-
quenched alloys with Be content of 15, 55, and 60 mol%.
Concerning this binary system, thermodynamic assessment
was performed based on mainly experimental data on
phase boundaries [2,3], and the glass-forming ability was
also evaluated theoretically by combining phase diagram
calculations and the Davies–Uhlmann kinetic approach [4].
Although both calculated phase diagram and compositional
range of glass formation agree with the experimental results,
more precise evaluation of thermochemical properties for
both stable and metastable phases seems necessary for the
quantitative evaluation of the glass-forming ability of this
binary alloy. Therefore, the energy of formation of some bcc-
based ordered phases and stoichiometric compound phases
was obtained from ab initio energetic calculations, based
on the Full Potential Linearized Augmented Plane Wave
(FLAPW) method. According to the results, the ZrBe phase
with a CrB-type structure is stable at the ground state,
while the ZrBe phase with a CsCl-type B2 structure is
metastable. To describe the B2 ordering state, the bcc phase
was described using the two-sublattice model with the formula
(Zr,Be)0.5(Zr,Be)0.5. Thermodynamic analysis was carried
out using the results from ab initio calculations as well as the
experimental phase diagram data. Furthermore, the evaluation
of the glass-forming ability of this binary alloy was attempted
by combining the Davies–Uhlmann kinetic formulations and
the thermochemical properties obtained from the present phase
diagram calculations.
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The Impurity Method and its applications to oxide solid
solutions with coupled substitutions

Victor L. Vinograd, Marcel H.F. Sluiter and Björn Winkler

Ab initio calculation of phase diagrams is still hindered by
limited computer resources. This necessitates designing very
economical schemes of sampling of atomic configurations.
Recent studies [1,2] have shown that the mixing enthalpy
of a two-component substitution-type solid solution, e.g.
CaAl2/3Si04–MgAl2/3Si04 garnet, can be well predicted from
ab initio calculated static energies of only four structures
(configurations). The first two structures represent the end-
members, while the others are derived from the end-members
by substituting one exchangeable atom in their supercells with
an atom of the different sort. The changes in the relaxed
energies of the end-members due to the incorporation of
the impurity atoms give the Margules parameters. Similar
calculations can be performed with empirical force-field
methods [3]. Here we extend the application of the Impurity
Method to solid solutions with coupled substitutions such as
CaMgSi2O6–NaAlSi2O6–KAlSi2O6 pyroxenes. The concept
of impurity atom is then replaced with the concept of impurity
pair. However, due to different possible locations of the
impurity pairs in the end-member hosts, one arrives at two sets
of different configuration energies corresponding to the two
doped compositions. The Margules parameters can be easily
extracted from these sets by applying Boltzmann weighting
to the different configurations. Thus, it becomes possible to
estimate the enthalpy of mixing in the high-temperature limit.
LRO effect in the low-temperature limit can be predicted
with the impurity calculations applied to the end-members and
stable ordered compounds. Here the results of the impurity
calculations are compared to the results of full-scale Monte
Carlo simulations. This permits us to estimate the effectiveness
of the impurity sampling scheme.

References

[1] M.H.F. Sluiter, Y. Kawazoe, Prediction of mixing enthalpy of alloys,
Europhys. Lett. 57 (2002) 526–532.

[2] M.H.F. Sluiter, V.L. Vinograd, Y. Kawazoe, Intermixing tendencies in
garnets: Pyrope and grossular, Phys. Rev. B 70 (2004) 184120-1–4.

[3] V.L. Vinograd, M.H.F. Sluiter, B. Winkler, A. Putnis, U. Hålenius,
J.D. Gale, U. Becker, Thermodynamics of mixing and ordering in
pyrope–grossular solid solution, Min. Mag. 68 (2004) 101–121.

Calculating defect chemistry using the CALPHAD Ap-
proach

A. Nicholas Grundy, Bengt Hallstedt, and Ludwig J. Gauckler

The (La,Sr)MnO3 perovskites show quite a complex defect
chemistry. This is due to the fact, that Mn can have the valency
states Mn2+, Mn3+ and Mn4+ leading to the perovskites
exhibiting both oxygen deficiency and cation deficiency, as
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well as cation nonstoichiometry. Further there is evidence that
suggests that under certain circumstances Mn can form antisite
defects on the A-sites. The defect chemistry of this phase is
extremely important, as all the interesting and useful properties
of this phase, such as electrical and ionic conductivity and giant
magnetoresistivity originate from its defect chemistry.

The Gibbs energy of the perovskite phase with and without
Mn on A-sites and also all other phases stable in the
La–Sr–Mn–O system are described using the compound energy
formalism as a function of temperature and composition.
The sublattice model used for the perovskite phase is (La3+,
Sr2+, Mn2+/3+,Va)(Mn2+,Mn3+,Mn4+,Va)(O2−,Va)3. The
model parameters are obtained by applying the CALPHAD
methodology. This method requires that all experimental data
of a phase—in the case of the perovskite phase thermodynamic
data, phase diagram data and also defect chemistry data—be
simultaneously reproduced by the model description.

The defect chemistry community has expended considerable
effort on modeling the defect chemistry of this phase using
conventional defect chemistry. However this work shows
certain serious shortcomings. We present these problems and
show how they can be amended using the CALPHAD approach
to calculate the defect chemistry. This is done by a step by
step comparison of the defect chemistry modeling using the
CALPHAD approach [1] and the conventional defect chemistry
modeling of Poulsen [2].

Further a comparison is made between the perovskite
described using the compound energy formalism and a model
using associates. Here it is shown that modeling the perovskite
phase with associates is dangerous, as a wrong choice of
associates leads to a wrong description of the defect chemistry.
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2. High pressure

Thermodynamic database for the ZrO2–Gd2O3–Y2O3–
Al2O3 system

O. Fabrichnaya, S. Lakiza, M. Zinkevich, F. Aldinger

The thermodynamic description of the ZrO2–Y2O3–Al2O3
system was published by [3]. Since the models for fluorite,
tetragonal and monoclinic phases have been changed in [5],
the system ZrO2–Y2O3–Al2O3 needs to be re-assessed. The
re-assessment of binary systems ZrO2–Al2O3 and ZrO2–Y2O3
is presented in [5,6]. It is shown in the present study that
changing thermodynamic parameters of fluorite and tetragonal
phases aimed to reduce Al2O3 content in fluorite and tetragonal
phases leads to a decrease of consistency with the phase
diagram of ZrO2–Al2O3 system. Also the calculations show
that the description obtained in the present study for the
ZrO2–Y2O3–Al2O3 system reproduces experimental data of
Stough [2] for equilibrium of fluorite with corundum.

Calculations of [3] for the ZrO2–Y2O3–Al2O3 system
indicated that tie-lines between δ, fluorite, YAM and YAG
phases differ from the experimental data of [1] at 1250 ◦C. The
experimental investigation of a mixture with composition of 50
mol% ZrO2 and 42 mol% Y2O3 at 1250, 1300 and 1340 ◦C
showed that at 1250 and 1300 ◦C the tie-lines are consistent
with results of [3] and calculations made in the present study.
The invariant reaction δ+YAP = YAM + Fluorite occurs at
temperatures between 1300 and 1340 ◦C.

The thermodynamic description obtained in this study is
combined with the descriptions of the ZrO2–Gd2O3–Al2O3,
ZrO2–Gd2O3–Y2O3 and Gd2O3–Y2O3–Al2O3 from [5,6,4],
respectively, assuming that there are no quaternary interactions
in the system.

The T◦ lines for diffusionless transitions have been calcu-
lated in the systems ZrO2–Al2O3, ZrO2–Gd2O3, ZrO2–GdAlO3,
ZrO2–Y2O3, ZrO2–YAlO3 and other vertical sections of the
ZrO2–Gd2O3–Al2O3 and ZrO2–Y2O3–Al2O3 systems at fixed
Gd/Al and Y/Al ratio. The calculated T◦ lines for the fluo-
rite ⇔ tetragonal transition in the ZrO2–Gd2O3–Al2O3 and
ZrO2–Y2O3–Al2O3 systems constrain the composition range at
each temperature, where the metastable tetragonal phase can be
obtained. Isoplethal sections of the ZrO2–Gd2O3–Y2O3–Al2O3
system for two industrially important compositions (3.8 mol%
Y + 3.8 mol% Gd and 7.6 mol%Y + 7.6 mol% Gd) have been
calculated. They are presented in the figure.
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Theoretical calculation of phase diagram: Introduction of
the pressure dependence

A.E. Gheribi, J. Rogez, J.C. Mathieu, F. Marinelli and
M.C. Record

Currently, the deformed systems under hydrostatic compres-
sion are described either by the Helmholtz energy through
the Birch–Murnaghan equation of state [1,2] or by the Gibbs
energy through the Murnaghan equation of state [3]. The
Birch–Murnaghan equation based on physical considerations
of finite strain theory describes the thermodynamic proper-
ties of materials in a pressure range broader than the em-
pirical Murnaghan equation. In the present study the Gibbs
energy is deduced from the Helmholtz energy formulated with
the Birch–Murnaghan equation, through a new formulation in
the inversion of the P(V) equation.

A new formulation of the interaction parameters of the
solutions versus the variable pressure is also proposed and
consequently the excess Gibbs energy for binary and ternary
systems. All the used thermodynamic functions are built from
experimental data obtained versus the temperature around the
normal pressure. The extrapolations of the quantities away
from the range of measurement is based on the anharmonic
and quasiharmonic theory for the solids [4], and on the “hard
sphere model” [5,6,7 and 10] or on the “modified hard-sphere
model” for the liquid [8]. Finally, taking into account the Gibbs
energy of the pure elements and the excess Gibbs energies, the
phase diagram under pressure are calculated by means of the
THERMO-CALC software. As an illustration we present the
results on the Ag–Cu phase diagram at high pressure which is
compared with the experimental one [9].
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Thermo-physical properties and phase equilibria of mantle
materials derived from lattice vibrations

M.H.G. Jacobs, B.H.W.S. de Jong, A.P. van den Berg and
H.A.J. Oonk

Accurate material properties are essential for geodynamic
model calculations and for the interpretation of seismological
observations. We present ongoing work [1–6] of constructing a
thermodynamic database for materials of geophysical relevance
with the aim to predict thermo-physical and thermo-chemical
properties and phase equilibria at conditions prevailing in
planetary mantles.

We developed a computational technique based on an
extended form of Kieffer’s [7] approach to model the
vibrational density of states of a substance, a key property to
derive the Helmholtz energy. The developed thermodynamic
framework, which uses input parameters related to Raman
and infrared spectroscopic data, puts tighter constraints on
thermodynamic properties compared to methods based on
polynomial parameterizations of thermal expansivity, heat
capacity and isothermal bulk modulus.

The ramifications of our approach are that (1) a highly
accurate representation of experimental data is achieved,
(2) the description is free from non-physical anomalies in
the pressure and temperature range prevailing in planetary
mantles, which are quite common in more conventional
thermodynamic descriptions, (3) it allows a fast computation
of thermodynamic and mechanical properties, which makes it
suitable for geodynamic modelling, (4) it allows the calculation
of longitudinal and transverse sound wave velocities.

We present results on the application of our approach to
the Mg2SiO4 olivine (α), wadsleyite (β) and ringwoodite (γ )
polymorphs, which are key materials in the upper mantle of
the Earth (P < 24 GPa). At pressures larger than 24 GPa,
the MgO (periclase)+ MgSiO3 (perovskite) phase assemblage
is more stable than γ -Mg2SiO4, but experimental data are
scant for MgSiO3. We have included in our work the Gibbs
energy formulation of the recently discovered post-perovskite
phase (P ≈ 125 GPa) for which no thermodynamic data
are available except for the volume in one P–T point. In
the case of perovskite and post-perovskite results of ab initio
calculations were incorporated in our assessment. We show
how our approach is used in a thermodynamic assessment of
experimental data and compare the results with those obtained
from ab initio calculations. The results, which will be presented
here, were used in a numerical model of convection in the
Earth’s mantle to reveal, among other things, effects of phase
transitions on the degree of layering around 660 km depth in
the Earth (Van den Berg et al., this meeting).
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Thermal convection models for planetary mantles based on
self-consistent thermodynamics

A.P. van den Berg, M.H.G. Jacobs and B.H.W.S. de Jong

Thermal convection by high viscosity creeping flow
processes in solid-state mantle silicates accommodates the
bulk of the thermal energy transport from the Earth’s interior,
resulting in a total estimated present day heat output of some
44 × 1012 W through the Earth’s surface.

This mantle convection process has been investigated
extensively by means of numerical modeling, based on
numerical solution of the governing equations for mass-
momentum and energy conservation. The energy transport
equation involved in such models contains several thermo-
physical parameters, such as density, specific heat and thermal
expansivity, which are typically parameterized or taken as
uniform constants in most numerical models in use in
geophysical studies of mantle convection today.

As a result of the inherent complexities of these models,
containing several non-linear process interactions, detailed
sensitivities in the model response could be artifacts from
inconsistent parameterizations used, rather than truly physical
effects.

To remediate this problem we have used a different
approach towards mantle convection modeling. Instead of
parameterizing the relevant physical parameters we directly
apply thermodynamic parameter values obtained from a self-
consistent thermodynamic description based on a Gibbs energy
formulation, for a complete temperature and pressure range
relevant for the Earth’s mantle (300–4500 K, 0–140 GPa).
This way our convection model calculations are based on self-
consistent thermo-physical parameters for the different solid-
state phases of the magnesium-silicate mantle material. In our
numerical models based on finite-element formulations of the
coupled momentum and energy equations we obtain the (P , T )
dependent parameter values by interpolation in data tables with
typical table spacing of 2 K and 0.06 GPa (2 km depth spacing).

We present modeling results of convection in the
Earth’s mantle using a recent thermodynamic database of
Jacobs et al. (2005) (this meeting) for magnesium silicate,
representing the olivine fraction of the representative pyrolitic
mantle composition. This includes the complete subset of
corresponding mantle mineral phases (olivine, wadsleyite,
ringwoodite, characteristic for the earth’s upper mantle (P <

25 GPa). For higher pressures the model lower mantle consists
of a mineral assemblage of post-spinel with magnesium
perovskite and magnesiowüstite. The model also includes
a high pressure post-perovskite phase which was recently
discovered at pressure values of around 125 GPa representative
for the bottom of the Earth’s mantle at about 2500 km
depth.
We focus in particular on the role of phase transitions in
regulating the degree of layering around a depth of 660 km
or 24 GPa pressure and on the occurrence of the high-pressure
(>125 GPa) post-perovskite phase in the bottom D” zone of the
mantle near the core–mantle boundary.

3. Modelling and experiments

Thermodynamic modeling and key experiments in
Mg–Al–Mn–Zn alloys

Rainer Schmid-Fetzer, Munekazu Ohno, and Djordje Mirkovic

Proper interpretation of experimental data is the focus of
this presentation. For example, the calculated Mg–Al–Zn phase
diagram section in Fig. 1 appears to disagree with recent
thermal analysis “solidus” data [2]. We performed our own key
experiments. For the MgAl9.4Zn1.2 (wt.%) alloy they indicate
virtually the same thermal signals, even though we have used
a more elaborated DTA setup and a much lower cooling rate.
However, our metallographic analysis reveals the precipitation
of γ -Mg17Al12 from the liquid. This is easily explained by
performing Scheil calculations, which show that for all samples
in Fig. 1 the second signal is related to the L + hcp/L +
hcp + γ − Mg17Al12 transition, proven by the solidification
microstructure. Now all the “second signals” are in much better
agreement with the calculation compared to the assumption
of equilibrium, see Fig. 2. The claimed “solidus” data [2] are
thus the start of a monovariant eutectic solidification reaction
that ranges down to much lower temperature. It is stunning
that even with our DTA cooling rates as low as 1 K/min the
solidification path is far from equilibrium and close to Scheil
conditions.

Phase equilibria of the Mg–Al–Mn–Zn quaternary system
will also be shown. They provide crucial information in
development and designing of most important Mg alloys like
the AZ and AM series.

Fig. 1. Mg–Al–Zn phase diagram section at 9 wt.%Al, calculated from the
parameters of Liang et al. [1].
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Fig. 2. Comparison between the calculated and the experimental results.
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Experimental investigation and thermodynamic modeling
of magnesium alloy systems

M. Medraj, M.A. Parvez, E. Essadiqi, A. Muntasar and
G. Dénès

The phase diagrams of Mg–Al–Sr and Mg–Al–Ca systems
were investigated experimentally by differential scanning
calorimetry (DSC) and X-ray diffraction (XRD) techniques.
The experimental work focused on the critical regions after
reviewing the phase diagrams developed by thermodynamic
modeling. DSC has permitted real time measurement of the
phase changes involved in these systems. The temperature
ranges for the phase change peaks have been determined.
Enthalpy of melting and enthalpy of formation of the
compounds are also reported. Comparison between these
results and the thermodynamic findings will be discussed.
These results along with the XRD analysis are used to establish
the equilibria in Mg–Al–Sr and Mg–Al–Ca systems. XRD was
used to identify the phases in the studied samples. Al4Sr and
Al2Ca were found to be the dominating phases in Mg–Al–Sr
and Mg–Al–Ca systems, respectively.

Four new phase fields have been identified in the Mg–Al–Sr
system and the phases were tentatively designated as TSr1,
TSr2, TSr3 and TSr4; the new phases may be ternary
intermetallics or solid solutions. Comparison with the pertinent
thermodynamic calculation and the available experimental
results were made that suggests the Mg–Al–Sr system
should be remodeled. In most of the studied samples in the
Mg–Al–Ca system, good agreement was observed between the
experimental results and thermodynamic calculations.

On the stability of the α-phase in aluminum alloys

Mohamed Abou Khatwa and Dmitri V. Malakhov

Since precipitation of tiny plate-like particles of Mg2Si
is the major strengthening mechanism in the 6xxx series
aluminum alloys, temperature and time used for artificial aging
are the most important technological parameters determining
the mechanical properties of these alloys. However, the
presence of particles different from Mg2Si cannot be discarded
when not only the last stage, but all stages of thermo-
mechanical processing are considered. In particular, these
particles, which are usually rich in iron, manganese and silicon,
may significantly affect the kinetics of recrystallization of cold-
rolled alloys as well as a post-recrystallization grain structure.

As-cast alloy (alloy A) containing 0.55% Mg, 0.34% Fe,
0.56% Si, 0.25% Mn and 0.5% Cu was placed in boiling phenol,
which selectively dissolves the FCC matrix thus allowing
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Fig. 3.

Fig. 4.

the extraction of intermetallic particles. The experimentally
determined fraction of second-phase particles was equal to
2.4 ± 0.2 wt.%, which, as Fig. 3 demonstrates, is much higher
than that predicted by the Scheil–Gulliver formalism. It is worth
emphasizing that according to this formalism, Al13M4 should
dominate in the mixture of intermetallics. In contrast to this
prediction, it was found by means of the XRD analysis that the
dominating phase in the mixture is the α-phase, a cubic phase
containing both Fe and Mn.

The same technique was used for extracting intermetallics
from two heat-treated alloys fabricated from the as-cast alloy
(alloy B: 450 ◦C, 168 h; alloy C: 600 ◦C, 47 h). It was found
that the fraction of the particles in alloy B, 2.5 ± 0.2 wt.%,
was very similar to that in alloy A, and that alloy C contained
2.1 ± 0.2 wt.% of intermetallics. According to the results of the
XRD analysis, α-phase again dominated in both cases. As Fig. 4
stipulates, those findings did not conform to an estimation of the
equilibrium amounts of phases at 450 and 600 ◦C, which were
calculated by using the Thermochemical Database for Light
Metal Alloys.

The results of the investigation suggest that the thermody-
namic stability of the α-phase is likely underestimated in the
literature. One of the possible explanations is based on the fact
that in many intermetallic compounds having several sublat-
tices, Fe can readily mix with Mn on the same sublattice. For an
arbitrary phase, it cannot be said in advance whether such inter-
action results in a greater stability since enthalpic and entropic
terms may act in different directions.

The thermodynamic properties of the α-phase were de-
scribed by using the following sublattice model Al16(Fe,Mn)4
(Si)(Al,Si)2. De facto, by using this model we assumed that
the cubic α-AlMnSi phase, Al16(Mn)4(Si)(Al,Si)2, can dis-
solve Fe. This debatable assumption will be discussed in the
presentation. Experimental data reported by Zakharov et al.
were employed for evaluating the thermodynamic properties of
the phase. It was attempted to carry out this mini-optimization
in such a way that temperatures of nonvariant equilibria are
reproduced without altering the descriptions of the ternary
Al–Fe–Si and Al–Mn–Si systems adopted in the Thermochem-
ical Database for Light Metal Alloys.
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Formation and stability of complex intermetallic phases in
the Al-rich region of Al–Pd–Re and Al–Pd–Mn

Balanetskyy S., Velikanova T.Ya., Grushko B., Feuerbacher M.
and Urban K.

Structurally complex alloy phases are exceptional metallic
systems based on crystal structures with giant unit cells
comprising up to more than a thousand atoms per unit
cell. They have long since been studied in crystallography
and metallurgical materials science (see [1,2] and references
therein). However physical properties of this class of
intermetallic phases have hardly been investigated. Correct
interpretation of the physical properties requires knowledge of
the stability conditions of the phases, their atomic structure,
phase transition mechanisms etc., but this is impossible without
systematic investigations of the corresponding phase diagrams.
Up to now, many binary and ternary alloy systems, where
complex intermetallics were revealed or their formation is
expected, are not systematically investigated.

The present work continues the study of formation
conditions, structure and stability of complex intermetallics,
including quasicrystals, in ternary Al–Pd–TM alloy systems
([3–6] and references therein) which belong to the Al-based
complex intermetallics-forming alloy systems (CIFAS).
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While Al–Pd–Mn belongs to the most intensively investi-
gated CIFASs [7], the Al–Pd–Re alloy system was much less
known as yet. Since Mn and Re belong to the same col-
umn of the periodic table some similarities in constitution of
Al–Pd–Mn and Al–Pd–Re phase diagrams as well as some dif-
ferences governed by the difference of size and electronic struc-
ture of their atoms are expected.

In our work, we consider the AlPd–Al–Al11TM4 (TM =
Mn, Re) compositional region. In this region, thermodynami-
cally stable binary l-Al11Mn4 and Al11Re4, Al6Mn and Al6Re
as well as ternary I-Al70Pd20Mn10 and I-Al70Pd20Re10 are
isostructural phases. No phases isostructural with orthorhom-
bic Al3Mn, and hexagonal μ and λ with stoichiometry close to
Al4Mn in Al–Re exist. In contrast, l-Al4Re has triclinic struc-
ture and that of h-Al4Re is unclear but rather related to mon-
oclinic Al4W. No phase isostructural with cubic Al12Re was
revealed in Al–Mn.

Ternary decagonal (D) phases are thermodynamically stable
in both systems but they are not isostructural. While D3 has
periodicity ∼1.24 nm and composition ∼Al69.0Pd11.8Mn19.2,
D6 has −∼25.7 nm and composition ∼Al78.0Pd7.8Re14.2.

The stabilization effect of the replacement of Pd atoms by
Re in the structure of the metastable binary Al–Pd χ-phase
(a ≈ 1.24 and c ≈ 2.78 nm [8]) was not observed in the case
of Mn. Thus, no phase isostructural with thermodynamically
stable ternary Al–Pd–Re χ was revealed in Al–Pd–Mn.

The maximum of solubility of both Mn and Re in the
binary Al–Pd ε-phase(s) approximately amounts to ∼5 at.%.
No T-phase related (based on Al3Mn) complex orthorhombic
structures [7] typical for as-cast or partially annealed
Al–Pd–Mn samples were observed in Al–Pd–Re. Instead of this
the metastable orthorhombic O-phase (B-centred, a ≈ 3.90,
b ≈ 2.57, c ≈ 5.40 nm) was revealed by TEM during in-situ
decomposition of D6 under the electron beam.
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The experimental and theoretical study of phase equilibria
in the Bi–Sn–Zn system

Jiri Vizdal and Ales Kroupa

The ternary system Bi–Sn–Zn was studied experimentally
with the aim to produce data allowing assessing the above
mentioned system theoretically. Significant discrepancies were
found with respect to the calculation based on the binary data
only, especially concerning the solubility of other elements in
terminal solid solutions. It was found that the presence of the
third element influences significantly the solubility of the other
element in particular terminal phase in comparison with binary
systems (with the exception of HCP_Zn, where the solubility
of other elements remained very low), e.g. the solubility of Bi
in BCT_Sn in the ternary system is significantly lower than
the reported solubility of Bi in BCT_Sn for the limiting Bi–Sn
binary. On the other hand, the solubility of Zn in RHOMBO_Bi
seems to be significantly higher than in the case of limiting
binary Bi–Zn system. The differences are of such an extent that
the suspicion about the quality of experimental data for binaries
was raised. Therefore not only the ternary system but also
the binary systems, where the differences existed were studied
experimentally and, if necessary, remodelled theoretically.

The long-term annealing and DTA analysis was used to
obtained phase data necessary for the theoretical assessment.
The structures, obtained after a long-term annealing, were
studied by means of SEM with EDX and WDX analysis. The
DTA analysis was then used to derive the temperatures of phase
transitions.
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4. CALPHAD thermodynamics

Thermodynamic Modelling of MgF2–MgO in NaF–AlF3–
Al2O3–CaF2–LiF

Patrice Chartrand

A large body of experimental thermodynamic and phase-
equilibrium data exists for the Al–Na–Ca–Li–Mg–F–O system.
This system is of primary importance for Al2O3-reduction cells.
A thermodynamic model and database have been proposed
by the author for the Al–NaF–AlF3–CaF2–LiF–Al2O3 system.
In the present work, MgF2–MgO have been added to the
system. All available data are critically evaluated to obtain
optimized parameters of thermodynamic models of all phases.
The bath model is the quasichemical model in the quadruplet
approximation that evaluates 1st- and 2nd-nearest-neighbor
short-range order. Other solution models are used for non-
stoichiometric solid cryolite, cryolithionite, Li3AlF6 terminal
solid solutions, the gas phase and molten Al. The models
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are then used to predict the thermodynamic properties
and metal-bath-gas-oxides equilibria in the multicomponent
heterogeneous system. All experimental data were reproduced
within experimental error limits. The model parameters form a
database that is part of the FactSage Thermochemical Software.
This software can be used to predict/simulate metal-bath-gas
equilibrium (phase amounts, compositions, activities/partial
pressures, enthalpies, Tliquidus, etc. . . ) for 25 ◦C < T <

1100 ◦C, for P < 4 atm, and for bath ratios (wt.%) from 3.0
to AlF3 saturation.

(CT)The CALPHAD approach to computational thermody-
namics

Larry Kaufman

Recent conferences [1,2] presented many applications of
Computational Thermodynamics. Moreover volume 26 (2002)
of the CALPHAD Journal describes a variety of software
for applying these methods. Several examples of recent
work on Nb alloys [3], metallic glasses [5–7], lithium
batteries [8,9], zirconia, ceramics [10], and multicomponent
rhenium alloys [11,12] illustrate problems that require
attention and to foster future progress in these fields. At
these conferences [1,2] progress since 1966 was presented.
This was attributed to the development of CALPHAD
THERMODYNAMICS (CT) to describe all possible phases
in a system over wide ranges of conditions uncommon
in classical thermodynamics. This feature grew naturally
in (CT) from the realization that commercial processing
always tries to increase the rate of production to become
more profitable. By contrast, thermodynamic measurements
are performed under equilibrium conditions! Since (CT)
applies the results of measurements and observations, made
under conditions where equilibrium prevails, to commercial
practice where non-equilibrium or quasi-equilibrium persists,
(CT) must have a broader scope than used in classical
thermodynamics. The success achieved by pursuing this track
is the explicit description of the stability of unstable and
metastable phases and the functional descriptions of the
compositional, temperature and pressure dependences of the
Gibbs energies and entropies of such phases. This feature
has permitted many workers worldwide to understand and
apply this framework to many important problems and to
communicate their results to others. The fast, powerful PC’s and
efficient software programs for performing such calculations
have contributed to this progress. The (CT) descriptions
of stable, metastable and unstable phases have also been
established in interface with ab intio methods. Good agreement
has been attained between these methods in many cases but
some differences still exist. The discussion below will review
the current applications of CT to several new systems as well
as CALPHAD and ab initio lattice stabilities [17].
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Thermodynamic assessment of phase diagram of Bi–Pd
system

J. Vřešt’ál, J. Pinkas, A. Kroupa, J. Houserová, A. Scott and
A. Watson

Very little experimental thermodynamic and phase equi-
librium data are known on the system Bi–Pd. Recently,
P. Oberndorff’s theses [1] present new information concerning
low temperature equilibria. The reliable assessment of thermo-
dynamic parameters for phase diagram calculation is desirable
for description of this system for lead-free solder database.

Therefore, new experimental DTA, XRD, SEM, solution
calorimetry and ab initio calculated results are used for
reasonable assessment of thermodynamic parameters of the
Bi–Pd system, necessary for calculation of the phase diagram
by the CALPHAD method. The homogeneity of prepared
samples was carefully tested by SEM after alloying. High
temperature solution calorimetry was used for determination of
heat of solution of Pd in liquid Bi and DTA measurements have
checked the phase transformation temperatures during heating
of samples. XRD determination of structures of equilibrated
samples after quenching to room temperature was important
information for the structure evaluation of experiments.
Ab initio electronic structure calculation complements the
information of intermetallic phases energetics of the system.
The calculated phase diagram was compared with phase
diagrams presented in the literature [2].
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Thermodynamic modelling of the undercooled liquid by the
regular associated solution model

Taichi Abe, Masato Shimono, and Hidehiro Onodera

Since Gibbs free energy for the liquid phase, in most cases,
is optimized by using only thermodynamic properties at high
temperature, it may give overestimation of the driving force for
crystallization at low temperatures in the glass forming systems
where short range ordering in the liquid significantly affects the
phase stability of liquid. In the present study, for the Cu–Zr and
the Ni–Zr systems well known as glass forming systems, Gibbs
free energy of the liquid was assessed with thermodynamic
properties obtained in a wide range of temperatures such as
the formation enthalpy of the amorphous phase, latent heats for
crystallization from the undercooled liquid, and heat capacity.
Then, the driving force, critical cooling rate and GFR were
estimated using the assessed free energy.

The effect of the short range ordering in liquid was described
by the regular associated solution model. Cu2Zr1 and Ni2Zr1
associates were assumed in the liquid. The glass transition was
described as the second order transition with Hillert–Jarl type
function [1]. The thermodynamic assessment has been done by
using the PARROT module in the Thermo-Calc package. Then,
TTT curves and critical cooling rates were calculated for those
binary systems using the procedure proposed by Uhlmann [2]
and Davis [3].

In the present assessment, the calculated driving force is
decreased compared to the results of other researchers by taking
account of low temperature data. Consequently, the nose of the
TTT curve is shifted to longer time.
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Thermodynamic modeling of the Mo–Pt, Pt–Si and
Mo–Pt–Si systems

T. Benlaharche, N. David, J.M. Fiorani and M. Vilasi

The Mo–Me–Si systems (Me = noble metal) are of
great interest for metallurgists especially because of their
potential use in the elaboration of refractory alloys for the
aeronautics industry. Our experimental investigations of the
ternary Mo–Pt–Si have shown the existence of two new ternary
intermetallic compounds MoPt3Si4 and MoPt2Si3. As a first
step for the thermodynamic modeling of Mo–Pt–Si, this work
presents the assessments for the Mo–Pt and Pt–Si systems,
for which no similar works were previously available. All
experimental information for these binaries is well reproduced
by using the resulting parameters. The modeling of the Mo–Si
system due to Liu et al. [1] has been directly accepted for our
description of the ternary Mo–Pt–Si, which is also presented
here.
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The behaviour of the B8, C18 and DO2 phases in the
Co–Fe–Sb ternary system

Jean-Claude Tedenac, Didier Ravot and Suzana G. Fries

The Co–Fe–Sb ternary system was first studied in 1939 in
Aachen [1]. After that, very few investigations were done on
this system although a quite relevant amount of experimental
data was determined for the Fe–Co, Fe–Sb and Co–Sb
constituent binaries. The B8 phase, prototype NiAs, appears as
stable phase in the Fe–Sb and Co–Sb binaries.
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In Fe–Sb, B8 stabilizes off-stoichiometry by an excess of
Fe; in Co–Sb, however, the range of homogeneity of B8
spreads into both sides of the 50-50 ideal composition. The
rich metal range stability is explained by Fe or Co atoms
occupying interstitial sites in the hexagonal Sb sublattice. The
extension to the Sb rich side in the case of the Co–Sb system
is explained by vacancies in the metal sublattice. Actually
these defects are known in the literature as the mechanism
doing the connection between NiAs, InNi2 and CdI2 crystal
structures: the occupation of all hexagonal interstitial sites
in the Sb sublattice by the metal atoms leads to the InNi2
structure and the increasing ordering of the vacancies resulting
in an empty layer in the metal sublattice leads to the CdI2
structure. The C18 phase, prototype FeS2, also appears in
both binaries with a very narrow range of homogeneity.
The D02 phase, prototype CoAs3, also called skuteruditte
stabilizes only in the Co–Sb system and constitutes into
a relevant material for thermoelectric applications, which
makes important the knowledge of the phase equilibrium in
this system. The experimental investigation of the stability
and defect mechanism understanding in the ternary phases
applied to a Gibbs energy modelling is the objective of this
study.

As a first approach, the constituent binaries, for which
the Gibbs energies are already modelled in previous works
[2, 3, 4], are assembled together and by simple ternary
extrapolation from the binaries, isothermal and isopleths are
calculated.

The figure at the top shows the extrapolated isothermal
section at 1250 K with a complete extension of the B8 phase
across the ternary which seems to be experimentally observed.
However its ternary homogeneity range at low temperature is
not known and is being investigated, as well as the ternary
extension of the phases C18 and D02.

In order to guide the modelling of the ternary ad hoc
samples were prepared and analysis by DTA and X-ray
diffraction are presented elsewhere [5]. The thermal analysis
results of samples with 75% Sb nominal composition are
compared with the calculated isopleth obtained from the
extrapolated binary descriptions and shown in the bottom
figure. The comparison indicates that the extrapolation
anticipates quite well the ternary equilibria. The experimental
results however does not confirm the invariant equilibrium at
low temperature and will be discussed during the presentation.
Further comparisons will be presented and the understanding
and modelling of the ternary phase’s stability will be
discussed.
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Thermodynamic analysis of the Fe–Ti–P ternary system

Ohtani Hiroshi, Hanaya Naoko, Teraoka Shin-ichi, Abe
Masayuki, and Hasebe Mitsuhiro

The addition of Ti plays a crucial role in controlling the
desired properties of interstitial free (IF) steels by an extensive
removal of interstitials from the solid solutions and formation
of very fine precipitates. It was reported that a strain ageing
appeared in Ti-containing IF steels due to the effect of P added
as solid-solution strengthening element. This is attributed to
the exhaustion of Ti during the formation of ternary phosphide
FeTiP, and therefore it is essential to comprehend precipitation
behavior of this phosphide in the annealing stage. Knowledge
on phase equilibria of the Fe–Ti–P system, however, is very
restricted. The Fe–P and Ti–P binary systems were studied
only for metal-rich regions, which is mainly due to high
volatilisation of P. Although some isothermal and vertical
section diagrams of the ternary system were experimentally
investigated, no thermodynamic information on the FeTiP
phase is available.

In the present work, a thermodynamic analysis of the
Fe–Ti–P ternary system has been performed by combining
first-principles calculation with the CALPHAD approach.
Because of the lack of experimental information available,
the enthalpies of formation of the Fe–P and Ti–P based
binary phosphides were evaluated using the Full Potential
Linearized Augmented Plane Wave method, and the estimated
values were introduced into a CALPHAD-type thermodynamic
analysis. The same procedure was also applied to the FeTiP
compound with an orthorhombic structure of the anti-PbCl2
type. The calculated phase diagrams were in good agreement
with previous experimental results. In this contribution, we will
also discuss the precipitation behavior of the FeTiP phase in the
ferritic stainless steels.

Phase equilibria modelling in Bi–Sr–Mn–O system

D. Sedmidubský, J. Leitner, A. Strejc, O. Beneš and M. Nevřiva

The mixed valence manganites with a perovskite structure
and a general formula Bi1−xSrxMnO3 attracted recently
attention due to a metal–insulator transition provoked
by charge/orbital ordering which has been observed at
unusually high temperature, TCO, compared to analogous
Ln3+

1−xA2+
x MnO3 systems (Ln3+ = lanthanide, A2+ = alkaline

earth). The charge ordering temperature reaches a maximum
value TCO ∼ 530 K for the composition x = 0.5,
where the ratio Mn3+/Mn4+ corresponds to a commensurate
superstructure with respect to the parent perovskite lattice. The
ordering effect, which is accompanied by a pronounced broad
peak on the heat capacity curve, is to be attributed to a peculiar
role of Bi3+ lone pair, whose stereoactivity and polarizability
gives rise presumably to a softening of the corresponding
phonon modes and a subsequent cooperative lattice distortion.

Although the transition has been identified on both the
Bi- and Sr-rich part of the above pseudobinary system, the
detailed study was complicated by technological problems due
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to a limited stability of the Bi1−xSrxMnO3 solid solution.
Unfortunately, at normal conditions both end members
adopt different structure modifications. While the perovskite
β-SrMnO3 can be stabilized at the expense of the more
stable hexagonal α-SrMnO3 by lowering the partial pressure
of oxygen, PO2, and a subsequent non-equilibrium annealing
of the sub-stoichiometric β-SrMnO3−δ in oxygen at low T , the
perovskite BiMnO3 is not known and the reported monoclinic
BiMnO3 represents a high pressure form. At normal pressures,
the Bi-rich utmost composition x ∼ 0.3 is in equilibrium with
Bi2Mn4O10 and Bi12MnO20.

It follows that for a controlled and reproducible synthesis of
Bi1−xSrxMnO3 in a wide compositional range the knowledge
of the thermodynamic stability in the subsolidus region as a
function T and PO2 is of primary importance. Moreover, for
the accurate structure determination including the refinement
of oxygen positions neutron diffraction experiments on
relatively large single crystals are necessary. These have been
already grown using a self-flux method from a Bi-rich melt,
however, the prepared single crystals revealed only a narrow
compositional range close to x ∼ 0.5. The growth of Sr-rich
single crystals has not been successful as yet. Consequently,
the modelling of solid–liquid equilibrium and the delimitation
of the primary crystallization field including its evolution with
PO2 would be very useful for drawing up the crystal growth
experiments.

In the present study we propose a thermodynamic model of
phase equilibria in the Bi–Sr–Mn–O system with a focus on the
pseudobinary section BiMnO3−δ–SrMnO3−δ. The dependence
of phase equilibria on the activity of oxygen (PO2 in the
surrounding atmosphere considered as ideal gas) is also
involved. For the description of the adjacent binaries BiO1.5 −
SrO and SrO–MnOx the previously reported assessments [1–3]
were employed. Since only a few experimental thermochemical
data are available in the system under study, we use the
density functional theory calculations to obtain the total
energies of solid mixed and unary oxide phases from which
the unknown enthalpies of formation are evaluated. The
APW+lo basis set and the general gradient approximation for
treating the exchange-correlation potential (implemented in
WIEN2k program package) are used for electronic structure
calculations. All calculations involving Mn as a component are
performed as spin-polarized and ferromagnetic, although most
Mn-compounds in question reveal an AF ground state. The
F-AF energy difference is neglected. The entropies and heat
capacities are approximated by Neumann–Kopp rule in those
cases where the experimental Cp(T ) data are not available.

The thermodynamic model for high temperature melt is
based on the analysis of Mn–O liquid which is treated as a
non-ideal (Redlich–Kister) ternary mixture of liquid Mn, MnO,
and Mn2O3. In fact, only Mn–MnO or MnO-Mn2O3 pairs are
essentially present in the melt depending on its overall oxygen
content. The complex Bi–Sr–Mn–O melt is considered as a
mixture of Mn(l), MnO(l), Mn2O3(l), SrO(l) and Bi2O3(l),
where the binary R–K interaction coefficients are adjusted from
experimental equilibrium data in SrO–MnOx, Bi2O3–MnOx

and Bi2O3–SrO subsystems.
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Phase diagram calculation of the Al–Mg–Sr system

Onderka Boguslaw and Zakulski Wojciech

Basing on own results from the Al–Mg [1], Al–Sr
[2] and Mg–Sr [3] binary systems, together with existing
thermodynamic and phase equilibrium data from the literature,
the phase diagram of ternary Al–Mg–Sr system has been
calculated with the aid of a binary model.

As the second step, magnesium activities determined by
the EMF method in ternary Al–Mg–Sr [4] liquid solutions
were used for the estimation of ternary term and subsequent
calculation of phase equilibria in that system.
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5. Kinetic matters

Melting of alloys

Bengt Hallstedt

We have studied the melting behaviour of the tool steel
X210CrW12 (Fe–2w%C–12w%Cr–0.8w%W) by diffusion
simulation using the DICTRA software. It is believed that the
conclusions regarding the melting behaviour of this material are
quite general and applicable to a large variety of materials. The
primary conditions being that the alloy is ternary or higher order
and that it has an at least two-phase microstructure below the
solidus temperature at equilibrium.

In contrast to the solidification process, the melting process
is rarely studied. To our knowledge the subject matter addressed
in this work has so far not been treated in the open literature.
The only study so far lightly touching the subject of the
present study appears to be by Boettinger and Kattner [1] where
they model differential thermal analysis (DTA) curves during
melting of homogeneous single phase alloys. The melting
process is of importance for semi-solid processing, in order to
determine the maximum temperature for homogenisation and
to design and interpret DTA measurements.
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The steel X210CrW12 solidifies austenitically, and the last
30%–40% liquid forms an austenite +M7C3 eutectic. The
microstructure (at high temperature) typically consists of coarse
M7C3 particles surrounded by some amount of eutectic in an
austenite matrix. During heating liquid will start to form at
the austenite–M7C3 interfaces, and the characteristic diffusion
distance is determined by the distance between the coarse
carbide particles (around 40 µm in this case).

The most astonishing finding is that melting starts
considerably above the equilibrium solidus in a homogenised
material. Melting starts at a higher temperature, the lower
the homogenisation temperature is. The major reason for this
behaviour is that the operating tieline when heating through the
solidus is different from the equilibrium tieline. Furthermore,
the influence of heating rate within the investigated range
(5–500 K/min) is fairly small and melting is complete very
close to the liquidus temperature. At very high heating rates
or coarser microstructure, where concentration gradients in the
liquid can build up, the melting curve can change considerably,
and melting is complete some distance above the liquidus. The
solidus of this alloy cannot be determined by thermal analysis.
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Diffusion simulations of MC and M7C carbide coarsening
in bcc and fcc matrix using a new thermodynamic and
kinetic description

Johan Bratberg, John Ågren and Karin Frisk

The coarsening of MC and M7C3 carbides in a bcc and
fcc matrix using a new thermodynamic database and an
existing kinetic database was simulated. Calculations in ternary
systems including MC respective M7C3 carbide in a fcc matrix
showed that the kinetic description needed revision. New
experimental information in the Fe–Cr–V–C system described
in the present work was also taken into consideration. After the
revision the agreement of the calculated coarsening rates with
the experimental values was satisfying. The input variables,
especially the values of the interfacial energies of the different
carbides, have physically correct values. It was shown that the
MC and the M7C3 carbide have different interfacial energies.
The M7C3 carbide has more than twice as large an interfacial
energy value than the MC carbide in an fcc matrix.

Satisfying results were shown when going to higher order
systems using the same values of the interfacial energies. The
calculations were compared to new experimental measurements
in higher order systems. All the coarsening simulations
using the old thermodynamic and kinetic description are
compared in figures together with the present results and
experimental values. The present calculations using the
DICTRA software showed significantly improved agreement
with the experimental data.

Thermodynamic and kinetic modelling of the Fe–B and
Al–Ni–Ce amorphous and nanocrystalline alloys

Mauro Palumbo, Marcello Baricco and Livio Battezzati

Amorphous alloys have attracted much interest for both
their remarkable mechanical and magnetic properties [1,2]. The
formation of nanosized crystals by controlled crystallization in
the amorphous matrix may further improve such properties. The
development of proper models to describe both the formation
of amorphous phases and the crystallization process is thus of
considerable importance. A possible modelling approach relies
on the coupling of classical thermodynamics and kinetic theory,
as the nucleation and growth theory. Extensions to describe
metastable phases are also necessary, so being the nature of the
amorphous phase.

In this work, modelling of the amorphous phase and
of its crystallization in the binary Fe–B and the ternary
Al–Ni–Ce systems has been proposed in the framework
of the CALPHAD methodology. The former system is the
ancestor of a family of commercial magnetic amorphous
and nanocrystalline multicomponent Fe-based alloys such as
Finemet and Nanoperm, whereas the latter belongs to the wide
group of Al–TM–RE (TM = Transition Metal, RE = Rare
Earth) systems which show interesting mechanical properties.

A comprehensive thermodynamic assessment of the Fe–B
system has been performed [3,4], including the amorphous
phase and the metastable Fe3B stoichiometric compound,
using the ThermoCalc software. Experimental data on these
metastable phases have been used to this purpose. Assessed
thermodynamic parameters have been used to calculate
quantities such as the driving force for nucleation. By coupling
thermodynamics and diffusion theory, a kinetic simulation
of crystal growth has been carried out using the DICTRA
software [5]. The parameters necessary for the simulations
have been taken both from the assessment and from the
literature. Composition profiles in the amorphous matrix in the
surroundings of the growing crystal can be calculated, both
in isothermal and continuous heating modes. A comparison
between calculated and experimental DSC traces has also been
attempted.
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The same modelling approach has been applied to the
ternary Al–Ni–Ce system [6], but limiting our analysis to
aluminium rich alloys, where a significative glass forming
ability has been reported. Metastable phase diagrams and
driving forces have been calculated. The prediction of
the glass forming range has been attempted and results
are in good agreement with experimental achievements.
Kinetic simulations have been also performed and results of
composition profiles compared to APFIM data for some alloys.
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Phase field simulations of grain growth in materials
containing a finely dispersed second phase

Nele Moelans, Bart Blanpain and Patrick Wollants

Small second-phase particles have the ability to pin grain
boundaries, also called Zener pinning. They considerably
reduce the mobility of the grain boundaries and eventually
stop grain growth. This possibility to stop grain growth is of
great practical importance as it allows controlling the grain
size of a material. For example in the production of steels
for structural application or thin films for electronic devices,
impurity elements that lead to the precipitation of a second
phase are added to the material as its properties and reliability
highly depend on the grain size.

The pinning effect is based on the fact that when a particle
is located on a grain boundary, the grain boundary area is
reduced with an amount that equals the intersection area of
the particle and the grain boundary, resulting in a decrease
of the free energy. Therefore particles exert a backward force
on grain boundaries. When the pinning force of the particles
exceeds the driving force for grain growth, further grain growth
is inhibited by the particles. In general, it is assumed that the
final grain size is proportional to the size of the second phase
particles and inversely proportional to the volume fraction of
the second phase in three dimensions or the square root of the
volume fraction in two dimensions [1]. However, this relation
is not always experimentally observed [2]. The pinning effect
of particles depends on many more parameters, such as grain
boundary properties, properties of the particle–matrix interface
and the chemical stability of the second phase.

Phase field simulations for grain growth in materials
containing second-phase particles were performed. An existing
phase field model for grain growth in single-phase materials
was extended to incorporate the presence of the particles [3].
The interaction between a particle and a grain boundary is
studied at a small scale as a function of particle size and grain
boundary energy in two and three dimensions. From large-
scale simulations for two dimensional polycrystalline systems
the dependence of the final grain size on the volume fraction
and particle size of the second phase is determined, and the
role of the initial grain size of the matrix phase is studied.
Further the local interaction between a moving grain boundary
and a particle was in-situ observed using a Confocal Scanning
Laser Microscope in combination with an infrared furnace. The
simulation results are compared with the in-situ observations
and experimental data from the literature.

References

[1] M. Hillert, Acta Metall. 36 (1988) 3177.
[2] M. Guo, H. Suito, ISIJ International 39 (1999) 1289.
[3] N. Moelans, B. Blanpain, P. Wollants, Acta Mater. 53 (2005) 1771.

Aging behavior of a 2.25Cr–1Mo steel

R.R. de Avillez, F.C. Rizzo Assunção and B. Marinkovic

The 2.25Cr–1.0Mo steel is widely used in petroleum
refining units, for example, in pressure vessels, working under
severe operational conditions. Due to the high temperatures
of some processes, many phenomena such as precipitation of
carbides and their coarsening occur during service, resulting
in changes of material microstructure. Such changes may
modify the mechanical properties, which are responsible for the
performance of the pressure vessels.

Using a software for thermodynamic calculations, the
thermodynamically stable carbides and the theoretical carbide
nucleation sequence were established over the temperature
range of interest (700–1040 K), supposing ferrite as the original
microstructure. The evolution of the carbide precipitation along
a period up to 20 years was calculated using the software
DICTRA. The M2C, the carbide with the highest nucleation
energy, was used as the starting condition in a system consistent
of several diffusion cells, one for each carbide considered.

The initial carbide disappears over a period of about
a year while the thermodynamically stable carbide steadily
grows. The results were compared with the experimental data
available from the literature. These results are important for the
evaluation of the microstructural degradation of 2.25Cr–1Mo
steel with original ferrite microstructure and, therefore, the
determination of the remaining useful service life of these
materials under operational conditions.

Carburisation of diffusion couples

R. Bernst, G. Inden and A. Schneider

The diffusion couple technique was applied in this work to
determine the solubility of X = Si, V and Mo in cementite
at 700 ◦C. Diffusion couples of Fe/Fe–4Si, Fe/Fe–7Mo, and
Fe/Fe–20V (at.%) were prepared and heat treated at 900 ◦C
or 1200 ◦C for 1 month. Then they were carburised at 700 ◦C
in a CO–H2–H2O gas mixture with 10 ppm H2S with a
carbon activity of aC = 100 for 10 hours. The H2S was
added to prevent graphite formation and the onset of cementite
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decomposition (metal dusting). The growth of a cementite
layer was observed for all diffusion couples. Generally, these
cementite layers extend laterally from the pure Fe side up to a
position in the diffusion couple corresponding to concentration
of X which is assumed to represent their solubility limits in
(Fe,X)3C. The cross-sections of the carburised samples were
characterised by means of light optical microscopy (LOM). The
profiles of the alloying elements in the matrix after the first heat-
treatment and their content in cementite after the carburisation
treatment were measured by electron probe microanalysis
(EPMA). The identification of the precipitated phases was
performed by using electron backscatter diffraction (EBSD).
The experimental work was supported by calculations of stable
and metastable phase equilibria using Thermo-Calc and by
simulations of diffusion controlled phase transformations using
DICTRA.

Observed reaction paths and corresponding diffusion paths
in ternary metallic phase diagrams

Myriam Sacerdote-Peronnet and Jean Claude Viala

The present contribution deals with the chemical reactivity
in couples resulting from the association of molten metals (Al
and Mg alloys) and solid substrates (Fe base metals). The
applied background of this study concerns the development of
various metallic products that can be used in the automotive and
aeronautics industries. The ternary Al–Fe–Si phase diagram is
a key system to obtain products such as hot dip aluminized
steel sheets, laser beam welded aluminium/steel structures or
aluminium alloy parts locally reinforced with iron base inserts.

–The ternary Fe–Mg–M systems (M is an alloying element
of magnesium) are also very interesting in the scope of
manufacturing lower-weight components.

To obtain Fe/Al–Si and Fe/Mg–M bimetallic joints with
optimized properties, it is necessary to acquire a thorough
understanding of the interface chemistry of the corresponding
systems. It is needed to study thermodynamics, kinetics and
reaction mechanisms likely to develop between the ferrous
substrate and the metallic matrix (Al or Mg):

– Concerning Fe/Mg–M couples [1], the interface reactivity
was studied by two complementary approaches: on the one
hand, we determined the phase equilibria in the Fe–Mg–M
systems at 730 ◦C. On the other hand, ferrous metal/magnesium
alloy interfaces were characterized. We used synthetic Mg–M
alloys and four ordinary commercial magnesium alloys:
GA6Z1 with aluminium, GM2 with manganese and the two
alloys M2 and RZ5 containing zirconium. From all the results
obtained, it has been possible to precisely determine the growth
kinetics and mechanism at these interfaces.

– Concerning Fe/Al–Si bimetallic joints [2–3], an experi-
mental study has been undertaken using the same methodology:
refinement of the phase equilibria in the ternary Al–Fe–Si sys-
tem at 730 ◦C [4–6], dipping ferrous substrates in Al–Si alloys
at temperatures ranging from 600 to 800 ◦C. The nature, thick-
ness, morphology and sequences of the different phases formed
at the interfaces were thus determined. Different types of re-
action zones were characterized depending on the temperature
and on the silicon content of the aluminium alloy. For each of
them, the results were interpreted in terms of kinetics and reac-
tion mechanism.

Based on examples chosen in both Fe/Mg–M and Fe/Al–Si
systems, we will point out that it is possible to use the diffusion
path concept to relate the phase diagram of the relevant systems
with the composition and sequence of the reaction layers
observed at the interfaces [7].

Initially developed for solid/solid couples with interface
layers growing by solid state volume diffusion according to a
parabolic growth law, we will describe examples showing that
it is possible to extend the diffusion path concept to solid/liquid
interfaces.

In some cases, however, deviations to parabolic growth have
been identified: dissolution, interface reaction that proceeds
by dissolution–crystallization, liquid metal that permeates
the reaction zone. . . . We will explain why, in such cases,
differences may appear between the observed reaction path and
the theoretical diffusion path [8–10].
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Use of the Au–Zn–O phase diagram for ZnO nanowhisker
growth

Albert Davydov, Kil-Won Moon, William Boettinger and
Ursula Kattner

Semiconductor single-crystal whiskers that are nanometers
in diameter and known as “nanowhiskers” or “nanowires”
(NW) show great potential for use in integrated optoelectronic
and electronic devices including nano-lasers and biochemical
detectors. NWs are often grown by the Vapor–Liquid–Solid
(VLS) method using a nano-sized metal droplet (catalyst) [1]. It
is attractive to employ metal/semiconductor phase diagrams to
facilitate understanding of the NW growth mechanism and to
optimize the growth temperature as well as catalyst selection.
This paper presents application of Au–Zn–O phase diagram
to describe growth of ZnO semiconductor NWs using Au as
a catalyst. The Au–Zn–0 diagram has not previously been
examined.

The initial step in evaluating the ternary Au–Zn–O diagram
was to study the Au–ZnO section. A set of Au1−x(ZnO)x
samples with x = 0.03, 0.05, 0.1, 0.2, 0.4, and 0.8 was prepared
by sintering pelletized mixtures of Au and ZnO powders at
900 ◦C in air for 72 h followed by air quenching. The T-x
diagram was constructed using the results of XRD, SEM/EDS
and DTA. The Au–ZnO section was determined to be a
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quasi-binary section of the eutectic type with no intermediate
phase. The eutectic temperature was measured by DTA as
1044 ± 1 ◦C with a eutectic composition close to pure Au.
Liquidus temperatures were not detected up to the DTA limit
of 1400 ◦C. This indicates that the ZnO liquidus line is likely
to be very steep. Consequently, and by analogy with similar
metal-oxide systems such as Ag–Cu2O [2], the formation of a
high-temperature liquid miscibility gap in the Au–ZnO system
is probable. The experimental information on the Au–ZnO
section and preliminary thermodynamic evaluation was used to
construct the entire Au–Zn–O diagram under the assumption of
no ternary phase formation.

Finally, we analyze the growth of ZnO NWs from an Au
catalyst by mapping the spatial concentration profile during
VLS growth onto the Au–Zn–O phase diagram. Visualizing
VLS growth on a phase diagram allows us to explain the critical
steps of ZnO NW growth; this approach can further be used for
optimization of nanowhisker fabrication of other materials.
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Development of prediction model for precipitates kinetics
and austenite grain growth in the weld heat affected zone

Joonoh Moon, Jonggeun Ryu, Changhee Lee, Youngho An and
Jongbong Lee

A metallurgical model of the particle behavior below the dis-
solution temperature was considered. Unlike the conventional
approach, where the mean-sized particle continues to grow, the
proposed model considered the critical particle size which can
be derived from Gibbs–Thomson equation. In this study, the
proposed particle coarsening model was applied to study the
behavior of titanium nitride (TiN) in low carbon steel during
welding and heat treatment. The size distribution of the TiN
particles showed that typical log-normal distribution and pre-
dicted particle size distributions from the proposed model were
in agreement with the experimental results. Finally, predicted
mean particle sizes also showed agreement with experimental
results compared to the conventional model.

Keywords: Critical particle size, Solubility product, Gibbs-
Thomson equation

6. Miscellaneous

Models for multicomponent liquid solutions

Arthur D. Pelton

Thermodynamic models for liquid solutions will be
discussed with particular regard to their ability to predict the
properties of multicomponent solutions from the properties of
their binary sub-systems. “Associate” models, quasichemical
and cluster models and “sublattice” models will be compared
with a view to showing which are the most appropriate for
various classes of solutions. Examples will be given from
solutions of molten ordered alloys, salts, sulphides and oxides.

Hydrogen adsorption and desorption mechanism in carbon
nanotubes

Sang Soo Han, Jeung Ku Kang, Hyun Seok Kim, Jai Young
Lee, Adri C.T. van Duin, William A. Goddard III, and Hyuck
Mo Lee

We have synthesized open-tip multi-walled carbon nan-
otubes (MWCNTs) by plasma enhanced chemical vapor depo-
sition (PECVD) to investigate their hydrogen adsorption and
desorption properties. Our thermal desorption spectrum (TDS)
analysis finds two desorption peaks at the temperature ranges
of 100–200 K and 300–350 K. The total amounts of hydrogen
integrated from these two peaks are 1.8 and 2.0 wt%, respec-
tively. In addition density functional theory (DFT) and molecu-
lar dynamics (MD) simulation determine that the first TDS peak
is attributed to hydrogen physically adsorbed on the walls of the
MWCNT, while the second one is attributed to hydrogen phys-
ically adsorbed inside the nanopores with about 1 nm diameter
in the MWCNT walls. Moreover, hydrogen is also found to dis-
sociatively bond to carbon atoms at the vacancy sites and open-
tip edge sites and it becomes thermodynamically stable in the
intertube of MWCNT if the intertube distance would increase
to the 1 nm size.

Calculation of constrained equilibria by Gibbs energy
minimisation

Pertti Koukkari, Risto Pajarre and Karri Penttilä

The multi-phase analysis of complex systems by Gibbs
energy minimisation has gained increasing popularity with
the development of efficient computers. The advantages of
the multi-phase methods have been widely recognised and
they are becoming accepted in different applications, ranging
from chemistry and metallurgy to materials processing, steel-
making, pulp and paper production and energy and environment
technologies.

The Gibbs energy minimisation requires the use of the
chemical potentials (partial molar Gibbs energies) of the
constituents of the system. Usually, these appear at their
equilibrium values as a result of the minimisation calculation,
the mass balance constraints being the necessary subsidiary
conditions. Yet, there are several such physical circumstances,
where chemical potentials appear constrained also by other
factors. In this paper a method will be presented, by which
constrained chemical potentials can be applied in a multi-
phase Gibbs energy minimisation. The constrained potentials
arise typically due to a displacement in a generalised work-
coefficient in the system or they are due to a pre-defined affinity.
In the Gibbs energy minimisation performed by the Lagrange
method, the said constraints are set as additional Lagrangian
coefficients. Examples of the constrained potential method will
be presented in terms of the electrochemical Donnan equilibria
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in aqueous systems containing semi-permeable interfaces [1],
the phase formation in surface-energy controlled systems [2]
and in systems with affinities controlled by chemical reaction
kinetics [3]. The methods have been successfully applied in
calculating distribution coefficients for metal ions together with
pH-values in pulp suspensions, in calculation of surface tension
of alloys and in thermochemical process modelling involving
chemical reaction rates
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The qualitative structure of phase diagrams: From the
works of Schreinemakers (The Netherlands, beginning of
the XXth century) to present day

Bernard Guy

One century ago, a scientist from the Netherlands,
Franciscus Antonius Hubertus Schreinemakers (1864–1945),
published a series of papers dedicated to phase diagrams.
These appeared both in Dutch and English in the Proceedings
of Koninklijke Akademie van Wetenschappen Te Amsterdam.
It is the purpose of this paper to give a short review
of the contribution of Schreinemakers to the qualitative
understanding of phase diagrams and to make one understand
his way of reasoning and his principal results. The work of
Schreinemakers will be compared to the numerous qualitative
rules for phase diagrams that have been proposed, either by
the Dutch school or abroad (USA, Canada, China, former
USSR and Russia, Europe), in a number of scientific fields
from Chemistry to Earth Sciences, and by many researchers,
among which are several Calphad people. The rules will also be
discussed in the light of recent work made by the author (BG)
on the “affigraphy” concept and on matroïd theory (preliminary
results).
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On the statistical thermodynamics of solutions with
variable valence states of one of the components

A.Yu. Zakharov, M.A. Zakharov, A.L. Udovsky and
H.A.J. Oonk

The aim of the report is development of a generalized lattice
model [1] to condensed systems with variable valence states
of one of the components (such as uranium–oxygen system).
The problem consists in the correct account for the following
peculiarities of such systems:
• Short-range parts of interatomic potentials. They are taken
into account by means of dense packing principle, which
connects local densities of components.

• Long-range parts of the interatomic potentials, which are
smooth functions of space variables and taken into account
by means of effective field approximation.

• Existence of thermal defects such as vacancies in condensed
systems. The vacancies are considered as a disparate
component of the system, which is characterized by its
specific “atomic” volume.

• Existence of “complexes” with variable compositions in the
system.

Model expression for the Helmholtz free energy functional
is suggested. The conditional extremum of the Helmholtz func-
tional and the system of integral equations for equilibrium dis-
tributions of components are obtained. Qualitative properties of
solutions of these equations are investigated. The conditions of
multiphase solutions are established. Reduction of Helmholtz
free energy to Ginzburg–Landau-like functional is reduced.
Connections between parameters of this functional and char-
acteristics of interatomic potentials are established. The condi-
tions of mathematical well-posedness of the approximations are
obtained. The system of equations, connecting compositions of
coexisting phases with characteristics of interatomic potentials,
is deduced. The ways of inverse problem solution and related
problems of phase diagram predictions are discussed.
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Ni3Ga—Defect structure and changes in degree of long
range order

Olga Semenova, Hiroshi Numakura and Herbert Ipser

In the last years, intermetallics with L12-structure were
of particular interest, both from the point of view of their
fundamental properties and their practical application as
materials with excellent chemical, mechanical and physical
properties.

In the present investigation, we have chosen Ni3Ga as a
model L12 compound and measured the electrical resistivity
to study (1) the equilibrium degree of order at various
temperatures and (2) the kinetics of ordering and disordering
[1]. In this paper we report the method of estimating the long-
range order parameter from the resistivity data and derive the
effective pair interaction (EPI) energy. It is then compared with
those evaluated from thermodynamic activity measurements
[2–6] and also with those converted from the parameters in
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Calphad modelling [7]. Such adequately-evaluated EPI energy
values can be conveniently employed for calculating point
defect concentrations at various temperatures and compositions
using common statistical-thermodynamic methods, e.g. the
Bragg–Williams model and Monte-Carlo simulations.
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Crystallochemistry and Calphad modelling of the σ phase

J.-M. Joubert

The σ phase shows up in most intermetallic A–B systems
where A is an element pertaining to V-, Cr- or Mn-groups
and B an element pertaining to Mn-, Fe-, Co- or Ni-groups,
Au or Al. It appears consequently in higher order systems
including technologically crucial ones emphasizing the need for
a convenient Calphad modelling.

The σ phase is characterized by a considerable non-
stoichiometry. It may be formed, depending on the system,
between 10 at.% and 80 at.% A. The non-stoichiometry
is accommodated by substitutional disorder on the five
non-equivalent sites of the crystal structure (2a, 4f, 8i,
8i and 8j in space group P42/mnm). These sites have
different coordination numbers (12, 15, 14, 12 and 14).
The characterization of the disorder is therefore of primary
importance and is the aim of this paper.

After a thorough critical review of the available literature
data, complementary key experiments have been performed in
several systems (Ta–Al, Nb–Al, Mo–Co, Re based systems. . . ).
Intermetallic compounds have been synthesized and the site
occupancies have been obtained by Rietveld refinement of X-
ray or neutron powder diffraction data. A systematic analysis
of the site occupancies has been performed as a function of
the A atom composition. It shows in particular that the only
coordination number criterion is unable to predict which sites
are progressively occupied by A atoms.

In the frame of a Calphad modelling, several sublattice
models have been proposed so far assuming different
substitution schemes for A and B atoms. Our analysis
shows that none of them describe satisfactorily the σ phase.
They describe only approximately and sometimes wrongly
the crystallography and therefore the configurational entropy
because a wrong assignment is made of the sublattices in which
atom mixing occurs.

Conclusions are drawn concerning the most suitable way to
model the σ phase in the frame of a unique sublattice model
able to describe it in all systems.
Phase behavior of a diblock copolymer in the presence of
two solvents

Ching-I Huang, Yu-Cheng Chiu and Yu-Chien Hsu

Block copolymers continue to be an attractive area of
research due to their numerous potential applications with
characteristic domain dimensions in the range of 1 ∼ 100 nm
by self-organization [1–3]. One of the major methods in
controlling the length scale of microstructures is by diluting
a block copolymer with solvents. Most of the theoretical
research has focused on the effects of adding one solvent into
a diblock copolymer [4]. There exist few theoretical studies
of a block copolymer in the presence of two solvents. Indeed,
understanding both the phase behavior and the microdomain
length control of a block copolymer in two solvents become
very important as more and more experimental systems involve
two types of solvents. We therefore employ self-consistent
mean-field (SCMF) theory to study the phase behavior as well
as the structural sizes of a block copolymer in the presence of
two solvents. In particular, the effects of copolymer volume
fraction, cosolvent ratio, and the incompatibility between
cosolvents are examined.

We consider an asymmetric A/B diblock copolymer in the
presence of two solvents, X and Y, which are selective for A
block and B block, respectively. We set the A-monomer fraction
in the copolymer f = 0.16, degree of copolymerization
N = 300, and the net interaction parameter between A
and B, χAB, multiplied by N (i.e., χAB N) equal to 41.4. As
such, the most stable phase for this diblock copolymer in
the melt is body-centered cubic spheres of A in the matrix
of B (SBCC

A ). When the solvent selectivity for both blocks is
small, for example, the net interaction parameters χAX = 0.4,
χBX = 0.45, χAY = 0.45, and χBY = 0.4, we find that only
the transition from the ordered phase SBCC

A to the disordered
phase occurs with decreasing the copolymer volume fraction φ.
Furthermore, the order–disorder transition line is not affected
much by increasing the incompatibility between solvents X and
Y, χXY. While when the solvent selectivity increases, such as
χAX = 0.4, χBX = 0.6, χAY = 0.6, and χBY = 0.4, both
the phase behavior and the microstructural sizes are greatly
influenced by increasing χXY. In particular, various ordered
phases and even macroscopic phase separation are induced
with increasing the incompatibility between cosolvent. For a
fixed ratio between cosolvent concentrations, the characteristic
microdomain length L decreases with ψ decreasing when χXY
is small. However, when χXY becomes large, due to the fact
that X and Y don’t like each other, each domain size and the
characteristic microdomain length L increase as ψ decreases
further. For a fixed and large value of χXY, we observe that
L reaches a maximum when both solvent concentrations are
comparative.
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Influence of antimony additions on surface tension and
density of Sn–Sb, Sn–Ag–Sb and Sn–Ag–Cu–Sb alloys.
Experiment vs. modeling

Z. Moser, W. Gsior and J. Pstruś

It was shown in agreement with previously published results
on Sn–Sb [1], Sn–Ag–Cu [2] and on small additions of Sb
to quaternary tin based alloys Sn–Ag–Cu–Sb [3] (XSb =
0.03, 0.06, 0.09, 0.12) that the addition of antimony decreases
the surface tension and density, while it increases the molar
volume. Recently, the surface tension and density for remaining
quaternary alloys on tin base (XSb = 0.4 and 0.7) were
completed starting from ternary alloy Sn–3.3Ag–0.76Cu. In
addition, one alloy of equal composition in quaternary alloy
XSn = XCu = XAg = XSb = 0.25 was tested and a
limited number of binary alloys : Ag–Sb (XSb = 0.5), Cu–Sb
(XSb = 0.0, 0.2 and 0.5) and Cu–Sn (XSn = 0.5 and 0.25) to
work out the relation of the surface tension on concentration
in the quaternary system Sn–Ag–Cu–Sb. The calculations of
the surface tension of the investigated alloys were performed
also by Butler’s model based on excess Gibbs energies of
components of investigated alloys and surface tension of pure
components.

Results reported in this abstract and previously published
surface tension and density data for several pure components,
binary, ternary, quaternary and one quinary alloys were used
for creation of the SURDAT data base of Pb-free solders [4]
comprising in addition to physical properties, modeling of the
surface tension by Butler’s method.
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7. Experimental thermodynamics

The standard enthalpies of formation of some inter-
transition metal compounds by high temperature direct
synthesis calorimetry

S.V. Meschel and O.J. Kleppa

The standard enthalpies of formation of some inter-transition
metal compounds have been measured by high temperature
direct synthesis calorimetry at 1372±2 K. The following results
(in kJ/mol of atoms) are reported:

ScMn2(−26.1 ± 1.9); Sc4Os11(−22.6 ± 3.0);
TiMn2(−8.6 ± 1.6); V2Hf(−16.7 ± 1.7);

VIr(−28.1 ± 1.7); Fe2Hf(−12.3 ± 1.1);
Fe7Nb6(−6.2 ± 1.8); Fe2Y(0 ± 1.9);

Co3Nb(−7.4 ± 1.9); NiY(−32.9 ± 1.7).

The values are compared with some earlier experimental
results obtained by EMF and by calorimetry. They are also
compared with the predicted values of Miedema and coworkers.
We will present a systematic picture of how the enthalpies of
formation may be related to the atomic number of the transition
metals.

Enthalpies of formation of intermetallic phases of the Ti–Si,
Ti–B and Ti–Si–B systems measured by direct synthesis
calorimetry

G.C. Coelho, J.C. Gachon, C.A. Nunes, J.M. Fiorani and
M. Vilasi

Alloys of the Ti–Si–B and related systems are potential can-
didates for high-temperature applications. A thermodynamic
database based on Me–Si–B systems (Me = metal) will serve
as a powerful tool for the development of these alloys. The en-
thalpy of formation is one of the most important experimental
values for the optimization of these systems because it gives
the largest contribution to the Gibbs energy of each phase. Sev-
eral and scattered data are available for the silicides and borides
of the Ti–Si and Ti–B binaries, as reviewed by [1] and [2],
respectively. Recently, a new ternary phase, with stoichiometry
Ti6SiB2, was reported to be stable in the Ti–Si–B system [3].
In the present work, the enthalpies of formation of intermetallic
phases of the Ti–Si and Ti–B binaries as well as of the Ti6SiB2
were measured by high-temperature, direct synthesis calorime-
try. After measurement, the samples were characterized by
X-ray diffraction, electron microprobe and back-scattered elec-
tron images.
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Phase equilibria in the Ag–Cu–Sn LEAD-Free solder alloys

M. Kopyto, B. Onderka, A.T. Dinsdale and L.A. Zabdyr

A method for measuring the Electro-Motive Force was
employed to determine the thermodynamic properties of liquid
Ag–Cu–Sn alloys using solid electrolyte galvanic cells as
summarized below:

Pt, air | yttria stabilized zirconia | Ag–Cu–Sn,SnO2,

Re, kanthal.
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Measurements were carried out for three cross-sections with
constant Ag/Cu ratio equal to: 1/3, 1 and 3 and for tin
compositions ranging every 10%, from 10 up to 80 at.%,
resulting in a total of 24 different alloy compositions. The
temperature of the measurements varied from near the liquidus
temperature up to 1075 ◦C. A linear dependence of the emf
on temperature was observed for all alloy compositions and
the appropriate line equations were derived. Tin activities
were calculated as a function of composition and temperature
and a full thermodynamic description was then derived using
MTDATA and ThermoCalc using the most recent calorimetric
data and experimental studies of the phase diagram.

Calculations were split into three stages: first ternary
experimental data were compared to those calculated from
binary COST 531 database, then the same experimental values
were compared to the quantities calculated from the most recent
Ag–Cu–Sn assessment (NPL 2002), and finally the system
was re-optimized employing all the available experimental
information, and phase diagram calculations were carried out.
The experimental phase diagram data were plotted on the
number of calculated isopleths displaying the good agreement
with the calculated phase boundaries.

Thermodynamic activity measurements and assessment of
the system NaI–CeI3

T. Markus, M. Ohnesorge, D. Kobertz and K. Hilpert

The studies are part of the systematic investigations of metal
halide salt systems, which are performed in our lab. In the work
presented here the determination of the chemical activities of
the components NaI and CeI3 for the complete composition
range of the NaI–CeI3 system is described as well as the partial
pressures of the identified gaseous species.

The obtained thermochemical data are important for
fundamental research for the chemistry of molten salts and
applied physical chemistry for the development of metal halide
lamps.

Twelve NaI–CeI3 samples with the compositions xNaI =
0, 0.201, 0.351, 0.400, 0.496 (two independent runs), 0.554,
0.601, 0.700, 0.800, 0.898, and 1 were prepared by melting
together NaI (s) and CeI3(s) under argon atmosphere in sealed
quartz ampoules. The pure salts were supplied by Alfa Aesar,
USA with a purity of 99.9 mass% for CeI3 and 99.5 mass% for
NaI.

The vapour of the system NaI–CeI3 was investigated under
equilibrium conditions in the temperature range from 728 K
to 923 K by using Knudsen Effusion Mass Spectrometry
with a one compartment Knudsen cell. The partial pressures
of the abundant species were determined. For all of the
investigated compositions the temperature dependence of the
partial pressures of the gaseous species were determined from
the measured ion intensities. Based on the partial pressure
measurements the thermodynamic activities were determined
as a function of the melt composition. From the activities the
enthalpies of mixing were determined.

Calphad type thermodynamic modelling was accomplished
using the measured activities as well as other thermodynamic
data present in the literature. The phase diagram of the system
was calculated.

The latter has also been determined by us experimentally
using Differential Thermal Analysis (DTA). A comparison
between the experimental results and the calculations will be
given.

Low temperature heat capacities and debye temperatures
of organic “plastic” crystals

Anjali Talekar, Raja Chellappa, Dhanesh Chandra, Tsokol A. O
and Sampaio J.A

Solid state phase change materials can be used as ther-
mal energy storage (TES) for passive heating systems and
other thermal applications. Alcohol and amine derivatives
of neopentane are attractive for TES as they offer advan-
tages of high enthalpy during solid–solid phase transition. Ex-
amples of these organic compounds include: Pentaerythritol
[PE:C(CH2OH)4)], Pentaglycerine [PG:(CH3)C(CH2OH)3],
Neopentylglycol [NPG:(CH3)2C(CH2OH)2], Neopentylalco-
hol [NPA:(CH3)3C(CH2OH)] Tris(hydroxymethyl)amino-
methane [TRIS:(NH2)C(CH2OH)3], and 2-amino-2-methyl-
1,3-propanediol [AMPL:(NH2)(CH3)C(CH2OH)2]. These or-
ganic compounds undergo solid–solid phase transitions from
low temperature ordered polymorphs (tetragonal, monoclinic,
etc.) phase to an orientationally disordered high temperature
“Plastic Crystal” modulated cubic phase (FCC or BCC) with
unusually high enthalpies of transitions. The low temperature
heat capacities of these compounds are invaluable for phase
diagram computations and will aid in the development of a co-
herent thermodynamic database from 0 K. There is also one
reported study on NPG that indicates a very low temperature
solid–solid phase transition at 60.4 K. In this study, we have
determined the heat capacities of pure PE, PG, NPG, NPA,
AMPL, and TRIS from 3 to 350 K using a semi-adiabatic heat
pulse calorimeter. We have also conducted a careful study in the
low temperature regime to identify any solid–solid transition in
these compounds. In this study we present the effect of the num-
ber of hydroxyl groups (that provide the hydrogen bonding for
the crystal structure framework) on the heat capacities, and the
dependence of the Debye temperature (ΘD) on the number of
hydroxyl groups is also presented.

Excess molar heat capacities of organic “plastic crys-
tal” binary system: Tris(hydroxymethyl)aminomethane-
Neopentylglycol

Suresh C. Divi, Raja Chellappa and Dhanesh Chandra

Tris(hydroxymethyl)ami nomethane (TRIS) and Neopentyl-
glycol (NPG) belong to a special class of organic molecular
crystals that have been evaluated for thermal energy storage
applications. Both TRIS and NPG undergo solid–solid phase
transitions from a low temperature layered structure (TRIS: or-
thorhombic, NPG: monoclinic) to an orientationally disordered
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plastic crystal phase (TRIS: BCC, NPG: FCC). The experimen-
tal phase diagram of the TRIS–NPG binary system has been es-
tablished using both Differential Scanning Calorimetry (DSC)
and X-ray Diffractometry by us as well as other researchers.
However, there are no reported measurements of excess mo-
lar heat capacities of the solution phases. The excess molar
heat capacities are important thermochemical properties which
can be invaluable if a thermodynamic optimization of the bi-
nary system is to be performed. For example, the knowledge of
excess molar heat capacity of liquid phase could provide a val-
idation of the often used assumption of ideal liquid phase for
such organic binary systems. In this study, we are reporting the
excess molar heat capacities of the high temperature BCC
(TRIS-rich), FCC (NPG-rich), and liquid phases of the TRIS-
NPG binary system using Modulated Differential Scanning
Calorimetry (MDSCTM). MDSCTM is considered to be an ef-
fective alternative approach to adiabatic calorimetry for mea-
suring heat capacities. In principle, MDSCTM experiments pro-
vide more accurate heat capacity values (compared to DSC)
by imposing a complex heating profile (typically sinusoidal) as
well as slower heating rate on the sample. We have used the
MDSCTM option provided in DSC Q100 to conduct our exper-
iments. The excess molar heat capacities of these binaries and
phase diagram will be discussed.

Experimental investigation and CALPHAD description of
the quaternary organic alloy system AMPD-DC-NPG-SCN

V.T. Witusiewicz, L. Sturz, U. Hecht and S. Rex

Transparent organic substances with low entropy of fusion
are known as orientationally disordered phases or plastic
crystals. For the past seventy years plastic crystals have been
used as analogues to metals, as far as their solidification
behaviour is concerned, because they allow for in situ
observation of the microstructure evolving at the solid/liquid
interface. Unfortunately, the number of such organic alloy
systems is quite limited and experimental information
concerning the phase diagrams and related thermodynamic
data is scarce. Furthermore, no hints in the literature on the
existence of ternary or quaternary eutectic alloys formed by
plastic crystals have been found.

The search for new suitable organic alloys gained new drive
within the frame of solidification studies addressing pattern
formation in multicomponent, multiphase alloys. We have
found experimentally that a AMPD–DC–NPG–SCN system is
suitable for such purposes.

The temperature and enthalpy of phase transformations of
organic alloys of the constituent binary and ternary systems of
the quaternary AMPD–DC–NPG–SCN system were measured
by means of differential scanning calorimetry.

The analytical description of the Gibbs energies of pure
substances were derived utilizing data available in the literature
about temperature and enthalpy of transformations, and the
temperature dependencies of heat capacity.

The quaternary phase diagram was assessed via the
CALPHAD approach using Thermo-Calc by simultaneously
optimizing the thermodynamic and phase equilibrium data
measured in the present work. A good agreement between the
experimental and calculated data for the phase diagram as well
as for the thermochemical properties was achieved.

Additionally unidirectional solidification of several eutectic
alloys was performed in order to verify the nature of the
eutectics. We have found the composition region for eutectic
alloys that grow with three nonfacetted phases and result in very
regular lamellar or rod like patterns. Other univariant eutectic
reactions in the quaternary alloy system correspond to growth
of three phases with at least one being a facetted phase. Due
to optical activity of DC its distribution in the multiphase solid
sample and crystallographic orientation is easily detectable in
polarised light.

Thermodynamic activity measurements in the B2 phase
(Ni, Fe)1−xAlx

L. Bencze, D. Raj, T. Markus, S. Das, W. Löser, W.A. Oates,
D. Kath, L. Singheiser, and K. Hilpert

The equilibrium vaporisation of the ternary B2 phase (Ni,
Fe)Al has been investigated in the temperature range between
1200 and 1500 K by using Knudsen effusion mass spectrome-
try. Alloys of the three composition series Al0.45Ni0.55−xFex,
Al0.50Ni0.50−xFex and AlxNi0.5(1−x)Fe0.5(1−x) were investi-
gated in addition to the B2 NiAl and B2FeAl boundary phases.
Knudsen cells made of molybdenum and lined completely with
yttria showed no chemical interactions with the samples to be
investigated and did not give rise to interfering background ion
intensities during the measurements. The sample compositions
investigated covered the complete homogeneity range of the in-
termetallic phase considered. Large emphasis was laid on the
precise characterisation of the samples due to strong depen-
dence of the partial pressures on the 0.1 at%. It is considered
that the accuracy of the compositions is about ±0.1 at%.

The partial pressures of all alloy components were
directly measured in temperature ranges of about 100–300 K.
Thermodynamic activities of Fe, Ni and Al resulted. Different
evaluation methods were used such as direct calibration using
the pure alloy components and the ion intensity ratio integration
method. The results evaluated according to the two methods
showed generally excellent agreement. Moreover, enthalpies
of mixing were evaluated. Integral thermodynamic properties
(�G,�H ) resulted from the partial thermodynamic properties.

The results clearly indicate that the energetics of the
ternary (Ni, Fe)Al alloys is mainly determined by the
strong interactions between Ni and Al. Partial thermodynamic
properties were obtained for the ternary alloys for the first time
to our knowledge. They complement the recent calorimetric
thermodynamic measurements which led to the determination
of the integral heat of mixing [1,2]. The results of this study
obtained by the vaporisation measurements are compared with
those obtained by calorimetry and are used as the basis for
thermodynamic modelling.
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Thermodynamic modelling of the A2/B2 phases in the
Fe–Ni–Al–Va system

W.A. Oates, L. Bencze, T. Markus and K. Hilpert

The experimental results obtained from our recent KEMS
measurements [1], together with results from calorimetric [2,3]
and vacancy concentration measurements [4,5] have been used
in an attempt to develop models for describing both the
thermodynamic properties and vacancy concentration levels
in the A2/B2 phases. The chemically binary B2 phases in
the Fe–Al and Ni–Al systems differ markedly in both their
thermodynamic and vacancy properties. At both the lowest
and very highest temperatures, the principal defects in B2-
FeAl are antisites, with vacancy defects being only slightly
predominant in a fairly small intermediate temperature range.
The B2-NiAl phase, on the other hand, is a near-triple
defect compound at all temperatures of interest. Similarly,
the asymmetry of the partial molar thermodynamic properties
about the stoichiometric composition is quite different in the
two chemically binary phases.

Rather than concentrating on a multi-parameter description
which could be used in phase diagram calculations for the
whole system, emphasis has been placed on elucidating
the most important factors determining the observations
for the A2/B2 phases alone. A constant pairwise nearest
neighbour energy Ising model in the zeroth or Bragg–Williams
approximation is unable to satisfactorily describe the observed
properties. Our paper will discuss the influence of the
inclusion of improvements to this basic model in which the
influence of second nearest neighbour interactions, atomic size
mismatch, the coarse-graining of vibrational contributions into
the configurational free energy and the influence of using higher
order approximations are considered.
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8. Nuclear materials and other matters

Optimisation of MCl–AnClx (M = Li, Na, K; An = U, Pu)
phase diagrams

Patrick Masset and Rudy J.M. Konings

Pyrochemical reprocessing using molten salt technology
is a promising method to partition actinides from spent
nuclear fuel. Chloride melts are most commonly studied for
this purpose, generally LiCl–KCl eutectic. The assessment of
accurate thermochemical data for actinides in molten chlorides
is of high importance for the understanding of the process. In
the 1950s and 1960s some binary or ternary actinide-based
phase diagrams have been determined experimentally by US
and Soviet researchers. We have carried out optimisation of
these phase diagrams in order to derive the thermochemical
properties of the solutions (e.g. excess Gibbs energies as well
as activity coefficient of actinide in solution). The results for
the key binary phase diagrams relevant to the pyrochemistry
process (LiCl–UCl3, NaCl–UCl3, LiCl–PuCl3, NaCl–PuCl3)
will be presented as well as the ternary and quaternary systems
derived from the optimised results.

Thermodynamic study of the Zr–Fe system

Toffolon-Masclet Caroline, Chatain Sylvie, Gueneau Christine
and Dupin Nathalie

Zr alloys (Zy-4; M5TM) employed for application to the
cladding tubes and structural components of reactor fuel
assemblies systematically contain several weight ppm of iron.
Precipitation of Zr–Fe intermetallic phases occurs due to
the very low solubility of iron in the α-Zr matrix (less
than ∼100 ppm). Taking into account the fact that these
intermetallic precipitates may influence some of the alloys in-
reactor properties, such as corrosion resistance and irradiation
growth, this system needs to be well described.

A huge amount of experimental studies and thermochemical
calculations have been dedicated to the Zr–Fe system during the
last 30 years [1–10]. Often called into question by the different
authors, no definitive version has yet been obtained.

In the framework of this study, different Zr–Fe alloys have
been fabricated and annealed for long periods at 700, 800
and 900 ◦C. The oxygen contents were systematically checked
before and after annealing treatments.

The microstructures have been studied using different
complementary facilities such as electron microprobe analysis,
X-ray diffraction and calorimetry. These characterisations
allowed us to determine the chemical compositions and the
crystallographic structures of the different phases precipitated.
They also allowed the determination of the invariant reactions
and the liquidus temperatures. Particularly, we checked the
metastability of the Zr2Fe phase below 780 ◦C, as already
demonstrated by Stein et al. [11].

Finally, we propose a new thermodynamic assessment of this
system.
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Thermodynamic assessment of Al–Li–O–Zr system

I. Drouelle, C. Gueneau, S. Chatain and Ph. Zeller

In the nuclear industry, zirconium based alloys are mainly
used as structural materials in the reactor assembly, as pressure
tubes, channels, guide tubes or fuel cladding as examples. In
the present work, the chemical interaction between the LiAl5O8
spinel and zircaloy cladding tubes at temperatures higher than
1000 ◦C is studied. A thermodynamic assessment of the basic
Al–Li–O–Zr system is performed using the CALPHAD method
in order to better understand and predict the possible liquid
and/or solid phase formation. An accurate knowledge of the
phase diagram and thermodynamic data of all the binaries
and ternaries sub-systems is necessary to understand the phase
relations in the quaternary.

A thermodynamic assessment of the Al–Li–Zr, Al–O–Zr
and Al–Li–O ternary sub-systems is presented (Fig. 5). For
the Al–O–Zr system, several databases for the Al–Zr and
Zr–O binaries are reported in the literature [4,1] and [3].
The assessments of Wang [4] and Liang [3] are chosen
for respectively the Al–Zr and Zr–O binaries, on the basis
of the existing experimental data on phase diagram data
and thermodynamic properties from the literature. Ternary
interaction parameters are optimized to take into account the
experimental data for the Al2O3–ZrO2 system [2]. Differential
Thermal Analysis experiments are undertaken to bring liquidus
data in the metal rich part of the diagram of the ternary system.

For the Al–Li–Zr system, the thermodynamic properties of
the Al–Li binary system from [1] are used. The Li–Zr binary
system is assessed on the basis of [5]. Because of the lack of
thermodynamic data, the enthalpy of formation of the ternary
AlLi2Zr and Al3Lix+yZr5−x compounds are calculated using
the density functional theory (DFT) approach.

The thermodynamic properties of the phases are described
using the compound energy model with ionic constituents for
the oxide solid phases and an ionic two-sublattice model for the
liquid.

For each system, isothermal sections and thermodynamic
properties are presented.

The next step of the present work will concern the pseudo-
ternary Al2O3–LiO2–ZrO2 system in which the LiAl5O8 spinel
phase lies (Fig. 1).
Fig. 5. Position of the Al5LiO8 spinel in the quaternary Al–Li–O–Zr system.
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Thermodynamic assessments of stability parameters for
metastable ω-phases of Zr and U and phase diagram of the
U–Zr system, including δ–UZr2-phase

A.L. Udovsky, D.A. Vasilyev and H.A.J. Oonk

In [1] we have calculated preliminarily different parts of
the phase diagram of the uranium–zirconium system, which
have not included phase equilibria with U0,333Zr0,667-base solid
solution (δ-phase). It is necessary to note that the δ-phase is
isomorphic with the metastable ω-phase of pure Zr. In this
report we have developed a method for calculation of stability
parameters between ω- and BCC- phases of pure Zr by using
the temperature–pressure phase diagram of the pure Zr. Then
using experimental data for enthalpy transformation between δ-
phase and BCC-phase for alloys with different compositions of
this system [2] we have assessment enthalpy of the ω ⇔ BCC
transformation of pure Zr by extrapolation procedure to pure
Zr.

We have applied a new minimization algorithm with the goal
function (the generalized χ2-method [3]) to calculate phase
diagrams and thermodynamic properties of the binary system
[1] for solution of the indirect task (calculation of interaction
parameters for BCC- phase, β–U—base solid solution, δ—
phase solid solution, α–U—base solid solution, HCP-Zr—base
solid solution) for the uranium–zirconium system. We have
compared calculated as thermodynamic properties as a function
of composition and temperature for a phase diagram with
experimental data obtained by different scientists, which have
been assessed in the review [4].

We have performed our computations within the framework
of a number of models for the description of the Gibbs
energy of phases for the uranium–zirconium system. As a
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test we have compared predicted temperature dependencies of
thermodynamic properties of alloys of different compositions
for the uranium–zirconium system [5], which we have not used
in the optimisation procedure, with experimental data.
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Reassessment of the Zr–Sn binary system

Jerlerud Pérez Rosa, Baykov Vitaly, Sundman Bo and Toffolon-
Masclet Caroline

A new assessment of the Zr–Sn binary system has
been performed using old and new experimental information
together with first principles calculated enthalpies of formation
of all the intermetallic compounds in this system. First
principles calculations found the controversial Zr5Sn4 to be
stable at 0 K. The results also conformed the stability of
Zr3Sn with Zr anti-site defects on the Sn sublattice giving the
stoichiometry Zr4Sn and resolved the incompatibility between
the Zr4Sn stoichiometry and its structure, cubic A15 (Cr3Si
prototype).

The new experimental information consists of electron
microprobe analysis, X-ray and calorimetry [2] and high
temperature direct calorimetry [1].

Based on both theoretical and experimental facts, the
Compound Energy Formalism has been applied to describe the
stability Zr5Sn3 and Zr5Sn4 phases as a single phase and also
the Zr4Sn phase. The liquid, bcc, hcp and bct have been treated
as substitutional solutions.

The first Principles calculations have been performed
using VASP code and the thermodynamic assessment using
Thermo_Calc.
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Thermodynamic modelling and experiments on LiF–NaF–
LnF3 and LiF–NaF–AnF3 for Molten Salt Reactor fuel

Juliette van der Meer, Rudy Konings and Harry Oonk

The Molten Salt Reactor (MSR) is one of the proposed
Generation IV systems. These reactor systems of the future
should be safer, more efficient and economical and produce
less waste than the current generation of reactors. The MSR
fuel is a closed cycle of a fissile phase dissolved in a molten
fluoride mixture. The reactor can be designed in two ways:
as a breeder of thorium, using the Th-232/U-233 cycle, or a
burner of actinides. For the latter application, it has been found
that a LiF–NaF mixture is preferable as the dissolving matrix,
because of the good solubility for Pu and other minor actinide
fluorides. Numerous phase diagrams have been measured in the
past already, especially in Oak Ridge National Laboratory in
the 1960s. But since it is impossible to perform measurements
on every single composition, it is desirable to develop general
models for the thermal behaviour of multicomponent systems
of interest.

The systems that we have focused on are LiF–NaF–LnF3 (Ln
= La, Ce, Nd) and LiF–NaF–AnF3 (An = Pu, Am). The latter is
of greater interest for the MSR, but the former serves as a proxy
for the actinide systems, since many more data are known in the
literature and experiments are relatively easily performed on the
inactive lanthanide fluorides.

The LiF–NaF–LnF3 systems were thermodynamically
assessed according to the CALPHAD method. Experimental
data from the literature as well as our own data from new
calorimetric and thermal analyses were used in the assessments.
Two different models have been applied to describe the excess
Gibbs energy coefficients: the asymmetric Kohler–Toop model
using general polynomials and a quasichemical model. The
phase diagrams of LiF–NaF–AnF3 have been calculated, using
literature data from the binary subsystems and the information
obtained from the assessments of LiF–NaF–LnF3.

Incorporation of boron in MgO-based composites for
transmutation

G.J.L.M. de Haas, R.P.C. Schram and M.J. den Exter

Discussions about the reduction of greenhouse-gas emis-
sions have revitalized the discussion about the future role of
nuclear power production. Use of nuclear power plants avoids
the emission of CO2. On the other hand, enlargement of the
contribution of nuclear power in order to meet increasing en-
ergy demands is directly related to the issue of nuclear waste,
a problem for which a socially acceptable solution has yet to
be found. Re-irradiation of the most radiotoxic or most long-
lived components from the waste with neutrons can reduce the
long-term environmental impact of nuclear power. This is also
known as ‘transmutation’. Development of innovative fuels that
enable efficient transmutation of nuclear waste, involves re-
search into both nuclear physics and materials science, followed
by irradiation tests, where practical trials of transmutation of
nuclear waste are carried out.
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The fuels for transmutation generally consist of an inert
matrix, like MgO, spinel and zirconia, in which a fissile nuclide-
bearing phase has been dispersed. One of the nuclides of
interest is americium, an actinide that contributes about 10%
to the radiotoxic inventory of the waste. Transmutation of
Am gives rise to the production of large volumes of helium,
which leads to swelling of the matrix. In order to facilitate
research into the effects of helium production on the mechanical
stability of the matrix material, 10B-bearing compounds may
be used. Upon irradiation of 10B with thermal neutrons 7Li and
an alpha particle is formed. The alpha particles simulate the
He production, which is characteristic for Am transmutation.
Because of the high cross section of 10B for thermal neutrons,
irradiation experiments with 10B-bearing compounds are very
efficient and timesaving.

One of the issues to be addressed is the compatibility
of the B-bearing compound with inert matrix material like
MgO and spinel. A combined approach including fabrication
experiments, XRD analysis and thermodynamic calculations
has been applied to determine the most suitable conditions,
compounds and combinations with various types of matrices.
Results for magnesiumorthoborate, Mg3B2O6, look promising;
this compound remains stable when sintered in a matrix of
MgO at a temperature of 1650 ◦C in an Ar atmosphere (Ar5.7).
On the other hand, no more magnesiumorthoborate is detected
in sintered samples with a spinel matrix. A thermodynamic
analysis using the FACTSAGE program has been performed
to compare the calculated thermodynamic stability of the
magnesiumorthoborate in MgO and spinel under sintering
conditions with the experimentally found reaction products.

Thermodynamic investigations and assessment of the
Mn–Ni–C system

Lidong Teng, Ragnhild E. Aune, Wenchao Li and Seshadri
Seetharaman

In the present work, phase relationships in selected phase
regions of the Mn–Ni–C system have been investigated at 1073
K and 1223 K by use of an equilibration technique. Alloys
of Mn–Ni–C were prepared from pure Mn, Ni and C powders
by powder metallurgy method. The phase identification of the
heat treated samples was carried out by scanning electron
microscope (SEM) and transmission electron microscope
(TEM). The main phase compositions of the alloys have been
analyzed by X-ray diffraction (XRD). The experimental results
show that the site fraction of Ni in the metallic sublattice
of the carbides M23C6, M7C3 and M5C2 is quite low and
the value is around 2%–3%. The thermodynamic activities of
manganese in 16 different Mn–Ni–C alloys have been studied
by a solid-state galvanic cell technique with CaF2 as the
solid electrolyte in the temperature range 940–1165 K. The
experimental results obtained, as well as the results from the
literature, were employed in the assessment of the Mn–Ni–C
system using the CALPHAD approach.
Modeling the volumetric properties of multicomponent
liquids: The NaCl–KCl–MgCl2–CaCl2 and Na+, Al3+,
Ca2+//F−, O2− systems

Christian Robelin and Patrice Chartrand

It is of great importance to be able to predict the density
of liquid phases involved in various industrial processes: for
instance, the density of liquid alloys during casting or the
density of the Na+,Al3+,Ca2+//F−,O2− electrolyte used to
produce aluminum by the Hall–Heroult process.

For a given liquid phase, the density is easily derived
from the molar volume, which is an extensive property
defined as the pressure derivative of the molar Gibbs energy
at fixed temperature and number of moles of components.
Therefore, by introducing in the Gibbs energy of the phase
temperature-dependent molar volume expressions for the pure
components and pressure-dependent excess parameters for the
binary subsystems, it is possible to reproduce, and eventually
predict, the molar volume of the multicomponent phase using
derivatives of the Gibbs energy and the classical CALPHAD
techniques.

For each pure component, the molar volume at temperature
T is related to the molar volume at a reference temperature
and the thermal expansion α, where α is given by an
expression of the type a + bT + c/T + d/T 2 (a, b, c
and d are optimized parameters which allow us to best
reproduce the available density measurements for the pure
component). For each binary subsystem, pressure-dependent
excess Gibbs energy parameters are introduced (as standard
L terms for example) in order to best reproduce all available
density measurements from the literature. The density of the
multicomponent phase can then be predicted by the model
using standard Kohler/Toop/Muggianu interpolation methods
[1].

The present approach has been used successfully to model
the density of the Al–Mg–Si and Al–Mg–Zn ternary liquids
[2,3]. Results for the densities of the NaCl–KCl–MgCl2–CaCl2
and Na+,Al3+,Ca2+//F−,O2− electrolytes will be presented
(the former electrolyte is used for magnesium production). The
“conventional” thermodynamic properties (enthalpy of mixing
of the liquid, activities in the liquid, phase diagram, vapor pres-
sure measurements) of both systems have been previously mod-
eled [4,5]; the models used for the liquids were the Modi-
fied Quasichemical Model (taking into account cation–cation
short-range order) and the Modified Quasichemical Model in
the Quadruplet Approximation (evaluating coupled 1st- and
2nd-nearest-neighbor short-range order) respectively. In both
cases, the density of the multicomponent liquid predicted from
the pressure-dependent excess Gibbs energy parameters intro-
duced for the binary (and sometimes higher order) subsystems
compares satisfactorily to the available density measurements.
Since these added parameters are always very low, the equi-
librium cation–cation pair fractions (or quadruplet fractions)
are virtually identical to the ones calculated from the previ-
ous models (with no pressure-dependent excess Gibbs energy
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parameters). Consequently, both the density and the “conven-
tional” thermodynamic properties of the multicomponent liquid
can now be predicted from the excess Gibbs energy parameters
for the binary (and sometimes higher order) subsystems.

The present approach is only suitable for total pressures
up to a few bars. At high pressures, the pressure dependence
of the molar volumes of the pure components would have
to be considered using the Birch–Murnaghan model and the
pressure-dependent binary excess Gibbs energy parameters
previously obtained for low pressures may not be applicable.
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9. Cluster variation subjects

Crystal-Glass transition studied by CVM and PPM

9.1. Tetsuo Mohri and Yoshitaka Kobayashi

Bulk Metallic glasses have been attracting broad attention
for their superior mechanical, magnetic and corrosion prop-
erties. Thermodynamic stability and its structural correlation,
however, leave numerous subjects un-clarified. The purpose
of the present investigation is to attempt thermodynamic and
kinetics descriptions of the crystal-glass transition. We em-
ployed the free energy of the L10 ordered phase within the tetra-
hedron approximation of the Cluster Variation Method (CVM).
By minimizing the free energy with respect to all the indepen-
dent short range order parameters, the free energy of the sys-
tem is obtained as a function of temperature and long range
order parameter η. The long range order parameter is regarded
as an amount of generalized defects which induce a solid–liquid
transition. From the dependences of free energies on η at vari-
ous temperatures, a T0 diagram is obtained. It is confirmed that
the melting temperature decreases with the increase of defects.
Furthermore, a tri-critical point appears in the T0 diagram. This
corresponds to the ideal glass transition temperature at which
the entropy of a defective crystal becomes identical to that of a
liquid. When the defect is further introduced into the crystal at
a tri-critical state, the defective crystal transforms into an ideal
glass, but upon raising the temperature above the tri-critical
temperature, the ideal glass becomes a supercooled liquid. It
is noticeable that the ideal glass transition temperature is noth-
ing but a spinodal ordering temperature in the order–disorder
transition. Hence, thermodynamically, one may conclude that
the glass transition is driven by the spontaneous loss of stability
with respect to a fluctuation of the order parameter. Yet, the crit-
ical difference between glass transition and ordering transition
is the fact that kinetics plays a crucial role in the former transi-
tion. In order to investigate the kinetics aspects, we employed
Path Probability Method (PPM) which is the natural extension
of the CVM to the time domain. The relaxation process during
the continuous cooling is investigated in terms of a cooling rate
and viscosity. It should be noted that the present studies only
confirm the feasibility of the CVM and PPM for the descrip-
tions of thermodynamic and kinetic frameworks of glass transi-
tion. However, reasonable results obtained in the present inves-
tigation is quite encouraging to perform future study based on
Continuous Displacement Cluster Variation Method in which
actual structural information of glass may be incorporated.

CVM calculations on the bcc Fe–Rh–Ti system

Luiz Eleno, Jozef Balun, Cláudio Schön and Gerhard Inden

The bcc Fe–Rh–Ti system shows ordering reactions in all
three binary sub-systems. The ordered phases extend into the
ternary system, giving rise to broad miscibility gaps. These
reactions can only be understood and described quantitatively
by means of the Cluster Variation Method (CVM), which takes
both short range and long range order into account [1]. The
present work shows the results obtained for this system, both
theoretically by CVM modelling and experimentally.

The irregular tetrahedron (IT) was adopted as the basic
cluster for the CVM calculations in the bcc lattice. Within
this formalism it is possible to describe the B2, B32 and D03
ordered structures, as well as the A2 disordered solid solution.

The interaction parameters for the calculations were
obtained through a fitting to experimental results on phase
equilibria at 800 ◦C and 1000 ◦C, starting with the binary
systems and later on including ternary parameters to match
the ternary experimental data. The ternary phase diagram at
these temperatures shows the stability range of the B2 ordered
structure over a broad composition range within the ternary.
Nevertheless, a large A2 + B2 miscibility gap opens up in the
region with more than 30 at.%-Fe.

When comparing diffusion couple results with CVM-
calculated iso-potential lines, the latter show nicely the trend
of the observed diffusion paths. The observations will be
discussed on the basis of a previous work by Schön [2],
considering the substitutional diffusion theory.

Keywords: Cluster Variation Method; CVM; Fe–Rh–Ti;
Computational Thermodynamics; Ordering in alloys.
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A CVM-based study of the effect of alloying on hydrogen
solubility in palladium alloys

D.E. Nanu, S. Shang and A.J. Böttger

The knowledge of hydrogen solubility in palladium alloys
is important for designing membrane materials for hydrogen
gas separation. In particular the phase boundaries between the
α-metal solid solutions and β-metal hydrides formed during
hydrogen absorption are of interest.
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In this work, the cluster variation method (CVM) is applied
to describe the α–β phase boundaries in Pd–H and Pd–M–H
systems. In particular, the systems in which the interstitial
atoms (H) occupy the octahedral sites formed by the close-
packed fcc metal lattice are investigated.

The tetrahedron approximation of the CVM is used in
combination with two approaches for describing the interaction
energies i.e., semi-empirical effective pair potentials (EPP)
and ab initio derived effective cluster interactions (ECI). Both
CVM-EPP and CVM-ECI models are used to calculate the
phase diagram of the Pd–H system. The phase boundaries
calculated with both models are in agreement with experimental
data. While the CVM-ECI approach is predictive, the CVM-
EPP model requires experimental data for fitting some of
the model parameters. The use of EPP is however much
simpler and faster and hence more convenient to use for
practical applications. Therefore the CVM-EPP model was
used to explore the influence of alloying elements on the
phase diagrams of Pd–M–H systems. The results illustrate the
effect of alloying on the solubility of interstitial atoms. It is
shown by the CVM-EPP approach that the strength of the
effective field of the metal sublattice and the relative interaction
strength between nearest-neighbour occupied and unoccupied
interstitial sites determine the phase boundaries and degree of
short range order. Examples of using the CVM-EPP model in
designing new membrane materials for hydrogen gas separation
are given.

A combination of the cluster variation method and ab initio
calculations: Application to hexagonal interstitial ε−Fe6Ny

alloys

S. Shang and A. J. Böttger

A combination of ab initio and statistical thermodynamics,
i.e., the cluster variation method (CVM), is applied to describe
phase stability and site occupations of interstitial atoms in
hexagonal ε-Fe6Ny alloys. Firstly, the total energies of ordered
compounds ε-Fe6Ny (y = 0, 1, 2, . . . , 6) are calculated by
using the first principles projector-augmented wave (PAW)
method including the magnetic contributions as implemented
in the Vienna Ab initio Simulation Package (VASP), where
the electronic structure calculations are carried out in
the generalized gradient approximation (GGA). Secondly,
the cluster expansion method and the Connolly–Williams-
like inversion scheme are employed to obtain a set of
volume-dependent effective cluster interactions (ECIs) which
parametrize the internal energy of a hexagonal Fe–N
alloy. Thirdly, the cluster variation method (CVM) in the
simple prism approximation (SPA) is applied to investigate
the phase equilibrium of hexagonal ε-Fe6Ny phase. The
vibrational contributions are also considered by means of the
Debye–Grüneisen model. Finally, the lattice parameters, the
phase boundaries (between ε-Fe6Ny and cubic γ ′-Fe4N) and
the distribution of N atoms over the octahedral interstitial sites
of ε-Fe6Ny alloys are investigated. The calculations indicate
that for the favoured ε-Fe6Ny compounds there are no direct
contacted N atoms in the nearest-neighboring direction, which
also compare with the experimental diffraction and Mössbauer
data available in the literature.

10. CALPHAD thermodynamics and related subjects

Check list for publishing CALPHAD-type thermodynamic
and kinetic assessments: Proposal for the CALFOR
standard format

Suzana G. Fries

The number of publications reporting the so-called
CALPHAD assessments is growing. This is good news. Due
to the reason that assessments are carried out for systems that
are envisaged as potential for a given applied material these
publications are being done in specialized magazines related
to the application, for instance: electronic materials, crystal
growing, intermetallics, surfaces, high temperature materials,
etc. In these cases the assessment is a by product of the
report and many times the referees will pay attention to the
application, which is their expertise, and not to the assessment
itself which is in many cases a foreign issue in the scope of that
magazine. Detailed information about the assessment is very
often skipped in these cases and considered as irrelevant. This
is less good news.

In the other way round, even for researchers specialised in
thermodynamic descriptions it is many times an issue to decide
what is new, what is relevant for the given assessment, which
experimental information is relevant, how much the models
used should be detailed, what are the reference states, which
quantities are useful to be calculated even if no experimental
data exists to allow a comparison, in short, what and how
the assessment can be published at its best in thermodynamic
description specialised magazines. The problems of the author
are in a way also transferred to the referee, who usually has a
short time to scan the completeness of the manuscript and for
checking if the reported numbers reproduce the reported results.
This can end in bad news as many mistakes survive in the
publications even for the ones specialised in assessments, as
well as, what is even worst, information is missing and results
cannot be reproduced and checked.

CALPHAD-type assessments reached a maturity and mod-
els, reference states, software used, etc, are well documented.
That allows us to think about a standard format where the re-
sults (e.g. parameters of the thermodynamic description) can be
reported together with the used methodology. A similar pro-
cedure like the one used for the standard files provided by
the crystallographers when publishing crystal structures can be
adopted (cef files in Acta Crystallographica). The definition of
the information necessary to characterise an assessment would
provide a kind of check list that also could help authors and
referees to improve and facilitate their tasks. In the case of pub-
lications in applied magazines this standard would also help as
the information would concisely appear.

Some trials to propose a check list for authors and referees
were already done as an initiative by some researchers, and
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more recently, the idea of a standard format is popping out
here and there. One of the reasons this appears so often now is
that there are young scientists coming to the area and no advice
about how to report assessments is available.

In this communication a CALFOR standard format file is
proposed where the main information from an assessment
would be retained. It is suggested that the software used for
the assessments would provide an output easily imported by the
standard format file or even producing directly the CALFOR file
as an output. Of course, other details not available in the output
file should be filed separated.

The proposal will be opened for discussions during
the meeting and once the file format and its content is
finally agreed, the success of this action will depend on
the participation of CALPHAD-type assessors and magazine
editors and publishers. storage of these files in a public
area can be discussed with international organizations (e.g.
CODATA, SGTE, etc), universities and magazine publishers as
well and eventually the action will hold. This will be the best
news.

Thermodynamic modeling of the system Na–K–S

Daniel Lindberg, Patrice Chartrand and Rainer Backman

The chemical system Na–K–S is of primary importance
for the combustion of black liquor in the Kraft recovery
boilers in pulp and paper mills. A thermodynamic evaluation
and optimization for the system Na–K–S has been made. All
available data for the system has been critically evaluated
to obtain optimized parameters of thermodynamic models of
all phases. The liquid model is the quasichemical model in
the quadruplet approximation which evaluates 1st- and 2nd-
nearest-neighbor short-range-order. In this model, cations (Na+
and K+) are assumed to mix on a cationic sublattice, while
anions (S2−, S2−

2 , S2−
3 , S2−

4 , S2−
5 , S2−

6 , S2−
7 , S2−

8 , Va−) are
assumed to mix on an anionic sublattice. The thermodynamic
data of the liquid polysulfide components M2Sn (M = Na,
K and n = 2–8) are fitted to �Gr = A(n) + B(n) · T
for the reaction M2 S(l) + (n − 1)S(l) = M2Sn(l). The
solid phases are the alkali alloys, alkali sulfides, several
different alkali polysulfides and sulfur. The solid solutions
(Na, K), (Na,K)2S and (Na,K)2S2 are modeled using the
compound energy formalism. The models can be used to
predict the thermodynamic properties and phase equilibria in
the multicomponent heterogeneous system. The experimental
data are reproduced within experimental error limits for
equilibria between solid, liquid and gas. The ternary phase
diagram of the system Na–K–S has been predicted as no
experimental determinations of the phase diagram have been
made previously.

The effects of alloying elements on thermodynamic
properties of Nb-Carbide in microalloyed steels

Sang hwan Lee and Kyung jong Lee

There is an increasing tendency of adding alloying elements
such as Nb, V and Ti in HSLA steels recently. Very fine
carbonitrides are obtained by combining transition metals
such as Nb, V and Ti with C and N. The formation
of fine carbonitrides improves mechanical properties by
grain refinement and precipitation hardening. It is important
to predict precipitation behavior (dissolution temperature,
maximum fraction, size and type of precipitates) precisely for
improving the quality of steels. But the size of precipitates in
microalloyed steels depending on temperature is so fine to very
fine that quantitative measurement of precipitates is far from
satisfactory.

The dilute solution model is quite widely used because the
chemical potential is more easily defined than that in the sub-
lattice model. Moreover, the Wagner interaction parameter in
the dilute solution model is more useful to explain the effects
of alloying elements on thermodynamic properties than the
L parameter in the sub-lattice model. In the present study,
the thermodynamic model for the Fe–Mn–Si–Nb–Ti–V–C–N
system was conducted by evaluating Wagner interaction
parameters. The data used in this work was collected and
modified by means of TCFE-database in Thermo-Calc and up-
to-date references. The relationship of L parameters in the sub-
lattice model and Wagner interaction parameters in the dilute
solution model was derived. The composition dependency of
the reference state, the restrictive mixture of substitutional
atoms and interstitial atoms in each lattice and the higher order
interaction parameters of the excess Gibbs energy in the sub-
lattice model were considered to evaluate Wagner interaction
parameters.

Thermodynamic calculations of the phase equilibria
between austenite and complex carboniterides containing Nb,
Ti and V, (Nb, Ti, V) (C, N) were perfomed by the dilute
solution model. Especially, the effects of alloying elements on
thermodynamic properties of Nb–carbide in microalloyed steels
were considered by the Wagner interaction parameter in the
dilute solution model. As a result, the calculations in this study
were compared with the experimental data.

Ab initio calculations on garnet solid solutions

Marcel H.F. Sluiter, Victor L. Vinograd and Y. Kawazoe

Recent studies [1,2] have shown that the mixing en-
thalpy of a two-component regular solid solution, e.g.
CaAl2/3Si04–MgAl2/3Si04 garnet, can be well predicted from
ab initio calculated static energies of only four structures
(configurations). The first two structures represent the end-
members, while the other two structures are derived from the
end-members by substituting one exchangeable atom in their
supercells with an atom of the other sort. The changes in the
relaxed energies of the end-members due to the incorporation
of the impurity atoms give the Margules parameters. Simi-
lar calculations can be performed with empirical force-field
methods [3]. Here we extend the application of the Impurity
Method to solid solutions with coupled substitutions such as
CaMgSi2O6–NaAlSi2O6 pyroxens. The concept of an impu-
rity atom is then replaced with the concept of an impurity pair.
However, due to different possible locations of the impurity
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pairs in the end-member hosts, one arrives at two sets of dif-
ferent configuration energies corresponding to the two doped
compositions. The Margules parameters can be easily extracted
from these sets by applying Boltzmann weights to the differ-
ent configurations. The calculated Margules parameters thus
depend on the temperature. Boltzmann’s analysis allows also
evaluation of the free energies and entropies of the impurity
configurations. Thus, it becomes possible to estimate the effect
of SRO on the thermodynamics of mixing. The evaluation of
the effect of LRO requires a more sophisticated analysis, but
the mixing in the low-temperature limit can be easily predicted
with the impurity calculations applied to the end-members and
stable ordered compounds.
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Special Quasirandom Structure calculation of binary HCP
alloys

Dongwon Shin and Zi-Kui Liu

With the recent development of first-principles technique
and computing power, formation enthalpy and entropy of
stoichiometric compounds with known crystal structures can
be readily calculated and used in CALPHAD thermodynamic
modeling [1,2]. To directly apply a first-principles technique
to disordered or partially disordered solid solution phases, one
needs to construct large supercells, which is beyond today’s
computing resources.

One approach to this issue is to use the so-called Special
Quasirandom Structure suggested by Zunger et al. [3], creating
a small supercell to mimic the pair, triple and higher order
correlation functions of a random solution phase. The generated
structures can be used for any element to calculate the enthalpy
of mixing. At present, the SQS’s of the fcc [4], bcc [5], and B2
phases are available by Wei et al. and Jiang et al., respectively.

In this work, three different special Quasirandom structures
for A1−xBx binary random alloys (x = 0.25, 0.5 and 0.75)
with the hexagonal closed packed phase have been generated
by ATAT package [6]. The calculated enthalpy of mixing
of eight binary systems shows good agreement with both
thermodynamic and crystallographic experimental data. These
supercell structures can be used for any binary hcp solutions.
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Calorimetric Measurements for a Pt-based Thermodynamic
Database
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D. Zivkovic, I. Katayama, R. Novakovic, J. Lee and T. Tanaka
Thermodynamic and surface properties of liquid Bi–Ga–Sn
alloys

R. Pajarre, P. Koukkari, T. Tanaka and J. Lee
Computing Surface Tensions of Binary and Ternary Alloy
Systems with the Gibbsian Method

L.C.Pardo, M. Barrio, J.Ll. Tamarit, D.O. López, J.Salud,
Ph. Negrier and D. Mondieig
Pressure–temperature phase diagrams and two-component sys-
tems: Non-experimentally available thermodynamic properties
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and J. Salud
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J.H. Los and M. Matovic
Kinetic phase separation domains
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Waste Heat made useful by a Chemical Heat Pump

III. Summary of the discussions on Monday and Tuesday
evenings

The topic of the discussion on the Monday evening was the
relation of the ab initio calculations vs. CALPHAD method.
In the introduction, Prof. Sob summarized the basic ideas
of ab initio electronic structure calculations, enumerated the
state-of-the-art methods and characterized their advantages
and disadvantages. He also listed the quantities, which are
directly obtainable from the ab initio electronic structure
calculations, such as total energies of competing structures
(lattice stabilities), equilibrium lattice parameters, elastic
constants, heats of formation, energies associated with the point
and extended defects, theoretical (ideal) strength etc. All these
quantities are obtained at zero Kelvin; including the effect of
non-zero temperature at the level of ab initio calculations is very
difficult.

Subsequently, Prof. Sob provided some illustrative exam-
ples, showing the calculated total energies of competing struc-
tures in W, Ir and Mo as well as their behavior at the high-strain
tetragonal and trigonal deformation, which is very helpful in
assessing the stability of higher-energy structures. When dis-
cussing iron, he has shown how different types of magnetic or-
dering are reflected in total energies and deformation behavior
of various iron structures. It turns out that ferromagnetism is
the stabilizing agent of the bcc structure of iron; if magnetic
ordering is neglected, the most stable structure of iron is hcp.

He argued that the ab initio values of the total energies may
be used in the CALPHAD method. They may be considered as
a good basis for lattice stabilities at 0 K; the entropy terms may
be then fitted from the experimental data.

At the end of his contribution, Prof. Sob mentioned two
crucial problems in comparing the ab initio and CALPHAD
results:

To obtain a good agreement with experimental phase
diagrams,

1 the CALPHAD lattice stabilities often differ from the ab
initio lattice stabilities and

2 in most cases, the ab initio calculations show that, at 0 K,
the higher-energy structures, such as, for example, fcc Mo or
bcc Ir, are dynamically unstable, i.e. not stable with respect
to tetragonal or trigonal deformation or to some other mode
of deformation or to some phonon mode.

On the basis of this, an urgent question emerges: Are
the CALPHAD values of the lattice stabilities used in the
construction of the phase diagrams the same as the structural
energy differences obtained from the ab initio calculations?
May it be true also in the cases if the investigated higher-energy
structures are dynamically unstable?

There was a lot of discussion during the talk of Prof. Sob,
as he himself asked the audience to ask immediately when they
see any problems or would like to put a question. Among others,
Dr. Kaufman argued that, in the case of Mo [1] the CALPHAD
lattice stabilities differ from those obtained by ab initio methods
by a factor 4–5. For Fe the difference is 60% [2,3]. Substantial
differences (by a factor of 4–8) exist for Ru [1,3–5], Os [4,5],
Ir [5], W [5] and Rh [5].

Prof. Vrestal commented that if the higher-energy structure
is dynamically unstable, one still can employ the corresponding
structural energy difference (or, what is the same, the lattice
stability) values as certain effective values and to fit the
temperature-dependent part of the Gibbs energy from the
experimental data.

Subsequently, Prof. Liu presented his recent considerations
of the lattice stability of fcc-Cr in the Fe–Ni and Cr–Ni
systems with the values from the first-principles calculations
and CALPHAD being 36 760 [6] and 7284 + 0.163 T J/mol,
respectively. By fitting to the γ + α loop and keeping the
interaction parameters of the α phase intact, the interaction
parameters of the γ phase were evaluated as 0 L = −37 583 −
5.613T and 1 L = −18 179 + 2.064T in comparison with
0 L = 10 833 − 7.477T and 1 L = 1410 in the SSOL
database. This is in line with an early discussion by Kaufman
[7] when comparing the CALPHAD lattice stability with the
Engel–Brewer electron configuration. While both models could
reproduce well the thermochemical and phase equilibrium data
in the stable region of the fcc phase, the metastable equilibrium
between the liquid and fcc phases are different as shown in the
figures with the left figure based on the first-principles lattice
parameter and the right one from the SSOL database. The
primary difference is on the melting temperature of fcc-Cr. In
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the former, the fcc-Cr is never stable, while in the latter, a finite
melting temperature is observed, which was also mentioned in
the discussion of the publication by Kaufman [8].

In summary, it may be concluded that there are still
differences between the ab initio and CALPHAD lattice
stabilities. Also the meaning of the lattice stabilities
corresponding to dynamically unstable higher-energy structures
is not fully clear yet. However, the ab initio results are
being applied more and more in the CALPHAD community,
particularly for stable structures, and there is a strong trend to
convergence. Hopefully, further progress in this area will be
seen at future CALPHAD meetings.
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