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Abstract. This work presents the results of the thermodynamic opti-
mizations of several Au-RE (RE = Ce, Nd, Sm, Eu, Gd, Tb, Dy
and Yb) binary phase diagrams using the CALPHAD approach
[D. Moustaine, K. Mahdouk, J. Alloys Comp. 683, 599 (2016); 673,
115 (2016); S. Otmani, K. Mahdouk, J. Alloys Comp. 670, 369 (2016);
648, 581 (2015)]. We compare and discuss, in this study, the alloying
behavior as well as the evolution of multiple thermodynamic data
relative to the Au-RE phases versus the atomic number of the RE
element.

1 Introduction

Because of their greatest properties which make them a fundamental component in a
great number of new technologies, the gold-rare earth (RE) intermetallics have been
widely studied and the increasing number of publications in this domain over the last
few years reflects this interest. We found them used in the bulk of the material or at the
contact surface in order to protect them against corrosion in various environments [5].
They have also increasingly been used in Micro-Electro-Mechanical Systems (MEMS)
packaging in order to promote bonding [6,8]. Au-RE intermetallics are also used
as anti-theft markers for the sensing of physical parameters (pressure, temperature,
liquid viscosity and density, fluid flow rate, humidity and gas sensing) [9].

The rare earths and gold generally present low reciprocal solubility; they react
with each other giving a great number of intermetallic compounds, characterized by
high thermal stability, as can be inferred from the values of their heat of formation and
melting points. It is worth noting that Au-Yb and Au-Eu systems are the exception
as showed in the following sections.

To utilize the full technological potential of the Au-RE alloys, it is essential to
have a fundamental knowledge about them, such as information concerning the phase
equilibrium and the related thermodynamic data. In this sense the aims of this work
is to compile all the available experimental information, to confirm its consistency and
to create an optimized set of data by using the CALPHAD (CALculation of PHAse
Diagram) approach [10]. The philosophy of this technique is to obtain a consistent
description of the phase diagram and the thermodynamic properties of stable and
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metastable phases in regions during simulations of phase transformations applying a
mathematical model containing adjustable parameters as well as little experimental
data selected from literature.

After having assessed the phase diagrams of the following Au-RE systems:
Au-Ce, Au-Nd, Au-Sm, Au-Eu, Au-Gd, Au-Tb, Au-Dy, Au-Yb, by using the CAL-
PHAD approach, we compare in this work the variation of multiple thermodynamic
data of those alloys. Assessments and comparison done in this work provide a sys-
tematic variation of the Au-RE thermodynamic properties in their dependence on the
atomic number of the RE element.

2 Review of the literature data

Gold/rare earth phase diagrams are generally similar except for Au-Yb and Au-Eu
systems which contains new phases. Au-RE phases generally crystallizes in 18 crystal
structure-type. The equiatomic AuRE phase (1:1) is present in all these systems and
his corresponding melting temperature increases with increasing atomic number of
the rare earth element. We mention the existence of the AuREy, AusRE, AusiREq4,
AugRE, AusRE and AusRE phases in the majority of Au-RE phase diagrams as
shown in Table 1 which includes all the phases present in these systems as well as
their type of transformation with corresponding temperatures.

Various experimental works on Au-RE systems were done by several authors
among which the extensive study conducted by McMasters et al. [23] to establish
the crystallographic structures of the Au-RE intermetallic compounds and the work
by Rider et al. [24] to determine the Au-RE solid solutions boundaries. The Au-RE
standard enthalpies of formation available in the literature are the result of experi-
mental measurements [25-33] and “ab Initio” calculations. Figures 6-9 include all the
standard enthalpies determined previously by several authors with those calculated
for the first time in this work because not yet available in the literature.

3 Thermodynamic assessment

The thermodynamic parameters of each Au-RE phase were optimized by means the
CALPHAD method using the PARROT [25] module of Thermo-Calc [26] software.
The philosophy of this technique is to obtain a consistent description of the Au-RE
phase diagrams and their relative thermodynamic properties. Hence we collect and
assess all available experimental and theoretical information available on phase equi-
libria and thermochemical properties of the studied system. The Gibbs free energy
of each studied phase is then described through a mathematical model containing
adjustable parameters. These parameters are evaluated by optimizing the fit of the
selected model to all the assessed information relative to the studied phase. Following
this it is possible to calculate the phase diagram, as well as the thermodynamic prop-
erties of all the phases. The obtained parameters can be used as starting information
to build multicomponent phase diagrams containing Au and RE elements.

The modeling procedure includes several steps. First, the creation of the TDB
file in which the Gibbs energy function of pure elements are recuperated from the
Thermo-Calc database [28] while the Gibbs energies of the studied phases are math-
ematically expressed by means of a Redlich-Kister formalism [27] and the Kaptay
model [50] generating parameters to be optimized. The selected experimental ther-
modynamic quantities and phase diagram information are expressed in POP files.
Then the thermodynamic parameters were evaluated using a recurrent runs of the
PARROT module of the Thermo-Calc software [26]. As a first step, we introduce a
file in which we express the stability of the liquid phase in order to avoid its demixing
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especially at high temperatures. For this reason, a positive curvature of the liquidus
was added by imposing the additional constraint in the whole atomic composition
range up to 4600K [29,30]. In a next step we introduce the congruent equilibrium
occurring in those systems. Then we treat each invariant equilibrium separately until a
better fit of the experimental phase diagram is reached. Particular attention was given
to the evaluation of the optimized parameters at each step of the calculation process
and each piece of experimental information is given a certain weight according to its
estimated accuracy. The weights were changed systematically during the assessment
until most of the selected experimental data were accounted for within the claimed
uncertainty limits.

The liquid and the solid solution phases were considered as substitutional
solutions. Their thermodynamic excess Gibbs energy was fitted by Redlich-Kister [27]
polynomials. The intermetallic compounds were treated as stoichiometric phases since
no experimental information relative to their homogeneity range is known.

3.1 Pure elements

The Gibbs energy function: °G?(T) = GY — HPER (298.15K) for the element “i” in
the phase ¢ (¢ = Liquid, hep-A3, fcc_Al and bee_A2) is described by an equation of
the following form:

0GHT)=a+bT + cT'InT +dT* + eT? + fT7 + gT~ + hT~° (1)

where is HPPR (298.5K) the molar enthalpy of the element “i” at 298.15K in its
standard element reference (SER) state: hep- A3 or bee- A2 for the RE element and
fce- Al for Au.

In this work, the Gibbs energy functions are taken from the Scientific Group
Thermodata Europe (SGTE) compilation of Dinsdale [28].

3.2 Solution phases

The liquid, (¢RE/SRE) and (Au) solution phases are modeled as substitutional
solutions according to the Redlich-Kister polynomial formalism [27]. The Gibbs en-
ergy “GY,” of one mol of formula unit of the ¢ phase is expressed as the sum of the
reference part "¢/ G¥ the ideal part *“?G¥ and the excess part *G¥:

G;’;L — rechp + inga 4 2rels (2)
where:

ref GO(T) = ("GgE (T) — HSER (208.15 K)) CRE

+ (7G5, (1) — HAE® (298.15K) ) wau (3)

idG*o:RT(mREIHxRE+mAulnxAu). (4)
The excess terms were modeled by the Redlich-Kister [27] polynomial formalism:
PGE(T) = 2reraul’Lip 40(T) + ' Lig 40 (T)(2rE — T a0)
+° LY 5 4u(T)(@rE — Tau)® + -] (5)
where, 'L}, 4, (T) = a; + b;T is the interaction parameter between the elements RE
and Au, which is evaluated in this study by optimizing the a; and b; terms using the

PARROT module [25]. T is the temperature in Kelvin, R is the gas constant, while
xrp and x4, are the mole fraction of the RE and Au elements respectively.
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Fig. 1. Variation of the decomposition temperature of the equiatomic AuRE phase.
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Fig. 2. Variation of the decomposition temperature of the AuRE; phase.
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3.3 Stoichiometric compounds

The Gibbs energy of the RE,Au, stoichiometric compound is expressed as follows:

p q
°GrE,au, = —— "GrE + ——

0
Gay+a+ 0T 6
p+q p+q (6)

where °G g and °G 4,are the Gibbs energy of the pure RE element and Au respec-
tively. The “a” and “b” parameters are evaluated in the present work based on the
literature data.

4 Results and discussion
4.1 Temperature of invariant reactions

The calculated Au-RE phase diagrams are in good agreement with the experimental
results [1-4]. We compare here the Au-RE thermodynamic properties in order to gain
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[48]. (b) Mixing enthalpies of the Au-RE liquid phase at 1630 K.

an overview and the trend of these parameters depending on the location of the rare
earth element in their series. In this sense, we plot in Figures 1-4 the variation of
the melting temperatures of the Au-RE phases which melt congruently. We note that
this temperature increases linearly for the AuRE, AuRE; and Au;RE phases and
decreases for the Aus;RE14 phases. Concerning the AusRE phases, this temperature
appears to decrease for the light rare earth elements and increase for the heavy rare
earths with an exception for the last two elements (Yb and Lu). These figures raise
the already mentioned exception concerning the behavior of the Yb and Eu elements.

4.2 Enthalpies of formation
In Figures 5-8 we represent the enthalpies of formation of the Au-RE intermetallic

compounds, calculated in this work using the PARROT module of the Thermo-Calc
software [20] based on selected experimental and calculated data from the literature
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for the Au-RE systems (RE=Ce, Nd, Sm, Eu, Gd, Th, Dy and Yb). According to
the atomic number of the rare earth element, the experimental data are represented
by filled shapes while values obtained from thermodynamic modeling and theoretical
models are represented by symbols and empty asterisks respectively. The enthalpy
of formation appears to increase significantly at the beginning of the series, tumble
down in the middle of the series and finally remains almost constant for the heavy
rare earths.

4.3 Mixing enthalpies of the liquid phases

Figure 9a shows the calculated mixing enthalpies of the Au-Yb liquid phase compared
with the measured values at 1630 K by Ivanov et al. [48]. In Figure 9b we plot the
values of the mixing enthalpies of the Au-RE liquid phases calculated at the same
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temperature (1630K). On the other hand we give in Figures 10-11, the enthalpies
of mixing of the Au-RE liquid phases calculated at 2000 K. The most exothermic
values of these enthalpies correspond rather to the elements located in the middle of
the series. We note, once again, the particular behavior adopted by the Eu and Yb

elements.

4.4 Activities

The only experimental activities of the Au-RE phases are those measured by
Ivanov et al. [49] for the Au-Gd system. We compare in the Figures 12a and 12b,
our calculated values with the experimental data available in the literature. In
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Figures 13 and 14 we give, for the first time, all the activities relative to the cal-
culated Au-RE phase diagrams.

We note in this comparative study the exception of the Au-Yb and Au-Eu prop-
erties compared with those of the other Au-RE systems in the same series [1-4]. This
particularity due basically to the fact that the electronic structure of the lanthanides
elements (except Eu and Yb) can be schematically represented by a set of trivalent
ions (Ln®*") with the (4f*) configuration and with three delocalized conduction elec-
trons in a formed band from the 5d and 6s orbital while both Eu and Yb elements are
described by a set of divalent ions (Ln?*) (more voluminous than the ions (Ln®"))
with the (4f"*!) configuration. Moreover the experimental studies of Eu-Au and
Yb-Au alloy systems done by Johansson et al. [51] demonstrate that the chemical
shifts of the surface core-level energies are different from the chemical shifts of the
bulk core-level energies; they also showed that Eu and Yb segregates to the surface.
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This could explain the singular behavior of the Au-Eu and Au-Yb systems compared
with other Au-RE systems.

5 Conclusion

Au-Rare Earth (RE) (RE = Ce, Nd, Sm, Eu, Gd, Tb, Dy and Yb) binary systems have
been systematically assessed and optimized based on the experimental and calculated
data available in the literature. Particular emphasis was accorded to the observation
of the trends and evolutions of the thermodynamic properties of the Au-RE phases.
This work gives, for the first time, the thermodynamic quantities inaccessible to the
experimental measurements and compare their variation versus the RE position. The
Au-Eu and Au-YDb systems were found to behave differently in the studied Au-RE
series, owing to the particular electronic structure of the Eu and Yb elements.
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