Electrochemical investigation and thermodynamic assessment of the Mg-Pd system

W. Gierlotka'", S. Terlicka?, W. Gasior?, A. Debski?, M. Peska®, M. Polanski®
! National Dong Hwa University, Materials Science and Engineering Department, Hualien,
Taiwan
*e-mail: wojtek@gms.ndhu.edu.tw
2 Institute of Metallurgy and Materials Science, Polish Academy of Sciences,
25 Reymonta Street, 30-059 Krakow, Poland
3 Military University of Technology, 2 Kaliskiego Street, 00-908 Warsaw, Poland

(Received 08 September 2023; Accepted 05 May 2024)

Abstract

This work presents the results of electromotive force measurements, by coulometric titration
technique, for liquid and solid Mg-Pd alloys with concentrations up to 0.70 mole fraction of
Mg and at 918 K. These measurements enabled verification of the range of homogeneity of the
occurring phases and phase boundaries in the studied system.

Based on the obtained results and other thermodynamic data found in the literature, the phase
diagram of the Mg-Pd system was optimized using the CALPHAD method and ab initio
calculations. The thermodynamics of intermetallic phases, liquid phase, and solid solutions
were described by the proper equations which can be used in the future to calculate the
multicomponent systems with the Mg-Pd system as one of the binary components. The

thermodynamic calculations successfully reproduced the Mg-Pd phase diagram.

Keywords: Electromovie Force; Thermodynamic properties; Mg-Pd system; Phase diagram;

Thermodynamic assessment.



1 Introduction
Today, magnesium and its alloys are intensively studied in many industrial sectors, especially
in the energy, automotive, and aerospace sectors, due to their good performance characteristics
(including low density and high strength-to-weight ratio). However, due to the high reactivity
of magnesium and magnesium-related materials with air constituents (especially at elevated
temperatures), as well as the high vapor pressure of Mg at temperatures near (or above) the
melting point of Mg, the thermodynamic and physicochemical properties of Mg and its alloys
are not fully understood.

The literature information on the phase diagram of the Mg — Pd system is very limited.
It is impossible to find a complex description of the phase equilibrium in this system. The first
assessment of the Mg-Pd phase diagram was presented by Nayeb-Hashemi and Clark [1] who
used differential thermal analysis (DTA), hardness, density, metallography, and X-ray
diffraction analysis (XRD) data reported by Savitsky et al. [2] as well as reported by Ferro and
Rambaldi [3] metallography and XRD findings. The phase diagram proposed by Nayeb-
Hashemi and Clark is shown in Figure 1a. Savitsky et al. [2] originally postulated the presence
of the Mg2Pds intermetallic phase, asserting its congruent melting point at 1350°C. Ferro and
Rambaldi [3] findings revealed that the maximum solid solubility of Mg in Pd extends up to 25
atomic % Mg. Westen [4], in contrast to Ferro and Rambaldi [3], initial claim of the Mg..7Pd
intermetallic phase, introduced the nonstoichiometric phase MgsPd>, exhibiting a homogeneity
range spanning from 25 to 28.56 atomic % Pd. Kripyakevich and Gladyshevskii [5] reported
the presence of both MgPd (with a certain homogeneity range) and Mgo.9Pds1 .1 intermetallic
phases. Questioning the existence of the Mg2Pds compound due to insufficient evidence,
Nayeb-Hashemi and Clark [1] suggested that the MgooPdi1 phase might serve as a more
plausible candidate for the intermetallic phase around 50 atomic % Pd. In 2006, Makongo et al.
[6] presented a comprehensive Mg-Pd phase diagram, covering the range concentration from 0

to 56 atomic % Pd. Their results were derived from various analyses, including X-ray



spectroscopy, differential

thermal analysis, and differential

scanning calorimetry.

Subsequently, building upon the findings of Nayeb-Hashemi and Clark [1] and Makongo et al.

[6], Okamoto [7] provided an updated rendition of the Mg-Pd phase diagram, which is depicted

in Figure 1b.
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Figure la. A phase diagram of the Mg-Pd system proposed by Nayeb-Hashemi and Clark [1].
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Figure 1b. A phase diagram of the Mg-Pd system proposed by Okamoto [7].

The Pd-rich part of the phase diagram was investigated by Eisheh [8]. Based on
electromotive force measurement and diffusion couples analysis Eisheh [8] proposed phase
equilibria for the composition of Pd greater than 0.5 mole fraction. In that proposition, phase
Mgo.oPd1 1 is not presented. Instead, there is the MgsPds phase. Moreover, the following phases
are presented: MgPds and MgPd> decompose by peritectic reactions at 977 and 901 K,

respectively. Eisheh [8] also included a phase Mg2Pds; however, the thermal stability of this
compound is unknown.
Thermodynamic investigation on the formation enthalpy of intermetallic compounds
includes Eisheh [8] work with data for MgPds, Mg.Pds, MgPd., MgsPds, as well, as MgPd.
This work also provided formation enthalpy for the Mg2Pds phase, but that value is marked as

a value for non-stoichiometric MgsPds. All enthalpies of formation given by Eisheh [8] were
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measured at 1073 K. Delsante et al. [9] measured the formation enthalpy of the MgsPd, and
MgsPd. phases. In addition, four samples with compositions equal to 0.29, 0.16, 0.135, and
0.125 mole fraction of Pd were examined by differential scanning calorimeter (DSC). Debski
et al. [10] measured the formation enthalpy for alloys containing respectively: 14.6 at.% Pd
(MgsPd), 19.4 at.% Pd (~MgsPd or ¢ phase), 20.1 at.% Pd (~ phase), 27.7 at.% Pd (~MgsPd
or n phase), 29.3 at.% Pd (MgsPd> phase), and 35.5 at.% Pd (~Mg2Pd phase). The results
obtained for MgePd show a similar heat effect to Delsante et al. [9] results, and the formation
enthalpy of the MgsPd, phase determined by D¢bski et al. [10] exhibits more negative values
than those presented by Delsante et al. [9]. Mixing enthalpy of liquid was measured by Debski
et al. [10] in the concentration range up to 0.24 mole fraction of Pd at 990, and 1031 K.

The formation energies and bulk modulus of intermetallic compounds in the Mg-Pd
system were determined by ab initio method by Gierlotka et al. [11]. To the best knowledge of
the authors, the literature does not provide information on the experimental determination of
the properties calculated in the mentioned above work [11].

Since there is no thermodynamic description of the binary Mg-Pd system, so the main
aim of this work was to provide the calculations of phase equilibrium in the Mg-Pd system and
present the set of equations describing the thermodynamics of phase. Moreover,
electrochemical measurements of the Mg-Pd system down to 0.7 molar fraction of Mg have not
been performed before, so additionally, this work presents such measurements as a continuation
of our previous studies [12], [10], [13]. Based on electrochemical data obtained in this work
and our previous experimental values studies [12], [10], [13], as well as on the phase diagram,
thermochemical and structural data available in the literature, the first complete thermodynamic

assessment of the Mg-Pd system using the CALPHAD method is given.



2 Experimental

2.1 Electromotive force studies (EMF) — coulometric titration method

Coulometric titration enables the determination of the dependence of the electromotive force
(E) on the concentration of magnesium (Xmg) at a constant temperature. In this method, the cells
are heated to a selected temperature and then, after a stable temperature and electromotive force
values, a current is passed through the cell for a specified time [14], [15], [16], [17]. The
concentration of Mg in the alloy under test is determined based on Faraday’s first and second
laws of electrolysis.

The electrochemical concentration cell method was applied to study the thermodynamic
properties of the Mg-Pd system. The scheme of the concentration cell used for the coulometric
titration method for alloys from the Mg-Pd system can be represented below (1) and the

construction of the measuring cell is shown in Fig. 2.
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Figure 2. Scheme of the measuring cell used in the study of the electromotive force of alloys
from the Mg-Pd system.
Pure magnesium was used as a reference electrode, which before each measurement was

carefully, mechanically cleaned with a file to remove surface contaminants and then drilled



through the center obtaining a hole in which a molybdenum lead-in wire was placed. As an
electrolyte a eutectic mixture of LiCl-LiF salts with the addition of 5 % at. Anhydrous MgCl»
salt was used. It was prepared by mixing appropriate amounts of pure LiCl, LiF, and MgCl>
salts in a quartz tube and melting them in a resistance furnace. Subsequently, hydrogen chloride
gas was purged through the liquid salts to remove impurities, (i.e., water or Li salt carbonates)
after which Ar was bubbled through the molten salts to remove traces of absorbed HCI. Then,
the electrolytic salts prepared in this way (still hot and liquid) were introduced into a glove box
(mBraun) to protect them from absorbing moisture from the atmosphere.

For electrochemical measurement of the Mg-Pd system, pure Pd wire (from about 0.10 to 0.20
g) was used, which before the measurement was rolled and pressed using a hydraulic press in
order to obtain a homogeneous plate with a diameter of about 10 mm. Next, the obtained small
disk was annealed in a glove box with a protective atmosphere at a temperature of c.a. 800 °C
for 4 hours. The Pd sample prepared in this way was placed in a tungsten crucible in the
measuring cell.

All cell components were carefully cleaned before assembly, the electrolyte was ground in an
electric mill to obtain a homogeneous powder. Moreover, the cell for electromotive force
measurements was assembled in a glove box with a high-purity Ar protective atmosphere [18],

[19]. The characterization of used materials in the EMF measurements is collected in Table 1.

Table 1. Specification of applied materials.

Chemical name Source [SVL:r:)t/Z] Form énneilr?/gés
Magnesium Sigma Aldrich 99.9 Rod Certified purity
Palladium Safina a.s. 99.95 Wire Certified purity
Lithium chloride anhydrous Alfa Aesar 99 Powder Certified purity
Lithium fluoride Alfa Aesar 98 Powder Certified purity




Magnesium chloride
Alfa Aesar 99 Powder Certified purity
anhydrous

Argon Air Products 99.9999 Gas Certified purity

2.2 Calculations

In this study, we primarily employed the ab initio method, a cornerstone of density
functional theory (DFT), as implemented in VASP [20], for most of our computational tasks.
The calculations relied on the general gradient approximation (GGA) pseudopotential,
parameterized according to Perdew, Burke, and Ernzerhof’s specifications [21]. To model
interactions between ions and electrons, we adopted the projector augmented wave (PAW)
approach [20], with the valence electron configurations being s2p0 for Mg and s1d9 for Pd.

In terms of computational parameters, we set the cut-off energy to 400 eV and utilized
a gamma-centered mesh grid with a density of 0.09 A”-1. The choice of a cut-off energy
exceeding 1.3 times the maximum specified in the pseudopotential file was consistent with
guidelines for phonon calculations [22]. Our selected mesh grid density ensured convergence
with calculations differing by less than 1 meV.

For self-consistent electronic loop calculations, we established a break-up condition of
107-9. Regarding structural relaxation, we employed the conjugate gradient algorithm [23] with
break-up conditions set at 10"-4 eV/A, striking an optimal balance between precision and
computational efficiency. Furthermore, we enabled the ADDGRID tag during the calculations,
providing additional support for the evaluation of augmentation charges.

Formation energies of intermetallic compounds were calculated in accordance with

Equation 2.

n

— " Epq (2)

AEvg,pdy = Emgnpay, — Emg —

n+m



where AEyg pq, IS formation energy, Eyg pa,. Emg, Epq are energies of the
intermediate phase, Mg in HCP_A3 structure, and Pd in FCC_A1 structure, respectively.

We computed the temperature-dependent variations in thermodynamic properties as a
function of temperature by applying the Helmholtz energy equation, following the stepwise
procedure outlined below.

It is known that the Helmholtz energy, which is a function of volume and temperature,
is the sum of three kinds of energies and is given as follows:

F(WV,T) =E.(V) + F,n(V,T) + F(V,T) (3)
where F(V,T) is the Helmholtz energy, E.(V) is the energy of the crystal obtained from the
self-consistent field (SCF) calculation at 0 K, F,,(V, T) is the vibrational free energy of ions,
and F,;(V, T) is the electronic free energy.

The vibrational free energy F,,(V,T) can be obtained from the quasi-harmonic

approximation [24]:

Fon(V.T) = ksT ¢ ¥,1n {2 sinh [M]} 4)

2kgT
where kj is the Boltzmann constant, T is absolute temperature, # is Planck’s constant divided
by 2, and w;(q, V) is the frequency of the j-th phonon mode at wave vector g.
The electronic contribution to the Helmholtz energy is calculated from the following

equations, which describe the dependence of different energies on temperature and volume:

Fo(V,T)=E(V,T) = TSei(V,T) ®)
Sa(V,T) = kg [n(e,V)[fInf + (1= f)In(1 - f)]de (6)
Eq(V,T) = [n(e,V)fede — [T n(e, V)e de (7)

where F,;(V,T) is the electronic Helmholtz energy, S.;(V,T) is the electronic entropy,
E.;(V,T) is the electronic energy, n(e, V) is the electronic density of states, € is the energy of

the Fermi level, and f is the Fermi distribution.



To determine the Helmholtz energy using Eqs 4-7, the Phonopy code was used in the
calculation starting from the determination of atomic forces from finite displacements. In the
next step, cells with slightly different volumes (larger and smaller than the equilibrium volume)
were defined, and the calculations were repeated. After this procedure, it was possible to
determine mode Gruneisen parameters, and with the use of the quasi-harmonic approximation
[24], properties such as isobaric heat capacity and Gibbs energies as functions of temperature
were determined.

The final task in this study involved the prediction of a phase diagram for the Mg-Pd
system using the Calphad approach [25]. The Calphad method enjoys broad application across
various domains within materials science [26], [27], [28], making it a fitting choice for
addressing the particular issue at hand. In our analysis, the thermodynamic description of the
magnesium-platinum system encompassed the following phases: Liquid, HCP_A3(Mg),
FCC_AL(Pd), MgePd, MgsoePd77 (g), MgresPd21s (£), MgsPd (1), MgsPd2, Mg2Pd, MgPd,
Mgo.oPd11, MgPd2, and MgPds. The liquid and FCC_A1(Pt) phases were described by a
substitutional model whereas other phases were treated as stoichiometric compounds.

The Gibbs free energies of pure elements with respect to temperature
°G,(T) = G;(T) — HFER are represented by Equation 8:

°G,(T) = a+ bT +cTIn(T) + dT? + eT~* + fT3 + iT* 4+ jT7 + kT~° (8)

The °G;(T)data have been standardized concerning the constant enthalpy value of the
reference standard element H;ERat 298.15 K and 1 bar, according to the recommendations of
the Scientific Group Thermodata Europe (SGTE) [29]. The reference states for this
standardization are HCP_AS3 for magnesium and FCC_A1 for palladium. The expression for

%G, (T) can vary across different temperature ranges, with coefficients a, b, ¢, d, e, f, I, j, and k

taking on distinct values. These °G;(T)functions are sourced from the SGTE Unary (Pure

elements) TDB v.5. [29].
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The Liquid and FCC_A1(Pt) phases were described by the substitutional solution model

and their Gibbs energies are given as follows:

meqa _ 0ra 0« ira
Giigra = Xmg "Giig + Xpa °GFy + RT (Xpglnxyg + Xpalnxpq) + XygXpa Xi ‘Lirg pa

9)

where R is the gas constant, T is the absolute temperature, iL‘,"V,g,Pdare adjustable
parameters, and i is an integer (i = 0, 1, 2...), a is a phase (o = Liquid, FCC_A1(Pd)), the
adjustable "Lj"v,g,,,d parameters are coefficient of the Redlich-Kister polynomial that is used for
describing the excess Gibbs energy.

All the other phases were described as stoichiometric compounds, and their Gibbs

energies were modeled as follows:

“Gyimi™ = a+ bT + cTIn(T) + m « GHSERMG + n x GHSERPD ~ (10)

where a, b, c, are adjustable parameters, T is the absolute temperature, m, n are the
stoichiometric coefficients, and GHSERMG and GHSERPD are the Gibbs energies of Mg and
Pd in their Standard Element Reference (SER) state, respectively.

The magnesium was treated as a pure element due to the negligible solubility of Pd in Mg.

3 Results and discussion

3.1 Results of the electromotive force measurements analysis

The coulometric titration method allows to determination of the range of homogeneity of
the phases present and the phase boundaries in the system under study, because the values of E
in the two-phase regions are constant and independent of the component concentration, while

in the one-phase region the values of E change with concentration [14], [15], [16], [17].

Coulometric titration measurements were carried out using a constant current of 1 mA
(0.001 A) and a variable electrical pulse time ranging from 1200 s to 7200 s. Coulometric

titrations in the Mg-Pd system were performed at 918 K.
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Because the reference (pure Mg) and simultaneously working electrode in the applied
temperature range was solid, the waiting time for the system to return to equilibrium after each
set electrical pulse was long ranging from 3600 s to more than 54 000 s and depended on the
applied temperature (the higher the temperature the faster the system returned to equilibrium
after the set pulse) and the Mg concentration (the higher the Mg concentration in the formed
alloy the slower the system returned to equilibrium). The long relaxation time of the sample
was due to the very slow diffusion of magnesium atoms from the surface of the Pd (Mg-Pd)
plate to the bulk and thus the slow formation of intermetallic phases and phase regions in the
sample.

Electrochemical measurement was carried out up to a maximum magnesium content of
approximately 0.7 mole fraction of Mg. Unfortunately, due to the high evaporation of
magnesium at elevated temperatures and the reaction of magnesium vapor with the quartz tube
used as a cover for the measuring cell, not all of the coulometric titration measurements could
be performed up to a content of xmg= 0.70.

Figure 3 presents the coulometric titration curve for the Mg-Pd system at 918 K. A large
range of solubility of magnesium in palladium is visible up to c.a. 0.18 mole fraction of Mg.
Then, there are several more or less visible characteristic jumps in the electromotive force
values within the xwmg values corresponding, according to the available literature [1], [6], [8], tO

intermetallic phases of the following order: MgPds, MgPd2, Mgo.oPd1.1, MgPd, Mg2Pd.
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Figure 3. Coulometric titration curve for the Mg-Pd system for measurements made at 918 K.
3.2 Calculation of the Mg-Pd phase diagram

In this work, the following phases were included: Liquid, HCP_A3(Mg), FCC_A1(Pd),
MgsPd, MgzosPd77 (€), Mg7esPd21s (£), MgsPd (1), MgsPd2, Mg2Pd, MgPd, Mgo.oPd1.1, MgPd>,
and MgPdz. The phases Mg2Pds, as well as MgsPds, were omitted in this work due to a lack of
information on its thermal stabilities and crystal structures. The absence of this information
doesn’t allow for thermodynamic modeling or ab initio calculation.

In the beginning, the formation energies at 0 K were recalculated. All the calculations
were done using VASP 6.2.1 software [20]. Obtained results compared with literature data are
gathered in Table 2 and Figure 4.

Table 2. Formation energies and fusion/decomposition temperatures of intermetallic phases in
the Mg-Pd system. The T represents the temperature at which formation energy was

determined, the T' represents the fusion temperature.

Phase Formation energy T T Reference
[J/mol atom] [K] [K]

MgsPd -27864 0 847 This work
-26100 +1300 548 [6] exp.
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-27000 + -29500 298 [9] exp.
-24507 0 [11] calc.
MgsPd -40952 0 This work
-39945 0 [9] exp.
MgsPd: -46047 0 969 This work
-39500+1600 548 [6] exp.
-46400 + -47700 298 [9] exp.
-44769 0 [11] calc.
MgPd -69855 0 1274 This work
-63388 0 [11] calc.
MgsPds -61466 0 This work
-59840 0 [11] calc.
-68080 1073 [8] exp.
MgPd; -57526 0 899 This work
-58850 1073 [8] exp.
MgPds -46530 0 977 This work
-45380 1073 [8] exp.
—20000
- ® This work
e ¢+ Makongo et al. [6]
"g —30000 - Mg, Pd 4 Delsante et al. [9]
2 W Gierlotka et al. [11]
s Eisheh [8]
£ —40000 - e
= Mg Pd
Ry ®
<
£ -s0000 - Mg Pd, MePd,
£ .
E ~60000 |- MgPd,
2 MgPd Mg,Pd;
—70000 - .
I | I 1 | 1
0 0.2 0.8 1
Mole fraction of Pd

Figure 4. Formation energies of intermediate phases in the Mg-Pd system.
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The comparison of calculated enthalpies of formation with literature data reveals a very
good agreement between theoretical prediction and experimental data. A bigger discrepancy
can be found in the case of our previous calculation and current results for the MgePd phase.
The difference is equal to 3 kJ per mol of atoms which is 13% of its value and it is caused by
the application of different pseudopotentials in both series of calculations. However, taking into
account a very good agreement of current results with the experimental ones, it is possible to
assume that the presented formation enthalpies obtained from ab initio calculations are truthful.
Having the formation energies of intermetallic compounds calculated it was possible to repeat
the calculations for non-equilibrium positions of atoms in supercells. The supercells were
generated by Phonopy [22]. The size of a supercell was adjusted in agreement with the Phonopy
[22] guideline that states the size of a lattice constant of the supercell should be bigger than one
nanometer. After obtaining a set of data for non-equilibrium atomic positions it was possible to
calculate the heat capacity of intermetallic under constant pressure. Figure 5 shows the obtained

results.
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Figure 5. Calculated heat capacities of intermetallic compounds in the Mg-Pd system.

It can be seen that all phases but MgsPd exhibit almost a temperature linear dependency
of constant pressure heat capacity at temperatures higher than 300 K. Similar results were
obtained in our previous work on the Mg-Pt system [13] where high temperature calculations
of heat capacity showed linear dependency on temperature. The obtained results were included
in a very poor dataset that was used in the course of thermodynamic optimization. First, the
liquid phase was preliminary optimized based on the mixing enthalpy measurements [10]. After
that, the information about the liquidus line for the HCP_A3(Mg) was added and the liquid
phase was optimized again. As it is easy to notice, all mentioned above data allows for a
description of the Mg-rich part of the Mg-Pd system. In the next step of optimization, the Gibbs
energies of three following congruently melting phases (MgsPd, MgsPd2, and MgsPds) were
added, which Gibbs energies were obtained from the ab inito calculations by applying Phonopy
[22] code. This step allowed for the initial optimization of liquid in a whole range of

compositions. Following this stage, the thermodynamics of other intermediate phases were
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determined using the information on heat capacities obtained from ab initio calculations and
phase equilibria given by Makongo et al. [6], Eisheh [8], and Delsante et al. [9]. Finally, the
thermodynamic description of the FCC_A1 (Pd) phase was assessed. In the last step, all the
parameters were optimized to get the best fitting of all available information. All the
experimental information were used during optimization with a weight set to be equal to 1. The
experimental error was set in agreement with the information provided by the authors of the
experimental information. For example, the liquidus data given by Savitskii had to be extracted
from a picture, and the experimental error was set to 10 K. On the other hand, Eisheh [8]
provided analysis of heating and cooling curves with heating/cooling ratios equal to 20, 10, 5,
and 2 deg/min and based on extrapolation of these data to heating/cooling rate equal to 0
deg/min. The analysis of the heating/cooling curves allowed Makongo to propose a value of
experimental error equal to 1 K. Similarly, an experimental error equal to 1 degree was given
by Delasante et al. for their DSC measurements. Following information given by Makongo et
al. [6] and Delasante et al. [9] the 1 K was applied during the optimization procedure. The
formation enthalpy of intermetallic compounds was used in the optimization procedure along
with experimental errors given by the authors of the investigations. The theoretical prediction
of formation enthalpy was given an error equal to 1 kJ/mol of atoms to allow the optimization
procedure to work more evenly and not shift toward theoretical prediction. The value of 1
kJ/mole is similar to the experimental error and seems more reasonable than the error of
calculation that was equal to c.a. 100 J/mol atom as it was noticed in the description of ab initio

calculations. The obtained thermodynamic parameters are gathered in Table 3.

Table 3. Thermodynamic parameters obtained in this work.

17



Phase Function
[J/mol atom]

Liquid CLylhe = —194404.3 + 151.2832 T — 22.4077 + T * In(T)

'Ly d = —229382.2 + 329.3496 x T — 28.1870 + T * In(T)

2Ly e = 196138.0 — 82.0331 T

FCC_A1 Lyispq = —157684.5 — 16.5046 * T
Lo Fa = 152447.7 — 96.7427 + T

MgsPd Gy ley = —25635.5 — 14678 « T + 0.857  GHSERMG
+0.143 * GHSERPD

MgsosPd7z 06y a3eP®7 = —33590.0 — 2.9948 * T + 0.799 x GHSERMG
+0.201 * GHSERPD

MgrssPdz1s OGyareel@si2 = —35500.0 — 3.1729 * T + 0.785 * GHSERMG
+0.215 * GHSERPD

MgsPd “Gyoay = —39900.0 — 3.6185 « T + 0.75 + GHSERMG
+0.25 * GHSERPD

MgsPd; “Gyisy? = —44211.2 — 3.5965 + T + 0.715 « GHSERMG
+0.285 * GHSERPD

MgzPd Gy =—499743 = 1.6917 T + 0.667 + GHSERMG
+0.333 x GHSERPD

MgPd o g = —69855.0 + 4.7568 + T + 0.5 x GHSERMG

+0.5 * GHSERPD

Mgo.sPd1.1 06y 2ot = —71000.0 + 3.8954 + T + 0.45 « GHSERMG
+0.55 * GHSERPD

MgPd> Gy g = —57000.0 + 3.9817 + T + 0.333 « GHSERMG
+0.667 * GHSERPD

MgPd: Gropg " = —47000.0 + 3.9671 + T + 0.25 « GHSERMG

+0.75 * GHSERPD

The calculated phase diagram of the binary Mg — Pd phase diagram is shown in Figure
6, together with the experimental liquidus data provided by Makongo et al. [6] Nayeb-Hashemi
and Clark [1], and Eisheh [8]. The detailed information on invariant reactions calculated in this

work along with experimental determinations are given in Table 4.
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Table 4. Invariant reactions in the binary Mg-Pd system involved in this work.

Reaction T [K] composition Reference
X'pg X?pd X3pd

L = HCP_A3+MgePd 807 0.099 0.000 0.143 This work
813 ~0.078 - - [1]
813+10 ~0.080 ~0.02 - [2]

L = MgePd+Mg3osPd77 817 0.174 0.143 0.201 This work

L+Mg7s5Pda15=MgzosPd77 842 0.197 0.215 0.201 This work
838 - 0.215 0.201 [6]

L = MgresPd215+MgsPd 855 0.216 0.215 0.250 This work
853 - 0.215 0.250 [6]

L+MgsPd2=MgsPd 899 0.240 0.285 0.250 This work
898 - 0.285 0.250 [6]

L=MgsPd2+MgPd 961 0.304 0.285 0.500 This work
963 ~0.32 0.285 - [6]

L+Mgo.oPd11=MgPd 1276 0.371 0.550 0.500 This work
1276 - - - [6]

L=Mgo.sPd1.1+FCC_A1 1541 0.658 0.550 0.778 This work
1553 0.637 0.550 - [2]

MgsPd>+MgPd=Mg.Pd 952 0.285 0.500 0.333 This work
954 0.285 0.500 0.333 [6]

MgooPd11+FCC_Al=MgPds; 977 0.550 0.807 0.750 This work
977 0.658 0.820 0.750 [8]

Mgo.oPd11+MgPds=MgPd2 902 0.550 0.750 0.667 This work
901 0.685 0.750 0.667 [8]
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It can be seen that the calculated invariant reactions reproduced well experimental
information given by Makongo et al. [6], Nayeb-Hashemi and Clark [1], and Eisheh [8]. The
difference between the model and experiment slightly exceeds the experimental errors given by
the authors of the investigations [8], [6]. It is believed that further experimental works on phase
equilibria and thermodynamic properties will allow for improvement of the thermodynamic
description of the Mg-Pd system.

The Mg-rich part of the calculated phase diagram follows Makongo et al. [6] proposition
of phase equilibria. The tricky part of the phase diagram assessment was to make a critical
evaluation of all available data for the Pd-rich part of the phase diagram. Although Makongo et
al. [6] drew the Mgo.oPd1.1 phase, they didn’t determine it from the experiment, similar to Eisheh
[8] who also did not determine that phase. Instead of this, Eisheh [8] proposed a MgsPd phase
as a neighbor phase to the MgPd compound. Moreover, in his work, two phases, MgPd. and
MgPds, that decompose by peritectic reactions at 901 K and 977 K, respectively, as well as the
Mg2Pds phase were suggested. Since there is no further information about the thermal stability
and the crystal structure of the Mg2Pds phase, in our work this compound was omitted, because
it would be impossible to calculate its Gibbs energy from ab initio supported by phonon
dispersion. One can see that the calculated phase diagram agrees well with the experimental
data given by Makongo et al. [6]. The liquidus line for a concentration of palladium between
0.15 and 0.25 mole fraction is reproduced fair. The calculated Mg solubility in Pd shows
reasonable agreement with experimental data reported by Eisheh [8]. Increasing solubility of
Mg in Pd causes the unwanted appearance of this phase in the Mg-rich part of the Mg-Pd phase
diagram. The problem can have a source in the stability of Mg in the FCC structure applied in
this work. According to the SGTE Database [29], the difference between HCP and FCC is equal
to 2600 J/mol at 0 K; however, the ab initio calculation shows a difference between these crystal
structures equal to 2894 J/mol. It is guessed that the application of the more positive energy of

the Mg in the FCC_A1 would resolve the unwanted appearance of FCC_A1 in the Mg-rich side
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of the phase diagram. However, keeping the description in agreement with the SGTE database

[29] does not allow for any modification of Gibbs energies of pure elements (Mg, Pd).
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Figure 6. Calculated phase diagram superimposed with experimental data given by [1] [6] [8].

It can also be noticed that information on the Mg-Pd phase diagram reported by Nayeb-
Hashemi and Clark [1] does not agree with the data given by Makongo et al. [6]. Regardless of
the different intermediate phases listed by both sources, the liquidus temperature varies
significantly with a difference of about 200 degrees for low concentrations of Pd. It is then
obvious that further investigations on solid and liquid phases of the Mg-Pd system are
necessary.

The phase diagram obtained shows that the electrochemical tests performed were carried
out entirely in the solid range. It can be seen a quite good agreement between the calculations
and results from titration in the Mg-Pd system for characteristic changes within the intermetallic
phases. Therefore, this result may be treated as proof of the correct selection of stoichiometry

of IMCs included in the optimization.
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Figure 7 shows the calculated enthalpy of the mixing of the liquid phase at 1116 K, 1031
K, and 990 K together with experimental data obtained by Debski et al. [10]. It can be seen that
the modeled enthalpy of mixing reproduces experimental data pretty well and that the
experimental determination of mixing enthalpy shows slight temperature dependency. The
modeled mixing enthalpy of the liquid phase exhibits dual characteristics: for a low
concentration of palladium, the mixing enthalpy is negative, whereas for the concentration of

Pd greater than 0.7 mole fraction it shows positive values.
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Figure 7. Calculated enthalpy of mixing of liquid Mg-Pd at 990 K superimposed with
experimental data given by De¢bski et al. [10] and obtained in this work.

It can be noticed that the s-shape of mixing enthalpy varies from the one proposed by
Debski et al. [8] in their work. Application of the negative heat of mixing for a whole range of
compositions leads to unresolvable problems with the assessment of the FCC_A1 (Pd) phase.
It is believed that experimental investigations on thermodynamic properties of the liquid phase

that covers the Pd-rich region will clearly show the characteristics of the heat of mixing.
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Moreover, although the experimental data given by Debski et al. [10] doesn’t show a clear
temperature dependency, what will justify using the term c*T*In(T) in the description of liquid
phase; however, without this term optimization was not successful. It can be stated again that
only thermodynamic investigations on mixing enthalpy and activities of components in a whole
composition range will bring a clear answer to the above doubts.
4 Conclusions

The thermodynamic investigation and phase diagram calculations of the magnesium-
palladium system were inspired by the possible use of these alloys as potential hydrogen storage

materials.

The proposed in this work the Mg-Pd phase diagram together with the complete optimized

thermodynamic parameters is the first thermodynamic assessment in the literature.

For the optimization of the thermodynamic properties of phases, available experimental

information as well as ab initio calculations were used.

The application of phonon dispersion calculations allowed for the determination of the heat

capacity of intermetallic compounds with known crystal structures.

Although the proposed phase diagram seems to be consistent with the majority of literature
information, further investigations on the phase equilibria and thermodynamics of liquid and

solid Mg-Pd solutions are necessary and justified.

Especially valuable will be experiments concerned with the calorimetric and activity
determination of the mixing enthalpy change for liquid and solid solutions of the high
concentration of Pd, as well as the activity of Mg and/or Pd. Due to the high vapor pressure of

Mg, it seems that the vapor pressure measurements should be applied to achieve this goal.

The obtained thermodynamic description can be used in various applications and different

types of materials.
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