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Abstract

In Part | of this paper, we have described a modification brought to the model of Lu (X.-G. Lu et al.,
Comput. Coupling Phase Diagr. Thermochem. 29 (2005) 49-55) in order to avoid extrapolation
problems at high pressure and temperature. We now extend this approach to the study of a binary
system: Os—Pt. For this, a complete description (equation of state) of Os at high pressure/high
temperature is provided including the liquid phase. The thermodynamic assessment of the system
Os—Pt has been carried out at ambient pressure by the Calphad method. All this study has been
supported by first principles, special quasi-random structure (including under high pressure) and
phonon calculations. Finally, using the high pressure description of metastable structures (hcp Pt and
fcc Os), we have been able to obtain by extrapolation a complete description of Os—Pt system up to
500 GPa. Recent experimental data for Os—Pt system obtained up to 50 GPa at various temperatures
up to 2300 °C may us allow to validate our modeling approach.

Keywords: Calphad, model, EOS, DFT, osmium, high pressure, osmium—platinum

1. Introduction

Os—Pt system is attractive for different reasons. Like many other multimetallic systems based on
platinum group metals, it has been proposed as active and selective catalytic system for CO oxidation
[1-3]. Platinum group metals attract attention as elements with high melting points and low pressure
compressibility which might be comparable with diamond for Os. Pressure and temperature
dependent phase stability and phase transformations of pure platinum group metals and especially
their binary and multicomponent alloys have importance to understand the formation of
multicomponent metallic minerals such as iridosmine, ferroplatinum and related mineralogical
individuals. Platinum group metallic minerals form under high-pressure in Earth mantle and
represent non-equilibrium phases under ambient conditions [4]. Osmium-based alloys systems are
also important to understand the behavior of platinoid metals in the earth mantle, and because hcp
Os is an analogue to hcp Fe (with additional filled 4f bands) for the study of the earth core [4]. These
two latter applications require not only the knowledge of the phase diagram but also its
modifications at ultra high hydrostatic pressure above 100 GPa. From the experimental point of view,
several platinoid systems at high pressure have already been studied up to 140 GPa at room
temperature and upon heating above 3000 °C [5-8]. Os—Pt system has been also studied up to 50 GPa
and 2300 °C [9]. Experimental investigation of binary phase diagrams based on refractory hexagonal
close packed (hcp: Os, Re, Ru) metals as the first component and face-centered cubic (fcc: Ir, Pt, Rh)
refractory metals as the second component requires careful analysis due to the presence of a two-
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phase domain between hcp and fcc alloys. The most important is to understand the changes of the
mutual solubilities with pressure. In general, along compression the two-phase domain should shift
towards the metal with larger atomic volume [4]. Such trend has been confirmed for Ir-Os and Ir—Re
binary alloys, where metals have close atomic volumes and significantly different compressibility (Ir—
Os binary alloys) or different atomic volumes and nearly identical compressibility (Ir—Re binary alloys)
[5-8]. Os—Pt system represents significant differences in atomic volumes and compressibility and
shows that upon compression the two-phase field becomes more narrow with pressure [9]. The aim
of the present work is to provide a thermodynamic description of this system by the Calphad method
including the modeling at high pressure. This is also a concrete application of the modifications
provided to Lu’s (2005) model [10] in the first part of this study [11]. Os—Pt is a relatively simple
system prone to a comprehensive thermodynamic analysis. It does not contain intermetallic
compounds but the metastable structures of the two constituting elements (hcp Pt and fcc Os)
should be described.

2. Modelling and calculation details
2.1 High pressure model

The model developed by Lu et al. was used [10]. In the first part of this study [11], we introduced
modifications in order to avoid wrong extrapolations of the C, and entropy when both high pressure
and temperature are used. The modification consists in introducing two exponential terms in order
to damp the temperature dependent terms of the average linear thermal expansion (a) and
compressibility at pressures above certain cut-off pressures.

2.2. DFT calculations

Density Functional Theory (DFT) calculations were carried out using the Vienna Ab-initio Simulation
Package (VASP) [12, 13] with projector augmented waves (PAW) [14] by applying 3 sets of exchange
and correlation (XC) functionals: the Local Density Approximation (LDA) [15] and the Generalized
Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [16] and the PBE revised for
solids (PBEsol) [17].

For pure Os and Pt metals, an energy cut-off of 800 eV for the plane wave basis sets was used. For
each phase considered, i.e. fcc and hcp, a high dense grid of k-points in the irreducible wedge of the
Brillouin zone was generated with the Monkhorst-Pack scheme [18]. The total energy convergence
was assured up to 107 eV, using enough relaxation cycles to reduce the residual interatomic forces
under 102 eV-A™. Then, Quasi-Harmonic Phonon Approximation (QHA) calculations within the
supercell approach [19] (3x3x3) were performed to determine the volume-temperature dependence.
The Phonopy code was used to determine the interatomic force constants from the VASP calculated
interatomic forces [20]. The vibrational Helmholtz energy F(V,T) and its derived thermodynamic
variables (V(T), B(T), o(T)) were obtained from harmonic contribution calculated at 11 different
volumes, with independent cell shape optimization in the case of the hcp structure. This latter
approach is a simplification of the traditional method consisting in obtaining the EOS from the
computed full grid of (V,c/a) like recently done on Os [21]. Several pressurized structures such as
metastable fcc Os and hep Pt, presenting imaginary frequencies, were neglected in the
thermodynamic treatments.



The Os—Pt binary fcc and hcp solutions were considered using the Special Quasi-Random Structure
(5QS) method providing a random-like distribution of both atoms in a limited and reasonable cell size
[22]. The classical 16-atom SQS cells were considered for 3 binary compositions (%, %, %) of fcc and
hcp phases [23] [24] in addition to single atom substitution (1/16, 15/16). The DFT calculations on
SQS cells were performed using VASP in comparable approximations (convergence parameters,
relaxation preserving the original symmetry) as for pure elements except that only PBE and PBEsol
functionals have been used. In addition, the study of the energy variation as a function of volume
(pressurized cells) has been investigated for the 5 binary compositions. This compression has been
applied to the SQS cells and pure elements in order to obtain the enthalpy of mixing (by total energy
difference) and the cell volume in the fcc and hcp structures at different pressures. Since the
calculations cannot be done for each structure at the same pressure, both energies and volumes
were fitted as a function of pressure with a 4" degree polynomial allowing a recalculation at given
pressures.

3. Selection of data
3.10s

Osmium is a truly interesting element since it combines the largest bulk modulus [25] among metals
(it is only slightly smaller than diamond) and the largest density [26] among all elements.

3.1.1 hep

The list of experimental data can be found in Table 1. The molar volume and thermal expansion
function of T have been carefully reviewed by Arblaster [27] (a recent review of the thermodynamic
properties by the same author is also available [28]). The assessed data will be used as experimental
data for the present assessment. This offers the advantage of a proper correction of the different
temperature scales used in the older literature, a proper conversion from kX to A when appropriate,
a careful selection of the most accurate data and an assessment along the temperature range
covered by the experiments (1300 K).

The room temperature compressibility has been studied by numerous authors [25, 29-35] motivated
by the fact that Os is the most incompressible metal and close to be as hard as diamond. Higher
volumes are observed by Cynn et al. [29], Armentrout and Kavner [33] and Perreault et al. [35]
yielding a too high bulk modulus. On the other hand, the measurements by Kenichi [30] and Occelli
et al. [31] are a bit lower than the most recent data of Voronin et al. [32], Godwal et al. [34] and
Dubrovinsky et al. [25].

Compressibility at high temperature was measured by both Armentrout and Kavner [33] and Voronin
et al. [32]. The measurements of Armentrout et al. have been found to be very scattered and
inconsistent not only with other authors (at 300 K in particular) but also with themselves (different
volumes for similar pressures and temperatures, decreasing volumes as a function of temperature at
constant pressure...). They have not been considered.

The ultrasonic measurement of the bulk modulus as a function of temperature of Pantea et al. [36] is
not used because the value of dB/dT at 300 K (-0.019 GPa/K) is inconsistent with other
measurements (-0.060 GPa/K [32] and -0.054 GPa/K [33]), and with the DFT calculations from this
work -0.049GPa/K).



Osmium has been the subject of numerous DFT calculation studies [21, 25, 37-46] using different
techniques and approximations (see Table 2). Our own calculations will be presented in the next
section.

In spite of undeniable successes in the reproduction of experimental data (see e.g. the comparison
between the extremely high pressure volumes calculated by Joshi et al. with full-potential LAPW-
GGA [39] with the experimental data of Dubrovinsky et al. [25]), there are many problems related to
the use of DFT data in thermodynamic assessment when combined with experimental
measurements.

Among them, one may cite the wrong volume calculation (e.g. an offset should be applied to the
volume from Joshi et al. to compare with that of Dubrovinsky et al.), wrong bulk modulus (LDA is
often too hard) e.g. ~70 GPa difference in Ref. [37], the difficulty to choose among the methods (full
potential FP versus pseudo-potential PP, PAW versus ultrasoft USPP) and the most convenient XC
functionals (LDA, PBE, PBEsal, ...), calculation conditions that may be good for certain properties but
give a worse estimate of other properties. This leads to differences between authors (Joshi et al.
with FP-LAPW-GGA is much closer to the experiments of Dubrovinsky et al. [25] than Burakovsky et
al. [47] with GGA-PBE) without a clear picture of which calculation should be preferred. Our own
calculation presented in the next section have the merit of having been done with different
functionals in the same conditions, so a fair comparison is possible.

In conclusion, when experimental measurements are available, they will always be preferred. DFT
data will be useful to capture the trends when experimental data is missing or is limited in a given
range (e.g. a(T) at high pressure, V(p) at high temperature, B(T), B(p)).

3.1.2 liquid

The melting curve has been predicted using ab initio quantum molecular dynamics calculations using
the so-called Z method up to 500 GPa [47]. This method has been found to be very accurate in the
case of Pt (see Part I). The calculated initial slope is 50 K/GPa is in relative agreement with estimated
values reported in the literature [48, 49]. Joshi et al. [39] determined the melting point according to
Lindemann’s law i.e. without any knowledge of the properties of the solid phase. Moreover, these
authors have been criticized by Burakowsky et al. for their unphysical choice of the Griineisen
parameter. The only experimental data is a recent measurement up to 35 GPa [50] in excellent
agreement with Burakowsky et al. confirming the validity of the calculation.

Paradis et al. [51] measured the volume of the liquid phase close to the melting point using imaging
techniques of a levitated sample. Since the volume of the solid phase has been assessed
experimentally only up to 1300 K [27], the volume change at the melting point cannot be determined
accurately making difficult the estimation of the initial slope of the melting curve using the Clapeyron
relationship.

Note that the definition of the melting point of osmium itself is still debated in the literature. We
stick to the SGTE description with a melting point at 3306 K while Arblaster [52] and Burakowsky et
al. [47] think it is the value for impure Os and propose a higher value around 3400 K.

3.2 Os—-Pt



Os—Pt binary system was originally studied by Voronova et al. [53]. These authors showed that the
system is peritectic. The peritectic temperature was determined as well as the fcc solidus and the
solubility in the fcc solid solution. The solubility of Pt in the hcp solid solution is unknown but less
than ~12 at.%. Rudman [54] reports the lattice parameters of fcc solid solutions containing 10 and
20 at.% Os prepared at 1973 K corroborating the findings of Voronova et al.. He also reports lattice
parameters of the hcp solid solution containing 5 and 10 at.% Pt prepared at 2773 K, indicating that
the solubility may be of the order of or larger than 10 at.% at this temperature. Non-equilibrium
samples were obtained from inorganic precursors at 2273 K and 1.5-2 GPa by Gromilov et al. [55].
They agree with the previous reports as far as the solubility of Pt (~11 at.%) in the hcp solid solution
is concerned but not concerning the osmium solubility (~44 at.%) in the fcc solid solution. A high
pressure experimental study of the system has been recently published by Yusenko et al. [9] using
samples obtained from single-source inorganic precursors. The data will be compared with our
calculations in the discussion section below.

4. Results

All the model parameters, fitted with the Parrot module of Thermo-Calc, are provided in Table 3.
4.1. Os at high pressure and high temperature

4.1.1 hep Os

DFT results showing the comparison between the three different exchange and correlation
functionals are shown in Supplementary Data. Whereas the LDA leads to an “overbinding” effect
(lattice constants too small, elastic constant too stiff), the GGA “overcorrects” this effect as known
from the literature. It appears that modified PBEsol functional allows a far better reproduction of
experimental data than any other functional. Comparison of PBEsol with experimental data and the
thermodynamic assessment will be shown in the next figures.

The selection of data has already been addressed in Section 3.1.1. The thermodynamic assessment
was mainly done considering the data of Arblaster [27] for volume-temperature dependence,
Dubrovinsky et al. [25] for room temperature compressibility data and Voronin et al. [32] for high
temperature compressibility. For the volume and thermal expansion, we preferred to use the
compiled data by Arblaster [27] instead of each individual author because many confusion is present
in the literature and because Arblaster evaluated and corrected in the best way the available data
from e.g. the international temperature scale and ambiguities caused by the change from kX to A.

As the experimental data were limited, we used several DFT calculated values. The temperature and
pressure dependence of thermal expansion from Ref. [44] was also selected. This author was chosen
in preference to others giving the same type of calculation [40-43] because it reproduces reasonably
well the thermal expansion at ambient pressure and because it has intermediate values between the
other authors. This data together with the high temperature compressibility [32] allowed to assess
the cut-off pressure in the model (parameter pgust,). The bulk modulus temperature dependence was
taken from the same authors, first, for consistency and, second, because their value at 300 K matches
well the one fitted from experiments.

The assessed data are presented in Figs. 1 to 5. With the simple model used, it is not possible to
describe the low temperature data for e.g. the lattice expansion. Otherwise, the overall agreement is
very good. The optimized bulk modulus at 300 K is 400 GPa.



4.1.2 liquid Os

For liquid osmium, the only available reliable experimental data is from Paradis et al. [51]. It is fitted
by the model but a constraint has been applied so that the volume of the liquid phase is always
larger than that of the hcp phase. Molar volume at 0 K and the non-temperature dependent linear
expansion are assessed with this data while the reported melting curves [47, 50] allows to assess the
bulk modulus at 0 K. All the other parameters (temperature dependence of the thermal expansion,
bulk modulus and pressure dependence of the bulk modulus and cut-off pressures) are kept fixed to
the values found for hcp.

The results are presented in Figs. 2-3 and 6-7. For the melting curve, the agreement is very good up
to at least 300 GPa. The refined bulk modulus is exactly the same as that of hcp so that it exactly
superimposes that of the hcp phase in Fig. 4.

4.2 metastable fcc Os and hcp Pt

To model Os—Pt solid solutions, parameters are needed also for metastable phases such as fcc Os and
hcp Pt. For this, obviously, we cannot rely on any experimental data. For this reason, we have
calculated the pressure-volume dependence by DFT.

To avoid errors, instead of using directly the molar volume and the bulk modulus calculated by DFT,
we preferred to use the difference between the calculated values for fcc and hcp phases and apply it
to the optimized values for the stable phase to find those for the metastable ones.

For Os, we find By.--Bp,=-9 GPa and Vj-V},;,=0.03 x 10 m*/mol. This value is a good agreement with
the (relatively scattered) reports from the literature [37, 41, 43, 45] (see a comparison in
Supplementary Data).

For Pt, we find Bjey-Br=-9 GPa and Vj,-V4=0.06 x 10° m>/mol. There are very few calculations of
hcp Pt available in the literature. Schonecker et al. report values for V},-Vy ranging from -2 to

8 x 10® m*/mol depending on the calculation approximations used and the use or not of relativistic
effects [56], non-negligible for 5d elements, and a difference By,-B..=-3.9 GPa (S. Schénecker and M.
Richter, personal communication) in agreement with our value.

As far as the temperature dependence of the molar volume and the bulk modulus of the metastable
phases of pure metals is concerned, the same variation as for the stable phases is assumed. Note
that the assumptions made for the metastable phases do not influence very much the final
calculation of the phase diagram.

4.3 Os—Pt DFT calculations

SQS calculations were used in order to obtain the enthalpy of mixing in the fcc and hcp binary solid
solutions. The metastable bcc phase was also calculated not to be included in the assessment but
rather to serve as an estimate for the enthalpy of mixing in the liquid phase. Discrepancies are
obtained for the energies of the SQS cells calculated with PBEsol functional. More consistent results
are obtained with PBE and this functional was used for the energy calculations. The results are
presented in Fig. 8. The enthalpies of mixing are all positive.



In a second step, SQS calculation was done under pressure. This allowed to obtain important data
such as volume as a function of composition at different pressures, as a function of pressure at
different compositions, and the enthalpies of mixing as a function of composition at different
pressures. As stated earlier for pure Os and in Part | of this article in the case of Pt, best results are
obtained for the volume when calculated with PBEsol while the enthalpy of mixing was calculated
using PBE. The volume is a linear function of composition and no deviation from the Vegard's law is
observed at high pressure. Similarly, the enthalpy of mixing is shown to depend only marginally upon
pressure.

4.4 Os—Pt at ambient pressure

The thermodynamic assessment was performed using the phase diagram data from Ref. [53] and the
SQS enthalpies of mixing from the present work. This latter data was found necessary to fix the
energy of the system that cannot be assessed from the limited phase diagram data only. We
assumed that the enthalpy of mixing in the liquid phase was similar to that in the bcc phase. Given
the scarcity of the available information on this system and the limited accuracy of the data of Ref.
[53], we used as few parameters as possible. The results are shown in Figs. 8 and 9. The metastable
phase diagram is also shown with the liquid phase suspended. This has an importance for the high
pressure study because the liquid is destabilized at high pressure. It is shown that, according to the
SGTE database, fcc Os is stable over hcp at 5200 K. From this temperature and above a complete
solid solution exists between Os and Pt in the fcc phase. This is due to the lattice stability of fcc Os
defined as GHSEROS+13000-2.5xT.

4.5 extrapolation of Os—Pt system at high pressure

Extrapolation of the Os—Pt system at high pressure was obtained by combining the description of the
system at ambient pressure obtained in the previous section, the description of hcp and liquid Os
obtained in Section 4.1, the description of fcc and liquid Pt obtained in Part | of this article [11] and
the values adopted in Section 4.2 for fcc Os and hcp Pt. No additional parameter was used. In
particular, no excess term was used for the volume and the bulk modulus according to the
observation of the Vegard's law at both low and high pressure in Section 4.3. A pressure dependence
of the interaction parameters was neither used as justified by similar mixing enthalpies at ambient
and high pressure. The phase diagram calculated for different pressures up to 500 GPa is shown in
Fig. 10. The molar volumes of the hcp and fcc phases are shown in Figs. 11 and 12 and compare very
well with the available experimental data. The enthalpies of mixing are presented in Figs. 13 and 14
as a function of composition for different pressures.

5. Discussion

The description of systems at high pressure is very interesting and the Calphad method is very
powerful to achieve this if proper models are used. Many pure elements in condensed phases are
described in the literature with one or another model: Mo [57], Mn and Ni [58], Cu [59], Al and Fe
[60], Ag, Au, Cu, Mo, Nb, Pd, Pt, Ta, Vand W [61], Hf [62], Al and Pt [63], Cu and Zn [64], Al and Si
[65], Ni [66], Pt [67]. Much fewer descriptions of binary or higher order systems are available: Mn—Ni
[58], C-Fe [68], Al-Si [65], H-Ni [66], Al-Cu—Mg [69], Bi—Sb, Bi—Sn and Pb—Sn [70]. Calphad modeling
of phase diagrams under pressure might minimize experimental efforts and speed up further



development of pressure dependent phase diagrams investigation. Compared to high-temperature
research, high-pressure studies require more experimental work with access to large research
infrastructure. Due to high costs of high-pressure research, experimental studies are quite limited
and should be supported by precise modeling based on reliable models.

The originality of our approach, apart from using Lu's (2005) model corrected in Part | of this paper,
consists in the DFT calculation of the excess energetic and volume terms under pressure. Based on
this, the use of pressure dependent binary parameters, for the present system, was found
unnecessary. It was not possible to use the treatment of Emuna et al. [70] due to the lack of sound
velocity and density data for the solutions. Our finding that no pressure dependence of the excess
term is necessary may be related to the absence of any excess volume as stated by Makov et al. [71].

Concerning the description of pure Os, the same comments as made for Pt in Part | of this paper can
be done. With the corrections brought to the Lu's model, we avoid the unconsidered decrease of the
C, as a function of pressure as shown in Fig. 15. However, there are several problems with the SGTE
description for this element. First, there is an unconsidered variation of the C, at high temperature
due to the absence for this element (as well as for platinum) of the SGTE extrapolation for the C,. The
C, of the hcp phase gets negative above 8000 K but this is not coming from the model and this
already occurs at low pressure. Second, the lattice stability of the fcc phase is poorly optimized
making this phase stable above 5200 K without any reason.

Very recently, experiments were conducted allowing to investigate Os—Pt phase diagram up to

50 GPa [9]. The main finding is the absence of significant changes of the mutual solubilities with
pressure. This is absolutely confirmed by the present calculations. For Os—Pt system, the general
prediction made in previous literature [4] of a displacement of the two-phase domain towards the
element with higher volume is not verified. On the contrary, we observe a small symmetric
narrowing of the two-phase domain, but this only at extreme pressures above 100 GPa.

This testifies for the reliability of Lu's model to combine systems within the Calphad approach. The
numerous advantages of this model have been summarized in Part | of the present paper [11].
Together with Brosh's (2007) model [72], it is one of the only approach allowing extrapolation to
multicomponents with full description of the systems (including liquid and pure elements in
metastable structures). Comments on these two different models have been given in Part I.

Given the remaining anomalies and approximation of the model, the uncertainties on the
experiments on which the model is optimized and the lack of data in certain pressure and
temperature ranges, we believe that Fig. 10 represents well the temperature and pressure ranges in
which predictions may be trusted i.e. up to 6000 K and 500 GPa.

8. Conclusion

Os single component system has been completely described using a modified version of Lu's (2005)
model. The Os—Pt binary system was successfully described using a combination of the unary
descriptions at high pressure and temperature with estimate of the metastable phases and the low
pressure description of the binary system. Reasonable agreement is obtained with experimental data
recently obtained. The modified Lu’s model is shown to extrapolate very well to binary systems. This
opens a new possibility to extend high pressure descriptions to binary and multi-component systems
and predict their pressure-temperature-dependent phase diagrams.
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Table 1: summary of relevant data for the optimization of osmium (D(WC)AC: Diamond (Tungsten
carbide) Anvil Cell, (S)XRD: (Synchrotron) X-Ray Diffraction).

Phase Data type Range Reference Experimental and/or
modeling
techniques

hcp V-T 0-1300 K [27] assessment of

at p=10° Pa experimental data
o-T 0-1300 K [27] assessment of
at p=10° Pa experimental data
V-p 0-65 GPa [29] DAC SXRD
at 300 K
0-58 GPa [30] DAC SXRD
0-75 GPa [31] DAC SXRD
0-13 GPa [32] WCAC SXRD
0-50 GPa [33] DAC SXRD
0-64 GPa [34] DAC SXRD
0-750 GPa [25] DAC SXRD
0-207 GPa [35] DAC SXRD
B-T 0-300 K [36] Sound velocity
V-T-p 0-13 GPa [32] WCAC SXRD
300-1273 K
0-50 GPa [33] DAC SXRD
300-3000 K
Hugoniot 0-800 GPa [39] DFT calculation
liquid V-T 2677 [51] imaging, levitation
(undercooled)-
3347 K
TP 0-500 GPa [47] ab initio Z method
0-35 GPa [50] DAC SXRD
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Table 2: available DFT calculation for Os.

Phase Calculated property Range Reference Calculation XC
technique  functional
hcep, B 0K [37] relativistic ~ LDA,GGA
fec FP-LAPW
hcp V-p, B-p 0-100 GPa [38] PP-PAW GGA-PBE
hcp V-p, To-p 0, 300 K, 0-700 GPa [39] FP-LAPW GGA
(Lindeman),
Hugoniot
hcp V-T-p 0-2000 K [40] PP-PAW LDA, GGA
B-T-p 0-250 GPa QHA
a-T-p
hcp, B-T 0-300 K [41] PP-USPP LDA+U
fee 0, 50, 100 GPa, 0-3500 K QHA
V-p 300, 2400 K, 0-100 GPa
hep  Vp 0-60 GPa [42] PP-PAW GGA-PBE
o-T-p 0-1200 K, 0-60 GPa
hep,  V-p 0-60 GPa [43] PP-USPP  LDA,
fee ot 0-3000 K, 0-60 GPa QHA GGA-PBE
C-T-p 0-3000 K, 0-60 GPa
hcp V-p 300,2000,3000 K, 0- [44] FP-USPP GGA-PBE
Tp 170 GPa QHA
B-T-p 0-3000 K, 0-300 GPa
C,-T-p 0-3000 K, 0-300 GPa
0-3000 K, 0-300 GPa
hep, stability-p 0-400 GPa [45] FP-LAPW GGA-PBE
b %8
w
hcp V-p 0-900 GPa [47] PP-PAW GGA-PBE
hcp V-p 0-600 GPa [25] FP-LAPW LDA, GGA
hep B [46] PP-USPP LDA
hcp V-p 300 K, 0-20 GPa [21] PP-PAW LDA, PBE,
o ¢ VT 0-2000 K e PBEsol
o-T 0-2000 K
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Table 3: Calphad model parameters.

Phase Parameter  Value (pin Pa, L inJ/mol, V, and V. in m*/mol, Vi in Pa™)

Deut 1x10°

p3s, 1.6667 x 10"

prt, 1.1051 x 10"
fec OLospt  22965+1.8241xT

Lospe  -11715+6.3900x T

VoS 8.4152 x 10°

Vs 1.3621x 10° Texp (— pZ,”S ) +2.3291x 107 T2 exp (— pp )

ves 2.0069 x 10° - )

% 2.5044 x 102+ 1.6 x 10 Texp (— plt) +6x10%° T’ exp (— th)

Vot 9.0204 x 10° ) )
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Figure 1: Molar volume of hcp Os as a function of temperature. The experimental data is from Ref.
[27] [13ARB]. Calculated data are obtained in this work from PBEsol DFT and phonon calculation at
zero pressure.
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Figure 2: Molar volume of hcp Os as a function of pressure at 300 K (full scale with the liquid phase
(a) and lower pressure region (b)) and difference between observed and calculated volume (full scale
(c) and lower pressure region (d)). The experimental data are from Refs. [29] [02CYN], [30] [04KEN],
[31] [040CC], [32] [O5VOR], [33] [10ARM], [34] [12GOD], [25] [15DUB], [35] [17PER]. The calculated
data are from Refs. [39] [09JOS], [44] [11DEN], [47] [15BUR] and obtained in this work from PBEsol
calculation.
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Figure 3: Linear thermal expansion of hcp Os as a function of temperature for different pressures.
Liquid Os is also shown at p=10°Pa. The experimental data is from Refs. [27] [13ARB]. The calculated
data are from Ref. [44] [11DEN] and obtained in this work from PBEsol DFT and phonon calculation at
zero pressure.
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Figure 4: Bulk modulus of hcp Os as a function of temperature at different pressures. The
experimental data is from Ref. [36] [09PAN]. The calculated data at zero pressure are from Refs. [40]
[10BO], [44] [11DEN] and [41] [11LIU] and obtained in this work from PBEsol DFT and phonon
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Figure 8: Enthalpies of mixing in the hcp, fcc and the liquid phases at ambient pressure (independent
of temperature). The SQS calculation (at 0 K) is from this work. For the liquid phase, the SQS
calculation shown is that of the bcc phase.
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Figure 9: Calculated phase diagram of the Os—Pt system at ambient pressure. Both stable and
metastable (obtained by suspending the liquid phase) phase diagrams are shown. The experimental
data is from Ref. [53].
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Figure 10: Calculated phase diagram of the Os—Pt system at different pressures as indicated.
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Figure 11: Molar volume of the hcp Os—Pt solid solution as a function of composition at 300 K and at

different pressures. The experimental data at ambient pressure (300 K) is from Ref. [9] [20YUS]. The
calculated data is obtained in this work from the compression of SQS cells (0 K).
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Figure 12: Molar volume of the fcc Os—Pt solid solution as a function of composition at 300 K at
different pressures. The experimental data at ambient pressure (300 K) is from Ref. [9] [20YUS]. The
calculated data is obtained in this work from the compression of SQS cells (0 K).
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Figure 13: Enthalpy of mixing in the hcp Os-Pt solid solution as a function of composition at different
pressures (independent of temperature). The calculated data is obtained in this work from the
compression of SQS cells (0 K).
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1. Comparison of the three functionals used for the DFT calculation of hcp Os
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Figure 1: Molar volume of hcp Os as a function of temperature calculated with three different

functionals.
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Figure 2: Molar volume of hcp Os as a function of pressure at 0 K calculated with three different
functionals.

1.0x10° T T T T T T

9.0x10° =
1 PBE
8.0x10° =

7.0x10° ] PBEsol
6.0x10° ] LDA L
5.0x10° ] L
4.0x10° ] L

3.0x10° E

Linear thermal expansion (K‘l)

2.0x10° E

1.0x10° 1 i

0.0 . ; . ; . ; .
0 500 1000 1500 2000
T(K)

Figure 3: Linear thermal expansion of hcp Os as a function of temperature calculated with three
different functionals.
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Figure 4: Bulk modulus of hcp Os as a function of temperature calculated with three different

functionals.

2. Evaluation of the properties of fcc Os
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Table 1 presents the reported lattice parameters and bulk modulus for fcc Os in the literature. When
available the comparison with the hcp calculated in the same conditions is made.

Figs. 5 to 8 show the molar volume and the bulk modulus of fcc Os and the difference of molar
volume and bulk modulus with the hcp phase.

The difference values chosen here for the modeling are those calculated in the present work.

Table 1: Bulk modulus and molar volume of fcc and hcp Os calculated by DFT.

chc thp Bftt'thp Vfcc thp Vftt' thp
Reference  Techniqgue  (GPa)  (GPa)  (GPa)  apc(A) Gy (A)  chp(A)  (m*/mol)  (m*/mol) (m*/mol)
[1] LDA no hcp 419 3.83 8.460E-06
[2] LDA 441.28 453,59 -12.31 3.814 2.720 4.311 8.356E-06 8.321E-06 3.44E-08
GGA 392.87 401.3 -8.43 3.866 2.758 4.367 8.703E-06 8.660E-06 4.27E-08
[3] LDA 438.7 447 -8.3 3.799 2.716 4.275 8.256E-06  8.225E-06 3.13E-08
LDA+U 2eV  372.9 407.7 -34.8 3.83 2.724 4.32 8.460E-06 8.360E-06 9.95E-08
[4] GGA 399.66 404.11 -4.45 3.857 2749 4335 8.642E-06 8.543E-06 9.86E-08
LDA 43442 462.11 -27.69 3.806 2.714 4.274  8.303E-06 8.207E-06 9.60E-08
[5] FLAPW 385.64 390.74 -5.1 3.872 2770 4.368 8.738E-06 8.736E-06 2.57E-09
FPLO-LDA
[6] no hcp 432 3.817 8.374E-06
present work PBEsol 431 440 -9 3.822 8.408E-06 8.378E-06 3.00E-08
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Figure 5: Molar volume of fcc Os. Calculated data are from Refs. [1] [99GRO], [2] [05SAH], [3]
[11CMLiu], [4] [11Kliu], [5] [13RUB], [6] [15SCH] and this work.
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Figure 6: Bulk modulus of fcc Os. Calculated data are from Refs. [1] [99GRO], [2] [05SAH], [3]
[11CMLiul, [4] [11Kliu], [5] [13RUB], [6] [15SCH] and this work.
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Figure 7: Molar volume difference between fcc and hcp Os. Calculated data are from Refs. [2]
[05SAH], [3] [11CMLiu], [4] [11Kliu], [5] [13RUB] and this work.
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Figure 8: Bulk modulus difference between fcc and hcp Os. Calculated data are from Refs. [2]
[05SAH], [3] [11CMLiu], [4] [11Kliu], [5] [13RUB] and this work.
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$

Os-Pt high pressure

ELEMENT /- ELECTRON_ GAS
ELEMENT VA VACUUM
ELEMENT OS HCP A3
ELEMENT PT FCC_Al

.0000E+00
.0000E+00
.9020E+02
.9508E+02

PP OO

FUNCTION GLIQOS 298.15 +29263.192+117.895788*T-

-.00190427*T**2; 1000 Y

+68715.318-198.324341*T+19.9382156*T*LN(T)-.020464464*T**2

+1.014279E-06*T**3-6237261*T** (-1)

; 3306 Y

-15903.192+336.874526*T-50*T*LN(T); 5500 N !
FUNCTION GHSEROS 298.15 -7196.978+126.369531*T-23.5710242*T*LN (T)

-.00190427*T**2; 3306 Y

.0000E+00
.0000E+00
.0000E+00
.7237E+03

g o O o

0.0000E+00!
0.0000E+00!
3.2635E+01!
4.1631E+01!

23.5710242*T*LN(T)

+644910.07-1935.2137*T+224.998034*T*LN (T) -.042489827*T**2

+1.173861E-06*T**3-3.12569031E+08*T** (-1); 5500 N !
FUNCTION GFCCOS 298.15 +GHSEROS#+13000-2.5*T; 5500 N !
FUNCTION GBCCOS 298.15 +GHSEROS#+27500-4.4*T; 5500 N !
FUNCTION GLIQPT 298.15 +12518.385+115.113092*T-24.5526*T*LN (T)

-.00248297*T**2-2.0138E-08*T**3+7974*T** (-1);
+19023.491+432.94182*T-12.3403769*T*LN(T)-.011551507*T**2

+9.31516E-07*T**3-601426*T** (-1);

2041.50 Y

+1404.468+205.858962*T-36.5*T*LN(T); 4000 N !
FUNCTION GHSERPT 298.15 -7595.631+124.388275*T-24.5526*T*LN(T)
-.00248297*T**2-2.0138E-08*T**3+7974*T** (-1);
-9253.174+161.529615*T-30.2527*T*LN(T)+.002321665*T**2

-6.56946E-07*T**3-272106*T** (-1);

2041.50 Y

600 Y

1300 Y

-222048.216+1019.35892*T-136.192996*T*LN(T)+.020454938*T**2

=7.59259E-07*T**3+71539020*T** (-1); 4000 N !
FUNCTION GBCCPT 298.15 +GHSERPT#+15000-2.4*T; 4
FUNCTION GHCPPT 298.15 +GHSERPT#+2500+.1*T; 400
FUNCTION F11 100 -1.000000000000000E-009*P;
FUNCTION EXPO1 100 +1*EXP(F11#); 3000 N !
FUNCTION F120S 100 -6.000000000000000E-012*P;
FUNCTION EXPO20S 100 +1*EXP(F120S#); 3000 N !
FUNCTION F12PT 100 -9.048576980000000E-012*P;
FUNCTION EXPO2PT 100 +1*EXP(F12PT#); 3000 N !
FUNCTION UN ASS 298.15 +0.0; 300 N !
TYPE DEFINITION % SEQ *!
DEFINE SYSTEM DEFAULT ELEMENT 2 !
DEFAULT COMMAND DEF SYS ELEMENT VA /- !
$ TYPE DEFINITION & GES A P D BCC A2 MAGNETIC -1.0
$ PHASE BCC A2 %& 2 1 3 !
$ CONSTITUENT BCC A2 :0S,PT : VA !
$  PARAMETER G(BCC_A2,0S:VA;0) 298.15 +
$  PARAMETER G(BCC A2,PT:VA;0) 298.15 +
$  PARAMETER G(BCC_A2,0S,PT:VA;0) 298.15 4

TYPE DEFINITION ' GES A P D FCC Al MAGNETIC -3.0

PHASE FCC Al %' 21 1!
CONSTITUENT FCC_Al :0S,PT : VA

PARAMETER G (FCC_A1l,0S:VA;0)
PARAMETER G (FCC_Al,PT:VA;0)
PARAMETER G (FCC_A1l,0S,PT:VA;O0)
+1.82413995598401*T; 4000 N REFO !
PARAMETER G(FCC_Al,0S,PT:VA;1)
+6.39002509383456*T; 4000 N REFO !

PARAMETER VO (FCC_A1l,0S:VA;0)
PARAMETER VA (FCC_Al,0S:VA;O0)
+2.329128490000000E-009*T**2*EXPO1#;
PARAMETER VC (FCC_A1l,0S:VA;0)
PARAMETER VK (FCC_Al,0S:VA;0)
+1.600000000000000E-016*T*EXPOL#
+5.999999999999999E-020*T**2*EXPOL#;

PARAMETER VO (FCC_Al,PT:VA;0)
6000 N REFO !
PARAMETER VA (FCC_Al,PT:VA;O0)

298.15 +GFCCOS#;
298.15 +GHSERPT#;

000 N !
0N !

3000 N !
3000 N !

3000 N !

4.00000E-

01 !

GBCCOS#; 5500 N REFO !
GBCCPT#; 4000 N REFO !

0000; 4000 N

REFO !

2.80000E-01 !

5500 N REFO !
4000 N REFO !

298.15 22965.2879019210

298.15 -11715.4391663185

298.15 8.
298.15 1.
6000 N REFO
298.15 2.
298.15 2.
6000 N REFO
298.15 9.

298.15 2

32

4152462E-006;

6000 N REFO

36213425E-005*T*EXPO20S#

|

00690073E-006; 6000 N REFO

50440E-012

|

02040956E-006;

.59775898E-005*T*EXPO2PT#



+1.353321440000000E-009*T**2*EXPOL1#+1.26832868E-012*T**3*EXPOl#; 6000 N REFO

PARAMETER VC (FCC_Al,PT:VA;0)

PARAMETER VK (FCC_Al,PT:VA;O0)

-1.08751254E-016*T*EXPOL#
+5.602994870000000E-019*T**2*EXPO1#; 6000 N

TYPE DEFINITION ( GES A P D HCP A3 MAGNETIC
PHASE HCP A3 S$( 21 .5 0!
CONSTITUENT HCP_A3 :0S,PT : VA : !

PARAMETER G (HCP_A3,0S:VA;0)
PARAMETER G (HCP_A3,PT:VA;0)

PARAMETER VO (HCP_A3,0S:VA;O0) 298.
PARAMETER VA (HCP_A3,08:VA;0) 298.
+2.329128490000000E-009*T**2*EXPO1#; 6000 N
PARAMETER VC (HCP_A3,0S:VA;0) 298.
PARAMETER VK (HCP_A3,0S:VA;O0) 298.

+1.600000000000000E-016*T*EXPOL#
+5.999999999999999E-020*T**2*EXPO1#; 6000 N

PARAMETER VO (HCP_A3,PT:VA;O0) 298.

6000 N REFO !
PARAMETER VA (HCP_A3,PT:VA;O0) 298

PARAMETER VC (HCP_A3,PT:VA;O0)
PARAMETER VK (HCP_A3,PT:VA;O0)
-1.08751254E-016*T*EXPOL#

+5.602994870000000E-019*T**2*EXPO1#; 6000 N

PHASE LIQUID % 1 1.0 !
CONSTITUENT LIQUID :0S,PT : !

PARAMETER G (LIQUID,0S;0)
PARAMETER G (LIQUID, PT;0)
PARAMETER G (LIQUID,OS,PT;0)

PARAMETER VO (LIQUID, 0S;0) 298.
PARAMETER VA (LIQUID,0S;0) 298.

+2.329128490000000E-009*T**2*EXPO1#; 6000 N
PARAMETER VC (LIQUID, 0S;0) 298.
PARAMETER VK (LIQUID,0S;0) 298.

+1.600000000000000E-016*T*EXPOL#
+5.999999999999999E-020*T**2*EXPO1#; 6000 N

PARAMETER VO (LIQUID, PT;O0) 298.

6000 N REFO !

PARAMETER VA (LIQUID, PT;O0) 298.15 2.

+1.397638283912732E-012*T**3*EXPO1#; 6000 N

PARAMETER VC (LIQUID, PT;0) 298.
6000 N REFO !
PARAMETER VK (LIQUID, PT;O0) 298.

+6.226567975868238E-019*T**2*EXPO1#; 6000 N

LIST OF REFERENCES

NUMBER SOURCE
1

REFO0

-3.0

15 8.
15 1.
REFO
15 2.
15 2.

REFO0

15 9.

298.15 +GHSEROS#;
298.15 +GHCPPT#;
PARAMETER G (HCP_A3,0S,PT:VA;0) 298.15 52174.3530377491;
PARAMETER G (HCP_A3,0S,PT:VA;1) 298.15 -10342.5913226269;

298.15 1.68443528E-006; 6000 N REFO
298.15 3.65798657E-012

2.80000E-01 !

5500 N REFO !
4000 N REFO !

4000 N REFO !
4000 N REFO !

3852462E-006; 6000 N REFO
36213425E-005*T*EXPO20S#

I

00690073E-006; 6000 N REFO
44920531E-012

08040956E-006;

.15 2.59775898E-005*T*EXPO2PT#
+1.353321440000000E-009*T**2*EXPO1#+1.26832868E-012*T**3*EXPOl#; 6000 N REFO

REFO0

REFO0

REFO0

REFO0

REFO0

33

298.15 +GLIQOS#;
298.15 +GLIQPT#;
298.15 24344.0447038581;

15 +9.1E-006;
15 1.7E-005*T*EXPO20S#

|

|

|

15 5.0E-012

|

298.15 1.68443528E-006; 6000 N REFO
298.15 3.7825E-012

5500 N REFO !
4000 N REFO !
5500 N REFO !

6000 N REFO !

15 2.00690073E-006; 6000 N REFO
15 2.453461777516881E-012

15 9.468684986996620E-006;

954623283520561E-005*T*EXPO2PT#

15 1.440924031148858E-006;



