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Precipitate hardening (via ordered phases rather than phase separation) of platinum and palladium can
be effective even with a small volume-fraction of the ordered phase [M. Carelse, C.I. Lang, Scripta Mate-
rialia 54 (7) (2006) 1311]. The approach is particularly well suited to jewelry alloys which must be
95 wt.% pure and where ordered phases of 7:1 or 8:1 stoichiometries can be formed. We examined eight

systems where this approach may lead to new applications: Pt-Al, Pd-Al, Pd-Cu, Pd-Mg, Pd-Nb, Pt-Mo,
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Pt-V, and Pd-V. In each system, using first-principles-based cluster expansion modeling, we have iden-
tified high stoichiometric-ratio phases that are stable. Furthermore, using Monte Carlo simulations, we
have estimated the order-disorder transition temperatures to identify experimentally feasible phases.
In three cases, the computational results are verified by experiment, suggesting that the remaining pre-
dictions are likely to be useful as well.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Catalysts are the primary application of platinum and palla-
dium, but another economically important application is jewelry
alloys. Over the last 10 years, 30% of the world’s Pt and 10% of its
Pd was used in jewelry [1,2]. In some market segments, jewelry
is the primary use of these metals. Too soft for jewelry in their pure
form, platinum and palladium are typically alloyed with other met-
als to increase their hardness. However, international hallmarking
standards require that Pt/Pd alloys be 95 wt.% pure, so any alloying
additions must be small. Solid solution hardening with <5 wt.% sol-
ute typically does not yield a sufficient improvement. On the other
hand, precipitate hardening can increase the performance consid-
erably, even if the precipitates occupy a small volume fraction [3].

This suggests an avenue for materials engineering—identifying
phases that are effective for precipitate hardening. One would like
to identify Pt-rich or Pd-rich ordered phases where the order-
disorder transition temperatures are high enough that the precip-
itates form without undue difficulty. The first steps of the solution
to the hardening problem are to quickly screen potential solutes
and possible ordered phases and then identify from simulations
those with a suitably high temperature order-disorder phase tran-
sition. This information drastically narrows the search on the
experimental side. The task is well-suited to first principles
calculations and lattice based simulations such as cluster expan-
sion [4-11].
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In A-B binary metallic systems where the majority A atom is
one of the group 10 transition metals (Ni, Pd, Pt), there are several
known A-rich phases (where x5 > 7/8). The phases occur primarily
in two structures, namely the 7:1 structure, prototype CuPt;
[12-16], and the 8:1 structure whose prototype is PtgTi [17]. A re-
cent first-principles survey of more than 400 binary A-B systems
found many new predictions of systems where the 8:1 phase is sta-
ble [18].

Given the large number of predictions in Ref. [18] and the
experimental difficulties of verifying predicted phases, we wish
to screen the predictions for those where the order-disorder tran-
sition occurs at temperatures high enough that the practical diffi-
culties of achieving thermodynamic equilibrium in the laboratory
can be overcome. We begin with eight systems where first-
principles calculations have shown a Pt-rich or Pd-rich phase to
be stable (at T=0 K) and where we suspect the transition temper-
ature may be sufficiently high. In two cases, Pt-V and Pd-V, exper-
iment has already found the 8:1 phase to be stable [19,20], but we
include these both as a check on the accuracy of our approach and
because there may be unknown phases at other compositions.

The systems we have modeled are Pt-Al, Pd-Al, Pd-Cu, Pd-Mg,
Pd-Nb, Pt-Mo, Pt-V, and Pd-V. In each case, we have limited our
reports to the Pt-rich and Pd-rich regions of the phase diagram,
usually the concentration ranges 2/3 <x<1lor3/4<x<1.

2. Computational approach

The high-throughput-based [21-23] survey of Taylor [18]
identified ground states in the eight systems we studied, but that
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approach is limited to the structures in the database (a nearly
exhaustive list of experimentally-known structures and some enu-
merated derivative structures [24,25]).

One can search configurational space more systematically by
using a faster Hamiltonian and testing essentially every configura-
tion. A cluster expansion derived from first-principles data and a
list of enumerated derivative structures [24,25] makes it possible
to do a ground state search that explores millions of configurations
in just a few minutes. Furthermore, the cluster expansion (CE) can
also be used to estimate order-disorder transition temperatures
via Monte Carlo (MC) simulations.

The formation enthalpy data for our cluster expansions were
calculated using Vienna ab initio Simulation Package (VASP) soft-
ware [26,27]. All structures were relaxed within 1 meV/cell. We used
an equivalent k-point mesh [28] to reduce the systemic error in
Brillouin-zone sampling (k-point density corresponding to at least
12 x 12 x 12 in the fcc primitive unit cell) with projected-
augmented wave (PAW) potentials [29] and the exchange-
correlation functionals parameterized by Perdew, Burke, and
Ernzerhof for the generalized gradient approximation [30]. In the
PAWSs we used, “semicore” p-electrons were included as valence
electronsinV, Pd, Mg, and Mo. The energy cut-offs for the planewave
basis were 125% of the default cutoffs in VASP’s standard PAWs.
(That is, we used the “high precision” setting.) Typically the energy
cutoff was ~375 eV or ~425 eV, depending on the system.

2.1. Pt-Al

The CE for Pd-Al was constructed from 65 first-principles
enthalpies. The final CVS score is 8.4 meV with an average error
of 2-3%. Each MC used an 8000 atom cell with 10° flips per temper-
ature step.

2.2. Pd-Al

The CE for Pd-Al was constructed from 72 first-principles
enthalpies. The final CVS score is 4.4 meV with an average error
of about 3%. The MC used a 27,000 atom cell and 10° flips per tem-
perature step.

2.3. Pd-Cu

The CE for Pd-Cu was constructed from 85 first-principles
enthalpies. The final CVS score is 1.4 meV with an average error
of about 8%. Each MC used an 8000 atom cell with 10° flips per
temperature step.

2.4. Pd-Mg

The CE for Pd-Mg was constructed from 98 first-principles
enthalpies. The final CVS score is 2.4 meV with an average error
of 1-2%. The MC used an 8000 atom cell with 10° flips per temper-
ature step.

2.5. Pd-Nb

The CE for Pd-Nb was constructed from 71 first-principles
enthalpies. The final CVS score is 3.7 meV with an average error
of 1-2%. The MC used an 8000 atom cell and 8 x 10* flips per step
for the 2:1, 3:1, and 8:1 concentrations. 10 flips per step were
used for the 4:1 and 5:1 concentrations.

2.6. Pt—-Mo

The CE for Pt-Mo was constructed from 77 first-principles
enthalpies. The final CVS score is 13.9 meV with 5% error. The

MC simulation used an 8000 atom cell and 2 x 107 flips per tem-
perature step.

2.7. Pt=V

The CE for Pt-V was constructed from 36 first-principles enthal-
pies. The final CVS score is 2.21 meV with an average error of 1-2%.
The MC used a 1000 atom cell with 108 flips per temperature step.

2.8. Pd-V

The CE for Pd-V was constructed from 46 first-principles
enthalpies. The final CVS score is 3.12 meV with an average error
of about 3%. The MC used a 1000 atom cell with 10° flips per step.

In Section 3.8 a typical plot of our results for the Monte Carlo
simulations is shown. The order-disorder temperatures were esti-
mated from the peaks of the specific heat, which was calculated
using the fluctuation-dissipation approach. Many order-disorder
transition temperatures are given in the tables, but only the results
for these two cases are shown explicitly. In a few cases, extremely
slow convergence in the MC simulations prevented an unambigu-
ous identification of the order-disorder transition temperature,
and so they are not indicated in the tables.

3. Results
3.1. Pt-Al

The experimental phase diagram reports nine ordered phase
(see Table 1). The 3:1 composition marks the most Pt-rich phases
reported in the phase diagram. At slightly off-stoichiometry (on
the low side) or at higher temperatures, the common L1, structure
is stable. At lower temperatures and closer to stoichiometry, the
Pt;Ga phase is stable. The second phase appears first at 1290 °C.
It is unclear from the phase diagram which of the two 3:1 phases
would be stable at T=0K. The phase diagram does not include
any information below ~700 °C at any concentration.

Beyond 75% (the lowest atomic percent needed to meet the
international hallmarking standard of 95 wt.%), no other phases
are reported; a broad 2-phase region is indicated to the right of
the Pt3Ga phase. To the right of that (>90 at.% Pt), there is a solid
solution region where Al is soluble in Pt.

Much like the Al-rich portion of the phase diagram, which
shows many ordered phases, our first-principles and cluster
expansion calculations find several new stable phases on the
Pt-rich side of the phase diagram, beyond 75 at.% (see Fig. 1). At
3:1, we find the L1, phase to be stable, consistent with the reported
phase diagram. We also find two new phases beyond at stoichiom-
etries 7:2 and 8:1. The 8:1 phase is the PtgTi phase, as might be
expected. The 7:2 phase does not have a know prototype. The
structural information for these new phases is given in Table 9 in
the appendix.

Monte Carlo simulations for the 8:1 phase indicate an
order-disorder transition temperature of about 700 °C. At this

Table 1
Experimental and ab initio comparison of ground states in the Pt-Al system.

Pt-Al system
Comparison of low temperature phases

% Pt Experimental results [31-33] AD initio results

75.0 L1, and Pt;Ga L1,

77.8 two-phase region New structure? (650245)
88.9 two-phase region PtgTi (T. ~ 700 °C)

@ See Structure Tables in the appendix for crystallographic description.
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Fig. 1. Cluster-expansion-based ground state predictions for Pt-Al. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. Ground states are found at the following concentrations rich in
platinum: 75% (3:1), 77.8% (7:2), and 88.9% (8:1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

temperature, kinetics are probably fast enough that this phase
could be practical for precipitate hardening (see, for example, the
case of Pt-Cu in Ref. [3]).

3.2. Pd-Al

The experimental phase diagram for Pd-Al shows no ordered
phases above the desired concentration of 83.3 at.% Pd, which
meets the hallmarking standards of 95 wt.% (see Table 2). The
highest Pd-rich phase reported is Pd,Al (prototype Co,Si, Struk-
turbericht symbol C37), which orders at 1415 °C. Beyond that, there
is a two-phase region between 72% and 85% at.% Pd, bordered by
the fcc solid solution region.

Our cluster expansion-based ground state searches turned up
six ground states at concentrations of 75 at.% or more (see Fig. 2).
Monte Carlo simulations indicate transition temperatures of a
few hundred degrees, except the 75% structure which is somewhat
higher. At temperatures of 300-400 °C, it is difficult to say whether
or not the kinetics in a Pd-rich alloy would be sufficient for reach-
ing thermodynamic equilibrium. However, there are some mea-
sured transition temperatures in the experimental phase diagram
that occur below 600 °C. Perhaps surprisingly, none of the ground
states found by the simulations correspond to known prototypes.

Table 2
Experimental and ab initio comparison of ground states in the Pd-Al system.

Pd-Al system
Comparison of low temperature phases

% Pd Experimental results [31,33,34] AD initio results

75.0 two-phase region New structure® (444)
(T~ 580°C)

77.8 two-phase region New structure® (658681)
(T, =~ 375 gradual °C)

83.3 two-phase region New structure? (274877)
(Te ~ 440 °C)

85.7 Pd-rich fcc solid solution New structure® (232)
(T.~380°C)

87.5 Pd-rich fcc solid solution New structure® (434)
(T~ 330°C)

93.8 Pd-rich fcc solid solution New structure? (160463)
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Fig. 2. Cluster-expansion-based ground state predictions for Pd-Al. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. Ground states are found at the following concentrations rich in: 75%
(6:2), 77.7% (14:4), 83.3% (15:3), 85.7% (6:1), 87.5% (7:1), 88.9% (8:1), and 93.8%
(15:1). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Structural information for these predicted phases is given in the
appendix.

3.3. Pd-Cu

The experimental phase diagram reports only an fcc solid solu-
tion on The Pd-rich half of The phase diagram (see Table 3). The
only ordered phases are at 1:1 stoichiometry (structure unknown)
or on The Cu-rich side of The phase diagram. (The structures of The
Cu-rich phases have been a puzzle for decades. See Refs. [35-49].)
For These, The order-disorder transition temperatures are between
500 °C and 600 °C.

In our cluster expansion-based searches, we found four Pd-rich
ground states not reported in the phase diagram (see Fig. 3). Three
of the structures have known prototypes (see Table 3). However,
MC simulations indicate extremely low order-disorder transition
temperatures precluding experimental realization—at these low
temperatures, achieving thermodynamic equilibrium will likely
be impossible due to slow kinetics.

3.4. Pd-Mg

The experimental phase diagram for Pd-Mg reports five ordered
phases (see Table 4). The most Pd-rich phases are the 1:1 phase
(prototype CsCl) and MggoPd;.1, an off-stoichiometric CuTi-like
structure. There is a two-phase region from 54% to 82%, with a
Pd-rich fcc solid solution from 82% to 100% Pd. The lowest order—
disorder transition temperature for these phase is 450 °C.

Table 3
Experimental and ab initio comparison of ground states in the Pd-Cu system.

Pd-Cu system
Comparison of low temperature phases

AD initio results

MoSi; (C11p) (Tc ~ —100 °C)
L1, (T~ —150 °C)

New structure? (T, ~ —150 °C)
CuPt; (Tc ~ —150 °C)

% Pd  Experimental results [31,33,35-37]

66.7  Pd-rich fcc solid solution
75.0  Pd-rich fcc solid solution
80.0  Pd-rich fcc solid solution
87.5  Pd-rich fcc solid solution

@ See Structure Tables in the appendix for crystallographic descriptions.

@ See Structure Tables in the appendix for crystallographic description.



334 D.A. Carr et al./Computational Materials Science 51 (2012) 331-339

1071 DFT
CE
Convex Hull

o |
©)

Formation Enthalpy (meV/atom)

-70 L L L i
0.75 0.8 0.85 0.9 0.95 1
Cu Concentration Pd

Fig. 3. Cluster-expansion-based ground state predictions for Pd-Cu. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. Ground states found at the following concentrations rich in
palladium: 66.7% (2:1), 75% (3:1), 80% (4:1), and 87.5% (7:1). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 4
Experimental and ab initio comparison of ground states in the Pd-Mg system.
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Fig. 4. Cluster-expansion-based ground state predictions for Pd-Mg. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. Ground states found at the following concentrations rich in
palladium: 66.7% (2:1), 75% (3:1), 80% (4:1), 83.3% (5:1), and 87.5% (7:1). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 5
Experimental and ab initio comparison of ground states in the Pd-Nb system.

Pd-Mg system
Comparison of low temperature phases

Pd-Nb system
Comparison of low temperature phases

% Experimental results [31,33,50,51] Ab
Pd initio results

New structure®

(Te ~ 1425 °C)

L1, (T. ~ 475 °C)
D1, (Te ~ 325 °C)
New structure®

(Te ~ 225 °C)

CuPt, (Te =~ 175 °C)

66.7 two-phase region
75.0 two-phase region
80.0 Pd-rich fcc solid solution
83.3  Pd-rich fcc solid solution

87.5  Pd-rich fcc solid solution

@ See Structure Tables in the appendix for crystallographic description.

In contrast, the cluster expansion calculations show a number
of Pd-rich stable phases, at stoichiometries 2:1, 3:1, 4:1, 5:1 and
7:1 (see Fig. 4). The last two of these would meet the hallmarking
criteria for jewelry alloys. Three well-known alloy structures are
among these predicted ground states: L1, (CuszAu), D1, (MoNiy),
and Pt;Cu. With the exception of the 2:1 and 3:1 phases, the tran-
sition temperatures for these ordered phases might be too low for
them to be practical precipitate formers, but the 8:1 (PtgTi) phase
has occured in Pt-Mo and Pd-V around 450 °C (see Sections 3.6
and 3.8).

One note about the calculations: at 66.7% and 83.3%, the cluster
expansion could not strictly identify the stable structures—the CE
predicted structures and the lowest DFT structures are slightly dif-
ferent, with energetic differences of only a few meV/atom, less
than 1% of the formation enthalpies. The table lists the structures
predicted by CE calculations.

3.5. Pd-Nb

The experimental phase diagram reports the MoPt, prototype at
67% Pd, a two-phase region from 67% to 72% Pd, a combination of
the TiAl; and NbPd; prototypes from about 72% to 78%, a two-
phase region from 78% to 82% Pd, and above 82% Pd a Pd-rich fcc
solid solution (see Table 5). There are two prototypes listed for

% Pd Experimental results [31,33,52-54] Ab initio results
66.7 MoPt, MoPt, (T, ~ 1225 °C)
75.0 TiAl; (D05,) & NbPds D0, (Te ~ 1275 °C)
80.0 two-phase region D1,

83.3 Pd-rich fcc solid solution New structure?

88.9 Pd-rich fcc solid solution PtgTi (T, ~ 725 °C)

2 See Structure Tables in the appendix for crystallographic description.

the stoichiometry of 3:1; the TiAl; (D0,,) structure forms at a
low temperature while the NbPds structure forms at a high tem-
perature, although the exact transition temperatures of these
structures are not indicated in the phase diagram.

The cluster expansion calculations show stable phases at stoi-
chiometries 2:1, 3:1, 4:1, 5:1 and 8:1 (see Fig. 5). The 2:1 (MoPt,)
and 3:1 (D0,,) phases are reported in the phase diagrams, but the
other phases have not been observed in Pd-Nb. The phases at 4:1
and 8:1 (D1, and PtgTi) have been observed in more than a dozen
other systems. In order to meet the jewelry hallmarking standard,
the concentration of Pd needs to be 94 at.%, so none of these struc-
tures independently met the criteria, but the 8:1 structure may still
form precipitates in a slightly Pd-rich mixture.

3.6. Pt—-Mo

The experimental phase diagram for Pt-Mo refers to only two
ordered phases that are stable at low temperature, one at a stoichi-
ometry of 1:1 (B19, prototype AuCd) and another at 1:2, the Pt;Mo
structure, which is its own prototype (see Table 6). Ref. [33] reports
nine other Pt-X and Pd-X systems where this structure appears in
the phase diagram. In the case of Pt-Mo, there are no reported
phases more Pt-rich than this phase. For Pt concentrations of more
than x = 2/3 at.% platinum, the phase diagrams show a two-phase
(Pt;Mo and fcc Pt) region to about x = 80% and then a single-phase
field of fcc Pt at higher concentrations. 600 °C is the lowest temper-
ature reported in the phase diagram.



D.A. Carr et al./Computational Materials Science 51 (2012) 331-339 335

100
DFT

0r CE
Convex Hull

©
©)

-100

-200

-300

-400

-500

Formation Enthalpy (meV/atom)

-600 1 1 1 1
0.75 0.8 0.85 0.9 0.95 1

Nb Concentration Pd

Fig. 5. Cluster-expansion-based ground state predictions for Pd-Nb. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. Ground states found at the following concentrations rich in
palladium: 66.7% (2:1), 75% (3:1), 80% (4:1), 83.3% (5:1), and 88.9% (8:1). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 6
Experimental and ab initio comparison of ground states in the Pt-Mo system.
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Fig. 6. Cluster-expansion-based ground state predictions for Pt-Al. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. At a concentration of 8:1, the stable state on the convex hull is the
isotypic to the PtgTi structure. Ground states are found at the following concen-
trations rich in platinum: 66.7% (2:1), 77.8% (7:2), and 88.9% (8:1). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 7
Experimental and ab initio comparison of ground states in the Pt-V system.

Pt-Mo system
Comparison of low temperature phases

% Pt Experimental results [31,33,56-60] Ab initio results

66.7 Pt,Mo Pt,Mo

77.8 two-phase region (See discussion above
(Section 3.6))

88.9 fcc Pt solid solution PtgTi (T, ~ 425 °C)

Our calculated results find the Pt,Mo as a Pt-rich ground state,
in agreement with the reported phase diagram, but we also find
the 8:1 (PtgTi) phase to be stable as well (see Fig. 6). The 95 wt.%
requirement for hallmarking is met by any alloy with x > 90 at.%
Pt, close to the concentration of the 8:1 phase. To achieve a jewe-
lery alloy with PtgMo ordered precipitates, precipitates would need
to form in a slightly Pt-rich solution.

Our Monte Carlo simulations indicate that the order-disorder
phase transition would occur around 425 °C, below the lowest
temperature in the reported phase diagrams but high enough that
it may be experimentally feasible. Preliminary experimental re-
sults from Mshumi and Lang [55] confirm the ordering into the
8:1 phase though their results indicate a higher order-disorder
transition, in the neighborhood of 700 °C. Further experiments
and more refined simulations will be required to unambiguously
identify the ordering temperature. Nonetheless, the fact that both
recent experiment and our calculations agree on the stability of
the phase is encouraging.

Our CE results find a phase at x = 77.8% whose appearances on
the convex hull is sensitive to the CE model itself (see Fig. 6).
Depending on details of the fitting parameters, this phase (and
one at x = 80%) may or may not show up in the ground state search
results. It is likely that these two phases are not physically
significant.

3.7. Pt=V

The experimental phase diagram reports five ordered phases
(see Table 7). The most Pt-rich phase reported has a stoichiometry

Pt-V system

Comparison of low temperature phases

% Pt Experimental results [31,33,66-70] Ab initio results
66.7 MoPt, MoPt,
75 TiAl; or D05, DO0,,
80 Unknown two phase region
str. 2272 is 0.8 meVs
above the tieline
88.9 Pt-rich fcc solid solution® PtgTi (T, ~ 975 °C)

2 While this structure is not on the phase diagram it has been seen experimen-
tally [20].

of 4:1. The structure of this phase is unknown. There are two other
Pt-rich phases at stoichiometries of 2:1 and 3:1 which are the
MoPt, and DO0,, structures respectively. For platinum concentra-
tions higher than x = 4/5 at.% platinum, the phase diagrams shows
there is a narrow band of a two phase region (the unknown 4:1 and
fcc Pt) then a single-phase field of fcc Pt.

In order for a Pt-V alloy to meet the international hallmarking
standards it needs to be 84 at.% platinum. The only phase predicted
to be stable and close to being rich enough in Pt is the 8:1 structure
of PtgTi (Fig. 7 and Table 7). Though this phase is not reported in
the phase diagram literature [31,33,61-64], it has been experimen-
tally observed [20]. The MC predicted the critical ordering temper-
ature to be between 950 °C and 1000 °C. Experimentally it has been
formed at temperatures as high as 900 °C [65], which was the high-
est temperature tested.

3.8. Pd-V

The experimental phase diagram reports three ordered phases.
The most Pd-rich phase reported has a stoichiometry of 3:1, which
is the DO0,, structure (prototype TiAls). Also, there is a Pd-rich
phase at 2:1 which has the MoPt; structure. For palladium concen-
trations higher than x = 3/5 at.% palladium, there is a narrow band
of a two phase region (D0,, and fcc Pd) then a single-phase field of
fcc Pd.
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Fig. 7. Cluster-expansion-based ground state predictions for Pt-V. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) blocks represent the
ground states. Ground states found at the following concentrations rich in
platinum: 66.7% (2:1), 75% (3:1), and 88.9% (8:1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 8. Cluster-expansion-based ground state predictions for Pd-V. The (red)
diamonds indicate the first-principles enthalpies, the (blue) circles represent the
cluster-expansion fitted values of the same, and the (black) squares represent the
ground states. Ground states found at the following concentrations rich in
platinum: 66.7% (2:1), 75% (3:1), 83.3% (10:2), 86.7% (13:2), 88.9% (8:1), and
93.3% (14:1). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 8
Experimental and ab initio comparison of ground states in the Pd-V system.

Pd-V system
Comparison of low temperature phases

% Pd Experimental results Ab initio results
[31,33,61-64]

66.7 MoPt, MoPt,

75 TiAl; or D05, New structure? (9396)

83.3 Pd-rich fcc solid solution New structure? (9384)

86.7 Pd-rich fcc solid solution New structure® (62126)

88.9 Pd-rich fcc solid solution® PtgTi (T, ~ 475 °C)

93.3 tPd-rich fcc solid solution New structure? (62285)

(T~ 275 °C)

@ See Structure Tables in the appendix for crystallographic description.
> While this structure is not on the phase diagram it has been seen experimen-
tally [19].
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Fig. 9. Results of thermodynamic Monte Carlo modeling of Pd-V at a stoichiometry
of 8:1. An order-disorder transition is clearly indicated around 475 °C. The (red)
diamonds indicate the energy of the simulation cell and the (blue) circles the
specific heat. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

In order for a Pt-V alloy to meet the international hallmarking
standards it needs to be 90 at.% Pd. Two phases rich (or nearly rich)
enough in palladium were predicted to be stable, the 8:1 structure
of PtgTi, and a new 14:1 structure (see Fig. 8 and Table 8). Though
the 8:1 phase is not reported in the phase diagram literature, it has
been experimentally observed [19]. MC modeling predicts the or-
der-disorder transition temperature to be just above 450 °C
(Fig. 9) which is close to experimentally reported value of
400 °C.[71]. The 14:1 structure is not reported for any system (no
known prototype). The MC runs predict a critical temperature just
above 250 °C. This low temperature may preclude experimental
realization.

4. Discussion and summary

Most metals are highly soluble in platinum and palladium, as
indicated in the experimental phase diagrams by wide solid
solution regions extending to the pure platinum and pure palla-
dium sides of the phase diagrams. A history of experimental results
[17,20,65,71-81] finding Pt-rich, Pd-rich, and Ni-rich phases in
these regions of the phase diagram invited a large survey [18] that
searched for the 8:1 phase (PtgTi prototype) in more than 400
systems. Here we have examined eight systems of those systems
(Pt-Al, Pd-Al, Pd-Cu, Pd-Mg, Pd-Nb, Pt-Mo, Pt-V, and Pd-V) in
more detail, looking for this 8:1 phase and any other Pt-rich and
Pd-rich phases. In addition to first-principles-based ground state
searches, we have also performed thermodynamic Monte Carlo
simulations to predict the order-disorder transition temperatures
for the predicted ground states. Our results indicate that as-
yet-unobserved phases should be experimentally feasible in
Pt-Al, Pd-Al, Pd-Mg, and Pd-Nb.

In the case of Pt-V and Pd-V, we confirm the 8:1 phase which
has been observed experimentally already in these two systems.
Our Monte Carlo simulations indicate order-disorder transitions
close to the experimentally reported ones. We find no previously
unknown stable states in these two systems.

In Pt-Mo, we find that the 8:1 structure is stable, in contrast to
the phase diagram which reports a solid solution at this concentra-
tion. Otherwise, our other results are consistent with the published
phase diagrams for Pt—-Mo. Our 8:1 prediction agrees with recent,
unpublished results [55] although we predict a lower order-
disorder transition temperature than found experimentally.
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In the other five systems, we find a quite a few ground states
that are not reported in the phase diagrams. In each case, we
find that either the 8:1 phase or the 7:1 phase (prototype CuPt;)
is stable, as well as structures which have not been reported be-
fore in any system (i.e., there are no known prototypes). Infor-
mation for these structures is given in the appendix. In the

Pd-Mg, and Pd-Nb, some of the predicted phases have transition
temperatures high enough (as predicted by our MC results) to be
good candidates for precipitate hardening in Pt-rich or Pd-rich
alloys.

case of Pd-Cu, the phases that have not been observed before Appendix A

experimentally are predicted to have very low order-disorder

transition temperatures. In the other four cases, Pt-Al, Pd-Al, Tables 9-11

Table 9

Crystallographic data for other unrelaxed fcc-derived prototypes arising in our study.
Compound Pti4Al, PdgAl, Pd4Al4 Pd;sAl3 PdsAl; Pd-,Al, Pd;sAl,
Lattice Monoclinic Orthorhombic Triclinic Triclinic Trigonal Orthorhombic Cubic
Space group C2/m #12 Fmmm #69 PT #2 PT #2 R3 #148 Fmmm #69 Im3m #229
Pearson mS10 0oF32 mS36 mP18 hR7 oF32 cl32
Symbol
Primitive vect.
ai/a (3/2,1/2,1) (1,-1/2,-1/2) (3/2,-1/2,0) (-1,1,-1) (1,1/2,1/2) (1,-1/2,-1/2) (1,1,1)
ayla (0,-1,1) (1,1/2,1/2) (0,2,0) (-1,0,1) (-1/2,-1/2,1) (1,1/2,1/2) (-1,1,1)
asla (3/2,-1/2,-1) (0,-1/2,3/2) (0,-1/2,3/2) (1,3/2,1/2) (1/2,-1,-1/2) (0,-1/2,3/2) (1,-1,1)
Atomic positions
Al (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0)
A2 (1/3,1/6,0) (1/8,3/8,1/4) (1/3,1/6,1/3) (2/3,1/18,2/9) (4/7,2]7,1]7) (1/8,3/8,1/4) (1/4,0,1/4)
A3 (2/3,1/3,0) (1/4,3/4,1/2) (2/3,1/3,2/3) (1/3,1/9,4/9) (1/7,4/7,2]7) (1/4,3/4,1/2) (1/2,0,1/2)
A4 (0,1/2,0) (3/8,1/8,3/4) (0,1/2,0) (0,1/6,2/3) (5/7,6/7,3]7) (3/8,1/8,3/4) (3/4,0,3/4)
A5 (1/3,2/3,0) (1/2,1/2,0) (1/3,2/3,1/3) (2/3,2/9,8/9) (2/7,1/7,4]7) (1/2,1/2,0) (1/4,1/4,0)
A6 (2/3,0,2/3) (3/4,1/4,1/2) (0,1/3,1/3) (1/3,5/18,1/9) (6/7,3/7,5]7) (5/8,7/8,1/4) (1/2,1/4,1/4)
A7 (1/3,1/3,2/3) - (1/3,1/2,2/3) (2/3,7/18,5/9) - 3/4,1/4,1/2) (3/4,1/4,1/2)
A8 (2/3,1/2,2/3) - (2/3,2/3,0) (1/3,4/9,7/9) - - (0,1/4,3/4)
A9 (0,2/3,2/3) - (0,5/6,1/3) (0,1/2,0) - - (1/2,1/2,0)
A10 (1/3,5/6,2/3) - (1/3,0,2/3) (2/3,5/9,2/9) - - (3/4,1/2,1/4)
All (2/3,1/6,1/3) - (0,2/3,2/3) (1/3,11/18,4/9) - - (0,1/2,1/2)
A12 (0,1/3,1/3) - (1/3,5/6,0) (0,2/3,2/3) - - (1/4,1/2,3/4)
Al13 (2/3,2/3,1/3) - (0,1/6,2/3) (1/3,7/9,1/9) - - (3/4,3/4,0)
Al4 (0,5/6,1/3) - (1/3,1/3,0) (0,5/6,1/3) - - (0,3/4,1/4)
A15 - - - (2/3,8/9,5/9) - - (1/4,3/4,1/2)
B1 (2/3,5/6,0) (5/8,7/8,0) (2/3,5/6,2/3) (0,1/3,1/3) (3/7,5/7,6/7) (7/8,5/8,3/4) (1/2,3/4,3/4)
B2 (0,1/6,2/3) (7/8,5/8,3/4) (2/3,1/6,0) (2/3,13/18,8/9) - - -
B3 (1/3,0,1/3) - (2/3,0,1/3) 1/3,17/18,7/9) - - -
B4 (1/3,1/2,1/3) - (2/3,1/2,1/3) - - - -
Enum. label 650,245 444 658,681 274,877 232 434 160,463

Table 10

Crystallographic data for other unrelaxed fcc-derived prototypes arising in our study.
Compound PdgCu, PdgMg, Pd;oMg, PdgMg, PdsMg, Pd;oNb;
Lattice Orthorhombic Orthorhombic Monoclinic Orthorhombic Orthorhombic Orthorhombic
Space group Cmmm #65 Cmcm #63 P21/m #11 Pnma #62 Cmmm #65 Pmmn #59
Pearson symbol 0520 0S24 oP12 oP12 0S12 oP12
Primitive vect.
ai/a (0,0,-1) (1,0,0) (1,-1,-1) (0,-1,0) (0,-1,0) (0,-1,0)
ayla (-1/2,5/2,0) (1/2,3/2,0) (-1/2,1/2,-1) (1,0,-1) (1,0,0) (1,0,-1)
asfa (1,0,0) (0,0,2) (1,1,0) (3/2,0,3/2) (-1/2,0,3/2) (3/2,0,3/2)
Atomic positions
Al (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0)
A2 (1/2,1/5,1/10) (5/6,1/3,1/4) (2/3,5/6,1/4) (1/2,3/4,1/6) (1/2,1/6,1/3) (1/2,3/4,1/6)
A3 (0,2/5,1/5) (2/3,2/3,1/2) (1/3,2/3,1/2) (0,1/2,1/3) (0,1/3,2/3) (0,1/2,1/3)
A4 (1/2,3/5,3/10) (1/2,0,3/4) (0,1/2,3/4) (1/2,1/4,1/2) (1/2,1/2,0) (1/2,1/4,1/2)
A5 (0,4/5,2/5) (1/3,1/3,0) (2/3,1/3,0) (0,0,2/3) (0,2/3,1/3) (0,0,2/3)
A6 (1/2,0,1/2) (0,0,1/2) (1/3,1/6,1/4) (1/2,3/4,5/6) - (1/2,3/4,5/6)
A7 (0,1/5,3/5) (2/3,2/3,0) (0,0,1/2) (1/2,1/4,1/6) - (0,1/2,0)
A8 (0,3/5,4/5) (1/3,1/3,1/2) (2/3,5/6,3/4) (0,1/2,2/3) - (1/2,1/4,1/6)
A9 - - (1/3,2/3,0) - - (1/2,3/4,1/2)
A10 - - (2/3,1/3,1/2) - - (0,1/2,2/3)
B1 (1/2,2/5,7/10) (1/6,2/3,1/4) (0,1/2,1/4) (0,1/2,0) (1/2,5/6,2/3) (0,0,1/3)
B2 (1/2,4/5,9/10) (5/6,1/3,3/4) (1/3,1/6,3/4) (0,0,1/3) - 1/2,1/4,5/6)
B3 - (1/2,0,1/4) - (1/2,3/4,1/2) - -
B4 - (1/6,2/3,3/4) - (1/2,1/4,5/6) - -

Enum. label 1184 8196 7897

8054 65 7922
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Table 11

Crystallographic data for other unrelaxed fcc-derived prototypes arising in our study. The enumerated list label is simply the ordinal number of the structure as enumerated by
the algorithm of Refs. [24,25].
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Compound PdgV3 Pd;oV> Pd3V, Pd 4V,

Lattice Orthorhombic Orthorhombic Monoclinic Triclinic
Space group Pmma #51 C2/n #15 C2/m #12 P1 #2
Pearson symbol oP12 0524 mS30 aP15
Primitive vect.

ai/a (0,0,-1) (0,1,0) (0,0-1) (0,-1/2,-3/2)
a/a (-1,1,0) (0,1/2,3/2) (-5/2,-1/2,0) (3/2,0,—1/2)
asfa (3/2,3/2,0) (2,0,0) (0,3/2,-1/2) (0,-3/2,1/2)

Atomic positions
Al

(1/2,3/4,1/6)

(5/6,1/3,1/4)

(14/15,2/5,2/15)

(2/5.2/3,13/15)

A2 (0,1/2,1/3) (1/2,0,3/4) (7/15,1/5,1/15) (3/5,1/3,2/15)

A3 (0,0,2/3) (1/3,1/3,0) (8/15,4/5,14/15) (1/5,2/3,4/15)

A4 (1/2,3/4,5/6) (1/6,2/3,1/4) (1/15,3/5,13/15) (4/5,0,2/5)

A5 (1/2,1/4,1/6) (0,0,1/2) (2/15,2/5,11/15) (2/5,1/3,8/15)

A6 (0,0,1/3) (5/6,1/3,3/4) (2/3,0,2/3) (0,2/3,2/3)

A7 (1/2,3/4,1/2) (2/3,2/3,0) (1/5,4/5,3/5) (3/5,0,4/5)

A8 (0,1/2,2/3) (1/2,0,1/4) (11/15,3/5,8/15) (1/5,1/3,14/15)

A9 1/2,1/4,5/6) (1/3,1/3,1/2) (4/15,2/5,7/15) (4/5,2/3,1/15)

A10 - (1/6,2/3,3/4) (4/5,1/5,2/5) (2/5,0,1/5)

All - - (1/3,0,1/3) (0,1/3,1/3)

A12 - - (13/15,4/5,4/15) (3/5,2/3,7/15)

Al13 - - (2/5,3/5,1/5) (1/5,0,3/5)

Al4 - - - (4/5,1/3,11/15)

B1 (0,0,0) (0,0,0) 0,0,0) (0,0,0)

B2 (1/2,1/4,1/2) (2/3,2/3,1/2) 3/5,2/5,4/5) -

B3 (0,1/2,0) - - -

Enum. label 9396 9384 62,126 62,285
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