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ABSTRACT

UNEXPECTED OCCURRENCES OF THE PTgTI STRUCTURE

Erin Gilmartin
Department of Physics and Astronomy

Bachelor of Science

The hardness of platinum and palladium alloys can be signicantly improved by
precipitate hardening. One application of this is in Pt/Pd jewelery alloys where
only small amounts of the alloying agent may be added (less than 5 wt.-%).
For these alloys, one needs to identify platinum- and palladium-rich ordered
phases that will form precipitates in nearly pure alloys. Using rst principles
calculations, we identified 22 systems where a platinum- or palladium-rich
phase (prototype PtgTi) is stable but has not yet been observed. In the case
of Pt-Mo, we constructed a cluster expansion and predicted the order-disorder
transition temperature. Using our results as a guide, further experimental
work may well turn up additional elements that will be useful for precipitate

hardening in Pt-rich and Pd-rich alloys.
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Chapter 1

Background and Motivation

Nearly one half of the world’s yearly production of platinum and palladium is used
in jewelry. Pure platinum and pure palladium are too soft for jewelry, requiring that
they be alloyed with another metal. International marketing standards on platinum
and palladium jewelry require that all platinum and palladium jewelry be 95% pure
by weight. The addition of only 5 wt-% or less of the other metal is usually not
enough to achieve the desired hardness of the platinum or palladium alloy. In order
to get the desired hardness, namely enough to be made into jewelry, some ordering
of the atoms, i.e., a crystal structure needs to occur in the alloy.

An example of how a crystal structure can significantly increase the hardness of an
alloy is illustrated by a recent advance in the processing of Pt-Cu alloys. The addition
of about 5 wt-% of copper to platinum causes the hardness to double compared to
before. [1] Researchers Carelse and Lang induced ordered domains of the structure
CuPt7 in this type of sample. They found that the presence of these ordered domains
causes this alloy to be harder than some grades of stainless steel. With this example
in mind, we need to find a potential crystal structure that would have a high ratio, like

that of CuPtr, so that the weight percentage requirement for platinum and palladium
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Figure 1.1 Three different views of the PtgTi structure. The first is the
front, second the side, and third the entire conventional unit cell. The dark
grey and light grey balls represent platinum and titanium respectively.

jewelry can be met.

A good crystal structure is the structure of PtgTi [2] that has stoichiometry 8:1.
This structure was discovered [2] in 1965. Its structure can characterized as a face-
centered tetragonal cell (see Fig. 1.1). A face-centered tetragonal cell is a cell where
the sides of the cell are orthogonal to each other and there’s an atom in the center
of each face of the cell. Many alloys are assigned a Strukturbericht symbol yet this
structure does not have one. Calling this structure by its prototype (PtgTi) would
be confusing, especially when other platinum and palladium rich systems are being

discussed. Therefore, for clarity we will refer to this structure as L1, !.

'Here is an explanation of how we came up with this Strukturbericht symbol. Strukturbericht
designations for pure elements start with A; the face centered cubic (fcc) structure is Al. For crys-
tal structures with one-to-one stoichiometries, their designations start with B; the NaCl structure is
designated B1, the 1 coming from Al, indicating fcc. Alloy structures are indicated by a beginning
L. Fce-based alloys are indicated by L1, again the 1 indicating fcc. A second number in the Struk-
turbericht symbol, L1, indicates the order of discovery or assignment. For example, the designation

for CuAu is L1g, indicating that CuAu was the first fce-based alloy to be given a symbol. We use L1y



Since its discovery, the L1, structure has been studied in several platinum and
palladium systems. The literature on L1, [3-5] shows that platinum and palladium
have typically been alloyed with the nine elements of groups IVB, VB, VIB of the
periodic table. Of these 18 systems (Pt-X and Pd-X, where X is an element of
those groups), L1, has been observed in seven of them: Pt-Cr [6], Pt-Ti [2], Pt-
V [7], Pt-Zr [8], Pd-Mo [9], Pd-V [10], and Pd-W [11]. For reasons not discussed
in the literature, other Pt-X and Pd-X systems have not been examined for the L1y
structure. Implicit in this omission is the assumption that the structure would only
occur in these 18 Pt/Pd-X systems.

However, we know that many metals are quite soluble in platinum and palladium.
Therefore, our goal is to find other Pt/Pd-X systems that are good candidates to
form L14. We computationally calculated the energy of 71 total systems (35 platinum
and 36 palladium) and found that 22 of these systems are good candidates for the
L1, structure. Furthermore, we computed a cluster expansion for the system Pt-
Mo, one of the good candidates, and found that L.14 has the lowest energy for that

concentration. This means that the Pt-Mo system will form L1, at that concentration.

because the structure occurs in alloys, is fcc based, and the L1, symbol has not been used before.



Chapter 2

Methods

2.1 First Principles Calculations

The following is a basic procedure of how we determined which of the 71 systems
we chose were good candidates: calculate the formation enthalpy! [Eq. (A.1)] of L1y
in each system, calculate the formation enthalpy of the nearest experimental ground
state in concentration to L1, for each system, and use the ground state’s formation
enthalpy to make a tie-line to compare L14’s formation enthalpy to that line.

To help illustrate the above procedure, consider the Pt-Mo system. The most Pt-
rich ground state reported in the Pt-Mo phase diagrams is PtoMo. For any structure
with a higher stoichiometry than 2:1 to be thermodynamically stable, its formation
enthalpy must be less than the weighted average formation enthalpy of pure platinum
and PtosMo (see Fig. 2.1). This weighted average is represented by a line called a
tie line. In the case of Pt-Mo, the formation enthalpy of PtgMo is —227 meV /atom,
putting it 148 meV /atom below the tie line.

This rather simple procedure was applied to all 71 systems (35 platinum and 36

'In general, a negative formation enthalpy means that the structure can potentially form.



2.1 First Principles Calculations
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Figure 2.1 Depiction of the tie line for the Pt-Mo system. PtgMo lies
below the tie line making this system a good candidate for forming the L1y
structure.



2.2 Cluster Expansion: Pt-Mo 6

palladium). The Vienna ab-initio Simulation Package [12-14] (VASP) was used for
the energy calculations (see Appendix A.1 for parameters used). The experimental

ground states were taken from the phase diagrams [15-29] included in the Pauling

File [30].

2.2 Cluster Expansion: Pt-Mo

As mentioned in the beginning, the motivation for studying L1, for jewelry applica-
tions is that it may form ordered domains that can significantly increase the hardness
and because it is a likely candidate for precipitate hardening because it occurs rela-
tively frequently. However, it is possible that L1, is not the most thermodynamically
stable structure; there may be other structures with even lower formation enthalpies.
From an application standpoint, it does not matter which structure is the most stable
as long as it results in significant hardening and meets the hallmarking purity stan-
dards, 95 wt-% platinum or palladium. The fact that L1, is below the tieline (Fig. 2.1)
in 22 systems shows that some ordered phase must exist—thermodynamically, there
must be a stable phase more platinum- or palladium-rich than the reported (experi-
mental) phases.

To ascertain what structure is stable, one must explore all possible competing
structures. Doing this by first principles, i.e., with VASP is not practical because we
can only calculate one structure at a time. However, a cluster expansion (CE) [31-33]

2 Given a set of

can quickly explore all possible structures (see Appendix A.2).
structures and their energies, the CE attempts to fit the given energies to Eq. (A.2).

Once a good fit [36-38] is achieved in the CE, we then use that fit to run a ground

2More precisely, the CE can only explore derivative superstructures [34, 35] but experimental
evidence in these systems indicates that such structures are the likely ground states, especially in

the platinum- and palladium-rich regions of the phase diagrams.



2.2 Cluster Expansion: Pt-Mo 7

state search (GSS) that generates formation enthalpies for all the possible structures
up to a certain number of atoms per unit cell. Many runs of the CE and GSS are
usually required to achieve the best predictions for a given system. From the predicted
formation enthalpies, we can verify if L1, or another structure is most stable. Due to
the large number of good candidates, we decided to start doing the CE and GSS for

at least one of those systems. We chose the Pt-Mo system.



Chapter 3

Results and Outlook

We tested the stability of L1, in 71 systems. In 36 cases, the formation enthalpy is
negative. Furthermore, in 22 of those 36 cases the formation enthalpy lies below the
tie line between pure platinum or palladium and the nearest experimentally-observed
ground state. These 22 cases are the new good candidates for L14. In these systems,
L1, had not yet been reported experimentally. Fig. 3.1 shows three periodic tables.
In Fig. 3.1(a) the highlighted elements represent the initial 71 systems. In Fig .3.1(b),
the highlighted elements represent the platinum systems that lie below the tie line
and Fig. 3.1(c) is the same thing but for palladium. Furthermore, from the CE and
GSS, we found that L14 is the most thermodynamically stable structure for Pt-Mo
at a stoichiometry of 8:1.

When our new candidates are depicted in this way (Fig. 3.1), we noticed that the
22 new candidates are clustered together in two areas of the periodic table, where the
first cluster is in the early transition metals and the second in the transition metals
with full or almost full d-shells. The same kind of clusters occur when the elements
are arranged by Mendeleev number as assigned by Pettifor [39] (Table 3.1). This

clustering is very interesting and will need further investigation.



Finding that there are 22 new candidates beyond those seven already experimen-
tally observed and in Pt-Mo L1y is the most thermodynamically stable are very excit-
ing results. This means that experimentalists have more to look for in these 22 new

candidates and hopefully our computational results can be confirmed by experiment.
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Figure 3.1 Pictorial representation of our results. The highlighted elements
in (a) represent the initial 71 Pt-X and Pd-X systems, (b) shows the good
candidates for the platinum systems, and (c¢) shows the good candidates for
the palladium systems



11

Mendeleev # | Element Pt Pd || Mendeleev # | Element Pt Pd
8 Cs 58 Re —  +
9 Rb + 59 Tec —  +
10 K 62 Ru +
11 Na — || 63 Os +  +
12 Li — ||| 65 Rh —  +
14 Ba + — || 66 Ir +
15 Sr — || 70 Au +
16 Ca — || 71 Ag +
19 Sc ° ° 72 Cu — o
25 Y — ||| 73 Mg — e
49 Zr © e 75 Cd o o
50 Hf o o 76 Zn R
51 Ti © e 7 Be —
52 Ta ° ° 79 In -
53 Nb e o 80 Al — e
54 \Y ® © 81 Ga °«
55 W o O 83 Sn — e
56 Mo e O 84 Ge — —
57 Cr © — || 8 Si —

Table 3.1 The elements arranged by Mendeleev number as assigned by Pet-
tifor [39]. A + indicates systems where the formation enthalpy is positive,
a — indicates systems where the formation enthalpy is negative but above
the tie line, and a eindicates systems that lie below the tie line. ® indicates
those systems that have already been experimentally observed.



Appendix A

Appendix

A.1 VASP

The Vienna ab-initio Simulation Package [12-14] (VASP) is a program that calculates
the energy of a given lattice structure. Essentially, VASP solves the Schrodinger equa-
tion, Hy = E1, for the lattice where H in this equation represents the Hamiltonian
and E represents the energy. After VASP solves this equation and provides a value
for E/, then we use that value to determine the formation enthalpy of the lattice. The
formation enthalpy for an alloy A,B;_, is given by the following equation:

Er Na Np

AH =100 % () = (7 Ea+ 37 Es)), (A.1)

where Fp, F4, and Ep are the energies of the whole lattice, pure element A, and
pure element B respectively; N, N4, and Np represent the total number of atoms
in the lattice, the number of A atoms, and the number of B atoms respectively. All
energies are in units of eV where AH is in meV /atom.

VASP requires four files that describe the lattice vectors, the properties of the

elements in the lattice, how to break up the lattice in reciprocal space, and precision

12



A.2 Cluster Expansion 13

of the calculations. Below are the specific parameters used in the first principles
calculations for this project.

An equivalent k-mesh [40] was used to eliminate systematic errors when calculating
the formation enthalpy. The default cutoff energies for the “high accuracy” setting
was used in all cases: 350 eV was used for all the palladium systems and 230 eV
for platinum except where the other element had a higher default cutoff. For Pt-Ag,
Pt-Al, Pt-Be, Pt-Cd, Pt-Cu, Pt-Pd, Pt-Si, and Pt-Zn the energy cutoffs for the plane
wave basis were 250 eV, 240 eV, 300 eV, 274 eV, 273 eV, 350 eV, 245 eV, and 277
eV respectively. Standard projector augmented wave (PAW) potentials were used for
the majority of metals except where semicore states are important. For Ba, Cs, Sr,
Ti, and Y, the highest occupied s states were included in the valence. For K, Nb, Pd,
and Rb, the p states were included in the valence. Our extensive testing in another
context [41] indicates that formation enthalpies in all of these systems are relatively

insensitive to spin-orbit effects so spin-orbit coupling was not included here.

A.2 Cluster Expansion

The cluster expansion (CE) is a way to describe the energy of a lattice [31-33]. The
following equation is a mapping of the energy to an Ising Hamiltonian.
Ecp(o) = o+ JiSi(0) + 3" J;Si(0)S;(0) + Y- JijuSi(0)S;(0)Sk(0) + ... (A.2)
i j<i k<j<i
where the first sum is over all lattice sites, the second all site pairs, the third all
site triplets, etc. S; represents a set of “spin” variables that are associated with the
site “7”, o represents a configuration in the lattice, and J represents “interaction

energies”. E¢p is usually calculated by VASP and then the CE uses this equation

to determine the J’s. In essence, we are trying to fit a “function” to a set of “data
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points”. These “data points” are energies of structures that we calculate in VASP
and then give them to the CE code as input structures.

When a good fit is found [36-38], we can then use that fit to predict the energies
of other structures. This idea is used in the ground state search (GSS) where the
fit is used to predict formation enthalpies of hundreds of lattice structures of varying
stoichiometries.

For our CE and GSS, we used the Universal Cluster Expansion code (UNCLE) [38]
using 78 input structures. A leave-many-out cross validation (CV) method was used
to make accurate fits. The CV score for the final fit was 15 meV /atom which is about

a 3% error on average.



Bibliography

[1] M. Carelse and C. I. Lang, “Order hardening in platinum 14 at. % copper,”
Scripta Materialia 54, 1311-1315 (2006).

[2] P. Pietrokowsky, “Novel ordered phase Pt8Ti,” Nature 206 (1965).

[3] Z. Lu and B. M. Klein, “Theoretical studies of the stability of ordered A8B
compounds,” Physical Review B 50 (1994).

[4] S. Nxumalo, M. Nzula, and C. Lang, “Order hardening of Pt8Ti alloys,” Mate-

rials Science and Engineering A 445 (2007).

[5] A. Ardell, in Formation and stability of A8B phases in Ni, Pd, and Pt base
alloys, in Metallic alloys: experimental and theoretical perspectives, J. Faulkner,

ed., (Kluwer Academic Publishers, 1994).

[6] M. P. Nzula, C. I. Lang, and D. J. H. Cockayne, J. All. Comp. 420, 165-170
(2006).

[7] D. Schryvers, J. V. Landuyt, and S. Amelinckx, Mater. Res. Bull. 18, 1369-1374
(1983).

[8] P. Krautwasser, S. Bhan, and K. Schubert, Z. Metallkde. 59, 724-729 (1968).

[9] M. S. Mostafa and A. J. Ardell, Mater. Lett. 3, 67-70 (1987).

15



BIBLIOGRAPHY 16

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[19]

[20]

A. J. Ardell and K. Janghorban, Phase Transitions During Irradiation (Applied
Sci. Pub., London, 1982).

L. Weaver and A. J. Ardell, Scripta Materialia 14, 765-768 (1980).

G. Kresse and J. Hafner, “Ab initio molecular dynamics for liquid metals,” Phys-

ical Review B 47 (1993).

G. Kresse and J. Furthmiiller, “Efficient iterative schemes for ab initio total-

energy calculations using a plane-wave basis set,” Physical Review B 54 (1996).

G. Kresse and D. Joubert, “From ultrasoft pseudopotentials to the projector

augmented-wave method,” Physical Review B 59 (1999).

Binary Alloy Phase Diagrams, T. Massalski, H. Okamoto, P. Subramanian, and
L. Kacprzak, eds., (American Society for Metals, Materials Park, OH, 1990).

A. Palenzona, “Contribution to the study of the binary phase diagrams Ca-Pt
and Sr-Pt,” Journal of the Less-Common Metals 78, 49-53 (1981).

J. Baglin, F. D’Heurle, and S. Zirinsky, “Interactions Between Cr and Pt films:

New Cr-Pt Phases,” Journal of the Electrochemical Society (1978).

P. Guex and P. Feschotte, “Les systemes binaires platine-aluminium, platine-
gallium et platine-indium,” Journal of the Less-Common Metals 46, 101-116
(1976).

K. Jain and S. Bhan, “The system platinum-germanium,” Transactions of the

Indian Institute of Metals 19, 49-52 (1966).

A. Dwight and P. Beck, “Close-packed ordered structures in binary AB3 Al-
loys of Transition Elements,” Transactions of the American Institute of Mining,

Metallurgical and Petroleum Engineers 215, 976-979 (1959).



BIBLIOGRAPHY 17

[21]

[22]

[23]

28]

W. Bronger and W. Klemm, “Darstellung von Legierungen des Platins mit un-
edlen Metallen,” Zeitschrift fiir Anorganische und Allgemeine Chemie 319, 58-81
(1962).

R. Waterstrat and B. Giessen, “The Niobium (Columbium)- Platinum Constitu-
tion Diagram,” Metallurgical Transactions, Section A: Physical Metallurgy and

Materials Science 16, 1943-1949 (1985).

Binary and Ternary Phase Diagrams of Columbium, Molybdenum, Tantalum,
and Tungsten, J. English, ed., (Defense Documentation Center for Scientific and

Technical Information, 1963).

S. Naidu and P. Rao, “The Pt-W (Platinum-Tungsten) System,” Journal of Alloy
Phase Diagrams 6, 74-79 (1990).

M. Ellner, U. Kattner, and B. Predel, “Konstituionelle und strukturelle unter-
suchungen im system Pd-Al” Journal of the Less-Common Metals 87, 117-133

(1982).

J. Mejbar and M. Notin, “A new CaCub-Structure in the (Ca, Pd) system,”
Scripta Metallurgica et Materialia 24, 1697-1700 (1990).

Z. Lu, S. Wei, A. Zunger, and L. Ferreira, “Ground state structures of intermetal-

lic compounds: a first-principles ising-model,” Solid State Communications 78,

583-588 (1991).

N. Harmsen and T. Heumann, “Magnetische und rontgenographische unter-
suchungen an der Legierungsreihe SrAg5-SrPd5,” Monatshefte fiir Chemie 102,
1442-1454 (1971).



BIBLIOGRAPHY 18

[29]

[30]

[35]

[36]

[37]

[38]

K. Takao, Y. Sakamoto, M. Yoshida, and T. Flanagan, “Order-disorder transi-
tions of the PA7Dy(Y) phase in Pd-Dy(Y) alloys,” Journal of the Less-Common
Metals 152, 115-125 (1989).

P. Villars, M. Berndt, K. Brandenburg, K. Cenzual, J. Daams, F. Hulliger, A.
Prince, H. Putz, and S. Iwata, “The Pauling File, Binaries Edition,” Journal of

Alloys and Compounds 367, 293-297 (2004).
J. Sanchez, F. Ducastelle, and D. Gratias, Physica A 128, 334-350 (1984).

D. D. Fontaine, Cluster approach to order-disorder transformations in alloys

(Academic Press, New York, 1994), Vol. 47.

A. Zunger, in Statics and Dynamics of Alloy Phase Transitions, NATO ASI, P.

Turchi and A. Gonis, eds., (Plenum Press, New York, 1994).

G. L. W. Hart and R. W. Forcade, “Algorithm for generating derivative stuc-
tures,” Physical Review B 77 (2008).

G. L. W. Hart and R. W. Forcade, “Generating derivative structures from multi-

lattices: Algorithm and application to hep alloys,” Physical Review B 80 (2009).

G. Hart, V. Blum, M. Walorski, and A. Zunger, “Evolutionary approach for

determining first-principles hamiltonians,” Nature Materials 4, 391-394 (2005).

V. Blum, G. L. W. Hart, M. J. Walorski, and A. Zunger, “Using genetic algo-
rithms to map first-principles results to model Hamiltonians: Application to the

generalized Ising model for alloys,” Physical Review B 72 (2005).

D. Lerch, O. Wieckhorst, G. Hart, R. Forcade, and S. Miiller, “UNCLE: a code for
constructing cluster expansions for arbitrary lattices with minimal user-input,”

Modelling Simul. Mater. Sci. Eng 17 (2009).



BIBLIOGRAPHY 19

[39] D. Pettifor, “Structure maps for pseudobinary and ternary phases,” Mater. Sci.
Technol. 4, 675-691 (1988).

[40] S. Froyen, “Brillouin-zone integration by Fourier quadrature: special points
for superlattice and supercell calculations,” Physical Review B 39, 3168-3172
(1989).

[41] O. Levya, G. L. Hart, and S. Curtarolo, “Hafnium binary alloys from experiments
and first principles,” Acta Materiala 58, 2887-2897 (2010).



