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0000-0002-3370-9732 Titaan-Platinum (TiPt) het 'n martensitiese transformasie van ongeveer

1300 K, wat dit 'n potensiéle materiaal maak vir gebruik as 'n hoé-
temperatuur vormgeheue-legering. 'n Derde element sal na verwagting
die eienskappe van TiPt-legerings verbeter vir toekomstige gebruik in
die lugvaartbedryf. In hierdie studie is die effek van die byvoeging van
Zr op die stabiliteit van TiPt ondersoek deur gebruik te maak van die
groepuitbreidingsmetode wat die UNCLE kode gebruik. Altesaam 21
bor ) nuwe strukture op die Pt-terrein en 22 nuwe strukture op die Ti-terrein
http://dx.dol.org/ /10.7166/33-3-2807 is gegenereer. Slegs sewe strukture het die grondtoestandlyn vir die Pt-
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terrein gevorm, en ses strukture vir die Ti-terrein, wat daarop dui dat
dit die mees termodinamies stabiele fases was. Die ZrTi2Pt fase is die
mees energeties stabiele met hitte van 'n formasie waarde van - 0.455
eV/atoom op die Pt terrein. Dus is 'n fasediagram vir die TiPtZr-stelsel
saamgestel. Die bevindinge van hierdie studie sal tot voordeel van die
ontwerp van nuwe materiale in die lugvaartindustrie wees.

1. INTRODUCTION

Shape memory alloys (SMAs) are materials that can preserve their pristine shape when exposed to
temperature or load due to their unique thermomechanical properties [1, 2]. Two major attributes that
make SMAs distinct from other materials are pseudoelasticity and shape memory effect (SME), which occur
as a result of phase transformation [3]. SMAs have excellent potential for the development of applications,
including in industries such as the automotive, aerospace, engineering, and medical industries [4, 5]. High-
temperature shape memory alloys (HTSMAs) such as NiTi-M (M = Pt, Pd, Hf and Zr) have been studied for
high temperatures above 373 K in order to increase their areas of application, but are limited to
temperatures around 700 K [6]. TiPt is more promising as a HTSMA, since it has a higher martensitic
transformation of above 1300 K [7], and Pt has better high temperature properties. However, TiPt was
reported to be mechanically unstable due to its negative shear modulus (C’= -32). In this study, the ground-
state structures and phase stability of B2 TiPtZr using the cluster expansion method were investigated.
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Monte-Carlo simulations were used to determine the phase changes and high-temperature properties of
mixed TiPtZr alloys on the Pt site.

2. COMPUTATIONAL METHODOLOGY
2.1. Cluster expansion

Cluster expansion (CE) calculations were done using the program Universal Cluster Expansion (UNCLE) code
[8]. The code can perform a complete CE fit using a genetic algorithm, and predict the ground states of
systems containing three elements. This method was used to determine the ground-state structure and
thermodynamic properties of TiPtZr alloys. The fitness of every figure set was evaluated using the cross-
validation score (CVS), which quantifies the predictive accuracy of the figure set for an unknown structure

[9].
2.2. Total-energy calculations

The total-energy calculations of TiPtZr alloys were performed using the Vienna Ab initio Simulation Package
(VASP) [10]. An energy cut-off of 500 eV was used for the plane-wave expansion of wave functions. The
generalised gradient approximation (GGA) function of Perdew-Burke-Ernzerhof (PBE) was introduced to
describe the exchange-correlation energy [11]. The k-spacing of 0.2 was used, according to the Monkhorst
and Pack grid, for specified k-point sampling [12]. Full geometry optimisation was performed on the ground-
state structures.

2.3. Monte Carlo simulation

A Monte Carlo simulation was used to determine the phase diagram of the TiPtZt alloys. A phase diagram
was constructed from their critical temperatures. Monte Carlo simulations were performed using the UNCLE
code [8] for TiPtZt alloys. The averaging times for the given precision on the average concentration of the
alloy were set to 0.1%. The MC moves consisted of exchanging the position of the Pt and Zt atoms. The
phase diagrams were computed using the canonical ensemble (NVT) specified by the system volume (V),
number of particles (N), and temperature (T) as implemented in the UNCLE code [8]. Periodic boxes
containing 25 x 25 x 25 atoms were used. The temperature was varied from 100 K to 3000 K.

3. RESULTS
3.1. Ground-state structures

Table 1 shows the characteristics of the calculated cluster expansions for B2 TiPtZr for both Pt and Ti sites.
The cluster expansion generated 21 structures with seven ground-state structures on the Pt site and 22
structures with six ground-state structures on the Ti site. The cross-validation score (CVS) was used to
evaluate the predictive power of the cluster expansion. A small CVS < 5 indicates the fitting accuracy of
the cluster expansion. The cluster expansion of the B2 TiPtZr was found to have a CVS of 0.026 meV/atom
on the Pt site and 4 meV/atom on the Ti site.

In Figure 1, the red line represents the density functional theory (DFT) ground-state line, while the green
squares with a cross inside represent predicted structures. It is noted that all formation energies/heats of
formation are negative, and form the vertices on the lower boundary of the convex for TiPtZr (Pt site)
ordered structures. This behaviour suggests that the structures are thermodynamically stable. Furthermore,
the ground-state line predicted five stable structures relative to the predicted formation energies for TiPtZr
alloys. Among the stable structures, ZrTi;Pt is the most thermodynamically stable structure because it has
the lowest AHf compared with other structures.
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Table 1: Characteristics of the calculated cluster expansions

Characteristics Pt site Ti site
No. of structures 21 22
No. of ground-state structures 7 6
Cross-validation scores 0.026 4
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Figure 1: The formation energies against Zr concentration with the final ground state of the TiPtZr
3.2. Structural and thermodynamic properties

In Table 2, the equilibrium lattice parameters and heats of formation of the TiPtZr structures are presented.
The new crystal structures were cubic (Pm3m and Fm3m), orthorhombic (Cmmm), and trigonal systems
with space groups (R-3m and P3-m1). The binary TiPt results were in good agreement with the available
experimental and theoretical data. In particular, the lattice parameters of the cubic TiPt (Pm-3m) agreed
to within 2%. The heats of formation were determined to verify the existence of the binary phases. The
heats of formation (AHf) were estimated by the following expression [12]:

AH; = E, — ¥ xiEi (1

where E. is the calculated total energy of the compound and E; is the calculated total energy of the element
in the compound. All of the predicted structures were thermodynamically stable owing to the negative
values. The most stable structure was found to be ZrTi,Pt with the lowest heats of formation of (-0.455)
eV/atom. The stability trend in the calculated AH; for the predicted structure in cluster expansions is as
follows: ZrTiPt > ZrTisPty > Zr,TisPt > ZrTisPt; > Zr3TisPt.
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Table 2: Predicted lattice parameter and heats of formation of TiPtZr on Pt site

Structure Space group a (A b(A) c(A) AH:(eV/atom)

ZrTi Pm-3m 3.356 3.356  3.356
ZrsTisPt  R-3m 4.681 4.681 8.255 -0.353
Zr,TisPt  P-3mi 4.632 4.632 5.793 -0.411
ZrTiPt  Fm-3m 4.569 4.569 4.569 -0.455
ZrTisPt,  P-3m1 4.554 4.554 5.483 -0.412
ZrTiPts  Cmmm 4.572 5.507 5.507 -0.354
TiPt Pm-3m 3.172 3.172  3.172

TiPt 3.192 [13]

TiPt 3.180 [14]

3.3. Phase diagram

The determined critical temperature was used to construct a phase diagram concerning the compositions
of Zr on the Pt site, as shown in Table 3. Ten different Monte Carlo simulations, with the ZrPt concentrations
on the active site set from 0.9 to 0.1 and ZrTi set from 0.1 to 0.9. In addition, the energies of TiPtZr alloys
were allowed to change in the calculation owing to changes in the occupation atom exchanges. The energy
difference between atoms fluctuated with an increase in temperature.

The phase diagram of the computed TiPtZr alloys is shown in Figure 2. A Monte Carlo simulation was used
to check the mixing of the two phases as implemented in the UNCLE code [8]. The ensemble of choice was
the canonical ensemble (NVT) for the TiPtZr on the Pt site to evaluate the critical temperature. A phase-
non-separating tendency was observed at temperatures around 700 K (Region A). However, it could also be
seen that no phase separation occurred for the TiPtZr (Pt Site) system at temperatures above 700 K (Region
B), and the system mixed very well below 1600 K (Region C), which indicated rapid diffusion. This was a
result of the physical properties of the individual elements (Ti, Pt and Zr), and thus they tend to mix very
well. Therefore, the phase diagrams were successfully developed using Monte Carlo simulations.

Table 3: Monte Carlo temperature profile and energy difference for TiPtZr

ZrTi ZrPt Critical temperature (K) Energy diff (meV/atom)
0.1 0.9 700 9.40

0.2 0.8 700 13.59

0.3 0.7 900 22.81

0.4 0.6 900 26.76

0.5 0.5 900 27.88

0.6 0.4 800 13.73

0.7 0.3 1300 27.60

0.8 0.2 1500 37.26

0.9 0.1 1200 23.90
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Figure 2: Phase diagram of TiPtZr
4, CONCLUSION

The phase stability of TiPtZr alloys based on density functional theory was studied using cluster expansion
techniques. The cluster expansion method successfully generated a total of 43 new structures; 21 new
structures on B2 TiPtZr (Pt site) and 22 new structures on B2 TiPtZr (Ti site). This method was successfully
used to determine the ground-state structure and the phase diagram of the TiPtZr system on the Pt site.
All formation energies were found to be negative, which suggested no phase separation. Furthermore, the
ZrTi;Pt (Fm-3m) system was found to be thermodynamically stable owing to the lowest heats of formation
at -0.455 eV/atom. The phase diagrams of TiPtZr on the Pt site were successfully constructed using Monte
Carlo simulations. Our prediction was that the system could be used for HTSMAs applications.
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