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Abstract. TiPt has a higher martensitic transformation above 1200 K, 

which makes it a good candidate for HTMSAs. However, TiPt exhibits C′ = 
-32GPa. A new class of Ti-Pt-V systems was predicted using cluster 

expansion. It was found that the density of the system decreases with the 

addition of V and the heats of formation was found to be -0.352 eV/atom, 

suggesting thermodynamical stability. The mechanical behaviour of Ti2VPt 
alloy revealed that it is mechanically stable. The phonon dispersion curves 

confirmed vibrational stability due to the absence of soft modes. This work 

suggests that the addition of V stabilises and improves the mechanical 

characteristics of the Ti-Pt alloys. 

1 Introduction 

The deployment of shape memory alloys (SMAs) with high transformation temperatures has 

grown significantly in recent years, i.e. alloys that can function at temperatures higher than 

400 K [1]. These alloys have potential across various fields including aerospace [2]. A wide 

range of foundational work has been done on NiTi alloys owing to their excellent behaviour 

at ambient temperatures [3]. Building on the foundation, NiTi-M (M = Hf, Zr, Pd and Pt) 

shape memory alloys have been explored for temperatures beyond 400 K. However, these 

alloys are restricted to martensitic temperatures at about 750 K [4]. Raising the martensitic 

transformation temperature (MT) is essential for the expansion of high temperature shape 

memory alloys (HTSMAs). Moreover, improving SMAs strength is also required since 

plasticity easily occurs at elevated temperatures, leading to an incomplete recovery to 

deformed shape [5]. Binary alloys such as Ti-Au, Ti-Pd and Ti-Pt have rather high 

transformation temperatures above 700 K than those of NiTi based alloys [6, 7, 8]. It was 

found that, the Ti–50Pt displays thermo-elastic MT. Therefore, the TiPt alloy cannot be 

utilized for high temperature applications due to an ineffective shape memory effect and 

relatively lower strength in the cubic phase [9]. Theoretically, the equi-atomic B2 TiPt at 

50:50 exhibits C' = -32 GPa, which renders the alloy mechanically unstable [10]. 

Furthermore, Ti-Pt ternary alloying has been investigated to enhance the mechanical 

characteristics and functionality [11, 12]. According to recent research, it was found that the 

ternary alloying of V on TiPt has been used to significantly improve the operational and 
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mechanical properties as well as the MT of the alloys [13]. In this study, we employ cluster 

expansion and density functional theory to explore new Ti-Pt-V alloys and to examine the 

structural aspects, thermodynamic and mechanical properties of Ti-Pt-V alloys. 

2 Methodology  

2.1 Cluster expansion 

The UNCLE module was used to carry out the cluster expansion (CE) calculations [14]. The 

code can anticipate the ground states of three (3) element systems and use a generic algorithm 

(GA) to accomplish a full cluster expansion fit. This technique was utilized to investigate the 

thermodynamic and ground state structures of Ti-Pt-V alloys. The fitness of every iteration 

was examined by mean of the cross-validation score (CVS), this measures the accuracy of 

prediction of the iterations for the new material/systems. Cross-validation score attempts to 

minimize the fitting error, as opposed to the conventional mean square error criterion. If the 

CVS is less than 5 meV/pos, the cluster expansion can be regarded as accurate. The cluster 

has a total of 8 iterations. The clusters were considered accurate since the CVS score was < 

5 meV/pos. which suggests the fitting quality of the cluster expansion.  

2.2 Optimization 

Within the UNCLE flowchart [14], the total energy simulations of Ti-Pt-V alloys were 

carried out using Vienna Ab-initio Simulation Package (VASP) [15]. The generalized 

gradient approximation (GGA) function of Perdew-Burke-Ernzerhof (PBE) [16] was 

provided to demonstrate the exchange correlation energy. The energy cut-off of 500 eV was 

employed for the plane-wave expansion of wave functions. The k-points used were sufficient 

to converge the system [17]. Complete geometry optimization was carried out on the ground-

state systems between TiV ⟷ TiPt. 

3 Results and discussion 

Figure 1 illustrates the ground state plot for Ti-Pt-V on the Pt site. From TiV to TiPt alloy, 

the x denotes composition between the binary alloys. The CE produced a total of 45 new 

structures. Nine (9) stable structures were found on the ground-state line. It was observed 

that the initial iteration produced five (5) new structures from the cluster fitting. However, 

the last iterations produced nine (9) new structures for Ti-Pt-V. Therefore, the final CE 

includes a total of 45 new structures from the training set, with a CVS score of 0.110 

meV/pos. 
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Fig. 1. The ground-state plot of Ti-Pt-V alloys. 

 In Figure 2(a), the discrepancies for each structure are on the ground-state (red line) of 

the plot. It is observed that the cluster expansion had a good fit since all the energies lie on 

the gradient line.  In Figure 2(b), it can be noted that the energy differences are in the range 

0.002 to -0.002. In addition, it is observed that a larger number (ECE - EDFT) lies closer to 0 

for the entire composition range (0 < x < 1), which suggests a good cluster fitting.   

  

Fig. 2. The fitting errors of the total energy of the (a) ECE - EDFT vs composition and (b) ECE against 

EDFT. 

Ti2VPt alloy is the most stable structure identified from the binary ground state plot (see 

Figure. 1), suggesting a thermodynamically stable system since the heats of formation (∆Hf) 

[18] were found negative (-0.352 eV/atom). This is since the atomic radius of V (135pm) is 

equivalent to Pt (135pm), melting point of V (2183 K) is greater than the melting point of Pt 

TiV TiPt 

(a) (b) 
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(2041 K). The density of V (6.1 g/cm3) is lower than that of Pt (21.5 g/cm3) [11, 12]. This 

suggests that substitution of the composition of Pt with V is expected to decrease the density 

of TiPt alloy. The selected alloying element V prefers substitution on the Pt sub-lattice, as 

suggested by Bozzolo et al. [19]. 

The elastic constants (Cij) and elastic moduli are fundamental to describing a material's 

performance under different types of stress. For the Ti2VPt system, there are C11, C12, C13, 

C33, C44 and C66 elastic constants that must satisfy the elastic stability criterion of a tetragonal 

system in order to be rendered as mechanically stable. The corresponding criteria required 

for a mechanical stability system are as follows [20]: 

𝐶44 > 0; 𝐶66 > 0; 𝐶11 > |𝐶12| and 2𝐶13
2 < 𝐶33(𝐶11 +  𝐶12)    (1) 

The elastic moduli were calculated using the Voigt, Ruess and Hill method [21]. The 

corresponding elastic moduli derived from these elastic constants are:  

𝐵𝐻 =  
𝐵𝑉 + 𝐵𝑅

2
, where BHill is the bulk modulus      (2) 

𝐺𝐻 = (
𝐺𝑉+ 𝐺𝑅

2
), GHill is the shear modulus       (3) 

𝐸 = 𝐶33 − 2𝜈𝐶13, E is the young’s modulus       (4) 

𝐴1 =
2𝐶66

𝐶11−𝐶12
            (5) 

𝐴2 =
4𝐶44

𝐶11+𝐶33−2𝐶13
, where A1 and A2 are elastic anisotropy    (6) 

The calculated elastic constants in Figure 3 (a) for Ti2VPt alloys satisfy the stability 

criterion, suggesting mechanical stability, thus all elastic constants (Cij) are positive. It should 

be noted that C11 is higher (230 GPa), indicating enhanced stiffness in Ti2VPt alloys. 

Interestingly, C33 is much higher around 249 GPa, thus suggesting higher stiffness and 

stronger bonding along the c-axis. The anisotropy factors are utilized to assess a material’s 

susceptibility to micro-cracks caused by thermal expansion. If anisotropy factor A = 1, the 

material is elastically isotropic in that shear plane. Our calculated A1 and A2 values of 1.843 

and 1.344 for Ti2VPt alloy in Figure 3 (b) deviate slightly from unity, which suggests that 

there is moderate anisotropy. This is true since C33 > C11. 

Figure 3 (c) shows a graph of the elastic moduli of Ti2VPt alloys. The bulk modulus (B) 

evaluates the resistance of the material to compression, while G measures the resistance to 

distortion and E measures the material’s stiffness. The Ti2VPt alloy possesses higher bulk 

and Young’s moduli values and lower shear moduli, which implies increased stiffness, 

mechanical hardness and resistance to deformation by external stresses. 

To further investigate the ductility or brittleness of Ti2VPt alloys in Figure 3 (d), Poisson’s 

(v) and Pugh’s (k) ratios were computed. Poisson’s ratio (v) is a factor that measures the 

stability of a material against shear deformation [22]. A value higher or equal to 0.260 

demonstrates ductility, or else brittle. The calculated v is 0.321, which suggests ductility for 

Ti2VPt alloys. 

The Pugh ratio (k) [23] is used to predict the ductility or brittleness of solids. Accordingly, 

k is considered ductile if B/G > 1.75 and brittle if B/G < 1.75. From Figure 3(c), it was 

observed that the value of k is 2.460 greater than 1.75, suggesting ductility and thus the ability 

to withstand deformation against stress.  
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Fig. 3. The estimated graphs of (a) elastic constant (b) anisotropy (c) elastic moduli (d) Poisson’s 

ratio (v) and. Pugh’s ratio (k) of Ti2VPt alloys. 
 

The phonon dispersion frequencies along high symmetry lines across the Brillouin zone 

were computed to evaluate the dynamical stability of Ti2VPt. If there are no negative 

frequencies/ soft modes along the high symmetry, the material is stable. In Figure 4, the 

Ti2VPt alloy exhibited positive frequencies and no visible soft mode in the negative 

frequency, which is consistent with the calculated elastic constants in Figure 3(a). Therefore, 

the calculated phonon dispersion of the alloy indicates dynamical stability. 

 

Fig. 4. The phonon dispersion curves for Ti2PtV alloy. 
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4 Conclusion 

Cluster expansion effectively determined the ground state structures and phase diagram of 

the Ti-Pt-V on the Pt sub-lattice, with the Ti2VPt alloy identified as the most stable structure 

along the ground state line (-0.352 eV/atom). The mechanical characteristics of the Ti2VPt 

alloy indicated that the system is mechanically stable. The phonon dispersion evaluation 

indicated vibrational stability in Ti2PtV alloy. This study indicates that an incorporation of V 

stabilizes the TiPt shape memory alloys, rendering it a viable contender for higher-

temperature applications. 
  

The simulations were conducted using computer resources at the Materials Modelling Centre (MMC) 
at the University of Limpopo and the Centre for High Performance Computing (CHPC). The authors 

recognize. The authors recognise the South African Research Chair Initiative of the Department of 

Science and Innovation (DSI), the National Research Foundation, the Advanced Materials Initiative 

(AMI), and the University of Limpopo, all of which are acknowledged with deep gratitude. 
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