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Abstract. Currently, high temperature shape memory alloys (HTSMA) are
in great demand for their development and commercialization. The titanium-
platinum (TiPt) alloy is the most attractive and promising HTSMA for
aerospace and automobile applications due to its high transformation
temperature of above 1300 K. The binary TiPt alloy has been found to show
a limited shape memory capacity due to a lower critical stress needed for
slip deformation rather than martensitic transformation. Incorporating
alloying elements has been recommended as a method to enhance both the
mechanical properties and shape memory effect of the binary TiPt alloy but
may alter the transformation temperature. In this study, the effect of
vanadium (V) and nickel (Ni) on the B2 TiPt alloy is investigated using first
principle approach. The structural and elastic properties of the alloys are
determined. The addition of both V and Ni was found to be stabilizing the
cubic beta phase with a positive tetragonal shear C" observed. In addition,
the density of states of the structures are presented.

1 Introduction

Titanium-based shape memory alloys (SMAs) are commonly utilized in engineering and
medicine because of their good shape memory effect and super-elasticity during martensitic
transformations [1]. Alloys that have shape memory can recall their initial form with the
application of specific pressure or temperature. It is claimed that SMAs demonstrate a
martensitic transformation that is reversible in terms of crystal structure. During high
temperatures, the Shape Memory Alloy (SMA) is present in an austenite phase with long-
range order that shifts to a martensite phase when it cools down. Some of the applications
include actuators and medical stents [2, 3]. An increasing need exists for high temperature
SMAs suitable for elevated temperature settings, with only a few options currently showing
promise, such as Ti (Ni,Pt) [4, 5] and Ti (Ni,Pd) [6, 7]. Nevertheless, the martensitic
transformation temperature (Tm) of the majority of shape memory alloys still stayed under
830 K even after adding ternary alloys [5]. The study aims to develop shape memory alloys
with a martensitic transformation (Tm) temperature of 1000 K and above.
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The Ti-Pt alloys experience a B2-B19 martensite phase change at a transition temperature
over 1300 K [8]. Nevertheless, it has been noted that Ti-Pt based alloys show a minimal shape
memory effect because of a lower critical stress for slip deformation in comparison to the
stress needed for martensitic transformation [9, 10]. Therefore, it is crucial to improve the
mechanical characteristics of the equi-atomic TiPt alloy in order to make it suitable for use
in elevated temperatures. The work on the partial substitution of the third element into the
shape memory alloy systems has been done previously using both experimental and
computational approaches [11, 12]. The elastic properties and electronic structure of B2 TiNi
with the addition of three alloying elements, Fe, Cu and Pd have been investigated using the
first-principles [13]. The addition of Cu suggested a B2 to B19’ martensitic transformation
whereas both Fe and Pd reduced the B19' transformation temperature of the B2 TiNi. In
addition, the experimental work reported on the TisoPdsoxNix [14] suggested that the
substitution of Pd with Ni increases its martensitic temperature. Wadood and Mitarai reported
on the effect of partial substitution of Pt with Co and Ru on the Ti-50Pt [15]. Furthermore,
the work on TiPt-V reported by R. Modiba et.al [16] showed that vanadium addition on the
TiPt alloy stabilized the alloys with a reduced transformation temperature. The same was
observed on the DSC work reported by S. Chikosha et.al. [17]. They found that as much as
the temperature of the TisoPts375Vs2s5 alloy was reduced, the ternary alloy remained as a B19
phase upon cooling.

In this study, the first principle approach is used to investigate the effect of vanadium and
nickel on the B2 TiPt alloys. Prior research on the substitution of V showed that it enhanced
the stability of TiPt alongside commercial TiNi alloys, leading to improved mechanical
properties when combined with TiPt. The alloys' stability is assessed based on their lattice
parameters, elastic constants, and density of states.

2 Methodology

In this work, the density functional theory (DFT) [18, 19] formalism as implemented in
CASTEP [20] was employed to investigate the stability of the B2 TiPt structure alloyed with
both V and Ni elements on the Pt side with the projector augmented wave (PAW) [21]. A cut-
off energy of 500 eV was employed because it was enough to achieve convergence in the total
energy of the configurations.
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Fig. 1: The cubic B2 Ti (Pt-V-Ni) structure.
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The Perdew-Burke-Ernzerhof (PBE) [22] generalized gradient approximation was used for
the exchange-correlation functional. The k-point meshes of 8x8x8 were used for geometry
optimization according to Monkhorst-Pack [23]. A 2x2x2 supercell of the cubic B2 TiPt with
16 atoms was used to alloy with V and Ni and the sample structure is shown in Figure 1 below.
The standards for structure optimization and energy calculation were adjusted to high
precision, with the tolerance for the stress concentration factor (SCF), energy, maximum
force, and maximum displacement all set to 1.0 x 10-5 eV per atom, 0.03 eV per Angstrom,
and 0.001 Angstrom, respectively. All the computations were performed at 0 Kelvin.

3 Results and discussions

3.1 Lattice parameters, elastic constants and mechanical properties

The lattice parameters of the cubic B2 TigVPt:Nis, TigVNi3Pts and TigPt3Ni3 Vs structures were
determined and are ploted in Figure 2(a). It can be noted from the graph, that TigVPt3Ni4 has
the largest lattice parameter compared to other structures which can be attributed to larger
number of nickel atoms in the system compared to Pt. In Figure 2(b) the plots of the
calculated heats of formation (AHy) for the structures are shown. The following equation was
used to calculate the AHs:

AHp = E. — X iE; (1)

where E. is the calculated total energy of the compound, E; is the calculated total energy of
element 7 in the compound. The structure of TisVNisPts is found to be thermodynamically
stable with the lowest heats of formation. The least stable structure with the lowest AHy is
found to be TisPt3NizV, with a value of -0,60 eV as depicted in Figure 2(b) below.
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Fig. 2 : The graphs of (a) equilibrium lattice parameters and (b) heats of formation of the structures.

To further understand the mechanical stability of the alloys, their elastic constants and
mechanical properties were investigated and presented in Table 1. Cubic structures have three
independent elastic constants (Ci1, Ci2, Cas). The system for determining mechanical stability
criteria [24] is given as follows:

Caa >0, Cyy > |Cypl and Cyy +2C15 >0 (1)

¢ = (Ci1 —C12)/2 2)
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All the Cj;’s of the structures were found to obey the stability criterion in Equation (1)
suggesting that the structures are mechanically stable. The anisotropy (4) of the structures
were also calculated using equation (3) and their values are found to be smaller than those of
the known martensitic alloys such as CuZn and NiAl [25]. The results show that at the higher
concentration of V, the anisotropy is approaching unity suggesting that there is a coupling
between the C44 and C' at this concentration as illustrated by their values in Table 1.

Table 1. The determined elastic properties Cy’s (GPa), bulk modulus B (GPa), shear
modulus G (GPa), Young’s modulus E (GPa), C, anisotropy (4), Poisson’s ratio v,

Vickers hardness (Hv), G/B of the structures.

Properties TisVNisPt3 TigVNizPt4 TigV,NisPt3
cii 204 199 170
c44 58 50 54
c2 167 153 77
¢’ 18 23 46
A 3.17 2.21 1.16
Bulk 180 169 108
Shear 37 37 51
G/B 0.20 0.22 0.47
E 103 102 131
v 0.40 0.39 0.29
Hv 1.95 2.07 6.27

The increase of the anisotropy is observed at TigVPt3Nis which is due to the decrease in
C'. Tt is argued that higher 4 is a sufficient condition for B2-B19 martensitic transformation.
However, smaller 4 indicates that there is a stronger correlation between Css and C'. The
addition of both V and Ni to the TiPt phase increases the C' and this results in the phase being
mechanically stable as opposed to the previously calculated results (C' = -32) [26]. The
calculated anisotropy of all the structures are presented in Table 1 and the 4 of the
TigV,Pt3Niz is found to smaller with a value of 1.16 closer to unity, suggesting a B2-B19
transformation [26].

To investigate the ductility, hardness and plasticity of the structures, their changes in shear
(G), bulk (B), Young’s (E) moduli, and Poisson’s ratio (v) were compared. The shear
modulus of TigV,Pt3Ni3 was higher than other structures with a value of 51 GPa, suggesting
that the alloy is rigid. The bulk modulus, Poisson’s ratio and the Vicker’s hardness values of
both TisVPt:Nis and TisVNi3Pty are comparable as seen in Table 1.

Pugh [27] proposed an empirical criterion that requires G/B to be less than 0.57 for ductile
metals. All the compositions satisfy the ductility conditions since all G/B values are less than
0.57. Another requirement for ductility in metals is that the anisotropy factor must exceed
0.8, while Poisson's ratio should be below 0.35 [28]. The calculated Poisson’s ratio of the
TigPt:Ni3V, was found to be less than 0.35, suggesting the structure's ductility compared to
others with values greater than 0.35. In addition, the anisotropy of the alloys is more than 0.8.

Multiple macroscopic empirical models link material hardness to elastic coefficients

[29]. Hardness was assessed using the Tian formula, which defines hardness in relation to
the polycrystalline bulk, B, and shear, G, moduli (using Pugh's modulus ratio, k=G/B):
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Hy, = 0.92k1137G0708 4)
The macroscopic model shows a strong correlation with experimental hardness values
above 5 GPa, but tends to overestimate the hardness of softer materials. The calculated
hardness of the TisPt;Ni3V, is found to be 6.27 GPa greater than 5 GPa. The results suggest
that TigPt:Ni3V» is hard and ductile compared to the TigVPt;Nis and TigVNisPts structures.

3.2 Density of states

To determine the electronic properties of the structures, the density of states profile has been
generated. The total density of states (TDOS) and partial density of states (PDOS) curves for
TigVPt3Nis, TisVNi3Pty, and TigPt;NizV, structures are presented in Figure 3 below.
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Fig. 3: The density of states of (a) TisVNisPt, (b), TisVPt3Nis (c) TisPtsNizV2, and (d) their total DOS

plots embedded.

Both s and p orbitals contribute minimally to the TDOS of the structures as compared to the
d orbitals. The lowest total DOS at Fermi level (Er) corresponds to a more stable structure,
while a high TDOS implies less stability. The Er of both and TisVNisPts hits the TDOS at the
left side of the TigVNisPts shoulder with TigVNisPts having the highest value of TDOS.
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Furthermore, the Fermi level in Figure 3 (c) is seen to be hitting the d-orbital in the deep
contributing to the total DOS energy of the TigV2oNisPts curve. Figure 3 (d) presents the
embedded total DOS plots of the structures for better comparison at Fermi level with the
zoomed-in plots at Fermi energy which is taken as the energy at zero (E-Ef=0). It can be seen
in the plots that TisPt;Ni3V> is the most stable structure with the lowest TDOS at the Fermi
level with TigVPt3Nis being the least stable with the highest number of TDOS at E.

4 Conclusions

The density functional theory was used to investigate the effect of both V and Ni on the cubic
TiPt alloy. The stability of the three structures namely: TisVNisPt;, TisVNizPts and
TigV2NizPts were investigated. The structural, elastic properties and density of states were
determined for the structures. It was observed that the TisVNisPt; structure is the most
thermodynamically stable with the lowest heats of formation as compared to the other
structures with TigVoNiszPt; being the least. Furthermore, TisV2NisPt; satisfied all the ductility
conditions of metals as determined using both the elastic constants and the mechanical
properties calculations. Both TigVNigPt; and TisVNisPty structures behaved similarly with
comparable values of their mechanical properties. The study predicts TigV,NizPt; alloy to be
a potential alloy for applications as a shape memory alloy. Further investigations into the
transformation temperatures of the alloys will be studied using an experimental approach.
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