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Abstract
Most CsCl-type intermetallics composed of group IV and VIII–XI transition metals have shape memory effect (SME), a phe-
nomenon that occurs on a certain class of materials with an ability to undergo martensitic transformation (MT) during cooling. 
This advanced functional materials’ property is enabled by MT from high-temperature B2 phase of high symmetry to lower 
symmetry phases such as  L10, B19 or B19’ upon cooling. Peculiarly,  Ti50Ru50 with similar ordered B2 at high temperature 
remains ordered and stable with no phase transition down to room temperature. In this study, first-principles calculations 
based on density functional theory (DFT) are used to investigate the structural, thermodynamic and electronic properties of 
the stable  Ti50Ru50 compound by systematically substituting part of the Ru atoms with ductile group 10 metal (Ni, Pd and Pt). 
This is an attempt to destabilizing B2 phase at 0 K through  Ti50Ru50-xYx ternary alloying to promote MT that could yield SME.

Introduction

The Cesium Chloride (CsCl) intermetallic formed at com-
position near 50:50 atomic percentage (at. %) is one of the 
prominent features in Ti-based intermetallics [1–4]. This B2 
phase forms congruently at a high temperature [2, 3]. In 
most systems, this high-symmetry crystal structure becomes 
unstable on cooling and undergoes phase transformation to 
low-symmetry martensite phases that are stable at lower 
temperatures such as orthorhombic-B19  (Ti50Pd50 and 
 Ti50Pt50) and monoclinic-B19΄  (Ti50Ni50) characterized by 
shape memory effects (SME) [1, 5].

MT is one of the key characteristics of shape memory 
alloys (SMAs), a class of materials with the ability to 
remember their prior shape upon re-heating [6]. This materi-
al’s behaviour has been observed in Nitinol  (Ti50Ni50) alloys 
that are used in high-tech products such as robotic arms, 
temperature-sensing actuators and eyeglass frames because 
of their superior shape memory effect and super-plasticity 
[1, 7]. The maximum MT temperature of 373 K hinders 
Nitinol for use in high-temperature applications [1, 8].

Thus, SMAs containing platinum group metals (PGMs) 
such as  Ti50Pd50 and  Ti50Pt50 are pursued to overcome 
Nitinol operational limitation [2, 3, 6]. However, the high 
cost of PGMs renders the selection uneconomical for poten-
tial high-temperature SMAs (HTSMAs). Ruthenium (Ru) is 
the cheapest and most readily available among the PGMs, 
mostly used in chemical and electronics industries [9]. If 
added to Ti alloys and other super-alloys such as those 
applied in the aerospace industry, Ru improves corrosion 
resistance and chemical and electrical stability at higher 
temperatures [10]. In addition, TiRu binary system consist-
ing of a B2 phase is currently explored for hydrogen storage 
applications [6]. However, since B2  Ti50Ru50 remains stable 
on cooling to low temperatures [11], it cannot be considered 
for shape memory applications in its pristine form.

This research work aims to use first-principles calcula-
tions to investigate the effect of alloying on B2  Ti50Ru50 
by computing the thermodynamic, electronic and elastic 
properties. The aforementioned will enable us to explore 
the possibility of inducing MT of the stable B2  Ti50Ru50 by 
systematically introducing alloying element Y (Y = Ni, Pd 
and Pt) on the Ru site to predict properties of B2 ternary 
 Ti50Ru50-xYx compositions which could bear SME.

Shape memory behaviour is sensitive to compositional 
change. Consequently, a virtual crystal approximation (VCA) 
was employed to conduct alloying at “x” composition range 
from 0, 2.5 to 10, 15, 25 and 50 at. %. A similar DFT-VCA 
approach was used in our previous research work [12], where 
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focus was only limited to Pd. In this work, a similar solid-
solution unit cell approach is used to investigate the effect of 
Ni and Pt and compared to that carried on Pd alloying.

Computational methodology

The calculations reported here were carried out using the 
DFT-based CASTEP code [13]. The ultra-soft pseudopo-
tentials were used to model the electron–ion interactions 
[14]. Furthermore, the electron-exchange correlation was 
described by the Perdew–Burke–Ernzerhof (PBE) functional 
of the generalized gradient approximation (GGA) [15] since 
it gives the best estimates of the lattice parameters as com-
pared to theoretical or experimental findings of the binary 
compounds. Cut-off energy of 500 eV and the k-points of 
13 × 13 × 13 were used and found to be sufficient enough to 
converge the total energy of the investigated B2 compounds.

All the equilibrium B2 crystal structures were 
obtained through geometry optimization in the 
Brayden–Fletcher–Goldfarb–Shanno (BFGS) minimi-
zation scheme [16]. The convergence criterion of less 
than 1 ×  10–5 eV/atom, the maximum residual forces of 
0.03 eV/Å, the maximum residual bulk stress of 0.05GPa 
and the maximum atomic displacement of 1 ×  10–3 Å were 
utilized to achieve maximum accuracy.

Figure 1a–c shows the schematic representation of the 
crystal structure used to carry the thermodynamic, mechani-
cal and electronic properties of the investigated structures.

Results and discussion

Structural and thermodynamic properties

The investigated structures that are shown in Fig. 1a–c were 
optimized first to obtain their equilibrium ground state; 
thereafter, all other properties were computed from these 
structures. Figure 2a–c presents the equilibrium lattice 
parameters, while d–f presents the enthalpies of the forma-
tion of the investigated compositions. To benchmark our 
model’s accuracy, we calculated and compared the lattice 
parameters of pristine  Ti50Y50 (Y = Ni, Ru, Pd and Pt) to that 
of the literature. The results of binary alloys presented in 

Fig. 2a–c were found to agree with data found in the litera-
ture to within the tolerance margins of 3% [6, 7, 11, 17–19]. 
However, to the best of the authors’ knowledge, there are 
no other studies conducted previously on these ternaries 
 (T50Ru50-xYx) using the VCA approach to compare current 
results with, indicating the novelty of this study.

Figure 2a–c shows that as expected, the partial substitu-
tion by Ni on the Ru atom site decreases the lattice param-
eter whereas Pd and Pt increase the lattice parameter. This 
is attributed to the atomic radii difference, with Ni having a 
smaller atomic radius than Ru while Pd and Pt have a larger 
atomic radius.

The enthalpy of formation (ΔHF) as expressed in Eq. 1, 
[20], is used to determine the thermodynamic ability of a 
compound to form.

where ETiRuY
T

 represents the energy of the B2 compound, 
ETi
Element

 and ERu−Y
Element

 represent the elemental energies of Ti 
and Ru-Y in their ground state. A phase is stable if ΔHF < 0, 
else unstable at 0 K if ΔHF > 0 [21]. Figure 2d–f shows that all 
the investigated structures were found to be negative, indicat-
ing thermodynamic stability. Our benchmarked binaries were 
found to be in accordance with the results reported by other 
authors [18, 20, 22, 23]. In Fig. 2d–f, one can ascertain that 
the addition of Y atoms on the Ru site in less than 15 at.% 
seems to increase the thermodynamic stability of the ternaries 
when compared to  Ti50Ru50, but in general, the stability starts 
to decrease as Y composition is at 15 at.% and above.

Electronic properties

The total density of states (TDOS) is used to predict elec-
tronic stability by observing the position of the Fermi level 
(E-EF = 0) to the pseudogap, which can be used to inter-
pret the stability of a phase [12, 24]. Figure 3a–c shows 
the TDOS of the investigated compositions. All the com-
positions reported in this work were found to be non-zero 
around the Fermi level, indicating metallic bonding. For 
pristine compounds, the valence and the conduction band of 
 Ti50Ru50 were found to coincide perfectly at the fermi level 
resulting in a deep valley, indicating that it is the most stable 

(1)ΔHf =

{

1

2
E
Ti50Ru50−xYx
T

−xETi
sol

− (1 − x)E
Ru50−x−Yx
sol

}

,

Fig. 1  Crystallographic view of 
B2 a  Ti50Ru50, b  T50Ru50-xYx 
and c  Ti50Y50 structures, where 
Y represents Ni, Pd and Pt

(a) (b (c))
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structure. However, E-EF for  Ti50Ni50,  Ti50Pd50 and  Ti50Pt50 
were found to shift the pseudogap towards the conduction 
band, indicating phase transition tendency. It can also be 

noted that the addition of Y (Ni, Pd and Pt) atoms on the 
Ru site altered the valence-conduction bands co-existence 
at the fermi level. This shifted the deep valley towards the 

Fig. 2  Equilibrium lattice parameters a–c and enthalpies of formation d–f of  T50Ru50-xYx alloys
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Fig. 3  The total density of states 
of the investigated structures a 
 Ti50Ru50-xNix, b  Ti50Ru50-xPdx 
and c  Ti50Ru50-xPtx. The Fermi 
energy is taken as energy zero 
(E–EF = 0)
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conduction band, rendering the subsequent phase unstable 
with the potential to undergo a phase transition.

Elastic properties and mechanical stability

The mechanical stability of a crystal structure can be deter-
mined from the computed elastic constants (Cij) [25]. For 
a cubic system, there are only three independent elastic 
constants, namely,  C11,  C12 and  C44. Born-Huang’s lattice 
dynamical theory [26] states that the cubic mechanical sta-
bility criterion can be endorsed by satisfying all the impar-
tialities given in Eq. 2.

A shear elastic coefficient (C′) for assessing the com-
pound’s prospect to undergo phase transition (as a way of 

(2)C11 > 0,C44 > 0,C11 − C12 > 0,C11 + 2C12 > 0.

ascertaining the phase stability or instability) at 0 K can be 
expressed as shown in Eq. 3:

The mechanical stability of a crystal decreases when 
approaching the phase transition [27], this is at the point 
where C′ becomes smaller than the trigonal shear constant 
(C44) which represents the crystal’s rigidity against shear-
ing. A negative C′ signifies features of SMAs that are capa-
ble of operating at high-temperature conditions [28]. Fig-
ure 4a–c shows the elastic constants of the investigated B2 
compositions. For pristine binary compounds, both  Ti50Ru50 
and  Ti50Ni50 upheld the Born criteria, while  Ti50Pd50 and 
 Ti50Pt50 did not comply with the criteria (C11 < C12), sig-
nifying instability at 0 K. Figure 4a–c further shows that 
C44 > C′ and C′ closer to 0 for  Ti50Ni50, indicating likeliness 

(3)C
�

=

(

C11 − C12

2

)

.

Fig. 4  The elastic constants (Cij) of  Ti50Ru50-xYx (x = 0, 2.5–10, 15, 25 and 50 at. %) where Y represent a Ni, b Pd and c Pt
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to undergo a phase transition. Although  Ti50Pd50 and  Ti50Pt50 
compounds were both found prone to undergo a phase transi-
tion at higher temperatures (C’ < 0), the C′ value of  Ti50Pt50 
was found to be the lowest, signalling the highest MT tem-
perature, consistent with theoretical [28] and experimental 
data [5] in the literature.

Furthermore, in all the investigated ternaries, at com-
positions above 10 at. %, the Born criteria are not upheld, 
predicting that SME could be induced in these  T50Ru50-xYx 
ternary compositions. The features of HTSMA’s prospects 
can also be deduced on 15–50 at. % Y composition range 
where C′ is found to be negative, with  Ti50Ru25Pt25 is found 
to be the most negative of all compositions studied.

Conclusion

The DFT model choice used in this research work showed 
greater consistency and reliability. The structural parameters 
of the pristine binary alloys were found to agree with data 
in the literature. The results obtained affirm the theoretical 
observation that B2  Ti50Ru50 phase remains stable with no 
phase transition down to 0 K. As proclaimed in the literature, 
C’ for both  Ti50Pd50 and  Ti50Pt50 was found negative, indi-
cating high-temperature phase transformation tendency fea-
tures. The DOS also found  Ti50Ru50 stable with valence and 
conduction bands coinciding at the centre of the pseudogap, 
while EF of  Ti50Pd50 and  Ti50Pt50 shifted towards the con-
duction band. The addition of Y atoms above 10 at. % was 
able to ensure C’ < 0 and shifts pseudogap towards the con-
duction band. This study successfully identified  T50Ru50-xYx 
ternary alloy compositions in which SME can be induced.
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