
 

Effect of Pd substitution on elastic and lattice 
dynamic properties of B2 Ti50Ru50 – ab initio 
study 

Bongani Ngobe1, 2,*, Mahlaga Molepo2, Donald Mkhonto1, and Maje Phasha1 

1Advanced Materials Division, MINTEK, Randburg, South Africa 
2School of Physics, University of the Witwatersrand, Johannesburg, South Africa 

Abstract. Owing to Nitinol's success, shape memory alloys (SMAs) enjoy 

unwavering attention as key futuristic intelligent structural materials. 

Despite the excellent shape memory effect (SME) and pseudo-elasticity, 

Nitinol is susceptible to high-temperature applications. Extensive research 

has been conducted to discover SMAs with improved higher-temperature 
properties by considering PGM-bearing B2 Ti-based compounds. In this 

study, the impact of palladium (Pd) addition on Ti50Ru50 to yield Ti50Ru50-

xPdx ternary compounds with martensitic transformation (MT) was 

investigated by employing a supercell approach. With the addition of Pd up 
to 25 at. %, B2 Ti50Ru50-xPdx remained stable (C11>C12), while ternaries with 

Pd ≥ 31.25 at. % were found unstable (C11<C12). 

1 Introduction 

For the past 60 years, Nitinol-based SMAs have maintained their status as dominant smart 

materials of choice, due to their unmatched mechanical properties that outperform other 

shape memory alloys. The exceptional mechanical attributes of Nitinol-based SMAs have 

solidified their position as the dominant smart material of choice for over 60 years, surpassing 

the capabilities of other shape memory alloys. SMAs are widely used to create intelligent 

devices and tools owing to their high energy density, actuation strain, and large strain 

recovery [1-2]. SMA’s intelligence arises from their exceptional ability to transform between 

a high-temperature B2 phase and multiple low-temperature martensitic phases, such as B19, 

B19’, and L10 [1-2]. The B19 phase with an orthorhombic crystal structure is found in TiAu, 

TiPd, and TiPt systems; the B19' phase with a monoclinic crystal structure, is associated with 

the TiNi system while the L10 phase with a tetragonal crystal structure is associated with TiIr 

system [1, 3]. Despite the remarkable properties of these materials, such as martensitic 

transformation (MT), discovered in the early 1930s, SMAs were only considered for 

technological applications in aeronautic and medical industries in the 1960s and 1970s, 

mainly owed to breakthroughs in TiNi [2, 4]. The martensitic transformation (MT) is a key 

characteristic inherent to SMAs that govern the shape memory effect (SME), a unique 

behaviour observed in these functional materials [2, 4].  
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Nitinol, despite its limitation on structural applications exceeding 400 K, remains the 

preferred smart material due to its outstanding shape memory effect and pseudo-elastic 

properties [1]. Meanwhile, other shape memory alloys like TiPd and TiPt, which exhibit a 

B2 structure and are based on titanium and precious group metals, have been investigated for 

high-temperature applications above 400 K, such as in sensors and actuators for jet engines 

and core exhaust chevron systems [5-7].  

In the structural family of B2 Ti-PGMs compounds, there exists the TiRu alloy, which 

nucleates instantly from a liquidus state to form a Cesium Chloride (CsCl) phase near 

equiatomic composition during the cooling and solidification process [3, 8]. In contrast to all 

B2 compounds listed above, the TiRu B2 phase remains stable down to room temperature, 

without undergoing any martensitic transformation [9].  

The martensite transformation happens within a narrow chemical composition range of 

certain metallic compounds, such as in the CsCl intermetallic compounds formed between 

group 4 and 10 transition elements at near equiatomic compositions [10]. The authors 

previously conducted a systematic study on the effects of Ni, Pd, and Pt additions to B2 TiRu, 

employing the virtual crystal approximation (VCA) method, to induce diffusionless 

martensitic transformations. The method was used to carry out the Ru pseudo atom mixing 

with Ni, Pd, and Pt at a fractional compositional variation of 2.5 at. %, to yield Ti(Ru1-xTMx) 

ternary compositions [10-11]. In addition, the current authors used the supercell (SC) method 

to study and report the impact of Ni and Pt alloying on the ordered B2 TiRu [12-13].  

To meet the comprehensive objective of the study on the effect of adding group VIII (Ni, 

Pd, and Pt) transition metals to induce MT in B2 TiRu, this current study investigates and 

reports the effect of Pd. A 2x2x2 B2 TiRu supercell was constructed, to enable the 

substitution of some of the Ru atoms with Pd atoms at intervals of 6.25 at. %. The substitution 

was performed in a compositional range of 6.25 to 50 at. % to yield Ti50Ru50-xPdx ternary 

alloy compositions.     

2 Computational methods 

This study utilized the Cambridge Serial Total Energy Package (CASTEP) code, which 

is based on density functional theory (DFT) [14-15], to compute all reported predictions. 

CASTEP is integrated into the Materials Studio software and employs the plane-wave 

pseudopotential method (PAW) [16]. The calculations used ultra-soft pseudopotentials 

(USPPs) to simulate electron-ion interactions [16] and the Perdew-Burke-Ernzerhof (PBE) 

functional within the generalized gradient approximation (GGA) to describe electron 

exchange and correlation effects [17]. 

The convergence was attained for the binary Ti50Ru50 and Ti50Pd50 B2 unit cells using a 

500 eV energy cut-off and 13×13×13 k-points mesh, which yielded satisfactory total energy 

results. Meanwhile, for the ternary Ti50Ru50-xPdx systems in a 2×2×2 supercell, a 7×7×7 k-

points grid was used. This 2×2×2 supercell comprised of 16 atoms represents the ternary 

crystal structure of B2 Ti8Ru8-xPdx. To achieve optimal accuracy and reliability, the 

investigated B2 crystal structures were optimized using BFGS minimization [18] with robust 

convergence criteria: 1×10-5 eV/atom energy tolerance, 0.03 eV/Å residual forces, 0.05 GPa 

bulk stress, and 1×10-3 Å atomic displacement. At elevated temperatures, the TiRu B2 phase 

crystallizes in a cubic CsCl-type structure (Pm-3m space group, No. 221), characterized by 

lattice parameters a = b = c = 3.076 Å. The Ti and Ru atoms are situated at 1b (0.5, 0.5, 0.5) 

and 1a (0, 0, 0) positions, respectively [9].    

 Fig. 1 below illustrates the B2 crystal models employed to assess investigated 

compounds' stability characteristics (structural, thermodynamic, mechanical, and 

vibrational).  

 

    

MATEC Web of Conferences 406, 06002 (2024)

2024 RAPDASA-RobMech-PRASA-AMI Conference
https://doi.org/10.1051/matecconf/202440606002

2



 

Fig. 1. Crystal structures of (a) B2 TiRu unit and its 2×2×2 supercell expansions: (b) Ti8Ru8, (c) 

Ti8Ru8-xPdx, and (d) Ti8Pd8.    

3 Results and discussion   

3.1 The structural and thermodynamic properties 

Thermodynamic properties are fundamental for comprehending material behaviour, 

including predicting the feasibility of achieving a preferred alloy composition in a specific 

phase and assessing its stability for intended use [19]. Table 1 shows the ground state and 

thermodynamic properties reported in this study. The properties reported in this study were 

computed from geometrically relaxed crystal structures, permitting the unit cell volume and 

internal stress adjustments to achieve an equilibrium state. The results show consistency with 

previous findings of other authors [9, 20-21], specifically for the Ti50Ru50 and Ti50Pd50 binary 

systems. The data in Table 1, indicate a linear relationship between the Pd concentration and 

lattice parameters in ternary alloys. The above is evidence of the subsequent crystal structure 

expansion because Pd has a larger atomic radius (1.37 Å) than Ruthenium (1.34 Å). This 

expansion is further reflected in the volume increase as shown in Table 1.    

Table 1. Calculated parameters of investigated compounds in their equilibrium state, with literature 

values in parenthesis.  

B2 compounds 

Structural properties 

Lattice 
parameters, a (Å) 

Enthalpies of 

formation, ΔHF 

(eV/atom) 

Volume 
(Å3) 

Ti50Ru50 3.08 [3.08]9 -0.76 [-0.77]20 233.75 

Ti50Ru43.75Pd6.25 3.09 -0.70 235.85  

Ti50Ru37.5Pd12.5 3.10 -0.65 238.11  

Ti50Ru31.25Pd18.75 3.11 -0.61 240.71 
Ti50Ru25Pd25 3.12 -0.60 243.06 

Ti50Ru18.75Pd31.25 3.13 -0.55 245.98 

Ti50Ru12.5Pd37.5 3.14 -0.53 248.25 

Ti50Ru6.25Pd43.75 3.15 -0.51 251.11  
Ti50Pd50 3.17 [3.17]21 -0.49[-0.45]21 253.97 

The enthalpy of formation (∆HF), defined in Equation 1 [22], represents a critical physical 

property quantifying the energy difference between a compound and its constituent elements. 

It represents the thermodynamic potential of the compound to form from its alloying 

elements.  

F T i i

i

H E x E = − ,           (1) 
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 In this equation, TE denotes the compound's total energy, while iE denotes the energy of 

each element i in its stable ground-state crystal structure, present at a concentration of 𝑥𝑖 
atomic percentage. A compound is said to be thermodynamically stable when its enthalpy of 

formation has the most negative ( 0)FH  value, with a less negative value rendering the 

compound unstable at 0 K [9]. Table 1 lists the computationally predicted enthalpies of 

formation for investigated B2 compounds, and all the investigated compounds exhibit 

negative values. All demonstrate their relative thermodynamic stability is lower than the 

reference compound, Ti50Ru50 (-0.76 eV/atom). 

3.2 The elastic properties  

Understanding a material’s elastic constants is crucial, they reveal key facets of its behaviour, 

including the nature of its atomic bonds, its anisotropic properties, its ability to withstand 

mechanical stress and its overall rigidity [9]. 

Born-Huang’s lattice dynamical theory [9, 23-24] provides a framework to evaluate the 

mechanical stability of crystals. It states that for a cubic system C11, C12 and C44 as outlined 

in Equation 2, are regarded as key constants to fulfil the criteria for cubic stability.   

11 44 11 12 11 120, 0, 0, 2 0C C C C C C  −  +         (2) 

The shear elastic coefficient (C′) is a useful metric for evaluating phase transition’s 

prospect at 0 K, and thus phase stability, with its calculation provided in Equation 3.  

' 11 12

2

C C
C

− 
=  
 

                                                                    (3) 

The investigated B2 compositions, including pure Ti50Ru50 and Ti50Ru50-xPdx with Pd 

content below 31.25 at. %, exhibit mechanical stability as guided by Born-Huang's theory of 

cubic crystals, as demonstrated by the elastic constants in Fig. 2. Above 31.25 at. %
'

11C C

, demonstrating that mechanical stability decreases as a crystal approaches phase transition 

[25]. 

 

 

Fig. 2. Elastic properties of the studied B2 compounds 

Fig. 2 further shows that ternary compounds with Pd compositions ≥ 31.25 at. % did not 

satisfied the mechanical stability criteria (C11 < C12) resulting in C' being negative. The 

aforementioned signifies that the B2 phases of these ternary compositions will become 

unstable and likely undergo martensite transformation at lower temperatures. Given the high-

temperature properties of PGMs, their presence in these ternary compositions renders them 
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suitable for high-temperature shape memory alloy (HTSMA) applications, a trend similarly 

observed in Nitinol [26]. 

To predict mechanical properties, structural materials are characterized by elastic moduli, 

including shear, bulk, Young's, and Poisson's ratio, derivable from three elastic constants

( )ijC using the Voigt-Reuss-Hill method [24], as formulated in Equation 4 for cubic crystals.   

 ( ) ( )
( )

( )
11 12 44

11 12 11 12 44

44 11 12

51 1
2 , 3 ,

3 5 4 3
V R V R

C C C
B B C C G C C C G

C C C

−
= = + = − + =

+ −

,    (4) 

Accordingly, bulk (B) and shear (G) are calculated as average values of ( ) 2V RB B B= +

and ( ) 2V RG G G= + , and Young’s (E) and Poisson’s (v) ratios are derived from 

( )9 3E GH G B= + and ( )3 6v B E B= − , respectively. Bulk and shear moduli measure 

resistance to volume and shear deformation [27]. 

Material Young’s modulus provides information about its stiffness, indicative of whether 

the material will deform easily or not [27-28]. Hardness is another key indicator of 

mechanical stability, measuring the resistance of solid materials to plastic deformation and 

permanent damage [29]. Using DFT-based first-principles methods, material properties like 

crystal hardness can be reliably calculated, with empirical Vickers hardness estimates 

obtained through the expression provided in Equation 5 [29]. 

 ( )
1.137

0.7080.92V
GH ×G

B
=             (5) 

Pugh's and Poisson's ratios offer a framework for understanding the interatomic bonding-

physical property relationship. Pugh's ratio categorizes materials as ductile or brittle based 

on the B/G threshold (1.75) [30], whereas Poisson's ratio identifies bond types, with values 

above 1/3 indicating metallic, ductile bonds [27-31]. 

Fig. 3 (a) – (f) presents the moduli and their corresponding ratios reported in this study. 

In Fig. 3(a), the stable Ti50Ru50 exhibits strong resistance to crystal deformation and atom 

mobility, as indicated by its larger B, G and E values.  

However, as more malleable Pd atoms replace brittle Ru atoms, the stiffness of the stable 

Ti50Ru50 weakened, this can be indicated by the notable decay of the modulus as represented 

in Fig. 3 (a). As a known factor, hardness characterizes material's resilience against 

deformation in terms of providing the ductility or brittleness behaviour of a material [32]. It 

can be noted in Fig. 3 (d), that there is a sharp drop in the Vickers hardness measurement at 

Pd composition above 12.5 at. %, accompanied by a softening observed in G and E.    
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Fig. 3. The modulus of elasticity and their subsequent ratios of all the investigated B2 compounds.  

Fig. 3(e) – (f) shows the Pugh's and Poisson's ratios reported in this research work. The 

investigated compounds demonstrate ductile properties, as evidenced by their B/G ratios, 

which consistently exceed the threshold value of 1.75, as shown in Fig. 3(e). However, this 

observation contradicts the well-known brittleness of the Ti50Ru50 compound [11, 26], its 

Pugh ratio should be lower than 1.75. The research by Phasha et al. suggests that Pugh's 

ductility ratio threshold of 1.75 is more effective for predicting FCC crystal structures 

compared to BCC structures, as observed in the B2 TiRu compound examined in this study 

[33].  

To mitigate the above discrepancy, this study examined the bonding behaviour of 

investigated compounds by assessing their corresponding Poisson ratio. The results shown in 

Fig. 3 (f), indicate stable B2 Ti50Ru50 and ternary compounds with Pd composition under 12.5 

at. % has a Poisson ratio of less than 0.33, indicating brittle ionic/covalent [28-31]. On the 

other hand, the ternaries with Pd composition exceeding 12.5 at. %, have a Poisson ratio 

greater than 0.33 indicating ductile metallic bonds.  

From the mechanical stability perspective, the conclusion is to induce the shape memory 

effect from the stable B2 TiRu system, the Pd composition of the ideal ternary compound 

should not be less than 31.25 at. %.    

3.3 Phonons properties 

The collective vibrations of atoms in crystal lattices, known as phonons, play a crucial 

role in understanding the properties of crystalline materials, including thermal conductivity, 

mechanical strength, phase transitions, and superconducting behaviour [34]. Considering that 

phonons are directly linked to the dynamic behaviour of the crystal lattice during phase 

transitions, they are essential for evaluating compounds expected to have shape memory 

effects [34-36]. The phonon dispersion curves were examined and reported to provide the 

stability of the crystal structures investigated in this study.  

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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A necessary condition for stability at 0 K is attained in the presence of the positive 

frequencies along high-symmetry paths in the Brillouin zone. While the presence of soft 

modes or negative frequencies, signifies dynamic instability, implying a tendency towards 

phase transformation accompanied by lattice deformation [7, 34-36].   

Fig. 4 (a) – (i) graphically presents the sets of phonon dispersion spectra determined at 

room temperatures for all the investigated B2 compounds. As shown in Fig. 4(a-d), the 

phonon spectra of B2 Ti50Ru50 and ternary compounds with Pd content below 25 at. % display 

solely positive vibrational frequencies, characterized by red oscillating bands. Indicating the 

introduction of Pd atoms onto the Ru-site of the Ti50Ru50 compound does not yield any MT.  

Furthermore, Fig. 4 (e) – (i) reveals that replacing Ru with Pd atoms above 25 at. % in 

B2 Ti50Ru50 triggers a significant change in vibrational dynamics. The presence of negative 

vibrational frequencies (blue oscillating bands) in ternary compounds with high Pd content 

(> 25 at. %) implies martensitic transformation properties similar to Nitinol.  

The vibrational stability trends enable the authors to conclude that to induce the shape 

memory effect from the stable B2 TiRu system, the Pd composition of the ideal ternary 

compound should not be less than 31.25 at. %.    

   

    

   

   

Fig. 4. Computed phonon dispersion spectra of the B2 binary and Ti50Ru50-xPdx ternary alloy 

compositions investigated. 

4 Conclusions 

The thermodynamic, mechanical, and lattice dynamic characteristics of binary and 

ternary compounds were determined using first-principles computational techniques.  

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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Lattice parameters and heat of formation of binary Ti50Ru50 and Ti50Pd50 reported here 

showed a minor variation of about 3% compared to other authors’ work, which is considered 

acceptable. This demonstrates the accuracy of the computational parameters used, providing 

confidence in computing other properties. This study's calculated enthalpies of formation 

reveal that substituting Ru with Pd atoms reduces the thermodynamic stability of the B2 

Ti50Ru50 phase. The observed linear relationship with the ternary’s crystal volume expansion 

can be attributed to Pd atoms having a larger atomic radius compared to Ru atoms.   

From a mechanical stability perspective, binary Ti50Ru50 and ternary Ti50Ru50-xPdx 

compounds with Pd content less than 31.25 at. % fulfilled the Born-Huang stability criteria 

(C'>0). However, at Pd composition ≥ 31.25 at. %, C' became negative indicating phase 

instability with a potential martensitic transformation. Similarly, the predicted lattice 

dynamics results verified the instabilities of the predicted B2 ternaries at Pd compositions ≥ 

31.25 at. %, revealing negative frequencies.  

The perspective of phase, mechanical, and lattice dynamic stability investigated in this 

study provided insight into the phase stability/instability of the compound studied and the 

subsequent effect of the doping elements in inducing MT on ordered Ti50Ru50 alloy. Through 

systematic substitution of Ru with Pd atoms, ab initio calculations reveal the possibility of 

inducing martensitic phase transformation in stable B2 TiRu compounds, thereby identifying 

novel ternary compounds with potential shape memory properties. 
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