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Abstract. Ab initio density functional theory approach was employed to investigate the structural
properties, elastic constant and phonon dispersion of B2 binary TiPt, TiNi and TiCo shape memory alloys.
We employed the plane-wave pseudopotential method within generalized gradient approximation
parameterized by Perdew, Burke and Enzerhof using VASP code. These alloys have the ability to
remember their shapes after deformation, and this is due to their shape memory effect and super elasticity
properties. We found that the lattice parameters are in good agreement with the experimental results.
Furthermore, the TiPt structure is thermodynamically stable displaying lowest heats of formation. Their
calculated elastic constant indicated that TiPt has higher transformation temperature. The Pugh’s ratio
clearly indicates that all titanium-based binary alloys are ductile (B/G>1.75). Phonon dispersion curves
shows that TiCo is vibrational stable and there are acoustic modes observed at the gamma directions while
TiPt is not due to the existence of imaginary frequencies observed along M high symmetry direction, in
agreement with calculated elastic constants.

1. Introduction

Shape memory alloys (SMAS) have the ability to recover their original shapes after being deformed
when heated above certain temperature [1]. They exhibit two interesting properties, shape memory effect
and superelasticity. Titanium-based SMAs have attracted significant attention due to its distinctive
properties for extensive applications such as actuators and sensors, which are displayed in martensitic
transformations [2]. It is well known that most Ti-based alloys have an ordered B2 phase at high
temperatures and transform to low temperature martensitic phase (B19/19') when temperature decreases
[3]. TiNi exhibits significant shape memory effect (SME) and Nitinol became the most commonly used
SMA s [4]. The development of SMAs which can operate at high temperature is important to improve
shape memory properties [5]. An increase of the martensitic transformation of SMAs allows for
extending their application range to high temperatures. These alloys possess higher martensitic
transformation temperature above 373 K [6]. In addition, elevated temperature SMAs such as Ti(Pt, Pd)
are of potential technological interest for elevated temperature SMA applications [5].

Furthermore, B2 TiNi and TiCo have martensitic transformation temperature of 320 K and 40 K,
respectively [7, 8, 9]. Platinum have higher temperature of 2041 K which leads to TiPt having the highest
martensitic transformation of about 1300 K and exhibit B2 to B19 transformation [10]. In this paper, we
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investigate the phase stability of TiPt, TiNi and TiCo alloys at 50:50 equiatomic composition using the
heats of formation, elastic properties, electronic properties (density of states) and phonon dispersion
curves of B2 structures. We found that B2 TiPt is unstable at low temperature, in agreement with
experimental findings. Our results also show that B2 TiCo is stable with no soft modes observed.
However, TiCo has shown potential for alloy development, being elastically and vibrationally stable.

The structures of TiPt is shown in figure 1 below. It is a cubic B2 structure also known as a high
temperature beta phase with the space group of Pm-3m. Its experimental equilibrium lattice parameter
is 3.192 A [11]. The lattice parameter of the cubic B2 TiNi and TiCo are reported to be 3.015 A [12]
and 2.988 A [9], respectively. All the structures have a B2 CsCl prototype structure.

Figure 1. The cubic phase TiPt binary alloys at 50:50 equiatomic composition.

2. Methodology

The calculations were carried out using ab initio density functional theory (DFT) [13] formalism with
the projector augmented wave (PAW) [24], as implemented in VASP code [14]. An energy cutoff of
500 eV was used, to achieve a good convergence of the parameters. For exchange-correlation functional,
the generalized gradient approximation of Perdew, Burke and Enzerhof (GGA-PBE) [15] was chosen.
Interactions in the Brillouin zone were performed with special k-spacing of 0.2 with accordance to
Monkhorst and Parck scheme [16]. The phonon dispersion spectra were evaluated using PHONON code
[17] as implemented in Materials Design within MedeA software of VASP code [14].

3. Results and discussion

3.1. Equilibrium lattice parameter

In Table 1; calculated equilibrium lattice parameters and heats of formation for the B2 Ti-based binary
alloys are shown. The equilibrium lattice parameter results are in good agreement with the experimental
findings. Heats of formation is used to predict the stability of alloys and in constructing their phase
diagrams [18]. The equation for determining heats of formation (AHy) is given by [23]:

AHF'=M = ~ETM — [(1— x)ET! + xE™M] (1)
where ETE=M s the total energy of alloy, ET* is the total energy of Ti, EM is the total energy of element

M=Pt, Co, Ni, n is the total number of atoms and X is the fractional concentration of the constituent
element. The lowest and highest heats of formation show the most and least stable material, respectively.
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TiPt is found to be more stable with the lowest heats of formation of -0.821 eV/atom while that of TiNi
was found to be the least stable with the highest value of -0.403 eV/atom.

Table 1. Equilibrium lattice parameters (A) and heats of formation AH; (eV/atom) of B2 TiPt, TiNi
and TiCo.

Structures a AH¢
TiPt 3.180 (3.192) @ -0.821
TiCo 2.994 (2.988) © -0.527
TiNi 3.011 (3.015) ¢ -0.403

4 reference [11]
b reference [9]
¢ reference [12]

3.2. Elastic constants

We have also calculated the elastic constants Cjj, Anisotropy (A) and Pugh’s ratio (B/G) for cubic phases
as shown in Table 2. For us to understand the martensitic transformation of these alloys, we investigate
their elastic properties [7]. The stability criterion for the cubic system to be mechanically stable are as
follows [19];

C44 > O, C11 + 2C12 > 0, and C11 > |C12|. (2)

The elastic moduli are then calculated based on the three independent elastic constants in equation
(2) above:

C'="2and g =2 (3)
2 c

where C’ is shear modulus and A is the anisotropy factor [20]. TiPt fails to satisfy the criterion shown in
equation (2), C11<Cy2 leading to a negative C’ of -32 GPa. Hence, B2 TiPt is mechanically unstable at 0
K. B2 TiCo and TiNi satisfy all the cubic stability criterion and these alloys are considered to be
mechanically stable. Lower Ca4 value of 44.07 GPa of TiCo signals that the Ca4 Shear resistance becomes
comparable to the C’ shear resistance, resulting in low anisotropy value of 1.72 which give rise to
monoclinic B19' martensite [7]. Therefore, TiCo undergoes the B2 to B19’ martensitic transformation
due to its lower A. These results are consistent with the experimental findings [3]. Higher A indicates
the higher transformation temperature, B2 to B19 transformation. Calculated A of TiNi with a value of
2.52 agrees with the experimental value of 2.4 [12]. In addition, A of TiCo agrees to within 3% the
experimental with value 1.72 (1.84) [21]. The bulk (B) and shear (G) moduli are calculated to investigate
ductility of these alloys. The investigated binary alloys are found to be ductile since B/G>1.75 [22].

Table 2. Lattice parameters (A), elastic constants (GPa) and heats of formation (eV/atom) of TiPt, TiNi
and TiCo binary alloys.

Structures Cu1 Cu Cus C’ A B/G
TiPt d 145 210 45 -32 2.20
TiCo 266.89 215.73 44.07 25.58 1.72 (1.84) ¢ 3.35
TiNi 190.32 143.97 58.36 23.18 2.52 (2.40) 5.57

4 reference [19]
¢ reference [21]
"reference [12]
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3.3. Phonon dispersions

We have performed the phonon dispersions calculations on structures and the plots are shown in figure
2. Soft modes are observed at the M and R high symmetry direction indicating the instability of TiPt.
Phonon density of states (PDOS) suggest that the soft modes observed are due to high vibration of Pt
atom. In addition, our phonon dispersion calculations show TiNi to be unstable since there are soft
modes observed in the phonon curves. These soft modes are observed along M directions and this could
be attributed to high vibration of Ni atoms as shown on the phonon DOS. TiCo is found to be
vibrationally stable with no soft modes observed, in agreement with predicted elastic constants where
we observed a lower A as compared to the other structures.
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Figure 2. Phonon dispersion curves and Phonon density of states of TiPt, TiNi and TiCo binary
alloys.

3.4. Electronic density of states

In figure 3, the total (tDOS) and partial density of states (PDOS) of TiPt, TiNi and TiCo binary alloys
are shown. DOS of the alloys indicates the stability with respect to their behavior at the Fermi level E+.
The structure with highest and lowest DOS at the E; is considered least and most stable, respectively.
Shapes of all tDOS curves are similar comprising of two set of peaks separated by a pseudo-gap. The
lower tDOS peaks are occupied by Pt for TiPt, Co for TiCo and Ni for TiNi, and the higher tDOS peaks
are mainly due to the d state of Ti atoms. TiCo has the lowest Ti d DOS value of 1 states per eV at the
Er, indicating the stability of these alloys. In addition, TiPt is the least stable alloy due to its higher Ti d
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DOS value of 1.6 eV at the Er. Our DOS results agree with our calculated elastic constant, showing that
TiCo is the most stable structure.
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Figure 3. Total and partial density of states of TiCo, TiPt and TiNi binary alloys. The Fermi level is
at the value of 0 eV.

4. Summary and conclusion

The equilibrium lattice parameters, heats of formation, elastic properties and electronic properties of
equiatomic B2 TiCo, TiNi and TiPt were determined using the first principle calculations. Our results
are in agreement with the experimental findings within 3 %. We note that the predicted heats of
formation confirm the stability of binary alloys investigated. Calculated elastic constants show that TiPt
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is mechanically unstable at low temperature whereas TiCo and TiNi are mechanically stable. It is
interesting to note that TiCo is vibrationally stable with no soft modes observed, in agreement with the
predicted heats of formation and elastic constants. Only TiCo is energetically, mechanically and
dynamically stable according to the calculations, performed at zero temperature and pressure.

Acknowledgements

I would like to thank NRF and CSIR for the financial support. The work was carried at the Materials
Modelling Centre, University of Limpopo and the Centre for High performance computing (CHPC) in
South Africa. The support of the Department of Science and Technology, DST is highly recognised.

References

[1] Mahlangu R, Chauke H R and Ngoepe P E 2014 Advanced Material Science 1019 385-390

[2] Lagoudas D C and Hartl D J 2007 J. Aerospace Engineering 221 535-549

[3] Chang-Long T, Wei C and Jing-Chuan Z 2006 Chin. Phys. Lett. 23 2863-2866

[4] Strittmatter J and Gumpel P 2009 Australian J. Mech. Eng. 7 99-109

[5] Yamabe-Mitarai Y and Wadood A 2014 Mater. Sci. Eng. A 601 106-110

[6] Yamabe-Mitarai Y, Arockiakumar R, Wadood A, Suresh K S, Kitashima T, Hara T, Shimojo

M, Tasaki W, Takalashi M, Takalashi S and Hosoda H 2015 Materials Today 2S 517-522

[7] Biggs T, Cornish L A, Witcomb M J and Cortie M B 2004 J. of Alloys and Compounds 375 120-
127

[8] Xu K, Huang X M, Lu J, Lui H S, Cai G and Jin Z P 2018 Calphad 60 191-199

[9] Wadood A, Takalashi M, Takalashi S, Hosoda H and Yamabe-Mitarai 2013

[10] Miyazaki S and Ishida A 1999 Mater. Sci. Eng. A 273-275 106-133

[11] Kresse G and Hafner J 1994 Phys. Rev. B 49 251-269

[12]  Nishida M, Matsuda M, Yasumoto Y, Yano S, Yamabe-Mitarai Y and Hara T 2013 Mater. Sci.
Tech. 24 884-889

[13] TanCL, Tian X H,JiGJ, Gui T L and Cai W 2008 Solid State Communications 147 8-10

[14] Kresse G and Hafner J 1993 Phys. Rev. B 47 558561

[15] Perdew J P, Burke K and Enzerhof M 1996 Phys. Rev. Lett. 77 88-92

[16] Monkhorst H Jand Pack J D 1976 Phys. Rev. B 13 88-92

[17]  Parlinski K, Li Z Q and Kawazoe Y 1997 Phys. Rev. Lett. 78 4063-4066

[18] Hennig R G, Carlsson A E, Kelton K F and Henley C L 2005 Phys. Rev. B 71 100-103

[19] Mahlangu R, Phasha M J, Chauke H R and Ngoepe P E 2013 Intermetallics 33 27-32

[20] Phasha M J, Ngoepe P E, Chauke H R, Pettifor D G and Nguyen-Mann D 2010 Intermetallics
18 2083-2089

[21] Lin Y S, Cak M, Paidar V and Vitek V 2012 Acta Mater. 60 881-888

[22] Pugh S F 1954 J. Sci. 45 823-843

[23] Fernando G W, Watson R E and Weinert M 1992 Phys. Rev. B 45 15 8233

[24]  Blaochl P E 1992 Phys. Rev. B 50 17953-17979

SA Institute of Physics ISBN: 978-0-620-85406-1 13



	Proceedings of SAIP2018
	Table of Contents
	Conference Chairs and Committees
	Message from the Conference Chair
	Message from the Editor
	List of Reviewers
	FULL RESEARCH PAPERS
	DIVISION A – DIVISION FOR PHYSICS OF CONDENSED MATTER AND MATERIALS
	Electronic and Optical Properties of Lead-Free Hybrid Perovskite CH3NH3SnI3 from First Principles Calculations
	I O Abdallah, D P Joubert and M S H Suleiman

	Structural, elastic and electronic properties of binary titanium-based shape memory alloys
	M E Baloyi, R Modiba, P E Ngoepe and H R Chauke

	First principles investigation of structural, elastic, electronic and optical properties of Barium seleno-germanate, Ba2GeSe4
	A Barde and D P Joubert

	Growth and structural characterization of germanium on Pt(111)
	C Dansou, G B Geetha, E Carleschi and B P Doyle

	A numerical study of heterogeneous annealing in a nite one-dimensional geometry
	J Lethoba, P M Bokov and P A Selyshchev

	ZnO nanoparticles doped with cobalt and indium mechanochemically for methane gas sensing application
	M F Manamela, T E Mosuang and B W Mwakikunga

	First principle studies of palladium nanoparticles on titanium dioxide surfaces for catalytic application
	A F Mazibuko, R G Diale, H R Chauke and P E Ngoepe

	Effect of temperature on the structure and dynamic properties of metal sulphide nanostructures via molecular dynamics simulation
	M A Mehlape, T G Mametja, T E Letsoalo and P E Ngoepe

	Lattice thermal conductivity of bulk PtTe2 and PtSe2
	H A H Mohammed, D P Joubert and G M D Nguimdo

	Magnetic and physical properties of new hexagonal compounds PrPt4X (X = Ag, Au)
	M O Ogunbunmi and A M Strydom

	Crystal structure and thermodynamic properties of the non-centrosymmetric PrRu4Sn6 caged compound
	M O Ogunbunmi and A M Strydom

	Thermoelectric properties of CdGa2O4 spinel
	E Rugut, D P Joubert and G Jones

	The structural, electronic, and optical properties of CH3NH3PbI3
	A S A Sidahmed and D P Joubert

	Structural and optical properties of spin coated graphene oxide films
	B C Tladi, R E Kroon and H C Swart


	DIVISION B – NUCLEAR, PARTICLE AND RADIATION PHYSICS
	A comparative study of the high fluence neutron radiation effects on the properties of plastic scintillator UPS-923A for the TileCal of the ATLAS detector
	V Baranov, Y I Davydov, R Erasmus, C O Kureba, J E Mdhluli, B Mellado, G Mokgatitswane, E Sideras-Haddad, I Vasilyev and P N Zhmurin

	AdS/CFT predictions for correlations, suppression, and flow of heavy flavours at RHIC and LHC
	R Hambrock and W A Horowitz

	Performance of missing transverse energy reconstruction in pp collisions at 13 TeV in the diphoton channel with ATLAS
	S Liao, B Mellado and X Ruan

	Background estimation for multilepton and b-jets analysis at ATLAS at the LHC
	J Monnakgotla, L Mokoena, L Mashishi, Y H Jimenez and B Mellado

	Studying the effects of pileup on the leptonic properties in the H -> ZZ -> 4l channel using the ATLAS detector
	O Mtintsilana and T Lagouri

	Mitigating the effect of fake missing energy using Machine learning technique in the ATLAS experiment
	K G Tomiwa, X Ruan and B Mellado


	DIVISION C – PHOTONICS
	Measurements of phase distortions through pulse characterization
	G O Dwapanyin, G W Bosman, P H Neethling and E G Rohwer

	Using optical tweezers to measure the forces exerted by molecular motors in onion cells
	A Erasmus, G W Bosman, P H Neethling and E G Rohwer

	The effect of photobiomodulation at 660 nm on the differentiation of diabetic wounded WS1 human fibroblasts into myofibroblasts
	D R Mokoena, N N Houreld, S S Dhilip Kumar and H Abrahamse

	Investigation of a specifically targeted photosynthetic nanoparticle drug delivery system for enhanced photodynamic therapy treatment of metastatic melanoma
	C Naidoo, C A Kruger and H Abrahamse

	Simulation of time-domain terahertz ellipsometry measurements towards data extraction
	S Smith, P Neethling and E Rohwer


	DIVISION D1 – ASTROPHYSICS
	Dark matter gets DAMPE
	G Beck and S Colafrancesco

	Probing the intergalactic magnetic field through observations of high-energy gamma rays produced by electromagnetic cascades
	B Bisschof, B van Soelen and P J Meintjes

	Gamma-Gamma Absorption in 𝜸-ray Binaries
	D C du Plooy and B van Soelen

	Ha images of nearby galaxy groups NGC193 and NGC940
	S Hattingh, S I Loubser, A Babul and E O’Sullivan

	Star formation histories of Brightest Group Galaxies in CLoGS
	O C Havenga, S I Loubser, E O'Sullivan, A Babul and A Ratsimbazafy

	Search for Gamma-ray emission in the White Dwarf pulsar of AR Scorpii
	Q Kaplan, H J van Heerden, P J Meintjes, A Odendaal and R Britto

	The search for 𝜸-ray emission from AE Aquarii using Fermi-LAT Pass 8 Data pipeline 2008-2018
	S T Madzime, H J van Heerden, P J Meintjes, A Odendaal and R J Britto

	Did Dark Matter Kill the Dinosaurs?
	M Sarkis and G Beck

	Probing quantum gravity at low energies
	J Tarrant, G Beck, and S Colafranesco

	Implications for gamma-ray production from updated orbital parameters for LMC P3 with SALT/HRS
	B van Soelen, N Komin, D du Plooy, P VŁaisŁanen and A Kniazev


	DIVISION D2 – SPACE SCIENCE
	dSECS: Including Variometers in Geomagnetic Field Interpolation
	M J Heyns, S I Lotz and C T Gaun


	DIVISION E – PHYSICS EDUCATION
	The relativistic length transformation: more than a Lorentz contraction
	R E Kroon


	DIVISION F – APPLIED PHYSICS
	Migration behaviour of selenium implanted into polycrystalline-SiC
	Z A Y Abdalla, T T Hlatshwayo, E G Njoroge, M Mlambo, E Wendler, J B Malherbe

	Photodynamic therapy using Sulfonated Aluminium Phthalocyanine mix for the eradication of cervical cancer: an in vitro study
	E P Chizenga and H Abrahamse

	Experimental and Numerical Measurement of the thermal performance for parabolic trough solar concentrators
	K Mohamad and P Ferrer

	Tuning the Bandgap of Bulk Molybdenum Disulphide using Defects
	P V Mwonga, S R Naidoo, A Quandt and K I Ozoemena

	DFT Study of selected croconate dye molecules for application in dye sensitized solar cells
	T S Ranwaha, N E Maluta and R R Maphanga


	DIVISION G – THEORETICAL AND COMPUTATIONAL PHYSICS
	Quasi-normal modes of spin-3/2 fields in D-dimensional Reissner-Nordstrom black hole spacetimes using the continued fraction method
	A S Cornell and G E Harmsen

	Full phase space simulation of the relativistic Boltzmann equation in the context of heavy-ion collisions
	E W Grunow and A Peshier

	Bose-Einstein condensation from a gluon transport equation
	B A Harrison and A Peshier

	Quantitative Predictions of Heavy Flavor Photon Bremsstrahlung in Heavy Ion Collisions from AdS/CFT
	W A Horowitz

	Oscillating cosmological correlations in f(R) gravity
	N Namane, H Sami and A Abebe

	Using the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model to extract the thermal conductivity transport coefficient of hadron gas
	T Nemakhavhani and A Muronga





