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Abstract

:

A first-principles calculation program is used for investigating the structural, mechanical, and electronic properties of the cubic NiTi shape-memory alloy (SMA) with the B2 phase under high pressure. Physical parameters including dimensionless ratio, elastic constants, Young’s modulus, bulk modulus, shear modulus, ductile-brittle transition, elastic anisotropy, and Poisson’s ratio are computed under different pressures. Results indicate that high pressure enhances the ability to resist volume deformation along with the ductility and metallic bonds, but the biggest resistances to elastic and shear deformation occur at   P = 35   GPa   for the B2-phase NiTi SMA. Meanwhile, the strong anisotropy produced by the high pressure will motivate the cross-slip process of screw dislocations, thereby improving the plasticity of the B2-phase NiTi SMA. Additionally, the results of the density of states (DOS) reveal that the B2-phase NiTi SMA is essentially characterized by the metallicity, and it is hard to induce the structural phase transition for the B2-phase NiTi SMA under high pressure, which provides valuable guidance for designing and applying the NiTi SMA under high pressure.
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1. Introduction


As the representative shape-memory alloys (SMAs), NiTi alloys have been extensively applied in medicine, aerospace, automotive, electronics, machinery, and other industries [1,2,3,4,5,6,7,8], which ascribes to their excellent properties of shape memory effects (SMEs), superelasticity (SE), high-strength, corrosion resistance, and biocompatibility [9,10,11,12,13]. For the studies of NiTi SMAs, plenty of works have been carried out by theory and experiment [14,15,16,17,18]. Haskins and Lawson [19] investigated the temperature-dependent thermodynamic properties of NiTi alloys by density functional theory molecular dynamics (DFT-MD), and then analyzed the finite temperature properties of three phases (ground state monoclinic B33, martensitic B19’, and austenitic B2), and the results revealed that the anharmonic effects played a large role in both stabilizing the austenite B2 phase and suppressing the martensitic phase transition. By first-principles calculations, Lee et al. [20] found that the functional stability of the SMA may be related to its structural compatibility between the parent-phase and the martensitic-phase structures, and the ternary NiTi–X alloys tended to have better structural compatibility than the binary equiatomic NiTi alloys, indicating that the functional stability of NiTi SMAs can be effectively improved by alloying additional elements. Liu et al. [21] also utilized the systematic ab-initio simulations to explore the high-pressure behavior of NiTi SMAs at zero temperature and found that the known B19 phase was dynamically unstable, and an orthorhombic structure and a face-centered-cubic B32 structure became stable above ∼4 and 29 GPa, respectively. Additionally, in terms of experimental researches, Ataei et al. [22] applied the warm deformation method (an effective thermomechanical processing, TMP) to enhance the shape memory and mechanical properties of the equiatomic NiTi alloy. They found that the property of shape memory recovery can be well improved due to the fully martensitic structure of the 500 °C processed sample materials, where the shape recovery strain was increased from 1.5% to 3.6%. Wang et al. [23] investigated the texture-induced anisotropic phase transformation of a rolled NiTi sheet by uniaxial tension and cyclic loading using in situ laboratory X-ray diffraction, and the results revealed that the increasing external applied stress induced the continuous phase transformation with the martensite forming and growing in the highly strained austenitic matrix. However, although many of the above researches have been conducted, they are still unknown for the effects of the applied pressure on the structural, mechanical, and electronic properties of the B2-phase NiTi SMAs due to lack of in-depth researches, thereby preventing the widespread applications of NiTi SMAs under high pressure.



Based on the above unresolved issues, we will utilize the first-principles density-functional theory (DFT) to investigate the related properties of cubic NiTi SMAs with B2 phase under different pressures, mainly including their structural, mechanical, and electronic properties and the relative parameters are also calculated for describing the structural, mechanical, and electronic properties of the B2-phase NiTi SMAs under different pressures. Meanwhile, the results of Zeng et al. [24] concluded that high pressure can quickly suppress the effects of temperature on the volume of thermal expansivity for NiTi SMA. Herein, the temperature effect can be approximately neglected in investigating the impacts of high pressure on the properties of NiTi SMA. Additionally, Sandoval et al. [25] recently found that the transformation temperature of the B2-phase NiTi SMA dropped below 5 K at very high twin densities, thus, the following DFT calculations can be effectively carried out under the ground state. The main structures in the following text are methodically arranged as follows: Section 2 introduces the detailed methodology of this work and crystal structure model for calculating related properties of the B2-phase NiTi SMAs; Section 3 gives the research results, and then discusses the influences of applied pressure on the related properties of the B2-phase NiTi SMAs in detail; Section 4 summarizes the research conclusions in this work.




2. Methodology


The program of Cambridge Serial Total Energy Package [26,27,28] was chosen to carry out the DFT total energy calculations, and the results of these calculations helped to get the various ground state energies and electronic structures of the cubic NiTi SMAs under different pressures. We chose the generalized gradient approximation (GGA) of the Perdew–Burke–Eruzerhof [29] as the exchange–correlation function. The ion–electron interactions were addressed by the ultrasoft pseudopotentials [30], and the valence electrons of the Ni and Ti atoms were described as Ni (4s23p63d8) and Ti (4s23p63d2), respectively. Herein, the spin-orbit coupling calculation was executed due to the magnetic Ni atoms, and the magnetic moments of the Ni and Ti atoms were 0.64 μB and 0.08 μB, respectively. The total magnetic moment of the unit cell was 0.66 μB at P = 0 GPa, and the magnetic moments varied under different pressures when the applied pressure was not 0 GPa. We carried out a rigorous convergence test of basic parameters before the DFT calculations, and the cutoff energy of the plane-wave basis was set as 400 eV, as well as 13 × 13 × 13 k-point grid for the Brillouin zone sampling [31], which were accurate enough to calculate the energies of the NiTi SMAs under different pressures. Meanwhile, we selected the Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm [32] as the structural optimization algorithm for all DFT calculations in this work, and the range of applied pressures changed from −10 to 50 GPa. In self-consistent calculations, the energy parameter of the convergence criterion was set to 1.0 × 10−6 eV/atom, and the Hellmann–Feynman atomic force was less than 0.01 eV/Å. Figure 1 depicts the cubic structure model of the B2-phase NiTi SMA with the Pm-3m space group.




3. Results and Discussions


3.1. Structure Properties and Stability


Firstly, before investigating the structural, mechanical, and electronic properties of the B2-phase NiTi SMA, we confirmed the most stable crystal structure of the B2-phase NiTi SMA by the energy-volume (  E − V  ) curve, as depicted in Figure 2, where the   E − V   curve was obtained by precisely fitting the calculated   E − V   data, which was decided by the fitting method of the Birch–Murnaghan equation of state [33]. For ease of calculations, the interval of volume  V  changed only from 0.7   V 0    to 1.2   V 0   . Therefore, we fully optimized the unit cell of the B2-phase NiTi SMA within the above volume interval, aiming to determine the structural parameters in a stable state. Figure 2 demonstrates the calculated and fitting results, and Table 1 lists the calculated   E − V   data of the B2-phase NiTi SMA under the ground state (  P = 0   and   T = 0  ), and it can be found that the total energy was at a minimum (   E t  = − 14.025    eV   ) at   V =  V 0    (   V 0  = 27.130      Å 3   ), and the lattice constant was accordingly    a 0  = 3.005    Å , which denotes the equilibrium structural parameters of the B2-phase NiTi SMA in a stable state. Moreover,    a 0    and    V 0    indicated the equilibrium lattice constant and primitive cell volume under the ground state, respectively. The calculated results fit well with the other theoretical [14,15,16,19,34,35,36,37,38] and experimental results [34,39], and these are compared in Table 2.



For studying the influences of applied pressure on the basic structural parameters of the NiTi SMA, we calculated the corresponding cell volumes  V  and the lattice constants  a  under different pressures by fully optimizing the crystal structure of the NiTi SMA, and then the ratios of   V /  V 0    and   a /  a 0    were obtained for describing the changes of the cell volume and lattice constant under different pressures, as shown in Figure 3. The high pressure decreased the ratios of   V /  V 0    and   a /  a 0   , leading to the rapid decrease of the cell volume and lattice constant. Namely, high pressure shortened the spacing between the adjacent atoms, and the electron interactions between the adjacent atoms became stronger under high pressure.



By quadratic polynomial fitting in Figure 3, the calculated results of the ratios   V /  V 0    and   a /  a 0    as a function of applied pressure are accurately fitted as follows:


  V /  V 0  = 1.004 − 5.800 ×   10   − 3   P + 4.424 ×   10   − 5    P 2   



(1)






  a /  a 0  = 1.001 − 1.940 ×   10   − 3   P + 1.342 ×   10   − 5    P 2   



(2)







For anisotropic materials of cubic crystals, the elastic constants    C  11    ,    C  12    , and    C  44     are defined as the three key parameters to indicate the ability to resist external forces, and describe the structural stability of the materials. In the light of the stability criterion of cubic crystals [40,41], the following inequations must be true in any case for structurally stable materials:


    (   C  11   −  C  12    )  > 0   ,    C  11   > 0   ,    C  44   > 0   ,    (   C  11   + 2  C  12    )  > 0   



(3)







To compare the calculated results of other parameters, Table 3 lists the calculated values of elastic constants, bulk modulus  B , Young’s modulus  E , shear modulus  G , and Poisson’s ratio  σ , and they agree well with these theoretical [19,34,35,42,43] and experimental results [44]. Notably, the magnetization plays some important role in determining the final results of Table 3 in the process of the spin-polarization calculation.



In Figure 4, we depicted the variation curves of elastic constants    C  11    ,    C  12    , and    C  44     as a function of the applied pressure for the NiTi SMA, and it can be seen that with increasing the applied pressure, all of the three elastic constants    C  11    ,    C  12    , and    C  44     increased by varying degrees, and they were all positive in spite of the arbitrary high pressure. Additionally, the difference values of    C  11   −  C  12     between    C  11     and    C  12     were always positive as well under any pressures. According to the stability criterion of Equation (3), the crystal structure of the NiTi SMA will remain stable all the time in the pressure range of 50 GPa, namely, the high pressure is hard to produce the structural phase transition for the NiTi SMA, which fits well with the results of Bakhtiari et al. [45].




3.2. Mechanical Properties


The material modulus, like bulk modulus  B , Young’s modulus  E , and shear modulus  G , plays a key role in investigating their mechanical properties, and the magnitude of this modulus directly determines the ability to resist material deformations, such as the resistances to bulk deformation, elastic deformation, and shear deformation. Moreover, the larger modulus values induced a stronger ability to resist material deformations [46,47]. Based on Equations (4)–(6) [48], the values of the material modulus are calculated as a function of the elastic constants in Table 3,


  B =  1 3   (   C  11   + 2  C  12    )   



(4)






  G =  1 2   (   G V  +  G R   )   



(5)






  E =   9 B G   3 B + G    



(6)




here,    G V  =    (   C  11   −  C  12   + 3  C  44    )   / 5    and    G R  =   5  (   C  11   −  C  12    )   C  44    /   [  4  C  44   + 3  (   C  11   −  C  12    )   ]     , and the variables    G V    and    G R    indicate the Voigt and Reuss shear modulus, respectively.



By using the Equations (4)–(6), we calculated the bulk modulus  B , Young’s modulus  E , and shear modulus  G  under different pressures, and the variation curves of them as a function of the applied pressure are plotted in Figure 5. It can be found that as the applied pressure increased, the value of the bulk modulus  B  increased as well, thereby suggesting that the high pressure enhanced the ability to resist volume deformation for the NiTi SMA, and the maximum value can reach 288.01 GPa at   P = 50   GPa  . For the calculated results of Young’s modulus  E  and shear modulus  G , however, it can be seen that they all increased and then decreased in the pressure range of 0~50 GPa, thus, these were the maximum values for the modulus  E  and  G  in the process of pressure change, and the maximum values were 151.94 GPa for Young’s modulus  E , as well as 54.39 GPa for shear modulus  G  at   P = 35   GPa  , respectively, which means that the pressure values at this point can produce the strongest ability to resist elastic and shear deformations for the NiTi SMA.



Ductile–brittle transition plays a vital role in the structural phase transition of materials. According to the work of Pugh [46], the ductile/brittle properties of polycrystalline materials can be decided by the value of the modulus ratio    B / G   , and 1.75 was considered as the critical value to determine the ductile/brittle properties of the materials. For the ductile materials, the value of the ratio    B / G    was    B / G  > 1.75  , and for the brittle materials, one of the ratios    B / G    was    B / G  < 1.75  . Additionally, the larger    B / G    ratio produced the stronger ductility, and the smaller    B / G    ratio induced the stronger brittleness. Hill [49] also put forward that the ductile–brittle transition of the intermetallic compounds was determined by the value of modulus ratio    B / G   . In this work, Figure 6 demonstrates the variation curve of the modulus ratio    B / G    as a function of the applied pressure, and it can be found that the value of the ratio    B / G    was about 3.702 (>1.75) at   P = 0   GPa  , and their values increased gradually with increasing applied pressure. As a result, the NiTi SMA presented good ductility in nature, and the ductility became stronger under high pressure.




3.3. Elastic Anisotropy


The elastic anisotropy was a significant physical quantity for revealing the essential properties of anisotropic materials, as well as their mechanical properties. The anisotropy factor  A  was defined as the vital physical parameter for describing the material anisotropy, and the magnitude of the anisotropy factor  A  was used to indicate the degree of material anisotropy and   A = 1   denoted the isotropic material. Otherwise, it was the anisotropic material. Moreover, if the value of the anisotropy factor  A  were larger or smaller than 1, the material anisotropy would be stronger [50,51]. Meanwhile, Yoo [52] investigated the dependencies of the mechanical properties on the anisotropy factor  A  by establishing the cross-slip-pinning model, and the results indicated that the bigger factor  A  could promote the screw dislocation motion with the help of the larger driving force, and then lead to the cross-slip-pinning process. In this work, we utilized Equations (7) and (8) to calculate the anisotropy factors    A   (  100  )   [  001  ]      and    A   (  110  )   [  001  ]     , which depends on the three elastic constants of the cubic crystals [53,54]:


   A   (  100  )   [  001  ]    =   2  C  44      C  11   −  C  12      



(7)






   A   (  110  )   [  001  ]    =    C  44    (   C ′  + 2  C  12   +  C  11    )     C  11    C ′  −  C  12     2     



(8)




here,    C ′  =  C  44   +    (   C  11   +  C  12    )   / 2   ,    A   (  100  )   [  001  ]      denotes the anisotropy factor in the (100)[001] direction, and    A   (  110  )   [  001  ]      signifies the one in the (110)[001] direction, respectively. With the help of Equations (7) and (8), we calculated the values of the two anisotropy factors    A   (  100  )   [  001  ]      and    A   (  110  )   [  001  ]      under different pressures, as depicted in Figure 7. It can be found in Figure 7 that the essential properties of NiTi SMA present the anisotropy due to the anisotropy factors unequal to 1, which are decided by    A   (  100  )   [  001  ]    = 1.798   and    A   (  110  )   [  001  ]    = 1.508   under   P = 0   GPa  . With increasing applied pressure, both    A   (  100  )   [  001  ]      and    A   (  110  )   [  001  ]      increased and    A   (  100  )   [  001  ]      increased faster than    A   (  110  )   [  001  ]      under high pressure, which suggests that high pressure induced the strong anisotropy for the NiTi SMA, and the anisotropy in the (100)[001] direction was stronger than the one in the (110)[001] direction. Additionally, the strong anisotropy produced by the high pressure will motivate the cross-slip process of the screw dislocations, thereby improving the plasticity of NiTi SMA.



From studying the effects of the applied pressure on the plastic properties of NiTi SMA, we calculated the values of Poisson’s ratio  σ  as a function of the applied pressure, as shown in Figure 8. The magnitude of Poisson’s ratio  σ  changed from −1 to 0.5 in general, and the bigger Poisson’s ratio  σ  induced better plasticity. Fu et al. [54] pointed out that Poisson’s ratio  σ  was mainly decided by the type of interatomic bonding when only considering the critical factors of the atomic scale. Reed and Clark [55] found that Poisson’s ratios    σ  max   = 0.5   and    σ  min   = 0.25   were considered as the maximum and minimum in the process of studying central force solids, respectively. By Equations (9) and (10) [54,56], we calculated the values of Poisson’s ratios    σ   [  001  ]      and    σ   [  111  ]      in the [001] and [111] directions under different pressures (see Figure 8). It can be seen in Figure 8 that the values of    σ   [  001  ]      and    σ   [  111  ]      were 0.411 and 0.347 under   P = 0   GPa  , respectively, suggesting that the interatomic bonding of the NiTi SMA was generally bonded by the central force in the [001] and [111] directions. With increasing the applied pressure, the values of    σ   [  001  ]      dramatically increased, but the ones of    σ   [  111  ]      had little change compared with    σ   [  001  ]     , but there was a maximum value (   σ     [  111  ]    max     = 0.355  ) at   P  = 15    GPa  , which implied that the central force of the NiTi SMA was enhanced in the [001] direction, along with the improved plasticity, but the plasticity in the [111] direction hardly had great changes.


   σ   [  001  ]    =    C  12      C  11   +  C  12      



(9)






   σ   [  111  ]    =    C  11   + 2  C  12   − 2  C  44     2  (   C  11   + 2  C  12   +  C  44    )     



(10)







To further investigate the mechanical properties of the NiTi SMA, we calculated the other modulus to evaluate the non-deformability and material strength.    G   (  100  )   [  010  ]      and    G   (  110  )   [  1  1 ¯  0  ]      are defined as the two shear moduli for measuring the non-deformability in the    (  100  )   [  010  ]    and    (  110  )   [  1  1 ¯  0  ]    directions, respectively, and they can be calculated by    G   (  100  )   [  010  ]    =  C  44     and    G   (  110  )   [  1  1 ¯  0  ]    =    (   C  11   −  C  12    )   / 2   . Meanwhile,    E   〈  100  〉      is also defined as Young’s modulus in the    〈  100  〉    directions, which is calculated by    E   〈  100  〉    =  (   C  11   −  C  12    )   [  1 +    C  12    /   (   C  11   +  C  12    )     ]    [51,57]. Based on these moduli, we plotted Figure 9 for demonstrating the variation curves of the three moduli as a function of applied pressure, and the results revealed that the value of    G   (  100  )   [  010  ]      was always bigger than the one of    G   (  110  )   [  1  1 ¯  0  ]      within the pressure range of the study, suggesting that the resistance to shear deformation in the    (  100  )   [  010  ]    direction was stronger than the one in the    (  110  )   [  1  1 ¯  0  ]    direction. Furthermore, it can be seen that the values of    G   (  100  )   [  010  ]      increased linearly with an increment of applied pressure, which means that the resistance to shear deformation in the    (  100  )   [  010  ]    direction was effectively improved under high pressure. Nevertheless, the values of    G   (  110  )   [  1  1 ¯  0  ]      first increased and then decreased with an increment of applied pressure, and there exists a maximum value (   G   (  110  )     [  1  1 ¯  0  ]    max     = 33.17   GPa  ) at   P = 20   GPa  , thereby indicating that the resistance to shear deformation in the    (  110  )   [  1  1 ¯  0  ]    direction was the strongest at   P = 20   GPa  . The calculated result of Young’s modulus    E   〈  100  〉      shows that    E   〈  100  〉      first increased and then decreased with an increment of applied pressure, and there also exists a maximum value (   E     〈  100  〉    max     = 94.68   GPa  ) at   P = 20   GPa  , thereby suggesting that the resistance to elastic deformation in the    〈  100  〉    directions was also the strongest at   P = 20   GPa  . The Cauchy pressure was defined as the difference value    C  12   −  C  44     between the elastic constants    C  12     and    C  44    , which helped to grasp the characteristics of the atomic bonding of the materials, and well revealed the nature of bonding from the atomic scale [58]. In the light of the works of Johnson [59] and Fu et al. [51], the positive Cauchy pressure indicated the metallic properties between atomic bonding, and the homogeneous electron gases without regionality and directionality were distributed around the spherical atoms, but the negative Cauchy pressure exhibited the characteristic of directional bonding, and the directional characteristic increased with an increment of Cauchy pressure. In Figure 9, the calculated Cauchy pressures    C  12   −  C  44     were always positive values under any pressures, and they increased basically with an increment of applied pressure, which reveals that the atomic bonding of the NiTi SMA was characterized by the metallic bond, and their metallic bonds were enhanced under high pressure.




3.4. Electronic Properties


In this work, we calculated the electronic structures of the NiTi SMA to reveal the bonding mechanisms and stability changes under different pressures. As shown in Figure 10, the partial DOS (PDOS) and total DOS (TDOS) of the NiTi SMA are clearly plotted at   P = 0   GPa  , and the Fermi level (   E F  = 0   eV  ) is labeled by the red dash line. It can be found from Figure 10 that the value of TDOS at    E F    was not zero, thereby suggesting that the NiTi SMA was essentially characterized by the metallicity, and the result fits well with the one in Figure 9. Moreover, the results of PDOS indicate that Ni-3d and Ti-3d states are the two key factors for contributing to TDOS at the Fermi level    E F   , and the other states hardly have any contributions to TDOS.



Meanwhile, the impacts of applied pressure on TDOS of the NiTi SMA were also studied for revealing the variation of the band gap between the valence band and conduction band, as depicted in Figure 11. As the applied pressure increased, the energies of the valence band increased slightly, and the ones of the conduction band remain unchanged under any pressures, which led to the slight diminution of the band gap, thus, the driving force of the electron transition from the valence band to the conduction band had a little increase under high pressure, namely, the binding force was still strong under high pressure, and it was hard to induce the structural phase transition for the NiTi SMA under high pressure.



Additionally, we also drew the schematic of the isosurface contours of charge density under different pressures, as shown in Figure 12, which clearly depicts the electron interactions between Ni and Ti atoms. With increasing applied pressure, the local charge densities of both Ni and Ti atoms increased slightly, and then the electron interactions between them were also slightly enhanced, thereby implying that the local chemical bonding composed of electrons and ions remains almost unchanged under high pressure. Therefore, the high pressure had a little effect on the structural stability of the NiTi SMA, and the structural phase transition was hard to occur for the NiTi SMA.





4. Conclusions


In conclusion, this work aims to investigate the structural, mechanical, and electronic properties of the B2-phase NiTi SMA under high pressure by DFT calculations, and the relevant conclusions are summarized as follows:



(1) High pressure enhances the ability to resist volume deformation, but the strongest resistances to elastic and shear deformations occur at   P = 35   GPa   for the B2-phase NiTi SMA.



(2) Pugh’s ratio    B / G    reveals that the B2-phase NiTi SMA presents good ductility in nature, and high pressure can improve the ductility of the B2 phase.



(3) The strong anisotropy produced by high pressure will motivate the cross-slip process of screw dislocations, thereby improving the plasticity of the B2-phase NiTi SMA.



(4) The resistance to shear deformation in the    (  100  )   [  010  ]    direction is stronger than the one in the    (  110  )   [  1  1 ¯  0  ]    direction, and the resistance to shear deformation in the    (  110  )   [  1  1 ¯  0  ]    direction and elastic deformation in the    〈  100  〉    directions are the strongest at   P = 20   GPa  . Results of Cauchy pressure indicate that the atomic bonding of the B2-phase NiTi SMA is characterized by the metallic bond, and high pressure enhances the metallic bonds.



(5) Results of DOS reveal that the B2-phase NiTi SMA is essentially characterized by the metallicity, but it is hard to induce the structural phase transition for the B2-phase NiTi SMA under high pressure.
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Figure 1. Cubic structure model of B2-phase NiTi shape-memory alloy (SMA). 
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Figure 2. The Birch–Murnaghan fitting curve of the   E − V   data for the NiTi SMA. 
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Figure 3. Variation curves of the ratios   V /  V 0    and   a /  a 0    under different pressures for the NiTi SMA. 
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Figure 4. Variation curves of the elastic constants    C  i j     under different pressures for the NiTi SMA. 
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Figure 5. Variation curves of bulk modulus  B , Young’s modulus  E , and shear modulus  G  under different pressures for the NiTi SMA. 
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Figure 6. Variation curve of modulus ratio   B / G   under different pressures for the NiTi SMA. 
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Figure 7. Variation curves of anisotropy factors under different pressures for the NiTi SMA. 
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Figure 8. Variation curves of Poisson’s ratios under different pressures for the NiTi SMA. 
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Figure 9. Variation curves of the calculated modulus under different pressures for the NiTi SMA. 
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Figure 10. Partial density of states (PDOS) and total DOS (TDOS) for the NiTi SMA under   P = 0   GPa  . 
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Figure 11. TDOS for the NiTi SMA under different pressures. 
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Figure 12. Schematic of isosurface contours of charge density for the NiTi SMA under different pressures; the isosurface levels are set as 0.045    r 0  − 3     (   r 0   : Bohr radius). 
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Table 1. The calculated   E − V   data of B2-phase NiTi SMA under the ground state.
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	V (Å3)
	18.990
	19.540
	20.080
	20.620
	21.160
	21.710
	22.250
	22.790
	23.330
	23.880



	E (eV)
	−11.696
	−12.090
	−12.433
	−12.729
	−12.983
	−13.201
	−13.386
	−13.541
	−13.669
	−13.774



	V (Å3)
	24.420
	24.960
	25.500
	26.050
	26.590
	27.130
	27.670
	28.220
	28.760
	29.300



	E (eV)
	−13.857
	−13.922
	−13.969
	−14.001
	−14.019
	−14.025
	−14.019
	−14.004
	−13.980
	−13.948
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Table 2. Comparisons of the equilibrium lattice constant of this work to the other theoretical and experimental results for the B2-phase NiTi SMA.
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	B2-phase NiTi
	This Work
	Theoretical Results
	Experimental Results





	Lattice constant  a  (Å)
	3.005
	2.997 [14], 3.021 [15], 3.010 [16],

3.005 [19], 2.940 [34], 3.019 [35],

3.000 [36], 3.007 [37], 3.015 [38]
	3.010 [34], 3.013 [39]
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Table 3. Comparisons of the calculated results to the theoretical and experimental results for the B2-phase NiTi SMA.
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	B2-Phase NiTi
	This Work
	Theoretical Results
	Experiments





	   C  11     (GPa)
	188
	184 [19], 218 [34], 183 [35], 204 [42]
	162 [44]



	   C  12     (GPa)
	131
	156 [19], 178 [34], 146 [35], 134 [42]
	132 [44]



	   C  44     (GPa)
	51
	48 [19], 71 [34], 46 [35], 53 [42]
	36 [44]



	 B  (GPa)
	150
	165 [19], 191 [34], 159 [35], 157 [42], 158 [43]
	



	 E  (GPa)
	112
	83 [19], 120 [34], 90 [35], 123 [42]
	



	 G  (GPa)
	41
	29 [19], 43 [34], 32 [35], 45 [42]
	



	  σ  
	0.38
	0.42 [19], 0.40 [34], 0.41 [35], 0.37 [42]
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