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The first principles calculations were performed to investigate site preferences of the alloying elements M (Ti, Nb) 

doping in Ni3Al, elastic properties and the electronic structure of Ni3Al and Ni3Al-M with the Cambridge sequential total 

energy package (CASTEP). It was found that M were preferred to replace the Al sites. As the M doping. The bulk, shear 

and Young’s modulus increased and the bulk/shear modulus ratios (B/G) decreased in Ni3Al polycrystalline alloy. While 

B/G of all alloys were larger than 1.75, signifying that Ni3Al, Ni24Al7Nb and Ni24Al7Ti polycrystalline alloys possessed 

ductility. Analyzing the electronic structure of Ni3Al and Ni3Al-M, the results showed that the main interaction between 

the Ni atoms and the Al atoms was covalence in the Ni3Al, after doping elements M (Ti, Nb) in Ni3Al, there was strong 

orbital hybridization between the Al-3p orbital, Ni-3d orbital and M-d (Ti-3d, Nb-4d) orbital, the covalent bonds 

between alloying atoms M (Ti, Nb) and their neighbor atoms Ni were stronger than that between Al atom and Ni atom.  
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1. INTRODUCTION 

As one of Ni-based superalloys, Ni3Al-based alloys 

are very important for their application in turbine engines, 

the transportation, etc., and have the following character--

istics: good high-temperature oxidation resistance, high 

temperature creep resistance, high work hardening rate at 

room temperature, thus they are hopeful to become good 

high temperature structural materials [1 – 4]. The good 

properties of Ni3Al-based alloys are mainly owned to 

Ni3Al (γ' phase). As an ordered phase, the yield strength of 

which increases with increases of temperature below 

880°C. Recently, the researches about Ni3Al-based alloys 

were focused on the experiments and the theoretical 

calculation for the γ′-Ni3Al. 

In the experiments, alloying elements in Ni3Al alloy 

tend to form complex compounds and improve the 

mechanical properties. For example, Aoki et al. [5] 

reported that B on the Ni-rich site improved the ductility 

of binary Ni3Al alloy or ternary Ni3Al alloyed with each 

element (Zr, Hf, V, Nb, MO, W, Co, Pd, Cu, Cr, Mn and 

Fe). Soga [6], Tomihisa K [7] reported that the elements 

(Nb, Ti, Zr, V, Hf and Cr) increased high temperature 

strength of Ni3Al alloys. In theoretical calculation, First-

principles theory has been widely applied in alloying 

efficiency on doped Ni3Al. Q.Wu et al. [8 – 11] reported 

that the effects of alloying elements (Mo, Re, Ta, W, Ti, 

Co, Nb, Ru, Cr, Y) on the elastic properties of Ni3Al, and 

the synergistic effect of Mo-Ta, Mo-Re and Mo-Cr co-

alloying elements on site preferences and elastic properties 

of Ni3Al have been further computed [12].  

M (Ti, Nb) are transition metals, and the radius and 

electronegativity of which are similar to the Al. When 

added into the Ni3Al alloy, they replace the Al sites [13], 
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and forming the Ni3Ti and Ni3Nb, which are high strength 

phases at high temperature. Thus the effects of M (Ti, Nb) 

added into the Ni3Al have been studied in the experiments 

and the theoretical calculations as above. Unfortunately, 

previous studies had been conducted to research elastic 

properties of Ni3Al-M (Ti, Nb) ternary alloys, and few 

reported electronic structure of M (Ti, Nb) in Ni3Al alloy, 

such as Soga [6] and Q. Wu [8]. In this work, the site 

preferences of the alloying elements X in Ni3Al and elastic 

properties of Ni3Al alloys are predicted with the first-

principles theory. Moreover, the density of states, electron 

density difference and Mulliken population of Ni3Al and 

Ni3Al-M are analyzed, and which also can be used to 

explain elastic properties change of Ni3Al with M (Ti, Nb) 

doping. 

2. CALCULATION MODEL AND METHODS 

Ni3Al cell has the variant structure of FCC and 

belongs to an ordered L12 structure [14], where the Ni 

atoms occupy the site of the face center and the Al atoms 

occupy the site of the cube corner. The arrangement of 

atoms in space is illustrated in Fig. 1. The lattice 

parameters are a = b = c = 3.572 Å, α = β = γ = 90 for 

Ni3Al crystal cell, and the space group of which is PM-3M 

[15]. As shown in Fig. 2, the supercells with a 2×2×2 

arrangement of Ni3Al crystal cell has 32 atoms, and are 

used to predict site preferences of alloying elements X 

(Ni, Ti and Nb) in Ni3Al, the concentration of X is 3.125 

at % in each supercell. 

In the present study, all calculations, including the 

elastic constants, the total energy and the electric 

structures, are performed with the Cambridge sequential 

total energy package (CASTEP) based on the density 

functional theory [16]. The exchange–correlation 

functional between the electrons is described with Perdew-

Burke-Ernzerhof (PBE) of generalized gradient 
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approximation (GGA) [17]. The ultrasoft pseudopotential 

Plane-Wave with cut off energy of 360 eV are taken into 

account in the simulation, and a 6×6×6 Monkhorst-Pack 

k-mesh is used for Sampling of the irreducible wedge of 

the Brillouin zone in reciprocal space. The spin-

polarization are adopted for all calculations. The 

convergence tolerance of geometry optimization 

calculations with Broyden-Flecher-Goldfarb-Shanno 

(BFGS) [18] before all calculations is 5×10-7 eV/atom for 

energy, and the maximum force tolerance is 1.00×10-2 

eV/Å per atom. 

 

Fig. 1. Original model of Ni3Al crystal cell, the structure 

symmetry is a = b = c, ɑ = β = γ = 90 

 

Fig. 2. Super cell model of Ni3Al alloys used in the calculation: 

a – original model of Ni3Al supercell; b – defect model of 

X (Ni, Ti and Nb) replace Al site 

3. RESULTS AND DISCUSSION 

3.1. Site preferences of elements in Ni3Al 

Alloying elements M (Ti, Nb) added into the Ni3Al 

alloys produce specific defects with the lattice distortion 

and make the lattice constant larger, and the formation 

mechanism of which can be described with the 

substitution formalism and the antisite-based substitution 

formalism, such as MAl, MNi, NiAl and AlNi. The 

concentrations of these defects in the Ni3Al alloy are 

determined by compositions of alloy and temperature, and 

formation enthalpies of which can be computed with the 

Wagner-Schottky model [19] in the dilute limit as follow: 

  
d

dd3ff xHAlNiHH , (1) 

where ΔHf(Ni3Al) is the formation enthalpy per atom for 

Ni3Al; xd is 3.125 at % for anti-site or substitute site in this 

paper; Hd is the formation enthalpy per defect. In this 

paper, the ΔHf of Ni3Al alloys can be computed according 

the following reaction equation: 

   
zyx

zEyExEE






)X()Al(NiXAlNi
H

zyx
f

, (2) 

where E(NixAlyXz) is the total energy of NixAlyXz, and x, 

y, z are the number of Ni, Al And X Atom in NixAlyXz. 

From the Eq. 1, the formation enthalpy per point defect 

can be got as follow: 

 

d

3ff
d

x

AlNiHH
H




 . (3) 

The calculation results, including average lattice 

parameter a(Å), formation enthalpies of alloys ΔHf 

(eV/atom) and formation enthalpies per defect Hd 

(eV/defect), are listed in Table 1, which are in agreement 

other calculated values [8]. It shows that replace behavior 

of elements (Al, Ti, Nb) make the lattice constant larger 

except Ni, and the average lattice parameter of Ni24Al7M 

is smaller than Ni23MAl8, which owns to the order of the 

atomic radius: rNb>rTi>rAl>rNi. The formation enthalpies of 

all alloys are negative, meaning that all of lattice 

structures are stabilized for Ni3Al alloys. In binary Ni3Al 

alloy, formation enthalpies of vacancy Hd (VaAl,VaNi) [8] 

are larger than the corresponding formation enthalpies of 

substitution Hd (NiAl, AlNi), signifying that the defects 

(NiAl, AlNi) forming by antisite-based substitution 

formalism exist in the Ni3Al alloys. As for the complexity 

of the point defects forming by the substitution formalism, 

they can be described by the energy change AlNi
ME  (M: Ti, 

Nb) [20], which is the index to explain the energy required 

to transfer the alloying atom from a Ni-site to a nearest-

neighbor Al site and computed with the following reaction 

equation: 

NiAlAlNi AlMAlM  . (4) 

And the energy change AlNi
ME   can be calculated in this 

reaction as follows: 

       824823823724
AlNi

M AlNiMAlNiAlAlNiMAlNi EEEEE   (5) 
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Table 1. Calculation results of average lattice parameter a (Å), formation enthalpies of alloys ΔHf (eV/atom) and formation enthalpies 

per defect Hd (eV/defect) 

Alloys Designation a, Å 
a(Å) 

[8] 
ΔHf, eV/atom ΔHf, eV/atom [8] Hd Hd [8] 

Ni3Al - 3.5772 3.5794 -0.451 -0.4558 - - 

Ni24Al7Va VaAl - - - -0.3462 - 3.4 

Ni24Al7Ni NiAl 3.5746 3.5732 -0.386 -0.3811 2.08 2.39 

Ni24Al7Ti TiAl 3.5824 3.5838 -0.462 -0.4674 -0.352 -0.37 

Ni24Al7Nb NbAl 3.5917 3.5903 -0.448 -0.453 0.096 0.09 

Ni23VaAl8 VaNi - - - -0.4148 - 1.31 

Ni23AlAl8 AlNi 3.6151 3.5881 -0.481 -0.4867 -0.96 -0.99 

Ni23TiAl8 TiNi 3.6215 3.5947 -0.469 -0.4788 -0.576 -0.74 

Ni23NbAl8 NbNi 3.6319 3.6043 -0.442 -0.4519 0.288 0.13 

 

The site preferences of elements are predicted in 

Ni3Al with the following criterion: 

0AlNi

ME , M atoms prefer to replace Al site; 

AlNi NiAl
AlNi

M HHE  , M atoms prefer to replace Ni sites; 

AlN NiiA
AlNi

M HHE  
l0 , M atoms may occupy both 

sites.  

From the Table 1, it can be found that the sum of 

formation enthalpy of antisite defects in Ni3Al is 1.12 eV. 

The calculation results are listed in Table 2, consisting of 

alloy elements, formation energy factor and corresponding 

site preferences. Moreover, energy change AlNi
M

E  are 

consistent with the values of other calculation [8] , and all 

energy change are negative, which means that M (Ti, Nb) 

replace Al sites in Ni3Al alloy. The result is also consistent 

with the other calculation [8, 22]. 

Table 2. AlNi
ME  value of alloy elements and corresponding site 

preferences 

Alloy elements AlNi
ME   AlNi

ME  [8] site preference 

Ti -0.74 -0.62 Al 

Nb -1.13 -1.03 Al 

3.2. Elastic properties of polycrystalline alloys 

According to the above study, alloying elements M 

(Ti, Nb) replace Al sites in Ni3Al alloys, and it is 

necessary to further study the effect of M on the elastic 

property of Ni3Al alloys, which is helpful for alloying 

design to strengthen Ni3Al alloy in theory. The elastic 

deformation of solid is characterized by a reversible strain 

as a response to the applied stress, and there is a linear 

relationship satisfied to Hooke’s law. For crystal, the force 

field and the ensuring deformation field have been 

specified in three dimensions, thus the Hooke’s law used 

for anisotropic crystal can be expressed in tensorial form: 

 C , (6) 

where the σ is the stress component applied to the crystal, 

ε is the corresponding deformation, C is the elastic 

constant with the dimension of force. Based on the Voigt’s 

theoretical analysis, for the cubic crystal, there is a high 

degree of symmetry, and the elastic constants matrix of 

Ni3Al can be expressed in the 6×6 symmetric matrix: 




























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55

44

333231

232221

131211

00000

00000

00000

000

000

000

1-

C

C

C

CCC

CCC

CCC

C 
, (7) 

where C11 = C22 = C33, C12 = C13 = C23, C44 = C55 = C66.  

After doping elements M (Ti, Nb), the symmetry of 

the cubic system for Ni3Al is likely broken, thus C11, C22 

and C33 no longer have the same value, as well as C12, C13, 

C23 and C44, C55, C66. Then the average elastic constants 

are taken into account instead of C11, C12 and C44, which 

have been deemed to be viable to study the elastic 

properties of alloyed Ni3Al at present situation [12]: 

  333221111 CCCC   

  323131212 CCCC  . (8) 

  366554444 CCCC   

The elastic constants are the basic parameters of solid, 

after which of Ni3Al single crystal are calculated by the 

linear elasticity approximation, some important elastic 

properties of Ni3Al polycrystalline alloys can be derived 

with Voigt-Reuss-Hill approximation [23], such as the 

bulk (B), shear (G) and young’s modulus (E), and which 

can be computed with the follow standard equations: 

  3C2CBB 1211RV   

  2BBB RVH   (9) 

  5C3CCG 441211V      
1

44

11

1211

5

3

5

4












 CCCGR

  

  2GGG RVH  ;  (10) 

HH

HH
H

G3B

G9B
E


  . (11) 

The calculated elastic properties of pure Ni3Al and 

Ni24Al7M are shown in the Table 3, including average 

elastic constants of Ni3Al single crystal, bulk modulus B, 

shear modulus G, Young’s modulus E and the bulk/shear 

modulus ratio (B/G) of Ni3Al polycrystalline alloys. All 

average elastic constants are in agreement with other 
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calculation values [8, 9] and experimental values [10, 24], 

meaning that the given computing models and parameters 

are reasonable. In fact, the elastic constants are applied to 

stability judgment for crystals sometimes, combining with 

the born stability criteria [25], Ni3Al, Ni24Al7Ti and 

Ni24Al7Nb are considered to be mechanically stable 

phases. From the Table 3, it is found that the bulk modulus 

B of Ni3Al alloy increases with the M (Ti, Nb) doping, 

and the B values of Ni3Al, Ni24Al7Ti and Ni24Al7Nb 

respectively are 181.5 GPa, 184.4 GPa, 187.1 GPa. While 

Ni24Al7Nb has the largest bulk modulus B, suggesting that 

the average bond strength of atoms for Ni24Al7Nb is the 

strongest in all alloys. The shear modulus G is more 

meaningful to resistance of dislocation motion than the 

bulk modulus B, and the shear modulus G of Ni3Al is 

81.13 GPa, with the M doping, the G of corresponding 

alloy Ni24Al7M is larger than Ni3Al, and the shear 

modulus G of Ni24Al7Nb is largest, meaning that the 

ability to resist plastic deformation of Ni24Al7Nb is better 

than others. Young’s modulus E can be used as the 

evaluation of the stiffness of solid. On the basis of fact 

that elements M (Ti, Nb) increases Young’s modulus of 

Ni3Al alloy, thus stiffness of Ni3Al alloy with M doping 

can be improved as well. 

Pugh [26] pointed out that the bulk/shear modulus 

ratio (B/G) could evaluate the brittleness/ ductility of alloy, 

while the ductility of alloy increased with the increase of 

ratios. The alloy possesses ductility when B/G value is 

larger than 1.75, otherwise, which possesses brittleness. 

As showed in Table 3, the ratio values of Ni3Al, Ni24Al7Ti 

and Ni24Al7Nb respectively are 2.24, 2.16 and 2.16, all of 

which are larger than 1.75, signifying that the Ni3Al, 

Ni24Al7Ti and Ni24Al7Nb polycrystalline alloys possess 

ductility. Moreover, the B/G values of Ni24Al7Ti is similar 

to Ni24Al7Nb, and all of which are smaller than Ni3Al, 

indicating that Ni24Al7Ti and Ni24Al7Nb polycrystalline 

alloys are more brittle than Ni3Al polycrystalline alloy.  

3.3. Electronic structure  

To understand the electronic structure of Ni3Al and 

Ni24Al7M, and elastic properties change of Ni3Al with M 

(Ti, Nb) doping, the supercell and the valence electrons 

(Al 3s2 3p1, Ni 3d8 4s2, Ti 3s2 3p6 3d2 4s2 and Nb 4s2 

4p6 4d4 5s1) are used to compute the total density of 

states (TDOS), partial density of states (PDOS), electron 

density difference and Mulliken population in Ni3Al alloys. 

Fig. 3 shows the density of states DOS (TDOS, PDOS) 

of Ni24Al8 (Ni3Al) and Ni24Al7M. The dotted line lied in 

zero-point energy represents the Fermi level (EF). Fig. 3 a 

shows that the valence band of the Ni24Al8 is distributed in 

the -10-0 eV region. The lower valence band between -10 

to -5 eV is mainly contributed by the Al-3s and Al-3p 

orbital, and the upper valence band between -5 to 0 eV is 

mainly contributed by the Al-3s orbital and Ni-3d orbital. 

The valence bands of the Ni3Al doped with the M (Ti, Nb) 

are showed in Fig. 3 b and c, which are divided into three 

regions, the lower valence band (from-53.5 to -57.5 eV), 

the middle valence band (from -30 to -35 eV), the upper 

valence band (from -10 to 0 eV). 

The lower valence band is contributed by the weakly 

interaction between M-s orbital and Ni-4s orbital, the 

middle valence band is contributed by the M-p (Ti-3p, Nb-

4p) orbital, and the upper valence band is contributed by 

the orbital hybridization between Al-3p orbital, Ni-3d 

orbital and M-d (Ti-3d, Nb-4d) orbital. As shown in 

Fig. 3, TDOS at Fermi level are not zero, meaning 

metallic-like behavior for Ni3Al, Ni24Al7Ti and Ni24Al7Nb. 

Moreover, the position of Fermi level in TDOS curve can 

be used to judge the structural stability of the compounds. 

Ni3Al, Ni24Al7Nb and Ni24Al7Ti are stable phases due to 

the Fermi level lies around the valley of TDOS. Fig. 4 

shows electron density difference of Ni24Al8 and Ni24Al7M 

along (110) plane. Electron density difference describes 

the direction and extent of electron transfer of atoms in 

Ni24Al8 and Ni24Al7M. The high electron density region 

(the deep color region) is correspond to core of the Ni, Al, 

Ti and Nb atoms, and the range of charge density values is 

-5×10-2~5×10-2 e/Å3 for Ni24Al8 and Ni24Al7M. The area 

of red stands for losing electrons and the area of blue 

stands for getting the electrons. The charges have 

transferred between the adjacent atoms of Ni-(Al, Nb and 

Ti), it means that the Ni-Al is covalent bond, as well as 

Ni-Nb and Ni-Ti. Even though there are no obvious 

charge transfers between adjacent atoms Al-Al and Ni-Ni, 

a large number of charges exist in the region between Al 

atoms and Ni atoms, meaning that covalent character 

exists in Al–Al and Ni-Ni bonds. Furthermore, after the 

Ni3Al doped with the transition elements M (Ti, Nb), as 

the Fig. 4 b and c showed, the charges transfer between 

adjacent atoms Ni-M are more than Ni-Al, indicating that 

the covalence of Ni-M is stronger than Ni-Al, and the 

covalence of Ni-Nb is most obvious in all adjacent atoms, 

so M (Ti, Nb) doping in Ni3Al alloy can increase their 

elasticity modulus and the Ni24Al7Nb has the biggest 

elasticity modulus. 

Table 3. The calculated elastic properties (GPa) of pure Ni3Al and Ni24Al7M 

Designation 11C  21C  44C  B G E B/G Ref 

Ni3Al 236.07 154.24 127.94 181.5 81.1 211.8 2.24 Cal 

 243.8 148.7 123.4 180.4 84.2 218.5 2.14 [8] 

 242.0 152.0 125.0 182.0 83.0 217.0 2.18 [9] 

 230±5 151±5 126±5 178±5 92 - - [10] 

 233.0 152.0 107.0 179.0 73.0 - - [24] 

Ni24Al7Ti 250.9 151.1 122.2 184.4 85.3 221.7 2.16 Cal 

 246.8 148.8 128 181.5 87.1 225.3 2.08 [8] 

Ni24Al7Nb 255.2 153 123.3 187.1 86.6 225.1 2.16 Cal 

 249.8 152.4 125.5 184.9 86 223.3 2.15 [8] 
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Fig. 3. The the density of states DOS (TDOS, PDOS) of Ni24Al8 and Ni24Al7M: a – DOS of Ni24Al8; b– DOS of Ni24Al7Ti; c– DOS of 

Ni24Al7Nb 

    

a b c  

Fig. 4. Electron density difference of Ni24Al8 and Ni24Al7M along(11 0) plane: a– Ni24Al8; b– Ni24Al7Ti; c– Ni24Al7Nb 

Table 4. Mulliken  population of Ni24Al8 and Ni24Al7M (using the arithmetic average values) 

phase Ions s p d Total Charge (e) 

Ni24Al8 
Al 3s-0.88 3p-1.87 0 2.75 +0.25 

Ni 4s-0.49 4p-0.83 3d-8.76 10.08 -0.08 

Ni24Al7Ti 

Al 3s-0.881 3p-1.88 0 2.76 +0.24 

Ti 3s,4s-2.37 3p-6.41 3d-2.6 11.39 +0.61 

Ni 4s-0.5 4p-0.835 3d-8.76 10.095 -0.095 

Ni24Al7Nb 

Al 3s-0.886 3p-1.884 0 2.77 +0.23 

Nb 4s,5s-2.47 4p-5.53 4d-3.91 11.91 +1.09 

Ni 4s-0.51 4p-0.835 3d-8.765 10.11 -0.11 

 
In addition, the shape of the electron density is petal 

around the Ni atom and the Ti atom, indicating that the 

shape electron density of Ti and Ni are more anisotropy 

than Nb and Al. 

In order to furtherly obtain distribution and transfer of 

the electrons among atoms, the average electron Mulliken 

population of Ni24Al8, Ni24Al7Ti and Ni24Al7Nb are 

calculated, as showed in the Table 4. The symbol (+) 

stands for losing charges and (-) stands for getting the 

charges, showing that the direction of charge transfer in 

adjacent atoms and different orbitals of the same atom. 

The bonds of adjacent atoms in the Ni24Al7Nb and 

Ni24Al7Ti are mainly contributed by the reaction of the Al-

3s, 3p electrons, Ni-3d electrons and M-d (Ti-3d, Nb-4d) 

electrons, which also is consistent with the results of the 

analysis of the electronic density states. Moreover, the 

electrons transfer is 0.25 e from the Al to Ni in Ni24Al8, 

after doping the M (Ti, Nb) in Ni24Al8, the charge of Al 

has few changed and the charges can transfer to Ni from 

M (Ti, Nb), which is 0.61e from the Ti to Ni in Ni24Al7Ti 

and 1.09e from the Nb to Ni in Ni24Al7Nb. Obviously, the 

Nb and Ti transfer more charges than Al and which of Nb 

transfer is the most, indicating that the covalence of Ni-Nb 

and Ni-Ti are stronger than Ni-Al and the covalence of Ni-

Nb is strongest, which is consistent with the analysis of 

electron density difference for Ni3Al and Ni24Al7M. 

4. CONCLUSIONS 

The site preferences and elastic properties of M (Ti, 

Nb) doping in Ni3Al are predicted and electronic structure 

are analyzed with CASTEP based on the first principles. It 

is found that lattice constants of Ni3Al get larger with 

doping M (Ti, Nb) due to which replaces Al sites. The 

bulk modulus B, shear modulus G and Young’s modulus 

E of Ni3Al polycrystalline alloy increase with M (Ti, Nb) 

doping and Ni24Al7Nb has the largest B (187.1 GPa), G 

(86.6 GPa) and E (225.1 GPa). The bulk/shear modulus 

ratios (B/G) of Ni3Al alloy decrease with M (Ti, Nb) 

doping, while B/G are larger than 1.75, it means that 

Ni3Al, Ni24Al7Nb and Ni24Al7Ti polycrystalline alloys 

possess ductility. Analysis of results of electronic structure 

shows that the main interaction between the Ni atoms and 

the Al atoms is covalence in the Ni3Al, after doping 

elements M (Ti, Nb) in Ni3Al, there is strong orbital 

hybridization between the Al-3p orbital, Ni-3d orbital and 

M-d (Ti-3d, Nb-4d) orbital. The Nb and Ti provide more 

charges to share with Ni than Al provides and which of Nb 
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provides is the most, indicating that there is a stronger 

covalent bond between Ni atom and M (Ti, Nb) atom than 

which between Al and Ni adjacent atoms, and covalent 

bond between Nb atom and Ni atom is the strongest. 
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