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Abstract: Based on the pseudo potential plane-wave method of density functional theory (DFT), Ti1−xNbxAl (x=0, 0.062 5, 0.083 3,
0.125, 0.250) crystals’ geometry structure, elastic constants, electronic structure and Mulliken populations were calculated, and the
effects of doping on the geometric structure, electronic structure and bond strength were systematically analyzed. The results show
that the influence of Nb on the geometric structure is little in terms of the plasticity, and with the increase of Nb content, the covalent
bond strength remarkably reduces, and Ti-Al, Nb-M (M=Ti, Al) and other hybrid bonds enhance; meanwhile, the peak district
increases and the pseudo-energy gap first decreases and then increases, the overall band structure narrows, the covalent bond and
direction of bonds reduce. The population analysis also shows that the results are consistent with the electronic structure analysis.
The density of states of TiAlNb shows that Nb doping can enhance the activity of Al and benefit the form of Al2O3 film. All the
calculations reveal that the room temperature plasticity and the antioxidation properties of the compounds can be improved with the
Nb content of 8.33%−12.5% (mole fraction).
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1 Introduction
TiAl-based alloy, especially the TiAl intermetallic
compound, is considered to be one of the most promising
heat-resistant structural materials in the space of light
aircraft engines and automotive components because of
its low density, high specific strength and elastic
modulus, and good creep resistance [1−2]. However, the
weak high temperature oxidation resistance and room
temperature plasticity of the compound are the major
drawbacks for its wider application.
Previous studies show that alloying is an effective
method to improve the oxidation resistance and room
temperature plasticity of TiAl [3]. DONCHEV et al [4]
found that TiAl alloy’s high-temperature oxidation
resistance can be enhanced by handling of halogen (F, Cl,
Br and I). JIANG et al [5] reported that Si and Nb can
improve its high temperature oxidation, too. TEM
observations [6] of the oxidation of Nb-ion-implanted
TiAl indicated that the implantation of Nb is effective to
generate very fine Al2O3 scales grains at 1 200 K, which
improves the oxidation resistance of TiAl. Through the
research on the influence of the content of the doping
atom, LIN et al [7] found that a high content of Nb can
make TiAl compound have a good high temperature

oxidation resistance. Studies showed that Mn [8], V [9],
Cr+Nb [10] can also improve the TiAl alloy’s
low-temperature plasticity. However, some of the
researched elements to enhance ductility can reduce the
oxidation, such as Y, Cr and Mn [11]. And research on
the comprehensive impacts on the elements is still
lacking [12].
Many papers based on the theoretical calculation of
TiAl and TiAlNb have been published [13−16].WU et al
[13] employed the first-principle method to study the
effect of Nb on the bonding characteristics of TiAl
intermetallic compound with the emphasis on the
electronic interactions between Ti (Al) and O atoms.
Phase interface in multiphase Ti3Al-based alloys [14]
was analyzed by improved Thomas-Fermi-Dirac (TFD)
theory, which calculated and analyzed the preliminary
interpretation of the phase interface electronic structure
and bonding of the micro-impact toughness of alloy from
the level of electronic structure. DANG et al [15]
studied the site substitution behavior of the 4d transition
elements and the alloying effect of Nb and Mo by using
the first-principle discrete variational (DV) and Dmol3
method, and found that Nb and Mo gave rise to strong
interaction and charge transfer with the neighboring host
atoms of TiAl, resulting in a strong solution
strengthening effect.
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LI and LIU [16] calculated electronic structure of
Ti3Al with Nb doped. The result indicated that
Ti3Al-based alloys with the addition of macro-alloyed
Nb cause a partly disordered α2 phase, incorporating the
toughening phase while weakening the Ti-Ti covalent
bond, which increases α (uniform deforming factor) and
Gc (cleave energy) and thus the embrittlement of
Ti3Al-based alloys as well as TiAl, is basically improved
[17].
All these researches are based on a specified content
of Nb doped and give an ordinary conclusion about the
electronic band and structure, the influence of the Nb
content is neglected, except that LIU et al [18] studied
the effect of large range Be addition (0−20.83% Be, mole
fraction) on the lattice distortion and dislocation mobility
in TiAl by DFT calculations. Particularly, the systematic
research of plasticity and oxidation mechanism by Nb
doping with changing content on the TiAl intermetallic
compound is still lacking [19].
In this work, Ti1−xNbxAl (x=0, 0.062 5, 0.083 3,
0.125, 0.250) crystal structures are relaxed, and their
elastic moduli and electronic structures are calculated.
The change of the TiAlNb ternary intermetallic
compounds’ bonding by doping Nb is discussed, and the
influences on the high-temperature oxidation resistance
and plasticity are systematically analyzed.

2 Calculations
2.1 Models and parameters
γ-TiAl belongs to the Berthollide type intermetallic
compounds, which can keep in an ordered state at any
temperature by solid state. It consists of Ti and Al atoms
that alternate in (002) surface, and its lattice constants in
[100] and [010] direction are different from those in [001]
direction, for its structure belongs to face-centered cubic
crystal. The crystal’s parameters, which belong to space
group 123 (P4/MMM) [20], are as follows: a= 4.046 5×
10−10 m, b=4.046 5×10−10 m, c=4.095 0×10−10 m, and
α=β=γ=90˚. The crystal structure is shown in Fig.1 (the
white balls represent Ti, the gray balls represent Al, and
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the black balls represent Nb).
Theoretical and experimental results show that Nb
in γ-TiAl tends to occupy the Ti site [21−22] and
generate a new ternary intermetallic compound [23]
easily. So in this work, the supercells of Ti1−xNbxAl are
built (x=0, 0.062 5, 0.083 3, 0.125, 0.250) and the cell
structures are shown in Fig.1.
All calculations are based on pseudo-potential plane
wave method of density functional theory (DFT). BFGS
(Broyden-Fcetcher-Goldfarb-Shanne) algorithm is used
to relax the crystal structures, and the exchangecorrelation contribution is described within the
generalized gradient approximation (GGA) proposed by
PERDEW et al (PW91) [24]. The Vanderbilt ultra-soft
pseudo-potential is used to describe the ion-solid
interaction with the valence electrons. The valence
electron of Al is 3s23p1, while that of Ti and Nb is 4s23d2
and 4d45s1, respectively. Kohn-shan orbits are expanded
with plane wave and the cut-off energy (Ecut) is set to
280 eV, the self-consistent calculation accuracy is set to
1.0×10−5 eV/atom, and the K-point in Brillouin zone is
set to 5×5×5 by using Monkhorst-Pack form.
2.2 Geometric parameters and elastic constants
The lattice constants and mechanical constants of
Ti1−xNbxAl after optimization are shown in Table 1. From
Table 1, it can be seen that the average volume of cell
increases with the increase of Nb content, but the axial
ratio (c/a) tends to decrease.
Because the anisotropy caused by axial ratio is
related to the dislocation motion in crystal, the decrease
of the lattice axial ratio can improve the plasticity of
TiAl [8]. As shown in Fig.2(a), c/a decreases overall with
the increase of Nb content. It is known that lower c/a can
reduce the anisotropy of crystals, which is helpful for the
plastic deformation. So, it seems that Nb is beneficial to
improving the plasticity of the alloys. However, in a
certain range, the average volume of cell becomes larger
by the increase of Nb content (Fig.2(b)). γ-TiAl phase
has 60%−70% of the metal bond and 30%−40% covalent
bond [25]. The larger cell volume will reduce the bond

Fig.1 Crystal structures of compounds: (a) TiAl; (b) TiAl2Nb; (c) Ti7Al8Nb
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Table 1 Geometric parameters (a, c), bulk modules (B) and elastic modules (E) of crystal after optimization
x

a/

c/

−10

−10

10

m

10

m

c/a

Average volume of
cell/10−30 m3

B/GPa

E/GPa
Ex

Ey

Ez

0

3.969 2

4.084 1

1.028 9

64.342

106.08

97.40

—

78.28

0.062 5

3.978 1

4.079 2

1.025 4

64.483

110.41

50.65

60.83

104.38

0.083 3

3.965 0

4.071 8

1.026 9

64.492

106.90

79.89

89.92

102.76

0.125

3.986 6

4.081 7

1.023 8

64.668

113.81

108.20

90.07

127.67

0.250

3.976 0

4.059 7

1.021 0

64.178

132.08

81.78

—

156.99

Fig.2 Curves of parameters at different Nb contents: (a) Axis ratio (c/a); (b) Average cell volume; (c) Bulk modulus; (d) Elastic
modulus along each axis

strength of fracture strength and the plastic deformation
will be reduced. Thus, the geometry changed by Nb
doping is not the main reason for TiAlNb’s plasticity.
Figs.2(c) and (d) show the curves of bulk modulus
B and elastic modulus with each axis (Ex, Ey, Ez). The
bulk modulus B significantly increases with the increase
of Nb doping content, which indicates that the strength
of the system increases, as well as Ez; but Ex and Ey show
concussion-typed changes. It can be seen that when the
Nb content is below 6.25% (mole fraction), Ex and Ey are
significantly decrease, while Ez increases, which means
that the mechanical anisotropy can be reduced. When the
Nb content is about 1.72%, the three basic components
of elastic modulus are equal. With the increase of Nb
content, the gap between the elastic modulus of three

components becomes larger and the maximum appears in
6.25% of Nb content, then the three components tend to
converge. When the Nb doping content is above 15%, Ex
and Ey show a decreasing trend, while Ez continues to
increase, which causes the significantly promoted
anisotropy. Overall, its mechanics anisotropy shows
oscillating changes with the increase of Nb content.
Thus, the doping of Nb improves the strength of the
compound and changes the bond strength in different
directions, which directly influences the dislocation and
pinning. Geometric analysis shows that, when the Nb
content is 1.72% or 8.33%−12.5%, the ternary
intermetallic compounds tend to be isotropic and have
better plasticity, and the other proportion of Nb content
will result in the opposite effect.
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3 Results and discussion
3.1 Density of states (DOS) of TiAlNb
The metal bond can enhance the ductility and
plasticity, while the covalent bond can produce inhibition
of plasticity because of its fixed direction and great
strength of bond, so the changes of the system’s covalent
with the Nb joining are particularly analyzed. Figs.3−7
show the DOS of Ti1−xNbxAl. Because the DOS
distribution near the Fermi level determines the
properties, attention is especially paid to the DOS in the
vicinity of the Fermi level, which is set to zero. The
Fermi level corresponds to the vertical dash-dot line.
Fig.3 shows the total DOS (TDOS) and partial DOS
(PDOS) for TiAl compound. The TDOS has a strong
symmetry by the Fermi level: in the vicinity of the Fermi
level, the DOS is mainly provided by the Ti 3d orbital,
with a little Al 3p orbital, such as the peaks at −0.5 eV
and 2.0 eV, which consist of Ti 3d-Ti 3d bonds; when it
is slightly away from the Fermi level, it is mainly
provided by the hybrid bonds consisting of Ti 3d and
Al 3p, such as the peaks at −2.5 eV and 3.8 eV; and in
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the farther area (＜−2.5 eV or ＞5 eV) of the Fermi
level, the DOS is mainly provided by the Al 3p orbital,
with a little hybrid bonds by Ti 3d and Al 3p electrons.
Figs.4−7 show the TDOS for Ti1−xNbxAl (x=
0.062 5, 0.083 3, 0.125) and PDOS for s-, p- and delectrons of them. The above analysis is similar to the
DOS for Ti1−xNbxAl. In the vicinity of the Fermi level, it
is noted that the DOS is mainly provided by the Ti 3d
and Nb 4d orbital, the bonds change from Ti 3d-Ti 3d to
Ti 3d-Ti 3d and Ti 3d-Nb 4d hybrid bonds, and the Fermi
level located in the left peak of the pseudo-energy gap
and the Fermi value is reduced gradually with the
increase of Nb content. When it is slightly away from the
Fermi level, the bonds change from Ti 3d-Al 3p to Ti
3d-Al 3p and Al 3p-Nb 4d hybrid bonds. And the hybrid
bonds of Al 3p-Nb 4d increase in the low energy-level
area of the Fermi level.
The present calculation shows that the Nb doping
significantly inhibits the Al—Al covalent bond in the
high energy-level area ( ＞ 5 eV) and the energy
broadening becomes narrower distinctly than that of the
compound without Nb doping.
Particularly, for Al atom(Fig.3(c)), the DOS is

Fig.3 Total and partial DOS for TiAl: (a) DOS of TiAl; (b) DOS of Ti in TiAl; (c) DOS of Al in TiAl
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Fig.4 Total and partial DOS for Ti7Al8Nb: (a) DOS of Ti7Al8Nb; (b) DOS of Ti in Ti7Al8Nb; (c) DOS of Al in Ti7Al8Nb; (d) DOS of
Nb in Ti7Al8Nb

Fig.5 Total and partial DOS for Ti5Al6Nb: (a) DOS of Ti5Al6Nb; (b) DOS of Ti in Ti5Al6Nb; (c) DOS of Al in Ti5Al6Nb; (d) DOS of
Nb in Ti5Al6Nb
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Fig.6 Total and partial DOS for Ti3Al4Nb: (a) DOS of Ti3Al4Nb; (b) DOS of Ti in Ti3Al4Nb; (c) DOS of Al in Ti3Al4Nb; (d) DOS of
Nb in Ti3Al4Nb

Fig.7 Total and partial DOS for TiAl2Nb: (a) DOS of TiAl2Nb; (b) DOS of Ti in TiAl2Nb; (c) DOS of Al in TiAl2Nb; (d) DOS of Nb
in TiAl2Nb
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mainly provided by the Al 3p orbital in the vicinity of the
Fermi level of TiAl cell, then, s- and p- orbital co-exist in
the low energy-level area (≤−2.5 eV) and high energylevel area (＞2.5 eV). After Nb is doped (e.g. Fig.4(c)),
the PDOS of Al is obviously changed that s- and pelectrons are substantially reduced in the high energy
level area.
3.2 Band structure of TiAlNb
Figs.8−12 show the band structures of Ti1−xNbxAl,
which offer an intuitive observation of the band change.
It is noted that the difference between the upper part
and the lower part of Fermi level is not significant
without Nb doing (Fig.8) and a great content of Nb
doping (Fig.12), reveals a clearly parabolic-type curve,
which typically indicates that the system has covalent
bond components and exhibits strong covalent.
Meanwhile, in the other doping conditions, such as
Figs.9−11, the energy bands are continuous and intensive
across the Fermi level, which shows a strong metallic
nature.
It can also be seen that, the energy band with Nb
doping is clearly narrower than that without Nb doping,
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much smaller, which indicates that Nb doping increases
in particular the fluctuations of conduction band (CB) are
the effective mass of the electrons, reduces the non-local
degree, and weakens the expansion of atomic orbital, and
the covalent degree.
From the DOS calculation we know that the
conduction band is mainly composed of Al—Al bond.
Thereby, it can be concluded that the Nb doping inhibits
the p-valence electrons of Al atom.

Fig.10 Energy band structure for Ti5Al6Nb

Fig.8 Energy band structure for TiAl

Fig.11 Energy band structure for Ti3Al4Nb

Fig.9 Energy band structure for Ti7Al8Nb

Fig.12 Energy band structure for TiAl2Nb
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3.3 Impact on property
According to the calculations, it is learned that with
the increase of Nb content, the hybrid bond becomes
more complex. Despite the decrease in the peak near the
Fermi level, the peak area increases, so as to enhance the
bonding strength. With a little Nb doping, Nb in the site
of Ti inhibits the Al — Al covalent bond, so the
pseudo-energy gap is reduced, which demonstrates the
reduction of the system’s covalent (Fig.4). And then,
when the Nb content reaches a certain level (e.g. more
than 25%, see Fig.7) as a main component, the Al—Al
covalent bond can be strengthened to enhance the
binding energy and the ordered energy of the system [26],
which may promote the system’s covalent.
Therefore, it is believed that in the initial period of
doping, Nb plays a role in inhibiting Al—Al covalent
bond. The hybrid bond (Ti 3d-Nb 4d and Al 3p-Nb 4d)
enhances the strength of the system and reduces the
anisotropy of the bonding in order to improve the
plasticity of the system. When the Nb content is
increased to 25% or more, the bonding of system
changes enormously by the formation of a new phase and
Nb begins to play a role in enhancing the Al—Al
covalent bond, so the covalent of the system improves,
and the plasticity is deteriorated.
On the other hand, since the free energies of the
formation of TiO2 and Al2O3 are very close, it is always
easy to generate a mixture of TiO2 and Al2O3 on the
surface, which destroys the dense oxide layer by Al2O3
[27]. Thus, the key factor to improve the oxidation
behavior of the ternary intermetallic compound is to
enhance the activity of Al and inhibit oxidation of Ti.
By comparing electronic structure of Al before and
after doping (Fig.3(c) and Fig.4(c)), it is noted that Al selectrons are scattered in the energy levels of −2.5−
−10.0 eV and 2.5−10.0 eV before Nb is doped. After Nb
is added, the peak below the Fermi level moves closer to
the Fermi surface, respectively, from −2.5 eV, −5.5 eV
and −7.0 eV to −1.5−−2.0 eV, −4.5 eV and −5.0−−3.0 eV,
and forms several peak districts. The changes indicate
that Nb doping enhances the density of s- and pelectrons of Al in the vicinity of the Fermi level, which
increases their interactions and is helpful for the
interaction of Al and O atoms, as well as the formation of
Al2O3-oxide-film.

Fig.3(b) and Fig.4(b) show the electronic structures
of Ti. The peak decreases significantly in the vicinity of
the Fermi level, and the value of the Fermi level EF
becomes slightly lower with the Nb doping, which
indicates that the electrons in the vicinity of Fermi level
are less and the reaction activity is slowed. But, there is
no evidence that the change of Nb content can take great
changes for the antioxidation properties of the
compounds. The conclusion is consistent with the
experimental and theoretical analysis [12−13].
3.4 Mulliken populations
The calculated Mulliken populations of the systems
are given in Table 2, which can be used to analyze the
bonding strength.
When Nb is not added, the Al—Al covalent bond is
the strongest bond in TiAl compounds, and the Ti—Al
hybrid bond is the weakest one, in which the bond
strength of Al—Al and Ti—Ti is about 437.9% and
272.4% of that of Ti—Al hybrid bond. So, the bonds
create a greater anisotropy, which is the reason for its
poor room temperature plasticity. With Nb doped in the
site of Ti, the Ti—Ti bond and the Al—Al covalent bond
are conspicuously reduced, which is easy to activate the
dislocation and reduce the stacking fault energy to induce
the twinned crystal; meanwhile, the hybrid bond
including Al — Ti strength is enhanced, so does the
strength of the system.
In this work, the average level of bonding strength
is described by the data of standard deviation. The
present calculation shows that the standard deviation is
the smallest when the Nb content is 6.25% to 12.5%,
which is in agreement with the conclusion by DOS and
bonding analysis.

4 Conclusions
(1) Mechanical parameter shows that the Nb content
is an element that impacts the anisotropy. When the Nb
content is about 1.72% or 8.33%, the three basic
components of elastic modulus are close or even equal.
Geometric analysis also indicates that the anisotropy and
plasticity of the ternary compounds may be better when
the Nb content is 8.33%−12.5%.
(2) Nb doping in the site of Ti causes a strong

Table 2 Mulliken population of systems
Alloy

Ti—Ti

Al—Al

Al—Ti

Ti—Nb

Al—Nb

Standard deviation

TiAl

−0.79

1.27

0.29

—

—

0.49

Ti7Al8Nb

−0.18

0.34

0.46

−0.35

0.43

0.10

Ti5Al6Nb

−0.42

0.67

0.85

−0.79

0.85

0.18

Ti3Al4Nb

−0.51

0.69

0.88

−0.82

0.84

0.15

TiAl2Nb

—

1.56

0.54

−3.96

−0.12

1.72
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hybrid bond. When Nb is doped, the main bonds in the
vicinity of the Fermi level change from Ti—Ti to Ti—Ti
and Ti 3d-Nb 4d hybrid bond; the main bonds in the
slightly away from the Fermi level change from Ti 3dAl 3p to Ti 3d-Al 3p and Al 3p-Nb 4d hybrid bonds;
Al 3p-Nb4 hybrid bonds increase greatly in the low
energy-level district and Al—Al covalent bond in high
energy-level district is inhibited. All these changes of
bonds reduce the anisotropy of the TiAlNb ternary
compounds. Mulliken populations show that Ti—Ti and
Al—Al band strength declines and Ti—Al hybrid bond
strength increases. And the calculated standard deviation
of the bond strength is very small when the content of Nb
doping is 6.25%−12.5%.
(3) An analysis of the DOS and PDOS for TiAlNb
reveals that, Nb not only reduces the electron density of
Ti atom near Fermi energy level, but also enhances the
interactions between Al (s) electrons and O (p) electrons.
When the Nb content is 8.33%−12.5%, TiAlNb ternary
compounds have better plasticity and oxidation behavior
than TiAl compounds. However, the phase
transformation by high temperature and high Nb content
need further research.
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