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Energetics and electronic structure of refractory
elements in the dislocation of NiAl*
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Using DMol and the discrete variational method within the framework of the density functional theory, we study
the alloying effects of Nb, Ti, and V in the [100] (010) edge dislocation core of NiAl. We find that when Nb (Ti, V) is
substituted for Al in the center-Al, the binding energy of the system reduces 3.00 eV (2.98 eV, 2.66 eV). When Nb (Ti,
V) is substituted for Ni in the center-Ni, the binding energy of the system reduces only 0.47 eV (0.16 eV, 0.09 eV). This
shows that Nb (Ti, V) exhibits a strong Al site preference, which agrees with the experimental and other theoretical

results. The analyses of the charge distribution, the interatomic energy and the partial density of states show that

some charge accumulations appear between the impurity atom and Ni atoms, and the strong bonding states are formed

between impurity atom and neighbouring host atoms due mainly to the hybridization of 4d5s(3d4s) orbitals of impurity

atoms and 3d4sdp orbitals of host Ni atoms. The impurity induces a strong pinning effect on the [100] (010) edge

dislocation motion in NiAl, which is related to the mechanical properties of the NiAl alloy.
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1. Introduction

Mechanical properties of the intermetallic com-
pound NiAl such as high strength, good corrosion re-
sistance and high melting temperature are of great
interest due to its application in the aerospace in-
dustry. However, the weak high temperature creep
resistance and room temperature brittleness are well
known as two principal problems which restrict its
wide applications. Consequently, improving its duc-
tility has been tried using many techniques and of
these, microalloying seems to be the most promising
approach.l! Some investigations>~®! have shown sig-
nificant improvement on the fracture toughness and
creep resistance of NiAl/X eutectic composite with re-
fractory metal reinforcement. However, the mechani-
cal properties of the material are influenced by many
factors such as impurity content and constitutional
defects. It is well known that the brittleness in NiAl-
based material has been attributed to the lack of suf-
ficient independent slip systems. The a[100] deforma-
tion mode results in only three independent slip sys-
tems, and consequently, the room temperature tensile
ductility of NiAl is almost nil.[!l Takasugi et al.[”) re-
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ported on unexpected high elongations (100%-350%)
of NiAl single crystals at intermediate temperature
It was found that the defor-
mation mechanism of this phenomenon is the harden-

and soft orientations.

ing from forest dislocations with thermally activated
cross-slip events.[8=1 Pollock et al.'? also found that
NiAl deforms by glide of [100] dislocations. Therefore,
the nature of elementary impurity-dislocation interac-
tion is one of the key questions in the physics of the
strength and plasticity of solid solution.

Although the impurity—dislocation interaction de-
pends on many factors and according to the prevailing
point of view, the size misfit between the impurity and
host atoms appears to make the main contribution in
the majority of alloys. On the other hand, there are
a number of cases where the electronic structure of
the impurity plays a more important role than the
size misfit. The mechanical properties of a NiAl com-
pound depend crucially on the microalloying addition.
Firstly, an alloying atom locally changes the electronic
structure and bonding characteristics of the com-
pound. This, in turn, can influence the energy char-
acteristics determining the fracture behaviour and the
dislocation mobility."3] Kontsevoi et al.l'* calculated
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the local densities of states and energy of NiAl with
a[100] (010) edge dislocation and transition-metal im-
purities (Ti, V) using the real-space tight-binding lin-
ear muffin-tin orbital method. The localized electronic
states, appearing in the core of the dislocation, are
found to lead to strong impurity-dislocation interac-
tion via two mechanisms: firstly, chemical locking, due
to strong hybridization between impurity electronic
states and dislocation localized states; secondly, elec-
trostatic locking, due to long-range charge oscillations
caused by the electron localization in the dislocation
core. The results obtained explain qualitatively why
the solid-solution hardening effect in NiAl correlates
with the electronic structure of impurities rather than
with size misfit. Recently, Chen and Yul'®! investi-
gated the boron-dislocation interaction in NiAl. The
results show that B forms strong bonding states with
its neighbouring host atoms, so it can be expected that
the strength of NiAl may be increased.

To our knowledge, there is a lack of studies on
the interaction between dislocation and impurity in
the NiAl alloy at an electronic level. Kontsevoi et
al.' calculated only the local densities of states and
energy of NiAl with «[100] (010) edge dislocation
and transition-metal impurities (Ti, V). On the other
hand, we also intend to understand the effect of 4d
metal impurity on the edge dislocation of NiAl. There-
fore, in the present work, we investigate the effects of
impurities (Nb, Ti, and V) on the electronic struc-
ture of [100] (010) edge dislocation in NiAl (We select
the [100] (010) edge dislocation, because almost all
of the dislocations in NiAl have Burgers vectors with
b = (100), and most of the dislocations are on the edge
[16’17]), and calculate the impurity segregation energy,
the interatomic energy, the charge density, and the
density of states. First, we perform structure opti-
mization of the [100] (010) edge dislocation core with
impurities using the DMol'8:1% method. Then, the
electronic structures of the dislocation core with and
without impurities are calculated, respectively, by the
discrete variational method (DVM).[20:21]

2. Method and model

In the DMol method, the energy gradient for each
atom can be calculated conveniently, and the desired
equilibrium atomic structure and the total energy of
the ground state can be obtained by relaxing the atom
until the forces acting on the atom become zero. It is
convenient to use the cluster model for exploring the

site distortion and electronic properties of the local
defect system. The cluster model used in the DMol
calculation is generated from the atomic configuration
obtained by a molecular dynamics relaxation!'?! with
Voter-Chen-type potential.[*?l The molecular dynam-
ics method is widely used in the static and dynamic
simulation of material structure and property.[23—2°
Figure 1 shows the cluster model for [100] (010) edge
dislocation. The atoms denoted by solid and open
circles construct alternate (001) crystal planes (de-
noted as A and B, respectively) and are stacked con-
secutively. Because the atoms in A plane are either
Ni atoms or Al atoms, two different dislocation core
(DC) centres are formed, and these will be referred to
as centre-Ni and centre-Al, respectively. The models
of centre-Ni and centre-Al have AINiAINiAINiAl and
NiAINiAINiAINi stacking sequences along the [001] di-
rection, respectively, with a total of 209 atoms. Con-
sidering the impurity site preference and symmetry of
model, the impurity Nb (Ti and V) is placed at the
position labeled 1 (see Fig. 1), substituted for the cor-
responding Al atom in the centre-Al and Ni atom in
the centre-Ni, respectively. Then we performed the
structure optimization for [100] (010) edge dislocation
with impurity Nb (Ti, V) by using DMol.
the optimization, the impurity atom Nb (Ti, V) and

During

the neighbouring atoms (all the atoms labeled by the
numerals in Fig. 1) are fully relaxed. The relaxation
The
optimized geometry structure is obtained within the
tolerances of 0.0001 Ry/a.u and 0.00005 for the gradi-
ent convergence and the electron density convergence,

results in a configuration with Cy, symmetry.

respectively.

[010] direction
°

[100] direction
Fig. 1. Atomic model of the [100] (010) edge DC in NiAl.
Atoms denoted by solid circles and open circles construct
two adjacent planes (plane A and plane B, respectively)
in the stacking sequence along [001].

We employ the first-principles DVM based on
density functional theory and local density approx-
imation to calculate the electronic structure of the
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dislocation core in NiAl. This method has been suc-
cessfully used to study electronic structures of metals,
alloys, and intermetallic compounds.[26-27] The molec-
ular orbitals are expressed as a linear combination of
atomic orbitals, and the single site basis set with the
frozen core mode is used in the atomic orbitals. The
Coulomb potential is calculated in the self-consistent
charge approximation, and the exchange—correlation
potential takes von Barth and Hedin type.[*s! In the
computation, the convergence is accepted if the root-
mean-square of all atomic orbital populations differs
by less than 10~° between two successive iterations.

3. Results and discussion

3.1. Energy analysis

We introduce the impurity segregation energy
(Eseg) to discuss the energy change caused by Nb (Ti,
V). Egeg is defined as(?]

EdOP _ [rclean
Eseg - %, (1)

where EgOp and E{® are the binding energies of the
impurity-doped system and the clean system, respec-
tively. N is the total number of impurity atoms in the
impurity-doped system. Using the DMol method, we
calculate the binding energy Ey, and impurity segrega-
tion energies Egey of Nb, Ti, and V in the [100] (010)
edge dislocation of NiAl for two models of centre-Ni
and centre-Al, respectively. The calculated results are
listed in Table 1. Apparently, the doped DC system
displays a low binding energy compared with the clean
DC system. It suggests that the doped DC systems
are more stable than the clean DC system. The Fgeq
in the centre-Al is much lower than that in the centre-
Ni, indicating that the impurity Nb (Ti, V) prefers
to occupy the centre-Al DC rather than the centre-Ni
DC. That is, the Nb (Ti and V) impurity occupys the
Al sublattice in NiAl. The result is in agreement with
the results of previous experimental %31 and theo-
retical calculations.*32 In fact, the atomic radii of
Nb, Ti, and V are very close to that of Al, but quite

different from that of Ni (the atomic radii of Nb, Ti,
V, Al, and Ni are 1.47 A, 1.47 A, 1.36 A, 1.43 A, and
1.25 A, 1 A= 0.1 nm respectively). Therefore, from
the point of view of atomic size, Nb, Ti, and V would
prefer to occupy an Al site, and not induce a severe lo-
cal lattice distortion in the [100] (010) edge dislocation
of NiAl. We calculate only the electronic structures of
the centre-Al DC with and without impurity Nb (Ti,
V). In addition, the impurity segregation energies of
the three elements (Nb, Ti, V) are different, in the
increasing order Nb<Ti<V. It is thus evident that Nb
and T1i are energetically more favourable to the stabi-
lization of the system of NiAl than V. The trapping
effect of the dislocation core on impurities will poten-
tially influence the dislocation mobility, as a result,
which will affect the macroscopic properties of NiAl.

The interatomic energy (IE) is a measurement of
the interaction between two atoms. For the [-th and
m-th atoms, it is derived asl[33-34]

B = Z Z N”a:;alanﬁmHﬁmala (2)

n  af

where N, is the occupation number for molecular or-
bital ¥n, Gnat = (Gar (r) [0 (7)), and Hgmar is the
Hamiltonian matrix element connecting the atomic or-
bital 8 of atom m and the atomic orbital o of atom
[. Since the IE is related to the Hamiltonian matrix
element, it can be used to estimate the bonding capa-
bility of the two atoms. Usually, a negative number
with a large absolute value means a strong interatomic
interaction. Table 2 presents the IEs of some interest-
ing atomic pairs for the doped DC system and the
clean DC system. In order to show the effect of the
alloying addition clearly, the changes of IEs induced
by the substitution of an impurity atom for Al are also
presented.

From Table 2 it can be found that the IEs between
the impurity atom and its neighboring host atoms are
strongly increased except for the Nb1-Al3 atomic pair,
which means that the impurity atom substitution can
enhance the bonding between atoms compared with
the clean DC system. Table 2 also shows that the
bond strengths between the host atoms increase in the

Table 1. Values of binding energy (E},) and impurity segregation energy (FEseg) (in €V) in the DC system.

Center-Ni DC

Certer-Al DC

Energy
Clean Nb-doped  Ti-doped  V-doped Clean Nb-doped  Ti-doped  V-doped
Ey —714.98 —715.45 —715.14 —715.07 —668.59 —671.59 —671.57 —671.25
Eseg -0.47 -0.16 -0.09 -3.00 -2.98 —2.66

087102-3



Chin. Phys. B Vol. 21, No. 8 (2012) 087102

Table 2. Interatomic energies (in eV) for selected atomic pairs in the dislocation core with and without impurities.
AFENL,, AET;, and AEy are obtained by subtracting the IE in the clean DC from the IE in the doping DC,
respectively. Atom 1 denotes an Al atom in the clean DC and impurity atoms (Nb, Ti, V) in the doping DC,

respectively. The Arabic numbers correspond to those in Fig. 1.

Atomic pairs Clean IE Nb-doped TE AFENY Ti-doped IE AFEm; V-doped 1E AFE~
Atom1-Ni6 -1.35 -1.65 —-0.30 -1.54 -0.19 -1.66 -0.31
Atom1-Nil0 -1.03 -1.43 -0.40 -1.70 -0.67 -1.68 —0.65
Atom1-Al3 -0.71 —0.66 0.05 -0.75 -0.04 -0.97 —0.26
Atom1-Al12 0.02 -0.09 -0.11 -0.27 -0.29 -0.14 -0.16
Al3-Al4 -1.50 —2.07 -0.57 -1.90 -0.40 -1.92 -0.42
Ni6-Ni9 -0.70 —0.86 -0.16 —0.80 -0.10 —0.78 -0.08
Nil0-Nill -0.93 —-1.08 —0.15 -1.00 -0.07 -1.09 -0.16

doping impurity systems. In particular, the inter-
actions between the impurity atom and the nearest-
neighbouring host atoms (Ni6, Nil0) are much
stronger than those between the All atom and corre-
sponding host atoms in the clean DC. This shows that
the impurity atoms form strong bonds with the adja-
cent host atoms. Therefore, the motion of DC with
the impurity atom is harder than that of a clean dis-
location line. That is, the impurity atom can greatly
enhance the interaction between the atoms in the DC.
This mechanism will contribute strongly to the solid-
solution hardening. In addition, the interactions be-
tween the atoms in the DC are different for three
The IEs between the V1

atom and its adjacent host atoms are strongest, Nbl

doping impurity systems.

weakest and Til medium. However, the IEs between
the host atoms are strongest in the Nb-doped system,
weakest in the Ti-doped system, and medium in the

V-doped system.

3.2. Charge distribution

In order to gain further insight into the physi-
cal origin of the influence of alloying atoms on the
mechanical properties of NiAl, we draw the charge
density difference of the doping impurity DC systems.
The charge density difference is defined as follows:

Apimp = [P (dissub) — Pfree (dissub)]
- [p (disclean) — Pfree (disclean)] B

(3)

where p (disgup) and pree (dissup) are the charge den-
sities of the bonding atom system and the free atom
system for the impurity substituted dislocation sys-
tem (disgyp), while p (diSciean) and peree (diSciean) are
the charge densities of the bonding atom system and
the free atom system for the clean dislocation system
(diSciean ), respectively. We will refer to Apym, as the

in the (001)

plane containing impurity atom Nb (Ti, V) is shown

impurity-induced charge density. Apimp

in Fig. 2. Figure 3 shows Apiyp in the (100) plane
which contains the impurity atom Nb (Ti, V).

[010]

[010]

[010]

[100]
Fig. 2. Charge density difference of doped DC for the

central plane A. The contour spacing is 0.002e/(a.u)3.

Solid (dashed) lines mean a gain (loss) of charge: (a) the
Nb-doped DC; (b) the Ti-doped DC; (c¢) the V-doped DC.
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[001]

[001]

[001]

[010]
Fig. 3. The charge density difference in the (100) plane

containing the impurity atom. The contour spacing is
0.002¢/(a.u)®. Solid (dashed) lines mean a gain (loss) of
charge: (a) The Nb-doped DC; (b) the Ti-doped DC; (c)
the V-doped DC.

From Fig. 2, pronounced charge redistributions
can be observed for three impurity-substituted sys-
tems. The charges accumulate mainly between the
impurity atom and the neighbouring host atoms (Al3,
Al4, Al8, and Al9), which means that the strong chem-
ical bonding between the impurity atom and neigh-
bouring Al atoms is formed. A common feature is
that the interactions between the impurity atom and
Al atoms are localized within a small region.

From Fig. 3, we can also see that for the three
impurity-substituted systems, there is a charge accu-
mulation between the impurity atom and the neigh-
bouring host atoms. This implies that the interac-
tions between the impurity atom and the host atoms

(Ni, Al) along the dislocation line direction are also

enhanced. The above charge density analyses reflect
the strong pinning effect of the impurity atoms on the
[100] (010) DC motion, which should affect the me-
chanical properties of NiAl alloys.

3.3. Density of states

The density of states is closely related to the
bonding character between atoms. In order to analyse
the interaction between the impurities and host atoms
further, we calculate the partial density of states
(PDOS). Figures 4(a)-4(d) show the PDOS curves for
atom 1 (atom 1 denotes the All atom and the impurity
atom in the clean dislocation system and impurity-
substituted system, respectively) and the neighbour-
ing host atoms (Al3, Ni6, Nil0). Two atomic bond-
ing features have been previously observed in Fig. 4.
Compared with the case of the clean DC system, the
PDOS curves of Nil0, Ni6, and Al3 shift towards the
lower energy in the impurity-substituted system. This
means that some itinerant electrons are transferred to
some deeper energy levels in the valence band, and
participate in bonding with the impurity atom Nb
(Ti, V). In addition, we can see from Fig. 4(a) that
the Al1-3s3p orbitals hybridize with the Ni6(Nil0)-
4s4p orbitals, as well as the Al3-3s3p orbitals, which
have a weak interaction with the 3d orbitals of the Ni
atom (Ni6, Nil0). In the three impurity-substituted
systems, the PDOS curves of the Ni6 (Nil0)-4s4p or-
bitals considerably change in the regions of the bond-
ing states and antibonding states. While the PDOS
curves of the Ni-3d orbitals hardly change. The local
feature of the Ni-3d state remains intact, and exhibits
a single peak structure over a range of about —13 eV—
—7 eV. From Figs. 4(b)-4(d), we can find that Ni-4s
and Al-3s orbitals show up primarily as the character-
istic peak structure in a low energy range from —19 eV
to —10 eV. Meanwhile, the 5s (4s) orbitals of impurity
atom Nb (Ti, V) each have a resonant peak with the
3d orbitals of the Ni6 (Nil0) atom at about —12.6 eV.
This is an indication of strong hybridization between
the impurity electronic states and the Ni electronic
states, showing that there is a strong chemical inter-
action between the impurity atom and neighbouring
host Ni atoms. On the other hand, the 3d4s4p orbitals
of the Ni6 (Nil0) atom and the 3p orbitals of the Al3
atom overlap with the 4d (3d) orbitals of the impu-
rity atom Nb (Ti, V) from —12 eV to —5 eV, which is

consistent with strong bonding interactions between
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the impurity atom and neighbouring host atoms. The
above results are consistent with the analyses on the

interatomic energy and charge density.
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Fig. 4. The PDOS curves for impurities and neighbour-
ing host atoms in (a) the clean DC; (b) the Nb-doped DC;
(c) the Ti-doped DC; (d) the V-doped DC. The thick solid
lines, thin solid lines, and dashed lines denote d, s, and p
electronic states, respectively. The Fermi level shifts to-
ward zero. The Arabic numbers correspond to those in
Fig. 1.

In general, the behaviour of refractory impurities
(such as Nb, Ti, and V) and their influence on the host
atoms have similarities. The interactions between im-
purity and host atoms in the dislocation core are en-
hanced by the hybridization between impurity 4d5s
(3d4s) and Ni 3d4sdp orbitals, as well as the 3s3p or-
bitals of the host Al atom.

4. Conclusions

In this work, we studied the alloying effect of re-
fractory elements such as Nb, Ti, and V in the [100]
(010) edge DC of NiAl using the first-principles DMol
method and DVM. Two geometrical models are con-
sidered for the calculation of the impurity segrega-
tion energy in the DC. The results of segregation en-
ergy shows that the impurity Nb (Ti, V) prefers to
occupy the Al site in the centre-Al DC. The intro-
duction of an impure atom into the DC significantly
affects energetics as well as the electronic structure of
the DC. The calculation results of interatomic energy
show that the bond strength between the host atoms
increases in each of the doping impurity systems. Es-
pecially, the interactions between the impurity atom
and its nearest-neighbouring host atoms (Ni6, Nil0)
are much stronger than those between the All atom
and its corresponding host atoms in the clean DC. In
addition, the charge distribution and PDOS results
indicate that some charge accumulations appear be-
tween the impurity atom and nearest-neighbouring Ni
atoms, and the strong bonds formed between the im-
purity atom and neighbouring host atoms due mainly
to the hybridization of the 4d5s (3d4s) orbitals of the
impurity atom Nb (Ti and V) and the 3d4s4p orbitals
of host Ni atoms. The impurity—dislocation interac-
tion should give an effective contribution to strengthen
the NiAl alloy. These results provide a basis for un-
derstanding the physical factor and microscopic mech-
anisms of solid-solution hardening upon alloying in a
NiAl alloy.
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