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Abstract: The Ni (001) surface, NisNb (001) surface and Ni (001)/Ni;Nb (001) interfaces were studied using the first-principles
pseudopotential plane-wave method. The adhesion work, thermal stability and electronic structure of Ni/NizNb (001) interfaces were
calculated to expound the influence of atom termination and stacking sequence on the interface strength and stability. Simulated
results indicate that Ni and Niz;Nb (001) surface models with more than eight atomic layers exhibit bulk-like interior. The
(Ni+Nb)-terminated interface with hollow site stacking has the largest cohesive strength and critical stress for crack propagation and
the best thermal stability among the four models. This interfacial Ni and the first nearest neighbor Nb atoms form covalent bonds
across the interface region, which are mainly contributed by Nb 4d and Ni 3d valence electrons. By comparison, the thermal stability
of Ni/NizNb (001) interfaces is worse than Ni/Ni;Al (001) interface, implying that the former is harder to form. But the Ni/Ni;Nb
interface can improve the mechanical properties of Ni-based superalloys.

Key words: Ni;Nb; first-principles; interface; electronic structure

1 Introduction

Ni-based single-crystal (SC) superalloys, which
mainly consist of a high volume fraction of y' phase
precipitates coherently dispersed on a y matrix, are
widely used for turbine blades and vanes in the most
advanced gas turbine engines because of their
remarkable mechanical properties [1]. The y' precipitates
(an intermetallic phase of stoichiometry based upon
Ni;Al) possess a L1,-type ordered face-centered cubic
(FCC) structure. The y matrix has a FCC structure.
Inconel 718, 706 and 625 are dominant in the
commercial superalloys, whose content of Nb is
3%—5.5%. y"-NizNb phase precipitates significantly
improve overall performance of the superalloys,
especially the high-temperature creep rupture strength.
To some extent, those unique high-temperature
properties of superalloys mostly depend on the cohesive
strength and the bonding characteristics of the
y-Ni/y"-Ni;Nb interfaces.

The y"-NizNb phase is largely responsible for the

elevated-temperature  strength  of Ni-based SC
superalloys, and it exhibits a body-centered tetragonal
(BCT) DO0,; crystal structure [2]. In order to realize the
structural, mechanical and electronic properties of o
phase and y" phase in Inconel 718 superalloy, DAI and
LIU [3] made first-principles calculation, and found that
0 phase is thermodynamically more stable than y" phase
and both phases are hard and have good ductility.
ANNARUMMA and TURPIN [4] studied the structure
and mechanical behavior of directionally solidified
Ni/Ni;Nb eutectic interfaces, and their results indicated
that when the temperature is lowered, supersaturation in
the nickel-rich phase is relieved mostly by precipitation
and the material exhibits high ductility at temperatures
up to 600 °C if the structure is regular. Up to now, many
experiments and theory simulation have been done to
investigate the Ni/Ni;Al interfaces, proving that alloying
elements at the Ni/Ni;Al interfaces have a great
influence on the strength and ductility of the Ni-based
SC superalloys [5—10]. However, few studies have been
made to investigate the Ni/NisNb interfaces. Hence,
an in-depth and thorough understanding of their
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strengthening and stability mechanism of the Ni/Ni;Nb
interfaces by calculating the cohesive manner, electronic
structure, mechanical properties and thermal properties
are necessary in order to guide the design of a new
generation in Ni-based SC superalloys.

In this work, first-principles method was used to
simulate the work of adhesion, thermal stability and
electronic structure of y/y" phase (001) interfaces. A more
reasonable supercell and a completely coherent y/y”
interfaces ignoring the strain effect at the interface were
used to simulate the real interfaces.

2 Model and methods

Figure 1 illustrates the stacking sequence of (001)
Ni and (001) Ni;Nb surfaces. The hollow site model and
the top site model were considered in our calculations for
(001) y/y" interfaces. The hollow site indicates the Ni
atom resides on the middle sites of Ni;Nb slabs, the top
site indicates that the interfacial Ni atom is directly
placed on-top the surface Ni or Nb atoms of NizNb slabs.
We modelled y-Ni/y”"-Ni3Nb interfaces system with a
repeated slab construction with three-dimensional
translational symmetry. The lattice constants of the
Ni/Ni;Nb (001) systems, with a lattice mismatch of about
1.7%, were taken to be equal for y”-Niz;Nb bulk. The Ni
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(001) slab was stretched by 1.7% with the coherent
interface approximation. The Ni/Ni;Nb (001) interfaces
were assumed to be complete coherence. Hence, we
ignored the strain effect at the interface. The atomic
arrangements in the Ni/Ni;Nb (001) interfaces model are
shown in Fig. 2.

Calculations of electronic structure and total energy
were carried out using the Cambridge serial total energy
package (CASTEP) within the framework of density
functional theory (DFT) [11,12], a first-principles
pseudopotential plane-wave method was used in this
work. Ultrasoft pseudopotentials [13] represented in
reciprocal space with an exchange-correction function of
Perdew-Wang91 (PW91) form wunder generalized
gradient approximation (GGA) [14] were applied for all
the models. The cutoff energy of atomic wave functions
(PWs), E.y, was set at 500.0 eV, and the & points were set
to be 8x8x8, 8x8x4, 8x8x2 and 8x8&x1 for bulk Ni,
Ni3Nb, (001) free surface and (001) interface models,
respectively. All atoms were relaxed to their equilibrium
positions to fulfill geometry optimization by Broyden—
Fletcher—Goldfarb—Shanno (BFGS) scheme [15]. The
convergence tolerance was set as energy of 2.0x10°°
eV/atom, the maximum force of 0.05 eV/A, the
maximum stress of 0.1 GPa, and the maximum
displacement of 0.002 A. The valence electrons
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Fig. 1 Ni surface orientated [001] direction with stacking sequence (ABABAB...... ) (a) and Ni3Nb surface orientated [001]
direction with stacking sequence (ABCBABCBABCB...... ) (b) (The green ball denotes Ni atom, and the light pink ball denotes Nb

atom)
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Fig. 2 Atomic structure of y/y" (001) interfaces: (a) (Ni+Nb)-terminated interface with hollow site stacking; (b) (Ni+Nb)-terminated
interface with top site stacking; (c) Ni-terminated interface with hollow site stacking; (d) Ni-terminated interface with top site

stacking (The color of green and light pink denotes Ni and Nb atoms, respectively)



1502 Zhi-qin WEN, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1500—1505

considered in their pseudopotential are Ni 3d® 4s*, Nb 4s’
4p° 4d* 5s', respectively. Surface and interfaces were
modeled using supercell approach in periodic boundary
conditions and the thickness of vacuum layer was
10.0 A.

3 Bulk and surface calculations

3.1 Bulk properties

The calculated lattice constants and bulk modulus
for bulk Ni and Ni3Nb are listed in Table 1. It is found
that the lattice parameters and bulk modulus of both two
materials are in good accordance with other DFT

calculated results and experiment results, which
demonstrates the reliability of our approach.
Table 1 Lattice constants ayand bulk modulus By
Ni Ni;Nb
Reference
a/A  Bp/GPa ay/A c¢y/A Bi/GPa
3.525 185.0 3.647 7.489 208 This work
3.540 191.6 3.653 7.503 - Refs. [16,9]
3.520 181.0 3.624 7.406 - Refs. [17,18]

3.2 Surface convergence

The surface energy (y;) is one of the basic qualities
to describe stabilities of surface, which is usually
calculated according to the formula as below [19]:

N Egan (N) — NEy
s 24

S

(M

where Eg,,(NV) is the total energy of surface supercell slab,
N is the total number of atoms in the slab; Eyy is the
total energy per each atom in the bulk material; 4; is the
corresponding surface area.

Both sides of the surface slab between Ni and
NizNb should be thick enough to ensure the bulk-like
interior, and the calculation will be more accurate if the
surface slab contains more atom layers, but on the other
side, the computation will need more memory hardware
and longer computing time, so it is reasonable to conduct
convergence tests before deciding the atom layers.

Table 2 lists the convergence tests of the surface
energy of Ni (001) and NizNb (001), respectively. It is
shown that the Ni (001) slabs converge well when the
surface cell contains more than eight layers. Accordingly,
the Ni slab geometry with eight atomic layers was
adopted in the following calculations. There are two
kinds of NizNb (001) polar surfaces. Therefore, Ni- and
(Ni+Nb)-terminated surfaces energies were calculated. It
is revealed that the surface energy for the Ni-terminated
surface is larger than that for the (Ni+Nb)-terminated
surface, which implies that the (Ni+Nb)-terminated
surface is more stable than the Ni-terminated surface. It
is also found that NizNb (001) surface energy converges

well when the slab number is more than eight. Hence,
eight atomic layers were adopted for NizNb (001) slab
geometry in the following calculations to ensure the
bulk-like interior.

Table 2 Ni (001) and Ni3Nb (001) surface convergence tests of
surface energy (y;) with respect to number of layers

Surface energy/(J'm ?)

Number of .
. Ni;Nb (001)
layers,n  Ni (001)
Ni-terminated (Ni+Nb)-terminated
4 215 2.42 2.31
213 2.40 2.28
8 2.10 2.33 2.26
10 2.10 2.34 2.25
12 2.10 2.34 2.26

4 Ni (001)/NisNb (001) interfaces

4.1 Work of adhesion
Critical stress of crack propagating was calculated
by the Griffith equation [20]:

1/2
w . E
o = [—] @

where o is the critical stress for crack propagation; E is
the elastic modulus; ¢ is the length of a surface crack.
Thus, o depends only on W, Adhesion work W, is
defined as reversible work needed to separate an
interface into two slabs, which can be used to
quantitatively predict the mechanical properties of the
interface and determined by the following equation [8]:
W,y = Egun + Esto — Easp 3)
4

where Ep is the total energy of an A/B interface system;
Eg. denotes the total energy of fully relaxed surface
slabs; 4; is the interface area.

In this work, both hollow site models and top site
models were calculated from the fully relaxed interface
supercell. The values of adhesion work and interfacial
separation are listed in Table 3. It is clear that
(Ni+Nb)-terminated interface has larger adhesion work
and smaller interfacial separation than Ni-terminated
interfaces; the stacking sequence also has a direct
influence on the adhesion work and interfacial
separation, the adhesion work decreases as the order of
hollow and top site interfaces, while the interfacial
separation increases as the same order. The value of W
for the (Ni+Nb)-terminated interface with hollow site
stacking sequence is the largest, and its d is the smallest
among the four models. Therefore, the two interfaces
termination structures, the (Ni+Nb)-terminated interfaces
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yields are in stronger adhesion, and the hollow site
stacking sequence is preferable to continue the natural
stacking sequence of bulk Ni and Ni;Nb, which means
that the (Ni+Nb)-terminated interface with hollow site
model has the largest cohesive strength and critical stress
for crack propagation among the four models. The value
of W, for the (001) interface of (Ni+Nb)-terminated
layer bonding with hollow site stacking of Ni is 8.90
J/m®>. WANG et al [8] using the same methodology as
this work, which was performed by first-principles
method based on DFT, calculated ,4 of Ni/Ni;Al (001)
interface (4.14 J/m?). This means that the precipitates of
Ni;Nb in Ni-based single-crystal superalloys can
improve the tensile strength yield and strength of alloy.

Table 3 Adhesion work (W,4) and interface separation (dy)
obtained with four models

Termination Stacking W,o/(J-m™?) dy/A

. . Top site 2.95 2.65
Ni-terminated )

Hollow site 4.34 2.12

. . Top site 5.38 2.23
(Ni+Nb)-terminated .

Hollow site 8.90 2.01

4.2 Thermal stability
Thermal stability of interface is usually described
by 4;, which is commonly expressed as [8]
_ N NAElﬁllkNBEtl:ﬂk
Ai - (7SA + 7SB)

1

1

Q)

where /; is used to predict cohesive strength of interface
systems and can be viewed as the work required to create
from bulk materials; N is the total number of bulk
materials; y;4 and y.g are the areas of bulk materials. 4;
denotes a standard expression for interfacial energy. The
precipitation kinetics is influenced by the interfacial
energy between the precipitate phase and the matrix
phase. Therefore, it should be an important parameter in
the formation of Ni;Nb in Ni metal during sintering in
which the interface obtains their characteristic
orientations.

Table 4 lists 4; values obtained from our calculation.
It is clear that hollow site models have better thermal
stability than top site models, and thermal stability of
(Ni+Nb)-terminated interfaces is better than that for
Ni-terminated interfaces. The (Ni+Nb)-terminated
interface with hollow site stacking has the best thermal
stability, which means that this structure is the most
easily formed interface among the four models. WANG
et al [8] using the same equation calculated the thermal
stability of Ni/Ni;Al (001) interfaces by first-principles
method, which is implemented in Vienna ab initio
simulation package VASP. The 4
Ni+Al-terminated interface with hollow site stacking is
0.12 J/m?, which is smaller than that of Ni/Ni;Nb (001)

value of

interfaces (1.99 J/m?). This means that the former is
more stable than the later. Unfortunately, there is not any
experimental data to compare with this result and it is
necessary to be experimentally confirmed in the future
works.

Table 4 J; value obtained from four models

Termination Stacking A/(Im™)
. . Top site 3.63
Ni-terminated
Hollow site 2.42
. . Top site 2.31
(Ni+Nb)-terminated i
Hollow site 1.99

4.3 Electronic structure

To reveal the nature of the interfacial bonding and
the electronic structure of Ni/Ni;Nb (001) interfaces, the
(Ni+Nb)-terminated interface with top site and hollow
site stacking was analyzed. Figure 3 illustrates the partial
and total electronic densities of states of two models
from —10 eV to 2 eV. As shown in Fig. 3(a), the main
bonding peaks of the (Ni+Nb)-terminated interface with
top site stacking are between —9 eV and 2 eV, which is
mainly contributed by Nb 4d and Ni 3d valence electrons.
It is same to the hollow site stacking interface shown in
Fig. 3(b). The valence electron numbers between —10 eV
and the Fermi level of the top site and hollow site model
are 9.2121 and 9.2574 eV/atom, respectively. The
smaller the valence electron number is, the weaker the
charge interactions are. Hence, the hollow site model
makes a stronger hybrid than the top site model between
Nb 4d and Ni 3d orbital atoms, indicating that the hollow
site model is more stable than the others. So, it supports
the above conclusion that the hollow site model has
better mechanical properties.

Figure 4 plots the charge density difference on the
cross-section of the two coherent interfacial layers of the
Ni/NizsNb  interfacial  supercells with  (Ni+Nb)-
termination. This cross-section is (100) plane for all
interfacial models. In Fig. 4(a), the charge accumulation
is obvious for Ni atoms and the first nearest neighbor
(FNN) Nb atoms on the cross-section of Ni/Ni;Nb
interface, which is typically characteristic of a covalent
bonding. It is also easy found that the FNN Ni—Nb atoms
are mainly covalent bonding in the y"”-Ni;Nb block, and
the FNN Ni—Ni atoms are mainly metallic bonding in the
y-Ni block. For the top site model, the interfacial Ni
atoms are dragged very near to the interfacial Nb atoms
where the charge accumulation is obvious, to form
covalent bonding features at the interface. In addition, it
reveals that the FNN Ni—Nb atoms are mainly covalent
bonding in the p”-Ni;Nb block, and the FNN Ni—Ni
atoms are mainly metallic bonding in the y-Ni block as
shown in Fig. 4(b).
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Fig. 3 Partial and total electronic density of states of Ni/NizNb (001) interfaces with (Ni+Nb)-termination: (a) Top site model;

(b) Hollow site model
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Fig. 4 Distribution of charge density difference of Ni/Ni;Nb (001) interfaces with (Ni+Nb)-termination along (100) plane: (a) Top

site model; (b) Hollow site model

4.4 Population analysis

In order to qualitatively evaluate the electronic
distribution and transfer of Ni/Ni;Nb (001) interfaces, we
further calculated the Mulliken’s charge of the
(Ni+Nb)-terminated interface with top site and hollow
site stacking. The values of bond overlap population are
0.73 and 0.87, respectively, implying that the interfacial
region of top site model is weaker than that of the hollow
site model. That is to say, the covalent bonding of the
hollow site model is stronger at the interface region.
Table 5 lists

Table 5 Charge population of Ni (001) and Ni;Nb (001)
coherent interfacial section

. . Population
Stacking Species Charge
] P d  Total
Top site Ni 0.54 0.85 8.70 10.09 -0.09
model Nb 252 6.12 3.88 12.52 048
Hollow site Ni 0.58 0.77 8.72 10.07 —0.07
model Nb 253 6.09 392 1253 047

the charge population of the two models. Combining
with the previous analysis of density of states, it is clear
that electron hybridization for the hollow site model is
stronger than that for the top site model at the interface
region. Therefore, the hollow site model is more stable.

5 Conclusions

1) Surface convergence calculations reveal that the
Ni slabs and Ni;Nb slabs with more than eight atomic
layers exhibit bulk-like interior feature. The surface
energy for Ni-terminated surface is much smaller than
that for (Ni+Nb)-terminated surface, indicating that the
latter is more stable than the former.

2) The analyses of work of adhesion and thermal
stability demonstrate that the (Ni+Nb)-terminated
interface with hollow site stacking has the largest
cohesive strength and critical stress for crack propagation
and it is the most easily formed interface among the four
models.

3) The density of states, charge density difference
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distribution and charge population suggest that the
(Ni+Nb)-terminated interface with hollow site stacking
has covalent features across interfacial region between
FNN Ni and Nb atoms, especially the covalent
interaction of Ni 3d and Nb 4d.

4) The thermal stability of Ni/Ni;Nb (001) interface
is worse than that of Ni/Ni3;Al (001) interface. But the
formation of Ni/NisNb interface can improve the
mechanical properties of Ni-based single-crystal
superalloys.
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