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The intermetallic compounds between rare earth (RE) elements and transition metal elements have been
comprehensively researched due to their appealing magnetic, electronic, optical and thermal properties,
in which Ni-Y alloys are one kind of important system. In this work, a systematic investigation concerned
with structures, elastic, and thermodynamic properties of Nij;Y,, NisY, NizY,, NizY, NixY, NiY, Ni,Y3 and
NiYs in Ni-Y systems is implemented by means of first-principles calculations. NiY has the lowest
formation enthalpy within —0.49 kJ per mol per atom. NisY has the largest bulk modulus, shear modulus
and Young's modulus of 181.71 GPa, 79.75 GPa and 208.70 GPa, respectively. Furthermore, the effects of
different concentrations of yttrium on the mechanical and thermal properties of Ni—Y compounds are
estimated by using the Voigt—Reuss method. The electronic density of states and chemical bonding
between Ni and Y are key factors that determine mechanical and thermodynamic properties of these
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DOI: 10.1035/c8ra09383k compounds. What's more, results indicate that all compounds are dynamically stable as shown by the

rsc.li/rsc-advances calculated phonon dispersions.

1. Introduction

In the past few decades, the intermetallic compounds between
transition metal elements and rare earth (RE) elements have
been extensively researched due to their appealing magnetic,
electronic, optical and thermal properties. Among Ni-RE
systems, the Ni-Y system may be of particular interest for its
extensive applications in magnetic, amorphous, catalytic
materials and hydrogen storage materials."” The magnetic
properties of Ni-Y compounds have attracted significant
attention and been discussed by M. Shimizu et al.* and J. Beille
et al.® Ni;Y showed very low ferromagnetism while Ni,Y,
demonstrated thermal spontaneous magnetization in their
results. The thermodynamic stability of the Ni-Y system and
Co-Ni-Y system have been researched by Z. M. Du et al.**° who
discussed Ni-Y binary and Co-Ni-Y ternary phase diagrams.
Moreover, AlI-Ni-Y and Mg-Ni-Y alloys, as amorphous mate-
rials, indicating great forming abilities of metallic glass and
excellent mechanical properties, have been reported by X. Y.
Jiang et al.® and Y. M. Soifer et al.” Moreover, Ni and Y have been
used as component elements for catalytic materials. The order
of catalytic efficiency toward the hydrogenation reaction was
PtY < NiY < CoY < PtNiY < PtCoY in El-Bahy's research."
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Furthermore, Ni is a candidate device component which is
used in thermoelectric (TE) devices due to its eminent electrical
and thermal characteristics.' It is well known that nickel-based
superalloy is a commonly used superalloy, which is widely used
in manufacturing aerospace engines, industrial gas turbine
blades and other hot end components. M. A. Shevchenko et al.**
have researched thermodynamic properties of binary alloys
including Ni-Sc and Ni-Y systems, they predicted the similar
parameters of multicomponent systems and studied the
amorphous tendency of alloys. S. Kardellass et al.™* had been
assessed the thermodynamically in Ni-Sc system using the
CALPHAD approach. They calculated the Ni-Sc phase diagram
using Kaptay model, which showed that the formation enthalpy
of Ni-Sc compounds would be welcome to improve thermody-
namic evaluation. The thermodynamic modeling of binary
compounds, such as rare earth element Yb and transition
element Ni, was studied using the CALPHAD method in
combination with first-principles calculations based on density
functional theory (DFT) by Hu et al.** Although the density of
state of NizY, NisY, and Ni,Y, have been calculated by M. Shi-
mizu et al® and thermodynamics of Ni-Y alloys have been
researched by M. A. Shevchenko et al' the electronic,
mechanical and thermodynamics of Ni-Y alloys have not been
systematically calculated in previous reports. In the present
work, the formation enthalpy, electronic, mechanical and
thermodynamic properties of the Ni-Y compounds are pre-
dicted from first-principles calculations based on the density
functional theory (DFT), to guide the experiments in the future.
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2. Computational method and details

According to the Ni-Y binary phase diagram'® in Fig. 1, the
structures of Ni-Y compounds with different stoichiometry can
be acquired: Ni;;Y, with a hexagonal structure (P6z/mmc, no.
194); NisY with a hexagonal structure (P6/mmm, no. 191); Ni,Y,
with a rhombohedral structure (R3mH, no. 166); NizY with
a rhombohedral structure (R3mH, no. 166); Ni,Y with a cubic
structure (Fd3msS, no. 227); NiY with a orthorhombic structure
(Pnma, no. 62); Ni,Y; with a tetragonal structure (P4,2;2, no.
92); and the NiY; with an orthorhombic structure (Pnma, no.
62).

In this paper, all the calculations including total energy,
elastic properties, electronic structures and thermodynamic
properties carried by using a first-principles calculation based
on the density functional theory (DTF), as implemented in the
Cambridge Serial Total Energy Package (CASTEP) code.'” To
estimate the calculated, the generalized gradient approximation
(GGA) in Perdew-Burke-Ernzerhof for surfaces and solids
(PBEsol) is employed as the exchange-correlation function.'®
Plane wave cutoff energy is chosen as 500 eV to convergence for
all the calculations. The Brillouin zone (BZ) is performed by
using the k-point meshes with 5 x 5 x 5 grids according to the
Monkhorst-Pack method. To describe the electronic function,
the ultra-soft pseudopotentials (USPPs)* of Vanderbilt-type are
carried out and the valence electron configurations for Ni and Y
atoms are 3d®4s® and 4d"5s?, respectively. During the structural
optimization, Broydene Fletchere Goldarde Shanno (BFGS)
method is used until the total energy changes are converged to 1
x 107° eV per atom, self-consistent field convergence to 2 x
107° eV per atom, maximum force 0.03 eV A™', respectively.
Elastic constants of a solid are calculated by an efficient strain-
stress method through a linear least-square fit of first-principles
calculation results. And the phonon dispersion curves of Ni-Y
compounds are calculated according to the finite displace
method implanted in CASTEP. This method is to construct
a supercell, move the atom, and calculate the force of all the
atoms in the cell. A force constant matrix was constructed based
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Fig.1 The Ni-Y Phase diagram by Mattern N., Zinkevich M., Léser W.,
et al in ref. 16.
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on this force. What's more, this method determines the
dynamical matrix starting from following equation: f; = — @,
where f;, @ and u, represent force, force constant matrix and
the displacement, respectively. The cut-off radius of the finite
displace method is 5.0 A.

The negative values of formation enthalpy®®** indicate that
the thermodynamically stability of compounds which can be
estimated by the following expressions:

 E(NLY,) — XEyin(Ni) — yEyin(Y)

AH(NLY,) = e (1)

where AH,(Ni,Y,) is the formation enthalpy of Ni,Y, per atom,
E(Ni,Y,) is the total energy of Ni,Y,, phase; Ey;, is the cohesive
energy of pure Ni and Y crystals, respectively. The optimized
crystal structures are illustrated in Fig. 2.

3. Result and discussion
3.1 Equilibrium lattice constants and phonon

The calculated crystal structures of the Ni-Y compounds are
listed in Table 1, which are compared with the experimental
results from other references.">** From Table 1, we can clearly
see that the calculated values are in good agreement with the
other theoretical values. The error range of the lattice parameter
is within 2%. What's more, the error of Ni;Y between calculated
lattice constants and the experimental lattice constants is very
small. It is important to note that the effect of temperature on
crystal structure and lattice defects can lead to small discrep-
ancies. In our work, the calculated lattice parameters via using
PBEsol functional are a little different from the results obtained
from other methods.?> On the other hand, the obtained density
of Ni-Y compounds decreases with increasing Y concentration
because the density of the Y atom is larger than that of the Ni
atom. Ni;;Y, has the largest density with the value of
7.97 ¢ cm®, while the NiY; has the minimum values of
493 g cm .
The calculated phonon dispersion curves of Ni-Y
compounds are shown in Fig. 3. In these Ni-Y compounds, the
long range of the Coulomb interactions should lead to the
frequencies of longitudinal optical (LO) modes above those of
transversal optical (TO) modes. The calculated phonon disper-
sion curves show no soft modes at any high-symmetry disper-
sion, suggesting that those compounds are dynamic stable.”
Moreover, the phonon density of state for Ni-Y compounds are
shown in Fig. 3, which demonstrates the frequency vibrations
are lower than 0.5 THz due to the motion of yttrium element.

3.2 Thermodynamic stability

The calculated lattice parameters, density, volume, and forma-
tion enthalpy of Ni-Y compounds are shown in Table 1. As we
know that the structural stability of a material is dominated by
many factors that including the chemical bonding, structural
type and localized hybridization. The stability of the Ni-Y
compounds can be estimated by their formation enthalpies.
What's more, the lower the enthalpy is, the more stable the
material is. From Fig. 4, the calculated formation enthalpy of

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The crystal structure of Ni—Y compounds. Sky blue and light orange spheres represent the Ni and Y atoms, respectively.

Ni-Y compounds is negative values. All compounds are lying on
the convex hull, implying that these structures are thermody-
namically stable at the ground state. It is noted that, in the Ni-Y
compounds, the NiY has the lowest formation enthalpy is
—0.494 eV per atom. The stability order of Ni-Y compounds
forms the following this sequence: NiY > Ni,Y > NizY > Ni,Y,>
NisY > Ni,Y; > Ni;5Y, > NiYs.

According to the phonon properties calculated within
Density-Functional Perturbation Theory (DFPT), the associated
thermodynamic properties of Ni-Y systems can be got by the
following formula.?* The free energy of the system (F(7)) can be
used following expression:

FT) = Eunopon + o [10(1 =30 (22) ) Pt )

where Eio, kg, 1, and o represent the static total energy, the
Boltzmann constant, the reduced Plank constant and the
phonon frequency, respectively; Ejero-poine 1S the zero-point
vibrational energy, which is expressed as:

1
Ezero-point = z JF(w)hwdw [3)
where F(w) is the phonon density of states. Furthermore, the

formation enthalpy depends on temperature, which can be

Table 1 Lattice constant, volume, formation enthalpy (AH,) of Ni-Y compounds accompanied with the available theoretical (DFT calculations)

and experimental values

Lattice constants(A)

Personal P Formation enthalpy
Species Structure symbol Spaces groups a b c (gem™?) v (A% (kJ per mol per atom)
Niy; Y, Hexagonal hP38 P63/mmc 8.36 8.36 8.10 7.97 490.16 —0.31
NisY Hexagonal hP6 P6/mmm 4.97 4.97 3.94 7.52 84.41 —0.42
4.883" 4.883" 3.976”
Ni,Y, Trigonal hR18 R3mH 5.04 5.04 36.28 7.36 797.02 —0.47
4.94% 4.94% 36.12¢
NizY Trigonal hR12 R3mH 5.06 5.06 24.54 7.27 544.72 —0.48
4.97¢ 4.97¢ 24.37¢
4.9779° 4.9779°¢ 24.449°
Ni,Y Cubic cF24 Fd3mS 7.31 7.31 7.31 7.01 390.76 —0.48
7.181¢ 7.181¢ 7.181¢
NiY Orthorhombic oP8 Pnma 7.42 4.11 5.59 5.75 170.57 —0.49
7.124 417 5.517
Ni,Y; Tetragonal tP80 P4,2.2 7.22 7.22 36.96 5.31 1924.38 —0.41
7.104% 7.104% 36.59%
NiY; Orthorhombic mP8 Pnma 6.99 9.70 6.46 4.93 438.25 —0.30

@ Exp. in ref. 1. ? Exp. in ref. 4. © Exp. in ref. 3. ¢ Exp. in ref. 2.
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Fig. 3 The calculated phonon dispersion curves and phonon density of states of Ni—Y compounds.

calculated by the formation enthalpy at 0 K and phonon

contribution to the formation enthalpy as follows:

hw

HT) = | i1y P86
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(4)

Furthermore, the vibrational entropy and isochoric heat
capacity can be calculated by:

_ ha)/kBT
ST) = ks Hexp(hw/kBT) -1

o]
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Fig. 4 The calculated formation enthalpy of Ni—=Y compounds as
a function of Y concentration.

(hw/kgT)* exp(hw/kyT)
lexp(hw/kgT) — 1]

Cy(T) = kBJ F(w)dw

(6)

Fig. 5 shows the predicted thermodynamics of Ni-Y
compounds as a function of temperature: (a) enthalpy; (b) Gibbs
free energy; (c) entropy; (d) Debye temperature; (e) the isochoric
heat capacity of Ni-Y compounds. It can be clearly seen that the
enthalpy and entropy increase with the increasing temperature,
while the Gibbs free energy decreases in the Ni-Y system. In
Fig. 5, the thermodynamic stability of NiY; is increased with the
S value becomes higher. The formation enthalpy increases
linearly when the temperature is in the range from 200 K up to
1500 K. From Fig. 5, we know that the heat capacity increases

View Article Online
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very rapidly when the temperature is below 500 K, and then
approaches to a constant based on Dulong-Petit's law: 3nR,
where n and R are the total number of atoms per formula and
the gas constant, respectively. The heat capacity of NizY and
Ni,Y, is lower than other compounds in Ni-Y system. What's
more, at low temperature, the specific heat capacity of Ni-Y
compounds forms the following sequence: NisY < Ni,Y, < NizY <
Ni;;Y, < Ni,Y < NiY < Ni,Y; < NiY;.

In Fig. 5, the Gibbs free energy is calculated by using the
temperature-dependent formation enthalpy and entropy at 0 K.
As we know that the lattice stability can be described by the
Debye temperature. The higher the Debye temperature is, the
stronger the lattice stability is.*® The calculated Debye temper-
atures of Ni-Y compounds are shown in Fig. 5, the similar trend
can be seen for the Debye temperature of Ni-Y compounds
except for Ni,Y; which increases with the varied temperature
from 300 K to 1500 K. What's more, the Ni;;Y, has the highest
Debye temperature while NiY; has the smallest Debye temper-
ature due to different crystal structure and stoichiometric.

3.3 Elastic constants and polycrystalline modulus

The elastic stiffness tensor elements Cj; of the Ni-Y compounds
are calculated via first principle calculations with the stress-
strain method based on the Hook's law.*® These results are
summarized in Table 2. The elastic stiffness tensor is the
fundamental mechanical property, which is very beneficial to
understand the mechanical properties of the Ni-Y phases.
The Cy4, C,,, and Cj; of cubic Ni,Y are similar due to the
symmetry of the crystal structure. Cy,, C,,, and Cs; represent the
uniaxial stress along the [100], [010], [001] direction, respec-
tively. While Cy4, Css, and Cge indicate the shearing strength at
(100), (010) and (001) crystal plane, respectively. C;, represents
resist shear deformation at (100) crystal plane along the [110]
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Table 2 The calculated independent elastic constants (C;) of Ni-Y compounds and the units are GPa

Species Cyy Cao Cs3 Cy4 Css Ces Cis Cis Ciy Cis Cie Cas Cos Cps Cae Czy Css C36 Cue
Ni 248.63 114.24 171.59

Y 31.07 13.50 47.18

Ni;Y, 284.85 303.91 69.16 121.16 108.31

NisY 298.92 294.31 79.85 158.37 107.85

Ni;Y, 226.83 213.27 229.38 64.74 64.64 60.28 100.05 97.55 8.09 —2.06 —0.34 93.73 8.09 —10.46 —0.9 7.95 —5.98 —1.68 —4.26
NizY 232.91 225.83 233.76 63.72 63.72 64.81 99.72 94.51 0.24 7.62 4.68 90.51 0.23 —-3.99 4.64 0.16 2.11 5.09 —-5.79
Ni,Y 205.58 63.74 113.33

NiY 141.21 141.83 81.01 39.94 34.92 40.12 83.8 62.61 52.11

Ni,Y; 120.48 67.99 27.35 33.25 71.21 68.17

NiY; 105.70 71.15 96.90 21.18 29.65 31.66 34.54 45.99 32.51

direction. In Table 2, the value of NisY is 298.92 GPa which is
larger than other Ni-Y compounds, indicating that NisY is hard
to be compressed under the external uniaxial stress along [100]
direction. It has the largest C,, value is 79.85 GPa at (100) plane.
While NiY; has the smallest values of C,, that indicate a strong
shear deformation. The values of C;; change from 105 GPa up to
298 GPa.

There are eight crystal structure types of the Ni-Y
compounds which including cubic, tetragonal, rhombohedral,
hexagonal, and orthorhombic. As shown in Tables 1 and 2, NiY
and NiY; are the orthorhombic types, which has 9 independent
elastic stiffness tensor elements. Ni,Y has a cubic structure with
3 independent elastic stiffness tensor elements. Ni,Y, and NizY
are the rhombohedral structure, Ni,Y; is the tetragonal type
with 6 independent elastic stiffness tensor elements. As for NisY
and Niy;Y,, there are 5 independent elastic stiffness tensor
elements.

Based on these calculated elastic stiffness tensor of Ni-Y
compounds and according to the mechanical stability criteria.”
The formulas of elastic moduli and mechanical stability criteria
for the considered crystal systems are introduced. The condi-
tion C;, < B < Cy; is used in order to study the hardness of
a material. The elastic constants obey the mechanical stability
conditions based on the Born Standard®® for a different
structure.

The bulk modulus and shear modulus of Ni-Y compounds
are computed according to the Voigt-Reuss-Hill (VRH)
approximation.? Therefore, Young's modulus and Poisson's

Table 3 The calculated bulk modulus (B), shear modulus (G), Young's
modulus (E), B/G, and Poisson's ratio (v) and Vickers hardness (GPa) of
Ni—Y compounds and the units are GPa

species B G E v BIG H, A" Ag Ag

Ni;Y, 172.12 79.13 205.85 0.30 2.18 7.39 0.079 0 0.008
NisY 181.71 79.75 208.70 0.31 2.27 6.89 0.106 0.003 0.010
Ni,Y, 138.23 62.89 163.83 0.30 2.20 5.98 0.535 0.006 0.004
NizY 139.99 65.34 169.63 0.30 2.14 6.46 0.049 0.002 0.004
NizY 144.08 55.99 148.71 0.33 2.57 3.97 0.127 0O 0.013
NiY 79.01 32.82 86.49 0.32 2.41 2.52 0.534 0.070 0.037
Ni,Y; 74.22 21.33 58.41 0.37 3.48 0.21 1.829 0.083 0.141
NiY; 54.20 26.82 69.06 0.29 2.02 3.01 0.201 2.248 0.015

41580 | RSC Adv., 2018, 8, 41575-41586

ratios are obtained by the relationships between bulk modulus
and shear modulus.****

E = 9BGI(3B/G) (7)
vy = (3B — 2G)/(6B + 2G) (8)

The results of B, G, E and » of Ni-Y compounds are listed in
Table 3. What's more, from Fig. 6(a), with the Y concentration
increasing, the trend of shear modulus of Ni-Y compounds is
similar to Young's modulus and Bulk modulus. The calculated

Ni,Y, (b)
0.36 |-
o034}
g \
% 0.32_ NigY NiY
I I
- /50 Y,
D,
030 | N
NipY, NV
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Fig. 6 (a) The calculated bulk modulus (B), shear modulus (G) and

Young's modulus (E) of Ni-Y compounds as a function of Y concen-
tration, (b) the Poisson's ratio (v) of Ni—-Y compounds as a function of Y
concentration.

This journal is © The Royal Society of Chemistry 2018
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shear modulus of Ni-Y compounds decreases with the increase
of Y concentration except for NizY and NiY;. Therefore, the
variation of shear modulus is related to the Y concentration and
chemical bonds which includes the bonding type and orienta-
tion of bond. The values of bulk modulus and Young's modulus
are changed from 60 GPa up to 200 GPa. The obtained bulk
modulus, shear modulus and Young's modulus of NisY are
181.71 GPa, 79.75 GPa, and 208.7 GPa, respectively, which are
larger than that of other Ni-Y compounds. The ductile or brittle
of materials can be determined by the B/G ratio and Poisson's
ratio. Furthermore, the degree of orientation of chemical bonds
is controlled by the Poisson's ratio.*” The Poisson's ratio of Ni-Y
compounds as a function of Y concentration is shown in
Fig. 6(b). For this purpose, Pugh's criteria® is used. According to
this criteria, a compound is ductile when B/G > 1.75, otherwise
brittle if B/G < 1.75. From Table 3 analysis, the value B/G > 1.75

This journal is © The Royal Society of Chemistry 2018

in Ni-Y systems, so all the Ni-Y compounds show ductile
behavior. The calculated elastic constants C; of Ni-Y
compounds are summarized in Table 2. The mechanical
stability of a crystal implies that the strain energy must be
positive, then the determinants of the matrices of the principal
minors of C;; matrix should be all positive.** We can analyze the
mechanical stability of those compounds in Table 3. The B/G
value of all Ni-Y compounds being larger than 1.75 indicates
the ductility of these phases. Among them, Ni,Y; bears the
largest B/G value of 3.48, revealing the excellent ductility of this
compounds. While the B/G value of others compounds is bigger
than 1.75, but no more than 3. Most of the Ni-Y compounds
have a high bulk modulus, indicating that they are not easy to
be compressed. What's more, the calculated Poisson's ratio of
Ni-Y compounds is close to 0.3, suggesting they have stronger
metallic bonding. We all know that the value of the bulk
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Fig. 8 The total density of state (TDOS) and partial density of state (PDOS) for Ni—Y compounds, the dashed line represents the Fermi energy.

modulus is not only related to the atomic radius, but also to the
crystal structure.

The anisotropy of Ni-Y compounds can be described
through the universal anisotropic index (4") and percent
anisotropic index (Ag and Ag) according to following formula:**

41582 | RSC Adv., 2018, 8, 41575-41586
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Fig. 9
compounds in the (110) plane.

_ Gv—Gr
Gy + Gr

where By, Bg, Gy and Gy represent the bulk modulus and share
modulus estimation within Voigt and Reuss approximations,
respectively.

The value of the anisotropy index is close to zero, and the
greater the deviation from zero indicates the more anisotropy of
the material. The results are listed in Table 3. Ni,Y; has the
highest values of the AY, indicating that the elastic properties of
Ni,Y; in Ni-Y compounds have the strongest anisotropy. Simi-
larly, the value of Ag, Ag also confirmed the results. Ni,Y; has
the largest values 0.141 of the Ag, representing that the
anisotropy of bulk modulus is weak. What's more, the three-
dimensional (3D) surface contour offers a more detailed and
visual elastic anisotropy. For the hexagonal structure in any
directions was given by ref. 36.

1
- (1 - 132)2511 — L*Ss + 132(1 - 132)(2513 + Sus)

Ag (11)

(12)
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- 7.109e-3
--1.340e-2
--3.392e-2
--5.443e-2

(a—h) (a) NiYs, (b) NioY, (c) NisY, (d) Nizz7Y2, (e) NisY, (f) NizY2, (g) NizYs, (h) NiY. The differences of charge density distribution for stable Ni-Y

For monoclinic structure:

1
5 LASi + b* Sy + L Ssy + 20757 S 1, + 217 1S5 + 217 1385

+ 21221325'23 + 211122135'25 + 2111335'35 + 122132544 + 2 12213546
+ 1212 Sss + 121 Se

(13)
For orthorhombic structure:
1
= Suli* + Sub* + Sul* + (281 + See) i + (2813
+ S55)112132 + (285 + 5'44)122132 (14)

Eqn (14) can be applied in the tetragonal and cubic structure.
Where S; is the usual elastic compliance constant, which is
obtained from the inverse of the matrix of the elastic constants,
and [, [, I3 are the direction cosines. The result surface
contours of Young's modulus for Ni-Y compounds are illus-
trated in Fig. 7. We can see that Young's modulus of Ni-Y
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Table 4 Population analysis of Ni-Y compounds, the calculated average bond length (L(AB) (A)) and the mean bond population (A(AB) (e)) are

shown
Species Atom s p d Total Charge () Band L(AB) (A) n(AB) (e)
Ni;;Y, Ni; 0.68 0.53 8.72 9.92 0.08 Ni-Y 2.91 0.22
Ni, 0.61 0.45 8.72 9.78 0.22 Ni-Ni 2.39 0.11
Ni; 0.67 0.56 8.69 9.93 0.07
Ni, 0.49 0.36 8.73 9.59 0.41
Y, 0.58 2.15 1.85 4.59 —-1.59
Y, 0.57 1.85 1.81 4.23 —1.23
NisY Ni; 0.64 0.31 8.74 9.69 0.31 Ni-Y 2.87 —-0.19
Ni, 0.77 0.48 8.71 9.96 0.04 Ni-Ni 2.61 0.22
Y 0.54 1.37 1.84 3.75 —0.75
Ni,Y, Ni; 0.63 0.27 8.74 9.64 0.36 Ni-Y 2.92 0.45
Ni, 0.64 0.27 8.75 9.65 0.35 Ni-Ni 2.55 0.12
Nij 0.79 0.54 8.77 10.11 —0.11
Ni, 0.75 0.46 8.72 9.93 0.07
Nis 0.76 0.50 8.74 10.00 0
Y, 0.49 1.22 1.82 6.54 —0.54
Y, 0.38 0.86 1.98 3.22 —0.22
NiY Ni; 0.79 0.54 8.77 10.10 —-0.10 Ni-Y 2.94 0.39
Ni, 0.61 0.24 8.75 9.60 0.40 Ni-Ni 2.62 0.14
Ni; 0.75 0.50 8.74 9.99 0.01
Y, 0.38 0.82 1.97 3.18 —0.18
Y, 0.45 1.12 1.81 3.38 —0.38
Ni,Y Ni 0.74 0.54 8.77 10.05 —0.05 Ni-Ni 2.59 0.14
Y 0.3 0.63 1.97 2.9 0.1
NiY Ni 0.86 0.27 8.83 9.96 0.04 Ni-Y 2.96 0.28
Y 0.64 0.54 1.86 3.04 —0.04 Ni-Ni 2.48 0.22
Ni,Y; Ni; 0.85 0.25 8.84 9.94 0.06 Ni-Y 2.95 0.29
Ni, 0.83 0.33 8.85 10.01 —-0.01 Ni-Ni 2.53 0.11
Ni; 0.84 0.36 8.85 10.05 —0.05
Ni, 0.84 0.22 8.84 9.91 0.09
Y, 0.66 0.49 1.86 3.01 —0.01
Y, 0.66 0.50 1.86 3.01 —-0.01
Y; 0.63 0.50 1.90 3.03 —0.03
Y, 0.65 0.49 1.85 2.99 0.01
Ys 0.63 0.47 1.85 2.96 0.04
Ye 0.64 0.50 1.89 3.03 —0.03
Y, 0.66 0.58 1.90 3.14 —0.14
NiY; Ni; 0.83 0.41 8.84 10.08 —0.08 Ni-Y 2.85 0.30
Y, 0.60 0.43 1.93 2.96 0.04
Y, 0.61 0.47 1.91 3.00 0.00

compounds have different surface construction due to they
have a different crystal structure, the shape of planar contours
and size of Ni-Y compounds are also different. The 3D direc-
tional dependence of a solid with a spherical shape suggests
isotropic. While the deviation degree of spherical shape has
a certain response to the degree of anisotropy, and more devi-
ation means more elastic anisotropy. The strong anisotropy of
Young's modulus for Ni-Y compounds are shown by deviating
from the normal ellipse at (001) and (110) plane. We can see that
all compounds possess anisotropy from Fig. 7. It is obvious that
the planar contours of the NisY have the maximum Young's
modulus along the axes on (001) and (110) plane. NiY and Ni,Y
have the same planar contours on (001) and (110) plane while
the value is different.

In addition, the theoretical hardness of Ni-Y compounds can
be calculated according to the semiempirical hard model.

H,=2x (k> x G)°*% -3 (15)

41584 | RSC Adv., 2018, 8, 41575-41586

where k represents the B/G ratio and G is the shear modulus.
The results Ni-Y compounds are shown in Table 3. The hard-
ness of Ni-Y compound gradually decreases with the increase of
Y element concentration except for the Ni,Y; and NiY;. The NisY
has the largest hardness as 6.89 GPa while Ni,Y; has the
smallest value with 0.21 GPa due to different atomic constitute
and disparate crystal types. The similar phenomenon can be
observed between shear modulus and bulk modulus in those
compounds. From the above discussion, we can get a result that
these compounds are not potential superhard materials.

3.4 Electronic structure

To our knowledge, a density of states can be used as a visual
result of band structure. A lot of analysis has common ground
with energy band analysis, and many terms of density of states
are interlinked with band analysis. It's much broader in the
outcome discussion than the band analysis because it's more
intuitive. Electron charge density shows the bonding nature of

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 (a) The calculated Mulliken's overlap population of Ni-Y
compounds; (b) the mean bond population of Ni-Y compounds.

the compound whether it is ionic or covalent. The total density
of state (TDOS) and partial density of state (PDOS) for Ni-Y
compounds are shown as Fig. 8, and the dashed line represents
the Fermi level (Eg). It is clear that some bands are across the Eg,
indicating that those Ni-Y compounds exhibit metallic
behavior. It is noted that the DOS profiles of those Ni-Y
compounds are contributed by the Ni-4d state, Ni-5s state, Y-3d
state and Y-4s state. The strong hybridization between the Ni
atom and the Y atom forms the strong Ni-Y bonds along the d-
d directions.

In Fig. 8, the low-energy part of the DOS consists mainly of
Nyi(¢) and the high-energy part consists of Ny(¢). Because of the
3d-4d hybridization, it is not zero even in the high-energy
region. These facts are seen in the calculated DOS by M. Shi-
mizu et al.®* Obviously, the bandwidth of NisY is the range from
—8 up to 12, which is larger than that of other Ni-Y compounds.
These results are attributed to the overlap of the wave functions
between the Y atoms increases. It is clear that Ni-Y compounds
are the metallic character due to the finite value of the DOS at
Fermi level (Eg). According to the lower the N(Ey) is, the better
the stability of the DOS at the Fermi level.*” The value of Ni,Y;
near Fermi energy level is higher than other compounds, indi-
cating that Ni,Y; is less stable, which accords with analysis on

This journal is © The Royal Society of Chemistry 2018
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the formation enthalpy in Fig. 4. What's more, the different
concentration of Y affects the localized hybridization and
chemical bonding between Ni atoms and Y atoms. To further
gain some insight into the correlation between the mechanical
properties and chemical bonding, Fig. 9 shows the contours of
electron density difference of Ni-Y compounds. The blue region
represents the accumulation of electronic charge. The red
region is consistent with the depletion of electronic charge. It
further indicates that Ni-Y metallic bonds are observed in these
compounds, which accords with analysis on the TDOS and
PDOS in Fig. 8. For Ni-Y compounds, the depletion of electronic
charge is obvious between Ni-Ni and Y-Y, while is weaker
among Ni atoms and Y atoms. All of the valence electron density
show symmetry except for the NiY and Ni,Y. The strong electron
delocalization occurs in the Ni-Y lattice, and the electron is
distributed through the matrix map, indicating the metal bond
interaction between the metal atoms.

What's more, some quantitative information for the trans-
ferred charge of the Ni-Y compounds are shown in Table 4. The
bond length and the population value of the chemical bond are
calculated, according to following equation,*® we can get the
average bond length and the average bond population.

T 2iLilVi
_ injABNi

where L(AB) and 7(AB) express the average bond length and the
mean bond population, respectively. In the cell, N is the total
number of i bond and L; is the bond length of i type. From the
Table 4 and Fig. 10(a), the positive charges carried by Ni atoms
vary from 0.01 to 0.36 electrons, while the negative charges is
from —0.01 to —0.11 electrons. But for Y atoms, the positive
charges is in the range 0.01 to 0.1 electrons, and the negative
charges are in the range —0.01 to —0.75 electrons. In Fig. 10(b),
we can know that the value of an average length of Ni-Y is about
2.9 A, so their ionicity is roughly the same. However, the ionicity
of Ni,Y; is slightly stronger than the other compounds, while
the shortest Ni-Y is NisY, as 2.87 A, the similar trend can be
obtained from Fig. 7. From Fig. 10(b), it is clear that the Ni-Ni
bonding is shorter than the Ni-Y bonding. As everyone knows
the bond population is proportional to the strength of the
bonding. The bond population of Ni,Y, is larger than the other
compounds in Ni-Y alloys. So, it is the stronger chemical
bonding. From Table 4, Ni,Y, and NizY have not only the Ni-Y
strong metallic character but also the covalent as the bond
population is greater than 0.35.

4. Conclusion

In summary, the stability, elastic properties, mechanical prop-
erties and electronic structures of the Ni;;Y,, NisY, Ni;Y,, Ni;Y,
Ni,Y, NiY, Ni,Y; and NiY; in the Ni-Y system are assessed in
detail via first principle calculations in the present work. Firstly,
we discuss the thermodynamic properties of Ni-Y compounds
in detail. The calculated phonon distribution curves of Ni-Y

RSC Adv., 2018, 8, 41575-41586 | 41585
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compounds have no soft mode, indicating that all compounds
are thermodynamic stability. The elastic stiffness tensors and
properties of these Ni-Y compounds including bulk modulus,
shear modulus, Young's modulus, and Poisson's ratio are
calculated. With the lower the enthalpy of formation is, the
more stable the compounds are. The stability of these
compounds forms the following sequence: NiY > Ni,Y > NizY >
Ni,Y,> NisY > Ni,Y; > Ni;;Y, > NiY; in the Ni-Y compounds. All
Ni-Y compounds have a high bulk modulus, indicating that
they are difficult to be compressed. NisY has the largest bulk
modulus which the value is 181.71 GPa. We also analyze the
different bulk modulus value of Ni-Y compounds due to the
different Y content and various crystal structures. Based on the
analysis of the electronic structure, Ni;Y, and NizY have not
only the Ni-Y strong metallic character but also the covalent as
the bond population is greater than 0.35, thus showing very
strong mechanical properties. And this work would be signifi-
cant for understanding the further application of Ni-Y
compounds in the future.
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