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INTRODUCTION

In recent years, intermetallic compounds have been
received more and more attentions. They have been applied
as magnetic materials', shape memory alloys?, coating mate-
rials®, hydrogen storage! and high temperature structural
materials’. Among these intermetallic compounds, Ni-Al
intermetallic compounds are the promising candidates as
structure materials in aerospace industry and for nano-techno-
logical applications with recent examples of applications of
bimetallic Ni-Al reactive nanostructure as nano-heaters®. The
attractive properties of these intermetallic compounds include
low density, good creep strength and high temperature oxidation
resistance. In addition, these intermetallic compounds also
show good mechanical properties over a wide temperature
range, which are crucial from the technological point of view.
Nevertheless, there are also some disadvantages for them. For
example, their resistance to oxidation attack is insufficient.
Meanwhile, they are brittle at room temperature, which restricts
their application in material fields.

In order to overcome these problems, some alloying
elements such as Fe, Cr, Co, Cu and Mn were found useful in
improving the ductility of Ni-Al alloys. Ni-Al-based ternary
Ni-Al-Fe intermetallic compounds show good plasticity and
one-way, as well as two-way shape memory effect’. Besides,
some promising ternary Ni-Al-based intermetallic compounds
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The physical properties, such as electronic, elastic and optical properties of Ni,CrAl intermetallic compound with non-Heusler phase have |
been investigated using first principles based on density functional theory. The calculated elastic constants indicate that Ni,CrAl is |
mechanically stable. The polycrystalline elastic modulus and Poisson's ratio have been deduced by Voigt-Reuss-Hill approximations.
According to the calculated ratio of bulk modulus to shear modulus, Ni,CrAl may be of potential application for ductile materials. The |
analysis for the band structure reveals that this compound is a conductor. The optical properties have been investigated and the results |
show Ni,CrAl can strongly reflect the radiation. This is the first theoretical prediction for the properties of Ni,CrAl intermetallic compound |
with non-Heusler phase and the results need experimental confirmation. |
|
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such as Ni-Al-Cr ternary system were developed to solve the
problems. The Ni-Al-Cr ternary intermetallic compounds have
been widely investigated experimentally and theoretically. For
example, Choe's group synthesized Ni-Cr-Al superalloy foam
successfully® and the structure and mechanical properties of
the superalloy foam were also investigated. Jiang's group
investigated the site preference of Cr in B2 NiAl’. The results
showed that the site occupancy of Cr in B2 NiAl was a strong
function of both alloy composition and temperature. How-
ever, up to date, the reports on the experimental preparation
of Ni-Cr-Al intermetallic compounds are limited to NiAlsCrs,
NiAl;Cryg, NiAl(Cr; and NiAl;Cr,'. Other Ni-Cr-Al ternary
intermetallic compounds such as Ni,CrAl has not been
exploited widely. This might be due to the lack of facile and
reliable procedures for preparing other Ni-Cr-Al intermetallic
compounds.

The structure of Ni,CrAl has two types, including Heusler
phase and non-Heusler phase. Heusler alloys exhibit very
interesting magnetic and electric properties, which are ferro-
magnetic metal alloys based on Heusler phase. Heusler phases
are intermetallics with particular composition and face-
centered cubic crystal structure. The majority of Heusler alloys
order ferromagnetically and saturate in weak applied magnetic
fields"'. Such materials have been experimentally prepared and
theoretically studied*'>". The properties of Ni,CrAl with
Heusler phase have also been theoretically studied by previous
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researchers'*'">. However, to the best of our knowledge, the
Ni,CrAl with non-Heusler phase is not studied to date. A
number of properties of that structure are still unknown. In
order to take advantage of the properties of these compounds
for eventual technological applications, it is necessary to
explore various properties by theoretical predication firstly.
For this purpose, we use the first-principle method, which is
one of the most powerful tools for carrying out theoretical
studies of some physical properties'®'”, to predict various
physical properties of NiCrAl intermetallic compound with
non-Heusler phase.

EXPERIMENTAL

Our first-principles calculations are performed with the
CASTEP (Cambridge serial total energy package) code in
Materials Studio 3.0 (MS) software'®. In this code, the Kohn-
Sham equations are solved within the framework of density
functional theory'** by expanding the wave functions of
valence electrons in a basis set of plane waves with kinetic
energy smaller than a specified cut-off energy, E... The
presence of tightly-bound core electrons is represented by non-
local ultra-soft pseudo-potentials of the Vanderbilt-type?'. The
states Al 35*3p’, Ni 45*3d® and Cr 4s'3d" are treated as valence
states. The integrations over the Brillouin zone are replaced
by discrete summation over special set of k points using
Monkhorst-Pack scheme®. A plane wave cut-off energy of
400 eV and a 8 x 8 x 8 grid of Monkhorst-Pack points have
employed in this study to ensure well convergence of the
computed structures and energies. For the calculation of the
optical properties, which usually requires a dense mesh of
uniformly distributed k-points, the Brillouin zone integration
is performed using a 16 x 16 x 16 grid of Monkhorst-Pack
points. The exchange-correlation potential is treated within
the generated gradient approximation using the scheme of
Perdew-Burke-Ernzerhof?. The structural parameters of
Ni,CrAl are determined using the Broyden-Fletcher-Goldfarb-
Shenno (BFGS) minimization technique, with the following
thresholds for converged structures: energy change per atom
less than 1 x 107 eV, residual force less than 0.03 eV/A, the
displacement of atoms during the geometry optimization less
than 0.001 A and the total stress tensor is reduced to the order
of 0.05 GPa by using the finite basis set corrections.

RESULTS AND DISCUSSION

Structural optimization: The space group of Ni,CrAl
structure is Fm-3 m (space group number is 225). The model
of Ni,CrAl cell with non-Heusler phase is shown in Fig. 1,
with the atoms in (0, 0, 0) Al (0.5, 0.5, 0.5) Cr and (0.25,
0.25, 0.25) Ni positions. The lattice parameters of Ni,CrAl
have been optimized in this work. The optimized result is
0.5752 nm in good agreement with the literature value of
0.5737 nm*. This confirms proposed computational method-
ology is suitable for current purpose and the results from
geometry optimizations are reliable.

Electronic properties and band structure: The band
structure, the density of states (DOS) and partial density of
states (PDOS) curves of Ni.CrAl compound have been calcu-
lated, which provide information on the physical basis for
stabilizing effect and site occupancy behaviours of materials.

Fig. 1. Model of Ni,CrAl intermetallic compound cell

The calculated band structure is shown in Fig. 2. The non-
existence of a gap at Fermi level (EF, which is located at 0 eV)
confirms the metallic character and indicates the intermetallic
compound studied here is a conductor.
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Fig. 2. Calculated band structure of Ni,CrAl intermetallic compound

To further elucidate the nature of the electronic band
structure, the density of states of Ni.CrAl compound as well
as the partial density of states of Ni, Cr and Al in Ni,CrAl are
discussed. The calculated results are presented in Fig. 3. We
can identify the angular momentum character of the different
structures from the partial density of states. In general, the
lower valence band is dominated by s-states or p-states of the
different elements of compounds. From Fig. 3(a) and Fig. 3(d),
it can be seen that Al atoms contribute little to valence band
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and conduction band. For the partial density of states of Cr,
the s-states are dominating at energy under -3.5 eV. At the
Fermi level, the partial density of states is mainly derived from
d-states. As far as Ni is concerned, the p and d-states dominate
all the valence band and conduction band. Also, at the Fermi
energy, the d-states mainly contribute to the partial density
of states and contributing from Ni s and p-states could be
neglected.
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Fig. 3. Calculated total and partial density of states of Ni,CrAl intermetallic
compound

In regard to the density of states curve of Ni,CrAl, it is
seen that there are two bonding peaks below the Fermi level.
A strong peak located at -2.1 eV is contributed by the hybridi-
zation of Ni d-states with Cr d-states and a relative weak peak
located at -0.35 eV is contributed by the hybridization of Cr
d-states with Ni d-states and little Al p-states. Beyond the Fermi
level, the density of states is mainly dominated by Cr d-states
and light Ni d-states. The entire conduction region beyond the
Fermi level mostly result from Cr d-states with small contri-
bution from Ni d, Ni p-states and Al p-states. The density of
states value corresponding to the Fermi level [N(Eg)] is 27
states/eV. By virtue of analysis of the partial density of states
curves, the Cr d-states contribute mostly to N(Eg).

Optical properties: From the viewpoint of quantum
mechanics, the interaction of a photon with an electron in the
system is described in terms of time-dependent perturbations
of the ground electronic state. Transitions between occupied
and unoccupied states are caused by the photon absorption or
emission. The spectra resulting from excitations can be thought
of as a joint density of states between the conduction band
and the valence band. The imaginary part [€.(®)] of the
dielectric function can be written as:

2
£,(q = O,,ha) = 2 Z‘(wﬂu oy ) "S(EC —~EY -B) ()

Qg
where, u is the vector defining the polarization of the incident
electric field; k is the reciprocal lattice vector; the superscripts
¢ and v represent the conduction band and valance band,
respectively; and  is the frequency of the incident photon.
Since the dielectric function shows a causal response, the real
part € () of the dielectric function can be obtained from the
imaginary part with the Kramers-Kronig relations. Then the

other optical spectra, such as absorption coefficient o),
reflectivity R(w) refractivity index n(®) and energy-loss L(®)
can be deduced from the values of €,(®) and €,(®)>:
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The calculated optical properties at the equilibrium lattice
constant are presented in Fig. 4, for the energy range up to
77 eV. The calculated optical reflectivity is shown in Fig. 4
(a). From the Fig. 4 (a), we can find that the reflectivity starts
at about 70 % and has a maximum value of roughly 99 % at
about 11 eV. Other peaks are situated at about 3.78 eV and
44 eV, respectively.
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Fig. 4. Reflectivity (a), dielectric function (b), absorption coefficient (c)
and electron energy-loss function (d) for Ni,CrAl intermetallic
compound

Fig. 4 (b) shows the real and imaginary parts of the di-
electric function for Ni,CrAl. The calculated imaginary part
€, exhibits a peak located at 0.52 eV. For the real part &,
spectrum the minimum is at about 3.16 eV.

From the Fig. 4 (c), we find the absorption coefficient is
increased with the increase of energy from 0 eV to 3.4 eV, 4.6
eV to 6.2 eV and 41.0 eV to 43.8 eV, respectively. There are
two peaks situated in the range of 0 eV to 10 eV. A very sharp
peak lies in 43.8 eV.

In Fig. 4 (d), it is shown that the electron energy-loss
function (ELF). Energy-loss function is an important factor
describing the energy loss of a fast electron traversing in the
material®®. The peaks in ELF spectrum represent the charac-
teristic associated with the plasma resonance and the corres-
ponding frequency is the so-called plasma frequency @y*’. The
peaks of ELF correspond to the trailing edges in the reflection
spectrum, for instance, the peak of ELF is at about 11 eV
corresponding the abrupt reduction of reflectivity.
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TABLE-1
CALCULATED ELASTIC CONSTANTS C;; (GPa) AND BULK MODULUS B (GPa), SHEAR MODULUS G (GPa), YOUNG’S MODULUS
Y (GPa), POISSON’S RATIO p, (GPa) AND ANISOTROPY FACTOR A FOR Ni,CrAl INTERMETALLIC COMPOUND

Phase B G B/G Y

u A Cy Cp, Cu

Ni,CrAl 187.4 40.7 4.60 113.9

0.49 22 192.7 184.8 117.4

Elastic properties and mechanical stability: The elastic
constants of solids provide a link between the mechanical and
dynamics and provide important information concerning the
nature of the forces operating in solids. In particular, they
provide information on the stability and stiffness of materials.
In present study, the elastic properties of Ni,CrAl have already
been obtained by the DFT calculations. The calculated elastic
constants and bulk modulus are shown in Table-1. Our calcu-
lated value of the bulk modulus B from the elastic constants
[B=(C;+ 2C,)/3] is 187.4 GPa; this is the same value as that
obtained from fitting the equation of state. This might be an
estimate of the reliability and accuracy of our calculated elastic
constants for Ni,CrAl. Then we study the mechanical stability
of Ni,CrAl by elastic constants. The mechanical stability leads
to restriction equations on the elastic constants, which for
cubic crystal®® are as follows:

C,>0

Cy,>0

C,-C,>0 (6)
C,,+2C, >0

It can be seen from Table-1 that the elastic constants of
the Ni,CrAl cubic structure satisfy all the above restriction
equations. This demonstrates that Ni,CrAl is mechanically
stable.

Young's modulus (Y) and Poisson's ratio (1) are major
elasticity related characteristic property for a material and are
calculated using the following relations®:

_ 9GB
Y_3B+G )
_1[B-2/3G
2| B+1/3)G ®)

where, G is the isotropic shear modulus in the from G = (Gy +
Gr)/2. Gy and Gy are Voigt's and Reuss's shear moduli,
respectively and expressed as®:

C, —-C,+3C
Gv _u 152 44 9)
S(Cll _CIZ)C44 (10)

® 7 4C,,+3(C, -C,)

Young's modulus is often used to provide a measure of
stiffness of a solid, i.e., the larger is the value of Y, the stiffer
is the material. Poisson's ratio provides more information about
the characteristic of the bonding forces than any of the other
elastic constant 0.25 and 0.5 are the lower and upper limits for
central force solids, respectively®'. The calculated Young's
modulus and Poisson's ratio of the compound, based on the
above expression, are listed in Table-1. From Table-1, we find
the obtained value of u is 0.49 smaller than the high limit 0.5

and larger than the low limit 0.25, indicating that the inter-
atomic force of Ni,CrAl is central force.

Shear modulus G represents the resistance to plastic
deformation, while B represents the resistance to fracture®.
To investigate the brittleness and ductility properties of
Ni,CrAl, the ratio of bulk modulus to shear modulus, B/G,
has also been calculated. The value of B/G can classify materials
as ductile or brittle by Pugh's empirical relationship®. If B/G
> 1.75, the material behaves in a ductile manner; otherwise
the material behaves in a brittle manner. From the computations,
the value of B/G is 4.6 larger than 1.75. So Ni,CrAl is consi-
dered as ductile material at ambient conditions.

The elastic anisotropy of crystal has an important
implication in engineering science since it is highly correlated
with the possibility to induce microcracks in materials®. The
anisotropy factor A = (2Cu + C1,)/Cy; has been evaluated to
provide insight on the elastic anisotropy factor. The value of
A equals 1 for an isotropic crystal, while any value smaller or
larger than 1 indicates anisotropy. The magnitude of a deviation
from 1 is a measure of the degree of elastic anisotropy possessed
by the crystal. As can be seen from Table-1, Ni,CrAl can not
considered as elastically isotropic crystal because the value of
A is larger than 1.0.

Conclusion

In summary, the physical properties of Ni,CrAl interme-
tallic compound with non-Heusler phase have been studied
by using first-principles calculations. The calculated lattice
constants are in good agreement with available experimental
data. Other main results and conclusions can be summarized
as follows:

(a) The calculated electronic and band properties predict
that Ni»CrAl is a conductor.

(b) The reflectivity starts at about 70 % and has a maximum
value of roughly 99 % at about 11 eV, which indicate Ni,CrAl
can strongly reflect the radiation.

(¢) The calculations for elastic constants show that Ni,CrAl
can be considered as elastically isotropic and mechanically
stable. The calculated value of B/G is 4.6 larger than 1.75
revealing that it may be applied as a ductile material.
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