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A first-principles study of B2 NiAl alloyed with
rare earth elements Pr, Pm, Sm, and Eu*
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The structural, elastic, and electronic properties of NiAl alloyed with rare earth elements Pr, Pm, Sm, and Eu are
investigated by using density functional theory (DFT). The study suggests that Pr, Pm, Sm, and Eu all tend to be substituted
for an Al site. NigAl;Pm possesses the largest ductility. Only the hardness and ductility of NigAl;Eu are enhanced
simultaneously. The covalency strength of the Ni—Al bond in NigAl;Pm is higher than that in NigAl;Eu. The covalency
strength of an Al-Al bond and that of a Ni-Ni bond in NigAl;Eu are higher than that in NigAl;Pm. The Ni-Pm bond and
the Ni—Eu bond are covalent, and the covalency strength of the Ni-Pm bond is greater. The AI-Pm bond and the Al-Eu

bond show great covalency strength and ionicity, respectively.
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1. Introduction

Nickel-aluminum alloys are remarkable for their attrac-
tive properties including good high-temperature strength, re-
sistance to oxidation and corrosion, relatively low material
density and high melting point, thus constituting an impor-
tant area of material science research in both experimental and
modeling communities.!'”) However, the application of NiAl
is restricted due to its brittle fracture and low tensile ductility
at room temperature )

Alloying as an effective method is widely studied,*"!
even to improve the quality of NiAL[%7! Alloying elements Ti,
Zr, Hf, Nb, and Ta each have a low solubility in NiAl and
exist in the form of ternary intermetallic compounds such as
Heusler phase and Laves phase. V, Cr, Mo, and W can form
pseudobinary eutectic systems with NiAl. Iron, Co, and Cu
each have high solubility in NiAl. The most common ternary
elements are 3d and 4d transitional elements like Fe, Cr, Co,
Mo, Ti, Ga, and Mn, and they have been studied extensively
using both experimental and theoretical methods.[8-10]

Rare earth elements (REEs) are surface-active. An appro-
priate amount of an REE additive (like Nd Y, Ce, Nd, and Dy)
can improve the room temperature compressive ductility of an
alloy,' 12 even the RM (where R denotes a rare-earth element
and M refers to a late transition metal or an early p-element)
intermetallics exhibit distinctly different ductility behavior.'!

However, the research of NiAl alloyed with Pr, Pm, Sm,
and Eu is still limited. Moreover, the studies of Pr, Pm, Sm,

and Eu addition at an atomic level are not sufficient, and the ef-
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fect of these REEs on the ductility, especially the micromech-
anism of the interaction between NiAl and the adding REEs is
not clear. In this study, a first-principles approach is used to
investigate the structural, elastic, and electronic properties of
NiAl alloyed with Pr, Pm, Sm, and Eu in order to illuminate
the intrinsic effect of REEs.

2. Computational method

In the calculation of density functional theory (DFT) we
employ the plane-wave total-energy method in the generalized
gradient approximation (GGA) described by Perdew et al!'¥]
for exchange correlation as implemented in the Cambridge Se-
quential Total Energy Package (CASTEP) code.

This program is employed to investigate the lattice param-
eters, elastic characteristics, and electronic structures of the
NiAl 2 x 2 x 2 supercell with addition of REEs. The unit cell
of NiAl with space group PM-3M and lattice constant 2.9 A
(1 A = 0.1 nm) is established, which is composed of one Ni
atom at (1/2, 1/2, 1/2) and one Al atom at (0, 0, 0). The val-
ues of kinetic energy cutoff E., and the number of K-points
are tested as 310 eV, 330 eV, 350 eV, 370 eV, 390 eV and
1x1x1,2%x2x%x2,3x3x3,4%x4x4,5x5 x5 until the cal-
culated energy converges within the required tolerance, where
E.\ determines the number of plane waves, and the sampling
of the irreducible wedge of the Brillouin zone is implemented
at K points. Ey is set to be 350 eV and the number of k points

is set to be 4 x 4 x 4 with a regular Monkhorst—Pack scheme
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according to the testing results. In the calculation of self-
consistent field (SCF), the Pulay scheme of density mixing!!’!
is adopted. The calculations of the elastic constant and the
electronic structure are followed by cell optimization with a
convergence tolerance of energy of 5.0 x 107 eV-atom™!, a
maximum displacement of 5.0 x 10~ A and a maximum force
of 0.01 eV-A~!. A supercell model of NiAl with REE Eu/Pm,

which consists of 16 atoms, is shown in Fig. 1.

Fig. 1. (color online) Model of NigAl;Eu/NigAl;Pm. The rare earth
element Eu/Pm is placed in the centre of the supercell, substituted for
Al

3. Results and discussion
3.1. Site preferences of Pr, Pm, Sm, and Eu in NiAl

Formation enthalpy is used to choose the more stable site
that REE M occupies (Ni site or Al site) in NiAl. The site

preference energy is described as
Egie = E\ — En, )]

where E; and E; are formation enthalpies of Ni;AlsM and
NigAl;M, respectively. The usual definition of formation en-
thalpy is the total energy difference between compound and
constituent elements in the solid state, so £; and E, are ex-

pressed as! ]

Ey = Exi;aigm — TENi — 8Ea1 — Ey, 2
E> = Enigal,m — 8ENi — TEA1 — Ey. 3

Here, Exji, Eal, and Ej; are the total energies of pure Ni,
Al, and M, respectively. So we can deduce the form of Ej;,

from the above two formation energies as follows:
Egite = E1 — E2 = ENiyalgm — ENigalym + ENi —Eal. - (4)

If Egjie < 0, substitution for Ni is more favorable, and if
Ege > 0, M is on the Al site. The formation energies of face-
centred cubic (fcc) Al and Ni are calculated, and their values
are —56.999 eV and —1356.188 eV, respectively.

The total energies of Enj,aigm and Enigal;a, and site pref-

erence energy are shown in Table 1. It can be seen from the

values of Ej that Pr, Pm, Sm, and Eu are all tend to be substi-
tuted for Al site. Their site preference energies increase grad-
ually, and the models NigAl;Pr, Ni;AlgPm, NigAl;Sm, and

Ni;AlgEu are used for the following calculation.

Table 1. Total energies of Enj;aigm and Enigal,m (in €V), which repre-
sents the values of site preference energy Egie. (in V), and site prefer-
ences.

M ENi; AlgM ENigal,m Ejite Site preference
Pr  -11234.0761 -12533.6252  0.3605 Al
Pm -11805.6852 -13105.2787  0.4049 Al
Sm  -12143.3072 -13442.9709 0.4751 Al
Eu  -12521.0742 -13820.9165 0.6537 Al

3.2. Lattice parameter

The lattice parameters of models doped with different
REEs are shown in Table 2. The equilibrium lattice con-
stant is set to be 5.8 A, which comes from the experimental

results.[!'7:18

1 In Table 2, the lattice parameters increase to dif-
ferent extents after alloying with REEs. Among these models,
NigAl;Sm exhibits the largest change in equilibrium lattice
constant, and the rest of the alloying models present almost

the same changes.

Table 2. Equilibrium lattice constants in Ni7AlgM and NigAl;M and
their changes. § = (a—5.8)/5.8.

Model alA 8/%
NigAlg 5.80 0
NigAl;Pr 5.98 3.10
NigAl;Pm 5.98 3.10
NigAl;Sm 5.99 3.28
NigAl;Eu 5.98 3.10

3.3. Elastic properties

The elastic properties of single crystals are described by
the elements C;; of elasticity tensor. The independent elastic
constants in the cubic phase are Cy1, Cj2, and Cy4, from which
we can obtain bulk modulus By, shear modulus G, Young’s

modulus E, and the Poisson ratio v: 1]

By = (C11 +2C12)/3, )
G=(3Cu+Ci1 —C12)/5, (6)
E =9BoG/(3By+G), v=(1—E/3B)/2. (7)

The elastic constants C;, Ci2, Cs4, and C;1—C, are shown in
Table 3. From the data of NigAlg, we can see that our results
are in good agreement with the experimental ones.”%>! The
mechanical stability criteria in cubic crystal are C;;—Cyo > 0,
Cas > 0, and By > 012223 The calculated elastic constants
show that the models of NigAl;Pr, NigAl;Pm, NigAl;Sm, and
NigAl7Eu are all stable.
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Table 3. Values of the elastic constants Cy1, Ci3, Ca4, and C;1—Cjy of
all supercells.

Model C11/GPa  C12/GPa  Cy4/GPa  C;1-Ci2
NigAlg (Exp) 199 137 116 62
NigAlg (Exp) 204.6 1354 116.8 69.2

NigAlg 173.48 149.37 117.41 24.21

NigAl;Pr 199.41 108.92 38.34 90.49
NigAl;Pm 310.59 207.62 79.00 102.97
NigAl;Sm 329.57 170.89 69.56 158.68
NigAl;Eu 331.73 173.65 114.11 158.08
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Fig. 2. (color online) (a) The curves of Young’s modulus E, shear mod-
ulus G, and bulk modulus By, and (b) the ratios of shear modulus to
bulk modulus G/By, negative Cauchy pressure parameters —(Cj2—Ca4),
and the reciprocal of Poisson’s ratio 1/v of several different models.

In Fig. 2 the Young’s modulus E, shear modulus G, bulk
modulus By, negative Cauchy pressure —(C12—Cas4), G/Bo, and
1 /v are calculated and shown in the order of alloying elements
Pr, Pm, Sm, and Eu. Figure 2(a) shows the curves of E, G,
and By of their models. It is generally believed that the hard-
ness of material is related to its elastic modulus, such as the
Young’s modulus E, and the shear modulus G.**! Although
the relationships between hardness and the modulus are not
identical for different materials, the general trend is that the

larger the modulus, the harder the material is. Therefore, the
calculated Young’s modulus can be used as a general guidance
for the selection of materials. The bulk modulus By repre-
sents the resistance to volume change and is related to overall
atomic binding properties in a material. From Fig. 2(a) it can
be seen that £ and G follow the similar trends. The E val-
ues of NigAl;Sm and NigAlyEu are larger than that of NigAlg,
and that the NigAl;Eu possesses the largest E value. The G
value of the NigAl;Eu is greater than that of the NigAlg. The
By values of the NigAl7;Pm, NigAl;Sm, and NigAl;Eu are en-
hanced compared with that of NigAlg. So, alloying with Eu
enhances the Young’s modulus E and the shear modulus G
of NiAl simultaneously, thus the hardness of the NigAl;Eu is
greater than that of the NigAlg. Moreover, the NigAl;Eu ex-
hibits the largest atomic binding properties.

Figure 2(b) shows the results of the reciprocal of Pois-
son’s ratio 1/v, negative Cauchy pressure —(Cj2—Caq ), and the
ratio of shear modulus to bulk modulus G/By. Poisson’s ratio
reflects the stability of a crystal against shear. This ratio can
formally take values between —1 and 0.5, the smaller the Pois-
son’s ratio, the more brittle behavior of materials will be ob-
tained. In other words, the smaller the reciprocal of Poisson’s
ratio 1/v, the more ductile the material is. Cauchy pressure
as an evaluation norm for ductile or brittle material, generally,
for ductile material is positive, and it is negative for brittle ma-
terial. Figure 2(b) shows negative Cauchy pressure for easy
comparison, the smaller negative Cauchy pressure represents
relative ductile material. Pugh®! has proposed a simple rela-
tionship that empirically the plastic property of metal is related
to its elastic modulus by G/By. If G/By < 0.5, the material
behaves as a ductile matter, otherwise, a brittle matter. From
Fig. 2(b), we can conclude that all the alloying REEs have im-
proved the ductility of NiAl, and the NigAl;Pm possesses the
largest ductility while its hardness is a little lower than that of
NigAlg. Only the hardness and ductility of NigAl;Eu are en-
hanced simultaneously compared with those of NigAlg, while
its ductility is lower than that of NigAl;Pm.

3.4. Density of states (DOS) and populations

Pm and Eu are two representative alloying elements
among the four REEs as discussed above, we compare the den-
sity of states (DOS) of NigAlg with those of the NigAl;Pm and
NigAl7Eu in order to find the effects of REEs Pm and Eu on
the electronic properties of NiAl

The dominant feature of the NigAlg DOS is the existence
of sharp peaks contributed by d orbitals of Ni, which hybridize
weakly with the p orbitals of Al as shown in Fig. 3(a). The
DOS of NigAl;Pm, shown in Fig. 3(b), has two additional
sharp peaks around —18 eV and —38 eV, which are mainly due
to the contributions of s and p orbitals of Pm. Because these
orbitals are the inner electron orbitals, they have weak inter-
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actions with electrons of other atoms. The DOS of NigAl7Eu
shown in Fig. 3(c) shifts the two sharp peaks toward lower en-
ergy. Near the Fermi level, the conduction bands of Nig Al;Pm
and NigAl;Eu narrow, which is due to the fact that the differ-

ence between the number of p electrons of Al and that of f
electrons of Pm (or Eu) leads to their different contributions to
the DOS, meanwhile, the hybridization between f electrons of
Pm (or Eu) and outer electrons of Al plays a big role.
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Fig. 3. (color online) Densities of states (DOSs) of (a) NigAlg, (b) NigAl;Pm, and (c) NigAl;Eu.

The bond populations indicate the overlap degree of the
electron clouds of two bonding atoms and can be used to ac-
cess covalent or ionic nature of a chemical bond. For the
bond populations, the lowest and highest values imply that the
chemical bond exhibits strong ionicity and covalency, respec-
tively.

NigAlg model is presented for comparison. In NigAlg,
three Ni atoms located, respectively, at the corner, on the edge
and in the face can represent corresponding situations of Ni
atoms. The population values of the Ni—Al bonds are the same,
Al-Al bonds (or Ni-Ni bonds) are formed by each single Al
atom (or Ni atom) and its three nearest neighbor Ni atoms (or
Al atoms). All the populations of Al-Al bonds or Ni—Ni bonds
are the same.

In NigAl;Pm and NigAl;Eu, for Ni—Al bonds, because of
the symmetry of the supercell, Ni; and Al;, Al,, Aly located,
respectively, at the corner, on the edge and in the face can rep-
resent corresponding situations of Ni—Al bonds. As for Al-
Al bonds, there are two situations “corner—edge” and “edge—
face”, so Alj—Al, and Al,—Aly represent the Al-Al bonds in
NigAl;Pm and NigAl;Eu, respectively. Ni-Ni bonds are all
along the axis direction just like that in NigAlg, and the pop-
ulations are the same. Ni/Al-REE bonds are REE with their
nearest Ni/Al atoms.

From Table 4, for Ni—Al bonds, the values of P in
NigAl;Pm are increased to various extents compared with
those in NigAlg, while in NigAl7Eu, the values for, such as,
Ni;—Al; bonds are partially reduced. While the average value
of NigAl;Pm is less than that of NigAl;Eu, so the covalency
strength of Ni—Al bond in NigAl;Eu is greater than that in

NigAl;Pm. For Al-Al bonds, after alloying with an REE, the
values of P in these two supercells show the trend of partial in-
crease and that of partial decrease, and the covalency strength
of Ni—Al bond in NigAl;Pm is larger than that in NigAl;Eu,
hence the covalency strength of Al-Al bond in NigAl;Pm is
larger than that in NigAl;Eu. For Ni—-Ni bond, the value of P in
NigAlg is negative, while alloying with an REE, the values in
both the two supercells are positive, and the covalency strength

Table 4. Charge populations of unit bond length in NigAl;Pm,
NigA17Eu, and NigAlg.

Bond (NigAl;Pm)  Population Length/A P (charge/nm)
Nil-All 0.14 2.44829 0.57183
Nil-Al2 0.27 2.54955 1.05901
Nil-Al4 0.29 2.66067 1.08995
All-Al2 0.18 2.99683 0.60063
Al2-Al4 0.27 2.98936 0.90320

Ni-Ni 0.19 2.82686 0.67212
Ni—Pm 1.31 2.73392 4.79165
Al-Pm 0.99 2.99183 3.30901

Bond (NigAl;Eu)  Population Length/A P (charge/nm)
Nil-All 0.13 2.44821 0.531000
Nil-Al2 0.27 2.53703 1.064237
Nil-Al4 0.30 2.64028 1.136243
All-Al2 0.17 2.99105 0.568362
Al2-Al4 0.25 2.99182 0.835827

Ni-Ni 0.18 2.82372 0.637457
Ni-Eu 0.18 2.73346 0.658506
Al-Eu -0.97 2.99121 —3.242835
Bond (NigAlg) Population Length/A P (charge/nm)
Ni—Al 0.14 2.51147 0. 557442
Al-Al 0.22 2.90000 0.758621
Ni-Ni -0.03 2.90000 —0.103448
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of the Ni-Ni bond in NigAl;Pm is larger than that in
NigAl;Eu. For Ni-REE bonds, all the values of P in NigAl;Pm
and NigAlyEu are positive, however, the value of Ni-Pm bond
length is larger than that of the Ni-Eu bond; Ni-Pm possesses
a higher covalency strength. About AI-REE bonds, the val-
ues of P are positive in NigAl;Pm and negative in NigAl7Eu,
hence, Al-Pm bonds show a great covalency strength and Al—
Eu bonds exhibit strong ionicity.

Therefore, it can be concluded that the covalency
strengths of Ni—Al bonds in NigAl;Pm are totally increased
while in NigAl;Eu are partially reduced; for the covalency
strengths of Al-Al bonds, in both NigAl;Pm and NigAl7Eu,
some are partially reduced and some partially increased, the
magnitude of change in NigAl;Pm is greater; Ni-Ni bonds in
the two supercells both present covalency, whose strength in
NigAl7Pm is slightly larger; Ni-Pm bonds and Ni—-Eu bonds
present covalency, and the covalency strength of Ni-Pm bond
is greater; AlI-Pm and Al-Eu show great covalency strength
and iconicity values, respectively.

4. Conclusions

Ab initio density functional theory calculations are per-
formed to study the effects of rare earth alloying elements (Pr,
Pm, Sm, and Eu) on the crystal structural, elastic, and elec-
tronic properties of NiAl. In general, the following conclu-
sions are obtained. (i) Pr, Pm, Sm, and Eu all tend to be substi-
tuted for an Al site. (ii) Nig Al;Pm possesses the largest ductil-
ity while its hardness is a little lower than that of NigAlg. Only
the hardness and ductility of NigAl;Eu are enhanced simul-
taneously compared with those of NigAlg, while its ductility
is lower than that of NigAl;Pm. (iii) The covalency strength
of Ni—Al bond in NigAl;Pm is larger than that in NigAl;Eu.

On the contrary, the covalency strengths of Al-Al and Ni—Ni
bond in NigAl;Eu are larger than those in NigAl;Pm; Ni-Pm
bonds and Ni-Eu bonds present covalency, and the covalency
strength of Ni-Pm bond is greater; Al-Pm and Al-Eu show
great covalency strengths and iconicity values, respectively.
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