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Chen’s lattice inversion embedded-atom method
for Ni—Al alloy*
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The structural properties, the enthalpies of formation, and the mechanical properties of some Ni—Al intermetallic
compounds (NiAl, NigAl, NiAls, NisAls, NigAly) are studied by using Chen’s lattice inversion embedded-atom method
(CLI-EAM). Our calculated lattice parameters and cohesive energies of Ni-Al compounds are consistent with the

experimental and the other EAM results. The results of enthalpy of formation indicate a strong chemical interaction

between Ni and Al in the intermetallic compounds. Through analyzing the alloy elastic constants, we find that all the

Ni—Al intermetallic compounds discussed are mechanically stable. The bulk moduli of the compounds increase with the

increasing Ni concentration. Our results also suggest that NiAl, NigAl, NiAls, and NisAls are ductile materials with

lower ratios of shear modulus to bulk modulus; while NigAly is brittle with a higher ratio.
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1. Introduction

The Ni—Al intermetallic compound has attracted
much attention in recent years for its high melting
temperature, good oxidation resistance, high thermal
conductivity, and low density.l'~4 Many researchers
have studied the Bs type NiAl and the L1y type
NizAl compounds, e.g., the mechanical properties of
NiAl could be improved by alloying with ternary
additions,>=7) and the types of point defects in NizAl
were discussed, and it was shown that the point defect
is the antisite defect in the nonstoichiometric case.!®!
However, the other Ni—Al intermetallic compounds are
less studied.

In 2011, Wang et al.
of formation and the elastic constants by using the

predicted the enthalpies

density functional theory (DFT), which provides a
helpful insight into the properties of the Ni—Al in-
termetallic compounds./?) Then Xiang et al. showed
that the NisAls phase layer starts to form only when
the outer layer is completely consumed and that the
growth kinetics of each of the intermediate layers dif-
fers from that of its subsequent consumption.l”) And
the replacement of Ni by 10 at.% Co in the NiggAlgy
alloy decreased the tendency to the formation of the
Nis Al phase.[*% In 2008, the NiAl; intermetallic com-
pound with particle size less than 100 nm was pre-
pared by a novel patented solid-liquid reaction milling
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technology.'!! Li et al. studied two critical com-
positions, which had 7.9% and 13.1% NiAls in Al-
15%MgoSi-NiAl; system, differences in the formation
of NiAls intermetallic particles and the microstructure
during the solidification interval were found.['?) Using
an excimer KrF, the ablation of the NizAl target led
to the matrix comprising the nanocrystalline NizAly
cubic phases.[!3]

Since 1990, Chen’s
been widely applied to obtain the pair potentials

lattice inversion'4 has

from the first-principles calculations. For exam-
ple, Zhang et al.'® firstly obtained the pair inter-
action in the Finnis-Sinclair[!f! and the embedded-
atom method (EAM) potentials using Chen’s inver-
sion formula. And the inversion method has been ap-

plied to ionic crystals,'”) metal-ceramic interfaces,!*®!
rare earth transition intermetallic compounds,™?!
21,22

semiconductors, 2! and actinicles intermetallics.|
It is noteworthy that the interatomic pair potential
can be strictly acquired to arbitrary-distance neigh-
bor by using Chen’s lattice inversion.

In this paper, we construct a new alloy poten-
tial based on a pure metal Chen’s lattice inversion
embedded-atom method (CLI-EAM).[?3] Then we ap-
ply the method to Ni—Al intermetallic compounds
(NiAl, NizAl, NiAlz, NiszAlz, NigAly) to investigate
their stabilities of structure and mechanical proper-
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ties.

2. Method of calculation

In the present paper, we use the CLI-EAM to cal-
culate all the results. This method was proposed by
the authors based on the first principles, and has sim-
ulated fcc metals Au, Ag, Cu, and Pt successfully.??!

For the binary alloy EAM, the cohesive energy Eiqy is

written as
Eiot = E1 + By + AE, (1)
1
Eq =F1(P1)+§Z¢117 (2)
1
Ey = F>(p2) + 3 D By, (3)

where Fi, Ey, and AFE are the cohesive energy of
metal A, the cohesive energy of metal B, and the resid-
ual cohesive energy, respectively, and @11 and $45 are
the interatomic pair potentials of metals A and B, re-
spectively. In general, the cohesive energy per atom
of the crystal can be express as the sum of interatomic
pair potentials, so we get

AFE = Z r(n)P12 [b(n)riel, (4)

n

where @15 is the pair potential between atoms 1 and 2,
1 1s the distance to the nearest neighbor, r(n) is the
number of n-th neighbor atoms, and b(n) is the ratio
of the n-th neighbor distance to the first neighbor dis-
tance. Based on Chen’s lattice inversion,['¥ the pair
potential between different atoms is assumed to be

G1y =Y I(n)AE [b(n)ric], (5)

where I(n) is the inversion coefficient depending only
on the structure (we use the inversion coefficient of
the B2 structure in this paper), and can be written as

> I (b—l {MD =81 (6)

b(n)|b(m)

The form of pair potential function is proposed to

use the Morse function!24

&(r) = Dy(exp[—2a(r — 19)]
—2exp[—ag(r —19)])- (7)

The basic equations of the embedded atom

method are[25-26]

B(r) = Flp) + 3 3 9(0), (®)
p(r) =Y f(r), (9)

where E(r) is the cohesive energy of each atom in
metal, F'(p) is the energy to embed one atom in the
background electron density, p is the background elec-
tron density (BED) at one atom due to all other
atoms, and @(r) is the repulsive pair potential be-
tween different atoms. Thus, p is assumed to be a lin-
ear combination of contributions from f(r), here f(r)
is the atomic electron density (AED) and is a function
of distance from the center, r is the distance between
different atoms.

The form of embedding energy F' is proposed by
Banerjea and Smith,2”! they put forward another form
of embedding function based on the effective medium
theory[2® and the universal energy function given by
Rose.[??) The functions of BED and AED each have

an exponentially decreasing form

F(p) = —Fo [L = nln(p/po)] (p/po)",  (10)
p(r) = peexp [=A(r/rie — 1)}, (11)
f(r) = feexp[=B(r/rie = 1)]. (12)

All the input parameters for calculations are listed in
Table 1.

Table 1. The input parameters for background electron density, atomic electron density, embedding function,
pair potential of Ni and Al, and the pair potential between different atoms in the Ni—Al alloy.

p(r) f(r) F(p) (r)
pe/A3 A fe/A3 8 n Fy Do ag Ro
Al 0.0194 7.275 0.00159  6.951 0.364  1.075 0.214  1.322  2.836
Ni 0.0325 6.355 0.00249  6.181 0.672  2.584 0.220 1.713  2.648
Ni-Al 0.586  1.684  2.721

The moduli are obtained by using Voigt, Reuss,
and Hill (VRH) approximations.l**) The bulk modu-

lus B and the shear modulus G are obtained from the

elastic constants

1
B = 5 [C11 4+ Caz + C33 + 2 (Cr2 + Cr13 + Ca3)] ,(13)
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1
G = B[Cu + Ca + C33+ 2 (Cag + Cs5 + Cge)

The Young’s modulus Y and the Poisson’s modulus v

are obtained from the bulk modulus B and the shear
modulus G

9BG

Y=s5+a (15)
3B - 2G

V=3B 0) (16)

3. Results and discussion

3.1. Structural properties

Based on phase diagrams, there are some Ni—
Al intermetallic compounds confirmed in experiments,
namely, NiAlz, NizAly, NiAl, NisAl3, and NizAl
Whereas there are few available EAM potentials for
all these intermetallic compounds, so the CLI-EAM
Ni—Al alloy potential is used to calculate the lattice
parameters, the enthalpies of formation, and the co-
hesive energies of these compounds. The results are
shown in Table 2. We can see that some EAM poten-
tials can well describe the structural and the energetic
properties of the compounds.831-35 In the CLI-EAM

method, the Morse function?¥ is used to describe
the energy of crystal, so the acquired lattice constant
and cohesive energy of the NiAl compound are consis-
tent with the experimental®®:37) and the other EAM
results.[831-35 Then we apply this alloy potential to
five other Ni—Al intermetallic compounds. Our calcu-
lated lattice parameters of all the compounds are con-
sistent with the relevant experimental results except
NiAly (a = 6.966 A, b="7.761 A, ¢ = 5.070 A) with a
difference of 5.6%. At the same time, our calculated
cohesive energies of all the compounds are consistent
with the relevant experimental results except NisAls
(B, = 4.743 ¢V) with a difference of 4.7%. These
differences may be attributed to the center-symmetry
model of the CLI-EAM, which does not describe the
non-close-packed crystal (such as orthorhombic struc-
ture NiAlg and NisAls) well.
are not as consistent with the experimental ones as

Although our results

some EAM calculations, our potential can well de-
scribe the structures and the energies of all the com-
pounds with acceptable differences. As we know, the
portability of potential is a very important character
in atomic scale simulation, therefore, the CLI-EAM
potential has good portability for Ni—Al intermetallic
compounds.

Table 2. The calculated lattice parameters, enthalpies of formation, and cohesive energies of Ni—Al intermetallic compounds.

Method Lattice parameter/A E./eV Hi/kJ-mol™1
NiAl CLI-EAM 2.894 -4.514 -59.0
MAEAMB1] a=2.964 ~4.326 -39.6
EAMB32] a=2.86 ~4.470
EAMI[B3] a=2.88 -4.49
GEAMB4 a=2.973 -3.95
EAMI[33] a=2.906 -4.316
exp. a=2.887136]  q=2 8g[40] —4.5250371 —4.50(37] —67.71381 _g5.7(39]
NizAl CLI-EAM a=3.531 ~4.550 -35.8
MAEAMB1] a=3.563 —4.662 —46.4
EAMB32] a=3.525 ~4.600
EAMI8] a=3.566 ~4.632
EAM(33] a=3.56 ~4.66
GEAMB4 a=3.607 ~4.20
EAM35] a=3.566 ~4.632
exp. a=3.566136] ~4.5571371 —4,57[37] —47.4138] | _39.6[39]
NiAls CLI-EAM a=6.966, b=7.761, ¢c=5.070 ~4.141 —47.4
EAMB2] a=6.415, b=7.484, ¢=4.950 -3.914
exp. a=6.598[36] | p=7.352[36]  c=4.802[36] —4.02[41] ~37.7137]
NigAly CLI-EAM a=11.353 ~4.012 -58.0
EAM[B2] a=11.375 —4.283
exp. a=11.40836]
NisAls CLI-EAM a=7.425, b=6.667, c=3.390 ~4.743 —67.7
EAM[42] a=7.5, b=6.6, c=3.75 ~4.596
exp. a="7.441361 p=6.68[36] ¢=3.72[36] —4.53033]
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Through studying the energies of optimized Ni-
Al intermetallic compounds and fcc metals Ni and Al,
we can obtain the enthalpies of formation (H) for
Ni—Al compounds. As shown in Table 2, our results
are consistent with the available experimentall7—39
and EAM results.?!) The results are compared in
Fig. 1, we find that the NisAlz alloy has the
largest H¢ (67.7 kJ/mol). The absolute values of
H; for NiAls, NigAly, NiAl, NisAls, and NigAl are
47.4 kJ/mol, 58.0 kJ/mol, 59.0 kJ/mol, 67.7 kJ/mol,
and 35.8 kJ/mol, respectively, meaning there are very
strong chemical interactions between Ni and Al atoms.
Therefore all the Ni—Al intermetallic compounds are
thermodynamically stable due to the negative en-
thalpies of formation.

3.2. Elastic properties and mechanical
stability

In this section, we study the mechanical stabil-
ity of the Ni—Al intermetallic compounds, the elastic
constants are investigated by using the CLI-EAM al-
loy potential. All the results are shown in Table 3
together with the experimental*3—46] and the EAM

n[31,32,34,35,42] Our calculated elas-

calculatio results.
tic constants of NiAl and NizAl are consistent with
the experimental and the EAM theoretical data, while
smaller differences exist for NigAl. The mechanical
stability leads to restrictions on the elastic constants.
For cubic structures (NiAl, NizAl, and NizAly),[*") we

have

Ci11 >0, Cyy >0, Cy1 — C12 >0, Cy1 +2C15 > 0. (17)

or e —e— this work [ ]
Al d,_l\fiAE;]M/ﬂSll Ni And for orthorhombic structures (NiAl3 and
Iiﬁﬁm Ni5Als),*8] we have
—20r —*— exp. 3]
+exp.[39]
% —o—exp.B7] Cy1 > 0, Coo > 0, C33 > 0,
= ®
T —40r v NisAl Cia >0, Cs5>0, Ce >0,
° *
NiAL NiAl Ci1+ Cop —2C12 >0, Oy + Cz3 — 2013 > 0,
—60}F *~e
ngAlé\. AL Cag + C33 — 2023 > 0,
. . L L L L Ci11+Co +Cs3+2 (012 + Ci3 + 023) > 0. (18)
0 0.2 0.4 0.6 0.8 1.0

Mole fraction of Ni

Fig. 1. (colour online) Calculated enthalpies of formation
for Ni—Al intermetallic compounds.

From Table 2, we find that all the elastic constants of
the Ni—-Al intermetallic compounds satisfy the above
restrictions. Therefore all the Ni—Al compounds cal-
culated by the CLI-EAM are mechanically stable.

Table 3. The calculated elastic properties (Cj; in units of GPa) of Ni—Al intermetallic compounds.

Method C11 C12 Ciz  Ca2 Cz3 (33 Cya Css5  Ces
NiAl  CLI-EAM 195.5 139.0 107.3
EAMB2] 200 140 120
MAEAMB1] 188 132 100
EAM42] 185.8 123.4 123.4
GEAM(®] 192.3 163.2 65.0
EAMB5I 182.6 115.8 92.6
exp. 1990431 211044]  137[43] 143[44] 1160431 112044]
NisAl  CLI-EAM 237.1 157.5 114.8
MAEAMB1] 192 127 97
EAMI(38] 220.6 145.7 123.8
EAM42] 214.7 113.8 113.8
GEAM(®] 260.8 156.7 64.2
EAMIBS] 218.3 119.7 102.9
exp. 1690451 2250461 121[45] 149[46] 89[45]  194[46]
NigAly  CLI-EAM 273.4 54.9 54.9 231.5 109.4 231.5 59.2 319 31.9
NiAl3  CLI-EAM 232.9 80.3 80.3 314.8 149.4 314.8 100.0 46.8 46.8
NisAls  CLI-EAM 340.6 73.1 168.5 360.9 167.2 191.1 109.5 110.8 48.1
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In order to better understand the mechanical
properties of the Ni—Al intermetallic compounds, we
calculate the bulk modulus B, the shear modulus G,
the Young’s modulus Y, and the Poisson’s modulus
v and compare them with the experimental and the
EAM results. As shown in Table 4, the calculated bulk
modulus (184 GPa), shear modulus (61.8 GPa), and

Young’s modulus (166.7 GPa) of NigAl are different
from the experimental date of 174 GPa,l*¢! 77 GPa,
and 202 GPa,[*0] respectively. The differences may be
attributed to two reasons. One is that the defects in
the materials are not considered in our calculations;
the other is that the effects of anisotropy on the elastic

properties are not considered in experiments.

Table 4. The calculated bulk modulus B, shear modulus G, Young’s modulus Y, and Poisson’s modulus v of

Ni—Al intermetallic compounds.

Method B/GPa G/GPa Y /GPa G/B v
NiAl CLI-EAM 157.8 60.6 161.2 0.38 0.33
EAMI[42] 144.2
EAMB3] 144.2
exp. 156[52] ) 158[43]
NizAl CLI-EAM 184.0 61.8 166.7 0.34 0.35
exp. 174[46] 77146] 2100531, 202[46]
NizAly CLI-EAM 127.7 82.1 202.8 0.65 0.24
NiAls CLI-EAM 164.7 62.6 166.7 0.38 0.33
NisAlz CLI-EAM 180.1 68.0 181.2 0.38 0.33

To interpret our results, we show the bulk mod-
ulus, the shear modulus, and the Young’s modulus
for different Ni concentrations in Figs. 2 and 3. As
can be seen, the calculated bulk moduli of NiAl and
NizAl are consistent with the experimental data, and
the bulk moduli of the compounds increase with the
increasing Ni concentration expect NiAls. The reason
may be that a slightly larger total energy of the or-
thorhombic structure leads to a slightly larger elastic
constant, and then the larger elastic constant leads
to a larger bulk modulus. In Fig. 3, the NigAly alloy
has the highest shear modulus and Young’s modulus,
whereas the NiAl alloy has the lowest values. Haines
et al. proved that the hardness of a material is closely
related to its shear modulus and Young’s modulus.[*”]
Although the relationships between the hardness and
the modulus are not universal, we believe that the
larger the modulus is, the higher hardness the mate-
rial has. Therefore, the NigAly alloy with the largest
modulus (G = 82.1 GPa, Y = 202.8 GPa) is in the
hard phase, while the NiAl alloy with the smallest
modulus (G = 60.6 GPa, Y = 161.2 GPa) is in the
soft phase. To study the brittleness and the ductility
properties of the Ni—Al compounds, the ratio of shear
modulus to bulk modulus (G/B), which is an empir-

ical criterion of the extent of fracture range of the

material,[®% is studied. According to Table 4, NiAl,
NisAl, NiAlz, and NisAlz are ductile materials, which
have lower G/B values of 0.38, 0.34, 0.38, and 0.38,
respectively; while NigAl, is a brittle material with
a higher G/B value of 0.65. Our results are consis-
tent with the experimental results in Ref. [51], which
showed that the fine grain NiAl alloy exhibits ductil-
ity because of the composition homogeneity by a rapid
solidification processing. However, at room tempera-
ture, the bulk material of NiAl is brittle. This dis-
agreement may be attributed to the center-symmetry
model or the defects in the materials not considered

in our calculations.

'/—O
180+ — Ni

—e— this work
—A— exp.[52]
—o— exp.143]
—v— exp.l46]
—a— EAMB3]
—o— EAME2

0 0.2

60 0.8 1.0

OI,4 OI.6
Mole fraction of Ni

Fig. 2. (colour online) Calculated bulk moduli of Ni-Al
intermetallic compounds.
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200 —— Shear modulus
—@— Yong’s modulus

@
g
< 160 +
2] L
= T
k=
S 80
p=

60 |-

0.2 0.4 0.6 0.8
Mole fraction of Ni
Fig. 3. (colour online) Calculated shear moduli and

Young’s moduli versus concentration of Ni for Ni-Al in-
termetallic compounds.

4. Conclusion

In this paper, we investigated the structural sta-
bility and the mechanical properties of Ni-Al in-
termetallic compounds (NiAl, NigAl, NiAl;, NisAls,
NigAly) by using Chen’s lattice inversion embedded-
atom method. Our calculated lattice parameters and
cohesive energies of the Ni—Al alloy are consistent
with the experimental and the EAM results. There
is a strong chemical interaction between Ni and Al
in the intermetallic compounds because of the large
enthalpies of formation. Through analyzing the crys-
tal elastic constants, we find that all the Ni—-Al inter-
metallic compounds discussed here are mechanically
stable. The bulk moduli of the compounds increase
with the increasing Ni concentration. The NizAl, al-
loy with the largest bulk modulus and Young’s mod-
ulus is in the hard phase, while the NiAl alloy with
the smallest modulus is in the soft phase. The NiAl
NizAl, NiAls, and NisAls are considered to be ductile
materials, which have lower B/G values; while NigAly
is considered to be a brittle material with a higher
B/G value.
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