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The structural properties, the formation enthalpies, and the mechanical properties of Co–Al
compounds (CoAl, CoAl3, Co3Al, Co2Al5, Co2Al9, and Co4Al13) are studied by using Chen’s
lattice inversion embedded-atom method. The potential is transferable and therefore does well for
studying different Co–Al compounds. The calculated lattice parameters and cohesive energies are
consistent with the experimental and theoretical results. The formation enthalpies of all the Co–Al
compounds are negative; therefore, the chemical bonding between Co and Al atoms increases the
stability of compounds. According to elastic constant restrictions, all the six Co–Al compounds are
mechanically stable. CoAl alloy with the larger moduli and lower Poisson’s ratio is the hard or
brittle phase. Moreover, CoAl3, Co3Al, Co2Al5, and Co2Al9 alloys are considered to be ductile
materials, which have lower ratio of shear modulus to bulk modulus.

I. INTRODUCTION

The Co–Al compounds attract great interests because of
their importance in material science applications.1–3 Many
work about CoAl4,5 and Co4Al13,

6–8 which focus on sample
preparation, structural analysis, and property measurement,
has been done. Moreover, there were also some reports on
CoAl3,

9 Co3Al,
10 Co2Al5,

11,12 and Co2Al9.
13

The atomistic simulation could help people to un-
derstand more structural and physical properties of Co–
Al compounds. In 1997, Vailhé and Farkas14 calculated
the crystal parameters, elastic constants, and bulk modules
of three cubic structures (CoAl, CoAl3, and Co3Al)

14 by
using embedded-atom method (EAM) potential. In 2002,
Zhang et al.15 applied modified analytic EAM (MAEAM)
on CoAl and Co3Al alloys. They found that the point
defect types are Co antisite defects for the Co-rich side,
and Al antisite defects for the Al-rich side in CoAl alloy. In
addition, the self-diffusion behavior in Co3Al happens at
the first neighbor of the alloy, and diffusion elements are
Co atoms. However, the above-mentioned two works did
not simulate the hexagonal structure (Co2Al5) and mono-
clinic structures (Co2Al9 and Co4Al13). In 2007, Dong
et al.16 first utilized 2NN-MEAM (second nearest neighbor
modified EAM) to the structural properties of uncubic
Co–Al compounds. It is also found that the anisotropy in
the c/c9 (fcc-Co (c) and Co3Al (c9) phases) interfacial
energy is relatively small and leaves a room for further
modification by alloying with other elements. However,
no systematic theoretical study has been reported on the
mechanical properties of Co–Al compounds. It seems to

be interesting to investigate their hardness, brittleness, and
ductility by EAM calculations.

It is noteworthy that the interatomic pair potential can
be strictly acquired to arbitrary-distance neighbor by
using Chen’s lattice inversion. In this paper, as many as
six Co–Al compounds are systematically analyzed by
Chen’s lattice inversion embedded-atom method (CLI-
EAM),17,18 this is the first time to apply well transferable
EAM potential to so many Co–Al compounds. Hence, one
aim here is to verify the transferability of CLI-EAM
potential, the other is to obtain comprehensive data of
structural stability and mechanical properties of Co–Al
compounds.

II. METHOD OF CALCULATION

A. Embedded-atom method

The basic equations of the embedded atom method
are19,20

EiðrÞ ¼ FðqiÞ þ
1
2
+
i 6¼j

UðrijÞ ; ð1Þ

qi ¼ +
i 6¼j

f ðrijÞ ; ð2Þ

where Ei(r) is the cohesive energy of each atom in metal,
F(qi) is the energy to embed atom i in the background of
the crystal, here qi is the background electron density
(BED) at atom i due to all other atoms, U(rij) is the
repulsive pair potential between atom i and atom j, f(rij) is
the atomic electron density (AED) as a function of distance
from the center.

In this paper, the formula of pair potential U is proposed
to use the Morse function,21
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UðrÞ ¼ D0 exp½�2a0ðr � r0Þ� � 2 exp½�a0ðr � r0Þ�ð Þ ;

ð3Þ

where r0 is the nearest neighbor distance in the cell,D0 and
a0 are the parameters for pair potential. The form of
embedding energy F is proposed by Banerjea and
Smith,22 they put forward another form of embedding
function based on effective medium theory23 and uni-
versal energy function.24 The details of pair potential and
embedding energy are described in Sec. II. C. Mean-
while, the functions of BED and AED are both exponen-
tially decrease forms:

FðqÞ ¼ �F0½1� n lnðq=qeÞ�ðq=qeÞn ; ð4Þ

qðrÞ ¼ qe exp½�kðr � r0Þ� ; ð5Þ

f ðrÞ ¼ fe exp½�bðr � r0Þ� ; ð6Þ

where all the parameters in Eqs. (4)–(6) are needed for
fitting. Equation (5) is the analysis formula of BED. The
parameters qe and k are obtained by fitting first-principles
data. In another word, we calculated some BED points that
change with lattice constants by using first-principles
method, and then fitted these points with Eq. (5) to obtain
the data of parameters qe and k. Equation (6) is the anal-
ysis formula of AED, and the parameters fe and b are
obtained by lattice inversion25,26 method. More details of
BED and AED are described in Sec. II. C.

B. Chen’s lattice inversion

It is known that cohesive energy in crystal lattice E(r)
is a sum of interatomic pair potentials U9, such as

EðrÞ ¼ 1
2
+
i 6¼j

U0ðrijÞ ¼ 1
2
+
n¼1

U0ðb0ðnÞr0Þ ; ð7Þ

where r0 is the nearest neighbor distance, b0(n) is the ratio
of the nth neighbor distance to the nearest neighbor
distance. According to multiplicative semigroup, for any
two integers m and n in semigroup {b(k)}, there always
exists an integer l, such that

bðnÞbðmÞ ¼ bðlÞ : ð8Þ
In other words, {b0(k)} can be replaced by {b(k)}. So

Eq. (7) is equivalent to the following equation:

EðrÞ ¼ 1
2
+
‘

n¼1
rðnÞU0ðbðnÞr0Þ ; ð9Þ

where r(n) is the numbers of nth neighbor atoms, in
which

rðnÞ ¼ r0ðb�1
0 ½bðnÞ�Þ bðnÞ 2 fb0ðnÞg
0 bðnÞ=2fb0ðnÞg

�
; ð10Þ

Therefore, pair potential U9 is given by

U0ðrÞ ¼ 2 +
‘

n¼1
IðnÞEðbðnÞr0Þ ; ð11Þ

+
bðkÞ bðnÞj

IðkÞr b�1 bðnÞ=bðkÞ½ �� � ¼ dn1 : ð12Þ

The inversion coefficient I(n) is structure dependent,
such as fcc, bcc, and hcp metal.

As the same theory, Eq. (2) can written as,

qðrÞ ¼ +
n¼1

rðnÞf ½bðnÞr� : ð13Þ

This form is important for the following discussion.

C. Chen’s lattice inversion embedded atom
method

For combination of EAM17–20,27 and Chen’s lattice
inversion method,25,26 the cohesive energy per atom of
metal under homogeneous deformation is given by

EðrÞ ¼ F½qðrÞ� þ 1
2
+
n¼1

UðbðnÞr0Þ ; ð14Þ

then

2fEðrÞ � F½qðrÞ�g ¼ +
n¼1

rðmÞU½bðnÞr0� ; ð15Þ

qðrÞ ¼ +
n¼1

rðnÞf ½bðnÞr0� : ð16Þ

Therefore, the pair potential function and AED func-
tion can be acquired by Chen’s lattice inversion25,26

UðrÞ ¼ 2 +
n¼1

IðnÞfE½bðnÞr0� � Fðq½bðnÞr0�Þg ; ð17Þ

f ðrÞ ¼ +
n¼1

IðnÞqðbðnÞr0Þ : ð18Þ

The BED q in Eq. (18) can be obtained using first-
principles calculations which were carried out with
CASTEP code,28 based on density functional theory
(DFT). The cohesive energy, lattice constant, and bulk
modulus of pure elements are input parameters (Table I).
The Morse function of cohesive energy E in Eq. (18) can
be obtained by fitting pure elements’ experimental param-
eters.29 The model parameters F0 and n in the embedding
Eq. (4) can be arbitrary initial value at the beginning.
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Then the parameters are determined by the calculations
that are compared between the experimental data in
Table I. We obtained the data of pair interaction by in-
version of the difference data between E(r) and F[(q(r))] in
Eq. (15). And then we fitted these data of pair interaction
with Morse formula to obtain three parameters D0, a, and
r0. In addition, the data of E(r) are from the experiment,
the calculations of pure elements Al and Co are listed in
Table I. It is seen that, the output results are consistent
with the input experimental parameters. In CLI-EAM, the
cutoff radii of fcc and hcp structures are larger than 8 Å,
and the cutoff radius of the bcc structure is less than 3.5 Å,
otherwise the phonon spectrum of these three structures
would exit imaginary frequency. At the same time, the
range which is larger than 10 Å or smaller than 2.0 Å is
meaningless. Therefore, we chose 10 Å as the cutoff radius
of Al and 3 Å as the cutoff radius of Co, respectively.

In binary alloy CLI-EAM, the cohesive energy EAB
c of

alloy is written as

EAB
c ¼ EA

c þ EB
c þ DE ; ð19Þ

DE ¼ +
n
rðnÞUAB½bðnÞr0� ; ð20Þ

where EA
c and EB

c is the binding energy of metal A and B,
respectively. The functions of them are both Eq. (1). The
data of EA

c , E
B
c , and EAB

c come from experiment.29–32 As
people know, arbitrary N-body interaction energy term
can be represented as sum of some pair interactions for pair
potential model.UAB is the pair potential between metal A
and B. Based on Chen’s lattice inversion,25,26 UAB is
assumed to follow the formula,

UAB ¼ +
n
IðnÞDE½bðnÞr0� ; ð21Þ

where I(n) is the inversion coefficient (the inversion
coefficient bases on B2 structure here). This new-type

EAM interatomic potential can be called the CLI-EAM
potential; more details of CLI-EAM formalism have been
published in the literature.17,18,27 The input parameters for
calculations are listed in Table I.

Because of using Chen’s lattice inversion, the advantage
of CLI-EAM over other EAM is that all the parameters can
be obtained by first-principles calculation. Therefore, the
problem of lack of experiments for pure metals is avoided,
and the transferability of potential is enhanced.

D. Elastic constants and mechanics modulus

It is known that the elastic constants relating the
various components of stress and strain are defined by,

Cij ¼ 1
V

@2U

@ei@ej

� �
; ð22Þ

where V andU are the volume and theHelmholtz free energy
of the crystal, e is the strain tensor. The other mechanics
modules are obtained by usingVoigt, Reuss, andHill (VRH)
approximations.33 All the elastic constants and structural
properties were carried out with GULP code.34 The bulk
modulus (B) and shear modulus (G) are obtained from the
elastic constants through Eqs. (23) and (24); Young’s
modulus (Y) and Poisson’s ratio (m) are obtained from the
bulk modulus and shear modulus through Eqs. (25) and (26),

B ¼ 2 C11 þ C12 þ 2C13ð Þ þ C33½ �=9 ; ð23Þ

G ¼ 7C11 � 5C12 þ 2C33 þ 12C44 � 4C13ð Þ=30 ;

ð24Þ

Y ¼ 9BG=ð3Bþ GÞ ; ð25Þ

m ¼ ð3B� 2GÞ=2ð3Bþ GÞ : ð26Þ

TABLE I. The input experimental parameters of pure elements and the calculated parameters of Co–Al compounds.

Input experimental parameters

Cohesive energy (eV) Lattice constant (Å) Bulk modulus (GPa) Elastic constant (GPa)

Al29 �3.39 2.8634 75.9 C11 5 106.8, C12 5 60.4, C44 5 288.3
Output �3.38 2.8762 76.0 C11 5 102.1, C12 5 62.9, C44 5 293.3
Co29 �4.39 a 5 2.507, c 5 4.069 191 C11 5 295, C12 5 159, C13 5 111, C33 5 335, C44 5 71
Output �4.40 a 5 2.496, c 5 4.063 189 C11 5 293, C12 5 149, C13 5 125, C33 5 317, C44 5 64

Calculated parameters

BED AED Embedding function Pair potential

qe (Å
�3) k fe (Å

�3) b n F0 D0 a r0

Al 0.0194 7.275 0.00159 6.951 0.364 1.075 0.214 1.322 2.836
Co 0.0162 6.284 0.00128 6.250 0.56 3.04 0.227 2.150 2.476
Co–Al 0.220 1.686 2.650
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III. RESULTS AND DISCUSSION

A. Structural properties

Based on phase diagrams, there are some Co–Al com-
pounds confirmed in experiments, namely, CoAl, CoAl3,
Co3Al, Co2Al5, Co2Al9, and Co4Al13. Although there are
few available EAM potentials for all these compounds, the
CLI-EAM alloy potential is utilized to calculate the lattice
parameters, the formation enthalpies, and the cohesive
energies of these compounds. The results are shown in
Table II. It is seen that the calculated lattice constant of CoAl
(2.867 Å) is consistent with the experiments of 2.863 Å29 or
2.8608 Å.30 This result is as good as 2NN-MEAM
calculation of 2.86 Å16 or EAM of 2.86 Å,14 and the DFT
results (2.86235 and 2.867 Å36), and a little better than the
result of MAEAM (2.961 Å15). The calculated cohesive
energy of CoAl is�4.448 eV, that is also consistent with the
EAM theoretical14,16 and experimental results,31 and a little
better than DFT results (�4.5054 and �4.393 eV37). In
CLI-EAM method, the Morse function is used to describe

the energy of crystal, so the acquired lattice constant and
cohesive energy of CoAl are consistent with the experimen-
tal results.29–31 Then we apply this alloy potential to
the other Co–Al compounds. For two cubic structures
CoAl3 and Co3Al, our results are as a similar conclusion
to CoAl. For hexagonal structure Co2Al5, the results of
lattice constant are a 5 7.681 Å and c 5 7.606 Å; it is
a little larger than the results of 2NN-MEAM (a 5 7.79 Å,
c5 7.539 Å)16 and experiment (a5 7.671 Å, c5 7.608 Å
and a 5 7.656 Å, c 5 7.593 Å).32,41 For monoclinic
structures Co2Al9 and Co4Al13, our calculated lattice
constants (a 5 6.093 Å, b 5 6.385 Å, and c 5 8.652 Å)
of Co2Al9 are consistent with the relevant experimental
results29,43 except Co4Al13 (a5 15.547 Å, b5 7.679 Å,
c 5 12.465 Å) with a difference of 2.1–6.6% for ex-
perimental results.44,45 From Table II, it can be seen that
the results of Co4Al13 by 2NN-MEAM also have the
difference of 4.3–6.3%.16 That means the calculations of
lattice constants by EAM have the uncertainty. Moreover,
EAM cannot describe the nonclose-packed crystal or

TABLE II. The calculated lattice parameters, enthalpy of formation (Hf), and cohesive energy (Ec) of Co–Al intermetallic compounds. Some results
of first principles (DFT) and experiments (Exp.) are listed.

Compound Method Lattice parameters (Å) Ec (eV) Hf (eV)

CoAl

CLI-EAM 2.867 �4.448 �0.558
EAM14 2.86 �4.47 ...
MAEAM15 2.961 �4.139 �0.249
MEAM16 2.86 �4.45 �0.57
DFT a 5 2.862,35 a 5 2.86736 �4.5054 ...

�4.39337

Exp. a 5 2.8608,30 a 5 2.86329 �4.45131 �0.56131

CoAl3

CLI-EAM 3.837 �3.987 �0.347
EAM14 3.80 ... �0.34
MEAM16 3.81 ... ...
DFT 3.7337 ... �0.43,4 �0.40238

Exp.38 ... �0.40

Co3Al

CLI-EAM 3.657 �4.488 �0.348
MAEAM15 3.644 �4.211 �0.071
MEAM16 3.63 ... �0.28
DFT 3.52,37 3.65539 ... �0.24

EAM14 3.56 ... ...

Co2Al5

CLI-EAM a 5 7.681, c 5 7.616 �3.893 �0.217
MEAM16 a 5 7.79, c 5 7.539 ... �0.26
DFT a 5 7.52440 ... �0.48,4 �0.37438

�0.6940

Exp. a 5 7.671, c 5 7.60832 ... �0.4338

a 5 7.656, c 5 7.59341

Co2Al9

CLI-EAM a 5 6.093, b 5 6.385, c 5 8.652 �3.780 �0.208
MEAM16 a 5 6.13, b 5 6.46, c 5 8.42 ... �0.16
DFT a 5 6.08940 ... �0.34,4 �0.30638

�0.32,42 �0.4640

Exp. a 5 6.149,29 b 5 6.290,29 c 5 8.55729 ... �0.31,38 �0.3142

a 5 6.18,43 b 5 6.24,43 c 5 8.5943 ... ...

Co4Al13

CLI-EAM a 5 15.547, b 5 7.679, c 5 12.465 �3.795 �0.170
MEAM16 a 5 15.72, b 5 7.79, c 5 12.14 ... �0.23
DFT ... ... �0.414

Exp. a 5 15.183,44 b 5 8.122,44 c 5 12.34044 ... ...
a 5 14.79,45 b 5 8.14,45 c 5 12.7245 ... ...
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low-symmetry structures well. These differences may be
attributed to the center-symmetry model of the CLI-EAM
and the basic postulates of BED. In EAM model, BED is
used to describe the many-body interactions. But people
suppose it is a homogeneous electron gas in crystal.19,20

Therefore, it can well describe high-symmetry structures
such as cubic crystal but not direction effects in low-
symmetry structures.

It is known that the cohesive energy can be used to
describe the stability of the crystal; it is often defined as
the total energy released by isolated atoms combined into
solid. Hence, the larger the absolute value is, the more
stable the crystal structure is. From Table II, the absolute
values of cohesive energy of Co2Al5, Co2Al9, and Co4Al13
are smaller than CoAl, which means CoAl is more
energetically stable than the rest. Although our results
are not as consistent with the experimental ones as some
EAM calculations, our potential can well describe the
structures and the energies of all the compounds with

acceptable differences. As it is known, the transferability
of potential is a very important character in atomic scale
simulation, and therefore, the CLI-EAM potential has
good transferability for Co–Al compounds.

By studying the energies of optimized Co–Al com-
pounds and metals Co and Al, the formation enthalpies
(Hf) for Co–Al compounds were obtained. As shown in
Table II, the calculated Hf of CoAl is �0.558 eV, it is
consistent with 2NN-MEAM of �0.57 eV16 and experi-
mental results of �0.561 eV,31 and a little better than the
result of MAEAM (�0.249 eV).15 All the results of Co–Al
compounds are compared in Fig. 1, the values of Hf

for CoAl3, Co3Al, Co2Al5, Co2Al9, and Co4Al13 are
�0.347, �0.348, �0.217, �0.208, and �0.170 eV, re-
spectively. The absolute value of Hf first increases and
then decreases when Co concentration increases, and it
reaches maximum when the ratio of Co/Al concentration
was 1:1. The negative Hf of Co–Al compounds means the
chemical interactions between Co and Al atoms can
increase the stability of compounds. Therefore all the
Co–Al compounds are thermodynamically stable.

B. Elastic constants and mechanical properties

In this section, the elastic constants and the mechanical
properties of Co–Al compounds are investigated by using
the CLI-EAM alloy potential. All the results are shown in
Table III together with the experimental14 and the EAM
calculation15,16 results. Our calculated C11, C12, and C44 of
CoAl are 275.9, 112.7, and 148.6 GPa respectively; they are
similar to 2NN-MEAM of 265.9, 109.9, and 139.1 GPa16

and experimental results of 269, 107, and 139 GPa,14 and
a little larger than the results ofMAEAM (216.5, 136.4, and
90.6 GPa) and EAM (226, 146, and 115 GPa).14,15 For
cubic structures, the results of Co3Al are as a similar
conclusion to CoAl, although smaller differences exist for
CoAl3. The elastic constants of other uncubic structures

FIG. 1. Calculated enthalpies of formation for Co–Al compounds.

TABLE III. The calculated elastic properties (Cij in GPa) of Co–Al intermetallic compounds.

Compound Method C11 C12 C13 C22 C23 C33 C44 C55 C66 C15 C25 C35 C46

CoAl

CLI-EAM 275.9 112.7 ... ... ... ... 148.6 ... ... ... ... ... ...
EAM14 226 146 ... ... ... ... 115 ... ... ... ... ... ...
MAEAM15 216.5 136.4 ... ... ... ... 90.6 ... ... ... ... ... ...
MEAM16 265.9 109.9 ... ... ... ... 139.1 ... ... ... ... ... ...
Exp.14 269 107 ... ... ... ... 139 ... ... ... ... ... ...

Co3Al

CLI-EAM 308.1 138.0 ... ... ... ... 97.7 ... ... ... ... ... ...
MAEAM15 214.4 147.6 ... ... ... ... 95.9 ... ... ... ... ... ...
MEAM16 313 144 ... ... ... ... 142 ... ... ... ... ... ...
EAM14 280 184 ... ... ... ... 131 ... ... ... ... ... ...

CoAl3

CLI-EAM 207.6 99.5 ... ... ... ... 86.7 ... ... ... ... ... ...
MEAM16 182 85 ... ... ... ... 69 ... ... ... ... ... ...
EAM14 251 151 ... ... ... ... 94 ... ... ... ... ... ...

Co2Al5 CLI-EAM 92.0 69.5 62.1 92.0 62.1 130.9 36.0 36.0 25.3 ... ... ... ...
Co2Al9 CLI-EAM 109.5 55.2 58.1 158.9 42.0 117.7 38.9 31.2 33.9 17.4 7.8 5.7 9.2
Co4Al13 CLI-EAM 122.9 65.6 57.0 106.3 55.9 129.3 88.9 45.5 21.6 4.2 7.3 2.3 5.2
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(Co2Al5, Co2Al9, and Co4Al13) are calculated; the results of
corresponding elastic constants are smaller than the data of
cubic structures.

As people know, the mechanical stability obeys the
restrictions of elastic constants. Different structures have
different restrictions. In the Co–Al system, CoAl, Co3Al,
and CoAl3 are cubic structures; Co2Al9 and Co4Al13 are
monoclinic structures; Co2Al5 is a hexagonal structure. So
here needs three restrictions.

For cubic structure, the restriction is46

C11 > 0; C44 > 0; C11 � C12 > 0;

C11 þ 2C12 > 0 : ð27Þ

And for monoclinic structure, the restriction is47

For hexagonal structure, the restriction is48

C11 � C12j j > 0; ðC11 þ C12ÞC13 � 2C2
13 > 0

ðC11 � C12ÞC44 � 2C2
14 > 0 : ð29Þ

From Table III, we find that all the elastic constants of
the Co–Al compounds satisfy the above restrictions. That
means they are all mechanically stable.

To better understand the mechanical properties of the
Co–Al compounds, the bulk modulus B, the shear mod-
ulus G, the Young’s modulus Y, and the Poisson’s ratio m
are calculated and compared with the experimental49 and
the EAM results.14,16 As shown in Table IV, our calcu-
lated bulk modulus of CoAl (167.1 GPa) is larger than the
experimental (162 GPa)49 and the MEAM (162 GPa)16

data, whereas smaller than EAM (202).14 The differences
may be attributed to two reasons. One is that the defects in
the materials are not considered in our calculations;
another is that the effects of anisotropy on the elastic
properties are not considered in experiments. To interpret
our results, the bulk moduli of Co–Al compounds for
different Co concentrations are shown in Fig. 2. As can be
seen, the bulk modulus of metal Co is larger than metal Al,

so the calculated bulk moduli of the compounds increase
with increasing Co concentration except CoAl3
(B 5 135.5 GPa). The reason may be due to the effects
of anisotropy of CoAl3 lead to a little larger elastic
constant, and then the larger elastic constant leads to
a larger bulk modulus. In Table IV, CoAl has the highest
shear modulus and Young’s modulus, whereas Co2Al5 has
the lowest values. Haines et al. proved that the hardness of
a material is closely related to its shear modulus and

TABLE IV. The calculated bulk modulus (B), shear modulus (G), Young’s modulus (Y), and Poisson’s ratio (m) of Co–Al intermetallic compounds.

Compound Method B (GPa) G (GPa) Y (GPa) G/B m

CoAl

CLI-EAM 167.1 121.8 293.8 0.73 0.207
EAM14 204 ... ... ... ...
MEAM16 162 ... ... ... ...
Exp. 16214 ... ... ... ...

Co3Al
CLI-EAM 194.7 92.6 239.8 0.47 0.295
MEAM16 200 ... ... ... ...
EAM14 216 ... ... ... ...

CoAl3

CLI-EAM 135.5 47.1 126.6 0.34 0.344
MEAM16 117 ... ... ... ...
EAM14 184 ... ... ... ...

Co2Al5 CLI-EAM 105.6 24.7 68.7 0.23 0.392
Co2Al9 CLI-EAM 101.3 32.0 86.9 0.32 0.357
Co4Al13 CLI-EAM 106.9 54.3 139.3 0.51 0.283

C11 > 0; C22 > 0; C33 > 0; C44 > 0; C55 > 0; C66 > 0;

C11 þ C22 þ C33 þ 2 C12 þ C13 þ C23ð Þ > 0;

C11C55 � C2
12

� �
> 0; C44C66 � C2

46

� �
> 0; C22 þ C33 � 2C23 > 0;

C22 C33C55 � C2
35

� �þ 2C23C25C35 � C2
23C55 � C2

25C33 > 0;

2 C15C25 C33C12 � C13C23ð Þ½ þ C15C35 C22C13 � C12C23ð Þ
þC25C35 C11C23 � C12C13ð Þ�
� C2

15 C11C22 � C2
12

� �� þ C55 C11C22C33 � C11C
2
23

� � C22C
2
13�C33C

2
12 þ C12C13C23

��
> 0 : ð28Þ
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Young’s modulus.50 Although the relationships between
the hardness and the modulus are not universal, it is
generally recognized that the larger the modulus is, the
higher hardness the material has. Therefore, CoAl with the
largest modulus (G 5 118.2 GPa, Y 5 285.6 GPa) is
the hard phase, whereas Co2Al5 with the smallest modulus
(G5 24.7 GPa, Y5 68.7 GPa) is the soft phase. To study
the brittleness and the ductility properties of the Co–Al
compounds, the ratio of shear modulus to bulk modulus
(G/B), which is an empirical criterion of the extent of
fracture range of the material,51 is studied. According to
Table IV, CoAl3, Co3Al, Co2Al5, and Co2Al9 are ductile
materials, which have lower G/B values of 0.34, 0.47,
0.23, and 0.32, respectively; whereas CoAl is a brittle
material with a higher G/B value of 0.78. For Poisson’s
ratio, it is generally accepted that materials with low
Poisson’s ratio are brittle.52,53 Thus, CoAl is a brittle
material with a lower Poisson’s ratio value of 0.207.

IV. SUMMARY

In this paper, the structural stability and the mechanical
properties of Co–Al compounds (CoAl, CoAl3, Co3Al,
Co2Al5, Co2Al9, and Co4Al13) were investigated by using
CLI-EAM potential. The potential is transferable and
therefore does well for studying different Co–Al com-
pounds. The calculated lattice parameters and cohesive
energies are consistent with the experimental and other
EAM results. The formation enthalpies of all the Co–Al
compounds are negative; therefore the chemical bonding
between Co and Al atoms increase the stability of com-
pounds. According to elastic constant restrictions, all the
Co–Al compounds are mechanically stable. The bulk
moduli of the compounds increase with the increasing Co
concentration. Moreover, CoAl with the largest shear
modulus and Young’s modulus is the hard phase, and
Co2Al5 with the smallest modulus is the soft phase. CoAl3,

Co3Al, Co2Al5, and Co2Al9 with lower B/G values are
considered to be ductile materials, and CoAl with a lower
Poisson’s ratio value of 0.207 is a brittle material.
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