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A THEORETICAL INVESTIGATION ON THE ELECTRON STRUCTURES OF Al-BASED INTERMETALLIC COMPOUNDS

TEORETYCZNE BADANIA STRUKTUR ELEKTRONOWYCH ZWIAZKOW MIEDZYMETALICZNYCH NA BAZIE ALUMINIUM

Theoretical investigations were performed to study on alloying stability, and electronic structure of (AlCus, AlCu,Zr
and AlZr;). The results show that the lattice parameters obtained after full relaxation of crystalline cells are consistent with
experimental data, and these intermetallics have a strong alloying ability and structural stability due to the negative formation
energies and the cohesive energies. The further analysis find out that single-crystal elastic constants at zero-pressure satisfy
the requirement of mechanical stability for cubic crystals. The calculations on Poisson’s ratio show that AlCu; is much more
anisotropic than the other two intermetallics. In addition, calculations on densities of states indicates that the valence bonds
of these intermetallics are attributed to the valence electrons of Cu 3d states for AlCus, Cu 3d and Zr 4d states for AlCu,Zr,
and Al 3s, Zr Ss and 4d states for AlZrs, respectively; in particular, the electronic structure of the AlZr; shows the strongest
hybridization.
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Przeprowadzono teoretyczne badania stabilno$ci stopdw i struktury elektronowej AlCu;, AlCu,Zr i AlZr;). Obliczenia
wskazuja, ze parametry sieci uzyskane po pelnej relaksacji komérek krystalicznych sa zgodne z danymi eksperymentalnymi.
Zwiazki miedzymetaliczne wykazuja silng zdolno$¢ tworzenia stopdw i stabilno$¢ strukturalng z powodu ujemnej energii
tworzenia i energii spojnosci. Dalsze analizy wykazaly, Ze state elastycznosci pojedynczych krysztaléw przy zerowym ci$nieniu
spelniaja wymdg stabilnosci mechanicznej krysztaléw regularnych. Obliczenia wspéiczynnika Poissona pokazuja, ze AlCus
posiada znacznie bardziej anizotropowe wlasnosci niz dwie pozostale fazy miogdzymetaliczne. Ponadto, obliczenia gestosci
stanéw wskazuja, ze w tworzeniu faz miedzymetalicznych biora udziat elektrony walencyjne odpowiednio: Cu na powtoce 3d
dla AlCus, Cu na 3d i Zr na 4d dla AlCu,Zr, oraz Al na 3s, Zr na 5s i 4d dla AlZr;), w szczegdlnos$ci struktura elektronowa

AlZr;) wykazuje najsilniejsza hybrydyzacje.
1. Introduction

Intermetallics involving aluminum and transition metals
(TM) are known to have high resistance to oxidation and corro-
sion, elevated-temperature strength, relatively low density, and
high melting points, which making them desirable candidates
for high-temperature structural applications [1, 2]. In particu-
lar, Zirconium can effectively enhance the mechanical strength
of the alloys when copper and zinc elements exist in aluminum
and Al-based alloys [3]. Adding Zr in the Al-Mg alloys can
effectively discard hydrogen, grain refinement, reducing pin-
holes, porosity and hot cracking tendency and improve its
mechanical properties [4]. Many investigations have focused
on the constituent binary systems, such as Al-Cu, Al-Zr, and
Cu-Zr[5-10], however, there has been a lack of systematic the-
oretical and experimental investigations for binary and ternary
system, especially for ternary alloy system.

In recent years, first-principles calculations based on the
density-functional theory have become an important tool for
the accurate study of the crystalline and electronic structures
and mechanical properties of solids [11]. In the present study,

we report a systematic investigation of the structural, elastic
and electronic properties of Al-based alloys(AlCus, AlZr; and
AlCu,Zr) by first-principles calculations, and the results are
discussed in comparison with the available experimental data
and other theoretical results.

2. Computational method

All calculations were performed using the Vienna ab
initio Simulation Package (VASP) [12,13] based on the
density-functional theory (DFT) [14]. The exchange and cor-
relation energy was treated within the generalized gradi-
ent approximation of Perdew-Wang 91 version (GGA-PWI1)
[15].The interaction between the valence electrons and the
ions was described by using potentials generated with Blochl’s
projector augmented wave (PAW) method [16]. The PAW po-
tential used for Al treats 3s, 3p states as valence states, and
the other electron-ion interaction was described by 3d, 4s
valence states for Cu, 5s, 4d ,5p valence states for Zr. A
plane-wave energy cutoff was set at 450eV for AlCu; and

* SCHOOL OF MECHANICAL ENGINEERING, CHANGCHUN UNIVERSITY, CHANGCHUN 130022, P. R. CHINA



1024

AlCu,Zr, and at 350eV for AlZrs. Brillouin Zone integrations
were performed using the Monkhorst-Pack [17] k-point mesh-
es, e.g., the k-point meshes for AlCu;, AlCu,Zr and AlZr;
were 15X 15 %15, 9% 9x9 and 13 x 13 x 13 for optimizing
geometry and calculating elastic constants, and 25 x 25 x 25,
19 %X 19 x 19 and 23 x 23 x 23 for the calculations of density
of states (DOS) at the equilibrium volume, respectively. Op-
timizations of the structural parameters (atomic positions and
the lattice constants) for each system were performed using
the conjugate gradient method, and the coordinates of internal
atoms were allowed to relax until the total forces on each
ion were less than 0.01 eV/A. The total energy and density of
states (DOS) calculations were performed with the linear tetra-
hedron method with Blochl corrections [18]. In order to avoid
wrap-around errors, all calculations were performed using the
“accurate” setting within VASP.

3. Results and discussion
3.1. Equilibrium properties

AlCuj; and AlZrj; alloys have the simple cubic CuzAu(L1,
type, space group Pm-3m) structure[19,20], AlICu,Zr alloy is a
partially ordered Cu,MnAl-type fcc structure with the Fm-3m
space group[21]. Firstly, these crystal structures were opti-
mized with relaxation of cell shape and atomic positions. The
equilibrium volume Vj, bulk modulus By and the pressure
derivation of bulk modulus B, of AlCu; AlCu,Zr and AlZr;
were determined by fitting the total energy calculated at differ-
ent lattice constant values to a Birch-Murnaghan equation of
state [22]. The results of first-principles calculations are listed
in Table 1. From Table 1, one can see that the results of our
calculations compare very favorably with experimental data.
This shows that the used parameters are reasonable.

TABLE 1

Calculated and experimental lattice parameters a (A), equilibrium

volume V(A?), bulk modulus By(GPa) and the pressure derivation
of bulk modulus B, for AlCus, AlCu,Zr, AlZr;

AlCu; AlCuyZr AlZr;

Present.| Expt. |Present. Expt. Present. Expt.
a | 3.693 [3.607[19]| 6.256 | 6.216[21] | 4.381 | 4.392[20]
Vo | 50.358 - 244.805(240.210[21]| 84.110 {84.700[20]
B,|131.010 - 128.600 - 100.800| 101.4[7]
B,| 447 - 4.280 - 3.48 3.33[7]

It is known that the stability of crystal structure is cor-
related to its cohesive energy [23], which is often de?ned as
the work which is needed when crystal is decomposed into the
single atom. Hence, the lower the cohesive energy is, the more
stable the crystal structure is [23]. In the present study, the
cohesive energies (E.y;) of AlCus AlCu,Zr and AlZr; crystal
cells can be calculated by
— NcE€
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where E,,, is the total energy of the compound at the equilib-

rium lattice constant, and E4, , EB_EC are the energies

of the isolated atoms A,B and C in the freedom states. Ny,
Np and Nc refer to the numbers of A, B and C atoms in
each unit cell. The energies of isolated Al, Cu and Zr atoms
are -0.276eV, -0.254eV and -2.054eV, respectively. Cohesive
energies (E,,;) of per atom of all crystal or primitive cells are
calculated from Eq. (1). It was found for Al-based intermetal-
lic compounds that the cohesive energy (E,;) of per atom for
AlCus, AlCu,Zr and AlZr; are -3.637eV, -4.551eV, -5.964¢eV,
respectively. These results are listed in Table 2. Based on the
above results, it can be concluded that the cohesive energy
of these Al-based intermetallic compounds will become low-
er with increasing Zr element in crystal, hence the stability
of crystal increase. Therefore, the AlZr; intermetallic com-
pound should have the highest structure stability, followed by
AlCu,Zr and finally the AlCus.

TABLE 2
Total energyE,,,, cohesive energy E.,; and formation energy AH of
AlCus, AlCu,Zr and AlZr;

Compound | E,,(eV/atom) | E.,; (eV/atom) | AH(eV /atom)
AlCu; -3.897 -3.637 -0.177
AlCu, Zr -5.261 -4.551 -0.359
AlZr; -1.574 -5.964 -0.307

In order to compare the alloying abilities of the present
compounds, we calculate the formation energy AH, which can
be given by

AHype = (Eior=NaEfyq = NsE$ 1= NCE ;) (Na+ Np +Ne)

2
where E2 . E® . and EC . are the energies per atom of
pure constituents A, B and C in the solid states, respectively.
And the other variables are as defined for Eq. (1). If the for-
mation energy is negative, the formation of a compound from
its elements usually is an exothermic process. Furthermore,
the lower the formation energy is, the stronger alloying abil-
ity is, and the more stable the crystal structure is [23]. The
calculated energies of Al, Cu and Zr in their respective crys-
tals are -3.696¢V, -3.728¢eV, -8.457eV. The calculated results
of these compounds are also listed in Table 2. As seen, all
the AH is negative, which means that the structure of these
compounds can exist and be stable. Further comparison and
analysis showed that the alloying abilities of AlCu,Zr were
much stronger than AlCu; and AlZrs. It should be noticed
that the alloying ability of AlZr; was higher than AlCuj alloy.

3.2. Elastic properties

The density-functional theory has become a powerful tool
for investigating the elastic properties of materials (in the limit
of zero temperature and in the absence of zero-point motion).
For a given crystal it is possible to calculate the complete set
of elastic constants by applying small strains to the equilibrium
unit cell and determining the corresponding variations in the
total energy. The necessary number of strains is imposed by
the crystal symmetry[24]. For a material with cubic symmetry,
there are only three independent elastic constants, C;; Cy, and



Cy44. And the strain tensor is given by

611 612 013
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In the present study, we applied three kinds of strains 5V
(N =1,2,3) so as to obtain the elastic constants, and they
are listed in Table 3. The first strain is a volume-conserving
tetragonal deformation along the z axis, the second refers to
a uniform hydrostatic pressure, and the last one corresponds
to a volume-conserving orthorhombic shear[24]. The elastic
strain energy was given by

TABLE 3
The strains used to calculate the elastic constants of AlCus,
AlCu,Zr and AlZr;, with y = £0.01n (n=0 ~ 2)

Strain Parameters(unlisted 6;; = 0) AE/V, to 0(y%)
o0 | b =0n =765 =[1+y)7 =11 | 3(Ci-Cn)y’
6? 011 =00 =033 =7y %(Cn +2Cp)y?
6 612 = 621 = ¥,65 = [y*(1 =y 2Cuy?

“4)

where AE = E;;;q;(Vo,0) — Erpii(Vo,0) is the total energy
variation between the deformed cell and the initial cell, Vj is
the equilibrium volume of the cell, C;; is the elastic constants
and J is the deformation added to the equilibrium cell. The
elastic strain energy is also listed in Table 3. For each kind of
lattice deformation, the total energy has been calculated for
different strains y = £0.01n(n= 0 ~ 2). By means of polyno-
mial fit, we extracted three values of the second order coeffi-
cients, corresponding to 3(C11—C12), 3(C11+2C12)/2 and 2Cyy,
respectively, the elastic constants Cy; Cj, and C44 were ob-
tained[25], and the results are showed in Table 4. From Table
4, we can see that our calculation results agree well with the
experimental data or other first-principle calculations. These
elastic constants satisfy the requirement of mechanical stabil-
ity for cubic crystals [24]: (Cy; — Ci2) > 0, C1; > 0, Cyq > 0,
(C11 +2C12) > 0. This shows that AlCus AlCu,Zr and AlZr;
have a stable structure. The average bulk modulus is identical
to the single-crystal bulk modulus, i.e., B = (Cy; + 2C12)/3.
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Interestingly, we noted that the bulk modulus calculated from
the values of the elastic constants is in good agreement with
the one obtained through the fitting to a Birch-Murnaghan
equation of state (By), giving a consistent estimation of the
compressibility for these compounds [26].

In order to further validate our results, the elastic modu-
lus, such as shear modulus G(GPa), Young’s modulus E(GPa),
Poisson’s ratio v and anisotropy constant A for a polycrys-
talline material were also calculated with the single-crystal
elastic constants C;;, all of these elastic modulus are shown in
Table 4. In the present study, we adopted Hershey’s averaging
method [27], which has been known to give the most accurate
relation between single-crystal and polycrystalline values for
a cubic lattice [28]. According to this method, G is obtained
by solving the following equation:

_ Cyu(7C11 —4C1)

G3 + 5Ci +4C12G2
8 8 (5)
C44(C1| - C12)(C11 + 2C12) _
G- 8 =0

The calculated shear modulus G for the AlZr; are the
largest, while the quantities for AlCu,Zr are less than for
AlCus.

Pugh [29] found that the ratio of the bulk modulus to
shear modulus (B/G) of polycrystalline phases can predict the
brittle and ductile behavior of materials. A high and low val-
ue of B/G are associated with ductility and brittleness, re-
spectively. The critical value which separates ductility from
brittleness is about 1.75. From B/G calculated in Table 4 we
can see that all the B/G ratios are larger than 1.75. Therefore,
AlCujs, AlCu,Zr and AlZr; have a good ductility. On the con-
trary, the biggest B/G ratio for AlCu,Zr indicates that AlICu,Zr
is of very good ductility in these three Al-based alloys. AlCu;
has an intermediate ductility, while AlZr; has a worst ductility.

Besides B/G, Young’s modulus £ and Poisson’s ratio v,
which are important for technological and engineering appli-
cations. Young’s modulus is used to provide a measure of the
stiffness of the solid, i.e., the larger the value of E, the stiffer
the material [24]. According to Hershey’s averaging method,
Young’s modulus is defined as: E = 9GB/(3B + G). Based on
the calculated results, we find that AlZr; has a Young’s mod-
ulus that is 18.806GPa and 24.663GPa larger than AlCuz and
AlCu,Zr, respectively. This indicates that AlZr; phase has the
highest stiffness, followed by AlCujs and finally the AlCu,Zr.

TABLE 4

Calculate elastic constants (GPa) and elastic modulus (bulk modulus B(GPa), shear modulus G(GPa), Young’s modulus E(GPa), Poisson’s
ratio v and anisotropy constant A) of AlCuj,AlCu,Zr and AlZr;

Compound Cn Ci, Cuy B G B/G E v A reference

AlCu; 150.707 | 120.565 | 81.880 | 130.612 | 43.593 | 2.996 | 117.686 | 0.350 | 1.887 | this study
176.000 | 117.400 | 92.400 | 136.900 | 49.600 132.800 | 0.340 [5]

AlCu,Zr 157.504 | 115.305 | 62.685 | 129.371 | 41.237 | 3.137 | 111.829 | 0.356 | 1.528 | this study

AlZr; 148.653 | 79.387 | 70.834 | 102.476 | 53.400 | 1.919 | 136.492 | 0.278 | 1.487 | this study
163.800 | 79.300 | 86.500 | 107.670 [6]
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In addition, Poisson’s ratio v has also been used to measure
the shear stability of the lattice, which usually ranges from -1
to 0.5. The greater the value of Poisson’s ratio v, the better the
plasticity of the materials. So we can see that AlCuz, AlCu,Zr
and AlZr; have a better plasticity.

The elastic anisotropy of crystals has an important ap-
plication in engineering materials since it is highly correlated
with the possibility of inducing microcracks [24,30]. For cubic
symmetric structures [31], the elastic anisotropy is defined as
A = (2C44 + C12)/Cq;. For the completely isotropic material,
the value of A will be 1, while values smaller or bigger than 1
measuring the degree of elastic anisotropy [24]. Interestingly,
we note that the values of A (Table 4) do not deviate far from
unity, suggesting that the present cubic structure alloys also
do not deviate far from being isotropic. The calculated results
also indicate that AlCus is much more anisotropic than the
other two alloys.

3.3. Density of the states

For further understanding of the electronic characteristic
and structural stability, total density of states (DOS) of AlCus,
AlCu,Zr and AlZr; were calculated, as shown in Fig. 1, as well
as the partial density of states (PDOS) of Al, Cu and Zr atoms
in these Al-based intermetallics compounds. Fig. 1 is evident
the metallic character of these considered AlCus, AlCu,Zr and
AlZr; structure because of the finite DOS at the Fermi level.
With regard to the total density of states curve of AlCus, one
can see from Fig. 1a that the whole valence band of AlCuj; is
located between -7eV and 9eV, which is dominated by Cu 3d
states and a small contribution from 3s and 3p states of Al
The valence band of AlZr; (see Fig. 1c) can be divided into
three areas. The first area dominated by the valence electron
numbers of Al 3s and Zr 4d states are mostly located between
-7eV and -5¢V, the second by the Zr 5s and 4d states located
between -4eV and -3eV, and the third by Zr 4d states located
between -2.8eV and 3.0eV. Both below and above the Fermi
level, the hybridization between Al-p states and Zr-d states is
strong. Due to the strong hybridization (or covalent interac-
tion) the entire DOS can be devided into bonding and anti-
bonding regions, and that a pseudogap resides in between. The
characteristic pseudogap around the Fermi level indicates the
presence of the directional covalent bonding. The Fermi level
located at a valley in the bonding region implies the system
has a pronounced stability. It is also generally considered that
the formation of covalent bonding would enhance the strength
of material in comparison with the pure metallic bonding [32].
According to the covalent approach, the guiding principle is
the maximize bonding. Therefore, for a series of compounds
having the same structure, the greater the occupancy in the
bonding region the higher the stability [33]. It is indeed seen
that the structural stability increases from AlCu; to AlZr;. For
AlCu,Zr (see Fig. 1b), it is found that the main bonding peaks
between -6eV and -2eV are predominantly derived from the
Cu 3d orbits, while the main bonding peaks between the Fermi
level and 3eV predominantly derived from the Zr 4d orbits.
It should be noted that the phase stability of intermetallics
depends on the location of the Fermi level and the value of
the DOS at the Fermi level, i.e. N(Er) [34,35]. A lower N(Ef)
corresponds to a more stable structure. The value of the total

DOS at the Fermi level is 3.64 states/eV for AlZr;. And the
value of the total DOS at the Fermi level is 5.74 states/eV
for AlCu,Zr. Therefore, AlZr; has a more stable structure in
these three Al-based intermetallics. This accorded with the the
calculation of cohesive energy.
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Fig. 1. The total and partial density of states (DOS) of AlCu; crystal
cell (a), AlCu,Zr crystal cell (b), AlZr; crystal cell (c). The vertical
dot line indicates the Fermi level

0

4. Conclusions

In summary, using the first-principles method we have
calculated alloying stability, electronic structure, and mechan-
ical properties of AlCuz, AlCu,Zr and AlZr;. These inter-
metallics have a strong alloying ability and structural stability
due to the negative formation energies and the cohesive en-
ergies. In particular, AlCu; is much more anisotropic than
the other two intermetallics. The valence bonds of these in-
termetallics are attributed to the valence electrons of Cu 3d



states for AlCusz, Cu 3d and Zr 4d states for AlICu,Zr, and Al
3s, Zr 5s and 4d states for AlZrs, respectively, and the elec-
tronic structure of the AlZr; shows the strongest hybridization,
leading to the worst ductility.
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