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The mechanical properties of Al,CuX (X =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd)
alloys have been studied using the first-principles calculation. By analyzing the
mechanical stability, it was found that Al,CuRh and Al,CuCd are mechanically
unstable, and Al,CuPd and Al,CuAg do not satisfy the Voigt-Reuss-Hill theory.
Therefore, in this work only studies the mechanical properties of Al.,CuX (X =,
Zr, Nb, Mo, Tc, Ru), we found the bulk modulus, shear modulus, Young's modulus
and Vickers hardness and Pugh’s modulus ratio of Al,CuX are increases, while
the Poisson's ratio decreases. In summary, studying the mechanical properties of
Al,CuX provides more options for optimal design and advanced applications of
Al alloys.
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Instructions

Al alloys were started and put into commercial applications in the 1970’s, and re-
search on Al alloys has continued in recent years. The main purpose of research on Al alloys
is to enhance their mechanical properties by improving strength, hardness and ductility. The
Al alloys have evolved from the earliest dual alloy to the study of ternary alloy or even multi-
ple alloy [1-3], and the alloy is no longer single. Common metal elements, e.g., Fe, Cr, Ni, Ti,
Cu, and Zn, can be used as the composition of Al alloys [4-8].

The mechanical properties of the Al-Cu based alloy formed after adding Cu to Al,
e.g., hardness, ductility and strength, have been improved [9-11]. Adding other elements to
the Al-Cu alloys, such as rare earth and alkaline metals [12-17], higher Yang's modulus, high-
er hear modulus and higher ductility are predicted. A large number of studies have shown that
alloy diversification can significantly improve the comprehensive properties of Al alloy, and
the added elements are mainly Li, Mg, and rare earth [17-20].

In this paper, the mechanical properties of Al,CuX (X =Y, Zr, Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd) alloy are investigated by the first principles.

Computational methods

In this work, the first-principles calculation is used to study the properties of
AlLCuX (X =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) by the density functional theory (DFT)
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using a plane-wave pseudopotential method as implemented in the Cambridge Sequential To-
tal Energy Package (CASTEP) code [20-22]. The Generalized Gradient Approximation
(GGA) within the Perdew, Burke, and Ernzerhof (PBE) scheme is used to obtain the exchange
correlation potential. In order to ensure the accuracy of the calculation, we use the plane-wave
energy cutoff of 600 eV and the Brillouin zone sampling mesh parameters for the k-point set
of 6x6x6. The other parameters use the default settings of ultra-fine accuracy.

In this work, AlsCu compounds were obtained by substituting one vertex Al atom
with one Cu atom in a 1x1x1 Als supercell models as shown in fig. 1(a). The supercell con-
tains three Al atoms and one Cu atom, and the supercells were used to study the mechanical
properties of Al;Cu. The Al,CuX compounds were obtained by replacing one Al atom with
one X atom in an AlzCu supercell models as shown in fig. 1(b). The supercell contains two Al
atoms, one Cu atom and one X atom, and the supercells were used to study the mechanical
properties of Al,CuX.
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Figure 1. (a) The supercell models of AlsCu and (b) the supercell models of Al.CuX

Results and discussion

FElastic constants and mechanical stability

Elastic constants of crystals provide a link between mechanical and dynamic behav-
ior. They also provide important information about the elastic response of a crystal to external
pressure. Elastic constants are important parameters for describing the mechanical properties
of solids. This elastic matrix has a size of 6x6 and is symmetric. The higher the symmetry of
the crystal, the fewer independent elastic constants there are. The maximum number of inde-
pendent elastic stiffness constants is 21. The elastic constants, Cj, for the orthorhombic
Al,CuX supercell obtained by the GGA method. According to the elastic constants, it is found
that Al,CuX belongs to orthorhombic crystal. The mechanical stabilities of the crystal struc-
ture under isotropic pressure can be determined by the criteria of independent C;;. For an or-
thorhombic crystal, there are independent components as shown in the following equation
[23, 24]:

C;>0
C1+C,, —2C, >0
Ci11+C33-2C;3>0 1)
Cyy +C33—2C3 >0
Cj1+Cy+Cy5+2(C, +C3+Cy) >0
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According to the criteria, all Al,CuX except Al,CuRh and Al,CuCd are mechanical-
ly stable at ambient pressure. Therefore, only the mechanical properties of Al,CuX (X =,
Zr, Nb, Mo, Tc, Ru, Pd, Ag) will be studied in the following.

Elastic modulus

The elastic modulus of polycrystalline is related to the elastic constants of single
crystal. In general, elastic properties of polycrystalline have greater practical significance than
those of single crystal. Polycrystalline elastic properties are properties of bulk modulus, B,
shear modulus, G, Young's modulus, E, and Poisson's ratio. There are two models for evaluat-
ing the modulus: the Voigt method and the Reuss method, which provide the upper and lower
limits of the polycrystalline elastic modulus, respectively. For different crystalline systems,
the bulk and shear moduli according to Voigt can be expressed [25, 26]:

B — Ca +Cyp +Ca3 +2(Cp +Ci3 +Cps)

y 9 )
G, = Ciy +Cpp +C35 —Cpp =Ci3 —Cps + Cag +Cs5 +Cos ?)
15 5
The the bulk and shear moduli in Reuss opinon are:

1

Br = 4
S11+Sgp + S35+ 2(Syp + Sy3 + Sp3)

15

Gr ®)

- 4(Sy1 + Spp + S33) +3(Sus + Sss + Sgg) —4(S12 + Syz + Sy3)

Bulk modulus and shear modulus can be obtained using the Voigt-Reuss-Hill meth-
od. The arithmetic mean of the Voigt and Reuss limits is known as the Voigt-Reuss-Hill
mean, which is considered the best estimate of the theoretical value of the polycrystalline
elastic modulus:

_By+Bg

B——2 (6)
_GV+GR

G——2 (7

The Young’s modulus and Poisson’s ratio can be computed based on the previous
values by:

- __98G ©
3B+G
3B-2G

_ > 9

"= 6B +2G ®

The B, G, E and u of Al,CuX are calculated according to egs. (2)-(9). The calcula-
tion results are shown in fig. 2. The green dashed line represents modulus of AlsCu.
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According to the Voigt-Reuss-Hill theory, for Al,CuPd and Al,CuAg, their By is
smaller than Bg, obviously these experimental data are unacceptable, similarly, their Gy is
smaller than Gg, and these experimental data are also unacceptable. Therefore, in this work
only mechanical properties of Al,CuX (X =Y, Zr, Nb, Mo, Tc, Ru) are studied.

The bulk modulus B of Al,CuX is illustrated in fig. 2(a). Following the introduction
of X into AlzCu, the bulk modulus B of Al,CuY is diminished, while the bulk modulus B of
other Al,CuX is augmented. The bulk modulus of Al,CuRu is the greatest (162.05 GPa) and
the bulk modulus of Al,CuY is the least (74.36 GPa).

The shear modulus G of Al,CuX is shown in fig. 2(b). After doping X into AlsCu,
the shear modulus G of all Al,CuX is increased. The shear modulus of Al,CuNb is the largest
(92.73 GPa) and the shear modulus of Al,CuZr is the smallest (51.72 GPa).
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Figure 2. (a) The bulk modulus of AlzCuX, (b) the shear modulus of Al.CuX,
(c) the Young’s modulus of Al2CuX, and (d) the Poisson’s ration of Al.CuX

The Young’s modulus E of Al,CuX is shown in fig. 2(c). Following the introduction
of X into AlsCu, the Young's modulus E of all Al,CuX is elevated. The Young's modulus of
Al>,CuTc is the greatest (227.77 GPa) and that of Al,CuZr is the smallest (133.99 GPa).

The Poisson's ratio of Al,CuX is illustrated in fig. 2(d). Following the doping of X
into AlsCu, the Poisson’s ratio of all Al,CuX is observed to decrease. The Poisson’s ratio of
Al>,CuZr and Al,CuRu is found to be the largest (0.30), while that of Al,CuY is the smallest
(0.19).
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Vickers hardness and ductility

The hardness of a material is defined as its intrinsic resistance to deformation when
a force is applied. At present, a formal theoretical definition of hardness remains a challenge
for material scientists. The hardness of a material is related to its elastic and plastic properties.
Some semi-empirical models have been developed to predict the hardness of materials. Zhou
et al. [27] proposed a model to predict the hardness of polycrystalline materials and bulk me-
tallic glasses based on the Pugh’s modulus ratio (k = G/B) and the shear modulus:

Hy, =1.887k"'"G%%** (10)

where Hy denotes the Vickers hardness.

The ratio of B/G can be employed to estimate the ductility or brittleness of materials
[28, 29], given that a high (low) value is correlated with ductility (brittleness). The critical
value is approximately 1.75:

The Hy and B/G of Al,CuX are calculated according to egs. (10) and (11). The calcu-
lation results are shown in fig. 3. The green dashed line represents the Hv and B/G of AlsCu.
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Figure 3. (a) The Hv of Al.CuX and (b) the B/G of Al.CuX

The Vickers hardness Hy of Al,CuX is illustrated in fig. 3(a). Following the intro-
duction of X into AlsCu, the Vickers hardness of all Al,CuX compounds is observed to in-
crease. The Vickers hardness of Al,CuNDb is the greatest (17.15 GPa), while that of Al,CuZr is
the lowest (8.11 GPa).

The B/G ratio of Al,CuX is depicted in fig. 3(b). Following the doping of X into
Al3Cu, the ductility of all Al,CuX was found to decrease. The ductility of Al,CuRu is the
greatest (2.15), while that of AlLCuY is the least (1.29). The Al,CuZr, Al,CuMo, and
Al>,CuRu alloys exhibit enhanced ductility, with B/G values exceeding 1.75. The AlCuY,
Al>,CuNb, and Al,CuTc alloys exhibit greater brittleness, with B/G values below 1.75.
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FElastic anisotropy

A number of techniques have been devised to estimate the elastic anisotropy of a
compound. The bulk modulus anisotropy, Ag, and shear modulus anisotropy, Ag, for a crystal
with orthorhombic symmetry can be determined using the following equations [26]:

(12)

The zero value of the anisotropic index (Ags, Ag) indicates that the crystal is iso-
tropic. A high value of the anisotropic index (Ag, Ag) indicates that the crystal structure exhib-
its highly anisotropic elastic properties. The Ag and Ag values for Al.CuX are calculated in
accordance with eq. (12). The results of the calculations are presented in fig. 4. The green
dashed line represents the Ag and Ag of AlsCu.

The bulk modulus anisotropy (Ag) of Al.CuX is illustrated in fig. 4(a). Following the
introduction of X into Al:Cu, the bulk modulus anisotropy (Ag) of Al-=CuX is observed to in-
crease slightly. The bulk modulus anisotropy of Al.CuX is notably minimal, approaching ze-
ro. The bulk modulus anisotropy (4g) of ALCuY is the most pronounced (0.29%).

The Ag of ALCuX is depicted in fig. 4(b). Following the introduction of X into
Al;Cu, the shear modulus anisotropy of Al,CuX is observed to decrease, with the exception of
Al,CuRu. The shear modulus anisotropy of Al,CuRu is the largest (18.97%), while that of
Al>CuNb is the smallest (0.73%).
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Figure 4. (a) The bulk modulus anisotropy factors of Al.CuX, (b) the shear modulus anisotropy factors
of AlzCuX, and (c) the universal elastic anisotropy factors of Al.CuX

Conclusion

This work, based on first-principles calculations, studies the mechanical properties
of AlL,CuX (X =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) crystals in the orthorhombic phase.
Our analysis reveals that Al,CuRh and Al,CuCd are mechanically unstable. The Voigt-Reuss-
Hill theory shows that for Al,CuPd and Al,CuAg, their By is smaller than Bg, and their Gy is
less than Ggr. These experimental data are therefore unacceptable. This work therefore only
studies the mechanical properties of Al,CuX (X =Y, Zr, Nb, Mo, Tc, Ru). We have found
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that the bulk modules, shear modulus, Young’s modulus, and Vickers hardness of Al,CuX in-
crease, while the Poisson’s ratio and B/G decrease. The elastic anisotropy changes are not ob-
vious. In short, doping with 4d transition metals has a positive effect on the improvement of
the elastic modulus and Vickers hardness of Al,CuX alloy. However, the decrease in ductility
limits its application. The comprehensive analysis of the mechanical properties of the Al,CuX
alloy has demonstrated that it is a high-quality alloy with significant potential for engineering
applications. The results of this paper provide a solid theoretical basis for the application of
the Al,CuX alloy. The results also suggest a promising approach to design nanofibers [30-34]
using the first-principles, the designed electrospun nanofibers can be used for gas purification
[35], and wearable sensors [36].
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