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The mechanical properties of Al.ZnTM (TM =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag,
and Cd) alloys have been studied using the first-principles calculation. By ana-
lyzing the mechanical stability, it was found that Al.ZnPd, Al.ZnAg, and Al2ZnCd
are mechanically unstable, and the rest all mechanical stable. Therefore, in this
work only studies the mechanical properties of Al.2ZnTM (TM =Y, Zr, Nb, Mo,
Tc, Ru, and Rh), including Young’s modulus, lattice constants, super cell volume,
atomic weight and density. We found the Young’s modulus maximum is Al2ZnMo,
the value is 239.01 GPa, the Al.ZnMo has maximum stiffness. The density of
Al2ZnRu its maximum value 6586.00 kg/mé. In summary, studying the mechanical
properties of Al.ZnTM provides more options for optimal design and advanced
application of Al.ZnTM alloys.
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Instructions

The Al-Zn series alloys have good mechanical properties such as high intensity,
good ductility, and corrosion resistance [1, 2]. The Al-Zn series alloys are widely studied due
to excellent mechanical performance, thermodynamic performance and corrosion resistance
[3, 4]. In recent years, the theoretical research and experimental research of the Al-Zn series
of alloys have achieved many results. The theoretical research of Al-Zn alloy is mainly based
on the type of doping elements, the content of mixed elements, and the improvement of the
structure of the alloy structure [5-7]. The experimental research on Al-Zn alloy is mainly
based on the preparation process, the annealing process, and the solid solution process. First
principles of research methods, nanoindentation experiments, SEM, XPS methods are power-
ful tools for studying Al-Zn alloy mechanical properties [8-11]. Adding rare earth, transition
metal, and non-metals to Al-Zn alloys can improve their mechanical performance, thermody-
namics and corrosion resistance. Doping elements, such as li, Si, Mg, Cu, Sn, Ni, Ce, Pt, and
other rare earth, transition metal and non -metals. Its mechanical properties and corrosion re-
sistance have obviously improved [12-17]. A large number of studies have shown that the di-
versification of alloy composition can significantly improve the Al-Zn alloy significantly im-
proved Al-Zn alloy comprehensive performance [18-21].

In this work, based on first principles calculation, the mechanical properties of
AlZnTM (TM =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) alloy are studied.
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Computational methods

In this work, The first-principles calculation is used to study the properties of
AlZnTM (TM =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) through the density functional theo-
ry using a plane-wave pseudopotential method as implemented in the Cambridge sequential
total energy package (CASTEP) code [20, 22, 23]. The generalized gradient approximation
(GGA) within the Perdew, Burke, and Ernzerhof scheme is used to obtain the exchange-corre-
lation potential. To ensure calculation precision, set up higher calculation accuracy, we em-
ploy the plane-wave energy cutoff of 600 eV, and the Brillouin-zone sampling mesh parame-
ters for the k-point set of 6 x 6 x 6. The other parameters use the default settings of ultra-fine
accuracy.

In this work, AlsZn compound were obtained by substituting one vertex Al atom
with one Znatomina 1 x 1 x 1 Alssupercell models as shown in fig. 1(a). The supercell con-
tain three Al atoms and one Zn atom, the supercells were used to study the mechanical proper-
ties of AlsZn. AlZnTM compound were obtained by substituting one Al atom with one TM
atom in a AlzZn supercell models as shown in fig. 1(b). The supercell contain two Al atoms,
one Zn atom and one TM atom, the supercells were used to study the mechanical properties of
AlLZnTM.

Figure 1. (a) The supercell models of AlsZn and (b) the supercell models of Al.2ZnTM

Results and discussion

Elastic constants and mechanical stability

Elastic constants of crystals provide a link between mechanical and dynamical be-
haviors. The elastic constants includes the elastic stiffness constants and the elastic flexibility
constants. The elastic flexibility matrix S; and the elastic stiffness matrix Cjj are inverse ma-
trices, that is §;; :CiJTl, they for important information concerning the elastic response of a
crystal to an external pressure. Elastic constants are important parameters to describe mechan-
ical properties of solids. This elastic matrix has size 6 x 6 and it is symmetric. The higher the
crystal symmetry, the fewer independent elastic stiffness constants there are. There are a max-
imum of 21 independent elastic stiffness constants. The elastic constants, Cj;, for orthorhom-
bic Al,ZnTM supercell predicated by GGA method. According to the elastic constants, it is
found that Al,ZnTM belongs to orthorhombic crystal. The mechanical stabilities of crystal
structure under isotropic pressure can be determined by the criteria of independent elastic
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constants, Cj. For an orthorhombic crystal, there independent components as shown in the
following equation [24-26]:
C; >0, C;+C,—-2C;,>0
Ci1 +C33-2C13>0, Cyp +Cy3-2Cx3 >0 1)
Ci1+Cp +C35 +2(Cp +Cy3+Cy3) >0

According to the criteria, except for Al,ZnPd, Al,ZnAg, and Al,ZnCd, all Al.ZnTM
is mechanically stable at ambient pressure. Therefore, the following will only study the me-
chanical properties of Al,ZnTM (TM =Y, Zr, Nb, Mo, Tc, Ru, Rh).

Young’s modulus

Young’s modulus is one of the important mechanical properties of a materials. It is
an important parameter that determines the deformation characteristics and stiffness charac-
teristics of a material. The spatial distribution of Young’s modulus can be expressed by the
elastic flexibility coefficient Sjj of the material. The spatial distribution of the Young’s modu-
lus of orthorhombic crystals system can be expressed by [27]:

1
= Syl + S5l + Saaly +(2Sy, + Sgg)IA1Z + (2S5 + Ses)IF1Z + (25,5 + S22 (2)

where E is the Young’s modulus, |1, |2 and |3 are the directional cosine. Express E, I, I2 and I3
in rectangular coordinates, it can be written:

X
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According to eg. (3), eq. (2) can be transformed into the eq. (4). According to eq.
(4), the spatial distribution of the Young’s modulus of AlzZn and Al,ZnTM alloys is plotted,
as shown in fig. 2:

@)

3/2

O +y? +2°)%% =8;1x* + S + g7 + (25, + S )XCy% +

+(2Sy5 +S55)X°2° + (2555 +Sua) Y2 (4)

The Young’s modulus of AlsZn and Al,ZnTM is shown in fig. 2. Young’s modulus
of AlsZn and Al,ZnTM are exhibits anisotropy characteristics. The Young’s modulus of
AlzZn and AlZnY are similar. The Young’s modulus of AlZnZr, Al.ZnNb, AlZnMo,
AlxZnTc, AlxZnRu, and AlZnRh are very different from that AlsZn. In particular, the
Young’s modulus of Al,ZnMo, Al,ZnTc, Al2ZnRu, and AlxZnRh changes particularly signifi-
cantly compared with the Young’s modulus of AlsZn.
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Figure 2. (@) The coordinate system, (b) the Young’s modulus of AlsZn,

(c) the Young’s modulus of Al2ZnY, (d) the Young’s modulus of Al2ZnZr,
(e) the Young’s modulus of Al2ZnNb, (f) the Young’s modulus of Al2ZnMo,
(g) the Young’s modulus of Al2ZnTc,

(h) the Young’s modulus of Al2ZnRu,

and (i) The Young’s modulus of Al2ZnRh

Since elements Y belong to the IIIB group elements and element Al belong to the
ITTA group elements, because they have similar electronic shell structures, the Young’s modu-
lus of AlsZn and Al,ZnY characteristics are also similar. Because the electronic shell struc-
tures of Mo, Tc, Ru and Rh are very different from Al, the Young’s modulus characteristics of
Al,ZnMo, AlxZnTc, AlZnRu, and AlZnRh are also very different the Young’s modulus
characteristics of AlsZn. Because the electronic shell structure of Mo, Tc, Ru and Rh are
complex, the Young’s modulus spatial distribution of Al,ZnMo, AlZnTc, Al,ZnRu, and
Al>ZnRh also exhibits a more complex shape.
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The spatial distribution of Young's modulus of AlsZn and Al.ZnTM exhibits aniso-
tropic characteristics, while also being symmetric about the coordinate axis. This phenomenon
is one of the important characteristics of single crystals, exhibiting both anisotropy and sym-
metry.

For this types of elastic anisotropy alloys material, researchers are more concerned
about the maximum and minimum values of Young’s modulus, as well as the corresponding
directions. According to eg. (2), the maximum values, minimum values of Young’s modulus
of AlzZn and Al,ZnTM and the corresponding directions are studied. The conclusions are
shown in tab. 1. The direction is represented by 8 and ¢, and the direction of 6 and ¢ is con-
sistent with the direction in fig. 2(a).

Table 1. The maximum values, minimum values of Young’s modulus and directions

Alloys Maximum Minimum
0[] 9 [°] E [GPa] 0[] 9 [°] E [GPa]
AlsZn 45.0 54.5 175.44 0.0 90.0 121.19
AlZnY 43.5 54.0 157.54 0.0 90.0 110.60
AlZnZr 40.5 90.0 184.71 0.0 45.0 167.3
Al2ZnNb 0.0 45.0 237.98 0.0 0.0 139.08
Al2ZnMo 50.5 575 239.01 0.0 90.0 52.22
Al2ZnTc 90.0 38.0 245.85 0.0 45.0 70.01
Al2ZnRu 36.0 90.0 234.84 0.0 45.0 45.97
Al2ZnRh 90.0 36.5 170.87 900 90.0 54.54

The maximum values, minimum values of Young’s modulus and directions are
shown in tab. 1. The Young’s modulus maximum is Al,ZnMo, the value is 239.01 GPa, the
direction of (9, ¢) is (50.5, 57.5). The Young’s minimum is Al,ZnRu, the value is 45.97 GPa,
the direction of (6, ¢) is (0.0, 45.0).

The anisotropic properties of Young's modulus make the stiffness of the material
exhibit anisotropy, the direction stiffness with the largest Young's modulus is also the largest,
and the direction stiffness with the smallest Young's modulus is also the smallest. When ap-
plying single crystal materials, the loading direction can be reasonably selected according to
the anisotropic characteristics of the stiffness, so that the mechanical properties can be opti-
mized.

Lattice constants and volume

The lattice constants and super cell volume are the basic properties of matter. This
paper studies the lattice constants and super cell volume of AlsZn and Al,ZnTM. The result-
ing are presented in fig. 3. The dash line denotes the lattice constants and super cell volume of
A|3Zn.

The lattice constant a and lattice constant b of Al.ZnNb and Al,ZnRh are decrease,
while the others Al,ZnTM increase. The lattice constant b of Al,ZnY and AlZnZr are in-
crease, while the others Al,ZnTM decrease. The super cell volume of Al,ZnY and Al.ZnZr
are increase, while the others Al,ZnTM decrease.
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Figure 3. (a) The lattice a of Al2ZnTM, (b) the lattice b of Al2ZnTM, (c) the lattice ¢ of Al2ZnTM, and
(d) the volume of Al2ZnTM

Atomic weight and density

The atomic weight of the super cell and density are also basic properties of matter.
This paper studies the atomic weight of the super cell and density of AlzZn and AlbZnTM.
The resulting are presented in fig. 4. The dash line denotes the atomic weight of the super cell
and density of AlsZn.
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Figure 4. (a) The atomic weight M of Al.ZnTM and (b) the density of Al.2ZnTM
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Compared with AlsZn, the atomic weight M of super cell of Al.ZnTM all increase.
The atomic weight of Al,ZnRu and Al.ZnRh is the largest, with a value of 222.27. The
atomic weight of Al,ZnYis the smallest, with a value of 208.28. Compared with AlsZn, the
density of Al,ZnTM all increase. The density of AlZnRu is the largest, with a value of
6586.00 kg/m® The density of Al,ZnY is the smallest, with a value of 4428.37 kg/m®.

Specific stiffness

Specific stiffness is an important indicator for measuring the lightweight properties
of materials. Specific stiffness is defined:

n=— )
P

The specific stiffness of of AlsZn and Al2ZnTM are shown in tab. 2. The greater the
specific stiffness value, the higher its application value. Compared with the AlsZn, the specif-
ic stiffness of Al,ZnTM has decreased. The specific stiffness of Al,ZnY, Al,ZnZr, Al,ZnNb,
Al2ZnMo, Al,ZnTc, and AlZnRu is not significantly reduce, and their specific stiffness val-
ues are greater than 0.035. The specific stiffness of Al.ZnRh is obviously reduce, the specific
stiffness value is only 0.0264.

Table 2. The specific stiffness of AlsZn and Al2ZnTM

Alloys AlsZn | AlZnY | AlZnZr | Al2ZnNb | Al2ZnMo | Al2ZnTe | Al2ZnRu | Al2ZnRh
Specific stiffness | 0.0471 | 0.0356 | 0.0359 | 0.0422 | 0.0396 | 0.0389 | 0.0356 | 0.0264

Conclusions

In this work, based on first-principles calculations, the mechanical properties of or-
thorhombic ALZnTM (TM =Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd) crystals were studied.
Analysis of mechanical stability revealed that Al.ZnPd, Al>ZnAg, and Al.ZnCd are mechani-
cally unstable, so subsequent investigations focused on ALZnTM with TM =Y, Zr, Nb, Mo,
Tc, Ru, and Rh.

Key findings include that Al.ZnMo exhibits the maximum Young’s modulus
(239.01 GPa) and thus the highest stiffness. AlZnRu has the maximum density
(6586.00 kg/m?). Additionally, the Young’s modulus of these alloys shows anisotropic char-
acteristics, and their lattice constants, supercell volumes, atomic weights, and specific stiff-
ness values vary with the doped TM element, with Al.ZnNb maintaining a relatively high
specific stiffness (0.0422) close to that of AlsZn.

The mechanical properties of ALZnTM alloys, particularly the high stiffness of
Al.ZnMo, the balanced lightweight and stiffness potential of Al.ZnNb, and the controllable
anisotropy of Young’s modulus, indicate potential for engineering applications, including in
micro-electro-mechanical systems [28-30] where high structural stability, lightweight proper-
ties, and directional mechanical performance are demanded. However, to determine specific
application scenarios, further studies on additional properties such as electrical conductivity,
thermal stability, microfabrication compatibility, and long-term reliability (e.g., fatigue and
corrosion resistance) are required, as these are not addressed in the present work.
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Overall, this research provides a theoretical basis for understanding the mechanical
properties of Al.ZnTM alloys and lays a foundation for their potential application develop-
ment.
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