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Abstract: There is a paucity of previous related studies exploring hexagonal MgZny; in high-pressure
environments. This study systematically analyzes the mechanical behavior of MgZn, hexagonal
alloys under high-pressure conditions using first principle calculations, bridging the gap in research
in this area in the field. The results reveal that, with increasing pressure, the crystallite spacing
(a/ag,c/cp) and ratio of volumes (V / Vj) decrease significantly, indicating the structural condensation
of the material under high pressure. Elastic constant analysis showed a notable enhancement in
all constants, except for C;3. Among them, Cy; increased from 87.399 GPa to 311.45 GPa, and Cs3
increased from 135.279 GPa to 341.739 GPa, showing a faster growth rate, suggesting improved
tensile strength in the material along the tensile direction. Mechanical stability assessments confirmed
that the alloy remains stable over the 0 to 30 GPa pressure range. Further material characterization
indicated that Poisson’s ratio remained above 0.26 at pressures from 0 to 30 GPa, suggesting excellent
ductility and agreeing with the ratio of the shear modulus to the bulk modulus. As the pressure
increases, both the hardness and sound velocity of MgZn; increase, while the degree of anisotropy
decreases. The present work gives important insights on the mechanical behavior of MgZn; under
high pressure, contributing to its application and property optimization.

Keywords: first principle calculations; mechanical properties; hexagonal MgZn,; high pressure;
elastic constants

1. Introduction

In contemporary science and engineering, magnesium alloys have gained considerable
attention due to the combination of a high specific strength, low density and outstand-
ing resistancy to corrosion [1]. These properties make them increasingly important in
industries such as aerospace, the automotive industry and electronics, where lightweight
materials are in high demand [2,3]. The growing need for such materials has driven the
research and development of magnesium alloys, making them a key factor in advancing
these industries [4,5]. However, despite their many advantages, magnesium alloys still
face challenges related to performance at high temperatures and in harsh environments,
particularly concerning their strength and corrosion resistance, which limits their broader
application [6-8].

MgZn;, an important intermetallic compound in magnesium alloys, performs a cru-
cial function in improving the microstructures and mechanical properties of alloys [9,10].
The structure of MgZn; is hexagonal close-packed (hcp), which endows it with excellent
mechanical properties [11]. Additionally, MgZn; can contribute to solid solution strength-
ening within the alloy. Studies have also shown that MgZn, can inhibit the corrosion
behavior of magnesium alloys, improving their reliability in harsh environments [12,13].
Compared with similar compounds, MgZn; has prominent advantages. It has a good
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lattice matching degree with the magnesium matrix. When incorporated into alloys, it can
achieve good strengthening effects and avoid problems such as internal stresses and defects
derived from a lattice mismatch. However, it also has shortcomings. When the temperature
exceeds a specific value under high-temperature conditions, its antioxidant performance is
relatively poor, and loose oxide layers are prone to form on its surface, resulting in a decline
in its performance. Andrae et al. [14] studied the electronic structure of the intermetallic
compound MgZnj; through first principle-based calculations using the density functional
theory of Kohn-Sham where different exchange—correlation energetic functionals had been
used to optimize the crystalline structure, showing that cell and mass densities obtained
using the density functional parameterization method of Perdew, Burke and Ernzerhof
(PBE) were closest to the results of the experiment and better than those of PBEsol and other
functionals. The results showed that the cell parameters and mass densities obtained by the
Perdew, Burke and Ernzerhof (PBE) density function parameterized method were closest
to the experimental values, which were better than those of the PBEsol functionals, and the
electronic structures were analyzed for energy bands, the electronic density and the density
of state dimensions. Wu et al. [15] studied the structural, electrical and elastic characteristics
of the MgZn; phase and the typical close-packed hexagonal structure of Mg-Sc-Zn alloys
with the help of density functional theory (DFT)-based first principle calculations. The
lattice constants calculated agreed well with the experimental results, and the negative
energies of aggregation and the enthalpy of production between the two phases indicated
the structural stability. The series moduli were derived from polycrystalline assemblies, the
ductility, plasticity and elastic anisotropy were analyzed, and the density of states (DOS)
and density of charge distributions were calculated to reveal intrinsic mechanisms.

Although numerous studies have examined the effect of MgZn; upon magnesium
alloy properties, in-depth investigations of its behavior and mechanical properties under
varying pressure and temperature conditions remain limited. Therefore, calculating the
modulus of elasticity and other properties of MgZn, using first principle methods will
provide a more comprehensive understanding of its behavior under different environmental
conditions. This, in turn, will offer a new theoretical foundation for the optimal design of
magnesium alloys.

This study systematically explores the mechanical characteristics and elastic constants
of MgZn, at different pressures, focusing on characteristics such as Young’s and the shear
and bulk modulus. In addition to providing a deeper appreciation of how MgZn, plays a
role in magnesium alloys, the results will guide future research and practical applications,
ultimately strengthening the basis for its use in alloyed magnesium in a wider range of
industry sectors.

2. Calculation Details

Here, the high-pressure elastic constants of MgZn, alloys were investigated by apply-
ing the Generalised Gradient Approximation (GGA) method of Perdew—Burke-Ernzerhof
(PBE) [16] as part of the density functional theory (DFT) [17,18] implemented in the
Cambridge Serialised Total energy package (CASTEP) [19-21] code.The BFGS (Broyden-—
Fletcher—Goldfarb—Shanno) [22] algorithm was used to perform the atomic position and
lattice parameter optimization, ensuring convergence criteria were met: a total energy
deviation below 1.0 x 10~° €V /atom, a maximal ion force below 0.03 eV / A, a pressure
deviation below 0.05 GPa and a maximal displacement of atoms below 1.0 x 1073 A. To
model ion—electron interactions, the ultrasoft pseudopotential (USPP) [23] was employed.
The configuration of valence electrons for magnesium (Mg) and zinc (Zn) was set to 2p63s2
and 3d'%4s?, respectively. A plane wave cut-off used 500 eV, and the criterion for conver-
gence was 1.0 x 107¢ eV /atom. The Brillouin zone sampling was performed with a grid of
6 x 6 x 4 k points using the Monkhorst—Pack scheme [24].

Prior to the elastic constant calculation, a full relaxation of the volume, shape and
internal atomic positions of the MgZn, intermetallic compound at the given pressure was
performed. Figure 1 depicts the architecture of hexagonal MgZn,, which has a C14 Laves
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structure [25] that is typical of metal and rare gas alloys [26]. With lattice parameters of
a=5.157 A and ¢ =8.373 A, the space group is P63/mmc (No. 194). The atomic configuration
consists of four magnesium (Mg) atoms at the 4f position (0.333, 0.667, 0.75/—0.25) and
eight zinc (Zn) atoms in the 2a (0, 0, 0) and 6h (0.1704/0.3407, 0.3407/0.1704, 0.75) positions
in every second layer of magnesium atoms.

Figure 1. Hexagonal MgZn; unit cell structure.

In this study, the six independent constants of elasticity of a single crystal, C11, Cy2,
C13, C33,C44 and Cgg, were calculated using a method based on strain-stress relationships
from single cells optimized at different pressures. Elastic constants are the derivatives of the
first-order stress in relation to the tensor of the strain. By applying six finite deformations to
the lattice, the tensor of elasticity was derived from the relationship between the strain and
stress [27]. Additionally, ion relaxation was considered in calculating the elastic tensor for
rigid atoms. The ionic contribution was derived using the inverse Hessian of ionic matrices
and multiplication by the inner strain tensor.

3. Results and Discussion
3.1. High-Pressure Structure Characteristics

The geometrical optimization of the MgZn, alloy was performed, and the optimiza-
tions of the lattice parameters obtained were a = 5.179A and ¢ = 8.602A. These are consistent
with previous studies. T. Ohba et al. [28] found that a = 5.233A and c = 8.566A; Mao
et al. [29] reported thata = 5.23A and ¢ = 8.47A; and Zheng et al. [30], using first principle
calculations, determined that a = 5.1908A and ¢ = 8.6251A. The results from this study
agreed well with these experimentally and theoretically determined values, confirming the
validity of using the calculation method.
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We calculated the total energy E as a function of the lattice unit cell volume V and
performed precise fitting using the Birch-Murnaghan Equation of State (EOS) [31]. The
energy—volume relationship (E — V curve) is presented in Figure 2. By employing the Birch—
Murnaghan EOS, the relationship between the energy E and volume V was accurately
predicted, allowing for the determination of the bulk modulus By and its pressure derivative
B{. The Birch-Murnaghan Equation of State is given as Equation (1) [32].
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Figure 2. The fluctuation curve of the predicted total energy as a function of the MgZn, conventional
cell volume.

The fitting results show that when the volume V is equal to the reference volume
Vo = 200.213A3, the total energy reaches its minimum at E; = —17576.164 eV, indicating the
equilibrium state. The corresponding lattice parameters are a = b = 5.179A and ¢ = 8.621A,
with a calculated bulk modulus of By = 60.256 GPa.

Structural optimization was also carried out on MgZn; over a 0-30 GPa pressure
range, further investigating the pressure dependence of the parameters. The variation with
the pressure of the lattice parameters a/ay and c¢/cy and the volume V/Vj is shown in
Figure 3. The results indicate that both the a/ay and ¢/ ¢ ratios gradually decrease with
an increase in pressure, mainly due to compression of atomic spacing in the crystal under
applied pressure.

The polynomial fitting of a/ag, ¢/cop and V/V, to pressure values resulted in an
equation describing the relationships between them, as shown in Equation (2). The constant
term in the equation is close to one, indicating a good fit.

a/ay = 0.9999 — 4.5600 x 103P +9.99718 x 10~°P? — 1.18061 x 10~°P3
c/co = 0.99989 — 5.1000 x 1073P + 1.13632 x 10~4P? — 1.32763 x 10~¢P3 )
V/Vy = 0.99962 — 1.404 x 1073P + 3.42579 x 10~4P? — 4.15028 x 10~°P3
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Figure 3. Variation in structural parameter ratios of a/ay, c¢/cy and V/Vj depending on pressure for
Manz.

3.2. Elastic Constants Under Pressure

The elastic constants of MgZn, were systematically analyzed to investigate the rela-
tionship between stress and strain in anisotropic media.

The hexagonal crystal MgZn; has independent constants of elasticity: Cq1, C12, Ci3,
Cs3 and Cyyq, with Cgg = (Cq1 — C12) /2 used to calculate the shear strength. Specifically, C11
and Csz3 describe the strain response to tensile stresses applied across [100] and [001] crystal
axes, respectively, while C44 and Cgg reflect the shear resistance under shear stresses. Ci
and Cy3 are associated with elastic deformation. It was found that Cy3 varied irregularly in
the range of 0-30 GPa with the pressure, although overall the trend is upward. This may
be caused by the fact that under pressure, the crystal structure of MgZn; becomes complex,
with diverse interatomic interactions and mixed types of chemical bonding, uneven lattice
distortion and stress distribution, varying changes in different crystallographic orientations
and surfaces, and a localized stress concentration affecting atomic rearrangement. However,
on the whole, the crystal structure tends to be more compact and stable with an increase in
pressure, and the interatomic interactions are continuously enhanced, which makes Cy3
show an overall rising trend. In contrast, the remaining constants of elasticity increased
monotonically in relation to the pressure. Notably, C1; and Cz3 exhibited a faster rate of
increase under tensile stress, suggesting that the enhanced tensile resistance of MgZn,
under high pressure may be linked to the increased compactness of its crystal structure.
However, the slower rate of increase for Cy4 and Cg indicates that the material’s shear
resistance under shear stress is more limited, implying that the shear deformation capacity
of the crystals is constrained at high pressures. The conditions for hexagonal crystal
mechanical stability in isotropic pressure conditions are given by Equation (2) [33,34].

Cu >0, Cpy—|[Cp| >0, Cs3(Ci1+Cpa)—2C >0 3)

with C; = C;; — P (i = 1,3,4),C1, = Cip + P and Cy3 = Cy3 + P. The different criterion
relationships relate to the differing deformation of hydrostatic pressure crystals, Cy4 and
Ce reflect shearing deformations in the hydrostatically pressurized crystal cell and the
values of C1; — Cyp reflect the expansion of the crystal in the major axis direction as well
as the crystal cell contraction in the direction perpendicular to the principal axis. The
values of C~33(C11 + Cu) — 26%3 reflect the expansion of cells along the major axis and
the contraction along the vertical major axis. The deformation of the MgZn, alloy under
hydrostatic pressure was analyzed in relation to the pressure, and the correlation between
different criteria and the crystal deformation was explored. The elastic constants of MgZn,
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under various pressures are given in Table 1. It was found that the expansion along the
principal axis was closely linked to the contraction in the perpendicular direction, which
collectively affected the overall deformation characteristics of the material. The volumetric
deformation values indicate the volume change under different pressures. The evaluation
results for the pressure range of 0 to 30 GPa in terms of the mechanical stability show that
MgZn, meets the mechanical criterion and remains stable in this range.

Table 1. Constants of elasticity for various pressures of MgZnj; (in GPa).

Pressure C11 C12 C13 C33 C44 C66

0 87.399 78.111 18.189 135.279 22.816 4.644
5 113.183 86.850 17.019 157.669 31.074 13.166
10 151.391 106.451 41.163 208.729 37.965 22.470
15 198.445 133.180 86.579 283.226 44174 32.633
20 246.002 157.498 74.943 273.643 50.638 44.252
25 280.553 168.986 104.822 333.947 56.508 55.784
30 311.450 176.873 98.172 341.739 63.360 67.289

3.3. Modulus of Elasticity and Compressive Mechanical Properties

The macromechanical parameters of the MgZn; alloy, including shear, Young’s and
bulk moduli with Poisson’s ratio, were analyzed in this study. These properties give us an
important indication of macromechanical characteristics in the crystal. The Reuss and Voigt
approximations were used to calculate these parameters. The Reuss approximation assumes
that stress is uniformly distributed within the polycrystalline material, providing the lower
limit for shear and bulk moduli. In contrast, Voigt approximation assumes uniform strain
distribution across the polycrystalline structure, yielding the upper limit. To obtain a more
accurate estimate, Hill proposed an approximation called the Voigt-Reuss-Hill [35], which
averages the results of Reuss and Voigt approximations.

In this method, the crystal bulk and shear moduli are calculated using the average
of the Voigt bulk modulus (By), Reuss bulk modulus (Bg), Voigt shear modulus (Gy) and
Reuss shear modulus (Gg). The definitions of By and Bg and Gy and Gy in the hexagonal
crystallographic system are given in Equation (4) [36,37].

2C1142C1p4+4C13+C
By =2%u 129 13+Css
G _ C11+C1p—4C13+2C33+12Cq4 +12C¢6
v = 30
4
Bx = (Cr1+C1p)Ca3—2C3, (4)

T C11+C1p—4C13+2C53

5[(C11+C12)Ca3—2C3;] CasCos
6By C44Co6+2[(C11+C12)C33—2C2; | (Cas+Cep)

Gk =

with Cg¢ = (C11 — Cq2) /2. After calculating By and Gy using Voigt approximation and Bg
and Gr using Reuss approximation, G for the shear modulus, B for the bulk modulus, E for
Young’s modulus and v for Poisson’s ratio were further calculated according to Equation (5)
for different pressures of certain phases.

By +Br G_Gv+GR E 9BG ~ 3B-2G

B 2 2 "738x6 YT 6B+2G

(5)

The relationship between the bulk modulus (B), shear modulus (G) and Young’s
modulus (E) of MgZn, intermetals and the pressure is shown in Figure 4. The modulus
of shear (G) reflects the material’s strength against shear deformations under stress, the
modulus of bulk (B) characterizes the material’s strength against volumetric deformations
when stress is applied, and E measures the stiffness of the material, with higher values
indicating stiffer material. Figure 4 shows all three moduli—B, G and E—increasing steadily
with the pressure. This behavior is due to the high symmetricality of the hexagonal crystal
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structure of MgZn,. As the pressure increases, atomic relationships are altered within the
lattice, resulting in an increase in these moduli.
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Figure 4. Bulk (B), shearing (G) and Young’s (E) modulus for different pressures of MgZny.

We conducted a detailed analysis of Poisson’s ratio (v) and the ratio of the bulk to
shear modulus (B/G)for MgZny, alloys to investigate their mechanical behavior. According
to Frantsevich et al.’s rule [38], the material exhibits predominantly brittle behavior if the
ratio of Poisson (v) is under 0.26; conversely, it displays ductility when v > 0.26. Figure 5a
shows the variation with the pressure of Poisson’s ratio for MgZn;. In a pressure range of
0-5 GPa, v tends to decrease, reaching 0.327 at 5 GPa. Between 5 and 15 GPa, v increases
with the pressure, but it begins to decrease again when the pressure exceeds 15 GPa.
Overall, Poisson’s ratio for MgZn, remains greater than 0.26 throughout the 0-30 GPa
range, indicative of the material’s ductility. The relationship between B and G is strongly
related to Pugh’s rule for the brittleness and ductility of a material [39]: a greater B/G
indicates greater ductility. The material can be considered ductile if B/G > 1.75. Figure 5b
shows the variation in the B/G relationship with pressure for MgZn;. The B/G value
decreases in the 0-5 GPa range, reaching 2.552 at 5 GPa. It then increases with the pressure
between 5 and 15 GPa, before decreasing again when the pressure exceeds 15 GPa. Overall,
the B/ G ratio of MgZn, remains above 1.75 across the range of 0-30 GPa, confirming its
ductility, consistent with the trend observed in Poisson’s ratio. As a next step, the ductility
can be improved by alloying. Adding elements with good ductility, such as aluminum
and copper, into the crystal lattice can change the bonding characteristics, increase the
slip system, help the dislocation movement and regulate the direction and strength of
the chemical bond to enhance the deformation capacity. At the same time, of thermo-
mechanical treatment can be used to refine the grain, increase the grain boundaries to
hinder crack expansion and promote plastic deformation, thereby improving the ductility.

The Cauchy pressure on the (100) face is defined as C13 — C44 for a hexagonal crystal
structure and is defined on the (001) face as Cip — Cgp. According to Pettifor’s rule [40],
a more positive Cauchy pressure means a higher metallic bond count in the material,
enhancing its toughness, while a more negative Cauchy pressure indicates greater covalent
bonding, leading to brittleness. Figure 6 illustrates the Cauchy pressure of MgZn, at
different pressures. Starting from 0 GPa, C1; — Cgg increases with the pressure, reaching a
maximum around 25 GPa, before slightly decreasing. Overall, C1; — Cgg increases smoothly
with the pressure and remains above 75 GPa throughout the 0-30 GPa range. In contrast,
the initial values of Cj3 — Cy4 are close to zero at 0 GPa, become negative at 5 GPa, then
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gradually rise to positive values, with fluctuations observed at various pressures. The
values do not show a clear monotonic trend and fluctuate significantly, with the highest
value near 30 GPa and the lowest near zero or negative. Positive and negative Cauchy

pressure values in solid materials provide insights into their bonding type and structural
stability. Generally, a positive Cauchy pressure correlates with stronger metallic adhesion,

whereas a negative pressure indicates covalent adhesion. For MgZny, positive C1y — Cgg
values indicate strong metallicity at the (001) surface, while the fluctuating C13 — C44 on
the (100) face suggests weaker metallicity at this surface.

0.38 ey (@) " ()
®
\ 530 —n—B/G
0.36 \u\ 3251
\ °
\ / \\ O
- \ & 300+
\\ /// \\\\
0.34 \ .
N N /\
\ ® N L)
\0’ . AN I/
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0.32 1 1 1 1 Il 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15
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Pressures (GPa)
Figure 5. Variation in Poisson’s ratio (v) and modulus ratio (G/B) with pressure in MgZny, (a) is
Poisson’s ratio, (b) is modulus ratio.
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Figure 6. Cauchy pressure of MgZn; alloy under different pressures.
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A key indicator of resistance to distortion, either plastic or elastic under the influ-

ence of external forces, is hardness. It is determined by such factors as the constants of

elasticity, properties of plasticity, elongation, ductile properties and strength. In theory,
polycrystalline hardness can be estimated using Equation (6) [41].

G31 0585
HZZ(BZ) -3

(6)
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Figure 7 demonstrates the variation in hardness of MgZn, at different pressures.
Opverall, the hardness gradually increases with pressure increases ranging from 0 to 30 GPa.
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Figure 7. Hardness of MgZn; alloys under various pressures.

3.4. Pressure Elastic Anisotropy

Elastic anisotropy refers to the varying physical properties of a material depending
on its orientation, and most materials exhibit this behavior. In intermetallic compounds,
the study of elastic anisotropy closely relates to microcrack formation. The elastically
anisotropic factor measures the resistance of a material to shear distortion in different
directions, reflecting how shear energy changes with the orientation. The shear anisotropy
factors are defined as follows: A (g, represents the shear resistance in the (100) shear plane
between the <011> and <010> directions; A g0y describes the shear resistance direction
between the axes <101> and <001> in the (010) shear plane; and A characterizes the
shear resistance between the directions <110> and <010> in the (001) shear plane. Aqq),
Afo10y and Aggoyy are all one for a material with isotropic properties. A material’s degree
of anisotropy is given by any deviation from this value.

Using the obtained elastic constants, we calculated elastic anisotropy factors. The
anisotropy factors are expressed in Equation (7) [42].

4C44 4C55 4C66 (7)

The calculated anisotropy factors Ag10,, Af100y and Aggpy for MgZny subject to
different types of pressure are shown in Figure 8a. It can be seen that A9 and Ayg0)
are significantly under one and increase with the pressure. In contrast, Ay} keeps a
constant value of one for all pressure conditions. These results indicate that the anisotropy
on planes 100 and 010 decreases as the pressure increases, while the 001 plane maintains its
isotropic behavior. Since MgZnj is a hexagonal crystal, the 100 and 010 planes have lower
symmetry, leading to stronger anisotropy on these planes. In contrast, the 001 plane has
greater symmetry, leading to elastic isotropic properties for this plane. The compression
anisotropic coefficient AP and the shear anisotropic coefficient AC are calculated using
Equation (8) [43].

Gy —Gr

Bv—Br 100%, AS =2Y""R 100% (8)

AB=—"_"%
By + Br Gv + Gr
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Figure 8. (a) A{190}, A{o10) and Aygo1} anisotropy factors; (b) broad spectrum index of anisotropy
AY and log Euclidean index of anisotropy A”; and (c) percentage of compressive anisotropy A? and
percentage of shear anisotropy AG for MgZn; at different pressures.

The broad spectrum factor of anisotropy A can be calculated using Equation (9) [44].

By .Gy
Al ="~ 4572 6 9
Bx 2 Cx )

The logarithmic Euclidean scalar index of anisotropy (Al) is calculated in

Equation (10) [45].
L By \12 Gy \ 12
. —V (5] +on () o

With anisotropic materials, AB, AG, AU and AL should equal zero, with any variation
indicating an anomalous degree of anisotropy. Figure 8b shows the broad spectrum index
of anisotropy AY and the logarithmic Euclidean anisotropy index Al as a function of the
pressure. Both AY and Al decrease as the pressure increases, approaching zero at 30 GPa,
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suggesting that MgZn, becomes progressively more isotropic under pressure. Figure 8c
presents the results for A® and A®, where it is clear that A® remains close to zero with
minimal variation across the pressure range of 0 to 30 GPa. Meanwhile, AG is reduced as
the pressure increases, gradually approaching zero. These findings further confirm that
the anisotropy of MgZn, diminishes significantly with pressure. At the same time, this
decrease can also start with the composition and processing technology. Adjust the ratio of
Mg and Zn to make it close to the isotropic structure, increase the Mg content to change the
atomic arrangement and bond distribution, add rare earth elements to affect the crystal
symmetry. In terms of processing technology, the use of thermal deformation processing,
such as hot rolling and hot forging, and atomic rearrangement, such as grain orientation
randomization, the use of weaving control technology and the cross-rolling regulation of
crystal weaving, can ensure that the different directions of the orientation result in a more
uniform distribution to reduce the difference in performance and reduce anisotropy.

3.5. Speed of Sound Under Pressure

The longitudinal (V;) and transverse (V;) sound velocities of hexagonal MgZn; in
the [100] and [001] directions can be obtained using the obtained Cij, following Brugger’s
method. The sound speed in the [100] direction is given by Equation (11) [46,47].

[1oo]vl=,/C“2_pC12, [010Jvyy = Cp“, [001}@2:,/(:;4 (11)

And the velocity of sound in direction [001] is computed as in Equation (12) [47,48].

001]0; = 1/Cp33, [100]0r = [010]0r — ,/CS‘* (12)

with vy and vy, corresponding to the transversal first and second modes, respectively, and
p representing the density of the compound. As sound velocities depend on constants
of elasticity, their anisotropy reflects the elastic anisotropy of MgZn,. In addition, the
velocity of sound in the longitudinal (V}) and transverse (Vr) directions of MgZn; can
be calculated using the resulting bulk modulus (B) and shear modulus (G), as shown in

Equation (13) [48].
VL= b 146 +4G, Vr = = (13)
3p o

Further, we can calculate the average velocity of sound according to Equation (14) [49].

(1.2
3\Vv2 V3

The variation in sound velocities in MgZn; under different pressures (0-30 GPa),
categorized by the propagation direction and wave type, is shown in Figure 9. Overall, all
the sound velocities increase with the pressure. In Figure 9a, the longitudinal velocity of
sound (7;) in direction [100], as well as the velocities of the transverse waves (V7 and V},)
in the [010] and [001] axes, respectively, gradually increase with the pressure. Figure 9b
shows a notable increase in the velocity of longitudinal sound (v;) in direction [001], while
the velocities (V1 and Vi) in the [100] and [010] orientations also show a slight increase
with the pressure. In Figure 9¢, the longitudinal average velocity of sound (V}), average
transverse velocity (Vr) and average total velocity (V) all increase with the pressure.
Overall, these results indicate that MgZn;,’s ability to propagate acoustic waves improves
with increasing pressure, suggesting the enhanced rigidity and density of the material
under high-pressure conditions.

Q=

VM = (14)
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Figure 9. (a) Sound velocities in longitudinal (v;) and transverse (v;1,v42) directions in [100] direction
of MgZn; under varying pressures; (b) velocities of sound in longitudinal (v;) and transverse (vy1, vf2)
directions in [001] direction of MgZny; for varying pressures; and (c) sound velocity in longitudinal
direction (V7 ), sound velocity in transverse direction (V1) and average sound velocity (V) of MgZn,
crystal at different pressures.

4. Conclusions

First principle calculations applied to the research of materials under pressure are
able to accurately reveal the evolution of the microstructure of materials in high-pressure
environments, the changing law of mechanical properties and the response mechanism
of physicochemical properties from the atomic and electronic levels based on the basic
principles of quantum mechanics, without relying on the empirical speculation of experi-
mental data, and provide an in-depth, accurate and prospective theoretical basis for the
understanding of high-pressure behaviors in materials. This investigation systematically ex-
amined the mechanical and elastic characteristics of MgZn; alloys under varying pressures
using first principle calculations, filling a gap in this area of previous research. The results
show that lattice parameters (a/ag, c/cp) as well as the ratio of volumes (V' /Vj) gradually
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decrease with pressure increases. With the exception of the elastic constant Ci3, all other
constants of elasticity show significant increases with increasing pressure. MgZn; satisfies
the mechanical stability criterion across a pressure range from 0 to 30 GPa, confirming
stability within this interval. Furthermore, the ratio of Poisson remains consistently above
0.26, indicating good ductility, which aligns with the ratio of the bulk to shear modulus
(B/G). Both the hardness and sound velocity of MgZn; increase with the pressure, while
the degree of anisotropy decreases progressively. This investigation gives us important
knowledge about the mechanical behavior of MgZn, under pressure, offering crucial guid-
ance for applying and optimizing its properties in various fields. The mechanical response
of MgZn, under higher pressure ranges or more complex pressure loading paths can be
further investigated to explore whether there are new phase transitions or performance mu-
tation points, which will help us to grasp its high-pressure behavioral properties in a more
comprehensive way and provide more accurate data support for extreme high-pressure
engineering applications.
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