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Abstract: In order to study the strengthening effect of Mg-X (X = Zn, Ag) alloys, solid solution
structures of Mgss, MgszX; and Mgso Xy (X = Zn, Ag) with atomic contents of 1.8 at.% and 3.7 at.%
were established, respectively. The structural stability, tensile properties and electronic properties
were investigated by first-principles simulation. The calculated results of cohesive energies show
that all solid solution structures were stable under different tensile strains, and Mgs,Ag, had the
best stability. The results of tensile tests show that Zn and Ag atoms promoted the Mg-based
alloy’s yield strength and tensile strength. In addition, through comparative analyses, we have
demonstrated that the tensile property of Mg-based alloys was also affected by solid solubility.
Finally, the electronic density of states (DOS) and electron density difference of several solid solution
structures were analyzed.

Keywords: first-principles calculation; solid solubility; stability; tensile; electronic

1. Introduction

As light metal materials used in industrial production, magnesium alloys are known
as a green engineering material with excellent performance characteristics [1-3]. They have
the characteristics of low density, good stiffness, high strength-to-weight ratio, high heat
dissipation, outstanding casting performance, and high recycling rate. The application
of magnesium alloys is always a research hot spot. Magnesium alloys have a wide range
of use in the automotive manufacturing, aerospace, 3C electronics, rail transportation
and biomedical fields [4-6]. On the one hand, magnesium alloys can meet the perfor-
mance requirements in practical applications; on the other hand, they are a lightweight
material [7-9]. Therefore, magnesium alloys have advantages that other alloy materials
cannot compete with. However, the poor ductility and heat resistance of magnesium
alloys limit their further development. Researchers have been committed to improving the
performance of magnesium alloys, so as to develop new light alloy materials with high
performance capacities.

Solid solution strengthening is an effective method used to enhance the mechanical
properties of magnesium alloys by adding solid alloying elements dissolved in Mg-based
alloys [10,11]. In the solid solutions” structures, the solid atoms replace the magnesium
atoms in some areas of the lattice dot matrix, which causes atomic misalignment and lattice
distortion [12]. This lattice distortion will prevent dislocation movement and slip, thus
concentrating the stress on Mg-based alloys, as a result of which the strength of the magne-
sium alloys will be improved [13-15]. Zn and Ag are two important alloying elements that
are used to improve the properties of magnesium alloys. The atomic structures of Zn and
Ag are similar to that of Mg, and have high solid solubility in magnesium alloys; they can
also be used as an effective solid solution in Mg-based alloy. The solid solubility of Zn and
Ag in magnesium alloys can reach 8.4% and 15.5% at eutectic temperatures. However, it is
worth noting that little research has been undertaken on the tensile properties of Mg-Zn
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and Mg—-Ag alloys at the atomic scale. In particular, comparative studies of their tensile
properties at different levels of solid solubility are scarce.

The tensile strength of materials has always been a significant indicator of the solid
solution strength [16,17]. Tensile strength can be predicted using the first principle tensile
simulation method, after which the solution strengthening effect of alloy elements can be
analyzed. The average stress on the structure can be calculated using the first principle
tensile simulation method, after which the stresses and strains in the structures can be
analyzed. The tensile strength values of structures can be predicted using their stress values
at yield. The first principle tensile simulation method was first applied to the calculation
of simple crystal structures such as Si, Cu, Al, Mo, Ge, SiC and diamond [18-20], and
good prediction results were obtained. These data have helped in guiding experimental
operations, and have also helped in saving a lot of money and time.

In the past several years, with the continuous development of computer equipment,
it has become possible to assess more complex crystal structures using the first principle
tensile simulation method. Zhang et al. [21] found that the maximum stress value of a pure
aluminum structure is reached at the tensile strain of 16%, with a value of 9.5 x 10° MPa.
Pei et al. investigated the tensile properties of the Al(111)/Al3Ti(112) interface using
first principle tensile simulation. The results indicate that the maximum stress value
was 14.38 x 10° MPa, and the Al side was able to absorb most of the deformation energy.
Liu et al. [22] studied the solid solution strengthening of Al and Er when used in magnesium
alloys through first principles tensile simulations. The study found that Er has a better
reinforcement effect. Luo et al. [23] studied the solid solution strengthening effects of Al, Zn
and Y on a magnesium matrix using first principles tensile simulations. The strengthening
effect of Y is superior to that of other atoms. Wang and Han et al. [24] studied the tensile
properties of Mgs3Al and Mgs; Als using first principles simulation. Collectively, these
data indicate that the tensile strength of the Mg-based alloy could be enhanced by covalent
bonding between two types of atoms, and the maximum stress value of Mgs; Al; was
increased by 9.4% compared to that of Mgss using this approach. Wang et al. [25] also
investigated the effects of the distribution of Zn and Al atoms on the tensile strength of the
magnesium matrix, and found that a uniformly distributed structure had greater tensile
strength than a separated one. Wang et al. [25] also studied the relationship between the
tensile strength of the magnesium matrix and atomic distribution, and their results have
revealed that the tensile strength of the structure was better when the atoms were uniform.

Within the maximum atomic solid solubility range of Zn and Ag atoms in magnesium,
the structures of Mgs3X; (X =Zn, Ag) and Mgsy X, (X =Zn, Ag) with solid solubilities of 1.8%
at.% and 3.7 at.% have been established and studied. First principle tensile simulations were
used to test the stability, as well as the stress properties and electronic characteristics, of solid
solution structures under 0-20% strains. The effects and mechanisms of the solid solution
strengthening of elements Zn and Ag when used in a Mg-based alloy were predicted.

2. Computational Methods

Based on the first principle method with density functional theory (DFT) and general-
ized gradient approximation (GGA), tensile tests of solid solution structures (Mgs3X; and
Mgz X, (X = Zn, Ag)) were carried out. The CASTEP software was used for the calculations,
and the exchange correlation functional was PW91. The ultrasoft pseudopotential was
used to assess the interaction between the ion nucleus and electron. For the optimization of
the solid solution structure, the settings were as follows: the total energy threshold was
1.0 x 10~° eV/atom, the interatomic force threshold was 3 x 1072 eV/nm, the maximum
internal stress threshold was 0.05 x 102 MPa, and the tolerance deviation threshold was
0.001 A. Regarding the electronic settings, the cutoff energy and k-point mesh were 340 eV
and 3 x 3 x 3, respectively. The tolerance value and maximum number of convergence
steps of the SCF self-consistent iteration were 2.0 x 10~% eV /atom and 150.

Tensile strain was applied along the c-axis of the crystal structures, which was achieved
by changing the lattice constant ¢ value in the simulation. During this test, the upper limit
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of strain was set to 20%. The strain interval between 6 and 10% strain was 1%, and for
the remaining range the strain interval was 2%. After each incremental increase in strain,
the solid solution structures need to be geometrically re-optimized, but only the atomic
occupation coordinates were optimized, and the lattice constants were not optimized.

In tensile simulations, according to Nielsen-Martin method [26], the average stress
acting on the whole cell can be expressed as:

— 1 aEtot‘
0’0{[5 - 6 aslxﬂ (1)

In the above formula, E, represents the energy of the entire cell, ¢, represents the
strain tensor, and () represents the volume. The tensile strain & was calculated as follows:

e e—h) 100% 2)

)

In the above formula, [y and I, are the initial length and tensile length in the c-axis
direction of the cell. In addition, in order to reduce the time of calculation, the effect of
c-axis stretching on lattice constants in the other two directions was not considered in the
stretching simulation process; that is, the influence of the Poisson effect was ignored.

3. Results and Discussion
3.1. Structural Properties

The crystal structure of pure magnesium is shown in Figure la. Pure magnesium
has an Hcp structure, and its space group is P63/mmc. The calculated lattice constants
are a = b = 0.3209 nm and c = 0.5211 nm, which are very similar to the results of other
simulations [27] wherein a = b = 0.3195 nm and ¢ = 0.5178 nm, and experimental data [28]
wherein a = b = 0.3210 nm and ¢ = 0.5211 nm. A 3 x 3 x 3 supercell was established
through the software’s Supercell function [22,29], based on pure magnesium’s crystal
structure. The 3 x 3 x 3 supercell is shown in Figure 1b. Geometric optimization was
performed on the supercell, and the optimized lattice constants are a = b = 0.9628 nm
and c = 1.5632 nm. The supercell contains 54 atoms, hereinafter referred to as Mgss. The
structure of the solid solution with an X content of 1.8 at.% is shown in Figure 1c, where the
X atom coordinate is (x = 0.5552, y = 0.4448, z = 0.5802), hereinafter referred to as Mgs3X;
(X =2Zn, Ag). The structure of the solid solution with an X content of 3.7 at.% is shown
in Figure 1d, where the X atoms coordinates are (x = 0.5552, y = 0.4448, z = 0.5802) and
(x=0.5552, y = 0.4447, z = 0.2505), respectively, hereinafter referred to as Mgz X, (X = Zn,
Ag). The atomic positions of Mgs, X, are given in Table 1. During the model establishment
process, the energy values of the crystal structures at different positions of the X atoms are
calculated and compared, and the most reasonable positions for the placement of the atoms
are ultimately determined, and are used as the positions of the X atoms here.

Table 1. The atomic positions of Mgs4X5.

Fractional Coordinates of Atoms

Element Atom Number
X y z
Mg 1 0.1109 0.2220 0.0829
Mg 2 0.2273 0.1170 0.2505
Mg 3 0.4464 0.2264 0.0865
Mg 4 0.5563 0.1169 0.2505
Mg 5 0.7780 0.2220 0.0828
Mg 6 0.8889 0.1111 0.2497
Mg 7 0.1109 0.5551 0.0842
Mg 8 0.2279 0.4434 0.2505
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Table 1. Cont.
Fractional Coordinates of Atoms
Element Atom Number
X y z

Mg 9 0.4465 0.5535 0.0865
Mg 10 0.7736 0.5536 0.0865
Mg 11 0.8831 0.4437 0.2505
Mg 12 0.1108 0.8892 0.0842
Mg 13 0.2222 0.7778 0.2501
Mg 14 0.4449 0.8891 0.0842
Mg 15 0.5566 0.7728 0.2505
Mg 16 0.7780 0.8891 0.0829
Mg 17 0.8830 0.7727 0.2505
Mg 18 0.1103 0.2217 0.4169
Mg 19 0.2272 0.1169 0.5823
Mg 20 0.4479 0.2291 0.4172
Mg 21 0.5563 0.1170 0.5823
Mg 22 0.7783 0.2217 0.4170
Mg 23 0.8890 0.1110 0.5833
Mg 24 0.1108 0.5549 0.4171
Mg 25 0.2271 0.4434 0.5823
Mg 26 0.4479 0.5521 0.4173
Mg 27 0.7709 0.5521 0.4172
Mg 28 0.8830 0.4437 0.5823
Mg 29 0.1107 0.8893 0.4170
Mg 30 0.2222 0.7778 0.5828
Mg 31 0.4451 0.8892 0.4171
Mg 32 0.5566 0.7729 0.5823
Mg 33 0.7783 0.8897 0.4169
Mg 34 0.8831 0.7728 0.5823
Mg 35 0.1109 0.2221 0.7501
Mg 36 0.2236 0.1115 0.9170
Mg 37 0.4465 0.2265 0.7474
Mg 38 0.5545 0.1116 0.9171
Mg 39 0.7779 0.2221 0.7501
Mg 40 0.8890 0.1110 0.9170
Mg 41 0.1109 0.5551 0.7489
Mg 42 0.2237 0.4453 0.9171
Mg 43 0.4466 0.5534 0.7474
Mg 44 0.5556 0.4444 0.9170
Mg 45 0.7735 0.5535 0.7474
Mg 46 0.8884 0.4455 0.9171
Mg 47 0.1108 0.8892 0.7489
Mg 48 0.2221 0.7779 0.9170
Mg 49 0.4449 0.8891 0.7489
Mg 50 0.5547 0.7763 0.9171
Mg 51 0.7779 0.8890 0.7501
Mg 52 0.8885 0.7764 0.9170

X 1 0.5552 0.4447 0.2505

X 2 0.5552 0.4448 0.5802

To compare the stability of the two kinds of solid solution structures, the cohesive
energy has been calculated. The whole crystal structure’s stability depends on the cohesive
energy. When the cohesive energy is negative, the structure is stable. In addition, the
stability values of different structures can be compared with each other according to the
absolute value of cohesive energy. The cohesive energy can be calculated by means of the

following formula [30-32]:
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Figure 1. Crystal structure diagram: (a) Mg, (b) Mgs4, (c) Mgs3 X1, (d) Mgs: X, (X =Zn, Ag).

Etot - NAEpﬁom - NBEEtom )

N+ Np

In the above formula, E.,, and E,,; are the cohesive energy and total energy of the
structures. E4,, and EB  are the free state energy of Mg and X atoms. The free state
energy values of Mg, Zn and Ag atoms are —972.5823 eV /atom, —1708.9884 eV /atom and
—1024.9934 eV /atom, respectively. N4 and N? are the numbers of Mg and X atoms in
the structures.

The calculation results of Mgss, Mgs3X; and MgsyXo (X = Zn, Ag) are listed in Table 2.
The calculated cohesive energies representing the strain are shown in Figure 2. It can be
seen that the cohesive energy values for all the structures are negative in the range of 0-20%
strain, which indicates that several structures remain stable during the tensile process.
When there is no strain, the absolute order of cohesive energy for the five structures is Mgs4
< MgsZny < MgszAgr < MgsyAgy, which indicates that the inclusion of Zn and Ag can
promote the stability of Mg-based alloys. At the same time, the stability of a Ag-containing
solid solution structure is greater than that of on containing Zn. In addition, in the range
of 0-20% strain, the cohesive energy values of Mgs3X; and Mgz, X, are always negative,
but the absolute values are decreased. It can be concluded that with an increase in strain,
Mgs3X; and Mgs, X, remain stable, but their stability shows a downward trend.

Ecoh =



Crystals 2023, 13, 820

6 of 12

Table 2. Table 2. The cohesive energy of Mgss, Mgs3X; and Mgz X, (X = Zn, Ag) under differ-

ent strains.

E o, kKJ/mol
Strain (%)
Mgs, Mgs3Zng MgszZn; Mgs3Ag Mgs:Ag)

0 —193.46 —193.77 —194.01 —196.93 —200.27
2 —193.01 —193.25 —193.44 —196.29 —199.58
4 —192.44 —192.60 —192.73 —195.64 —198.84
6 —191.70 —191.82 —191.92 —194.84 —197.99
7 —191.41 —191.46 —191.50 —194.33 —197.24
8 —191.37 —191.22 —191.23 —194.13 —197.05
9 —190.90 —190.91 —190.89 —193.84 —196.77
10 —190.47 —190.47 —190.42 —193.42 —196.36
12 —189.77 —189.70 —189.59 —192.72 —195.61
14 —188.75 —188.63 —188.49 —191.74 —194.64
16 —187.46 —187.31 —187.13 —190.48 —193.44
18 —186.00 —185.86 —185.66 —189.33 —192.01
20 —184.60 —184.44 —184.26 —187.57 —190.99

= -18a — Mg,

o Mg.,Zn

S g6l 53£N4

~= — Mg;,Zn,

2 -188f Mg.,Ag

= 53191

> -190 } —— MggAg,

(@)]
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O -200}
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0.00 0.05 0.10 0.15 0.20
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Figure 2. The calculated cohesive energies as a function of the strain.

3.2. Tensile Properties

The stress values of Mgss4, Mgs3X; and Mgz X, (X = Zn, Ag) under different strains
have been calculated using first principle tensile simulations, and are listed in Table 3. The
strain should not exceed 20%. For a more intuitive analysis, the corresponding stress—strain
curves are shown in Figures 3 and 4. The abscissa represents crystal strain and the ordinate
represents stress. It is clear that the types of deformation experienced by the different solid
solution structures are the same, as elastic deformation, uneven plastic deformation and
uniform plastic deformation successively occurred. In the elastic deformation zone, the
solution structure will undergo elastic deformation when stretching, and the structure
will return to its original length when stretching ceases. In the non-uniform plastic defor-
mation zone, elastic deformation and plastic deformation will occur simultaneously with
the application of stress. Finally, only plastic deformation occurs in the uniform plastic
deformation zone.
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Table 3. The stress values of Mgs4, MgszX; and Mgz Xy (X = Zn, Ag) under different strains.
Stress, 10> MPa
Strain (%)
Mgs4 Mgs3Zn; Mgs2Zn; Mgs3Ag1 Mgs2Ag2
0 0.00 0.00 0.00 0.00 0.00
2 1.74 2.00 2.21 2.05 2.34
4 2.35 2.51 2.67 2.55 2.77
6 2.69 2.86 3.03 2.83 2.95
7 1.21 1.46 1.70 1.25 1.37
8 1.85 1.99 2.20 1.82 1.81
9 2.22 2.33 2.52 2.23 2.22
10 2.47 2.63 2.84 2.52 2.58
12 3.11 3.29 3.45 3.05 3.10
14 4.15 4.29 4.41 4.04 3.96
16 497 5.01 5.10 4.89 4.78
18 5.15 5.16 5.17 5.03 5.34
20 5.02 5.06 5.04 5.27 5.28
or Mg,
5k * Mgs;Zn;
— —— Mgs;Ag,
£4r
9 3
? ’/,,o'f;iz
2R / \E
1%
1+ //
o ¢

0.00  0.04 0.08 0.12

Strain

0.16 0.20

Figure 3. Stress—strain curve of materials with Zn and Ag content of 1.8 at.%.

or —— Mg,
51 *— Mgs,Zn,
— +— MgyAg,
Z4r
2.0 . 7
R Y
1k ¢
0r -‘/

0.00 0.04 0.08 0.12

Strain

0.16 0.20

Figure 4. Stress—strain curve of materials with Zn and Ag contents of 3.7 at.%.

In the elastic deformation area, the stress and strain change in direct proportion to
one another, and the image change trend shows a straight line. Figures 3 and 4 show that
the elastic deformation areas of several structures are very small, and the strain range is
4-8%. With the increase in strains, non-uniform plastic deformation will rapidly develop.
Thereafter, elastic deformation will be accompanied by elastic plastic deformation, after
which it will be difficult for this material to completely return to its original length. In
industrial production, yield strength is the strength index of a material that can yield,
and materials are typically selected for their yield strength. Figure 3 shows that, with the
increase in strain, several solid solution structures undergo obvious yielding, accompanied
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by the appearance of an upper yield point and a lower yield point. Because lower yield
is a stable form of the yield process, the lower yield point is usually selected as the yield
strength if the structure shows both upper and lower yield points [33]. It can be seen from
Table 3 and Figure 3 that when the solid’s solubility is 1.8 at.%, the solid solution structure
will have a lower yield point at the strain of 7%, and the yield strengths of Mgs4, Mgs3Zn;
and Mgs3Ag; will be 1.21 x 103 MPa, 1.46 x 10° MPa and 1.25 x 10° MPa, respectively.
When the solid solubility is 1.8 at.%, the inclusion of both Zn and Ag will increase the yield
strength of the Mg-based alloy. The yield strengths of the Mg-based alloys with Zn and
Ag are increased by 20.67% and 3.31%, respectively, and the strengthening effect of Zn is
obviously higher than that of Ag. Additionally, it can be seen from Table 3 and Figure 4
that the yield strengths of Mgs,Zn; and Mgz Agy are 1.70 X 103 MPa and 1.37 x 10° MPa,
respectively, when the solid solubility is 3.7 at.%, which values are 40.50% and 13.22%
higher than those of the Mg-based alloys. It can be seen from the comparison that the
inclusion of both Zn and Ag can promote the Mg-based alloy materials’ yield strength, and
the effect of Zn is more obvious. In addition, the strengthening effect is also affected by the
value of solid solubility; in particular, when the solid solubility is 3.7 at.%, the strengthening
effect is more obvious.

Tensile strength is another important index that is used to measure the tensile prop-
erties of materials. It is the maximum stress that materials can withstand under tension,
which can be used to reflect the material’s ability to resist damages. When the structure
exhibits yielding, a plastic deforming area will appear as the strain continues to increase.
In the region of plastic deformation, the stress increases with the increase in strain until the
tensile strength is reached. If the strain continues to increase, the stress will drop, which
indicates that the structure has been destroyed. The figures show that several solid solution
structures of Mgss, Mgs3X; and MgsyX; (X = Zn, Ag) reach their tensile strength value in
the plastic deformation zone. When the solid solubility is 1.8 at.%, the tensile strengths of
Mgss, Mgs3Zn; and Mgs3Agy are 5.15 x 103 MPa, 5.16 x 103 MPa and 5.27 x 10° MPa, re-
spectively. The results show that Zn hardly improves the tensile strength of Mg-based alloy
materials, while Ag can improve the tensile strength of Mg-based alloys. When the solid
solubility is 3.7 at.%, the tensile strengths of Mgs;Zn, and Mgsp Ag, are 5.17 x 103 MPa
and 5.34 x 10% MPa, respectively. Further analysis shows that Zn has little effect on the
tensile strength of Mg-based alloy materials. Conversely, the strengthening effect of Ag on
Mg-based alloy materials is obvious, and will be made more obvious with the increase in
solid solubility.

Through the above research, we found that a suitable Ag content can enhance the yield
strength and tensile strength of Mg-based alloys, and this strengthening effect is better than
that of Zn. The results of this study validate other experimental results. Feng et al. [34]
found via microhardness tests that the microhardness of magnesium alloy could be en-
hanced by adding Ag, and the alloy exhibited good mechanical properties. Ben Hamu
et al. [35] found that adding Ag could improve the mechanical properties of Mg—Zn alloys.
Zhao et al. [36] found through experiments that Mg-Zn—Ag alloys display their best me-
chanical properties as the concentration of Ag is changed, with the results being particularly
striking for yield strength, ultimate tensile strength, and elongation. From these results, it
can be inferred that the method used in this study is correct and feasible for application.
Ag belongs to the group of precious metals, which greatly limits the smooth progression of
this experiment. This study employed the method of simulated stretching, which not only
saves time and costs, but can also be used to obtain reliable data, providing a new path for
the study of precious and rare metals.

3.3. Electronic Properties
3.3.1. Density of States
To further understand the stability and strengthening mechanisms of the structures,

the densities of different states (total and partial) of Mgs;Zn; and MgspAg, structures
have been calculated without the application of strain. The bonding characteristics of the
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structures can be inferred through the total density of states and the partial density of states.
The total density of states (TDOS) and the partial density of states (PDOS) of Mgs,Zn; and
MgspAg, are depicted in Figures 5 and 6, respectively.

—Mg(s
— Mg(p

DOS (electrons/eV)

-10 -8 -6 4 -2 0 2 4 6

Energy (eV)

Figure 5. The total and partial density of states of Mgs,Zn,.

I
20 | ! — Mg(s)
S\ ! —— Mg(p)
o OF |
@ |
cC o +
O 4t Fermi level | ——Ag(s)
=
O ' —Ag(p)
L 5t ™~ ! ——Ag(d)
()] I
N I
® o ==
O “r : — Total
0O 5l '
141 :
1
O 1 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6

Energy (eV)

Figure 6. The total and partial density of states of Mgs, Agy.

The figures show that at no point does the energy range approach the Fermi level,
whereat there are no electron states, i.e., there is no band gap. The valence and conduction
bands overlap, and electrons are delocalized, so the structures exhibit a metallic character.
Figure 5 shows that the bonding peaks of Mgs,Zn, are mainly distributed in the range from
—7.5to0 1.5 eV. Here, the valence band is associated with the valence electrons of Mg s, Mg
p, Zns, Zn p and Zn d orbitals, and the conduction band is associated with the contribution
of valence electrons of Mg s, Mg p, Zn s and Zn p orbitals. It is worth noting that there
is a peak at —7 eV, which is mainly provided by the valence electrons of the Zn d orbital.
In addition, there is sp hybridization between Mg s—Mg p and Zn s—Zn p orbitals in the
valence band. Figure 6 shows that the bonding peaks in Mgs; Ag, are mainly distributed
between —6.5 and 2 eV. Here, the valence band is associated with the valence electrons of
the Mg s, Mg p, Ag s, Ag p and Ag d orbitals, and the conduction band is mostly associated
with the valence electrons of Mg s and Mg p orbitals. Overall, the contribution of the Ag s
and Ag p orbital is limited. There is a peak at —4.5 eV, which is mainly contributed by the
valence electrons of the Ag d orbital. At the same time, the density of states of the Ag d
orbital overlaps with those of other orbitals in the entire valence band range, indicating
the presence of spd hybridization amongst Mg s, Mg p, and Ag d orbitals. In general, the
density of state of Mgz Agy at the Fermi level is higher than that of Mgs,Zn,, which shows
more active metallicity. In addition, the hybridization of Mgz, Ag is also more pronounced
than that of Mgs,Zn,.
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3.3.2. Electron Density Difference

In order to reveal the mechanism of the strengthening effect of Zn and Ag on a Mg-
based alloy, the electron density differences of Mgss, MgsyZn, and Mgs;Ag, have been
calculated and analyzed. Usually, the electron density difference can be used to analyze
the electron transfer between atoms in the crystal structures. At the same time, the state of
bonding in the crystal structures can also be assessed using an electron density difference
diagram. The electron density difference diagrams of Mgss4, Mgs,Zn; and Mgsy Ag, are
shown in Figure 7. It can be seen from Figure 7 that the electron clouds around each nucleus
in Mgs4, MgsyZn; and Mgsy Ag, are uniformly and clearly distributed, and there are no
obvious overlaps between electron clouds. This indicates that in the structures of Mgsy,
Mgs,Zn; and MgspAgp, the atoms bond with each other through metallic bonds. From
Figure 7, charge accumulation can be seen around the nuclei of Mg, Zn, and Ag atoms, but
the scales of the color cards in the three color maps are different. In the scaling of the color
card, the reddest area (at the bottom) indicates the maximum charge density. It can be found
that the maximum charge density of Mgs4 is 2.425 x 10~2 /A3, the maximum charge
density of MgsyZn; is 5.247 x 1072 e/ A3, and the maximum charge density of Mgs,Agy is
1.047 x 1071 e/A3. It is clear that MgspZny and Mgsy Agy aggregate more electrons in their
bonding regions than Mgs4, indicating that the addition of Zn and Ag atoms can enhance
the stability of the matrix. In addition, Mgs, Ag, aggregates more electrons in the bonding
region than Mgs,Zny, indicating that Ag atoms have a stronger capacity to promote the
stability of the matrix than Zn atoms. This also corresponds to previous calculations and
the results of the analysis of cohesive energies and tensile properties from an electronic
perspective, indicating that the previous analysis results are correct.

- 3.707 = 102

- 2174 % 102
- 6410 =103
- —8.920 = 10>
- —2.425 % 102

- 6.634 %102 - 6.692 x 102
- 3.663 %102 - 2403 =102
- 6.931x10° --1.887 x 102
--2.277 = 102 —-6.176 = 102
--5.247 x 102 --1.047 = 107

Figure 7. Electron density differences of Mgs, (a), Mgs2Zn; (b) and Mgs, Agy (c).

4. Conclusions

In this work, the structural, electronic and tensile properties of the solid solution
structures of Mgss, Mgs3X; and Mgz Xy (X = Zn, Ag) subjected to 0-20% strains are
investigated using the first principle calculation method. The conclusion is that the solid
solution structures of Mgs3X; and Mgz X, (X = Zn, Ag) are stable in the 0-20% strain
range. In addition, the stability of the Ag structures is greater than that of the Zn structures
when two levels of solid solubility are employed. With the increase in strains, several solid
solution structures at these two levels of solid solubility show obvious yielding. The results
show that the application of both Zn and Ag can increase the yield strength of Mg-based
alloys. The strengthening effect of Zn is more obvious. In addition, the strengthening
effect is also affected by the solution’s concentration. When the solubility is 3.7 at.%, the
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strengthening effect is greater. The stress—strain results of tensile strength show that Zn
does not promote the tensile strength of Mg-based alloys, while Ag can improve the tensile
strength. The strengthening effect is strong at a solubility level of 3.7 at.%, compared to
1.8 at.%. Finally, the analyses of the density of states and the electron density difference
verify the mechanisms of the strengthening effects of elements Zn and Ag on Mg-based
alloys from the electronic perspective.
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