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Abstract: To accelerate the development and design of magnesium (Mg) alloys, the structural and mechanical
properties of important precipitates in Mg—Zn alloys were studied by experiments and density functional theory. The
nano-indentation tests revealed that the hardness of the precipitates initially increased and then decreased with
increasing Zn content, and was significantly higher than that of pure Mg and Zn. The calculation results revealed that
the precipitates stability initially increased and then decreased with increasing Zn concentration. The bulk moduli of the
precipitates increased, whereas their shear and Young’s moduli initially increased and then decreased with increasing Zn
content. The decreasing order of ductility for these compounds is MgZn, > Mg»1Znos > MgrZni; > MgsZn;. The surface
profiles of the compounds revealed that they are obvious anisotropy. Both the degree of covalency and bond length of
covalent bonds initially increased and then decreased with increasing Zn content.
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1 Introduction

As one of the lightest materials available (low
density of 1.74-2.0 g/cm®), magnesium (Mg) is
widely used in aerospace, automotive and consumer
electronics products [1-3]. With the improvement
of people’s living standards, the number of patients
with various types of cardiovascular disease and
osteoarthritis is increasing. Thus, the market
demand for biomedical metal materials is
developing rapidly. Through researchers’ relentless
efforts, it has been found that Mg possesses an
elastic modulus similar to the human body
(41-45 GPa) and good biocompatibility and
degradability, which makes it a new generation

of biomedical materials that attract attention, and
has been applied in cardiovascular stents, bone
joints and bone nails [4—6]. However, its poor
plastic deformation properties and poor corrosion
resistance seriously limit its further application.
How to improve the properties of Mg has become
one of the most important research topics.
Therefore, numerous studies have found that
alloying is one of the most effective ways to
improve the comprehensive properties of Mg
alloys [7—11]. It is found that most Mg alloys are
mainly concentrated with Y, La and other heavy
rare earth elements. Although their addition can
greatly improve the comprehensive properties of
Mg alloys, the high cost of these additives further
limits their commercial application and promotion.
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Thus, there is an urgent need to seek a low-cost,
high-performance Mg-based alloying element.

As one of the essential trace elements for the
human body and owing to its low price, zinc (Zn)
has attracted increasing attention from researchers.
It has been shown that the addition of a small
amount of Zn to Mg can not only increase the
strength of the material but also improve its
biocompatibility [12—14]. Moreover, the maximum
solution solubility of Zn in Mg is 6.2 wt.%, and the
strengthening methods are solution strengthening
and aging strengthening. Aging strengthening is
performed using the precipitation of solid-dissolved
alloy elements in the form of the intermetallic
compounds after the heat treatment to form
dispersively distributed particles and improve the
strength of the material. It is well known that the
type of precipitates is the main factor that
determines the strength of the material; thus, the
study of precipitate properties is very important.
LIU et al [15] and XIE et al [16] have reported that
the main precipitates in Mg—Zn alloys are MgZny;,
MgsZn;, MgZn, and Mg Znys. Although the
structure and orientation of the precipitates can be
observed by X-ray diffraction and transmission
electron microscopy based on numerous experiments,
their accuracy is sometimes questioned because
experimental observation is usually post hoc rather
than real-time monitoring and it is only a local
observation of the specimen, which cannot reflect
integrity. Recently, with the rapid development of
computer technology, first-principles calculation has
become an effective method for determining the
phase stability and sequence of precipitation. For
instance, WANG et al [17] have used first-
principles calculation to elucidate the crystal
structures and formation energies of a very large set
of precipitates in Mg—(Nd, Gd, Y, Y-Nd, Nd—Zn,
Al and Sn) alloy systems and revealed that the bulk
formation energies per solute atom decreased along
the observed sequences of precipitation, validating
from experiments. KIM et al [18,19] and MAO
et al [20] have studied the crystal structure and
stability of precipitates in Al alloys using
first-principles calculation. OUYANG et al [21]
have theoretically studied the structural and
mechanical properties of important precipitates in
Al-Cu alloy, which provided effective guidance
for understanding the mechanism of precipitate
strengthening during heat treatment and aging

process. However, the sequence, properties and
strengthening mechanism of precipitates in Mg—Zn
alloys are still unclear. This has seriously hindered
the design and development of low-cost and
high-performance Mg alloys. Thus, it is necessary
to explore the stability, mechanical and electronic
properties of precipitates in Mg—Zn alloys through
experimental and theoretical studies.

In this study, Mg—Zn alloys were prepared
and the morphology and mechanical properties
of precipitates were discussed. Additionally, the
structural, stability, mechanical and electronic
properties of the main precipitates in the Mg—Zn
binary system were estimated by experiments and
density functional theory. The results are expected
to provide an intensive understanding of the nature
of aging precipitation phases in Mg—Zn alloys and
provide theoretical and experimental data to support
the design of high-performance Mg alloys.

2 Methods and computational details

2.1 Specimen preparation

Mg—Zn alloys were prepared using pure Mg
(99.9 wt.%) and Zn (99.9 wt.%) ingots (Dongguan
Eontec Co., Ltd.) and melting them at 973—1023 K
in an electric resistance furnace of 3.5 kW under an
argon protective atmosphere. After mechanical
stirring for 20 min and degassing, the alloy melts
were poured into a preheated steel mould. The
chemical compositions of the Mg—Zn alloys were
estimated using inductively coupled plasma-atomic
emission spectrometry (ICP-AES, Thermo Icap
7000 SERIES, USA) method (Table 1). The as-cast
ingots were placed in the furnace, annealed at
300 °C for 24 h and then quenched in water.

Table 1 Chemical compositions of specimens (wt.%)

Specimen Zn Mg
Al 7.78 Bal.
A2 10.52 Bal.

2.2 Materials characterization and tests

The test specimens were cut from the core
of the block by electric discharge machining.
Afterwards, they were polished and etched with a
4% nitric acid solution. The crystalline phase of the
specimens was identified using X-ray diffraction
(XRD) using an Ultima IV diffractometer (Rigaku,
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Tokyo, Japan) with monochromatic Cu K, radiation.
The microstructure was analyzed wusing field
emission scanning electron microscopy (Zeiss
Gemini SEM 500) equipped with energy dispersive
spectroscopy (EDS). Young’s moduli and hardness
were evaluated using a nano-indenter (Keysight
G200, Agilent Technology, USA) with an in-depth
control (2000 nm). The corresponding energy
was estimated from the load—displacement curve.
Each specimen was tested five times to ensure
experimental reliability.

2.3 Computational details

The structural, mechanical and electronic
properties of the precipitates in the Mg—Zn binary
system were discussed using first-principles
calculations based on density functional theory,
which were performed in the CASTEP package [22].
Ultrasoft pseudopotential was used to describe the
interaction between ionic cores and valence
electrons. The valence electrons of Mg and Zn are
2p®3s?and 3d'%4s%. The exchange-correlation energy
was estimated using the generalized gradient
approximation  with  Perdew—Burke—Ernzerhof
(PBE) functional [23]. The cut-off energy was
500 eV. The Brillouin zone integration was
achieved by special k-point sampling of the
Monkhorst—Pack type. Here, the k-point meshes of
Mg, Mg>Znii, MgsZns, MgZn,, Mg Znys and Zn
were set as 9x9x6, 4x4x4, 2x2x2, 8xEx4, 4x4x4
and 5x2x1, respectively. The crystal structures of
the precipitates in the Mg—Zn binary system were

optimized using the Broyden—Fletcher—Goldfarb—
Shannon algorithm. In this study, the total energy
converged to 1.0x107® eV/atom and the force per
atom was reduced to 0.03 eV/A. The crystal
structures of the precipitates in the Mg—Zn binary
system are shown in Fig. 1.

2.4 Calculation of stability and mechanical
properties
To illustrate the stability of the compound,
cohesive energy (Econ) and formation enthalpy

(AHm) were estimated using the following
equations [24]:
Ecoh (ngzny ) =
Etot (ngzny) _inso (Mg) _yEiso (Zn) (1)
xX+y
AH,(Mg,Zn )=
E.(Mg,Zn ) - xE,; (Mg) - yE,; (Zn) (2)
x+y

where Ei(Mg:Zn,) is the total energy of the
Mg—Zn intermetallic compound, Fis, is the energy
of atoms in the free state, Epux is the chemical
potential of atoms in the free state, and x and y are
the numbers of atoms of Mg and Zn atoms in the
unit cell, respectively.

Elastic constants of the Mg—Zn compounds
were calculated using the stress—strain method.
Different strains were applied to the compounds,
and the corresponding stresses can be obtained
based on Hooke’s law. Afterwards, the elastic

Fig. 1 Crystal structures of precipitates in Mg—Zn alloys: (a) Mgz1Zn,s; (b) MgsZnz; (¢) MgZny; (d) MgxZny
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constants with different crystal systems can be
obtained from the curvature of the energy as a
function of strain. Bulk modulus (B), shear modulus
(G), Young’s modulus (£) and Poisson’s ratio (v)

were estimated from elastic constants using
Voigt—Reuss—Hill (VRH) approximation. The
calculation expressions are as follows [25]:
E- 9By Gvra 3)
3B VRH +GVRH
— 3Byru — 2Gvra (4)
2(3BVRH +GVRH )

where V, R and H refer to the Voigt, Reuss and Hill
approximation methods, respectively. They have
different calculation methods for different crystal
systems. For more details, readers may refer to
Refs. [26—28].

3 Results and discussion

3.1 Microstructure of Mg—Zn alloy

To illustrate the phase compositions in the
specimens, the XRD patterns of the Al and A2
specimens are shown in Fig. 2. Pure Mg and pure
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Zn are used as references to demonstrate the
experimental accuracy and reliability. It can be
clearly seen in Fig. 2 that the Al specimen contains
MgsZn; and Mg Znys, while the A2 specimen
mainly contains MgZn, and Mg,Zn;;. Similarly,
the same phase is observed in similar alloy
compositions studied by YAO et al [29]. In the
Al and A2 specimens, the volume fractions of
MgyZnys and MgoZn;;  are relatively small.
Detailed analysis can be observed by subsequent
SEM images. Figure 3 depicts the SEM images of
the A1l and A2 alloys accompanied by pure Mg and
Zn. As can be seen, eutectic phases have formed
mainly along the grain boundaries of Mg after
adding Zn. The eutectic phases are mainly Mg—Zn
intermetallic compounds. The phase compositions
in the Al and A2 specimens obtained by EDS are
listed in Table 2. Based on NEGRI et al [30], the
Mg»1Znys intermetallic compound can also be
described as equiatomic MgZn while MgsZn; can
also be represented by Mg>Zns. Based on the EDS
results (Table 2) and the previous works [31,32],
the precipitates in the Al specimen are mainly
MgsZn; and Mg»1Zn,s while the phase compositions

[ ]
@ ®) . ®—Mg
e —Mg,7Zn,
¢ —Mg; Znys
.
T T I b
60 70 80 20 30 40 50 60 70 80
20/(°)
(© - (d)
A — MgZn, * ®—7n
¥ —Mg,Zn,,
'y
A I
A v v
v v v
L ,Uu,l,lHA e L
10 20 30 40 50 60 70 80 20 30 40 50 60 70 80
20/(°) 20/(°)

Fig. 2 XRD patterns of specimens: (a) Al; (b) pure Mg; (c) A2; (d) Pure Zn
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Fig. 3 SEM images of etched specimens with different Zn contents: (a) Al; (b) Pure Mg; (c) A2; (d) Pure Zn

Table 2 Phase compositions in Al and A2 specimens
measured by EDS

Content/at.%
Specimen Phase
Mg Zn

Al MgaZn; 37.20 62.80
Mgzlznzs 49.04 50.96
MgZn, 3391 66.09

A2
Mg,>Zny, 16.02 83.98

in the A2 specimen are MgZn, and Mg,Zni;, which
are consistent with the above XRD results (Fig. 2).
Thus, the main precipitates (Mg2Znys, MgsZny,
MgZn, and Mgy,Zn;;) in the Mg—Zn alloys have
been successfully observed experimentally. It is
well known that the structure of the precipitates
plays a decisive role in alloy properties. Thus, it is
very important to understand the properties of
precipitates, and the research results provide a
theoretical and experimental basis for designing
high-performance Mg—Zn alloys.

3.2 Measured mechanical properties of precipitates
The mechanical properties of the precipitated
phases in the Mg—Zn alloys are estimated by

nano-indentation. Based on the load—displacement
curve, the Oliver—Pharr method is used to evaluate
the hardness and Young’s modulus [33,34]. For the
sake of comparison and to illustrate reliability,
Young’s modulus and hardness of pure Mg and Zn
are also given and the detailed Young’s modulus
and hardness of the precipitates are presented in
Table 3. The variation trends of hardness and
Young’s modulus with Zn content are described in
Fig. 4. It can be seen that the measured Young’s
modulus and hardness of the Mg—Zn binary
compounds are in excellent agreement with the
results of other studies [35]. The precipitates have
significantly higher hardness than pure Mg and Zn.
Owing to the high Young’s modulus of pure Zn, the
increase in Young’s modulus for the precipitates is
not obvious. Young’s modulus and hardness
initially increased and then decreased with
increasing Zn content. Mg»Zn;; has the highest
Young’s modulus (92.55 GPa), and MgsZn;
possesses the highest hardness (5.07 GPa). The
evolution of intrinsic Young’s modulus and
hardness of the precipitates with different Zn
contents will be discussed in the next section
combined with the calculated elastic properties and
electronic structures of the precipitates.
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3.3 Structural stability of precipitates

In this section, the optimized lattice parameters
and stability of the Mg—Zn compounds are analyzed
and the theoretical and experimental results are
provided in Table 4. The agreement between our
calculated lattice parameters and other available
data [31,35—38] is fairly good, with an average
error of less than 1%. This slight error may
come from experimental conditions or different
calculation accuracies. The results indicate that the
calculation parameters are set reasonably and our
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calculated results are acceptable.

To illustrate the stability of the precipitates,
cohesive energy and formation enthalpy are
calculated using Egs. (1) and (2), respectively, as
listed in Table 4. Cohesive energy is defined as the
energy required to decompose the compound into
individual atoms and is related to the structural
stability of the compound [39]. The smaller the
cohesive energy is, the better the structural stability
is. Formation enthalpy is the alloying ability of a
crystal. A negative formation enthalpy means that

120 6
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100 - ’ l\
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Fig. 4 Variation tendency of Young’s modulus (a) and hardness (b) with Zn content for precipitates in Mg—Zn alloys

Table 3 Young’s modulus and hardness of precipitates in Mg—Zn alloys and those of pure Mg and Zn

Species Young’s modulus/GPa Hardness/GPa
Mg 38.48+1.89 (35.02+1.69 [35]) 0.56+0.06 (0.54+0.04 [35])
Mg21Znys 74.69£11.05 (83.25+9.15 [35]) 3.85+0.71 (4.66+0.92 [35])
MgaZn; 85.74+1.54 (94.09+3.64 [35]) 5.0740.24 (5.1140.46 [35])
MgZn; 83.98+1.76 (87.30+3.10 [35]) 4.76+0.41 (5.08+0.32 [35])
Mg,Zni; 92.55+5.95 (108.94+6.39 [35]) 4.08+0.37 (3.76+0.38 [35])
Zn 86.63+2.59 (76.42+3.74 [35]) 0.85+0.07 (0.80+0.05 [35])

Table 4 Calculated equilibrium lattice parameters, cohesive energy (Econ) and formation enthalpy (A:Hn) of precipitates

in Mg—Zn alloys

. Lattice parameter/A Econ/ AHr/
Species a b c (eV-atom™') (eV-atom™)
Mg 3.222 (3.19 [36]) 3.222 (3.19 [36]) 5.171 (5.23 [36]) 0 0
MgriZnys  25.526 (25.64 [36]) 25.526 (25.64 [36]) 8.674 (8.714 [36]) —1.734 —0.160
MgZn, 25978 (2596 [31])  5.106 (524 [31]) 14398 (1428 [31])  —1.743 ~0.188
MgZn,  5.191(5.23 [37]) 5.191 (5.23 37]) 8.579 (8.56 [37]) ~1.740 ~0.180
Mg:Zny 8514 (8462[35]) 8514 (8462[35])  8.514(8462[35])  —1.666 ~0.140
Zn 2.750 (2.66 [38]) 2.750 (2.66 [38]) 4.641 (4.86 [38]) 0 0
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the compound can be formed and remain stable.
Moreover, a smaller formation enthalpy is
corresponding to a higher alloying ability of a
crystal [40]. Variations of cohesive energy and
formation enthalpy with Zn content are shown in
Fig. 5. As can be seen, the cohesive energy and
formation enthalpy initially decreased and then
increased with increasing Zn content. Actually, this
is the so-called convex hull. The cohesive energy
and formation enthalpy of MgisZn; and MgZn;
phases on convex hull are basically the same,
indicating that they have the same stability (Fig. 5).
These results are in excellent agreement with those
obtained by XIE et al [16].

0r - Ecoh = 10
—_~ —— Arl_[m —~
= 0.4 f 4-0.05
§ §
<
S 08 4-0.10 =
2 ~0.140 2
s-12¢ -0.160 - 4-0.15 o5
& 0188 01.80/ E‘
1.6 | e {-020
173 T TLIA0 o166 :
CRD I DA P P S P
9@\%’&3} W AW
Species

Fig. 5 Variation of cohesive energy and formation
enthalpy with Zn content

3.4 Calculated mechanical properties of precipitates
3.4.1 Elasticity

The elastic constant is one of the most
important mechanical property parameters and
describes the response of a material to applied
stress. The elastic constants of the Mg—Zn
compounds are calculated based on the stress—strain
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method and shown in Table 5. There is a fairly good
agreement between our calculated results and
other available data [16,41—43]. Moreover, these
compounds are mechanically stable owing to the
elastic constants of these compounds satisfying the
Born—Huang stability criteria. The elastic constants
along the three principal axes (Cii, C2 and C33) are
different, which shows that these compounds
are significantly anisotropic. For Mg, MgZn, and
Mgz1Znys, Cip is less than Css, indicating that the
resistance against deformation along the x-direction
is smaller than that along the z-direction, whereas
the opposite is true for MgrZn;;, MgsZn; and Zn
(the resistance against deformation along the
x-direction is larger than that along the z-direction).

The bulk modulus (B), Young’s modulus (£),
shear modulus (G) and Poisson’s ratio (v) of
Mg—Zn alloys are estimated from the elastic
constants using Voigt—Reuss—Hill approximation
and shown in Table 6. The calculated results agree
well with other available values [16,35,41-43].
Moreover, the bulk modulus increased with
increasing Zn content, which shows the increased
in-compression ability of these compounds. The
shear modulus and Young’s modulus initially
increased and then decreased with increasing Zn
content, with the critical point of 63.6 at.% Zn
(Mgs4Zn7). The results reveal that MgsZn; has the
best shear resistance and stiffness and possesses
better comprehensive mechanical properties.

Hardness is one of the important parameters,
which reflects the working behaviour of a material,
especially for wear-resistant materials. Vickers
hardness (H,) is estimated using the following
equation [44]:

H=2(K*G)*%5-3, K=G/B )

Table 5 Calculated elastic constants (C;) of precipitates in Mg—Zn alloys and those of pure Mg and Zn (GPa)

Species Cu Cxn Css Cus Css  Ces Ci Ci Cis Cy3 Cos Css Cas
" 63.3 j 68.6 14.8 332 27
& (635[41]) 66[41]) (193 [41]) (49[41]) (20 [41])
Mg21Zn;s 87.6 - 111.1 21.9 - - 39.7 28.3 - - - - -
MgsZn; 107.9 139.2 97.6 31.5 25.9 343 27.3 32.2 1.4 35.1 0.2 —0.9 0.9
Mazn 873 1244 179 751 st
8202 (95 0[16)) (126.0[16]) (24.0[16]) (62.0[16]) (37.0[16])
Mozn. 1037 31.4 452 -
82401 (1192 [42]) (32.7 [42]) (38.1 [42])
173.8 54.1 38.5 41.9 46.9
Zn - - - - - - -

(175.5 [43]) (58.7[43]) (36.1[43])

(43.2[43]) (51.2[43])
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Table 6 Calculated bulk modulus (B), Young’s modulus (E), shear modulus (G), hardness (H,) and Poisson’s ratio (v) of

precipitates in Mg—Zn alloys and those of pure Mg and Zn

Species Bvru/GPa Gvri/GPa E/GPa H,/GPa v Gvru/Bvru
Mg 29.5(35.8[41]) 12.8(18.5[41)) 33.5(474[41)) 0.35  0.31(0.28 [41]) 0.43
Mg21Znys 53.2 24.9 66.2 2.39 0.29 0.47
MgsZn; 544 (58.7[16]) 31.2(31.9[16]) 78.6 (82.1 [16]) 4.81 0.26 (0.27 [16]) 0.57
MgZn, 573 (64.7[16]) 28.4(22.5[16]) 73.1 (60.5 [16]) 322 0.39(0.34[16]) 0.49
MgoZniy  77.6 (67.6 [42]) 34.9 88.5 3.27  0.30(0.27 [42)) 0.45
Zn 71.5(67.8[43]) 26.4(39.6 [43]) 70.5 (76.4 [35]) 1.23 0.23 0.37
The calculated results are presented in Table 6, T
revealing that the hardness initially increased and '
then decreased with increasing Zn content, which is 0.6 1 Mg4Zn7|
consistent with the experimental results. The results - :
once again prove the reliability of the calculation . |
and rationality of parameter selection. Moreover, %0_5 | Brittle_ e
the theoretical hardness and Young’s modulus of the | Mo Znas MgZn,
Mg—Zn binary compounds are smaller than those of IMg,Znf|
the experimental results. As known, the factors that 04 I Me
affect the mechanical properties of a material are -l | Zn Ductile
not only intrinsic characteristics (atomic bonding) " ! .
but also an extrinsic characteristic (measuring —20 0 20 40 60

parameters) [45]. For theoretical calculation, it only
considers the influence of atomic bonding when
calculating the moduli. The lattice constants
obtained by the experiment are usually smaller than
the theoretical results, which is conducive to the
improvement of moduli and hardness. Thus, the
measured Young’s modulus and hardness are higher
than the theoretical results.

Poisson’s ratio (v) can not only reflect the
degree of directionality of chemical bonds but also
be used to evaluate the ductility or brittleness of a
material [26]. From Table 6, Poisson’s ratios of the
compounds are 0.23—0.39, indicating that they have
a combination of metallic, covalent and ionic
bonding. Generally, a Poisson’s ratio of higher than
0.26 indicates that the compound is ductile.
Poisson’s ratio initially increased and then
decreased with increasing Zn content. Thus, this
shows that there is brittle-to-ductile transition. The
brittleness or ductility of a material has a great
influence on its application in practical engineering.
G/B and Cauchy pressures (C1,—Cas) are commonly
applied to estimating the ductility or brittleness
of a material. If a material has G/B of less than
0.5 and positive Ci»—Cus, it is ductile and vice
versa [25]. Figure 6 shows the ductility diagram of

(C1;=Cyy)/GPa

Fig. 6 Ductility diagram of precipitates in Mg—Zn alloys

the Mg—Zn compounds. It is shown that MgZns,
MgyZn;; and MgyiZnys are clearly ductile while
MgsZn; is brittle. The decreasing order of ductility
for these compounds is MgZn,> Mgy Znys> Mg,Zny; >
MgsZn;. The results reveal that ductility initially
increased and then decreased with increasing Zn
content. Additionally, the results from the change in
G/B are in excellent agreement with the results
from Poisson’s ratio. From the analysis of the above
results, it can be concluded that the addition of an
appropriate amount of Zn (for example, 67 at.%) is
expected to simultaneously improve the strength
and plasticity of Mg alloys.
3.4.2 Elastic anisotropy

The elastic anisotropy of a crystal not only
shows different bonding properties in different
directions but also is related to the possibility of
microcracks in a material, which has important
significance. In this study, the universal factor
(4Y) and elastic anisotropy indexes (4s, Ag) are
calculated to measure the elastic anisotropy
possessed by a crystal using the following
equations:
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AU=5ﬂ+B—V—6zo (6)
GR BR
B, -B
Ay =——= (7)
B, + By
o= ®)
Gy + Gy

Table 7 shows the universal factor and elastic
anisotropy indexes of these compounds. The
universal factor is an important parameter to
characterize the anisotropy of a material. It is
known that a larger universal factor means that the
material is more anisotropic and a universal factor
equal to zero means that it is isotropic. From
Table 7, it can be found that these compounds have
obvious anisotropic characteristics. The decreasing
order of anisotropy is MgZn, > MgsZn;> Mgy Znys >
MgyZny;. The results reveal that the strength of
anisotropy initially increased and then decreased
with increasing Zn content.

In addition to these anisotropy factors, the
anisotropy behaviour can be better understood by

(@)

80

80 -80

100
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Table 7 Calculated universal factor (4Y) and elastic
anisotropy indexes (4s, Ag) of precipitated phases in
Mg—Zn alloys and those of pure Mg and Zn

Species AY Ap Ac

Mg 2.733 0.001 0.215

Mg>1Znys 0.266 0.001 0.026

MgsZn; 2.137 0.176 0.146

MgZn; 4.393 0.001 0.305

MgoZny, 0.004 0 0.001

Zn 1.925 0.148 0.141
describing the three-dimensional (3D) surface
construction of Young’s modulus. Different

crystalline systems have different surface contour
calculation formulas. The specific method can refer
to previous work [25,46]. Figure 7 gives the 3D
surface contours of Young’s modulus for these
compounds. From Fig. 7, it can be seen that the
surface morphology of the compounds is clearly
different from the spheres. The results reveal
that these compounds exhibit significant anisotropy,

(®)

Fig. 7 3D surface contours of Young’s modulus for precipitates in Mg—Zn alloys: (a) Mgx1Znys; (b) MgaZny; (c) MgZno;

(d) MgzZl’lll
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which are essentially consistent with the calculated
anisotropy factors. In other words, the mechanical
anisotropy of the compounds initially increased and
then decreased with increasing Zn content. As
known, mechanical anisotropy is usually derived
from directional covalent bonds. Therefore, it
shows that there is a strong covalent bonding
character in these compounds, especially in MgZn,.
To explain the anisotropy properties of Young’s
modulus more directly, planar projections on the
(100) and (110) planes are constructed, as shown in
Fig. 8. It is revealed that MgZn, and MgsZn; show
more anisotropy than the other compounds because
they are distinct from the sphere. The results once
again prove the reliability of the universal factor
(4Y). The Young’s modulus of the compound is
different in different directions, indicating that
Young’s modulus changes with the direction.
MgZn; has the largest Young’s modulus along the
[001] direction, and MgsZn; has the largest Young’s
modulus along the [010] direction on the (100)
plane. Moreover, Young’s modulus along the [110]
direction decreases initially and then increases with
increasing Zn content. Mg,Zn;; has the largest
Young’s modulus along the [111] direction.

3.5 Electronic properties

To clarify the influence of Zn content on the
chemical bonding properties of the compound, the
total density of states (TDOS) and partial density of
states (PDOS) of Mg—Zn compounds are estimated
(Fig. 9). The black dashed line means the Fermi
energy level. These compounds display obvious
metallic characteristics because the TDOS at the
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Fermi level are non-zero. From Fig. 9, it can be
found that the TDOS values at Fermi level are
82.69, 29.11, 4.75 and 10.82 state/eV for Mgz1Znys,
MgsZn;, MgZn, and MgyZny;, respectively. This
reveals that MgZn; is the most stable compound in
the Mg—Zn compounds, which coincides with the
analysis of the formation enthalpy. Moreover, it is
important to note that these compounds appear to
have a deep valley near the Fermi level, which is
called a pseudo-gap. It is usually utilized to
characterize the presence of a strongly directed
covalent bonding, indicating a stronger covalent
bonding. It can be obtained from the TDOS that
MgsZn; has a stronger covalent bonding. However,
strongly directed covalent bonding causes a
heterogeneous distribution [47,48], indicating that
MgiZn; is a brittle fracture along the direction of
weak bonding. Moreover, from the PDOS analysis,
the TDOS peak is dominated by the Zn-d states in
the valence band, whereas it is determined using the
Mg-p, Mg-s and Zn-p states in the conduction band.
Near the Fermi level, the Mg-p and Zn-d states are
overlapped, which shows that the p—d hybridization
between the Mg and Zn atoms forms strong
covalent bonding. Thus, it is concluded that the
chemical bonding of these compounds consists of
metallic and covalent bonds.

To further characterize and quantify the
strength of the covalent bond, population analysis
and bond length are analyzed. In this study, the
Mulliken method is utilized to evaluate the average
bond population (7 ) and mean bond length (L), to
illustrate the effect of Zn content on the chemical
bonds of the Mg—Zn compounds. The corresponding
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Fig. 8 Planar projections of Young’s modulus for precipitates in Mg—Zn alloys on different crystallographic planes:

(a) (100) plane; (b) (110) plane
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expressions are as follows:

n=> (mN,;) />N, 9)
i=1 i=1
Z:i(LiNi) iNi (10)

where n;, N; and L; respectively refer to the bond
population, total bond number and bond length of
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the i bond in the cell. Table 8 lists the calculated
average bond populations and mean bond lengths. It
can be seen that Mg atoms have a positive charge
and Zn atoms carry a negative charge. The results
mean that electrons can be transferred from Mg to
Zn atoms, resulting in hybridization between the
Mg and Zn atoms and the formation of covalent
bonding. The charges of Mg and Zn atoms increase
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Fig. 9 TDOS and PTOS for precipitates in Mg—Zn alloys: (a) Mg21Zn,s; (b) MgZny; (c) MgsZny; (d) MgaZny

Table 8 Calculated average bond length ( L ) and mean bond population ( 77 ) of precipitates in Mg—Zn alloys

Species Atom Charge/e Bond n L/A
Mg 0.728 Mg—Zn 0.11 2.949
Mgs1Znos Zn —0.612 Zn—7Zn 0.52 2.636
Mg—Mg 0.05 2.973
Mg 0.925 Mg—Zn 0.04 2.922
MgsZny Zn —0.528 Zn—7n 0.51 2.628
Mg—Mg 0.04 2.994
Mg 1.030 Zn—Zn 0.40 2.605
MgZn,
Zn —0.513
Mg 1.230 Mg—Zn 0.01 2.941
MgzZn“
Zn —-0.223 Zn—7Zn 0.61 2.668
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with increasing Zn content. Moreover, the bonding
exhibits metallic characteristics, mainly because the
bond population is arranged in positive mode. The
bond length of Mg—Zn bonding is larger than that
of Zn—Zn bonding, indicating weak Mg—Zn
bonding. The bond population and bond length of
Zn—Z7n bonding in the Mg—Zn compounds initially
decreased and then increased with increasing Zn
content. The results reveal that both the covalency
degree of bonding and bond length of covalent
bonds initially increased and then decreased with
increasing Zn content, which coincides with the
mechanical properties analysis.

4 Conclusions

(1) The main precipitates (Mg21Znzs, MgsZny,
MgZn,; and Mg,Zn;;) in the Mg—Zn alloys were
investigated. The nano-indentation results reveal
that the hardness of the precipitates initially
increased and then decreased with increasing Zn
content and the hardness of all precipitates was
significantly higher than that of pure Mg and Zn.

(2) The phase stability initially increased and
then decreased with increasing Zn content. The bulk
moduli of these compounds increased, whereas
their shear and Young’s moduli initially increased
and then decreased with increasing Zn content. The
calculated hardness of these compounds initially
increased and then decreased with an increase in Zn
content, which are consistent with the experimental
results. The decreasing order of ductility for
these compounds is MgZn, > Mg>1Znys> MgrZni; >
MgsZn;. The mechanical anisotropy initially
increased and then decreased with increasing Zn
content.

(3) The chemical bonding of these compounds
consists of metallic and covalent bonds. Both the
covalency degree of bonding and bond length
of covalent bonds initially increased and then
decreased with increasing Zn content, which
coincides with the mechanical properties analysis.
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