
Materials Research Letters

ISSN: 2166-3831 (Online) Journal homepage: www.tandfonline.com/journals/tmrl20

Strengthening Mg by self-dispersed nano-lamellar
faults

William Yi Wang , Yi Wang, Shun Li Shang , Kristopher A. Darling, Hongyeun
Kim, Bin Tang, Hong Chao Kou, Suveen N. Mathaudhu, Xi Dong Hui, Jin Shan
Li, Laszlo J. Kecskes & Zi-Kui Liu

To cite this article: William Yi Wang , Yi Wang, Shun Li Shang , Kristopher A. Darling, Hongyeun
Kim, Bin Tang, Hong Chao Kou, Suveen N. Mathaudhu, Xi Dong Hui, Jin Shan Li, Laszlo J.
Kecskes & Zi-Kui Liu (2017) Strengthening Mg by self-dispersed nano-lamellar faults, Materials
Research Letters, 5:6, 415-425, DOI: 10.1080/21663831.2017.1308973

To link to this article:  https://doi.org/10.1080/21663831.2017.1308973

© 2017 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

View supplementary material 

Published online: 04 Apr 2017. Submit your article to this journal 

Article views: 2454 View related articles 

View Crossmark data Citing articles: 3 View citing articles 

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20

https://www.tandfonline.com/journals/tmrl20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2017.1308973
https://doi.org/10.1080/21663831.2017.1308973
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2017.1308973
https://www.tandfonline.com/doi/suppl/10.1080/21663831.2017.1308973
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2017.1308973?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2017.1308973?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2017.1308973&domain=pdf&date_stamp=04%20Apr%202017
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2017.1308973&domain=pdf&date_stamp=04%20Apr%202017
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2017.1308973?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/21663831.2017.1308973?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20


MATER. RES. LETT., 2017
VOL. 5, NO. 6, 415–425
https://doi.org/10.1080/21663831.2017.1308973

ORIGINAL REPORT

Strengthening Mg by self-dispersed nano-lamellar faults

William Yi Wang a,b, Yi Wangb, Shun Li Shang b, Kristopher A. Darlingc, Hongyeun Kimb, Bin Tanga,
Hong Chao Koua, Suveen N. Mathaudhud, Xi Dong Huie, Jin Shan Lia, Laszlo J. Kecskes c and Zi-Kui Liu b

aState Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an, Shaan Xi, People’s Republic of China;
bDepartment of Materials Science and Engineering, The Pennsylvania State University, University Park, PA, USA; cU.S. Army Research
Laboratory, Weapons and Materials Research Directorate, Aberdeen Proving Ground, MD, USA; dDepartment of Mechanical Engineering,
University of California, Riverside, CA, USA; eState Key Laboratory for Advanced Metals and Materials, University of Science and Technology
Beijing, Beijing, People’s Republic of China

ABSTRACT
Here, we show the strategies to strengthen Mg alloys throughmodifying the matrix by planar faults
and optimizing the local lattice strain by solute atoms. The anomalous shifts of the local phonon
density of state of stacking faults (SFs) and long periodic stacking-ordered structures (LPSOs) toward
the high-frequencymode are revealed byHCP-FCC transformation, resulting in the increase of vibra-
tional entropy and the decrease of free energy to stabilize the SFs and LPSOs. Through integrating
bonding charge density and electronic density of states, electronic redistributions are applied to
reveal the electronic basis for the ‘strengthening’ of Mg alloys.
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Through integrating the bonding charge density, the phonon and electronic density of states, this
work provides an atomic and electronic insight into the strengthening mechanism of Mg alloys.
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1. Introduction

Mg alloys, being the lightest metallic structural materials,
are particularly attractive for transportation applications
such as automobiles and aircrafts for weight reducing and
higher fuel efficiency and biocompatible and biodegrad-
able features ideal for implant applications [1–4]. How-
ever, Mg alloys generally suffer from low ductility at low
temperatures due to the limited number of active slip sys-
tems and the highly anisotropic critical resolved shear
stress of different slip systems [5–7]. The improvement
of both the strength and the ductility is still a chal-
lenge in the development of advanced Mg alloys. Recent
works have shown that the fault layers enriched of solute
atoms could stabilize the long period stacking-ordered
(LPSO) structures described by a common structural unit
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composed of local FCC-type stacking sequence [8–10]
and improve the mechanical properties of Mg alloys
[11–14]. For instance, the tensile yield strength and the
elongation of an Mg97Zn1Y2 (at. %) alloy with the 6H
LPSO structure produced by rapid solidification can
reach 610MPa and 5%, respectively [12]. It is noted that
the 6H LPSO is a structure between the growth fault and
the deformation fault [10,15], making it attractive to be
studied. Due to the contributions of stacking faults (SFs)
with nanoscale spacing, the ultimate tensile strength of
Mg–8.5Gd–2.3Y–1.8Ag–0.4Zr (wt. %) can reach as high
as 600MPa and an elongation around 5.2% [14]. Since the
planar faults (such as the FCC-type bonding layers in SFs
and long periodic stacking-ordered structures (LPSOs),
∼1 nm in thickness) affect core structures and mobility
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of dislocations [16,17], twinnability and ductility [18,19],
strengthening [20,21], and creep rate [22], it is essential
to understand the atomic and electronic basis for the
strengthening and the deformation mechanisms in Mg
alloys.

Since the vibrational entropy is proportional to
the logarithmic moment of phonon density of states
(DOS), lattice vibrations—regulated significantly by
point defects (solute atoms or vacancy) andplanar defects
(SFs or grain boundaries)—play an important role in
determining phase stability [23,24]. For example, pre-
vious studies have shown the high entropy stabilization
of ordered Zn4Sb3 [25] and Ni3Pt [26]. Furthermore,
based on the analysis of local phonon DOS (LPDOS) of
�5(310) grain boundaries in Al, it has been shown that
the atomic vibrations of the atoms around the bound-
aries are different from those far away in the bulk, which
could improve the resonant mode at low frequency and
weaken the mode at high frequency [27]. Similarly, with
the formation of the �5(310) grain boundary in Cu, the
most striking feature is the increase of the LPDOS at low
frequency and its decrease at high frequency. The anoma-
lous shifts of the LPDOS peaks at high-frequency region
are also observed in �5 grain boundaries of Al and Cu
[27,28]. While in the study of lattice stability of SFs and
LPSOs of Mg alloys, the contribution of the free energy
of harmonic and anharmonic effect on lattice vibration
must be discussed, which dominates the thermodynamic
properties (i.e. entropy, heat capacity, and free energies)
at finite temperatures [29,30].

In this work, we study the contributions of fault lay-
ers (included in various SFs and LPSOs) on the phonon
DOS and vibrational energies ofMg at finite temperature.
The anomalous shifts of the LPDOS of SFs and LPSOs
toward high frequency are revealed by the HCP-FCC
bond transformation, resulting in the increase of vibra-
tional entropy and the decrease of free energy to stabilize
the corresponding structures. Moreover, it is understood
that Mg could be strengthened by the formation of FCC-
type nano-lamellar fault layers, which are stabilized by
the segregation of the solute atoms due to their contri-
butions to the energy, bond structure and strength, and
elastic properties. Through integrating the characteriza-
tions of bonding charge density (�ρ) and electronicDOS
(eDOS), the atomic and the electronic basis for solid
solute strengtheningmechanism is revealed by electronic
redistributions, providing a fundamental insight into the
‘strengthening’ of Mg alloys. This work supports a quali-
tative description of the strengthening mechanism in the
development of advanced Mg alloys.

The rest of the paper is organized as follows. In
Section 2, the computational methodologies are pre-
sented in detail. In Section 3, the effects of lattice

vibrations of SFs and LPSOs of pureMg on the lattice sta-
bilities are firstly investigated by the LPDOS. Secondly,
according to the contributions of solute atoms to stack-
ing fault energy, segregation energy, shear modulus, bulk
modulus, ideal shear stress and bond strength, the impact
of solute atoms on the partial dislocation width of binary
Mg-X alloys is discussed. And then, the bond structure
and strength of Mg97.5Gd1.67TM0.83 (TM = Zn and Zr)
alloys affected by the solute atoms and the fault layers
are discussed. Through integrating the various aspects of
pure Mg, binaryMg-X and ternaryMg-Gd-TM, the can-
didate strategies strengtheningMg alloys are discussed in
Section 4. Finally, a summary is presented in Section 5.

2. Methods

2.1. First-principles calculations

In the present calculations, the orthorhombic super-
cells of the HCP, SFs and LPSOs structures of Mg and
Mg alloys are utilized, with an orientation relation-
ship between the primitive hcp Mg and the supercell
of 〈0110〉hcp||〈100〉s.c., 〈1210〉hcp||〈010〉s.c. and 〈0001〉hcp
||〈001〉s.c. (more details can be found in our previous
work [10,15,31]). The optimized structures and energies
of the investigated structures are obtained by using the
Vienna ab initio simulation package [32,33] with the gen-
eralized gradient approximation [34] for the exchange-
correction functional and the projector augmented wave
[35] for the electron–ion interaction. The plane wave cut-
off energy is set as 387 eV, that is, 1.4 times the default cut-
off energy for high-accuracy calculations, and the energy
convergence criterion of electronic self-consistency is
10−6 eV/atom. At the ground state, the wave functions
are sampled on γ -centered Monkhorst-Pack grids gen-
erated automatically with the same scaling length l = 60.
While the structures are fully relaxed by the Methfessel-
Paxton technique [36], the final total energy calculations
and the eDOS calculations are performed by the tetra-
hedron method incorporating Blöchl correction [37].
Bonding charge density (�ρ) [38–41] is used to charac-
terize the electronic structures of the investigated struc-
tures. It is calculated through the charge density differ-
ence between the fully relaxed structure of self-consistent
calculations and the same structure of non self-consistent
calculations.

2.2. Phonon calculations

The supercell approach via the Yphon package [42–44]
togetherwithVienna ab initio simulation package [32,33]
is used to predict the phonon frequencies of SFs and
LPSOs in Mg. The capability of Yphon package yield-
ing accurate phonon frequencies has been shown in the
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application of polarmaterials [42] and randomalloys [44]
since all of the interaction force constants between the
atom within the supercell are included [45]. The phonon
frequencies can be calculated by solving the eigenvalue
problems of the reciprocal dynamic matrix (Dij

αβ), shown
as follows:

D̃ij
αβ(q)e(q, l) = ω2(q, l)e(q, l), (1)

where α and β are the Cartesian axes of either x, y or z; q
the wave vector; l the phononmode and e(q, l) the corre-
sponding normalized atomic displacement weighted by
the square root of the atomic mass. Within the super-
cell approach, the dynamic matrix (Dij

αβ(q)) is defined
from the primitive unit cell of the ideal lattice, through
the following Fourier transformation [42]:

D̃jk
αβ(q) = 1√ujuk

1
N

∑
P

φ
ij
αβ(M, P) exp{iq[R(M, j)

− R(P, k)]}, (2)

where uj is atomic mass of the jth atom in the primitive
cell of the ideal lattice, P the index of the primitive unit
cell of the ideal lattice in the supercell, φij

αβ is the cumu-
lative force constant between the atom positioned at R(P,
j) and the atom positioned at R(P, k). R(P) the position
of the Pth primitive unit cell in the phonon supercell. N
is the supercell size in terms of the number of primitive
unit cell of the ideal lattice. The procedure to calculate the
phonon properties ofMgwith SFs and LPSOs is the same
as that used in the calculation of random alloy [44].

Based on the predicted LPDOS, the lattice vibra-
tional contribution to Helmholtz energy and vibrational
entropy can be calculated through [46–50]

Fvib(V , T) = κBT
∫

ln
{
2 sinh

[
�ω

2κBT

]}
g(ω) dω,

(3)

Svib(V , T) = κB

∫ ∞

0

[
�ω

2κBT
coth

(
�ω

2κBT

)

− ln
(
2 sinh

(
�ω

2κBT

))]
g(ω) dω, (4)

where κB is the Boltzmann constant; T the tempera-
ture and g(ω) the phonon DOS as a function of phonon
frequency ω at volume V.

3. Results

3.1. Phonon and thermodynamic properties ofMg

The phonon dispersion curve of Mg at the equilib-
rium volume compared with the available experimental

data [51,52] is shown in Figure 1(a). A good agree-
ment between the current theoretical calculation and
the inelastic-neutron-scattering measurement indicates
the accurate calculations of the force constants and the
reliability of the current approach. Thus, the sameparam-
eters in the first-principles calculations are applied in the
study of LPDOS of the atoms occupying positions in fault
layers.

Comparing with the total phonon DOS of Mg, it
can be seen that the frequency of the phonon peaks
(ω > 7 THz) of SFs has a shift toward a high-frequency
mode as shown in Figure 1(b). Similarly, the displace-
ment feature has been captured when investigating
the LPDOS of �5(310) grain boundaries in Al (ωmax
increases from 10THz of the bulk to 11 THz of the
boundary) [27]. Since there is no the coincident site lat-
tice at the boundaries (the proposed type-2 grain bound-
ary in [27]), this displacement toward the high-frequency
region could be caused by the tensile strain around the
fault layers. It can be seen that there is no change in the
peak position of low-frequency mode (ω < 4 THz) for
growth fault (I1) and extrinsic fault (EF), compared to
that of perfect Mg. Moreover, no significant change in
width is observed. On the contrary, the positions of the
phonon peaks (ω > 7 THz) of SFs, including the defor-
mation fault (I2), shift toward the high-frequency mode.

Figure 1(c) shows the contributions of fault layers to
the phonon DOS of Mg with various LPSOs in compar-
ison with the available experimental data. It can be seen
that the frequency of the phonon peaks (ω > 6.5 THz)
of LPSOs shifts to the right part with a high-frequency
mode. Compared to the LPDOS of perfect Mg, there is
no change in the low-frequency mode (ω < 3.5 THz) for
all the LPSOs. However, the significant change of the
first peak of LPDOS (ω = 4 THz) of Mg with LPSOs is
observed, whose height and width shrink in the order of
10H > 18R > 14H > 6H > 24H. Additionally, there is
no peak at ω = 4 THz in 24H. As for the high-frequency
mode (ω > 6.5 THz), no obvious change of the height
and width occurs in 10H LPSO, compared with that of
perfect Mg. However, the height of the second peak of
LPDOS of Mg with LPSOs decreased in the order of
6H > 14H > 18R > 24R and the position of the second
peak moves to the higher frequency mode in the same
order. This is because the bond length and the stretching
force constant corresponding to the first nearest neighbor
change significantly with the formation of fault layers in
theHCP lattice (more information can be found in Figure
S2). Therefore, it can be concluded that the displace-
ment of the phonon DOS toward the high-frequency
mode of SFs is caused by the reduced bond length while
the change of low-frequency mode is due to the elon-
gated bond length. More interestingly, the reduction of
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Figure 1. Phonon dispersion curve and phonon density of state (DOS) ofMg at the equilibrium volume alongwith the inelastic-neutron-
scattering measurement at 290 K (labeled as Mg-Ref) [51,52], (a) HCP Mg; (b) stacking faults (growth fault—I1; deformation fault—I2;
and extrinsic faults—EF)and (c) LPSOs (6H, 10H, 14H, 18R, 24R).

stretching force constant at larger bond length of the
first nearest neighbor indicates the increase in vibrational
entropy.

To investigate the lattice stability of SFs and LPSOs
of Mg alloys, the contribution of the free energy of har-
monic and anharmonic effect on lattice vibration is essen-
tial to be considered. Within the quasiharmonic approx-
imation, the anharmonic effect is accounted by the har-
monic approximation at several volumes [29,53]. In this
case, the Helmholtz energy can be approximated as

F(V , T) = E0 + Fvib(V , T) + Fele(V , T), (5)

where E0 is the first-principles ground state energy at
0 K and volume V, Fvib(V , T) is the phonon contribu-
tions to the free energy given by Equation (3) at each V
and Fele(V , T) the electronic contributions with respect
to the corresponding V and T. In this work, the first-
principles calculations are carried out at P = 0GPa, and

hence PV = 0. Consequently, the Helmholtz energy is
equal to the Gibbs energy. Moreover, compared to the
Fele(V , T), Fvib(V , T) plays the dominant role in stabi-
lizing the materials [29,53,54]. Therefore, based on the
variations of local PDOS, the key factor—Fvib(V , T) is
only discussed in the following and the lattice vibrations
caused by the fault layers of SFs and LPSOs provide the
guidance to stabilize the structures.

Figure 2 displays the contributions of fault layers to the
vibrational entropy and Helmholtz energy (Fvib) along
with their bond structures characterized by the deforma-
tion electron density isosurface. As shown in Figure 2(a),
the atoms occupying the first nearest neighbor layer
of a fault layer, such as L1, L3, L5, and L7, play an
important role in yielding the excess frequency mode
at ω = 7.25 THz. The values of phonon DOS of fault
layers (L4 and L8) in the low-frequency and middle-
frequency regions are larger than that of the non-fault
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Figure 2. Contributions of fault layers to the vibrational entropy and Helmholtz energy (Fvib) referring to their bond structures
(�ρ = 0.0021 e−Å3 isosurface), (a) growth fault—I1; (b) deformation fault—I2; and (c) extrinsic fault—EF.

layer. Moreover, LPDOS of the first nearest neighbor lay-
ers of the fault layers (L3 and L7) shows a shift toward
the low-frequency region. Vibrational contributions to
Helmholtz energy and entropy at constant volumeof each
atomic layer in growth fault are shown in Figure 2(a). It
can be seen that the fault layers (L8) together with its
near neighbor could stabilize the growth fault at high
temperature since their entropy is higher, consistent with
the displacement of LPDOS toward the low-frequency
region.

Similarly, LPDOS of the atoms in each layer of I2 and
EF together with their bond structure characterized by
the 0.5�ρmax charge density isosurface are presented in
Figure 2(b,c), respectively. It can be seen that the low-
frequency mode of atoms in fault layers (L6, L7, L11

and L12 in I2; L4, L5, and L6 in EF) are dominant. For
example, the LPDOS peaks of L6 in I2 and L4 in EF at
ω = 3.75 THz are higher than those in the non-fault lay-
ers (more information can be found in Figures S3 and
S4). On the contrary, their peaks at ω = 7.5 THz are
lower than those in the non-fault layers. It is necessary
to point out that the LPDOS of L5 in EF is different than
those of L4 and L6 at ω = 4.5 THz. This is caused by
the difference of their interactions with the first near-
est neighbor, matching well with their bond structures
shown in Figure 2(b). Correspondingly, fault layers (L6,
L7, and L11) could stabilize the deformation fault at high
temperature since their entropy is higher. However, non-
fault layers far away from the fault layer (L1 and L9)
in EF seem to play a significant role to make the fault



420 W. Y. WANG ET AL.

structure stable at high temperature since their LPDOS
values at high frequency are dominant and larger than
fault layers, which is caused by the shorter bond length
or compressive strain in these atomic layers. Importantly,
the changes in the PDOS provide the phonon contribu-
tion to the transition entropy [54]. Our observation is
in line with the result obtained by Iikubo et al., that the
change in the atomic bonding state plays a significant role
in the structural phase transition between 2H-18R and
2H-14H [30].

3.2. Effect of solutes on the dislocation width of
Mg-X

Based on our previous work presenting the contribu-
tions of solute atoms to stacking fault energy, segregation
energy, shear modulus, bulk modulus, ideal shear stress,
and bond strength [31,55,56], the impact of solute atoms
on the partial dislocation width ofMg alloys is discussed.
It is commonly known that high strength and ductility
will be obtained by reducing the partial dislocation width
thus enhancing the density of the dislocation [57–59]. In
the basal plane, the dissociation of a perfect dislocation
into two Shockley partial dislocations (i.e. 1

3 [2110] →
1
3 [1100] + 1

3 [1010]) would result in the formation of SFs
[55,60]. The distance between these two Shockley partial
dislocations, d, depends on the stacking fault energy (γ )
and can be expressed as [60]

d = Gb2

8πγ

2 − v

1 − v

(
1 − 2v

2 − v
cos 2β

)
, (6)

where G is the shear modulus, b the magnitude of the
Burgers vector of the Shockley partial dislocations, β the
angle between two Shockley partial dislocations, and v

the Poisson ratio.
Therefore, through combining effects of solute atoms

on the γ of I2 [31], the G and v (Tables S2–S4
in the supplementary data), the predicted partial dis-
location width of Mg-X is decreased in the order
of Zn > Sr > K > Si > Zr > Al > Sn > Ca > Mn >

Li > Fe > Y > Cu > Na, shown in Figure 3. It is worth
to highlight that Na cannot be the best alloying element
to strengthen Mg alloys although it reduces the d to the
smallest value. This is because the bonding strength of
the interface will be weakened by the segregation of the
Na [31,61,62]. Similarly, bonding strength of the inter-
face will be decreased by the segregation of the Cu [55].
Herein, Y should be the primary alloying element among
those investigated ones to strengthenMg alloys. Recently,
it has been reported that the presence of a supersatu-
rated solid solution strengthening for basal slip and the

Figure 3. Partial dislocation width of 1
3 〈1010〉 in Mg-X alloys

affected by solute atoms (X). Various symbols are used to iden-
tify the crystal structures of each individual solute atom at room
temperature, such as FCC, BCC, HCP, and others.

enhanced activity of prismatic slip are the major rea-
sons for the anomalymechanical behavior ofMg-Y alloys
[63,64].

3.3. Case study of bonding structure and strength in
Mg-Gd-TM (TM = Zn and Zr)

In this section, bond structure and strength of Mg97.5
Gd1.67TM0.83 alloys affected by the solute atoms (Zn and
Zr) and the fault layers in 6H and 10H LPSOs are dis-
cussed in terms of the bonding charge density (�ρ) and
eDOS. Figure 4 shows the isosurfaces of the bonding
charge density (�ρ = 0.0021 e−Å3) of atomic cluster of
Gd-TM in 6H and 10H LPSOs of Mg97.5Gd1.67TM0.83
(TM = Zn and Zr). It can be seen that the �ρ of atomic
cluster of Gd-TM is significantly higher than that of
surrounding Mg atoms, whose bonding charge densi-
ties are further decreased due to the alloying elements.
This is because (i) more electrons locate at the posi-
tion of atomic clusters of alloying elements since they
have more valence electrons, for example, according to
the electronic configurations of solute atoms in the first-
principles calculations, 12 electrons for the valance of
Zn (3d104s2) and Zr (4s24p64d25s2); and (ii) contribu-
tions of solute atoms and fault layers to the redisctribu-
tion of electrons result in the electron density change.
The enhanced electrons along the basal plane caused by
atomic cluster of Gd-TM (the gray rectangles highlighted
in Figure 4) and the reduced electrons in the prismatic
and pyramidal planes (the yellow and blue rectangles
highlighted in Figure 4) indicate the bonds are strength-
ened along basal plane but weakened along prismatic
and pyramidal planes. When the solute atoms of Gd
form an atomic array with TM locating the first nearest
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Figure 4. Prismatic plane ((100)S.C.) view of �ρ = 0.0021 e−/Å3 isosurface plots Mg97.5TM0.83Gd1.67 (TM = Zn and Zr) with atomic
array of Gd and TM, (a) 6H and (b) 10H. The numbers 1 and 2 are applied to identify the inequivalent Gd atoms with and without Gd-TM
bond in 10H, respectively. The process constructing the supercell of 10H LPSO can be found in [65].

neighbor site, the bond morphology will be significantly
changed, compared with that of atomic cluster of Gd-
TM. Moreover, the bond strength along prismatic planes
dramatically decreased by the formation of atomic array
in 6H of Mg97.5Gd1.67Zn0.83 and Mg97.5Gd1.67Zr0.83.
Furthermore, the basal plane of Mg is strengthened due
to the formation of a stronger chemical bond between
atomic array/cluster and the Mg matrix, revealing the
strengthening mechanism of RE and TM to Mg-TM-
RE alloys (more information can be found in Figure S6
and [65]). On the contrary, the weakened bond strength
of the Mg matrix in the prismatic plane by the fault
layers and alloying elements indicates a possible non-
basal slip systems could occur during deformation, which
could improve the ductility of Mg alloys. The directional
bond will result in the elastic anisotropy, and thus hinder
the anisotropic of deformation behavior (more informa-
tion about the correlation between bonding and elastic
anisotropy can be found in [15,38]).

In order to reveal the electronic origin of the inter-
actions between solute atoms and Mg atoms, the total
and partial eDOS for Mg97.5TM0.83Gd1.67 (TM = Zn
and Zr) with 6H and 10H LPSOs are calculated and are
shown in Figure 5. In particular, the partial eDOS curves
clearly present the electronic hybridizations of valance
electron states of the d-electrons of Zn and Zr atoms,
the f-electron Gd atoms and the p-electron Mg atoms in

6H and 10H LPSOs. In line with the bonding structure
characterizations shown in Figure 4, the positive values
of eDOS at the Fermi level indicate the metallic behav-
ior of those structures. Attributed to the segregations of
the solute atoms at the fault layers of 6H LPSO, the Zn-
p states, Zr-p states, Gd-f states, Mg-s, and Mg-p states
are very strong both below and above the Fermi level,
indicating their strong hybridization, see Figure 5(a,b).
While in the 10H LPSO, the valence states of Zn, Zr, Gd,
and Mg play an almost identical contribution below the
Fermi level. On the contrary, at the Fermi level of 10H,
the Mg-p states, Zn-p states, Zr-p states, and Gd-p states
are generally higher than the corresponding Mg-s states,
Zn-d states, Zr-d states, and Gd-f states, respectively, see
Figure 5(c,d).

Moreover, from the common features of the partial
eDOS of 6H and 10H LPSOs of Mg97.5TM0.83Gd1.67, we
can see that the Fermi levels of Mg(s and p) and Zn (s,
p and d) locate at the local maximum, while those of Gd
(s, p, d and f) locate at the local minimum. The Fermi
levels of Zr (s, p and d) locate at a local minimum of
the partial eDOS of 10H LPSO and at a local maximum
of the partial eDOS of 6H LPSO. Since a reduction in
eDOS at the Fermi level will contribute to stabilize the
given structure [66,67], the hybridizations ofMg-s states,
Zn-d states, Zr-d states, and Gd-f states would benefit
not only to the stability of the 10H LSPO but also to



422 W. Y. WANG ET AL.

Figure 5. The total and partial eDOS forMg97.5TM0.83Gd1.67 (TM = Zn and Zr), (a) and (b) 6H LPSO; (c) and (d) 10H LPSO. The blue dotted
lines at 0 eV dictate the Fermi level.

the strong bonding, thus resulting in an improvement of
the strength of Mg97.5TM0.83Gd1.67. This conclusion is
in line with the aforementioned free energy analysis of
the SFs and LPSOs at high temperatures in Figure 2 and
the bond strength characterizations of LPSOs in Figure 4.
Furthermore, according to the general features of the
eDOS of 6H and 10H LPSOs of Mg97.5TM0.83Gd1.67, the
so-called quasi-gap near the Fermi level of the total eDOS
implies the presence of strong covalent bonding [67],
which increases the strength of the materials. This fea-
ture agrees well with the bonding charge density analysis
discussed above, which is also similar to the observations
in 6H LPSO of Mg94Y1Zn1 [67]. Thus, through integrat-
ing the characterizations of �ρ and eDOS, the atomic
and the electronic basis for the solid solute strengthening
mechanism is revealed by the electronic redistributions,
providing a fundamental insight into the ‘strengthening’
of the Mg alloys.

4. Discussions

In order to strengthen Mg alloys, two strategies are
applied in the present work, which are the modification

of the matrix geometry by planar faults and the
optimization the local lattice strain by solute atoms.
Accordingly, the deformation anisotropy could be reduced
by enhancing the bonding strength of the basal plane
but weakening that of the prismatic and the pyramidal
planes, thus improving the strength and the ductility of
Mg alloys. This is because (i) the basal slip of Mg and
Mg alloys is very easy to trigger due to the extremely
high plastic anisotropy (the ratio of the critical resolved
sheer stress between basal slip and non-basal slip is about
102) [68] and (ii) without non-basal slip or twinning, the
basal slip cannot accommodate arbitrary shape change
and excessive basal slip in combination with unrelaxed
tensile stresses in the plane-normal direction leading to
spatially localized damage and rapid fracture [5].

Based on the deformation electron density isosurface,
the directional bond ofMgmatrix will result in the elastic
anisotropy, and thus hinders the anisotropic deforma-
tion behavior. With the formation of fault layers in the
matrix of Mg, the rod-type directional bonds transfer
into tetrahedrons, which are the typical FCC-type chem-
ical bonds [38]. Moreover, the inhomogeneous electron
distribution in the fault layers of SFs and LPSOs could
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be introduced and enhanced by the interactions among
solute atoms and fault layers. Since it is more difficult
for the electrons to readapt during breaking rod-type
directional bonds than the spherical ones [69], the redis-
tribution of electrons characterized by the change of bond
morphology implies the directionality of the bonds cross-
ing the fault layers of LPSOs and the dependency of
formation energy of defects on composition [70]. Fur-
thermore, the fault layers of LPSOs enriched of solute
atoms [13,71,72] have a classical nano-lamellar feature
(3–6 non-fault layers of the Mg matrix are separated by
1 or 2 fault layers [10]), promising an enhancement of
pinning effect during deformation. Due to the segrega-
tion of the clusters of solute atoms to the fault layers,
both the interlayer bonding strength could be improved,
resulting in the enhancement of interface shear stress
(ISS, defined as the shear stress along interface [73]) of
the basal plane thus reducing the plastic anisotropy and
promoting the plastic flow of the nano-lamellar struc-
ture. It has been observed that the nano-lamellar met-
als can absorb dislocations into the interface through
dislocation-interface reactions, suggesting a new mecha-
nism on shear stress-driven interface-mediated plasticity
in the confined nano-lamellar structures [73].

5. Summary

Wepresent the strategies to strengthenMg alloys through
modifying the matrix geometry by planar faults and the
local lattice strain by solute atoms. It is found that the
anomalous shifts of the LPDOS of SFs and LPSOs toward
the high-frequency mode relate to the HCP-FCC bond
transformation, resulting in the increase of vibrational
entropy and the decrease of free energy to stabilize the
corresponding structures. It is understood that due to
the formation of the fault layers and the segregation of
the clusters of solute atoms to fault layers, the defor-
mation anisotropy could be reduced by enhancing the
bonding strength of the basal plane but weakening that
of the prismatic and the pyramidal planes, thus improv-
ing the strength and the ductility ofMg alloys. The partial
eDOS curves clearly reveal the electronic hybridizations
of valance electron states of the d-electron Zn and Zr
atoms, the f-electron Gd atoms and the p-electron Mg
atoms in 6H and 10H LPSOs. According to the com-
mon features of the eDOS of 6H and 10H LPSOs of
Mg97.5TM0.83Gd1.67, the quasi-gap near the Fermi level
of the total eDOS implies the presence of strong covalent
bonding and indicates the improvement of the strength
of the materials. Through integrating the characteriza-
tions of bonding charge density and eDOS, the atomic
and the electronic basis for the solid solute strengthening
mechanism is revealed by the electron redistributions,

providing a fundamental insight into the ‘strengthening’
of Mg alloys.
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