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a b s t r a c t

a-MgAgSb based thermoelectric (TE) device attracts much attention for its commercial application
because it shows an extremely high conversion efficiency of ~8.5% under a temperature difference of
225 K. However, the mechanical behavior of a-MgAgSb is another serious consideration for its engi-
neering applications. Here, we apply density functional theory (DFT) simulations to examine the intrinsic
mechanical properties of all three MgAgSb phases, including elastic properties, shear-stress e shear-
strain relationships, deformation and failure mechanism under ideal shear and biaxial shear condi-
tions. We find that the ideal shear strength of a-MgAgSb is 3.25 GPa along the most plausible (100)<010>
slip system. This strength is higher than that of b-MgAgSb (0.80 GPa) and lower than that of g-MgAgSb
(3.43 GPa). The failure of a-MgAgSb arises from the stretching and breakage of MgeSb bond a-MgAgSb
under pure shear load, while it arises from the softening of MgeAg bond and the breakage of AgeSb
bond under biaxial shear load. This suggests that the deformation mechanism changes significantly
under different loading conditions.
© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The rapid industrialization has led to the overexploitation of
natural energy such as fossil fuels, which is causing severe envi-
ronmental issues. Thermoelectric (TE) materials have attracted
more and more attention due to their capability of directly con-
verting heat into electricity [1,2]. This eco-friendly energy tech-
nology is being considered as one of the potential candidates as an
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alternative energy source. The conversion efficiency of TE materials
can be represented by the dimensionless figure of merit, zT¼ a2sT/
k, where a is Seebeck coefficient, s is the electrical conductivity, k is
the thermal conductivity, and T is the absolute temperature [3]. In
the past two decades, tremendous efforts have been developed to
explore new TE materials and to enhance their zT values [4e16].
Bi2Te3 based materials with zT> 1.0 near room temperature, have
been commercially applied in solid state refrigeration [17]. How-
ever, low abundancy of Te element on earth largely limits large-
scale commercial applications of Bi2Te3 based alloys. It is urgent
to explore alternative candidates with high TE performance in the
low temperature range.

MgAgSb is well known to exist in three phases: low temperature
a phase with space group I-4c2, intermediate temperature b phase
with space group P4/nmm, and high temperature g phase with
space group F-43m. a-MgAgSb basedmaterials, consisting of cheap
and abundant elements on earth, were reported as a potential p-
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type high performance TE material in the low temperature range
with zT> 1.0 [18e24]. Zhu et al. found that the intrinsic weak
electron-phonon coupling leads to the high power factor (a2s) of a-
MgAgSb, while the three-centered MgeAgeSb bonds in a-MgAgSb
can induce low-frequency optical phonons, well explaining the
origin of its intrinsic low thermal conductivity [24]. Moreover,
various effective doping strategies were used to further improve
the zT value of a-MgAgSb [19,21,25e27]. For example, Ren et al.
showed that doping with small quantities of Ni can improve the
maximum zT to 1.4 [21]. Substitution Mg with Yb can increase
strong point-defect phonon scattering, leading to the peak zT of
~1.4 at 550 K [28]. More importantly, MgAgSb based TE devices
exhibit a high conversion efficiency of 8.5% under a temperature
difference of 225 K, demonstrating a strong prospect for TE appli-
cations [18].

In TE applications, TEmodulus suffers from cyclic thermal stress,
which easily causes cracking or failure of TE materials. Excellent
mechanical properties, such as high strength and high toughness,
are essential for the reliability of TE devices [29]. Sui et al. reported
the macroscopic mechanical properties of a-MgAgSb and found
that the nanoindentation hardness, compressive strength, and
fracture toughness are 3.3 GPa, 389.6MPa, and 1.1MPam1/2,
respectively [30]. These mechanical properties of a-MgAgSb are
comparable with CoSb3 based TE material, and much stronger than
those of other important TE materials such as BiSbTe, PbTe, PbSe,
and SnTe, indicating a-MgAgSb is mechanically strong [30]. How-
ever, their intrinsic mechanical properties remain unexplored so
far.

To determine the intrinsic mechanical behavior of MgAgSb, we
applied density functional theory (DFT) simulations to study their
structural deformations and failure mechanism responding to the
applied pure shear deformation and biaxial shear deformations,
respectively. a-MgAgSb is found to have the lowest shear stress
along the (100)<010> slip system. While b-MgAgSb and g-MgAgSb
have the lowest shear stress of 0.80 GPa and 3.43 GPa, respectively.
Under pure shear load, the stretching and collapse of MgeSb sub-
structures dominate the deformation of a-MgAgSb. The formation
of AgeAg and MgeSb bonds strengthens the structural stiffness,
and the breakage of AgeAg bond leads to the failure of b- MgAgSb.
The softening and breakage of AgeSb bond result in the failure of g-
MgAgSb. Under biaxial shear (compression þ shear) load, the
lowest shear stress along the (100)<010> slip system is 1.95 GPa, a
decrease of 40% compared with that under pure shear load. In
addition, the structural deformation shows that the softening of
Mg1eAg1 bond and breakage of Ag2eSb1 bond lead to the failure
of a-MgAgSb, while the MgeSb substructures can hold together.
This work explores the intrinsic structure - mechanical property
relationships at the atomic scale, which is beneficial for developing
reliable MgAgSb based TE devices.

2. Methodology

The intrinsic mechanical properties were performed adopting
ab initio DFT approach implemented in the VASP code, using the
projector augmented wave (PAW) potentials to account for the
core-valence interactions [31e33]. The Perdew-Burke-Ernzerhof
(PBE) functional was applied to describe the exchange-correlation
interaction. The valence electrons for Mg, Ag, Sb were treated as
3s2, 4d105s1, and 5s25p3, respectively [34]. For the ab initio
convergence setup, A 500 eV plane-wave energy cutoff was set to
converge force and geometries. Electronic self-consistent field
(SCF) and force criterion convergence were set to 1� 10�6 eV and
1� 10�2 eV/Å, respectively. The Monkhorst-Pack k-points sampling
with a fine resolution of 2p� 1/40 Å�1 was adopted for all ab initio
simulations. The pure shear and bi-shear mechanical loadings are
the same with our previous work on other important TE semi-
conductors [34e39].

3. Results and discussion

3.1. Crystal structure of a-, b-, and g-MgAgSb

MgAgSb exhibits three different phases from room temperature
to its melting temperature: the room temperature a-phase, the
intermediate temperature b-phase, and the high temperature g-
phase.

a-MgAgSb is found to crystalize in tetragonal structure with
space group I42c, as shown in Fig. 1(a) and (b). The unit cell con-
tains 48 atoms (16�Mg, 16�Ag, and 16� Sb), where Mg and Sb
atoms form a distorted MgeSb rock-salt substructure with MgeSb
bond lengths of 2.97e3.03 Å. Ag atom is bonded with Mg and Sb
atoms, connecting these distorted MgeSb cubes along three axes
with AgeMg and AgeSb bond lengths of ~2.90 and 2.88 Å,
respectively. The ab-initio determined lattice parameters are
a¼ 9.28 and c¼ 12.75 Å, which are only 1.2% and 0.5% larger than
the experimental values of a¼ 9.18 and c¼ 12.70 Å at room tem-
perature [22], and agree well with other theoretical predictions of
a¼ 9.26 and c¼ 12.96 Å from PBE functional [22].

a-MgAgSb transforms to b-MgAgSb at 330 �C with tetragonal
crystal structure as well (space group P4/nmm), as shown in
Fig. 1(c). It consists of MgeSb rock-salt substructures along the ab
plane, with Ag atoms connecting them along the c axis. The
structure of b-phase is similar to that of a-phase, but exhibits a
higher structural symmetry. The unit cell contains 6 atoms (2�Mg,
2� Ag, and 2� Sb) with MgeSb, AgeMg, and AgeSb bond lengths
of ~2.91, 3.02, and 2.95 Å, respectively. The ab-initio determined
lattice parameters are a¼ 4.45 and c¼ 6.88 Å, which are only 0.7%
larger and 0.2% smaller than the experimental values of a¼ 4.42
and c¼ 6.89 Å [22].

g-MgAgSb forms at 420 �C and is found to be cubic, with space
group F43m, exhibiting the same structure to half-Heusler mate-
rials as shown in Fig. 1(d) [41]. The electropositive Mg and elec-
tronegative Sb atoms form a rock-salt type sublattice. The structure
consists of 8MgeSb cubic sub-structures, in which 4 Ag atoms are
filled and the other four are vacant. The unit cell contains 12 atoms
(4�Mg, 4�Ag, and 4� Sb) with MgeSb, AgeMg, and AgeSb bond
lengths of 3.28, 2.84, and 2.82 Å, respectively. The ab-initio deter-
mined lattice parameters are a¼ 6.57 Å, which are only 2.0%
smaller than the experimental values of a¼ 6.70 Å [41].

3.2. Elastic properties of a-, b-, and g-MgAgSb

The elastic properties of a-, b-, and g-MgAgSbwere calculated to
understand their structural stability. We investigated the elastic
constants (Cij) and then applied the Voigt-Reuss-Hill method [37] to
compute Young’s moduli (E), bulk modulus (B), shear modulus (G),
Poisson ratio (v), as well as a comparison with previous ab-initio
and experimental results, as listed in Table 1. Overall, our calculated
elastic properties of a-, b-, and g-MgAgSb agree well with previous
ab initio and experimental results. However, for a-MgAgSb, our
calculated C44 and G are about eight and two times larger than
previous results [44], respectively. This discrepancy of computing
results arises from the different convergence setup. The elastic
constants are obtained by calculating the total energy as a function
of various cell distortions (d) from the optimized structure.
Different simulation setup, like electronic convergence energy
difference, ionic convergence criteria, plane wave cutoff energy,
lead to different optimized structure. This will result in different
elastic properties. Here, our optimized lattice parameters of a-
MgAgSb are a¼ 9.28 and c¼ 12.75 Å, which agree very well with



Fig. 1. Crystal structure of MgAgSb. (a) Structure of a-MgAgSb along the [110] direction. (b) Structure of a-MgAgSb in the ab plane. (c) Structure of b-MgAgSb along the [110]
direction. (d) Structure of g-MgAgSb.

Table 1
Predicted independent elastic constants (C11, C12, C13, C33, C44) and other related elastic properties: bulkmodulus (B), shearmodulus (G), Young’s modulus (E), Poisson’s ratio (v),
ductility index (B/G), and hardness (Hv) of a-, b-, and g-MgAgSb, and the comparison with previous ab-initio results. The unit of elastic constants and various moduli is GPa.

Compound Method C11 C12 C13 C33 C44 C66 B G E v

a-MgAgSb Our PBE 86.43 29.91 52.37 67.11 8.92 27.80 56.57 18.52 50.08 0.35
PBE [44] 89.0 32.9 49.8 69.9 1.1 29.1 56.98 8.08 23.16 0.43
EXPT [30] 55.0
EXPT [24] 43.5

b-MgAgSb Our PBE 93.15 20.81 49.99 82.65 7.96 13.69 56.61 15.96 43.76 0.37
PBE [44] 85.5 25.2 49.7 82.7 3.4 13.9 55.2 8.86 25.22 0.42

g-MgAgSb Our PBE 68.97 53.95 53.95 68.97 30.58 30.58 58.72 19.87 53.57 0.35
PBE [44] 70.6 52.1 52.1 70.6 29.8 29.8 58.3 18.7 50.6 0.36
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experimental values of a¼ 9.18 and c¼ 12.70 Å [22], While in the
previous ab initio studies [44], a¼ 9.28 and c¼ 12.80 Å, suggesting
that the c is worse than our simulations. Thus, we believe that the
convergence criteria in our work is more reliable than that in
Ref. [44].

The elastic mechanical properties (E, B, G) of g-MgAgSb are
much larger than those of a-, and b-MgAgSb, suggesting the
structure of g-MgAgSb is more stable than those of a-, and b-
MgAgSb. This agrees well with De long’s theoretical calculations
exhibiting that g-MgAgSb has the lowest formation energy [37].
Due to the weak AgeSb covalent bonding, the elastic properties of
g-MgAgSb are much lower than those (B¼ 128.8 GPa, G¼ 67.2 GPa,
E¼ 171.7 GPa) of strong covalent TiNiSn compound with the same
half-Heusler structure [43]. In all three phases, the shearmodulus is
much lower than the Young’s moduli, suggesting shearing failure is
much easier to occur compared with tensile failure. Thus, we focus
on studying mechanical behaviors of a-, b-, and g-MgAgSb under
shear loading in the next section.
3.3. Intrinsic mechanical deformation behavior of a-, b-, and g-
MgAgSb

3.3.1. Shear-stress e shear-strain relationships
The shear-stress response against shear-strain of an ideal crystal

can directly reflect the intrinsic mechanical deformation behavior,
including the ideal strength and deformation mechanism [45]. To
explore the shear-stress e shear-strain relationships of a-, b-, and
g-MgAgSb, we investigate the pure shear-stress response along
different slip systems (Table 2).

Fig. 2 shows the computed shear-stress e shear-strain re-
lationships. In a-MgAgSb, all the shear-stress increases with
increasing shear-strain until the maximum stress point. Shearing
along the (100)<010> slip system shows a much lower shear-stress
compared with those along (001)<100> and (001)<110> systems,
representing the (100)<010> system is less rigid in resisting the
external shear deformation than the (001)<100> and (001)<110>
slip systems. This suggests that the (100)<010> system is the most



Table 2
The selected slip systems of a-, b-, and g-MgAgSb.

Compound Slip system a, b, c directions Supercell Atoms

a-MgAgSb (001)<100> <100>, <010>, <001> 1� 1� 1 48
(001)<110> <110>, <�110>, <001> 1� 1� 1 96
(100)<010> <010>, <001>, <100> 1� 1� 1 48

b-MgAgSb (001)<100> <100>, <010>, <001> 3� 2� 3 108
(001)<110> <110>, <�110>, <001> 3� 1� 3 108
(100)<010> <010>, <001>, <100> 3� 1� 3 54

g-MgAgSb (001)<100> <100>, <010>, <001> 2� 1� 2 48
(001)<110> <110>, <�110>, <001> 2� 1� 2 96
(111)<1e10> <1e10>, <11e2>, <111> 1� 1� 1 72
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plausible slip system under the same shear stress conditions.
Among these systems, (100)<010> has the lowest shear strength of
3.25 GPa at 0.399 shear strain. Beyond this point, the shear-stress
suddenly drops to 0.67 GPa at 0.404 shear strain, indicating the
bond breakage and structural failure. In b-MgAgSb, with the
increasing shear-strain, (100)<010> system processes the weakest
resistance against deformation. At 0.209 shear strain, the first
maximum shear-stress reaches 0.80 GPa. Then the shear-stress
slightly decreases with increasing shear-strain until 0.297 shear
strain. Beyond this shear-strain point, the shear-stress rapidly in-
creases with increasing shear-strain. This suggests that the system
rearranges to a much stronger structure from 0.209 to 0.297 shear-
strain, which leads to the rearranged structure strongly resisting
the deformation. At 0.638 shear-strain, the second maximum
shear-stress is 3.65 GPa. With further increasing shear-strain to
0.722, the structure is softened and the shear-stress gradually re-
duces to 3.32 GPa. At fracture strain of 0.731, the shear-stress sud-
denly drops to 0.28 GPa, representing the bond breakage and the
structural collapse. In g-MgAgSb, (001)<100> and (001)<110>
systems show the similar shear-stress responses until 0.166 shear-
strain. With the increasing shear-strain, the (001)<110> system
further resists the deformation while (001)<100> starts to soften.
The (111)<1e10> system is the most likely slip system, exhibiting
the lowest shear-stress response with the ideal shear strength of
3.43 GPa. g-MgAgSb (3.43 GPa) has the largest ideal shear strength
compared with a-MgAgSb (3.25 GPa) and b-MgAgSb (0.80 GPa).
This agrees well with the trend of their shear modulus
(Gg>Ga>Gb), as listed in Table 1, suggesting g-MgAgSb is me-
chanically stronger than a-MgAgSb and b-MgAgSb.

3.3.2. Structural deformation mechanisms
To understand the deformation mechanism, we extracted the

structural response against shear strain along their least stress slip
systems. Fig. 3 shows the structural patterns of a-MgAgSb along
(100)<010> slip system at several critical shear strains. With the
shear strain increasing to 0.245, the structure uniformly resists the
Fig. 2. Shear-stress e shear-strain relationships of (a) a-MgAgSb,
deformation while all the bond lengths were uniformly deformed
(Fig. 3(d)). With the shear strain further increasing to 0.397, the
Mg1eSb1 bond rapidly softens with remarkably increasing bond
length, representing the softening of MgeSb substructures. This
leads to the second shear stress increasing process (Fig. 2(a)).
Meanwhile, the Mg2eSb3 and Mg1eAg1 bonds were gradually
recovered to its original length. The Ag2eSb2 bond remains nearly
unchanged during the shear process. At the fracture strain of 0.404,
the Mg1eSb1 and Mg2eSb3 bonds rapidly increases to 4.84 and
5.16 Å, respectively, breaking MgeSb substructures and relaxing
the shear stress, as shown in Fig. 2(a). This stress relaxation leads to
the Mg1eAg1 bond recovery to 2.95 Å, maintaining the well con-
nectivity between these broken MgeSb substructures. These
typical bond length changes indicate that the stretching and
breakage of MgeSb substructures dominate the deformation
mechanism of a-MgAgSb, while the Ag atoms can well link these
MgeSb substructures during the whole shear process.

Fig. 4 displays the atomic patterns and typical bonds responses
to determine the shear deformationmechanism of b-MgAgSb along
the (100)<010> slip system. As the shear strain increases to 0.296,
the Mg1eAg2 and Ag2eSb1 bonds slightly shrink to accommodate
the external deformation (Fig. 4(e)). This leads to gradually
increased shear stress until the first maximum stress point
(Fig. 2(b)). While the Ag1eAg2 and Mg2eSb1 lengths rapidly
decrease to 2.93 Å at 0.296 shear strain (Fig. 4(b)), indicating that
they are bonded to each other. This new formed bond strengthens
the structural stiffness, suppressing stress relaxation (Fig. 2(b)).
With further increasing shear strain, the Ag1eAg2 and Mg2eSb1
bonds further shrink, strongly resisting the deformation, leading to
a remarkably increased shear stress (Fig. 2(b)). The Mg1eAg2 bond
is rapidly stretched and Ag2eSb1 bond is shrunk until the second
maximum stress point (0.60 shear strain). Then, the Ag1eAg2 and
Mg2eSb1 bond lengths start to increases (Fig. 4(e)). This bond
softening leads to the reduced structural stiffness and hence the
decreased shear stress (Fig. 2(b)). At 0.722 shear strain, the
Mg1eAg2 bond is stretched to 3.17 Å (Fig. 4(e)), suggesting a soft-
ened weak atomic interaction. But the structure still remains good
symmetry (Fig. 4(c)). At fracture strain of 0.730, the Ag1eAg2
length suddenly increases to 3.30 Å, breaking this bond and
releasing the shear stress. The Mg2eSb1 and Mg1eAg2 bonds
recover to 3.02 and 3.03 Å, respectively, releasing the bond de-
formations. The breakage of Ag1eAg2 bond collapses the original
MgeSb framework, deconstructing the structure (Fig. 4(d)).

Fig. 5 displays the atomic configurations and bond-responses of
g-MgAgSb along the least stress slip system of (111)<1e10>. The
structure uniformly resists the shear deformation until 0.334 shear
strain. While the Mg1eSb1 bond is gradually shrunk to 2.86 Å
(Fig. 5(a,b)). At the fracture strain of 0.346, the Ag1eSb1 bond
length remarkably increases to 4.03 Å, breaking this bond and
releasing the shear stress (Fig. 5(c)). The bond responses shown in
(b) b-MgAgSb, and (c) g-MgAgSb along different directions.



Fig. 3. Structural failure mechanism of a-MgAgSb along (100)<010> slip system at critical shear strains. (a) Atomic structure at 0 shear strain, (b) Atomic structure at 0.397 shear
strain corresponding to the ideal shear strength, (c) Atomic structure at 0.404 shear strain corresponding to the structural failure. (d) The typical bond lengths (Mg1eSb1, Mg2eSb3,
Mg1eAg1, and Ag2eSb2) as a function of shear strain.

Fig. 4. Structural failure mechanism of b-MgAgSb along least stress slip system of (100)<010> at critical shear strains. (a) Atomic structure at 0 shear strain, (b) Atomic structure at
0.296 shear strain corresponding to the structural rearrangement. (c) Atomic structure at 0.722 shear strain before failure. (d) Atomic structure at fracture strain of 0.730. (e) Typical
bond responses (Ag1eAg2, Mg1eAg2, Ag2eSb1, and Mg2eSb1) against shear strain of b-MgAgSb along the least stress slip system of (100)<010>.
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Fig. 5. Structural failure mechanism of g-MgAgSb along (111)<1e10> slip system at several critical shear strains. (a) Atomic structure at 0 shear strain, (b) Atomic structure at 0.334
shear strain corresponding to the ideal shear strength, (c) Atomic structure at failure strain of 0.346. (d) The typical bond lengths (Ag1eSb1, Mg1eSb1, and Mg2eAg2) as a function
of shear strain.
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Fig. 5(d) clearly reveal that the Mg1eSb1 length rapidly reduces
with increasing shear strain, which is similar with the Mg1eSb1
length of b-MgAgSb (Fig. 5). The Ag1eSb1 and Mg1eAg1 bond
lengths are stretched with the same ratio until 0.2 shear strain.
Then, the Ag1eSb1 bond length increases much faster than the
Mg1eAg1 bond length, suggesting the Ag1eSb1 bond softens
before the Mg1eAg1 bond. This well explains why the Ag1eSb1
bond breaks at the fracture strain of 0.346 whereas the Mg1eAg1
bond recovers to its original length of 2.84 Å (Fig. 5(d)).
3.3.3. Deformation and failure under indentation stress conditions
The nano-indentation technology, so called depth-sensing

indentation, can measure various mechanical properties of a ma-
terial at the atomic scale, like load-displacement curve, hardness,
fracture toughness, and so on. Therefore, the nano-indentation
measurement is important for exploring the nano-mechanical
behavior of a material. Here, we applied biaxial shear
(shear þ compression) deformation to mimic the stress conditions
under nano-indentation for understanding the deformation
mechanism of a-MgAgSb along the (100)<010> slip system, as
shown in Fig. 6(a). As the shear strain increases to 0.161, the stress
response under bi-shear load is similar with that under pure shear
load. With the increasing shear strain, the stress increases more
slowly under bi-shear load (Fig. 6(a)). This indicates that the
structural stiffness under bi-shear load is much weaker than that
under pure shear load. Themaximum shear stress is 1.95 GPa under
bi-shear load, a decrease of 40% compared with that (3.25 GPa)
under pure shear load. This suggests that compression plays a
significant role in the structural deformation at large shear strains.
We extracted the structural deformations under bi-shear load, as
shown in Fig. 6(b)e(d). With the shear strain increasing to 0.161,
the Mg1eAg1 bond are uniformly stretched, strongly resisting the
deformation. While the Mg1eSb1, Ag1eSb2, and Ag2eSb1 bonds
nearly remain unchanged. With further increasing shear strain, the
Mg1eAg1 bond length remarkably increases, representing the
highly softening of this bond. This well explains why the shear
stress changes with a much lower increasing ratio (Fig. 6(a)). The
other bonds are still slightly changed, maintaining well structural
integrity (Fig. 6(b)). At the fracture strain of 0.308, the Ag2eSb1
bond sharply increases to 3.55 Å (Fig. 6(d)). The breakage of this
bond leads to the structural collapse and stress relaxation
(Fig. 6(c)).

Under bi-shear load, the softening of Mg1eAg1 bond and the
breakage of Ag2eSb1 bond lead to the failure of a-MgAgSb, while
the MgeSb substructures are not deconstructed. Under the pure
shear load, the collapse of MgeSb substructures leads to the failure
of the a-MgAgSb, while the Mg1eAg1 and Ag2eSb1 bonds are not
broken (Fig. 3). This biaxial shear simulation reveals that
compression along the c-axis not only decreases the structural
stiffness at large strains, but also changes its failure mechanism of
a-MgAgSb.

a-MgAgSb, which has the excellent TE properties, processes the
ideal shear strength of 3.25 GPa. This value is much higher than
those of van der Waals-like bonding dominated TE materials such
as Bi2Te3 (0.19 GPa) [38] and SnSe (0.59 GPa) [46], as well as ionic
bonding dominated TE materials such as La3Te4 (0.99 GPa) [47,48],
Mg3Sb2 (1.95 GPa) [48] and CuInTe2 (2.43 GPa) [49]. However, a-
MgAgSb is much weaker than strong covalent bonding dominated
TE materials such as CoSb3 (7.17 GPa) [43] and TiNiSn (10.52 GPa)
[41].

Understanding the intrinsic failure mechanism of an ideal single
crystal provides the basis for future work to examine the roles of



Fig. 6. Biaxial shear deformation of a-MgAgSb along the (100)<010> slip system. (a) The shear-stress� shear-strain relationships under bi-shear and pure shear loads, respectively.
(b) Atomic structure at 0.295 shear strain before failure, and (c) Atomic structure at failure strain of 0.308. (d) The typical bond lengths (Mg1eSb1, Mg1eAg1, Ag2eSb2, and
Ag2eSb1) against shear strain.
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grain boundaries (GBs) and dislocations in failure process. Our
current study on the single crystal is an essential first step for
comprehensively understanding the failure of MgAgSb under
realistic conditions, which will lay the essential foundation for
developing high performance TE materials with excellent me-
chanical properties.

The mechanical properties of MgAgSb samples are heavily
related to such defects as GBs, vacancies and pores that are ubiq-
uitous in real samples. Studying these effects requires much larger
systems of millions of atoms. Thus, future studies fitting our DFT
results to a force field for molecular dynamics (MD) simulations
will be beneficial for studying how such defects influence the
mechanical strength. Meanwhile, it is essential to validate our
theoretical prediction from mechanical experiments which is
beyond the scope of the current work.
4. Conclusions

We performed DFT simulations to investigate the structural and
intrinsic mechanical properties of all three MgAgSb phases
including elasticmodulus, shear-stresse shear-strain relationships,
deformation and failure mechanism under ideal shear and inden-
tation stress conditions. The main conclusions include:

� The ideal shear strength of a-MgAgSb is 3.25 GPa along the (100)
<010> slip system. This strength is higher than that of b-
MgAgSb (0.80 GPa) and lower than that of g-MgAgSb (3.43 GPa).

� Under ideal shear load, the stretching and collapse of MgeSb
substructures dominates the deformation of a-MgAgSb.
� The formation of AgeAg and MgeSb bonds strengthen the
structural stiffness and the breakage of AgeAg bond leads to the
failure of b-MgAgSb under pure shear load.

� The softening and breakage of AgeSb bond results in the failure
of g-MgAgSb under ideal shear deformation.

� The biaxial shear simulation reveals that the compression along
the c axis decreases the lowest shear stress by 40% compared
with the ideal shear strength. The structural deformation shows
that the softening of Mg1eAg1 bond and breakage of Ag2eSb1
bond lead to the failure of a-MgAgSb, while the MgeSb sub-
structures are not deconstructed.
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