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Abstract: The engineering applications of thermoelectric (TE) devices require TE materials
possessing high TE performance and robust mechanical properties. Research on thermal and
electrical transport properties of TE materials has made significant progress during the last two
decades, developing TE materials on the threshold of commercial applications. However, research
on mechanical strength and toughness has lagged behind, restricting application of TE materials.’
Mechanical failure in these materials involves multi-scale processes spanning from atomistic scale
to macro scale. We have proposed an integral stress-displacement method to estimate fracture
toughness from intrinsic mechanical behavior. In this review, we summarize our recent progress
on fracture toughness of TE materials. This is in three parts:

(1) Predicting fracture toughness of TE materials from intrinsic mechanical behavior;
(2) Intrinsic mechanical behavior and underlying failure mechanism of TE materials; and

3) Nanotwin and nanocomposite strategies for enhancing the mechanical strength and fracture
toughness of TE materials.

These findings provide essential comprehensive understanding of fracture behavior from micro to
the macro scale, laying the foundation for developing reliable TE devices for engineering
applications.

Keywords: Fracture toughness; Thermoelectric materials; Intrinsic mechanical behavior;
Nanotwins; Nanocomposites



1. Introduction

Since the beginning of the 21 century, excessive exploitation and consumption of fuel oils have
increased the energy crisis exacerbating various such environmental issues as global climate
change, earthquakes, and acid rain [1-3]. Finding alternative clean energy is a major strategic near
term goal to alleviate the energy crisis. Thermoelectric (TEs) materials to enable direct conversion
between heat and electricity are recognized as candidates to play a significant role in the global
solution to sustainable energy [1-3]. TE devices have important applications in new energy
technology fields with new concept such as exhaust waste heat recovery, solar PV-TE hybrid
systems, TE power generation, and mini refrigeration [2, 4-6]. These applications require TE
devices possessing high TE efficiency and excellent mechanical reliability.

The conventional measure of TE device efficiency is closely related to the figure of merit
(zT) of TE materials. Over the past two decades, developments in physics theory [7-18],
breakthroughs in modern preparation technique [19-30], and discoveries of novel TE materials
have led to remarkably enhanced z7 value [19, 25, 31-46]. Many kinds of high-performance TE
materials have been developed progressively to accelerate their commercial application
opportunities. For example, dense dislocation arrays formed in Bi;Tes based room temperature TE
materials significantly reduce the lattice thermal conductivity, improving its z7 to 1.86 at ~300 K
[29]. Also, developments of Multi-atomic filling [18], electronegative guest filling [41], and
thermoelectric-magnetic effects have increased the z7 value of skutterudite CoSbs to 1.7 at 850 K
[47]. In addition, half-Heusler compounds like Ti(Zr,Hf)NiSn are good candidates for high
temperature TE materials (z7> 1.0) due to its high TE properties and robust mechanical properties.
Thus the conversion efficiency of an assembled half-Heusler module can reach 6.2% [42].
Moreover, MgAgSb alloys, based on inexpensive, abundant elements, recently were found to have
zT values of ~1.3 at ~500 K, with devices showing a high conversion efficiency of 8.5% [48].
Another cheap and nontoxic TE material, Mg>(SiSn) alloys, shows a zT value of 1.4 through band
convergence and effective defect engineering strategies [49, 50]. Obviously, the TE performance,
zT, of TE materials has reached the level required for application.

The stability and reliability of TE devices under working environments rely on such mechanical
properties as creep behavior, mechanical strength, and toughness.

Creep is a time-dependent mechanical deformation that takes place when the materials is subjected
to a constant stress, typically below the yield point, for a sufficiently long time at 0.5-0.7 of the
melting temperature, Tm [51, 52]. Although the applied stress on a TE module may not be sufficient
by itself to induce creep deformation, residual stresses from manufacturing may add up to a level
high enough to induce such deformation. For instance, Bi;Tes prepared by selective laser melting
(SLM) developed randomly oriented cracks on the top surface of the sample, a result of excessive
tensile stresses imposed by the deep layer during solidification processes [53]. In addition to
manufacturing residual stress, thermal stress plays a major role during the working phase of TE
devices. This stress originates from the thermal expansion mismatch between different parts of the
module, which is usually intensified during the thermal cycling, leading to cracking and increased
internal resistance. Hatzikraniotis et al. observed a 14% drop in the output power of BixTes, when
cycling the hot side between 30°C and 200°C, while maintaining the cold side at room temperature
[54]. Cracking and interdiffusion at the solder- metal interface gave rise to a 16% increase in the
module’s internal resistance, which eventually resulted in the drop of zT from 0.74 to 0.63 [54]. In
a nutshell, when considering various contributors to the stress build-up in a TE module, creep
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deformation may be crucial to the operational stability of such devices. Creep deformation was
studied for several TE materials, including PbTe [55], BixTe3[56], Mg»Si-based [57], TAGS-85
[58], ZrNiSn-based [59] and Ybo3C04Sbi2[60]. When kept at 400°C, PbTe shows a transition from
diffusional to dislocation-based creep at 7.3 MPa, which is attributed to the bimodal grain
distribution present in as-sintered samples [55]. In a similar vein, the microstructural anisotropy
of BixTes is thought to cause a change in the stress exponent from 4.2 to 6.2, when two similar
samples were kept at the same temperature (400°C) within a similar stress range [56]. More
recently, Malki et al. reported the creep resistance of the half-Heusler alloy Hfo 3Zro.7NiSng.9sSbo.02,
in which the alloy sustained creep stresses up to 360 MPa with no macroscopic failure, with
reported creep rates on the order of 108-107 s7! [59]. The fine grain microstructure (1-7 um) is
thought to compel this half-Heusler alloy to deform via coble diffusional creep, with a stress
exponent close to unity. Lastly, the creep resistance of Skutterudite alloy Ybo3Co4Sbi2 was shown
to be intermediate between the low-mid (PbTe, BixTes) and high (Mg:Si, ZrNiSn) temperature
thermoelectrics, dominated by the viscous glide of dislocations at 500°C within the stress range of
22-90 MPa [60].

Mechanical strength and toughness, which are the mechanical properties related to failure and
fracture, are crucial to determine the reliability of TE devices. Poor mechanical strength and
toughness can cause degradation of material properties and failure of TE devices [61-63]. Thus,
many studies have been carried out to develop robust TE materials with high strength and
toughness. Tang et al. adopted 3D printing technology to prepare highly textured bulk Bi-Sb-Te
TE materials with a compressive strength of 91 MPa, much higher than those of single crystal (37
MPa) and Spark Plasma Sintered (SPS) polycrystalline samples (80 MPa) [64]. Sui et al. found
that nanostructured o-MgAgSb is a mechanically strong TE compound with a compressive
strength of 390 MPa and nanoindentation hardness of 3.3 GPa, much stronger than other TE
materials such as PbTe, SnTe, and Bi-Sb-Te [65]. Our group investigated the low-cycle stress-
controlled fatigue breakage of CoSb; under a compression-compression cycling loading condition
and found ???[66]. Furthermore, nanocomposite technology has been found to effectively improve
the mechanical properties of TE materials. Thus, Cai et al. found that adding tiny (xx nm) Fe3Si
nanocomposites into p-type LaosTio1Gao.1Fe;CoSbiz can improve the indentation fracture
toughness by 30% [67]. Li et al. found that adding 1.0 vol% nano-SiC into Bi»Te3 can increase the
Vickers hardness from 0.62 to 0.79 GPa, where a 0.5 vol% SiC added sample possess the highest
Young’s modulus of 42.7 GPa [68]. Our group found that introducing 1.0 vol.% nano-TiN into
CoSbag75Teo.125 can enhance the flexural strength and fracture toughness by 31% and 40%,
respectively, compared with the TiN-free samples [69]. Recently, a room temperature ductile
inorganic semiconductor, a-Ag>S, was found to exhibit a metal-like ductility with 50% elongation
under compression, offering a new promise for application in flexible electronic devices [70].

Compared with the research on TE performance, research on mechanical strength and toughness
of TE materials is lagging behind, limiting the engineering applications of TE materials and
devices. Among reports discussing mechanical strength and toughness of TE materials, most report
experimental measurements. The mechanical strength of TE materials is much weaker than that of
ceramics and the toughness is much lower than that of metals, leading to poor mechanical
machinability of TE materials. Meanwhile, the mechanical properties of TE materials exhibits a
relatively large dispersion, making it difficult to validate investigations of fracture behavior and
its underlying mechanism. Therefore, to improve the mechanical strength and toughness of TE
materials, it is urgent to develop a fundamental understanding of their fracture .
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Mechanical failure of materials involves multi-scale processes, from atomistic to meso and to
macro scale. We have proposed an integral stress-displacement method that can estimate the
fracture toughness from ideal strength stress-displacement curves. In this review, we will
summarize our recent work on fracture toughness of TE materials in three parts:

o Fracture toughness of TE materials from intrinsic mechanical behavior. We
successfully applied the ideal stress-strain relations from DFT calculations to predict fracture
toughness, leading to good agreement with the experiment measurements. This verifies that the
prediction of ideal stress-strain relations at the atomic scale can be used to estimate rationally the
fracture toughness.

o Intrinsic mechanical behavior and underlying failure mechanism of TE materials. We
applied density functional theory (DFT) to investigate the tensile and shear deformation properties
of a series of important TE materials. To derive the intrinsic mechanical properties at the atomic
scale, including ideal strength and structural deformation mechanisms, we deformed these
materials along various lattice orientations until structural failure.

o Two strategies for enhancing the mechanical strength and fracture toughness:
Nanotwinning and nanocomposites. We proposed an effective nanotwinning strategy that can
remarkably enhance the mechanical strength of such TE materials as Bi>Te; and InSb [71, 72]. In
addition, we found that adding a small amount of nano-TiN particles into the GBs of CoSbs can
lead to a co-existence of intergranular and transgranular fracture, resulting in a sharp increase of
the fracture toughness of CoSbs [69].

2. Predicting fracture toughness from intrinsic stress-strain relationships

Fracture toughness is an inherent material property that describes a material’s resilience to crack
growth and ultimate mechanical failure. Due to the operational stress present in many applications
of semiconductor materials, including TE materials, fracture toughness is an important engineering
design metric.

Fracturing of a material ultimately occurs as a result of the finite strength of atomic bonds. When
a material begins to fail, defects (e.g. cracks) are responsible for amplification of local stress states
leading to fracture. The Griffith-Irwin relation recognizes that there is a thermodynamic criterion
for fracture and that the fracture toughness, Kic, is an inherent material property that describes
fracture conditions for a given material, independent of loading conditions and crack lengths.

Considering the case of plane-strain (thick plate assumption) under tensile deformation
corresponding to the fracture toughness Kic, the well-known Griffith-Irwin relation takes the
formula [73]:

GICE; _ 2G, 1 =2
1-v 1-v

o
Where E is the Young’s modulus, x is the shear modulus, v is Poisson’s ratio, o, is the Griffith

K= e, (1)
fracture stress for a critical crack length, ¢, and Irwin called G, the energy release rate [73].

Similarly, for fracture occurring under shear loading conditions, the mode II fracture
toughness is defined as follows [74, 75]:
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Griffith hypothesized that [76] G~2ys, where vys is the surface energy and the factor of 2 arises
because two surfaces formed as a result of fracture. While this relation tends to hold for brittle
materials, the "surface energy" relevant to fracture is, in fact, the energy required to break atomic
bonds and form a new surface (i.e. G/2). While having units of [J/m”"2], this is not necessarily the
same surface energy as ys. In a more general way, G can be estimated from the integral of a first-
principles stress-displacement curve when integrated to the point of fracture (Fig. 1). This is
written explicitly as:

G~ f({ractureo_dl (3)

G has units of energy per unit area and describes the energy required to create new “surfaces” at
the atomic level. The generality of Eq. 3 means that the fracture energy in any arbitrary
crystallographic direction can be determined. It would also be possible to apply this methodology
to investigate the influence of various defect structures. We propose, however, that utilizing the
fracture energy G of the weakest crystallographic plane is a good starting point for estimating
fracture toughness (Fig. 1)[cite fracture paper in review]|.
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Figure 1 The integral stress-displacement method for estimating fracture toughness from ideal strength stress-
displacement curves. In this case, the area under the ideal stress-displacement curve for a crystalline material is
used as an approximation for G, capturing thermodynamically irreversible fracture processes in order to calculate
fracture toughness. [Will need permission to reproduce figure]

This method for calculating fracture toughness was used for a variety of TE materials
including PbTe, BixTes, and CoSbs as well as for other materials such as TiC, TiN, and W]cite
fracture paper in review]. The fracture toughness derived using this ideal stress-displacement
were compared with polycrystalline and single crystalline experiments, and good agreement
between this method and experiment was found, particularly for single crystal experiments (Fig.
2). Utilizing the fracture energy of the weakest crystallographic plane aptly provides a lower bound
for the fracture toughness of a material and can be used to benchmark experimental results.
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Thus, we successfully applied the ideal stress-strain relations from DFT calculations to
predict such macro-mechanical properties as fracture toughness, that are in good agreement with
experiment measurements. This verifies that prediction of the ideal stress-strain relations at the
atomic scale can be used to rationally design the macroscopic mechanical properties.
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Figure 2 Comparison of fracture toughness values calculated using the ideal stress-displacement method with
values from experiment. Filled in markers are indicative of single crystal experiments, which show good
agreement with calculations. |

3. Intrinsic mechanical behavior and failure mechanism of TE materials at the atomic
scale

Understanding the intrinsic structure-bonding relationships of a crystal is very important to
elucidate the fracture mechanisms in these TE semiconductors as well as their fracture behavior.

We recently applied DFT to systematically investigate the intrinsic mechanical properties of 3-
dimensional covalent compounds (TiNiSn[77], CoSb3[78], InSb[71]), 3-dimensional ionic
compounds (PbS[79], Mg>Si, PbSe[79], PbTe[79], a-MgAgSb[80], CulnTe,[81], LasTes[82]), 2-
dimensional ionic compounds (CaZn>Sb[83], CaMg>Sb»[83], BiCuSeO[84], Mg3Sb»[83], InsSes,
a-Ag>S[85]), and 2-dimensional van der Waals compounds (SnSe[86], BioTes[72]). The intrinsic
mechanical behavior is closely related to the nature of chemical bonding in these compounds [87].
We classified these compounds into four categories according to the structural and chemical
bonding characteristics, leading to the ideal shear strengths summarized in Fig. 3. Generally, the
ideal shear strength of TE materials follows the following trend: 3D covalent compounds > 3D
ionic compounds > 2D ionic compounds > 2D van der Waals compounds. Moreover, the manner



in which these chemical bonds are softened and broken against external deformations can explain
the mechanisms for deformation and failure of TE materials.

Next, we choose 2 typical TE compounds, brittle half-Heusler TiNiSn and ductile a-Ag»S, to
discuss their structural deformation and failure modes at the atomic scale.

| 3D Covalent compounds: TiNiSn, CoSb,, InSb 7

| 3D ionic compounds: PbS, Mg,Si, PbSe, PbTe, a-MgAgSb, CulnTe,, La,Te,

i 2D ionic compounds: CaZn,Sb,, CaMg,Sb,, BiCuSeO, Mg,Sb,, In,Se,, a-Ag,S

| 2D van der Waals compounds: SnSe, Bi,Te, 7
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Figure 3 Summary of ideal shear strengths of important TE materials

3.1 Intrinsic mechanical properties of brittle half-Heusler TiNiSn

Ternary half-Heusler (HH) TiNiSn compounds crystalize in a cubic structure with the F43m
space group [88]. The chemical bonding can be described as a covalent zinc blende [NiSn]* sub-
structures, with Ti** cations donating valence electrons to the sub-structures, as shown in Fig. 4(a).
The shared electrons between Ni and Sn atoms suggest a strong covalent bonding interaction [77].
There are 8 TiSn cubic frameworks in TiNiSn. Half of them are filled with Ni atoms, while half
are empty. If these 4 vacancies are totally filled by Ni atoms, the full Heusler TiNi2Sn structure is
obtained.

We sheared TiNiSn along various slip systems such as (001)/<100>, (001)/<110>, and (111)/<I-
10>, to investigate its deformation and failure mechanism, as shown in Fig. 4(b)-(e). At the small-
strain stage (0 — 0.15 shear strain), the shear stress increases with shear strain, with nearly the same
ratio, suggesting a similar elastic stiffness in three slip systems. Then, as the shear strain increases
further, shear stress nonlinearly increases until the maximum stress point. Beyond that point, the
shear stress gradually decreases, indicating structural yielding. We found that shearing along the
(111)/<1-10> slip system leads to the lowest ideal shear strength of 10.52 GPa, much lower than
those of the other two systems (Fig. 4(b)). At 0.232 shear strain corresponding to the ideal shear
strength, the TiSn framework is distorted to resist the shear deformation (Fig. 4(c)). With further
increasing shear strain, the TiSn framework is further distorted, while the stiffness gradually
softens until reaching the shear strain of 0.323 (Fig. 4(d)). This corresponds to the structural
yielding stage (0.232 — 0.323 strain). At the fracture strain of 0.334, the TiSn framework cannot
resist the deformation, leading to failure . The empty TiSn framework collapses, releasing the shear
stress and leading to shear failure of TiNiSn (Fig. 4(e)). Fig. 4(f) shows the typical bond lengths
7



against shear strain. Some bonds such as Ni2—Ti3, Ni2—Sn7, and Nil-Ti9 bonds are stretched
slightly, with the bond lengths increasing from 2.58 to 2.61 A. This tiny bond change shows clearly
that these bonds contribute little to the resistance of the deformation, explaining that shearing along
the (111)/<1-10> slip system has the lowest ideal shear strength. The Ti9—Sn7 and Ti3—Sn3 bonds
are stretched rapidly from 2.97 to 3.79 A, with a large stretching ratio of 27.61% before failure,
indicating a strongly softened bond. At the fracture strain of 0.334, these two bonds break, with
deconstruction of the TiSn framework, resulting in failure of TiNiSn.

Replacing Ti with Hf and Zr atoms is confirmed to be an effective approach to improve the TE
properties of TiNiSn [42]. Here, we investigated the role of these alloying elements on mechanical
properties of the TiNiSn compound, as shown in Fig. 4(g). The (Ti, Hf, Zr) alloys show more
robust mechanical properties, which we attribute to the enhanced rigidity of the TiSn framework
after alloying with Hf and Zr. Specially, Hf atom seems more effective than Zr atom at
strengthening TiNiSn, because TiosHfosNiSn shows a higher mechanical strength than
Tio.5Zro.sNiSn. However, all the alloying systems exhibit a dramatically decreased shear stress after
the structural yielding process, suggesting that Hf and Zr atoms do not significantly affect the
failure mechanism of TiNiSn.

We further calculated the structural rigidity to quantitatively understand how alloying influences
the mechanical strength of TiNiSn, as shown in Fig. 4(h). The structural rigidity (R) can be

estimated by R =Zkini’ where i is the bond type in the structure, k; is the stretching force

constant of the i bond, and 7. is the number of the i bond in the unit cell, easily obtained from the

structure. We applied the ATAT code [89] to calculate the force constant in (Ti, Hf, Zr)NiSn
systems. Fig. 4(h) clearly shows that the mechanical strength increases with increasing structural
rigidity. HfosZrosNiSn has the highest structural rigidity of 152.4 eV/A2. This explains why this
structure has the highest ideal strength of 12.17 GPa (Fig. 4(g)). Alloying Ti by Hf and Zr can
enhance the structural rigidity, strengthening TiNiSn. The structural rigidity of Tio.sHfosNiSn is
higher than that of Tio.sZro.sNiSn, confirming that Hf element is much more effective than Zr in
strengthening TiNiSn.
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Figure 4 Intrinsic mechanical properties of HH based TiNiSn TE materials [77]. (a) TiNiSn Framework with
calculated isosurfaces (at the value of 0.45) of the electron localization function (ELF). (b) Calculated shear
stress — strain responses of TiNiSn along different slip systems. The atomic structures of TiNiSn along the
(111)/<1-10> slip system at (c) shear strain of 0.232 corresponding to the ideal shear strength, (d) shear strain
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of 0.323 before failure, and (e) failure strain of 0.334. (f) The average bond lengths in TiNiSn against shear
strain. (g). The role of alloying Hf and Zr on mechanical properties of TiNiSn. (h). The ideal shear strength as a
function of structural rigidity of (Ti, Hf, Zr)NiSn TE materials. The red line guides the eyes.

3.2 Intrinsic mechanical properties of ductile compound a-Ag:;S

The ductile 2-dimensional ionic compound c-Ag:S crystalizes in a monoclinic structure with
P2i/c (14) space group at room temperature. Fig. 5(a)-(b) show the structure along a-b and b-c
plane, respectively. The computed electron localization function (ELF) shows that the isosurfaces
are localized around the S atom, suggesting a typical ionic bonding interaction between Ag and S
atoms. As shown in Fig. 5(a), a-Ag>S is a layered structure with the “zigzag”-like Ag-S framework
stacked along the @ axis, which are linked with Ag—S bonds (2.67 A). The inner-layered structure
consists of distorted Ag-S octagons with the ionic Ag—S bond lengths of 2.41 and 2.52 A,
respectively (Fig. 5(b)).

The stress responses against shear strain and tensile strain are shown in Fig. 5(c) and (d),
respectively. We find the (100)[010] and (001)[010] slip systems to have the same ideal strengths
of 1.02 GPa and that they strongly resist deformation until the shear strain of 1.1 and 1.2,
respectively. This suggests that a-Ag>S processes strong ductile characteristic, agreeing well with
experiment showing that c-AgsS is ductile at room temperature [70]. Under tension, the ductility
along the [100] direction is much weaker than shearing along the (100)[010] and (001)[010] slip
systems. This explains why a-Ag>S shows a much smaller elongation of 4.2% under tension but
over 50% strain under compression [70].
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a-b plane and (b) along the b-c plane. (c) Shear stress — strain relationships along different slip systems. (d)
Tensile stress — strain relationships along different tensile systems. Reproduction permitted by NPG

We investigated the atomic configurations and bond-responding processes along two slip systems,
(001)[010] and (100)[010], to explore the underlying ductile mechanism of a-Ag>S, as shown in
Fig. 6 and 7. Fig. 6 shows the pure shear deformation mechanism along the (001)[010] system,
which is an inner-layered shearing system. The Ag-S octagons are distorted coordinating with
shear strain without breaking Ag-S bonds (Fig. 6(b)), while the Agl-S1-Ag3 angle is bent highly,
enabling shear strain. As the shear strain increases to 0.417, the Agl—-S1-Ag3 angle is remarkably
bent from 76.5° to 110.4°, while the Ag2—S1-Ag3 angle is slightly shrunk from 76.5° to 71.4°
(Fig. 6(f)). Then, the Agl-S1-Ag3 angle bends further to 148.6° before failure. However, the
structure can retain its integrity because no bonds break. At the failure strain of 1.196, the Ag4—S1
length increases sharply to 4.35 A (Fig. 6(e)), collapsing the Ag-S octagon framework and leading
to failure of a-Ag>S (Fig. 6(d)). The shear deformation in Fig. 6 shows clearly that the bending of
the Agl-S1-Ag3 angle dominates the plastic mechanism of a-Ag»S for shearing along (001)[010].
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Similarly, Fig. 7 displays the atomic configuration and bond-responding process along the
(100)[010] slip system, which is an inter-layered shear system. With increasing shear strain, the
stacked Ag-S frameworks slide past each other resisting shear deformation (Fig. 7(b)). It is noted
that the Agl and Ag5 move rapidly towards each other during the shear process. At 0.671 shear
strain, the Agl—Ag5 length decreases to 3.15 A. This length is only 8.9% larger than the Ag—Ag
bond length (2.89 A) in metallic Ag, suggesting that a new Agl—-Ag5 metallic bond forms at 0.671
shear strain. This newly formed bonding starts to improve the interaction between these stacked
Ag-S frameworks. With the shear strain increasing to 1.087, the Agl—-Ag5 length reduces
continuously to 2.87 A, which is even shorter than the Ag—Ag length (2.89 A) in metal Ag,
completely coupling the stacked Ag-S frameworks. This strain-stiffening can effectively suppress
the slippage between stacked Ag-S frameworks, maintaining the structural integrity (Fig. 7(c)). At
the failure strain of 1.102, the Ag2—S1 bond breakage leads to the failure of a-Ag>S (Fig. 7(d)).
The shear deformation in Fig. 7 clearly shows that the newly form Ag—Ag bonding is the origin of
the ductile behavior of a-Ag,S for shearing along (100)[010].
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Figure 7 Deformation and failure of ct-Ag>S along the (100)[010] slip system [85]. (a) The intact structure at 0.0
shear strain. (b) Atomic structure at 0.671 shear strain, at which the newly formed Agl—Ag5 bond starts to
strengthen the structure. (c) Atomic structure at 1.087 shear strain, before the structural failure. (d) Atomic
structure at the failure strain of 1.102. (e) The typical bond lengths (Ag5-S1, Agl-Ag5, Ag2-S1, Agl-S1, and
Ag3-S1) as a function of shear strain. Reproduction permitted by NPG

In metals, the mechanism for plastic deformation is slip induced dislocations [90]. This requires
materials with easy slip pathways and good structural integrity. We found a-Ag>S to be ductile,
which we attribute to the following two mechanisms.

(1) Low ideal strength and multiple slip pathways. The ideal shear strength of a-AgzS is
only 1.02 GPa, which is comparable with those of Cu, Al, and Mg metals [87, 91]. In addition,
two most likely slip systems, (001)[010] and (100)[010], create easy pathways for slip.

(i1))  Retaining structural integrity during the whole shear process. During the inner-layered
shearing, there is easy movement of Ag-S octagon framework without breaking Ag—S bonds,
retaining structural integrity (Fig. 6). During inter-layered shearing, newly formed Ag—Ag bonds
holds stacked Ag-S frameworks together, suppressing slippage between stacked Ag-S frameworks,
while maintaining the structural integrity (Fig. 7).

4. Strategies for enhancing the mechanical strength and fracture toughness of TE
materials

4.1 TBs strengthening TE materials

We found nanotwinned Bi>Te; based TE material to possess superior TE performance and
robust mechanical properties [92]. This suggests that TBs might play a significant role in
enhancing the mechanical properties of TE materials, motivating exploring the underlying
mechanism.

We applied DFT to determine the mechanism underlying why TBs super strengthen BizTes,
as shown in Fig. 8. First, we established the nanotwinned structure of BirTes with TBs along the
[702] plane. based on the HRTEM figure (Fig. 8(a)-(b)). Along the TB plane, two covalent
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Tel-Tel bonds are formed with bond lengths of 3.48 A, which further couples the five layered
Tel-Bi—Te2-Bi—-Tel substructures (Fig. 8(a)). The shear stress — strain curves show that
nanotwinned Bi>Te; is much stronger than the single crystalline Bi>Tes. The ideal strength of single
crystalline BixTes is 0.19 GPa, but it can be strengthened to 0.6 GPa from nanotwinning. In the
elastic stage (from 0 to 0.04 shear strain), we found the elastic moduli for nanotwinned Bi>Tes is
59% higher than that of single crystalline Bi>Tes, further illustrating the TB strengthening effect.
This TBs strengthening effect (Fig. 8(c)) agrees well with experimental observations showing that
the flexural strength and compressive strength of (Bi,Sb)>Tes can be strengthened greatly through
structural defects such as the nanotwinned structure (Fig. 8(d)). To illustrate this strengthening
effect, we extracted the structural patterns at critical strains and typical bonding responses during
the shear process (Fig. 8(f)-(i)). The lower half part of nanotwinned Bi»Tes shears along the same
direction as bulk Bi,Tes, leading to stretching of the Te1(2)-Tel(3) and Tel(6)-Tel(7) bonds (Fig.
8(f)). The upper half part shears along the opposite direction, leading to a compression of the
Tel(1)-Tel(2) and Tel(4)-Tel(5) bonds (Fig. 8(f)). The stretching ratio of the newly formed
Tel(2)-Tel(3) bond is much smaller than the Tel(6)-Tel(7) van der Waals bond, indicating the
strong interaction between substructures can be retained with increasing shear strain, giving rise
to a much higher shear stress in nanotwinned Bi>Tes compared with that in bulk Bi>Tes. In addition,
the strong Tel(1)-Tel(2) and Tel(2)-Tel(3) bonds can effectively suppress the softening of the
van der Waals Tel-Tel bonds near the TBs. These lead to a super-strengthened nanotwinned
BixTes (0.60 GPa), triple the ideal strength of its single crystal (0.19 GPa). We notice that this
strain-stiffening effect is found in inorganic crystalline solids [93], where the enhanced material
strength arises mainly from newly formed atomic bonds under large deformations. At 0.134 shear
strain, the Tel(2)-Tel(3) bond stretching ratio increases sharply from 8% to 17%. This suggests
a highly softening or non-bonding interaction (Fig. 8(h)), leading to a sudden drop of the shear
stress (Fig. 8(e)). At 0.145 shear strain, the breaking of the Tel(1)-Te1(2) bond totally destabilizes
the TBs and gives rise to structural failure (Fig. 8(1)).
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Figure 8 Nanotwin super strengthening of Bi;Tes [72]. (a) Structure of nanotwinned Bi,Tes established from
DFT. (b) HRTEM image of twinned structure of Bi>Tes based TE material [92]. (¢) Predicted high strength of
nanotwinned BirTes from DFT. (d) Experimental flexural and compressive strengths of the nanotwinned and
bulk BixTes [92]. (¢) Shear-stress — strain relationships of nanotwinned Bi, Te; with a comparison to bulk Bi>Tes.
(f) The critical bond changes with shear strain. Structural pattern at (g) 0.123, (h) 0.134, and (i) 0.145 shear
strain, respectively. Reproduction permitted from APS and Willey.

4.2 Nanocomposite Strengthening of TE materials

Adding nano-scaled high-strength grains into the matrix was found to be an effectively approach
to strengthen the matrix material [67, 69, 94]. In our experimental work, we added a small amount
of nano TiN into CoSbzs7sTeo.12s TE material. We found that introducting 1.0 vol% TiN can
increase the zT value by 10% compared with the value of TiN-free sample. We attribute this to the
reduction of thermal conductivity resulting from the nano-particle selective phonon scattering
mechanism [69]. More important, we found that the measured flexural strength and fracture
toughness increase gradually with TiN content, as shown in Fig. 9. Specifically, with a 1.0 vol%
nano-TiN ratio, the flexural strength increases from 116.8 MPa to 148.2 MPa, a 31% improvement
compared with that of TiN-free sample. The fracture toughness increases from 1.06 MPam'” to
1.47 MPam'”?, a 40% improvement compared with that of TiN-free sample. The fracture subfigure
embedded in Fig. 9 shows clearly a pinning effect that results from the introduction of TiN nano-
particles into CoSbzsg7sTeo.12s TE material. This creates mechanically interlocked interfaces
between TiN particles and matrix, increasing the resistance against crack growth. This can
significantly change the crack propagation path, leading to a transgranular fracture (Fig. 9), thereby
resulting in a sharp increase of the fracture toughness and flexural strength.

This approach was widely applied to strengthen other important TE materials such as Bi>Tes based
alloys [94] and p-type skutterudites [67], which is beneficial for development of high-strength and
high-toughness TE materials and devices.
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Figure 9 Introducing nano-TiN to strengthen CoSbs; based TE material [69]. Flexural strength and fracture
toughness of CoSbz g75Teo.125 + x vol% TiN composites as a function of TiN content. The embedded figure shows
the crack paths in sample containing 1.0 vol% TiN. Reproduction permitted from Elsevier.

5. Conclusions

In this review, we summarized our recent work on fracture toughness of TE materials in three
sections:

(1) The fracture toughness of TE materials can be estimated from intrinsic mechanical
properties at the atomic scale. This theoretical method can be extended to ceramics and metals.

(2) We applied DFT to investigate the tensile and shear deformation properties for several
series of important TE materials, providing understanding of the intrinsic mechanical properties at
the atomic scale, including ideal strength and fracture mechanisms.

3) We found that nanotwin and nanocomposite strategies can improve remarkably the
mechanical strength and fracture toughness of TE materials, respectively, which is helpful for
development of high performance TE devices with high conversion efficiency and excellent
mechanical reliability.
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