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Origin of shear induced ‘catching bonds’
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Half Heusler materials exhibit excellent thermoelectric and mechanical properties, rendering them
potential candidates for advanced thermoelectric devices. Currently, the developments on
interrelated devices are impeded by their inherent brittleness and limited ductility. Nevertheless, it
exists thepotential ductility onhalfHeuslermaterialswith face-centeredcubic sub-lattices through the
expectation of the occurrence of shear-induced ‘catching bonds’which can result in excellent ductility
on other face-centered cubic materials. This work focuses on half Heusler thermoelectric materials
XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf), the shear deformation failure processes are deeply
investigated through the first principle calculations. Shear-induced ‘catching bonds’ are found on
XFeSb (X =Nb, Ta) along the (111)/<-1-12> slip system, which releases the internal stress and exactly
resulting in the potential ductility. According to the thermodynamic criterion based on generalized
stacking fault energy, the essence of shear-induced ‘catching bonds’ are interpreted as the (111)/
<-110> slips formed by several 1/3(111)/<-1-12> partial dislocations motions. During the (111)/<-1-
12> shear on SnNiY (Y = Ti, Zr, Hf), the structural integrity is maintained without inducing ‘catching
bonds’. Different deformation processes occurring in the identical crystal structure are elucidated
through the energy explanation, revealing that shear-induced ‘catching bonds’ originate from the
crystal plane cleavage on the (111) plane. The present works offer significant advantages for the
assessment and comprehension of shear-induced ‘catching bonds’ in other materials and facilitate
the development of XFeSb (X =Nb, Ta)-based thermoelectric devices with excellent ductility.

After decades of advancements in thermoelectrics, the realization of
stable and efficient thermoelectric devices appears to be on the horizon1,2.
Currently, the developing progress of thermoelectric devices is hindered
by their limited mechanical properties3. During applications, in order to
prevent failure or fracture caused by external mechanical or thermal
stress, it is crucial for thermoelectric devices to possess excellent ther-
modynamic stability and robust mechanical properties, in which the
intrinsic mechanical properties of thermoelectric materials play a crucial
role4,5. Furthermore, recent advancements in flexible thermoelectric

materials have opened up possibilities for the development of wearable
thermoelectric devices, necessitating the utilization of thermoelectric
materials with exceptional ductility6. However, the majority of thermo-
electric materials exhibit brittleness, low strength, low toughness, and
low ductility. Therefore, searching for thermoelectric materials with
excellent mechanical properties and conducting thorough investigations
into the intrinsic mechanical properties of known thermoelectric
materials holds immense practical significance for designing and
developing enduringly stable thermoelectric devices.
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Among the thermoelectric family, half Heusler compounds (HHCs)
exhibit both excellent thermoelectric properties (ZT > 1 for both n- and p-
type) and robustmechanical properties, resulting in the high expectation for
developing advanced thermoelectric devices7,8. Numerousworks3 have been
conductedon themechanical properties ofHHCs, revealing that their elastic
moduli range from 144 to 236 GPa, fracture toughness range from 1.8 to
2.3MPam1/2, and thermal expansion range from8.8 to 11.2 × 10−6 K−1. Our
previous work has investigated the intrinsic mechanical properties of
SnNiTi and revealed that it possesses the lowest ideal shear strength of
10.52 GPa along the (111)/<-110> slip systems with the softening Ti–Sn
covalent framework during deformations9. Despite the high mechanical
properties exhibited by HHCs within the thermoelectric family, their
inherent brittleness and limited ductility have also been consistently
reported3,10, posing a significant challenge for the development of endur-
ingly stable thermoelectric devices, particularly flexible ones.

To achieve excellent ductility on materials, previous works have
revealed that the presence of shear-induced ‘catching bonds’ can be effective
on face-centered cubic materials11. ‘Catching bonds’ refers to the structural
rearrangement process during deformations, wherein partial bonds are
cracked and simultaneously several bonds are formed, ultimately resulting
in the restoration of crystal structure to the initial state. Further deforma-
tions can result in the repetitive deformation response as the initial state.
Theoretic infinite repetitive deformation response can thereby result in
excellent ductility. Our previous works have observed ‘catching bonds’ in
nano-twinned InSb during the (111)/<−1-12> shear11 while the distin-
guishing structural characteristic of nano-twinned InSb lies in its two
interpenetrating face-centered cubic sub-lattices. It captivates our attention
with the anticipation of the occurrence of shear-induced ‘catching bonds’ in
HHCs crystallized by three interpenetrating face-centered cubic sub-
lattices3,12, which can result in potential ductility.

This work, focuses on half Heusler thermoelectric materials XFeSb
(X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf), mechanical properties and the
shear deformation processes are deeply investigated through the first
principle calculations. Shear-induced ‘catching bonds’ are observed on
XFeSb (X =Nb, Ta) along the (111)/<-1-12> slip system, which releases the
internal stresswithoutdestroying structural integrity, exactly resulting in the
theoretically infinite ductility. Through the generalized stacking fault
energy-based thermodynamic criterion, ‘catching bonds’ are considered as
the (111)/<−110> slips composed of several 1/3(111)/<-1-12> partial dis-
locationmotions. The shear deformation processes along the (111)/<-1-12>
slip system on SnNiY (Y = Ti, Zr, Hf) exhibit differences in that the struc-
tural integrity is consistentlymaintainedwithout inducing ‘catching bonds’.
The different deformationmechanismwithin the identical crystal structure
is explained by the energy criterion that shear-induced ‘catching bonds’ can
only occur when the systematic energy during the shear processes reaches
the cleavage energy threshold while simultaneously a reasonably stacking
fault energy valley and a viable dislocation motion path exist. The present
work is beneficial in assessing and comprehending shear-induced ‘catching
bonds’ in other materials, and meanwhile facilitates the development of
XFeSb (X =Nb, Ta)-based thermoelectric devices with excellent ductility.

Results and discussion
Crystal structure and elastic properties of XFeSb (X =Nb, Ta) and
SnNiY (Y = Ti, Zr, Hf)
The optimized crystal structures of XFeSb (X =Nb, Ta) and SnNiY (Y = Ti,
Zr, Hf) strictly conform to the standard crystal structure of HHCs with the
space group of F43m (No. 216), which is shown in Supplementary Fig. 2.
With the chemical formula written in the order of ABC, A atoms occupy 4a
sites at (0, 0, 0), B atoms occupy 4c sites at (0.25, 0.25, 0.25), C atoms occupy
4b sites at (0.5, 0.5, 0.5), while the remaining 4d sites at (0.75, 0.75, 0.75) are
vacant. A, B, and C atoms jointly constitute three interpenetrated face-
centered cubic sub-lattices. The calculated lattice parameters of XFeSb
(X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) are 5.96, 5.96, 5.94, 6.14, and
6.11 Å, respectively, as listed in SupplementaryTable 1, which exhibit a high
level of concordance with previous works9,12–15.

The elastic properties of XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr,
Hf) are also listed in Supplementary Table 1. Young’s modulus of XFeSb
(X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) are 201.15, 215.64, 170.96, 183.96,
and198.84GPawhile their shearmodulus are 77.54, 83.50, 67.27, 73.51, and
79.78 GPa, respectively. In terms of numerical value, they exhibit state-of-
the-art performancewhen compared to other thermoelectricmaterials such
as Bi2Te3 (Young’s modulus of 61.6 GPa and shear modulus of 24.8 GPa)16

and CoSb3 (Young’s modulus of 145.38 GPa and shear modulus of
59.45 GPa)17.

Ideal shearstrengthand fracture toughnessofXFeSb (X =Nb,Ta)
and SnNiY (Y = Ti, Zr, Hf)
Along the typical (111)/<-1-12>, (111)/<11-2>, and (111)/<-110> slip sys-
tems on the face-centered cubic structure18, the shear stress–strain response
of XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) are investigated and the
results of the representative TaFeSb and SnNiTi are shown in Supple-
mentary Fig. 3. Among all the slip systems, (111)/<-1-12> slip system
exhibits the lowest ideal shear strength in both TaFeSb and SnNiTi, indi-
cating that (111)/<-1-12> slip system should be easiest activated.

Focus on the (111)/<-1-12> slip system, the shear stress–strain
response of XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) are shown in
Fig. 1 while the ideal shear strength and fracture toughness are shown in
Table 1. Along the (111)/<-1-12> slip system, the ideal shear strength of
XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) is located at the order of
101 GPa. Since there is hardly direct shear strength data in the experiments,
other strength is compared in this work. Compared with the experimental
compression strength of 2.5–4.45 GPa on half Heusler materials
Hf0.44Zr0.44Ti0.12CoSb0.8Sn0.2withdifferent synthesis and testingmethods19,
our theoretical shear strength is obviously higher, which is caused by the
ideal perfect single crystal and ideal loading conditions used in the first
principle calculations. The fracture toughness of SnNiY (Y = Ti, Zr, Hf) is
located at the order of 100MPam0.5 while the fracture toughness of XFeSb
(X =Nb, Ta) is vacant due to the lack of the negative shear stress. The
resistance to the shear deformation of XFeSb (X =Nb, Ta) and SnNiY
(Y = Ti, Zr,Hf) surpassesmost of the other thermoelectricmaterials, such as

Fig. 1 | Shear stress-strain response of XFeSb (X = Nb, Ta) and SnNiY (Y = Ti, Zr,
Hf) along the (111)/<–1-12> slip system.

Table 1 | Ideal shear strength and fracture toughness of XFeSb
(X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) along the (111)/<−1-12>
slip system

Compounds Ideal shear strength (GPa) Fracture toughness (MPam0.5)

NbFeSb 13.32 /

TaFeSb 14.76 /

NiSnTi 9.81 1.01

NiSnZr 10.74 1.05

NiSnHf 11.03 1.12
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CoSb3 (7.21 GPa and 0.52MPam0.5) and PbTe (3.45GPa and
0.26MPam0.5)20, indicating that XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr,
Hf) are potential to serve as mechanically robust thermoelectric materials.

As shown in Fig. 1, XFeSb (X =Nb, Ta) and SnNiY (Y = Ti, Zr, Hf)
exhibit different shear stress–strain response along the (111)/<-1-12> slip
system. The shear stress–strain response of XFeSb (X =Nb, Ta) exhibits
repetitive stress-releasing processes that after each stress reduction process,
the shear stress does not reach a negative value and further shear defor-
mation can result in a repeat stress–strain response. The ideal shear strength
of each stress–strain response remains consistent, indicating that each
stress–strain response may be equivalent. Such stress–strain responses are
similar to the characteristic features of ‘catching bonds’ stress–strain
responses11, which should be further verified by comprehensively investi-
gating their deformation mechanism. As for SnNiY (Y = Ti, Zr, Hf), the
shear stress–strain responses exhibit common behavior without drastic
stress reduction processes until reaching the negative shear stress.

Shear-induced ‘catching bonds’ on XFeSb (X =Nb, Ta) along the
(111)/<-1-12> slip system
Figure 2 shows the atomic configuration of TaFeSb during the (111)/
<-1-12> shear combined with the dynamic response of the chemical
bonds. From 0 to 0.42 strain, the crystal structure of TaFeSb undergoes
uniform deformation to resist deformation. Ta6–Sb5 bond exhibits the
greatest variation in bond length as shown in Fig. 2d, increasing from
3.00 to 3.90 Å (an increase of 30%), indicating that stretched Ta–Sb
bonds dominate the deformation in this process. From 0.42 to
0.43 strain, all bonds across the (111) plane between Ta7 and Sb5 atoms
are cracked and recombined while such particular (111) plane is
marked as the purple line in Fig. 2c. The bond length variations of
representative cracked Ta6–Fe3 bondmarked as the orange dotted line
in Fig. 2c and formed Fe3–Ta7 bond are shown in Fig. 3b. The bond
length of Ta6–Fe3 bond and Fe3–Ta7 bond have been interchanged
during the stress reduction process. By conducting a meticulous
comparison between the atomic configuration of TaFeSb at 0.43 strain
and 0 strain as shown in Fig. 3a, the deformed atomic configuration is
superimposed onto the perfect TaFeSb supercell, indicating that the
actual atomic configuration is entirely equivalent. The deformed
atomic configuration into the initial state can effectively release the
internal stress, which is consistent with previously reported ‘catching
bonds’21. Therefore, combined with the shear stress–strain response as
shown in Fig. 1, herein, we believe that TaFeSb undergoes ‘catching
bonds’ during the (111)/<-1-12> shear.

To verify the repeatability of ‘catching bonds’, Fig. 3 shows the atomic
configurations of TaFeSb after each stress-releasing process combined with
the dynamic response of the representative Ta6–Fe3 and Ta7–Fe3 bonds. It
is observed that the atomic configuration and the corresponding bond
lengthswill invariably revert to the initial state without destroying structural
integrity, indicating that ‘catching bonds’ can happen infinitely. The
repeatability featureof ‘catchingbonds’ can result in the theoretically infinite
fracture strain, leading to theoretical infinite fracture toughness. Therefore,
theoretically, TaFeSb can exhibit excellent ductility along the (111)/<-1-12>
slip system, which is beneficial for developing flexible thermoelectric
devices.

To further investigate the essence of ‘catching bonds’, a partially
enlarged diagram is shown in Fig. 2c, indicating that ‘catching bonds’
result in the cracking of the Ta6–Fe3 bond and the formation of
Fe3–Ta7 bond. Such a structural rearrangement process reminds us of
the similar phenomenon reported previously on diamond22 and
metals23, which is considered as the dislocation-induced slip24. Through
such thought, ‘catching bonds’ can be indeed understood as (111)/
<-110> slip marked as the purple arrow in the partially enlarged dia-
gram of Fig. 2a. Intuitively, the observed (111)/<-110> slip can be
attributed to the presence of the (111)/<-110> perfect dislocation,
however, caution must be exercised in directly associating this slip with
the (111)/<-110> perfect dislocation due to the absence of direct

observation of the intermediate process during structural mutation.
The direct first principle simulations can only capture the atomic
configuration before and after the structural mutation while the inter-
mediate process solely aims to identify the energy-minimizing proce-
dure but does not accurately depict the true atomicmotion22. In order to
elucidate the intermediate process on the (111)/<-110> slip, the ther-
modynamic criterion should be imposed through the generalized
stacking fault energy (GSFE).

Figure 4a shows the schematic diagramof the calculationmodel for the
GSFE calculations, which comprise three independent (111) planes
including one shuffle plane (abbreviated as S plane hereafter) and two glide
planes (abbreviated as G1 and G2 planes hereafter). The dislocation
displacement-dependent GSFE results of TaFeSb along the typical (111)/
<-1-12>, (111)/<-110> slip systems are shown in Fig. 4b. Partial data points
on the G1 and G2 planes are absent due to the computational non-
convergence resulting from the inadequate input atomic configuration with
various overlapping atoms and these data points certainly exhibit higher
GSFE than the convergence points. Among three independent (111) planes,
the GSFE results on the S plane exhibit comparatively lowest value along
both the (111)/<-1-12> and (111)/<-110> slip systems, indicating that the
dislocation activation on the S plane is prior in TaFeSb. Herein, the S plane
precisely aligns with the purple dotted line depicted in Fig. 2c, indicating the
bond cracking is exactly what happened on the S plane.

In addition, on the S plane, TaFeSb exhibits the unstable stacking fault
energy γus of 2.35 J m

−2 along the (111)/<-110> slip system and 2.55 Jm−2

along the (111)/<-1-12> slip system,while the stable stacking fault energy γs
exists along the (111)/<-1-12> slip systemwith the value of 1.57 J m−2 at the
dislocation displacement of 1/3 × b. Numerically, γs is significantly less than
γus, indicating that just in terms of energy, 1/3(111)/<-1-12> partial dis-
location on the S plane is considered to be activated in TaFeSb.

Certainly, the (111) plane exhibits a multitude of orientations not
merely including <-1-12> and <-110>, while the GSFE result along whole
the S plane of TaFeSb is shown inFig. 4c. It is found that an energy valleyhas
existed at the dislocation displacement of equivalent (111)/<-110> perfect
dislocation and a viable energy pathway to this energy valley can be iden-
tified through two 1/3(111)/[-1-12] partial dislocation motions. Therefore,
through the GSFE-based thermodynamic criterion, the (111)/<-110> slip
observed during the (111)/<-1-12> shear of TaFeSb can be regarded as two
1/3(111)/<-1-12> partial dislocations motions instead of the (111)/<-110>
perfect dislocation. The manifestation of such dislocation-induced slip in
the atomic configuration is shown in the enlarged diagram of Fig. 2a that
(111)/<-110> slip marked as purple arrow can be decomposed into two 1/
3(111)/<-1-12> partial dislocations motions marked as black arrows. In
summary, the essence of ‘catching bonds’ is regarded as the continuous 1/
3(111)/<-1-12> partial dislocations motions.

The shear performance of NbFeSb along the (111)/<-1-12> slip sys-
tems is similar to that of TaFeSbwith shear-induced ‘catching bonds’, which
are shown in Supplementary Fig. 4.

Deformation failuremechanism of SnNiY (Y = Ti, Zr, Hf) along the
(111)/<-1-12> slip system
Figure 5 show the atomic configurations of SnNiTi during the (111)/<-1-
12> shear, accompanied by the dynamic response of chemical bonds. Dif-
ferent from the shear-induced ‘catching bonds’observed onXFeSb (X =Nb,
Ta), within the entire shear strain range, the crystal structure of SnNiTi
undergoes almost uniform deformation to resist deformation without
obvious bond cracking. Sn6–Ti5 bond exhibits continuous increasewith the
greatest variation in bond length, indicating that stretched Sn–Ti bonds
dominate the deformation. Except Sn6–Ti5 bond, the bond length of the
other bonds is almost unchanged. The structural integrity is always main-
tained while ‘catching bonds’ are not observed. The internal stress is gra-
dually released through softening the crystal structure.

The shear performanceof SnNiZr andSnNiHf along the (111)/<-1-12>
slip systems are similar to that of SnNiTi without inserting ‘catching bonds’,
which are shown in Supplementary Figs. 5 and 6.
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Energy explanation on the origin of shear-induced ‘catch-
ing bonds’
XFeSb (X =Nb,Ta) and SnNiY (Y = Ti, Zr,Hf), with identical face-centered
cubic sub-lattices, exhibit different shear responses along the (111)/<-1-12>
slip system. The former is characterized by the presence of ‘catching bonds’
while the latter lacks such a feature, rendering it high significance for
investigating the origin of ‘catchingbonds’. As shown inFig. 2 andS4, shear-
induced ‘catching bonds’observed inXFeSb (X =Nb, Ta) can be considered
as occurring through a two-step process. The first step involves bonds
cracking on the S plane resulting in the crystal plane cleavage while the
second step is the re-bonded process. In SnNiY (Y = Ti, Zr,Hf), thefirst step

of crystal plane cleavage does not happen, thus avoiding the second step and
completing ‘catching bonds’. Therefore herein, we guess that the pre-
condition of the ‘catching bonds’ should be the occurrence of the crystal
plane cleavage during the shear processes.

To access the occurrence of the crystal plane cleavage, the ther-
modynamic criterion can be employed by applying a threshold based on
the cleavage energy γc. When the systematic energy during the shear
processes exceeds the cleavage energy threshold, the crystal plane
cleavage occurs, otherwise, the structural integrity is maintained.
Figure 6 shows the shear strain-dependent relative systematic energy
of XFeSb (X = Nb, Ta) and SnNiY (Y = Ti, Zr, Hf) during the

Fig. 2 | The atomic configurations and dynamic
chemical bonds length ofTaFeSb beforefirst stress
releasing process during the (111)/<–1-12> shear.
a–c The atomic configuration of TaFeSb projected
onto the (–110) and (111) planes during the (111)/
<–1-12> shear at the original shear strain of 0, shear
strain before stress releasing of 0.42, and shear strain
after stress releasing of 0.43, respectively. The partial
structure are enlarged.dThe dynamic response of all
non-equivalent chemical bonds before first stress
releasing process.
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(111)/<-1-12> shear, accompanied by the corresponding cleavage
energy threshold on the S plane. The relative systematic energy is
aligned to the systematic energy at 0 strain. During the shear process,
the systematic energy of XFeSb (X = Nb, Ta) gradually increases and
finally reaches the cleavage energy threshold, resulting in the
crystal plane cleavage. In contrast, the systematic energy of SnNiY
(Y = Ti, Zr, Hf) gradually increases and reaches a yield value of 3.16,
3.25, and 3.35 J m−2, respectively, which are lower than the cleavage
energy threshold of 3.59, 3.64, 3.77 J m−2, respectively, resulting in the
maintenance of the structure integrity without crystal plane cleavage.
The results from the thermodynamic criterion verify our guess and
meanwhile agree well with our shear simulation mentioned above.

The above discussion in the section “Generalize stacking fault energy
calculations” has highlighted that the essence of ‘catching bonds’ is the
dislocation-induced slip. Combined with the origin of ‘catching bonds’
found through the energy criterion as the crystal plane cleavage, shear-
induced ‘catching bonds’ are ultimately regarded as the crystal plane clea-
vage followed by dislocation motions. It is worth noting here that the
understanding of shear-induced ‘catching bonds’ extends beyond the face-
centered cubic crystal structure, suggesting the potential for identifying
ductility inothermaterials. Shear-induced ‘catchingbonds’only require that
the systematic energy during shear processes reaches the cleavage energy
threshold, while simultaneously ensuring a reasonably stacking fault energy
valley and a viable dislocation motion path.

Fig. 4 | The generalized stacking fault energy cal-
culations model and generalized stacking fault
energy results of TaFeSb. a The schematic diagram
of the calculation model for the GSFE calculations
including three independent (111) planes.
b Dislocation displacement dependent GSFE of
TaFeSb along the (111)/<–110> and (111)/<–1-12>
slip systems. cGSFE of TaFeSb onwhole the S plane.
The x- and y-axis are along the [–1-12] and [–110]
orientations, respectively, containing the complete
burgers vector. The color legend exhibits a loga-
rithmic distribution.

Fig. 3 | the atomic configurations and dynamic
chemical bonds length of TaFeSb after each stress
releasing process during the (111)/<–1-12> shear.
a The atomic configurations of TaFeSb after each
stress releasing process at shear strains of 0.43, 1.05,
and 1.84, respectively. The shadow background is
prefect TaFeSb supercell. bThe dynamic response of
Ta6-Fe3 and Ta7-Fe3 bonds through three stress
releasing processes.
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In summary, the shear-induced ‘catching bonds’ are investigated on
half Heusler thermoelectric materials XFeSb (X =Nb, Ta) and SnNiY
(Y = Ti, Zr, Hf). Shear-induced ‘catching bonds’ are found along the
(111)/<-1-12> slip system on XFeSb (X =Nb, Ta), resulting in theoretical
infinite fracture toughness. Through the generalized stacking fault energy-
based thermodynamic criterion, ‘catching bonds’ are interpreted as the
(111)/<-110> slips composed of several 1/3(111)/<-1-12> partial disloca-
tions.The sheardeformationprocess along the (111)/<-1-12> slip systemon
SnNiY (Y = Ti, Zr, Hf) shows a difference that the structural integrity is
consistently maintained without the occurrence of ‘catching bonds’.
Through the energy explanation, shear-induced ‘catching bonds’ are
regarded as the crystal plane cleavage followed by dislocationmotions while

the precondition necessitates that the systematic energy during the shear
deformations reaches the cleavage energy threshold and simultaneously
ensures the presence of a reasonably stable stacking fault energy and a viable
dislocation motion path. A deep understanding of the shear-induced
‘catching bonds’ can be beneficial in the assessment and comprehension of
similar phenomena in other materials.

Methods
DFT calculation settings
The first principle calculations were completed through density functional
theory (DFT) based Vienna ab initio Simulation Package (VASP)25 with
Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional and

Fig. 6 | Shear strain dependent relative systematic
energy of XFeSb (X=Nb, Ta) and SnNiY (Y= Ti,
Zr, Hf) during the (111)/<–1-12> shear. a and
b Shear strain dependent relative systematic energy
of XFeSb (X = Nb, Ta) and SnNiY (Y = Ti, Zr, Hf)
during the (111)/<–1-12> shear. Dotted lines are the
cleavage energy threshold on the S plane.

Fig. 5 | The atomic configurations and dynamic
chemical bonds length of SnNiTi beforefirst stress
releasing process during the (111)/<–1-12> shear.
a–d The atomic configuration of SnNiTi projected
onto the (–110) planeduring the (111)/<–1-12>
shear, at original shear strains of 0, three shear
strains after the peak stress of 0.46, 0.49, and 0.61,
respectively. e The dynamic response of all non-
equivalent chemical bonds.
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projector-augmented wave (PAW) method26. The structural convergence
criterionwas set with plane wave cutoff energy of 600 eV, Gamma-centered
k-points reciprocal space sampling of 7 × 7 × 7, energy difference for solving
the electronic wave function of 1 × 10−7 eV, and force difference for geo-
metry optimization of 1 × 10−2 eV Å−1.

Mechanical properties calculations
The elastic constants were calculated directly through the built-in program
on VASP. From the calculated elastic constants, bulk modulus, shear
modulus, Young’s Modulus, and Poisson’s ratio were obtained through the
Voigt–Reuss–Hill method27, while hardness was obtained by the empirical
equation28. The calculation models for structural relaxation and elastic
constants on the unit cells include 12 atoms.

The shear simulations were realized by imposing the shear strain
on a particular slip system while the five other strain components were
allowed to be relaxed11,17,20,29–34. The calculation models for the shear
simulations are employed on the supercell including 96, 48, 72, 72, and
72 atoms along the (001)/<100>, (001)/<110>, (111)/<-110>, (111)/
<-1-12>, and (111)/<11-2> slip systems, respectively. The variation in
the atomic numbers is attributed to the different structural modeling in
different slip systems. The ideal shear strength was defined as the
maximum shear stress during the shear process. Herein, the calculated
mechanical strength corresponds to the theoretical maximum strength
achievable in the experiments due to the ideal perfect crystal structure
and the ideal loading conditions.

Only one kind of facture toughness KIIc is considered in this work
because the actual pure shear simulations can only match the slidingmodel
while the estimation of the facture toughness KIc and KIIIc should be
achieved through other kinds of simulations. The fracture toughness KIIc

during the shear deformations can be expressed by Eq. (1) as20,30

K2
IIc ¼

2GIIcG
1� v

¼ 2G
1� v

Z fracture

0
σdl ð1Þ

whereGwas the shearmodulus, vwas the Poisson’s ratio,GIIc was called the
energy release ratewhile σ was the shear stress, lwas the lattice displacement
converted from the shear strain, and the upper limit of integral, fracture,
corresponded to the shear strainwhere the shear stress reaching thenegative
value. The converted shear stress-lattice displacement curve of SnNiTi as an
example was shown in Supplementary Fig. 1.

Generalize stacking fault energy calculations
The generalized stacking fault energy (GSFE) was calculated by the energy
difference between the perfect structure and the structure with the inserted
dislocations while atomswere only relaxed perpendicular to the slip plane21.
The cleavage energy was calculated by the energy difference between the
perfect crystal structure and the split crystal structure along the particular
plane while atoms were unrelaxed. The calculation models used for gen-
eralized stacking fault energy calculations include 144 atoms with a 10 Å
vacuum layer whose schematic diagrams are shown in Fig. 4a.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its supplementary information files.
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