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Uniaxial tension induced failure mechanism of TiNiSn

a. Tensile stress—strain relationship

To understand the tensile mechanics of TiNiSn, we examined the uniaxial tensile ideal
strength at 0 K along different directions, as shown in Figure S1 and Table S1. Tension along
[111] direction shows the lowest ideal tensile strength of 20.73 GPa, which is still much higher
than that of CoSb; (12.9 GPa)' and Mg,Si (5.63 GPa)?, demonstrating the excellent mechanical
behavior of TiNiSn compared to other TE materials. At small tensile strains (less than 0.05), the
stress linearly increases along all tensile directions, and the nonlinear stress response is observed
at larger strain until the ideal strength, indicating that the structure is strongly resistant to the
tensile deformations. After reaching the maximum tensile stress, the curve starts to fall,
corresponding to a ‘plastic’ process. Especially for tension along [100] direction, it shows such a
strong yielding process from strain 0.335 to 0.661. However, the stress suddenly drops at the
fracture strain, indicating the structure can’t resist the tensile deformation any more, leading to

the failure of TiNiSn.

25 L b T i L] % L] x 1 ¥ L] L T
20 . -
E Tension
o a
=15 —=—[1-10]
2 ——[111]
g 10 ——[100] i
2
2
2 2 b {
0 .

00 01 02 03 04 05 06 0.7
Tensile Strain

Figure S1. Calculated stress vs. strain of TiNiSn under different directions of uniaxial tension loads.

Table S1. The ideal strength and fracture strain of TiNiSn under uniaxial tension loads.

Tension
Mechanics
[100] [1-10] [111]
Ideal strength
(GPa) 22.09 24.09 20.73
Failure strain 0.678 0.375 0.295




b. Structure and bonding analysis of TiNiSn under tensile loads

In order to obtain the atomistic understanding of the tensile failure of TiNiSn, we extracted
the atomic configurations and the typical bond lengths along all three tensile directions. Figure S2
shows the structural changes at various strains along the [111] tensile direction. All the bonds are
stretched continuously until the tensile strain of 0.257 corresponding to the ideal tensile strength,
as shown in Figure S2(a). As the tensile strain increases to 0.282, the atomic structure further
deforms as shown in Figure S2(b). Note that the tensile stress decreases from 20.73 GPa to 19.35
GPa, indicating bonds soften even though they have not broken yet. However, at the strain of
0.295, the Ni2-Ti3, Ti9-Snl, and Nil-Sn8 bonds are fully broken, releasing the tensile stress to
3.95 GPa, suggesting the structural collapse. These typical bond lengths with the increasing
tensile strain are plotted in Figure S2(d). At small strains, all the bonds are stretched uniformly,
corresponding to elastic deformation as shown in Figure S1. With the further increased strain, the
Ni2—Ti3 bond is stretched much faster than the other bonds, indicating the Ni2—Ti3 bond softens
before the other bonds. Prior to the failure strain of 0.295, the Ni2-Ti3, Ti9-Snl, and Til-Sn8
bonds are stretched from 2.58, 2.97 and 2.58 A to 3.49, 3.23, and 3.11 A, with an increase of
35.27%, 8.75%, and 20.54%, respectively. The Ni2—Ti3 bond shows a much higher stretching
ratio than that of Ti9—Snl and Nil-Sn8 bonds, suggesting a highly weakened Ni2-Ti3 bond
before failure. But the rigidity of the TiSn framework slightly decreases because of the lowest
stretching ratio (8.75%) of Ti9—Sn1 bond. However, the Ti9—Snl bond length sharply increases
to 4.64 A at the fracture strain of 0.295, indicating bond breakage and the collapse of TiSn

framework, leading to the tensile fracture of TiNiSn.
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Figure S2. The atomic structures along the [111] tension: (a) structure at 0.257 strain corresponding to the
ideal strength, (b) structure at 0.282 strain before failure strain, (c¢) structure at failure strain 0.295. (d) The
average bond lengths (Ni2-Ti3, Ti9-Snl, and Nil-Sn8 bonds) with the increasing tensile strain along the

[111] tension. The gray dashed line represents the strain just before failure.

The structural changes and the average bond lengths (Nil1-Ti4, Ti5—Sn9, and Ni2—Sn4 bonds)
at various strains for [1-10] tension are shown in Figure S3. At a strain of 0.257 corresponding to
the maximum stress of 24.09 GPa, the TiSn framework can’t remain cubic as shown in Figure
S3(a) but the structure exhibits the maximal resistance on external deformations. As the strain
increases to 0.361, the TiSn framework deforms continually but the structural rigidity gradually
softens because the stress is decreased. At the fracture strain of 0.375, the TiSn framework can’t
resist tensile deformations and collapse as shown in Figure S3(c), with the stress steeply
decreasing from 22.33 GPa to -2.02 GPa. The typical bond lengths of Nil-Ti4, Ti5—Sn9, and
Ni2—Sn4 with the tensile strain are plotted in Figure S3(d). With the increased strain from 0 to
0.361, the Nil-Ti4 bond is stretched much faster than the other bonds, indicating the more
softening effects of Nil-Ti4 bond than the other bonds. Prior to the failure strain of 0.295, the
Nil-Ti4, Ti5—Sn9, and Ni2—Sn4 bonds are stretched from 2.58, 2.97 and 2.58 A to 3.27, 3.50,
and 3.11 A, with an increase of 26.74%, 17.85%, and 20.54%, respectively. The Nil-Ti4 bond

shows a much higher stretching ratio than that of Ti5—Sn9, and Ni2—Sn4 bonds, suggesting that
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the Nil1-Ti4 bond softens before the other bonds. However, the breakage of Ti5—Sn9 bond (6.42
A) a strain of 0.375 leads to the collapse of the TiSn framework and the tensile fracture of TiNiSn.
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Figure S3. The atomic structures along the [1-10] tension: (a) structure at 0.257 strain corresponding to the
ideal strength, (b) structure at 0.361 strain before failure strain, (c) structure at failure strain 0.375. (d) The
average bond lengths (Ni1-Ti4, Ti5—Sn9, and Ni2—Sn4 bonds) with the increasing tensile strain along the

[1-10] tension. The gray dashed line represents the strain just before failure.

The structural snapshots and the average bond lengths (Ni2—Sn3, Ni2—Ti7, Ti6—Sn3, and
Ti7-Sn3 bonds) at various strains for the [100] tension are shown in Figure S4. At the 0.335
strain, the structure deforms uniformly and the TiSn framework changes to a rectangular shape as
shown in Figure S4(a). As the strain increases to 0.661, the TiSn framework still remains
rectangular in shape while the rigidity of TiSn framework is highly softened because of the rapid
increase of Ti6—Sn3 bond length (from 2.97 to 4.94 A). Meanwhile, the Ni2—Sn3 and Ni2-Ti7
bonds are uniformly stretched (Figure S4(d)), indicating the structure uniformly resists the
deformation, which well explains the larger plastic deformation from strain 0.335 to 0.661 as
shown in Figure S1. Finally, the further deformation deconstructs the TiSn framework and causes
the structural collapse at a fracture strain of 0.678 as shown in Figure S4(c). The typical bond
lengths of Ni2—Sn3, Ni2-Ti7, Ti6—Sn3, and Ti7-Sn3 bonds show linear changes with the tensile

strain until the fracture strain as plotted in Figure S4(d), which verifies that the structure



uniformly resists tensile deformation. The Ni2—Sn3 bond is linearly stretched from 2.97 to 4.94 A
with a stretching ratio of 66.33%, meanwhile the Ti7-Sn3 bond shrinks from 2.97 to 2.69 A with
a shrinking ratio of 9.43%. The Ni2—Sn3 and Ni2—Ti7 bonds are simultaneously stretched from
2.58 to 3.12 A with a stretching ratio of 20.93%. The breakage of Ni2—Sn3 and Ni2-Ti7 bonds

(4.61 and 5.51 A) can’t maintain structural uniformity, leading to the collapse of TiSn framework.
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Figure S4. The atomic structures along the [100] tension: (a) structure at 0.335 strain corresponding to the
ideal strength, (b) structure at 0.661 strain before failure strain, (c) structure at failure strain 0.678. (d) The
average bond lengths (Ni2—Sn3, Ni2—Ti7, Ti6—Sn3, and Ti7—Sn3 bonds) with the increasing tensile strain

along the [100] tension. The gray dashed line represents the strain just before failure.



The effect of the random structure on mechanics of TiysHf,sNiSn
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Figure SS. (a) The ordered structure of TigsHfpsNiSn alloy along the (111)/<I-10> slip system, (b) A
special random structure of TiysHfy sNiSn alloy along the (111)/<1-10> slip system, (c) Another special

random structure of TiysHf, sNiSn alloy along the (111)/<1-10> slip system, (d) Calculated shear stress vs.
strain of Tiy sHfy sNiSn alloy under different structures.
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