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Supplemental Information

Note S1: For each of the materials in this study, the computationally derived ideal stress-strain
curves were converted to stress-displacement curves. This was done by multiplying the strain
by the relevant lattice parameter. The relevant lattice parameter is the length of the unit cell
along the crystallographic direction in which the crystal is being pulled either in tension or shear.
For instance, for a cubic material being pulled in the <100> direction, the relevant lattice
parameter was simply the lattice parameter, a. Likewise, for a BCC material being pulled in the

<111> direction, the relevant lattice parameter is ga. In order to convert the stress-strain curve

to a stress-displacement curve, the strain was multiplied by this relevant lattice parameter. G
was then calculated by integrating under these stress-displacement curves in figures S1-S22.
Since many of the datasets include the large strains corresponding to zero stress, many of them
had to be extrapolated to that zero point. This was done by linearly extrapolating the last few
data points to get an overall shape consistent with other datasets. While this linear extrapolation
may introduce some error, this error is very minimal in its effect on the calculated value of
fracture toughness.



Table S1: Calculated fracture toughness values from this estimation of G for shear (mode II)

and tensile (mode |) loading conditions. Additional parameters used in estimating fracture

toughness are also tabulated where E is the Young’s modulus, y is the shear modulus, and v is
the Poisson’s ratio. The elastic properties (E, u, and v) are isotropic values unless otherwise
noted by a crystallographic direction in parenthesis.
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Material Fracture Calculated | Estimated Unit cell E (GPa) M (GPa) v
Mode Fracture G parameter(s)
Toughness (A)
(MPaym)
Bi.Tes Mode Il 0.02 0.02 a=4.47, 152 112 0.272
c=31.15'
CaMg,Sb, | Mode I 0.17 0.40 a=4.69, 69° 283 0.223
c=7.59%
CazZn,Sb, | Mode I 0.13 0.30 a=4.50, 523 203 0.30°
b=7.513
CoSbs Mode I 0.46 1.38 a=9.048* 1454 594 0.23*
CoSbs Mode | 0.56 2.04 a=9.048* 1454 594 0.23*
Ge Mode | 0.80 3.95 a=4.075? 155 452 0.192
(<111>)5
InSb Mode I 0.24 1.07 a=6.648° 49° 19° 0.28°
LasTes Mode I 0.07 0.07 a=9.686" 64’ 257 0.297
MgsSb, Mode I 0.10 0.18 a=4.59, 483 183 0.313
c=7.27°
PbS Mode I 0.43 2.29 a=5.994% 778 308 0.278
PbSe Mode I 0.33 1.44 a=6.207% 708 288 0.268
PbTe Mode I 0.23 0.82 a=6.56° 608 248 0.248
PbTe Mode | 0.28 1.27 a=6.568 608 248 0.248
Si Mode | 0.82 3.81 a=3.6862 169 612 0.22
(<111>)°
SnSe Mode I 0.04 0.03 a=11.790, 41" 170 0.21"°
b=4.219,
c=4.524"°
TiC Mode I 212 9.94 a=4.3372 429 1762 0.22
TiN Mode I 1.98 8.26 a=4.2551 437 1802 0.24
TiNiSn Mode I 0.63 212 a=5.912" 172" 67" 0.28"
TiNiSn Mode | 0.90 4.31 a=5.912" 172" 67" 0.28"
w Mode I 0.91 1.85 a=3.17" 540 161 0.28"
(<100>)" | (<110>{100})"?
3
w Mode | 1.00 1.70 a=3.17" 540 161 0.28"




Table S2: Comparison between fracture toughness values calculated with this method and
fracture toughness values from literature experiments

Material Calculated Fracture Crystallographic | Experimental | Crystallographic
Fracture Mode of Plane/Direction Fracture Direction of
Toughness Calculation of calculation Toughness Experiment
(MPa\'m) (MPa\/m)
. 0.042 +£0.16"° | (0001)
Bi;Tes 0.02 Mode I (001)<502> 0.6-0.71 Polycrystalline
0.46 Mode Il (001)<100> 1.7"7 Polycrystalline
CoSbs 0.51 4+ 0.06" | Polycrystalline
0.56 Mode 1 <100 0.82 +0.11"® | Polycrystalline
Ge 0.80 Mode 1 <111> 0.72-0.745 <111>
LasTeq 0.07 Mode I (001)<100> 0.68-0.71"° Polycrystalline
PbS 0.43 Mode I (001)<100> 0.754+0.048 Polycrystalline
PbSe 0.33 Mode I (001)<100> 0.67+0.058 Polycrystalline
0.23 Mode I (001)<100> a .
PbTe 028 Mode | <100> 0.5940.02 Polycrystalline
0.83% <111>
Si 0.82 Mode 1 <111> 0.95% <111>
0.91 £0.09% <110>
0.76 +0.05% Polycrystalline
SnSe 0.04 Mode I (100)<001> 4.0-4.2% Polycrystalline
0.272-0.32% Polycrystalline
3.1-3.6% Polycrystalline
’ Range for all
TiC 212 Mode I (001)<011> 1.5-3.6% single crystal
directions
. 2.94+0.1% Polycrystalline
TiN 1.98 Mode Il (100)<011> 2.33+0.5% Polycrystalline
o 0.90 Mode | <111> » .
TiNiSn 063 Mode i (171)<110> 1.86 Polycrystalline
6.2 (@ RT® | <100>
W 0.91 Mode I (110)<111> 2.4 (at 70KP® | <100>
5.1% Polycrystalline
1.00 Mode | <100> 12.6% Polycrystalline

Note S2: We calculated the surface energy, y, from the following formula

Egiap — N " Epyik

24

33,34

where Eg,,;, is the total energy of surface slab obtained from density functional theory
calculations, N is the number of atoms in the surface slab, E},; is the bulk energy per atom,
and A is the surface area. In all the slab calculations, the slab direction is surrounded by a
vacuum region of 10 A to decouple the slab. All the surface atoms are fully relaxed to optimize
the surface structure. The calculated slab energies for CoSb3, TiNiSn, PbTe, TiC, and TiN
surfaces are listed in Table S1.




Table S3: Calculated surface energies for CoSb3,TiNiSn, PbTe, TiC, and TiN surfaces and the
comparison of fracture energy G values estimated from slab calculations of surface energy and
the integral stress-displacement method utilized in this study.

CoSbs TiNiSn PbTe TiC TiN
Surface Plane (100) (111) (100) (100) (100)
G=2ys (Using Eq. 4) (J/m?) 2.36 5.14 0.31 3.22 2.44
G (using integral method) (J/m?) 1.38 4.31 1.27 8.35 6.69
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Figure S1: Shear stress-displacement curve for Bi;Tes calculated from the (001) <502> stress-strain curvel. The red
line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero. G was
calculated for this material by integrating under this curve.

Figure S2: Shear stress-displacement curve for CaMg,Sb; calculated from the (001)<100> stress-strain curve®. The
red line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero. G was
calculated for this material by integrating under this curve.

Figure S3: Shear stress-displacement curve for CaZn,Sh; calculated from the (001)<100> stress-strain curve®. G was
calculated for this material by integrating under this curve.

Figure S4: Shear stress-displacement curve for CoSbs calculated from the (001)<100> stress-strain curve®. G was
calculated for this material by integrating under this curve.
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Figure S5: Tensile stress-displacement curve for CoSbs calculated from the <100> stress-strain curve®. G was
calculated for this material by integrating under this curve.

Figure S6: Tensile stress-displacement curve for Ge calculated from the <111> stress-strain curve®. G was
calculated for this material by integrating under this curve.

Figure S7: Shear stress-displacement curve for LasTes calculated from the (001)<100> stress-strain curve’. The red

line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero. G was
calculated for this material by integrating under this curve.

Figure S8: Shear stress-displacement curve for InSb calculated from the (111)<11-2> stress-strain curve®. G was
calculated for this material by integrating under this curve.
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Figure S9: Shear stress-displacement curve for MgsSb; calculated from the <100> stress-strain curve®. G was
calculated for this material by integrating under this curve.

Figure S10: Shear stress-displacement curve for PbS calculated from the (001)<100> stress-strain curve®. The red
line is a linear extrapolation of the second to last and third to last data points to extrapolate the curve to a shear
stress of zero. G was calculated for this material by integrating under this curve.

Figure S11: Shear stress-displacement curve for PbSe calculated from the (001)<100> stress-strain curve®. The red
line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero. G was
calculated for this material by integrating under this curve.

Figure S12: Shear stress-displacement curve for PbTe calculated from the (001)<100> stress-strain curve®. The red
line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero. G was
calculated for this material by integrating under this curve.
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Figure S13: Tensile stress-displacement curve for PbTe calculated from the <100> stress-strain curve®. The red line
is a linear extrapolation of the last few data points to extrapolate the curve to a shear stress of zero. G was
calculated for this material by integrating under this curve.

Figure S14: Tensile stress-displacement curve for Si calculated from the <111> stress-strain curve®®. G was
calculated for this material by integrating under this curve.

Figure S15: Shear stress-displacement curve for SnSe calculated from the (100)<001> stress-strain curvel. G was
calculated for this material by integrating under this curve.

Figure S16: Shear stress-displacement curve for TiC calculated from the (100)<011> stress-strain curve calculated

by us using the process outlined in the methods section. G was calculated for this material by integrating under
this curve.
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Figure S17: Shear stress-displacement curve for TiN calculated from the (100)<011> stress-strain curve calculated
by us using the process outlined in the methods section. G was calculated for this material by integrating under
this curve.

Figure S18: Shear stress-displacement curve for TiNiSn calculated from the (111)<110> stress-strain curvell. The
red line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero.G was
calculated for this material by integrating under this curve.

Figure $19: Tensile stress-displacement curve for TiNiSn calculated from the <111> stress-strain curve!l. The red
line is a linear extrapolation of the last two data points to extrapolate the curve to a shear stress of zero.G was
calculated for this material by integrating under this curve.

Figure S20: Shear stress-displacement curve for W calculated from the (110)<111>stress-strain curve®’. G was
calculated for this material by integrating under this curve.
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Figure S21: Tensile stress-displacement curve for W calculated from the (110)<111>stress-strain curve3. G was
calculated for this material by integrating under this curve.
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Figure S22: Comparison of the stress-displacement curve for the pristine Bi;Tes structure in the weak <502>
direction with the nanotwinned Bi,Tes structure in the <501> direction calculated from literature stress-strain
curvesl. Here it can clearly be shown that there is a significant increase in the area under the curve by introducing
nanotwinning, and thus we expect a 2-4 fold increase in fracture toughness.
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