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Fig. 1. Schematics of simulation models and atomic structures for borophene: (a) Top view and side view of borophene; (b) stretch-

ing model of borophene; (c) shearing model of borophene; (d) spherical indentation model of borophene; (e) cylindrical indentation

model of borophene.
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Fig. 2. Mechanicsl response of borophene under tensile and shear load: (a) Tensile stress-strain curves of borophene; (b) shear stress-

strain curves of borophene; temperature-dependence of the (c¢) tensile/shear stress and (d) tensile Young’s modulus/shear modulus

for borophene; (e) tensile/shear stress and (f) tensile Young’s modulus/shear modulus of borophene as a function of strain rate.
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Table 1.  Comparison of tensile and shear mechanical parameters of borophene with previous MD and DFT calculations.

ISR €x €y oz /(N-mt) oy/(N-m™) Yy /(N-m™) Yy, /(N-m™) G/(N-m™)
MD(1 K)A3C 0.15 0.08 15.53 24.07 158 379 76/77
MD(300 K)A<3C 0.10 0.05 12.03 15.18 149 355 68/71
DFTM 170 397 94
DFT4 163 399
MDPI 1 K 0.15 0.10 12 24 163 394
MDP4 300 K 0.06 0.05 7 14 144 345
MDET 300 K 0.102 0.087 11.2 26.8 150.8 357.9
DF TR0 0.15 0.08 12.98 20.26 166 389
DFT! 158 397 86.5
DFT 154 382 76.4
DFT! 0.145 0.105 14 22.8 163 382
DF T3] 162 377 84

116201-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W) 3B =% R Acta Phys. Sin.

Vol. 73, No. 11 (2024)

116201

Pl 3 T A 05 L) A8 A A T B A TR o R AN g A

Y5 (d) Wy kT 05 1 85 41

0.11 0.22

Ouy/(N-m~1) oyy/(N-m~1) O/ (N-m~1)

=
[,

Oay/(N-m~1)

0.22 0.22

() HEBH A 5 R B (b) M7k A D5 1 A (c) 98 606 05 D5 1) 0

Fig. 3. Deformation process and stress distribution of borophene under tensile and shear loads: (a) Tension along zigzag direction;

(b) tension along armchair direction; (c) shear along zigzag direction; (d) shear along armchair direction.
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Fig. 4. (a) Change of bond length of borophene with strain/indentation depth under different loads: (a) Tension along zigzag direc-

tion; (b) tension along armchair direction; (c) shear along zigzag direction; (d) indentation under spherical indenter; (e) indentation

under cylindrical indenter along armchair direction; (f) indentation under cylindrical indenter along zigzag direction.
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Fig. 5. Nanoindentation results of borophene and the influence of various indentation parameters: (a) Force-indentation depth
curves for borophene under spherical and cylindrical indentation; (b) the fitting of the initial stage of the curves by Eq. (3) for
spherical and Eq. (5) for cylindrical indentation; (c¢) Young’s modulus vs. a/R under spherical indentation; (d) Young’s modulus vs.
a under spherical indentation with fixed a/R; (e) Young’s modulus vs. L/R under cylindrical indentation; (f) Young’s modulus wvs.

W/L under cylindrical indentation; (g) Young’s modulus vs. temperature; (h) Young’s modulus s. loading rate.
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* 2 MMRTERIR S A IR AR T BRI T2 25

Table 2. Indentation mechanical parameters of borophene under spherical and cylindrical indenters.
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Fig. 6. In-plane stress distribution of borophene under: (a) Spherical indentation; (b) cylindrical indentation along armchair direc-
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tion; (c¢) cylindrical indentation along zigzag direction at various indentation depths.
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Abstract

Two-dimensional (2D) borophene has attracted widespread research interest in condensed matter physics
and materials science because of its rich physical and chemical properties. However, the mechanical properties
and deformation mechanisms of borophene under different loadings are still unclear and not thoroughly
investigated. In this work, the tensile, shear, and nanoindentation failure processes of borophene are simulated
via molecular dynamics method to obtain the key mechanical parameters of borophene. The mechanical
response and deformation mechanism of borophene under different loads are analyzed from the change of B—B
bond length with the strain/indentation depth. The results show that the tensile mechanical properties of
borophene exhibit significant anisotropic characteristics, with the Young’s modulus and strength along the
armchair direction being much higher than those along the zigzag direction. However, the anisotropy of the
shear mechanical properties of borophene is not significant. This phenomenon can be attributed to the different
contributions of the strong B—B o bonds and weak multi-center bonds in borophene when they are stretched in
different directions. It is also found that borophene exhibits different mechanical responses under spherical
indentation and cylindrical indentation. The force at failure of the borophene under spherical indentation is
much lower than the value under cylindrical one, and the intrinsic mechanical parameters of borophene under

spherical indentation cannot be estimated accurately because of the anisotropic characteristics of borophene.
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However, under cylindrical indentation, borophene exhibits similar anisotropic characteristics to those under
tension, and the mechanical parameters such as Young’s modulus can be measured accurately, which are
consistent with those obtained under tension. In addition, the effects of the borophene indentation model and
spherical /cylindrical indenter size, the loading rate and temperature on the mechanical parameters of borophene
are also studied systematically. The results indicate that the Young’s modulus of borophene from spherical
indentation is highly estimated when a/R < 15 but not sensitive when a/R > 15, while the results from
cylindrical indentation are hardly affected by the values of L/R and W/L. The Young’s modulus of borophene
slightly decreases with temperature increasing, while the loading rate has almost no influence on the value of
Young’s modulus of borophene. These findings are expected to provide important guidelines for realizing the
practical applications of borophene based micro/nano electromechanical systems.
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