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Fig. 1. Structures for the 4 representative GBs con-
sidered in this work: (a)—(d) The GBs of I-(2,1)|(2,1),
11-(3,1)[(2,2), IT1-(3,1)|(3,1) and TV-(4,1)|(4,1), respec-
tively.
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Table 1. Structural, energetic, and mechanical param-
eters of the 29 GBs.

i 7] it i m
B nmrmn g O B
o 0/() Eform_ Esingle /GPa

/eV-anm~!  /eV

1 77 B, — — — 116
2 AC BB, — — — 97.6
3 (2,1)](2,1) 218 4.45 284  96.8
4 1-(3,2)(3,2) 132 3.82 4.02 877
5 1-(4,3)[(4,3) 9.4 3.07 453  86.3
6 1-(54)|(5,4) 7.3 2.63 496  86.6
7 1-(6,5)|(6,5) 6.0 2.30 521  85.4
8  1-(7,6)(7,6) 5.1 1.99 538  85.5
9 I-(8,7)|(8,7) 4.4 1.82 559  85.2
10 1-(9,8)[(9,8) 3.9 1.61 5.70  86.6
11 1-(10,9)[(10,9) 3.5 1.52 6.03 835
12 I-(3,1)|(2,2)  16.1 4.62 3.83 901
13 11-(4,2)|(3,3) 109 3.54 445  89.8
14 I-(53)|(4,4) 82 2.88 481 884
15 I-(6,4)|(55) 6.6 2.46 512  87.8
16 1I-(7,5)|(6,6) 5.5 2.10 5.26  87.3
17 [-(8,6)|(7,7) 4.7 1.86 545  87.1
18 I-(9,7)[(8,8) 4.1 1.66 548  85.8
19 1I-(10,8)(9,9) 3.7 1.50 5.60 841

20 III-(3,1)|(3,1) 27.80  5.48 4.78  53.2
21 II-(4,1)|(4,1) 21.79  4.95 540  51.2
22 III-(5,1)|(5,1) 17.90  4.60 6.13  48.9
23 III-(6,1)|(6,1) 15.18  4.23 6.65  45.9
24 II-(7,1)|(7,1) 13.17  3.75 6.74  44.8
25 IV-(3,1)|(3,1) 27.80  3.90 170 985
26 IV-(4,1)|(4,1) 21.79  4.61 256 714
27 IV-(5,1)|(5,1) 17.90  4.47 3.01  63.1
28 IV-(6,1)|(6,1) 15.18  4.33 3.33 589
29 IV-(7,1)|(7,1) 13.17  3.93 3.57  55.8
30 IV-(10,1)|(10,1) 11.64  3.17 3.99 485

31 IV-(13,1)|(13,1) 10.42 2.76 441 479
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Fig. 2. (color online) Potential energy contours:
(a)—(d) The GBs of 1-(2,1)(2,1), III-(3,1)|(3,1), IV-
(3,1)](3,1), IV-(4,1)|(4,1), respectively.
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Fig. 4. (color online) Stress-strain curves of polycrystalline graphene: (a) class I; (b) class II; (¢) class III; (d) class IV.
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Abstract

Grain boundaries (GBs) are known to have an important influence on material properties, so understanding how
GBs in graphene change its physical properties is important both scientifically and technologically. In this paper, we
perform a series of molecular dynamics simulations to investigate the energies, mechanical properties and fracture process
of 29 graphene GBs (symmetric and nonsymmetric) under tensile strains. With different arrangements of the pentagonal
and heptagonal rings, the misorientation angle (0) ranges from 3.5° to 27.8°. The GBs defects in graphene can produce
a pre-strain that will lead to an increase of the energy of GBs. We study the atomic energy distribution around GBs
and define a new parameter: single defect energy (Esingle) to calculate the average energy per GBs defect. It is found
that Fgingle shows a clear linear relation between 6 and defect density (p), because pre-strain filed can be cancelled out
locally with the increase of defect density. And this pre-stain can reduce the strength of the C—C bond contained in GBs
defects. Hence, with very few exceptions, mechanical failure always starts from the defective region. Furthermore, the
energy of GBs can be used to reflect the strength of GBs indirectly. The simulated results show that the tensile strength
of GBs is linearly related to the highest atomic energy (Emax), and it also depends on Egingle monotonically. Owing to
the pre-strain, load distribution along GBs is uneven. Because some bonds are stretched while others are compressed,
that is, the real number of bearing carbon bonds is less than the nominal number. Therefore, at the beginning of tension,
the Young’s modulus of polycrystalline graphene is significantly lower than that of the monocrystal one. But with the
increase of strain, it becomes comparable to that of the monocrystal graphene at sufficiently large strain. The results
of fracture process indicate that formation and propagation of crack are both dependent on strength GBs. For low GB
strength, the fracture mechanism is transgranular fracture in the form of direct fracture of C—C bonds. When stress
reaches a critical value, the weakest C—C bonds in GBs will breakdown and form a fracture site. Because of the uneven
bearing condition, the C—C bonds in front of the crack possess considerable residual strength and could prevent crack
from propagating. As a result, many other fracture sites in the GBs defects can be produced with the increase of strain,
and finally, these sites emerge gradually along GBs and form a sawtooth crack. In contrast, the fracture process of
high strength GBs is always accompanied with the variations of Stone-Wales transformation and direct fracture of C—C
bonds. Once the fracture site forms, the crack will propagate rapidly predominantly along armchair or zigzag direction
and finally could cross GBs, this process can be called intergranular fracture. Our present work provides fundamental
guidance for understanding how defects affect the mechanical behaviour, which is important for further research and

application of graphene devices.

Keywords: polycrystalline graphene, tensile, fracture, mechanical properties
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