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Fig. 1. Schematic diagram of simulation structure, 1 is
grain 1 orientation angle, > is grain 2 orientation angle.
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Table 1. Parameters for applying stress and strain.
/) 20O 0
A y 2 -2 4
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» (a1)—(a3), (b1)—(b3), (c1)—(c3), (d1)—(d3)
Fig. 2. Vapor crystallization diagram of graphene: (a)-(d) Grain boundary angles are 4°, 6°, 8° and 10°, respectively, dislocations at
grain boundaries are shown in the black box; (al)-(a3), (b1)-(b3), (c1)-(c3), (d1)-(d3) are the corresponding enlarged images. Blue,
green, yellow labeled graphene pentagonal cells, heptagonal cells, octagonal cells.
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Fig. 3. Statistical results of the number of dislocations at the grain boundaries in the double crystalline graphene system: (a) Total
number of dislocations at grain boundary angles of 4°-~10°; (b) number of various dislocations at grain boundary angles of 4°-10°.
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(e) ®

4 5|7 (A)—(C), (D)—(G), (H)—(M). H—(L) 4°, 6°, 8°, 10°
5|7 5 (@—(c), (d)—(9), (N—®. G)—® ; (A)—(C)
0.0297, 0.0352; (D)—(G) 0, 0.0286, 0.0308, 0.0352; (H), (1) 0, 0.0363; (3)—(L)
0.0297, 0.0363 ( 57,89
5—8 )

Fig. 4. Evolution diagram of 5|7 dislocations at graphene grain boundaries under strain: (A)-(C), (D)-(G), (H)-(1), (J)—(L) are the
evolution diagrams of 5|7 dislocations at graphene grain boundaries under strain for corresponding grain boundary angles of 4°, 6°,
8° and 10°; (a)-(c), (d)-(g), (h)—(i), (j)-(1) are the evolution process diagrams. The strains of (A)-(C) are 0, 0.0297, 0.0352,
(D)-(G) are 0, 0.0286, 0.0308, 0.0352, (H), (I) are 0, 0.0363, and (J)-(L) are 0, 0.0297, 0.0363. The 5, 7, 8, 9 marked in the evolu-
tion diagram represent the graphene pentagonal, heptagonal, octagonal, and nougonal cells respectively, corresponding to the
pentagonal, heptagonal, octagonal, and nougonal cells marked in the corresponding evolution process diagram in blue, green, yellow,
and red respectively. The explanations of labels in Figure 5—8 are the same as those in Figure 4.
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Fig. 5. Evolution diagram of 5|8|7 dislocations at graphene grain boundaries under strain: (A)—(D), (E)-(H), ()=(K) are the evolu-
tion diagrams of 5|8|7 dislocations at graphene grain boundaries under strain for corresponding grain boundary angles of 6°, 8° and
10°; (a)—(d), (e)-(h), (i)—(k) are the corresponding evolution process diagrams; the strains

“ of (A)~(D) are 0, 0.0209, 0.0352,
0.0407, (E)-(H) are 0, 0.0209, 0.0429, 0.0473, (1)~(K) are 0, 0.0165, 0.0319.
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Fig. 6. Evolution diagram of 5|8|8|7 dislocations at graphene grain boundaries under strain: (A)-(C), (D)-(G), (H)-(J3) are the evol-
ution diagrams of 5|8|8|7 dislocations at graphene grain boundaries under strain for corresponding grain boundary angles of 4°, 8°
and 10°; (a)—(c), (d)-(9), (h)-(j) are the corresponding evolution process diagrams; the strains - of (A)-(C) are 0, 0.0165, 0.022,
(D)—(G) are 0, 0.0253, 0.0363, 0.0473, (H)-(J) are 0, 0.0154, 0.0242.
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Fig. 7. Three evolution diagrams of 5|8|8|8|7 dislocations at graphene grain boundaries under strain: (A)-(C), (D)-(G), (H)-(M) are
three evolution diagrams of 5|8|8|8|7 dislocations at graphene grain boundaries under strain for the grain boundary angle of 6°;
(a)-(c), (d)-(g), (h)-(m) are the corresponding evolution process diagrams; the strains of (A)-(C) are 0, 0.0132, 0.0209, (D)-
(G) are 0, 0.0132, 0.0242, 0.0297, (H)-(M) are 0, 0.099, 0.0187, 0.0264, 0.0407, 0.0462.
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Fig. 8. Evolution diagram of 5|8|8|8|8|8|7 dislocations at graphene grain boundaries under strain: (A)-(G) are the evolution dia-
grams of 5|8|8|88|8|7 dislocations at graphene grain boundaries under strain for grain boundary angles of 4°; (a)-(g) are the evolu-
tion process diagrams; the strains -~ of (A)-(G) are 0, 0.0231, 0.0281, 0.0319, 0.0341, 0.0374, 0.0473.
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Fig. 10. Free energy curves of double crystalline graphene during deformation: (a)-(d) The grain boundary angles are 4°, 6°, 8°, 10°.

248101-9


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

Acta Phys. Sin.

Vol. 73, No. 24 (2024)

248101

, (0, (1), (1)
10°
0.1441, 0.45528,
, (0, n, (i
5
PFC
1
5/8|88(8/8|7, 5/8|8|8]7  5|8]8|7 ,
5187 5|7
2) 4
c—C C c—C
57 519 .
3) 5/8/8|88I8|7, 5|8|8|8]7, 5|8|8|7, 5|87
5|7
4) 4
, 10° ), (),
) :

(1]
(2
(3]
(4]
(5]
(6]
(7]
8]

Lin Z Q, Zhen W, Li H, Wang D J 2021 Acta. Metall. Sin. 57
111 (in Chinese) [ , , , 2021

57 111]

Lee C, Wei X, Kysar J W, Hone J 2008 Science 321 385

Cao K, Feng S Z,Han Y, Gao L B, Hue Ly T, Xu Z P, Lu Y
2020 Nat. Commun. 11 284

Liu J, Hei L F, Song J H, Li C M, Tang W Z, Chen G C, Lu
F X 2014 Diam. Relat. Mater. 46 42

Huang P Y, Ruiz-Vargas C S, van der Zande A M, et al. 2011
Nature 469 389

Hashimoto A, Suenaga K, Gloter A, Urita K, lijima S 2004
Nature 430 870

Meyer J C, Kisielowski C, Erni R, Rossell M D, Crommie M
F, Zettl A 2008 Nano Lett. 8 3582

HeL C,Guo S S, Lei J C, Sha Z D, Liu Z H 2014 Carbon 75

9

(10]
(11]
(12]
[13]
(14]
[15]
[16]
(17]
(18]
(19]
[20]
[21]

(22]

(23]
(24]

(25]
(26]
(27]
(28]
(29]
(30]
(31]
(32
(33]
(34]

(39]

(36]
(37]
(38]
(39]

(40]

248101-10

124
Zhou W Q 2019 Ph. D. Dissertation (Xi’an: Northwestern
Polytechnical University) (in Chinese) [ 2019

(G )l
Shekhawat A, Ritchie R O 2016 Nat. Commun. 7 10546
Zhang J F, Zhao J J, Lu J P 2012 ACS Nano 6 2704
Heo J, Han J 2023 Nanotechnology 34 415704
Grantab R, Shenoy V B, Ruoff R S 2010 Science 330 946
Wei Y J, WuJ T, Yin HQ, Shi X H, Yang R G, Dresselhaus
M 2012 Nat. Mater. 11 759
Lehtinen O, Kurasch S, Krasheninnikov A V, Kaiser U 2013
Nat. Commun. 4 2098
Liu Z, Suenaga K, Harris P J F, lijima S 2009 Phys. Rev.
Lett. 102 015501
Zhao Y H, Tian X L, Zhao B J, et al. 2018 Sci. Adv. Mater.
10 1793
Zhang J B, Wang H F, Kuang W W, Zhang Y C, Li S, Zhao
Y H, Herlach D M 2018 Acta Mater. 148 86
Guo Q W, Hou H, Wang K L, Li M X, Liaw P K, Zhao Y H
2023 npj Comput. Mater. 9 185
Xin T Z, Zhao Y H, Mahjoub R, Jiang J X, Ferry M 2021
Sci. Adv. 7 eabf3039
Xin T Z, Tang S, Ji F, Cui L Q, He B B, Lin X, Tian X L,
Hou H, Zhao Y H, Ferry M 2022 Acta Mater. 239 118248
Zhao Y H, Zhang B, Hou H, Chen W P, Wang M 2019 J.
Mater. Sci. Technol. 35 1044
Chen L Q, Zhao Y H 2022 Prog. Mater. Sci. 124 100868
Zhao Y H, Xin T Z, Tang S, Wang H F, Fang X D, Hou H
2024 MRS Bull. 49 613
Zhao Y H, Xing H, Zhang L J, et al. 2023 Acta Metall. Sin.
(Engl. Lett. ) 36 1749
Zhao Y H 2024 npj Comput. Mater. 2 e44
Zhao Y H 2023 npj Comput. Mater. 9 94
Kuang W W, Wang H F, Li X, Zhang J B, Zhou Q, Zhao Y
H 2018 Acta Mater. 159 16
Song Z, Li H Q, Wang X N, Tian X L, Hou H, Zhao Y H
2023 J. Mater. Res. Technol. 27 6501
Zhong L, Gao H J, Li X Y 2020 Extreme Mech. Lett. 37
100699
Meca E, Lowengrub J, Kim H, Mattevi C, Shenoy V B 2013
Nano Lett. 13 5692
Li H Q, Wang X N, Zhang H B, Tian X L, Hou H, Zhao Y H
2022 Front. Mater. 9 875519
Elder K R, Katakowski M, Haataja M, Grant M 2002 Phys.
Rev. Lett. 83 245701
Tian X L, Zhao Y H, Gu T, Guo Y L, Xu F Q, Hou H 2022
Mater. Sci. Eng. 849 143485
Zhao Y H, Liu K X, Zhang H B, Tian X L, Jiang Q L,
Murugadoss V, Hou H 2022 Adv. Compos. Hybrid Mater. 5
2546
Kim K, Lee Z, Regan W, Kisielowski C, Crommie M F, Zettl
A 2011 ACS Nano 5 2142
Akhukov M A, Fasolino A, Gornostyrev Y N, Katsnelson M |
2012 Phys. Rev. B 85 115407
Hirvonen P, Ervasti M M, Fan Z, et al. 2016 Phys. Rev. B 94
035414
Guo H J, Zhao Y H, Sun Y Y, Tian J Z, Hou H, Qi K W,
Tian X L 2019 Micro Nanostruct. 129 163
Elder K R, Grant M 2004 Phys. Rev. E 70 051605


https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.11900/0412.1961.2020.00186
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1038/s41467-019-14130-0
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1016/j.diamond.2014.04.008
https://doi.org/10.1038/nature09718
https://doi.org/10.1038/nature09718
https://doi.org/10.1038/nature09718
https://doi.org/10.1038/nature09718
https://doi.org/10.1038/nature09718
https://doi.org/10.1038/nature09718
https://doi.org/10.1038/nature02817
https://doi.org/10.1038/nature02817
https://doi.org/10.1038/nature02817
https://doi.org/10.1038/nature02817
https://doi.org/10.1038/nature02817
https://doi.org/10.1038/nature02817
https://doi.org/10.1021/nl801386m
https://doi.org/10.1021/nl801386m
https://doi.org/10.1021/nl801386m
https://doi.org/10.1021/nl801386m
https://doi.org/10.1021/nl801386m
https://doi.org/10.1021/nl801386m
https://doi.org/10.1021/nl801386m
https://doi.org/10.1016/j.carbon.2014.03.044
https://doi.org/10.1016/j.carbon.2014.03.044
https://doi.org/10.1016/j.carbon.2014.03.044
https://doi.org/10.1016/j.carbon.2014.03.044
https://doi.org/10.1016/j.carbon.2014.03.044
https://doi.org/10.1016/j.carbon.2014.03.044
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gx
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://www.doi.org/10.27406/d.cnki.gxbgu.2019.000329
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1038/ncomms10546
https://doi.org/10.1021/nn3001356
https://doi.org/10.1021/nn3001356
https://doi.org/10.1021/nn3001356
https://doi.org/10.1021/nn3001356
https://doi.org/10.1021/nn3001356
https://doi.org/10.1021/nn3001356
https://doi.org/10.1021/nn3001356
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1088/1361-6528/ace44e
https://doi.org/10.1126/science.1196893
https://doi.org/10.1126/science.1196893
https://doi.org/10.1126/science.1196893
https://doi.org/10.1126/science.1196893
https://doi.org/10.1126/science.1196893
https://doi.org/10.1126/science.1196893
https://doi.org/10.1126/science.1196893
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/NMAT3370
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1038/ncomms3098
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1103/PhysRevLett.102.015501
https://doi.org/10.1166/sam.2018.3430
https://doi.org/10.1166/sam.2018.3430
https://doi.org/10.1166/sam.2018.3430
https://doi.org/10.1166/sam.2018.3430
https://doi.org/10.1166/sam.2018.3430
https://doi.org/10.1166/sam.2018.3430
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1016/j.actamat.2018.01.040
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1038/s41524-023-01139-9
https://doi.org/10.1126/sciadv.abf3039
https://doi.org/10.1126/sciadv.abf3039
https://doi.org/10.1126/sciadv.abf3039
https://doi.org/10.1126/sciadv.abf3039
https://doi.org/10.1126/sciadv.abf3039
https://doi.org/10.1126/sciadv.abf3039
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.actamat.2022.118248
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.jmst.2018.12.009
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1016/j.pmatsci.2021.100868
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1557/s43577-024-00720-x
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1007/s40195-023-01593-w
https://doi.org/10.1002/mgea.44
https://doi.org/10.1002/mgea.44
https://doi.org/10.1002/mgea.44
https://doi.org/10.1002/mgea.44
https://doi.org/10.1002/mgea.44
https://doi.org/10.1002/mgea.44
https://doi.org/10.1002/mgea.44
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1038/s41524-023-01038-z
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.actamat.2018.08.008
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.jmrt.2023.10.187
https://doi.org/10.1016/j.eml.2020.100699
https://doi.org/10.1016/j.eml.2020.100699
https://doi.org/10.1016/j.eml.2020.100699
https://doi.org/10.1016/j.eml.2020.100699
https://doi.org/10.1016/j.eml.2020.100699
https://doi.org/10.1016/j.eml.2020.100699
https://doi.org/10.1021/nl4033928
https://doi.org/10.1021/nl4033928
https://doi.org/10.1021/nl4033928
https://doi.org/10.1021/nl4033928
https://doi.org/10.1021/nl4033928
https://doi.org/10.1021/nl4033928
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.3389/fmats.2022.875519
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1103/PhysRevLett.88.245701
https://doi.org/10.1016/j.msea.2022.143485
https://doi.org/10.1016/j.msea.2022.143485
https://doi.org/10.1016/j.msea.2022.143485
https://doi.org/10.1016/j.msea.2022.143485
https://doi.org/10.1016/j.msea.2022.143485
https://doi.org/10.1016/j.msea.2022.143485
https://doi.org/10.1007/s42114-022-00522-2
https://doi.org/10.1007/s42114-022-00522-2
https://doi.org/10.1007/s42114-022-00522-2
https://doi.org/10.1007/s42114-022-00522-2
https://doi.org/10.1007/s42114-022-00522-2
https://doi.org/10.1007/s42114-022-00522-2
https://doi.org/10.1021/nn1033423
https://doi.org/10.1021/nn1033423
https://doi.org/10.1021/nn1033423
https://doi.org/10.1021/nn1033423
https://doi.org/10.1021/nn1033423
https://doi.org/10.1021/nn1033423
https://doi.org/10.1021/nn1033423
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.85.115407
https://doi.org/10.1103/PhysRevB.94.035414
https://doi.org/10.1103/PhysRevB.94.035414
https://doi.org/10.1103/PhysRevB.94.035414
https://doi.org/10.1103/PhysRevB.94.035414
https://doi.org/10.1103/PhysRevB.94.035414
https://doi.org/10.1103/PhysRevB.94.035414
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1016/j.spmi.2019.03.020
https://doi.org/10.1103/PhysRevE.70.051605
https://doi.org/10.1103/PhysRevE.70.051605
https://doi.org/10.1103/PhysRevE.70.051605
https://doi.org/10.1103/PhysRevE.70.051605
https://doi.org/10.1103/PhysRevE.70.051605
https://doi.org/10.1103/PhysRevE.70.051605
https://doi.org/10.1103/PhysRevE.70.051605
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

Acta Phys. Sin. Vol. 73, No. 24 (2024) 248101

Strain induced dislocation evolution at graphene grain
boundary by three-mode phase-field crystal method”

Gao Feng®? Li Huan-Qing®? Song Zhuo® Zhao Yu-Hong D31

1) (School of Materials Science and Engineering, North University of China, Taiyuan 030051, China)
2) (Beijing Advanced Innovation Center for Materials Genome Engineering, University of Science and
Technology Beijing, Beijing 100083, China)
3) (Liaoning Laboratory of Materials, Institute of Materials Intelligence Technology, Shenyang 110004, China)

( Received 28 September 2024; revised manuscript received 26 October 2024 )
Abstract

The evolution law and mechanism of grain boundary structure in the deformation process of graphene are
of great significance for understanding the deformation behavior of graphene and optimizing its mechanical
properties. In this work, single-layer graphene is taken as the research object and a double crystalline graphene
model is established by using the three-mode phase-field crystal method, thereby in depth ascertaining the
evolution mechanism of dislocations at small-angle symmetrical tilt grain boundaries in graphene under strain.
In view of the relaxation and deformation process, the relationship between the number of multiple dislocations
and the grain boundary angle of graphene is studied on an atomic scale, and the deformation and failure
mechanism of double crystalline graphene under tensile load are revealed, and also discussed from the
perspective of the free energy.

It is found that, after relaxation, with the increase of grain boundary angle, the density of dislocations at
the grain boundary decreases, and the number of specific types of dislocations (5[8|7 and 5|7 dislocations)
increases. Under stress loading parallel to the grain boundary, the changes of free energy of the systems
containing grain boundaries with different angles show the same trend: at first, they fall to the inflection point
and then rise abnormally, and the dislocation behavior cannot effectively alleviate the stress concentration
caused by continuous loading in the system, leading to failure finally.

Under tensile load, the free energy changes of the systems are divided into four stages, they being stage (1),
in which the dislocations at grain boundaries are slightly deformed but do not change their structure, stage (II),
in which dislocations at the grain boundaries are transformed into 5|7 or 5|9 dislocation due to C—C bond
fracture or rotation, and the dislocations that are “incompatible” have higher energy, making them more
conducive to improving the tensile properties of graphene, stage (111), in which the 5|7 and 5|9 dislocations
begin to fail, and the free energy shows a tendency to decrease significantly, and stage (IV), in which the double
crystalline graphene systems are completely in failure