% 51 % % 5 W % ¥ R Vol. 51, No. 5
20194 9 H Chinese Journal of Theoretical and Applied Mechanics Sep, 2019

&k 51 =

S RRBEERM AR EMAEITANE MW

E=E EEE
(bt K2 )% 5 TR R, kit 100871)
TRIBFRZE M AR5 152 B, 1§ 200092)

SEE 1 CVID 7kl B T K B T, SRS VF R, A SO T 3T ERF LT Aty
PRI P07 SR RO AAT O, SRR, TR BT, R SR/ S R
AR WAL AR £0 ) 0% AN I (K56 MBI T A0 (KRS . 9 B0 T MR 20
FIRER A AR, PSS T S PO SCI S SR s N T ), RN ST AR 7 )
SRS 5350, R LSRG LR AT AR I 2% SO0 100%. B3R HLR 40 138 0 F
S TSN, BT LA A Tt 67 311 C—C BT AT, RS AU A AR I LR T
CAESHTAR 57 36 2 FUAFTL AR, S SUSRE ARG P NS (ER B T, BB ROF, T B
BT C—C TR, 5 BUTEAS 5E K. AT TR i B WAL T 0 R 0 2 P,
SR b AL ORI, AT LR

hE4S %S TB383.1  ICHtFRIRAS: A doi: 10.6052/0459-1879-19-181

COUPLING EFFECTS OF WRINKLES AND GRAIN BOUNDARY ON THE FRACTURE
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Abstract Graphene fabricated via chemical vapor deposition (CVD) is typically polycrystalline and also includes many
wrinkles. The fracture of the polycrystalline graphene with wrinkles under an uniaxial tensile load is investigated via
molecular dynamics simulations. With a tensile load perpendicular to the grain boundary, wrinkles can significantly
increase the failure stress of bi-crystalline graphene with a small tilt angle, and the increase in the failure stress is up tc
around 50%. The wrinkle effect on the failure stress decreases with the increase of the tilt angle, resulting in that the
failure stress of bi-crystalline graphene is insensitive to the tilt angle and slightly lower than that of pristine graphene,
which agrees with the experimental results very well. With a tensile load along the grain boundary, the failure stress is
insensitive to the wrinkle. In addition, wrinkles can significantly increase the failure strain, up to 100%. The influence
mechanism can be described as follows: wrinkles will cause the out-of-plane deformation in graphene, resulting a partia
release of the tensile pre-stress induced via the 5-7 rings of the grain boundary and consequently an increase in the failul
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stress obi-crystalline graphene; the interaction between 5-7 rings of the grain boundary is eliminated, resulting that the
failure stress is insensitive to the tilt angle; the flattening of wrinkles can significantly decrease the stretching ratio of
C—C bonds, resulting an obvious increase in the failure strain. The present study provides a useful help to understan

the fracture of graphene.
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(d) MD simulation model of bi-crystalline graphene with wrinkles
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RS FE IR RS g B T SRR RS RS

Bl 2 o S50 LA A8 A AL T B o 20 v e
BYYIRTE P A AR A (WL 1), IX 108 C—C Y SW
BEREAEGIN 5-7 28 (44 FY) BRI, A s s b g |
N TBIVVARIE. REA5 0 B ~ 45, FRUGIE SRS 4 2 i BY
DI TES I i4h, B S 6 HER, Rl
BEBRAC, RN RENE R B, 1 Ut A S
(R BY DA TEARTE R K. 6 LEARR A LA S ORI s A
FPTBINBI VIR TE MK RLN 6 ~ 20, L, H SW
JEHE 77 2 i 5 | R RE A T A Pl o S AR S8 A

h T BRI A S ) LA R AR B D) AR T
MXR, SRR Fitn—A5 SW g & )
BRI (o ~ 0/2). SRJFIEN KRG LB RS
RI, BUTAT AR TSR T 1) J LA 8 A4 58 4 4k
o TERC BT SR S R, 3 R,
XABHE—DAESE T SW g fetg sl sy o). H
T SCHR T A S0 X T AT K2 1
TR 2546 (RT3 BRI 25 #4)). 1B 3
S TRIA it A7 S0 1) i It B34 2) 3 A (1) C R 5-7 B8
PR, ANIA] 5-7 BRI BRI AN R 1) i S A6 0, AEAS
WL 0 = 5.1°, 9.5, 13.2, 21.8, LR 745
&l 3(o) fras. B 3 AP0, it Swoedk ek
(19 4% i T 5 A ONRR, i 10 o S 1 /N AH B



% 5

MG RIS SRR SR PR A7 SR A T b 5

1385

Jr AR, TR T RN T4 E (RT LA BRI A
RSN A7 S0 W L0 P TR s ), TR R o Uy
PRI A] R A s it (OLIE] 3(a)), Al A AE I T R
R TFEAAK L = 80nm % W =20nm
£, 64 000~ 70 000/ It . A4 JLAAT ROBEE e Sl
RE, A uy o SRR RIS A LA ROBE TG K.

7 «
4 7
7’ P ,I
/Iﬂ \ 4
ot ot w
grain'A ,/ \ grdin B ,/’ grain’A /
L/4 L/2 L/4

(8) 1 THIX A A1 S50 S R PR 7 R

(a) Schematic obicrystalline graphene without wrinkles

3 b / v
AN T Y SANNSAYYYY T
AT LT A IO A

g=5.1° 0=9.5°
(b) “T TR A1 S0 i T AR 2 ]

(b) MD simulationmodel of bi-crystalline graphene without wrinkles

6=132°

6=21.8°

P 3 STIAL AT 4G MD -5k

Fig. 3 Computational model of bicrystalline graphene without wrinkles

O TE e AR LAMMPS ) B k4T,

C JE A A B AEH R AIREBO #4pf % 42 filiik.
AIREBO Jj¥ C—C 8 AH BAE FH AR T A2 1 _cue
Sy 2.0 AlB638A43-44] [l C—CHK: r > 2.0A B\ g
Wrad, AR PR E A L s, WIARAT SRR AR T A
NPT &5, 10K iJE T, 1 20 ps ARG HEATHERE
/MU, TIRWIUR 25 A RE AR, SRS ) hr o 7%
fE NPT & %% F#ET, KH Nose-HooverfH ifi 2% K 44
HIRGURSE, SRR 10K AER AR RE v, AR
B E R 109s, ik viral N ) SRR A B 1)
ﬁ’ﬁaﬁjj] [27,32,36,40]_

2 FRE5i1He

21 BN ERAEHRHITRTA
T Jo i B B A 550, BT C—C BEEU AN
A, 763 B M MyEH R, SR gy Ly

S ATTERRAS C—C 8 MERy i 7 W R Fh s
) FARAERT, R TR A AN S, R AT )
AT C—C B 1 R IAR TR, it 5045 ) W
2, TR 7 1 AT W N A N TR U R
I P A S S it T ) R L 5 ) T B A
MNAE (&) 4390 0.17 F11 0.23, WrZLRN 11 (o) 7051 A
99 f1 113 GPa, 414 fi7x.

M40 T T T T T T T T
a = 0°pristine graphene 8
120 a=254° .
[ ssass a=4.72° ]
L @=6.59
100 s @=10.89° ]
//1’ o ]
r Pl 1 - ]
s - - e -
2 r VA OV 1
% // P /4‘.‘ .‘/" 1 :
R £ 2y L .
/ , __/" 1
/ s 7 1
40 2 /s 1 —
/,/v- g //J I1 I ]
/ !/../ ' " 1
LR |
o T b bl s e 1)
0 0.04 008 0.2 016 020 024 028

strain
(@) HfH 77 M7 armchairdy 7]

(a) Uniaxial tensioralong armchair direction

140 T T

B a = 0° pristine graphene ]

120 F a=2.54° .

[ ----- a=4.72° ]

i @=659° F v ]

100F  em @=10.89° M T

| ” o N Lo B

- s -//I ]

< - 7 e R

% 80 7 g 1 -

B s e 1 ]

2 - vl 1 1

2 ok s ! .

7z 00 s :/ 1 g

B ’ I t ]

- 7 / | ]

40 ;LS 1 7

- ' ! ]

i ;i | ]

20k wy " 3

L /ok xS I ]
YA 1 1|

1)/ A SR EAPA IRIITE AIPAN S N | FTSTVE W

0.16 020 024 028 032
strain

(b) B ) v B T 7 1)
(b) Uniaxial tensioralong zigzag direction
A A RBA AT R RARL N ) - N (0-€)
ek MD 5 4h

Fig.4 MD simulation results of the stress-strair-£) relationship of

0 0.04 008 0.12

monocrystalline graphene without wrinkles

4 7R T AR AR B A SR Y ) - AR
(0 — &) ML, BBV IHIR (@ I 0 #K
# 10.89), WA N Ty msAT b FE, WK TR A



1386 Vi =

W BT ) B IR 4 SR A K 2T 10% (@ (ac) =
99~88 GPag (zz)= 112~ 100 GPa), SR i 24 W A8 )
RO BT, WY PR T ) RV LA T T 1) BTG RE 4

A7 595503 ) e K2 55% A1 30% (g (ac)= 0.170~0.264,

&t (zz) = 0.230~0.304). AR JL T 85 40 e % 1 25 44 K
B SRR I h AR T RN AR &, HE 2 WY armehair
Ji, R SEWREN ) o WA TR BTG
SR AT RN, BY DR B A OB A B C—C i
B ,C—C—C TN EEff, PRI 5IH
BT, e AL LR A, 2B A AR
A5 Je A s G, R M RS R A S C—
C S S, nTLUAL C J57 2 7] i 1 £
Fon (W 5@@) F T HGF APl EFG 2 [a] ()
St ¢ MV IGF M-I EFG Z 6 IS A ),
PR R A AL ¢ B (K, PRUEFIB A
HE AL ¢ Al g EACA 0. BT ¢ F1 p BEE Y
PR TE o M3 B 3Gk, il s(b) B, 1
P ERTT, BT8O T 5 DR R RE 4 I F AN Be gt 58
bV, AETAMEIERES A BT NI, FE S
SF e AT S N S OF: 5y i TE I A RN il = £
TR

FERLAE AR T, WRITALL 45> 5 1) ) JLART AR 4 ks
Gy A AR 7 ) 43 s R T R A g I i, TR
LR PR > ST, R i 1 g3 R R

() T AR AR Ay BRI P AL C—C B LR A1
(a) DeformedC—C bond structure of the wrinkled

monocrystalline graphene

2 EiCd 2019 4 5§ 51 &
e
15
—a8— ¢
—A—07
SR U
E,
oh
El
=
5
s |
=
‘05_
O\I\lll\kllllkllllllll
2 4 6 8 10 12

shear angle a/(°)

(b) 1 =M b C—C L A BT D)L R AR
(b) Relationshipbetween the dihedral angle of C—C bond and the

applied shear angle

Kl 5 R4 R 1A S AR B

Fig.5 Out-of-deformation created by wrinkles

B I AR R PR R A T R AR R, BRIG
T AR A ATE (T2t C—C A kt), ST
A SR W R N AR, 18] 6 S T AN BT A ) R
dr A1 sk (FK) C—C R BE R AR A2 1k, I
P AT DA HR R A AT UK i BE B C—C B i
R, JF DRI R SR (B3R K), C—C
R AR, SEbe b, B3 BT Ay iR LA 4
Aoy O I S K SR S o (B C—C B
AE), PR R A w5 EAR AR e, wilE 4
IV 3 - AR G AT AR K BUT 7R (e < 5% IR ) JF:
VAT Bt N AR G BT, TSR B NN s ), fE
Aoy R R, T LR 2 R SR C—C B
R, I S S50 SR 2 A 4 K AR A S A
Ve B EEMER VAR A 7 B RN BRELE. A
SCHP TR AR AR R B D) A TR AR AN S, AR AR
J& T BRI D9 RE AR A 0 RN s A8 AR PSR T
Ko, BIBTPIAORC (LA 1(d)). 1T BI U122
7RISR S AR 45°, XA TR 5 1)
S A, REA S 17 SRR S Os RfK) C—C 8y
] (2022 15°), DAL I A 1K) 55 M 22 W KX
AT TR 7 17 C—CHERIFEM, IR T BT 5 17)
o e T 2R I A AT S ] S 4K



TR ME5E: FRALS S AR GV ADO A S8 AT 1R 5 1387

% 5

L e e ML A L e
024 | o ]
- - - - - a=0°pristine graphene ]
[ e — a=254° 1
020 - —e— a=4.72° -
| —a— @=6.59° ]
a=10.89° ‘ 1
£ 016 .
g ]
= ]
.5 i ]
S 012 N
E | .
= ]
g L p
£ 0.08 b
0.04 | .

Oz’,lw., L 1

0 0.05 0.10 0.15 0.20 0.25 0.30

strain
(a) Hr A7 TR T A 7 1)
(a) Uniaxial tensioralong armchair direction

e B L B i o e o B

024 | . ]

I - - - - @=0°pristine graphene ]

I —a— a=2.54° 1

020F o a=472° -

— s @=6.59° V:

0.16

bond stretching ratio
f=4
™)
T

2 adl NN W M RTINS R
0 0.05 0.10 0.15 0.20 0.25 0.30
strain

(b) A5 17 3 s tAT 5 Tl

(b) Uniaxial tensioralong zigzag direction

P 6 Al RRa o i A SR di K C—C BT R SRl N AR (56 R

Fig. 6 Relationship between the stretching ratio of C—C bond and the

applied tensile strain

2.2 TN EAEHIERITA

PN N R 1yl (1 E DA 1 N S Rl o - TR e
F I W AT I AE R DA IR 2R, A s ke Ak
B A S Wi BT A S 2%, BATBIEE 130
ST JCRR AT OB A SR AR (T 24N ). DA
T 7-5 N ELHA A0 WA, AE T B
TR SR A RARE R, AR S XU A 85435 1)
WrZd [ ) oy FIBTREN AR e (H KT 504 A0 55445,
1M ELBE & 5 A s N i B, s 7 B, ot
ST KM (0 = 21.8), of FIEZ 20%, & F
K52y 40%, TMXET/MARERSE (0 = 5.1°), or FIEL

50%, & N FF2 65%. X F1 TR F 45 AL (297381, | f
FERIAT s (RS E 5L ML A B R
i I 2 B LT B 5-7 IR, Ferp 7 34
FEVRLAR, 1y 6 MFAETR AR (T A AL TE), 73RN H
A i KNTHH C—C B, FEA S
Fifs 10 T 2R 7 R 28 I AR B 028 425 ot S AR (A
INAE. B S IR, -7 BRIl [a] s/ T4k 7
PN AH EAEHT, 7 38 C—C B Ry B R PR A 2

120 P T
- 6=5.1° ]
100F ---- 6=95° -
[ 6=13.2 ]
F - =218 1
80: P ]
:*.f /I ]
2 wf FA .
g i A ! ]
K T ]
wr o 1
i . 1
20 [ i ! .
- I ! ;.
T
0.H.l‘..AuH\i‘l\H.l.JHIAH.
0 0.04 0.08 0.12 0.16 0.20 0.24
strain

(a) BT TR TR 7 1)

(a) Uniaxial tensioralong armchair direction

120 P ———T T
i 0=5.1° 1
100 -—==- 6=9.5° -
- 0=132° A ;
R 0=218" " | 1
sk A .
i _/‘ | I |
g i ‘_/ | I ]
< 60 /7 | i -
3 B 4 | 3 E
- T
40 ] | ‘ -
| \ |
i |
i I : J
20 |- S .
i ; 1 J
OIIL\UII
0 0.04 0.08 0.12 0.16 0.20 0.24

strain

() Hr Ay ) 45 B 1)
(b) Uniaxial tensioralong zigzag direction
7 VXA S E RN, ) - AR (o - €)
iz MD 514 1
Fig. 7 MD simulation results of the stress-strain- ¢) relationship of
bicrystalline graphene without wrinkles (the grain boundary is along

zigzag direction)



1388 Vi 2% 2 Ej 2019 4F % 51 4
SR, S 0T 3 I 2 A B A B 1k e 00

T O 8%, S A TR I, L IRBLHIE A A, 10F el
SR L, ERAPERR, BRI m) B oK Lk ]

I ARG ) C—C B e T, DRI Xt s b 1) i ous

AHTBRIT 2R N. J7 H R Ty b A ) BAG g K TN AR 4y e
) C—C .

X T2 5 i S A R G A, Hoh AT S R i fif
AN C—C #5321, (AL 7 i fr A4
T, EACWr ) C—C BEITANAH R £F T 1L 7 )
IV & 57 Im) b 900 AR S5 K PR B 439 2 Bond-1 A
Bond-Il, 41 8(a) frzx, Bond-II {1 il i A% T 1 &
/NT- Bond-I, {BFEHT ISR AFE T~ e AT T3 S b,

Bond-I
Bond-I
Bond-II
Bond-I
Bond-1I
(2) VI W i (b) 7 RE AT
(a) Bicrystallinegraphene without  (b) Bicrystalline graphene with
wrinkles wrinkles
N S
1.56 = 1
—+&—— — —G — bond length —0.10

——&—— - -G — bond strain

—0.08

B planar Bi-crystal
1.50 = i

I L4 = |
148 i = —0.06

L !

wrinkled Bi-crystal

bond length /A

bond strain

1 o
5 10 15 20

tilt angle 6/(°)

(c) Bond-| [yt K RIFN AR 43 15 5 A 0 2 IIF 5 5

144

=3
=3
=

bond length /A
=
I
bond strain

o
<]
3

138 F

135 i
wrinkled Bi-crystal o0

132 F

N T S SR Jom
5 10 15 20
tilt angle 6/(°)

(d) Bond-Il [V TN AR 73 5 5 AR 0 Z IAJER) R R
(d) The relationships between the tilt angle and the length of Bond-I|
and between the tilt angle and the tensile pre-strain of Bond-II
8 RN Wi A1 S M it S 5-7 Fhrh C—C BT L B 52
m SR B ). 7R3 B ST ) AU ST ) B
TiRAR 53 de R KB 239302 Bond-1 #1 Bond-Il
Fig. 8 Wrinkle effect on the tensile pre-strain induced via the 5-7 ring of
grain boundary (along zigzag direction). BondHIBond-II are the
C—C bonds with the maximum tensile pre-strain along the directions

perpendicular to and along the grain boundary , respectively

X2 A BT B AT B KIS R A g ) PR AR 53 1
ik 8(c) F11A 8(d) frzx. Bond-1 Al Bond-Il fi#K:
HIFRRLAR A (AT HLAR 7 0] 435 BE & 5 A 39 K
B#AR, £F 6 = 21.8 I Bond-I (1Tl A% 4> F 42301 0,
FHOB A A0 1) WS ) FEA T PR A SR R
FH T XU A7 S5 W s T 7 [0 () R A S AR 43 /N T
8 FL 0 7 1) BTN AR 43 5, PR T 1) A
T TR Y (E. IR 2 AR S, P A A
I (PP i B R e 1 Al b C—C B A g 1) (1)
B KT AR 7y
2.3 TRV EAE G HITA

Kl 9 SE7R T 1 MD BERLSRAT Ry #8400 1 55
IR ) - VARG R, b TR ARTFRI T ), Elrh
M 0 = 47 ~ 16.4, fh IS ANTIBI DI AR AL A
AR F, a~ 0/2 =235 ~ 820. {EHEH AL
J3 ) (3R VT 7 1)) ReARAE R, SR ) AR
i A (o = T4 ~ 76 GPa), 1M W 2L A BE A b
BRI KT K (e = 0.128~ 0.190), WiEI9(a) fit

(c) The relationships between the tilt angle and the length of Bond-I and ﬁ?; EV&%%?}T Fﬂ (ﬁ%q:%ﬁ Fﬂ) Tiﬁﬂﬁ;}ﬂ? , WA

between the tilt angle and the tensile pre-strain of Bond-I

SR A T 2R T D Rl L U I SR, LT RN



% 5

M9 RIS SRR S VR PR AT SR A T b 5

1389

F15F A ANBUEK (o = 88.4~ 92.6 GPa), 1] H.
AR IVAZ A (AR B i 5 AR R KIS K (e = 0.170 ~
0.217), & 9(b) I s.

120 T T T T
I 6=47°
ok ---- 6=89° .
i 6=109
- ——— 0=164 R
ol o ]
<] B ) I /"A
& i CaNE ]
2 60 T .
o i 7 A 1
7] i ’5 L ]
i i 7 ]
40 - £ & e 1 -
[ A |, ]
Ty | i 1
i Lt f " ]
20 - Ve 7 X ]
i g ! ]
4’/‘”':’& 1
0".)‘”\1"|"H..|‘H‘lww\lﬂ.w\l‘,..’
0 0.04 0.08 0.12 0.16 0.20 0.24
strain
() LA T7 T AT ER T H 77 17
(a) Uniaxial tensioralong armchair direction
120 P T T T
i 0=47°
100 -—--- 0=89° .
- 6=10.9 . ]
v =164 TAT i
80 | AR -
i s y‘-/ﬂ ! ]
& 7 ’ ‘/7,/ ! 1
&) - o ! e
% 60 / / 1 -1
s i s ! ]
& v I i
5 / /‘f‘ 1 ]
40 Iy 1 -1
- / J 1 ]
s 1
| 3 _/' 1 |
20 ayrd I ]
i i 1 ]
s | i
ol Ly A
0 0.04 0.08 0.12 0.16 0.20 0.24
strain

(b) B 7 VA 1B 7 10
(b) Uniaxial tensioralong zigzag direction
P O R AL AT SR S RN ) - N (o — &) HTZE MD T
G, SO i A B A T T )
Fig.9 MD simulation results of the stress-strain ¢) relationship of
bicrystalline graphene with wrinkles (the grain boundary is

along zigzag direction)

0 Tk RSP TR S 0 T L R L R I, A
=R Ry A (oS N IN IR s AT e Al
/I FH BE R AT SR 0 I W 244 T Ry, X P S I B A
FTRIRE TR BB R B, il tan, TN BEXUE (6 =
5.1°), ot $&E21 50%, & H K EIA 100%, HXfTK
B (0 = 16.4), o $EEUH L) 15%, 1M e BEK 5

iK 130%; EHTER T FAAARVE R R, LA R84
st A1 s i T 2N ) () 5% e B A BRI TN A B
in (0 = 5.1°), o R EI/NT 10%, & H4KZ92h 50%,
KT R FAE (0 = 16.8), of [RIKL 5%, & B K4
h 60%.

R F 15 FE A5 it A0 RN B D) AR 2 TR FR 96 R
a ~ 0/2 = 2.35 ~ 8.20°, 1 LURI #8445 A7 254
WAt g RAEAT LU (K 4): 23 L& 5T 1) S 4
FF (SR TE 5 B A VE TR, 675 1 BB
(0 = 4.7), SINEIUIRIE @ = 2.35, FlaAT 4H A BY
IS0 0 A BRI AR B, o FRARE 20%, & PRI
2 30%; XF T RAENN O = 16.48), 5INBITIARTE
@ =82, or BHEL 17%, & FFRARL) 25%. (AL 7
m b A ER T (EERTFR T B E R ), R/
FEXL (0 = 4.7), SIABIYIRTE « = 2.35, o fEIKZY
15%, & FEAIRLT 18%: X T KA EEXUE (0 = 16.4), 4l
NBIYRTE @ = 8.2, o [E(KL) 15%, & F#MILLT 25%.
IR R DU, AR /N (B8 D) TE)
A0 T DA S AR AR U Ay S 0 R A W 3R T Ok o A1
0 WIRUENE, BOE UL, TR A SR (R R
HNCIREAR), ToVe il AR BT, S BT
ENTES A ENE RSN

8(b) 1 Bond | /& B i A7 [l bl (BT
J7 1)) fe s Wi, 18 8(c) H Bond I A&V i T 1]
P e ki 244, [AlI Bond 1A Bond 11 43 1) & .
AP BLAR TS 1) 5 K TN AR 43 5 1) C—C k. oA
A AT M Bond 1 Kl 1.483~1.510 A, #iEET
R 77 10) TN A Ay 5.8%~7.3%, i R84 X AT S AL
A A ) B Bond K BRAR 2 1.47A, U%
FRT-R 7 ) IO AR 43 B B B 29 4%. TCRE AR A1
B4 Bond 11 #8 Kl 1.40~1.44 A Y544 07 1) TN,
A 0.3%~2.8%, 111 K845 A bt A1 S 4Bond 1 BEK:
PR N2 1.43 A WY ERT-R 7 i) T AR B 212 2%.

Y Er i A SR B D) RE A (A LA )
Joi s RIS R C—C BT AMIERE (P A S5 AN
i), iR A It 5-7 MU B AL, C—CTii4Mig
FER TR 7y 5-7 3Rvh C—C B\ FRBL AR T (T
BT RRAETT 0 5 SRR, W AR AT 1) oy s AT R
BH), T HL SRR AR N (R T A0 e A sl B % 18 BRE I
H, 1T 5-7 31 ) C—C # A T B A 7 1) HAT
BERTRALANAS JE 43 15, TR0 ff 07 1) BAT BN T
FARAR T o1, DR AR AT Bond | AT K 540, 1
X} Bond I (¥ 2 B 29855 s 54, TE R T A 3806



1390 Vi =

2 EiCd 2019 4 5§ 51 &

Jo s 5T IR IR AR EAE B R e, SECT R A
SR LN 57 PR C—C B (K Ty i v A 4B AN
Z A, A 8 TN, IX AR ARRE TR AR AN
A SR TR 2R I8 50T i A AN RS ) ST AR, )
TR AT SR, ST NI BT D AR (SR A
FRIE) B i S A K3 K (o ~ 6/2), FIFrey
A PR A AR IS ARL, T TR 1R A R
PV, FECPAR R - AR I 26 ER AR B AL 5 —A
NN E B (L 9), RS IR B 25 2 B AIG
C—CHETH N BLANAR T, AF 1547 28075 i 24 R A% 15t 25
S NI 2 I RN IR T E DA K & L NN D A
tt.

24 7 g

MRS EE ORI, B D) TE = AR A, 5
S B RO AR AT S50 2 TR AN T (25 ), FE PO
ARBLh C—C EMAMIEE, X P LATTES 4L
AR R

(L) BT C—C Bl v T T AR A 7 1) 1) Tl e
775 AHANEAR T TN 3 ) C—C KA c—C—Clfif
P

(2) AEPLARAVET R, R84SV B A T 1) 9y T s
P, AT DU R B PR T, S BUH SR T N AR TR
(C—C M) Wl FRAIK:

(3) tHT- C—C [HAMUELAL L, 5-7 I Z IR I THIA
AHELAR F B S5 25 BRAIG.

XA AR, TR (2), RRAk R EA
KRB N A, I HAXFh 52 bG48 (391 47)
RGO IG K. TR s c—C i, A
SN AT BRI BT PN TS g, BT AR A0S B A A
HLEINIE A RN

XU A SR, R A SRR AL, AR
F (2), RSBmO h AT S0 WA, X R
BE 5 FR A R (BT ffr) B3 ORI, el T S A
BT T LG, B0 AT S50 W RN A Rl RE 4 R (B 1)
1) 3G K. B TER (1), 5-7 51N C—C
ST AF A 2 BRI (T T T RE 4K 11 4y &), C—C it
HHYR R T 1) B K AR B A Bl s 5 00 A A SR
WLy 2 KL i TR (3), 5-7 FAZ IR AR B
VERIA BT, 530005 A 2500 Wi 2R ) %) & T A A
B JaK.

Zi LR, i SWEHE " 5-T SNG4
SRAEAT 505 0 5 | ONBY AR T 3R A, 1 R S 56 A

SEARANAT (1 CVD &8T5 #4612 d A s i &
N (REAE). DRIk, ERAR B b SF T b S 1 2R 5
FE5 di A DA OGBS it A R0/ IN i ek B
B, FHEOZACT A SRR, (HE, s
W S AT AR, SR A SEXT i S A KRB 2 2
B, 1y HL Ly Rt Ay s 2 i 2 22 59 O F AN 2 2%
XL L5 RN Lee & 2] (RS20 45 R 58 ANAT. F
S b, FEE A SR W R N B R A
Fe SRR (B = AR 2 ) oAl il A
AL,

FBAR S B 22 i A s A S AR AE S
{HIZ LE AT 2B A S5 R AT LA o2 22 A ) B DE 5%
FEAII BN, R, SRS A1 SR WA T
(K32 M BRI AT ] B L 52 BB AR PR, (HE5IA
ANBYE 3 AT BRI L (AN Q). HRARA LSy
HH RIS, AR /N AR A oT LLRE IR, 5 7-5
IRGIN BTN Ty, iy HAR A5 R R 432 8 X
RENS S BEAIR 7-5 A Z AR BLAE ], A A A
AT 25 i AT S A I 5 1K) 5 M A ] R 1 52 A
[, AR R ARG IR AR L, KK
SR PR B K IBTAR N AR. TR, A SCRIFST 45 R TR 1
fiff 2 WA SR IR RAT N BRI T I R R

34 ¢

=A

AR L5373 122 TrEIE U0 S0 LA RE 4
AR R 5 A R s (T IR 24 T D IR 52 . 98 46
BT, l REAROUU A A S0 P W7 2844 T A AR T X
AR AN, EASRNIRETR (Lee 5 1)) AH
W), & AT o0k it A ANBURR, IS AR T
A M (IR 20%). FBA00 2 i A1 SR T RA T A K52
Wiy =B AR S TSI T A .

AP SIS A 5 (1) #53
RO F b 5-7 Bk 7 FRE) C—C B TR
RN g s (2) 3 B TR5 MRS 1, AE
PR R g, wT LU AT Sk C—C i
FIRLANAZ TG, BRI NAR 2 25 5w, T LR
(RI34 f SRR B B L, B R AR LI T, R4
PRI RAEIEA AL (3) K B PR A 5-7
PR 18 R N AR LA T S S5 2R B RT t  Af A
U, A SCIIRIE TR R B BF N DAt — 20 By A7
EABCRTL iy A S0 PR T 2244 T



% 5 M9 RIS SRR S VR PR AT SR A T b 5 1391

’5 7—% I [ 19 Zhang T, Li X, Gao H. Fracture of graphene: A revielnterna-

) ) ) tional Journal of Fracture 2015, 196: 1-31
1 LiLK, YuYJ, Ye GJ, etal. Black phosphorus fieldfect transistors.

20 Akinwande D, Brennan CJ, Bunch JS, et al. A review on mechanics
Nature Nanotechnology, 2014, 9: 372-377

and mechanical properties of 2D materials—Graphene and beyond.

2 Radisavljevic B, Radenovic A, Brivio J, et al. Single-layer MoS .
Isavijevi Vi V! "9 yer M Extreme Mechanics Letterd017, 13: 42-77

transistorsNature Nanotechnologyp011, 6: 147-150 . . o
) ] 21 Cao G, Gao H. Mechanical properties characterization of two-
3 Schwierz F. Graphene transistokature Nanotechnology, 2010, 5:

dimensional materials via nanoindentation experimesgress
487-496

in Materials Science, 2019, 103: 558-595

4 Eda G, Fanchini G, Chhowalla M. Large-area ultrathin films of re- 22 Ren Y, Cao G. Adhesive boundarffezt on free-standing indenta-

duced graphene oxide as a transparent and flexible electronic mate-

tion characterization of chemical vapor deposition graphe®e-
rial. Nature Nanotechnology008, 3: 270-274

bon, 2019, 153: 438-446

5 Georgiou T, Jalil R, Belle BD, et al. Vertical field¥ect transistor 23 Lee C, Wei XD, Kysar JW, et al. Measurement of the elastic prop-

based on graphene-WS2 heterostructures for flexible and transparent erties and intrinsic strength of monolayer grapheBeience, 2008,

electronics Nature Nanotechnology, 2013, 8: 100-103 321 385-388

6 Zhang L, Liu WW, Yue CG, et al. A tough graphene nanosheet/ 24 Cao GX. Atomistic studies of mechanical properties of graphene.
hydroxyapatite composite with improved in vitro biocompatibility. Polymers 2014, 6: 2404-2432

Carbon, 2013, 61: 105-115 25 Zhou L, Cao G. Nonlinear anisotropic deformation behavior of a

7 Rafiee MA, Rafiee J, Wang Z, et al. Enhanced mechanical proper- graphene monolayer under uniaxial tensiBhys Chem Chem Phys
ties of nanocomposites at low graphene cont&@S Nanp 2009, 2016. 18: 1657-1664

3: 3884-3890
8 Vadukumpully S, Paul J, Mahanta N, et al. Flexible conductive

26 Rasool HI, Ophus C, Klug WS, et al. Measurement of the intrinsic

strength of crystalline and polycrystalline graphefdature Com-
graphene/poly(vinyl chloride) composite thin films with high me- munications. 2013. 4: 2811

chanical strength and thermal stabili§arbon, 2011, 49: 198-205 27 Han J, Pugno NM, Ryu S. Nanoindentation cannot accurately

9 YuQK, Lian J, Siriponglert S, et al. Graphene segregated on Nisur-  predict the tensile strength of graphene or other 2D materials.

faces and transferred to insulatorspplied Physics Letters, 2008, Nanoscale. 2015. 7: 15672-15679

93(11): 113103 28 Kim K, Lee Z, Regan W, et al. Grain boundary mapping in poly-
10 Reina A, Jia XT, Ho J, et al. Large Area, Few-layer graphene films crystalline graphenedCS Nano, 2011, 5: 2142-2146

on arbitrary substrates by chemical vapor depositiéano Letters, 29 Grantab R, Shenoy VB, Rud®S. Anomalous strength characteis-

2009, 9: 30-35 tics of tilt grain boundaries in graphen&cience, 2010, 330: 946-
11 Novoselov KS, Geim AK, Morozov SV, et al. Electric fielffext in 948
atomically thin carbon filmsScience, 2004, 306: 666-669 30 Wei YJ, Wu JT, Yin HQ, et al. The nature of strength enhance-
12 Lee GH, Cooper RC, An SJ, et al. High-strength chemical-vapor de- ment and weakening by pentagon-heptagon defects in grapKane.
posited graphene and grain boundarigsience, 2013, 340: 1073- Mater, 2012, 11: 759-763
1076 31 LiuTH, Pao CW, Chang CC fEects of dislocation densities and dis-
13 Yazyev OV, Louie SG. Electronic transport in polycrystalline tributions on graphene grain boundary failure strengths from atom-
grapheneNat Mater, 2010, 9: 806-809 istic simulations Carbon, 2012, 50: 3465-3472
14 Song ZG, Artyukhov VI, Yakobson BI, et al. Pseudo hall-petch 32 Han J, Ryu S, Sohn D, et al. Mechanical strength characteristics
strength reduction in polycrystalline graphemano Letters2013, of asymmetric tilt grain boundaries in graphei@arbon, 2014, 68:
13: 1829-1833 250-257
15 Rasool HI, Ophus C, Klug WS, et al. Measurement of the intrinsic 33 Wu JT, Wei YJ. Grain misorientation and grain-boundary rotation
strength of crystalline and polycrystalline grapheNat Communi- dependent mechanical properties in polycrystalline graphime:-
cation, 2013, 4: 2811 nal of the Mechanics and Physics of Solids, 2013, 61(6): 1421-1432

16 Konakov YV, Ovid’ko IA, Sheinerman AG. Equilibrium dislocation 34 Jhon YI, Zhu SE, Ahn JH, et al. The mechanical responses of tilted
structures at grain boundaries in subsurface areas of polycrystalline  and non-tilted grain boundaries in graphen€arbon, 2012, 50:
graphene and ultrafine-grained met&®views on Advanced Mate- 3708-3716
rials Science2014, 37: 83-89 35 Zhang JF, Zhao JJ, Lu JP. Intrinsic strength and failure behaviors of

17 Huang PY, Ruiz-Vargas CS, van der Zande AM, et al. Grains and graphene grain boundarie&CS Nanp2012, 6: 2704-2711
grain boundaries in single-layer graphene atomic patchwork quilts. 36 Zhang T, Li XY, Kadkhodaei S, et al. Flaw insensitive fracture in
Nature, 2011, 469: 389 nanocrystalline graphenblano Letters2012, 12: 4605-4610

18 Ruiz-Vargas CS, Zhuang HLL, Huang PY, et al. Softened elastic re- 37 Lehtinen O, Kurasch S, Krasheninnikov AV, et al. Atomic scale
sponse and unzipping in chemical vapor deposition graphene mem-  study of the life cycle of a dislocation in graphene from birth to
branesNano Letters2011, 11: 2259-2263 annihilation.Nat Communication2013, 4: 1-7



1392 Vi £ 2019 4 5§ 51 &

g
e

38 Teng Z, Li X, Gao H. Designing graphene structures with controlled 42 Stuart SJ, Tutein AB, Harrison JA. A reactive potential for hydrocar-

distributions of topological defects: A case study of toughness en- bons with intermolecular interactiondournal of Chemical Physics
hancement in graphene rugéxtreme Mechanics Letters, 2014, 1: 2000, 112: 6472-6486
3-8

) ) ) ) ) 43 Zhao H, Min K, Aluru NR. Size and chirality dependent elastic prop-
39 Warner JH, Margine ER, Mukai M, et al. Dislocation-driven defor-

mations in graphené&cience, 2012, 337: 209-212
40 Ren'Y, Cao G. Eect of geometrical defects on the tensile properties
of grapheneCarbon, 2016, 103: 125-133 44 Shenderova OA, Brenner DW, Omeltchenko A, et al. Atomistic
41 Plimpton S. Fast parallel algorithms for short-range molecular- ~ modeling of the fracture of polycrystalline diamon&hys Rev B
dynamics Journal of Computational Physic$995, 117: 1-19 2000, 61: 3877-3888

erties of graphene nanoribbons under uniaxial tendiamo Letters
2009, 9: 3012-3015



