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Abstract: An atomistic-based finite bond element model for predicting the tearing mode (mode III) fracture of a single-
layer graphene sheet (SLGS) is developed. The model uses the modified Morse potential for predicting the maximum
strain relationship of graphene sheets. The mode III fracture of graphene under out-of-plane shear loading is
investigated with extensive molecular mechanics simulations. Molecular mechanics is used for describing the
displacements of atoms in the area near a crack tip, and linear elastic fracture mechanics is used outside this area. This
work shows that the molecular mechanics method can provide a reliable and yet simple method for determining not
only the shear properties of SLGS but also its mode III fracture toughness in the armchair and the zigzag directions; the
determined mode III fracture toughness values of SLGS are 0.86MPaVm and 0.93MPaVm, respectively.

1.A 2 A a2 e @2y ae Aksh FEo

aele NEE shvel §74 ARARe] Wy w oo AEskel Gepdi i arss
Sl of SaflA Ao olLol7l Wil A0S Azdti ARgAM A A=el 2
AR st 2l He TgsolE, gavhefn,  Gort FAV WARE shi S5 F 714 sp
zelde mEat v Bade AR px o0 AN T AW, 99, WY e & A
Qolth) te) vz At =7he] wlAl 7_1}5—’31 63_13]75>‘(A‘[0_mlc force mlc}roscope, AFM)o.2 ¥
ol dE Ao 400°C oA olUH & =S AL Ak §AY v aeel 21
Aol A uf AR HYo] S Wapoz LA

§ o] = UIAIEs] &4k4F 2013 Wk FAE =S T ARl SRl A H e s

=

S}

2
e
2

F

(2013.5.10., 22k W i=F-9l, WA S AlE o]l ofs] AFEJAT. By
+ Corresponding Author, yjyum@ulsaII.ac.kr . THAEART wEst AR BRATEA 3509
© 2014 The Korean Society of Mechanical Engineers A ste] Adlo] gl w3k Adlo] 9= Ehaubyn




122 a9 7]

EH(CNT) ®2o] /juEderts Zo] 71507
g UbeglE dare] WA owo] AFE A
Beolde SR T 47

£ o= 7—‘}11] ZIAZEEH A
Aoy e] gk Z2a7E A0 HarE o O]‘jr
Gy g R H(SWNT)S Moy =

Apejet weg ARgste] o]gH oz A0 E]Oi
L A7l A= Al AAJE e Al A n-
A% wrgkol t)$k POAV(r-orbital axis vector)”] <ol
ngs = vebrest 4ot dxe] 353 o
A+ HAZ YA (Inversion energy) S 54 A7]
el AFEEAT. A Bdlo] st YR

of SWNT ¢ HE ¥R olg} W ol X] 9]
closed-form F & o] Aot} Takazumi Kawai 52
S a9 Y=g E(GNR)S A7 93k :uq}
o] 7IAA HojFd dlgk HFH AlEdolAd
TSR A ZAY FxRE Al ]
EﬂO]/}jS_ armchair 2A8] FFo|A gl =+
fote ddd Ay Hojxy weEky Fasiohe
S B9eA ®olFEt}h Huang 508 #A159
AlEE oS Fal ol A3 T
agae] gy FA2E ZAAsiT o] AlEd
o]/\:] 734.‘— g}d 5_11_] 10111 2740] 7;017(10]]
o] A A YxgE BAE SR F
JagS v A= ARAS wrE vt shi 5199 75
e g IolE Ul YA SR o)A
sHZUAFe 6 2] BAV dE AS B
ok 3 Hrx2 GxAz A H sy
95 Aud v n= [ 3 2= Q1 A9 3¢l
o] Aozl

B oAFo s BAEMe o
F 2= 39 SLGS A=l 34%5}343’— cia=

OlN' J?L' >}L o

armchalr(AC) 2 zigzag(ZZ) W 1Y ¥ A E 9

= m 33 A a3E A6hr] ek 93
W maAgde s Bda g S8 dste]
stefal ke, o] RN = S gAget =3
AFHHE AAE =357 98 FAD ZAX
gl o] AbgET el 9T 2dd A ES] A
o} fel tia] o]&A <l & st BAgs A E
golds AR&she] Rojxl Aol AAstA W
T AEIT 7AA S el e Ao

A A S v?ﬂfﬂﬁ}
A #de 1AS BFsFaL SLGS o Hojgd =

crack atomic domain

Continuum domain

—_—

Amrchair direction

Zigzag direction e

Fig. 1 Schematic of molecular mechanics model

2.1 =Xt 2H

AC(Armchair) H=+ 4 A
et g AAs ook dudel @
Fig. 1] WEft 3l

FERAAT BAEANL AEAAL B

3 HARZE EElA o] gholl A &

U=U,+Up+U,+ U+ Upgy + Ues )
A7 U, Up U, U, = 77t AR,
Z+=¥sl, A (inversion), H|ERHI FAH Y&
Oﬂ Lﬂ X] % L}E]—H]_ﬂ Uvdw: Ues % 7]—7‘]( Van der

2)
Waals ©F 4714 Ja2-8 AUAE YepATH
22 WEES A= Fote 2ds v
SLGS oA 22 v &7l 2§ U, , Van der Waals
G Uy o AANH EAE
e o B Aol
A5 ERHES AGHT. e 4 ()9
2 WA A R U, U, U B Aol meH,
AurA o ® Ao Agahes YAE Al~wle] ZEld
o A B

quA= v

+Uy+U, 2)

a2 3o A(force field)o] FE|ZA Z=3}E
F2 AR 2EW A E Qx| o EAEUA



k stretching i % .
0 0 i/ o

angle variation

= 1 9 123

o
o,

Fig. 2 Schematic diagrams for the potential energy of the
three terms

A b s 2o

= 2C, 23— 1) +5Co23(0— 60)* +5 Col@i)? (3)

2.1.1 Z &2l Z(Bond stretching)
B Elde] ofs) A Ee

N AE vhgzh oo
Up = Ustretch = De {[1 - EXP_ﬁ(Al)]Z - 1} “4)

o] 7] A

lp = 1.38x107%m

Rha-Eh AFe) dUA e g

D, = 6.03105x107'° Nm
B =2.625x101° m™?

AGAGo] g LA Eyoen & F987] 9
S A (38 @A Aol 1 o delA vl
WAAYS] A g QAAT A2 o

F= dUS;rletch — ZﬂD [1 —exp /i’(Al)]exp (Al (5)

2.1.2 Z &2t = (Bond angle)
shute] datel & Ao Axrr AFe dAE
(e 2& Aol Ad) Abelo] 7t i 2

5E-09 /

/
/
|

1E-09

0O 5 10 15 20 25 30 35 40 45 50

bond Strain(%)

Fig. 3 Relationship between the stretching force F and
bond strain &

16
14 %
12

Ny

=t ArmChair

b 78728

Bond angle (degree)
o]

0 2 4 6 8 10 12 14 16 18 20

Strain(%)

Fig. 4 Relationship between the bond angle and the bond
strain &

A Agrteel ez TG o WAL A
Behe W @4l £8d mde ged 2
1;]_'(14)

M(0- 6) = kﬁ(g_ )1 + 3ksextic(9_90)4]
M(A0) = ky(A0)[1 + 3ksextic(Ae)4]
o1 714] Shebr] B9



124 SUBLIEEA IR =R
0, = 2.094 rad g8 We e Ageiadnh ANzt wAe
ky= 0.9x10-18 5 % @ 4 ddds waagln. 299 AE
rad o Mol WAL AN sl BL ¥
Ksomte = 0754 rad ™ se] UAEe ol oW Eeel FAw 1Y
Agrtwsl 2gad s ¥ AW} Fig 4] o THER AR wplgoes oFA
vheb 9tk armchair WOl B zigrag W A AR AT Bul FAF WP w ARFE
b g AFhEst am AgEgEel 19%d A 0¥ & Atk afA BolPy deke] D83
W AREE 47t 14909 144°%0 Aow yE = P A4de mud $484 @1 948
ok 7 slek et wA et e 4aE
Rolg Awk Alele] g AWE Mol At
=3 & 47 ) 5

AL ool A7} aefe a4l
B9 mae LGS 7|AA AAS d=38r

s8] ke ol ALk
1
Uy = Uinversion = ECa)(dwk)z (7
M(Aw) = C, Ao
o714 ASae Thes 2eh 0
C,=4.65nN nm

A Aol A3} Fig. 5] B<1th. armchair W
o] A9 zigzag W] A AL Aol ¢l
Z

_

RaL ARG EC] 19%Y W Add4== 44
33.2° ¢} 33.1°2 7] FUTS o 5 rh

22 M Mz

Fig. 6(a)°]l YEbA ZA 7 60719 e dat=2 o]
Folzl Az mekel aHjd AEVE AEE
Aol ol o 1ga EAge FFE BT

35

30

25

20

—¥— ZigZag
15

——a— ArmChair

10

Bond inversion (degree)

0 2 4 6 8 10 12 14 16 18 20
Strain(%)

Fig. 5 Relationship between the bond inversion and the
bond strain ¢

o]t}
3] Zol ddo]l xe § Aol Meto] mA
gl "ol 3l& W ¢
gk Hojy mE=g LAY 98 ol
Folxl memr W9 gS AR

2K ro.
u, = —=& /—sm9 ®)
n 2w 2

_l

(

(m)
@ D

(b)

Fig. 6 Configuration of a graphene sheet with a crack
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