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Fig. 1. Schematic diagram of the graphene/substrate struc-

ture under uniaxial tension.
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Fig. 2. The force balance of an element of graphene.
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Fig. 3. Analysis of interfacial shear stresses at local inter-

face.

T YRR R O R WA A(a) PR, Y5 AL
TR S B BeiE, FUm I 1A T A AR KR
H T = Kb, IR RN

Tog = K0y, Toy = K0y, (8)
SRS EE Ry 7., SR AL LRI, VIR 1A T

T N
Tm = \/Toa? + Toy? = Te 9)

056201-3


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

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 5 (2020)

056201

gy (7) R (0) 2, T FIH RS K L S A
KRR 6,

Te
Ome = \/02" +0,° = e (10)

HEAW BB, SN G 01y KM
A% 95 ) 5 SEBRA XA B 6, J7 R ARTEL. VIR 1A
HERKAW KRR 1= (1 - D) Kby =7, I
KA RN

{Tm =(1- D) Kd,,

Tay = (1 — D) Koy, (1)

FEH IR D — 1 — e /0m.

Tm/ (a)
Kby [=========
e
/" V| DKby,
/ |
Te |-
|
|
|
|
'K |
|
|
|
|6m,c
Elastic bonding Sliding Om
Tm I (b)
JC )
4
/
o
- L £ Dean Kb
PN\
|
|
|
K |
| Gishear
|
|

Elastic  Omc Softening  Omf Om
Bl 4 (a) Z4EARZEME BT AL RL; (b) XM Y 3R Ty A Al
(I + MR AR
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elastic bonding stage (e, = 0.2%).
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7., along several
representative lines.
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Fig. 7. Variation of the critical strain for sliding with the
width of graphene at different Poisson's ratio of substrate
(the lines are the theoretical results, and the scatter points
are the FEM results).
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Fig. 8. Schematic diagram of interfacial sliding stage.
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Fig. 9. Distributions of graphene’s normal strains (a) €, and (b) ¢,; distributions of interfacial shear stresses (c) 7., and (d) 7., at the

interfacial sliding stage (g5, = 1%).
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Fig. 11. Comparisons of the results obtained via one-dimensional and two-dimensional models (W = 21.8 pm): (a) €, and (b) 7., at
the elastic bonding stage (g5, = 0.2%); (c) €, and (d) 7., at the interfacial sliding stage (g5, = 1%).
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interfacial sliding stage (g5, = 1%).
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Abstract

Interfacial mechanical properties have a great influence on the overall mechanical performance of
graphene/flexible substrate composite structure. Therefore, it is necessary to study interfacial shear stress
transfer between graphene and flexible substrate. In this paper, a two-dimensional nonlinear shear-lag model
(2D model) is presented. Taking the effects of Poisson’s ratio of the graphene and substrate into consideration,
the bidirectional interfacial shear stress transfer between graphene and flexible substrate subjected to uniaxial
tension is investigated by the 2D model when the Poisson’s ratio of substrate is larger than that of graphene. In
the elastic bonding stage, the semi-analytical solutions of the bidirectional normal strains of the graphene and
bidirectional interfacial shear stresses are derived, respectively, and their distributions at different positions are
illustrated. The critical strain for interfacial sliding is derived by the 2D model, and the results show that the
critical strain has a micron-scaled characteristic width. The width size of graphene has a significant influence on
the critical strain when it is less than the characteristic width, but the size effect can be ignored when the width
of graphene is larger than the characteristic width. In addition, the Poisson’s ratio of substrate can also affect
the critical strain. Based on the 2D model, the finite element simulations are made to investigate the
distribution of graphene's normal strains and interfacial shear stresses in the interfacial sliding stage.
Furthermore, compared with the results obtained via one-dimensional nonlinear shear-lag model (1D model),
the distributions of graphene’s normal strains and interfacial shear stresses calculated by 2D model show
obvious bidimensional effects both in the elastic bonding stage and in the interfacial sliding stage when the
width of graphene is large. There exists a compression strain in the graphene and a transverse (perpendicular to
the tensile direction) shear stress in the interface, which are neglected in the 1D model. And the distributions of
graphene’s tensile strain and longitudinal (along the tensile direction) interfacial shear stress are not uniform
along the width, which are also significantly different from the results of 1D model. Moreover, the critical strain
for interfacial sliding derived by the 2D model is lower than that obtained by the 1D model. However, when the
width of graphene is small enough, the 2D model can be approximately replaced by the 1D model. Finally, by
fitting the Raman experimental results, the reliability of the 2D model is verified, and the interfacial stiffness
(100 TPa/m) and shear strength (0.295 MPa) between graphene and polyethylene terephthalate (PET)
substrate are calculated.

Keywords: graphene/flexible substrate structure, Poisson’ s ratio, interfacial shear stress transfer, two-

dimensional nonlinear shear-lag model
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