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Cohesive-Shear-Lag Modeling
of Interfacial Stress Transfer
Between a Monolayer Graphene
and a Polymer Substrate
Interfacial shear stress transfer of a monolayer graphene on top of a polymer substrate
subjected to uniaxial tension was investigated by a cohesive zone model integrated with a
shear-lag model. Strain distribution in the graphene flake was found to behave in three
stages in general, bonded, damaged, and debonded, as a result of the interfacial stress
transfer. By fitting the cohesive-shear-lag model to our experimental results, the interface
properties were identified including interface stiffness (74 Tpa/m), shear strength (0.50
Mpa), and mode II fracture toughness (0.08 N/m). Parametric studies showed that larger
interface stiffness and/or shear strength can lead to better stress transfer efficiency, and
high fracture toughness can delay debonding from occurring. 3D finite element simula-
tions were performed to capture the interfacial stress transfer in graphene flakes with
realistic geometries. The present study can provide valuable insight and design guide-
lines for enhancing interfacial shear stress transfer in nanocomposites, stretchable elec-
tronics and other applications based on graphene and other 2D nanomaterials.
[DOI: 10.1115/1.4029635]
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1 Introduction

Graphene holds a promising potential for a wide range of appli-
cations due to its excellent electrical, optical, and mechanical
properties. For example, it has been considered as a potential al-
ternative for silicon in flexible and stretchable electronics [1–4].
Another emerging application of graphene is nanocomposites
[5–7], since it has been reported that graphene possesses a
Young’s modulus of 1 Tpa and intrinsic strength beyond 100 Gpa
[8–11]. This high modulus and strength make it an exceptional
candidate as the reinforcement of composite materials. In such
applications as stretchable electronic devices and nanocomposites,
graphene is usually placed on top of (or embedded within) a
polymeric substrate (or matrix) [1,2,5–7]. By analogy to thin
film/substrate and carbon nanotube/matrix systems [12–15], one
of the most critical issues that determines the performance and
reliability of these applications lies in the interface mechanical
properties, especially the shear interaction between graphene and
polymer substrate (or matrix). While graphene is very strong, a
weak interface may damage and fail [5,16]. Compared to the
extensive investigations that have been devoted to thin film/
substrate and carbon nanotube/matrix interfaces, however, interfa-
cial stress transfer at the graphene/polymer interface has been
rarely studied.

Several recent experiments have been reported on the interfa-
cial stress transfer at the graphene/polymer interface [16–21]. In
these experiments, a monolayer graphene flake was either placed
on top of or embedded within a polymer substrate. When the poly-
mer substrate was subjected to uniaxial tension, the graphene flake
underwent tensile strain as a result of the interfacial stress transfer.
Raman spectroscopy was used in these studies to measure the
strain in the graphene; Raman peaks of carbon materials (e.g.,
graphene and carbon nanotubes [22]) shift with strain, enabling

quantitative measurement of strain in such materials. Interfacial
properties can be deduced from these measurements with the aid
of shear-lag type of models. When the substrate is subjected to a
relatively small strain, the classical shear-lag model is valid with a
linear shear stress—sliding displacement relationship (perfectly
bonded) [16]. When subjected to a larger strain level, a nonlinear
shear-lag model was proposed assuming a constant shear stress
(i.e., shear strength) is reached beyond the linear stage [18].

Interfacial shear strength is one of the most important parame-
ters to characterize interface mechanical properties. Gong et al.
[16] found that the interfacial shear strength of a monolayer gra-
phene encapsulated between poly(methyl methacrylate) and SU-8
was �2.3 Mpa, while our previous study obtained a range
(0.46–0.69 Mpa) between graphene and polyethylene terephtha-
late (PET) [18]. Another important interface parameter is fracture
toughness. Though mode I fracture toughness (i.e., adhesion
energy) has been reported for the interfaces between graphene and
different substrate materials [23–27], mode II fracture toughness
at the graphene interface (e.g., in the case of graphene sliding on a
substrate) has not been reported.

Recent molecular dynamics (MD) simulations [28] suggested
that damage and debonding could occur after the perfect bonding
between graphene and polyethylene (PE) (note that no covalent
bonding was assumed at the interface in the simulations). A cohe-
sive law in shear mode extracted from the MD simulations has
been implemented in a continuum model to predict mechanical
response of nanocomposites [29]. Experimentally, Srivastava
et al. [19] found interface debonding between graphene and poly-
dimethylsiloxane in the nanocomposites using scanning electron
microscopy and Raman spectroscopy. Therefore, it is of relevance
to consider damage and debonding beyond the perfect bonding.

This paper reports a study on the interfacial stress transfer of a
monolayer graphene on top of a commonly used polymer sub-
strate, PET. Cohesive zone model considering damage and
debonding was integrated with shear-lag model to identify key
interface parameters including interface stiffness, interface shear
strength, and interface fracture toughness (mode II) and to study
the effects of these parameters on the mechanical properties of the
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monolayer graphene. This paper is organized as follows: In
Sec. 2, a cohesive zone model combined with a shear-lag model is
developed [30–32]. The interface behavior can be divided into
three stages: bonded, damaged, and debonded. Two critical
strains, for damage initiation and debonding initiation, are identi-
fied. In Sec. 3, the interface parameters in the cohesive-shear-lag
model are determined by fitting to available experimental results.
Then, parametric studies are conducted to evaluate the effects of
the interface parameters. Finite element analysis (FEA) imple-
menting the cohesive zone model is developed, which is particu-
larly useful to simulate the graphene flaks with realistic, complex
geometries. Finally, conclusions of this study are drawn in Sec. 4.

2 Cohesive Zone Model Integrated With

Shear-Lag Analysis

2.1 Cohesive Zone Model. Cohesive zone model has been
widely used in the study of crack initiation and propagation at the
interface in fiber reinforced composites, coating adhesives, and
many other bimaterial systems [33,34]. In a graphene/polymer
system, a large fracture process zone may develop at the interface
under stretching, where the cohesive traction is assumed to vary
along the fracture process zone but depend only on the local slid-
ing and/or opening [35]. Thus, the cohesive law can be considered
as a basic fracture property. While the specific form of a cohesive
zone model differs from one to another [35–37], a typical cohe-
sive zone model takes a similar feature of traction–separation rela-
tionship, of which the traction first increases with the separation
until reaching a critical value, and then decreases with further
increase of the separation till vanishing.

In the present study, a simple form of bilinear cohesive zone
model [36] is adopted (as shown in Fig. 1). A schematic illustra-
tion of the problem is shown in Fig. 2. Since the interface sliding
between graphene flake and substrate during uniaxial tension is
attributed to mode II fracture, the traction–separation law can
therefore be reduced to the relationship between shear traction
and sliding displacement. As can be seen from Fig. 1, the shear
traction first increases linearly with a constant stiffness K0, until
reaching the so-called shear strength smax, and then decreases with
another constant slope while the sliding displacement further
increases. Finally, it vanishes at a critical failure displacement df

then the interface loses its load carrying capacity. It has been
accepted that the two of the most important parameters that define
the cohesive law are the fracture toughness Gc, of which the mag-
nitude equals to the area under the traction–separation curve, and
the shear strength smax. The effects of these two parameters and
interface stiffness will be discussed later. It should be noted that
in the present study, both graphene and PET substrates are
assumed to be isotropic and linear elastic. Nonlinear effects will
be taken into account in future works. The formula of the bilinear
cohesive law is briefly given as follows:

The fracture toughness Gc takes the form of

Gc ¼
1

2
smaxdf (1)

Before reaching the first critical sliding displacement di, which
corresponds to the shear strength smax, the shear traction s is line-
arly related to the sliding displacement as

s ¼ K0d (2)

where d is the sliding displacement. After exceeding di, the slope
can be determined as smax=ðdi � dfÞ; therefore, the shear traction
can be expressed as

s ¼ smax

df � d
df � di

(3)

The shear stress becomes zero if further sliding occurs. For
di < d < df , a damage variable, D, is defined to describe the dam-
age evolution at the interface D ¼ dfðd� diÞ=dðdf � dEÞ [30].

2.2 Shear-Lag Model. In the present analysis, as shown in
Fig. 2, only half of the graphene/substrate system in the horizontal
(x) direction is considered for the sake of symmetry. The mono-
layer graphene holds a half-length L in the x direction with x ¼ 0
at the center of the graphene.

Shear-lag model [38] has recently been used to describe the
shear stress transfer between a monolayer graphene and a
substrate [16–18]. Under uniaxial tensile loading condition, the
tensile stress transfers from the substrate to the graphene by means
of interfacial shear stress. The graphene holds a Young’s modulus
of Eg (¼ 1 Tpa) [8], so the constitutive equation of graphene can
be given as r ¼ Ege, where r and e denote the axial stress and
strain in the graphene, respectively.

The equilibrium condition for the graphene in the tensile direc-
tion leads to

s ¼ �h
dr
dx

(4)

where h ¼ 0:35 nm is the graphene thickness.
The sliding displacement at the interface can be expressed as

[35]

d ¼ um � ug (5)

where um ¼ emx and ug ¼ ex, represents the displacement of
substrate and graphene flake, respectively.

Combining Eqs. (4) and (5) relates shear stress with sliding
displacement as

s ¼ Egh
d2d
dx2

(6)

where s can be obtained from the cohesive law as will be dis-
cussed later.

Fig. 1 Bilinear cohesive law

Fig. 2 Schematic diagram of the monolayer graphene/PET
configuration under uniaxial tension
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2.3 Integrated Cohesive Zone Model With Shear-Lag
Analysis. Upon uniaxial tension on the substrate, the sliding dis-
placement increases between graphene and substrate. The shear
stress at the interface first increases linearly and then decreases
linearly till vanishing according to the bilinear cohesive zone
model. The three stages of the interface behavior are in accord-
ance with the three parts shown in Fig. 2: first part—bonded
(0 < x < L1), second part—damaged (L1 < x < L2), and third
part—debonded (L2 < x < L). Note that L1, L2, and L are equal at
the undeformed state.

During the first stage when the applied strain is relatively small,
the sliding displacement in the entire graphene is smaller than di,
so the graphene/substrate interface can be considered as perfectly
bonded. The shear stress is given by Eq. (2), substituting which
into Eq. (6) yields the following ordinary differential equation:

d2d
dx2
¼ K0

Egh
d (7)

Applying the boundary conditions r ¼ 0 at x ¼ L and ug ¼ 0 at
x ¼ 0, Eq. (7) can be solved as

d ¼ em

b coshðbLÞ sinhðbxÞ (8)

where b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K0=Egh

p
is the shear-lag parameter. The axial strain

in the graphene is obtained as

e ¼ em 1� coshðbxÞ
coshðbLÞ

� �
(9)

This result is the same as the classical shear-lag model. However,
here only one parameter, K0, needs to be determined.

A shear strength criterion can be set beyond which the interface
goes into damage. At this point, the sliding displacement at the
very edge of the graphene should be equal to di. Thus, from
Eq. (8), the first critical strain, which is associated with damage
initiation, is given by

ec1 ¼ dib cothðbLÞ (10)

As the applied strain to the substrate further increases, the slid-
ing displacement increases. The interface behavior may include
two parts. In the first part, with length L1 as shown in Fig. 2, the
sliding displacement is smaller than di, thus the interface is still
perfectly bonded. At the point of x ¼ L1, the sliding displacement
is exactly equal to di. With this boundary condition, the axial
strain in the bonded part can be obtained as

e ¼ em � dib
coshðbxÞ
sinhðbL1Þ

(11)

In the second part, the interface is damaged because the sliding
displacement exceeds di. The shear stress is thus given by Eq. (3),
substituting which into Eq. (6) leads to

d2d
dx2
¼ a2ðdf � dÞ (12)

where a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
smax=ðEghðdf � diÞ

p
Þ. Applying the boundary condi-

tion d ¼ di and continuity condition rþL1
¼ r�L1

at x ¼ L1, Eq. (12)
can be solved as

d ¼ A cosðaðL1 � xÞÞ þ B sinðaðx� L1ÞÞ þ df (13)

where A ¼ di � df and B ¼ dib cothðbL1Þ=a. The axial strain in
the damaged part takes the form of

e ¼ em þ Aa sinðaðx� L1ÞÞ � Ba cosðaðx� L1ÞÞ (14)

where L1 can be determined by applying boundary condition
r ¼ 0 at x ¼ L, given as

Aa sinðaðL� L1ÞÞ � Ba cosðaðL� L1ÞÞ ¼ �em (15)

For the graphene to debond from the substrate, the sliding dis-
placement at the edge of the graphene needs to achieve the critical
failure separation df . Hence, by setting d ¼ df at x ¼ L, Eq. (13)
becomes

A cosðaðL� L1ÞÞ þ B sinðaðL� L1ÞÞ ¼ 0 (16)

This equation gives a critical value of L1, denoted as L1c. The
corresponding strain applied to the substrate can be considered as
the second critical strain, denoted by ec2, which can be determined
by Eq. (15) after L1c is determined.

Further increase in the strain applied to the substrate leads to
debonding from the graphene edges to the center. Thus, the inter-
face involves a debonded part. Now the bonded part and damaged
part have total length of L2 as shown in Fig. 2. In this case, the
strain in the bonded part and damaged part still takes the same
form of Eqs. (11) and (14), respectively. In the debonded part, the
strain in the graphene becomes zero. The length of L1 and L2 can
be obtained simply by solving Eqs. (15) and (16) simultaneously
by substituting L with L2.

For completeness, the present model is briefly compared to the
nonlinear shear-lag analysis presented in our previous work [18].
In both cases, constant interface stiffness is assumed in the per-
fectly bonded stage. In the nonlinear shear-lag analysis, beyond
the perfectly bonded stage with constant interface stiffness, the
shear stress is assumed constant. By contrast, in the present
model, two stages (damage and debonding) are introduced; the
shear stress linearly decreases till vanishing with the increasing
sliding displacement. As a result of such a difference, the mode II
fracture toughness can be evaluated in the present analysis, which
is not possible in the nonlinear shear-lag analysis. In addition, the
strain distribution after damage and debonding can be predicted in
the present analysis. As to fitting the experimental results in terms
of strain distribution in graphene, the difference between the two
models is modest when the graphene is short and the applied
strain to the substrate is small, which is the case of our experi-
ments [18]. However, a distinction between the two models can
be seen for a larger graphene length and/or a larger strain to the
substrate, as will be shown later.

3 Results and Discussion

3.1 Experimental Results and Parameters Identification.
In our experiment, a PET substrate with a monolayer graphene

on top was uniaxially stretched by a small-scale mechanical test-
ing stage. Raman spectroscopy was used to measure the local
strains along the graphene flake at different applied strain levels.
For more details on the experiments, see Ref. [18]. The measured
strain distribution in a monolayer graphene with a length of 21.8
lm is shown in Fig. 3, for six different applied strain levels, 0.2%,
0.4%, 0.6%, 0.8%, 1.0%, and 1.2%. It can be seen that when the
applied strain is as small as 0.2%, strain distribution along the gra-
phene shows a typical characteristic of the classical shear-lag
model. As a consequence, the entire interface can be considered
in its perfectly bonded stage at this strain level. By fitting the
experimental results at em ¼ 0:2% with Eq. (9), the interface stiff-
ness K0 was found to be 74 Tpa/m.

When the applied strain further increases, though the center
strain in the graphene is approximately equals to the applied strain
in the substrate, the shear stress at the graphene edges tends to
approach a constant value or even decrease as shown by the slope
of the strain distribution in Fig. 3. This means that damage has
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initiated gradually from graphene edges. In addition, the shear
stress does not vanish even when the applied strain is as large as
1.2%, which implies that no debonding has occurred. Accord-
ingly, the interface can be divided into two regions at these strain
levels: The middle of the interface is perfectly bonded while the
rest of the interface has been damaged. By fitting the experimental
results to Eqs. (11) and (14), the shear strength is found to be 0.50
Mpa and the mode II interface fracture toughness �0.08 N/m. It
should be noted that since the measured graphene flake was quite
short and debonding did not occur, the obtained fracture tough-
ness value should be treated as an estimate. The fitted results are
shown in Fig. 3 by solid lines, where a very good agreement is
obtained except some local discrepancies. The fitting highlighted
in red is when the applied strain level was below the first critical
strain as determined by Eq. (10) (i.e., the entire interface was per-
fectly bonded).

3.2 Finite Element Analysis. For the potential applications
of graphene in stretchable electronics and nanocomposites among

others, it is important to predict the mechanical behavior of gra-
phene flakes of realistic, often complex shapes. With this motiva-
tion, FEA models were developed.

In a 2D model, CPS4R element in ABAQUS 6.10 [39] was
employed to model both the graphene layer and the PET substrate.
Both materials are considered isotropic, linearly elastic with the
following properties: Young’s modulus 1 Tpa and 3 Gpa, Pois-
son’s ratio 0.165 and 0.39, for graphene and PET, respectively.
COH2D4 element with the bilinear cohesive law (Fig. 1) was used
to model the interface. The material parameters, in the shear direc-
tion, incorporated in the cohesive law were those obtained in Sec.
3.1 through fitting. As to the normal direction, the interface
strength and fracture toughness were assumed to be equal to those
in the shear direction. The normal stiffness was considered as a
penalty parameter, with a large value to prohibit normal direction
penetration in compression and separation in tension. Benzeggagh–
Kenane fracture criterion was used to define the initiation of the
debonding, considering the mixed mode behavior in the simula-
tion. The damage variable D was used to track the interface sliding
status (e.g., bonded, damaged, or debonded). The numerical results
of strain distribution along the graphene at different applied strain

Fig. 3 Strain distribution along the length of a graphene flake.
Symbols represent experimental data, solid lines are the analytical
solution of the cohesive-shear-lag model and dashed lines are the
FEA simulation. Red line (0.2% strain) indicates that the interface
is perfectly bonded while blank lines indicate that damage occurs.

Fig. 4 Effect of interface stiffness. Red lines indicate that the
interface is perfectly bonded while blank lines indicate that
damage occurs. When K0 5 740 Tpa/m, the first critical strain
ec1 5 0:10%; when K0 5 7.4 Tpa/m, ec1 5 1:07%.

Fig. 5 Effect of interfacial shear strength. Red lines indicate
that the interface is perfectly bonded while blank lines indicate
damage occurs. When smax 5 0:4Mpa, ec1 5 0:25%; and when
smax 5 0:6Mpa, ec1 5 0:37%.

Fig. 6 Effect of graphene length and interface fracture tough-
ness on the second critical strain defined in Sec. 2.3
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levels are shown in Fig. 3. It can be seen that the simulations agree
very well with both the experiments and analytical solutions.

To account for the complex geometries of the graphene that
might occur in real applications, a 3D model was also developed.
In this case, M3D4R element was employed to model the gra-
phene layer and C3D8R element to model the PET substrate,
while COH3D8 element was used for the interface.

3.3 Interface Properties and Their Effects. With the inter-
face properties identified in Sec. 3.1, the effects of interface stiff-
ness, shear strength, and fracture toughness on interfacial stress
transfer and damage/debonding propagation will be discussed in
this section.

3.3.1 Effect of Interface Stiffness. To show the effects of
interface stiffness and shear strength on strain distribution in a

graphene flake, graphene length of 21.8 lm was used as in our
experiment. As will be shown later, debonding does not happen
for such a small graphene length as long as the applied strain is
not exceedingly high. Thus, the graphene consists of two parts:
fully bonded part and damaged part. The effect of interface stiff-
ness can be studied by keeping shear strength (0.50 Mpa) and
fracture toughness (0.08 N/m) constant. As can be seen from
Fig. 4, while the first critical strain ec1 decreases with increasing
interface stiffness, the plateau strain built up at the graphene cen-
ter increases dramatically and the length of the plateau region
increases too.

3.3.2 Effect of Interface Shear Strength. By varying its mag-
nitude (0.4 and 0.6 Mpa) while keeping interface stiffness (74
Tpa/m) and fracture toughness (0.08 N/m) constant, the effect of
interface shear strength on graphene strain distribution is shown
in Fig. 5. It can be seen that while the shear strength does not have
much effect at small applied strains (e.g., 0.2%), a larger normal
stress ensues with increasing shear strength in the graphene at
larger applied strains. In addition, a larger shear strength results in
a larger first critical strain ec1, which means that the interface can
undergo a larger substrate strain before damage happens.

3.3.3 Effect of Interface Fracture Toughness. In contrast to
interface shear strength and interface stiffness that affect strain
distribution in both the fully bonded part and damaged part, inter-
face fracture toughness Gc only comes into play after damage hap-
pens. In this case, before debonding, the interface includes two
parts: x < L1 (perfectly bonded) and x > L1 (damaged). The
length L1 can be obtained from Eq. (15). It shows that with the
increase of the applied substrate strain, the length L1 decreases
and ðL� L1Þ increases. However, there is an upper limit, ec2, for
the applied strain, beyond which the shear stress at graphene
edges becomes zero and debonding occurs. The effect of interface
fracture toughness and graphene length on ec2 is shown in Fig. 6.
Obviously, with increasing interface fracture toughness, ec2

increases (i.e., delays debonding at the interface). Another obser-
vation is that graphene of smaller length are highly resistant to
debonding because ec2 attains a very large value. With increasing

Fig. 7 Strain distribution in a graphene flake with length of 60
lm using the cohesive-shear-lag model and the nonlinear
shear-lag model

Fig. 8 Normal strain distribution in (a) rectangular, (b) H shaped, and (c) triangular
graphene flakes under different applied substrate strain levels (in x direction). Gra-
phene length is 21.8 lm and width is 5 lm in all cases. A quarter of the model is
used for the rectangular and H shapes, and a half for the triangular shape due to
symmetry.
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graphene length, ec2 decreases and approaches a nearly constant
value.

3.4 Graphene Debonding. When the applied substrate strain
exceeds the second critical strain ec2, a debonded part
(L2 < x < L) initiates from the graphene edges. To investigate the
interface stress transfer at this stage, strain distribution at different
applied strain levels (from 0.5% to 3.5%) in a graphene of 60 lm
in length is shown in Fig. 7 (note that only half of the graphene
length is shown). The reason to choose 60 lm length is because
ec2 for this length achieves an almost constant value as can be
seen from Fig. 6 (with a corresponding ec2¼ 2.14% for Gc¼ 0.08
N/m). The most striking feature in this case is that, when the
applied strain exceeds ec2, there does not exist a plateau strain in
the graphene center. Indeed, the graphene center strain gradually
decreases with the increasing substrate strain. On the other hand,
at graphene edges, the strain becomes zero; the length of the
debonded part increases with the increasing substrate strain
because debonding propagates from the graphene edges to the
center. For comparison purpose, the results predicted by the non-
linear shear-lag model [18] are also presented in Fig. 7.

Before debonding occurs, the normal stress in graphene is sim-
ply the integration of interface shear stress over the distance from
the edge according to Eq. (4). Therefore, the longer the graphene,
the more efficient interfacial stress transfer is (assuming the inter-
facial properties unchanged). But after debonding occurs, the gra-
phene length becomes irrelevant in the present model in terms of
interfacial stress transfer. According to Eqs. (15) and (16), the
length of the bonded and damaged parts remains constant, regard-
less of the total graphene length. To achieve better interfacial
stress transfer, it is advisable to keep the applied strain to the
substrate below the critical strain for debonding, ec2, for a given
graphene length, as shown in Fig. 6.

3.5 FEA of Complex Graphene Geometries. In real appli-
cations, graphene flakes might have complex shapes rather than
the idealized rectangle one analyzed so far. The complex shapes
could be a result of the desired device patterning or the mechani-
cal exfoliation method used to prepare the flakes. Therefore, it is
of relevance to investigate how the geometry affects the interfa-
cial stress transfer. In this section, three graphene geometries, rec-
tangular, “H” shaped, and triangular, were simulated using FEA.
The H shaped graphene flakes have been used in graphene-based
transistors [40], while the triangular shape is an exaggerated rep-
resentation of the mechanically exfoliated flakes that are typically
irregular. The strain distribution results under three stages,
bonded, damaged, and debonded, are shown in Fig. 8. It can be
seen that the longitudinal strain always first builds at the graphene
edge and increases toward the largest value in the center. When
debonding is initiated, the zero strain zone in the graphene propa-
gates from the edge to the center. The nonuniform strain distribu-
tion in the transverse direction is due to transverse shear caused
by Poisson’s effect as well as the complex geometry.

4 Conclusions

A cohesive-shear-lag model was developed to investigate the
interfacial shear stress transfer of a monolayer graphene on top of
a PET substrate. Strain distribution in the graphene flake was
found to behave in three stages in general, bonded, damaged, and
debonded, depending on the interface properties and the graphene
length. By fitting the available experimental data, the interface
stiffness, shear strength, and mode II fracture toughness were
identified with the values of 74 Tpa/m, 0.50 Mpa, and 0.08 N/m,
respectively, for the graphene/PET interface. Parametric studies
showed that larger interface stiffness and/or shear strength can
lead to higher stress transfer efficiency, while high fracture tough-
ness can delay debonding. Compared to the nonlinear shear-lag
model [18], the present model defines two stages, damage and

debonding, beyond perfect bonding, which might be relevant for a
large graphene length and/or a large substrate strain. 3D FEA was
performed to capture the interfacial stress transfer in graphene
flakes with complex geometries. The analytical and FEA models
can be readily extended to study other two-dimensional nanomate-
rials (e.g., hexagonal boron nitride, molybdenum disulfide, and
silicene) on polymer substrates. Our experiment did not observe
sliding due to the relatively small graphene size (prepared by the
scotch-tape method). Future work would extend the experiment to
larger sample size (e.g., prepared by the chemical vapor deposi-
tion method) where damage and debonding at the graphene/PET
interface is more likely.
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