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Abstract
The peeling process and average peeling force of a graphene (GE) sheet on a corrugated
surface are investigated using molecular dynamics simulation. It is found that the peeling
behaviour varies with the substrate surface roughness and the peeling angle. Three kinds of
typically peeling behaviours include (a) GE sheet directly passing the valley of the substrate
roughness; (b) bouncing off from the substrate; and (c) continuously peeling off similarly to
that on a flat substrate. As a result, the average peeling force is strongly dependent of the
peeling behaviours. Furthermore, some interesting phenomena are caught, such as partial
detaching and partial sliding of GE sheet in the valley of the substrate roughness, which are
mainly due to the effects of pre-tension in GE sheet and the reduction of friction resistance.
The results in this paper should be useful for the design of nano-film/substrate systems.

(Some figures may appear in colour only in the online journal)

1. Introduction

As a special film material, graphene (GE) possesses
exceptional properties, such as the extraordinary electrical
[1] and thermal [2] ones, which give it great potential for
many nano-scale applications, e.g. in nano-electromechanical
systems. Its extremely small thickness and flexibility but
with exceptional mechanical strength [3, 4] also make GE a
good choice as a coating layer, which can protect the substrate
from corrosion and oxidation, reduce the surface friction and
improve the wear resistance [5]. In almost all the applications,
the adhesive interface between GE and the substrate is very
important for the services of devices or structures, which will
show significant influence on the electronic and mechanical
properties [6–8]. As a result, many interesting works have
been carried out in order to understand the morphology of the
adhesive interface [9, 10] and the interface strength [11].

For an ideal smooth substrate, full conformation
morphology would be formed between GE sheet and the
substrate. However, no perfectly smooth surface exists in
nature, which leads to much research on the final configuration
between GE and a corrugated substrate. Scharfenberg et al [10]
revealed that GE undergoes a sharp ‘snap-through’ transition
as a function of the layer thickness on a corrugated substrate,
i.e., closely conforming to the substrate or remaining flat on the
substrate. Wagner and Vella [12] demonstrated that substrate

shapes should play a crucial role in determining the ‘snap-
through’ transition and proposed a substrate shape that could
exhibit a continuous, rather than ‘snap-through’ transition.
Gao and Huang [13] found that the bending modulus, which
increases drastically from monolayer to multilayered GE [14],
also plays an important role in the transition from conformal to
non-conformal morphology of a GE membrane on a corrugated
surface. Recently, the morphology of the adhesive interface
between a GE sheet and a nano-scale corrugated surface was
investigated by Chen et al [15], in which it was found the final
configuration depends not only on the surface roughness of the
substrate and the number of GE layers, but also on the length
of GE; a continuous transition, rather than the ‘snap-through’
one was exhibited by the MD simulations, i.e., GE remaining
flat on the substrate, partial conformation to the substrate and
full conformation. The results [15] can be explained by the
competition between the van der Waals interaction, the bending
energy and the work of friction force.

Another important aspect is the interface strength. Works
related to a smooth substrate are not in the discussion scope
of this paper. The interface strength considering the effect
of substrate roughness has recently attracted the interest of
many scientists. This topic was studied initially by Fuller
and Tabor [16], in which a simple model was developed
with the assumption of surface asperity following a Gaussian
distribution and it was found that relative small surface

0022-3727/13/435305+09$33.00 1 © 2013 IOP Publishing Ltd Printed in the UK & the USA

http://dx.doi.org/10.1088/0022-3727/46/43/435305
mailto: chenshaohua72@hotmail.com
http://stacks.iop.org/JPhysD/46/435305


J. Phys. D: Appl. Phys. 46 (2013) 435305 H Chen and S Chen

Figure 1. Schematic of a finite-size GE sheet peeling-off from a sinusoidal rough substrate. α is a real peeling angle at each point on the
substrate surface and β is a nominal peeling angle. a and λ are the amplitude and wavelength of the substrate roughness.

roughness could reduce or even remove adhesion. This
conclusion was accepted for a long time until Briggs and
Briscoe [17] found a rubber sticking a rigid slightly rough
surface much better than a relatively smooth one. In order to
find the mechanisms, many theoretical and numerical models
considering the effect of surface roughness on adhesion were
established [18–26]. It was shown that adhesion of an elastic
solid to a rough substrate involves the competition between
the attractive adhesion energy, which results mainly from the
atomic contact at the interface, and the repulsive elastic energy,
associated with the bending of the elastic solid surface. When
the attractive adhesion energy is larger than the repulsive elastic
energy, the elastic solid/film will deform spontaneously to
fill out the substrate cavities, and the complete contact will
occur [27]. Adhesion force may be improved by the surface
roughness, which may explain the phenomenon found in [17].
In fact, all the theoretical adhesion models for thin films
considering the effect of surface roughness are focused on films
with infinite length, which should predict different mechanical
phenomena for thin film with finite length scale, such as Peng
et al [25] and Peng and Chen [28].

Almost all the theoretical models considering the effect
of substrate roughness adopt an assumption that the adhesive
interface has a full conformation configuration. However,
from our former work [15], it was found three typical
configurations exist between GE sheet and a corrugated
substrate actually due to the substrate roughness, i.e., flat
configuration, partial conformation and full conformation.
What are the differences of the interface strength of such three
different morphologies? What are the peeling features of such
three different morphologies? Furthermore, the peeling force
exhibits a vibration feature in many peeling tests and the effect
of substrate roughness is thought as one of the main factors.
However, the detailed effects of substrate roughness on the
peeling force are not abstracted, which may be a trivial problem
in macroscopic scales but non-trivial in nano-scales.

In order to answer the above questions, the peeling
behaviours of a GE sheet on corrugated surfaces are
investigated using molecular dynamics simulation and the
adhesive interface morphologies are based on one of our former
works [15].

2. Simulation method and atomic model

In the molecular dynamics model, where a GE sheet adheres
on a copper substrate with a corrugated surface, a Cartesian

coordinate (x, y, z) is introduced and the x axis is parallel to
the zigzag direction as shown in figure 1. Without loss of
generality, the surface roughness of the substrate is described
by a sinusoidal function [29], which has often been used
in theoretical and experimental studies on adhesion about a
corrugated substrate. The profile of the corrugated surface can
be described as

hs = h0 + a sin(kx), (1)

where h0 is a constant, a is the amplitude of the roughness,
λ is the wavelength and k = 2π/λ the wave number. The
corrugated copper, as a representative substrate, has a thickness
larger than (2a + 3) nm in y direction with a fixed amplitude
a = 0.5 nm. Atoms at the bottom of the substrate are fixed
in all the simulations and periodic boundary conditions are
adopted for the substrate in x and z directions. The width of
GE in z direction is fixed as 11.2 nm shown in figure 1.

MD simulations presented in this work are performed
using the large-scale atomic molecular massively parallel
simulator (LAMMPS) [30]. The adaptive intermolecular
reactive empirical bond order (AIREBO) [31] potential is
used to describe interactions among carbon atoms [32]. The
cutoff distance is 2.0 Å for AIREBO potential [33]. The
embedded atom potential is adopted to describe the Cu–Cu
atom interactions, which is capable of describing the structural
and mechanical properties of Cu [34]. Interactions between
carbon and copper atoms are represented by the classical L–J
potential, i.e., V (r) = 4ε(σ 12/r12 − σ 6/r6). Here, r is the
distance between two atoms, ε is a parameter determining the
depth of the potential well and σ is a length scale parameter
that determines the position of the minimum potential. In all
our simulations, we take ε = 0.0168 eVand σ = 2.2 Å. All
simulations are run in NVT ensemble at temperature 10 K
using a Nosé–Hoover thermostat, unless stated otherwise.
The equations of motion are solved using a velocity-Verlet
algorithm with a time step 1.0 fs. In order to obtain a
stable morphology, the simulation system is annealed until
the potential energy of the system does not change any more.
Then, one end of a spring with a spring constant 0.1 eV nm−2

is connected to each carbon atom at the right edge of GE
sheet and the other end of the spring is pulled at a velocity
v = 0.01 nm ps−1. Atoms at the left edge of GE remain free
during our simulations.

For the convenience of analysis, two different peeling
angles α and β are defined as shown in figure 1, where α

2
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Figure 2. Side views of a GE sheet peeling-off from a corrugated substrate with η = 5 and β = π/2. (a) the initial adhesive morhphology;
(b)–(d) are snapshots of the peeling process with a time interval 150 ps.

is a real peeling angle of each point on the corrugated surface
and β is a nominal peeling angle. A dimensionless parameter
η = λ/a is introduced in order to describe the roughness of
the substrate.

3. Results and discussions

The effects of surface roughness and peeling angle on the
peeling behaviours are mainly focused in our simulations.

Cases with a nominal peeling angle β = π/2 but with
different substrate roughness are investigated first, where the
amplitude of the roughness is fixed as a = 0.5 nm. Several
different wavelengths of the substrate with η ranging from
0 to 24 are chosen. During the peeling process, three
kinds of different peeling behaviours with an increasing η

are found, which is significantly related to the three types
of interface morphologies formed between GE and the rough
substrate [15], i.e., GE sheet lying flat on a rough substrate,
partial conformation between GE and rough substrate and full
conformation of the adhesive interface.

The first kind of peeling behaviour is for cases with η � 5.
Figure 2 gives a representative example, in which η = 5
and λ = 2.5 nm lead to GE sheet lying flat on the rough
surface of the substrate originally as shown in figure 2(a).
Under the peeling force, GE sheet will pass directly the valley
of roughness. Snapshots for GE passing one wavelength of
rough substrate are given in figures 2(b)–(d), where the GE
sheet jumps from one wave crest to another one. The relation
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Figure 3. The peeling-off force as a function of the peeling distance
for the case with η = 5 and β = π/2.

between the peeling force and displacement is given in figure 3,
where the peeling force varies very sharply, corresponding to
the adhesion region and the jumping one. The peeling force
almost vanishes during the jumping stage.

Fixing the amplitude of the substrate roughness, partial
conformation morphology will form between GE and rough
substrate when the wavelength of the substrate roughness
increases. Figure 4(a) gives an initial morphology of partial
conformation, where λ = 3.5 nm, i.e., η = 7. During the
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Figure 4. Side views of a GE sheet peeling-off from a corrugated substrate with η = 7 and β = π/2. (a) the initial adhesive morphology;
(b)–(d) are snapshots of the peeling process with a time interval 150 ps.

peeling process, a bouncing-off behaviour is found, which
can be seen in figures 4(b) to (c). One of the reasons is
that the bending energy stored in GE is very close to the
adhesion energy of the interface in this case. An additional
strain energy produced by the peeling force increases a little,
the total deformation energy will be larger than the adhesion
energy, bouncing-off of GE from the rough substrate will
happen. Another reason is that the elastic energy stored in
GE increases with the gradually increasing peeling force, and
simultaneously the total adhesion energy decreases due to part
detachment; spontaneous bouncing-off phenomenon happens
when the elastic energy is larger than the adhesion energy.
Due to the bouncing-off behaviour, the peeling force descends
to be a very small one that needs to straighten the loose part
of GE. Meanwhile, it is interesting to find that the interface
of initially partial conformation becomes full conformation
during peeling, which can be found by comparing figure 4(a)
to figures 4(b)–(d). This interesting behaviour should be
reasonable and could be explained by the reduction of interface
resistance due to the decreasing adhesion length of GE [15]. In
other examples of initially partial conformation, for example,
η = 6, bouncing-off is also found and partial conformation
could also become a full one. However, due to the bending
energy needed in the case of η = 6 larger than that in the case
of η = 7, the transform of partial conformation to a full one is
along with the peeling process, as shown in figure 5.

Further increasing the wavelength of the substrate
roughness leads to a full conformation interface morphology
[15]. Under a peeling force at the right edge of GE sheet, a
continuous peeling behaviour is observed, which is similar
to that in a flat surface case. Snapshots of the peeling
process are shown in figure 6 with λ = 4.5 nm, i.e., η = 9.

Relation between the peeling force and displacement is shown
in figure 7, where the peeling force varies periodically with
the peeling displacement and the variation period is actually
consistent with the wavelength of substrate roughness. We note
that the real peeling angle α at each point within a wavelength
is different and varies periodically.

For comparison, the peeling force in the case of a GE sheet
in adhesive contact with a smooth copper substrate, i.e., η = 0,
is shown in figure 8, where the peeling angle is β = π/2 also.
At the initial stage, the peeling force has a jump due to the
unstable state, after which the peeling process enters into a
stable one and the peeling force tends to be a constant. The
weak fluctuation of peeling force in the flat case is attributed
to the unavoidable thermo-effect during MD simulations.

Theoretical analysis is difficult for the partial conforma-
tion case, but it is easy to carry out for the full conformation
case [22, 28]. Energy conservation principle gives the energy
that is needed to peel GE sheet off from substrate,

Ee = A�γ − Uel, (2)

where �γ is the interface energy (per unit area) and takes
�γ = 0.274 nN nm−1 in the present work. The real contact
area between GE sheet and substrate within a wavelength is
A = ∫ λ

0

√
1 + (∂hs/∂x)2 dx. Uel = 1

2D
∫ λ

0 (∂2hs/∂x2)2 dx is
the bending energy, where D = 0.11 nN nm is the bending
modulus of one-layer GE sheet.

Then, the average peeling force can be defined as

Fav = Ee

Le
, (3)
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Figure 5. Side views of a GE sheet peeling-off from a corrugated substrate with η = 6 and β = π/2. (a) the initial adhesive morphology;
(b)–(d) are snapshots of the peeling process with a time interval 150 ps.

Figure 6. Side views of a GE sheet peeling-off from a corrugated substrate with η = 9 and β = π/2. (a)–(e) are snaphsots of the peeling
process with a time interval 150 ps.

where Le = ∫ λ

0 (1 − cos(α))
√

1 + (∂hs/∂x)2 dx is the
effective peeling distance and the real peeling angle can be
obtained by α = β − arctan(∂hs/∂x).

Theoretical predictions of the average peeling force for
the full conformation case are compared to the MD results

with β = π/2 as shown in figure 9, where one can see that
the theoretical results agree well with the simulation ones only
if η � 9. Actually, in our MD models, full conformation
morphology can be found when η � 9, which demonstrates
the validity of energy conservation method in nano-scales.
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the case with η = 9 and β = π/2.
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Figure 8. The peeling-off force as a function of the peeling distance
for the case with a flat substrate and β = π/2.

If the nominal peeling angle is not vertical to the horizontal
line, do all the phenomena vary? Here, three representative
cases are chosen, i.e., η = 5, where GE lies flat on the
corrugated substrate; η = 6, where partial conformation
between GE and the rough substrate forms and η = 9, where
full conformation can be formed. In all these cases, the peeling
angle will vary in the range from π/4 to 3π/4.

In the case of η = 5 with either a small peeling angle β

or a large one, the peeling process is almost the same as those
shown in figure 2, where β = π/2 and GE sheet passes the
valley of the rough substrate directly.

In the case of η = 6, the peeling behaviour is influenced
significantly by the peeling angle. Whenβ � π/3, a bouncing-
off behaviour can be found at the beginning as shown in
figures 10(a) and (b). Then, GE sheet is stretched to lie flat
on the corrugated substrate as shown in figure 10(c), after
which the peeling process is very similar to that in the case of
GE lying flat on the substrate as shown in figures 10(c)–(e).
For the case with a small peeling angle (β � π/3), the
component of peeling force in the horizontal direction is large
comparing to the case with a large peeling angle, so that
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Figure 9. The average peeling-off force as a function of η, where F0

is the corresponding peeling-off force for the flat substrate case.

GE sheet would be stretched. The stretching energy would
overcome the adhesion energy, which results in GE lying flat
on the corrugated substrate. When β � 3π/4, bouncing-off
behaviour still exists as shown from figures 11(b) to (c), after
which the peeling force will straighten the loose part of GE and
then peel off the remaining part as shown in figures 11(c) and
(d). When the peeling angle lies in the intermediate region, all
the peeling behaviours are similar to the case of β = π/2.

When η = 9 but with a small peeling angle, for example
β � π/3, the horizontal component of the peeling force will
lead to GE sliding first on the substrate and then gradually
detaching from the substrate as shown in figures 12(a)–(c) [35].
For the case with a large peeling angle, i.e., β � π/3, the
peeling behaviours are similar to that in the case with β = π/2
as shown in figure 6.

The average peeling-off force F as a function of the
peeling angle β is obtained by MD simulations as shown
in figure 13 for three cases with different initial interface
adhesive morphologies. It is shown that the varying tendency
of the average peeling-off force with the peeling angle is
not influenced by the different interface morphologies. The
average peeling-off force monotonically decreases with an
increasing peeling angle β, which is well consistent with the
finite element simulation results [36].

Finally, three more sets of simulations for three types of
roughness i.e., η = 5, η = 7 and η = 12 at T = 50, 100
and 300 K, with a peeling angle β = π/2 are carried out in
order to investigate the effect of system temperatures on the
interface peeling behaviour. It is found that the effect of system
temperature on the peeling behaviour is not obvious, similar to
that of a GE sheet peeled-off from a flat substrate [37]. Three
kinds of typically peeling behaviours, such as the continuous
peel-off, bouncing off from the substrate and directly passing
the valley of the substrate roughness, are still found for models
with different system temperatures. The average peeling-off
forces at different system temperatures are also similar to that
at T = 10 K. As a conclusion, the peeling behaviour is
mainly determined by the competition among the adhesion
energy (L–J interaction between GE and copper), the bending
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Figure 10. Side views of a GE sheet peeling-off from a corrugated substrate with η = 6 and β = π/4. (a)–(e) are snapshots of the peeling
process with a time interval 150 ps.

Figure 11. Side views of a GE sheet peeling-off from a corrugated substrate with η = 6 and β = 3π/4. (a)–(d) are snapshots of the peeling
process with a time interval 150 ps.

and stretching energy stored in the GE sheet and the energy
consumed by the interface friction. However, the system
temperature will show some effects on the free-standing GE
sheet, which is peeled off from the substrate. The amplitude
of vibration of the free-standing GE sheet is found to increase
with an increasing system temperature.

4. Conclusions

In this paper, the peeling behaviour of a graphene sheet
in adhesive contact with a corrugated copper substrate is

investigated using molecular dynamics simulations. The
peeling behaviour depends significantly on the initially
adhesive interface morphology, which is mainly influenced by
the roughness of the substrate and the length of GE sheet [15].
Three kinds of morphologies correspond to three kinds of
peeling behaviours under a nominally vertical peeling angle:
(a) GE sheet directly passing the valley of the roughness;
(b) bouncing off from the substrate; (c) continuously peeling-
off similar to that of a flat substrate case. When the peeling
angle is small, the horizontal component of the peeling force
will induce partial sliding or partial detachment and sometimes,
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Figure 12. Side views of a GE sheet peeling-off from a corrugated substrate with η = 9 and β = π/4. (a)–(c) are snapshots of the peeling
process with a time interval 150 ps.
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part of the full conformation degrading to be the lying flat
morphology. The peeling-off force is found to be sensitive to
the peeling angle in all cases, which is consistent with the
theoretical prediction for flat substrate cases [25, 35]. The
results in this paper would be helpful for the understanding
of a nano-film detaching from a corrugated substrate and the
design of coating on a rough substrate.
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