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It is of great significance to provide theoretical guidance to the application of carbon nanotubes as adhesive ma-
terials via the investigation on their adhesion force. In this paper, molecular dynamics was adopted to investigate
the adhesion force between the graphene substrate and the carbon nanotubes with varying deformation degrees
and diverse types of irradiation induced defects at different temperatures. No obvious adhesion force was found
between the carbon nanotube and graphene until the deformation degree of the former reached >70%. The ad-
hesion force would be maintained at a high level when the temperature was in the range of 280-320 K, which
limited its application. Moreover, the adhesion force between carbon nanotube with vacancies and graphene
substrate would decrease with increasing size of vacancies. Finally, compared with monovacancies and
divacancies, Stone-Wales defects most remarkably reduced the adhesion force of carbon nanotubes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In nature, gecko lizards can adhere to nearly any object [1]. Bionics
has shown that this ability of gecko lizards is related to the setae on
their feet [2,3]. Inspired by this phenomenon, scientists have discovered
that a carbon nanotube (CNT) array has the same adhesive capacity,
thereby making it a promising adhesive material for future space robots
[4-7]. Fig. 1 from Ref. [8] demonstrates the microscopic pictures of a
gecko foot and a CNT array.

Among the reported literature, theoretical derivation and experi-
ments are mainly adopted to research the adhesion force of CNT.
Leckband et al. [9] theoretically deduced the van der Waals force of cyl-
inder near a flat surface. Buchoux et al. [10] and Li et al. [ 11] took the ad-
vantage of atomic force microscope (AFM) to investigate the
mechanical behavior and adhesion energy per unit length of a single-
walled CNT on various substrates. Zhao et al. [12] and Qu et al. [13] in-
vestigated the adhesive strengths in the normal direction and shear di-
rection with glass surface both theoretically and experimentally. In
recent years, some researchers have shown their interest in simulation.
For example, Buldum [14] studied adhesion behavior and characteristics
of CNT by computer simulation by molecular dynamics (MD).

Investigations done by predecessors have already contributed to a
deeper understanding of the characteristics of the adhesion force of per-
fect CNT. However, the introduction of defects on a perfect CNT wall is
inevitable in practice during the fabrication and application of CNT
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arrays. In particular, high energy rays and particles will surely hit sur-
face atoms when applied in space in the future [15,16], which could
change the surface structure of the CNTs and form defects [17,18]. The
existence of defects may cause significant variation in the adhesion
force of CNT. Therefore, an appropriate approach must be found to
study the change in the adhesion force of the CNT under such circum-
stances. MD can be used to simulate the evolution of the CNT structure
before and after irradiation on atomic scale. Successful examples of MD
simulations have been reported to explore deformation and failure of
CNT [19,20]. Consequently, MD was adopted to simulate the adhesive
behavior and to calculate the adhesion force of CNTs with different de-
formation degrees, temperatures, vacancy sizes, and defect types. The
effects of these conditions on the adhesion force of CNTs were also
discussed.

2. Model and method
2.1. CNT adhesion process

In the previous CNT adhesion experiments described above, the total
adhesion process can be broken down into three basic steps. First, the
CNT is forced to move toward to the object until the front part of CNT
contacts its surface. At the end of this step, the van der Waals force be-
tween the CNT and the surface is 0. Second, a pre-stress is exerted on the
CNT to deform its front portion. At this moment, the front portion of CNT
is assumed to deform and flatten by the pre-stress from a microscopic
view. Third, the pre-stress is removed while the contact portion of the
CNT still remains deformed and will not return to its original shape.
Under such conditions, the deformed part will firmly adhere to the ob-
ject and generate a strong adhesion force along the shear direction, as
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Fig. 1. (A) Optical picture of gecko foot showing that the setae are arranged in many lobes along the foot. (B) SEM image of natural gecko setae terminating into thousands of smaller
spatulas. (C) A SEM picture of the edge of tape where the deformation of the carbon nanotubes after it has been pressed in contact with the mica surface was observed. The edge
observed in the middle of the SEM picture is the boundary between the carbon nanotubes and the substrate.

Reprinted with permission from Ref. [8]. Copyright (2007) National Academy of Sciences.

shown in Fig. 2(a). Based on the above analysis, it is easy to find out that
the adhesion force of CNT comes from the van der Waals force between
atoms of contact portion of the CNT and atoms on the surface of the ob-
ject, due to the appropriate distance between them. This theory has
been experimentally proved by some researchers [10-13]. Consequent-
ly, the deformed part of CNT is called the effective contact area, where
the adhesion force is exclusively generated, as shown in Fig. 2(b). There-
fore, the emphasis of this paper is the effective contact area and not the
entire CNT.

According to the practical microscopic contact behavior described
above, a simulation of pre-stress exerted on the CNT was carried out
and subsequently the adhesion force between the deformed CNT and
the substrate was measured.

2.2. Simulation model and method

Before the simulation, a sandwich structure model was established,
as shown in Fig. 3. A single layer of graphene was placed on the top
and bottom parts of the model. Both layers of graphene were exactly
the same in the x and y coordinates and only differed in their z coordi-
nates. In the middle of the sandwich model, a 100 nm long armchair
single-walled CNT (SWCNT) with chirality of (10, 10) lay along the
y-axis. The graphene was large enough to completely cover the CNT.
Graphene was constructed and placed in such a position to control the
precise deformation of the CNT. Lower levels of graphene could serve
as substrate, which would be adhered to the CNT.

After modeling, the upper graphene layer was moved downward
manually with the velocity of 4.92 nm/ps to compress the CNT. Though
the adhesion force investigated in Ref. [6] (Fig. 2(a)) seems to be gener-
ated by the buckling-induced loading, the essence and results of two
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different ways treating the CNT, buckling-induced loading and directly
compressing, are the same since the adhesion force is generated actually
due to the van der Waals interaction between substrate atoms and CNT
atoms, which only shows up when the distance of two atoms is close
enough. Since the purpose of the CNT deforming and the buckling-in-
duced loading is only to make the distance as close as possible to gener-
ate effective adhesion force, their final effects are equivalent.

At the end of compressing, the CNT had deformed to some degree, as
shown in Fig. 4, and after that, the upper graphene atoms were deleted.
On account of the difficulty of precise calculating the effective contact
area, the deformation degree was used instead. The deformation degree
in this paper was defined as the following formula:

6= (1—h/D) x 100% 1)

where h is the maximum height of the deformed CNT along the z-axis,
and D is the diameter of original CNT.

Notably, the CNT would not return to its original state and remained
the deformed shape. To produce adhesion force between the CNT and
graphene substrate, the deformed CNT was dragged along its axial di-
rection after 20 ps relaxation. The dragging force was 0.16 nN per CNT
atom and therefore, a total dragging force of 2.61 uN was exerted on
the whole deformed CNT. Since the upper graphene atoms were delet-
ed, the pre-stress was accordingly removed. In addition, the effects of
the pre-stress on the deformed CNT had been eliminated completely
after the 20 ps relaxation. According to the famous friction formula:

F:[JXFN (2)

where F is the friction force, 1t is coefficient of kinetic friction and Fy is
normal compressive force, since neither pre-stress (i.e., compressive
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Fig. 2. (a) SEM image of a CNT welded to a cantilever tip and in contact with a graphene surface. Arrows denote the path of the CNT, including the line contact beneath the three top arrows.
Reprinted with permission from Ref. [6]. Copyright (2014) American Chemical Society. (b) Schematic of CNT contacting substrate. Carbon atoms are colored according to their regions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Sandwich-like geometric model of CNT covered with two graphene layers. Yellow
and blue carbon atoms in this figure represent graphene at the top and bottom of the
model, respectively. Red carbon atoms constitute the CNT. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

force) nor effects of it acted on the deformed CNT after relaxation, the
force generated by the dragged CNT and the substrate graphene was ad-
hesion force rather than friction force. For all the simulations in this
paper, the temperature was set to 300 K, except for investigating the
temperature influence on the adhesion force, when the temperature
ranged from 100 to 400 K.

The classical MD simulation software LAMMPS was employed in this
paper. This software was developed by Sandia National Laboratories in
USA [21]. The selection of the potential function considerably affected
the MD simulation results. Only carbon atoms were present in this sim-
ulation system and the CNTs of carbon atoms were in a condensed state
as well as graphene. Thus, the Adaptive Intermolecular Reactive Empir-
ical Bond Order (AIREBO) potential [22], which is widely used to de-
scribe the precise interaction of a hydrocarbon system, was adopted in
this paper, which is expressed as follows:

E:%§:§:@$W+EH 3)

i j#l

where i and j are the serial numbers of the atoms. The first term in the
parenthesis is the Reactive Empirical Bond Order (REBO) potential de-
veloped by Brenner [23-25], which can only describe short-ranged car-
bon-carbon (C—C) interaction and is expressed as follows:

EF0 = Vi (ry) + byVi (ry) (@)

where bj;is the multiple-body bond order term, V&‘ and V@ are the repul-
sive and attractive pairwise potentials, respectively, which depend on
the distance r; between the two atoms. The second term in the paren-
thesis of Eq. (3) can be used to describe the long-ranged C—C interac-
tion known as a van der Waals interaction. Given its similar form to
the Lennard-Jones (LJ) potential function, Eq. (3) can be approximately
expressed as follows [22]:

B = e (0y/r) "= (03/my)’| (5)

where ¢; and oy are only related to the atomic type, and are constant in
this simulation. Consequently, the van der Waals interaction in this
paper only involved the distance between atoms. The velocity Verlet al-
gorithm was applied to integrate the equations of motion [26], and the

Dl

adhesion force was obtained as time averages over the particle positions
and velocities [27].

3. Results and discussion
3.1. Deformation degree

In this section, the adhesion force between CNTs of various deforma-
tion degrees and the graphene substrate was studied. Fig. 5 shows the
adhesion force as a function of the CNT deformation degree, which
shows that the adhesion force is nearly negligible and will not show
up until the deformation degree reaches >70%. When the CNT deforms
slightly, the distance between the C atoms on the bottom of the CNT and
graphene substrate is too large to generate an effective van der Waals
force, thus, the adhesion force is weak. As the deformation goes on,
the degree increases and finally, the critical degree is exceeded. In this
circumstance, the distance between the bottom of the CNT and the
graphene substrate is less than the critical value. At this time, the van
der Waals force is large enough to macroscopically appear as the adhe-
sion force.

After the CNT deformation degree exceeds 70%, the adhesion force of
CNT seems to ascend dramatically. To investigate the relationship be-
tween the adhesion force and the deformation degree, the deformation
degree within the range 75% to 82.5% is determined. As shown in Fig. 6,
the adhesion force of the CNT nonlinearly increases with increasing de-
formation degree, and the trend fits the cubic curve plotted in the dia-
gram. The specific expression of the cubic curve is as follows:

F=—50669 + k; x X+ ky x x*> + k3 x x> (6)

where x is the deformation degree, k;, k,, and k3 are 195,249, — 250,847,
and 107,466 nN, respectively. When the distance between the CNT and
the graphene substrate is slightly less than the critical value, the C atoms
on the bottom of the CNT are subject to a repulsive force generated by
the graphene layer, which may increase in the distance between the
CNT and substrate. Therefore, the increasing adhesion force is smooth
at the initial stage of adhesion force growth, thereby corresponding to
the negative value of the quadratic term coefficient k; in Eq. (6).

Figs. 5 and 6 show the adhesion force of a single CNT. A CNT array
consists of aligned CNTs, which are usually fabricated and used in prac-
tical applications. Thus, the adhesion force of a CNT array can be theoret-
ically calculated as follows:

P=Fxp (7)

where F is the adhesion force of the single CNT, p is number density of
CNT array, which is ~10'° cm™2 When the CNT deformation degree is
80%, F is 11.35 nN. According to Eq. (7), the adhesion force of the CNT
array is 113.5 N/cm?, which is comparable to the value of 97 N/cm? ob-
tained from the experiment conducted by Qu et al. [13]. For conve-
nience, the deformation degree was kept at 80% to investigate other
effects on the CNT adhesion force.

3.2. Temperature
As shown in Fig. 7, the adhesion force of CNT in different tempera-

tures was studied. The temperature shown in the figure ranges from
100 K to 400 K and increases every 20 K. Fig. 7 clearly shows that with

Fig. 4. Schematic model of graphene and CNT with different deformation degrees: (a) 20%, (b) 50%, and (c) 80%, respectively.
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Fig. 5. Adhesion force of CNTs as a function of the deformation degree. Insets are schematic
models of graphene and CNTs according to the deformation degree.

the same deformation degree, the adhesion force of CNT increases with
increasing temperature and reaches its maximum value at 300 K. Never-
theless, the adhesion force rapidly drops while the temperature con-
tinues to increase beyond 300 K. This phenomenon occurs because of
the atomic energy. Microscopically, the level of atomic vibration repre-
sents the temperature of the macroscopic objects that contain it. The
more strongly the atoms vibrate, the higher the temperature is. Al-
though the deformation degree was kept 80% as mentioned above, the
average degree for the whole CNT was studied in this paper. As the tem-
perature increases from 100 K, which corresponds to more strenuous
atomic vibration, more and more atoms come close to the substrate,
thereby increasing the adhesion force. Having got too much energy for
vibration at high temperature >300 K, however, atoms on the bottom
of the CNT tend to migrate to the equilibrium position, where the dis-
tance between atoms and the substrate is farther than that at 300 K,
to keep their energy at the minimum. The distance becomes larger
and even exceeds beyond the critical value, which causes the sharp de-
crease of adhesion force at high temperature. As seen from Fig. 7, the ad-
hesion force of CNTs can be kept at a high level within the range 280-
320 K, which limits the applications of a CNT array.
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Fig. 6. Closer look at the adhesion force as a function of CNT deformation degree.
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Fig. 7. Adhesion force of CNTSs as a function of temperature.

3.3. Vacancy size

During the practical application of CNT arrays, defects are bound to
be generated. Furthermore, when possibly applied in space in the fu-
ture, CNTs will be exposed to high-energy rays and swift particle irradi-
ation, which would interact with the atoms of CNTs, thereby producing
numerous defects on the CNT wall. In addition, a perfect CNT (i.e., with-
out defects) cannot be fabricated in practice. The alteration of the topol-
ogy and structure of CNTs caused by the defects may result in the
variation of the adhesion force. Therefore, the relationship between ad-
hesion force of CNT and defects should be studied. In this subsection and
the next, the effects of defects on the adhesion force are discussed. For
convenience, all defects are assumed to be located in the bottom of CNT.

Fig. 8 shows several different diagrammatic cross-sections of CNTs
containing defects. All the defects are assumed to gather together to
form a large vacancy at the bottom of the CNT. The number of lost
atoms instead of the diameter of the vacancy can be used to describe
the vacancy size. Obviously, larger vacancy size corresponds to more
lost atoms. From Fig. 9, which shows the adhesion force as a function
of the number of lost atoms, it is easy to discover that the adhesion
force decreases approximately linearly with the increase of the number
of lost atoms (i.e., the vacancy size). The main reason for the phenome-
non described above is the effective contact area, which is bound to
shrink with expanding vacancy size, thereby resulting in the reduction
of the van der Waals force. After long-term service, vacancy size on
the CNT wall will be surely enlarged. Consequently, to keep the adhe-
sion force, vacancy size is not a negligible factor to consider.

3.4. Defect type

As discussed in references [28,29], most of the well-known and well-
studied defects are monovacancies, divacancies and Stone-Wales (S-W)
defects. Monovacancy is the vacancy type with a structure that results
from the removal of a single C atom on the CNT wall, as shown in
Fig. 10(a). Similarly, a divacancy refers the structure where two neigh-
boring atoms are removed from the CNT wall, as shown in Fig. 10(b).
The S-W defect does not result from atom loss but from the topological
transformation of C atoms on the CNT wall during and after irradiation,
as shown in Fig. 10(c). The rotation of a C—C chemical bond by 90° [30]
will lead to the formation of two heptagons and two pentagons, which
replaces the original four hexagons surrounding them, and this type of
defect with such a topological structure is called an S-W defect.

Fig. 11 shows the adhesion force of CNTs containing different defect
types as a function of the defect concentration. When investigating a



78 J. Liu et al. / Diamond & Related Materials 69 (2016) 74-80

(a) 12 defects

(b) 36 defects
. 20A
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Fig. 8. Diagrammatic cross-section of CNTs with different defects. (a), (b) and (c) correspond to 12, 36 and 72 defects, respectively. Carbon atoms are colored according to their
z-coordinates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

certain kind of defect type, the CNT model only contained this type. Re-
gardless of the defect type in the CNT, Fig. 11 shows that the adhesion
force decreases as the defect concentration increases. When the defect
concentration is constant, the CNTs with monovacancies have the max-
imum adhesion force, followed by the CNT with divacancies. Finally, the
CNT with S-W defects has the lowest adhesion force. Furthermore, the
latter greatly differs from the corresponding adhesion force of other
two kinds of defects.

The formation of monovacancies or divacancies resulting from the
absence of C atoms on the CNT wall leaves C atoms of coordination num-
bers <3, which surround the vacancies. During the compression of CNTSs,
these atoms with unsaturated dangling bonds partially combine with
each other and form new C—C covalent bonds. The other part of these
atoms interacts with the C atoms on the substrate by forming chemical
bonds, which compensates for the loss of adhesion force caused by the
lack of the original C atoms. Additionally, when a single monovacancy ap-
pears, the ratio of the number of dangling bonds to lost atoms is 3 to 1 but
this ratio becomes 4 to 2 when a single divacancy shows up. Therefore,
monovacancies compensate more than divacancies, thereby causing
the adhesion force of CNTs with monovacancies to be greater than that
of those with divacancies.
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Fig. 9. Adhesion force of CNTs as a function of the number of lost atoms.

Given the shrinkage of the effective contact area, the S-W defects
reduce the adhesion force of CNTs. Nonetheless, the S-W defect is a per-
fect structural defect, that is, all the C atoms are perfectly matched and
have no dangling bonds. The compensation effect on the adhesion
force is minimal, thus, the adhesion force of the CNT with S-W defects
is much lower than that of the other two types of defects.

4. Conclusions

In this study, MD was conducted to investigate the adhesion force
between armchair single-walled CNT and graphene substrate under
different conditions. The influence of various factors on the adhesion
force was also discussed and the following conclusions were obtained.

(1) The effective adhesion force will not appear until the deforma-
tion degree of perfect CNT exceeds 70%. In such a condition, the
adhesion force well matches the deformation degree in the
form of the cubic curve.

(2) The adhesion force of perfect CNT will first increase and then
decrease with the increase of temperature from 100 K to 400 K,
and its maximum value is reached at 300 K. In the range of
280-320 K, the adhesion force will remain high.

(3) The adhesion force of CNT containing vacancies almost linearly
decreases as the vacancy size expands. With time, the vacancy
size of the CNT will surely increase because of irradiation of
high energy rays and swift particles. Therefore, the exposure
time of CNTs should be considered before irradiation is applied.

(4) When monovacancies, divacancies or S-W defects exist in the
CNT, its adhesion force will decrease with the increased defect
concentration for all three conditions. The dangling bonds have
compensatory effect. The CNT with monovacancies has the
highest adhesion force, followed by the CNT with divacancies
and the CNT with S-W defects when the defect concentration is
constant.

Based on the abovementioned conclusions, a theoretical guide can
be provided for utilizing CNTs as adhesive materials. Further studies
on more complicated situations, such as the CNT array and multi-walled
CNTs, are underway.
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Prime novelty statement

This work further investigates the adhesion force of perfect CNTs
and CNTs containing original and irradiation induced defects by molec-
ular dynamics simulation. It also explains the microscopic mechanism
of adhesive behavior between CNTs and graphene substrate, which is
important for us to understand.
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