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The interaction of two rigid defect-free graphene sheets with various turbostratic orientational relation-
ships is examined using a Lennard-Jones potential. When one layer is rotated from the AB stacking order,
maxima and minima in the potential energy occur at angles corresponding to AA and AB stacking. The
energy gap between AA and AB stacking is estimated to be much smaller than the average thermal energy
at room temperature. Turbostratic orientations diminish the energy for translational displacement to
zero. The presence of defects is required to explain non-zero shear strengths in pure carbon nanotube
fibres with no commensurate orientation of graphene sheets.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The mechanical properties of carbon nanotubes (CNTs) [1] have
been studied extensively using both experimental [2–5] and theo-
retical [6–10] approaches, since it is anticipated that they will en-
able the development of advanced materials such as ultrahigh
strength CNT fibres [11–17]. However, the mechanical properties
of pure CNT fibres depend not only on the quality of the constitu-
ent CNTs, but also on the interaction between individual CNTs and
bundles within the fibre. Therefore, many researchers have focused
on the cohesion and stress transfer between graphene layers with-
in multiwall carbon nanotubes (MWCNTs) and those between
neighbouring CNTs in the fibre in order to understand the origin
of CNT fibre strength [17–22]. In particular, Vilatela and coworkers
[17] recently derived a model to explain the strength of CNT fibres
on the basis of continuum elasticity theory, molecular mechanics
and image analysis of transmission electron micrographs. They
highlighted four factors which currently limit the strength of CNT
fibres made up of fibrous elements: (i) the fraction of the total
number of graphene layers that are on the outside of the fibrous
element, (ii) the fraction of the surface of the outer graphene wall
of the element in contact with neighbouring elements, (iii) the
mean length of constituent CNTs and (iv) the shear strength be-
tween graphene sheets. The first factor is geometric in origin, that
is, the ratio of the outer graphene surface, which contributes to the
interaction with neighbouring elements, increases with decreasing
number of layers of the constituent CNTs. With respect to the sec-
ond factor, CNTs polygonized under pressure [17–19] and by twist-
ing [20] have been shown to enhance the stress transfer between

CNTs due to the increase in contact area. The correlation between
the fibre strength and CNT length is shown in the summary of data
from various literatures [17], although there is no similar correla-
tion for the fibre stiffness.

The shear stress between adjacent graphene layers, which is the
last factor among those listed above, has been measured experi-
mentally and calculated by simulations. The range of the measured
and calculated values is very wide: from 0.04 [21] to 69.0 [22] MPa
depending on methodology used (see Table 1 in Ref. [17]). As dis-
cussed in Ref. [17], the ambiguous concept of shear strength for
graphene layers compared to bulk materials makes the estimation
of the shear stress of graphite layers difficult. For example, Kol-
mogorov and Crespi [23] found that cancellation of registry-depen-
dent interactions in incommensurate CNTs and certain axially
commensurate CNTs leads to a shear strength that is independent
of nanotube length. Furthermore, experimentally measured shear
strengths depend greatly on the condition of the graphene surface.
Suekane et al. [22] revealed that the shear strength of 40 MPa for
as-synthesized CNTs decreased dramatically to 2 MPa after anneal-
ing of CNTs to obtain a clean graphene surface. The orientational
relationship between graphene layers is another important factor
that may affect the strength of the graphene intersheet interface.
Saito and co-workers [24] calculated the interlayer interaction in
double wall carbon nanotubes (DWCNTs) with various combina-
tions of chiral angles using a Lennard-Jones potential, and found
that the stability of DWCNTs does not depend on the relative chiral
angle of inner and outer layers, but on the diameter difference be-
tween them. Shibuta and Maruyama [25] performed molecular
dynamics (MD) simulation of generation process of DWCNTs from
a peapod (a CNT encapsulating C60 molecules) by heat treatment
and showed the chiral angle of the inner tube generated by the
heat treatment was not dependent on that of the outer tube but
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on the diameter. On the other hand, Bichoutskaia et al. [26] per-
formed DFT calculations of interwall interactions in DWCNTs,
and found axial shear strengths between 4 and 215 MPa depending
on the relative diameters and chiral angles of inner and outer
tubes. Moreover, the orientational relationship between graphene
network and the surface of transition metals is also important,
and may be a key factor determining the chiral angle of CNTs made
by catalytic chemical vapour deposition [27–30].

It is well known that the AB stacking order between graphene
layers in graphite is energetically stable [31,32]. However, there
is little information on the interaction between the graphite layers
with a turbostratic orientational relationship, which is often ob-
served in the interlayer interaction of individual MWCNTs and
the interaction between neighbouring CNTs in a CNT fibre. Lebed-
eva et al. [33] have recently put forward a fast diffusion mecha-
nism for a graphene flake on an infinite graphene layer in which
there is a rotational transition from a commensurate to incommen-
surate state, with subsequent rotation and translation until a com-
mensurate state is again reached. They proposed that at
temperatures exceeding the barrier for transitions between com-
mensurate states, the main contribution to translational motion
is from the incommensurate states, and recently estimated a criti-
cal unit elongation for the formation of an incommensurability de-
fect of just 0.39% along the armchair direction [34]. Hence, the
interaction between graphene sheets with turbostratic orientation
relationship is examined systematically in this Letter. After briefly
summarizing the simulation methodology in Section 2, the interac-
tion energies of two graphene layers as a function of rotation angle
from the AB stacking order are examined in Section 3.1. Then, the
interaction energies of two graphene sheets as a function of trans-
lational displacement from the AB stacking order and various tur-
bostratic structures are examined in Section 3.2. We conclude with
a discussion of the implications of these results for the shear stress
transfer in CNT fibres, including some suggestions for improving
this limiting factor in determining their strength.

2. Simulation methodology

The interaction energy of two perfectly rigid graphene sheets
(a = 1.42 Å, where a is the bond length between carbon atoms)
with various orientation relationships are examined using a stan-
dard 12–6 Lennard-Jones (LJ) potential between pairs of atoms
with separation r:

EðrÞ ¼ 4e
r
r

� �12
� r

r

� �6
� �

ð1Þ

The parameters e = 2.168 meV (3.474 � 10�22 J) and r = 3.36 Å
were employed for describing the van der Waals potential between
graphene sheets per atom, which are fitted to reproduce the inter-
layer distance in graphite as 3.35 Å [17]. We note that there are
various parameter sets available to describe the LJ potential be-
tween graphene sheets. For example, Saito et al. [24] employed
the parameters of the LJ potential, e = 2.968 meV and r = 3.407 Å,
which produces an interlayer separation of 3.354 Å and an elastic
constant C33 = 4.08 GPa for graphite, to calculate the potential bar-
rier for the relative displacement of the inner and outer layer for a
DWNT. Moreover, Shibuta and Maruyama have employed the
parameters of the LJ potential, e = 2.50 meV and r = 3.37 Å, which
were used for fitting the interaction energy of periodic graphene
sheets to the one-dimensional averaged LJ potential [25]. There-
fore, we have investigated the dependence of the interaction en-
ergy on the potential parameters in Section 3.1. Since our focus
is on graphene sheets with a turbostratic orientational relation-
ship, we neglect any energy term that results from interlayer delo-
calisation of p orbitals in AB graphite [32].

The interaction energy between two graphene sheets with var-
ious orientation relationships is calculated as follows. A fixed
graphene sheet with 1560 carbon atoms, consisting of 15 arm-
chair � 26 zigzag unit lengths, is placed parallel to the x–y plane
in a cubic cell under the periodic boundary conditions. The bond
length between carbon atoms in graphene sheets is set to be
1.42 Å. Then, a movable graphene sheet with 336 carbon atoms
consisting of 7 armchair � 12 zigzag unit lengths is placed parallel
to the fixed sheet with an intersheet distance in the range of 3.25–
3.45 Å. The movable graphene sheet is rotated or translated while
being maintained parallel to the fixed graphene sheet. The interac-
tion energy per atom is calculated as the total interaction energy
divided by the total number of atoms. The effect of the edge in
the movable graphene sheet is negligible since the ratio of the edge
atoms to all atoms considered is small enough.

3. Results and discussion

3.1. Interaction energy of graphene sheets with respect to rotation
angle

First, the interaction energy of two graphene sheets as a func-
tion of rotation angle from AB stacking order was examined. There
are two unique rotation axes reproducing rotational displacements
from the AB stacking order: one passing through a carbon atom in
each of the two sheets (Figure 1a) and the other passing through a
carbon atom in one layer and a hollow site in the other sheet (Fig-
ure 1b). When one sheet is rotated with respect to the axis passing
through an atom in each of the two sheets, the AA and AB stacking
orders appear alternately via turbostratic structures with a period
of 60� (Figure 1a). On the other hand, only the AB stacking order
appears with a period of 60� in the case of the axis passing through
one atom and hollow site (Figure 1b). Figure 2 shows the interac-
tion energy of two graphene sheets with a separation of 3.35 Å
as a function of rotation angle with respect to two axes mentioned
above. Maxima and minima in the rotational potential energy sur-
face were found alternately at an angle corresponding to the AA
and AB stacking orders in the case of the axis penetrating two
atoms, whereas only minima appeared at an angle corresponding
to the AB stacking order for the other axis. The interaction energies
of two graphene sheets at the AA and AB stacking orders were
�17.36 and �17.72 meV atom�1 respectively, which, when multi-
plied by a factor of two, compare well with the binding energy
in graphite (�40 meV atom�1 [35] and collapsed CNTs (�35
meV atom�1) [36]. The energy gap between the AA and AB stacking
orders is just 0.36 meV atom�1, which is an underestimate due to
the neglect of delocalisation energy in the AB structure, but is com-
parable in magnitude to that calculated by Lebedeva et al.
(1.1 meV atom�1) [33] for flexible sheets bound by a Brenner po-
tential [37]. Hence, the two graphene sheets have the possibility
for relative rotational motion at room temperature (cf.
kBT = 25.7 meV atom�1 at T = 298 K, where kB is the Boltzmann
constant). No significant difference in the interaction energy was
found for any turbostratic structures, which is almost constant at
�17.61 meV atom�1 on average. The interaction energies as a func-
tion of rotation angle calculated with different parameter sets of
the LJ potential: e = 2.968 meV and r = 3.407 Å from Ref. [24],
and e = 2.50 meV and r = 3.37 Å from Ref. [25] are provided in
the Supplementary material. It was confirmed that the interaction
energy as a function of rotation angle behaves in the same manner
for all the parameter sets and only the magnitude of the interaction
energy differs corresponding to the depth of the potential. By com-
parison, the energy gaps between the AA and AB stacking orders
calculated with various depths of the LJ potential, e = 2.168 (this
study), 2.5 [25] and 2.968 meV [24] are 0.36, 0.43 and
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0.59 meV atom�1, respectively. Since there is no significant differ-
ence in the trend of the interaction energy among parameter sets
except for the magnitude, only one parameter set is employed in
the following calculations.

In addition, the interaction between two graphene sheets with
respect to the interlayer distance was examined. Here, the interac-
tion energy at the AA and AB stacking orders and a turbostratic
structure, which is intermediate in rotation angle between the
AA and AB stacking orders, was calculated for the interlayer dis-
tance in the range of 3.25–3.45 Å with an interval of 0.1 Å. Figure 3
shows the interaction energies of the two graphene sheets with the

AA and AB stacking orders and a turbostratic structure (30� rotated
from the AB stacking) as a function of interlayer distance. The en-
ergy gap between the AA and AB stacking orders are also plotted.
The interaction energy of the AB stacking orders was the lowest
among all orientations considered at every interlayer distance
and that of the AA stacking was the highest. The interlayer distance
with the lowest interaction energy slightly increased with increas-
ing the rotation angle from the AB stacking order: 3.35 Å for the AB
stacking order, 3.36 Å for the turbostratic structure and 3.38 Å for
the AA stacking order, respectively. The energy gap between the
AA and AB stacking orders increased monotonically with decreas-
ing the interlayer distance, the magnitude of which is less than
1 meV atom�1 in the range considered. Hence, it was confirmed
that two graphene sheets with any orientational relationship have
easy rotational motion around the equilibrium interlayer distance
at room temperature.

3.2. Interaction energy of graphene sheets with respect to translational
displacement

Next, the interaction energy of two graphene sheets as a func-
tion of translational displacement was examined, starting from
the AB stacking order. The unit lengths of the graphene with re-
spect to the zigzag (x-axis in Figure 4a) and the armchair direction
(y-axis in Figure 4a) are

ffiffiffi
3
p

a and 3a, respectively, where a is the
equilibrium bond length between carbon atoms. When one layer
is translated parallel to the armchair direction (y-axis) from the
AB stacking order, other AB stacking and AA stacking orders appear

Figure 1. Orientational relationships in two graphene sheets as a function of rotation angle from the AB stacking order with respect to two axes (encircled by red circles): (a)
the axis penetrating two carbon atoms on each of the two layers and (b) the axis penetrating one atom in one layer and a hollow site in the other layer. Orange and green
atoms represent carbon atoms belonging to upper and lower graphene sheets, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Figure 2. Interaction energy of two graphene sheets with 3.35 Å spacing as a
function of rotation angle from the AB stacking order with respect to two axes
corresponding to the axes shown in Figure 1. The energy gap between the AA and
AB stacking orders is indicated by the arrowed line.

Figure 3. Interaction energy of two graphene sheets with the AA and AB stacking
orders and the turbostratic structure (the middle structure between AA and AB
stacking orders) as a function of interlayer distance. The energy gap between the AA
and AB stacking orders are also plotted.
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during translation over one unit length. On the other hand, neither
AA nor AB stacking orders appear during translation parallel to the
zigzag direction (x-axis) over one unit length. Figure 4b shows the
interaction energy of two graphene sheets with 3.35 Å separation
as a function of translational displacement with respect to two
orthogonal directions indicated in Figure 4a. The interaction ener-
gies at the AA and AB stacking orders were the same as the ones
calculated in the Figure 2. Two different energy barriers were
found between AB stacking orders appear depending on the trans-
lation direction: the energy barrier during the translation in the
zigzag direction, 0.15 meV atom�1, was higher than that for the
armchair direction, 0.03 meV atom�1. The difference in the energy
barrier depending on the translational direction may cause anisot-
ropy in the mobility of the graphene sheets, although the magni-
tude of both energy barriers is much smaller than the average
thermal energy at room temperature.

Moreover, the interaction energy of two graphene sheets with
respect to the translational displacement starting from various tur-
bostratic structures was examined, which has not been examined
systematically in the past to the best of our knowledge. The inter-
action energy for the turbostratic structures was calculated as fol-
lows. First, initial turbostratic structure were prepared by rotating
one layer of the AB stacking order with respect to the axis one atom
and hollow site (Figure 1b) for various rotation angles. The various
rotation angles were chosen within one symmetric period (60�) as
1�, 2�, 3�, 4�, 5�, 10�, 20�, 30�, 40�, 50�, 55�, 56�, 57�, 58� and 59�. The
interlayer distance was set to be 3.35 Å. The prepared structures
were then translated with respect to both the x- and y-axis direc-
tion for one unit length as same as previous calculation shown in
Figure 4. Figure 5 shows the interaction energy as a function of
translational displacement with respect to two orthogonal direc-
tions. When the initial structure was rotated a few degrees from
the AB stacking, the difference in the interaction energy between
the maximum and minimum dropped abruptly and the interaction
energy became almost constant with respect to translating dis-
placement for the initial turbostratic structures with the rotation

angle between 5� and 55�. Figure 6 shows the energy gaps during
translational displacement for various turbostratic structures,
which are defined from the energy difference between the maxi-
mum and minimum of the interaction energy during the transla-
tional displacement. As shown in Figure 5, a few degrees rotation
from the AB stacking diminished the energy gap abruptly. The full
width at half maximum (FWHM) is 5.04�, which means the slight
rotational displacement from the AB stacking order diminishes
the energy gap with respect to translation of the graphene sheets
effectively to zero. This implies that the contribution of van der
Waals interactions to shear strength in CNT fibres will be negligible
if the areas of graphene sheet in contact are perfectly rigid,

Figure 4. (a) Unit lengths of the graphite network with respect to zigzag (x-axis)
and armchair (y-axis) directions. (b) Interaction energy of two graphene sheets with
3.35 Å spacing as a function of translational displacement starting from the AB
stacking order with respect to the x- and y-axis directions.

Figure 5. Interaction energy of two graphene sheets with 3.35 Å spacing as a
function of translational displacement with respect to the directions for x- and y-
axis starting from various turbostratic structures: (a) the initial turbostratic
structure with rotation angles of 0–5� and (b) 10–60� from the AB stacking order.

Figure 6. Energy gaps in the interaction energy of two graphene sheets obtained by
the translational displacement of turbostratic structures with various rotation
angles from the AB stacking order. Full width at half maximum (FWHM) is indicated
by the arrowed line.
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defect-free and with a turbostratic arrangement between CNTs.
Thus, the presence of defects or covalent cross-links between real
materials is inferred from their non-zero (but small) shear
strengths measured in experiment.

4. Conclusions

The interaction energy of the two rigid defect-free graphene
sheets with respect to rotation angle and translational displace-
ment was examined using a standard 12–6 Lennard-Jones poten-
tial. When one layer was rotated from the AB stacking order,
maxima and minima in the potential energy surface occurred peri-
odically at angles corresponding to the AA and AB stacking orders.
The energy gap between the AA and AB stacking orders was
0.36 meV atom�1, and increased with decreasing interlayer separa-
tion. However, the interaction energy was much smaller than the
average thermal energy at room temperature (kBT = 25.7 meV
atom�1) in the range examined. This implies that two graphene
sheets will have easy rotational motion around equilibrium inter-
layer separation at room temperature. When the one layer was
translated from the AB stacking order, two different energy barri-
ers between the AB stacking order appeared depending on the
direction of translation, both of which were also much smaller than
the average thermal energy at room temperature. In addition, the
translational displacement of the turbostratic structure showed
that a few degrees rotation from the AB stacking order diminished
the energy gap abruptly, with a FWHM of just 5.04�.

In this study, the interaction energy of two graphene sheets
with a turbostratic orientational relationship was examined using
rigid defect-free graphene sheets for simplicity, which results in
much smaller interaction energy than average thermal energy at
room temperature. However, for real materials with finite in-plane
compressibility, out-of-plane distortions or containing defects, the
interaction between graphene sheets may be much larger. This is
consistent with aforementioned experimental report by Suekane
et al. [22] that the shear strength of as-synthesized CNTs of
40 MPa decreased dramatically to 2 MPa after annealing of CNTs
to obtain a clean graphene surface. In fact, the existence of the de-
fects may strengthen the interaction of graphene sheets in shear
due to the interlayer carbon covalent bonds, which are newly gen-
erated by the dangling bonds around the defects, whereas only van
der Waals interactions are considered in this study. In addition, the
existence of the defects may lower the in-plane stiffness of the
graphene sheets, which may result in an increase of the shear
stress transfer due to a reduction in the distance between stacking
fault dislocations in the graphene sheets [38]. The interaction en-
ergy including the effect of defects will be examined in future
work.
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