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ABSTRACT: Cohesive but noncovalent interfaces between
carbon nanotubes lead to remarkably microstructural evolution
of networked materials under mechanical loads. We explore
self-organization of these nanofibers, their mechanical proper-
ties, and also energy dissipation capacity in response to cycling
strain loading. By performing coarse-grained molecular
dynamics simulations, the underlying mechanisms are
discussed. Their dependence on the strain amplitude and
properties of carbon nanotubes are revealed, which opens new
possibilities in mechanical tuning of microstructures in carbon nanotubes networks for mechanical, electrochemical, and filtration
applications, where the performance is critically defined by microstructures.

Nanostructured networks of fibrous macromolecules hold
great promises in wide applications from multifunctional

composites, electrochemical energy storage, to particulate
filters, where both pore structures and surface properties are
of critical importance to their performance.1−3 Thus, materials
with tunable microstructures are highly demanded, which is
usually manifested through energy costly top-down approaches
such as templated growth, or alternatively, bottom-up assembly
and organization. The latter approach is widely adopted in
nature that encodes information from elementary building
blocks, interfaces, and environmental cues into the final
materials architecture at large scale. This design principle
introduces structural hierarchy that fits multifunctional require-
ments and saves energy inputs.
Low-dimensional carbon nanostructures, such as carbon

nanotubes and graphene, are excellent candidates in multifunc-
tional materials according to their outstanding mechanical and
transport properties along the extensive directions and
simultaneously allowable flexibility (bending, twisting, etc.) in
other dimensions. Carbon nanotubes can sustain up to 20%
elastic strain before fracture nucleates and are able to be bent
reversibly toward an extremely small radius of curvature in a
few nanometers. This flexibility can even be further improved
through forming localized buckling or rippling structures.4 In
addition to these outstanding mechanical properties, unique
thermal, electrical, and electrochemical properties of carbon
nanostructures are also attractive for multifunctional applica-
tions.5 A striking example is that ultrathin buckypapers are
electrically conducting, 250 times stronger than steel, while 10
times lighter. A recent study shows temperature-invariant
viscoelasticity from −196 to 1000 °C, in stark contrast to
silicone rubbers that possess much narrower operating
temperature window from −55 to 300 °C.1 Carbon nanotube
networks and buckypapers usually feature a porous structure
with aggregated single or multiwalled carbon nanotubes by

intertube interactions.6−9 Mechanical properties of carbon
nanotube networks and their transport mechanisms are thus
determined by networked load-bearing substructures. Rational
design on the microstructure of carbon nanotube networks
could be optimized to yield high-performance paper materials.
To this end, in-depth insights on the relationship between the
microstructures and the mechanical properties of carbon
nanotubes are needed.
Like other networked materials including rubbers and

cytoskeletons, both properties of building blocks and their
interactions (cross-links, entanglements, etc.) strongly affect
their macroscopic properties.10−14 Moreover, these micro-
structures usually evolve under mechanical loading, which
further modify material properties. However, this dynamical
correlation between the structure and the properties has not
been well addressed, whereas a synergetic study combining the
power of molecular simulations and fine-scale microscopy
observations is required.
In this work, we perform coarse-grained molecular dynamics

(MD) simulations to explore the multiscale mechanics of
carbon nanotube networks that are shown to be consistent with
and offer complement to experimental evidence reported
recently.1,5 In the coarse-grained model for the carbon
nanotubes, chains consisting of discrete beads interacting
through bond and angle springs (Figure 1) provide a
description of tension, bending, and intertube deformation
within the continuum mechanics model. The parameters are fit
into full-atom molecular dynamics simulations of carbon
nanotubes. Each chain consists of 100 beads, as a 100 nm
long carbon nanotube. The equilibrium density of the network
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at the ambient condition is 0.28 g/cm3. More details about the
method can be found in the Supporting Information.
Typical microstructures of carbon nanotubes prepared by
simulated deposition are shown in Figure 1, corresponding to a
minima in the basin of potential energy surface.15 The network
shows porous structures with diameters up to six nanometers.
Bundles form across the whole network where several
nanotubes bind locally in parallel, as driven by intertube van
der Waals interactions. MD simulations under mechanical
loading reported below start from these relaxed load-free
structures (see Supporting Information for details).
The mechanical behavior of carbon nanotube networks

under monotonic tensile loading was explored by this approach
and remarkable microstructural evolution is observed.15 Under
uniaxial tensile loads, alignment along loading direction and
bundling are driven by tensile load transfer by extrusion and
Poisson’s effect in the perpendicular direction. During the
loading process, the structure reaches a set of metastable states,
which is hinged by local contacts between carbon nanotubes.
By tuning chemical cross-links between carbon nanotubes,
using noncovalent or covalent bonds, microstructural evolution
of the network could be switched on or off.
Our results show the microstructure of carbon nanotube

networks changes when cycling loads are applied and converges
soon after a few cycles. Figure 2 show microstructures of
carbon nanotube networks after 10 loading cycles with peak

strain at values εp = 0.01, 0.4, 0.8, and 1.2. Corresponding
strain-force relations are summarized in Figure 3. Force is used
here instead of stress to quantify the resistance to external
strain loads. The transverse direction of supercell shrinks
remarkably as the tensile load is applied, which leads to drastic
enhancement of the stress, while the tensile force offers a more
direct measurement for the load bearing and transfer capability
than the stress. We observe load-dependent topological changes
of, most notably the load-free supercell size and networked
structures, i.e. inelastic deformation resulting from structural
evolution including nanotube aligning and bundling processes.
When the strain amplitude is low (εp = 0.01, Figure 3a,d), the
network topology is less perturbed when the first-cycle strain
load is released except for limited residual compressed stress.
The force-strain curves converge soon after the first cycle.
Initial response is attributed to local contacts between carbon
nanotubes mainly. During further tension, the network is
softened with decreasing tangent modulus due to the initiation
of alignment, intertube sliding and nonaffine bending
deformation. The hysteretic behavior is consistent with recent
experimental observations that is responsible to explain the
temperature-invariant viscoelastic performance.1 At the same
strain during tensile and compressive loading processes (stages
1 and 2), the local stress states of the networks are not same,
which leads to different behaviors in mechanical response and
energy dissipation. With our previous understanding on its
mechanical behavior under monotonic tensile loading, sliding
between carbon nanotubes that induces alignment and
bundling occurring at high strain values cannot be significantly
activated here. As a result, the microstructure of the network
does not show significant changes.
This microstructural pattern is modified substantially as the

strain loads increase over a critical value where shear resistance
between carbon nanotubes in contact cannot afford the load
transferred through this interface. The dominance of elastic
deformation to resist external loads is substituted by sliding
between neighboring nanotubes, which leads to reduction of
contact between nanotubes and significant topological changes.
As a result, at intermediate strain, the network sustains notable
intertube sliding with alignment of carbon nanotubes to the
loading direction and thickening of bundles formed during the
loading cycles. At εp = 0.4 (Figure 3b,e), during the first tensile
cycle, because the strong sp2 bonds inside the carbon nanotubes
bear the load, the contacts between carbon nanotubes are the
weakest points in the whole material and fail by exhibiting
interfacial sliding. As a result, carbon nanotubes orient in
parallel to the loading direction and bear the tensile stress. The
whole network self-organizes to maximize contact area and
cohesive energy during this process by forming bundles. Upon
unloading, the network first sustains a fast elastic unloading
(stage 2 as shown in Figure 3b) due to the compressive
deformation of nanotubes and bundles well aligned with the
loading direction. Then intertube sliding, nanotube reorienta-
tion, and limited bundle buckling start to occur, leading to a
plateau in force curve as shown in stage 3 in Figure 3b. Similar
to εp = 0.01, residual compressive stresses remain here after the
first cycle. When the second cycle of tensile loading is applied,
the network quickly reaches the same maximal stress state as
the first cycle, and exhibits similar softening features in stage 1
as εp = 0.01. In the third and following cycles, mechanical
behaviors of carbon nanotube networks converge as no
substantial change of the network structures occur afterward.

Figure 1. Microstructures of carbon nanotube networks. In the coarse-
grained model, stretching and bending terms between the beads
correspond to the Young’s modulus and bending stiffness of carbon
nanotubes, with additional intertube van der Waals interactions.

Figure 2. Microstructures of carbon nanotube networks evolved after
10 cycles of strain with peak values at 0.01, 0.4, 0.8, and 1.2. The color
represents the local tensile strain in the carbon nanotubes, as indicated
in the color bar.
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At higher deformation amplitudes, the microstructural
evolution appears similarly as εp = 0.8 (Figures 2c,d and
3c,f). From the second loading cycle, distinct stiffening
behavior is observed in stage 1; before that, the mechanical
response is attributed to straightening of bent bundles. At
higher strain loads than 0.6, sliding at intertube contacts is
initialized, yielding higher values of modulus. These responses
are different from low and intermediate strain loads where no
significant buckling and bending of thick bundles occur. During
the first tensile process, the topology of network changes
remarkably. Notable nanotube alignment and thick bundling
are observed. Bundles align in parallel to the direction of the
external load and sustain tensile loads. During the unloading
process in stage 2, the stress is released elastically by the rapid
compressive response of bundles. Potential energy stored
therein is then slowly released by in-plane and out-of-plane
buckling of thick bundles to more perpendicular to the load
direction in stage 3, which corresponds to the increase of force
upon compression or a negative nominal stiffness.
Within each loading cycle, energy stored in the network is

dissipated continuously as defined by integrating the force-
displacement curve. The energy absorbed is plotted in Figure
3d−f in the unit of J·cm−3, which shows distinct increasing
trend with strain amplitudes from the order of 0.1 to 60 J·cm−3,
mainly attributed to the formation of thicker bundles. These
observations are consistent with recent experimental reports.1,16

The energy absorption or dissipation capacity is expected to be
improved by using multiwalled carbon nanotubes with higher
bending stiffness, or better aligned structures.
Porous structures in the carbon nanotube networks are

critically important for numerous applications in electro-
chemical storage, separation, and filtration. The distribution
of pore size is clearly tunable by applying cycling strain loads.
As shown in Figure 4, networks with larger pore size are formed
at higher strain amplitude.

The key mechanism of the strain tuning of network structure
is attributed to the noncovalent interface between carbon
nanotubes, where large-distance sliding is allowed as assisted by
bending deformation of carbon nanotubes. Thus, either by
introducing various cross-links at the interface or specific
carbon nanotubes with different lengths and diameters could
significantly tune the deformation affinity. The effects of cross-
links are highlighted in cytoskeleton networks where molecular
motors dynamically control the mechanical properties and their
biological functions. By using covalent cross-links the well-
defined porous microstructures could be “quenched” after
specific strain loading is completed. Moreover, by chemically
modifying the surface of carbon nanotubes, their interaction
could be engineered. Our simulation results in Figure5a show
that by enhancing the original interfacial cohesion energy γ0 =
2.31 × 10−10 J/m, carbon nanotubes align to form thick bundles
and strong adhesion between nanotubes could resist higher
tensile loads. While as the strength of van der Waals cohesion is
reduced, forming contacts and bundles are favored energetically
than bending carbon nanotubes. As a result, carbon nanotubes
keep straight, topological changes are prohibited, and much
lower loads can be transferred.

Figure 3. (a−c) Force−strain relationships of carbon nanotube networks under cycling strain loads at 0.01, 0.4, and 0.8. Strain is defined by referring
to the original dimension of materials before loading to show the evolution of irreversible deformation. (d−f) Potential energy dissipated through
topological changes of the networks, as a function of the number of loading cycles. Numbers 1−3 denotes different loading and unloading stages as
mentioned in the text.

Figure 4. Pore size distribution in carbon nanotube networks at
different maximum strain loading amplitudes.
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The diameter d also controls the persistence length of a
carbon nanotube, that is, lp = D/kBT, where D0 = πYd4/64 =
6.65 × 10−26 Nm2 is the bending stiffness of the carbon
nanotube under investigation. Thus, for either multiwalled
carbon nanotubes with large diameters or short carbon
nanotubes (l < lp), bending deformation and bundling in
networks will be limited, and topological changes will be
reduced. This is evidenced in our MD simulations where D is
magnified by a factor of 0.1 and 10, respectively. As shown in
Figure 5b, the resistance to external force is reduced (responses
to cycling loads are shown in Figures S1 and S2 in the
Supporting Information).
In conclusion, coarse-grained molecular dynamics simulations
are applied to explore the responses of carbon nanotube
networks under cycling loads. We observe distinct changes in
the force-strain relation with strain amplitudes ranging from
0.01 to 1.2. Microstructural evolution and its correlation with
mechanical behaviors are discussed, based on which a
mechanical tuning strategy of network structures is proposed,
with possible controls from loading amplitude, interfacial cross-
links and carbon nanotubes. These results offer possibilities to
engineer structural and transport properties of nanostructured
materials at the network level, with promising applications in
electrochemical energy storage, filtration, and separation. The
approach we utilize here could also be further extended to
include effects from the environment, such as polymer matrices
and fluid environment.
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Figure 5. Modified mechanical responses of carbon nanotube networks upon monotonic tensile loading by tuning (a) interfacial cohesion energy γ
and (b) bending stiffness D.
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