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a b s t r a c t

An effective and flexible method for the generation of computational samples for mesoscopic modeling
of anisotropic networks of carbon nanotube (CNT) bundles with various degrees of CNT alignment is
developed and applied for investigation of structural self-organization of nanotubes into vertically
aligned CNT forests and fibers. Structural characteristics of the computational samples, such as bundle
size distribution, average and maximum bundle sizes, magnitude of the Herman orientation factor,
average tilt of CNT segments with respect to the direction of alignment, and average tortuosity of the
nanotubes, are calculated and related to parameters of the sample preparation procedure. Good agree-
ment between the computer-generated and experimentally-grown network structures is demonstrated,
and several examples of the applications of the mesoscopic modeling for investigation of mechanical and
thermal transport properties of the CNT materials are provided. The high degree of control over the
structure of computational samples, provided by the sample generation procedure, enables fine-tuning
of the structural characteristics of in silico generated samples to match those to particular experimental
materials, as well as an efficient exploration of the multidimensional space of structural parameters
aimed at optimization of mechanical and transport properties and establishing structure e property
relationships for this important class of network materials.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotube (CNT) materials possess an attractive combi-
nation of structural, mechanical, and transport properties, and
continue to hold high promise for a broad range of practical ap-
plications [1,2]. Two types of CNT materials with pronounced
directional anisotropy, vertically aligned carbon nanotube (VACNT)
arrays and CNT fibers, are of particular interest for applications with
stringent requirements for themechanical strength, toughness, and
thermal energy dissipation.

The VACNT arrays, also known as VACNT “forests,” [3e5] are
typically composed of long (up to centimeters [5]) CNTs extending
through the whole length of the arrays. These materials are usually
produced by chemical vapor deposition (CVD) [6e13], where a
hydrocarbon gas reacts with catalytic metallic nanoparticles and
decomposes to provide carbon for continuous growth of CNTs. The
mass density, types and diameters of constituent CNTs, nanotube
areal density, and the mesoscopic structure of VACNT arrays can be
strongly affected by the CVD growth conditions [8e10], type, size,
and dispersion of the catalyst nanoparticles [11], as well as the
properties of the substrate [12,13]. The VACNT arrays have been
shown to exhibit a unique combination of mechanical resilience
(ability to support large reversible deformation and absorb me-
chanical energy) and high anisotropic thermal conductivity in the
direction of CNT alignment [14], which makes them good candi-
dates for applications requiring both heat management and me-
chanical energy dissipation.

Another type of anisotropic CNT materials deriving their prop-
erties from a high degree of structural anisotropy are CNT fibers
[15e20], where nanotubes are spun together into ropes or yarns. In
contrast to VACNT arrays, individual CNTs in the fibers do not
extend throughout the length of the fibers, but are woven into
continuous network structures exhibiting high degrees of nanotube
alignment. The fibers are either directly fabricated through spin-
ning from the synthesis reaction zone [21] or produced from pre-
made CNTs by wet spinning combined with twisting and solution-
based densification [19,22], mechanical stretching of random CNT
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networks [23,24], or other methods. With proper structural opti-
mization, the CNT fibers have been shown to exhibit tensile
strength as high as ~8.8 GPa [21], impressive strain hardening
exceeding that of annealed low-carbon steel by more than a factor
of three [23], and ultrahigh conductivity [19].

The mechanical and transport properties of both CNT forests
and fibers are highly sensitive to the arrangement of individual
CNTs intomesoscopic structural elements of the networkmaterials,
such as CNT bundles and branching structures, which produces
materials characterized by different bundle size distribution,
porosity, and the degree of nanotube entanglement. The structural
characteristics of CNT networks are not uniquely defined by the
length and flexural rigidity of CNTs andmaterial density, but can be
modulated by changing the parameters of the production process,
mechanical and chemical post-processing, radiative treatment, etc.
In the case of CNT fibers fabricated, e.g., by the direct spinning
method, the degree of CNT alignment as well as the size and
morphology of pores can be modulated in broad ranges by varying
the so-called drawing ratio between the extraction rate of the fiber
from a reactor and carrier gas velocity [25]. The empirical explo-
ration of the broad space of structural parameters of anisotropic
CNT network materials is challenging [8,26] and the structural
optimization can be greatly assisted by computer modeling tar-
geting the structure e properties relationships.

The complexity and inherently multiscale nature of the struc-
tural organization of the CNT network materials suggest that
complete understanding of the connections between the structural
parameters and the effective (macroscopic) properties of these
materials can only be achieved through a combination of various
computational techniques. In particular, the atomistic molecular
dynamics (MD) technique [27] is well suited for simulation of the
mechanical and thermal transport properties of individual nano-
tubes, e.g., [28e39], and small groups of CNTs, e.g., [24,40e43]. The
information gained from the atomistic simulations can be used for
parameterization of mesoscopic models that adopt simplified
representations of nanotubes [44e47] and are capable of simu-
lating the collective behavior and properties of large CNT ensem-
bles, e.g., [45,47e50]. The results of the mesoscopic simulations can
be, in turn, used for revealing general trends and formulating
continuum-level constitutive relations that describe the macro-
scopic behavior and properties of the CNT network materials.

In the atomistic e mesoscopic e continuum chain of the mul-
tiscale computational treatment of CNT materials, the “weak
member” is the mesoscopic modeling. While the atomistic and
continuum models are well established and implemented in user-
friendly computational software packages, the general framework
of the mesoscopic computational treatment of nanotube materials
is still being developed, validated, and redesigned. Several alter-
native approaches for mesoscopic modeling of CNT materials have
been suggested in literature. One of the early models developed by
Buehler [44] is based on the bead-and-spring model commonly
used in simulations of polymers [51]. In this model, the van der
Waals inter-tube interactions are represented through spherically
symmetric pair-wise interactions between mesoscopic nodes ar-
ranged along the axes of nanotubes. Due to its simplicity and
straightforward implementation, the bead-and-spring model has
been adopted by several groups and used in a number of in-
vestigations of the structural and mechanical properties of CNT
films [48,52e58] and VACNT arrays [59]. The model, however,
suffers from large artificial barriers for relative displacements of
neighboring CNTs introduced by the pair-wise interactions be-
tween the “beads” in the bead-and-spring model. As discussed in
Refs. [45,47,49,60], the presence of these barriers prevents long-
range rearrangements of CNTs into continuous networks of bun-
dles and strongly affects the structure and mechanical behavior of
the CNT materials. More recently, a finite element model [61]
describing van der Waals inter-tube interactions by linear elastic
bar elements added at localized “contacts” has been proposed and
applied for simulation of mechanical behavior of two-dimensional
CNT forests. The description of CNT-CNT interaction by strong
localized bonds that cannot be broken in the course of the forest
“growth” or compressive deformation casts doubt on the ability of
the model to provide an adequate description of the structural self-
organization or mechanical properties of the CNT materials.

More advanced descriptions of non-bonding inter-tube in-
teractions that do not result in the artificial corrugated inter-tube
interactions have been developed and include a mesoscopic
model [45,62,63] based on the distinct element method [64,65] and
a model representing nanotubes as a sequence of cylindrical seg-
ments [46] interacting with each other through the tubular po-
tential method [47]. The latter approach has been parametrized to
provide a realistic description of nonlinear deformation, buckling
[49,66] and mechanical energy dissipation in individual CNTs [67],
as well as collective heat transfer in CNT materials [41,50,66,68].
This model is briefly described below, in section 2, and is used in
the present paper for simulation of structural self-organization of
CNTs into partially aligned networks of bundles in VACNT arrays
and CNT fibers. A method for in silico preparation of structurally
distinct VACNT arrays based on the variation of the initial inclina-
tion of nanotubes with respect to the direction of alignment and the
annealing temperature is described in section 3. The results of the
structural characterization of VACNT arrays of different density are
presented and related to the sample preparation procedure in
section 4. The effect of CNT length on the structure of VACNT arrays
is considered in section 5. The method developed for generation of
VACNT arrays is extended to CNT fibers in section 6. Several ex-
amples of the applications benefiting from the fine control over
mesoscopic structure of VACNT samples enabled by the developed
sample preparation method are provided in section 7, and the re-
sults are summarized in section 8.

2. Mesoscopic force field model for carbon nanotube
materials

The mesoscopic force field model developed for realistic large-
scale simulations of CNT materials is based on a coarse-grained
representation of individual CNTs as chains of stretchable cylin-
drical segments [46]. The state of each segment is defined by po-
sitions, velocities, and internal temperatures of nodes joining the
neighboring segments [46,47]. The dynamics of a system of inter-
acting CNTs is described by solving the equations of motion of
classical mechanics for the positions of all nodes [46], as well as the
heat transfer equations for the internal thermal energy associated
with the nodes [66,68]. The forces acting on the nodes are calcu-
lated based on a mesoscopic force field that accounts for stretching
and bending deformation of individual CNTs as well as for the van
der Waals interactions among the CNTs.

The potential energy defining the mesoscopic force field is
expressed as U¼Ustr þ Ubnd þ UT-T þ UE, where Ustr and Ubnd

correspond to the strain energies associated with stretching and
bending of individual CNTs, UT-T is the energy of non-bonded inter-
tube interactions, and UE is the energy of interaction between
nanotubes and external bodies. The latter term is used in this work
to represent the substrate in simulations of VACNTarrays described
in sections 3e5, as well as the indenter and projectile in simula-
tions of uniaxial compression and particle impact discussed in
section 7. The harmonic parts of the stretching and bending po-
tentials, Ustr and Ubnd, are parametrized for single-walled CNTs in
Ref. [46] based on the results of atomistic simulations performed
with the reactive empirical bond-order (REBO) potential [69,70].
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Fig. 1. Chart showing the areal densities and CNT diameters of five representative
SWCNT forests grown by CVD (marked as Zhong 2012 [78], Kang 2007 [76], Zhong
2006 [74], Einarsson 2007 [77], and Futaba 2006 [75]) along with the four SWCNT
forests generated in silico in this work (marked as FA, FB, FC, and FD). (A colour version
of this figure can be viewed online.)
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The descriptions of the transition to the anharmonic regime
(nonlinear stress-strain dependence), axial buckling of CNTs under
uniaxial compression, and fracture of CNTs under tension are
included in Ustr but do not play any significant role under conditions
of the simulations discussed in this paper. The bending buckling is
also accounted for in Ubnd and, in contrast to the axial buckling, is
found to play an important role in stabilization of the continuous
networks of CNT bundles [49].

The inter-tube interaction term UT-T is calculated based on the
tubular potential method [47] that provides a non-corrugated
description of relative sliding of nanotubes and accurately re-
produces the van der Waals interactions between CNT segments of
arbitrary lengths and orientation. The tubular potential is param-
etrized based on an interatomic potential for nonbonded in-
teractions between carbon atoms used in the adaptive
intermolecular REBO (AIREBO) potential [71] and is found to
reproduce the predictions of the atomistic representation of the
inter-tube interactions with high accuracy at a small fraction of the
computational cost [47]. The mesoscopic force field does not
include a description of forces related to inter-tube friction, as these
forces are too weak to prevent room-temperature rearrangements
of defect-free CNTs [72,73]. In particular, the values of static friction
forcesmeasured for pairs of annealed nearly perfect CNTs are found
to be independent of the overlap area [73] and are consistent with
forces originating from the changes in the inter-tube interaction
area. These forces are naturally accounted for in the mesoscopic
model.

The mesoscopic simulations of thermal transport properties of
CNTmaterials are enabled by the descriptions of inter-tube thermal
conductance [50], intrinsic conductivity of CNTs [68], and thermal
resistance of buckling kinks [66]. The dissipation of mechanical
energy of longitudinal and bending oscillations, i.e., the energy
transfer from low-frequency mechanical oscillations to high-
frequency atomic vibrations that are not explicitly represented in
the mesoscopic model, is accounted for in the model through a
novel “internal heat bath” approach that couples the dynamic de-
grees of freedom of the mesoscopic model with internal energy of
the corresponding nanotube segments [67]. The internal heat bath
approach ensures a correct heat capacity of CNT materials in
mesoscopic simulations and plays an important role in simulations
of dynamic phenomena, such as the material response to impact
loading or localized energy deposition. The model is implemented
in a parallel computer code designed for large-scale simulations of
CNT samples with dimensions of up to several micrometers.

The initial applications of the mesoscopic model have demon-
strated the ability of the model to reproduce the self-organization
of CNTs into continuous networks of bundles [47,49,60] with
structural characteristics similar to the ones observed experimen-
tally, revealed the critical role the bending buckling of CNTs plays in
stabilization of the network structures [49], and provided impor-
tant insights into the structural dependence of the thermal trans-
port properties of the CNT network materials [50,60,66,68]. The
methods developed in this paper for generation of realistic struc-
tures of VACNT arrays and CNT fibers will enable extension of the
range of applications of the mesoscopic model to include investi-
gation of structure e properties relationships in this important
class of CNT materials.

3. Making VACNT forests in silico

A series of computational VACNT samples composed of single-
walled carbon nanotubes (SWCNTs) and featuring distinct struc-
tural characteristics are generated and equilibrated using the
mesoscopic force field model described in section 2. In order to
produce realistic in silico SWCNT forests, the CNT diameter and
nanotube areal density (i.e., the number of nanotubes grown on a
unit area of the substrate) are selected tomatch those characteristic
of experimentally grown VACNT arrays. The ranges of the CNT di-
ameters and areal densities reported in literature for SWCNT forests
grown by CVD are illustrated by several representative examples
[74e78] in Fig. 1. Due to the narrow distribution of CNT diameters
typically found in SWCNT forests [75e79], a constant diameter of
1.357 nm, characteristic of (10,10) CNTs [47], is selected for all
nanotubes in the computational samples.

The CNT areal density of experimental samples illustrated in
Fig. 1 exhibits a large, more than three orders of magnitude, vari-
ability. The areal density is an important parameter as it directly
affects the structural characteristics of the network of bundles
generated during the growth of a CNT forest. The balance between
the inter-tube interaction energy and bending energy of CNTs,
which defines the propensity of nanotubes to join the bundles or
form interconnects between the bundles, is to a big extent
controlled by the areal density of CNTs. To investigate the effect of
the areal density on the structural characteristics of the CNT forests,
the computational samples are generated in this work for two
values of the areal density. Three samples, designated as FA, FB, and
FC in Fig. 1, have an areal density of 6.09� 1011 cm�2, and one
denser sample, FD, has a five times higher areal density of
3.05� 1012 cm�2.

Another important consideration is the choice of the length of
CNTs. If the nanotubes are too short, then the degree of CNT-CNT
interactions and connectivity of CNT networks is limited by the
relatively large energy penalty associated with bending the nano-
tubes needed to form bundles. Computational treatment of very
long nanotubes, however, is costly, as the number of dynamic units
(nodes) for which the equations of motion are solved inmesoscopic
simulations is proportional to the CNT length. The length of the
nanotubes in the experimentally grown VACNT forests illustrated in
Fig. 1 range from several micrometers to hundreds of micrometers,
but the microstructural characteristics are already well-defined at
the micrometer scale. Therefore, in order to cost-effectively
reproduce the microstructure observed in experiments, the
length of CNTs is chosen to be 2 mm in the computational VACNT
samples considered in this section. The dependence of the struc-
tural characteristics of VACNT forests on the CNT length is dis-
cussed and illustrated by simulations performed for shorter, 200
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and 600 nm, forests in section 5.
Once the initial parameters are selected, there are two ways to

proceed for making a realistic forest microstructure. Either the
forest can be “grown” by lengthening the nanotubes over the
course of a simulation [61] or the fully sized nanotubes can bemade
to self-organize [80]. We chose the latter option because it is more
straightforward, and has already been proven to be effective in
generation of CNT films, or “buckypaper,” with random orientation
of nanotubes within the planes of the films [47e49].

As the first step of the sample generation, perfectly straight
nanotubes are randomly placed on a substrate at a certain incli-
nation with respect to the substrate surface normal (the choice of
the inclination angle is discussed below). The positions of CNT
segments (two nodes) adjacent to the substrate are fixed, so that
these segments stay at their initial inclination during the self-
organization of nanotubes into a network of bundles. In the
course of the generation of the initial forest, a new CNT is only
added to the sample if the minimum gap between the surfaces of
the new and any of the CNTs already present in the sample is larger
than the equilibrium distance of 3.14 Å [47]. If the new CNT is too
close to an existing CNT, the nanotube is not added and another
random location for the next CNT is selected. This acceptance-and-
rejection process of the random generation of new nanotubes
continues until a desired material density r is reached.

The random placement of the nanotubes on the substrate is
done within a rectangular area of pre-defined dimensions. For all
computational samples but sample FD, periodic boundary condi-
tions are applied in the lateral directions, parallel to the surface of
the substrate. These boundary conditions make it possible to
represent VACNT forests extending much further than the actual
lateral dimensions of the computational system. The choice of the
lateral dimensions of the computational system is defined by the
condition that the sample is sufficiently wide to ensure that any
nanotube would not span more than half of the computational
domain at any time during the simulation. This condition is more
stringent than the requirement of the absence of CNT self-
interactions and is imposed in this work to ensure that the struc-
tural characteristics of the generated samples are not affected by
the periodic boundary conditions. Due to the difference in the
maximum initial inclination of the nanotubes with respect to the
substrate normal (see below), different lateral dimensions are
chosen for samples FA, FB, FD (0.64 mm� 0.64 mm), and sample FC
(12.82 mm� 1.82 mm). The parameters of the VACNT samples
generated with 2-mm-long (10,10) CNTs are summarized in Table 1.

In our first attempt to generate CNT forests, all nanotubes are
initially oriented perpendicular to the substrate, and the process of
self-organization of CNTs into a network of bundles is induced by
bringing the system to a high temperature, maintaining the tem-
perature for 1 ns using the Berendsen thermostat algorithm [82],
and then relaxing the sample at 300 K. A large fraction of the
nanotubes (~55%), however, is found to remain isolated from any of
the neighboring CNTs in samples with density of 0.02 g/cm2, even
when the thermal annealing is performed at a temperature as high
Table 1
Parameters of CNT forests generated in the mesoscopic simulations. The CNT spacing is
Data files defining the structures of computational samples listed in this table are access

Forest Density (g/cm3) Areal density (cm-2) Volume
occupancy

CNT spacing (nm)

FA
0.02 6.09� 1011 0.9% 13.77FB

FC

FD 0.1 3.05� 1012 4.52% 6.16
as 10,000 K (the model does not include the possibility of thermal
decomposition of CNTs, and the temperature is defined based on
the average kinetic energy of mesoscopic dynamic units of the
model). The relatively high bending energy associated with
bringing the vertically-oriented nanotubes into bundles is pre-
venting the formation of continuous networks of bundles,
commonly observed in experiments [3e14,74e79,83,84], through
the high temperature annealing alone.

In order to facilitate the formation of interconnected network of
bundles, the algorithm used for the generation of VACNT arrays is
modified by introducing a random inclination of the straight
nanotubes relative to the substrate normal. This way, the nanotubes
can more easily interact with each other during the high temper-
ature stage of the sample preparation and join different bundles
along the height of the forest. Moreover, we found that the
maximum inclination of the CNTs can serve as a parameter that
effectively controls the microstructure of the VACNT arrays. Thus,
the three-step process developed for the generation of VACNT
samples with tunable structural characteristics can be described as
follows. First, a sample composed of straight nanotubes with initial
inclinations with respect to the substrate normal chosen randomly
in a range from 0� to a maximum angleQmax is generated. Then, the
initial sample undergoes thermal annealing in a mesoscopic dy-
namic simulation performed at a temperature of 5000 K for 1 ns.
During this high temperature stage, the initially straight and iso-
lated nanotubes self-organize into a continuous network of bun-
dles, as schematically shown in Fig. 2, where the shape of a
representative nanotube before and after annealing is highlighted.
Finally, the VACNT forest is quenched to 300 K and allowed to relax
until a metastable configuration, defined as a state where the rate
of change in the inter-tube interaction energy slows down to a level
below 0.05% per ns, is reached. Note that the computational pro-
cedure described above cannot be directly mapped to laboratory
conditions, where a variety of growth and post-processing pro-
cedures have been developed to control the degree of nanotube
alignment in VACNT forests, e.g., Refs. [4,8,85,86]. Nevertheless, as
demonstrated below, in sections 4e6, the choice of Qmax can be
used as an effective way to tune the structural characteristics of the
computational samples and to reproduce the structure of experi-
mental samples in the mesoscopic simulations.

The procedure described above is applied in this work for gen-
eration of three VACNT forests with density of 0.02 g/cm3 and one
forest with a higher density of 0.1 g/cm3. The parameters of the four
samples are provided in Table 1. The structure of the low-density
forests is controlled by the maximum initial inclination of the
nanotubes,Qmax, chosen to be 0.6�, 12�, and 27� in the three forests
denoted as FA, FB, and FC, respectively. The VACNT forest with a
density of 0.1 g/cm3, five times greater than that of the other three
forests, is prepared using the same method and the maximum
inclination of 0.6�, i.e., the same as in the sample FA. This higher-
density sample is denoted as FD in Table 1 and further discussion.
The results of the structural characterization of the four VACNT
forests are presented in the next section.
defined as center-to-center distance assuming hexagonal packing of the nanotubes.
ible from Ref. [81].

CNT length (mm) Lateral size (mm� mm) Number
of CNTs

Max. initial inclination
Qmax (deg.)

2
0.64� 0.64 2498 0.6�

0.64� 0.64 2498 12�

1.82� 1.82 20,438 27�

2 0.64� 0.64 12,676 0.6�



Fig. 2. Schematic representation of the procedure used for the generation of VACNT samples. Straight CNTs are first randomly placed on a substrate with a random inclination with
respect to the substrate normal Q, ranging uniformly from zero to a maximum angle Qmax (a). The high temperature annealing followed by a relaxation at 300 K is used to induce
self-organization of CNTs into a continuous metastable network of interconnected bundles (b). A single representative nanotube is highlighted, colored by its local bundle thickness,
and shown in front of the other nanotubes. All other nanotubes are colored gray. (A colour version of this figure can be viewed online.)
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4. Structural characteristics of VACNT forests

The visual views of three lower-density VACNT forests gener-
ated in silico as described above are provided in Fig. 3, where the
Fig. 3. Side views of computational samples of forests FA (a), FB (b), and FC (c) generated in
(number of segments in a bundle cross section). Data files defining the structures of the com
of this figure can be viewed online.)
CNT segments are colored by local thickness of bundles they belong
to. The bundle thickness is defined as the number of CNTs in a
bundle cross section. Therefore, an isolated CNT segment has a
bundle thickness of one and is colored blue in Fig. 3. Despite having
mesoscopic simulations. The CNT segments are colored by the local bundle thickness
putational samples shown in this figure are accessible from Ref. [81]. (A colour version
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the same average density and being composed of CNTs of the same
length and type, the three VACNT forests have distinct structures
characterized by different thicknesses of nanotube bundles and
densities of interconnects between the bundles. The nanotubes are
assembled into fewer number of thicker bundles in sample FA, the
bundles are the thinnest and most numerous in forest FC, while
forest FB is intermediate between these two extremes.

The degree of interconnection between the bundles in the
network structures of VACNT forests can be characterized by the
extent to which individual nanotubes are parts of multiple bundles.
Visually, the difference between the forests' morphologies can be
seen from Fig. 4, where enlarged views of the network structures
are shown for each of the three forests. It is apparent from Fig. 4
that, on average, CNTs in sample FC tend to be parts of larger
number of bundles as compared to samples FB or FA. This obser-
vation is not surprising given the initial inclinations of the nano-
tubes in each sample, but has important implications for
mechanical and thermal properties of the forests.

The structural differences between computational samples
generated with different initial maximum inclinations of CNTs can
be quantified by considering bundle thickness distributions shown
for the three samples in Fig. 5aec. The bundle thickness distribu-
tions calculated for samples FA and FB are qualitatively similar,
although the distribution is narrower and shifted to smaller bundle
sizes in sample FB. In sample FC, a big fraction of the nanotube
segments (~16%) are not in contact with other segments. However,
as can be seen from Fig. 4, this is the result of nanotubes spanning
across the sample and participating in multiple bundles connected
by isolated portions of CNTs, rather than entire CNTs remaining
isolated from the neighboring CNTs. The maximum thickness of
bundles found in the simulated network structures FA, FB, FC is
equal to 230, 162, and 70 nanotube segments, respectively.

The structures of the computational samples can be related to
the results of experimental analysis of the bundle thickness dis-
tribution in a VACNT forest of comparable density (0.035e0.05 g/
cm3), reported in Ref. [77] and reproduced in Fig. 5d. Experimen-
tally, the bundle thickness distributions were determined through
inspection of transmission electron microscope (TEM) images of
VACNT forests composed of 2-mm-long SWCNTs. The filled bars in
Fig. 5d correspond to the bundles where the number of CNTs can be
reliably counted based on the TEM images and the unfilled bars are
the estimates based on the bundles where the number of CNTs was
not clear from the images.

The fraction of individual (isolated) CNTs in the computational
sample FC (Fig. 5c) is close to that in the experimental VACNT forest,
~15%, while the width of the distribution is almost twice wider in
the computational sample than in the experimental one. Although
the agreement between the experimental and computational
Fig. 4. Enlarged views of computational VACNT forests FA (a), FB (b), and FC (c) illustrating t
Fig. 3. (A colour version of this figure can be viewed online.)
bundle size distributions in Fig. 5c and d are only semi-quantitative,
we note that the thickness of the CNT bundles and other structural
characteristics can be effectively controlled by the CNT synthesis
parameters in experiments [4,8,85,86] and by the choice of the
initial maximum inclination angle Qmax in the computational pro-
cedure. Two laboratory-grown SWCNT forests are shown in Fig. 6.
The sample shown in Fig. 6a [77] is the one used in the analysis of
the bundle size distribution illustrated by Fig. 5d. As discussed
above, bundle size distribution and overall structure of this forest
are similar to those of the computer-generated sample FC. Another
CVD grown forest of similar density (0.03 g/cm3), shown in Fig. 6b
[75], exhibits thicker bundles and a remarkable visual similarity to
the computational sample FA. Both the in silico and laboratory-
grown forests in Fig. 4a and Fig. 6b are characterized by similarly
sized and oriented bundles. Interestingly, since the three compu-
tational samples, FA, FB, and FC, have the same basic parameters
(material density, length and type of the CNTs), the results of the
simulations suggest that the forest morphology is not uniquely
dictated by the nominal parameters of the CNT network material,
but can be altered to a large degree by the sample preparation
method.

The ability to accurately control themicrostructure of computer-
generated VACNT forests can be further evaluated by performing
statistical analysis of the connection between the initial maximum
CNT inclination angle Qmax and the resulting structural character-
istics of the anisotropic networks. The structural characteristics of
the computational samples FA, FB, and FC are summarized in
Table 2 and include the average tilt of CNT segments with respect to
the direction of VACNT alignment 〈q〉, average bundle size hNBi,
maximum bundle size N max

B , standard deviation (SD) of the bundle
size, and magnitude of the Herman orientation factor (HOF)
defined as S ¼ 1

2

�
3hcos2 qi � 1

�
, where q is the local angle between a

nanotube and the vertical axis, and the angle brackets 〈 〉 denote
averaging over all CNT segments in a sample. The HOF quantifies
the extent of the orientation of nanotubes with respect to an axis of
interest, and ranges from �0.5 to 1, where values of �0.5, 0, and 1
correspond to perpendicular alignment, isotropic orientation, and
parallel alignment with respect to the axis, respectively.

Remarkably, all of the structural parameters of the three sam-
ples listed in Table 2 exhibit nearly linear dependences on the
maximum inclination angle Qmax, as shown by the nearly perfect
values of the corresponding coefficients of determination (R2). The
clear statistical link between the structural material parameters
and Qmax suggests that the sample preparation procedure
described in section 3 can be used to precisely engineer the
microstructure of a VACNT forest to match that of an experimental
material of interest.

Finally, the effect of material density on the structural
he degree of interconnection among the bundles. The coloring scheme is the same as in



Fig. 5. The bundle thickness distributions calculated for computational samples FA (a), FB (b), and FC (c), as well as for a laboratory-grown forest analyzed in Ref. [77] (d). In the
computational and experimental CNT forests, the bundle thickness is expressed in the number of nanotubes present in bundle cross sections, and each bin covers a thickness
increment by 1 CNT segment. In (d), the filled bars are for SWCNT bundles where the number of nanotubes can be reliably counted in TEM images, while the unfilled bars are
estimates based on the visual thickness of the bundle. The star marks the number of isolated SWCNTs, and could be higher than the estimate shown in the figure. (A colour version
of this figure can be viewed online.)

Fig. 6. Scanning Electron Microscopy (SEM) images of CVD grown SWCNT forests with smaller [77] (a) and larger [75] (b) nanotube bundles.
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characteristics of computer-generated VACNT structures can be
evaluated by considering the higher density sample FD. Although
the density of this sample (0.1 g/cm3 or 3.05� 1012 cm�2) is about
an order of magnitude below the close-packing limit and does not
quite comparewith the densest laboratory-grown forests produced
by advanced growth techniques [78,83,84] or post processing
methods [75], it nonetheless is higher than density of majority of
VACNT forests reported in literature, e.g., Fig. 1. The visual



Table 2
Statistical information on the structural parameters of three computational forests
of the same density of 0.02 g/cm3. The average tilt of CNT segments 〈q〉, average
bundle size hNBi, maximum bundle size N max

B , standard deviation (SD) of the bundle
size, and magnitude of the Herman orientation factor (HOF) are listed for compu-
tational samples FA, FB, and FC. The coefficients of determination R2 are listed for
linear dependencies of the structural parameters on Qmax.

Sample [Qmax] 〈q〉 hNBi N max
B SD HOF

FA [0.6�] 13.7� 77 230 43 0.88
FB [12�] 17.6� 42 163 28 0.82
FC [27�] 19.4� 12 70 9 0.79

R2 0.92 0.98 1.00 1.00 0.93
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inspection of the microstructure of sample FD shown in Fig. 7a and
b suggests that the size of bundles is comparable to that of sample
FA, Fig. 3a and Fig. 4a. Indeed, despite the five times higher density
of sample FD, the bundle size distribution shown is Fig. 7c is similar
to the distribution shown for sample FA in Fig. 5a. The forest FD has
an average bundle thickness of 71, very close to that of 77 calculated
for FA, although the maximum number of segments in a bundle for
FD is 301 compared to 230 for FA. The more densely packed
structure of sample FD, however, is characterized by higher degree
of vertical alignment, with the average angle between the CNT
segments and the vertical axis, 〈q〉, equal to 8.4�, and themagnitude
of HOF equal to 0.95. The results of the structural characterization
of sample FD agree well with the correlation between density and
the degree of CNT alignment observed in laboratory-grown forests
[4], and imply that at high densities, the variation of microstructure
exhibited by CNT forests is more constrained by crowding of the
nanotubes.
5. The effect of CNT length in short VACNT forests

All the results discussed above are for VACNT forests composed
of 2-mm-long CNTs, where the effects of the substrate and free
surfaces of the VACNT arrays on the structural organization of the
networks of bundles is limited to relatively shallow bottom and top
layers of the samples (Fig. 3), while the internal structure can be
assumed to be largely unaffected by the finite length of the CNTs.
The length effect, however, can be expected to be more significant
for shorter VACNT arrays, warranting an investigation of the length
dependence of the VACNT structures presented in this section.

To reveal the length dependence of the structural parameters of
Fig. 7. The overall view (a), an enlarged fragment (b), and the bundle thickness distribution
local bundle thickness (number of segments in a bundle cross section), and in (c) each bin
computational sample shown in this figure is accessible from Ref. [81]. (A colour version o
the VACNT forests, two additional sets of VACNT forests composed
of nanotubes with lengths of 200 nm and 600 nm are prepared
using the method described in section 3. The initial VACNT samples
are cubic, i.e., have dimensions of 200� 200� 200 nm3 and
600� 600� 600 nm3. In each set, three samples of the same areal
density of 6.09� 1011 cm-2 are prepared with initial maximum CNT
inclinations of 0.6, 12, and 27�. Except for the CNT length, all other
parameters of the sample preparation procedure are identical to
the ones used in the generation of samples FA, FB, and FC discussed
in the previous section.

The relaxed structures of the samples generated with 200- and
600-nm-long nanotubes are shown in Fig. 8. Here we notice that,
regardless of the initial inclination, the shortest (200 nm) forests do
not display the complex morphology of the 2-mm-long samples
(Fig. 3), but rather form smaller and largely isolated bundles even
when the initial maximum inclination of CNTs is 27�. The limited
connectivity between the bundles in this case cannot be enhanced
by further increase of the maximum inclination angle, as the lateral
divergence from the point of origin on the substrate that corre-
sponds to Q ¼ 27� is about 91 nm for a 200-nm-long straight CNT,
which is more than 6 times larger than the characteristic distance
between the CNTs on the substrate (see Table 1). Thus, the virtual
absence of participation of CNTs in multiple bundles is not related
in this case to the lack of initial interactions, but is defined by the
high bending energy penalty associated with the formation of in-
terconnects between the bundles at such a short length-scale.
Indeed, the characteristic length of branching of CNT bundles in
Figs. 3 and 4, and well as the typical length of nanotube segments
participating in different bundles that can be seen for the nanotube
highlighted in Fig. 2, are both exceeding 200 nm.

When the height of the forest is increased to 600 nm, the degree
of interconnection between the CNT bundles increases (Fig. 8def),
and the structures become more similar to those observed for 2-
mm-long forests (Fig. 3). The sample with the smallest maximum
inclination angle of Qmax ¼ 0:6� still exhibits mostly straight bun-
dles with a rather limited degree of interconnection between the
bundles (Fig. 8d). This observation can be explained by the limited
initial interaction between the inclined nanotubes, as the
maximum lateral divergence from the point of origin on the sub-
strate that corresponds to Q ¼ 0:6� is only 6.2 nm for a 600-nm-
long straight CNT, which is more than twice smaller than the
spacing between the CNTs on the substrate (see Table 1). As a result,
the nanotubes are mostly forming bundles with their nearest
neighbors and are unlikely to participate in multiple bundles, thus
(c) of the computational sample FD. In (a) and (b), the CNT segments are colored by the
covers a thickness increment by 1 CNT segment. Data file defining the structure of the
f this figure can be viewed online.)



Fig. 8. Side views of computational VACNT samples composed of nanotubes with lengths of 200 nm (aec) and 600 nm (def) generated in mesoscopic simulations according to the
procedure described in section 3. The CNT segments are colored by the local bundle thickness (number of segments in a bundle cross section). (A colour version of this figure can be
viewed online.)
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limiting the degree of inter-bundle connectivity in the VACNT array
shown in Fig. 8d. In samples generated with larger maximum
inclination angles, Fig. 8e and f, the nanotubes do participate in
multiple bundles and self-organize into interconnected networks
of bundles similar to those obtained for longer forests and dis-
cussed in section 4.

The discussion based on the visual analysis of the computer-
generated samples can be supported by quantitative analysis of
the structural characteristics provided in Table 3 for the 200 and
600 nm VACNT forests. Both the average and maximum bundle
sizes, hNBi and N max

B , are smaller in the samples generated with
200- and 600-nm-long CNTs, as compared to the 2-mm-long VACNT
samples discussed in section 4 and listed in Table 2. The gap in the
bundle sizes is particularly large for the shorter 200 nm VACNT
forests, but decreases with increasingQmax for both sets of samples.
The structural parameters listed in Tables 2 and 3 become similar in
all three sets of the samples generated at the largest maximum
inclination angle of 27�, although the structure of the shortest
VACNT array is still visually distinct, as apparent from comparison
of snapshots shown in Fig. 3c, Fig. 4c and Fig. 8c and 8f. Interest-
ingly, the similar bundle sizes at the largest Qmax are approached
through different trends observed for the 200-nm-long forests,
Table 3
Statistical information on structural parameters of six computational forests of the
same density of 0.02 g/cm3 composed of CNTs with lengths LCNT of 200 nm and
600 nm. The average tilt of CNT segments 〈q〉, average bundle size hNBi, maximum
bundle size N max

B , standard deviation (SD) of the bundle size, and magnitude of the
Herman orientation factor (HOF) are listed for computational samples generated at
maximum inclination angles Qmax of 0.6� , 12� , and 27�.

Sample: LCNT ; Qmax 〈q〉 hNBi N max
B SD HOF

200 nm, 0.6� 5.6� 4 10 3 0.96
200 nm, 12� 11.5� 7 24 5 0.89
200 nm, 27� 20.5� 10 36 9 0.73
600 nm, 0.6� 5.7� 28 82 19 0.95
600 nm, 12� 17.2� 22 98 18 0.82
600 nm, 27� 22.9� 10 65 9 0.72
where hNBi and N max
B increase with increasing Qmax, and the 600-

nm-long forests, where the bundle sizes decrease with increasing
Qmax (the non-monotonous dependence of N max

B on Qmax for
600 nm VACNT array can be attributed to the high susceptibility of
N max
B to statistical fluctuations). The latter trend is similar to the

one observed for the 2-mm-long forests (see Table 2), suggesting
that the factors controlling the structural parameters of the 600-
nm-long and 2-mm-long forests are similar.

Overall, we can conclude that while it is possible to produce
short VACNT arrays with the average structural parameters similar
to those of longer VACNT forests, the network structures charac-
terized by interconnected bundles and typically observed in ex-
periments [3e14,74e79,83,84] can only be built of CNTs that are
~300e500 nm or longer. The distinct structure of the short VACNT
arrays observed in the simulations is not a result of the limitations
of the computational sample preparation procedure, but a reflec-
tion of the natural energy minimization in forests consisting of
short nanotubes.

6. Generation of CNT fibers

The computational methodology developed in section 3 for
generation of VACNT forests is extended here to the preparation of
CNT fibers composed of nanotubes that have preferential orienta-
tion along a selected direction. Similarly to the computational
samples of “buckypaper” investigated in a number of earlier studies,
e.g., Refs. [44,45,47e50,52e58], the length of individual nanotubes
in the CNT fibers is assumed to be smaller than the size of the
computational system, and the nanotubes are arranged into a
continuous network of bundles. In contrast to the VACNT arrays
where one end of each nanotube is fixed at the substrate, in the CNT
fibers both ends of the CNTs are free to move during the self-
organization into the network structure. The absence of fixed CNT
ends in the CNT fibers increases mobility of individual nanotubes
and sets a lower limit on the range of the material density where
stable continuous networks can be obtained. The minimum density
that ensures formation of a stable network structure depends on the
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CNT length, i.e., the longerare thenanotubes, the lower is thedensity
limit for the generation of stable network structures. In particular,
the results of our mesoscopic simulations performed for three-
dimensional isotropic CNT networks composed of 400-nm-long
CNTs reveal that, in the absence of CNT defects and inter-tube cross-
links, the networks are unstable for densities smaller than
~0.0025 g/cm3. In the discussion below, the procedure of generation
of computational samples is illustrated for fibers composed of 400-
nm-long (10,10) CNTs and having a material density of 0.01 g/cm3.
Although the increasing degree of alignment of CNTs along the fiber
axis reduces stability of network structures at a given material
density, we found that CNTs form metastable networks in all of the
fiber samples considered in this work. This ability of CNTs to form
low-density continuous metastable networks is in agreement with
experimental studies, where, according to review [20], stable CNT
fibers are reported for a density range from5.5� 10�4 to 2.16 g/cm3.
The results of the structural characterization of CNTfibers generated
in silico are related to experimental data reported for low-density
CNT fibers produced, e.g., by the direct spinning method [25].
Since the detailed results of experimental characterization of low-
density CNT fibers are scarce, we also make connections between
structural properties of our computational samples and experi-
mental data reported for CNT fibers of medium density, e.g., [16].

The initial samples of CNT fibers composed of straight and
dispersed CNTs are prepared by the acceptance-and-rejection
method described in section 3. In contrast to the generation of
VACNT arrays, where the CNTs were attached to the substrate on
one end and formed a free surface on another end of the sample,
the periodic boundary conditions are applied in all three directions
for the generation of continuous (infinitely-long) CNT fibers. The
positions of centers of CNTs, which are sequentially added to the
system, are chosen at random within the simulation box, and the
directions of CNT axes are randomly picked from a uniform distri-
bution within a cone with the apex angle Qmax with respect to the
predefined axis of the fiber. A new CNT is added to the sample only
if the minimum gap between the surfaces of the new and any of the
CNTs already present in the sample is larger than a predefined
minimum distance. In contrast to the procedure used for the gen-
eration of VACNTarrays, where theminimum distancewas selected
to be equal to the equilibrium distance between nanotubes, i.e.,
3.14 Å for (10,10) CNTs (see section 3), the minimum distance in the
generation of CNT fibers was set to be equal to 3 Å. As a result, the
initial samples contain a certain fraction of pairs of CNTs experi-
encing inter-tube repulsive force. This initial repulsive interaction is
sufficient for triggering self-assembly of CNTs into a network even
in a constant-volume and constant-energy simulation, without the
temperature control through a computational thermostat.

The approach to the generation of the computational samples
developed in the present work is characterized by an inherent limit
on the maximum density of the CNT networks. The large excluded
volume of high-aspect ratio nanotubes makes it impossible to
produce materials above a certain density based on the initial
distribution of straight non-aligned nanotubes. In particular, we
found that it is not possible to generate cubic samples of 1 mm3 in
volume composed of 400-nm-long CNTs with material densities
higher than 0.1 g/cm3. The larger material densities, however, can
be achieved through gradual densification (reduction of all or some
of the dimensions of the computational cell) in the course of the
initial self-organization of CNTs into a network or a subsequent
thermal annealing of low-density network structures. Using this
approach, we were able to obtain relaxed samples of CNT fibers
with densities up to 0.6 g/cm3. Such super-aligned fiber structures
will be discussed in detail elsewhere.

Several representative configurations of the CNT fibers gener-
ated with an approach described above for material density of
0.01 g/cm3 and different maximum angles of initial inclination,
Qmax, varying from 3� to 45�, are shown in Fig. 9. The in silico
sample preparation procedure consists of a 3-ns-long high-
temperature stage, when the “mesoscopic” temperature of the
system (see comment on the temperature of the mesoscopic sys-
tem in section 3) is kept at a level of 10,000 K, followed by a
relaxation stage at a temperature of 300 K, both performed using
the Berendsen thermostat algorithm [82]. The high-temperature
stage leads to the fast formation of a continuous network struc-
ture, while the relaxation stage lasts until the formation of a steady-
state structure, which occurs within 5e9 ns after the end of the
high-temperature stage.

Similar to the VACNT samples discussed in sections 3 and 4, the
variation of the maximum initial inclination angle allows one to
obtain CNT fibers with controllable structural characteristics. At
smallQmax ¼ 3�e15�, the structure is dominated by relatively thick
and almost straight bundles containing 15e50 CNTs with large
columnar pores between them, Fig. 9a and b. The bundle thickness
distributions are characterized by a broad maximum at 10e25
segments in a bundle cross section, Fig. 10a and b, and the average
number of CNT segments in a bundle cross section, hNBi, equal to
~25, Fig. 12. Qualitatively, the bundle size distributions generated at
small inclination angles resemble those obtained for VACNT arrays
FA and FB and shown in Fig. 5a and b. The values of HOF z 0.85
(Fig. 12) and the average tilts of CNT segments, 〈q〉 ¼ 14:0� for
Qmax ¼ 3� and 〈q〉 ¼ 13:2� for Qmax ¼ 15�, are also very similar to
the corresponding values listed for CNT forests FA and FB in Table 2.
Thus, in the range of Qmax � 15o, the procedure for generation of
CNT networks developed in this work results in highly aligned CNT
samples with a rather weak dependence of the structural param-
eters on the precise value of Qmax.

With further increase in Qmax above 15o, the structures of
relaxed samples exhibit stronger dependence on Qmax: An
increasingQmax corresponds to the progressively increasing degree
of entanglement of CNTs in the network structures, which is
obvious from visual inspection of structures shown in Fig. 9c and d.
Quantitatively, the increasing degree of entanglement is reflected
in increasing average tortuosity 〈t〉 of nanotubes (Fig. 12), where
the tortuosity of a CNT is defined as t ¼ LCNT=C, with C and LCNT
being the distance between two ends of the CNT and its length,
respectively.

The formation of elongated, columnar pores in aligned fibers is
in agreement with experimental observations, where the pore
length (along the axis of the fiber) and the Porod chord length
(characterizing the average lateral size of pores) obtained in syn-
chrotron small-angle X-ray scattering (SAXS) measurements vary
within ranges of 159e221 nm and 20.3e13.1 nm, respectively, with
their ratio spanning the range from 7.8 to 16.9 [25]. The visual
examination of the CNT fibers shown in Fig. 9a and b reveals that
pores in these computational samples have lengths of
~300e400 nm and lateral sizes of ~100 nm, thus yielding the aspect
ratios of ~3e4. Less aligned samples, obtained at larger Qmax and
shown in Fig. 9c and d, have smaller pores with the pore lengths of
~200e300 nm and lateral sizes of ~30e50 nm, yielding the aspect
ratios of ~6e10. These structural parameters are comparable to
those evaluated from the SAXS measurements, with somewhat
smaller average pore sizes in experimental samples are likely to be
related to larger material densities of the experimental samples,
which were not specified in Ref. [25].

At a sufficiently large Qmax, e.g., Qmax ¼ 45o; there are a sub-
stantial number of CNT segments in the relaxed samples that are
oriented perpendicular to the axis of the fiber, Fig. 11. In this case,
the number of CNTs segments in a bundle has a large peak at one
and exhibits monotonous decrease with increasing number of CNTs
segments in a bundle, Fig. 10d. Although such samples can include



Fig. 9. Side and top views of relaxed samples of CNT fibers composed of 400-nm-long (10,10) CNTs obtained at maximum angles of initial inclination of CNTs Qmax equal to 3o (a),
15o (b), 30o (c), and 45o (d). All samples have material density of 0.01 g/cm3 and dimensions of 1� 1� 1 mm3, although only the central parts of the samples with dimensions of
0.5� 0.5� 1 mm3 are shown in the figure. Individual nanotubes are colored accoring to the local thickness of bundles defined as the number of segments in a bundle cross section,
with the scale shown in (a). The fiber axis is directed vertically in the top panels and normally to the plane of the figure in the bottom panels. (A colour version of this figure can be
viewed online.)
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bundles as thick as those in samples generated with Qmax � 15o,
the distribution demonstrates a strong depletion of bundles with
more than 30 CNTs in a cross section and a corresponding decrease
in the average bundle size from 25 at Qmax � 15o to 15 at
Qmax ¼ 45o (Fig. 12). The bundle size distributions for Qmax ¼ 30o

and Qmax ¼ 45o (Fig. 10c and d) are quantitatively similar to that
calculated for VACNT forest FC generated with Qmax ¼ 27o and
shown in Fig. 5c. Compared to the VACNT sample FC (Table 2), the
fiber sample with Qmax ¼ 30o has larger average bundle size hNBi
and smaller HOF, with the latter indicating a smaller degree of
alignment of CNTs along the fiber axis. The larger hNBi in the case of
the fiber sample can be attributed to the additional freedom of
individual CNTs that are not tethered to a substrate and are free to
slide with respect to the surrounding nanotubes, as well as to the
smaller density and increased duration of the high-temperature
stage used in the generation of the fiber samples. Simulations
performed for thin CNT films [47,49] demonstrated that all these
factors favor an increase in the average bundle size in continuous
CNT networks.

In Ref. [16], it was found that fibers composed of SWCNTs with
diameters 1e2 nm consist of bundles of 10e30 nm in diameter. In
order to translate the thickness of a bundle from the number of
segments in a bundle cross section NB given in Fig. 10 to the
diameter DB of an “equivalent” cylindrical bundle, one can assume
close packing of CNTs in a bundle and equate the areas of the cor-
responding cross sections. With the distance between the CNT
centers in the close packed hexagonal structure equal to 2RT þ de,
where RT ¼ 0:6785 nm is the radius of (10,10) CNT and de ¼ 0:314
nm is the equilibrium distance between the surfaces of nanotubes
[47], we get DB ¼ ð2RT þ deÞ
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NB ¼ 20, which is a typical average bundle size hNBi in the
computational samples (Fig. 12), this equation yields DB z 7:5 nm,
while forNB ¼ 50, which corresponds to large bundles present in all
generated fiber samples (Fig. 10), DB z 11:8 nm. Thus, the bundles
in the computational samples are at the lower end of the range
reported for experimental samples in Ref. [16]. This can be
explained by a substantially higher density of the experimental
fibers, where the pore sizes are estimated to be in the range from
~1.5 to ~30 nm [16], i.e., much smaller than in the computational
samples generated in this work.

In order to demonstrate the coarsening of bundles with
increasing density of CNT fibers, a sample with density of 0.1 g/cm3,
which is ten times higher than those discussed above, is generated
with Qmax ¼ 15o and illustrated in Fig. 13. Both the visual analysis
of the sample configuration shown in Fig. 13a and the bundle size
distribution in Fig. 13b indicate that the bundle thickness increases
substantially with increasing material density. The maximum
number of nanotubes in a bundle cross section is as large as 514,
and the average bundle size hNBi is equal to 109.6, which corre-
sponds to the equivalent bundle diameter DB of 17.5 nm. The latter
value is in the middle of the range of 10e30 nm reported for the
experimentally fabricated fibers in Ref. [16]. The strong sensitivity
of the average bundle size to the material density provides further
flexibility in tuning and optimizing the structural parameters of



Fig. 10. The bundle thickness distributions calculated for computational samples of CNT fibers shown in Fig. 9 and obtained at maximum angles of initial inclination of CNTs Qmax

equal to 3o (a), 15o (b), 30o (c), and 45o (d). The bundle thickness is defined as the local number of CNTs present in a bundle cross section, and each bin covers a thickness increment
by 1 CNT segment. (A colour version of this figure can be viewed online.)

Fig. 11. Probability density function of the local angle between the CNT centerline and
axis of the fiber calculated for computational samples of CNT fibers shown in Fig. 9 and
obtained at maximum initial inclination angles of CNTs Qmax equal to 3o (circles, red
online), 15o (down-pointing triangles, green online), 30o (squares, blue online), and
45o (up-pointing triangles, magenta online). (A colour version of this figure can be
viewed online.)
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CNT fibers.
Similar to the observations from the structural characterization

of CNT forests discussed in section 4, the network structures of CNT
fibers exhibit almost linear dependence of the major structural
parameters, including the HOF, average bundle size hNBi, and
average tortuosity 〈t〉, on the maximum angle of initial inclination
Qmax, if Qmax is larger than about 15� (Fig. 12). At Qmax � 15o, the
computational samples exhibit weak, if any, dependence of HOF,
hNBi, and 〈t〉 on Qmax. It is interesting to note that the decrease of
HOF in the course of the relaxation of the initial samples composed
of straight and dispersed CNTs (open diamonds in Fig. 12) is almost
the same, 10e17%, for samples generated with different values of
Qmax. This observation and the linear relationships between the
structural parameters and Qmax at Qmax � 15� make it possible to
pick an appropriate value of Qmax in the sample generation pro-
cedure in order to obtain samples with desired values of HOF or
hNBi. The relationship between hNBi and HOF, however, is not
unique and can be further adjusted by varying other parameters of
the in silico sample preparation procedure, such as the duration
and/or temperature of the high-temperature stage of the sample
generation. By simultaneously varying several parameters of the
sample preparation procedure, one can achieve fine control over



Fig. 12. Herman orientation factor HOF (diamonds), average bundle size hNBi (circles),
and average tortuosity of nanotubes 〈t〉 (squares) versus maximum angle of initial
inclination of CNTs, Qmax , used in the generation of CNT fibers composed of 400-nm-
long (10,10) CNTs at material density of 0.01 g/cm3. Open diamonds with dashed curve
correspond to HOF in the initial samples of straight and dispersed nanotubes; bold
diamonds with solid curve correspond to HOF in the relaxed samples. Vertical error
bars show the mean square deviation of the average tortuosity and bundle size. (A
colour version of this figure can be viewed online.)
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the degree of anisotropy characterized by the HOF and the degree of
connectivity of nanotubes characterized by the averaged bundle
size, to match those of a particular experimental sample.
Fig. 13. Side and top views of a relaxed CNT fiber with material density of 0.1 g/cm3 (a) and
CNTs, has dimensions of 0:5� 0:5� 1 mm3, and is obtained with Qmax ¼ 15o. In panel (a),
belong to. In both (a) and (b), the bundle thickness is defined as the local number of CNTs p
7. Application of mesoscopic model to investigation of
mechanical and thermal properties

The development of the sample preparation method capable of
reproducing, for the first time, the experimentally observed
mesoscopic structure of vertically aligned networks of nanotube
bundles opens up a broad range of opportunities for investigation
of mechanical and thermal transport properties of this important
class of CNT materials. In this section, we only provide a few ex-
amples illustrating some of the potential applications of the dy-
namic mesoscopic model by preliminary results of first mesoscopic
simulations performed for VACNT forests generated as discussed in
section 3.

One broad area where the mesoscopic modeling can be highly
instrumental is the analysis of the deformation mechanisms that
control the mechanical properties of VACNT forests. The under-
standing of the mechanical properties is critical for a variety of
applications, including energy absorption [87e89], electrome-
chanical probing [90], fabrication of compliant contact structure for
semiconductor packaging [91] and compression-modulated filter
membranes [92]. One of the types of mechanical deformation that
is commonly realized in the applications is the uniaxial compres-
sion of VACNT forests. The mechanical characteristics, including
elastic modulus, yield stress, and resilience, characterizing uniaxial
compression of VACNT forests reported in the literature are span-
ning several orders of magnitude [93e96]. Moreover, the recovery
of uniaxially compressed VACNT forests also vary from near perfect
[87,97] to mediocre [98,99]. The large variability of the mechanical
properties is related to the high sensitivity of the structural
its bundle thickness distribution (b). The sample is composed of 400-nm-long (10,10)
and individual nanotubes are colored accoring to the local thickness of bundles they
resent in a bundle cross section. (A colour version of this figure can be viewed online.)
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organization of these network materials to the growth methods
and conditions [8,100], as well as to the presence of CNT defects
[101,102] and contamination. Forest density and density gradients
within a sample also influence the mechanical response during
compression, and several works report linear dependence of the
mechanical properties, such as the stiffness and elastic modulus, on
density [102e104].

The relationship between the structural characteristics and
mechanical properties of VACNT materials can be effectively and
systematically explored in mesoscopic simulations performed for
computational samples with realistic structures. This exploration is
enabled by the computational procedure described in this paper
and providing a high level of control over the structural charac-
teristics of vertically aligned networks of nanotube bundles. A se-
ries of snapshots from a small-scale simulation of the uniaxial
compression of a VACNT forest, shown in Fig. 14aec, illustrates
some of the capabilities of the mesoscopic modeling. The folding
and bowing of the short CNT bundles in this simulation is facilitated
by collective bending buckling of nanotubes in localized regions of
bundles (red segments in the snapshots), which reduces the
resistance of bundles to the bending deformation. The corre-
sponding stress-strain curve predicted in the simulation (Fig. 14d)
agrees well both qualitatively and quantitatively with stress re-
sponses measured in VACNT forest compression experiments [99].
In particular, three characteristic regimes, (i) elastic, (ii) plateau,
and (iii) densification, commonly reported for VACNT forests
[14,99,105], can be clearly identified in the simulated stress-strain
curve shown in Fig. 14d. A thorough analysis of the uniaxial
compression of in-silico VACNT forests is presented in a separate
report [106].

Themesoscopic simulations can also be used for investigation of
thermal transport properties of CNT networks, which hold promise
Fig. 14. A series of snapshots (aec) and a stress-strain dependence (d) obtained in a mesosc
(10,10) CNTs prepared withQmax ¼ 27� (see Fig. 8c). The snapshots are shown for compressiv
corresponds to a deformation rate of 5�107 s�1. The CNT segments adjacent to the bucklin
as thermal interface materials. Indeed, the values of the cooling rate
reported for different CNT-based on-chip integrated cooling solu-
tions for transporting and dissipation of heat from microelectronic
devices are as high as 100Wcm�2 [107] or even 5000Wcm�2 [108],
making CNT materials viable candidates for cooling systems of the
next-generation microprocessors [108e113]. Moreover, the high
degree of anisotropy of thermal conductivity of VACNT forests
[114e116] opens up attractive opportunities for guiding the heat
transport along a desired path in thermal management applica-
tions. In order to realize these opportunities, however, a clear un-
derstanding of the key microstructural features and elementary
processes that control thermal transport properties of CNT network
materials has to be achieved.

With the flexible approach to the generation of computational
samples discussed in this paper, it is possible to perform a thorough
investigation of the dependence of thermal conductivity on the
structural characteristics of the anisotropic network structures. The
values of thermal conductivity can be calculated by connecting the
opposing sides of a CNT sample to two heat baths with different
temperatures, obtaining the steady-state temperature profile along
with the heat flux through the sample, and fitting the results to the
Fourier law [50,60,66,68]. The values of the intrinsic thermal con-
ductivity of CNTs and inter-tube conductance, needed for param-
etrization of the mesoscopic description of the heat transfer, can be
obtained from results of experimental measurements, e.g.,
[117e120], or molecular dynamics simulations, e.g., [35-43,66].

The mesoscopic modeling of the heat transfer is illustrated in
Fig. 15 for VACNT samples FA, FB, and FC discussed in sections 3 and
4. All CNT segments falling within 300 nm sections of either the top
or base of the forest are assigned fixed temperatures, 300 and 600 K
on the cold and hot sides, respectively, and the remaining nanotube
segments are colored by the heat flux in the steady state regime. A
opic simulation of uniaxial compression of the VACNT forest composed of 200-nm-long
e engineering strain of 0.2 (a), 0.4 (b) and 0.6 (c). The indenter velocity is 10 m/s, which
g kinks are colored red. (A colour version of this figure can be viewed online.)
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visual inspection of the heat flux distributions suggests that the
average heat flux is greatest in FA, and decreases for FB and FC
samples. One can also discern that the heat flux is higher in the
CNTs that belong to thick bundles crossing the sample from the hot
to the cold heat bath regions, and is smaller for thin bundles and
individual CNTs serving as interconnects between the thick bun-
dles. This observation is in contrast to the results of the calculations
performed for CNT films with random orientations of CNTs within
the plane of the film [50,66,68], where the heat flux passing
through the CNTs that are parts of the inter-bundle connections is
found to be, on average, higher than in other parts of the network
structures [66].

The predicted values of thermal conductivity of the VACNT
samples are 17.6,17.2, and 16.4Wm�1K�1 for VACNT samples FA, FB,
and FC, respectively. These computational predictions fall well
within, the admittedly large, range of values measured for VACNT
forests and fibers, e.g., 2.1Wm�1K�1 [26,121], 42Wm�1K�1 [115],
and more than 200Wm�1K�1 [114]. The corresponding effective
conductivities recalculated on “per nanotube” basis are 1929, 1874,
and 1771Wm�1K�1 for the FA, FB, and FC samples, respectively.
Given that the actual intrinsic conductivity of individual nanotubes
is fixed at 2000Wm�1K�1 in the calculations, the reduction of the
effective conductivity is reflecting the “loss” of the conductivity due
to the arrangement of CNTs into the continuous network. This
reduction of the thermal conductivity exhibits a clear correlation
with the decrease in the bundle size and the degree of CNT align-
ment, as can be seen from the structural characteristics of the three
samples listed in Table 2.

Overall, the preliminary simulations performed for the VACNT
forests reveal a significant sensitivity of the thermal conductivity to
the structural details of the CNT networks and suggest that the
conductivity can be controlled through the structural modification
of VACNT materials with nominally identical macroscopic param-
eters, such as material density, type and length of the CNTs. Similar
to CNT films [50], the thermal conductivity can be evaluated for
different directions of the imposed heat flux, and the values of the
conductivity can be related to the degree of anisotropy of the ma-
terial structure. Moreover, the calculation of the thermal
Fig. 15. The steady-state heat flux along the nanotubes obtained in the calculations of th
calculations are done assuming an intrinsic conductivity of 2000Wm�1K�1 for individual C
simulations as explained in Refs. [43,50,60,66,68]. (A colour version of this figure can be vi
conductivity for transient structures produced in the simulations of
the mechanical loading, such as the ones shown in Fig. 14, can help
to quantify the effect of the deformation on thermal transport and,
in particular, reveal the changes in the conductivity upon critical
events, such as the onset of collective buckling in CNT forests under
compression or material failure under tension.

As a final example, out of many potential applications of the
mesoscopic modeling of VACNT forests, we consider the CNT forest
response to a high-velocity impact by a submicron projectile. The
impact resistance of CNT materials is relevant to the exploration of
the performance of these multifunctional low-density materials in
aerospace applications [122,123] or as a protective armor [124], in
the form of either pure CNT materials [125e127] or composites
[128] reinforced with nanotubes. Using the mesoscopic model, we
are in a position to methodically study the effect the CNT forest
microstructure has on the absorption of the projectile energy. The
development of the local heat bath approach, describing the energy
redistribution between the collective degrees of freedom explicitly
represented in the mesoscopic model and the internal degrees of
freedom that correspond to the high-frequency atomic vibrations
[67], enables a realistic representation of the energy dissipation in
simulations of high-strain-rate deformation or impact loading,
where the system can be expected to strongly deviate from the
conditions of thermal equilibrium. As an illustration of this area of
applications of mesoscopic modeling, a series of snapshots from a
simulation of a platinum nanoparticle with diameter of 100 nm
impacting the sample FBwith an initial velocity of 100m/s is shown
in Fig. 16. Interestingly, a global deformation of the forest occurs
despite the relatively small size of the nanoparticle. This suggests
that the structural arrangement of nanotubes into the continuous
network plays a key role in how the energy of the projectile is
absorbed and redistributed.

Overall, the several examples briefly discussed above demon-
strate that mesoscopic simulations performed for realistic
computational samples generated with the method developed in
this work are capable of capturing the complex interplay of an array
of processes defining the mechanical behavior of CNT network
materials under conditions of both quasi-static deformation and
ermal conductivity of the VACNT samples FA (a), FB (b), and FC (c), see Table 1. The
NTs, and the inter-tube conductance is parametrized based on the results of atomistic
ewed online.)



Fig. 16. Snapshots from a mesoscopic simulation of a high-velocity impact of a spherical Pt projectile with a diameter of 100 nm, a density of 21.45 g/cm3 and an initial velocity of
100m/s on the VACNT sample FB (see Table 1). The snapshots in (a), (b), and (c) are shown for 2.5 ns, 6.0 ns, and 10.0 ns after the impact, respectively. The nanotubes are colored by
their local kinetic energy, and the location of the projectile is shown by a semitransparent circle drawn in front of the VACNT configuration. Note that although it appears that the
projectile is exchanging energy with the CNTs only in its localized vicinity, the entire forest is deformed during the collision, as evidenced by the shrinking height of the sample. (A
colour version of this figure can be viewed online.)
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dynamic impact loading.

8. Summary

An effective and flexible method for in silico preparation of
structurally distinct mesoscopic samples of vertically aligned net-
works of nanotube bundles is developed and applied to VACNT
forests and CNT fibers. The method involves generation of an initial
sample composed of straight nanotubes inclined with respect to
the axis of the CNT forest/fiber, followed by a high-temperature
annealing performed in a mesoscopic dynamic simulation and
leading to structural self-organization of CNTs into an inter-
connected continuous network of CNT bundles.

The structures of the in silico generated VACNT forests and CNT
fibers are characterized in terms of the bundle size distribution,
average and maximum bundle sizes, the magnitude of the Herman
orientation factor, the average tilt of CNT segments with respect to
the direction of nanotube alignment in the forest/fiber structures,
and the average tortuosity of the nanotubes. The structural pa-
rameters of the computational samples are compared with avail-
able experimental data and the ability of the developed
computational procedure to produce structures closely matching
those observed in experiments is demonstrated. Moreover, the
structural parameters of the computational samples are found to
exhibit a nearly linear dependence on the maximum angle of the
initial inclination of nanotubes with respect to the direction of CNT
alignment, thus providing an opportunity to precisely engineer the
microstructure of computational samples to match those of
particular experimental materials of interest.

The development of the sample preparation method capable of
reproducing the experimentally observed mesoscopic structure of
anisotropic networks of nanotube bundles opens up a broad range
of opportunities for the computational exploration of structure e

properties relationships in VACNT forests and CNT fibers. These
opportunities are illustrated by first results obtained in mesoscopic
simulations of the uniaxial compression and nanoparticle impact
resistance of VACNT forests, as well as the heat transfer through the
aligned interconnected networks of bundles.
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