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Abstract CNT-based network, as an emerging class of material, attracts extensive research interest in recent
years from both the scientific community and industry. In this study we proposed novel covalently bonded
bece-lattice like 3D nanotruss made up of fullerenes spanned by CNTs. The mechanical properties of such
architecture are systematically investigated via full atomistic simulation. Our simulations reveal that the
CNTs length of the 3D nanotruss plays a significant role on the mechanical properties. This nanotruss
network displays orientation dependent deformation behaviour. Under <100> direction tension, negative
Poisson’s ratio is observed exclusively for the case of N = 0, while a “flipping” behaviour of Poisson’s ratio
with “Negative — Positive — Negative” appears when the tension is applied along <110> direction. The
findings in our work would provide guidance to optimal design of CNT-fullerene based structures towards
tailor-made properties.
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1. Introduction

Since their discovery "%, the properties of fullerenes and nanotubes have been extensively studied
both by experiment and by simulation. It is found that they, as unique zero-/one-dimensional carbon
materials, possess predominant physical, chemical, and mechanical properties combined with a very
little weight. To fully exploit their unique properties and explore additional properties, various types
of carbon architectures made up of fullerenes and carbon nanotubes (CNTs) have been successfully
fabricated and investigated. A hybrid carbon nanostructure termed “nanopeapod” [ fullerenes are
encapsulated in CNTs, has been fabricated, and the nanopeapod exhibits a variety of intriguing
physical and chemical properties °. Another nanostructure based on fullerenes and CNTs called
“nanobuds” holds exceptional field emission properties . A Y-shaped CNT junction displays
rectifying and electrical switching properties, such that it can serve as a switching device .
Moreover, organized 2D and 3D CNT architectures can be fabricated to realize specific functional
properties for a variety of meso- and macro-scale engineering applications. Hall et al. ) revealed
that the CNT networks can exhibit unusual mechanical properties such as negative Poisson’s ratio.
By infiltrating a polymer into a reticulate CNT (RCNT) architecture, CNT-network-based
reinforced composites are formed to achieve superior mechanical properties '), originating from
strong molecular-level coupling between reticulate CNTs and polymer chains. The
RCNTs/polydimethylsioxane with high transparency, high conductivity, and excellent stretchability
in addition to the facile fabrication, is a promising candidate as interconnects and electrodes for
stretchable intelligent and functional devices !'!). Covalently bonded 3D CNT networks have also
been produced at large scale ', in which an effective stress distribution in the network improves
the mechanical strength of the materials. Computer-aided design and simulation of 2D and 3D
nanostructures consisting of fragments of CNTs-junctions also helps to exploit their potentials ['*2%,
For example, Romo-Herrera et al. !'* showed that 2D and 3D systems can be utilized for complex
integrated nanoelectronic circuits due to specific paths of charges flowing through the nodes of the
systems, and the 3D super-cubic and super-diamond architectures have the ability of supporting
extremely high unidirectional stress. Despite the increasing interest in CNT architectures,
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nano-joining and assembly conforming 3D networks are still in very early stages.

Accordingly, in the present work we invoke concept of hierarchical nano-joining to propose new
architectures comprised of fullerenes and SWCNTs. We present a systematical atomistic simulation
study on the mechanical properties of the novel 3D spanned-fullerene nanotruss architecture.

2. Model and Methodology

We adopt a CNT (6,6) and a giant fullerene Cs7, with D»g molecular symmetry as parent bricks for
constructing novel covalent bonded 3D nano-truss systems. As illustrated in Figure 1, 3D
nanostructures are built from a fullerene C;7,. Three atomic pairs are added as patches (red atoms in
Figure 1b) in the face of fullerene (green atoms in Figure 1a and 1b) to create an open-cage cluster
with a terminal. This terminal is able to coaxially dock a (6,6) CNT segment (purple atoms in
Figure 1c¢), forming three octagon rings dispersed at the junction. The truss-like 3D network with an
all-sided coalescence of fullerenes with (6,6) CNTs is finally created as shown in Figure 1d,
resembling a body center cubic (bcc) lattice. The mechanical responses of as-generated 3D
nano-truss under tension are systematically investigated with respect to the connection CNT length
N varying from 0 to 10.

(d) (c) (e)
Figure 1 (a)lJ(d) Schematic illustration for constructing the unit of 3D spanned-fullerene nanotube nanotruss. (e)
Perspective of 3D architecture models with 3x3%3 unit cells.

The full atomistic simulations are carried out using LAMMPS software package capable of running
on large computing clusters. The adaptive intermolecular reactive empirical bond-order (AIREBO)
potential ! is used for carbon atomic interactions in the simulations. The cutoff parameter for the
REBO part of the potential is set to be 2.0 A as described by Shenderova **! in order to avoid the
spuriously high bond forces and nonphysical phenomenon during the fracture process.
As-constructed architecture models with 3x3x3 unit cells (Figure le) are first quasi-statically
relaxed by minimizing the total potential energy through a conjugate gradient method. The
mechanical loads of uniaxial tension under deformation-control as our previous study ! are
performed on 3D equilibrated structures until complete rupture of each specimen. The samples are
deformed with a reasonable strain rate 0.0001/ps based on Nosé-Hoover thermostat. Stresses and
strain are calculated every 1000 steps.

The nominal strain parallel to the direction of deformation is defined as
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pot oL 0
L L
where Ly and L are the equilibrium and the current length of the entire systems in the direction of

loading.
Under uniaxial tension, the transverse repositioning of nanostructures perpendicular to the load axis
gives a measure of the strain from which the Poisson’s ratio can be calculated

de,

V= )

2
de,

where ¢, and & are the transverse and longitudinal strains, respectively.

3. Results and Discussions

A uniaxial tension test has been carried out to study the mechanical properties of fullerene 3D
foam-like nanostructures formed by CNTs and fullerene. The basic 3D bcc-lattice nano-truss unit is
displayed in Figure 1d. Figure 2 shows the stress-strain evolutions of 3D nanotruss with CNT length
N varying from O to 10. Except for small N where linear elasticity was observed, the 3D
nanostructures exhibits nonlinear elasticity and the CNT length plays a key role on the mechanical
properties. The dense 3D network (small N) has more constraints that limit the realignment and
bending of CNTs, and results in a linear behavior. A nonlinear up-swing behavior appears in the
sparse network due to the increase of CNTs length, as in Figure 2. Such nonlinear stiffening
behavior results from the different deformation mechanisms at different strain level, such as
realignment and bending dominated deformation at smaller strain, and the stretching dominated
deformation at larger strain. Subsequent sharp stress load drop reveals a permanent failure due to
bond-breaking at the junction for all tests.
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Figure 2 Stress—strain curves of 3D nano-truss Figure 3 Deformation dependence of the ratio of the
networks with N varying from 0 to 10 under uniaxial transverse and longitudinal strains for the 3D
tension. networks under uniaxial tension.

An in-depth investigation on the Poisson’s ratio is then performed. Figure 3 presents the calculated
strain-dependent Poisson’s ratio of the 3D networks. It can be seen that the CNTs length dominates
the Poisson’s ratio of the 3D networks. With N = 0, the 3D covalent pack of fullerenes exhibits a
negative Poisson’s ratio. The negative Poisson’s ratio of 3D network is attributed to a reduction of
absolute curvature in fullerene hub due to high constraint from direct covalent connection between
fullerenes without participation of CNTs. The linkage of CNTs would actively involve the bending
and stretching dominated deformation, and causes a different stress concentration on the fullerene

-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

hub. The Poisson’s ratio is strikingly strain-dependent, sign change from negative to positive when
an extensional strain reach around 0.09, which suggests that the transverse strain begins to act in an
opposite sense to the longitudinal strain.

Many cubic metals when stretched along the specific 110 off-axis direction become auxetic **.
Accordingly, we conduct tension tests on the bcc-lattice 3D nano-truss network along the <110>
orientation and the resulting stress—strain relations with N varying from 0 to 10 are shown in Figure
4. We again see clearly that the CNT length dominates the mechanical properties. The tensile stress,
tensile stain and stiffness all decreases with the increase of the segment length N for the case under
tension along the <110> direction. Compared with the Figure 3 we observe that both the tensile
strain and tensile stress are smaller than those under <100> direction, resulting from a pure
stretching of octagon rings in the fullerene hub. For large CNT segment length of nanotruss, the
fracture strain, however, is significantly larger than those under <100> direction.
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Figure 4 Stress—strain curves of 3D nano-truss networks with N varying from 0 to 10 under uniaxial tension.

The corresponding Poisson’s ratio is determined and plotted in Figure 5. It can be seen that this
bee-latticed 3D network also exhibits a negative Poisson’s ratio when tension is applied along the
<110> direction. Figure 5c and 5d compare the value of —¢_ .. /€, and —€_ . /€. asa

= (0.01. It must be noted that this 3D

network yields a very wide range of Poisson’s ratios that are both controlled and tunable by virtue
of the microstructural parameter — the length of CNTs. The magnitude of —¢_,,.. /€., and

function of CNTs length at a specific small strain &_,,.

—& oo | €-110. Toughly covers a wide range from [10.4 to 0.3, and from 0.1 to 1.2, respectively. The
spectacular change of -¢_y./¢&,,,. appears in this 3D network exceeds 0.5, which is the

threshold value for isotropic materials in the theory of elasticity. Interestingly, a dramatic “flip”
behaviour of the Poisson’s ratio from negative — positive — negative with increase of CNTs length
appears (Figure 5c). The findings can be utilized on tailor-making auxetic CNT-fullerene networked
nanostructures with the wanted properties. Two different mechanisms, involving curvature
flattening and rigid mechanical model, are identified to be responsible for the “flipping” of
Poisson’s ratio.
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Figure 5 (a) and (b) Deformation dependence of the ratio of the transverse and longitudinal strains, —&_ ;0. / €105
and —&_ys /& _110» for the 3D networks under uniaxial tension, respectively. (c) and (d) Ratio of transverse and

longitudinal strains as a function of CNT segment length N at & =0.01.

<110>

Visualizing the detailed structural evolutions of this 3D nano-truss provides insights on the
structural and mechanical properties, such as the deformation mechanism, the negative Poisson’s
ratio and fracture modes. Figure 6 displays straining direction dependence of the representative
atomic structural development of the 3D nano-truss. For N = 0, the initial side-view shows the
porosity of the 3D nanostructures, analogous to the zeolite structure ), offering a possibility for
molecular storage and filters. During the deformation, three stages can be identified: firstly, there is
a curvature flattening process with the increase of the strain, as presented in the zoomed-in local
structures of Figure 6a and 6c, which results in a negative Poisson’s ratio. In this stage, the
curvature-flattening dominates the deformation with no irreversible structural changes, triggering an
expansion of pore between fullerenes as well as the fullerene cages. Secondly, the subsequent
graphitic structure with negative curvature ultimately causes a contraction when the strain
approaches a critical value. This is confirmed by the change of Poisson’s ratio from negative to
positive as shown in Figure 3. Finally, an additional strain increment leads to a fracture at the weak
octagon rings at the junction. The fracture propagates in the plane perpendicular to the strain
direction towards complete rupture, in which a number of monoatomic carbon chains formed,
similar to what is widely observed in the stretching of pure CNTs. A longer CNT for spanning the
fullerenes is exploited to tune the properties of this 3D networks. Particularly, sequential
deformation configurations of the 3D network with N = 10 are displayed in Figure 6b and 6d. It can
be noticed that the long length of CNTs brings a sparse 3D network, and orientation dependence of
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deformation mechanism on the 3D network with long CNTs length is also clearly observed. In
addition, a different deformation mechanism is revealed by comparing with that of N = 0.
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Figure 6 Size- and orientation- dependence on the atomic structural development of 3D networks under uniaxial
straining. (a) Sequential deformation snapshots of 3D networks with N = 0 under <100> directional tension. The
zoomed-in local atomic structures clearly illustrate the mechanism of negative Poisson’s ratio. (b) Sequential
deformation snapshots of 3D networks with N = 10 under <100> directional tension. The zoomed-in local atomic
structures distinctly display the buckling of fullerene in the node of 3D network prior to the fracture. (c) Sequential
deformation snapshots of 3D networks when N = 0 under <110> directional tension. The negative Poisson’s ratio is
explained by the zoomed-in local atomic structures. (d) Sequential deformation snapshots of 3D networks when N = 10
under <110> directional tension. The local potential energy shows how the high amount of stress during uniaxial
tension resides on the fullerene nodes.

7.5 -6.5eV

Three deformation stages are also observed from the overall tension processes for both loading
directions. Straining along the <100> direction involves direct stretching of all the CNTs in the
network, whereas half of CNTs in the network when deformed along <110> undergo direct tension
because the axis of other CNTs is perpendicular to the tension direction. For the former case,
straining along <100>, an initial tension of the system induces the angles change between CNTs,
accompanying with the structural transformation of fullerene hub where the negative curvature
structures become either flattening or more curved as in the zoomed-in local structure of Figure 6b.
As clearly shown in the second zoomed-in local motif of Figure 6b, an excessive straining induces a
striking inversion of a two-pentagon without bond breaking, which is similar to the inversion of a
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two-pentagon nanocone via an indenter compression . Finally, one octagon ring initially develops
to a clean cleavage followed by rest fracturing, and the formation of monoatomic carbon chains. For
the latter case of straining along <110>, an incipient straining also induces the change of angles as
well as the structural change of the fullerene hubs. As expected, the zoomed-in top-viewed
snapshots covered by dash square in Figure 6d show that the tension in <110> direction increases
the view-plane-distance between fullerene hubs as a result of rigid mechanical models, indicating a
negative Poisson’s ratio. The mechanism of this negative Poisson’s ratio differs with the case of N =
0 in the absence of CNT segments. Beyond the tensile limit, excess angle change and the octagon
rings damage occurs, generating morphology as displayed in third snapshot of Figure 6d, similar to
a metallic plastic deformation. Further straining results in compete rupture with a clean cleavage. As
a whole, the strong correlation between deformation mechanism and organizational parameters
demonstrates a close structure—property relationship in this 3D nano-truss network.

4. Conclusions

Carbon-based nanomaterials have attracted significant attention due to their unique optical,
electrical, thermal and mechanical properties. In our study, 3D nanotruss architecture is constructed
by spanning fullerenes with single-walled carbon nanotube (SWCNT) super-bonds. The mechanical
properties of this novel architecture are systematically investigated by full atomistic simulation. The
deformation and fracture behavior of 3D periodic graphitic nanostructures are largely dictated by
the inter-fullerene distance and loading orientation. Surprising negative Poisson’s ratio observed in
this 3D network is revealed to originate as a result of curvature-flattening or rigid mechanical model.
The magnitude of Poisson’s ratio is strongly dependent on the level of strain and CNT length. The
insight on the deformation mechanism of these periodic graphitic nanostructures will facilitate the
integration of low-dimensional materials towards high-dimensional organized structures to realize
targeted multi-functional properties.

Acknowledgements
This work is supported by the Research Council of Norway (RCN) under NANOMAT KMB Project
(MS2MP) No. 187269 and the computational resources provided by NOTUR — the Norwegian
Metacenter for Computational Science.

References

[1] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, R. E. Smalley, C¢y: Buckminsterfullerene,
Nature 318 (1985)162-163.

[2] S. Iijima, Helical microtubules of graphitic carbon, Nature 354 (1991)56 — 58.

[3] B. W. Smith, M. Monthioux, D. E. Luzzi, Encapsulated C¢y in carbon nanotubes, Nature
396(1998)323-324.

[4] R. Kitaura, H. Shinohara, Carbon-Nanotube-Based Hybrid Materials: Nanopeapods,
Chem-Asia. J. 1(2006)646-655.

[5] F. Simon, M. Monthioux, 5b. Fullerenes inside Carbon Nanotubes: The Peapods, in: Carbon
Meta-Nanotubes: Synthesis, Properties and Applications, John Wiley & Sons, Ltd, 2011, pp.
273-321

[6] E. Hernandez, V. Meunier, B. W. Smith, R. Rurali, H. Terrones, M. Buongiorno Nardelli, M.
Terrones, D. E. Luzzi, J. C. Charlier, Fullerene Coalescence in Nanopeapods:[ | A Path to
Novel Tubular Carbon, Nano Lett. 3(2003)1037-1042.

[7] A. G Nasibulin, P. V. Pikhitsa, H. Jiang, D. P. Brown, A. V. Krasheninnikov, A. S. Anisimov, P.
Queipo, A. Moisala, D. Gonzalez, G. Lientschnig, A. Hassanien, S. D. Shandakov, G. Lolli, D.
E. Resasco, M. Choi, D. Tomanek, E. I. Kauppinen, A novel hybrid carbon material, Nat.
Nanotech. 2(2007)156-161.



[8]

[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]

[26]

13th International Conference on Fracture
June 16-21, 2013, Beijing, China

L. J. Hall, V. R. Coluci, D. S. Galvao, M. E. Kozlov, M. Zhang, S. O. Dantas, R. H.
Baughman, Sign Change of Poisson's Ratio for Carbon Nanotube Sheets, Science 320
(2008)504-507.

W. Ma, L. Q. Liu, Z. Zhang, R. Yang, G. Liu, T. H. Zhang, X .F. An, X. S. Yi, Y. Ren, Z. Q.
Niu, J. Z. Li, H. B. Dong, W. Y. Zhou, P. M. Ajayan, S. S. Xie, High-Strength Composite
Fibers: Realizing True Potential of Carbon Nanotubes in Polymer Matrix through Continuous
Reticulate Architecture and Molecular Level Couplings, Nano Lett. 9(2009)2855-2861.

L. Cai, J. Z. Li, P. S Luan, H. B. Dong, D. Zhao, Q. Zhang, X. Zhang, M. Tu, Q. S. Zeng, W.
Y. Zhou, S. S Xie, Highly Transparent and Conductive Stretchable Conductors Based on
Hierarchical Reticulate Single-Walled Carbon Nanotube Architecture, Adv. Funct. Mater.
22(2012)5238-5244.

Y. F. Fu, B. Carlberg, N. Lindahl, N. Lindvall, J. Bielecki, A. Matic, Y. X. Song, Z. L. Hu, Z.
H. Lai, L. L. Ye, J. Sun, Y. H. Zhang, Y. Zhang, J. Liu, Templated Growth of Covalently
Bonded Three—Dimensional Carbon Nanotube Networks Originated from Graphene, Adv.
Mater. 24(2012)1576-1581.

V. R. Coluci, D. S. Galvao, A. Jorio, Geometric and electronic structure of carbon nanotube
networks: ‘super’-carbon nanotubes, Nanotechnology 17(2006)617-621.

Y.Lin, W. Cai, X. Shao, Fullerenes connected nanotubes: An approach to build
multidimensional carbon nanocomposites, Chem. Phys. 331(2006)85-91.

J. M. Romo-Herrera, M. Terrones, H. Terrones, S. Dag, V. Meunier, Covalent 2D and 3D
Networks from 1D Nanostructures:[ Designing New Materials, Nano Lett. 7(2006)570-576.
M.Wang, X. Qiu, X. Zhang, Mechanical properties of super honeycomb structures based on
carbon nanotubes, Nanotechnology 18(2007)075711-075716.

Y. Li, X. Qiu, F. Yang, Y. Yin, Q. Fan, Stretching-dominated deformation mechanism in a
super square carbon nanotube network, Carbon 47(2009)812-819.

I. Zsoldos, I. Laszlo, Computation of the loading diagram and the tensile strength of carbon
nanotube networks, Carbon 47(2009)1327-1334.

Y. Li, X. Qiu, Y. Yin, F. Yang, Q. Fan, The elastic buckling of super—graphene and
super—square carbon nanotube networks, Phys. Lett. A 374(2010)1773-1778.

X. Liu, Q.-S. Yang, X.-Q. He, Y.-W. Mai, Molecular mechanics modeling of deformation and
failure of super carbon nanotube networks, Nanotechnology 22(2011)475701-475711.

I. Zsoldos, Planar trivalent polygonal networks constructed from carbon nanotube
Y—junctions, J. Geom. Phys. 61(2011)37-45.

S. J. Stuart, A. B. Tutein, J. A. Harrison, A reactive potential for hydrocarbons with
intermolecular interactions, J. Chem. Phys. 112(2000) 6472-6486.

O. A. Shenderova, D. W. Brenner, A. Omeltchenko, X. Su, and L. H. Yang, Atomistic
modeling of the fracture of polycrystalline diamond, Phys. Rev. B 61(2000)3877-3888.

J. Y. Wu, S. Nagao, J. Y. He, Z. L. Zhang, Role of Five-fold Twin Boundary on the Enhanced
Mechanical Properties of fcc Fe Nanowires, Nano Lett. 11(2011)5264-5271.

R. H. Baughman, J. M. Shacklette, A. A. Zakhidov, S. Stafstrom, Negative Poisson’s ratios as
a common feature of cubic metals, Nature 392(1998)362-365.

J.Y. Wu, Q. L. Liu, Y. Xiong, A. M. Zhu, Y. Chen, Molecular Simulation of Water/Alcohol
Mixtures’ Adsorption and Diffusion in Zeolite 4A Membranes, J. Phys. Chem. B
113(2009)4267-4274.

S. P. Jordan, V. H.Crespi, Theory of Carbon Nanocones: Mechanical Chiral Inversion of a
Micron-Scale Three-Dimensional Object, Phys. Rev. Lett. 93(2004)255504-255507.



