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Abstract—Stress-strain curve of inter-tube connected carbon The surface modification is known to promote the dispersion
nanotube (CNT) reinforced polymer composite under axial loadingf CNTs in the polymer matrix and increase the CNT-polymer
generated from molecular dynamics simulation is presentefhterfacial interactions. But these techniques still don't take full
Comparison of the response to axial mechanical loading between tQ&vantage of the superior mechanical properties of CNTS.

composite system with composite systems reinforced by lon .
continuous CNTs (replicated via periodic boundary conditions) arfd'@nd and Jiang [11] developed a novel approach to further

short, discontinuous CNTSs has been made. Simulation results showloit the mechanical properties of CNTs by interconnecting
that the inter-tube connection improved the mechanical properties@NTs via chemical functionalization. The chemical
short discontinuous CNTs dramatically. Though still weaker than longterconnection process improved the toughness of the
CNT/polymer composite, more remarkable increase in the Stiﬁ”eé‘ﬁ\lT/polymer composites significantly.

relative to the polymer was observed in the inter-tube connected . e . .
CNT/polymer composite than in the discontinuous CNT/polymer However, due to the teghnlcal dlﬁlClJ_|tleS in COﬂ(?IUCtIng
the micro mechanical mechanisms of

composite. The manually introduced bridge break process resulted fiEECt investigation,
stress-strain curve of ductile fracture mode, which is consistent withter-tube CNT connections on the bulk mechanical properties
the experimental result. of the composites still remained unclear. Molecular dynamics
(MD) simulation has been selected as an effective method to
Keywords—Carbon nanotube, inter-tube connection, moleculatharacterize the mechanical properties and understand the
dynamics, siress-strain curve micro mechanisms of deformation. Various aspects of the
mechanical reinforcement of CNT/polymer composites, such as
tube-matrix interfacial bonding [12], sidewall functionalization
S'NCE their discovery [1], carbon nanotubes (CNTs) havg 3], concentration of matrix [14], have been addressed
attracted the attention of many scientists and enginegigmputationally by researchers. Bulk mechanical properties of
worldwide, owing to their outstanding mechanical, thermal angbth CNTs and CNT/polymer composites were also predicted
electrical properties [2-4]. The combination of low densitypy investigating the stress-strain curves generated from MD
nano-scale diameter, high aspect ratio, and more importantymulations [15-16]. All these results have shown an
extremely high mechanical strength and modulus, makes CNdigcouraging path toward MD simulation application in studying
an ideal reinforcing filler for polymer composites with excellenthe mechanical properties of CNT/polymer composites.
performance [3-5]. However, their performance in reinforcing The objective of this study is to explore the effects of
polymer matrices so far has been inadequate, which Wager-tube chemical connections on the overall mechanical
attributed by researchers to several challenges, including: @bperties of unidirectional CNT/polymer composites using
homogeneous dispersion or alignment of CNTs in the matrigp simulation method. The overall mechanical properties of
and (b) strong interfacial interactions to ensure efficient loadNT/polymer composites were provided by the stress-strain
transfer from the polymer matrix to the CNTSs. In order to Obta%|ationship generated from MD simulations. In the present
desirable CNT/polymer composites, several methods suchqgdy, stress-strain curves of unidirectional CNT/polymer
chemical functionalization [6-8], polymer wrapping [9], plasmgomposite systems under axial loading were demonstrated by
treatment [10] have been applied to modify the CNT surfacesxamining three different configurations, which contained
continuous (infinitely long) CNTSs, short, discontinuous CNTs
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replicated, and the unsaturated boundary effect of shortB. MD Smulation Force-field

discontinuous CNTs was avoided by adding hydrogen atoms atrhe MD simulations were carried out by using Materials

each ends. In Fig. 1c, the neighboring short CNTs arydid®, a commercial software package developed by Accelrys

chemically linked (end to end), as shown in detail in Fig. 2. Thfc. The condensed phase optimized molecular potentials for

stable crosslink can be formed by two carboxyl groups Qfiomistic simulation studies (COMPASS) force-field was used

neighboring CNTs [17]. The gray balls represent carbon atons, conduct computations [18]. Previous successful researches

the white balls represent hydrogen atoms, and the red b@l$the CNT/polymer composite systems using the COMPASS

represent oxygen atoms. An amorphous polyethylene (Pfglce-field have been reported [19-22]. All simulations in the

matrix, with chains of 200 —CH units and a density of 0.90 present study were carried out at 300 K with a 1 fs (TX&p

glent, was used. In each composite lattice, the PE matfiine step, using constant number of particles, constant volume

contains 38 chains of ~GH units. The dashed boxes in Fig. 1and constant temperature (NVT) ensembles.

with dimension of approximately 50x50x100 A, enclose a

representative volume element that is simulated by MD method.c, Sress-strain Curves from MD Smulation

The lattice length was approximately the same as that of ther. Srain

short CNT. Periodic boundary conditions were used to replicateFor each increment of applied axial deformation, a uniform

the lattice in all three dimensions. strain was prescribed on the entire MD model. The application

For comparison, equivalent-sized blocks of pure amorphoa$ strain was accomplished by uniformly expanding the

PE system without CNTs (with 42 chains of —GHinits) and dimensions of the simulation lattice in the axial direction [16].

neat CNT systems without PE matrix were also simulated. The new coordinates of the atoms were re-scaled by keeping
their fractional coordinates fixed during the lattice expansion.

a After each deformation of 1% increment of strain, MD
simulation was carried out and the atoms were allowed to
I equilibrate within the new MD lattice dimensions. This process

included two steps: the system was relaxed #di0i steps first,

and then total energy of the system was average over an interval
of 1x10" steps. For each system, twenty increments of 1% strain
were applied, up to a total deformation of approximately 20%.

The corresponding strain rate was about1@° s*. This strain

rate is extremely high for the MD simulations are usually on ps
(1x10%%s) or ns (1x18s) timescales.

2. Strain

In this paper, the stress was calculated by directly computing
the change of internal energy with respect to the strain per unit
volume under each deformation mode [23]. At the continuum
level, the stress tensar, for a linear-elastic material is:

1 OE
og=—(— 1
V, ag)s @)

Fig. 1 Schematic of CNT/polymer composite system filled with (a)

long, (b) short discontinuous, (c) covalently linked short CNTs \,hare Vo is the initial volume of the systenk is the total

internal energy¢ is the strain tensor, and the subsci$pt
denotes constant entropy. For a CNT systegnis given by
Vo=-2zrhL, whereL is the lengthr is the radius, ant is the
equivalent tube wall thickness taken as 0.617 A [15] in this
paper. The internal energy is the sum of bonding energy and
nonbonding energy. For the CNT/polymer system, the
nonbonding term is mainly the energy of van-der-Waals force.

I1l.  RESULTS ANDDISCUSSION

Fig. 2 Atomic model of the carboxyl bridges formed between The stress-strain curves of (a) neat CNT systems, including
neighboring CNTs long CNTSs, separated short CNTs and linked short CNTSs, (b)

pure polymer and short CNT/polymer composite systems, and

(c) long and linked short CNT/polymer composite systems
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generated from MD simulations are presented in Fig. 3. Itlt can also be seen that the modulus of the infinitely long
should be noted that the curves are from 1% strain points and @NéTs is much higher than that of the covalently linked short
endpoints are indicative of how far the simulations wer€NTs, for the overall mechanical properties of the CNTs are
conducted, and should not be taken as yield points. For all #teongly depended on the weakest section (carboxyl bridges) of
neat CNT or composite systems, the maximum strains are onthe tube. Enhancement of the stiffness relative to the neat
order of 20% after the unit lattice has been subjected to thelymer is observed in the stress-strain curve of the composites
stepwise increments of applied strain. The strain leads to w&ith embedded 10 nm short CNTs in Fig. 3b. This effect is
overall strain of approximately 2.0 nm for each unit lattice in theonsistent with the strong interfacial interaction between the
axial direction. No bond broken was taken into account excePNTs and polymer matrix. In another sense, though the volume
for that introduced manually in the linker broken shorfraction of the short CNTs in the composites is quite high (about
CNT/polymer composite system, and hence the stress-stréi), the polymer stiffness is not improved proportionately as in

curves are all approximately linear. the long CNT/polymer composites. The main reason is the low
aspect ratio (about 7:1) of the short CNTs. Comparatively, the
s « Long ONTs improvement of stiffness of composites reinforced by the long
aso - |-e - Linked shonCNTsl L CNTs with infinitely high aspect ratio is quite higher than that of
aoo [ ==Snen CHTe o . the separated short CNTSs, as shown in Fig. 3c. The curvature of
el o Lo : stress-strain curves of the composites embedded with long
gzzz e ' o : CNTs and linked short CNTSs in Fig. 3c are similar to that of the
gzoo_ - " et ¢ neat long CNTs and linked short CNTs in Fig. 3a. The reason
Y ‘ for this behavior is that the infinitely long CNTs and linked
e short CNTs acted as continuous reinforcing fibers, and the
At modulus of the composites is mainly controlled by the modulus
ofaaadsaaaaaaaaaraaaaa of the strong “fibers” following the “rule of mixtures”.
0 s 10 & 2 During the MD simulation, it was found that the carboxyl
Straim (%) bridges in the linked short CNTs are the stress concentration
b o Vi o G S locations. It indicated that the carboxyl bridges are much easier
aor MI o to break while the composites are under axial strain loading. To
:Z r o represent the mechanical behavior much closer to reality, break
ol o — - of carboxyl bridges were introduced manually. At the strain of
€ ol . T 5%, 10% and 15%, one, two and three of the five carboxyl
2 10l e m bridges were broke stepwise. The stress-strain curve of the
N S - linker broken CNT/polymer composites is also shown in Fig.
60 |- *u 3c. This curve shows a mode of ductile fracture, which is
of o consistent with the experimental results obtained by Zhang [11].
op e . : : : The curves also show that, with the numbers of broke linker
° ° oo o * * increasing, the modulus of the composite decreases and gets
C .. more and more closer to the modulus of the polymer reinforced
B . I by separated short CNTSs. It suggest a reinforcing mechanism
T A win IinkerbrokenCNTS| e for the inter-tube connected CNTs. While under loading, the
“or e ' oo interconnected CNTs were elongated by the interfacial stress,
S . " = and the deformation of CNTs finally results in the break of the
& aop o Lot ‘ tube bridges, which consumes plenty of energy. This will hinder
§ 251 " o the propagation of cracks or CNT-polymer interface
7 ol e " ot i xaaaaxasat * delamination. This mechanism results in a toughness
sl e significantly improved composites, relative to the separated
wh o short CNT/polymer composites.
’ : Stljaoin (%) * ® REFERENCES
Fig. 3 Atomic model of the carboxyl bridges formed between  [1] s, ljjima, “Helical microtubules of graphitic carboriature, vol. 354,
neighboring CNTs pp. 56-58, 1991.

[2] M. F. Yu, O. Lourie, M. J. Dyer, K. Moloni, T. F. Kelly, R. S. Ruoff,

. . “Strength and breaking mechanism of multiwalled carbon nanotubes
It can be seen in Fig. 3a that, the modulus for the separated . qr tensile load,Science, vol. 287, pp. 637-640, 2000.

short CNTs is almost zero for there are only weak nonbondifgy A. Moisala, Q. Li, I. A. Kinloch, A. H. Windle, “Thermal and electrical
tube interactions between them, while the inter-tube carboxyl conductivity of single- and multi-walled carbon nanotube-epoxy
bridges increase the modulus dramatically. The bridges cgp composites, Compos. S Technol., vol. 66, pp. 1285-1288, 2006.

. ) . F. H. Gojny, M. H. G. Wichmann, B. Fiedler, I. A. Kinloch, W. Bauhofer,
transfer stress between neighboring CNTs effectively. A. H. Windle, et al., “Evaluation and identification of electrical and

508



[5]

[6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:6, No:6, 2012

thermal conduction mechanisms in carbon nanotubrjepomposites,”
Polymer, vol. 47, pp. 2036-2045, 2006.

O. Breuer, U. Sundarraraj, “Big returns from snfiders: a review of
polymer/carbon nanotube compositeRdlym. Compos., vol. 25, pp.
630-645, 2004.

S. C. Tsang, Y. K. Chen, P. Harris, M. Green, ‘thgie chemical method
of opening and filling carbon nanotubebl4ture, vol. 372, pp. 159-162,
1994.

J. Chen, M. A. Hanon, H. Hu, Y. S. Chen, A. M. RRoC. Eklund, et al.,
“Solution properties of single-walled carbon namats,” Science, vol.
282, pp. 95-98, 1998.

Y. Q. Liu, L. Gao, J. Sun, S. Zheng, L. Q. Jiang,Wang, et al., “A
multi-step strategy for cutting and purification sihgle-walled carbon
nanotubes,Carbon, vol. 45, pp. 1972-1978, 2007.

J. Chen, H. Liu, W. A. Weimer, M. D. Halls, D. H.aMeck, G. C.
Walker, “Noncovalent engineering of carbon nanotsibgaces by rigid,
functional conjugated polymersJ. Am. Chem. Soc., vol. 124, pp.
9034-9035, 2002.

A. Felten, C. Bittencourt, J. J. Pireaus, G. VaerLi). C. Charlier,
“Radio-frequency plasma functionalization of carbwmotubes surface
O, NHs, and CEk treatments,” J. Appl. Phys., vol. 98, pp. 07430&)5.
J. W. Zhang, D. Z. Jiang, “Interconnected multitedicarbon nanotubes
reinforced polymer-matrix compositesZbmpos. ci. Technol., vol. 71,
pp. 466-470, 2011.

J. W. Zhang, D. Z. Jiang, H. X. Peng, “Moleculanslation of influence
of intra-tube interconnection on the interfaciahcdcteristics of a carbon
nanotube- polyethylene composite system,” unpuédish

J. W. Zhang, D. Z. Jiang, H. X. Peng, “Diffusion epoxy on a
two-dimensional sheet of carbon atoms: Molecular ndbyics
Simulations,” unpublished.

J. W. Zhang, D. Z. Jiang, H. X. Peng, “Improving tmechanical
properties of single-walled carbon nantube Buckgpdyy intercalation
of polymer: Molecular Dynamic Simulations,” unpugfied.

K. Mylvaganam, L. C. Zhang, “Important issues imalecular dynamics
simulation for characterizing the mechanical prépsr of carbon
nanotubes,Carbon, vol. 42, pp. 2025-2032, 2004.

S. J. V. Frankland, V. M. Harik, G. M. Odegard, \. Brenner, T. S.
Gates, “The stress-strain behavior of polymer-naim@tcomposites from
molecular dynamics simulationCompos. Sci. Technol., vol. 63, pp.
1655-1661, 2003.

A. Kis, G. Csanyi, J. P. Salvetat, Thien-Nga LeeCButeau, A. J. Kulik,
et al., “Reinforcement of single-walled carbon nabe bundles by
intertube bridging,'Nature, vol. 3, pp. 153-157, 2004.

H. Sun, “COMPASS: An ab initio force-field optimidte for
condensed-phase application—Overview with detaits atkane and
benzene compounds]’ Phys. Chem. B, vol. 102, pp. 7338-7364, 1998.
Q. Zheng, D. Xia, Q. Xue, K. Yan, X. Gao, Q. Li, d@putational
analysis of effect of modification on the interfalccharacteristics of a
carbon nanotube-polyethylene composite systeppl. Surf. Sci., vol.
255, pp. 3534-3543, 2009.

L. Yang, L. Tong, X. He, “MD simulation of carboramotube pullout
behavior and its use in determining model 1 delatom toughness,”
Comp. Mater. Sci., vol. 55, pp. 354-364, 2012.

Q. Zheng, Q. Xue, K. Yan, X. Gao, Q. Li, L. Hao, ff&et of
chemisorptions on the interfacial bonding charasties of carbon
nanotube-polymer composite®blymer, vol. 49, pp. 800-808, 2008.
C. Lv, Q. Xue, D. Xia, M. Ma, J. Xie, H. Chen, “Efft of chemisorptions
on the interfacial bonding characteristics of gepdpolymer
composites,'d. Phys. Chem. C, vol. 114, pp. 6588-6594, 2010.

Y. Jin, F. G. Yuan, “Simulation of elastic propesiof single-walled
carbon nanotubesCompos. Sci. Technol., vol. 63, pp. 1507-1515, 2003.

509



