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ABSTRACT
In recent years, there has been an increasing interest in exploring the damping
characteristics of carbon nanotube (CNT) based materials, such as densely packed CNT
thin films and polymeric composites with dispersed CNT fillers. The unique features that
make carbon nanotubes ideal fillers for high performance damping composites are their
large surface area, large aspect ratio, high stiffness, low density, and high thermal
conductivity characteristics. Some theoretical study on the damping characteristics of
CNT-based composites has been initiated but not yet explored in depth. This thesis aims
to advance the state-of-art of the damping characteristics of polymeric composites
containing well dispersed, aligned or randomly oriented carbon nanotubes.
First, a micromechanical damping model is proposed to address the damping
properties of composites containing dilute, aligned or randomly oriented nanotubes. The
composite is modeled as a three-phase system composed of a resin, a resin sheath, and
MWNTs or SWNT ropes. The resin is described as a viscoelastic material using the
three-element standard solid model.

The concept of stick-slip motion caused by

interfacial friction is applied to the interfaces of the nanotubes and the resin as well as
between nanotubes. The overall loss factor, which combines the stick-slip motion and
the contribution of viscoelastic material, is calculated through cycles of harmonic loading.
Numerical analysis on composites with aligned nanoropes shows that the damping ability
of the composites increases with a small addition of nanotubes. If the magnitude of the
applied stress is large enough to cause complete sliding at the interface, compared to the
viscoelastic material, the stick-slip friction is the main contribution for the total loss
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factor of the CNT-based composites. The loss factor from stick-slip motion and the total
loss factor are both stress-dependent. The inter-tube and SWNT/sheath shear strengths
play an important role on the onset and completion of the debonding at the interface. The
volume fraction of the CNT ropes and the aspect ratio of the CNT have significant effects
on the maximum loss factor over the entire stress range and the applied stress magnitude
when the maximum value is achieved.
To advance the state of the art and derive an effective tool that can be used to
synthesize any polymeric damping material with carbon nanotubes, a multiscale approach
is proposed. It can characterize the CNT interfacial strength at the molecular/atomic
level, the stick-slip phenomena at the microscopic level and the material damping feature
for macroscopic applications. In this sequential multiscale model, the interfacial shear
strengths between the nanotube ropes and between the nanotube and the resin are first
calculated from a pull-out test with molecular dynamics simulation. The calculated shear
strength values are then applied to the micromechanical model to predict the damping
ability of the composites.

Both soft polyethylene matrix and hard epoxy resin are

investigated. It is observed that with only van der Waals force, the interaction between
the nanotube and the resin in both matrices is weaker than that between nanotube ropes.
The effect of carbon nanotube functionalization on the interfacial shear strength
as well as the damping feature of the composites is also explored. Analysis results
indicate significant increase of the interfacial shear strength by only adding functional
groups to less than 1% carbon atoms in the CNT. The optimal damping properties of the
composites vary with different combinations of the interfacial shear strength and
operational stress range.

v
Some guidelines for design optimal polymeric damping material with carbon
nanotubes are provided with this study. The choice of the polymer matrix, type of CNT
(functionalized or non-functionalized), aspect ratio and volume fraction of the CNT are
suggested.
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Chapter 1
INTRODUCTION

1.1

Background
Since carbon nanotubes (CNTs) were first discovered by Iijima in 1991[Iijima,

1991], they have attracted tremendous interests on CNTs and CNT-based composites due
to their astonishing mechanical and electrical properties. Studies have shown that the
Young’s modulus of single-walled nanotubes (SWNTs) is greater than 1TPa [Ruoff and
Lorents, 1995; Lu, 1997; Hermandez et al., 1998] and the tensile strength is of the order
of 100GPa [Yakobson et al., 1996; Yakobson et al., 1997]. CNTs can accommodate
extreme deformations without fracturing and show an extraordinary capability of
returning to their original, straight structure [Falvo et al., 1997]. In addition, carbon
nanotubes have very high thermal conductivities [Kim et al., 2001]. These excellent
mechanical properties lead to a possibility of lightweight high-performance
nanocomposites with small weight/volume fractions of CNTs as reinforcement.
In reality, instead of well-dispersed individual nanotubes, CNTs are found either
in parallel bundles referred to as “SWNT ropes” or in concentric bundles known as
“multi-walled nanotubes (MWNTs)”. In each bundle arrangement, the CNTs are held
together by relatively weak van der Waals forces. Both MWNTs and SWNTs have been
investigated as structural reinforcements in the composites. Polymers are the most
common matrix material in making composites, while ceramics and metals are also used.
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As compared with composites with conventional fillers such as nanofiber and
carbon black, composites with nanotubes exhibit unique properties. For instance, the
small size of nanotubes overcomes a common problem found in conventional composites,
where microscale fillers lead to an increase in the strength and stiffness but result in a
decrease in toughness because of large local stress concentrations.

Experimental

measurements have reported that strong interaction between the nanotubes and polymer
will result in both increase of Young’s modulus and toughness [Qian, et al., 2000; Cadek
et al., 2002; Biercuk et al., 2002]. It has also demonstrated that the material properties
can be greatly enhanced with well aligned nanotubes [Xu et al., 2002], or functionalized
nanotubes [Gojny et al., 2003]. However, some evidence of weak interaction has also
been reported [Schadler, Giannaris and Ajayan, 1998]. In general, the material property
enhancement is highly dependent on the load transfer efficiency at the interfaces of CNTbased composites. Strong interfacial bonding results in enhanced Young’s modulus and
stiffness, while weak interfacial bonding might be good for energy dissipation.

A

detailed review on the load transfer in CNT-based polymeric composites is in Section 1.2.
Most of the research on CNT-based composites has focused on their elastic
properties. Relatively little attention has been given to their damping mechanisms and
ability. Due to the small size of nanotubes, the surface area to mass ratio (specific area)
of CNTs is extremely large. As shown in Figure 1-1, the surface area of carbon
nanotube is orders of magnitude larger than those of traditional fillers, such as nanofiber
and carbon whisker [Zhou et al., 2004a]. Therefore, given the high aspect ratio, high
stiffness, and large surface area of CNTs, it is anticipated that high damping could be
achieved by taking advantage of the weak bonding and interfacial friction between CNTs
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and resin. In addition, due to the low density and high thermal conductivity of CNTs,
such a damping composite material could be light and compact. That is why in recent
years, there has been an increasing interest in exploring the damping characteristics of
CNT- based materials, such as densely packed CNT thin films [Koratkar et al., 2003;
Lass et al., 2002; Wang et al., 2004] and polymeric composites with dispersed CNT
fillers [Zhou et al., 2004a, 2004b, 2004c; Koratkar et al., 2005; Suhr et al., 2005]. The
experimental results of composites with dispersed CNT fillers indicated that damping
properties of polymeric materials could be significantly enhanced by adding a small
amount of carbon nanotubes. It was also observed that the loss factor of such composites
is sensitive to the strain level, which has never been reported in any conventional
damping material (Figure

1-2)

Figure 1-1: Interfacial surface areas as a function of filler radius. The radius of CNT is
several nanometers. The radius of traditional fillers such as carbon nanofibers and carbon
whiskers varies from a micrometer to a millimeter. [Zhou et al., 2004a]
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(a)

(b)

Figure 1-2: Strain-dependent damping properties for polymeric composites with
dispersed SWNTs. Experimental data: (a) Zhou et al. [2004a]; (b) Karatkar et al. [2005].
Most of the studies on damping characteristics of CNT-based composites are
focused on experimental measurement. Relatively little theoretical study has been done
in exploring the interfacial friction mechanism and its effect on the damping
characteristics. Applying the stick-slip phenomenon observed at the atomic scale on
graphite surfaces [Buldum and Lu, 1999; Hölscher et al., 1998] to the nanotube/resin
interface, Zhou et al. [2004a] first developed a stick-slip damping model for composites
containing aligned, well-dispersed individual SWNTs. The strain-dependent phenomenon
was predicted with this model and matched well qualitatively with experimental data.
The model was later expanded to composites with aligned nanoropes [Zhou et al., 2004b].
While the studies reported by Zhou et al. [204a, 2004b] are promising, in practice,
they still need further improvement. First of all, the assumption that all the nanoropes are
perfectly aligned is not easy to realize in practice. In general, CNTs are randomly
oriented in the polymeric matrix. Secondly, Zhou’s approach was only used to analyze
composites under quasi-static monotonically increasing normal stress.

Typically,

however, damping materials are characterized, compared, and used under cyclic loading.
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With frictional slip at the CNT interfaces, the unloading process in a cycle is relatively
complicated and predictions of dynamic behavior cannot be obtained by a simple
extension of the previous models derived for monotonically increasing loads. Thirdly,
since polymeric materials possess viscoelastic properties that will be influenced by the
nanotube fillers and at the same time affect the overall damping, their characteristics need
to be included in the model and analyzed.
With its promising features, CNT-based damping composites require more indepth investigation. Specifically, the little and incomplete theoretical studies hinder the
further development of design guidelines for such composites. Before we propose the
research objective and detailed plans, it is necessary to review the existing studies on the
load transfer and damping characteristics for polymeric composites with CNTs.

1.2

Literature Review
In this literature review section, the experimental observations and analysis results

on load transfer mechanism in CNT-based composites are summarized. There are two
types of load transfer in such composites: one is between the matrix material and the
nanotubes; the other is between layers of MWNTs or SWNT ropes. The studies on the
damping characteristics of CNT-based composites are also reviewed.
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1.2.1

1.2.1.1

Experimental Study of Load Transfer in CNT-Based Composite

Load transfer between polymers and CNTs
Several studies have shown evidence of strong bonding between the polymer and

the CNT [Wagner et al., 1998; Qian et al., 2000; Cooper et al., 2002; Barber, Cohen, and
Wagner, 2003] in composites with CNT fillers. However, there are also studies showing
poor interfacial interactions [Schadler, Giannaris and Ajayan, 1998; Song and Youn,
2004].
Wagner et al. [1998] studied a thin polymeric film (urethane/diacrylate oligomer
EBECRYL 4858) with multi-walled nanotubes (MWNTs) under tensile stress and
reported the observation of single nanotube fragmentation.

The measured fragment

length indicated that the load transfer ability of the nanotube-polymer interface is an
order of magnitude higher than that of composites with traditional fillers such as carbon
fibers. Their further experiments support this argument by detaching individual SWNT
bundles and MWNTs from an epoxy matrix (Araldite LY 564, Ciba-Geigy, hardener HY
560) using a scanning probe microscope (SPM) tip [Cooper et al., 2002]. The calculated
interfacial shear strengths vary from 35 to 376 MPa. The interfacial shear strength for
SWNT ropes is even higher than the rope strength based on the fact that most of the
SWNT rope specimens undergo fracture rather than pull out. In 2003, Wagner and coworkers performed reproducible MWNT pullout experiments using atomic force
microscopy (AFM) and obtained an average interfacial stress of 47 MPa between the
MWNT and the polyethylene-butene [Barber, Cohen, and Wagner, 2003]. The strong
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bonding between nanotubes and matrix material is also supported by the experimental
results of Qian et al. [2000].

They found 36-42% and ~25% increase of Young’s

modulus and tensile strength for polystyrene composites by only adding 1 wt% nanotubes.
Nevertheless, some other experimental studies have shown a poor interfacial
interaction. Schadler and coworkers [1998] investigated the load transfer in CNT/epoxy
composites in both tension and compression. The resin is Shell Epon 828 epoxy with
triethylene tetraamine hardener.

By monitoring the shift in the Raman peak, they

concluded that the load transfer was effective in compression but poor in tension, which
implies a weak interaction in the interfacial area. Song and Youn [2004] noticed that the
MWNTs would not break but would be pulled out at the fracture surface of the tensile
specimen, resulting in weak interfacial interaction between the nanotube and epoxy resin
compared to the tensile strength of the nanotubes.
The interfacial adhesion between the nanotubes and the matrix resin is affected by
the dispersion, alignment, and surface treatment of the nanotubes.

For instance,

nanotube/epoxy (EPON SU-8 photoresist) thin films prepared by Xu et al. [2002] showed
excellent mechanical properties due to the partial alignment of the MWNTs induced by
spin coating. Fracture behavior of the film showed that pulled-out nanotubes were often
covered with polymer, suggesting strong interfacial adhesion.

Gojny et al. [2003]

reported that functionalizing arc produced MWNTs with amine group greatly enhanced
bonding with the epoxy matrix.
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1.2.1.2

Load transfer between CNTs
Experiments on the load transfer between CNTs are mostly focused on MWNTs

[Cuming and Zettl, 2000; Yu, Yakobson, and Ruoff, 2000; Kis et al., 2006], while only a
few focus on nanotube ropes [Salvetat et al., 1999; Pipes, et al., 2006]. Some recent
study included the interaction between SWNTs and MWNTs [Bhushan and Ling, 2008a;
Bhushan et al., 2008b].
Cuming and Zettl [2000] measured the friction forces between MWNTs by
pulling the core tube out from the outer layers with a nanomanipulator. The upper
bounds on static and dynamic interlayer friction were estimated to be 0.66 and 0.43 MPa,
respectively.

Yu et al. [2000], using a mechanical loading stage inside a scanning

electron microscope (SEM), measured two different MWNTs from the displacementforce curve obtained during sliding and pulling out of nested nanotube shells. In this
experiment, the static and dynamic shear strengths were equivalent. The measurement of
two different MWNTs showed interfacial strengths as low as 0.08 and 0.3 MPa,
respectively. Such a small value of interfacial shear strength was also supported by Kis
et al. [2006]. Shear strength lower than 0.05 MPa was obtained by performing interlayer
force measurements during prolonged, cyclic telescoping motion of a MWNT. All these
experimental data had indicated poor load transfer between layers of multi-walled
nanotubes.
However, experimental data on SWNT ropes shows a much higher value. By
using an atomic force microscope and a special substrate, Salvetat et al. [1999] measured
the elastic modulus and shear modulus of individual SWNT ropes. The unexpectedly low
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shear modulus indicated low intertube shear stiffness compared to its elastic stiffness in
length direction. Shear tractions varying from 140 to 260 MPa were obtained in a
subsequent study [Pipes et al., 2006]. The shear traction between nanotube arrays was
calculated for a lateral load sufficient to produce lateral deflection of the array. Model
predictions were combined with their previous experimental results [Selvetat et al., 1999]
to determine the magnitude of the maximum shear traction due to van der Waals forces.
Recently, the interactions between MWNTs and SWNTs were measured using an
atomic force microscope (AFM) in tapping mode [Bhushan et al., 2008b]. A MWNT tip
attached to a conventional AFM probe was scanned across a SWNT suspended over a
trench. From measured friction and adhesion data, the shear strength between CNTs was
derived to be 4 ± 1 MPa by using a continuum model. Nevertheless, Bhushan and Ling
[2008a] reported an extremely high coefficient of static friction and shear strength (1.4
GPa), which are two orders of magnitude larger than the kinetic counterparts published in
previous paper. In this study, the MWNT tip attached to a conventional AFM probe was
brought into contact with and then ramped in vertical direction against a SWNT
suspended over a trench.

1.2.2

Atomic Simulation of Load Transfer in CNT-based Composites
Although experimental data are strong evidence of the promising material

properties of CNT-based composites, the large cost of purified CNTs and the trial-anderror approach used to develop suitable composites have made the modeling of such
composites quite desirable. The incorporation of modeling in the composite discovery
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process leads to faster and cheaper composite development when compared with pure
experimental methods. The computational methods used to study CNTs and CNT-filled
composites can be broadly divided into two groups, continuum methods and atomistic
methods. Recently, multiscale methods, combining multiple modeling methods to span
multiple time and length scales, have also gained an increasing attention. As to the
microscopic properties such as polymer/nanotube interaction in CNT-based composites,
the atomistic approach is the most fundamental and effective method [Gates et al., 2005;
Hu et al., 2006]. In this review, we will mainly focus on the atomic-scale simulations of
the load transfer in CNT-based composites

1.2.2.1

Load transfer between polymers and CNTs
Due to the small length scale of carbon nanotube, atomic-scale modeling is

widely used to characterize the mechanical and thermal properties of CNT-based
composites. Carbon nanotubes can introduce significant local ordering of the polymer,
especially alignment of polymer chains along the tube axis, and that in turn a polymer
matrix can induce significant deformation of a CNT. Both of these may result in an
enhancement of the mechanical properties of the composites without necessarily
requiring a high critical shear stress due to chemical adhesion at the CNT/polymer
interface. Simulations have also suggested that crosslinking a CNT into a polymer matrix
may further enhance load transfer without significant reduction in the tensile modulus of
the CNT. Molecular dynamics simulations on different polymeric materials have shown
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different load transfer efficiencies. In general, polymers containing aromatic side groups
may have better load transfer than polyethylene matrices.
Polyethylene matrix is the most straightforward system because only two types of
atoms (carbon and hydrogen) are involved and the bonding types are well defined.
Frankland et al. [2002] investigated crystalline and amorphous polyethylene matrix with
(10, 10) SWNTs. The calculated shear strength ranged from 0.7 MPa for an amorphous
matrix to 2.8 MPa for a crystalline matrix. In another MD simulation [Frankland et al.,
2003a], a SWNT of infinite length via periodic boundary and a short discontinuous
capped SWNT (6nm) were both embedded in a polyethylene matrix. For the capped and
infinite structures, enhancements in the longitudinal modulus of a factor of 2 and 30,
respectively, were reported. Based on these results, they suggested that modulus could be
further enhanced by increasing the aspect ratio of the nanotubes. This influence of aspect
ratio was later supported by Al-Haik et al. [2005]. They compared the adhesion energies
of nanotubes with different aspect ratios and concluded that CNTs with higher aspect
ratios show higher adhesion energies.
Due to the aromatic structure of CNTs, polymers containing aromatic side groups
may have larger CNT-matrix binding energies than polyethylene matrices and hence
enhanced load transfer in a nanocomposite.

Liao and Li [2001] used molecular

mechanics to characterize the adhesion between styrene oligomers and a single graphite
sheet. The pullout simulation for a SWNT and DWNT in a polystyrene matrix resulted in
critical shear stress of 160 MPa, which is much higher than the data obtained for the
polyethylene matrix above.

They also noted that the combination of chemical

interactions, the difference in thermal properties between the matrix and CNT, and the
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radial deformation of the CNT all contributed to the critical shear stress. Their modeling
suggests that the first two are the most important factors that contribute to their relative
large calculated critical shear stress.
Using a molecular mechanics force field, Yang et al. [2005] modeled the
interaction of CNTs with different radii interacting with a series of oligomer chains
containing conjugated backbones and side groups. Their results indicate that polymers
with aromatic rings in the backbones are more strongly bound to CNT than polymers of
similar size with aromatic side groups. Another key conclusion of the local ordering of
the polymeric matrix was drawn by Lordi and Yao [2000]. They found that polymers
that tend to form hollow helical structures are best able to maximize contact between the
aromatic rings in the backbone and a CNT, leading to stronger adhesive energies. Their
calculation also indicated that hydroxyl side groups, and to a lesser extent phenyl side
groups, are advantageous for creating strong CNT-matrix interface. Lordi and Yao [2000]
predicted maximum frictional stresses from 18 to 135 MPa for sliding (10, 10) SWNT
within single polymer chains. It was suggested that helical polymer conformations in
which chains can wrap around nanotubes might enhance nonbonded nanotube-polymer
interactions.
Interaction between CNTs and other polymers, like cured epoxy resin, was also
investigated using MD method [Gou et al, 2005]. Gou and co-workers used COMPASS
force field to model a nanorope of three capped (10, 10) SWNTs within a cured epoxy
resin. In their simulations, the epoxy did not penetrate the region between the CNTs
within a rope during system equilibration but instead wrapped around the outside of the
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rope. Consistent with this structure, the simulations gave a shear stress of 61 MPa and 36
MPa for the pullout of one CNT and all three CNTs, respectively.

1.2.2.2

Load transfer between CNTs
Molecular dynamics method has also been used to investigate the interfacial

interaction between nanotube ropes [Qian et al., 2003; Frankland et al., 2003b; Gou et al.,
2005] or shells of multi-walled nanotubes [Servantie and Gaspard, 2006]. Qian and
coworkers [2003] used molecular mechanics and molecular dynamics to study the nature
of load transfer in a SWNT bundles consisting of seven (10, 10) SWNTs. The surface
tension and the inter-tube corrugation are identified as the two factors that contribute to
load transfer.

Compared with parallel bundles, they found that twisting could

significantly enhance the load transfer between neighboring tubes.
In Frankland’s study [2003b], the non-bonded forces in a bundle of seven
hexagonally packed (10, 10) SWNT are modeled as an axial force applied to the central
nanotube. A momentum balance model is developed to describe the velocity response of
the central nanotube to the applied force. Both the model and the MD simulations predict
a threshold force to initiate nanotube pullout, which amounts to a shear strength of 0.260.34 MPa. This value is close to the interfacial shear strength (0.047 MPa) for doublewalled carbon nanotubes calculated by Servantie and Gaspard [2006].
However, Gou et al. [2005] obtained a much higher value for shear strength.
Based on the assumption that the increased potential energy during pullout process is
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equal to the work done by the interfacial friction, they obtained the shear strength
between nanotube ropes as high as 88 MPa.

In conclusion, the load transfer in the CNT-based composites has been studied
extensively. Experimental observations and analysis results have shown both strong and
weak load transfer between the nanotubes and the resin. Some effects, such as chemical
interaction and mismatch of thermal expansion, have been considered as the major
contribution of the critical interfacial shear stress. When the nanotubes are not covalently
bonded to the matrix resin, the chemical interaction is simply van der Waals force and
electrostatic force. From MD simulation, the interfacial inter-CNT shear strength varies
from less than 1 MPa to several hundred MPa. A wide range of interfacial shear strength
between carbon nanotubes and different polymer matrix has also been reported.

1.2.3

Damping Characteristics of CNT-based Composites
Although most of the research on CNT-based composites have focused on their

elastic properties such as Young’s modulus and tensile strength, in recent years, there has
been an increasing interest in exploring the damping characteristics of CNT-based
materials, such as densely packed CNT thin films [Koratkar, Wei, and Ajayan, 2003;
Lass et al., 2002; Wang et al., 2004] and polymeric composites with dispersed CNT
fillers [Zhou et al., 2004a, 2004b, 2004c; Suhr et al., 2005; Koratkar et al., 2005;
Bochkareva et al., 2006].
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By using thin MWNT films as inter-layers within a composite beam, Koratkar
and coworkers [Koratkar, Wei, and Ajayan, 2003] found up to 200% increase in the
inherent damping level and a 30% increase in the base-line bending stiffness with
minimal increase in structural weight. In Wang’s work [Wang et al., 2004], SWNTs
were fabricated into thin membranes called buckypapers and tested with dynamic
mechanical analysis (DMA). The DMA results indicated high storage moduli as well as
an increase in loss factor with the increase of temperature, which is different from the
damping behavior of traditional fiber-reinforced composites.
In order to take good advantage of the extremely large surface area of single
walled carbon nanotubes (SWNTs), Zhou et al. [2004a] studied the polymeric composites
with dispersed SWNTs and obtained significant increase of damping ratio by only adding
1% SWNTs.

A micromechanical model was proposed to describe the interfacial

debonding evolution with the concept of stick-slip frictional motion between nanotubes
and the resin. Based on the model and experimental observations, it was concluded that
the stick-slip mechanism at the CNT-resin interface leads to a strain-dependent damping
enhancement. The model was further modified to describe the damping properties of
composites with aligned SWNT ropes [Zhou et al., 2004b]. As presented in the analysis
results, the interfacial inter-CNTs and CNT-resin shear strengths play an important role
in the damping properties of CNT-based composites. However, the models were only
developed and exercised in a quasi-static manner and no cyclic loads or motions were
assumed.
The effect of SWNTs on damping was also supported by unidirectional tension
test of CNT-based polymeric composite [Koratkar et al., 2005]. With a dynamic loading

16
test on polycarbonate composites with well dispersed oxidized SWNT fillers, they
reported up to an order of magnitude increase in loss modulus with the addition of 2%
weight fraction of SWNT fillers. The strain-dependent loss modulus was also observed
in such composites. Suhr et al. [2006b] further investigated the effect of temperature on
the interfacial friction damping, and showed enhanced damping properties of CNT
composites as the operating temperatures increases. They attributed this to increased
mobility of the polymer chain backbones at elevated temperatures and thermal relaxation
of the radial compressive stresses at the tube-polymer interface.
Other than the micromechanical damping model developed by Zhou et al. [2004],
Bochkareva et al. [2006] also studied the CNT-reinforced damping composites materials
using a FMM/BEM-based modeling approach (Fast Multipole Method/Boundary
Element Method).

Analysis results showed that the loss modulus at low vibration

frequency increases as the volume fraction of the nanotubes increases, while at high
vibration frequency, the influence of the CNT volume fraction on the loss modulus is
limited.

1.3

Problem Statement and Research Objective
As reviewed in previous section, experimental data have shown promising

enhanced damping properties for polymeric composites with small amount of dispersed
nanotubes.

Some theoretical study on the damping characteristics of CNT-based

composites has been initiated but not yet explored in depth. The overall goal of this
research is to develop, analyze, and understand the damping characteristics of polymeric
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composites containing well dispersed, aligned or randomly oriented carbon nanotubes or
nanotube ropes. More specifically, we propose to advance the state of art from the
following aspects:
a)

In order to explain the strain-dependent damping properties, we need to develop a
structural damping model for polymeric composites containing well dispersed,
randomly oriented, MWNTs or SWNT ropes. The damping properties of such
composites should be calculated through cycles of harmonic loading so that the
analytical results are comparable to the experimental data.

Both energy

mechanisms from viscoelastic resin and from interfacial friction should be
included to characterize the overall system damping. The current model from
Zhou et al. [2004a, b] only considered quasi-static actions and does not include
damping from the viscoelastic resin.
b)

Zhou’s work [2004c] indicated that the interfacial inter-CNTs and CNT-resin
shear strengths are critical factors to quantify damping in such composites.
However, experimental measurements and analysis results have reported both
strong and weak load transfers in the CNT-based composites. There is no reliable
method

in

identifying

these

interfacial

strength

values

used

in

the

micromechanical damping model. Such load transfer characteristics needs to be
explored.
c)

For polymeric composites containing non-functionalized nanotubes, there are two
major chemical interactions: van der Waals force and electrostatic force.

In

manufacturing, different approaches have been applied to covalently connect the
carbon nanotubes and the polymeric matrix. How these three factors influence the
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interfacial shear strength hence the damping characteristics is still not clear.
These effects need to be investigated and compared so that we can have a
guideline to choose the right polymeric matrix.
Based on the above problem statement, this proposed research aims to advance
current model and to explore new research directions that will provide guidelines for
synthesizing damping composites containing carbon nanotubes.

The proposed

approaches are summarized as follows:
a)

A structural damping model is developed to characterize the damping properties
of CNT-based composites. The CNT-based composite is modeled as a threephase system composed of a resin, a resin sheath, and SWNT ropes. The resin is
described as viscoelastic material using the three-element standard solid model.
The concept of stick-slip motion caused by interfacial friction is applied on the
interfaces of nanoropes and resin as well as between nanotubes. The stick-slip
mechanism will be applied to both loading and unloading process of cyclic
tension-tension or tension-compression test. This developed method is used to
analyze the overall structural damping for composites containing dilute, aligned or
randomly oriented nanoropes.

b)

The molecular dynamics (MD) simulation is applied to calculate the interfacial
shear strengths among nanotube ropes and between nanotubes and matrix material.
Pullout experiments for nanotube from the matrix resin and from nanoropes are
performed to achieve the threshold forces which initiate the sliding.

The

calculated interfacial shear strengths are integrated with the structural level model
to evaluate the overall damping characteristics.
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c)

The overall damping property of the polymeric composite with carbon nanotubes
is explored with a multiscale model. Two sequential parts are included: the
molecular dynamics simulation in atomic level and the micromechanical damping
model in micro/macro scale. The multiscale model is used to study any polymeric
composites with dispersed carbon nanotube ropes.

d)

The contributions of the van der Waals force and the chemical crosslink
(functionalized CNT) to interfacial shear strength are evaluated with MD
simulation. The potential of the electrostatic force on interfacial shear strength is
also discussed. The results are integrated into the multiscale model to evaluate the
overall damping characteristics for composite with functionalized nanotube ropes.

1.4

Thesis Outline
This thesis consists of five chapters, which are organized as follows.
The first chapter introduces the background information and motivation for the

proposed research. A comprehensive review of the state of the art is presented and the
research objectives and overall approach are stated.
The second chapter provides a fundamental understanding of the damping
characterization of CNT-based polymeric composites. In this chapter, a constitutive
micromechanical model is developed for the investigation of the overall structural
damping of the composites.
The third chapter focuses on a sequential multiscale damping model for CNTbased composites. The approach consists of two parts. First of all, the interfacial shear
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strength is calculated by simulating a CNT pull-out test using the molecular dynamics
method. Shear strength values obtained from atomic simulation are then applied to a
micromechanical damping model to investigate the damping properties of composites
containing many nanotube ropes.
The fourth chapter is the discussion and evaluation of the effect of chemical
interactions between the CNTs and the polymer on the interfacial shear strength.

The

electrostatic force and chemical crosslink with covalent bond are examined. The effect of
CNT functionalization on the interfacial shear strength as well as the overall damping
feature of the composite are presented.
Finally, a conclusion with a design guideline for optimal polymeric damping
material is summarized in Chapter 5.

Some possible studies on the damping

characteristics of polymeric composites with carbon nanotubes are proposed for future
investigation.

Chapter 2
MICROMECHANICAL DAMPING MODEL FOR CNT-BASED COMPOSITE
In this chapter, a micromechanical damping model is developed for composites
containing well dispersed, aligned or randomly oriented nanotubes. The nanotubes can
be in the form of either MWNTs or SWNT ropes. For simplicity, only SWNT ropes are
studied in the following discussion. The composite is modeled as a three-phase system
composed of a resin, a resin sheath acting as shear transfer zone, and CNT ropes. The
concept of stick-slip motion is proposed to describe the load transfer behavior between
the nanotubes and between the nanotube ropes and the sheath. The effective loss factor is
obtained from the energy dissipation during cyclic harmonic loading.

The overall

structural damping is the combination of the stick-slip motion and the contribution of
viscoelastic material.
There are some basic assumptions in this damping model:
(a)

The carbon nanotube ropes are straight and does not buckle under compression;

(b) The carbon nanotube ropes are dilute in the polymer matrix;
(c)

Due to the large aspect ratio of the nanotube, only the stress distribution along the
tube-length direction is considered.
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2.1

Geometric Configuration of Composite
In previous studies, the SWNT in the composite has been characterized using an

effective fiber with transversely isotropic symmetry as shown in Figure 2-1 [Odegard et
al., 2003]. There are five independent elastic constants for transversely isotropic material.
Since the length of a (10, 10) SWNT can typically vary from less than 100 nm to over 1
mm due to different manufacture procedures, the aspect ratio, Lnt Dnt , is in the range of
[50, 750]. Each nanotube can be treated as a discontinuous long fiber in the composite.
Due to the large aspect ratio of the nanotube and the fact that only the stress distributions
along the axial direction are considered, the longitudinal Young’s and shear moduli of the
effective fiber are applied to this model. Following the effective fiber procedure, the
equivalent longitudinal Young’s and shear moduli are

Eeq = 641.1 GPa and

Geq = 38.6 GPa for an effective fiber radius Rnt = 0.848 nm.

(a)

(b)

Figure 2-1: Cross section of SWNT (a) and effective fiber (b), where Rnt = r + t 2
and t = 0.34 nm is the widely accepted value of interlayer spacing in graphite sheet.
In this study, seven identical SWNTs in a hexagonal arrangement are used to
illustrate the concept, representing the nanotube rope in the micromechanical model
(Figure

2-2). SWNT 0 denotes the inner tube located at the center of the lattice,
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whereas SWNTs 1–6 are the outer tubes. It is assumed that the six outer SWNTs
comprise a momolithic annulus, as shown in Figure 2-3 with dashed lines, implying
that the normal and the shear stresses in the six outer tubes are continuous. Therefore,
only two types of load transfer are considered in such a SWNT lattice: one representing
interactions at the interfaces between the nanotubes and the surrounding material, and the
other representing interactions at the interfaces between the inner SWNT and outer
annulus, as schematically illustrated in Figure

2-3. For each outer SWNT, the contact

area with the sheath is assumed to be 2/3 of its circumferential area. For the inner SWNT
and each outer SWNT, the contact area is assumed to be 1/6 of the SWNT’s
circumferential area. Therefore, for the nanorope lattice considered, the SWNT/sheath
contact area is equivalent to the circumferential area of four SWNTs, and the effective
inter-tube contact area is equivalent to the circumferential area of one SWNT.

Figure 2-2: A schematic of a nanotube lattice in a hexagonal arrangement.
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Figure 2-3: A schematic of load transfer in the tube lattice model.
Similar to the three-phase model for polymeric composites with discontinuous
fiber reinforcement [Chaturvedi and Tzeng, 1991], the nanorope is assumed to be
surrounded by a sheath of resin in a unit cell of the composite (Figure 2-4). The
nanorope axis, z , is situated at angle θ with respect to the applied stress direction, Z, as
shown in the unit cell. The nanotubes are assumed to have rotation angles only in the Y-Z
plane. The sheath carries only shear stress between the nanotubes and the remote resin
material; normal stress in the sheath is negligible. We also assume that the sheath shares
the same material properties as the resin. The length, width and thickness of the unit cell
are La , wa and ta respectively. These geometric parameters are related to those of
nanotubes by the volume fraction of the nanorope in the composite, f rp , according to the
relationship

π Rrp2 Lnt = f rp La wa ta ,

2.1

The CNT-based composite is, thus, modeled as a three-phase composite: resin,
sheath, and nanorope.
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(a)

(b)

Figure 2-4: Representative volume element: (a) unit cell consisting of a bundle of
seven SWNTs surrounded by a sheath and remote resin; (b) stresses on an element of
length dz in the inner CNT.

2.2

Stick-Slip Mechanism
Consider an initially perfectly bonded composite consisting of an elastic resin and

an aligned nanorope surrounded by a sheath.

As the applied stress monotonically

increases, certain interface could experience debonding.

In the present model, two

interfacial shear strength, τ tc−t and τ tc− s , are used to characterize the onset of sliding,
where the subscripts t-t and t-s represent inter-tube and SWNT/sheath interactions,
respectively. The quantity τ tc−t denotes the shear stress at the surface between the inner
SWNT and the outer annulus when the inter-tube interaction breaks down and mutual
sliding motion starts. Similarly, the quantity τ tc− s represents the shear stress required
between the outer annulus and the sheath to break the SWNT/sheath interaction. Based
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on the literature review in Chapter 1, the reported critical inter-tube shear stress varies
from less than 1 MPa to several hundred MPa. So does the critical shear stress between
polymeric matrix and SWNTs or MWNTs. Therefore, in this analysis, two scenarios are
considered: the inter-tube sliding occurs first and the SWNT/sheath debonding starts first.
For the latter situation, the nanoropes will debond from the matrix before SWNTs in the
rope start to slide against each other. Once the nanorope is completely debonded from
the matrix, the external loads will no longer effectively transfer to the CNTs. Thus, in
this case, only one interfacial interaction contributes to the damping characteristics. In
order to include both interfacial effects, the inter-tube sliding is assumed to start before
the SWNT/sheath sliding in the following discussion.
The inter-tube motion between the inner SWNT and the outer annulus are
demonstrated in Figure

2-5. The stick-slip mechanism provides that, if the interfacial

shear stress τ i is less than the critical value ( τ tc− t ), the inner SWNT and outer annulus are
perfectly bonded with an identical deformation, ε i = ε o , where ε denotes longitudinal
strain, and the subscripts i and o represent the inner SWNT and the outer annulus,
respectively (Figure 2-5 (a)). The inter-tube slippage occurs when the interfacial shear
stress reaches the critical value. Debonding starts at both ends of the nanotube and is
assumed to gradually extend to the full length of the nanotubes as the applied load
increases. During this debonding development, the inner SWNT and the outer annulus
have different elongations, leading to a slippage between them. The length of the inner
CNT and outer annulus are ∆lic and ∆lo ( ∆lo > ∆lic ) respectively when the debonding
between them is fully developed (Figure 2-5 (b)). After that, if the applied load keeps
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increasing, the outer annulus will be further stretched while the inner CNTs maintain the
critical elongation ∆lic

Figure 2-5:

Inter-tube stick-slip behavior. τ i is the shear stress between the inner

SWNT and the outer annulus, ∆li and ∆lo are the elongations of the inner SWNT and the
outer annulus, respectively: (a) stick, τ i < τ tc−t , ∆li = ∆lo and (b) slip, τ i = τ tc−t ,
∆lo > ∆li = ∆lic
The same concept is also applied to the frictional behavior existing at the surfaces
between the outer annulus and the sheath. As shown in Figure 2-6 (a), the outer
annulus and the sheath are perfectly bonded if the interfacial shear stress is less than the
critical value ( τ tc− s ). SWNT/sheath slippage occurs when the interfacial shear stress
reaches the critical value. When the outer annulus and the sheath are fully debonded,
their lengths are ∆loc and ∆lsh ( ∆lsh > ∆loc ), respectively (Figure 2-6 (b))
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Figure 2-6: SWNT/sheath stick-slip behavior. τ o is the shear stress between the outer
annulus and the sheath, ∆lo and ∆lsh are the elongations of the outer annulus and the
sheath, respectively: (a) stick, τ o < τ tc− s , ∆lo = ∆lsh and (b) slip, τ o < τ tc− s , ∆lsh > ∆lo = ∆loc .

2.3

Viscoelastic Model for Polymeric Resin
Based on the viscoelastic material theory [Shames, 1992], a three-element

standard solid model is applied to model the epoxy resin, which consists of one
Newtonian dashpot and two linear springs arranged as in Figure 2-7 (a). Since the
aspect ratio of the nanotube is large and the stick-slip motion is only considered in the
longitudinal direction of the nanotubes, the representative unit cell is modeled as a
viscoelastic element in parallel with a Coulomb friction element, with another
viscoelastic element in series, as shown in Figure 2-7 (b).

The stick-slip motion

represented by the Coulomb friction element has been described in previous section. The
effective Young’s moduli of the viscoelastic model (Figure 2-7 (a)) are briefly
introduced below.

29

(a)

(b)

Figure 2-7: (a) Standard three-element solid model for viscoelastic epoxy, (b)
nonlinear model for composite
Based upon the one dimensional three-element standard solid model, the stressstrain relationship for the tension or compression test can be expressed as:
E1ε1 = E2ε 2 + η 2εɺ2 = σ

2.2

ε1 + ε 2 = ε

2.3

where the symbols are defined in Figure 2-7 (a). This one-dimensional analysis can be
applied to the stress and strain field of the epoxy resin in any direction due to the
isotropic matrix.
From the linear viscoelastic theory, the stress and the corresponding strain are
related by a simple linear relation [Shames, 1992]
Pσ = Qε

2.4

where P and Q are summations of linear operators D i given by
m

P = ∑ pi
i =1

n
∂i
∂i
i
,
=
p
D
Q
=
q
= qi D i
∑
i
i
i
i
∂t
∂t
i =0

2.5
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where p and q are constants under isothermal conditions.
Eq.

Directly substituting

2.5 into the viscoelastic constitutive equations for the Young’s modulus of the

matrix (Eqs.

2.2 and 2.3), one obtains the Young’s modulus for the three-element

standard solid model:
1
Q E E1 ( E2 + D η2 )
E (t ) = E =
P
E1 + E2 + D1η2

2.6

where the overbar is used to denote a complex viscoelastic material property and the
superscript E refers to the Young’s modulus. For linear elastic hydrostatic behavior of
the matrix, we have
K (t ) = Q K P K = 3K .

2.7

Based on viscoelastic theory, the analogy between linear elastic materials ( E , K )
and viscoelastic materials ( E (t ), K (t ) ) is described as follows:

 E (t )   Q E P E   E 

= K K ∼ 
 K (t )   Q P   3K 

2.8

From the relations between elastic constants for isotropic forms of Hooke’s Law,
the shear modulus G is expressed in terms of the Young’s modulus and the bulk
modulus by
G=

From Eq.

2.6 to Eq.

3EK
9K − E

2.9

2.9, one may derive the shear modulus of the three-

element standard solid model as follows:
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 Q E  Q K 
E1 ( E2 + D1η 2 ) 3K
K (t )
⋅
 E  K 
3E (t )
P  P 
QG
E1 + E2 + D1η2 1

3
G (t ) = G =
=
=
3K E1 ( E2 + D1η 2 )
P
 QK   QE 
K (t )
−
9
− E (t ) 3  K  −  E  3 ⋅
.
1 E1 + E2 + D1η 2
3
P  P 
3KE1 ( E2 + D1η2 )
=
9 K ( E1 + E2 + D1η 2 ) − E1 ( E2 + D1η 2 )

2.10

Therefore, the complex compliance matrix for the viscoelastic resin is

 c11
[ S ] = c12
 0

c12
c11
0

0
0 
c33 

2.11

where
c11 = 1 E (t ) , c12 = − (1 2G (t ) − 1 E (t ) ) , c33 = 1 2G (t )

2.4

2.12

Governing Equations, Boundary and Initial Conditions
Using the aforementioned background information about nanoropes, stick-slip

motion, and viscoelastic resin material, a shear lag analysis is used to characterize load
transfer in and around a nanorope lattice in the unit cell. The normal stresses on the inner
SWNT and the outer annulus in the tube direction are represented by σ i (θ , z ) and

σ o (θ , z ) , respectively. The shear stresses acting on the inter-tube and SWNT/sheath
surface are represented as τ i (θ , α , z ) and τ o (θ , α , z ) , respectively, where a is the polar
angle measured in x − y plane of the nanorope as shown in Figure 2-8 (b).
averaged shear stress over the inner CNT circumference,

1
2π

∫

2π

0

The

τ i (θ , α , z )dα , is denoted
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as τɶi (θ , z ) , while the averaged shear stress over the CNT circumference and half CNT

length,

2
Lnt

∫

Lnt 2

0

1
2π

∫

2π

0

τ i (θ , α , z )dα dz , is denoted as τɶi (θ ) Similarly, the averaged shear

stress over the outer annulus circumference is defined as τɶo (θ , z ) =

1
2π

∫

2π

0

τ o (θ , α , z )dα

and the averaged shear stress over the outer annulus circumference and half CNT length
is defined as τɶo (θ ) =

2
Lnt

∫

Lnt 2

0

1
2π

∫

2π

0

τ o (θ , α , z )dα dz .

Figure 2-8: Stresses in unit cell subjected to uniaxial normal stress in Z - direction
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2.4.1

Governing Equations
With the assumptions that the normal stress in the resin is spatially uniform and

that the normal stress in the sheath is negligible, the overall equilibrium along the z direction of the unit cell as shown in Figure 2-8 gives

π Rnt2 ⋅σ i (θ , z ) + 6π Rnt2 ⋅σ o (θ , z ) + (

wa ta
cos θ

− π Rsh2 ) ⋅σ rszz (θ ) = σ ⋅ wa ta cosθ

2.13

where Rsh is the outer radius of the sheath; σ is the applied stress on the composite in
the Z -direction; and σ rszz (θ ) is the normal stress in the resin along the z -direction. The
shear strain in the sheath, γ shyz (θ ) , is determined from the displacement of the outer
annulus, uo , and the resin, urs , along the z -direction:

urs (θ ) − uo (θ , z ) = ( Rsh − Rrp ) ⋅ γ shyz (θ , z )

2.14

where Rrp denotes the inner radius of the sheath (outer radius of the nanorope).
Taking the first derivative of Eq.

2.14 with respect to z and using the strain-

displacement relations and the stress-strain relations for the sheath, we obtain

ε rszz (θ ) − ε o (θ , z) =

Rsh − Rrp dτɶo (θ , z )
⋅
dz
G

2.15

where G is the complex shear modulus of the viscoelastic resin in Eq. 2-10, ε rszz (θ ) and

ε o (θ , z ) are the normal strains of the resin and the outer annulus in the z -direction,
respectively

34
Recall that the inter-tube surface area is the circumferential area of one SWNT
while the SWNT/sheath surface area is the circumferential area of four SWNTs. The
equilibrium of the stresses on the inner SWNT can be expressed as follows:

π Rnt

2π
dσ i (θ , z )
+ ∫ τ i (θ , α , z )dα = 0
0
dz

2.16

For the outer annulus, the shear stresses include those from the inner SWNT

τ i (θ , α , z ) and those from the sheath τ o (θ , α , z ) :
π Rnt

2π
2π
dσ o (θ , z )
+ 4 ∫ τ o (θ , α , z )dα − ∫ τ i (θ , α , z )dα = 0
0
0
dz

2.17

The normal stresses at the ends of SWNT are zero, and the average shear stresses
over the nanotube circumference at the middle length of the nanorope ( z = 0 ) are also
zero, that is,

∫

2π

0

τ (θ , α , z = 0)dα = 0 . In general, the boundary conditions for the inner

SWNT and the outer annulus are

σ i (θ , z = ± Lnt 2) = 0, σ o (θ , z = ± Lnt 2) = 0

2.18

τ i (θ ,α , z = 0) = τ o (θ ,α , z = 0) = −σ sin θ cosθ sin α

2.19

The above equations are only valid when no interfacial slip occurs. Once slip
starts, the equations and boundary conditions must be modified in accordance with the
phase of the presumed sinusoidal loading. The procedure for handling slip under cyclic
loading is discussed in the next two subsections.
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2.4.2

Five Stages of Sliding Development
The stage of loading when the applied stress is small and the entire composite

system is perfectly bonded is named Stage I. There is no energy loss at either the intertube or the SWNT/sheath interface in this stage. In order to consider both interfacial
effects as stated in Section 2.2, the inter-tube debonding is assumed to occur and fully
develop before the SWNT/sheath slip. As the applied load increases, frictional sliding
occurs at the interface of the inner and the outer annulus when the shear stress at the end
equals the interfacial inter-tube shear strength, τɶi (θ , z = ± Lnt 2) = τ tc−t . This condition of

the system is the beginning of Stage II. During Stage II, the shear stress on the debonded
portion of the interface equals to the inter-tube shear strength. Increasing the applied
stress, a greater portion of the inner SWNT will debond from the outer annulus. The
inter-tube debonding is defined to be fully developed when the shear stress at each point
of the inter-tube interface reaches the inter-tube shear strength, τɶi (θ , z ) = τ tc−t ,
∀z ∈ [ − Lnt 2, Lnt 2] .
It is assumed that, the inter-tube debonding is fully developed before the
SWNT/sheath sliding ever starts.

Therefore, after the inter-tube debonding is fully

developed, the outer annulus and the resin sustain further external load. The shear lag
analysis along z -direction is then governed by Eq. 2.17 with the shear stress of the
inner tube replaced with the critical value between nanotubes, τ tc−t . The equilibrium
equation along the z -direction (Eq.

2.13) is also updated with the normal stress on the

inner nanotube corresponding to fully developed inter-tube debonding. This scenario is
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referred to as Stage III, the period of loading between inter-tube debonding and
SWNT/sheath debonding. Once Stage III begins, the normal and shear stresses on the
inner nanotube do not change with increasing external load.
The onset of debonding between the outer annulus and the sheath signifies the
beginning of Stage IV. The characteristic of this stage is that the interfacial shear stress
on the debonded portion of the interface equals the SWNT/sheath shear strength.
Increase the applied stress, a greater portion of the outer annulus debonds from the sheath.
The SWNT/sheath debonding is defined to be fully developed when the shear stress at
each point of its interface reaches the SWNT/sheath shear strength τɶo (θ , z ) = τ tc− s ,
∀z ∈ [ − Lnt 2, Lnt 2] .
After the SWNT/sheath slip is fully developed, the composite system enters Stage
V, named the post-debonding stage in the present model. In this stage, only the resin
deforms further under increasing external load because the entire nanorope is debonded.
The shear stresses at the inter-tube surface and the SWNT/sheath surface are τ tc−t and

τ tc− s , respectively.
In summary, the five stages of the deformation of the unit cell are defined as
Table 2-1 in terms of the shear stress on the inner SWNT and the outer annulus in the
z -direction. If the SWNT/sheath slip starts before the inter-tube slip is fully developed,

the period of loading between inter-tube sliding and SWNT/sheath sliding vanishes. That
is, Stage III vanishes and parts of Stage II and Stage IV intersect. If the inter-tube shear
strength is larger than the SWNT/sheath shear strength, the period of inter-tube
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debonding (Stage II and III) vanishes. Different equations must be derived in such two
cases.
Table 2-1: Five stages of deformation
Stage I
perfectly
bonded
Shear stress τɶi (θ , z ) < τ tc−t
on inner tube
L L
∀z ∈ ( − nt , nt )
τɶi (θ , z )
2 2

Stage II
Stage Stage IV
inter-tube
III
SWNT/sheath
debonding
debonding
c
L
τɶi (θ , z ) = τ t −t ɶ
τ i (θ , z ) = τ tc−t ∀z ∈ (− nt
2
at
some
points

Shear stress
Lnt Lnt
c
on outer tube τɶo (θ , z ) < τ t − s ∀z ∈ (− 2 , 2 )
τɶo (θ , z )

Stage V
postdebonding
,

Lnt
)
2

τɶo (θ , z ) = τ tc− s

τɶo (θ , z ) = τ tc− s

at some points

∀z ∈ (−

Lnt Lnt
, )
2 2

Stages I-V describe the phenomena occurring during monotonically increasing
stress applied to the composite. In cyclic loading situations, additional factors need to be
considered.

2.4.3

Additional Factors for Cyclic Loading
With cyclic loading applied on the composite, additional factors beyond those

discussed for Stages I-V above need to be considered. For instance, consider a fullyreversed (tension-compression) harmonic loading cycle with a period of T ,

σ = σ 0 sin(2π t T ) . Stresses and strains in all constituents are assumed to be zero at the
start of the first cycle at zero applied stress. As loading begins, the composite undergoes
a tensile stress which we assume is sufficient to cause debonding. Due to the phase lag
between the strain and the stress in a viscoelastic material, the maximum strain ( ε rs∗ (θ ) )
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in the resin during a loading cycle is reached sometime after t = T 4 . The applied stress

corresponding to this peak strain is denoted as σ ∗ , which is not equal to the stress
magnitude σ 0 due to the phase lag. All the normal and the shear stresses in the resin and
the CNTs at the peak strain are recorded with star superscripts, such as σ rs∗ (θ ) and

τɶo* (θ , z ) . When unloading begins, the outer annulus is assumed to immediately stick to
the resin as the strain of the resin decreases [Nelson and Hancock, 1978]. Thus, the
stresses in the constituents and at the interfaces during the unloading process can be
obtained by superposing the stresses existing at the previous peak strain and, at first, the
compressive elastic stresses in relation to the previous peak strain, s-s* (s<s*).
Throughout the unloading process, it is assumed the CNTs have a fixed modulus and do
not buckle. So, during this unloading process, the variables in Eq.

2.13 to 2.19 should

be updated with the following

σ = σ − σ ∗ , σ rszz (θ ) = σ rszz (θ ) − σ rs∗ (θ ) , ε rszz (θ ) = ε rszz (θ ) − ε rs∗ (θ ) ,
σ o (θ , z ) = σ o (θ , z ) − σ o∗ (θ , z ) , σ i (θ , z ) = σ i (θ , z ) − σ i∗ (θ , z ) ,

2.20

τɶo (θ , z ) = τɶo (θ , z ) − τɶ (θ , z ) , τɶi (θ , z ) = τɶi (θ , z ) − τɶ (θ , z )
∗
o

∗
i

If the applied stress magnitude is sufficiently large, slipping can occur on the
compression side of the loading cycle. When the peak compressive loading condition of
the composite is reached sometime beyond t = 3T 4 , the quantities with star superscripts
are again updated in preparation for the subsequent reduction of compressive applied
stress on the composite. On every subsequent loading cycle, all the quantities with star
superscripts must be updated every time the strain rate changes sign.

39
2.5

Stress and Strain Evaluation via Computation Method
In order to characterize the development of partial debonding, each nanorope is

divided into 2N small segments along z-direction as shown in Figure 2-9. In this case,
the segment number N is chosen to be 100 considering the balance between computation
time and accuracy. In the following discussion, we only consider half of the nanotube
length due to geometric symmetry.

Figure 2-9: Segmentation of each nanorope.

The average normal and shear stresses in each segment of the inner SWNT and
the outer annulus, recorded as σ i n (θ ), τɶi n (θ ) and σ on (θ ), τɶo n (θ ) , are solved from the
governing equations (Eq.

2.13 to 2.19), where the superscript n is the segment index,

varying from 1 at the middle length to N at the end as shown in Figure 2-8. Due to the
complicated expression of the complex moduli (Eqs.

2.2, 2.10 and 2.11) of viscoelastic

material with the three-element standard solid model, the analytical solutions of these
governing equations could not be easily obtained.

Therefore, the stress and strain

distributions in the unit cell are calculated using a numerical iteration scheme. There are
two major iteration processes: one is to calculate the stresses and strains in the composite
with the assumption that the nanorope and the resin are perfectly bonded, the other is to

40
adjust the stress and strain distributions with the stage criteria listed in the previous
section.
To begin the numerical simulation, we first determine the stress and strain
distributions in the composite unit cell under the assumption that no sliding occurs in the
composite. In order to characterize the damping properties, a harmonic force with period
T is applied to the composite unit cell, σ = σ 0 sin(2π t T ) . The calculation of all the

stresses and strains for each time step t are listed as follows (a detailed calculation of the
solution and a complete list of parameters used below are presented in the Appendix A):
1. Assume an initial normal stress of the resin in the z-direction, σ rszz (θ ) .
2. Since the inner SWNT and the outer annulus have identical longitudinal
normal stresses, Eq. 2.13 can be rewritten as follows from the length-wise
average point of view:
7π Rnt2 ⋅ σɶ o (θ ) + (

wa ta
− π Rsh2 ) ⋅ σ rszz (θ ) = σ ⋅ wa ta cos θ
cos θ

2.21

Therefore, the average normal stresses in the inner SWNT and the outer
annulus are

σɶi (θ ) = σɶ o (θ ) = σ wa ta cosθ − ( wa ta cosθ − π Rsh2 )σ rszz (θ )  7π Rnt2

2.22

Based on the stress distribution of shear lag analysis, the normal and the
shear stresses in the inner SWNT and the outer annulus can be expressed as
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σ i (θ , z ) = σɶ i (θ ) ξ1 ⋅ (1 − cosh( β1 z ) cosh( β1 Lnt 2) )
τ i (θ , α , z ) = −

2.23

β1Rnt
sinh( β1 z )
σɶ i (θ ) ⋅
− σ sin θ cos θ sin α
2ξ1
cosh( β1 Lnt 2)

2.24

σ o (θ , z ) = σɶ o (θ ) ξ1 ⋅ (1 − cosh( β1 z ) cosh( β1 Lnt 2) )
τ o (θ , α , z ) = −

2.25

7 β1 Rnt
sinh( β1 z )
σɶ o (θ ) ⋅
− σ sin θ cos θ sin α
8ξ1
cosh( β1 Lnt 2)

The second term on the right hand side of Eq.

2.24

and Eq.

2.26

2.26

matches the shear stress boundary condition in the case of off-axis CNTs.
Note that the contribution of this term to the average shear stress around the
circumference of a bundle of nanotubes is nil. Since SWNTs with different
off-axis angles can be expected to debond from the matrix at different
applied stress levels, the average shear stress is computed over only half of
the circumference of the bundle. Therefore, the average normal and shear
stresses in each segment of the CNTs are:
ln

σ i n (θ ) = ∫ σɶ i (θ ) ξ 1 ⋅ (1 − cosh( β1 z ) cosh( β1 Lnt 2) ) dz
l n−1

τɶi n (θ ) = − ∫

ln

l

n−1

β1 Rnt
sinh( β1 z )
1 π
σɶ i (θ ) ⋅
dz − ∫ σ sin θ cos θ sin α dα
2ξ
cosh( β1 Lnt 2)
π 0
ln

σ on (θ ) = ∫ σɶ o (θ ) ξ 1 ⋅ (1 − cosh( β1 z ) cosh( β1 Lnt 2) ) dz
l n−1

τɶon (θ ) = − ∫

ln

l n−1

7 β1Rnt
sinh( β1 z )
1
σɶ o (θ ) ⋅
dz −
8ξ1
cosh( β1 Lnt 2)
π

∫

π

0

σ sin θ cos θ sin α dα

2.27

2.28

2.29

2.30
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where l n = nLnt 2 N , ξ1 and β1 are defined in the Appendix A
3. Using the calculated stress distributions, the corresponding strains are
obtained via the constitutive equations. For elastic SWNTs under uniaxial
stress, the normal strain can be simply the ratio of the normal stress to
Young’s modulus, that is, ε on (θ ) = σ on (θ ) / Eeq .

The strains in the

viscoelastic resin, {ε rs (θ )} , are calculated from

{ε rs (θ )} =  S  {σ rs (θ )}

2.31

where  S  is the complex compliance matrix given in Eq. 2.11. There are
three components in 2-D viscoelastic stress and strain vectors. For instance,
the stress vector in the resin is {σ rs (θ )} = {σ rsyy (θ ) σ rszz (θ ) τ rsyz (θ )} . The
T

right hand side of Eq.

2.15 is related to the shear stress at the SWNT/sheath

interface through the complex shear modulus as follows,
RHS =

Rsh − Rrp dτɶo n (θ , z )
⋅
dz
G

2.32

4. Substitute the values of normal strains in the resin and the outer annulus in the
z -direction ( ε rs , ε on ) and the shear stress in the sheath ( τ on ) into Eq.

2.15

and then check the equality. If this equation is not satisfied, change the value
of normal stress of the resin in z-direction, σ rszz (θ ) , and repeat Steps 2 to 4
In the steps outlined above, we obtained the stress and strain distributions in the
CNT-based composite unit cell with the assumption of no interfacial slip between the
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outer annulus and the sheath as well as between SWNTs. The next step is to check the
reasonableness of these numerical results using the stage criteria explained previously.
I. If the shear stress between the inner SWNT and the outer annulus is smaller
than the inter-tube shear strength, that is, τɶi N < τ tc−t , the composite is perfectly
bonded and remains in Stage I. Therefore, the numerical results from the first
iteration process are appropriate.
II. If the shear stress in the nth segment of the inner SWNT is larger than the
inter-tube shear strength, that is, τɶi n > τ tc−t , this part of the inner CNT has
already debonded from the surrounding outer annulus. The normal and the
shear stresses of this segment should be adjusted such that the shear stress is
equal to the inter-tube shear strength τ tc−t .
III. If the shear stress in Segment n − 1 of the inner tube is smaller than the intertube shear strength, the inter-tube debonding has only developed to Segment

n . Therefore, the effective length of the inter-tube slippage lteff−t equals to
Lnt (1 − n N ) . For all the segments in the inner tube that are still bonded to the

outer annulus (Segment m, 1 ≤ m < n ), the governing equations (Eq. 2-13 to 219) still must be satisfied, but the boundary conditions for the inner SWNT are
as follows:

σ i (θ , z = l n −1 ) = σ i n , τ i (θ , α , z = 0) = − sin θ cos θ sin α

2.33

Therefore, the normal and shear stresses on Segment m of the inner CNT and
the outer annulus are given by
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(

lm

)

σ i m (θ ) = ∫ σɶ i (θ ) ξ1 + σ i n (θ ) − σɶ i (θ ) ξ1 cosh( β1 z ) cosh( β1l n−1 ) dz
l m−1

(

lm

)

τɶi m (θ ) = ∫ 1 2 β1Rnt σɶ i (θ ) ξ1 − σ i n (θ ) ⋅ sinh( β1 z ) cosh( β1l n −1 ) dz
l m−1

+ 2 π σ sin θ cos θ
lm

σ om (θ ) = ∫ σɶ o (θ ) ξ 2 ⋅ (1 − cosh( β 2 z ) cosh( β 2 Lnt 2) ) dz
l m−1

τɶom (θ ) = − ∫

lm

l m−1

7 β 2 Rnt
sinh( β 2 z )
2
σɶ o (θ ) ⋅
dz + σ sin θ cos θ
8ξ 2
cosh( β 2 Lnt 2)
π

2.34

2.35

2.36

2.37

where ξ 2 and β 2 are defined in the Appendix A
IV. If the shear stress in Segment 1 (middle point of the tube) of the inner tube
exceeds the inter-tube shear strength, the inner tubes are completely debonded
from the resin. After adjusting the normal and the shear stresses to the critical
value, the normal and the shear stress over the entire tube length of the inner
SWNT will not change as long as the strain rate does not switch from loading
to unloading or vice versa.
V. Similarly, if the shear stress in the nth segment of the outer annulus is larger
than the SWNT/sheath shear strength, that is, τɶo N > τ tc− s , the debonding
between this part of the outer annulus and the sheath has already started. The
normal and the shear stresses in this segment of the outer annulus should be
adjusted such that the shear stress is equal to the SWNT/sheath shear strength

τ tc− s
VI. If the shear stress in Segment n − 1 of the outer annulus is smaller than the
SWNT/sheath shear strength, the SWNT/sheath debonding has only
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developed to Segment n . Therefore, the effective length of the SWNT/sheath
slippage lteff− s equals to Lnt (1 − n N ) . For all the segments in the outer annulus
that are still bonded to the sheath (Segment m, 1 ≤ m < n ), the governing
equations (Eq.

2.13 to 2.19) still must be satisfied although the normal and

shear stresses in the inner tube remain critical value due to the complete
debonded between the inner SWNT and the outer annulus. The boundary
conditions for the outer annulus change to:

σ o (θ , z = l n−1 ) = σ on , τ o (θ , α , z = 0) = − sin θ cos θ sin α

2.38

Therefore, the normal and the shear stresses on Segment m of the outer
SWNTs are given by

(

lm

)

σ om (θ ) = ∫ σɶ o (θ ) ξ 2 + σ on (θ ) − σɶ o (θ ) ξ 2 cosh( β 2 z ) cosh( β 2l n−1 ) dz
l m−1

lm

(

)

τɶom (θ ) = ∫ 1 2 β 2 Rnt σɶ o (θ ) ξ 2 − σ on (θ ) ⋅ sinh( β 2 z ) cosh( β 2l n −1 ) dz
l m−1

+ 2 π σ sin θ cos θ

VII.

2.39

2.40

If the shear stress in Segment 1 (middle point of the tube) exceeds the

SWNT/ sheath shear strength, the outer annulus is completely debonded from
the resin. After adjusting the normal and the shear stresses to the critical
value, the normal and the shear stress over the entire annulus length will not
change as long as the strain rate does not switch from loading to unloading or
vice versa.
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With these two numerical iteration schemes, the normal and the shear stress
distribution at each time of a cyclic loading can be achieved for the calculation of
damping in the next section.

2.6

Effective Loss Factor for Composite
Using the calculated stress and strain distribution obtained under cyclic loading,

the damping characteristics of the CNT-based composite unit cell can be obtained via the
loss factor. The effective loss factor is defined as the ratio of the dissipated energy per
unit volume to the maximum stored energy per unit volume [Lazan, 1968]. There are
three mechanisms of energy dissipation in the composite containing dilute nanoropes
under the assumption of no inter-tube slip: one is the energy loss due to the stick-slip
motion between the outer annulus and the sheath; the other two are the energy
dissipations in the viscoelastic resin and sheath. The energy losses in the viscoelastic
resin and sheath during a period, T , are respectively given by


∆Wrs = ∫  ∫


cycle

(σ rszz dε rszz + σ rsyy d ε rsyy +τ rsyz dγ rsyz )dV

rs

∆Wsh = ∫  ∫cycleτ o d γ sh dVsh




2.41

2.42

To determine energy loss due to the stick-slip motion, Kelly [1970] proposed that
the dissipated energy due to friction is equivalent to the frictional shear force times the
differential displacement at the interface.

In the present model, the difference in

longitudinal displacements between the inner SWNT and the outer annulus is
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lteff−t ⋅ (εɶo (θ ) − εɶi (θ )) while the difference between the outer annulus and the sheath is

lteff− s ⋅ (ε rs (θ ) − εɶo (θ )) . Recall that the inter-tube surface area is the circumferential area of
one SWNT and the SWNT/sheath surface area is the circumferential area of four SWNTs.
The energy dissipation associated with stick-slip motion is:

∆Wslip = ∫

cycle

τ tc−t ⋅ 2π Rnt (lteff−t )2 ⋅ (d εɶo (θ ) − d εɶi (θ ))

+ ∫cycleτ tc− s ⋅ 8π Rnt (lteff− s )2 ⋅ (d ε rs (θ ) − d εɶo (θ ))

2.43

Therefore, the effective loss factor of the composite containing nanoropes is
computed as follows:

tan δ = ( ∆Wrs + ∆Wsh + ∆Wslip ) Wst = tan δ rs + tan δ sh + tan δ slip

2.44

where the first two terms are the contributions of loss factor from the energy loss in the
viscoelastic resin and the viscoelastic sheath, while the third term is the contribution of
loss factor from the energy dissipated by interfacial friction (stick-slip motion). In the
following discussion, these three terms are simply denoted as loss factor from the resin,
loss factor from the sheath, and loss factor from the interfacial friction, respectively. Wst
is the maximum strain energy in the entire composite in a period. In general, for a
loading with nonzero mean value such as tension-tension loading, σ = σ 0 (1 + sin t ) , the
maximum strain energy should be compared to the strain energy at mean stress, σ 0 . For
the problem at hand, the shear stress in the sheath decreases from τɶo (θ ) at Rrp to τ rsyz (θ )

at Rsh . Appendix B shows the shear stress distribution in the area close to the CNT for
composites with θ = 0 aligned CNTs. With the analyzed shear stress distribution and
the assumption that the sheath carries all the shear stress between the nanotube and the
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resin, we can simply assume that the shear stress in the sheath decreases linearly.
Therefore, the strain energy due to the shear stress in the sheath is (τɶo2 − (τɶrsyz )2 ) 6Grs . The
total strain energy in the entire composite in a cycle is the summation of the strain energy
in each phase of the composite system:

Wst = ∫

T 4

0

+

T 4






∫0 ∫






∫

(σɶ
(

i

− σɶ i

(τɶo − τɶo

)

2

+ 6 (σɶ o − σɶ o

14 Eeq

)

2

− (τɶrsyz − τɶrsyz )2
6Grs

) + (τɶ − τɶ )
2

i

dVsh + ∫

i

{

2

+ 6 (τɶo − τɶo

14Geq

1
σ − σ rs
2 rs

)



2

)dVrp  dt


} ⋅{ε
T

rs

− ε rs

}


dVrs  dt
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where Vrp , Vsh and Vrs are volumes of the nanorope, the sheath and the resin in the unit
cell, respectively, with the values of

Vrp = π Rrp2 Lnt , Vsh = π ( Rsh2 − Rrp2 ) Lnt , Vrs = wa ta La − π Rrp2 Lnt

2.7

2.46

Results and Discussion
The derived micromechanical damping model can be used to analyze the loss

factor for composites containing aligned or randomly oriented dilute MWNTs or SWNT
ropes. All the material properties used in this simulation are listed in Table

2-2. From

finite element analysis (Appendix B), the outer radius of the sheath is about four times
the nanorope radius. Hence the volume fraction of the sheath is 15 times of the volume
fraction of the nanorope. Based on previous investigations of bonding at inter-tube
surfaces and SWNT/resin surfaces, a wide range of the critical inter-tube and
SWNT/sheath shear stresses have been reported. Therefore, to address the effect of
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critical shear stresses, different sets of critical inter-tube and SWNT /sheath shear stresses
are chosen for case studies.
Table 2-2: Material properties used in the micromechanical damping model
Unit Cell
Resin
(Three-element
standard solid model)

Sheath
(10,10) SWNT

Length, La

1.5 µm

Young’s modulus, E1

3.3 GPa*

Young’s modulus, E2

3.3 GPa*

Viscosity, η2
Bulk modulus, K
Inner radius, Rrp

50 GPa ⋅ s*

Outer radius, Rsh

10.2 nm

Equivalent Young’s modulus, Eeq

641.1 GPa

Equivalent shear modulus, Geq

38.6 GPa

Radius, Rnt

0.848 nm

3.67 GPa
2.544 nm

*

The three parameters for the three-element standard solid model are chosen to match the
experimental data of Young’s modulus and loss factor for neat resin, 3.3 GPa and 0.015,
respectively [Zhou et al., 2004b]

The effective loss factor of composites with θ = 0 aligned nanoropes under fullyreversed tension-compression cyclic loading, σ = σ 0 sin(2π t ) , is presented in Figure 210. The aspect ratio of the nanotube is 250 and the volume fraction of the nanorope is
0.5%. In order to include both interfacial interactions and to display the five distinct
stages as predicted in Section 2.4, the inter-tube shear strength and the SWNT/sheath
shear strength are applied as 5 MPa and 100 MPa, respectively. Four lines are plotted
with respect to the magnitude of the applied stress in a cycle, σ 0 . These lines include the
total loss factor, loss factor from the interfacial friction, loss factor from the resin, and
loss factor from the sheath as defined in Eq.

2.44. It should be noted that, while the
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loss factors are plotted from low to high stresses to illustrate the trend, the high stress
level shown in the figure might be difficult to achieve in realistic applications without
failing the material. Nevertheless, to understand the general trend of the composite
characteristics, it is important that we explore such a broad stress range. Subplot (c) to (h)
show typical average strains as a function of time for each component of the composites
under different applied stress magnitude. It should be noted that the loss factor during the
first cycle is larger than that in the second. However, after the first cycle, the loss factor
does not change with respect to the cycle number.. The composite figures out the proper
configuration after the first cycle of the external loading and hence shows a steady
damping characteristic afterward. The values of the loss factor plotted in Figure 2-10 (a)
are the steady loss factors after the first cycle.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2-10: Loss factor (a) and rate of change of loss factor (b) for composite with
q = 0° aligned nanoropes under fully-reversed tension-compression loading. The loss
factor from the viscoelastic sheath cannot be seen on this scale as it is very small—of the
order 10-5). (c) to (h) are strain distribution in the resin, the outer annulus, and the inner
CNT with respect to the simulation time under different applied stress magnitude.

52
As shown in Figure 2-10 (a), the total effective loss factor and the loss factor
from the stick-slip motion are sensitive to the magnitude of the applied stress, while the
loss factor of the viscoelastic resin shows only a slight increase with stress. When the
applied stress is small, the nanotubes in a rope are perfectly bonded to each other and to
the resin, resulting in a zero loss factor from stick-slip motion in Stage I. At certain
magnitude of the applied stress, 5 MPa in this case, the debonding between the inner
SWNT and the outer annulus occurs in a cycle. Subplot (c) shows typical average normal
strains along tube length direction as a function of time for each component of the
composites at 5 MPa. The inner CNT and the outer annulus share identical average
normal strain in the tube length direction. As the magnitude of applied stress increases,
more and more portions of the inner CNT are debonded from the outer annulus at the
maximum applied stress in a cycle, leading to the increase of total loss factor. Before the
fully developed inter-tube debonding ever exists in a cycle, both the total loss factor and
the rate of change of loss factor with respect to the magnitude of applied stress keep
increasing. Once the applied stress magnitude is larger than certain value, roughly 10
MPa in this case, the cyclic motion first causes partial debonding then fully developed
debonding between the inner and the outer CNTs in each cycle. As shown in subplot (d),
the normal strain in the inner nanotube stops increasing shortly before the applied stress
reaches its magnitude in a cycle. The rate of change of the loss factor reaches its first
peak in Figure 2-10 (b) at this stress level (~10 MPa). Further increasing the magnitude
of applied stress in a cycle, the loss factor increases till its first peak at 20 MPa, where the
rate of change of the loss factor in Figure

2-10 (b) is zero. Since the shear stress at the
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interface is assumed to maintain the critical value after the sliding starts, the normal strain
in the inner CNT show a small plateau every time the applied stress increases during a
tension or compression process in a cycle. The maximum normal strain in the inner
SWNT which can be achieved in a cycle remains constant once the inner-tube debonding
is fully developed, as shown in subplot (d) to (h).
Before the debonding between the outer tubes and the sheath ever started in a
cycle, the loss factor and its change rate decrease with respect to applied stress magnitude.
Once the applied stress magnitude is larger than certain value, 30 MPa in this case, the
debonding between the outer annulus and the sheath occurs in a cycle. Similar to the
inter-tube debonding, with the increase of applied stress magnitude, more and more and
more portions of the outer annulus are debonded from the sheath at the maximum applied
stress in a cycle, leading to the increase of total loss factor.

The fully developed

SWNT/sheath debonding first appears in a cyclic motion when the magnitude of the
applied stress is about 250 MPa. The normal strain in the outer annulus in subplot (g)
shows a small plateau when the applied stress reaches its maximum or minimum in a
cycle. At this stress level, the rate of change of the loss factor reaches its second peak in
Figure 2-10 (b), which is seen as the inflection point in Figure 2-10 (a). Further
increasing the magnitude of applied stress in a cycle, the loss factor increases till its
second peak at 450 MPa, where the rate of change of the loss factor in Figure 2-10 (b)
is zero. The maximum normal strain in the outer annulus that can be achieved in a cycle
does not change once the SWNT/sheath debonding is fully developed at 250 MPa, as
shown in subplots (f) and (h). Compared to the loss factor from viscoelastic resin and
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sheath, the loss factor from stick-slip motion dominates when the applied load is large
enough to cause the entire interfacial area to slip during the cyclic motion.
In order to address the effect of interfacial shear strengths on the loss factor of the
composites, four sets of inter-tube and SWNT/sheath shear strengths are chosen
( Table 2-3) and the corresponding total effective loss factors are presented in
Figure 2-11. In this study, composites with 0.5 vol% of 0 degree aligned nanoropes
are used. For all four cases, the loss factors are stress-sensitive. Case 1 and Case 3
display two distinct peaks as discussed in Figure

2-10. Since these two cases have the

same inter-tube shear strength, they share the same first peak at low applied stress. In
Case 1, the drop after the first peak is short because the SWNT/sheath slip occurs shortly
after the inter-tube debonding is fully developed. In Case 2, since the values of two shear
strengths are closer than those of Case 1 and 3, the SWNT/sheath debonding starts before
the inter-tube debonding is fully developed. Therefore, there is no drop in loss factor
between the onsets of the SWNT/sheath debonding and the inter-tube debonding. The
two increases merge together and form a continuous increment of the loss factor. The
second peaks of Case 1 and 2 occur at almost the same stress level because of the
identical critical SWNT/sheath shear stress they shared. Case 2 shows a slightly higher
loss factor due to the more energy dissipation at the inter-tube interface. Case 4 has an
inter-tube shear strength larger than SWNT/sheath shear strength so that the bond
between nanotubes would never break, resulting in the disappearance of the first peak.
Although Case 4 has identical critical SWNT/sheath shear stress as Case 1 and 2, the
onset and completion of SWNT/sheath debonding occur at lower stress level. This is due
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to the perfect bond between nanotubes. Given the same applied stress, without the inner
nanotube, the outer annulus and the resin in Case 1 and 2 undergo a larger normal stress.
From Eq.

2.17, the shear stress on the outer annulus for Case 1 and 2 is smaller than

that in Case 4. Due to the small volume fraction of the nanoropes, Case 1 and 2 have
larger stored energy while smaller dissipated energy compared to Case 4. That is why in
these two cases the SWNT/sheath debonding occurs and fully develops at higher stress
level and a lower loss factor is shown in the entire high stress range. Considering the
maximum loss factors of these four cases and that in Figure 2-10, it is noticed that
although the interfacial shear strengths play an important role on the onsets and
completions of debonding, they have little effect on the maximum loss factor over the
entire stress range.
Table 2-3: Values of interfacial shear strengths used in this case study, all other
material and geometric parameters are listed in Table 2-2
Inter-tube shear strength (MPa)

SWNT/sheath shear strength (MPa)

Case 1

0.5

30

Case 2

5

30

Case 3

0.5

60

Case 4

50

30
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Figure 2-11: Effect of interfacial shear strengths on loss factor of composites with
aligned nanoropes under fully-reversed tension-compression loading.
The effect of nanorope volume fraction on the loss factor of composites with

θ = 0 aligned nanoropes under fully-reversed tension-compression loading is presented
in Figure

2-12. The volume fraction of the nanorope varies from 0.2% to 2% and only

the total loss factors are plotted with respect to the magnitude of the applied stress. The
inter-tube and the SWNT/sheath shear strengths are assumed to be 30 MPa and 20 MPa,
respectively. Recall that the inter-tube shear stress is smaller than the SWNT/sheath
shear stress from the governing equations. Since the inter-tube shear strength is larger
than the SWNT/sheath shear strength, the inter-tube debonding will not occur in this case
and the loss factor-applied stress magnitude curve has only one peak.

When the

composite is perfectly bonded throughout the complete cyclic loading at a small stress
level, the composite with a higher volume fraction of nanoropes gives lower loss factor
because CNTs do not dissipate energy. As shown in the figure, once the magnitude of

57
applied load is large enough to cause sliding at the interface, higher volume fractions of
CNTs lead to higher effective loss factors.

Figure 2-12: Effect of volume fraction of the nanotube ropes on loss factor of
composites with aligned nanoropes under fully-reversed tension-compression loading.
Since the aspect ratio of the nanotube may vary due to the manufacturing process,
the effect of the CNT aspect ratio on the total loss factor of the composite is also
investigated.

Fully-reversed tension-compression loading is applied and the volume

fraction of θ = 0 aligned nanoropes is fixed at 0.5%.

The inter-tube and the

SWNT/sheath shear strength are 30 MPa and 20 MPa, respectively. The nanotube aspect
ratio plays a very important role in damping properties, as seen in Figure

2-13. At low

stress magnitudes, prior to slip, greater loss factors are obtained with lower aspect ratios.
This is because the stored strain energy in the short nanotubes is less than that in the long
nanotubes with the same volume fraction.

The situation is reversed at high stress

magnitudes where the overall damping is caused dominantly by the CNT slipping or
sliding mechanism. In addition, the shifting of the peak in loss factor to higher stress
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levels with higher aspect ratios indicates that higher stresses are needed to cause the
longer nanoropes to slip completely during the cyclic loading.

Figure 2-13: Effect of nanotube aspect ratio on the loss factor of composites under
fully-reversed tension-compression loading.
In damping tests, loading is often applied in tension-tension or tensioncompression with preload regime. The total loss factors for composites with θ = 0
aligned CNT ropes under three different loading regimes are compared in Figure 2-14:
tension-compression σ = σ 0 sin(2π t ) , tension-tension σ = σ 0 (1 − cos(2π t )) , and tensioncompression with preload σ = σ 0 (1 + sin(2π t )) . The aspect ratio of the SWNT is 250 and
the volume fraction of the nanorope is 0.5%. The inter-tube and the SWNT/sheath shear
strengths are assumed to be 30 MPa and 20 MPa, respectively. As shown in the figure,
each of the three loading regimes leads to identical loss factors over the entire stress
range.

The hysteresis curves for all three regimes under the same applied stress

amplitude (s0 =40 MPa) are also shown in Figure 2-14.

With identical relaxed

composite system (zero stress and strain everywhere) as the starting point, the first cycle

59
is the transient period to develop a configuration for steady-state stress and strain for all
the constituents in the composites; hence the stress-strain curve for the first cycle is not a
closed loop. After the first cycle, however, the hysteresis loops for all three loading
regimes have the same shape and display identical loss factors.

(a)

(b)
Figure 2-14: Effective loss factor for composites under different loading cycles (a) and
hysteresis curves at the same cyclic stress amplitude (b) Case 1: tension-tension; Case 2:
tension-compression; Case 3: tension-compression with preload
In certain types of composites, the nanoropes may be aligned at an angle θ
relative to a uniaxially applied stress or the nanoropes may be randomly oriented in-plane.
As shown in Figure 2-15, aligned nanoropes with small angle θ have the greatest
maximum loss factor after the onset of interfacial slip.

The inter-tube and the

SWNT/sheath shear strengths are assumed to be 30 MPa and 20 MPa, respectively. As
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the alignment angle increases, the peak value of the loss factor over the entire stress range
decreases and shifts to a higher applied stress magnitude.

Figure 2-15: Effect of alignment angle on the loss factor for composites under fullyreversed tension-compression loading
Due to its positive Poisson’s ratio, the matrix is under compression in the
direction perpendicular to the applied uniaxial tension load. Therefore, there must be a
certain angle along which the normal stress changes from tension to compression. In this
studied epoxy resin, the tension-compression switch occurs in the direction of 60 . For
composites with nanoropes oriented at 60 , the normal stresses in the resin along the
tube-length direction are so small that the interfacial slip is not initiated even at very high
stress. Therefore, the total loss factor is mainly contributed from the viscoelastic resin
damping. For the composite with nanoropes oriented at a large angle ( > 60 ), the

nanoropes undergo compression while the composite is under tension in the Z-direction.
Since it has been explained earlier that energy can still be dissipated from interfacial
friction as the CNTs are loaded in compression, composites with nanoropes at 75 and
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90 show some slight enhancement of loss factor relative to the resin, albeit at high stress

levels.
The damping behavior of a composite with randomly oriented nanoropes under
fully-reversed tension-compression loading is shown in Figure

2-16. The inter-tube

and the SWNT/sheath shear strengths are assumed to be 5 MPa and 100 MPa,
respectively. It is seen that 0 alignment improves the composite’s damping ability when
interfacial slip is a major contributor to energy dissipation (above 100 MPa in this
example). The loss factor of the composite with aligned nanoropes can be about twice
the value of the composite with randomly oriented nanoropes at certain high stress
magnitudes.

Figure 2-16: Loss factor of composites with 0° aligned and in-plane randomly
oriented nanoropes under fully-reversed tension-compression loading
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2.8

Conclusions
To predict the effective loss factor of composites with dilute SWNT ropes, a

micromechanical damping model is developed and analyzed. The composite is modeled
as a three-phase system composed of a resin, a sheath, and CNT ropes. The concept of
stick-slip motion is proposed to describe the load transfer behavior between the
nanotubes and between the nanotube ropes and the sheath. Cyclic loading is applied to
the composite unit cell and the loss factor is calculated through cycles of harmonic
loading. The overall structural damping is the combination of the stick-slip motion and
the contribution of viscoelastic material.

The observations of this investigation are

summarized as follows:
(a)

With the stick-slip motion at the inter-tube interface and CNT-resin interface,
adding carbon nanotube or nanorope fillers could increase the damping ability (loss
factor) of the material.

(b)

Due to the interfacial friction between the CNTs and the resin as well between the
CNTs in a rope, the loss factor for the composites with nanoropes is sensitive to the
applied stress under both tension-tension and tension-compression cyclic loading.
In the plot of loss factor contribution with respect to the applied stress magnitude,
the damping contribution from energy dissipated by interfacial friction shows two
peaks. The upward slope of the first peak is due to the development and completion
of the inter-tube debonding as the applied stress increases.

The first peak is

achieved after the entire inter-tube interfacial area is able to slip during the cyclic
motion. Similar to the second peak which due to the SWNT/sheath debonding.
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(c)

The volume fraction and the aspect ratio of the nanotubes play an important role in
affecting the damping properties of CNT-based composites. Compared to the neat
resin, the composites with large volume fraction of long nanotube ropes show a
lower loss factor in the absence of stick-slip motion but higher loss factor if
interfacial slip develops between the nanotubes and the resin.

(d)

With a large enough applied stress to cause the entire interfacial area to slip during
the cyclic motion, alignment of carbon nanotubes can improve the damping
properties for composite with dilute nanoropes.

Chapter 3
MULTISCALE DAMPING MODEL FOR CNT-BASED COMPOSITES
While the damping model of CNT-based composites presented in Chapter 2
showed great potential, it is recognized that more research efforts are needed to further
advance the state of the art and enhance the effectiveness, completeness, and accuracy of
these models. The analysis results indicated that the interfacial shear strength between
CNTs and between CNT and the surrounding materials has significant effects on
damping properties of CNT-based composites. However, in these previous investigations,
the values of the interfacial shear strength were chosen arbitrarily based on results
reported in other publications. In other words, the models are not comprehensive enough
to be used to explore and design new composite material systems. To resolve this
shortcoming, a multiscale approach that can characterize the CNT interfacial strength at
the molecular/atomic level, the stick-slip phenomena at the microscopic level and the
material damping feature for macroscopic applications is needed.

3.1

Multiscale Approach
In this chapter, a sequential multiscale damping model is proposed. The approach

consists of two parts. First of all, the interfacial shear strength is calculated by simulating
a CNT pull-out test using the molecular dynamics method. Interfacial shear strengths
between nanotube and polymer resin and between adjacent nanotubes in a nanorope are
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investigated. Interfacial shear strength values obtained from atomic simulation are then
applied to a micromechanical damping model of a representative unit cell of a
CNT/polymer composite. The micromechanical damping model has been presented in
detail in Chapter 2. The basic mechanism is briefly reviewed as following. In the model,
the CNT-based composite unit cell is modeled as a three-phase system composed of a
resin, a resin sheath acting as a shear transfer zone, and SWNT ropes. The resin is
described as a viscoelastic material using a three-element standard solid model. The
sheath is a thin layer of the resin around the nanotubes which transfers the loading from
the resin to the nanotubes. For simulation convenience, the sheath is assumed to share
the same material properties as the resin and carry all the shear stress between the
nanotubes and the resin. The concept of stick-slip motion caused by interfacial friction is
applied to characterize the interface between the nanoropes and resin as well as between
nanotubes. This chapter will focus on the first part of the multiscale model: molecular
dynamics simulation on calculating the interfacial shear strengths. With the calculated
shear strength values, analytical results from this multiscale model are presented.

3.2

Background of Molecular Dynamics Simulation
Molecular dynamics simulation is a technique for computing the equilibrium and

transport properties of a classical multi-body system. In this context, the word classical
means that the nuclear motion of the constituent particles obeys the laws of classical
mechanics.

First, we prepare a sample: we select a model system consisting of N

particles and solve Newton’s equation of motion for this system until the potential energy
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of the system no longer changes with time. This process is called equilibration. The
actual measurements are performed after the equilibration. The observable quantities
such as temperature and pressure are expressed as functions of the positions and
momenta of the particles in the system.
In the molecular dynamics method, the system is described using potential
functions. The force acting on each particle is obtained by taking the derivative of the
potential function. Many potential functions have been developed for different atomic
systems. Most of them are constructed based on the concept that there are bond stretches,
angle bends, torsional angles and maybe a few more terms for intramolecular interactions.
The long-range intermolecular interactions consist of Lennard-Jones terms and ionic
terms. For hydrocarbon systems, Tersoff-Brenner potential [Tersoff, 1986; Brenner 1990]
is the most accurate and widely used potential function. However, it has only been
developed for systems with carbon and hydrogen atoms only. For complicated polymeric
systems, some empirical potential functions such as OPLS [Jorgensen, Maxwell, and
Tirado-Rives, 1996], AMBER95 [Cornell et al., 1995], and COMPASS [Sun, 1998] are
generally used. For the system in our study, the carbon nanotubes are described with
Tersoff-Brenner potential while the epoxy resin is characterized with OPLS potential.
All the MD simulations are performed on the platform of DL_POLY software developed
at the Daresbury Laboratory, United Kingdom.
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3.2.1

Tersoff-Brenner Potential
Tersoff-Brenner potential [Tersoff, 1986; Brenner 1990] is an analytical multi-

body bond-order potential energy function derived from fundamental quantum bonding
theory. The binding energy in the Tersoff-Brenner formalism is written as a sum over
atomic sites i ,

Eb =

1
∑ Ei
2 i

3.1

where each contribution Ei is written as
Ei =

In Eq.

∑ V

j ( ≠i )

R

(rij ) − BijVA (rij ) 

3.2

3.2, the summation is over nearest neighbors j of atom i , VR (r ) and VA (r ) are

pair additive repulsive and attractive interactions, respectively, and Bij represents a multibody coupling between the bond from atom i to atom j and the local environment of
atom i . For Brenner potential, the repulsive and attractive pair terms are given by
VR (rij ) = f ij (rij ) Dij( e ) ( Sij − 1) ⋅ exp(− 2 Sij βij (rij − Rij( e ) ))

3.3

VA (rij ) = f ij (rij ) Dij( e ) Sij ( Sij − 1) ⋅ exp(− 2 Sij βij (rij − Rij( e ) ))

3.4

The function, which restricts the pair potential to nearest neighbors, is given by


(1)
 1, r < Rij


 π (r − Rij(1) )  

f ij (r ) = 1 2 ⋅ 1 + cos  (2)
(1)  


 ( Rij − Rij )  

 0, r > Rij(2)


Rij(1) < r < Rij(2)

3.5
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The empirical bond-order function Bij in Eq.

3.2 is given by the average of

terms associated with each atom in a bond plus a correction for an inherent overbinding
of radicals:

Bij = ( Bij + B ji ) 2 + Fij ( Ni( t ) , N (jt ) , Nijconj )

3.6

where
Bij = [1 + H ij ( N i( H ) , N i( C ) ) +

∑

k ( ≠i , j )

(

)

3.7

Gi (θijk ) f ik (rik ) exp α ijk (rij − Rij( e ) ) − (rik − Rik( e ) )  ]−δi

The second term of Eq.

3.6 is only used for carbon-carbon bonds for additional

correction. The functions H ij and Fij are two- or three-dimensional cubic splines to
interpolate between values at discrete numbers of neighbors [Brenner, 1990].

The

quantities N i( C ) and N i( H ) are the number of carbon and hydrogen atoms bonded to
atom i , respectively, N i(t ) is the total number of neighbors of atom i ,
N i( H ) =
N i(C ) =

∑

j ( = hydrogen )

∑

j ( = carbon )

f ij (rij )

3.8

f ij (rij )

3.9

N i(t ) = N i(C ) + N i( H )

3.10

N ijconj depends on whether a bond between carbon atoms i and j is part of a conjugated

system:

Nijconj = 1 +

∑
carbons k ( ≠ i , j )

fik (rik ) F ( xik ) +

∑
carbons l ( ≠ i , j )

f jl (rjl ) F ( x jl )

3.11
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where

 1, x ≤ 2

F ( x) = {1 + cos[π ( x − 2)]} 2,

 0, x ≥ 3


2< x<3

3.12

and
xik = N ktot − f ik (rik )

3.13

This function yields a continuous value of N conj as bonds break and form and as secondneighbor coordination change. G (θijk ) is a function of the angle between bonds i − j and
i−k :

GC (θ ) = a0 {1 + c02 d 02 − c02 [d 02 + (1 + cos θ ) 2 ]}

3.14

The parameters of Tersoff potential for silicon, carbon, and germanium were
determined by fitting the pair terms with the properties of diatomic and solid structures.
While Brenner potential can model intramolecular chemical bonding in a wide range of
hydrocarbon molecules as well as diamond and graphite lattice. Unlike other potentials
with fixed covalent bonds, Tersoff-Brenner potential allows the bond break and form
during simulation. This makes it a perfect tool to investigate the interaction between
functionalized nanotube and polymer chains, which will be investigated in Chapter 4.
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3.2.2

OPLS-UA and OPLS-AA Potential
OPLS (optimized potentials for liquid simulations) potential functions were first

developed for liquid hydrocarbons [Jorgensen, Madura, and Swenson, 1984]. They were
later applied to condensed phase studies of organic molecules that are not highly strained
or have very short unbonded distances involving hydrogen.

OPLS-UA potential

functions use a united atom approximation, that is, hydrogens on carbon are implicit
while those on heteroatoms or carbons in aromatic rings are explicitly retained. In order
to gain more flexibility for charge distributions and torsional energetics, Jorgensen’s
group [1996] further developed OPLS All-atom (OPLS-AA) force field with explicit
hydrogen atoms.
The potential energy for OPLS-UA and OPLS-AA force field includes two parts:
intermolecular potential and intramolecular potential. The interaction energy between
two monomers i and j is determined by Coulomb and Lennard-Jones interactions
between all intermolecular pairs in the system,
on a on b

Eij = ∑ ∑ (qi q j e 2 rij + Aij rij12 − Cij rij6 )
i

3.15

j

where Aij = ( Ai Aj )1 2 and Cij = (Ci C j )1 2 .

The A and C parameters may also be

expressed in terms of Lennard-Jones parameters γ ’s and λ ’s as shown in Eq.
 λ 12  λ 6 
E (r ) = 4γ   −   
 r  
 r 

3.16

3.16
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where γ is the depth of the potential well, λ is the distance at which this pair-term
potential is zero, and r is the distance between two particles. The relationship between
the A and C parameters and the ε ’s and σ ’s is Ai = 4γ i λi12 and Ci = 4γ i λi6 . The
intramolecular potential includes bond stretching, bond bending (valence angle term), and
bond torsion (dihedral term):

Ebond =

∑ 1 2 ⋅ k (r − r )
r

2

0

3.17

bonds

Eangle =

∑

1 ⋅ k (θ − θ ) 2
0
2 θ
angles

Etorsion = ∑ [V0i + 1 V1i (1 + cos φi ) + 1 V2i (1 − cos 2φi ) + 1 V3i (1 + cos 3φi )]
2
2
2
i

3.18

3.19

where r0 and θ 0 are bond length and bond angle at equilibration, respectively. Therefore,
the total energy is given by

Etotal = Ebond + Eangle + Etorsion + Enonbond

3.20

Enonbond = ∑∑ Eij

3.21

i

3.2.3

j ≠i

Two Methods to Calculate Interfacial Shear Strength
As discussed in the literature review, there are two methods to calculate the

interfacial shear strength using molecular dynamics simulation. One is based on energy
conservation and first used by Liao and Li [2001]. For simplicity, we call it energy
method in the following discussion. The total work done, W , in pulling out the carbon
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nanotube from the polymer matrix can be related to the interfacial shear stress, τ crit , by
the relation

W =∫

z=L

z =0

2π r ( L − z )τ crit dz , or W = π rτ crit L2

3.22

where r and L are the outer radius and length of the carbon nanotube, respectively, and
z is the coordinate along the longitudinal tube axis. Using this method, Liao and Li

[2001] estimated the interfacial shear stress between the CNT and polystyrene at about
160 MPa. Gou et al. [2005] also used this method to calculate the interfacial shear
strength between nanotubes in a rope as 88 MPa. Their simulation also indicated that the
interfacial shear strength between nanotubes in a rope is larger than that between the
nanotube and the epoxy resin (61 MPa).
The other method is derived from the balance of momentum, which is noted as
momentum method in the following discussion. It had been applied to SWNT ropes
[Frankland et al., 2003b], polymer composites with nonbonded SWNTs [Frankland et al.,
2003a] and covalently bonded SWNTs [Frankland et al., 2002]. Consider a nanorope
with seven hexagonally-packed mutually identical SWNTs, as shown in Figure 2.2. The
balance of momentum for each atom, denoted by the subscript i , in the inner nanotube is
given by





( Fi B + Fi NB + Fi ext )dt = mi dvi

3.23



where Fi B is the bonded interactions within the inner nanotube, Fi NB the non-bonded


force from the six outer nanotubes, Fi ext the external applied force on atom i , t the time,
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mi the atomic mass and vi the velocity. The top arrow represents vector quantities. A
summation of Eq. 3.23 over all n atoms in the inner nanotube yields
n
 B  NB  ext

(
F
+
F
+
F
)
dt
=
∑ i i
∑ mi dvi
i
n

i =1

3.24

i =1

However, according to the Newton’s third Law, the force on atom i from atom j is
equal and opposite to the force on atom j from atom i . That is,
n

B

∑F
i =1

Therefore, Eq.

i

=0

3.25

3.24 reduces to



( F NB + F ext )dt = nmdV

3.26

where
n 
n 
n




F NB = ∑ Fi NB , F ext = ∑ Fi ext , dV = 1 n ∑ dvi
i =1

i =1

3.27

i =1



and m is the mass of carbon atom, V the average velocity of the inner nanotube, F NB

the net force on the inner tube from the six outer tubes, and F ext the net external applied
force on the inner.
Only considering the nanotube direction ( z -direction) of Eq. 3.27 and
integrating it from time t1 to t yields
t

∫ (F
t1

NB
z

+ Fzext )dt = nm[Vz (t ) − Vz (t1 )]

3.28
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where FzNB , Vz , and Fzext are the z-components of the quantities given by Eq. 3.27.
Therefore, Eq.

3.28 is simply the momentum balance in the z-direction for the inner

nanotube as a whole.
In the molecular dynamics method, the external force is applied to each atom of
the inner tube, and the average velocity of the inner tube is monitored. The applied force
is steadily increased until the average velocity of the inner tube starts to increase from
zero mean value. Based on the momentum model developed above, the force is balanced
by the interfacial friction between inner and outer tubes. Therefore, the interfacial shear
strength can be obtained by dividing this threshold force with the surface area.
Using this method, Frankland et al. [2003a, 2003b] estimated the interfacial shear
strength between nanotube ropes (0.26-0.34 MPa) and that between nanotube and
crystalline polymer (about 4 MPa). The influence of a cross-link between nanotube and
polymer were also investigated [Frankland et al., 2002].

3.3

System Setup and Equilibration
As stated in Section 3.2.1, to perform a molecular dynamics simulation, an

equilibrated and reasonable system configuration is required prior to the actual
measurement. This section presents the initial system setup and equilibration procedure
to prepare the pull-out test.

75
3.3.1

MD System for Nanotube Rope
In this study, the nanotube rope is represented as a system of seven hexagonally

packed (10, 10) SWNTs. Two types of the nanotubes in a rope are considered in this
study, one is the capped nanotubes with finite length; the other is uncapped nanotubes
with infinite length. The second case is represented by a periodically replicated unit cell
in length direction. The initial configuration of the SWNT ropes cross-section is shown
in Figure 3-1.

In Figure 3-1, r is the radius of the inner tube, d is the closest

distance between the inner and outer tubes, and R is the center-to-center distance
between the inner and outer tubes.
r = 6.78 Å, θ = π 3 , and d = 3.2 Å.

The geometric parameters are given as

The initial configuration is equilibrated with

Berendsen thermostat with a relaxation time of 2 ps at 300 K for 5 ps using a 2 fs
integration time step. (Berendsen thermostat is an algorithm to rescale the velocities of
particles in MD simulations to control the simulation temperature. The temperature of the
system T is rescaled such that its deviation exponentially decays with some time
constant τ ,

dT T0 − T
.) The equilibration of the system is then continued at 300K at a
=
dt
τ

1fs time step for 30 ps by controlling the temperature with velocity rescaling. All the
atoms in the outer six nanotubes are then fixed in place and the equilibrated configuration
is the starting point of the MD simulation to be described.
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(a)

(b)

Figure 3-1: (a) Cross-section of initial configuration for seven hexagonal packed (10,
10) SWNTs in a bundle. (b) Equilibrated configuration for seven capped (10,10) SWNTs

3.3.2

MD System for Polymeric Composite with Nanotube
The simulation of load transfer between nanotube and epoxy resin is more

complicated due to the slow equilibration of initial configuration. The epoxy resin used
in this study is EPON 862 and DETDA curing agent with weight ratio of 100:26.4.
When fabricating SWNT reinforced epoxy composite, EPON 862 and DETDA curing
agent are mixed and cured for 1 hour at 121 °C, followed by post curing at 177 °C for
additional two and half hours to transform the liquid resin to the solid state. Molecular
dynamics simulations are performed based on the cured epoxy resin. The chemical
expression of EPON 862 and DETDA curing agent is shown in Figure 3-2. During the
curing reaction the hydrogen atoms in the amine ( − NH 2 ) group of a curing agent
molecule reacted with the epoxide groups of epoxy resin. Since there are two hydrogens
in one amine group, each N − H bond can react with one epoxide group so that at most
two EPON 862 chains can be attached to one amine group. Figure 3-2 shows how two
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EPON 862 molecules are connected through one curing agent. The resulting molecule
could further react with two curing agent molecules at the two epoxide groups and two
epoxy resin molecules at the amine site = NH 2 .

Figure 3-2: Reaction of epoxide groups with a curing agent molecule
As the reaction continues, the epoxy resin and curing agent molecules generate
more cross-links. The cross-link expands in all directions and forms a network of
macromolecules, as shown in Figure 3-3. Due to the limitation of the potential function
and the software, the crosslink of cured epoxy resin is manually assigned, which is the
common operation to form polymer networks in Materials Studio, a widely used
commercial software for polymer structure. In order to match the weight ratio used in
experiments, 13 EPON 862 chains and 6 DETDA curing agent molecules are mixed in a
system.

Different crosslink configurations are built and Figure 3-4 shows the

morphological configuration with minimum potential energy.
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Figure 3-3: A schematic of three dimensional network structure of the solid epoxy.

Figure 3-4: Molecular modeling of the cured epoxy resin under minimum energy.
Grey dot represents carbon, red is oxygen, blue is nitrogen, small circle without filling is
hydrogen (hydrogens on carbon are implicit).
In the molecular dynamics simulations of bonding interactions between the
nanotube and epoxy resin, the composite is composed of a fragment of (10, 10) SWNT
totally embedded inside the amorphous polymer matrix of cured epoxy resin. The (10, 10)
SWNT has a diameter of 13.56 Å. A model of the composite containing 3208 united
atoms for crosslinked epoxy and 800 CNT atoms is shown in Figure 3-5.

The
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configuration is initiated by fixing SWNT in the center of a box of 15 ×15 × 5 nm and
randomly assigning the epoxy resin in the free space of the box (Figure

3-5 (a)). The

system is slowly shrunk at 300K with a time step of 0.5fs using Berendsen thermostat for
a constant-NPT simulation (fixed number of atoms N, fixed pressure P, and fixed
temperature T). Due to the existence of the infinite SWNT in the length direction, the
box is only resized in the x-y direction until the density of the resin is equal to 1.2 g cm3 .
The system is further equilibrated for 50 ps at a time step of 1fs without fixing the
position of the nanotube to create a zero initial stress state. The equilibrated system has a
size of 4.3 × 4.3 × 5 nm as shown in Figure

3-5 (b). The energy of the SWNT/epoxy

resin composite system is minimized during the calculations to achieve strongest bonding
between the SWNT and epoxy resin.
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Figure 3-5:
Molecular model of SWNT/resin composite system: (a) initial
configuration ( 15 ×15 × 5 nm), (b) top view of equilibrated system ( 4.3 × 4.3 × 5.0 nm).
Grey dot is carbon, red is oxygen, blue is nitrogen, small circle without filling is
hydrogen (hydrogens on carbon are implicit)
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3.4

Computational Methods
The energy method was first tried in this study. Seven uncapped hexagonal-

packed nanotubes with tube length 50 Å were simulated in the DL_POLY software.
With the Tersoff potential for CNT, the interfacial shear strength among nanotube rope
was obtained as 95 MPa, which is close to Gou’s value (88 MPa). However, it was found
that the shear strength calculated with this method is length-dependent. Assuming two
nanoropes with different tube lengths, L and 2L , the surface areas of the interface
between the inner and outer nanotubes are A(= π r 2 L) and 2A , respectively.
Eq.

From

3.22, the work done by pulling the inner nanotube out of the rope should be

W (= π rτ crit L2 ) and 2W for the two cases. Therefore, the interfacial shear strength for
these two systems will be τ crit and τ crit 2 . This simple analysis indicates that the longer
carbon nanotube shows lower interfacial shear strength. However, according to the
scaling law [Drexler, 1992], the critical interfacial shear stress is length-independent.
Therefore, the energy method is not appropriate to determine interfacial load transfer.
Instead, momentum method is applied to this simulation.
As presented in the previous section, the momentum method needs to monitor the
average velocity of the inner tube as the external force increases. All the atoms in the
outer six nanotubes or epoxy resin are fixed, while external force is uniformly applied to
each atom of the inner nanotube. The interfacial friction force is equal to the external
force which initiates the sliding of inner nanotube. After the nanotube starts sliding, the
average velocity of the inner tube increases with a nonzero mean acceleration.
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3.5

Results and Discussions
In this section, the molecular dynamics simulation results on interfacial shear

strength are first presented and analyzed. Based on the multiscale model, the shear
strength values are hence substituted into the micromechanical damping model for the
characterization of polymeric damping material.

3.5.1

MD Results for Pull-out Tests
First of all, the pull-through test for infinite nanotubes is conducted. Figure

3-6

shows the average velocity and external applied force of inner nanotube in z-direction as
a function of simulation time. The length of nanorope unit cell is 43 Å. When the
external force is small, the inner carbon nanotube displays thermal vibration but no net
motion. This phenomenon continues until the applied force increases to some certain
value, in this case, 0.614~0.638 nN. Beyond this point, the average velocity of the inner
nanotube increases. Therefore, the threshold force for initiating the pullout process of
inner tube is 0.614~0.638 nN. The interfacial shear strength is the ratio of the threshold
force to the total interfacial surface area, that is, τ = f 2π (r + d 2) L . For the case

studied here, the interfacial shear strength between nanotubes in a rope is
27.0 ∼ 28.1 MPa.
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(a)

(b)
Figure 3-6: Simulated pull-through of the inner uncapped CNT from a rope (Length
of 43 Å). (a) average velocity of inner CNT, (b) external force applied to CNT as a
function of time
Since the nanotubes are periodically repeated in the length direction, the
interfacial shear strength calculated from different length of unit cell should be identical.
Figure 3-7 shows the relationship between nanotube length and interfacial shear
strength. As predicted, the shear strength does not change with respect to the tube length.
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Figure 3-7: Effect of nanotube length on the interfacial shear strength between
nanotubes in a rope
The MD results for pulling a capped nanotube out from a rope with finite length
are presented in Figure

3-8. The three subplots are the external applied force, average

velocity and average displacement of inner nanotube in z-direction as a function of
simulation time. The length of the SWNTs is 53.3 Å including caps at both ends. When
the external force is small, the inner CNT displays thermal vibration but no net motion.
This phenomenon continues until the applied force increases to 0.80 nN, after which the
inner tube starts to oscillate around a slightly displaced position. This force is the lower
bound of the external force needed to initiate slip. Dividing the threshold force through
by the total interfacial surface area results in 28.3 MPa.
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Figure 3-8: Simulated pullout of the caped nanotube from a rope: (a) external force
(b) average velocities and (c) average displacements of the inner and outer nanotubes
However, additional phenomenon exists in the pull-out case compared to the pullthrough case with infinite tube length represented by periodic boundary condition. When
the external force is larger than the threshold force, the inner nanotube is not completely
pulled out from the rope immediately. In reality, the inner nanotube oscillates around a
slightly balanced position. The average velocity of the inner CNT increases to nonzero
mean value when the applied force is about 1.40 nN. This force to completely pull-out
the inner nanotube is higher than the threshold force to initiate sliding. This phenomenon
is due to the edge effect for the nanotube ropes with finite length. Once the inner tube
starts to slide, the relative displacement between the inner CNT and the outer CNTs
changes and new surfaces are created at both ends. The edge effect from the new surface
is not related to the total length of the tube. It is governed by the cut-off distance of the
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van der Waals force. In general, the van der Waals force can be negligible when the
distance between two atoms exceeds three times the distance of minimum potential
energy [Allen and Tildesley, 1987]. For carbon-carbon interactions, the cut-off distance
is rcut = 10.05 Å. In order to completely pull out the nanotube in the test, the external
force has to overcome not only the van der Waals force in the middle length of the CNT
but also the edge effect from the created new surface. The force from the edge effect
does not change with the total length of the nanotube while the force from the middle
length of the CNT is proportional to the entire surface area. Therefore, for a long
nanotube, the ratio of the force from the edge effect to the total force is smaller than the
ratio in a short nanotube. When the nanotube is sufficiently long, the force to completely
pull out the inner nanotube will approach the force to initiate sliding, which is similar to
the pull-through case with infinite tube length.
Figure 3-9 shows the results of pulling an uncapped SWNT through the epoxy resin
in a unit cell of 50.68 Å in length. The average velocity and external force on CNT in the
z-direction are plotted as a function of simulation time. From the velocity profile, the
threshold force to initiate the sliding of CNT from the resin matrix is 0.31~0.33 nN.
Dividing the threshold force through by the interfacial surface area results in

τ tc− s = 11.6 ~ 12.3 MPa. The interfacial shear strength between the nanotube and the resin
is not dependent on the nanotube length, as shown in Figure 3-10.
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(a)

(b)
Figure 3-9: Simulated pull-through of an uncapped CNT (Length=50.68 Å) from
epoxy resin. (a): average velocity of the nanotube; (b): external force applied to the
nanotube as a function of time.

Figure 3-10: Effect of nanotube length on the critical shear stress between the
nanotube and the epoxy resin.
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Similarly, the results of pulling a capped nanotube out the epoxy resin in a unit
cell of 53.3 Å are shown in Figure 3-11. Figure

3-11 plots the external applied force,

average velocity, and average displacement of the CNT in tube length direction as a
function of simulation time during tube-resin pullout test. The CNT displays thermal
vibration but no net motion when the external force is small. Once the applied force
increases to a lower bound of 0.54 nN, the CNT starts to oscillate around a slightly
displaced position. The nanotube is completely pulled out when the applied force is
about 1.06 nN. Dividing the threshold initiation force by the total interfacial surface area
results in a shear strength of 18.8 MPa. The interfacial shear strength obtained from pullout test is slightly larger than that from pull-through test. A possible reason is that, due to
the small radius of the caps at the end of the nanotube in the pullout test, the inner radius
of the epoxy at the end of the CNT might be slightly smaller than that in the middle of the
CNT. Therefore, extra force is needed to pull out the nanotube through this neck. This
result shows a good match with the interfacial shear strength obtained from pulling
MWNTs from epoxy polymer with an AFM cantilever, 30 ± 7 MPa [Barber et al., 2005].
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Figure 3-11: Simulated pullout of the capped nanotube from epoxy resin: (a) external
force (b) average velocities and (c) average displacements of the nanotube and the epoxy
resin

In summary, both pull-through and pull-out tests have been conducted with
molecular dynamics simulation. The interfacial shear strengths from two tests show a
good match for nanotubes with the aspect ratio larger than 10. For the studied epoxy
resin, the interfacial inter-tube shear strength is larger than the tube-resin shear strength.
Recall that the inter-tube shear stress is smaller than the shear stress between the outer
annulus and the sheath from the analysis in Chapter 2. The outer CNTs will slip from the
epoxy resin before the debonding between SWNTs in a rope ever starts.
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3.5.2

Damping Characteristics of CNT-based Composites using Multiscale Model
Based on the molecular dynamics simulation of pull-out and pull-through tests,

the inter-tube sliding will not occur due to the relatively small SWNT/sheath shear
strength but large SWNT/sheath interfacial shear stress in this study. The calculated
SWNT/sheath shear strength from the MD simulation, 12 MPa, is used for all the case
studies. The derived mulstiscale damping model can be used to analyze the loss factor
for composites containing aligned or randomly oriented dilute MWNTs or SWNT ropes.
All the material properties used in this simulation are listed in Table 3-1. From finite
element analysis (Appendix B), the outer radius of the sheath is about four times of the
nanorope radius hence the volume fraction of the sheath is 15 times of the volume
fraction of the nanorope. All the case studies are conducted under uniaxial fully-reversed
tension-compression cyclic loading, σ = σ 0 sin(2π t ) , unless otherwise specified.
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Table 3-1: Material properties used in the multiscale model
Unit Cell
Resin
(Three-element standard
solid model)

Sheath
(10,10) SWNT

Length, La

1.5 µm

Young’s modulus, E1

3.3 GPa*

Young’s modulus, E2

3.3 GPa*

Viscosity, η2
Bulk modulus, K
Inner radius, Rrp

50 GPa ⋅ s*

Outer radius, Rsh

10.2 nm

Equivalent Young’s modulus, Eeq

641.1 GPa

Equivalent shear modulus, Geq

38.6 GPa

3.67 GPa
2.544 nm

0.848 nm
Radius, Rnt
*
The three parameters for the three-element standard solid model are chosen to match the
experimental data [Zhou et al., 2004a] of Young’s modulus and loss factor for neat resin,
3.3 GPa and 0.015, respectively

The effective loss factor of composites with θ = 0 aligned nanoropes is presented
in Figure

3-12. The aspect ratio of the nanotube is 250 and the volume fraction of the

nanorope is 0.5%. Four lines are plotted with respect to the magnitude of the applied
stress in a cycle, σ 0 . These lines include the total loss factor, loss factor from the
interfacial friction, loss factor from the resin, and loss factor from the sheath as defined in
Eq. 2.44
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(a)

(b)

Figure 3-12: Loss factor (a) and the rate of change of the loss factor per unit stress
increment (b) for epoxy resin with q = 0° aligned nanoropes. The loss factor from the
viscoelastic sheath cannot be seen on this scale as it is very small—of the order 10-5)
As shown in Figure 3-12 (a), the total effective loss factor and the loss factor
from the stick-slip motion are sensitive to the magnitude of the applied stress, while the
loss factor of the viscoelastic resin shows only a slight increase with stress. When the
applied stress is small, the nanotubes in a rope are perfectly bonded to the resin, resulting
in a zero loss factor from stick-slip motion in Stage I. At certain magnitude of the
applied stress, 6 MPa in this case, the debonding at the SWNT/sheath interface occurs in
a cycle. As the magnitude of applied stress increases, more and more portions of the
SWNTs are debonded from the sheath at the maximum applied stress in a cycle, leading
to the increase of total loss factor. Before the fully developed debonding ever exists in a
cycle, both the total loss factor and the rate of change of loss factor with respect to the
magnitude of applied stress keep increasing. Once the applied stress magnitude is larger
than certain value, roughly 25 MPa in this case, the cyclic motion first causes partial
debonding then fully developed debonding in each cycle. At this stress level, the rate of
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change of the loss factor reaches its peak in Figure
inflection point in Figure

3-12 (b), which is seen as the

3-12 (a). Further increasing the magnitude of applied stress in

a cycle, the loss factor increases till its peak at 48 MPa. Compared to the loss factor from
viscoelastic resin and sheath, the loss factor from stick-slip motion dominates when the
applied load is large enough to cause the entire interfacial area to slip during the cyclic
motion.
The damping behavior of a composite with randomly oriented nanoropes under
fully-reversed tension-compression loading is shown in Figure

3-13. It is seen that

0 alignment improves the composite’s damping ability when the interfacial slip is a
major contributor to energy dissipation (above ~13 MPa in this example). The loss factor
of the composite with aligned nanoropes can be about twice the value of the composite
with randomly oriented nanoropes at certain high stress magnitudes.

Figure 3-13: Loss factor of epoxy resin with 0° aligned and in-plane randomly
oriented nanoropes under fully-reversed tension-compression loading
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3.6

Conclusions
In conclusion, a multiscale damping model has been proposed to investigate the

damping characteristics of polymeric composites (epoxy resin mixed with EPON 862 and
DETDA curing agent) containing well dispersed, aligned or randomly oriented carbon
nanotube ropes. The molecular dynamics simulation of pull-out and pull-through test
indicates that the interfacial shear strength between the nanotube and the epoxy resin is
smaller than the interfacial shear strength between nanotubes in a rope. Recall that the
interfacial inter-tube shear stress is smaller than the SWNT/sheath shear stress. In the
consequent micromechanical damping model, only one stick-slip mechanism at the
SWNT/sheath interface contributes to the loss factor of the composite.
With the interfacial friction between the CNTs and the resin, the loss factor for
CNT-based composite is sensitive to the applied stress magnitude. In the plot of loss
factor contribution with respect to the applied stress magnitude, the damping contribution
from energy dissipated by interfacial friction shows one peak. The upward slope of the
peak is due to the development and completion of the SWNT/sheath debonding as the
applied stress increases. The peak is achieved after the entire SWNT/sheath interfacial
area is able to slip during the cyclic motion.
With a large enough applied stress to cause the entire interfacial area to slip
during the cyclic motion before the failure of the epoxy resin, alignment of the carbon
nanotubes can improve the damping properties for the studied epoxy resin with dilute
nanoropes.

Chapter 4
EFFECT OF CHEMICAL INTERACTIONS BETWEEN CNT AND POLYMER
ON DAMPING CHARACTERISTICS
The analysis results on the multiscale damping model in Chapter 3 indicated
several important factors on damping characteristics of polymeric composites with
carbon nanotube ropes. With the interfacial friction between the CNTs and the polymer
matrix, the composite with a large volume fraction of nanoropes has a high maximum
loss factor. The aspect ratio of the nanotubes plays an important role on both the
maximum value of loss factor and the applied stress magnitude where this maximum is
achieved. The interfacial shear strengths are significant to the onset and completion of
the interfacial friction in the composite. In other words, they determine the applied stress
magnitude where the maximum loss factor could be achieved.
In general, there is an operational stress/strain range for the design of damping
material. Based on the analysis in Chapter 2 & 3, in order to obtain optimal damping
characteristics in a given stress range, two parameters can be controlled: one is the aspect
ratio of the nanotube; the other is the interfacial shear strengths. This chapter will focus
on the mechanisms that affect the interfacial shear strength as well as the damping
characteristics for a chosen polymeric matrix.
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4.1

Background of Chemical Interactions between CNTs and Polymers
The chemical interaction between nanotubes and polymer matrix includes

covalent bond or chemical crosslink, electrostatic force, and van der Waals force. The
van der Waals force has been discussed and evaluated in Chapter 3.

The other two

chemical interactions on the interfacial shear strengths are studied in the following
sections.

4.1.1

Electrostatic Force between CNTs and Polymer
Electrostatic force is a long-range strong interaction, which plays an important

role for the system with non-neutral charge distribution. For the surface interaction
problem, different charges on two sides of the interface are associated with a large
interfacial interaction as well.
A preliminary study of electrostatic force effect on interfacial shear strength is
conducted within the same atomic system used in Chapter 3. The system contains a unit
cell of epoxy resin with an embedded uncapped SWNT. The size of the unit cell is
4.3 × 4.3 × 5.0 nm. From experimental measurements [Martin et al., 2005], the nanotubes

are negatively charged when an electric field is applied to help the nanotube dispersion
during the curing process. Therefore, in MD simulation, some partial negative charge is
assigned to each carbon atom in the nanotube. In general, the partial charges on the
epoxy matrix are mainly concentrated on the nitrogen and oxygen atoms [Foresman and
Frisch, 1996]. Therefore, some positive charge is attached to the nitrogen and oxygen
atoms of the epoxy matrix to maintain neutral charge for the entire system. Following the
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same equilibration procedure, the composite unit cell is built up for MD simulation. Due
to the strong electrostatic force, the epoxy with positive charges moves close to the
negative charged nanotube and forms a double layer. In particular, the positively charged
nitrogen atoms tend to touch the negatively charged carbon atoms in the nanotube.
Three sets of net charges are applied to the system: Case I is one unit of proton
charge on each charged atom; Case II and Case III are half unit and a quarter unit of
proton charge on each charged atom, respectively. Using the same modeling method as
in Chapter 3, the interfacial shear strength is calculated and compared with a composite
system without charge, as listed in Table 4-1. All charged systems show larger shear
strength compared to the uncharged system. The system with higher unit charge presents
larger shear strength. The interfacial shear strength increases exponentially with net
charge. This study suggests that the electrostatic force plays a significant role in load
transfer between nanotube and matrix if the atoms in the CNT and the matrix have
different charges.
Table 4-1: Comparison of interfacial shear strength with the effect of electrostatic force

System
Shear strength (MPa)

Case I (1.0 Case II (0.5
unit charge)
unit charge)
500 ± 40
180 ± 20

Case III (0.25
unit charge)
45 ± 12

Case IV
(no charge)
10 ± 2

While the preliminary study is promising, it is still not convincing because of the
random assignment of the charge. In order to obtain more realistic charge distribution in
the system, a simulation based on quantum mechanics is needed.

However,

computational limitation is a big issue once quantum mechanics is involved.

For
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instance, Gaussian 03 is a widely used software for electronic structure programs. It
predicts the energies, molecular structures, and potential energy surface along with
numerous molecular properties derived from these basic computations.

Within the

computational capability in The Pennsylvania State University, the largest system can be
studied with Gaussian 03 is less than 50 atoms. In this study, at least 40 carbon atoms are
needed to represent SWNT. The atom number of the epoxy resin is already 74 with only
one EPON 862 molecule and one DETDA Curing W agent. This system is far beyond
the available computational capability at this time.
Another important issue is whether the charge on the nanotube can be stored
inside after the curing process. In order to answer this question, a brief review of the
electronic properties of the CNTs is presented here. The CNTs can be envisioned as
cylinders composed of rolled-up graphite sheets. A customary notation for a SWNT is to
describe the roll-up vector in terms of the two primitive lattice vectors denoted by (n, m) .
General carbon nanotubes includes zigzag ( (0, m) or (n, 0) ), armchair ( (n, n) ), and chiral
nanotubes ( (n, m) when n ≠ m ).

Many researchers have intensively studied the

electronic properties of the SWNTs. The general rules for the metallicity of the SWNTs
are as follows: (n, n) armchair nanotubes are metals; (n, m) nanotubes with n − m = 3 j ,
where j is a nonzero integer, are very tiny-gap semiconductors, and all others are largegap semiconductors[Saito, et al., 1992; Mintmire et al., 1992; Blasé et al., 1994].
Therefore, the (10, 10) SWNTs studied in this research are metallic and the charge will
not be stored in the nanotubes once the external electric field is removed. The study of
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the electrostatic force between the SWNTs and the polymer matrix is not physically
meaningful under such circumstance.
However, a recent experiment demonstrated that a net charge can be stored in
MWNT shells by intercalation metallic and semiconducting shells [Zdrojek et al., 2008].
In their experiment, the MWNTs are deposited on a thick SiO 2 layer. An atomic force
microscope (AFM) tip with voltage is used for charge injection. For MWNTs with allmetallic shells, the charge would be trapped in the oxide.

Nevertheless, with

semiconducting shells acting as barriers between metallic shells, charge retention in
MWNTs can be observed. This finding indicates a promising opportunity to change the
interfacial shear strength between the MWNTs and the surrounded polymer matrix by
different injection of charge in the shells of MWNTs.
Based on these facts, further study on the electrostatic force effect on the
interfacial shear strength requires not only improvement in computational capacity but
also development of new manufacturing approaches. Therefore, the following sections of
this chapter will only focus on the effect of chemical crosslinks.

4.1.2

Chemical Crosslink between CNTs and Polymer
In reality, different approaches have been applied to covalently functionalize the

SWNTs, such as thermally activated chemistry, electrochemical modification, and
photochemical functionalization [Balasubramanian and Burghard, 2005]. The series of
most important addition reactions are listed in Figure 4-1.
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Figure 4-1: Overview of possible addition reactions for the functionalization of the
nanotube sidewall [Balasubramanian and Burghard, 2005]
Chemically functionalized nanotubes have been used as polymer-composite
reinforcement in a number of investigations. For example, Geng et al. [2002] reported a
145% tensile-modulus improvement with only 1 wt% fluorinated SWNTs in a
poly(ethylene oxide) matrix. By adding 1-4 wt% of functionalized SWNTs (COOH) into
epoxy resin, Zhu et al. [2004] obtained a 30-70% increase in ultimate strength and
modulus. A 78% enhancement of tensile modulus was achieved by the addition of only
0.8 wt% of functionalized nanotubes to semi-crystalline poly(vinyl alcohol)(PVA)
composite [Liu et al., 2004]. The group of Gojny [2003, 2005] reported evidence for
enhanced interaction between the CNTs and epoxy by pulling out the functionalized
MWNTs from epoxy resin. The outermost layer, which is directly bonded to the matrix,
remains in the matrix, while the inner-tube bridges the crack, indicating strong interaction
at the interface.
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In simulations, both molecular dynamics method [Frankland et al., 2002] and
micromechanical model [Odegard, Frankland, and Gates, 2005] have been carried out to
probe how covalent bond formation in a CNT affects the load transfer between the matrix
and the CNT as well as the mechanical properties of CNT. From a molecular dynamics
simulation of pull-through experiment, Frankland et al. [2002] characterized the change
of critical shear stress for CNTs crosslinked into a polyethylene matrix compared with
strictly non-bonded CNT-matrix interactions. Two critical shear stresses are reported: a
stress at which the CNT first starts to move with respect to the matrix and a larger stress
at which the polymer chains start to move with the pulled nanotube. They reported that
with less than 1% of carbon atoms in a SWNT crosslinked to matrices, the interfacial
critical shear stress increased by a factor of about 40.
However, instead of enhancement of the elastic properties of CNT/polyethylene
(PE) composite, a simulation study [Odegard, Frankland, and Gates, 2005] indicated that
this functionalization has degraded most of the macroscopic elastic stiffness components
of the CNT/PE composite. For example, the analysis results showed up to 11% decrease
of the longitudinal Young’s modulus of the composites with 1 vol% of aligned
functionalized SWNTs, compared to the composite without nanotube functionalization.
But, in contrast, the transverse Young’s moduli and the transverse shear moduli of the
aligned composites have shown an increase of up to 45% when the nanotube is
functionalized.
Most of the studies on the composite with functionalized CNTs are focused on its
elastic properties. Very little has investigated the effect of nanotube functionalization on
damping properties of polymeric composites, especially with simulation. By conducting
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uniaxial cyclic loading on the polycarbonate with oxidized SWNTs, Suhr and Koratkar
[2006] suggested that functionalizing nanotubes to establish direct covalent linkages is an
effective way to prevent interfacial slip hence to gain higher storage modulus and lower
loss modulus.
In this Chapter, with the multiscale damping model presented in Chapter 3, the
influence of CNT functionalization on interfacial shear strength and hence on damping
characteristics of CNT-based composites will be explored.

4.2

Pull-Out Test for Polymer with Functionalized SWNT
Using the same pull-out test via molecular dynamics simulation as described in

Chapter 3, the interfacial shear strengths for composites with nanotube crosslinked to
matrix can be calculated. In order to configure which covalent bond, within nanotube,
between nanotube and matrix, or within polymer chains, will debond first, a potential
function allowing bond-breaking and bond-forming is required. Consequently, bondorder potential, such as Tersoff-Brenner potential, is the only choice. A big drawback for
such kind of potential is that it has only been developed for systems containing carbon
and hydrogen atoms. Other atoms like nitrogen and oxygen, which are generally used in
the functional groups, are still under investigation. Therefore, instead of modeling a
composite system with the same epoxy network in Chapter 3, we can only perform a MD
simulation on a polyethylene matrix.
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4.2.1

Test of Brenner Potential
Since the DL_POLY package does not contain the calculation of Brenner

potential, the code for Brenner potential is written by the author and examined first
before applying it to simulate the pull-out test for polymeric composite with
functionalized CNTs. After examining all the simple molecules listed in the reference
[Brenner, 1990], a polymeric system with non-functionalized CNT is used to compare
between two groups of potential functions. In Case I, the carbon atoms in the SWNT are
represented by the Tersoff potential [Tersoff, 1989] and the polyethylene chains are
described with the OPLS-AA potential [Jorgensen, Maxwell, and Tirado-Rives, 1996].
All the atoms in Case II are described with the Brenner potential [Brenner, 1990]. The
van der Waals force between carbon and other atoms is represented by the 12-6 LennardJones potential [Allen and Tildesley, 1987]. The initial configuration of the atomic
system for both cases is shown in Figure 4-2. The embedded SWNT has a length of 46
Å including both caps at the ends. The system includes 66 polyethylene chains which are
arranged as a crystal around the SWNT. Each polyethylene chain has 32 repeated
methylene groups [ −CH 2 − ] . The density of the crystalline polyethylene is assumed to be

0.941 g cm 3 , the same as the density of high density polyethylene (HDPE) without
branches.
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(a)

(b)

Figure 4-2: Side view (a) and top view (b) of the initial configuration of a capped
SWNT embedded in polyethylene chains.
The initial configuration is first equilibrated using a Berendsen thermostat with a
relaxation time of 2 ps at 300 K for 5 ps using a 0.5 fs integration time step. The
equilibration of the system is then continued at 300 K with a 1 fs time step for 30 ps by
controlling the temperature with velocity rescaling. The equilibrated configurations are
the starting point of the pullout test to be described with Tersoff/OPLS and Brenner
potentials, respectively.
After equilibration, the polyethylene chains are fixed while the external force is
applied to each atom of the CNT. The external applied force, average velocity, and
average displacement of the CNT in the tube length direction as a function of simulation
time are shown in Figure 4-3 for Case I and in Figure 4-4 for Case II. When the
external force is small, the CNT displays thermal vibration but no net motion. The
threshold forces to initiate slip are 0.65 nN and 0.64 nN, respectively. The interfacial
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shear strength is the ratio of the threshold force and the interfacial surface area. In this
case, the shear strength is 26.6 MPa for Case I and 26.2 MPa for Case II. Similar to the
discussion in Section 3.5.1, extra forces are needed to completely pull-out the embedded
SWNT due to the edge effect. The upper bounds of the pull-out force in these two cases
are 0.95 nN and 0.86 nN, respectively. The pull-out tests on the same atomic system
described with different potential functions have a good match.

Figure 4-3: Pull out the CNT from polyethylene in Case I (OPLS-AA and Tersoff
potential): (a) external force (b) average velocities and (c) average displacements of the
CNT and the polyethylene.
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Figure 4-4: Pull out the CNT from polyethylene in Case II (Brenner potential): (a)
external force (b) average velocities and (c) average displacements of the CNT and the
polyethylene.

4.2.2

Pull-out Test for Polyethylene with Functionalized SWNT
Due to the limitation of the Brenner potential stated in Section 4.2.1, in this study,

the functional group is chosen to be [−CH 2 −] . Figure 4-5 shows how the functional
group connects the polyethelene chain and the atom in the CNT. The system studied here
includes one SWNT with caps in both ends and 66 polyethylene chains evenly distributed
in the remote area. The capped SWNT has a length of 46 Å with 700 carbon atoms. The
polyethylene chains are crystal structured as in Figure 4-2 so that the density of the
polyethylene matrix is equal to 0.941 g cm3 . Different numbers of functional groups are
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added between the SWNT and the polyethylene chains to investigate the effect of the
functional group number on the interfacial shear strength.

All the systems with

functional groups are first equilibrated using a Berendsen thermostat with a relaxation
time of 0.5 ps at 300 K for 2 ps using a 0.2 fs integration time step. The equilibration of
the system is then continued at 300 K with a 0.5 fs time step for 30–50 ps by controlling
the temperature with velocity rescaling till the total energy of the system is conserved at
certain value.

Figure 4-5: Functional group between the polyethylene chains and SWNT
The pull-out test is conducted by applying a steady increasing force on each atom
of the SWNT after the equilibration. The polyethylene chains are fixed at both ends to
constrain the movement of the polymer chains in the tube length direction. For the
system with only one functional group between the CNT and the polymer matrix,
Figure 4-6 displays the external applied force, average velocity, and average
displacement of the CNT in the tube length direction as a function of simulation time.
The CNT displays thermal vibration but no net motion when the external force is small.
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This thermal vibration pattern changes when the applied force equals to 2.3 nN. The
sliding between the SWNT and the polyethylene starts at this moment in 47 ps of the
simulation time. However, the onset of CNT/PE sliding does not indicate the break of
the covalent bond between the CNT and the polyethylene chain. Figure

4-7 (a) is a

schematic of the covalent bond between the carbon nanotube and the polyethylene chain.
Atoms 1, 4, 5, and 6 are in the CNT; atoms 3, 7, and 8 are from the polyethylene chain,
and atom 2 is the functional group between the CNT and the polyethylene chain. It
should be noted that the hydrogens attached to the carbon atoms in the functional group
and in the PE chain are implicit in this schematic. Figure 4-7 (b) plots the displacement
of three atoms involved in this covalent bond, that is, atoms 1, 2, and 3, with respect to
the simulation time. The average displacements of the entire CNT and the polyethylene
chain which is covalently bonded to the CNT are also shown in this figure as references.
As shown in Figure 4-7 (b), after the CNT starts to slide against the polyethylene chains,
the three atoms in this chemical connection also move with the CNT. The displacement
of atom 2 is smaller than that of atom 1 but larger than that of atom 3. This pattern of
decreased displacement from atom 1 to 3 indicates that the covalent bond is stretched but
is not break at the simulation time of 60 ps. The bond breaks when the applied force is
about 5.9 nN at 107 ps.
The extension of the covalent bond between CNT and polyethylene chain is
further demonstrated in Figure 4-7 (c). The distances between the atoms as numbered
in Figure

4-7 (a) with respect to the simulation time during the pull-out test are plotted.

For example, the connection between the CNT and the functional group (CNT-F), that is,
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the distance between atom 1 and 2, are denoted as r_12. At the beginning of the
simulation time, all the distances are about 1.56 Å, which is the bond length between two
carbon atoms in a single bond. The bond lengths between atom 1 and 2 (CNT-F) and
between atom 2 and 3 (F-PE) increase to 1.70 Å after the onset of CNT/PE sliding. The
CNT-F and F-PE bonds are relatively weak compared to the bond within the CNT and PE
chains so that the bond breaks at the functional group first.

Figure 4-6: Pull-out test for polyethylene with one functional group connected to the
CNT: (a) external force (b) average velocities and (c) average displacements of the CNT
and the polyethylene.
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(a)

(b)

(c)
Figure 4-7: A schematic of covalent bond between the CNT and the polyethylene
chain (a), the displacements of the atoms in the covalent bond (b), and track of the
distance between the numbered atoms (c).
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The results of pull-out tests for polyethylene matrix with different numbers of
functional groups connected to the CNT are listed in Table 4-2. Both the threshold
force to slide the CNT in the matrix and the force to break the covalent bond are
presented. As shown in Table

4-2, the force to initiate the CNT/PE sliding increases

with the addition of functional groups. With less than 1% of the atoms in the CNT
connected to the polyethylene via covalent bond, the threshold force to initiate sliding is
about 10 times force needed in the system without functional groups. The force to break
the covalent bond is very large so that fracture might occur in the polyethylene matrix
before the covalent bond between the CNT and the polyethylene breaks. Since the
energy starts to dissipate at the interface once the sliding between the CNT and the
polymer occurs, the force to initiate sliding is used to calculate the critical shear stress
which will be applied to the micromechanical damping model in the following case study.
The critical shear stresses of the composites with respect to the number of the functional
groups are presented in Figure 4-8.
Table 4-2: Forces and critical shear stresses during pull-out test
# of
functional
group
0
1
2
4
6
8
10

Functional
group/total
atoms in
CNT
0.14%
0.28%
0.57%
0.86%
1.14%
1.4%

To initiate slide

To break covalent bond

Force (nN) Shear stress Force (nN)
(MPa)
0.64~0.65
26.2~26.6
2.2~2.3
90.0~94.1
>5
3.2~3.3
131~135
>5
3.8~3.9
156~160
>5
5.3~5.4
217~221
>8
~6.5
~266
>10
~6.1
~250
>10

Shear
(MPa)

stress

>200
>200
>200
>330
>410
>410
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Figure 4-8: Critical shear stresses for the composite with different number of the
functional groups between the CNT and the polyethylene matrix.

4.3

Effect of Chemical Crosslinks on the Damping Properties of CNT-Polyethylene
Composites
With the calculated critical interfacial shear stress between polyethylene matrix

and either functionalized or non-functionalized CNTs, the damping characteristics of the
CNT-PE composite can be explored through the multiscale damping model presented in
Chapter 3.

The material properties of the system are listed in Table 4-3.

The

polyethylene matrix is assumed to be isotropic with a representative Young’s modulus
and bulk modulus of 0.90 GPa and 1.88 GPa [Peacock, 2000]. The loss factor of this soft
matrix is chosen to be the typical loss factor of low density polyethylene, 0.1. From
finite element analysis (Appendix C), the outer radius of the sheath is about 3.5 times of
the nanorope radius, hence the volume fraction of the sheath is 9.5 times of the volume
fraction of the nanorope. The sheath in this soft matrix is thinner than that in hard epoxy
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resin studied in Chapter 2 and 3. All the case studies are conducted under uniaxial fullyreversed tension-compression cyclic loading, σ = σ 0 sin(2π t ) , unless otherwise specified.

Table 4-3: Material properties used in polyethylene matrix with functionalized CNT
Unit Cell
Resin
(Three-element standard
solid model)

Sheath
(10,10) SWNT

Length, La

1.5 µm

Young’s modulus, E1

0.9 GPa*

Young’s modulus, E2

0.9 GPa*

Viscosity, η2
Bulk modulus, K
Inner radius, Rrp

2.15 GPa ⋅ s*

Outer radius, Rsh

8.904 nm

Equivalent Young’s modulus, Eeq

641.1 GPa

Equivalent shear modulus, Geq

38.6 GPa

Radius, Rnt

0.848 nm

1.88 GPa
2.544 nm

*

The parameters for the three-element standard solid model are chosen to match the
Young’s modulus and loss factor of high density polyethylene (HDPE), 0.9 GPa and 0.1,
respectively [Peacock, 2000]

First of all, the effective loss factor of polyethylene matrix with nonfunctionalized carbon nanotube ropes is investigated as a baseline for all other case
studies. Figure 4-9 shows the loss factor of composites with nanoropes aligned at

θ = 0 . The aspect ratio of the nanotube is 250 and the volume fraction of the nanorope
is 0.5%. Based on the molecular dynamics simulation, the interfacial inter-tube shear
strength and the CNT/PE shear strength are 30 MPa and 26 MPa, respectively. Since the
interfacial shear strength between the polyethylene and the non-functionalized CNT is
smaller than the inter-tube shear strength while the SWNT/sheath shear stress is larger
than the inter-tube shear stress, only the stick-slip mechanism at the CNT/PE interface
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contributes to the energy dissipation. Four lines are plotted with respect to the magnitude
of the applied stress in a cycle, σ 0 . These lines include the total loss factor, loss factor
from the interfacial friction, loss factor from the polyethylene resin, and loss factor from
the sheath as defined in Eq. 2.44

(a)

(b)

Figure 4-9: Loss factor (a) and rate of change of loss factor (b) for PE composite with
non-fuctionalized nanoropes aligned at θ = 0 under fully-reversed tension-compression
loading. The loss factor from the viscoelastic sheath cannot be seen on this scale as it is
very small—of the order 10-5)
As shown in Figure

4-9 (a), all the loss factor contributors are sensitive to the

magnitude of the applied stress. When the applied stress is small and all the CNTs and
the polyethylene matrix are perfectly bonded, the loss factor from the polyethylene in the
composite is smaller than the loss factor of the neat polyethylene system because less
viscoelastic polyethylene material are included in the composite. At certain magnitude of
the applied stress, 6 MPa in this case, the debonding at the CNT/PE interface occurs in a
cycle. Once the applied stress magnitude is larger than certain value, roughly 15 MPa in
this case, the cyclic motion first causes partial debonding then fully developed debonding
in each cycle. The rate of change of the loss factor reaches its peak in Figure 4-9 (b),
which is seen as the inflection point in Figure

4-9 (a) at 15 MPa. Further increasing the
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magnitude of applied stress in a cycle, the loss factor increases till its peak at 54 MPa.
Since the loss factor of the neat polyethylene matrix is relatively high (0.1), the maximum
loss factor for the CNT/PE composite has only doubled with the interfacial friction
between the CNT and the polyethylene matrix. For such kind of soft resin with high
damping ability, the energy contribution from the viscoelastic resin dominates in most of
the stress range.
The effective loss factor for the polyethylene matrix with functionalized CNTs are
investigated and compared with the neat polyethylene matrix as well as the polyethylene
composite containing non-functionalized CNTs, as shown in Figure

4-10 . The CNTs

are aligned at θ = 0 with an aspect ratio of 250 and a volume fraction of 0.5% for all the
cases. The interfacial shear strengths used for each case are listed in Table 4-4. Only
the total loss factor for each case is plotted in this Figure. With the addition of the
functional group between the CNT and the PE matrix, the interfacial CNT/PE shear
strength becomes larger than the inter-tube shear strength. Recall that the inter-tube shear
stress is smaller than the CNT/PE shear stress when the system is perfectly bonded. The
sliding between the CNTs in a rope becomes a contributor of the energy dissipation. The
two shear strengths in Case 2 are so close that the CNT/PE sliding starts before the intertube sliding can be completely developed in a cycle. Therefore, instead of two distinct
peaks, Case 2 only shows one continuously increase in the small stress range. The first
peak due to inter-tube sliding is recognizable only at Case 5 and 6. Although Figure 410 includes a large stress range to show the trend of the loss factor as a function of
applied stress magnitude, considering the yield strength of the polyethylene matrix, the
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only reasonable stress range is below 50 MPa.

Therefore, without breaking the

polyethylene matrix, the best damping material in all these cases are composites with
non-functionalized carbon nanotube ropes.

However, it should be noted that the

functionalization can either enhance or reduce damping based on the interfacial shear
strength and the operational stress range of the chosen matrix material. For example, for
a polymer with small interfacial shear strength between the polymer and the nonfunctionalized CNTs, the functionalization of CNTs reduces the effective loss factor if
the operational stress range is low. However, the functionalization can enhance damping
if the operational stress range is high.
Table 4-4: Interfacial shear strengths used in the study of polyethylene composites with
functionalized CNT
Case #
1
2
3
4
5
6

% of functional
group
0
0.14%
0.28%
0.57%
0.86%
1.14%

Inter-tube shear
strength (MPa)
30
30
30
30
30
30

CNT/PE shear
strength (MPa)
26
90
130
160
220
260
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Figure 4-10: Loss factor of PE composite with functionalized CNT under tensioncompression cyclic loading.
Compared to the epoxy resin studied in Chapter 2 and 3, the polyethylene is a soft
material with high damping ability. The effects of the CNT volume fraction and the CNT
aspect ratio on damping characterization of such composite should be investigated as well.
Without breaking the polyethylene matrix, these studies are conducted on polyethylene
matrix with non-functionalized CNTs. The two calculated interfacial shear strengths, 30
MPa and 26 MPa, are used for all the following case studies. Figure

4-11 presents the

loss factor of PE composite with different volume fraction of non-functionalized CNT
ropes. The nanotube is aligned along the applied stress direction with an aspect ratio of
250. As shown in the figure, before the interfacial sliding occurs in the composites, about
16 MPa in this case, the composite with small volume fraction of the nanotube ropes
show a large loss factor. In this stress range, the neat resin has the largest loss factor for
all the cases. Once the interfacial friction plays a role in the energy dissipation and the
debonding between the CNT and the polyethylene can be fully developed, the composite
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with higher volume fraction of the CNTs results in larger maximum loss factor. The loss
factor increases 3.5 times with the addition of 2% CNT ropes in volume.

Figure 4-11: Effect of volume fraction of the nanotube ropes on loss factor of
polyethylene composites with aligned nanoropes.
The effect of CNT aspect ratio on damping property of polyethylene composite is
shown in Figure 4-12. The nanotubes are aligned at θ = 0 in the composite with a
volume fraction of 0.5% for all the cases.

Without considering the fracture of the

polyethylene matrix, the composite with long nanotube ropes has highest maximum
damping over the entire range.

However, due to the low yield strength of the

polyethylene (less than 50 MPa), the composites show best damping ability when the
aspect ratio of the nanotube is about 250. If the operational stress range is smaller than
30 MPa, the composite containing nanotube with aspect ratio of 100 is the best damping
material. In this case, the loss factor can still be enhanced by 30-40% compared to the
neat polyethylene matrix.
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Figure 4-12: Effect of aspect ratio of the nanotube on loss factor of polyethylene
composites with aligned nanoropes.
The polyethylene composite with randomly oriented CNT ropes is also
investigated and compared with the PE composites containing nanoropes aligned at

θ = 0 and θ = 90 , respectively in Figure 4-13. The aspect ratio of the CNT is 250 and
the volume fraction of the CNT is 0.5%. When the applied stress is too small to initiate
CNT/PE sliding, the composite with nanotubes perpendicular to the loading direction
( θ = 90 aligned) shows a relatively high loss factor compared to the composites with

randomly oriented nanoropes and nanoropes aligned at θ = 0 . At this stress level, any
addition of nanotubes reduces the loss factor compared to the neat resin. However, with
the interfacial friction, the alignment of the carbon nanoropes in the loading direction of
the composite ( θ = 0 aligned) results in a 50% increase in the loss factor compared to the
composites with randomly oriented nanoropes.
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Figure 4-13: Comparison of the loss factor for polyethylene composites with 0 and
90 aligned and in-plane randomly oriented nanoropes

4.4

Conclusions
In this chapter, the chemical crosslinks between the carbon nanotubes and the

polyethylene matrix are explored and their effects on interfacial shear strength and
damping characterization of polymer composites are investigated.

The multiscale

damping model presented in Chapter 2 is used to predict the effective loss factor for
CNT/polyethylene composites. The observations of this investigation are summarized as
follows:
(1)

The electrostatic force has little effect on the interfacial shear strength
between the SWNT and the polymer in general materials with neutral
charge distribution. However, once the technology improves to inject and
store charges in the carbon nanotubes embedded in the composite, as
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Zdrojek et al. [2008] reported for MWNTs, the electrostatic force will play
an important role on the interfacial shear strength.
(2)

Crosslinking the CNT and the polymer with covalent bonds is an effective
means to increase the interfacial shear strength. For the system studied in
this chapter, by adding functional groups to less than 1% of carbon atoms
in the CNT, the interfacial shear strength increases to 10 times that in the
system without functional groups.

(3)

For a soft resin with high damping ability, adding carbon nanotubes can
increase the effective loss factor of the composite. However, due to the
small yield strength of the soft resin, functionalization of the nanotubes
will reduce the damping ability of the composite in the small operational
stress range.

(4)

The functionalization of the carbon nanotubes can either enhance or reduce
the damping ability, depending on the combined effects of interfacial shear
strength and operational stress range.

Chapter 5
CONCLUSIONS AND RECOMMANDATIONS
The purpose of this chapter is to summarize the research efforts and achievements
in this thesis, and to recommend future research directions towards the improvement and
implementation of the approaches developed in this thesis.

5.1

Conclusions
In this investigation, two simulation methods are developed to explore the

damping properties of polymeric composite containing well dispersed carbon nanotube
ropes. The first micromechanical damping model can efficiently predict the contributions
of the effective loss factor and examine the key geometric and material parameters on
damping characterization. The second model is a multiscale approach that characterizes
the CNT interfacial strength at the molecular/atomic level, the stick-slip phenomena at
the microscopic level and the material damping feature for macroscopic applications.
The research efforts, achievements and discussions related to these two methods are
summarized in the following two subsections.

5.1.1

Micromechanical Damping Model for CNT-based Composites
(1)

A new micromechanical model is proposed to investigate the damping
property of the polymeric composites containing well-dispersed carbon
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nanotube ropes under fully-reversed cyclic loading. Compared with the
previous approach [Zhou et al., 2004c] that only focuses on the interfacial
friction under quasi-static monotonically increasing loading, the combined
energy dissipation from the viscoelastic resin and the interfacial friction at
the inter-tube and SWNT/resin surfaces are examined. Meanwhile, with
the stick-slip mechanism in the loading-unloading procedure, the model is
able to predict the damping properties of the CNT-based composite under
tension-tension or tension-compression cyclic loading, as in the
experiments and real applications.
(2)

The damping behavior of polymeric composites with well-dispersed
SWNT ropes is predicted with this micromechanical model. Analysis
results indicate that the dissipated energy from the interfiacal friction is
compariable, if not larger than that from viscoelastic resin. Due to the
interfacial friction between the CNTs in a rope as well as between the
CNTs and the remote resin matrix, the total loss factor is sensitive to the
magnitude of the applied stress.

If both inter-tube and SWNT/resin

frictions are initiated, two peaks can be observed in the plot of the loss
factor with respect to the applied stress magnitude.
(3)

The key factors on the damping characterization of the CNT-based
polymer composites are examined.

Compared to the neat resin, the

composites with large volume fraction of long nanotube ropes show a
lower loss factor in the absence of stick-slip motion but higher loss factor
if interfacial slip develops between the nanotubes and the resin. Although
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the interfacial shear strengths play an important role on the onsets and
completions of debonding, they have little effect on the maximum loss
factor over the entire stress range.
(4)

The damping propeties of polymeric composites containing aligned CNT
ropes and randomly oriented CNT ropes are compared to the neat polymer
matrix. With a large enough applied stress to cause the entire interfacial
area to slip during the cyclic motion, alignment of carbon nanotubes can
improve the damping properties for composite with dilute nanoropes.

5.1.2

Multiscale Model for Damping Characterization of CNT-based Composites
(1)

A sequential multiscale model is developed to explore the CNT-based
polymeric damping material. It characterizes the CNT interfacial strength
at the molecular/atomic level, the stick-slip phenomena at the microscopic
level and the material damping feature for macroscopic applications.
With this approach, we can explore and design various different material
systems with carbon nanotubes.

(2)

The interfacial shear strengths between the CNTs in a rope and that
between the CNTs and any remote polymeric matrix can be calculated
through a pull-out test using molecular dynamics simulation.
calculated

interfacial

shear

strengths

are

then

applied

to

The
the

micromechanical damping model to predict the damping property of
CNT-polymer composites.
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(3)

Different polymeric matries with CNT ropes are analyzed with this
multiscale approach. Hard resins with large Young’s modulus and lower
loss factor show a larger increase of loss factor with the addtion of carbon
nanotube ropes. The loss factor of the hard resin (epoxy) studied in this
investigation is doubled with the addition of 0.5% randomly oriented
carbon nanotube ropes in volume. By aligning the carbon nanotube ropes
in the uniaxial force direction, the loss factor of the hard resin increases to
four times of the loss factor for neat resin. A recognizable increase of loss
factor is also reported in a soft polyethylene matrix with relative large
damping ability.

(4)

The effect of chemical crosslinks on the interfacial shear strength and the
damping feature of the polymeric composites with carbon nanotubes are
explored. Molecular dynamics simulation indicates that the interfacial
shear strength between the polymer and the nanotube can be enhanced by
connecting the polymer chains and the nanotube with covalent bonds.

(5)

Based on this study, some guidelines to design optimal polymeric
damping material with carbon nanotubes are suggested. The general rules
varies with different combination of operational stress range and
interfacial shear strength, as summarized in Table 5-1. The goal of the
optimization is to control the key parameters such that the interfacial
friction between the nanotubes and the polymer can be fully developed
during the cyclic motion within the operational stress range.
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Table 5-1: Guideline to design optimal polymeric damping material with CNT

Interfacial
shear strength

Operational
stress range
Low

Low
High

Low
High
High

5.2

Guideline to gain optimal damping











Increase the volume fraction of the CNT
Align the CNTs in the loading direction
Adding functional group between CNT and polymer
Use long CNTs
Increase the volume fraction of the CNT
Align the CNTs in loading direction
Use non-functionalized CNTs
Try short CNTs
Increase the volume faction of the CNT
Align the CNTs in loading direction

Recommendations
In this section, possible future research towards the improvement and

implementation of the approaches developed in this thesis, as well as other promising
methods for damping characterization of polymeric composites containing carbon
nantoubes, are recommended.

5.2.1

Mismatch of Thermal Expansion Coefficients on Interfacial Shear Strength
and Damping Characterization
During the curing process of the polymeric matrix, mismatch in the coefficient of

thermal expansion (CTE) between the nanotubes and the polymer may result in thermal
residual radial stress and deformation along the nanotubes.

The CTE for typical

polymeric material, for example, polyethylene is about (45 ~ 65) ×10−6 K −1 [Peacock,
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2000]. Several studies have investigated the coefficient of thermal expansion for carbon
nanotubes. Maniwa et al. [2001a, 2001b] studied the MWNTs grown by arc discharge in
hydrogen atmosphere and the SWNT bundles using x-ray diffraction measurements. The
CTE in SWNT bundles was reported as (−0.15 ± 0.20) × 10−5 K −1 for the tube diameter.

The value for the inter-tube gap was (4.2 ± 1.4) ×10−5 K −1 . The CTE along the radial
direction of MWNT was found in a wide range from 1.6 ×10−5 K −1 to 2.6 × 10−5 K −1 .
It can be predicted that this mismatch of thermal expansion coefficient will play
an important role in the interfacial interaction between the nanotubes and the polymer.
This proposed future work is to modify the current model by considering the thermal
effect on interfacial shear strength as well as damping characterization of the composite.
Molecular dynamics simulation has been used to investigate the change of CTE
for polyethylene with carbon nanotubes [Wei et al., 2002].

The system is first

equilibrated at 300 K and then gradually cooled to 10 K at a rate of 1 K/ps. The density
was measured at the chosen temperatures during this cool-down process. In this study of
coefficient of thermal expansion, NPT thermostat is used to allow the volume change of
the unit cell under identical pressure in each temperature.
With this concept, the thermal effect on interfacial shear strength can be
investigated with molecular dynamics simulation. First of all, the coefficient of thermal
expansion for the polymer and polymeric composite containing carbon nanotubes with
chosen potential functions should be examined and compared with the experimental data.
The next step is to build up the atomic unit cell with polymer and carbon
nanotube in a high temperature. After equilibration, fix the volume of the unit cell and
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slowly cool down to the room temperature.

Since the volume of the unit cell is

constrained, the thermal effect will induce radial stress on the nanotube.

After

equilibration at room temperature, the pull-out test can be conducted to calculate the
interfacial shear strength. The damping feature of the CNT-based polymer composite can
be hence explored with the multiscale model presented in Chapter 3.

5.2.2

Multiscale Model Using Cauchy-Born Rule
In this section, a new approach is proposed to study the damping properties of

CNT-based polymeric composites. The basic idea is to connect interfacial sliding in
atomic scale and the energy dissipation mechanism in microscopic level with CauchyBorn rule.
Cauchy-Born rule [Cousins, 1978] is a fundamental kinematic assumption that
connects the deformaton of the lattice vector of an atomic system with continuum
mechanics without other phenomenological input. In general, the Cauchy-Born rule is
expressed as



a =F⋅A

5.1



where A refers to the lattice vector in an undeformed configuration and a is the
corresponding lattice vector in the deformed configuration. F is deformation gradient
that connects the undeformed and deformed configuration in the tangent space. It has
been proven that Cauchy-Born rule is very effective for the description of the
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deformation of space-filling crystals in the absence of slips, defects, and other inelastic
phenomena [Cousins, 1978; Ericksen, 1984].
Recently, modified Cauchy-Born rule with higher order deformation gradients
[Guo, Wang, and Zhang, 2006] or exponential Cauchy Born rule [Arroyo and Belytschko,
2004] were introduced into the kinematic relationship of CNTs. Arroyo and Belytschko
[2004] combined the exponential Cauchy Born rule and finite element method to study
the twisting and buckling of the single walled carbon nanotube.
With Cauchy-Born rule, a new multiscale model for damping characterization of
CNT-based polymeric composites can be developed. The basic idea is to use implicit
concurrent coupling to connect the atomic simulation and the finite element method. The
strain energy density function is represented by the potential functions at atomic level via
Cauchy-Born rule. The Tersoff-Brenner potential for bonded interactions between CNTs
and Lennard-Jones potential for nonbonded interactions are used. By taking derivatives
of the strain energy density function, the stiffness matrix is then obtained and applied to
the finite element method.
The composite unit cell in the finite element analysis consists of two parts with
different mesh size as shown in Figure 5-1 . The CNT and the polymer matrix close to
the CNT (center area in purple) are fine meshed zone with a stiffness matrix obained
from Cauchy-Born rule. The polymer matrix far away from the CNT is coarse meshed
and normal stiffness matrix from solid mechanics are used. There is an overlap between
the two domains, in which both methods are applied.
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Figure 5-1: A schematic of multiscale model using Cauchy Born rule and finite
element method
There are several advantages for this method. First of all, although the CNT and
the area adjacent to the CNT are fine meshed, the finite element nodes are not necessary
real atom positions so that the mesh size can be much larger than the bond length.
Secondly, compared to the explicit continuum mechanics/molecular mechanics (CM/MM)
coupling, not only the mesh size but also the simulation time step in the small scale range
are dramatically improved. The proposed model is more efficient to study damping
related vibration. Thirdly, with the stiffness matrix obtained from atomic level potential
function, the deformation of the carbon nanotube during the vibration can be also
explored. Therefore, another promising application is to investigate the composite with
curved nanotubes.
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Appendix A
SOLUTION OF THE GOVERNING EQUATIONS
The solution of the governing equations 2.13 to 2.19 is given as follows.
Before any interfacial slip occurs in the composites, the inner SWNT and the
outer annulus share identical normal stresses, that is, σ i (θ , z ) = σ o (θ , z ) . Combining Eqs.
2.13, 2.15, 2.16 and 2.17, we get
k1wataσɺɺo (θ , z ) − k2σ o (θ , z ) + λσ = 0

A.1

where k1, k2 and k3 are non-dimensional coefficients defined by
k1 =

π R2
wa ta cos θ
7 E1 ( Rsh − Rrp ) Rnt
E
, k2 = 7 nt k3 + 1 , k3 =
8G
wa ta
wa ta
Eeq
wa ta − π Rsh2 cos θ

A.2

and

λ = ( k3c11 cos θ − c12 sin 2 θ ) E1

A.3

with c11 and c12 listed in Eq. 2.12.
With the boundary condition of Eq. 2.18, the solution of Eq. A.1 is


cosh( β1 z ) 
σ i (θ , z ) = σ o (θ , z ) = λσ k2 ⋅ 1 −

cosh( β L 2)


1 nt



A.4

with β12 = k2 k1wata . Substituting the solution into Eqs. 2.16 and 2.17, the shear stresses
in the inner SWNT and the outer annulus are
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τ i (θ , α , z ) = −

λβ1 Rnt
2k2

σ

sinh( β1 z )
− σ sin θ cos θ sin α
cosh( β1 Lnt 2)

A.5

7λβ1 Rnt
sinh( β1 z )
σ
− σ sin θ cos θ sin α
8k 2
cosh( β1 Lnt 2)

τ o (θ , α , z ) = −

A.6

The average normal and shear stresses in the inner SWNT and the outer annulus are

σɶ i (θ ) = σɶ o (θ ) = λ k2 σξ1
τɶi (θ , α ) = −

τɶo (θ , α ) = −

λβ1Rnt
2k 2

A.7

ση1 − σ sin θ cos θ sin α

A.8

7λβ1Rnt
ση1 − σ sin θ cos θ sin α
8k 2

A.9

where ξ1 and η1 are found as follows:

ξ1 =

2
Lnt

η1 =

∫

Lnt 2

0

2
Lnt

∫


tanh( β1Lnt 2)
cosh( β1 z ) 
1 −
 dz = 1 −
β1 Lnt 2
 cosh( β1 Lnt 2) 

A.10

1 − sec h( β1Lnt 2)
sinh( β1 z )
dz =
cosh( β1 Lnt 2)
β1 Lnt 2

A.11

Lnt 2

0

If the inner nanotube is debonded from the outer annulus, Eq. 2.17 becomes

τɶo (θ , z ) = −

3Rnt dσ o (θ , z ) 1
+ τɶi (θ , z )
4
dz
4

A.12

Substitute Eq. A.12 into Eq. 2.15, we get
−

3Rnt d 2σ o (θ , z ) 1 dτɶi (θ , z )
σ (θ , z )
G
+
=
(ε rszz (θ ) − o
)
2
4
dz
4
dz
Rsh − Rrp
Eeq

A.13
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Since the inner nanotube is already debonded from the outer annulus, the shear stress in
the inner tube is constant at the critical value and its derivative is zero. Therefore,
Eq.

A.13 can be rewritten as
6
k1wa taσɺɺo (θ , z ) − k2 k4σ o (θ , z ) + λσ − k5σ i (θ , z ) = 0
7

A.14

where k4 and k5 are non-dimensional coefficients defined as
k4 = 1 −

The solution of Eq.

k3π Rnt2
π Rnt2
, k5 = k3
k2 wata
wata

A.15

A.14 is given by

1
cosh( β 2 z ) 
( λσ − k5σ i (θ , z ) ) 1 −

k2 k 4
 cosh( β 2 Lnt 2) 

σ o (θ , z ) =

A.16

with β 22 = 7 k2 k4 6k1wata . Substituting the solution into Eqs. 2.15 and 2.16, the shear
stress in the outer annulus is

τ o (θ , α , z ) = −

3β 2 Rnt
sinh( β 2 z )
− σ sin θ cos θ sin α
( λσ − k5σ i (θ , z ) )
4k 2 k4
cosh( β 2 Lnt 2)

A.17

The average normal and shear stresses in the outer annulus are

σɶ o (θ ) = ( λσ − k5σ i (θ , z ) ) ξ 2 k2 k4
τɶo (θ , α ) = −

3β 2 Rnt
( λσ − k5σɶ i (θ ) )η2 − σ sin θ cos θ sin α
4k 2 k 4

where ξ 2 and η2 are found as follows:

A.18

A.19

142

ξ2 =
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∫
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0

Appendix B
FINITE ELEMENT ANALYSIS TO DETERMINE THE THICKNESS OF THE
SHEATH IN EPOXY RESIN
The finite element method is used to determine the shear stress distribution in
epoxy composites containing discontinuous fibers hence the thickness of the shear
transfer zone—referred to as the sheath in this investigation. The material properties of
the epoxy resin and the equivalent material properties for the SWNT as listed in Table 2.2
are used for the matrix and the fiber, respectively. The fiber has a radius of 50 nm with
an aspect ratio of 40. No interfacial friction is allowed at the fiber-resin interface. A
uniaxial tension loading is applied to the composite in the fiber direction. Figure B-1 (a)
shows the shear stress distribution in the composite. Figure B-1 (b) presents the shear
stress value along path y-y close to the end of fiber as marked in Figure B-1 (a). It
quickly decreases to one-third of the maximum value within a distance of four times the
fiber radius. Beyond this distance, the shear stress slowly decreases to zero. Since, in the
micromechanical damping model, the shear stress in the sheath is assumed to decrease
linearly from maximum value at the interface with CNT to zero at the interface with the
resin as shown in the dashed line in Figure B-1 (b), the thickness of the sheath can be
selected as four times the fiber radius, which is 0.2mm in this case.
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(a)

(b)
Figure B-1: (a) Shear stress distribution in epoxy with discontinuous fiber under tension
loading in X-direction; (b) shear stress in the resin at y-y cross-section. The fiber radius is 50 nm.

Appendix C
FINITE ELEMENT ANALYSIS TO DETERMINE THE THICKNESS OF THE
SHEATH IN POLYETHYLENE MATRIX
The finite element method is used to determine the shear stress distribution in
polyethylene matrix containing discontinuous fibers hence the thickness of the shear
transfer zone—referred to as the sheath in this investigation. The material properties of
the polyethylene matrix and the equivalent material properties for the SWNT as listed in
Table 4.3 are used for the matrix and the fiber, respectively. No interfacial friction is
allowed at the fiber-resin interface.

A uniaxial tension loading is applied to the

composite in the fiber direction. Figure C-1 (a) shows the shear stress distribution in
the composite. Figure

C-1 (b) presents the shear stress value along path y-y close to the

end of fiber as marked in Figure

C-1 (a). It quickly decreases to one-fourth of the

maximum value within a distance of 3.5 times the fiber radius. Beyond this distance, the
shear stress slowly decreases to zero. Since, in the micromechanical damping model, the
shear stress in the sheath is assumed to decrease linearly from maximum value at the
interface with CNT to zero at the interface with the resin as shown in the dashed line in
Figure C-1 (b), the thickness of the sheath in the polyethylene matrix can be selected as
3.5 times the fiber radius, which is 0.175mm in this case. The finite element analysis
results indicate the decrease of the shear stress from the fiber/resin interface in the
polyethylene matrix is faster than that in the epoxy resin. Therefore, the sheath in the
polyethylene matrix is thinner than the sheath in the epoxy matrix.

146

(a)

(b)
Figure C-1: (a) Shear stress distribution of polyethylene with discontinuous fiber under
tension loading in X-direction; (b) shear stress in the resin at y-y cross-section. The fiber radius is
50 nm.
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