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Abstract

Characterization of Carbon-Nanotube-Reinforced-Polymer-Composite
Material based on Multiscale Finite ElementModel and Probabilistic

Approach

Jorge Alberto PalaciosMoreno, Ph.D.
Concordia University, 2019

CarbonNanotubeReinforcedPolymerComposite (CNRPC) materialshave generated
widespread interest over the last several y@arpractical engineering applicatis, such as
aeronautical and aerospace engineestngcturesHowever, studies still need to be carried out to
characterizetheir mechanical propertiegspecidy the dynamic propertiesand the effects of
defects on the mechanical propertiEgperimerdl investigations intended for this purpose have
limitations and, in most cases, reliablesteffectiveexperimental work could not be carried out.
Computationaimodelling and simulation encompassing multiscale material behavior provide an
alternate appiach in this regardbo characterize the material behaviérprobabilistic approach
serves as a suitable approach to characterize the effects of material atdastdedectsThe
presentthesis reports thelevelopment ofa computational frameworkf the Representative
Volume Element(RVE) of a CNRPC materiamodel to determine its static and dynamic
responses, aralso for theevaluationof its static anddynamic reliabilites based om probabilistic
characterization approach 3D multiscaldinite element model of the RVE of the nanocomposite
material consisting of a polymer matrix, a Singlalled-CarbonNanotube (SWCN) and an
interface region has be@onstructed for this purposéhe multiscale modeling is performed in
terms of using different the@s and corresponding strain energies to mibaé@hdividual parts of
the RVE of the CNRIZ material. The macroscale continuum mecharsassedfor the poymer

matrix, the mesoscale mechangsisedor the interface region, aridenanoscaldevel atomisic



mechanicss usedor the SWCN. The polymer matrix is modelagsingthe MooneyRivlin strain
energy function to calculate its ndinear responseyhile the interface region is modeled the
van der Waals links. The SWCN fisst modeled as a spaceaime structure by using the Morse
potential, and then as a thin shell based suitableshell theoryFor this purpose, the suitability

and the accuracy of popular shell theories for use in the multiscale model of the RVE are assessed.
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Chapter 1. Introduction

1.1 Carbon-Nanotube-Reinforced-Polymer-Composites

A considerable amount of opportunities and challenges exist in the development and
characterization of engineering materials. Polymers are increasingly becoming an attractive option
for a wide variety of industries. There is an increase in the use of poigaterials in engineering
applications due to their ease of manufacture and processing, low cost, low weight, and excellent
chemical properties. After the introduction of structural adtessinumerous recent technological
achievements, especially thoses@gated with particular applications, have become possible.
However, there has always been an essential need to apply novel polymer materials with enhanced
properties in industry, such asaeronautical and aerospace industries. Such materials, known as
polymerbased nanocomposites, are preferred over conventional polymer materials because of
their superior mechanical properties. There are different techniques to enhance the material
properties of this type of nanocomposites, such as reinforcerfierith material coating3], and
thermal treatmenf4]. One option to enhance their mechanical properties is by using Carbon
Nanotubes (CNs)5] as reinforcement. CNs have attracted significant research attention from
various disciplines of engineering and science due to thestamating chemical and physical
characteristics such as high stiffness, high strength but very low déhdity. These hollow
cylindershaped nanostructures are created by hexagonal unit cells, which were discovered by
lijima in 1991 [5]. Many studies have been conducted in order to estimate and to develop the
characteristics of CNs irheir stiffness and dynamic responses. These studies mainly focus on
modal analysis, considering zigzag and armchair nanotubes, and somediies; ehirality by
using Molecular Dynamics (MO12-15].

Hence, a CarboehanotubeReinforcedPolymerComposite(CNRPC) material consists of
a polymer materiah which carbon nanotubesre useds reinforcement material to enhance its
physical and meclmécal properties and material behavior. Due to their multifunctional properties,
CNRPCs are currently used in &e range of industries, including but not limited to electronics,
aerospace, aeronautical and biomedical/bioengineering. CNRPCs have gmaialpon



structural/norstructural and other specialized applications such as electromagnetic interference
shielding and electrostatic discharge, improving the performance of topcoat on airplanes and high
performance adhesives for repair patches, andaftimomponents in the aerospace indugt6}.

The CNRPC soft coating has also bsancessfully applied to replace the heavy metal mesh used
for EMI shielding[17-21]. Researches have also shown (BRRPCsare promising candidates

for interior panels and brake pads of aircfaf2, 23] Other notewrthy areas of application of
CNRPCsdnclude thermal managemd@d-29]and the introduction of combined electrical/thermal
multifunctionality in spacecrafts and airplari86-33]. There are many engineering applications

in which CNRPCsexhibit a better pgormance than other types of materials, such as plain
polymers and epoxies. To understaamd to developghe modeling of adoon nanotubes, a
description of their atomic structures is required, as well as information about graphene sheets.
CNs are obtainefrom graphene sheets. Hence, in the nextsmdtion, the atomic structure of

carbon nanotubes is explained in detalil.

1.11 Atomic Structure of Carbon Nanotubes

The hexagonal arrangement of atoms in carbon nanotubes and graphene sheets can be
described n terms of the tubeds chi readrthdchiralanglehel i c

* . The chiral vectors , also known as the rellp vector, is defined by the following equation:

E & GF P
where the integers and& are the numbers of steps along the lattice vectors (unit ve#tor)
and# , as defined in Figure 1.1. The lattice vectors can be expressed as follows:
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where®is the length of each unit vector and is definechasVio® , where® s the covalent
bond lengthIn carbon nanotubes, the covalent bond length is p& cAngstroms, and thus,
@ ¢& @Angstroms[34, 35] The chiral angle determines the amount of twist of thetman
nanotube. Hence, the carbon nanotubes are fundamentally classified into three main categories
according to their chiral vectog, . A chiral ¢ nanotube has unequal, neero¢ andd

integers, i.e¢ @&  mand the chiral angle is betweerits two limits @ ¢ o 71, whereas
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for the two limiting cases,e. zigzag nanotube with a chiral angle equal to zero @ and
armchair nanotube with o 7 the integers are represented &lat and &fE , respectively.
These last two ases are generally known as symmetric carbon nanof@dgsThe chiral,
armchair and zigzag carbon nanotubes sometimes exhibit different pregeotienstance, chiral
and zigzag nanotubes show semiconducting behavior, ashamnchair carbon nanotubes are
categorized as metal and are considered conducting maf{86&ldn addition to chirality, the
number of layerss also another factor that is considered for categorizing carbon nanotubes, Hen
they are classified as SingWgalledCarbonNanotube (SWCN) and Mulivalled-Carbon
Nanotube (MWCN).

A SWCN can be described as a graphene sheet that has been roletulrecor cylinder.
The thickness of the cy lthatrofthgnaphene sheel, which isabauto n s i
0.34 nm[33, 37, 38]. For agivenéfx SWCN, the diameté® of the cylinder can be calculated

using chiral vector integers,anda , as follows:

Moreover the translational vectdr can be defined as:
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where "Q@ '@ the greatest common divisor &f c& andc¢é & . Note that vectofT is
perpendicular to the vecter and decides the size of the unit cell of the nanotube togetheg with
The CNRPCs are not perfect, so tthir structures possess defects. In the next section, structural

defectsn CNRPCs are introduced and explained in detail.



Figurel.1. Descriptionof carbon nanotube

1.2 Defectan Carbon-Nanotube Reinforced-Polymer-Composites

CarbonNanotubeReinforcedPolymerComposite (CNRPC) materials are not perfect in
practical engineering applications, so that their structures possess imperfections. In CINRRPCs,
effects of theandom arrangement and orientation of carbon nanotubegatymer matrix, the
entanglement of fillers and kinking, are probably dominant. However, to the extent that the
mechanical properties of the nanotube reinforcement influence the properties of the
nanocomposite, there would be a corresponding sensitivitye hanocomposite property to the
variations in the properties of the nanotube reinforcement and interface properties. This source of
randomness can be compared to the other sources mentidioeel. lbéence, considering the
randomness due to defectsarcarbon nanotube or interphase, while assuming that the carbon
nanotubes are correctly aligned is duly justified in the references from the literature. Moreover,
the use of stochastic modeling toadyze the effects of structural vacancies in the Si¢gdled
CarbonNanotube (SWCN) is also of interest in manufacturing, due to the fact that vacancies are

randomly distributed in the SWCN and are unavoidable in engineering appli¢@8e43]. In the



next subsection, the random distribution and orientat@inSWCNs inside a polymer matrix
material, the entanglement of filleend kinking are explained, as well as structural defects in the

structure of the nanocomposite material.

1.2.1 SingleWalledCarbonNanotube distribution in a polymer matrix materi@ahtanglement

of fillers, and kinking

Fiber orientation and concentration play important roles on the properties of composites. At
nanoscale however, analytical investigation on the influence fettdein the arrangement of
Carbon Nanotubes (CNs) insitlee matrix material would be very difficult. On the other hand,
experimental studies would be also very expensive. Hence, modeling and simulation of
nanocomposite behavior under various situatioavery likely to be employed for predicting the
influence of imperfect dispersion of fibers into matrix. In some investigations, innovative
techniques for simulating ndmomogenous dispersion of CNs, inside the polymer material matrix,
as schematically lilstrated in Figure 1.2(a) for orientation of CNs and iguFe 1.2(b) for
orientation and distribution density of CNs, have been achieved.

In terms of orientation, the fibers can be parallel or randomly distributed with respect to each
other. Different pproaches have been employed to predict the elastic behaviCN-based
composites with aligned short fibers. Howeualatively less attention has been paid to study
randomly distributed short fiber composites. In initial investigations on the topiplesiwo
dimensiona[43] and threadimensiona[44] random arrangements of CN have been investigated.
The general orientation distributi¢f5] was also studied briefly in 1989. Though, in more recent
investigations fosimulating various CN orientations, introducing GMtrix islands with various
CN degrees was suggesiadRef.[46] and randomness, in terms of distribution density, was also
studiedin Ref.[47].

Regardingthe entanglement of fillers and kinking, thisfdet is also important because it
can cause that the structure of the nanocomposite is weak and fragile. For instance, if a repeated
stress or strain is constantly applied on the nanocompositaahateran suffer several damages,

such as a crack or fraure in its structur@48].
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Figurel.2. Random distribution of CN fibers inside a polymeric matrix, in terms of (a)

orientation and (b) oentation and distribution densipyoposedn Ref.[48].

1.2.1 Structural vacancy defectsthe nanocomposite material

A vacancy defect is a point defect that occurs naturally in the ideal hexagonal lattice of
Carbon Nanotubs (CNs), as shown in Figure 1.3(a), in which one or several atoms are missing
from the structurg¢48]. Vacancies, as illustrad in Figire 1.3(b) throughFigure 1.3(d), may be
formed during solidification process, as a resiilthe vibrations of atoms, or they may happen
due to local rearrangement of atoms after plastic deformation, or by heavy ion bombarding and
irradiation of highenergy beamgl9, 50] Once the atom is knocked out astice site, the dangling
bonds in the vacant site rehybridize to create some new Ipfgdjdsnd the atom returns back to
the surface of the structure to papie in a new bonding arrangement. Initial reconstruction of
the tiree dangling bonds is in a way that two of the three free bonds, in a mono vacancy defect,
bridge to form a strained-embered pentagonal ring, leaving a single dangling bond, shown in
Figure 1.3(e). Finally, in Figure 1.3(R, StoneWales (SW) defecsishown. In a SW defept8],
four adjacent hexagons are converted into two pentagons and two heptagons with a 90° rotation of
the horizontal bond of the hexagstructure. Irthe presenthesis, different structural vacansie
(i.e. missing carbon atoms and covalent bonds) in the SWigleed-CarbonNanotube (SWCN)
will be modeled and discussed to obtain the reliability of the nanocomposite material. Hence, in
the next section, modeling @rsimulation of CarboiNanotubeReinforcedPolymerComposite

materialsareexplained in detail.
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Figurel.3. (a) Ideal structure, (b) monovacancy, (c) dowaeancy, (d) triplevacancy, (e)

reconstructed monovacancy and (Ri8tWales defect proposed Ref.[48].

1.3 Modeling and simulation ofCarbon-Nanotube-Reinforced-Polymer-Composites

During the last decades, the application GarbonNanotubeReinforcedPolymer
Composite (CNRPCJnaterials in engineering applications has becaneceeasingly popular,
mainly in the aerospace and aeronautical indus{b&$ Molecular Dynamics (MD) and
Molecular Mechares (MM) computational methods are atomidteesed methods which are the
most common tools used fonmilation of such materials. However, fully atomistic methods are
limited in length and time scales aaeknot capable of simulating coarseale system&ecently,
some authors have proposed different research lines concerned with the modeling of
nanocompsite materials using a Representative Volume Element (RVE) of the material model
and multiscale modelinfp2]. The concepdf RVE is important in the study diie mechanical
response of heterogeneous materials. MathematieeRYE is the length scale limit relative to
the microscale (or the length scale of a single heterogeneity), where the material appears uniform,
and theefore, the continuum concepts are applicaBl®VE is useful for modeling the effect of



nano and mestale heterogeneities on the overall mechanical response of the-sizacro
components of the materi@3]. On the other hananultiscale modelingefers to a technique of
modeling in which multiple models at different scales ased simultaneously to describe a
material ormechanical system. The different models regularly focus on different scales of
resolution. They sometimesonsider physical laws of varying nature, for example, one from
continuum mechanics and one from MIherefore, the need for multiscale modeling comes from

the fact that the available macroscale models are not accurate enough. Moreover, the microscale
models are sometimes felt to be not efficient enough and/or offer too much information to process
[54].

By combining both points of view, it is possible to arrive at a reasonable compromise
between accuracy and efficiency. Hentlee RVE modeling and multiscale modeling are
alternative methagito modelCNRPCmaterialsas well agheir largescale response to the small
scale behavior using the features of both atomistic and contibased computational
calculationg51, 52, 55, 56]In such methods, atomistic modeling could be applied in localized
regions where the atomistscaledynamics are essential, while continuum simulation could be
used in the rest of the mater{al7-59]. The main difficulties of these typeof approaches are
related to boundary conditions between the models and the selection of suitable parameters for the
multiscale operationg4, 56, 57] Currently, there are multiscale approaches develapstltly
the mechanical behavior of different types of composite materials by defining a RVE of the
composite model, sl as polymers reinforced with singhalled carbon nanotubes, in problems
related to elasticit}y60-65], molecular dynamicg6-70], andvibration analysi$s5, 7175]. Most
multiscale modeling techniques implement either coupled or atorbesied continum
approaches to model the reinforcement of nanocomposites with carbon nandtubles.
following, some general features of eawtltiscale methodare explained.

1.3.1 Coupled methods

In the coupled methods, it is common to employ Molecular Dynamics @@gtomistic
scales and Finite Element Method (FEM) for continuum scales. The coupldeBNapproaches

can be further subdivided intaearchical and concurrent coupling methods.



1.3.1.1 Hierarchical methods

Hierarchical multiscale methods fall undbe category of coarsgraining methods where
simulation results of lower spatial scales are used as input to the next level simwgtidngtre
1.4)[52]. The underlying assumption for the hierarchical multiscale metisaitigi the problem
considered can be easily separated into processes that are ruled by different length and time scales
[54, 58] Hierarchical multisale methods have two significant limitatiofd2, 54, 56 (1) the
nature of dependence of physical laws governing different length scales must be known a priori.
In other words, the information received from the lower length scale simulations musized uti
in determining the parameters that govern the process at clesugin scale. Hence, the accuracy
of coarsescale parameters depends on the accuracy and reliability of lower length scale
simulations, and (2) if the governing laws for different pattales show a strong dependence on
each other, onréme exchangefanformation from lower length scale to higher length scale may

not be enough and may require an iterative approach.
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1.3.1.2 Concurrent methods

In the concurrent multiscale methods, the information is continuously exchanged between
different spatial levels and the entire simulation, involving multiple scales, is performed
simultaneouslyFigure 1.5)[52]. Themodeling scheme does not demand any assumption about
the physical phenomenon under consideration. The process evolves under the constitutive laws of
each length scale and the coupling among them andoa prformation about scale inter
dependence are notquired. In these methods, the entire simulation is performed in one step.
Therefore, a reliable and accurate handshake coupling zone is necessary to facilitate smooth
exchange of data between regioegresenting the different spatial scales involzeld 58] Most
concurrent multiscale techniques suffer from one or more of the following significant limitations
[52, A4, 56]: (1) the FEM regions down to the atomi@lecinduces physical inconsistencies and
numerical dfficulties, (2) contamination of the solution resulting from the improper description of
the transition zone, (3) the combination of different energy levels (FEM/MD) produces erroneous

nonphysical effestin the transition region.
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Figurel.5. Schematic diagram for information embedment in concurrent multiscale modeling

proposedn Ref.[52].
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1.3.2Atomisticlevel based coirtuum methods

The atomific-level based continuurtechnique has the advantage of describing atomic
positions, their interactions, and their governing interatomic potentials in a continuum framework
(Figure 1.6). The interatomic potentials (deformation measures) considerednmodbecapture
the atomist structure of the different phases considered. Thus, the influence of the nanophase is
considered via appropriate atomistic constitutive formulafiéés Consequently, these measures
are fundamentbl different from those inthe classical continuum theory. The strength of
atomisticlevel based continuum methods lies in their ability to avoid a large number of degrees
of freedom found in the discrete modeling techniques while allowing for the destrgftthe
nonlinear behawr of the components of the syst¢b#, 58 76. Hence, in the next section an
atomistic level based continuum approach to model CafdanotubeReinforcedPolymer
Composite materials is explained.

Atomistic Continuum
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Figurel.6. Schematic of the atomistizased continuum modeling technique as it relates to
simulating SWCN structures presentedRef.[76].
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1.4 Atomistic-level based continuum method for CarborNanotube-Reinforced-Polymer

Composite materials

In the development of a Representative Volume Element (RVE) for the study of nano
reinforced polymer systems, it is essential to define an atorestetbased continuum method to
consider the coupling of atomistic and tooum scales, rad the nonlinearity of the atomic
interactions. Hence, the description of the interatomic potentials must be included during the
analysis because they provide the constitutive relations for these types of nanocomposites at the
atomistic scke. The interatmic potentials also describe how the atomic interactions act under

different loading conditions. The general form of an interatomic potential is expressed as follows:

0 0 0 PP
where the bonded interactiofs can be subdivided as:
O O O O ©O P&

whereO corresponds to the bond stretching poten@al¢corresponds to the borahgle bending
potential,O corresponds to the inversion pati@al andO corresponds to the torsion potential. In

the case of the nonbonded interacti@ns , these interactions are represented Bews:

0 0 p®

whereO  corresponds to the van der Waals (vdW) forces based on the Lelumas potential.

The atomic interaction deformations can be appreciated from Figure 1.7. The interatomic
potentials are onlinear so that their nonlinearity must be taken into accountyimaalysis.The
approaches to develop a RVE ofi@anareinforced polymer system haweostly been lineaj32,

38, 77, 79. Thus, these formulatiofi®come unable to predict the appropriaialinear response

of the nanocomposit@aterial

12



o—o - \
Bond Stretching ) .

Bond Angle Bending O

——

Van der Waals Torsion

- >

Inversion

Figurel.7. Atomic bond interactions.

In this thesis, a nonlinear atomistevel based RVE for the study of the mechanical behavior
of a CarborANanotubeReinforcedPolymerComposite (CNRPC) material is developed. The RVE
of the CNRPCmaterial consists of a SingWalledCarborNanotube (SWCN), a surrounding
polymer matrix, and a SWQNpolymer interface region, as depicted in Figure 1.7. Due to the
nanoscale involved in simulal SWCN structures, a continuwaiomistic description is
incorporated. The Carbe@arbon (CC) covalent bonds in the SWCN structure are described
using the Morse potenti@f9]. The nanostructure of the SWCN is also modeledguasuitable
shell theory[80, 81] In the case of the polymer matrix material, solid finite elements are used to
describe its mechanical behavior in a continuum domain. The nonlinear response of the polymer
matrix ismodekdusing the Mooneyrivlin strain energy82]. In the interface region, the atomic
van der Waals (vdW) interactions between the atoms in the SWCN and the atoms in the inner
surface of the polymer matrix are described gisthe Lennardlones potentia[83]. This
description implies the assumption of a nonbonded interfacial region. All the components used in
the development of the RVE of the nanocomposite material are represented in Figyrantl.8(a
1.8(b). As it was mentioned in section 1.2, CarblamotubeReinforcedPolymerComposite
(CNRPC) materials are not perfect. Hence, it is important to obtain the reliability and hazard
associatedwvith their material properties. In the next sectionrelability-basedprobabilstic

approach igxplained to quantiftherisk and safety of CNRPC materials in practical applications.
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Figurel.8. (a) Representative Volume Element (RVE) of the CafidanotubeReinforced
PolymerComposite (CNRPC) material and (b) Composearsged in the development of the
RVE.

1.5 Reliability-based probabilistic approach

Reliability is a timedependent characteristic, which provides the probability that a product

or service will operate properhorf a specified period of time (design lifehder the design
operating conditions without failuf84]. Hence, reliability can be defined as the probability that

a unit performs its expected mission over an intended time soder specified conditions of use.

The concept of reliability usually consists of four basic p§8S]: probability, adequate
performance, time and operating conditions. Probability provides the numerical input for the
assessment of the reliability of @mponent or system, and also the first index of system adequacy.
On the other hand, adequate performance, time and operating conditions provide information about
all engineering parameters. In engineering applications¢cdheept of reliability is applietb

components and structures to determine the probability of a component or a system performing its
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function (purpose) adequately for the period of time intended under the operating conditions
encountered. In this thesthg reliability concept is applieto the Representative Volume Element
(RVE) of the nanocomposite model at the née@l through the stresgrength model and
prediction approach to determine if the nanocomposite material has the capacity to tolerate
damage. The strength is considereslthe capacity of the nanocomposite material to tolerate
damage, while the stress is regarded as the challenge that the nanocomposite material must tolerate.
The stresstrength model and prediction approach is based ercliallengecapacity model,

which describes that a mechanical system fails when the capacity of the system is less than the
challenge that the system must face, where both capacity and challenge are random [g&jiables
The eliability of the nanocomposite naial is determined as a function of the mechanical
properties of the RVE of the nanocomposite material instead of a certain period of time. In this
thesis, the concept of hazard is also applied because it providessidesinformatiorabout the

materal system than the reliability analysis and quantifies theasslociated witthe material
system[86]. In practical applications, the nanocomposite material is not perfect, and it possesses
structural defects. Hencty perbrm the reliability analysis, it is necessary to apply the Monte
Carlo Simulation (MCS) technique teimulate and modethe structural defects in the
nanocomposite materifB4]. MCStechniques a computerized mathematicalltauethat can

be usedo account for risk in quantitative analysis and decision making.

The results of the probabilistic analyssingthe MCS technique provide information about
different material properties of the ramomposite material, which are considered as random
variables.The probability distributions of the random variables can be calculated tksng
assumptions o#Veibull andGaussian distribution87]. However, a moraccurate ad efficient
approactsuchas the Maximum Entropy Meth¢88] should be used for estimating the probability
density function (pdf) of each random variable. The Maximum Entropy Method (MEM) was
suggestedn Ref.[89], as a rational approach for estimating the pdf of a random variable under
specified moment constraints when little information is available on the data. The approach results
in the least biased probability distribution among all geslistributions that are consistent with
available data. The MEM is widely recognized asféinient stochastic modeling to@specially
when a small number of samples are available, which has been successfully applied to many
problems and in a wide xsaty of fields. Therefore, in the next sgbction, a brief description
about the MCS techniquend the MEM are provided.
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1.5.1 Monte Carlo Simulation technique

Monte Carlo Simulation (MCS) technique isc@mputationabpproactthat relies on
repeatedandom samplingo obtain numerical result§84]. The underlying conceépis to
userandomnesf solve problems that might lbeterministidn principle. Hencethe MCS
technique has six essential elemdB®]: (1) defining the problem in terms of all the random
variables; (2) quantifying the probabilistic characteristics of all the random variables in terms of
their probability @nsty functions (pdfs) and the corresponding parameters; (3) generating the
values of these random variables; (4) evaluating the problem deterministically for each set of
realizations of all the random variables, that is, numerical experimentation; (5)tiegtrac
probabilistic information from0 such realizations; and (6) deternmgi the accuracy and
efficiency of the simulation. This technique is mainly used in three types of problems:
optimization numerical integrationand generating random data frorprabability distribution
[85].

In this thesis, the MCS technique will be utilized to determine the probability distributions
of the material properties of the nanocomposite material, considering diengritiral problems
in the material model. A general procedure of the MCS teckngjprovided as followf85]:

1. Determine the function relating the independent random varialdethe dependent random
variable, or relating the inputs to the output as

~,

® Qi A Ei P8

2. Determine the distribution of each independent variable, or input, or

Qi Qi E Qi o)
or the pdfs of each component.
3. Determine the cumulative digtution function (cdf) of each variable, or input,®i , where
"Q phchE ¢8
4. Generate a random numheruniformly distributed between zero and one, for each random

variable. The uniform distribution function isvgn by
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5. Obtain a set of randomly chosen values for each random variable from

0 Qi Qi P

wherei represents theandom variable involved
6. Repeat many timefyr instance100000r more preferdoly.
7. Substitute the values of each set; i.gsi  E i ; into the output function, and determine

a random value of the output, or
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8. Arrange @, or i, values in ascending value or order, okas @ @ zwhere0  100000r

more preferably.

9. Calculate the four moments from the Monte Carlo values of the outputi af @fis necessary.
In the next susection, the Maximum iEropy Method is explaineithatseeks andbtairs a

more realistic distribution of each material property of the nanocomposite material.

1.5.2 Maximum Entropy Method
The principle of Maximum Entropy (MEB8] can represnt stochastic information in data
using a probability ensityfunction (pdf) that depends on its moment constrairts a random

variable gy whereby its realizatiom takes on all values over an integral of real numbers with
unigue pdfQw , the EntropyY'@an be defined 86]:
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In the momenbased ME method, tHentropy™Y @s maximized subject to:

WQWQw a& pP T
A
whered are the constrained moment§) 18 R and is the number of moments. Using the
method of Lagrange multiplier®0], the optimizéion problem witheé+1 constraints is then

reduced to the optimization of the unconstrained function:

fl ¥ Quwn _ow Qw W PP p

A

wheref for ‘Q TiB & are the Lagrange multipliers fits correspondinge @ .

Equation (1.11) has a solution féXw as follows[88]:

Qw Qown _ow PP C
All the ME distributions are achieved wheérljT ¥ 1, which satisfies the mome

constraints in Equation (1.10) and takes the general forif2cfin Equation (1.12). Note that

sincew p (for ‘Q 1) in Equation (1.12),_ can be determined by using the following

expression:
¢ Qwn _w Qw PP o
A

In the next section, a literature review on CarbanotubeReinforcedPolymerComposite
materials is provided, including references about RVE modelistatic and dynamic responses,
and considering defects in the nanocomposite material.
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1.6 Literature review on Carbon-Nanotube-Reinforced-Polymer-Composites

Both coupled and atomistlevel based continuum multiscale methods have been applied to
simulate Cebon-NanotubeReinforcedPolymerComposite (CNRPC) materialg51, 52].
Generally, the mistic modeling is incorporated at lower length scales as the first step in these
multiscale schemes to study the primary response fields (displacement, vibrational frequency, etc.)
and energetics (potential and kinetic energies), whgecontinuum moeling is incorporated at
higher length scalefs1, 52, 76]. A suitable selection of boundary conditions and design
parameters would make multiscale modeling an efficient technique to solve complex problems in
elasticity, molecular dynarcs, and vibratiomnalysis.

It is a standard practice to use a Representative Volume Element (RVE) in the simulation
and modeling of any type of composites (that are nietaéd, ceramibased and polymdryased)

[53]. For stuging the static reponse of polymer matrices with SingMalled-CarbonNanotubes
(SWCNs) as reinforcement, Liu and CHeid] evaluated the effective properties of SW@aked
composites through the development of a RVE based entirely on contmecinanics. However,

their RVE did not include a model for the interface region, nor did it include an atomistic
descriptionHu et al.[32] developed a RVE that included the SWi@lymer interface region.
However, the interfacavas simulated using solid FE elements with linear material properties.
Tserpes et al30] constructedtteir RVE by representing the SWCN as a hollow beam element
embedded in a solid polymer matrix. However, their work didimdtide an interface region in

their RVE. Li and Choy38, 91] constructed their RVE using pace frame structure for the
SWCN, solid elements for the polymer matrix, and truss rods to represent the interfacelitegion
SWCN and the polymer matrix presented a linear behawioite the interface surface presented

a nonlinearesponse. Shokrieh drkRafiee[78] extended the model of Li and Ch{&8, 9] to
incorporate a nonlinear interface region based on the Lenlards potential. However, their
model did not include a nonlinear description of the SWCN and the surrounding polymer.
Georgantzinos et aJ]92] proposed a nuification of the rule of mixtures that can consider the
interfacial effects between the reinforcement consisting from a SWCN and the polymer matrix, to
predict the effective Youngds modul us of the
noded intefacial joint elements of variable stiffness for modeling the interface region. However,
its interface region had a linear behavior as well as the SWCN.
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Later, Georgantzinos et 4¥9] included the nonlinear behavior of th&/EN modeled by
using the Morse potential, but the interface region still had a linear behavior. Recently, Spanos et
al. [93] extended the work conducted Ref. [79] considering a nonlinear response the
interfacial elements for the interface region, but the SWCN was modeled with linear material
properties. Mohammadpour et §84] presented a RVE of a polymer matrix reinforced with a
SWCN, replacing the SWCN with a gbmodel constructed from nonlinear elements in the shape
of a hollow cylinder and integrating the mechanical properties into solid elements. Despite
modeling the interface region with contact elements saving computing efforts, this model cannot
study othe types of mechanical behavior as bending, buckling and torsion. Later, Wernik and
Meguid[76] proposed a nonlinear RVE to investigate the useful mechanical properties of a nano
reinforced polymer, including nonlinear effectsthe SWCN and the interface region.

Later, lonita[95] conducted atomistic and mesoscale simulations to estimate the effects of
the diameter and weight fraction of SWCNs on the mechanical behavior and glass transition
temperatee of SWCNreinforced epoxy resin composites. Spanos §438).extended the work of
Ref.[79] to study the stress transfer between the SWCN and the polymer matrix. The interfacial
effects bewveen the two materials were simulated by stiffness variations defining a hetsrogen
region. Other works, such as that of Ghorbanpour ¢9@], conducted the static stress analysis
of the RVE under nolaxisymmetric thermanechanical loads and uniform electromagnetic fields.
Their results showed that tlfiatigue life of the composite material was dependent on magnetic
intensity, angle orientation and volume fraction of SWCN.

On the other hand, Ghasemi et[@lf] studied the effects of carbon nanofibers on thermo
mechanical progrties of a RVE and their impact on residual stress. Jia f8Iproposed to
analyze the stress transfer properties of a RVE with a SWCNaabdubleWalled-Carbon
Nanotube (DWCN) at low temperatures environments. The sesudire obtained for both
reinforcements (SWCN and DWCN). However, a perfect bonding was assumed between the
polymer matrix and the SWCN and the DWCN. Later, Kyu €08l determined the mechanical
behavior of a RVE made withuaminum and a SWCN. In this work, the interface region between
both the materials was modeled using van del Waals interactions.

Recently, GarcidMacias et al[100] developed a RVE to study its effective elastic moduli,
including an atomistibased computational model and a micromechanics approach at the nano

and micrescales, respectively. The covalent bonds of the SWCN were modeled as Timoshenko
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beamsLater, Papadopoulos and Impraimaki®1] proposed a hierarchical multiscale approach
in order to evaluate the nonlinear constitutive behavior of concrete reinforced with SWCNs. Other
authors, such as Sun et HIO2], presented a multiscale computational analysiebasn RVE
modeling and molecular dynamics simulations to investigate the microscopic failure mechanisms
of unidirectional carbon fiber reinforced polymer composites, wikevaier et al. [103]
proposed a multiscale approaohcharacterize and to model the transverse compression response
of a unidirectional carbon fiber reinforced epoxy.

Despite most of the works done on polymer matrices with SWGSNsiaforcement are on
static response, there are very feworks that study tk dynamic response of this type of
nanocompositenaterial Latibari et al[104] extended the model {8, 91] including a nonlinear
interfacial region based on the Lenrialdnes poterdi to calculate the damping ratio of the
nanocomposite material by evaluating its dissipation energy. However, their model did not
incorporate a nonlinear description of the SWQdter, JamaDmidi et al.[105] analyzed a
SWCN embedded in volume element using 3D finite element and analytical methods to compute
its natural frequencies with different aspect ratios. Shokrieh |gt0#l] predicted the viscoelastic
properties for an endglded SWCN in a polymer matrix by using a tidependent formulation of
the interface region. The SWCN was modeled using space frame beam, the interface region was
modeled using nofinear sprims based on van der Waals interactions and the polymer matrix
using solid continuum elements. Later, Gajbhiye and SifiglY] proposed a RVE for a
polypropylene matrix along with different percentages of SWCNs to evaluateatisain
frequencies, ratdependent characteristics and dampgmgperties. The covalent bond of the
nanotube was modeled using TergBifenner potential, and the interaction between the nanotube
and the polymer matrix was modeled using Lenhdwdes poterdl represented by nonlinear
spring elements.

In the case ohanoreinforced polymer systems with structural imperfections, such as
vacancy defects, Shokrieh and Rafié#] developed a stochastic multiscale modeling techaiqu
to estimate the mechanical properties of carbon nanoai®rced polymers considering valid
parameters at nano, micro, meso, and macabes. Later, Davoudabadi and Faralani]
investigated the influence of differentova ncy def ects on Youngds mo
reinforcement pgimer composite in the axial direction by using a structural model in commercial

software ANSY®. In another work, Ghasemi et f9] studied the uncertainties prayion and
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their effects on the reliability of polymeric nammoposite continuum structures considering
material, structural, and modeling uncertainties. They considered the length, waviness,
agglomeration, orientation, and dispersion of the SWCNs asmandoables. Yuan and Ld09]
proposed a geometric generation algorithm to produce a 3D finite element model of a polymeric
composite with randomly dispersed and wavy SWCNSs to analyze its gl properties, as

well asJoshi et al[110], who proposed a multiscale 3D RVE approach for modeling the elastic
behavior of carbon nanotube reinforced composites with vacancy defects. Other authors, such as
Ju et al[42], investigated the interfacial strengths betwpelypropylenecarbon fiber composites
through experimental observation as well as using molecular dynamics simulation to determine its
optimal chemical functionalization groups, while Rafiee and Mahd&}ipresented a thedreal
characterization of the interaction between a SWCN and a surrounding polymer using molecular
dynamics simulation. They conducted a stochastic analysis treating numbers of established
covalent bonds bewen the SWCN and the polymer material, and tpesitions as random
parameters.

Later, Chawla et al[111] explored the effect of vacancy defects on SWCN reinforced
polypropylene composites using molecular dynamics simulandrcomparing the influence of a
perfect and an imperfect SWCN as reinforcement. Oxtlanigun et al.[112] studied the
crosslinking route and interfacial interactions for achieving superior properties in a SWCN
reinforced epox by using multiscale modeling. Other authors, suchhaset al[113], presented
a probabilistic multisda approach to model the random spatial distribution of local elastic
properties arising from the different waviness amgkntation of SWCN fillers within a 3D
microscale continuum RVE of a SWaminforced polymer matrix. Recently, Jeong ef{hl4]
proposed a 3D stochastic computational homogenization model for SMIGRy matrix
composites. ey found that stochastic waviness, agglomeration, and orientation of SWCN fillers
caused random spatial variations of the elasticihgde of the SWCMNepoxy matrix within a
microscale RVE, resulting in probabilistic changes of the homogenized stiffhtes RVE. In
the next section, the research motivation of this thesis that focuses on -Garaube
ReinforcedPolymerComposite matgals will be explained in detail.
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1.7 Research Motivation

During the lastfew decades the application of CarbNanotibe-ReinforcedPolymer
Composite (CNRPC) materials, in engineering applications, has become increasingly popular,
particularly in the aerospace and aeronautical industries. However, further and more
comprehensive studies are still required to be carriedespecially on theidynamic response
and on thereliability and hazard (related to riskprresponding tdheir static and dynamic
responses. Experimental investigations for this purpose have limitations and, in most cases,
appropriate experimental wodould not be carried out. Therefore, the computational modeling of
a Representative Volume Element (RVE) of tHéRPC material and simulation encompassing
multiscale material behavior provide an alternate approach to study the material behavior of this
type of nanocomposite materidlhe RVE modeling of the CNRPC materiallows to study the
mechanical behavior of éhnanocomposite materiay considering the following features: (1) the
microstructure, global mechanical properties such as elastic modualdisnhiaremechanical
response of the RVE are statistically similar to those of a rsrpeospecimen of the same
nanocomposite material, and (2) the mionechanical response of the RVE is unique for a given
loading direction, although different loading etitions may yield different micrmechanical
responsgdue to noruniform nature of the micrstructureNeverthdess, in practical applications,
CNRPC materials are not perfect and their structures possess defects.

Hence, the primary motivation is to chaterize the mechanical behavior of an imperfect
CNRPC material through probabilistic modelggdto calculate its reliability and hazasd aso
quantify the risk and safety conditions in practical applications. For this purpose, a reliability
basedprababilistic approach should be used to be able to characterize the structural defects of the
CNRPCmaterial by using the Monte Carlo Simulation (MCS) technique, and to obtain a more
realistic distributios of the reliability and hazard functions by using thMaximum Entropy

Method (MEM). Hence, in the next section, the problem statement of this thesesented.
1.8 Problem Statement

Experimental investigations to study the material behavior of CadamotubeReinforced
PolymerComposite (CNRPC) matelghave limitations. Hence, the computational modeling of

the Representative Volumeldfent (RVE)of the nanocomposite material and simulation
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encompassing multiscale material behavior provide an alternate approach to study the mechanical
properties of sut materialsThe material properties of CNRPC materials have been studied and
analyzed in many w&s in the literature. In these works, the rule of mixtures provides an approach

to predict the material properties of a CNRPC material made up of contimousidirectional

fibers, based on the weighted contributions from the fiber filler and the mat@ording to the

rule of mixtures, the properties of composite
modulus, coefficient of thermalexpaosh, s hear modul us and Poi sson:
properties such as ultimate strengthsltzctor, dissipation energy, structural damping coefficient,

and viscous damping ratio can not be calculated following this approach.

Moreover, there are few studies that analyzed and characterized the dynamic material
properties of CNRPC materials. Wever, there has been a lack of research on the reliability and
hazard evaluation of the mechanical properties of CNRPC materials, considering imperfections i
their structure. Therefore, a CNRPC material model is developed in this thesis to study and to
characterize the mechanical behavior of this type of nanocomposite materials, by using a 3D
multiscale finite element model of the RVE of the nanocompositeerraht Moreover, the
reliability and hazard evaluation of the CNRPC material is proposed andsiaexharacterization
approach for nanocomposite materidlse RVE represents the smallest material volume element
of the CNRPC material with discontinuowsison nanotubes (as is shown in Figure 1.9). The RVE
of the CNRPC material is considered and aredyin this thesis workFigure 1.10 shows the
methodology to build the computational model of the RVE of the CNRRrial. As it was
mentioned in section.1, the SingléWalled-CarborNanotube (SWCN) ifirst modeled as a space
frame by using the Morse potentatd then as a thin shell based on a suitable shell theloey. T
polymer matrix material is simulated by using the MoeR&ylin strain energy to caldate its
nortlinear responseyhile the interface rgion between the SWCN and the polymer matsx
modeled via van der Waals (vdW) links. In the next section, the scope and objectives of this thesis

are presented and explained in detalil.

24



Composite material Fibers of carbon nanotube

! Representative Volume Element

/ Polymer matrix

Polymer matrix

Carbonnanotube

Polymer matrix

Representative

Volume Element

Figurel.9. Representative Volume Elemig(RVE) of thenanocompositenaterial.

Polymer matrix

material Y .
Polymer matrix
l X Interface y
Mooney-Rivlin region Y
. ™
strain energy
—

Carbon
nanotube
Interface
region J
l Representative
Van der Waals Volume Element of Stiffness and
links Carbon-Nanotube- dynamic material
Reinforced-Polymer- properties, and
Composite reliability and
hazard evaluation
Single-Walled-
Carbon-Nanotube

l

Space frame
based on Morse
Potential

\ V
Thin shell model X
— based on ashell ——
theory

Figurel.10. Methodologyusedto develop the CNRPC material model.

25



1.9 Scope and objectives of the thesis
1.9.1 Scope of the thesis

There are techniques based on multiscale modeling to solve different types of engineering
problems in nanocomposite materials. However, further studies still need to be carried out to study
and to characterize their mechanical properties. Thereforegdpe sf this thesis i® study the
stiffness and dynamic responses of a CatldanotubeReinforcedPolymerComposite (CNRPC)
material by developing and using a 3D multiscale finite element model of the Representative
Volume Element (RVE) of the nanocompesmaterial. The stiffness response is studied in terms
of its stressstrain behavior, while the dynamic response in terms of its natural frequencies, steady
state response and damping properties. The reliability and hazard of the CNRPC material are also
determined based on its stiffness response and natural frequencigsaascierizatiompproach
by using the challengeapacity model. Hence, a computational model consisting of a Single
Walled-CarbornNanotube (SWCN), an interface region and the polymadrix materialhas been
constructed for this purpos&he multiscale modeling is performed in terms of using different
theories and corresponding strain energies to model the individual parts of the RVE of the CNRPC
material. The macroscale continuum nagbs is used for the polymer matrix, the mesoscale
mechanics is used for the interface region, and the nandeealatomistic mechanics is used for
the SWCN.The SWCN is modeled as a space frame structure by using the Morse potential and
also as a thirshell based on a suitable shell theory. The polymer matrix is modeled with the
MooneyRivlin strain energy to calculate its ndinear response and the interface region is
modeled via van der Waals links based on the Lerdamnés potential. The CNRPC real is
also called as CarbexdanotubeReinforcedPolymer (CNRP) material in certain chapters because
some journa preferred that kind of wording. In the next section, a breakdown of the objectives of
this thesis is provided.

1.9.2 Objectives of the search work

The objectives of this research work are listed below:

1. To developa 3D multiscale finite element model of the Representative Volume Element (RVE)
of the CarborNanotubeReinforcedPolymerComposite (CNRPC) material to conduct a

parametric stdy to determine its static and dynamic responses. The static analysis isaatrried
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in terms of its stiffness response, while the dynamic analysis is carried out in terms of its modal
and steadystate responses and damping properties. The RVE of the CNRigerial considers
different volume fractions of SWCNs and a perfect structarethe SingleWalled-Carbon
Nanotube (SWCN) and van der Waals (vdW) links. Moreover, the results of its viscous and
structural damping mechanisms are compared with the expetal data available from the

literature.

2. To developan advanced probabilistanalysis to determine the static and dynamic reliabilities
of the CNRPC material for achieving reliable and safe design, considering structural defects in the
nanocompositematerial that are unavoidable in practical engineering applications. The
longitudinal modulus and ultimate longitudinal strength of the CNRPC material are used to
guantify the risk in terms of the static reliability and static hazard. Moreover, the temaaon
of dynamic reliability and dynamic hazard is based on the modal ptmare the CNRPC
material. For this purpose, the frequency sweep of the excitation and the nearness to resonance of
the material system are considered as a viable charati@miapproach.

The content of this thesis can be appreciated from Figuie A flowchart is used to show
the process of developing the CNRPC material model and each study performed on it to determine
its static and dynamic responses, considering age®i/CN and a perfect interface region, and

then an imperfect SWCN and an impetfaterface region.
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Figure 111. Flowchart of the contents of the thesis.
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1.10 Overview of the Thesis

This thesis is a manuscripaised thesithat is organized into seven chapters. Moreover,
there are forewords thatovide expository transitions between the different journal papers. The
chapters of this thesis are organized as in the following:

Chapter 1 provides a brief introduction to Carbd&fanotubeReinforcedPolymerComposite
(CNRPC) materials and their applicats. This chapter also presents a brief overview of the
different modeling and simulation techniques introduced in the literature to model CNRPC
materials, and the overview of thiomisticlevel based continuum multiscale technique chosen
as the simulatin tool of the Representative Volume Element (RVE) of the CaNaorotube
ReinforcedPolymerComposite (CNRPC) material. This chapters also provides a brief description
of reliability-based probabstic approach. It also includes a literature review orREIE material
considering the definition of a RVE of the nanocomposite material. It also covers the research

motivation, scope and objectives, and an overview of the thesis.

Chapter 2 focuses on the first step of the thesis: modeling the Siwglked- Carba-Nanotube

(SWCN) as a space frame structure and as a thin shell. The SWCN is modeled as a space frame
structure by using the Morse potential and as a thin circular shell by ushellaheory. A
comparison between various shell theories is also provmekktermine which theory is more
suitable to model the SWCN based on its aspect ratio and chirality.-Sin@ssbehavior and

modal and steadsgtate responses of different tym#sSWCNSs are analyzed in this chapter.

Chapter 3 describes the developnterof a 3D multiscale finite element model of the
Representative Volume Element (RVE) of the CarbamotubeReinforcedPolymerComposite
(CNRPC) material to determine its stiffnessponse, in terms of its strestsain behavior, and its
dynamic responsen terms of its modal and steadtate responses and damping properties. A
computational model consisting of a polymer matrix, an SWCN and interface region between the

SWCN and theolymer matrix is constructed for this purpose.

Chapter 4 describes a pametric study of the RVE of CNRPC with 4% volume fraction of
SWCN, to compare its viscous and structural damping mechanisms with the experimental data

available from the literature.
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Chapter 5 presents a parametric study to determine the seliability and static hazard of the
CNRPC material, considering a RVE with an imperfect SWCN and imperfect interface region.
The imperfect SWCN possesses structural vacancies, which aretehaeacby using the Monte

Carlo Simulation (MCS) technique. &lstatic reliability and static hazard functions of the CNRPC
material are obtained using the Maximum Entropy Method (MEM) along with Gaussian and
Weibull distributions based on strestsength(challengecapacity) modeling and prediction. The
ultimate lorgitudinal strength of CNRPC is considered as the capacity of the system and an applied
stress as the challenge that the CNRPC material must tolerate.

Chapter 6 presents a parametric study tdedenine the dynamic reliability and dynamic hazard

of the CNRPCmaterial, considering a RVE with an imperfect SWCN and imperfect interface
region. The imperfect SWCN possesses structural vacancies, which are characterized by using the
MCS technique. The ahamic reliability and dynamic hazard characterization are pedd by

using the challengeapacity modeling and predictidmased on the modal parameteifsthe

CNRPC materialThe consideration of the frequency sweep of the excitation and the nearness to
resonance of the material system is used as a basis for tiaetenaation of dynamic reliability

and dynamic hazard@he dynamic reliability and dynamic hazard functions are obtained using the
MEM.

Chapter 7 provides conclusions and contributions ofighithesis and makes recommendations for

future studies on theNIRPC material.

30



Chapter 2. Dynamic response of Singl&Valled-Carbon-Nanotubes

based on various shell theories

Foreword

This chaptercontains thgournal pape J. A. Palacios and RGanesan, "Dynamic response of
singlewalled carbomanotubes based on various shell theories," Journal of Reinforced Plastics
and Composites, vol. 38, no. 9, pp. 425, 2019.

In this chapterdifferent studiesre performedin terms of the stiffnesesponse, modal analysis

and steadystate response @ingleWalled Carbon Nanotubes (SWCNSs) by using a 3D finite
element model of the SWCN, under different types of boundary conditions, to provide more results
in this field. The SWCN is modeled as a spaeaene structure by using the Morse potential and
asa thin shell model based on various shell theoAgsarametric study on chirality effects and
aspect ratio is also conducted to determine which shell theory is more suitable to model the
mechanical behaor of SWCNs
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2. Dynamic response of SingléValled-Carbon-Nanotubes based on various shell theories

2.1 Abstract

Carbon nanotubes are used in several engineering applications because of their superior
mechanical properties. Scientific worksll need to be carried outspecially on their dynamic
response. These studies mainly focus on modal analysis, considering zigzag and armchair
nanotubes, and sometimes, varying chirality. However, these works do not present any results on
the steadystae responses. Therefore, thgaxtive of this chapter is to perform different studies,
in terms of the stiffness response, modal analysis and sstatéyresponse of SingWalled
Carbon Nanotubes (SWCNs) by using a 3D fheitement model of the SWCNnder different
types of boundy conditions, to provide more results in this field. The SWCN is modeled as a
space frame structure by using the Morse potential and as a thin shell model based on various shell
theories. Static analysis is performed to coraphe stresstrain behaviobetween the Morse
potential and the thin shell model. A parametric study on chirality effects and aspect ratio is also
conducted to determine which shell theory is more suitable to model the mechanical behavior of
SWCNs. Findly, the analysis of the harm@nresponse is conducted to describe the stetatg

response between both models.
2.2. Introduction

The discovery of carbon nanotuljfestablished a new era in the field of materials science.
The exceptional mechanical perties of nanotubes have shown great promise for a wide variety
of applications, such as natransistors, semiconductors, hydrogen storage devices, structural
materials, and molecular sensdfsl5]. Their exceptional and migurpose properties have
stimulated many researchers to incorporate them into polymers as a reinforcing agent for a new
generation of composite materialBuring the last few decades, the application of carbon
nanotubes as aaption of reinforcing element in nanocomposites has become considerably
popular, particularly in a wide variety of structural applications in automotive, aerospace,
aeronautical, mageansit, and nuclear industries. However, nanotube properties do Betasgly
translate into the same properties for the nanocomposite. Several issues about the alignment,
dispersion, length, size, chirality, orientation, and load transfer need tonseleed and
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optimized to obtain the best properties of the compositee®xperimentation at the nanoscale is
still a developing field, the most effective way of quantifying the effects of such parameters is
predominantly through computational modeltaghniqueg$52].

In the analysis of Singlévalled Carbon Nanotubes (SWCNSs), there are in the literature
threedimensional finite element mode[416-118] for armchair, zigzag and chiral SWCNSs,
wherein the bonds between carbaonas are considered as connecting {foadying members,
while the carbo atoms as joints of the members. To create the Finite Element (FE) models, nodes
are placed at the locations of carbon atoms, and the bonds between them are modeled using three
dimensonal elastic beam elements. In other approagB&sl19] the finite éement method is
used to analyze the structure, and the modified Morse interatomic potential is used to simulate the
nontlinear force field of the ©OC bonds. In these studies, just thend stretching potential is
considered since the bond stretching d@tgs nanotube strength, and the effect of abgieling
potential is small. In order to represent the stretching bond interactions between carbon atoms,
nortlinear beam elements ardéilized. Recent works study the behavior of a SWCN as a thin
cylindrical shell [120-122] by using the mechanical behavior of the SWCN obtained from
mol ecul ar dynamics and different [80heomlbined heor i
with other approachg423].

Despite the scientific work done on carbon nanotubes, further and more comprehensive
studies are still required to be carried out especially on their dynamic resoigsific works
done on the dynamic response of carbon nanotubes are mainly focomdat analysis,
considering zigzag and armchair nanotubes, and sometimes, varying chirality. However, these
works do not present any results on the stestdie response$herefore, the contribution of this
chapter is tanodel and to condudifferent stidies, in terms of the stiffness response, natural
frequencies and steadyate response of SingWalledCarbonNanotubedy using a 3D finite
element model of the SWCNnder different types of boundary conditiotmsprovide more results
in this field The SWCN is modeled as a space frame structure by using the Morse ppiéitial
and as a thin shell based warious shell theories, includin Donnel | 6 s[80F Ael | Th
parametric study on dfality effects is conducted to compare and to analyze the -stregs
behavior obtained from the thin shell model with results obtained from Morse poteAtial.
parametic study on aspect ratio and chirality effects on natural frequencies is also eshtiuct

determine which shell theory is more suitable, considering different values of aspect ratio and
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chirality, to model the mechanical behavior of SWCNs. Harmonic aeasygerformed to analyze

and compared the steadtate response between both modéle novel aspects of this chapter

are the following: (1) the stress$rain nonrlinear behavior of the nanotube is utilized into the shell
model along with its density foerform vibration analysis, such as modal and harmonic analyses,
through the FiniteElement analysis; (2) the numerical values of the shell thickness of 0.066 nm
[120] instead of the common value of nanotube thickness of tn8{b62]; (3) the comparison
between different shell molsefor SWCNSs is provided in terms of their aspect rataosl (4) the
steadystate response of two types of SWCNs, zigzag and armchair, is compared between the

Morsepotential and a shell model.
2.3 Nortlinear analysis of SWCN

Non-linear mechanical behavi@f a SWCN is based on its atomistic nanostructure with
radiusi . The nanotube is considered as a space frame structure wherein carbon atoms are
represented by mies and their positions in thréd@nensional space are defined with the following
algorithm. The concept of the algorithm for the generation of theiatmordinates of nanotubes
is simply to roll a graphene sheet to make a cylinder. Therefore, the barwan be generated
according to its classification by a chiral veckor ~ £¢hx  given with respect to the Bravais
lattice vectorw andw of the graphene monolayer. Then, it is possible to obtain the mean radius
i 0jc¢“, where 6 is the magnitude fo e . The translational vectorT

¢ cafce & j Qo @here'Qoifthe greatest common divisoridf ¢& andgé & . Note
that vectorT, given in the Bravais lattice vector and perpendicular to the vectatecides the
size of the unit cell of the nanotube together withFor simplicity, the original coordinate system
of the graphene sheet is transformed atew system such thatis along thez-axis. Finally, the
graphene atomic coordinates fteeare converted tociuhx with the following transformation
equation124]:

R Q& fuse B

The nodes that arise by using tBguation (2.1) are connected with nlomear beam elements in

order to represent the potential energy of the interatomic interactions, which is expressed by the
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Morse potential. The efé¢ of anglebending potential is néigible so that the bond stretching

potential describes the nanotube behavior and can be calculated as folpws

Y o p QY o ¥

where™Y represents the energy corresponding to bond stretcliing,i 1 is the bond
length variation, an@® andf are the force parameters in the potential energy. The stretching
force™O of the nonlinear behavior of thesesAms can be oliteed by differentiatingy

potential as follows:

O Yi gop Q7Y Q7 <)

C-C bond is assumed to break at 19% bond strain, accord[@§]tavhere the foce parameters

are:O =6.03105 x 10°Nm,f =2.625x 18 mtandi =1.421 x 10°m. The nodinear beam
elements have six degrees of freedom at each node, which include translations in the x, y, and z
directions and rotations abigtine x,y, and z directions. Although the Morse potential can be used

to predict the stresst r ai n behavi or of nanot ubeO,dhrsd t o
potential can be also used to perform a free vibration and harmonic analysis by adding the
numaeical values for the density = 2.3 x 16 kg/m?® for the beams and the mass of the carbon
atomd = 2.0 x 10?° kg [125].

2.4 Thin shell model for carbon nanotubes

Due to the similarity of the geometry of a SWCN toyander, the SWCN structure can be
modeled as a cylindrical shell. Therefore, instead of performing MD simulations, it is possible to
replace the molecular model with a thin shell model based on a shell theory constructed from
nonlinear elements in the e of a circular hollow cylindg®4], as depicted in Figures 2.1 and
2.2. The nanostructure can be modeled using Finite Element Method (FEM) by assuming the
Poi s s o mfhanotuba t=i0.49, itsthicknessd = 0.066 nm and its radius (depending on
its chirality), as given inf120], in which these parameters were estimated by equating the axial
rigidity and bending rigidity of SWCNSs callated from MD simulation with the axial rigidity and
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bending rigidity expressions obtained using thin shell thebhgese simulations can include
nonlinear effects from the stresgain curve of the nanotube and its densitycalculated as in

[126]. The effective transversal area for the thin shell is calculated with the didhebdéthe

nanotube and the new thickness, which is expressédby ] p 0 . Elements of 8 nodes,

with six degrees ofreedom (three translations and three rotations corresponding to the 3D
coordinate system) per node, are employed for this purpdsseTelements can offer good
accuracy invibration analysisnd include the effects of transverse shear deformatiegading

the shell theory used to predict the mechanical behavior of the nanotube, the thin shell model can
be based on different shell [80hedrdiugg,.edsu Shedd
[Blland Sander s G81]SThesd dhell théwoees arg explained in the following sub

sections for performing a free vibration analysis.
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Figure 21. Procedurefor nc or p o r a tpropegiest$wa@ thig shell: (a) SWCN modeled
with the modified Morse potential, (b) Strestsain behavior of the SWCN and (c) SWCN

modeled as a thin shell model.

2.4.1 Donnell s Shell Theory

Figure 2.2 shows a thin cylindrical shelodel, wherd) is the length of the cylinder. An
orthogonal coordinate systemih-R is fixed on the middle surface of the cylindrical shigfhh)

denote the components of the deformation of the cylindrical shell with reference to the ¢eordina
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systemmn —handaddi r ecti ons, respectively, as shown ir

(DST), the equations of motion of a thin cylindrical shell are given by the following expressions:

Lo e vroyp vt 10, p 0,10 @ A
T a ¢ T — ¢ Tal — T a @) T o

10 e UTY 10 T e T
T — ¢ T a ¢ T ol +— O T o

TotT o N Tro . To 10O ., p U TUO ~
UIT—GT—_U Qi T_O( Cle_T_ o) IT cg8 A

where®Q pjp ¢ 0ji isthe noadimensional thickness parameter, is the density of the

shell (representing the nanotube density)@d t s Youngés modul us (carbo

Figure 22. Sketch of a thin cylindrical shell.

Equationq2.4ac) can be rewritten in a matrix form as follows:

: 0
; I

U U " - | — U QEB)
0 © Toy
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where the differential operatod is defined in Apendix 2.1. The solution of equatiof&s4a
c), satisfying all the specific boundary conditions, is given in the form of wave propagation,

associated with an axial wavenumberand circumferential wavenumbeyrby [127]:

6 0 Q ¢® A
b 6 Q B A
0 6 Q ] ¢ A

whered ,0 and0 are, respectively, the wave amplitudes in the - directions, and is
the angular frequency. By substituting expressions {@.@#o Equations (2.5), a matrix equation

defining an eigenvalue problem can be obtained as follows:

1 O3

Yy ©O ] ¥

where ¥ is definedn Appendix 2.1By imposing the nottrivial solution condition, and setting
the determinant of the characteristic matrix equal to zero, the eigerk@hagion(2.7) can be

solved to obtain the following bicubic characteristic equation:

m O0m om O W QT
wheremp p 0 "1 1i]O is a frequency parametér, is the natural frequencgnd the

coefficientsy are given as follows:

g U .
o p c e _ | Qe _ 1 CBA
: Y o L., N
U] o QU _ 1 € € _ Qe _ | C&A
C p v
V] - ~
o pc o0 _i1 o _i 8o A
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The Equation (2.8) gives threesal roots for any couple om and n values. The
corresponding eigenvectors are three different natural modes, one associated with a radial, one
with a longitudinal and one with aircumferential prevalent displacement, each one having its
distinct natural frequency. The lowest natural frequency is usually associated with a mode with
predominant radial displacement.

It is possible to obtain the frequencmsresponding to forwardave and backward wave
using the polynomiaEquation in (2.8), once the axial wavenumber is determined for a
cylindrical shell with specific boundary conditions. However, an exact value of the axial
wavenumber is difficult to calculate, so that in flexural vibration, mode shapes of a cylindrical
shell in the axial direction are assumechawe the same form as mode shapes of a transversely
vibrating beam as ifil28, 129] Thus,_ can be determined by using the wavenumber of an
equivalent beam with similar boundary conditions as the cylindshall. Fo example, the
characteristic equation of a beam with both ends simply supporteEig; 0 T, so that the

axial wavenumber can be calculated by the expression & “j 0 . For other types of boundary

conditions, expressits for wavenumbers wepgoposed if130] and are;_ ¢cd p“jcd
for ClampedFree and_ ¢cd p“jcd for ClampedClamped .
242FluggeL uBgrneds Shell Theory
According to the Fluggé u @8gne 6 s Shel | Theory, d a&awtn equat

cylindrical shellare given by:

0 ) 0

. - ; , P L T ;

) Qu v - i — U P 1
0 O T oy

where 0 is defined in Appendix 2,1Q pjp ¢ 6ji is the noadimensional thickness
parameteand 0 in Appendix 2.2Substituting equation?.6ac) into (2.10), the eigenvalue

problem can be written as:

y QY O T ¢ p
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whereY is defined in Appendix 2.andY in Appendix2.2. The eigenvalues can be calculated

as follows:
v P C

wherem p U0 "7 i JO is a frequency parameter, is the natural frequencgnd the

coefficientsy are given by equations (2:8handY0 by:

Yo YO n ol
v p v . C . .
Yu ¢q¢ LU _1 € € QL _ I
° ® ol
o1 €¢¢T UL _1 & «ce&
The eigenvalues are obtained and ubkeergd, as e
2.4.3 Sandersdés Shell Theory
Foll owing a simil ar sS3heliTheory ihd eguationsafsnotmiaa F |1 u g g
Sander 6s Shell Theory are given b

thin cylindrical shelf o r

o .
. ., p UL T

. . b
0 Q0 o s Pt

C-c- o

where 0 is defined inAppendix 2.1°Q pjp ¢ 0ji is the nordimensional thickness

parameteand 0 in Appendix 2.3. Substituting equatiof&s6ac) into (2.14), the eigenvalue

problem can be solved, and the eigenvalues can be obtained as follows:

KoYl ) YOm0 YO Tt P L

wheremp p U0 "7 i JO is a frequency parameter, is the natural frequencgnd the

coefficientsy are given by equatior(@.9ac) andY0 by:
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The eigenvalues are obtained and used, as

2.5 Results and discussion
2.5.1 $ressstrain behaviorof SWCN

Static analysis is performed on SWCNs with different chiralities in order to compare their
stressstrain behavior obtained in the literature, using the Morse potential and thestimess
behavior obtained here by using mtshell model based on Donhed s S h e Tolinvestigageo r vy .
the stressstrain behavior of SWCNSs, a tensile displacement is applied to one side of the SWCN,
and the other side is clampdd the literature, a thicknegss = 0.34 nm is used to predict the
mechanical behavior of SWCNs with the Morse potential, while for a thin shell the thickness is
0.066 nm. Figure 2.3 shows the streggin curves for different types of SWCNs obtained from
the literature with lengtlh = 7.9610 nm compared with stressrain curves obtained here by
using a thin shell model with the same numerical values for length, tbat4s7.9610 nm.

Table 2.1 shows the Root Mean Square Error (RMSE) and thsgOhre error for ¢
comparisorbetween the stresdrain curves obtained using the Morse potential and the thin shell
model. For the case of (5,5) SWJ@MN1], the RMSE and the Clsiquare are 0.5319 and 0.5179
respectively, while for (8,0) SWCRN.32] and (9,0) SWCN131] the RMSE and the Clsquare
error are 0.3739 and 0.4977, and 0.2840, respectively. In the case for SWCNs with similar
diameters, such as (20,[19], (12,12)[119] and (16,8) SWCN§L19], the RMSE and the Chi
square error present a range between 0814231 and 0.3318.6006, respectively. For SWCNs
with similar diameters, such as (16[@p] and (9,9) SWCN§76] the RMSE and the Claquare
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error present a range between 0.2032478 and 0.3088.3894, respectively. These ranges of the
RMSE and the Chsquare error indicate a higlegree of correlation between the compared stress
strain curves. The results in Figure 2.4 and Table 2.1 show that a thin shell model is a good option
for predicting the mechanical behavior of carbon nanotubes. However, dassaey to select a

shell treory with its appropriate parameters to model the SWCNs with better accuracy. In the next
section, a parametric study is conducted to determine which shell theory is the best option to

perform a vibration analysis in nanotubes.
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Figure 23. Comparison of stresstrain curves obtained using the Morse potential and the thin

shel | mo d e |l based on Donnell 6s Shel

Table 2.1. RMSE and Chsquare error for SWCNs

Nanotube _
o RMSE Chi-square error
(Chirality)
(5,5) 0.5319 0.5179
(8,0) 0.3739 0.4977
(9,0) 0.2471 0.2840
(16,8) 0.4931 0.6006
(20,0) 0.3811 0.4783
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(12,12) 0.3172 0.3313
(16,0) 0.1431 0.3083
(9,9) 0.2478 0.3894

2.5.2 Natural frequencies of SWCN

Free vibration analysis is carriedtdor a (16, 0) SWCN, witfo 10 nmandd 0.34
nm, to compare its natural frequencies obtained using the Morse potential as described in section
2.3 with frequencies calculated using the proposed thin shell msithgj Finite Element Method
(FEM) as described in section 2.4, with 0.066 nmand 10 nm,for two types of boundary
conditions: Clampedrree (CF), Clampe@lamped (CC). There are two numerical values for
thicknessd : one for the Morse poteatiand another for ththin shell as ifi120]. The values of
first mode frequencies in bending and axial deformations are studied and are reported in Table 2.2.
The mode shapes obtained using both models are depickeguire 2.4, which shows a go
agreement between the results obtained using the Morse potential and the thin shell model, as
described in section 2.4. The percentage errors in the frequencies with respect to thin shell model
between the results of both nadsl for CF boundary conditis are in the range of 1.4139%,
while for CC boundary conditions are in a range of A4%P%. It can also be appreciated that the
thin shell model presents lower natural frequencies than the Morse potential model. Arialyzing
first bending mode fregncy for CF boundary condition, this frequency for the thin shell model
is 0.74 GHz, while for Morse potential is 0.774 GHz. In the case of first axial mode frequency, the
thin shell presents a natural frequency of 7.890 GHagvitr the Morse potentias 8.017 GHz.
Regarding CC boundary condition, the first bending mode frequency for the thin shell shows a
natural frequency of 3.98 GHz, while for the Morse potential the first bending mode is 4.176 GHz.
In the case of first aal mode frequency, the thshell presents a natural frequency of 9.665 GHz,

while for the Morse potential is 9.895 GHz.
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Table 22. Natural frequencies (GHz) of a (16, 0) SWCN with different boundary conditi

Clamped' Free Clamped’ Clamped
(16,0) Error (16,0) Error
Mode Thin Shell- FEM Thin Shell- FEM

SWCN (%) SWCN (%)

1 (First bending) 0.771 0.74 439 4.176 3.98 4.69
2 0.774 0.741 426 4.178 4.02 3.78

3 4.219 4.112 2.53 9.542 9.352 1.99

4 4.221 4.118 2.44 9.543 9.355 1.97

5 (First axial) 8.017 7.890 1.62 9.895 9.665 2.32
6 10.144 9.981 1.60 15.140 14.821 2.10

7 10.146 9.982 1.61 15.141 14.823 2.10

8 14.178 13.978 1.41 15.938 15.542 2.48

9 15.013 14.721 1.94 15.939 15.545 2.49

10 15.014 14.720 1.95 15.988 15.621 2.29

(1) Clamped-Free

(2) Clamped-Clamped

Figure 24. Mode shapes, first bending and first axial, of a (16, 0) SWCN with different
boundaries conditions: (1) Clamp&dee and (2) Clampe@lamped. Mode shapes based on

Morse potential are located on the left side, and that fahtheshell model are on the right side.
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In order to validate the results for the thin shell model, Table 2.3 and Table 2.4 show the

comparison for the first bending mode natural frequenciediffifrent types of SWCNs with

different chiralities obtaineddm the Morse potential model and the thin shell model with various

shell theories, for CF and CC boundary conditions, respectively. The shell theories used in the

present chapter, as descrilbedh

Theory

(FST)

and

secti

on 2.

4

Sandersé S

ar e:
hell

Donnel

Theory

I 6s She
(SST) .

frequencies obtained from the thin shell model using FEM and the above shell theories, Table 2.3

alsoshows that DST presents a percent error in a range ofl8.82%; while FST presents an
error of 6.9427.09% and SST presents an error of 423%, for CF boundary conditions.

Table 2.4 also shows the error percentages for CC boundary conditionerébeehin shell

model using FEM and the shell theories, wHa8T presents a percentage error in a range of 5.14
19.50%, FST presents a range ofR1821%, and SST presents a range of-2BB8%. It should

be noted that DST shows a range of error fones lower than the range of error from FST and

SST for CF bondary conditions; while for CC boundary conditions, percent error from DST are

approximately two times higher than percentage error from FST and SST.

Table 23. Conparison of natural frequencies in GHz obtained using diffestesit theories for
the first bending mode (CF).

Nanotube Morse Thin Donnell Error Flugge Error Sanders Error
(Chilarity) Potential Shell- FEM (%) (%) (%)
(20,0) 1.504 1.546 1.664 7.69 1.127 27.09 1.128 27.03
(8,0) 0.629 0.574 0.652 13.58 0.502 1254 0503 12.36
(14,0) 1.08 1.006 1.123 1163 0.894 11.13 0.896 10.93
(5,5) 0.692 0.576 0.681 18.22 0.536 6.94 0539 6.42
(9,9) 0.771 0.756 0.821 859 0.625 17.37 0.624 17.26
(16,0) 0.774 0.7 0.751 7.28 0.641 842 0.642 8.28
(12,12) 1.563 1.519 1.57 3.39 1125 25.87 1.126 25.82
(16,8) 1.497 1.442 1.59 2.64 1.145 2455 1146 245
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Table 24. Comparison of natural frequencies in GHz obtained wiifferent shell theories fo
the first bending mode (CC)

Nanotube Morse Thin Donne Error Flugge Error Sanders Error
(Chirdity) Potential Shell- FEM Il (%) (%) (%)
(20,0) 6.726 6.924 7.57 9.33 7.468 7.76 7.473 7.85
(8,0) 3.724 3.574 3.916 9.58 3.602 0.8 3.62 1.31
(14,0) 5.602 5.504 6.48 17.74 5992 886 6.001 9.04
(5,5) 4.019 3.538 3.356 5.14 3656 3.35 3.672 3.79
(8,8) 4.079 3.464 4102 184 4125 19.08 4.126 19.11
(16,0) 4.176 3.46 4135 195 4194 21.21 4200 21.38
(12,12) 6.928 6.994 7.764 11.01 7.67 9.67 7.676 9.75
(16,8) 6.985 7.06 7.67 8.76 7593 755 7596 7.62

In order to validate the results obtained based on the three shell theories, a study is performed
on SWCNs to compare and to discuss the natural frequencies obtained based on DST, FST and
SST with the frequencies obtained in referefic&3], which were calculated from Molecular
Dynamics (MD) simulations based on Timoshenko beam model. The material parameters of

SWCNs used in these simulations are: rigiddyo = 278.25 GPaam,t h e

modulus and mass density,j ”
d = 6.86645 x 13°m. for CC and CF boundary conditions. Tables 2.5 and 2.6 show thalnatu

frequency (THz) as a function 6f ] ‘Q(lengthto-diameter ratio) for nanotubes with CC and CF
boundary conditions, respectively, for the first vibration maderf = (1, 1). For CFSWCNs (see

Table 2.5), the calculations are performed witlliffzrent values ob j ‘Q(4.68, 6.47, 7.55, 88

10.07, 13.69, 17.30, 20.89, 24.50, 28.07, 31.64 and 35.34), where the results show a good

=3.6481 x 16 m%<,

Poi s sw=xn02saanddianietero

rati o

of

agreement for the whole length-diameter ratio range. DST presents a percent error between
0.8624.21%, FS between 0.722.86% and SST between €.3.50%.

between 1.0247.6% and SST between 618.21%.
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ForCC-SWCNs (see
Table 2.6), the calculations are performed with 11 different valueg &¥(4.86, 6.67, 8.47, 10.26,
13.89, 17.49, 21.06, 24.66, 28.31, 31.85 and 35.53), where the results ghod/ accuracy for
the whole lengtho-diameter ratio rang&ST presents a percent error between8181%, FST
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Table 25: Comparison of frequencies in GHz of SWCNs for the fist vibration modert, n
= (1, 1).

0]Q MD Donnell Error Flugge Error  Sanders Error (%)
[133] (%) (%)
4.67 231.93 229.93 0.86 206.70 10.87  207.56 10.50
6.47 128.72  149.52 5.21 115.86 9.98 116.34 9.61
7.55 97.66 117.33 7.14 87.12 10.78 87.49 10.41
8.28 79.35 84.51 6.53 73.27 7.65 73.58 7.26
10.07 54.93 67.60 24.21 50.49 8.07 50.70 7.68
13.69 30.52 37.74 23.65 27.84 8.74 27.96 8.36
17.30 18.31 22.32 21.9 17.59 3.91 17.66 3.51

20.89 12.21 13.41 9.8 12.12 0.72 12.17 0.3

24.50 9.16 10.92 10.21 8.83 3.51 8.87 3.11
28.07 6.90 7.93 10.49 6.74 2.25 6.77 1.83
31.64 6.10 7.21 8.19 5.31 12.86 5.33 12.50

35.34 4.58 5.21 9.75 4.26 6.89 4.28 6.50

Table 26: Comparison of frequencies in GHz of GWCNsfor the first vibration moden(,n)
=(1,1).

0jQ MD Donnell Error Flugge Error Sanders Error (%)
[133] (%) (%)

4.86 1068.12 898.41 10.88 880.05 17.60 884.22 17.21
6.67 646.97 596.78 7.75 580.43 10.28 582.98 9.88
8.47 433.35 425.68 1.76 408.70 5.68 410.43 5.28
10.26 305.18 304.01 0.51 302.06 1.02 303.33 0.60
13.89 183.11 182.41 0.32 181.21 1.03 181.96 0.62
17.49 11597  152.97 31.91 120.08 3.54 120.58 3.97
21.06 76.29 95.97 6.47 85.23 11.72 85.58 12.18
24.66 57.98 71.35 23.05 63.30 9.19 63.57 9.64
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28.31 45.78 51.09 10.96 48.63 6.22 48.83 6.67
31.85 36.62 39.39 8.02 38.74 5.79 38.90 6.24
35.53 30.52 32.40 5.98 31.32 2.65 31.46 3.08

It should be noted that, in CF boundary conditions, jfQratio value increases, the natural
frequencies decrease considerably from 229.32 to 5.21 GHz for DST, from 206.70 to 4.26 GHz
for FST and from 207.56 to 4.28 GHz for SST. In the case eS@W(CNSs the natural frequencies
present a similar behaviothe frequencies decrease from 898.41 to 35.40 GHz for DST, from
880.05 to 31.32 GHz for FST and from 884.22 to 31.46 GHz for SST. The computed results of the
present chapter are in good agreement, istrobthe given cases, with that obtained using MD
simulations[133] in the literature with present numerical values generally under predicting the
natural frequenciesHowever, there a few discrepancies in the calculations in CF boundary
conditions, such as in DST withj ‘Q=10.07, 13.69 and 17.30 with a percentageref24.21%,
23.65% and 21.90%, respectivelyor FST and SST, there is a discrepanady inQ= 31.64 with
a percentage error of 12.86% and 12.50%, respectively. Regarding CC boundaiynsonidere
are a few discrepancies for DST in j Q= 17.8 and 24.66 with a percentage error of 31.91%
and 23.05%, respectively. In the case of FST and SST, there is a discrepand@#n4.86 with
a percentage error of 17.6% and 14 respectively. These discrepancies can occur because of
the selection othe appropriate parameters for each shell theory, such as thieeemity of the
stiffness response of carbon nanotubes or its defsityalues of)y j Q> 10.07for CFSWCNs
FST and SST are more suitable than DST, except for a valiig 6= 3164. However, for
values of0 j 'Q< 8.28, DST is more suitable than FST and SST. FiS®MICNs, for values of
0 j Q> 17.49 FST and SST are more suitableept for a value ob j Q= 21.06.For values of
0 j'Q< 13.89 DST is more suitable than FST &8IT.

In the present chapter, a (16, 0) SWCN, with 1.253 nm0 10 nm and) j Q= 7.98
anda (9, 9), withd = 1.221 nm0 10 nm and) j Q= 8.19, are utilized to study the steady
state response of SWCNSs. In this way, it can be noticed from Tables 2.3 and 2.4 that for these
types of SWCNs, DST presents a percent err@ér288.59%in CF boundary condition ari8.40
19.50%in CC boundary contion; while FST presents a percent error of 814237% in CF and
19.1921.21% in CC, and SST presents a percent error ofl3/28% in CF and 19.121.38%
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in CC. In Table 2.5, for & j Qvalue = 8.28, which is the clest value related 10 j Q= 7.98 for

the (16, 0) SWCN and j 'Q= 8.19 for the (9, 9) SWCNDST presents a percentage error of

6.53% that is lower than the percentage error of 7.65% for FST and 7.26% for SST. Regarding the
calculations relad to MD simulations [39] in Table 2.6,0aj Qvalue = 8.47 shows a percent

error of 1.76% for DST, 5.68% for FST and 5.28% for SST. Thus, a thin shell model based on
Donnell 6s Shell Theory is sel ecttad,tomodeldhm t he
mechanical behavior of a (16, BWCN and a (9, 9) SWCN. In the next section, the ststatg

response of a (16, 0) SWCN and a (9, 9) SWCN are studied to verify that a thin shell model based
on Donnell 6s Shel | e3enhte¢he mechamicaliehdvier ouSSVENS. t o r epr

2.5.3Steag-state harmonic response of SWCNs

Regarding the computation of the steatigte harmonic response, the boundary conditions
of the SWCNs are applied as a cantilever foaxdal and a transversal sinusdittace, which are
applied in the free end of the SWCN, with ampliti@e pap 1 0 and an excitation frequency
1 in the range of 8 60 GHz.Figures 2.5(a) and 2.5(b) show the resulta diarmonic analysis
applying an axial and a transversal sioidal force at the free end of both nanotubes, respectively,
on the (16, 0) SWCN modeledth the Morse potential and by using a thin shell model based on
Donnel | 6s Hbanudoidalforeeoareyapplied at one side of the SWCN, and the other
side is clamped. It can be appreciated that both stetdg responses in Figure 2.5 hawvsilsir
behavior with good accuracy for excitation frequencies no higher than 25 GHz in axial loading
case and no higher than 23 GHz in transversal loading case. Howete Figure 2.5(a) for the
axial sinusoidal force, the amplitude of the shell mosléligher than that of the Morse potential
model for excitation frequencies higher than 25 GHz, while for the transversal sinusoidal force, in
Figure 2.5(b),for excitation frequencies higher than 23 GHz, there is a pslai§ing in the
amplitudes of botimodels.

In the case for the (9, 9) SWCN, Figures 2.6(a) and 2.6(b) show the results of a harmonic
analysis applyin@n axial and a transversal sinusoidal force,gesyely. For (9, 9) SWCN, the
results show discrepancies for the axial loading casedquéncies higher than 30 GHz, while in
the transversal loading case, the amplitude is higher in the Morse potential than the shell model
for excitation frequencieddiher than 13 GHz. There is also a phsisiting for frequencies higher

than 40 GHz, whe for the axial loading case for frequencies higher than 30 GHz, the results show
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a light phase shifting. Regarding the predictivity of the shell model, in thelaag@ihg case for

the (16, 0) SWCN, the shell model is less predictive in the amplituithe steadystate response,

but the axial frequencies agree in the Morse potential and shell models. This can be due to the non
linearity of the stiffness responsetbé nanotube used in the shell model. In the case of transversal
loading case of (9, 9)VBCN, the shell model is also less predictive due to theinearity of the
nanotube used in the shell model, which has an effect on the phase shifting for fieghgyar

than 40 GHz and a lower amplitude than that of the Morse potential model.
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Excitation Frequency [GHZz] Excitation Frequency [GHZ]

(a) (b)
Figure 25. The steadystate harmonic response of a (16, 0) SWCN with an (a) axial and (b)
transversal sinusoidal force with ampliti@® pap 1 0 and an excitation frequentyin the
range of 0 60 GHz
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Figure 26. The deadystate harmonic response of a (9, 9) SWCN with an (a) axial and (b)
transversal sinusoidal force with amplitii@® pap 1 0 and an excitation frequentyin the
range of 0 60 GHz.

2.6 Conclusion

The main objectie of the presenthaptemwas to study the mechanical behavior of SWCNs
by using the Morse potenti al and various shel
FIl uggeds Shell Theory (FST) and Sandersoé She
harmonic analyses were carried out to determine the sttress behavior, natural frequencies
and harmonic response of the SWCNSs.

In the analysis, the strestran behavior of different types of SWCNs modeled with the
Morse potential and as a thin dheding the FiniteElement Method was analyzed to calculate the
accuracy to predict the mechanical behavior of nanotubes by using a thin shell. The RMSE and
Chi-errar were used to determine the accuracy of these simulations between the results obtained
from the thin shell and results from the literature. Regarding the natural frequencies of SWCNs
with different chirality, a parametric study was performed to comparectults obtained for the
thin shell model and Morse potential with different shell treothat are DST, FS&nd SST in
ClampedFree and Clampe@lamped boundary conditions. Another parametric study that

considers the aspect ratio of SWCNs was alsfopeed to compare the results obtained for
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different shell theories with results obtainednfi the literature. The results of these parametric
studies show that a thin shel!]l mod el based on
properties of /CNs for aspect ratios lower than 8.28 for Clampege boundary conditions and
13.89 for CampedClamped boundary conditioriSor aspect ratios higher than the previous ones,
Fl uggeds and Sandersd Shell Theomnof8s64mCle mor e
boundary conditions and an aspect ratio of 21.06 in CC boundary conditions. The thin shell model
presentenowgh accuracy of SWCN modelirand allows to study other mechanical properties,
such as bending, bucklingnd torsion response.

In the harmonic response of SWCNs, the amplitudes of both models show a good agreement
for the (16, 0) SWCN with an axial sinudal force for excitation frequencies no higher than 25
GHz and no higher than 23 GHz in transversal loading case. On théatitern the axial loading
case, the amplitude of the shell model is higher than that of the Morse potential model for Bxcitatio
frequencies higher than 25 GHz, while for the transversal sinusoidal force for excitation
frequencies higher than 23 GHz, thés a phasshifting in the amplitudes of both models. In the
case of the transversal sinusoidal force for the (9, 9) SWG@N\antplitudes of Morse potential
model show a considerable increase with respect to the amplitudes of the thin shell model for
excitation frequencies higher than 13 GHhere isalsoa phaseshifting for frequencies higher
than 40 GHz, while for the axidading case for frequencies higher than 30 GHz, the results show
a light phase shifting. This behavior can occur due to thdinearity of the stresstrain behavior
obtained using the Morse potential model for both nanotubes, (16, 0) SWCN and (9C8), SW

and which is utilized inhe thin shell model.
Appendix 2.1

Differential operatord0 f or Donnel |l 6s Shell Theory i s gi\
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where the differential operatob becomes symmetric by changing the sifjthe third column

which is equivalent to taking w positive outward. Operadér for eigenvalue problem is defined

as:
0 0 0
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Appendix 2.2
Operator O for the equations of motion of a thin cylindrical shell for Flugge 6 e
Byrneds Shell Theory is defined as foll ows:
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Appendix 2.3
Operator 0 for the equations of motion of a thin cylindrica s h e | | for Sand

Theory is defined as follows:
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Chapter 3. Dynamic response of CarborNanotube-Reinforced-

Polymer materials based on multiscale finite element analysis

Foreword

This chaptercontains thgournal paperJ. A. Palacios and R. Ganesan, "Dynamic response of
CarbonNanotubeReinforcedPolymer materials based on multiscale finite element analysis,"

Composites Part B: Engineering, vol. 16, pp. 498, 2019.

In this clapter, a 3D multiscale finite element of the Representative Volume Element of Carbon
NanotubeReinforcedPolymerComposite material is developed to conduct a parametric study to
determire its dynamic response, in terms of its modal and ststadg respors and damping
properties, for different volume fractions of SWCNs. A model consisting of an SWCN, an interface

region, and the polymer matrix has been constructed for this purpose.
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3. Dynamic response of Carbon-NanotubeReinforced-Polymer materials based on

multiscale finite element analysis

3.1 Abstract

Nanocomposites are preferred over conventional materials because of their superior mechanical
properties. Studies need to tarried out, especially omé dynamic response of the composite
material. The objective of the present chapter is to study the dynamic response of- Carbon
NanotubeReinforcedPolymer (CNRP) material by developing a 3D multiscale fialament

model of theRepresentative Volume Eleme(RVE) of the composite material to determine its
dynamic properties, in terms of its natural frequencies and damping properties. A computational
model consisting of a SingWalled Carbon Nanotube (SWCN), an interface regaod the
polymermatrix isconstructed for this purpose. The SWCN is modeled as a space frame structure
by using the Morse potenti al and as a thin s
polymer matrix is modeled with the Moon&wvlin strain energ to calculate its notinear
response and the interface region is modeled via van der Waals links based on the Jaresard
Potential. The natural frequencies of CNRP are compared with the natural frequencies of the
polymer matrix. A relation between daing ratio and natural fggiencies is then obtained.
Finally, the analysis of harmonic response is conducted to characterize the effects of the SWCN

reinforcement in the polymer material.
3.2 Introduction

The exceptional and multipurpose propertésCarlon Nanotubes (CNd)ave simulated
many researchers to incorporate them into polymers as a reinforcing agent for a new generation of
composite material§l15]. The models that have been developed to reveal the reinforcement
medanism in nanocomposite teaals have predominantly been based upon either traditional
continuum mechanics or purely atomistic methods. However, traditional continuum mechanical
models are incapable of accurately describing the influence of the dispefrsianofillers into
compasites upon their mechanical properties because they lack the appropriate constitutive

relations that govern the behavior of these composites at this[$84le For this reason, a
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multiscale approach ithe best option to analgzthe mechanical behavior of a nanocomposite
because its a technique involving the analysis at different scales, which means problem analysis
can connect different levels of modeling from diverse models (such as molecular dymami
continuum mechanicsCurrently, there are several multiscale methods in the literature used to
solve problems related to elasticity, molecular dynanaind vibration analysidviost multiscale
modeling techniques adopt either coupledatomisticbased continuum approaches to treat the
reinforcement of nanocomposites with CNs. In the coupled approach, it is common to employ
Molecular Dynamics (MD) for atomistscalesand Finite Element Method (FEM) for continuum
scales. The coupled MFEM methods an be further subdivided into sequential and concurrent
coupling methods. The sequential approach assumes that the problem considered can be easily
separated into processes that are governed by different lengths and time scales. Onhtwedyther
concurret methods perform the entire multiscale simulation simultaneously and continually feed
information from one length scale to the other in a dynamic way. Regarding the attiasstit
continuum technique, this approach has the advantageesafribing atond positions, their
interactions, and their governing interatomic potentials in a continuum framework.

One of the most common techniques to simulate and to model a nanocomposite is the
definition of Representative Volume Element (RVE) of thaterial[53]. For studying the static
response of polymer matrices with CNs as a reinforcement, Liu and [CReevaluated the
effective properties of Ciased composites through the developméatRVE baseéntirely on
continuum mechanics. However, their RVE did not include a representation of the inteoface
did it include an atomistic description. Li and CH88, 91]constructed their RVE using a sjga
frame struatre for the CN, solid elements for the polymer, and truss rods to represent the
interfacial region. Constant material properties were used throughout the model and nonlinear
behavior for the interface surface. Shokrieh and Ré47i8gextended the model of Li and Chou
[38, 91] to incorporate a nonlinear interfacial region based on the Leniards potential.
However, their model did not attempt to incorporate a nonlinear descriptioe G@Nhandthe
surrounding polymer. Georgantzinos et[8R] proposed a modification dhe rule of mixtures
that can consider the interfacial effects between the reinforcement consisting from-avaliegle
carbon nanotube andhe pol ymer matri x, to predict t he
nanocomposite simukad as RVE. They used twwded interfacial joint elements of variable

stiffness for modeling the interface regidt#towever its interface region had a linear behawasr
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well as the SWCN. Later, Georgantzinos e{ &] included the nonlinear behavior of a SWCN
modeled by using the Morse potential, but the interface region still had a linear behavior.
Mohammadpour et a[94] presented a RVE of a polymer matrix reinforced with a SWCN,
replacing theSWCN with a solid model constructed from nonlinear elements in the shape of a
hollow cylinder and integrating the mechanical properties into solid elements. Despiéing
the interface region with contact elements saving computing efforts, this modet study other
types of mechanical behavior as bending, bucklamgl torsion. Later, Wernik and Meguicb]
proposed a nonlinear RVE tnvestigate the effective mechanical properties of a-nainéorced
polymer, includingnhonlinear effects on the SWCN and the interface redgorita [95] conducted
atomistic and mesoscale simulations to estimate the effetite diameter and weight fraction of
SWCNs on the mechanical behavior and glass transition temperature of-8aM@i¥ced epoxy
resin composites. Spanos et [@B] extended the work of Ref79] to study the stress transfer
between the SWCN and the polymer mat8kffness variations defining a heterogeneous region
simulated the interfacial effects between the two materi@ther works such as that of
Ghorbanpour et aJ]96] conducted the static stress analysis of the RVE undeaxisgmmetric
thermemechanical loads and uniform eleetmagnetic fields. Their results showed that the
fatigue life ofthe composite material was dependent on magnetic intensity, angi&atoie and
volume fraction of SWCN. On the other hand, Ghasemi ¢93@].studied the effects of carbon
nanofibers on thermmechanical properties of a vand their effect on residual stress. Jia et al.
[98] proposed to analyze the stress transfer properties of a RVE with a SWCN and a Double
Walled-CarbornNanotube (DWCN) at low temperatures environments. The results were dbtaine
for both reinforcements (SWCN and DWCN). However, a perfect bondasgassumed between
the polymer matrix and the SWCN and the DWCN. Later, Kyu e{98l] determined the
mechanical behavior of the RVE made with aluminum arf@WCN. In this work, the interface
region between both the material@svmodeled using van del Waals interactions. Recently,
GarciaMacias et al[100] developed &RVE to study its effective elastic moduiincluding an
atomistc-based computational model and a micromechanics approach at thenthmaicre
scales, respectively. The covalent bonds of the SWCN were modeled as Timoshenko beams.
Most of the existing works on polymer matrices with SWCNs as reinforcement dine on
static responsethere are very few models that study the dynamic regpofhghis type of

nanocomposite. Latibari et.d104] extended the model dB8, 91] including a nonlinear
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interfacial region based on the Lennaldnes potential to calculate dampingtiaaof
nanocomposite by evaluating its dissipatemergy However, their model does not incorporate a
nonlinear description of the SWCN. Jar@hidi et al [105] analyzed a SWCN embedded in
volume element using 3D finite elenteand analytical methods to compute its natural frequencies
with different aspect ratios. They studied two models with Lenrdangs potential and one with
perfect bonding betweetihe SWCN andthe surrounding polymer. Gajbhiye and Sinfl07]
proposed a RVE for a polypropylene matrix along with different percentages of-wialigel
carbon nanotubes to evaluate its natural frequenciesjeptndent chacteristics and damping
properties. The covalent bondtb&nanotube isnodeled using TersafBrenner potentiaband the
interaction between nanotube and polymer matrix is modeled using Lédoaed potential
represented by nonlinear spring elements.eRtdg, Xu et al.[135] developed a method thean
extract elastic modulus over a range of strain rates and temperatures from the dynamic mechanical
analysis data for nanocomposites. The stesddieharmonic response of CNs and hanocomposites
have not so far been studied instxg works in the lgrature.

Despite the scientific work done on nhanocomposites, further and more comprehensive studies
are still required to be carried out especially on their dynamic response, in terms of their free
vibration and steadgtate harmonic respondexperimentalinvestications for this purpose have
limitations and, in most cases, appropriate experimental work could not be carried out.
Computational modeling and simulation encompassing multiscale material bebapamially by
using an atomistibehaviorbased ontinuumtechnique provides an alternate approach to study
the material behaviolmherefore, the purpose of the present chapter is to model and to analyze and
to conduct a study on the dynamic and harmonic response of @ddmmubeReinforced
Polymer (ONRP) mateial by developing and using a 3D multiscale firslement model of the
Representative Volume Element (RVE) of the composite. The RVE investigated in this chapter
consists of a singlalled carbon nanotube embedded in a polymer matrix andeafairg rgion
between the SWCN and the polymer material. The SWCN is modeled as a space frame structure
by using the Morse potentifd9] and as a thin shell basedbDro nnel | 6 s [80fh &he | Theo
polymer matrix is modeled using the MoorRvlin strain energy82] to calculate its notinear
responsgand the interface region is modeled via van der Waals links based on the Léomesd
Potential[83]. Polyamideimide (PAI) is considered as matrix material due to their applications in
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the aeronautical and aerospace industries. This material exhibitséajtanical performance and

thermal properties, including creep resistancelawdlammability.
3.3 Multiscale Finite Element Modeling of the Representative Volume Element

The Representative Volume Element (RVE) investigated iprigsent chapter consists of a
SingleWalled Carbon Nanotube (SWCN) embedded in a polymer matrix and an interface region
between the SWCN and the polymer material (Figure 3.1). The interactions between the SWCN
and the polymer matrix are treated as nonkednén der Waals interactions. The volume fraction
of the SWCN in the composite material denotedasvith respect to the RVE can be calculated
as follows[79]:

o — $O o

Ti ci o

wherei is the mean radius of the nanotubejs the radius of the matrix matdrend 0 is the
thickness of the nanotube. The matrix is regarded as a continuum medium since the matrix volume
is far higher than that of the SWCN for the volume fractions @ered. The RVE length is the

same as that of the matrix length and nabpetiengthd (Figure 3.1)

Carbon nanotube:
SOLID185 Thin shell

element

(a) Polymer matrix

(b) Interface region
Truss elements

(b) Interface region:

r .
m van der Waals links

Y

] X
Carb tub /
(c) Carbon nanotube (¢) Carbon nanotube:

Thin Shell model

(d) Frontal view

Figure 31. Finite element modeling of the representative volume element: (a) Polymer matrix,
(b) Interface region: van der Waals links, and (c) Carbon nanotube: Thin Shell model, (d) frontal

view of the region surrounding the nanotube.
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3.3.1 Space frame model of 8W

The mechanical behavior of a SWCN depends on its atomistic nanostructure. For
computational modeling, the SWCN is modeled as a space frame structure wherein the carbon
atoms are ragsented by the scalled nodes of the frame finildement and their @itions in
threedimensional space are defined with the following algorithm. The concept of the algorithm
for the generation of the coordinates of the carbon atoms in the nanotilobtaih the nanotube
by rolling a graphene sheet into a cylinder. Thees the nanotube geometry can be generated by
a chiral vectore ¢h  given with respect to the Bravais lattice veaforand ¢ of the
graphene monolayer, in which and® are the unit vectors of the grapheii@e two integer
indices ¢ define the nanotube diameter and their chirality, respectively. In terms of this
notation, the armchair nanotubes are indicatectlby and the zigzag nanotubes aremtated as

¢hrt . Then, it is possible to obtain the mean radius 6 j ¢*, whered is the nagnitude of

E ,givenbyd &£iht £.The translational vectdf & cahcg & j'O6 Quhere’O6 'O

is the greatest common divisorlmfth the quantities ¢& and¢é & . Note that the vector

is given in the Bravais lattice vector and perpendicular to the viectdt decides the size of the
unit cell, which consists of two carbon atoms of the nanotube togethex witor smplicity, the
original coordinate system of the graphene sheeamstormed into a new system such thas
along thez-axis, where the-axis is, as shown in Figure 3.1, the longitudinal axis of the nanotube
as well as the RVE. Hence, the grapheneetshéomic coordinatesw fueeare converted to

nanotube cylindridecoordinates ofudtr using the following transformation equatifir24]:

A i Q& hiee o]

The nodes, the codinates of which are defined by the equation (3.2), are connected iy ean

frame finite elements in order to represent the potential energy of the interatomic interactions. This
potential energy is expressed by using the Morse patenhe effect ofanglebending potential

is negligible, so that the bond stretching potential, denotetYby , alone can adequately

describe the nanotube behaviof. can be calculated as folloya9]:
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where’Y represents the pertial energy corresponding to bond stretchiig, i 1 is

the bond length variation, arfd andf are the force parameters in the potential energy. The

stretching forcéO of the nonlinear behavior of the frame finite ehent can be obtained by
differentiating™Y potential with respect t¥i . HenceO is obtaned to be:

. ; oV oY

O goOop Q Q o8

It is considered that the-C bond breaks at 19% bond #traaccording to Ref[79], and
correspondingly the force parameters ®e= 6.03105 x 18°Nm,f =2.625 x 16’ mtandi =

1.421 x 10°m. BEAM188 element, which is available in commercial software ANSMS used

to model the notinear frame finite element. This elemewhich is shown in Figure 3.2(a), is
capable of uniaxial tension or compression along with torsional and bending deformations and it
has six degrees of freedom at each of its end nodes, wicgicldlé the translations in the x, y, and

z directions and rations about the x, y, and z axes. The derisity 2.3 x 16 kg/n? is used for

the frame element, in accordance with RE25], and the mass of carbon atém= 2.0 x 10? kg

[125]. The mas® is used at the nodes, representimg mass of the carbon atoms. The number

of elements of the SWCN is 4512.
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Figure 32. Elements used in the finite element modeling of the representative volume element:

(a) BEAM188 element, (b) SHELL281 element, and (c) SO185 element, (d) COMBIN39

element

3.3.2 Thin shell model of SWCN

Due to the similarity of carbon nanotubebs
modeled asn equivalentcylindrical shell. It is possible to replace the molecular structuire o
SWCN with a thin shell model based on a shell theory of continuum mechanics in the shape of a
circular hollow cylinde94], as depicted in Figure 3.3. The thin shell structural model can then
be modeled using Finite ElemedMte t hod ( FEM) by as s uohhanagubet he Pc
0 (= 0.19), itsthicknessd (= 0.066 nm) and its radius (value depending on its chiityl). As
given in Ref [120], these parameters were estimated by equating the axial rigidity and bending
rigidity of SWCNthat are calculated from Molecular Dynamics (MD) simulations with the axial
rigidity and bending rigidityexpressions obtained using thin shell theory. Regarding the shell
theory used to predict the mechanitbearycabbehavi o
used[80]. These simulations can include nonlinear effeatsnfithe stresstrain curve of the
nanotube and its density, that were calculated as in REE26]. The effective transversal area
for the thin shell is calculated using the diam&eof the nanotube and the equivalent thickness,
which is expressed bYyQ 0] p U . SHELL281 element, which is available in commercial
software ANSY®, is useda@ model the thin shell. This element is suitable for analyzing thin to
moderatelythick shell structures and in large strain nonlinear applications. This elemettt, ig/hi

shown in Figure 3.2(b), also consists of 8 nodes, with six degrees of freedontréhst&tions
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and three rotations corresponding to a 3D coordinate system) per node. The number of elements
of the shell model is 3040.
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Figure 33. Procedure for incorporating SWCNals prop
with the Morse potential, (b) Strestrain behavior of the SWCN and (c) SWCN modeled as a
thin shell.

3.3.3 Polymer matrix

The polymer matrix is modeled by ugitinear threedimensional hexahedral isoparametric
finite elementSOLID185 available in commercial software ANS¥Swhich is capableof
simulatingboth material and geometrical nonlinearities of hyperelastic mat€ha. element,
which is shown in Figw 3.2(c), is defined by eight nodes having three degrees of freedom at each
node: translations in the nodal x, y, andirections.Although a 26node solid element would be
more compatible with SHELL218 element to jerh the simulations, SOLID185 elemdntith
eight nodes) is suitable for modeling gener@ 3olid structures. It allows for prism, tetrahedral,
and pyramid degenerations when used in an irregular redgi@anderto describe the mechanical
behavior of tle polymer matrix, the following MoogéRIivlin strain energy density function is
utilized in conjunction with the SOLID185 elemd8g2]:
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where'Q, "0, and’Odefine the invariants of the straintensor,i s t he Pows &onos
andc are material parameters aftl is the bulk modulus of the material. Polyamidede
(PAI) is considered as the polymer matrix material. Tension experiments were carried out by
Richeton et al136] to determine the mechanical properties of PAI. The fitting of the experimental
stressstrain behavior ofttis material with the specific Moondgivlin parameters is made in the
present chapter by using the method of least squares, which is a standardnappregiession
analysis to the approximate solutiontb& overdetermined system. The strgs®in cuve thus
determined is depicted in Figure 3.4 with the MooRéylin parameterso = -1.052 GPap =
1.443 GPag = 0.231 GPa an@ = 2.041 GPa

The model parameters for the polymer material consist of internal radius, and external radius
and 10.0 nm | engt HO. ofhdpelyméomater@asiolstainecbirdnuthewstsess
strain curve in order to perform the vibration analysis. Hemeenptechanical properties of PAI
used in the vibration analysis are as follo@s= 2.45 x 18 Pa, density = 1.4 x 1§ kg/m® and

Poi s s o m&9.3. T number of elements of the polymer matrix material is 36480.
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Figure 34. Stressstrain behavior of PAI under uniaxial loading.
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3.3.4 Interface modeling

The most important factor determining the advantage of SWCNgiouimg the properties
of polymers at the nanoscale level is the efficiency oftthesfer of loads from the matrix to
nanotubes, which occurs through the interface region between the nanostructure and the polymer
matrix. From the atomistic point of viewhe governing interactions betwettie SWCN and the
surrounding polymer are wegkhonbonded van der Waals (vdW) interactions in the absence of
chemical functionalizatio137]. If the covalent crosknks between the carbortams of the
nanotube and the molecules tbe polymer are introduced, the functalization process can
enhance the load transferring abilityd8]. However, for convenience in the calculations, just the
vdW interactions betwedhe nanotube and the inner surface of the polymer matrix are considered.
Therefoe, the interface region is treated as that providing the nonbonded interactions and is
modeled using vdW interactions. From the structural point of view, the interface senubeted
either as a continuum or as a discrete region. However, in this chiapterterface region is
represented with the use of truss finite elements, also called LINK ekimeabmmercial
softwareANSYS®, connecting carbon atoms of the discrdtacture ofthe SWCN to nodes of
the internal surface of matrix elemen®OMBIN39 element, which is shown in Figure 3.2(d), is
used to model trusses, linkand springs and it is a uniaxial tensimmpression element with
three degrees of freedom at eawbde: translations in the nodal x, y, and z directions. For
simulations 6 van der Waals interactions at the nanotpblymer interface, a truss element
model, which was introduced in R€T6], is adopted. The properties betLINK elements, shown
in Figure 3.5, are obtained by using the corredpanvan der Waals forces based on the Lernard

Jones potential, which is expressed&s:

Yi t-¢ L - o

wherei is the distance between interacting atoms of the nanotube and the poelgandr, are
the LennardJones parameters. For carbon atoms, the Lehdameés parameters arg 0.0556
kcal/mole and = 3.4 Angstroms. Based on the Lennrdamhes ptential, he van der Waals force

"O between interacting atoms is determined as follows:
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The activation of the truss element in the computational simuletidetermined by the distance
between an atom (ade) in the nanotube and a node in the internal surface of the polymer matrix,
such that if this distance is less than,2(6.85 nm), the truss element is activated. A macro file is
written using Pythomanguage to create the interface, which can beeapded in Figure 3.1(d),

in the finite element modeling. The number of elements of the interface region is 7560.
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Figure 35. (a) LennardJones potential and van der Waalscké versus interatomic distance, (b)

Loaddisplacement curve of the nonlinear truss element.

3.4 Damping properties of CNRP
34. 1. Conceplti pdd 6esh dwikor

The fBssltiipcok mechani sm i n iaFigora 3i60Mhen maunoaktéendle 1 s s
stress is applied to a compositestimechanism starts elongating (showing an increase in its length

denoted a¥0 ). Because of this applied stress, the polymer maitriturn,applies shear stress,
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T, on the nanotube, thus causing the loadsfearto the nanotub&€onsequently, a normal strain
develops in the nanotube, which elongates accordingly. When the applied stress is small, the
nanotube remains fully bonded to the polymer matrix. Both the polymer matrix and the nanotube
move together dimg this phasgand tre strains are equal in both elements. As the applied stress

is increased, the shear stress on the nanotube increases. At a certain value of shear stress (called
the critical shear stress, ), the nanotube debonds from the polymer matrix. When the stness

on the nanotube increases beyond this value (because of increased applied stress), the polymer
matrix starts flowing over the surface of the nanotube (thereby causing a chatgyéength

denoted a¥0 ). The strain in the nanotube remaimmstant at its maximum leyekhile the

strain in the polymer matrix increases (slipping phase). In this phase, there is no load transfer
between the nanotube and the polymer malii,there is energy dissipation due to the slippage.
Because of this engy dissipation, the soalled structural damping develops in the

nanocomposite.
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Figure 36. Stickslip behavior of SWCMbased composite: (a) whén  critical shear stress
Tt and (b) whent critical shear stresk .
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3.4.2 Loss factor and damping ratio

As described in the sedection 3.1, one of the important causes of dampingtha
nanotubereinforced composite is the ftion between the nanotube and matrix. Dissipated energy
via interfacial movement of nanotube and matrix is equivalent to the shear force and the differential
displacement between the nanotube and matrix. To detetherioss factor, the total dissipatin

energy {Y ), and dissipation energy®), the following equations can be ugéa9]:

3“?’Y O-&J
— Q —
[ € Y
Y% 00 o8
C
&Y ¢t b - - o T

wherei is the radius of the nanotuhi, is the length of the nanotube, is the strain of matrix
material due to loading, is the strain between the nanotube and polymer matrix-and the
maxmum value ofbonding stresg¢shear stressf) associated with the longitudinal shear stress
between nanotube and matrix material, whgbbtained when the maximum normakss and

strain are reached due to loadirgnce,t can be caldated as a function ef as follows[139]:

j

i @ 0| a "O
t 0 O gm s 4, a P op p
WEW 0 ¢ O ¢cad ji

wherel is the adius ofthepolymer matrix;O is the shear modulus of matrix materi@ € 0.2
GPafor polymers) andO is the equivalent modulus of nanotube which can be calculated as:
(0] c0Oji , whereod is the thicknes®f carbon nanotuhpeO i s Youngodsthemodul u

nanotube. Parametercan be obtained from the following equat{@40]:

"0c* j
O 0OQE]ji
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where0 C(wji wis the contact area between the nanotube and polymer matri iarttie

volume ofthepolymer matrix andb is the volume fraction of nanotubie. canalso bedetermined

if a tensile displacement is applied to one sidheRVE when the dter sde is clamped. The
displacement is applied until the nanotube sfrmaimd pol ymer matri x6s str a
At that strain, the maximum shear strgssoccurs. Hence, the strain between the nanotube and

the polymer matrix, isltained asdllows:

T 0]¢
: i@ 0jc a .70 P o o
©. GFE® 0jc %0 cad Il

The total dissipation enerdy and dissipation energy’Yare calculated frorequations (3.9)
and (3.10), respectively, with the numerical value$ qf - and tensile stress at each strain level
of the applied tensile displacemefihe loss factor is then determined from equation (3.8) with
the values ofY and Y'Y, Using the numerical values of the loss factorit is possible to
determine the quality factdr hwhich is used for estimating the interfacial damping ratias
follows [141]:

C

P - P - oPp T

Here, — represents the loss factor. Using the numerical valuthefquality factord , the

interfacial damping ratie is then determined by the relatifi®2]:

- 0 j¢ oP v
3.5 Dynamic analysis
3.5.1 Free vibratiorresponse

The generalized equation of motion for the CNRP system is given as f¢llé@is

0 o 0 O 0 6 O op @
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where U is the mass matrixp is the acceleratiomector, 0 is the damping matrix,6 is the

velocity vector, 0 is the stiffness matrix,6 is the displacement vector, an® is the force

vector. Modal analysis is used for the determination of the natural frequencies and mode shapes
while thedamping is ignored. The equation of motiondarundamped system under free motion

is given by:

0 O O o 1 oP X

For a linear system, free vibrations can be harmonic with the following form:

6 o Q&N O B Y

where ¢ is the vector of the mode shape foritenatural frequendy andtis the time. Thus,

Equation o® X can be expressed as:

1 0 0 o i oP w

This equality is satisfied if 0 7 0 . Hence, this matrix equation represents an
eigenvalue problem which can be solvedriaalues of andn eigenvectors which satisfy the
Equation (3.1Mwheren is the number of degrees of freedom. Block Lanczos mdthg] is

used for the extraction of the eigenvalues and eigenvectors, and the normalization of each

eigenvector is performezbncerninghe mass matrix according to:

e D o P o8] T
3.5.2 Steadystate harmonic response

Regarding theteadystate harmonic responfi4], harmonic analysis is used to determine
the steadystate response of a mechanical system under loads that vary sinusoidally (harmonically)
as a function of timeThe objectiveof this anaysis is to calculate the CNRP system's response at

several frequencies and to obtain a graph of a response quantity (usually displacement) versus
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frequency. The steaestate harmonic response is obtained from the equation of motion, given by
Equation (3.1% where the force vectofO can have three componei®(j = 1,2,3), which are

expressed as follows:

'O Oi Qeo o8 p

where"O is the amplitude of the force amd denotes the excitation frequenc®@ can be
calculated byerforming an eigenvalue buckling analysis in the undamped CNRP system to obtain
the critical compressive loads that induce the different ways in which the structural system can be
deformed. The harmonic analysis used to calculate the sstaigyharmonicesponse utilizes
thefull system matrices so that no mass matrix approximation is invfilved The particular
solution for a 1D equation of motion is a steatigte oscillation having the same frequencss

the exciting force and a phase arfgband it can be written as follows:

O OREI0 %o 08 C
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whereQis the stiffness of the systeandd is the mass of the system. Using the natural frequency

1 of the system and the damping ratidhe following expressions can be defined:

0 )
A —_— o8 1T A
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where® is the deflection undehestaticforce™O andi is the frequency ratio. Thus, an equation

for the magnification factdvl can be determined as follows:

and the phase andl@is expressed as:

—1
i

og @

% O WE

3.6 Results and discussion
3.6.1 Stressstrain behavior of CNRP

Regarding the CarbeNanotubeReinforcedPolymer (CNRP)properties, the stresdrain
curve of a polymer matrixolyamideimide (PAI), that is reinforced with a (16, 0) SWCN or a
(9, 9 SWCN, is determined basedonodel i ng the nanotube as a th
Shell Theory The RVE is loaded undeaand the volume of the polymer is varied to investigate the
effect of SWCN volume fraction on the mechanical properties of the FChRterial The
boundary condibns of CNRP correspond to a cantilever, where the translational and rotational
movements of one end of the matrix are prevented, while the other end is free to move so that the
SWCN transfers its mechanical propertego he matrix via the vdW linksThe length of the
CNRP material is 10 nm. The diameter of the (16, 0) SWCN is 1.2535 nm, while the diameter of
the (9, 9) SWCN is 1.2213 nm. Hence, the aspect rdhiat is defined as length of
nanotube/diameter of nanotub®)the (16, 0) SWCN is 7.977 aride aspect ratio of the (9, 9)
SWCN is 8.187

The CNRP material reinforced with a (1®, SWCN is analyzed considering the polymer
material with different volume fractions of nanotulesd the results are given in Figuré(d). It
can be noticed in Fige 3.7(a) that the addition of nanotube, into the PAI matrix (CIRRB
improves the loadarrying capacity of the matrix material PAI. Nanotube has better tensile
properties compared to the polymer so that when the SWCNnbined with the polymer
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materal, it improves the overall mechanical properties of the nanocomposite material by sharing
some of the applied stress. Figure 3.7(b) shows the stire@s curves for CNRIPAI reinforced

with a (9, 9) SWCN for different votue fractions and a length of Dhdn. It can be appreciated

that the stresstrain curves also confirm that the (9, 9) SWCN acts as a better reinforcing agent
when compared to the (16, 0) SWCIRAI Regamuadign g
modulus of PAl icreased with a (16, 0) SWCN aseinforcement from 2.56 GPa to 4.39 GPa for

1% of SWCN volume fraction and from 2.56 GPa to 60 GPa for 10% of SWCN volume fraction.
Using a (9, 9) SWCN as a reinforcement, Young
4.99 GPa for 1% of SWCN volumeekction and from 2.59 GPa to 78.52 GPa for 10% of SWCN

volume fraction. In Appendix A, a convergence study is provided regarding the element size (and

the number of elements) of the finite element model of the polymer rtiatiis used to discretize

the RVE of the CNRPmaterial The convergence analysis is performed for the CNRP with 5%
volume fraction of SWCN. The reinforcement used for this analysis is a (16, 0) SWCN. The
convergence analysis is conducted for the-livweer analysis of thestressstrain curve and
Youngd6s modul us of the CNRP, and its first k
convergence study shows that the number of elements used to discretize the RVE of the CNRP are

suitable and appropriate tauidy its stiffnessfree vibration responsand steadystate harmonic

response.
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Figure 37. Stressstrain curves for CNRP for different (a) (16, 0) SWCN and (b) (9, 9) SWCN

volume fractions.
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3.6.2 Natural frequencies of CNRP

The changes ithe natural frequencies of the matrix material caused by the addition of 1%,
2%, 5% and 10% volume fractions of SWCN are studied in this sectionodal analysis is
performed for the RVE of the CNRP nanocomposite and the PAI material éstigmste the
influence of SWCN on the natural frequencies of the polymeric material. The Block Lanczos
method[143], which is often utilized in analyses where high accuracy is required, is used to
perform the modal analysis. @hpedFree (CF) boundary conditions are applied to the 3D
multiscale finiteelement model of the RVE difie CNRP materialand the polymer mateti In
this casetwo configurations of the nanotube asoconsidered: armchair (9, 9) and zigzag (16,
0), asin the last section. The variations of the natural frequencies of the plain PAI material and the
nanocomposite material CNRPAI are shown in igure 3.8. It can be appreciated from Figure 3.8
that the natural frequencies for the first and second mode erandd the CNRP with both
reinforcements, (16, 0) SWCN and (9, 9) SWCN, present almost the same numerical values for
1%, 2%, 5% and 10% volumeattions of SWCN. However, from 3rd mode number onward, the
values ofthe natural frequencies increase consiralue to the presence of higher volumes of
SWCN.
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Figure 38. Natural frequencies for CNRIPAI with CF boundary @ndition containing: (a) (16,
0) SWCN and (b) (9, 9) SWCN.
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Also, the percentage increase in the natural fregjasmofthefirst 15 modes of the polymer
material with 5% of SWCN volume fraction is tabulated in Table 3.1. It is observed from Table
3.1that the addition of nanotubes significantly improves the natural frequencies of the polymer
materia) especially fo the first mode number, which is the first bending mode frequency. This is
attributed to the high stiffness of the carbon nanotube reedgoolymer compared to that of the
plain polymeric material. For CNRPAI the frequencies increase in a range 063240.88%
with (16, 0) SWCN as reinforcement and a range of 533b0% with (9, 9) SWCN as
reinforcement. If the first bending mode fremey is analyzed in detail, it can be noticed that for
CNRRPPAI, the corresponding natural frequency increases By88%o due to reinforcement with
(16, 0) SWCN, while for reinforcement with (9, 9) SWCN, the first bending mode frequency
increases by 135.0%or the first axial mode (4th mode number), the corresponding natural
frequency increases by 95.43% due to remdarent with (16,0) SWCN and by 92.11% with (9,

9) SWCN as reinforcement.

Table 31: Comparison of natural fregacies with 5% SWCN volume fraction of polymer mat
PAIl and CNRPPAI in GHz.

Mode PAI CNRRPAI (%) Increase CNRPPAI (%) Increase
(16, 0) SWCN (9, 9) SWCN
1 0.094 0.227 140.88 0.222 135.00
2 0.094 0.227 140.88 0.222 135.00
3 0.233 0.394 69.19 0.390 67.42
4 0.331 0.646 95.43 0.635 92.11
5 0.366 0.646 76.58 0.635 73.58
6 0.366 0.693 89.23 0.714 95.19
7 0.471 0.702 48.96 0.735 55.85
8 0.471 0.702 48.96 0.735 55.85
9 0.471 0.725 53.85 0.751 59.39
10 0.471 0.725 53.85 0.751 59.39
11 0.484 0.739 52.53 0.768 58.54
12 0.484 0.739 52.53 0.776 60.27

76



13 0.484 0.745 53.81 0.776 60.27
14 0.484 0.745 53.81 0.781 61.23
15 0.491 0.767 56.16 0.790 60.99

3.6.3 Damping properties of CNRP

Considering the sticklip behavior, which waglescribed in suisection 3.1, that is
exhibited bythe SWCN andthe polymer matrix, one side of the RVE is clampadd the other
side ispulled by applying a displacementtime axial direction. It can be observed that, up to a
certain strain in the fite element model, the nodes of nanotube and corresponding naties of
polymer matrix, have similar displacement, and by increasing e sat the interface of matrix
and nanotube slip occurs. Because of this, the displacement of matrix nodedasgjebéhan that
of the corresponding nodestbk nanotube.

Damping properties can be obtained, if the RVE behaves exactly as per ttenismachf
stick-slip motion and follows the equations that govern this mechanism. From the results of finite
element snulations, the critical shear strebs and dissipatiorenergy’y  are determined and
used with the model properties of the CNRP such asradiusaamned Youngodés modul us
the interfacial damping ratio from the equations given lasction 34.2. The dissipatioenergy
and loss factor of the CNRP for different SWCN volume fractions of (16, 0) SWCN and (9, 9)
SWCN are investigatednd the results are shown in Figures 3.9(a) and 3.9(b), respectively. It can
be noticed that the digmstion energyincreases due to nsocomposi teds strair
magnitude ofthe increase is lower when SWCN volume fraction decreases. The loss factor
decreases due t o,andcihe magoitode dhededreasé is highdr when SWCN
volume faction decreases for both typgscarbon nanotubes. By increasing the volume fraction,
it appears that the SWCNs influence positively in the dissipation energy and results in decreasing
the loss factor, which means that by adding more SWCNs more dacgpagity of CNRP is
achieved.

In Figure 3.9(a), the dissipation energy presents a similar value for strains lower than 0.05
for all volume fractions of both SWCNs in the CNRP, while for strain values higher than 0.05,
there is a difference in the dissijpem energy values for all volumfeactions of SWCNs in the

CNRP, especially for 10% volume fraction. In Figure 3.9(a), the dissipation energy corresponding
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to 10% volume fraction of (9, 9) SWCN is also considerably higher than the dissipation energy
corresponding to 10% volume fractiorf ¢L6, 0) SWCN for strain values higher than 0.05. In
Figure 3.9(b), the values of loss factor are similar for strain values higher than 0.125 for all volume
fractions of both SWCNshus exhibiting the same volume fractigffiect beyond this strain value.
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Figure 39. (a) Dissipation energy and (b) loss factor for CNRR for different volume
fractions of (16, 0) SWCN and (9, 9) SWCN.

Regarding the damping ratio, Figure 3.10 shows the influence of SWCN volume fraction on
the damping ratio for the CNRP as a function of natural frequencies. It can be noticed that there
are different values for the damping ratio for different SWCN voluraetibns for any natural
frequency value. In the case of (16, 0) SWCN, the values foratin@idg ratio are within a range
of 0.0021 (forl0% volume fraction} 0.0863(for 0.1% volume fraction). In the case of (9, 9)
SWCN,the values for the damping raaoe within a range of 0.0007 (fa0% volume fraction)
0.0436(for 0.5% volume fraction)In Figures 3.10(a) and 3.10(b), it can be appreciated that the
values of damping ratios decrease with higher values of natural frequencies for all volume fractions
of CNRP. In the natural frequency range from 0.6 GHz to 0.8 GHz in Figure 3.10(a)aisoan
be noticed that the volume fraction effect (for 5% and 10%) is same with (16, 0) SWCN, however
in Figure 3.10(b), the volume fraction effect is not same witl®SWCN. Comparing values of
damping ratios for 5% volume fraction of (16, 0) SWCN an®JSWCN in Figure 3.10, it can
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be observed that the reinforcement with (16, 0) SWCN presents lower values of damping ratios
than the reinforcement with (9, 9) SWCN
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Figure 310. Damping ratio for CNRHPAI with CF boundary aadition containing different

volume fractions of (a) (16, 0) SWCN and (b) (9, 9) SWCN.

The damping ratio of the CNRP with 5% volume fraction of (16, 0) SWCN arpam@uth in
Table 3.2 with that of the 5% volume fraction of (10, 0) SWeéhdxy[104], which consists of a

pol ymer

matri x

(Youngobs

mo dul

us

3.

3 GPa

and

length of 10 nm. It can be appreciated from Table 3.2 that the CNRP shows similar natural

frequencies as the naturaldreencies of (10, 0PWCN-epoxy, but different values of damping

ratios. The values of natural frequencies of (10, 0) SWé@bky are 0.35, 0.76 and 1.619 GHz,

while for (16, 0) SWCNPAI, the CNRP studied in the present chapter, the values are 0.271, 0.775

and 0.995 GHz.
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Table 32. Comparison of damping ratios of CNf¥AI with 5% volume fraction of
SWCN and 5% SWCMpoxy[104] as a function of natural frequencies (GHz).

5% (10, 0) SWCN Epoxy[104] CNRRPAI - 5% (16, 0) SWCN
Natural Frequency = Damping ratio Natural Frequency Damping ratio
0.35 0.0032 0.271 0.0442
0.76 0.0033 0.775 0.0157
1.619 0.0037 0.995 0.0122

3.6.4 Steadystate harmonic response of CNRP

Regardiig the computation of the steadtate harmonic response, the boundary conditions
for a 5% (16, 0) SWCN reinforced polymer and the polymer material are defineddriahand
atransversal sinusoidal forces with amplitti@e pap T and an excition frequency in the
range of O- 4 GHz.The boundary conditions are applied as a cantilever, where at one end of the
cylindrical RVE only the nodes of the polymer matrix are fully restrained; while, at the other end
of the RVE a sinusoidal force ipplied on the polymer matrix for axial and bending motions
Figures 3.11(a) and 3.11(b) show the results of the harmonic analysis of CNRP and PAI material
RVEs applying an axial and a transversal sinusoidal forces, wherenatthal frequencies of
CNRP ae higher than that of PAI, the amplitudes of vibrations of CNRP are lower than that of
PAI due to the reinforcement with the nanotubes.

In Figure 3.11, the axial vibration amplitude of CNRP decreased by about 69%, while the
amplitude of the transversallviation decreased by about 85% from that of PAI. Figure 3.12(a)
shows the magnification factdd [144] as a function of frequency ratio ( 1 j7 ) for each
natural frequency (of first bending and first axial mode frequencies) of CNRP with (16, 0)
SWCN as the reinforcement, considering their respective damping ratios, which were calculated
in subsection 36.3. Figure 3.12(b) shows the phase andlé4] of response for CNRP as a
function of frequency ratio ( 71 j1 ). It can be noticed that the phase angle is higher for first
bending mode than for first axial mode for CNRP due to its damping, which also reduces the value
of the magnification factofTable 3.3 summarizes the information about the nkftequencies

and damping ratios used for calculating the maximum value of magnification fdcamd also
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the damped natural frequency 1 p — . Itcan be noticed that any amount of damping

> 0 reduces the magnification factdrfor dl the values of the forcopfrequency . For 0 <—<

pj V¢, the maximum value d¥! occurs when pT . Furthermore, the maximum value

of M (wheni p ¢ )isgivenbydl pj¢— p - .Forthe CNRP, the maximum value
of M for the first bending mode is 9.78nd for the first axial mode it is 230.4, whiletdamped
natural frequency is 0.2266 GHz for the first bending mode and 0.6459 GHz for the first axial
mode. It can be appreciated that the magnification factor féirshexial mode is 23 timesdjner

than the magnification factor for the first bending mode.
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Figure 311 The seadystate harmonic response of the CNRRI and PAI with (a) an axial and
(b) a transversal sinusoidal forcétwamplitude O pap TO and excitation frequengy in the
range of G- 4 GHz.
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Figure 312. Magnification factor and phase angle as a function of natural frequefirses (

bending and first axial mode) of CNRFAI.

Table 33. Natural frequencies and damping ratio used for calculating magnification fact

Mode 1 (GHz) Damping ratio- Maximum value oM 1 (GH2z)
First bending 0.227 0.0517 9.72 0.2266
First axial 0.646 0.00217 230.41 0.6459

3.7 Conclusion

The main objective of the present chaptes to study the influencef a SingleWalled
CarbonNanotube (SWCN) as reinforcement in a polymer matrix. The analysis was performed on
a Representative Volume Element (RVE) of the Cafdanotule-ReirforcedPolymer (CNRP)
material to determine its modahd harmonic responseonsidering different volume fractions of
SWCNs Regarding the mechanical behavior of CNRP, static analysis was perfamitiedCNRP
materialto obtain its stresstrain cuve for different volume fractions of (16, 0) SWCN and (9, 9)
SWCN. Cantilevetboundary conditions were applied onto the CNR&erial and its first 15
vibration modes were determined and compared in free vibration analysis. The results show an

increasen thenatural frequencies of the CNRP for all volume fractions of SWCN, with both types
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of reinforcements, that are, (16, 0) SWCN and (9, 9) SWCN. Also, the natural frequencies of
CNRP with 5% volume fraction of SWCN were compared to that of polymer rmlexl, and an
increase in the natural frequencies of PAl is observed, especially for the first bending mode due to
the reinforcement with both types of nanotubes.

Regarding the damping properties of CNRP, the concefbteddtick-slip motion behavior
wasusedto obtain the critical shear stress, dissipation enemyy loss factor in order to calculate
the interfacial damping ratio of CNRP for different volume fractions of (16, 0) SWCN and (9, 9)
SWCN. The dissipation energy and loss factor were analforedll volume fractions of both
SWCNs in the CNRPnaterial The influence of SWCN volume fraction on the damping ratio of
the CNRP as a function of the natural frequencies of CNRP was also analyzed and compared with
the results available in the literatuiiéhevalues of damping ratios of the CNRfaterialdecrease
with higher values of natural frequencies of the CNRP for all volume fractions of the SWCN.
Comparing the values of damping ratios of the CNRP for 5% volume fraction of (16, 0) SWCN
and (9, 9) SMEN, it was observed that the reinforcement with a (16, 0) SWCN presents lower
values of damping ratios than the reinforcement with a (9, 9) SWCN.

In the harmonic analysis, the results expose that the amplitude of the vibration for the CNRP
(PAl with a (16,0) SWCN as reinforcement) decreased considerably due to the reinforcement with
the SWCN, while for the polymer material the amplitude of the vibration avas higher.
Regarding the magnification factor and phase angle, these parametersdetenmined
considering the damping ratios calculated for the Chiferial The maximum values for the
magnification factor and damped natural frequency were obtaindidstdnending and first axial
mode frequenciesof CNRP, where it was also noticed théhe maximm value for the
magnification factor depends on the value of damping ratio. From the results for the phase angle,
it can be noticed that this parameter takes on a higher valtieefimst bending moddrequency
thanthe first axial modefrequency of the CNRP materialdue to its damping ratio, which also

reduces the value of the magnification factor.
Appendix 3.1 Convergence study

A convergence study is performed on the finite element model of the RVE of the CNRP
materialwith 5% volume fractio of SWCN todetermine the most reliable and accurate size of
the finite elements of the polymer matrix in the CNiR&erialthat can be used to discretize the
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RVE. The reinforcement used in this analysis is a (16, 0) SWCN. Figure 3.13 shows the element

size used to idcretize the RVE where the element length is denoted and element width by

x . Considering that the shape of the element of the RVE is not rectangular but trapezoidal, the
element size is determined with the coordinates of its nodesl&imen length Ly is determined

using a straight line that runs from the bottom surface to the top surface of the element, as shown
in Figure 3.13. The element widi¥y is considered to be equal to that of the bottom surface of the
elementas shown in Figure B3.

SOLID185 element Carbon nanotube:

Thin shell Top surface

Truss elements

Element

Figure 313. Aspect ratio of the element of the polymer matrix in the CRRerial

The convergence analysis is performed tioe nonlinear analysis of the stressrain
behavior and Youn g onsateridoThe largest elenfent size ef th€ poRRrRer
matrix is determined in terms of the aspect ratip, . The numerical values of the aspect ratio
x |, of the elemenin the mesh used in the convergerstady are: 0.125 which corresponds to
12160 elements, 0.15 which corresponds to 18240 elements, 0.175 which corresponds to 24320
elements, 0.2 which corresponds to 30400 elements, 0.375 which corresponds to 36488 elemen
and 0.5 which corresponds to 42560 elements. Figure 3.14 shows thegeoweeof the stress
strain curve and Youngdés modul us. | t -stram be a
curves of the CNRP for all aspect ratios of the eleraemtvery close to each other. However, as
shown in Figur e 3stakds(obdifferenYnoimeniogl&auesoojd uvhlues

lower than 0.375, and the same numerical value for valugs pf higher than 0.375. Therefore,
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the element size used tliscretize the RVE of the CNRP corresponds to 0.375, whitirin

corresponds to 36480 elements, as shown in Figure 3.13.
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Figure 314. The onvergence of (a) thestresst r ai n curve and (b) Youn
CNRPmateial.

A convergence study is also performed on the first Imgnaind first axial mode frequencies
with the same element sizes used in the convergence study of thesstress i n cur ve and
modulus. Figure 3.15(a) shows the convergence of the first bentidg frequency to the same
numerical value for values of j, higher than 0.375, while Figure 3.15(b) presents the
convergence of the first axial mode frequency to the same numerical value for vakieg,of
higher than 0.375. It can also be noticed fhawalues ofx j, lower than0.375 the variations
of the modal response of the CNRRfaterialare more than that of the stiffness response of the
CNRPmaterial As in the case of stiffness response, the element size used to discretize the RVE
of theCNRPmaterialcorresponds to the jgsct ratio of 0.375as shown in Figure 3.13.
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Chapter 4. Enhancement of stiffness and dynamic nahanical
properties of polymers using singlevalled-carbon-nanotube’ a

multiscale finite element formulation study

Foreword

This chapterontains thgournal paperJ. A. Palacios and R. Ganesdanhancement of stiffness

and dynamic mechanical proges of polymers using singlwalledcarbonrnanotubei a
multiscale finite element formulation study,” Journal of Polymer Research, vol. 26, no. 124, pp. 1
15, 20109.

In this chapter, a parametric dtuof the RVE of CNRPC considering 4% volume fractidn o

SWCN is developed to compare its viscous and structural damping mechanisnthavith

experimental data available from the literature.
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4 Enhancement of stiffness and dynamic mechanical propeds of polymers using single

walled-carbon-nanotubei a multiscale finite element formulation study

4.1 Abstract

The static and dynamic mechanical properties of polymeric materials can significantly be
enhanced by using carbon nanotubes as reinforceméatimhaHowever, studies still need to be
carried outd characterize the dynamic mechanical properties of polymer materials reinforced with
carbon nanotubes. Experimental investigations for this purpose have severe limitations and, in
most cases, appropte and reliable experimental work could not be camwigd Computational
modeling and simulation encompassing multiscale material behavior provide an alternate approach
to study the material behavior. The objective of the present work is to study treentent of
stiffness and dynamic mechanical properbéarbonNanotubeReinforcedPolymer (CNRP)
material by using a 3D multiscale finidement model of the representative volume element of
the CNRP material. A composite material model consisting pblymermatrix, an interface
region, and a Singlevalled Carbon Nanotube (SWCN) is constructed for this purpose. The
polymer matrix is modeled with the Moon&vlin strain energy function to calculate its ron

linear response and the interfaegion is modeled via van der Waals links. The SWCN is modeled
as a space frame structure by using the Morse potential and as a thin shell model based on
Donnell 6s Shell Theory. Tmaterialis ¢alculated) @ndthe nat@ad pon s
frequencies of the CNRmaterialare also determined. The viscopiastehavior of the polymer

matrix material is considered, and the rdépendent characteristics of the CNRRBterialare

studied. The damping properties of the CNRR&erialare investigatetbased on its viscous and
structural damping mechanisms. The etifeeness of the SWCN reinforcement is quantified and

characterized.
4.2 Introduction

During the last few decades, the application of polymer materials in engineering applications
has become considerably popular, particularly in a wide variety of st@u@pplications in

automotive, aerospace, aeronautical, mass transit, and nucledri@sdudowever, in many
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engineering applications, polymer properties need to be improved to present a better performance.
There are different techniques to enhance tieiterial properties such as reinforcemgh{<],

material coating3] and thermal treatme]. One of the best options to improve the mechanical
properties ba polymer is by using Carbon Nanotubes (C[$$)as a renforcement to create a
nanocomposite, but nanotube properties do not necessarily translate into the same properties for
the nanocompositgs2]. One of the best techniqués simulate and to mod¢he mechanical
behavior of a nanocomposite is a multiscale approach, whidechaique involving the analysis

at different scales, throughe definition of the Representative Volume Element (RV&) the
composite materigb3].

For studying the static response of polymer matrices with Sigléed Carbon Nanotubes
(SWCNSs) as a reinforcement, Li and CHB88, 91] constructed theiRVE using a spaeame
structure for the nanotube, gbélements for the polymer, and truss rods to represent the interfacial
region. Constant material properties were used throughout the model and nonlinear behavior for
the interface surface. Laterge@rgantzinos et aJ79] included the nonlinear behavior of a SWCN
modeled by using the Morse potential and-tvealed interfacial joint elements of variable stiffness
for modeling the interface region, but the interface redah a linear behavior. Mohammadpour
et al.[94] presented a RVE of a polymer matrix reinforced with a SWCN, replacing the SWCN
with a solid model constructed from nonlinear elements in the shape of a hollow cylinder and
integrding the mechanical properties into solid elements. Despodeling the interface region
with contact elements saving computing efforts, this model cannot study other types of mechanical
behavior as bending, buckling, and torsion. Later, Wernik and M¢g6jadroposed a nonlinear
RVE to investigate the effective mechanical properties of a-n@nforced polymer, including
nonlinear effects on the SWCN and the interface region. Later, Sadel{tHlconducted a
study on the mechanical and electriwadperties of multwalled carbon nanotubes reinforced poly
(vinyl alcohol) composites. The nanocomposites were prepared by dispersion techniques.
Recently, Wang et a[2] studied the influence of carbon spheres on thermalnaechanical
properties of epoxy composites. The reinforcement using carbon spheres was synthesized by
hydrothermal methods, and the carbon sphepexy composite was prepared using a
polymerizationtechnique.

Despite most of the works on polymer matrisgh SWCNSs as reinforcement, which are on

the static response, there is a lack of models that study the dynamic response of this type of
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nanocomposite. Latibari et gl104] extended the model dB8, 91] including a nonlinear
interfacial region based on the Lenraldnes potential to calculate damping ratio of
nanocomposite by evaluating its dissipation energy. However, their moeglnot incorporate a
norlinear description of the SWCN. Jar@midi et al.[105] analyzed a SWCN embedded in
volume element using 3D finite element and analytical methods to compute its natural frequencies
with different aspet ratios. They studied wvmodels with Lennardones potential and one with
perfect bonding between SWCN and the surrounding polymer. Latdim @nd Xin [146]
conducted a study to determine the effect of the polymer nmatdxnanofiller on no#ondng
interfacial properties of nanocomposites. They performed experiments using different nanofillers,
such as graphene and carbon nanotube, in various polymer matrix systems including polyethylene,
poly (methyl methacrylate), pditrafluoroethylene and po (vinylidene chloride). They
simulated the interfacial properties via van der Waals forces based on L-donesdpotential.

Despite the scientific work done on polymers and their engineering applications, further and
more compehensive studies are stitquired to be carried out especially on the enhancement of
their mechanical propertie¥herefore, the purpose of the present research is to model and to
analyze and to conduct a study on the static and dynamic material mepéid polymer matrix
by using a singlevalled carbon nanotube as reinforcement. CafdanotubeReinforced
Polymer (CNRP) material is developed by using a 3D multiscale -Bfét@ment model of the
Representative Volume Element (RVE) of the composite. RYE investigated in thisvork
consists of a singlevalled carbon nanotube embedded in a polymer matrix and an interface region
between the SWCN and the polymer material. The polymer matrix is modeled using the Mooney
Rivlin strain energy[82] to calcubte its nodinear response. Polyetheretherketone (PEEK) is
considered as matrix material due to its applications in the aeronautical and aerospace industries.
This material exhibits higmechanical performance and thermal prapsstincluding creep
resigance andow flammability. The SWCN is modeled as a space frame structure by using the
Morse potentia[79] and as a tin shell based oD onnel | 6 s [80h and the iftdrface r y
region is modeled via van der Waals links based on the Ledoaes PotentidB3]. The stress
strain belvior is computed for 4% volume fraction of SWCN, while the dynamic material
properties of CNRP ar@nalyzed in terms of its natural frequencies and damping properties. The
viscoplastic behavior of the polymer matrix material is considered, and theepstiedent

characteristics of CNRP are studied, while the damping properties of CNRP are analyzed in te
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of its viscous and interfacial damping mechanisms. Finally, viscous and the structural damping

mechanisms are compared and analyzed.
4.3 Multiscale finite element modeling procedure for the composite material

The polymer material reinforced with a §ie-Walled Carbon Nanotube (SWCN) is
analyzed with Representative Volume Element (RVE) of the composite material, as depicted in
Figure 4.1. The RVE invesgiated in the present work consists of a SWCN embedded in a polymer
matrix and an interface regiontieen the SWCN and the polymer material. The interactions
between the SWCN and the matrix are treated as nonbonded van der Waals interactions. The
volume fiaction of SWCN in the composite denoted caswith respect to the RVE can be
calculated as followgr9]:

W - W ‘o - 1g0)

Ti i o

wherei is the mean radius of the nanotubejs the radius of the matrix mater@hdo is the
thickness of the nanotube. The matrix is regarded as a continuum medium since the matrix volume
is higher than the SWCN for the volume fractions considered. The RVE length is the same as that

of the matrix length and nanotube length

(a) Polymer matrix
N\

(a) Polymer matrix

(b) Interface region

(b) Interface region:
van der Waals links

.\\
(c) Carbon nanotube (c) Carbon nanotube:

Thin Shell model

Figure4.1. Multiscale modeling for representative volume element: (a) Polymer matrix, (b)
Interface region: van der Waals links, and (c) Carbon nanotube: Thin Shell model.
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4.3.1 Polymer matrix

The polymer matrix is wdeled by usinginear threedimensional hexahedral isoparametric
finite elementSOLID185 available in commercial software ANS¥Swhich is capable of
simulating both material and geometrical nonlinearities of hyperelastic material. This element is
definedby eight nodes having three degrees of freedom at each node: translations in the nodal x,
y, and z directions. In order to describe thechanical behavior of the polymer matrix, the
following Mooney Rivlin strain energy density function is utilized inngonction with the
SOLID185 elemen{82]:

£

where'Q, "0, and'Odefine the invadnts of the straintensay, i s t he Po®s&onds r a
and® are material parameters afitl is the bulk modulus of the materiBolyetheretherketone
(PEEK)is considered as the polymer matrix material. Tension expesmene carried out by El
Qoubaa et al[147] to determine the mechanical properties of PEEK. The fitting of the
experimental stresstrain behavior of this material with the specific Mootiylin parameters is
made in the pent work by using the method of least squares, which is a standarddppro
regression analysis to the approximate solution of the overdetermined system. The&rsiress
curve thus determined is depicted in Figure 4.2 with the Mo&iejn parametes. @ = -3.75
GPaw =4.82GPa® =1.5GPa, an® = 4.083 GPa

The model parameters for the polymer material consist of internal radius, and external radius
and 7.96 nm | engt KO ofhdpelyméomaterigsiolstainecbirdnu thewstsess
strain curve in order to perform the vibration analysis. Hence, the mechanical properties of PEEK
used in the vibration analysis are as follo@s= 4.9 x 18 Pa, density = 1.3 x 18 kg/m® and

Poi s s o m&9.3.Tha bumloer of elements of the polymer matrix material is 36480.
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Figure 42. Stressstrain behavior of PEEK under uniaxial loading.

4.3.2 Nonlinear analysis of SWCN

The mechanical behavior of a SWCN depends onattsmigic nanostructure.For
computational modeling, the SWCN is modeled as a space frame structure wherein the carbon
atoms are represented by thecatled nodes of the frame finildementand their positions in
threedimensional space for a particulat @  SWCN are defined with the following

~ (‘Am ~ ‘[
|‘l i "Qe‘l I[Am’ 85

where & hieeare the graphene atomic coordinates which @neerted to the nodes in theuh
coordinatesThe nodes, the coordinates of which are defined by the Equation (2), are connected
by nonlinear frame finite elements in order to representpibkential energy of the interatomic
interactions. This pential energy is expressed by using the Morse potemhal effect of angle
bending potential is negligible, so that the bond stretching potential, denot¥d by , alone

can adequatelglescribe the nanotube behaviof. canbe calculated as follow39]:
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where™Y represents the energy corresponding to bond stretcliing,i 1 is the bond

length variation, an@® andf are the force parameters in the potential energy. The stretching

force O of the nonlinear behavior of therame finite elemencan be obtained by
differentiating™Y potentialwith respect td/i . HenceO is obtained to he
"0 Vi gop YV 8

It is considered that the -C bond breaks at 19% bond strain, according[#8], and
correspondinglyhe force parameters ai®: = 6.03105 x 18°Nm,f =2.625 x 1 mtandi =

1.421 x 10°m. BEAM188 element, whictsiavailable in commercial software ANSYS®, is used

to model the noitlinear frame finite element. This elementaapable of uniaxial tension or
compressionlang with torsional and bending deformations, arfthi six degrees of freedom at
each of its endodes, which include the translations in the x, y, and z directions and rotations about
the X, y, and z axes. The density= 2.3 x 1§ kg/m® is used ér the frame element, in accordance
with Ref.[125], and the mass of the carbon atam= 2.0 x 10?° kg [125]. The mas$t is used

at the nodes, representing the mass of the carbon atbmsumber of elements of the SWCN is
4512.

Due to the si mil agdomerytodcylicdarynbnotabe stractue tan bee 6 s
modeled as a cylindrical shell. It is possible to replace the molecular structure of SWCN with a
thin shell model baseah a shell theory of continuum mechanics in the shape of a circular hollow
cylinder[94], as depicted in Figure 4.3. The thin shell structural model can then be modeled using
Finite Element Method (FEM) by assuming the Poissen rofanariotabev (= 0.19), its
thicknessd (= 0.066 nm) and its radius (value depending on its chiigf). As given in Ref
[120], these parameters were estimated by equating the axial rigidity adohdpeigidity of
SWCN that are calculated from Molecular Dynamics (MD) simulations with the axial rigidity and
bending rigidityexpressions obtained using thin shell theory. Regarding the shell theory used to
predict the mechanical behavior of the nanofubeDonnel | 6s t hi n [80.el | t h

These simulations can include nonlinear effeatsnfthe stresstrain curve of the nanotube and
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its density’ , that were calculated as in REf26]. The effective transversal area for the thin shell
is calculated using the diamet& of the nanotube and the equivalent thickness, which is
expressed by Qo0j p U .SHELL281 element, which is available in commercial software
ANSY SR, is usedd model the thin shell. This element is suitable for analyzing thin to moderately
thick shell structures and in large strain nonlinear applications. This elemembaksEsts of 8
nodes, with six degrees of freedom (three translations and three rotatroesponding to a 3D

coordinate system) per node. The number of elements of the shell model is 3040.
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Figure 43. Procedure forincopr at i ng SWCNOGsSs properties into

with the modified Morsgotential, (b) Stresstrain behavior of the SWCN and (c) SWCN
modeled as a thin shell model.

4.3.3 Interface modeling

The interface can be simulated either as a comtinor as a discrete region. For convenience
in the calculations, just the van der Wa@ldW) interactions between the nanotube and the inner
surface of the polymer matrix are considered. Hence, in this work the interface region is
represented with the usétruss finite elements, also called LINK element@mmercial software
ANSYS®, comecting carbon atoms of the discrete structute@BWCN to nodes of the internal

surface of matrix elements. COMBIN39 element is used to model trusses, links, agd,sqmd
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it is a uniaxial tensiowompression element with three degrees of freedoreaeh node:
translations in the nodal X, y, and z directions. For simulations of van der Waals interactions at the
nanotubepolymer interface, a truss element model, Whi@as introduced in Refi76], is adopted.
The properties of the LINK elements, shown in Figure 4.4, are obtained by using the corresponding

van der Waals forces based on the Lerwdarkes potential, which is expressedi&s:

where,i is the distance between interacting atomthefnanotube and the polymeband, are
the LennardJones parameters. For carbon atoms, the Lehdamdsparameters areg 0.0556
kcal/mole and = 3.4 Angstroms. Based on the Lenndmhes potential, the van der Waals force

"O between interacting atoms is written as follows:

The activation of the truss element in the computational simulation is determined by the distance
between an atom (a node) in the nanotube and a node in the internal surface of the polymer matrix,
such that ifhis distance is lessdh 2.5 (0.85 nm), the truss element is activafBlde number of

elements of the interface region is 7560.
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Figure 44. (a) LennardlJones potential and van der Waals force versus interatbstance, (b)

Load-displacementurve of the nonlinear truss element.

4.4 Viscous damping of CNRP
4.4.1 Rataedependent behavior of CNRP

The ratedependent plasticity (viscoplasticity) behavior of nanocomposite material is studied
in this section. Viscoplasticity describes the flow rufentaterials, that depends on time. The
deformation of materials is assumed to develop as a functidraof.Arriaga et al[148] studied
the 20% minerafilled polypropylene homopolymer under impact loading using simulatiah
experiments. They carried out the simulation in commercial software ANSYS® aby N&®
to validate the elastoplastic strain rate sensitive constitutiveelsadplemented in both codes,
where it is possible observed that the test result from -toree and velocitytime curves are in
good match with the viscoplastic strain rate sensitive Perzyna's nibt@l Galliot and
Luchsimger[150] investigated the mechanical behavior of ETFE foils undéaxial and biaxial
loading using experimental work and finite element calculations, in which the foil material
behavior was predicted by using Perzyna mdtenzdel with different strain rates. Vasiukov et
al. [151] studiedthe behavior of glass and fiber laminate composite plates with various stacking
sequences, in which a viscoplasticity model based on modified Hoffman critegombination

with Perzyna model was used to simulate the time dependence of the materisdeeSomilar
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strategy of analyzing the viscoplastic behavior of material is used in the present work to study the
ratedependent characteristics of nanocomposéinforced with a SWCN. The viscoplastic
behavior of polymer matrix is modeled using Perzyraeh which is available in commercial
software ANSYS®, along with the nonlinear material properties of sstez® behaviorThe

Perzyna model is given bydHollowing expressiofil48]:

" P F— n )

where,, is the ratedependent true yield stress, is the static true yield stress, is the

true plastic strain ratend,& and’ are the parametgthat describe the material strain hardening

and viscosity, respectively.

4.4.2 Loss factor and viscous damping ratio

To investigate the viscous damping of composite material, the same design and material
properties otheRVE of CNRP are used, includiferzyna modd[L49], which was explained in
subsection 4.4.1. The loss factewas originally introduced as a measure of intrinsic damping of
viscoelastic materials. However, a definition in terms of energy concept with respect te steady

state oscillations can be usedaws:

- . T&)

where3"Y standsfor the energy dissipated per cycle of harmonic motion (or equivalently the
amount of energy to be provided to maintain stestdye conditions) andy s the total
dissipation energy associated with the vibration. The loss factor caneaéspressed in terms of

cyclic stress and strain of harmonic strain, given 6@g “ 0, wherg andoare the
frequency and period, respectively. Therefore, the following expression can be used to calculate

the numerical value of the lo&sctor:
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where the phase shift is the phase angle between cyclic stress and strain. To investigate the loss
factor related to viscous damping, an axial harmonic strain is applied to on¢thieBVE, while

the other side is clamped. The loss factor can be obtained using the phase angle between cyclic
stress and strain, and period of the axial harmonic stdsimg the numerical values of the loss
factor—, it is possible to determine thy@ality factord hwhich is used for estimating the damping

ratio—, as followg[141]

0 P - p - @ p

Here—is the loss factor. The viscous damping ratcan then be determined using the numerical
value of the quality factob by the relatiorf142]:

- 0 jg P G

4.5 Structural Damping of CNRP
45.1Conceptad 6 s-¢liické6d behavior

The #f@ssltiipcok mechani sm i n a namdiguwedp.dVhent e mat
normal tensile stress is applied to a composite, this mechanism starts elongating (showing an
increase in its length denoted¥s ). Because ofttis applied stress, the polymer matrix, in turn,
applies shear stresd, on the nanotube, tBucausing the load transfer to the nanotube.
Consequently, a normal strain develops in the nanotube, which elongates accordingly. When the
applied stress is small, the nanotube remains fully bonded to the polymer matrix. Bothrtier poly
matrix and the nastube move together during this phase, and the strains are equal in both
elements. As the applied stress is increased, the shear stress on the nanotube increases. At a certain
value of shear stress (called the critical shear stregsthe nanotube debonds from the polymer

matrix. When the shear stress on the nanotube increases beyond this value (because of increased
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applied stress), the polymmatrix startslippingover thesurface of the nanotube (thereby causing

a changén its length denoted a4 ). The strain in the nanotube remains constant at its maximum
level, while the strain in the polymer matrix increases (slipping phase). In this phase, there is no
load transfer between the nanotube and the polymer miatitishere is energy dissipation due to

the slippage. Because of this energy dissipation, #ualed structural damping develops in the

nanocomposite.

4.5.2 Loss factor and structural damping coefficient

As described in the stdection 4.5.1, one of thessential causes of damping in nanotube
reinforced composites is the friction between nanotube and matrix. Dissipated energy via
interfacial movement of nanotube and matrix is equivalent to the sheamfatdbe differential
displacement between tubedamatrix. For investigating loss facter total dissipation energy
(Y ), and dissipation energ¥) in structural damping, the following equations can be used to
calculate their numerical valugs39]:

— Q —
| € I Y
% L 06 T
C
Y ¢t ¢ - - T v

wherei is the radius of the nanotuhig, is the length of the nanotube, is the strain of ratrix
material due to loading, is the strain between the nanotube and polymer matrixtand the
maximum value obonding stresg¢shear stress) associated with the longitudinal shear stress
between nanotube and matrix texdal, whch is obtained when the maximum normal stress and

strain are reached due to loadirgnce,t can be calculated as a function ofs follows[139]:

j
i @ o0jg a . O P
Qa: —
WED 0 ]¢ O cod ji

T O O
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wherel s the radius of the polymer matriX) is the shear modulus of matrix materi@ & 0.2
GPafor polymers) andO is the equivalent wdulus of nanotube which can be calculated as:
(0] coOji , whereo is the thickness of carbon nanotufi@ i s Youngds modul u

nanotube. Parametercan be obtained from the following equat{@40]:

"0c* j
O OQE i

H X

where0 Cwji wis the contact area between the nanotube and polymer matri iaritie

volume of the polymer matrix and is the volume fraction afanotubet can also be determined

if a tensile displacement is applied to one sidheRVE when the other side is clamped. The

di spl acement is applied unti/l the nanotube st
At that strain, thenaximum shear stress occurs. Hence, the strain between the nanotube and

the polymer maix, is obtained as follows:

T 0jg
: i@ 0jg o .0 p Y
©. OEM Ojc Y0 caa i

The total dissipation enerdy  and dissipation energy Yare calculated frorEquations (4.14)
and (4.15), respectively, with the numerical value$ qf - and tensile stress at destrain level

of the applied tensile displacemeTihe loss factor is then determined from Equation (4.13) with
the values ofY  and Y'Y, Using the numerical values of the loss factorit is possible to
determine the quality factdr hwhich is used for estimating the structural damping coefficient
_, as followg[141]:

U p - p - P w

Here,—represents the loss factor. Using the numerical valthreafuality factod |, thestructual

damping coefficient is then determined by the relatifii®2]:
_ 0 jg T8 T
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Figure 45. Stickslip behavior of SWCMbased composite: (a) whén  critical shear stress
t and (b) whent critical shear stresk .

4.6 Results and discussion
4.6.1 Stiffness response of CNRP

Regarding theCarbonNanotubeReinforcedPolymer (CNRP) properties, the stretsain
curve is examined for a polymer matrix, madewiblyetheretherketone (PEEK), reinforced with
a (20, 0 SingleWalled-CarbonNanotube (SWCN)with modeling the nanotube as a thin thel
based on Donnell 6s Shel/l Theory. The RVE i s
properties, and the volunoé the surrounding polymer is defined as 4% volume fraction of SWCN
on the mechanical properties. The boundary conditions of CNRP poneto a cantilever, where
the translational and rotational movements of one end of the matrix are prevented, witheithe
end is free to move so that the SWCN transfers its mechanical properties into the matrix via the
vdW links.The length of the CNRis 7.96 nm and the diameter of the (20, 0) SWCN is 1.569 nm.
Hence, the aspect ratio of the (20, 0) SWE€Nefined agength of nanotube/diameter of nanotube.
The aspect ratio dhe (20, 0) SWCNs then calculated as 5.070.

Figures 4.6(a) and 4.6(b) show the stigtsain curve for the CNRP with 4% volume fraction
of SWCN and PEEK, respectively. It can be appreciatedd Fi gur e 4. 6(a) t hat
of thenanocomposit® i s 42. 78 GPa, whi | eodulusQ is #9EP&The t he Y
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Youngods Qriosdudiugsht ti mes higher than that of PE
in the polymer.ti can also be observed that the ultimate strength of the nanocomposite is higher
than that of the plain polymer, wieghe ultimate strengths of the nanocomposite and the polymer

are 4.29 GPa and 0.18 GPa, respectivélithough according to the theoryhése stress levels

would be possible, in practical application, it is not possible to approach these levels of strength
magnitude in the CNRP material because the nanocomposite material could have different defects
that affect is mechanical properties. @e defects include the effects of the random arrangement

of carbon nanotubes in a polymer matrix, the entanglement of fillers and kinking, and structural
imperfections (vacancy defects, etc) of the nanocomposite. These dédgatagortant roles in

the properties of composites because they can cause that the structure of the nanocomposite is
weak and fragile suffering several damages, such as a crack or fracture. Another important defect
is that a poor interface induces the aletiing of nanoscale fillefsom the polymer matrix during
loading, possibly weakening the polymer matrix
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Figure 46. Stressstrain curves of (a) CNRP and (b) PEEK.
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4.6.2 Comparison dhepresent CNRP simulation modeith other models

In order to ompare the effectiveness of the present simulation model to that of other existing
models, the results obtained in the presdmpterusing the present Representative Volume
Element (RVE) simulation model die CNRPmaterid are compared with the stresisain curves
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obtained using the RVE proposed by Wernik and Meiiel The RVE proposed in Ref76]
consists of a polymer matrix, which is a twomponent epoxy dsive (SikaDur330), reinforced

with different volume fractions of (16, 0) SWCN and (9, 9) SWTRE tensile stresstrain curves

of both RVEs are depicted in Figure 4.7(a) and 4.7(b). It can be noticed from Figure 4.7 that the
stressstrain behavior is siilar for both models so thaté CNRP model proposed in the present

work can be used to model different types of polymer materials reinforced with SWCN

I [ [ [ [ [
x  Vol. fract = 1% - (16,0) SWCN - Wernik and Meguid [76] x  Vol. fract = 1% - (9,9) SWCN - Wernik and Meguid [76]
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Figure 47. Comparison of the stressrain curves of the RVE models propose&ef.[76] and
in the present work, for the CNRP containing different volume fractions of, (a) (16, 0) SWCN
and (b) (9, 9) SWCN.

The Root Mean Square Error (RMSE) and the-$thiare error were also calculated to
determine further the effectivenestthe RVE simulation model proposed in the present work.
Table 4.1 shows the Root Mean Square Error (RMSE) and theg@hre error fothe comparison
between the stresdrain curves obtained using the RVE simulation model proposed in/REf.
and the RVE simulation model proposed in the present work. For the case of (16, 0) SWCN, the
RMSE and the Chsquare error for the RVE with 1% volume fraction of (16, 0) SWCN are 0.4385
and 0.3256, respectively, while for 2% volumectran, the RMSE anthe Chisquare error are
0.3268 and 0.4287, respectively. For 5% volume fraction, the RMSE and tisguzine error are
0.4235 and 0.3682, respectively, while for 10% volume fraction, the RMSE and tisg|uzine
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error are 0.2791 and (B85, respectively.nl the case of (9, 9) SWCN, the RMSE and the Chi
square error for 1% volume fraction are 0.3521 and 0.4135, respectively, while for 2% volume
fraction, the RMSE and the CGhquare error are 0.2943 and 0.3916, respectively. For 5% volume
fraction, the RMSE rad the Chisquare error are 0.3275 and 0.3785, respectively, while for 10%
volume fraction, the RMSE and the &guare error are 0.3472 and 0.4861, respectively. These
ranges of RMSE and Clsiquare error indicate a high degree of datien between thearnpared
stressstrain curves. The results in Figure 4.7 and Table 4.1 show that the RVE simulation model
of the CNRP proposed in the present work is a good option for predicting the mechanical behavior
of the polymer matrix material r&iorced witha SWCN.

Table 41. The RMSE and Chksquare error for the
simulation model of th€ENRP.

Volume fraction RMSE Chi-square error

1%- (16, 0) SWCN  0.4385 0.3256
2%- (16, 0) SWCN  0.3268 0.4287
5%- (16, 0) SWCN  0.4235 0.3682
10%- (16, 0) SWCN  0.2791 0.4395
1%- (9, 9) SWCN  0.3521 0.4135
2%- (9, 9) SWCN  0.2943 0.3916
5%- (9, 9) SWCN  0.3275 0.3785
10%- (9, 9) SWCN  0.3472 0.4861

4.6.3 Natural frequencies of CNRP

Effect on natural frequencies of the matrixteral by addition of 4% volume fraction of
SWCN is studied in this section.rAodal analysis is performed on the CNRBterialconstructed
and the polymer: PEEK, to investigate the influence of SWCN on the natural frequencies of the
polymer matrix. Blockanczos methofiLl43] is used to perform the modal analysis on the model,
which is often utilizedn analyses where high accuracy is required. Clarkped (CF) boundary

conditions are applied to the 3D multiscale firetementmodel and the polymer material.
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The natural frequencies of the first 15 modes of CNRP with 4% of SWCN volume fraction
are conpared in Table 4.2 to the natural frequencies of PEEK. It is observed from Table 4.2 that
the addition of nanotubes significantlycreases the natural frequencies of the polymer matrix,
especially for the first mode number, which is the first bending rfredeency. This is explained
by the high stiffness of the carbon nanotube reinforced polymer. The natural frequencies increase
in arange of 21.063.35% with a (20, 0) SWCN as reinforcement. It can be noticed that for CNRP,
the first bending mode frequenincreases by 63.35% (first row in Table 4.2), while the first axial
mode frequency increases by 21.05 % (fourth row in TaB)e Bigure 4.8 shows the mode shapes

for the first bending and the first axial mode frequencies of CNRP.

Table 42. Comparison of natural frequencies of the polymer matrix and CNRP in GHz for
boundary condition.

Mode PEEK CNRP (%) Increase
1 0.161 0.263 63.35
2 0.169 0.274 62.13
3 0.222 0.309 39.18
4 0.380 0.460 21.05
5 0.389 0.577 48.32
6 0.390 0.580 48.71
7 0.391 0.582 48.84
8 0.394 0.588 49.23
9 0.394 0.592 50.25
10 0.397 0.597 50.37
11 0.397 0.602 51.63
12 0.399 0.624 56.39
13 0.399 0.624 56.39
14 0.405 0.635 56.79
15 0.418 0.637 52.39
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Figure 48. Mode shapes, first bending and first axial, of CNFREEK for Clamped-ree
boundary conditions: (g)) first bending shape modad (c}(d) first axial shape mode.

4.6.4 Ratadependent behavior of CNRP

The ratedependent stresstrain curve of CNRP was determined using computations
performed incommercial software ANSY® based on the nonlinear strestgain curve and the
material @rameters of Perzyna mod&#8], which is a widelyused viscoplastic formulation for
this type of material. The Perzyna model parameters for the polymer matrixataterthe
material strain hardening parameterand viscosity] , which are taken as 0.25 and (B50],
respectively, from the literature. The nonlinear ststssn behavior of the polymer matrix is
taken from Figure 4(@), and the same design of CNRP with 4% voldiraetion is used in this
study, as discussed in Section 4.3. Claripexe boundary conditions are applied on the RVE of
CNRP to obtain the ratgdependent behavior of the composite material, where one emel BME
is constrained, and a strain rate is &gapht the free end. The strain rate used in this analysis is
10% strain (in nm/nm unit) per second, which is utilized in other applications for viscoplastic
behavior of polymer$148]. Figure 4.9 shows a comparison betweenréttedependent stress
strain curve of CNRP and the static stregain behavior of the same composite material. It can
be observed that the CNRP shows higher stress carrying capacity when it is pu&diatrate
of 10% strain/sec compared to thatst behavior, while there is a considerable decrease in the
failure strain of the composite material. The ultimate strength at a strain rate of 10% strain/sec is
5.16 GPa, while in the static behavior, thiémate strength is 4.29 GPa. In other worde t
ultimate strength at a strain rate of 10% strain/sec is 20% higher than that of the static behavior.

Regarding the failure strain, in the static behavior, this strain is 0.1601, while at a strain rate of
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10% strain/sec, the failure strain is 0.0533other words, the failure strain at static behavior is

66% higher than that at a strain rate of 10% strain/sec.
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Figure 49. Stressstrain curves of CNRP at 10% strain ratel static loading conditions.

4.6.5 Viscous dampinproperties of CNRP

In viscous damping, when mechanical systems vibrate in a fluid medium such as air, gas,
water, or oil, the resistance offered by the fluid to the moving body causes energy sydatetis
In this case, the amount of dissipated epelgpends on many factors, such as the size and shape
of the vibrating body, the viscosity of the fluid, the frequency of vibration, and the velocity of the
vibrating body. In viscous damping, the dangpiforce is proportional to the velocity of the
vibrating body. On the other hand, in structural damping, when a material is deformed, energy is
absorbed and dissipated by the material. The effect is due to friction between the internal planes,
which slip a slide as the deformations take place. Hence, theous damping of the Carbon
NanotubeReinforcedPolymer (CNRP) material is then sensitive to its natural frequencies, while
the structural damping is sensitive to strain rate.

To investigate the dampirmgf composite material, the same design and mateioglepties
of the RVE of the CNRP materialare used as mentioned in the last-sabtion. CF boundary
conditions are applied, in which one end of CNRP is constrained and an axial harmonic strain
(O R 0 is applied at the other end at 0.16#Hz and 0.38 GHz, which are the first

bending mode frequency and first axial mode frequency, respectively. Téed 0 are the
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frequency and period, respectively. The stress and strain responses calirgspmthe free end

of CNRP at the first bendirgnd first axial mode frequencies are shown in Figure 4.10, where the
phase lag between the stress and strain is used to calculate the damping properties of the
nanocomposite. The viscous damping mater@dehcan be calculated from Figure 4.10 by using

the equations given in stdection 4.4.2. It can be noticed from Figure 4.10 that the phase shift,
between the cyclic stress and strain, for the first bending mode frequency is higher than the phase
shift for the first axial mode frequency. In addition, @ncbe observed, in Figure 4.10(b), that the
value of cyclic stress is higher in the first axial mode frequency than that in the first bending mode

frequency in Figure 4.10(a).
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(a) (b)
Figure 410. Stress and strain histories of CNRIbjected to an axial harmonic strain at first

bending and first axial frequencies.

The viscous damping ratio is sensitive to the values of frequeMCINRP materialwhile
the structural dampingoefficient is associated the contact betweeithe structure of carbon
nanotube and the polymer matmraterial. Thecomputed values of viscous damping ratio for each
natural frequency are shown in Figure 4.11, where their numerical values are winigeaof
0.03330.0860. it can be appreciated that theomis damping ratio decreases considerably within
a range between 0.2630.577 GHz, while for natural frequencies higher than 0.577 GHz, the
values of viscous damping ratios are similar. In Figui 4the values of the viscous damping
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ratio (correspondig to the 8'to 15" natural frequenciesire compared to trexperimental results

for an epoxy reinforced with MulWalled Carbon Nanotubes (MWCNSs), which were presented

in Ref.[152]. Diglycidyl ether of Bisphenol A (DGEBAis used as epoxy in the experimental
tests. For the experimental data, the weight percentage of the Carbon Nanotubes (CNs) for each
sample are 0.25%, 0.5%, and 0.75%. The total number of samplderie&h case, but each
sample has a different lengthehte, the three samples of R@h2] are defined in the present

work as: CN1, CN-2, and CN3. From Figure 4.12, it can be appreciated that the values of the
viscous darping ratio are 3.5 times higher than that of the dampatig reported in Ref152].

In the next section, the structural damping properties are calculated.
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Figure 411. Viscousdampingratio for CNRP with Clampeéree boundary condition.
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Figure 412. Comparison of theiscousdamping ratio of CNRP with the experimental results for

an epoxybased nanocomposite material with MWCN given in Re§2].

4.6.6 Structural damping properties of CNRP

Structural damping properties are determined followingémee design that was mentioned
in section 4.3, but not considering the properties of Perzyna model in the polymer matrix material.
By considering the sticklip concept, which is introduced in sabction 4.5.1, betwe¢he SWCN
andthe polymematrix, ore side of the RVE is clamped, and the other side is pulled by applying
a displacement in the axial direction. It can be obtained that, up to a specific strain, the nodes of
nanotube and correspondeades of the matrix, have similar displacement, and trgasing the
strain, at the interface of matrix and nanotube slip occurs. Because of this, the displacement of
matrix nodes will be larger than that of the corresponded nodes of the nanotube.

Dampirg properties can be obtained, if the RVE behaves exaxtheathe mechanism of
stick-slip motion and follows the equations that govern this mechanism. From the results of finite
element simulations, the critical shear stressand dissipation emgy 'Y  are determined and
used with the model properties such as radiu
structural damping properties from the equations given irssabion 4.5.2. The dissipation energy

and loss factor are investiga, and the re$is are shown in Figure 4.13 for the CNRP with 4%
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volume fraction of SWCN. It can be noticed that for the CNRP, the dissipation energy increases
due to nanocompositeds strain, and the | oss
Figure 4.13(a)the dissipation energy presents a similar value for strains lower than 0.03, while
for strain values higher than 0.03, the dissipation energy values increase considerably. In Figure
4.13(b), the values of loss factor decrease considefabgtrain valuesn a range between 0.03

and 0.135, however for strain values higher than 0.135, the loss factor takes on similar values. In
Figure 4.13(b), the results of the loss factor are also compared to that of experimental results for
5% SWCNi Epaxy beam obtainetrom Ref.[140]. The epoxy is made of Epon 9405 (75 parts

by weight), Epodil 749 for lowering viscosity (25 parts) and Ancamine 9470 hardener (41.4 parts).
It can be appreciated that the values of the lossrfassociated whtthe 5% SWCN Epoxy

beam decrease considerably for strain values in a range between 0.005 and 0.05. The loss factor
of the CNRP also exhibits a similar behavior but in the range of strain values between 0.03 and
0.135.
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Figure 413. (a) Dissipation energy and (b) loss factor for CNRP and experimental results for 5%
SWCNT Epoxy beam given in Reff140].

Regarding the structural damping, Figure 4.14(a) shows the structural dacopffigient
for CNRP as a function of natural frequencies. The values for the structural damping coefficient
are within a range of 0.06610.1597, and it can be appreciated thatr numerical values decrease

considerably within a range of natural fregaes of 0.263- 0.577 GHz. The values of the
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structural damping coefficient are similar for natural frequencies within a range of-05737
GHz. In Figure 4.14(b), the valsieof the structural damping coefficient are compared to the
experimental restd for SWCN1 Epoxy beam and MWCN Epoxy beam given in Ref153] for
different volume fractions. The epoxy is made of an epoxy resin and an aandenér. It can be
noticed that the values of the structural damping are sawves higher than that of MWCN
Epoxy beam and 16 times higher than thahefSWCN- Epoxy beam. In the next sigection, a
comparison between viscous and structural dampiaghanisms is provided.
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Figure 414. (a) Structual damping coefficient for CNRP with Clampé&dee boundary
condition and, (b) structural damping coefficient for CNRP and experimental results for SWCN

i Epoxy beam and MWCN Epoxy beam given in Ref153].

4.6.7 Comparisoietween viscous and structural damping mechanisms

In this section, a comparison between viscous and structural mechanisms is provided to
analyze the dynamic properties of CNRP. Table 4.3 shows the numerical values of both types of
dampingproperties. In th case of viscous damping ratio, the numerical values are within a range
of 0.0343- 0.0830, while for structural damping coefficient, the numerical values are within a
range of 0.06750.1597. According to Ref154], an appoximate relationship between viscous
damping ratio- and structural damping coefficientis given by_  ¢—. It can be appreciated

from Table 4.3 that is approximately 2 times higher thanFor example, in the case of the first

113



bending mode frequency (of 0.161) GHzjs 0.0830 and_is 0.1597 with means that the
structuraldamping coefficient_ is 1.92 times higher than the viscalemping ratio-. For the
case of the first axial medrequencys-is 0.0511 and is 0.0914, which means that the structural

damping coefficient is 1.78 tims higher than the viscoasmping ratic-.

Table 43. Comparison between viscous and structural damping mechdois@NRP (Vol.
fract. = 4%- (20 0) SWCN).

Viscous damping ratie Structural damping coefficient
0.0830 0.1597
0.0815 0.1534
0.0714 0.1362
0.0511 0.0914
0.0382 0.0729
0.0375 0.0726
0.0357 0.0723
0.0355 0.0716
0.0354 0.0711
0.0353 0.0705
0.0351 0.0699
0.0343 0.0675
0.0343 0.0675
0.0334 0.0663
0.0333 0.0661

4.7 Conclusion

Regarding the mechasal behavior othe CarbonNanotubeReinforcedPolymer (CNRP)
materia) static analysis was performed on the CNRa&erialwith 4% volume fraction of (20, 0)
SWCN as reinforcement to obtain its stiffness response in terms of itsstte@ssehaviorThe
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Youngds modul us o® was AZ278 GRanwhite domiheo umreinfaced PEEK
material, t heO Yvasd®@@ba Hmondcuel,u st h e Oie eightgiles mo d u |
higher than that of PEEK, and this shows the influence of SWCiHe polymer matrix. The
ultimate strength of the nanocomposite was higher than that of the plain polymer, where the
ultimate stengths of the nanocomposite and the polymer were 4.29 GPa and 0.18 GPa,
respectivelyAlso, the natural frequencies of th&lRP materialwith 4% volume fraction of (20,
0) SWCN as reinforcement were compared to that of PEEK. An increase in these freqjaencie
much as63.35% especially for the first bending mode frequency, has been observed, due to the
reinforcement with th&WCN

Regarding the damping properties of CNR, viscoplastic behavior of the polymer matrix
material wagonsidered, and the ratikependent characteristics of CNRP were stydiddle the
viscous damping ratio was calculated based on the loss falotained by applying an axial
harmonic strain at free end in CF boundary conditidhe. computed values of wisus damping
ratio for each natural frequency were within a range of 0@B83360.0n the other hand, the
concept of stickslip motion behaviowas used to obtain the critical shear stress, dissipation
energy, and loss factor to calculate the structuaaifng coefficient of CNRPLhe values of the
structural damping coefficient were within a range of 0.0681597 Both damping mechanisms
were compared and analyzed to obtain a close relationship between both properties. From this
analysis, it was deterined that the structural damping coefficient is approximately two times
higher than the viscous damping ra@r example, in the case of fitstnding mode frequency,
the viscous damping ratio was 0.0830, and the structural damping coefficient wag Qb
means that the structurddmpingcoefficient is 1.92 times higher than the viscdamping ratio
For the case of the first axial moffequency, the viscous damping ratio was 0.0511, and the
structural damping coefficient was 0.0914, which mehasthe structural damping coefficient is

1.78 times higher than the viscous damping ratio.
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Chapter 5. Reliability Evaluation of Carbon-Nanotube-Reinforced-

Polymer Composites based on Multiscale Finite Element Model

Foreword

This chaptecontains thgournal paperJ. A. Palacios and R. Ganesan, "Reliability evaluation of
CarbonNanotubeReinforcedPolymer composites based on multiscitgte element model,"
Composite Structures, vol. 229, p. 111381, 2019.

In this chaptera 3D multiscale finite element of the Representative Volume Element of the
CarbonNanotubeReinforcedPolymerComposite (CNRPC) material is developed considering
5% of volume fraction and structural vacancies in the SWCN and the interface region based on
MonteCarlo Simulation technique. The structural vacancies are represented by missing carbon
atoms and covalent bonds in the SWCN and van der Waals links in tli@datexgion. The stress
strength (challengeapacity) model prediction is utilized to parfothe reliability evaluation of

the stiffness response of the RVE of CNRPC material by using the Maximum Entropy Method.
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5 Reliability Evaluation of Carbon-Nanotube-Reinforced-Polymer Composites based on

Multiscale Finite Element Model

5.1 Abstract

Experimental investigations to study the material behavior of nanocomposites have
limitations. Hence, computational modeling and simulation encompassing multisatdeal
behavior provide an alternate approach to study the mechanical properties obseicalsn The
objective of the preserthapteris to develop a computational framework for performing a
probabilistic analysis of a CarbdwanotubeReinforcedPolymer (CNRP) material by using the
stressstrength model to determine the reliability and hdzassociated with its mechanical
properties, in terms of its longitudinal elastic modulus and ultimate longitudinal strength. A 3D
multiscale finite element modeif the Representative Volume Element of the nanocomposite
consisting of a polymer matrix, amperfect SingleWalled-CarbonNanotube (SWCN) and an
imperfect interface regiohas beertonstructed for this purpose. The polymer matrix is modeled
with the Moorey-Rivlin strain energy, the imperfect SWCN is modeled as a space frame structure
using the Morse potential, and the interface region is modeled via van der Waals (vdW) links. In
pradical applications, the SWCN is not perfect, and it possesses strutgtgals, and moreover,
the vdW links are not perfect. Such imperfections are characterized using the Monte Carlo
simulation technique. The reliability arm@zard functions of the CNRRaterial are calculated
using the Maximum Entropy Method.

5.2Introduct ion

Composite materials have been increasingly used in not only aeronautical and aerospace
applications but also in many other engineering applications due to their many uniquagelant
such as higher stiffness and strength to weight ratios, corrasstance, long fatigue life, and
durability, compared to metals. Hence, the use of carbon nanotubes as reinforcement in polymer
materials is common in several engineering applicatiddingleWalled-CarborNanotubes
(SWCNSs) incorporated into polymers basa of their exceptional and multipurpose properties

create a new generation of nanocomposite mat¢bia]sSince experimentation at the nanoscale
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is stil a developing field, the most effective way of quantifying the effe€such parameters is
predominantly through computational modeling techniques.

It is a standard practice to use a Representative Volume Element (RVE) in the simulation
and modeling bany type of composites (that are mdiaked, ceramibased and polymdryased)

[53]. For studying the mechanical properties of a polymer matrix with Sigléed-Carbon
Nanotubes (SWCNSs) as reinforcement, Li and dBa&jiconstructed the RVE using a space frame
strucure for a SWCN, solid elements for the polymer, and truss rods to represent the interfacial
region. However, some studies included-hoparities in the SWCN by using the Morse padien

such as Georgantzinos et[@9], andin the interface region by using van der Vaals links, such as
Wernik and Meguid76]. In the case of the dynamic response of this type of nanocomposite,
Latibari et al[104] extended the model {81] to calculate the damping ratio of the nanocomposite

by evaluating its dissipatioenergy. Later, Jam&midi et al.[105] analyzed a SWCN embedded

in a volume element using 3D finildement ad analytical models to compute its natural
frequencies considering different aspect ratiisokrieh et al[106] predicted the viscoelastic
properties for an embedded SWCN in a polymer matrix by using adépendent formulain of

the interface region. The SWCN was modeled using a space frame beam, the interface region was
modeled usingiortlinear springs based on van der Waals interactions and the polymer matrix
using solid continuum elements. Later, Papadopoulos and Inmgk@irfl01] proposed a
hierarchical multiscale approach to evaluate the nonlinearticdive behavior of concrete
reinforced with SWCNs. Other authors, such as Sun ef18R], presented a multiate
computational analysis based on RVE modeling and molecular dynamics simulations to
investigate the microscopic failure mechanisms of unidirectional carbon fiber reinforced polymer
composites, while&Chevalier et al[103] proposed a multiscale approach to characterize and to
model the transverse compression response of a unidirectional carbon fiber reinforced epoxy.

In the case of nanreinforced polymer systems with structural imperfections, such as
vaancy defects, Davoutladi and Farahanil08] investigated the impact of different vacancy
defects on Youngosi amontbiedmers polygnier camp&i®GriNthe axial
direction by using a structural model in commercial software ANSY S®&i ébal.[110] proposed
a multiscale 3D RVE approach for modeling the elastic behavior of carbon nanotube reinforced
composites with vacancy defects. Later, Chawla €tlall] explored the influece of vacancy

defects on SWCN reinforced polypropy¢ecomposites using molecular dynamics simulation and
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comparing the influence of a perfect SWCN and an imperfect SWCN as reinforcement. Other
effects in polymer matrix composites, such as those due arridmegement of carbon nanotubes,
were studied by o#ir authors. For instancghu et al.[113] presented a probabilistic multiscale
approach to model the random spatial distribution of local elastic properties arising from the
heterogeneous waviness and orientation of SWCN fillers within a 3D microscale continuum RVE
of a SWCNreinforced polymer ntaix. Recently, Jeong et dl114] proposed a 3D stochastic
computational homogenization model for SWEplboxy matrix composites. They found that
stochastic waviness, agglomeration, and orientation of SWCN fillers caused rapadiad
variations of the elasticity tensor of the SW&pNoxy matrix within a microscale RVE, resulting

in probabilistic changes dhe homogenized stiffness of the RVEhe effects of the random
arrangement of carbon nanotubes in a polymer matrix, taagetment of fillers and kinking, are
probably dominant in polymer matrix composites. However, to the extent that the mechanical
properties of the nanotube reinforcement influence the properties of the nanocomposite, there
would be a corresponding sensityvof the nanocomposite property to the variations in the
properties of the nanotube reinforcement and interface properties.olinig ®f randomness can

be compared to the other sources mentioned before. Hence, considering the randomness due to
defectdn a carbon nanotube or interphase, while assuming that the carbon nanotubes are correctly
aligned is duly justified in the refereex from the literature. Moreover, the use of stochastic
modeling to analyze the effects of structural vacancies in the SWECilso of interest in
manufacturing, due to the fact that vacancies are randomly distributed in the SWCN and are
unavoidable in erigeering applicationf39-42].

Another essential aspect of composites is their structural reliability. As for the refliabilit
analysis of this type of materials, there are studies on laminated composite stii&bHES7],
including multiscale modelin[i.58]. However, there are no works that consider SWEdymer
composites. Despite the work done on polymer composites with SWCNs as reinforcement, studies
that characterize and analyze the structural vacancy problems usimghasst modeling
technique andhie reliability of nanocomposite systems still need to be carried out. Hence, the
objective of the presemthapteris to perform probabilistic modeling and analysis dZabon
NanotubeReinforcedPolymer (CNRP) material tdetermine the reliability of itsnechanical
properties by using the stresgength (challengeapacity) modeling and prediction metHa89].

The mechanical properties of the CNRP material analyzed in the pces@ttrare caried out in
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terms of its longitdinal elastic modulus and ultimate longitudinal strength, which are considered
as random variables. For modeling the CNRP material, a 3D multiscaledi@ment model of

the RVE of the nanocomposite materiatlesvelopedThe CNRP material consists opalymer

matrix material, an imperfect SWCN, and an imperfect interface region. The multiscale modeling
is performed in terms of using different theories and corresponding strain energies to model
individual parts of the Repsentative Volume Element of ti@NRP material. The macroscale
continuum mechanics for the polymer matrix, the mesoscale mechanics for the imperfect interface
region, and nanoscalevel atomistic mechanics for the imperfect SWCN. The polymer matrix is
modeled with the MooneYRrivlin stran energy functiori82]. The imperfect SWCN is modeled as

a space frame structure by using the Morse potdii®| while the imperfect interface region is
modeledvia van der Waals (vdW) lin83]. The structural vacancies of the imperfect SWCN and
the interface region are modeled by using the Monte Carlo Simulation (MCS) tec|8%fjuehe
stressstrength (challengeapacity) model is used to study the reliability of the CNRP material
based on its longitudinal elastic modulus and ultimate longitudinal strength random variables. The
probability distributions of the random variables aedculated usig the Maximum Entropy
Method [88] along with Gaussian and twmarameter Weibull distributionf87]. Finally, a
reliability function is obtained for each distribution calculatadd a comp#son is provided, as

well as thehazard function as a measure of safety and[88k To demonstrate and highlight the
sensitivity of the material properties of the CNRP material to the imperfections in the SNdCN a
the vdW lirks, a comparative study is conducted. The values of the longitudinal elastic modulus
of the CNRP material that has the SWCN as reinforcement of a perfect structure and perfect vdwW
links in the nanostructure, and that of the CNRP materialhths the SWCMNf an imperfect
structure and imperfect vdW links, are determined. They are compared with the longitudinal elastic
modulus of two SWCNeinforced polymer systems, one with perfectly aligned SWCNs and
another with randomly aligned SWCNs, wugithe materialproperty data obtained from the
literature. In this comparison, a (16, 0) SWa@hforced Polyetheretherketone (PEEK) is
considered as theNRP material

5.3Finite Element Modeling and Analysis of Representative Volume Element (RVE)

The Representative Wane Element (RVE) investigated in the pressrdpterconsists of a
SingleWalled-CarbonNanotube (SWCN) embedded in a polymer matrix and an interface region
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between the SWCN and the polymer material (Figutg The interactions between the SWCN
and thepolymer matrix are treated as nhonbonded van der Waals interactions. The volume fraction
of the SWCN in the composite material denotedvasvith respectd the RVE, can be calculated
as follows[79]:
, 1 O
w - La - : (§})

Tl ci o

wherei is the mean radius of the nanotubejs the radius of the matrix matatriando is the
thickness of the nanotube. The matrix is regarded as a continuum medium since the matrix volume

is far higher than that of the SWCN for the volume fraction considered.

(a) Polymer matrix
(a) Polymer matrix

(b) Interface region

(b) Interface region:
van der Waals links

(c) Carbon nanotube (c) Carbon nanotube

Figure 51. Representative Volumddinent (RVE) déthe nanocomposite.

5.31 Space frame model of SingMalledCarbonNanotube (SWCN)

The mechanical behavior of a SingMalledCarbonNanotube (SWCN) depends on its
atomistic nanostructure. For computational modeling, the SWCN is modeked@ace frame

structure wherein the carbon atoms are represented by -t@lesth nodes of the frame finite
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