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ABSTRACT

Relatively poor mechanical properties of carbon nanotube (CNT) bulk materials can be
improved by formation of bonds obvalentcrosslinks (CLs) between nanotubes. In this work
an fieffective b oGLsbetweerdcarboa nanotubes is deeelopmed for
mesoscopic simulations ofosslinked CNT materialsA general approach for fitting thelL
model parameters based on results of atomistic simulations is devélbpd®#stfit parameters
of theCL modelarefound The developed effective bond model ofi& included into a
dynamic mesoscopic model of CNT materials, where each nanotube is represented in the form of
a chain of stretchable cylindrical segments. The mesoscopic force field in this model accounts
for stretching and bending of CNTs, van der Waals interaction between nanotubes, antenter
CLs.The model is applied to generate and equilibiraglico pristine and crosbnked CNT
fiber and film samples with structural characteristics close to observed in expeariftent
structuralparametersf CNT fibers and filmsincluding theaverage bundle size, Herman
orientation factorandtortuosity, are calculatedThe quaststatic simulatios of largescale cross
linked CNT films are performed to revehkload transfer mechanisras well aeffecs of CNT
length,CL density, material densitgndnetworkmorphology on mechanical propertigsder
conditions of quasstatic deformation|t is found thatstretching of CNT segments is the
dominant mode of load transfer in crdssged CNT film during their stretching, while bending
and buckling is the dominant mode of le@ansfer during commessionBoth tensile modulus
and strength of CNT films increase strongly with increasing CNT lefih effect othe
nanotube length on mechanical propertiesveverjs altered by the density of CLs. The mutual
effect of the nanotube length and CL giéynon modulus and strength is describeghower

scaling lave, wherethe modulus and strength afienctions of theaverage number of CLs per



nanotubei.e., the product of the CNT length and CL linear den3itye exponents in the scaling
laws for the mdulus and strength are strongly differeminfireach othefThe material density of
the film samplesveaklyaffects the specific mechanical propertidhe dispersion of nanotubes
in the films without formation of thick bundles results in tee-fold increase of the modulus
and strengthln qualitative agreement witxperimental observation$e inplane compression
of a largethin CNT film results incollective bending of nanotubes and folding of the whole film
with minor irreversiblestructuralchanges.Depending on the CNT length, the reliefs of the
compressefilms vary from quasbonedimensional wavy surface to complex tgimnensiona

landscape.
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CHAPTER 1
INTRODUCTION

1.1 Carbon Nanotubesand Carbon Nanotube Materials
A carbon nanotub&CNT) is a molecule of carbon atoms with hollow tubular shape

(Figure1.1(a)). Depending on the number sifiells that forms the wall of a CNT, CNTs can be
further classified into two categories. The nanotubes which can be obtained by rolling a single
graphene sheet are known as single walled carbon nan¢8WeENT9. The nanotubes which
consist of multiple glindrical shells are known as multiwalled carbon nanot(dB¥CNTS).
Theatomicstructure ola SWCNT can beproducedoy rolling agraphene she¢t,?], alongthe
chiral vector g

FoEF &7 (L1)
Where=|= and=|= aretheunit cell basis vectors of the 2Bttice of thegraphene shegFigure
1.1(b)). If the graphene sheet in Fige 1.1(b) is rolled in such a way that the origintbé chiral
vector g touches its endhenone carget a nanotubwith uniqueperiodic arrangements of
atoms andvith the nantube axisdirectedalong the translational vectgfr , which is
perpendicular tor . The chirality of a nanotube (Rt ) is defined by a pair of its chiral indices
¢ and¢ . The dameters of th@andube can be calculaté@d WMo da & 3 gE¢ T°h
wheredt 1 T ¢Bps the lattice constant in graphdid®9. If € £ , thenthe resulting
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configuration is known aBarmchaio CNT. Figurel.1(a)shows such an armchair (10,X0NT.
The chiralangle— A OA QM T ¢¢ &  inthis casdsequal to30J. If ¢ T then
the obtainechanotubds known aghe fizigzag CNT with the chiral angleequal to0J. All other

nanotubesvhen0J — o @ areknown agdichiraldo CNTs

Figurel.1. Sketch illustrating formationf a SWCNT from a 2D graphene shedh), side
view of an armchair (10,10) CNith green spheres represegtindividual carbon atoms
(b), <hematic diagram of 2D graphene sheetlling into CNT, where F is the chiral vector

andd| is the translational vectog U4 .

Since the report of Sumio ljima on the synthesi€NITs[3], the CNTs have drawn
attraction to many scientssand engineers due to its superior mechanical, theemdlelectrical
properties.An individual CNT is one of the strongest and stiffest materials in nature with
Youngds modul us ab d180 GPh, afddrlangatientatbreak gfi8@%o of 30
[4,5,6,7,8,9,10]. Depending on the material density and production method, the CNT materials

exist in many forms, ém low-density aerogels and sponges with densities of ~0.0F gcm



[11,12], to mediumdensity CNT films 13,14,1516] , A f a7 l&@ snas6 6, [ and
[19,20] with densities of ~0.1 gcrfy and to highdensity superligned CNT fibers21,22,23],
forests L8] and films R4] with CNT arrangements approaching the ideadagonapacking

limit (Figurel.2).

(a)

Twisting .
X\ Drawing
/
CNT Forest ‘ CNT Film CNT Fiber

Figurel.2. Schematic representation of CNT forests, films and fibef2%h)SEM image oin

situ CNT forest (b)26], film (c) [27] and fiber ¢) [25].

In aerogels, films, forests, and fibe@®\Ts form hierarchicaktructureghrough seH
assemblydue to van der Waals interaction betweandubes Thesubstantial researdfforts
are targeted axploiting the extreme properties of individUdNTs from macro level
applications like automobile structure or space elevator to nano level applicateastronics

and opticsDue to high strength, light weigland excellent energy absorption capache,CNT

Abucky



materialsare promising candidatessofor applications such as ballisficotectionmaterials,
includingbody armor 28], andartificial muscles29]. The unique pysicalnanotubeproperties
stimulated intensive studies targeted at revealing the potential of CNT materials for advanced
electronic and optoelectronic applicatio§][ from onchip thermal interface materials
[31,32,33], to energy harvesting34], flexible electronics and sensingq, photoluminescence
and imaging 6], and to generation of terahertz radiati8i][ The thin CNT films with random
network of interconnected bundles of singlalled nanotubes, in particular, are considered as
one of the primary candidates for laast flexible electronicE38]. Due to its outstanding
electricalconductivity, as well as mechanical strength and high surface area, CNTs have been
suggeste@s a material for use in supercapacitor electrag@p [The semiconductin@WCNTs

is superior candidate for the channel materiakh@ifeld-effecttransistors (FETsjincethey

have shown much better performance than silicased transistorg ().

1.2 Mechanical Properties of CNT Materials
The efficient use of CNT materials in applications requires tuning the mechanical
properties. For instance, good resilience and small medteneeded for thermal interface
materials, while ability to sustain cyclic largeain reversible bending and stretching
deformations is impdant for flexible electronics3B]. However, he pistine CNT materials are
networks of entangled bundles and nanotuaed applied load in such materials results in inter
tube sliding inside thick bundled]]. The resisting friction forceare low §2,43,44,45,46]. The
weakvan der Waals interaction betwe€NTs alsointroduces low barriers for inteube sliding,
and thus, the superior properties of individ@MTs are not fully realized in theassemblies
[4748. Theex per i ment ally measured Youngds modul us &

range from ~100 MPa to3-GPa and from ~2 MPa to ~30 MPa, correspondingly
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[49,50,51,52,53,54,55,56,57]. In particular, the experimentatrassstrain curves of pristine and
functionalized SWCNT filmshownin Figure1.3 demonstrate the modulus in the range-6f 1
GPa and strength in the range eB@ MPa that are twthree orders of magnitude smaller than
the modulus and strength of individual 8Ts [54]. The naterial densit in these samples
varies between 02gcm®and 0.87 gcm, and average bundtdameters ranges from 9.3 nm to

21 nm.
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Figurel.3. Stressstrain curve of SWCNT filmm obtainedattensile loading of purified HIPCO
SWCNT film (dashdot green line)asprepared annealed Elicarb SWCNTs (dashed red lir
octadecylamine (ODAfunctionalizedCNT film (dashdot-dot orange line)and heavily

functionalizedCOOHCNT film (solid blue line) The airves are reproduced from Re34].

The mechanical properties of ligiveight CNT materia can be improved by increasing

the degree of carectivity of the nanotube network. If the material density is fixed, then the CNT



length, the degree of nanotube entanglement, as well as the characteristic bundle thickness and

length can be considered #sefactors that affect the network connectivétyd load transfer.

The multiple experimental and theoretical studies of €&iiiforced composites with polymer

and netal matrix materials, €.958,59,60,61] reports an increasing reinforcing ability of

nanotubes with increasing CNT length. The studies of the letegiendent mechanical

properties of Apureo CNT materi al s, e. g. , buc

the CNT length affects the netvk morphology and load transfer is still elusive. For instance,

the coarserainedmesoscopic simulationsinReég s ur pri si ngly predicted

modulus ofSWCNT buckypaper strongly decreases with increasing CNT length. The porosity

and pore sig are found to increase with increasing CNT length. On the contrary, the authors of

Ref.[63] found in coarsgrained molecular dynamics simulations that the CNT length only

marginally affects the elastic properties of buckypaper in the frequirdependat regime. In

the experimental study{l], the authors fabricated buckypaper with varying lengths and found

that the material composed of the millimel@ng CNT has twice larger tensile strength

compared to the material composedrmcrometerlong CNT, while the modulus does not

change. The experimental studp] revealed, contrary tBef. [62], that theMWCNT

buckypaper withlsorter nanotubes had larger pore sizes than that with longer nanotubes.
Another approach for improving load transfer between indivi@Nil's is based on

introducing defects in the atomic lattices of interactiijTs and formation of covalent bonds or

crosslinks (CLs) betweercarbon atoms belonging to differardnotube$

4858,59,60,61,62,63,64,6566,67]. CLscan be induced by irradiation of CNT materials with

electron[48,58,59,60,61,62,63,64,65,66,67,68,69,70,71] or ion[72,73,74,75,76,77] beamsas

well asby chemical functionalization of nanotubes with subsequent formation of bonds between



molecular groups attached to differ€@NTs[71,78]. It is experimentally found that the elastic
modulus and strength of CNT bundles exhibit up to eafle@nagnitude increase after cress
linking by electron beam4.3,70]. The tensile modulus and strengthSWCNT sheets
demonstrate up to thrdeld and fivefold increaserespectivelyafter crosdinking by electron
beamd68], while both chemical functionalization and electron beam irradiation result in ~50%
improvament of the CNT sheet strendtfl]. Theatomistic simulations show that the presence
of CLsformed by single interstitial atoms in idealized bundiasincrease the bundle strength

up to 60 GP&79.

The formation ofCLs between carbon atoms belonging to different nanotubes or different
shells iNMWCNTsis associated wittheformation of various atomic defects in the lattices of
CNT walls, including interstitial carbon atoms, divacancies, Frenkel d¢66;65,68, | and
bridges formed by multiple interstitial ator&,76]. The load transfer through CLs in small
CNT systemsincluding individual double and muttvalled CNT, two nanotubes as well as
small bundles of nanotubes, are studied in atomistic models such as MD simulations
[72,73,74,75,76,77,83,79,80,81], density functional theorf48], and in combined MRBight
binding quantum mechanical simulatio®s§][for a number of small CNT systems including
individual double and mukivalledCNT [68,72,74,75,82], two parallel or crosse@NT [72], and
small CNT bundles?2,76,77,83,82]. Figurel.4 illustrates the degree ohprovement irthe
shear load transfer erosslinked SWCNT bundles [76,77] obtained in atomistic simulations of
pulling-out the central tube from the sevieihe bundls, wherethe CLs are generated through
the preliminaryirradiation ofthe bundle with energet@atonions The results shown in Figure
1.4(c) indicate &trong increase in tensile modulus and strength with increasing irradiation

dosage compared to a pristine bundlee srength ofanindividual CL depend on the defect



type with interstitials and Enkel defects being the weakest and strongest ones, correspondingly
[68,82]. After CL breaking, defects in the form of interstitial atoms promote reformafioew

CLs, the process that strongly increases the effective dynamic frictioN©{75,77).
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Figurel.4. Irradiated SWCNT bundles with incident energy and doses 100 eV, 19.65 M(
and200 eV, 39.3 MGy (b) (depositlatoms are colored red, and CNT atoms are colored
Panel (c) shows thaupout stress versus pullout distance for pristine and irradiated bundl

[76, 77).

The rradiation improvement in mechanical properties in experimental macroscopic
SWCNT membranes from Reb§] is illustratedin Figure1.5. After electronbeam irradiation,
due to knockingput of some atoms from the sidewalls of nanotubes and bundles, the bundles and
nanotubesvalls become etche(Figurel.5(a)(b)). Theexistence oCLs is validated by Raman
spectroscopy and TEM characterizati@hs along with dangling carbons significantly change

the CNT morphology and blur the previously clear and straight CNT Wédie than sixfold



increase in tensile strength and modulus of the SWCNT membranes is demonstrated in this

work.
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Figurel.5. TEM images of crosnked tubes extracted from the irradiated SWCNT fabrics
(a)(b). Electronbeam irradiationmprovement of mechanical properti@sSWCNT
membrane$abricsunder tensiorfc), tensilemodulusO (blue curve) and strength (red curve)

versusgrradiation dose. Results are reproduced from R&}. [

1.3 MesoscaleModelingof CNT Materials

The MD simulations are widely used to study elastic properties, interfacial properties
based on pull out tests, chemical functionalization and load transfer mech848686).
However, due to limitations of contemporary computing resourcedi simulations are
restricted both in length and time scalékhoughtheresultsof atomistic simulationprovide

invaluable information on the theoretical limits of the load transfer improvement due to cross



linking associated with various types off@gs, it is difficult to translate the obtained results into
properties of random CNT materials such as films, buckypaper, forests, and aerogels, where
CNTsform continuous networks of bundlek real CNT materials, the material propertias
strongly depend on the morphology of network. The theoretical study of strpctyrerty
relations in randon€NT networkmaterials requires samples with sizes that are a few times
larger than the length of individual nanotubes. Such samples includetatheusands of
nanotubes.

Continuummodels 87,88] arealsoappliedto theoretically study mechanical properties
of individual CNTs and CNT material§he ontinuum mechanics approaches that treat
individual CNTs as beams, thin shelts solids in cylindrical shapdsas been successfully used
to studytheresponse o€NT materials in the elastic deformation regime. Howetrex,
continuum models lack the phgsithat can explain interfacial properted<CNT materials and
cannot predictheresponse at large deformatsoim theinelasticregime Thereforethe
structureproperty relation®f CNT network materialshould be studied at intermediate length
scales, i.e., @ mesoscaleThe structurgproperty relationships for CNT network materials can
be established with the coargmined mesoscopic models that neglect atomic structure of
individual nanotubes buttan geometrical information about the shape of nanotubes and their
assembly into a network.

Although various versions of mesoscopic models for CNT materiie proposed, e.g.,
Refs. 2,63,82,89,90,91,92,9394,95], the effect of the material reinforcement via covalebs
was studied only in Refs9$,97,98]. In these works, the CNT material is either represented by a
system of straight andispersed nanotub§g6], a bundle with initial hexgonal packing of

nanotubesd7,98] or a film with continuous network dENTs[97,98]. The nodelof cross
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linked CNT materials suggestadRef.[96] is based on the geometrical Cox mod®] [and

does not allow one to perform dynamic simulations of CNafemals, so it was used for

predicting only the elastic properties of CNT films. The mesoscopic mo@lsduggested in
Ref.[97] is based on aonphysical assumption th&ll. do not induce a force in the normal to

the CNT surfaces direction. This assumption contradicts the microscopic picture of load transfer
via individualCLs, so that model cannot be used to simulate mechanical processes in CNT
materials, accompanying with variations of the iitdre gaps, as well as dynamic alignment or
misalignmenof nanotubes. This model also provides only pure linear response to applied shear
displacement, while stresiBsplacement curves obtained in atstiti pullout simulations are

strongly nonlinear[77]. As a result, it can fail to simultaneously predict the exact values of

shear stiffness, stretlg and fracture displacement. In addition, knowledge, the parametées of
mesoscopi€L models used in known mesoscopic simulations were never validated and verified
against results of atomievel simulationsThese weaknesses of the existingsoscopic CL

models are addressed in our work. None of the known mesoscopic simulations also addressed the
effect of CNT length on mechanical properties ofsilmmked CNT materials which is

investigaté in this workusingthe mesoscale model of creBsakedCNT materials.

1.4 Objectivesand Outline

This studyhas threenajor objectivesThe first objectiveis to developand parametize
thediscreteCL modelfor mesoscopic simulation¥he CL modebescribeshebonded
interactions between nanotulfesmed by a single terstitial carbon atonnwheneach CL
represents a covalent bond formed between nanotubes in the real niter@rameterization
of theCL model isperformedbased orheresults of atomistic siulationsof pulling the central

tube from a crosnked seven-tube bundlelt is shown that the be§it parameters of the CL
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model strongly depend on the underlying geometrical Ioodel andare not equal to the
corresponding parameters of carlmarbon bonds adopted in the empirical potentials designed
for atomistic simulations. For the developed CL mothedparameters set afeund which are
recommended for mesoscopic simulations of neltecomposed of (26,0) CNTs under
conditions when CLs are predominantly formed ingividual interstitial carbon atoms

The seondobjectiveis to performin silico generation andtructuralcharacterization of
pristine and crosBnked CNT fibers andilims. The quastequilibrium gistine (10,10) CNT
fibers and (10,10) and (26,0) filmgith varying material densitie€L densities, lateral sample
sizes, film thicknesses, and nanotube lengths are generated and equilifvcatgkddynamic
simulations ofelf-asembly of dispersed and straigbNTs into continuous networks @NT
bundles A good agreement betweeansilico and experimental structural parameters of fibers
and films are obtainedT'he rumerical parameters to tu@NT fibers and films network
morphology is identified.

Thethird objective is to studguaststatic mechanicgroperties of crosinked CNT
films. The simulations are targetedratveaing the effects of variousphysical parmeters,
including CL density, nanotube lengtandsample morphologyn mechanical propertig®ad
transfer and compression mode$he onditions ofquastistatic loadingwhen the mechanical
response of CNT films indegpendent otheloading rateareidentified. The @mbined effect of
CL density and nanotube length on elastic modulus, strength and strain at strength is explained
based orstretchingsimulations of large films with sample size at least 2.5 times larger than the
CNT lengths. The dfect of randomdistribution of CNT lengthis also investigatedThe $rong
effect of sample morphology on mechanical properties and structural evolution is observed

duringstretchingdeformation proces3he lbad transfer mechanism in crdstked CNT films is
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explained in terms of potential energy distributisisgssstrain diagrams, evolution @L
breaking inside the sample, local deformation of mesos€igit segments The effects of
various physical factors on compressive properties of CNT films are explained through the
analysis of evolvingpercolating load transferetworks that consists of CNT segmisn
participating in the load transtddifferent deformation modes of freanding CNT films that
are observedt inplanecompressiommf CNT films are alsaliscussedh this part of the work.
The marsegrained modebf CNT materialdgs consideredn Chapter2 along with the
details of development and parametrization of the mesos€apicodels. Chapter 3 is dedicated
to in silico generation andtructural characterizations 6NT fibers and filmsin Chapter, the
results ofmesoscopic mechanical simulationcafsslinked films arediscussedin Chapter5,
the summanand major conclusiorsreprovided along wittbrief discussion of future research

directions
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CHAPTER 2
MESOSCOPIC MODEL OF CROSSLINKED CNT MATERIALS

2.1 Mesoscopidv odelfor Dynamic Simulations of CNT Materials

The coarsgrained mesoscopic model of CNT materials utilized in this work was
initially proposedn Ref.[82], furtherdevdoped inRefs.[92,91,98], andthenused to study
mechanical properties of forests of vertically alignadtipre CNTs[100,101] and crosdinked
CNT films [98,102. In this model a CNTcan berepresented by a chainidfreathing flexible
cylinder,0 where everylindrical segment consists of multiple carbon atqfigure2.1). Each
segment is defined by two adjacent nodes along the tubeThesauations of motiorior each
nodeare used to pdct variation ofthe position vector, local rags, and the torsional angle
associated witthis node in time

The following Lagrangia® describs the system ointeracting CNTs and matrix

molecules/polymer units the followinggeneric forn{82)
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where » is the positiorvectorof “@h node in a nanotube, is the positiorvectorof "@h unit of
the matrix,’Y is the radius of the nanotube at né@& s the radius of matrix uniQ — is the
torsion angleat the’@h nodein a nanotubed is the mass of a part of the nanotube, represented
by the nodéQa  is the mass of th@h unit of the matrix) and0d are the inertia parameters
[103 of the internal breathing motion of the nanotube at ri@Gaied matrix unifQ respectively,
0 is the inertia parameter for the twisting motion of the nanotube

The potential energy of the system is composeadtefnal energy of nanotubdsynded
and nonbonded interaction between nanotubesded and nonbonded interactions among the
matrix units, bonded and nonbonded interactions among nanotubes and matrix units and internal
breathing of matrix unitA part of the mesoscopic force field (MFF) thiascribes the internal
interactions within the CNT accounts for stretching, bending, torsion, radial breathing along with
the coupled stretchingending, stretchingprsion and stretchingreathing interactions.
Correspondingly, thenternal potential energy afnanotube consistsf stretchingenergy’Y

defined as a function of axial deformatsaf nanotube segmentsendingenergy’Y  defined
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as a function of the local curvatsref the nanotube segments, breattengrgy’y defined as a
function of the local radily at each nod&along the nanotubégrsionenergy’y defined as a
function of the torsional deformatieof nanotubs, while terms™Y and"Y describe
coupling between stretching of tvaoljacensegmentslefined as function afdial contraction at
the node and local curvature at the nosipectively’Y is the nonbonded van der Waals
energybetween nanotube® is the boded interactiorenergybetween nanotubeln
this work, it is assumed thabnded interactiorbetween nanotubesiisduced by individuaCLs.
Development and parameterization of the mod&lofs a part of this dissertation and will be
discussed furthenisectior2.2 Y s the potentiaénergyfor nonbonded van der Waals
interaction between matrix molecules and nanotubes describes the bonded
interaction between matrix molecules arahotubes due to the formation of chemical bpnds

% and™Y describe the nonbonded and bonded interactions among the matrix

units and™Y s the internal breathing potent[dl03 for the matrix units.
The equations of motion for the five sets of independent variables in the syistem
» h» RY RY h— can be directly obtained from the Lagrangian given by £1), as

QT O 10 (2.2)
— L _—e T[8
Qbn 1N

—a

Here, indexXQepresents the elemaiftom the set of independent variabl@s. By integrating

Eq.(2.2), the trajectories ahdividual mesoscopic nodesn be obtained at the mesoscopic

length and time scale following techniques similar to molecular dynamics. A significant
advantage of the MFF described above is that,
dynamic el ements of the modelricdarestermaa| cul at ed

interaction. This representation of the shapes of the dynamic elements in the model drastically
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reduces the number of the independent degrees of freedom and increases computational
efficiency of the model. The functional forms and properameterization of the potentials

included into the MFF can be chosen based on the results of experimental study and/or atomistic
simulations. Analytical functions can be used at small deformations, while tabulated values of

energies and forces can bedise describe complex behavior at large deformations.

Matrix molecule or polymer unit

Figure2.1. Schematic representation of a nanotube section consisting of two mesoscop
segments and three nodgdsng with a matrix moleculd he position ofth node » in the
nanotube, radiuy of the nanotube at nod@torsion angle— at nodeéQposition» of matrix
moleculeQ and radiugy of the matrix molecul&are the independemariables that
describe the collective dynamics of nanotubes in matrix. The size of the nanotube and r

molecule are not shown to scale.
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In the present work, the MFF is used only to desa#gsmbly oSWCNTsand CLs
between themwithout breathing modes and torsional deformatidie position of every
nanotubeQin a material sample composediof nanotubes can be defined by nodes with
position vectordl  ('Q phBd) ;U is the number of nodes in CN. The btal nunber of
nodes) in the material samplis given by0 0 0 . Two neighbor noded and’l
completely define the position of segm#&nfThe current state of the material is defined by
positions of all mesoscopic nodgs 1 B M, wheret "I BRI . The
LagrangiarD of such CNT assemblyus reduces to the following expression

P, > (2.3)
C

where,& and» are the mass and position vector of CNT segriggnespectivelyandtotal
potential energyYof the CNT material during mechanical loading is

Y Y Y % v, (2.4)
where™Y is the harmonic potentianergyof stretching of CNT,Y s the term combining

the harmonic potential of bending with the buckling is the potentiaénergyof van der

Waals interactiosbetween nanotubgand™Y is the potential energy of CL.

2.1.1 Stretching term of MFF

As the mesoscopic model is aimed mainly at legge phenomena, local changes in
shapes of the nanotubes associated with nonlinear behavior at large deformations are not
expected to play a major rdl82]. Thereforetherepresentation aNT as cylinders mayemain
valid in the nonlinear elastic/plastic regime, arfthemonic approximation sufficientto
describe the axial deformation of mesoscopic segmientisis case, the potential energy of

stretching can be represented in the form
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whered ;  is thenondeformedength ofmesoscopic nanotube segment between ifade

"Q p,0f isthe length of deformed nanotube segment,tandis the stretching force
constantThe mrameterization ahestretching force constant is performedbased on series
of atomistic simulations for various CNT chiral[i§2], andthelineartrend betwee and

equilibrium radius of CNTY (in A) can be fitteby the following expressiof82]

0 Y@t p @@y 8 (2.6)

2.1.2 Bending term of MFF

At small curvaturgthe bending potentid¥  can beapproximatedy a harmonic

function[82]

2.7)

i®)
N O
e
0¢

whered ; is the nordeformed length of mesoscopic nanotube segment betweeifaode

‘Q p,Yy isthe radius of curvature of the mesoscopic CNT segment between@odks

"Q p,’Y s the radius of curvature of at no@and0 s the bending force constaithe
bendingforce constanb  is determined with respect towliprium radius of nanotub®& (in

A) by the following power law fit which is obtained based on the results of atomistic simulations
[82

0 oa@yY °8 (2.8)
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At large bending angdecorresponding tbuckled nanotulsthe bending stiffness can
reduce significantlyBuckling reduces the bendimgergyat the intercanections between
nanotubes and creates barriers for CNT sliding. Such sliding barriers due to buckling is found to
essential for stability of the CNT network regals P2]. In the prebuckling state, the bending
energy term for a single nanotube can be writtdi923s

0
Y

Y

"al ke

Ql (2.9)

where'Yis the local radius of curvature of the elastic line of the nanpauimkthe integration is
performed along the lengtiof the elastic lindFigure2.2(a)). For a uniformly bent nanotube of
length0 , the bending angle-is related toY asO T, andEq.(2.9) reduces to

7 0 -
cO

(2.10)

For the bending energy of a buckled nanotube, the predicfatemisticsimulations can be
well reproduced by the followinfprmulaion of the bending energy term

0
Y

) 0
Yoo Py qa

Y Qdn (2.11)

N |0

where0 is the energy of theuzkling kink in the mesoscopic model,is the angle
betweertwo tangents to the elastic line at the point of kink (poiit Figure2.2(a)). The

transition fromEq. (2.10) to (2.11) in the description of the bending energy takes place When
drops down to the critical curvature for the onset of bucklhg, e.g., wherlY Y in Figure
2.2(a). To ensure thaly  is approximately proportional tein the postbuckling state, the

value of¢ is set to unity. The remaining parameters of the bending energy term depend on the
radius and chirality oENT and can be chosen based on the results of atomistic simulations

performed for uniformly benENT with a single bucklingink, as shown irfrigure2.2.
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Figure2.2. Schematic representation of bending buckling in the mesoscopic model (a) a
dependence of the bending enefgy on the bending anglein uniformly bent CNT with a
single buckling point appearing in the middle (point B in the inset) wheeritieal radius of
curvature,Y , is reached (b)l'he kending energy in (b) is calculated with £2.10) for —

— and is obtained by minimizan of the strain energy associated with bending and buck

and with Eq(2.11) — — [92].

2.1.3 Inter-tubeinteractionpotential

A distinct feature of the present model is the use otdimeputationally compact and
efficienttubular potential method P4 based on the mesoscopic tldnpotentials 91], which
describe van der Waals interacsdretween mesoscop€NT elements of arbitrary length and
orientationandenableseltassembly of nanotubes into continuous networks of buridi¢ise

mesoscopic tubular potential methdek van der Waals intéube interactiompotentialsare

obtained byntegratng theinteratomic potential over the continuous surfaces of the interacting

nanotubes. As a result, the tubular potential method ensures the absence of corrugation of the

inter-tube potential for curved nanotubes and eliminates strong artificiattuigerfridion,
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which prohibits seassembly of nanotubes intontinuous network dbundles and
characteristic, e.g., for the beaddspring model of CNT materiald (5. The parametrization
of the tubular potential is based on the carbarbon interatomic poteat describing
nonbonding interactions in graphitic structures. To calculate thdawnding interaction energy
between the two mesoscopic segments, the Lernltares interatomic potentiaith smooth
cutoff[115

, \ . (2.12)

where,l is the distance between interacting atoms, i.e. distance between interacting tube
surfaces; and, are the parameters of the potential that define the energy and length scales
of the carborcarbon interaction respectively, aad s the cubff function, is integrated over

the surfaces of the interacting segments, while the atomic configuration is represented by an
averaged continuous distribution of atoms with a surface densitfhe functional form of the
cutoff function and th@arameters of the potential are adopted from AIREBO potetid] |

commonly used in atomistic modeling of carbon nanostructures and moleculardnigdroc

systems. The cutoff function is definedtas “Yti ,where

Yt Ot O0tOp tp t o ¢f, (2.13)
ti [ I T A S A ¢® @i o, [106, andO t is the Heaviside step
function.

In the mesoscopic model, the relative position of two CNT segments can be described by
six independent geometric parametas illustrated ifrigure2.3. where'Qdenotes the shortest
distance between the two CNT axess the angle between them, and— represent the ends
of one CNT segment, and and, are the ends for the second TBegment. ThENT are
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aligned along thé and(aaxes.The interaction potentialdiweentwo CNT segments with

equal radiiY can be expressed El]

~ ~

% D s Fp 1B
o (219
é Y ® l Qﬁ hf%orﬁl’%o '%0,§$A%0'Q5h

where the integration is performed along the segmentssaes-, and over the anglé& and
%o that specify positions of points in the cross sections of segmentSigsee2.3(b)). The
distance between two points on the surfaces of the segments is expressed through the six
geometric parameters as
i " Do hs o
QY Al% Al%
(215
Y OBbAIIO OB sOEI
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Y OBbOEIl sAlIOwv 8

Although Eq.(2.15) is sufficient to describe the interaction of two segments of arbitrarily
orientation and length, the accuracy is acceptable only with a large number of quadrature points,
making the calculatin too costly during the simulatioRurthermore, the six independent
parameters in this equation make the tabulation of the potential impractical. The number of
independent geometric variables can be reduced if one or two of the limits of integratipn in E
(2.14) are set to infinity, defining the potentials for interaction between a finite segment and a
semiinfinite nanotube™ ) andbetween a segment and an infinitely long nanotibe)as

below.
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Figure2.3. Schematic sketch illustrating the introduction of local coordinatesuaad
geometrical parameters used for characterization of the relative positions of two nonpar
(a) and parallel (b) straight cylindrical CNT segments. The side and top viewkawn in
panel a; only the side view is shown in panel b. In panel a, the axis x is directed along tl
segment) (eelefining the shortest distance between the axes of the segmeqrasel b, he
origin of the Cartesian coordinates is chosen so tleatisi agoes through the left end of
the second segment 1. Cross sections of the segments are shown in panel b, with
anglesko. and%o specifying positions of points in the cross sections used for integration

the surfaces of the two segmefl].
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All possible intertube interaction in a systeai CNTs can be defined tBgs. (2.16) and(2.17).
The majority of intertube interactioacan be described by E.17), because of the high aspect
ratio of CNTs. Relatively small fraction of interactions that are affected bgffeets of CNT
ends can be described by Hg.16). However, both Eq$2.16) and(2.17) depend oriive
independent variables and are impractical to calculate in rommputer memoryT herefore,
a series of approximatiormse made to reduce the number of independent variables for both
potentialSY and™Y . Further approximations allow one to reduce the number of independent
variables. Below, only arlef description othe approach fareducing thenaumber of
independent variables fpotential between a nanotube segment and infinitely long nanotube is
provided. hedescriptionof the approximateotentialenergybetweerm nanotube segment aad
semtinfinite nanotube can be found in R&F1].

For a segment interacting with an infinitely longnotubethe potentiatan be defined

by the integral of the density of the interaction poterdtial’® hs along the axis of the segment
"% 5y Fs hs 6 " hsQs (2.18)

When the segment garallelto thenandube(O E T ), the potential density does not depend
on, , andEg.(2.18) becomes
Y g M hs vou 0 ¢, (2.19)

whered ¢ "Q is the potential density for parallel and infinitely lom@ndubesdefined as

6 4Q &Y . I WP Fpho ‘Wb Q5 A%0 (2.20)
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In the form of Eq(2.20), the potentiaénergydensity for parallel tubes is a function'@bnly

and can be easily calculated for a given interatomic potential. The calculations can be
organized imonedimensional table with high accuracy, which can be used for mesoscopic
simulations. The potential for parallel tubes in ER0) can be extendefr arbitrary tube
orientations with simple geometmcanipulations anehcluding aset of scaling function®

adjust discrepancyhe detd descriptionof this methodalong with thereatment of the semi

infinite case is provided in Re@]].

2.2 MesoscopidVModel of CLsand Its Parameterization
The development and parameterizatiortlod mesoscopi€L model for arbitraryCNT
network materials is a major part of teisidy In MFF, the CL energy can be descrithby the

following expression

8% i L p (2.21)

wheree 1 is the potential energy of a single mesoscopian@h the bondengthi =< |, i.e,

the distance betwedheend points of Cld and( s the total CL number ia mateial

sample. It isassumd that the CL number in an silico generated sample éxjual to the number
of CLsin the corresponding real material and every terthemight-hand side oEq. (2.21)
describes the transfer of mechanical load betv@¥éTis via an individual discrete CloThe
functional form and parameterization of tnesoscopic CL modéd obtained based on the
results of asmistic simulations of pulling out the central tube from a ctog®d severtube

bundleobtainedn Refs. [76,77]. Selected results frofef. [77] aredescribed in sectioR.2.1
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The development and parameterizatioa ofiodel of crostinked severtube bundle, which
accounts for the local variatiasf the intertube gap due to the balance between van der Waals
interactionsandload transfer through Clis described in sectiah2.2and2.2.3 The CL model
developedn this worknaturally produces both thmrmal and tangential forces to the nanotube
surfaces and, thus, accosifdr the CL contribution to the balance of normal forddse model

is also capable of accurate matchafghe strongly noflinear stressdisplacement curves
obtained in atomistic pullout simulations.dection2.2.4 ageneral approach to implement the
fieffective bond modéelfor largescale mesoscopic simulations is descrilfda: stress
displacement curves obtained in mesoscepmulations are compared with the corresponding
curves established in atomistic simulations of the pullout test for galerbundles under

identical conditions inextion2.2.5.

2.2.1 Atomistic simulations of the pullout of a nanotube from a sdube bundle
In thissection a brief reviewof the results of atomistic simulations obtained in
Refs[76,77] is given whichis usal to parameterizéhe mesoscopic model of covale@t.s. In
these works, the authors simulated the pullout of a central nanotube frorirdkedsundles,
consisting of seven hexagonally arranged (26/9Tswith radiusY p ® (A and length
0 v @ A (Figure2.4(a)). TheCLsbetwesn CNTsare formed by irradiation of the bundles
with energetic carbon atoms. The irradiation produces rastlaictures oCLs, so thathe
individual bundle samples, obtained under fixed irradiation conditions, differ from each other by
thetotal CL number and types of individu@lLs, althoughCLs formed byindividual interstitial
atoms with onesp*-sp’ and twosp-sp? bondsrepresenthe mostabundantype of defects76].

In the relaxed crosknked bundles, the central CNT was drawn along the bundle axis at a rate of
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10 ms! maintaining periodic boundary conditions. The simulations were performed with the
modified REBO empirical interatomic potentidQf7].
A typical dependence of the pullout stréds on the pullout displacementd, i.e.,

displacement of the right end of the tahtube, is shown ifigure2.4(b). Here

. O
Y &h (222

"Ois the total pullout force exerted on atoms in there¢émtanotube along the bundle axis,

0 ¢"'Y 0 —Fo Tiis the characteristic CNT surface area, and angleg & corresponds to
a half of area on the surface of the central CNT, wi&isecanbe formed. This stress
displacement curve is obtainedadinear CL density at the central CNT eqoék ™ !
and total linear CL density between all surroundijTsequal to¢ T@ AL The linear CL
density between any pair néighboringCNTsin the bundle is equal to eitherfeore To.

The pullout process includes the elastic regime, whehond breaking does not occur,
inelastic regime, whethe shear load induces CL breaking and reorganization, and sliding
regime, wherheinitial CLsare broken and the force that resists CNT sliding is a result of
transient breaking and formation of n&Aks. In the presenwork, the effects related to the CL
reformation in the sliding regime not consideredlhe major elastic propgrof a bundle in the

pullout process is stiffne&@ | "Q JAYFQ Ya v ( "Q is the equilibrium distance between

two CNTswithout CLs). The load transfer in the inelastic regime can be characterized by the

maximum stres®;  and displacementa  at"Y Y}

28



Central CNT
°§ ‘E"%ﬁ?ﬁ;ﬁ”‘i‘;;g‘§§§‘§;§j§:§ :gi‘i‘igg

o 93630 3030303030303
g?x=§3I§z§z§§x§§§z§§=§3ﬁ§:§§§%A

Surrounding CNT ) Ly =59.6A Az
Ry = 10.185A
(b) 8r - .
- Elastic Plastic Sliding
7k reglme _ regime | regime
6 .
Sp,nmx Atomistic

6]

P

simulations, Ref. [5

Pullout stress S (GPa)
N

E =0h,tany =0k, [dS, /d(Az)],

max
¥
| IS N N

0 | IR N I [N N P
0O 1 2 3 4 5 6 7 8 9 1011 12

Pullout displacement Az (A)

Figure 2.4. Idealized bundle of seven (26,@WCNTs of radius’Y 10.185 A and leng
0 59.6 A(a) and stresdisplacement curve obtained in atomistic simulations of the pullc

the central CNT from the bundéta linearCL densitye ™ W\1[56] (b).

At relatively lowCL densities, whed  x & AL, Y& x p A and only marginally
varies withé . At relatively highCL densities, whea  x m& 1A%, Y& x gAand
increases with increasirty. To account for the effects of CL density, two parameter sets of the
mesosopic CL model, which allow one to fit the results of atomistic simulations in the low

density case @&t 1@ A'and in the higkdensity casat$ 8 Wi\ aresearched for.
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The values of ,& ,0,"Y; ,andYa for these cases extracted from results of R&l. [

are presented in Table 2.1.

Table2.1. StiffnessO , maximum stres®;, , and displacemeia  at"yY  "Yj

obtained in Ref.{7] in atomistic simulations of the pullout of a central nanotube from bundles

composed of seven (26,GNTs at two sets of CL densitiés and¢ .

£ (UA) ¢ (WA O (GPa) Y5 (GPa) Y& (&)

0.12 0.55 7.19 2.98 0.92

0.49 0.8 11 6.4 3.45

2.2.2 Model of a crosginked CNT bundle

The goal of this section is to introduce a model that can predict the pullout force in a
bundle ofCNTSs, taking into account the effects of curvature of nanotubes, their stretching, and
load transfer betwee@NTs via CL and varder Waals interaction. Although such a model can
be generalized for a broad class of CNT systems, théseonsiderednly for a system of
interest, i.e., a bundle consisting of a central CNT and six surrou@iNiig. All surrounding
nanotubes are assumed to be identical, so one can consider only one pair of the central and
surroundingCNTs. Hereinafter, parameters of nanotubes denoted by the subscritwith
"Q pstanding for the central CNT affd ¢ standing for the surrounding CNT.

In the initial state at timé 1, eachCNT of radiusY and length) is assumed to be
straight and parallel to the axisd The coordinaté (1 & 0 ) defines positions of points
in nanotubéQatd TI, so thatd serves as the Lagrangian coordénat continuum mechanics

(Figure2.5). The deformation of nanotub@along the bundle axis is described by a function
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a @M suchthath G & is equal to the displacement of a point in nanof@agth the
initial coordinatedd at timeoalong the axi® & The pullout displacement is equal to
Ya & 0 0 . The central nanotube remains straight during the pullout tesb due
radially symmetrical loading from surroundi@iNTs, while the radial distance from the axis of
the central CNT to a point at the axis of the surrounding CNT is assumed to be equal to
¢Y 1QOM,wherd QO is the gap between surfacesGMTs 1 and 2.

The equations that define functiains & d can be obtained as equations of motion for
the nanotube material along the aXig For straight nanotubes, such equations can be derived
in the form of onadimensional macroscopiimearelasticity equation$108. These equations

retain their form also for curve@dNTs and can be written as

~

"—— 0 —— 'Oh Q pkh (2.23)

where” ¢“'Y £ & is the linear mass density (mass of nanotube material per unit ledngth),

is the mass of a single carbon atém, T7¥ oot is the surface density of atoms for a
SWCNT,& p8& ¢ Ais the graphene lattice constfh®9, 0 is the CNT stretching force
constant, andD is thed-component of linear density of force exerted on C®¥iy CLs
betweenCNTs 1 and 2. FOBWCNTS, the stretching force constasan be calculated based on
Eqg. (2.7) A steadystate analog of Eq§2.23), where'O is defined by the shear modulus in the
form adopted in continuum mechanics, was used for analysis of interaction of straight and
parallel fibers andCNTsin Ref. [10g. Contrary to thawork, here thevariation of the gap
between nanotub&Qd o is accounted and calculation’d is based on a model of

individual CLs between nanotubes without introducing the shear modulus.
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The functiory "Qc I is calculated based on an equation of balance of radial
components of the van der Waals and CL forces exerted on a material volume ofiGMTttze
central CNT and two neighboring surround@iTs. Assuming that the curvature of the
surrounding CNT is smaland any bundle cross section retains a shape of a regular hexagon
with the edge length afY 1 "Qd ho , one can write the force balee equation

O o O G O 1RO 8 (2.29)
The van der Waals force density is assumed to be defift@das 106 X 17Q, where
o] 1 "Q is the linear density of the van der Waals interaction potential between two infinitely
long, straight, and parallel nanotubes with the]g&petween their surfaces. The density
0 17Qcan be calculate@.g, by integrating the continuous dibtition of van der Waals
forces between circular nanotub84,110111,112. The van der Waals energy densityg "Q
in EqQ. (2.20)s first calculated based on the mesoscopic apprdziih(golid curve inFigure
2.6). Then itis approximated by the Lenndai@hes potentiallfL(

- ., 17Q . 17Q
: a2 i fio

¢

(2.25)

where the energy well depth  and equilibrium gap between nanotub&3 are equal to
values predicted by the mesoscopic potential density, whdad¢ are chosen to ensure that
Eq.(2.25) provides the exact values of the @R at6 1 'Q  mand force stiffness
0 1O 1 1°Qs 8For (26,0)CNTs, - ™ ¢ 6VAL1Q o VA,
1R ¢ YAV ™ v paVvAS a odtandé 8. The potentiab | 'Q given
by Eqg. (2.25) is shown inFigure2.6 by the dashed curve.

The relatively poor approximation provided By. (2.25) at] ‘Q v A does not affect

further results, since this gap size is larger than the adopted cutoff distance 4.4 A of the effective
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CL potential function. A harmonic approximation of the patdrtensity in the form

6 1Q v 1"Q 1Q 7¢ (dashdottedbluecurve inFigure2.6) introduces too large
error and cannot be used for thegoses of the present studly Eq.(2.24), 'O is thewr
component of the linear density of force exerted on the surrounding CNTdlye@Gleen the
central and surrounding CNTE) is the linear density of force exerted on CNifdn CL
between this CNT and another neighboring surrounding CNTGndis linear density of

radial force exerted on a CNT due to van der Waals interaction with a neighboring CNT. For a
pair of neighboring CNTs, botl® and™O  are normal tdhe axisO ¢and directed along a line
connecting the CNT centers on the bundle cross section. In order to"@efared™O in EQs.
(2.23) and(2.24), the distribution of Ckalong CNE can be characterized by the density
functiond @O HO M, such thath & hd D Q ¢XXO is equal to the number of CL between the
segment® fd QXD of the central CNT and the segmeéithtd QX5  of a surrounding

CNT. Thentheforces in Eqs(2.23) and(2.24) can be calculated as follows:

O O ¢ 0 GOl GO T—,,Qoom)haQuh (2.26)
O whd 0 Oohom™OiI whohd & W ho b 'Qauh (2.27)
O wh 0 whoM™OI whohd G @ ho D 'Q ¢h (2.29)
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(a) Center-to-center geometrical bond model (6C GBM)
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(b) Surfaceto-surface geometrical bond model (<5 GBM)
Initial positions of nanotubes Position of nanotubes in the course of pulling-out
« " 8§z(Z1,Z5,t)
Frozen” end b, Zy=z;=Z;+b
. 22(22, t)
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Figure2.5. Sketch illustrating the initial positions of the centr@ ( p) and surrounding@

¢) nanotubes and their position in the course of pullout simulations, whear€described by
the centetto-center geometrical bond model, E(&36)-(2.37), (a) and surfacéo-surface
geometrical bond model, Eqg.38)-(2.39), (b). Clswith initial tilting Gare assumed to be
continuously distributed along the bundle adigwith linear density , however, only a single
CL with positive tilting ( &) is shown in the sketcithe angle—-definingthe direction of the
effective CL bond, is equal to the angle, characterizing the direction of the CL force and

given by Eqgs(2.37) or (2.39), only if the direction parametgris equal to 1.
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Figure2.6. Linear potential energy densily  of van der Waals interaction between two
parallel, straight, and infinitely long (26,GNTs versus intetube gaf ‘Qcalculated based or
the mesoscopic tubular potenti@l] (solid curve), best fit provided Hyq. (2.25) (dashed

curve), and harmonic approximation of the tubular potential ¢(dated curve).

wherei & R o is the length of a mesoscopic CL bond connecting points with coordinates
@ and® at timeod, and™Oi T it lis the force exerted on CNT 1 from a single CL of

lengthi with the potential energy i . The forceéO can be defined as
O GO 0 od&m™Ol od&ah OEF ddEbh Qe (2.29

wherell & d&d D, is the CL density function for a pair of neighboring surroun@igs
such tha) ¢ dad o 'Q ¢¥X is equal to the number @fLs between the segments dab a
o eeand OO XY of these surroundingNTs, 1 ¢ &) MO is the length of an effective

CL bond connecting the points with coordinaiesandc on theseCNTs, and— ¢ &) o is
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the angle between the direction of the force induced by a single CL and tibecaxibe total

pullout forceOin Eq. (2.22) then can be calculated as

06 . 0 GRhQds (2.30)
In Eqs.(2.26)-(2.29), the geometrical functions GO, — OO ,1 @ d&Ed M, and
— d o, are defined by an adopted effective bond model.

In order to study the pullout process without changing the lengths of nandfgpes,

(2.23) are solved with the initisdnd boundary conditions

' ® mMn ® O0da oht &h —bwﬁn mh Q plth (2.31)
e o m L oh & (232
. . (2.33)

6 o g0 of G of OF
where is the pullout velocity, so that the pullousthnce is equal t94 @ 6. These
conditions mimic the initial and boundary conditions for infinitely long bundles considered in
atomistic simulations in Ref7}]. A preliminary study showed that the results obtained based
onEq. (2.23) are only marginally sensitive to the value of the pullout velocity if p Tms?,
so thathesingle valueof &  p ms?or 0.01 Apstis chosen for all simulations. It ensures that
the simulation results correspond to gestatic deformfon of nandubes The initial conditions
for the intertube gap "Qare not necessary, since it is defined by a@arlutionaryEq. (2.24).
At the initial timed Tt thevalues of ] "Q bt depend on the initial CL density.

In the general case of arbitrary continuous CL distribstgiven by the density functions

O whom andd & &) o, Egs.(2.23) fall into the class of notinear integredifferential
equations. Such general equations must be usledirfdividual CLsin the initial state have

random properties, e.g., different lengths, or CL densities dynamically change due to breaking
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and formation of newCLsin the sliding regime. Hereinafter, the model baseBq# (2.23) and
(2.24) is referred to as thlundle modei in order to distinguish it from the general mesoscopic

model of CNT network materials considerediection 2.2.4

2.2.3 EffectiveCL bond moded
The potential function for a single mesoscopic CL is adopted in the form of a model
Morse potential with a smooth cutoff functiont :

i -0 Q ¢Yti h (2.34)
where- is the potential well depth, is the equilibrium CL length, andis a parameter,
affecting the bond stiffneszo - . The function’Yt is chosen in the form of a fiftlegree
polynomial'Yt p O pmp@o @ atm t pwithYt patt mand YT ™
att p, wheret i 1 1. X1 1. ,1 isthe cutoff distance andis the maximum
distance, where the Morse potential is not affected by the cutoff. This form of the cutoff
function ensures monotonous variation of the CL fortesft iwithi at relatively smalta The
valuesi, o& A andi 18 A are chosen for further simulations based on results of a
preliminary study as minimum valuesiofandi , which make the results of simulations
insensitive to further incese ofi. andi . These values af andi are only slightly different
from doubled values of corresponding cutoff parameters equal to 1.7 A and 2 A adopted in
REBO [113 and AIREBO [114 empirical interatomic potentials for a singleCbond in the
state ofsp’ hybridization. It can be expected, since the parametdfg.¢2.34) are fitted to the
results of the pullout test for bundles, where the majoriglafis formed byindividual
interstitial atoms76)].

For CLsformed byindividualiinterstitial atoms; andi in Eq.(2.34) can be also

estimated as the double energy and double equilibrium lengfi#-sf? bond in graphite, with
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values of 9.86 eV and 2.82 A predicted by the REBO potefitial value ofocan be assumed
to be equal to the stiffness parameter of the exponential approximations of the major attractive
term in the carbowarbon bond energy, ey.1& 1A in the REBO potential. A similar
approach to estimating was suggesteid Ref. [97] for CLsformed by interstitial atoms with
two sp>-spbonds, where value & eV was deduced based on the Tersaipirical
interatomic potential15, whilei was assumed to be equal to the equilibrium itibe gap of
3.35 A. InSection 2.2.3it is shown that such simple approximations do not allow one to
accurately match the results of atomistic simulations and, moreover, tHé baktes of- |1 ,
andwdepend on the adopted geometrical model of the effective CL bond.

In the centeto-cener geometrical bond model (hereinafterCASBM), an individual
CL is assumed tficonnecd points0 ando placed at the axes (or centerlines) of corresponding
CNTs, but the CL length is calculated by subtractingyY from the distance between points

0 andd (Figure2.5). In this case,

i oo ¢Y 1Qom 1 a ol  ¢Yh (2.35)
wherg & oo & O & @M. The preliminary simulations showed thatE.
(2.35) is used to calculate the CL length, then the results obtained based on the bundle model of
section2.2.2either can be fitted to results of atomistic simulatiaith excessively large values
of dequal top 1 p ulA™? or cannot be fitted at all with any choice of parameteEir(2.34).
This problems solvedby empirical modification oEq. (2.35) with additional parametérin the

form:

i OO <Y 1Q0m "o b Y8 (2.36)

Then
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The components of the force produced by a single CL along the bundle axis and mmtaletmo
the bundle axis directiold "OAT-© and'O 00 E} (here— & o is the angle
between the direction of the CL force and the ax@#n Figure2.5), are related to each other as
‘o0 OA+ | OAdwhere—is the angle between the effective CL bond (red line
segments ifrigure2.5) and the axi® & The variation of , thus, allows one to change the ratio
"Or'Oand, correspondingly, the direction of the CL force compared to direction predicted by the
nominal posibn of the effective CL bond. Hereinafténe parametef is referred taas the
fidirection parametérand considered as an additional fitting parameter of the effective CL
model that must be found together with parameters , and®in Eq.(2.34). The valuef
i oddm andOE+ & dad o for a CL between a pair of surroundi@iNTsin a bundle
are given by similar equations, wher@ ¢ ftdo i must be replaced withd ¢ &b hd 8

In the surfacdo-surface geometrical bond model (hereinafteg GBM), it is assumed
that the effective CL boniionnecté pointsé andd placed at the surfaces &NTs (Figure
2.5). Whenthis modelis appliedtogether withEqgs.(2.23), additional assumptiotimat the
normal vector to any CNT cross section is directed along the) adas any times adopted
This assumption is justified by relatively small curvature of surroundMgs developed in the

course of the pullout test. Then the CL length candbeutated as

i o 1TTQ b T Id ohbmh (2.39)

where, likewiseC-C GBM, the direction parametgris introduced. Then
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The walues offt @ dEd D andO E+ & &b o for a CL between a pair of surrounding
CNTsare given by similar equations, wher@ & hid o must be refaced with
1Ta GOdh.

The GC and SS GBMs are different from each other by the effeciivgidity o of the
CL bond. The rate of change of the CL lenigthwith displacementd is characterized by the
derivativd i 1 1 ¢ . Itis smaller for the € GBM compared to-S GBM, i.e, the same
1 & results in smaller variation of , when it is calculated based on th&€GGBM. As a result,
the effective CL bond is substigally fisofteid for the GC GBM than for the & GBM. In
addition, the SS GBM is potentially capable of introducing torsional deformation of nanotubes
via CL forces. The torsional deformation, however, is expected to be of marginal importance for
the pullout tests. At the same time, theGCGBM can be potentially useful as a part of
mesoscopic models where nanotubes are represented by as chains of line s€égmerdgor
goal of simulations based on the bundle model giveBds(2.23)-(2.33) is to parameterize the
effective CL bond model and to choose the fiesalues d - ,1 , &3 and’ , which provide
guantitative agreement with the strelsplacement curves obtained in atomistic simulations.
For this purposehe simulations based dags.(2.23)-(2.33) are performed under conditions that
closely resemble the conditions of atomistradations described in Sectior22land, in
particular, for the same CNT radiis, bundle lengtld , and CL densities and¢ .

The solution of the boundary value problem giverEbg.(2.23)-(2.33) depends on

parameters iEqgs.(2.34), (2.36)-(2.39) andthe initial values and variation in time of the CL
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density function® @ RO M andd ¢ & O . The smulations based on the bundle model

is performedn order to find parameterd the effective bond model that dominate the

mechanical behavior of the crelasked CNT systems, when the effects of CL reformation are

marginal. Unhder these conditianit is assumed thahatd G ho 0 &R h,

O cddm 0 &ddhm, and in the initial state whgriQ 1 "Q all CLs have the same

lengtha (0 1 "Q) and are distributed homogeneously along the bundle with dersitaw

¢ . Ifa 17Q, then the effective CL bonds are tilted with respect to the bundleSixee two

tilting directions are statistically equiprobable, one can assume thataGalébfas A posi t i v e
tilting direction, when coordinates of CL ends are relateil as & ¢ and another half of

CLs has finegati ved i |a(FigureR.5)dThe titingparaatebish e n

related tax as & 'Y Y 17Q [®inmodellandag |Q [ & in model
2.
. € " " > " " 5
0 hoht p—c‘] ® ® w0 10 & w h (2.40)
. e e € " " 5 " " 5~
0 doh p—c‘] ® Odaew 10 ®ew h (2.41)

wherg] & is the Dirac delta functiom series of preliminary simulations performedo reveal

the effect of various parameters included into the bundle modEigune2.7, thethin dashed and
dashdotted curves are obtained with the same model parameters as corresponding thick curves,
but with the assumption that the intebe gap) "Qis constant and equal t0Q throughout the
simulation. These resultsdicate that the variation of the intietbe gap is strong and cannot be
neglected. All further results, therefore, obtained for variable-iotex gap predicted biqg.

(2.24).
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The preliminary simulations illustrated Figure2.7 also show that the results of
atonistic simulations can be matched by the bundle model asswming. In a case of large
CL density which is characterized by relatively largé , thevariation of®is to some extent
interchangeable with variation pfand can have a positive feedback on the agreement with
atomistic simulations, as it is illustratedkigure2.7. In particular, the results obtained witie
C-C GBM at’  p can closely fit the results of atomistic simulations at a cediéihick dashed
curve inFigure2.7). For SS GBM,thevariation of®at!  p allows one to formally match
values ofO,"Y; ,andYd , but the stresdisplacement curves in this case contain a second
maximum (hick dashdotted curve irFigure2.7). Two maxima appear because @lewith
positive and negative tilting break at differafdt In fact, it isfound that variation ofoatr  p
is redundant and does not allow one to imprineeagreement with atomistic simulations. Based
on thisconclusionthe searctor the besfit parameterss performednly at mandd
1"Q. Atw mand’ p, a weak secondary maximum in the stigisplacement curve can also
appear at large Cdensites(Figure2.7), but the corresponding minimum is always shallow
independently gf and allows one to reproduce the change in the curve sldpe inelastic

regime. Atw T, Egs.(2.40)-(2.41) reduce to

5 AT %1 & o F (2.42)
0 & dadh %‘1 O QB (2.43)
After inserting these distributions inExs.(2.26)-(2.29), one can obtai838"0 in the form

O ¢£¢0i o AT-O G 8 (2.44)
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Figure2.7. StressY versus displacemeiytx obtained in pullout simulations for a seviee
bundle with a length of 59.6 A composed of (2&€MNT at CL densities 1@ !’ *and

€ @ AL The tick solid curve (red) is obtained in atomistic simulationRef. [77].
Other curves are obtained based on solutidbgst (2.23) with variousi , - , ¢y wandr ,
which allow one to fit values 80, "Y; , and¥&  in Table2.1. In panel (a), dashed {C
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GBM,i c¢8A - pgoeV,® pol/A & p&A;blue)curves are obtainedrat p.
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GBM ato Tt The thickcurves are calculated assuming variable| g&betweerCNTs,

which is determined bihe Eq. (2.24), while thethin curves in panel (a) are obtained with
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The guations fofO , "0 , and"O can be obtained in the form similariqg. (2.44).

With such source termgg. (2.23) becoms hyperbolic differential equation. Thesguations
include the CL equilibrium energies per unit length and¢ - instead of individual values of
¢ ht¢ ,and- . The simulations results, correspondingly, do not change if quagtitigs , and

- vary at constarg - and¢ - .

OnceCLsare distributed according fqs.(2.40)-(2.41), the gap between nanotubes
homogeneously changes in order to enforce the balance of radial forces. Thus, in a case when
i 1'Q, theCLsare prestrained in the initial state. In the modeth zero tilting,co T, the
degree of the initial prstraining depends on the parameters of the potential functionand
CL densitieg andg¢ , but is independent of the direction paramgter

To reveal the effect of CL densities on thestfit parameters of the effective bond
model, the bundle model is applied for the pullout test under conditions -oatmirhighdensity
cases listed iable2.1. In both casesuchparameters ,i , & and’ arefoundthat allow one
to exactly match thealues ofO ,"Y; , andYa , deduced from atomist simulations. For
eachcase considered in Tal®el, two sets of théestfit parameters are determined, one for the
C-C GBM and another one for theSSGBM.

Theapproach to finding the beft parameters is based on the analysis of the contour
lines corresponding t® G £ &, 1Y wé £, andlYd @ ¢ £ dn the plane of
parameters-(,i ) obtained at fixeddand . Multiple simulationsareperformedwith iteratively
varyingwand' in order to make these contour lines crossing in a single point on the plane
- 1)

Since the nmber of fitting parameters (i Ky and’ ) is larger than the number of fitted

quantities’© i'Y; , andYa ), the choice of fitting parameters is Ronique. One can
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select one fitting parameter, for instan@eand then find numerically other bditparameters
as functions ofvin the form- - @,i 1 ®,and [ ®. These functions for all
consdered cases are shownRigure2.8. At low CL density, the bedit value of- is a
conservative quantity and varies within ~5% for botl @nd SS GBMs. At high CL density,
- varies in a broader nge. The bedit value of- can be both substantially larger and smaller
than a value 09.86 eVexpected for a doubk?-sp? bond in graphite. At low CL density, the
bestfit value ofi varies in the range from ~2.5 A to 3 A and is close to the size of the
equilibrium gap between nanotubes equal to 3.15 A. In this case, the degrestddipieg of
CLsin the initial state is moderate. At high CL density, the-liegtlue ofi varies from ~0.8
Ato 2.3 A. Itimplies much larger degree of {steaining.

The besffit values of’ for the GC GBM are in a few times larger than S GBM.
The largerfisoftness of the geometrical bond in the© GBM must béicompensateaiuby
increasing stiffness of the potential function giverBuoy(2.25). The results shown iRigure2.8
illustrate strikingly large difference between the Héstalues ofcand- in the cases of low
and high CL densities. In the leskensity casepvaries in the large range from ~3'40 ~11 A
1 which includes the maximum values ~4.% &f the stiffness parameter in the exponential
approximation of the major attractive term in the REBO potential. The valuevafies from
~5.4 eV to ~5.8 eV which is reasonably close to the double energ§6éV for a carbon
carbon bond in graphite used in the REBO potential. In thedegiity case, the beft values
of dare much smaller and vary between ~1.2 1/A and ~1.6 1/A, while valuesvafy in a
broad range from ~15 eV to ~55 eV. Thus,he highdensity case, the effective stiffnesGifs
is much smaller compared to the lal@nsity case. This difference is attributed to the crowding

effect of CLs.
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Figure2.8. Values of parameters (squares, red}, (triangles, green), arid(circles, blue)
for C-C (a,c) and S (b,d) GBMs versus parametegswhich allow one to fit values @ ,

"Y; ,andY&  obtained in aimistic simulationsTable2.1) at¢ ™ Aland:

™ W!(ab), aswellasdt m8 dhlandé @A (c,d). The symbols correspond tc
calculated points, whilthe curves represent the spline functions that interpolate the calcu

data and are drawn only to guide the eye.

In the case of low densitgLs are independent of each other, sodffective parameters
of a CL correspond to a solitary interstitial atom bonded with atoms in the crystalline lattices of

nanotubes. In the higthensity case, relatively short distances between neighbGLiagffect
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load transfer through them, increasthg effective number of participating atoms and, thus,
effective- , but simultaneously making Gless stiff. Our calculations suggest that the
crossover between the regimes of independent and craideaccurs at * & AL This
hypothesis, however, must be verified in atoieiel simulations.

The obtained results suggest that it is practically impossible to achieve quantitative
agreement between the mesoscopic and atomistic simulations if the direction parameter
equal to 1. The results of atomistic simulations can be fitted by the bundle mpdel@bnly
for SS GBM in the lowdensity case whe®d p @ 1/A. This value ofbis difficult to justify
from the physical standpoint, since it is much larger than,tkgmaximum value of the
stiffness parameter in the attractive term fe€ ®onds adopted in the REBO potential.

Since the bediit parameters are namique, additional argumeraseappliedto choose
the sets of parameters, recommended for future usesoscopic simulations of CNT network
materials §ection 2.2.%1 For small CL density, any choice of parameters frogoire2.8 results
in the stresslisplacement curves which are only marginally different from each ofier best
fit parameters that obtainedd@t v A arechosensince this value abis close to the
maximum value of stiffness parameters adopted @ libnds in the REBO potential.

For large CL density, it is beneficial to use the Hitgtarameters with small values @f
since in this case the stradisplacement curves obtaineased on the bundle model become
gualitatively similar to the atomistic one, as it is illustrate8igure2.9. At the same time,
smaller values adbimply excessivelysmall values of and, correspondinglgxcessivelyarge

degree of initial CL prestraining.
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Figure2.9. Stress'Y versus displacemei obtained in the pullout simulations for a seven
tube bundle with length of 59.6 A composed of (2€8)T at¢ 1 cA-1and

¢ ™ Wtl@),aswellasat 1 il &¢ 1A (b). The solidcurves (red) are
obtained inatomistic simulations77]. Other curves are obtained based on the bundle mo
with the besfit parameters iMable 2.2for the GC GBM (greendashed curves) andSs

GBM (bluedashdotted curves).

It makes the mesoscopic computational model (Seétidd) nonrrobust when it is applied for
crosslinked CNT materials, since the individu@lLs with smalli can be broken not only due to
material deformation, but also under the effect of theflmefuations. Based on these
considerations, for simulations at large CL densities, thefivgstrameters corresponding to

© p& Alarerecommended
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Table2.2. Bestfit parameters ,i , andwof the CL potential function, E§2.34), and

direction parametér in Egs.(2.36) - (2.39) obtained by fitting the stiffned® , maximum
stressY;, ,and displacemeMd  at"Y Yy , predicted by the bundle model to valu

given in Table 2.1 The parameters of the cutoff functiofit i in Eq.(2.34) are equal to

i. ogAandi 18 A.

C-C GBM S-S GBM

B i - o i - A

(LA A (V) (WA A (ev) (WA

012 00 2.79 5.63 5 19.7| 00 2.79 5.8 5 2.42

049 0O 081 528 1.3 4.9 0O 1.71 192 1.3 0.64

The besffit parameters recommended for simulations with (26,0) CNT at both large and

small CL densities based onand SS GBMs are listed in Table 2.2. The strdgplacement
curves predicted by both GBMs with these parameters are only margintdhedifFigure2.9).
The chosen values of parameters also provide reasonable agreeméme reshlts of atomistic
simulations 77] in a range of CL densitfFigure2.9).

The parameters for CLs betwed®,10) CNE are also determined by fitting thesults
of atomistic simulations of pullout process obtained based on AIREBO interatomic potential

[116]. For SS GBM, the CL modgbarameters afie ¢80 1 B, - pR ABD v

PX B.
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Figure2.10. Stress'Y versus displacemeiytx obtained in the pullout simulations of the centr
nanotube from a sevenbe with a length of 59.6 A composed of (260NT. The solidcurves
are obtained in atomistic simulation&/[. The dashedurves are obtained based on the bunt
model and S5 GBM with the parameter sét’Oin Table 2.2 The CL densitg is equal to
0.29 A1 (curves 1, red), 0.49-A(curves 2, green)i® A (curves 3, blue), and 0.84A

(curves 4, cyan).

2.2.4 Effective bond model for largecale mesoscopic simulations of crisked CNT
materials

In order to use the developed effective bond model in mesoscopic simulations with the
MFF given byEq. (2.4), it is necessary to define the CL lengthin Eq.(2.21) as a function of
coordinate®f the mesoscopic nodes. Hgtiee definition ofi  for a CL ficonnecting a pair of
arbitrary cylindrical CNT segments of radfi and'Y is introducedassuming thahe positions
of two mesoscopic nodes at the centers of bases of se@arerdefined by vectoit and’l

(Figure2.11). Then the length of segmétk equaltdd g1 "I § and the orientation of the
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segment axis is given by a unit vedtor "l

effective CL bond can be defined using parameigig 0

"Il 70 . The positions of two ends tife

"I of the projection of the CL end belonging to segni@ntto its axis is equal to

T 07T T h "Q pleh

whereo areconsidereds constant parameters, which are determined at a time when the CL is

formed. Thertheforcesé exerted on all node of the considered segments can be calculated as

T e QT 1

T Qi

(a) Center-to-center geometrical bond model

Node 2 of
segment |
Node 1 of
segment 2
Effective
cross-link >
bond

Node 2 of

segment 2
segment 1

(2.45)

(2.46)
(b} Surface-to-surface geometrical bond model
Node 2 of
. segment 1
Node 1 of ™
segment 2

Effective
cross—link\\ﬁl
bond

Node 1 of &

segment |

Node 2 of
segment 2

Figure2.11. Sketch illustrating definitions of the effective CL bond (dashed line segments

between two cylindrical CNT segments, which are utilized-@ &) and SS (b) GBMs. In

panel (b), the sketch is simplified, sire@chvector’l is assumed to be orthogonal to vector

"I "I and ceplanar with vectord I

and’ l.

For the GC GBM, Eq.(2.36) can be generalized in the forin Y ‘Y T,

wherel is the length of the effective bond ahd l "l

case is considered, wh@hs do not produce torsial load. Then vectors

"I . For SS GBM, a simplified

Y1 are
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introduced suclhateach’l is orthogonal to the axis of segmé&ind ceplanar with vectors
" "l andl 71, (here i | T3 7 76 andd gl 1T d 79, and assume
that the positions of the CL ends are given by vectors

T 18 (2.47)

Hereinafterthesymbolf¥ 0is used to denote parameters specificd& GBM. TheniHu 1

wherell 'I T

In order to introduce the direction paramét@me can note that the CL length, e.g., in
the GC GBM, can be represented in the foim Y 'Y "H 1T "H ,where™H
' 4 1 isacomponentdf orthogonal to the axis of segméatThen the lengths of vectors

"Handl  "Hcanbe considered as analog§ of ¢'Y and "Qin Eg.(2.35) and the CL

bond length can be defined as

g "H r1 "H Ml L P "H "H 8 (2.48)

For SS GBM, similar arguments result in the following equation with respect to the CL length

iHU

W2 H 1T H Pl L (2.49
C C

where'H 1 3 1 .Inacase of parallel segmerfss.(2.48)and(2.49) are identical t&Egs.

(2.36) and(2.38). The gadient§ it "I (for the GC GBM) and ifu"l (for the SS GBM) of
the effective bond length, which are necessary to find f@rcescerted by a CL to the ends of

corresponding CNT segments in the mesoscopic model of nanotube matereddculated

according td=q(2.46). These gradients can be obtained by direct differentiati®&uysf(2.48)
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and(2.49). For calculations of derivatives, it is convenient, however, to represe@t_tlength
in the form of composite functions of the segment end coordinates.

For instance, for the-C GBM, the CL length as a function ofl can be written as:
i 1T TR /R RTS8 (2.50)
Then the direct differentiation &q. (2.50) results in
T [ p "H'H 1T J

o . "H

—n

The euation for other gradients can be either obtained using similar approaewrittea from

Eq. (2.51) using the symmetry arguments as

i 1! p.H™H 1 g "Hﬁ -

R E 5T (252

T R H'H 1 J Hﬁ 053

e P 0+ — PO — 5T (253
‘ | "H'H 1 d "H

L N ~ Ty (254)

1 | C | V] |

For the SS GBM, when the CL lengtits given byEq.(2.49), a similar approach results

in the following equations for gradients:

TiH .. .

= p 0 A 'Ah (2.55)
TT“—iw OA Ah (2.56)
TT“—iw p O A Ah (2.57)
TT“—iw OA AR (2.58)
where
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y — & ¢ S 2.59
AT e ¢ < ! (259
,,A|:), |:1,,Q"|_rp|:i|d'|ﬁ » 60
b ° TR Y TG (2.60)
! r "H "H y
— - y 2.61
A i I—US £ c ey A h (2.61)
) 1 d . 13 .7 ¢ p 1 d 1T
A o - T T (2:62)
Yl T3 1 ad T
) E— 263

Q7

T3 13
L P = —8 (2.64)

q
Egs.(2.51)-(2.54) and(2.55)-(2.58) can be simplified in a cage p, when all term in square
brackets do not contribute to forces. It is also worth noting that the developed mesoscopic CL

force field provides zero total torqueg., for any pair of CNT segments and any CL

ficonnecting these segments,

~

To¢ T (2.65)

and, thus, it ensures conservation of thgudar momentum

2.2.5 Pullout simulations of aentral tube from a sevdnbe bundldor regular and random
distribution ofCLs

In this sectiontheresults of pullout simulations for a sevirbe bundle obtained with
the bundle model and compared to thgeneral mesoscopic model. For this purpose, both
modelsis appliedto bundles of lengthd  p gqum (Figure2.12) and 0 ¢ mm (Figure

2.13) at the CL densities ¢ @ AL, All simulations are performed based on th® S
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GBM with the parameter set designated d®in Table 2.2 The simulations based on the

general mesospic model are performed with the periodic boundary conditions in the direction

of the bundle axis using the minimum image conversiontechpigdl® i n Ber endsenods
thermostat 118 maintaining constarfimesoscopiétemperature of 1 K. The leng¥ir of

mesoscopic segments varies from 5 A to 20 A, while the celVsims the computational mesh

for solvingEQs.(2.23) is equal to 1 A.

The comparison of the bundle and general mesoscopic models is necessary, since these
models differ from each other by a number of details. In the bundle n@idehre distributed
continuously, while in the general mesoscopic m@led are discrete and cde randomly
distributed along the bundle. The effects related to the discrete natics iof the mesoscopic
model potentially can be pronounced and make significant contribution to the overall difference
between computational results obtained withttie models. Other differences between models
are related to the geometrical models of cul@dI's, absence of bending deformatior&gs.

(2.23), forms of the van der Waals interaction potentials and boundary conditions, replacement
of a dynamic equation for radial motion of nanotubes by the balan¢2.E4).in the bundle

model, and peculiarities of calculations of the CL length. The total effect of these factors does
not vanish in the limit of infinitely smalf¢andYa . Correspondingly, the simulation results
obtained with two models do not exactly converge to each other with decr¥éximgl Yo .

In a case of a regular CL distribution, it is assumed that every pair of neighboring
segments from different CNis bonded by a single CL that connects the segment surfaces, so
that the CL densities are equakto @fY&. The simulations are then performed with the

energy parameter in Eq. (8) equatto - & 7¢ instead of .
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Figure2.12. StressY versus displacemed obtained in the pullout simulations for a sevel
tube bundle of length p @m composed of (26,@NT. The daskdoubledotted thin
curve is obtained based &iq. (2.23) at the CL densities ¢ @ A, Other curves are
obtained with the general mscopic model & ¢ nm (solid thick curves, red) arMd
T® nm (dashdotted curves, green, and solid thin curve, blue). The mesoscopic simulatic
performed with regular (a) and random (b) CL distributions at a temperature of 1 K with
exceptiam of the solid thin curve in panel (a), which is obtaineédrato 1 K. Three solid

thick curves in panel (b) (red) correspond to three random CL distributions.

The results of such simulations are compared with the results obtained based on the
bundle model with and¢ € , since the solution of the bundle model does not charige if
and- vary at¢ - o & ¢£. ilnda case of random CL distribution, the saneeordinate of both
ends of a CL is drawn at random from homogeneous distribution betweer0.ambe total
CL number, average CL density, and value of are determined by the segment length

similarly to the case of the regular CL distribution.
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For the regular CL distribution, the stredisplacement curves obtained in the
mesoscopic simulations closely approach the curve obtained based on the bundle model with
decreasing/t for both{ p qam (Figure2.12) and0 ¢ mm (Figure2.13). The value of

stiffnessO obtained in the mesoscopic simulation¥@t 1@ nm, in particular, is less than

1% different from the value predicted by the bundle model. An additionalagioruperformed

for O p qomandYd T@® nm at a temperature 800 K (thin solid curve iffigure2.12)

shows that an increasing mesoscopic tentperaan introduce relatively strong thermal noise in
the pullout stress, but it does not change the general behavior of thelspéssement curve.

In the case of smalleStx considered, the maximum stress obtained in the mesoscopic
simulations with the short bundle is only about 0.5% different compared to the maximum stress
obtained with the bundle model. This difference rises u8% for the longer bundigigure
2.13), when a plateau at a level of maximum stress appears and the stress obtained with the
mesoscopic model periodically oscillates. Further decrease ingimeselength does not
eliminate this differencelt is attributedto relatively large local bending of nanotubes, which is
realized under conditions of massive CL breaking in the inelastic regime. For strongly curved
CNTs, the difference between twoodels is expected, since the bundle model utilizes simplified
methods to account for curvature and does not account for the contribution of bending
deformation to the elastic energy of nanotubes. The stress oscillation at a plateau coriggespondin
to the naximum stress ifrigure2.13 appears due to the periodic breaking of disatite The
oscillation magnitude and period rapidly decreagh decreasingegment length.

In the case of random CL distribution, various random distributions results in distinct

stressdisplacement curves, e.g., see solid curvésgare2.12 andFigure2.13. Then, for short
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bundleg(Figure2.12), thevalue ofO varies within w% with respect to the stiffnesses

predicted by the bundle model.
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Figure2.13. StressY versus displacemed obtained in the pullout simulations for a sevel

tube bundle of length ¢ mm composed of (26,@NTs. The dastdoubledotted thin

curve is obtained based &iq. (2.23) at the CL densities ¢ @ A, Other curves are
obtained based on the general mesoscopic model with the regular (a) and random (b) C
distributionsat a temperature of 1 K ai¥d

¢ nm (solid curves, redy&  p nm (dashed

curve, blue), andd  T@® nm (daskdotted curves, green).

For longer bundle@Figure2.13), thevalues ofO for different random CL distributions are close
to each other and the randomness in the CL distribution induces stress variations only at a
plateau, when the pullout praseis dominated by CL breaking. In all considered cases, the
maximum stress for random CL distributions is less than 10% different compavegdrexicted

by the bundle model.
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The comparison of results obtained with two models allows one to conchtdbeh
results of the pullout test obtained with the general mesoscopic model are in good agreement
with the results predicted by the bundle model basdfigp(2.23). The bundle model, however,
is advantageous for fitting the effective bond model to atomistic simulations compared to the
general mesoscopic model, since the former allows one to fast eft@areultidimensional

parameter space.

2.3 In-houseComputational Code

The inhouse computational cod@&/D used in this work was initially developed by Dr.
Alexey N. Volkov [L19 as a generglurposeprogramfor MD-type simulations withhigh-
aspectratio fitubulaio particles and adapted further to simulate mesoscopic dnolssd CNT
materials whereCLs, i.e, bonded potential, is implemented in the form of model Morse
potential. The current version of the code is written ortfan90 with both serial and parallel
processing implementatiom the parallel mode, TMD uses spatial decomposition techniques to
partition the simulation domain into smaller sdtimains. The code i ntegrates
equations of motion for a collection of indeting particles, e.g. atoms, molecules, coarse
grainedCNTs TheTMD keeps track of such nearby shmahge interacting particles using the
neighbor listsThe Berendsen thermostat and barostat algorithrasisedo maintain desired
mesoscopic temperatiand pressuré&he TMD solver output coordinates and other particle

guantities, e.g. velodds, energes, and microscopistress.
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CHAPTER 3

IN SILICO GENERATION AND STRUCTURAL CH ARACTERIZATION OF CNT
MATERIAL SAMPLES

Computatiomal CNT materialsamplex an be figrowno by | engt heni
the course of a simulatiqd2q or thestraight fully sized nanotubes can be made to-self
organizeinto continuous network of bundles through dynamic simula{idb®3. The latter
option, i.e, dynamicselfassembly, is more straightforward, and has already been proven to be
effective in generation of CNT materials with random orientation of nanot@B@2P1]. The
ability to simulate the dynamic process of spontaneousassffimbly of nartabes into thick
interconnected bundles is a distinct featur®6F used in the present study, which completely
eliminates artificial barriers for intéube sliding. The beadndspring coarsgrained model
initially suggested for simulations of CNT reatl in Ref. 5] and then used in Ref$7Z, 63
introduces barriers for inteéube sliding at finite size of spherical beadsresenting mesoscopic
elements of CNT. It can preclude dynamic formation of thick bunbighis work, & in silico
generatednaterialsamples of CNToress andfilms are produced through dynamic self

assembly simulations.

3.1 CNT Fibers
CNT fibers are composed of nanotubes that have preferential orientation along a selected

direction. In this work, the length of individual CNTs are assumed to be smaller than the size of
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the computational system, and the nanotubes are arranged intonacostetwork of bundles.
The assumptions are similar to the computatio
number of earlier studies,g, Refs [90,9391,122123124125126127,128129130137]. In
contrast to theertically aligned CNTVACNT) arrays where one end of each nanotube is fixed
at the substrate, in the CNT fibeb®th ends of thENT are free to move during the self
organization into the network structure. The absence of fixed CNT ends in the CNT fibers
increasesnobility of individual nanotubes and sets a lower limit on the range of the material
density where stable continuous networks can be obtained. The minimum density that ensures
formation of stable structures, however, strongly depends on the CNT lengtresTiits of
mesoscopic simulations suggest that, in the absence of CNT defects atubi@@lrs, the
threedimensional isotropic CNT networks composed of-a@®Blong CNTs are unstable for
densities below ~0.0025 gcin In the discussion below, the peature of generation of
computational samples is illustrated for fibers composed cihvi®dng (10,10) SMCNTs and
having a material density of 0.01 gémAlthough the increasing degree of alignment of GNT
along the fiber axis reduces stability of the TThetwork at given material densiiyjs found

that CNTs form metastable network structures in all considered fiber sample. This ability of
CNTsto form low-density continuous metastable networks is in agreement with experimental
observations, which, in accordance with revi@é®&7, reports density of CNT fibers in the range
fromu® P 1 to 2.16 gerrt. The results of the structural characterization of CNT fibers
generatedh silico are related to experimental data reported ford@msity CNT fibers

produced, e.g., by the direct spinning metht®3]. Since the detailed results of experimental

characterization of lovdensity CNT fibers are scarce, a connecisomadebetween structural
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properties otomputational samples with expaegntal data on CNfibers of medium density,

e.g, [134].

--->

S
3
Q
R

<

Figure3.1. Schematic representation of the procedure used for the genera@idit diber
samplesThe draight CNTs are first randomlyaddedwith random inclination with respect to
thefiber axisg ranging uniformly from zero to a maximum ang® (a). The high
temperature annealing followed by a relaxation at 300 K is used to inducegaaiization of
CNTsinto a continuous and metastable network of interconnected bundld&imtube

seggments in panel (b) are colored according to their local bundle size.

3.1.1 In silico generation of (10,10) CNT fibers
The initial samples of CNT fibers composed of straight and disp&isdd are prepared

by the acceptance and rejection method using the periodic boundary conditions in all three
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directions. The positions of centers@NTs, which are sequentially added to the system, are
chosen at random within the simulation box, and the dimesiof CNT axes are randomly picked
from a uniform distribution within a cone with the apex amgle with respect to the

predefined axis of the fiber. A new CNT is added to the sample only if the minimum gap
between the surfaces of the new and arth®CNT already present in the sample is larger than

a predefined minimum distancBae minimum distancbetween CNT#n the generation of CNT
fibers was set to be smallgran the equilibrium distance between nanotubes, i4 Sfor
(10,10)CNT and eual to 3 A. As a result, the initial samples contain some fraction of pairs of
CNTs experiencing intetube repulsive force. This initial repulsive interaction is sufficient for
triggering sefassembly oCNTsinto a network even in a constardlume ail constanenergy
simulation, without the temperature control through a computational thern®estatal
representative configurations of CNT fiber generated with an approach described above for
different maximum angle of initial inclinatiog, , varying from 3to 4%, are shown in

Figure3.2 Thein silico sample preparation procedure consists oha®ng hightemperature
stage when the fAimesoscopicdo temperature of
by a relaxation stage at a temperature of 300 K, both performed using the Berendsestahermo
algorithm [L18. The hightemperature stage leads to the fast formation of a continuous network
structure, while the relaxation stage lastsldine formation of a steadgtate structure, which
occurs within 59 ns after the end of the higdmperature stage. The variation of the maximum
initial inclination angle allows one to obtain CNT fibers with controllable structural

characteristics.
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Figure3.2. Side and top views of relaxed samples of CNT fibers composed -ofméng

10)SWCNTSs obtained at various maximum angles of initial inclination of GN§T

(10

andt v (d). All generated samples have dimensions of

o 1(c)

p v (b)

equal too (a)

andamaterial density of 0.01 gcén The figure demonstrates only the centre

3

p p pHM

paits of every sample with the cross section of 500 n&®0 nm. Individual nanotubes are

colored according to the local thickness of bundles defined as the number of segments

the fiber axis is directed vestizathe top snapsho

In every panel

bundle crossection (a).

and normal to the plane of the figure in the bottom snapshot.
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3.1.2 Structural characterization of silico generated (10,10) CNT fibers

At smallg 3°-15°, the structure is dominated by relatively thick and almost straight
bundles containing 250 CNTs with large colimnar pores between thdfigure3.2(a) and
Figure3.2(b)). The bundle thickness distributions are characterized by a tragichum at 10
25 segmentsia bundle cross sectigRigure3.3(a) andFigure3.3(b)) and the average number
of CNT segments in a bundle cressctiond Qequal to ~25Qualitatively, the bundle size
distributions generated at small inclination angles resemble those obtained for VACNTrarrays
Ref. [135. The nost probable tilts of CNT segmentsth respect to the fiber axaf 8° (Figure
3.4) and the values othe Herman orientation factoHOF; Figure3.5) are similar to the
corresponding values listed for CNT forelt85. HOF is definedag / & oAl 6O p ¥
¢, where—is the local angle between a nanotube and the verticalaardghe angle brackets
6 Qdenote averaging over all CNT segments in a sarfiple HOF quantifies the extent of the
orientation of nanotubes with respézian axis of interest, and ranges fraéhb to 1, where
values 0f-0.5, 0, and 1 correspond to perpendicular alignment, isotropic orientation, and parallel
alignment with respect to the axis, respectivélys, in the range a@f p v, the procedure
for the generation of CNT networks developed in this work results in highly aligned CNT
samples with a rather weak dependence of the structural parameters on the precise value of
g

With further increase ig abovep v, the structures of relagesamples exhibit
stronger dependence gn  8An increasingy results in the progressively increasing degree
of entanglement a€NTsin the network structures, which is obvious from visual inspedion
structures shown iRigure3.2(c) andFigure3.2(d). Quantitatively, the increasing degree of

entanglement is reflected in increasing average tortud$iyf nanotubegFigure3.5), where
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the tortuosity of a CNT is measuredfas 670 , with 6 and0 being the distance between two
ends of the CNT and its length.

The formation of elongated, columnar pores in alibfieers is in agreement with
experimental observations, where the pore length (along the axis of the fiberpoodtiehord
length (average lateral size of pores) obtained in synchrotron-antgdl Xxray scattering
(SAXS) measurements vary in the rangesil221 nm and 20.B 13.1 nm, correspondingly,
with their ratio spanning the range from 7.8 to 1@8.33. The vsual examination of fiber
samples irFigure3.2(a) andFigure3.2(b) reveals that pores in these samples have a length on
the order of 80-400 nm and lateral size of ~100 nm with aspect ratio equa#ttd_8ss aligned
samples obtained at larggr  and shown irFigure3.2(c) andFigure3.2(d) have smaller pores
with the pore length on the order of 2800 nmwith the lateral pore size of ~&D nm and
aspect ratio @0, which fall into the experimental range of R&BJ. It is believeal that smaller
in average pore size in expaental samples compared to ttmmputational samples can be
explain by larger material density of experimental samples, which wapacfied in Ref.

[133.

At sufficiently largeg  ,e.g, 90 T uhthere is a substantial number of CNT
segments in the relaxed samples, which are oriented perpendicularly to the axis of the fiber
(Figure3.3). In this case, the number GNT segments in a bundle has a peak at one and exhibits
monotonous decrease with increasing numb&NT segments in a bund(€igure3.2(d)).
Although such samples can include bundles as thick as those in samples generated with
g p U, the distribution demonstrates a strong depletion of bundles with more than 30
CNTsin a crosssection and, correspondingly the average bundle size decreases from 25 at

g p L to 15 atg T v (Figure3.5).

66



0.100 0.100
£0.075 £0.075
o @
E E
o o
@ @
w (7]
= =
5 0.050 6 0.050
u— u—
o o
c c
9 9
B B
i 0.025 IC 0.025
0.000 S 0.000 e
0 25 50 75 100 0 25 50 75 100
Number of CNTs segments in a bundle Number of CNTs segments in a bundle
0.100 0.100
£0.075 £0.075
L] L]
E E
o o
L] L]
w w
= =
5 0.050 6 0.050
— —
(=] (=]
c c
a a
E E
0025 0025
0.000 — 0.000 =
0 25 50 75 100 0 25 50 75 100
Number of CNTs segments in a bundle Number of CNTs segments in a bundle

Figure3.3. The bundle thickness distributions calculated for computationallearapCNT

fibers shown irFigure3.2 and obtained at various maximum angles of initial inclination of
CNTsg equal too (a),p v (b),o 1 (c), andt v (d). The bundle thickness is expresse
in the local number dENTs present in a bundle cross section, and each bin covers a thic

increment by 1 CNT segment.

The largei® Qn the case of the fiber sample can be attributed to thei@uilifreedom
of individual CNTsthat are not tethered to a substrate and are free to slide with respect to others,

as well as to smaller density and increased duration of thetdmgerature stage used in the
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generation of fiber samples. Preliminary siations performed for thin CNT film®B,91]
demonstrated that all these factors favor an increase in the average bundle size in the continuous

CNT networks.

0.03

0.02

0.01

Probability distribution function

1 1
0 45 90 135 180
Local angle between CNT axis and the fiber axis (degree)

Figure3.4. Probability density function of the local angle between the CNT centerline an
of the fiber calculated for computational samples of CNT fibers showigure3.2 and
obtained at various maximum initial inclination angle€oiT g equal too (circles, red),

p L (nablas, greenyy Tt (squares, blue), ard v (triangles, magenta).

In Ref. [L34], it was found thafibers composed of SGNTs with diameters 12 nm
consists of bundles of 1030 nm in diameter. In order to translate the thickness of a bundle in
terms of the number oegments in the bundle cross sectiongiven inFigure3.3 into the
diametefOof an fAequivalento cylindrical bundl e, or
section of a bundle occupies area of hexagon with the radiusiokthied circleY | 7¥¢,

whereY 1@ X ynm is the radius of (10,10) SWCNand| @ p nm is the equilibrium
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gap between nanotubes. THen ¢Y @0 T“Vio p#® x 0 nm. This equation

results inO  x& nm at0 ¢ Twhich is close to the typical average vaflie On the samples
shownin Figure3.5and inO p @nm at0 U Ttwhich corresponds to a substantial
fraction of bundles in all generated fiber samples. Thus, the range of bundle sizes speaific for
silico generated samples agrees with the range of bundle size measure in experimental samples,
but bundles in the compational fiber samples tend to be systematically thinner than in Ref.
[134]. This can be explained by much higher density of experimbéak in Ref. 134 where
the pore size was estimated in the range from ~1.5 nm to ~30 nm.

The network structures of CNT fibers exhibit almostdineelationships between the
major structural parameters, including HOF, average bundlésifgand average tortuosity
6tfQon the maximum angle of initial inclination |, if g is larger than about 1%Figure
3.5). Atg p v, the computational samples exhibit wealk, if any, dependence of HOF,
& QanddtObng . Itis interesting to note that the decrease of HOF in the course of the
relaxation of the initial samples composed of straight and disp€fd&d (open diamondm
Figure3.5) is almost the same, 1A 7%, for samples generated with different valueg of .
This observation allows one to easily chose the required valyie ofin the initial sample in
orderto match the HOF of aim silico generated fiber sample to the experimental sample with
known HOF. The existence of the linear relationships between the structural parameters and
g atg p L makes it possible to pick an appropriate valug of in the sample
generation procedure in order to obtain samples with desired values of KIDRXFhe
relationship betweef) Gand HOF, however, is not unique and can be further adjusted by
varying other parameters of tivesilico sample preparation procedure, such as the duration

and/or annealing temperature (temperature of theteigiperature stage of sample generation).

69



By simultaneously varying several parameters of the sample prepanatt@upre, one can
achieve fine control over the degree of anisotropy characterized by the HOF and the degree of
connectivity of nanotubes characterized by the averaged bundle size, to match those of a

particular experimental sample.

45 Aq
T =z
L4r 140 Y,
3
¢ 135 2
1.2+ ©
g 430 .B
e 5
E 1 125 2
5] B =)
S H20 £
;% g
B o
o 081 115 2
g
Q =
T 410 E
- 5]
50
0.6 45 g
4
1 1 1 ] <

0 10 20 30 40 50

Maximum initial inclination of nanotubes ®___ (degree)

max

Figure3.5. Herman orientation function (HOF, diamonds), average bundle@iz€ ¢ircles),
and average tortuosity of nanotub&s)squares) versus maximum angle of initial inclinatic
of CNT,g , used in tk generation of relaxed CNT fibers composed of (10CDN0)s of

400 nm length each at material density 0.01 §chime \ertical error bars show the mean

square deviation of the average tortuosity and bundle size.

The approach to generation of CIliber sampls utilized in the present work based on
the initialy distributed straight and noligned nanotubes has severe restrictions on the material
density, because of large excluded volume of faigibect ratio nanotubes. In particular, it is
found that it is not possible to generate cubic samples of ipiwvolume composed of 400m-

long CNTswith the material density larger than ~0.1 gtihe larger material densities can be
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achieved, however, by gradual reducing the sample volume in the coursearfaaitation of
initially dispersedCNTs into a network. Using this approach, it was possible to obtain relaxed
fiber samples with density up to 0.6 génSuch super alignedder structures will be considered

in detail elsewhere.

3.2 CNT Films

The multistep approach to generate prisimailico CNT films are somewhat similar to
the approach thas followed to generate CNT fibers. At firaCNT sample with straight and
dispergd nanotubes at a given material density with the periodic boundary conditions i the in
plane directions are generated by acceptageetion methodFigure3.6(a)). Then a dynamic
simulation of spontaneous sa@fsembly of CN3into a quasequilibrium network composed of
pristine nanotubes is performed for 1 ns at an elevated mesoscopic temuérad@0 K to
increase mobility of individual nanotubes and promote rapid formation of bundles with a
formation of a continuous network of nanotubes. At thisasdembling stage, the volume of the
film is constrained in the owdf-plane direction by twpistons that exert sherange repulsive
forces on neighboring CNT The initial sefassembly is followed by an additional relaxation at
a mesoscopic temperature of 300 K for 0.1 ns, when the overall bundle structure only marginally
changes, but the arrgement of individual CNS'in thick bundles becomes close to the
hexagonal onéFigure3.6(b)). After this, CLs are added into the quasjuilibrated saiple
randomly with homogenous distributioRigure3.6(c)), and then the sample is relaxed in
thermostatt a temperature of 300 &hd barostadt zero pressure before the onset of

deformation Figure3.6(d)).
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(a) Initial sample Stralght dlspersed CNTs (d) Deformed film

Relaxation at ‘ ‘ Distribution of cross- In-plane
T = const and links and relaxation tension or
V = const at T = const compression

(b) Continuous network (c) Relaxed cross-linked ﬁlm

AR
AV A
X

Figure3.6. Sketch illustrating then silico preparation of crosknked CNT films with
continuous networks of bundles of nanotubes and subsequent mechnaical loading: The
sample consisting of straight and dispersed nanotubes (a) is subjected to a dynamic sin

at constant mesoscopianperature and sample volume leading to spontaneodassaimbly
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of CNTs into a network of bundles. The relaxed sample with a network of bundles (b) i<
modified by randomly distributed CLs and relaxed again to remove local stresses induct
the dispary between the equilibrium CL length and gaps between nanotubes. The rela»
crosslinked sample (c) is subjected teptane stretching or compression, which can result
e.g., in inhomogeneous compression of the film (d). In panel (c), the individu@r€Ls
shown as red spheres. The individual snapshots in paf(d) @e obtained in actual
simulations and shown at different degrees of magnificafiba.distribution of CLs in (c)

corresponds to the CL density @&t unm™.

3.2.1 In silico generation ad characterization ¢fL0,10)CNT films

Figure3.7 shows the top viewsf quastequilibrium free standin silico film samples
composed of (10,10) SWCNTgth four different material densitiés 0.05, 0.1, 0.2,
and 0.4gcmi®, that are produceapplying themethod described in the beginning secBa It is
observed that thdistribution of bundle sizé , which is defined as the number of CNT
segments in a bundle cressction increases with increasing material den8itiFigure3.8).

Foragiven0 , an equivalent diameter of a circular bundle can be calculated as

0O ¢Y 1Q ¢ ¥T“Vo T The average bundle diame@@Obf film samples with
material densities 1@t briplg @ gem®are 6.7, 8, 10.5 and 11.4 nraspectively These
values are in good agreement with the experimentally measured values of 4 nm and 16 nmin a
buckypaper coposed of SWCN3[13§.

Once a quasequilibrium pristine film sample is generated, then CLs are added into the
sample randomly with homogenous distribution using acceptapeetion method until a

desired density of Giis reachednside the sample.

73



N B\ AV
‘ S“rv W, &

&

—
I ‘l

-~

e
A !

3
.

i

Figure3.7. Top views of CNT film samples: (a), samplg C 18t wycnmi®; (b),sample B,
" 1 gemd; (c), sample A" & gent®; and (d), sample®” 1@ gent®. The major
parameters of the samples can be founthiple3.1. The sample structures are obtained
during 1.1 ns of relaxation before distribution of thesCLhe CNT segments are colored
according to their local bundthickness) . In panels (a) and (b), the whole samples are

shown. In panels (c) and (d), only top 40 nm of the sasmpiasualized.

74



0.05F

c f/_p =0.05 gcm‘3
S 0.04F |
S ;
‘-‘2 =
)
2 0.03}
5 i
-O -
2 0.02}
:_5 .
cs L
el s
2 0.01F
[a M)
OF
| R TR S IR | T S T T N T S
0 50 100 150 200

Number of CNTs segments in a bundle NV,

Figure3.8. Probability density function of the local bundle thicknésgor the four samples
Bo(” T8t wycm®, cyan curve), € T gents, blue curve), A(” & gentd, green

curve), and (" @ gcni®, red curvelshown inFigure3.7.

At first, a random point on a CNT surface associated with a mesoscopic node is found, and then
it is considered as the one end of a potentiaiCThen the neighbors list of the considered

node isidentified andchecked if any neighboring mesoscopic node accommodate the other

end of theCL, while ensuring the initial Clengthi is close to the equilibrium intdube

distancé "Q between pristine nanotubes. If sw@L is found, it is accepted, otherwigeés

rejected. Hence, a discrete @Lis associatg with two mesoscopic nodes, ahé length of the

CLi is given by the position vectors of the two nodes and relative position of thad3Lon

the nanotube segments. This acceptance and rejection psoegesated until a desired numnbe

of CLsU 0 0 & 7¥g,whereb isthe nanotube lengind¢ is the linear density dELs,

is generatedror (10,10) SWCNF,the S-S GBMhas an equilibrium length ¢80 1t A and

75



for (26,0) SWCNTthe equilibrium length is ~ ¢& dd [98]. In both casestheequilibrium
length of Clsis smaller than the equilibrium in#ube distance’@ o8 TA. Because of this
the generate@Ls are in prestrained form inside the sampleherefore, further relaxation of the
pre-strained cros$inked film sample is performed to produce an equitdaasample for

mechanical deformation.

Figure3.9. Magnified top view of a part of the crelisked CNT film (samplé

" & gentS, & T8t p oY) after relaxation. The CL ends aieown by red dots.

The relaxation of the frestanding films changes the material density in less than 5 %.
One of such a relaxed crelisked film samples with material density & gcnt®, CNT
lengthO ¢ mtmm, lateral siz& v 1T mmM, thicknes§O p 1 mm and linear Cldensity
€ i inmtis shown inFigure3.9. Magnified view of part tis sample is shaon in Figure

3.9, wherethe CL ends as are shown red sphefid®e CL ends connect nanotubes in a bundle as
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well as it connects different bundles and rtabes.The major parameters afenerated film

samples composed (0,10)CNTsare summarized imable3.1.

Table3.1 Parameters of CNT film samples (lateral diz¢hicknessQ, material density,
linearCL density¢ , volumetricCL densitye  , number ofCNTs0O , number ofCLs

0 ,considered in simulations. All samples consist of (10CTs of 200 nm length each.

Sample 0O (hm) O(mm) 7 (gem®) & (hm1) £ 5 (nmd) 0 0

Ao 500 100 0.2 0.15 0.0046 7829 117435
A1 500 100 0.2 0.01 0.0003 7829 7829

A2 500 100 0.2 0.03 0.0009 7829 23487
As 500 100 0.2 0.1 0.0031 7829 78290
A4 500 100 0.2 0.3 0.0093 7829 234870
As 500 100 0.2 0.5 0.0154 7829 391450
Bo 500 400 0.05 0.15 0.0012 7708 115620
Co 500 400 0.1 0.15 0.0023 15415 231225
Do 500 40 0.4 0.15 0.0092 5795 86925

3.2.2 In silico generation and characterization of crbsked (26,0) CNT films

Themethod described in secti@®2.1is used to generate the CNT film samples
composed of (26, 0) zigzdZNTs of constant length varying from 200 nm to 1000 nm at an
initial material density of 0.1gcnt® with a lateral sizef 2.5 um  ¢& um and film
thicknesses of 40 nm. The chosen material density is within the typical range of density, from

~0.05 gent to ~0.6 ger?, reported in multiple experimental studies of CNT films and
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buckypaper, e.g., RefR9, 33, 52]. The thickness of 40 nm is within the range of thickness from
10 nm to 100 nm for the ultrathin CNT films syrgimed and studied, e.g., in REE37] and

[138. The structures of continuous networks generated in samples with the constant CNT length
of 200 nm, 400 nm, and 1000 nm are showhigure3.10. The néworks consist of

interconnected bundles that include from a few nanotubes to a few tens of nanotubes. Visually,
the obtained network structures resemble the structures of thin CNT films and buckypaper
revealed in the experimental SEM and TEM imdd&9€,140141,147]. At the same timehe

film structures inFigure3.10 are significantly different from the samples of buckypapesilico
generated in Ref$62] and[63].

The relaxed structures of tiresilico generated CNT films are somewhat different
depending on the CNT length. The average bundle size is one of the major structural properties
of the CNT network, as the bundle thickness affects the number of interconnects or junctions
between bundles and detines the degree of the network connectivity. It was experimentally
shown that the variation of the bundle size correlates with the variation of the mechanical
properties of films composed BMWCNTs[143.

To characterize the bundles sizes inithsilico generated CNT films, the number of
nanotube® in the bundle cross sections corresponding to each mesoscopic element is
determine and then the probability density functions (PDF8) afre calculated. These PFDs
are shown irFigure3.11. With an increasing CNT length, the thickness of nanotube bundles
0 ,in average, slowly increas, from9.48ada ¢ mmmto11.8ab p 1 mm (Table

3.2).
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Figure3.10. Top views of CNT films with continuous networks of bundles compos&dNdt
of various lengthsd ¢ mumm (sample CN200, a), 1 1mm (sample CN400, b), and

0 p 1T m (sample CN1000, c). Each panel shows the full sample in the horizontal
direcion and only a quarter of the whole sample in the vertical direction. The individual
nanotubes are colored according to the local bundl@isiznd the color table far shown in

panel (a).
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