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MECHANICS OF NANOMATERIALS CONSISTED OF RANDOM
NETWORKS

SUMMARY

In the field of nanotechnology, nanomaterials with morphological features on the
nanoscale have caught the interest of researchers all around the globe. One class of
these materials which are known as carbon nanotubes (CiNTehe of the
extraordinary nanomaterials that are promising candidates for thermal, electrical and
structural applications due to their unique properties. Since their discovery by lijima
(1991), thousands of studies, so far, have been adopted to their exceptional high
strength and unusual electrical and thermal properties, displaying the desirable nature
of their multifunctional capability. In the last years, the usefulneseefCNTshas

been enormously extended by their use as CNT networks through thRI€@NTSs
areselfintersected in two or three dimensional space.

Nanoporous materials with morphological features at the nanoscale have the
potential to be employed as sensors, actuators, insulators, electrodes, energy
absorbents and also for adsorption and separatioecent years. The interest in
studying this class of materials derives from their characteristic high stoface
volume ratio. In many of the applications such as actuators, their mechanical
properties are a prerequisite. For example, as actuatorg mthaterials need to
withstand coarsening and sintering. The mechanical strengtmoporousnaterials

has been studied through different experimental techniques such as nanoindentation,
beam bendin@gnd micro column compression tests.

Due to their randontomplex structures, randomly structured nanomaterials are
challenging to be modelled and tested numerically. In the proposed thesis, stochastic
methodshavebeendeveloped to build up numerical models of nanomaterials that are
structured randomly organidenanoscale features such as CNT networked and
nanoporous m@erials By using the stochastic methods, sample models for CNT
networks and nanoporousaterialshave been generated and tested numerically to
show the validity of the stochastic methods and riiwdels generated by them.
Furthermore, generated models have been employed as test specimens within
molecular dynamics simulations to investigate mechanical properties of CNT
network and nanoporous materials.

Both CNT networks and nanoporoosaterialsare examples of random networked
nanomaterials. CNT networks consist of randomly orientedcamsklinked carbon
nanotubesNanoporousnaterials in a similar way, are built up by randomly oriented
ligaments which are interconnected at junctioftserefore,both CNT network and
nanoporous materials can be considered as randomly organized materials which are
the subjects of this study.

In the content of this thesis, stochastic modese beerdeveloped for random
natured nanomaterials such as CNT network redéeand nanoporousaterials For
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this purpose, regarding CNT networked materials, a gaasiom seHntersected
CNT network generation algorithm that enables the control of behavior decisive
parameters, such as CNT length scale, density of junctindsrelative angular
position,has beerpresented and seversdmplenetworks with different parameters
mentioned abovbave beergenerated. Following the generation of a CNT network
in which the CNT units are so close together that heating to certain temperatures can
yield a covalently bonded network, molecular dynamics (MD) simulatians been
carried out to obtain bonded netwsr As a result, parameteontrolled covalently
bonded CNT network modelsvere able to be employed within numerical
simulations to investigate mechanical, thermal and electrical properties of CNT
networks and their ecoperating systems (i,enanocomposés) for the future studies.

Within stochastic method thaas beereveloped for the CNT network modeling, in
order to save computational timie CNTs are represented byBline segments
passing through the central points of the CNTs cylindrical gegmetr

The atomistic mdeling of the mangoorousstructures witn the proposed thesis study

has beerbased on an earlier work used to model microcellular carbon foams. The
modelshave beerconstructed by initially creating randomly generated spheres that
overlap with each other. After generating enough spheres to cover the desired model
space, the final atomistimodel for thenanoporoustructure hashen ben obtained

by deleting from a pristine block the atoms lying within the spheres. In order to
control cetain aspects of the topography of trenoporoustructure such as porosity

and ligament size, the follong parameters werdesigned to be adjustable in the
random sphere generation algorithm: (1) range of the size of spheres to be generated,
(2) range boverlapping ratios see belof®) minimum nonoverlapping ratio, and (4)
minimum number of spheres intersecting with any single sphere. Here the
overlapping ratio is defined as the ratio of the distance between the centers of two
overlapping spheres andetlsum of their radii. The neoverlapping ratio is defined

as the ratio of the distance between the centers of twmvenhapping spheres and

the sum of their radii.

The general idea behind creating the porous topology is deteégajoms that fall

inside certain regions within a pristine solid block. These regions are defined by first

i nterconnecting a “target sphere” wi t h ran
spheres”. The neighbor spheres then become
spheres is inteomnected with its neighbor spheres. In this way, a network of
interconnected spheres is generatdtbms that fall inside the regions defined by

these spheres are deleted and what are left behinbessoms that form ligaments

of the open cellechanopoous structure. One of the restrictions to follow when

generating these spheres is that the neighbor spheres from the same target sphere

cannot overlap each other. The distance between the centers of the two neighbor

spheres can be adjusted by controllihget “onvoenr | appi ng rati o”, whi c
as the ratio between the distance of two-mtersected spheres and sum of the radii

of these two spheres. Another important parameter that influences the overall
porosity of the staucobldr éet wethea“"obaeglkappph
its neighbors. This is defined as the ratio of the distance between the center of the

two spheres and the sum of their radii.

Numerical atomistic models which have been generated by the stochastics
algorithms, deveped for nanoporous and CNT network materibve been
employed in molecular dynamics simulations to test the mechanical behavior of
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numerical specimensinder tensile loadingln a classical MD simulation, the
Newt on’ s e g u a tareosolgedtoo dotainntloet tengporal and spatial
trajectories of atoms, where the force field interactions between the atoms are
described by interatomic potentials derived from quantum mechanical based
calculations. In this way, the state of the atoimisystem at any fute timecanbe
predicted from its current state in a detemstic way The MD methods based on

the assumption that atoms behave like classical particles whose trajectories are
governed by Newt on’ s e g u at uraenisteratorhic mot i
potentials that are obtainedby first-principles quantum mechanical (QM)
calculations, engineering properties of nanomaterials obtaithedugh MD
simulations become more faithful and practical. The widslgd MD code
LAMMPS (Largescale Atomistic/Molec@r Massively Parallel Simulator)
developed by the DOE Sandwational Laboratories has beemployedto perform

MD simulations on the numerical specimen3he welttested adaptive
intermolecular reactive empirical bond order {REBO) interatomic potentighas
beenemployed to model the interaction among carbon atar@NT networks while
Embedded Atom Method (EAM) potentials have been utilized for the MD
simulations of nanoporousaterials

At the first stage of the proposed study, algortihms of stochastitels for various
nanostructures (i.eCNT networksandnanoporous aterialg have been developed,
which enablel us togeneratgandom natured nanostructures while having control on
the behavior decisive geometric parameterthefcorrespondinghnorphobgy. Then,

the algorithms have beamplemented in Matlab environment to generate random
atomistic models of proposed CNT networks and nanoporous matSaigple
atomistic models have been presented to demonstrate the applicability of developed
algorithns in further computational studies.

At the second stage, generated atomistic models of CNT networks and nanoporous
materials with different morphologic parametersave beenemployed in MD
simulations to investigate their mechanical hetasubjected tenkd loading In this
regard, atomistic nanoporouspecimenswith different porosities and different
ligament shapes/sizémve beertested numericall under mechanical loading€.,

tensile loading). By this way, effects pbrosity, which is one of the ntrolled
parameterpn the mechanical behaviof nanoporous materials have bestadied
quantitatively. As a result of MD simulations, it has been shown that basic
mechanical properties such i Young' s modul us, yield an
values ofnanoporous materials increases as the porosity decreases. In addition to
that, it has been also demonstrated that softening/aiesafter the peak stress on

the stressstrain curves for the specimens with higher porosities have been shown to
be slowerthan the specimens with lower porosities. Detailed evaluation of these
findings considering the deformation mechanisms underlying these differences has
beenalso provided. Along the same linegandom CNT networks generated tne
stochastic method haveeen used as atomistic models the MD simulations to
determine the effect of network parameters such as cross link density on the
mechanical behaviarnder tensile and shear loadingshas been shown that as the
number of cross links per CNT increases,chamical properties including elastic
modulus, yield and tensile strength valuBEse results obtained from numerical tests
perfomed bythe MD simulations havebeen compared with the experimental results

or if-exists numerical results in the literaturéurthermore, basic deformation
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mechanisms of CNT network materials under tensile and shear loading have been
investigated thoroughly by tracing out the MD simulation snaphots.
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RASTGELE AJ YAPI LI NANO MALZEMELERKN I

OZET
Hi z|l a gel i seanl ama modtae knnaonloo jG 1 ¢cekt ek mor f
mal zemel er pek c¢ok arastirmacinin il ggi (
mal zemel erin bir c¢esidi ol an karbon nanoc¢
itibariyle pek cok potansiyel uygalma al an bul unan si1ra di
verilebilecek en populer oOrneklerden bir
yirl i1 ndaki kesfedil mesinden sonra karbon
cal i sma yapi |l mi s vV e ol agsainrlas t d1 sytli kel &Kk t
0zelliklerinin bir arada ol masindan ot audr
Uzerinde durul mustur. Ozellikle son yil]l
3 boyutta &kesismelerindeany inbaalrzeetmedleam n k
¢l kmasi1 yl a kar bon nanotupl erin makr o 0 |
geni sl etilmistir.
Nano go6zenekl: mal zemel er de nano Ol ¢ek
sebebiyle nano mal zemel er i ngostetilepilirr Nenmp | ay a
gobzenekl i mal zemel er sensor , eyl eyici,
sogurucu (adsorption) ve aylrici (separa
mal zemel er ol ar ak son yirl Il arda idde pl an
yogunl asan il ginin temel i nde nano goz
yuzey/ hacim orani yat maktadi r . Bu neden
cal i smalarda nano go6zenek yapisinin dog
Bununla beraber, eyleyici olark kull ani | mas: gi bi pek
mal zemel erin mekani k 6zell ikl eri biayduk
mal zemel erin mekani k dayani ml ar nano ¢
basma testteneygebiybatkmlerl e incel enmi:
Rastgele dagi | 1 ml yapli daki nano mal zem
yapi! | ar dol ayrsiyla hem model |l enmesi he
zor mal zemel erdi r . Bu doktora tezinde,
malzemelerdek ar bon nanotiUp ag yapi |l ve nano
yapltlarinin sayl! sal model |l enmesi i ¢cin
amacl anmaktadir. Ayr i ca, bu yontemler ku
kull ani | ar ak recdrgleillei gmondien | gg&rstnergi | mesi
( MD) met odu kull ani | ar ak sayl sal benzet
mekani k davranislarinin incelenmesi ma k s
Ozelliklerde Uretilen test numunelerinin MD yénimi y | e ¢cekme yukdua
davrani si i ncelenmi stir.

Kar bon nanot U praswmde omaniayaansahige karbon nanotiplerin

birbirleriyle kesismelerinden olusan mal
mal zemel er de rastgelne klesnwmli @n minsanloi rkii
yapltlanmistir. Dol ayi1si1yl a hem karbon r
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gozenekl i mal zemel er rastgel e yapit |l n

degerlendirilebilirler. Rastgel e dagt | 1 ml
geome t r i | i bu mal zemel erin sayl sal ol ar ak m ¢
rastgeleligin el de edil ebi | mesi adina o6zel
duyul maktadir

Bu tez kapsaminda, yukarida bahsedilen i hti)
mal zemel erden ol an karbon nanotap ag vyapit |l
rastgele sayil sal model |l erin olusturul masi ni
kapsamda, karbon nanotiup ag vyapit |l mal z e mel
altindial diugiul edar bon nanotiuplerin birbiriyle
yaplsinin olusturul abildigi bir al goritma
nanotidp wuzunl ugu, karbon nanotip kesisim yo
davrani si1 ketkopelyejpi kepar ametrel er kontrol
parametreler kullanilarak el de edilen ag mo
Olusturulan karbon nanotup ag vyapitl model |
mol ekul er di nami kassiymi@l akseysoingliam 1 b dvlagselter i nd
uygul anan I st tma i sl emi neticesinde &karbon
olusturul mus ve bigriyanpeiviimiisok al S®nNnlugc kaymaa a
baglarla birbirine bagl it gkekdrebdmbnandt O pmlge rnae
el de edil mistir. Bu sayi1 sal model |l er sd8z kon
gi bi 6zelliklerinin i ncel enmesi adi na gel e

niteliktedirler.
Karbon nanotip ag yagaynsaral mednell iemiim alawsd tgue

hesaplama zamanini diosidrmek amaciyla karbon
ol ar ak model |l enmi stir. SOz Konusu dogru p ¢
nanot upl erin mer kez noktal ar i1 nkilde birl estir
olusturul mustur.

Di ger yandan, nano gotzenekl i mal zemel eri n mo
i se daha o6nce mi kr o gbézenekl i kar bon kopuk
yakl asimdan vyola c¢ir kil mistir. Bulardaapsamda i
rastgel e dogrul tul arda kesi sen kiar esel h a
Ol usturul an kuaresel haci ml er toplulugunun b
yapinin O6lciulerinden daha buyidk ol mas:| ger e
biayuk birbiri yl e kesi sen kiaresel haci ml er topl ulu
edi | mek I stenen at omi k kafes parametresine
haci ml er icerisinde kalan atomlarin silinme
edi Il mis olur.iBobbyktbeaani gvbi kmal zeme davr a
parametrel eri kontr ol edebi | mek adi na ras
toplulugdgunun olusturul mas:| i ¢cin gelistirilenrn
alitnarak kontrol akdi bmi sdteigri.sklénsetr glotyl ed s
kiurelerin c¢cap(2dedk rn enl earrianl 1l g@8) smagnor &niir ear
Uzerinde kesismeyen kurel ewe(adr)asaynndakk trnei niilr
kesi s me hal i ndeki mi ni mmme rkdiere kayilsiim d@mua
hesaplanmasi nda kesisen i ki kidrenin merkezl e
topl ami arasi ndaki oran Kkullant |l 1r. Benzer

yapmayan kureler arasi ndaki daki mesafeulen mes af e

kire yaritcaplaritnin toplami arasinda yapilir

XXVI



Nano go6zenekl: yapltlarin sayil sal model | e
Si stemi parametresine go6ére ol usthbelirliul mus
kiaresel haci ml er i cerisinde kal an at oml
hacimlet “ hedef ” kiareler Uz er i sadeee hedefrkioa ilel er iy
kesisen “komsu kidrelerin yerlestiril mes
kire Ozerine yerlestirilebilecek maksi mum
bir hedef kiure secilerek yeni seci l
nmaktadir. Es ki k omsu kur e nitelig
arcak!| eemen et ki yl e birbiriyle kesi s
urul mus ol maktadir. Nihayetinde bu
atom toplulugundan c¢i1r karti |l masi yl a
i enl ankasi gt akl ekl em b6l gel er
rul ur ken kontrol alti nda tut ul n
deki komsu kurelerin birbiriyle ke
hedef kar e Uzeramasikndalko msme slkadree | |
maktadi r. Kontrol altindaki bir di
dan,hetdlkif| «kyiler il e komsu kiureler ar a
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el e yapit | nano yap! | arsoma kiasky 1 s a l
r di nami k simial asyonl arinda kul
| In incel enmesi yapt |l mistir. Kl
n hareket denklemlerinin ¢6zul me
uzayy 6r ungel er i el de edilir. Bu esnada at
mekani gi hesapl amal ar | veya tamamen ampi
ar as:| potansiyeller wvasitasiyla tani mlan
htr zl anumvvar kokul l ani Il arak bir sonraki za
hizIl ari1 nin e | drministi doir Isist@rs ¢oyulmektedd. e Motekiler

di nami k metodunda vyapilan varsayi m at oml
Newton’ 1 n hardletbedenKleemmlne rkil aisi kr.par ¢cac
Birincil prensipli (firstprnci pl e) kuantum mekani §gi hesap
edilen at oml ar aras.| potansiyellerin kK ul
simidlasyonlarityla sondeuial degededilkémrr nan
daha Ust seviyededir. Bu c¢cali smada mol ek
(Larges cal e At omistic/ Mol ecul ar Massively P
DOE Sandi a Ul us al Labar at uwave akademik n d a 0
cevreler tarafindan i yi bilinen Dbir kod
simul asyonl arinda AI REBO (Adapti ve I nt e
Order) atoml ar ar as:| potansiyel ol arak |
andizlerinde ise gobmullu atormetoduna (Embedded Atom Methdd,A M) dayal
potansiyeller kullanit I mistir.
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Budoktora c¢al 1 s ma &arbon nanatipl ka ga syaanpaisl1in dnaal z e
nano goO0zenekl.i met al mal zemel ertiunr url amsatsg e |
i ¢cin algoritmalar gelistirildi. Bu al gor
mal zemel erin davrani sl ar i1 ni etkileyebil ¢
altinda tutul maktadir. Daha sonr a bu al
kod ara doéonusturidl erek karbon nanotiup adg
saylt sal modelleri dretilmistir.

Calirsmanin i kibcri mgiamasamddaigelistiril
morfolojik karakterde dretilen numerik test numuneleri molekiler dinamik
simidlasyonlarinda kullani |l arak mekanik ¢
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farkl bosl uk orani na msurhdlpermankul d @ne n ek laik
yontemiyle c¢cekme yuUukI|l emesbii ralmt isnedka |t edsetgi ed ii
egril eri el de edil mistir. Bosl uk orani azal
gi bi nano gb6bzenekl: i yaptlaritn Yoimimg modul G,
arttirgr goézlenmistir. Bununla beraber, maksi
g6zl enen yumusama (softening) hirzinin boslu
bosl uk oraninda ise hizl bir azal manin ol du
anidegi si kligin nedenl eri zerinde durul arak
yukl emesi al tir ndaki def ormasyon mekani zmal ar

kesisim yogunluklarina sahip kar bon nanot Uf
mekanik cekmeve kaymat est |l eri ne tabi.i tutul mustur. Te
kesisim yogdgunlugunun far kIl od #aynjau sayl sal
benzetimleri sonucunda gerilAleei r i m s e ki | dedgi stirme egrileri
yogunlugu arttikcarime&anidlegiogiekl i kl er dgogbe
edilen sonuc¢lar | iteratidardeki deneysel veya
degerl endyri tmi scekme ve kayma yukl emel eri é
Il ar1n gosterdi gi ME foenzetmaesi ysonncundae k ani z ma |
Int1 11 olarak incelenerek arkasindaki seb
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1. INTRODUCTION

Nanoscience and nanotechnology deal with dtrel things that can be employed
across all scientific disciplines such as chemistry, physics, materials science and
engineering. Nanotechnology that is the ability of controlling the nanostructured
phenomena to achieve a targeted end makes use of nanosaikitte is the
understanding of what the nanostructured item behaves.

According to many scientists, the |l ectur
bottom” given by Nobel Prize awarded ph
milestones that stimuladehe ideas behind the development of nanotechngldgy

Due to unconventional nature of nascale world, disciplines that are differentiated

on the continuum scale such as mechanics, materials science and physics are required
to be synthesized on thensa core to interpret mysteries of nasuale world. At this

point, nanoscience is the product of this mdisiciplinary approach to understand
nancfeatured processes and characterisiicd]. Exciting and higly accelerated

progress that has been established in nanoscience is mainly because of recently
developed capability of controlling and observing the structures at ultra small length

and short time scales together with the higidyeloped computational capliies

that can be utilized to realize numerical experiments.

One bhillionth of a metre, that is a nanometer (nm), can be approximately visualized
in the minds by several comparisons. For instance, a sheet of paper is about 100,000
nanometers thick while auman hair is roughly0,000100,000 nanometers wide.

As more examples, growth rate of human fingernails is at the order of 1nm per
second and a DNA molecule is abot2 hm wide.In this regardFigure 1.1shows

the relation between macro scale objectd aanoscale world on a scaled axis to
show the transition from macro to nanblaterials at nano scale represent
distinguishing chemical, mechanical, electrical and magnetic behaviors. Even though
nanoscience appears as a new research area, nanomagemalsebn used as early

as medieval times. For example, more than thousands year ago gold nano particles
were being added into ceramic porcelains to give red color by Chinese people.



Similarly, Roman glass makers were using metal nanoparticles to generate

remarkably nice colors for decoration.
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Figure 1.1 : From macrematerials to atomi3].

In many fields of nanotechnology, science of nanomaterials constitutes a basic
building block for the further improvements and innovations. More specifically,
mechanics of nanostrused materials ia very critical area to be understood due to

the fact that many nanosclae phenomena such as folding of proteins that organize a
living cell or the interaction of interfaces between naize crystals are controlled or

governed by the meahics at the nanoscale.

1.1 Nanomaterials

Applications of nanotechnology benefit from the extraordinary properties of
nanomaterials which include at least one propdetermining dimension smaller

than 100 nanometerin the neantime, nanomaterials, or in eth words
nanostructured materials consist of structural elements that are in the range of 1 to
100nm, such as nano scale particles, tubes, fibres or rods, can also be thought as the
main products of nanotechnology. One of the basic reasons behind thatbigbt

in these materials by both academic and industrial environment in recent years is
mostly because of incredible variation of properties observed at continuum and nano
scales[3]. Due to these sizéependent intriguing properties, nanomaterials have
great potential to create impacts in many fields, , eagrospace, medicine,

electronics, etc.



While some of nanomaterials occur naturally (evglcanic ash andoot from forest

fires), many of nanomaterials can be classified into engineered nanoisdbeiare
designed to be manufactured and already being processed to commercial usage.
Nowadays, we realize that many samples of nanomaterials have taken place in the
products of cosmetics, sporting goods, stasistant clothing, tires, electronics,
swnscreens and many other stuff that are being used in dai[pifBeside these, as
medical applications, nanomaterials are utilized for the purposes of imaging, drug

delivery and diagnosis.

Engineered nanomaterials represent the materials that are designed and manipulated
at nano scale such that they gain novel properties compared with their bulk
counterparts. Two major reasons can be pointed out explaining the different
properties observedt manomaterials designed at molecular level. One of these is
substantial increase of the surface area due to existence of at least one nanoscale
dimension in the topology of nanomaterials. Increase of surface area results in
greater chemical reactivity dhe structures, which in turn affects the mechanical,
electrical and thermal behavior of the material. For example, sensitivity and sensor
selectivity of chemical sensors can be increased by employing nanoparticles and

nanowires due to high surfat@volume ratio.

The other reason that can be used in the explanation ofdadedent behavior is

the quantum effectit the atomic level, quantum effects play much more significant
role in the extraordinary optical, electrical, mechanical and magnetic lbehafi
nanomaterials. Traditionally, basic properties of materials sucth@¥ oung’ s
modulus are measured by using macroscale or recently microscale test specimens,
which results in no information egcaled from nano scale. However, properties
determinedat macroscale do not predict the behavior of devices that are fabricated

by continuously advancing nanomanufacturing technifles
1.1.1Applications of nanomaterials

Day by day, appearance of nanomaterials in commercial arena is increasing.
Moreover, the rage of available products comprises very large and different fields.
Today, we can find nanomaterials in products of cosmeticselgalfiing windows,
wrinkle-free or stairresistant textiles and in many other applicatioft.

Nanocomposites and nanocogsnwhich include nanoscaled particles/fibres to



reinforce or change properties of overall bulk material are initiated to be exploited in
variable products such as sports equipment, bicycles, windows and automobiles. For
instance, on glass bottles, novel W4rrier coatings are used to prevent sunlight
damages on the beveradgé$. Tennis balls with much longer service life can be
achieved by using butyubber/naneclay composites[3]. As another example,
nanoscale titanium dioxide is employed in cosmesusg;protective creams and self
cleaning windows. Along the same line, nanoscale silica is finding applications as a

filler material in cosmetics and dental operatipf]s

Figure 1.2 : Nanomaterials with different morphologi€gs) Au nanoparticle?], (b)
Buckminserfullerene 1], (c) FePt nanosphere2][ (d) Titanium
nanoflower #], (e) Silver nanocubegy], and (f) SnQ@ nanoflower p].

Some more examples can be given explaining the high interest concentrated on
nanomaterials due to their unusual mechanical, @attroptical and magnetic
propertieg5]. For example, popularity of nanophase ceramics is mainly because of
their higher ductility at extreme temperatures comparing to capeseed ceramics.
Metallic nano powders are being used for the production afysocoatings as well

as gas tight materialg’]. They are also good candidates for metatal bonding

owing to their high valued cold welding properties in addition to their
ductility.Remarkably high surfae®-volume ratio of nanoparticles leads to



extraordinary improvements of chemical catalysis. The range of potential
applications of nanoparticles in catalysis is very broad to be from fuel cell

applications to catalytic converters and photocatalytic deyiies

Scientific interest on nanomaterialssHaegun in the dcentury despite the fact that
nanomaterials already exist in the nature. Unquestionably, the most important
stimulating factor leading the scientific research on nanomaterials is the development
of high capability of microscopic devicdbat enable us to observe the nanoscale
world [6]. I n 1857, Mi chael Faraday’' s report
shown as one of the first studies on nanomatefids On the other hand,
investigations on the nanostructured catalysts have heenprogress for
approximately over 70 years. In USA and Germany, as a substitution of ultrafine
carbon black for rubber reinforcements, fume silica nano particles were being
manufactured i n t h e [8]. bExtgridingn ithen gxamplesfof 1940
applicatons of nanomaterials, nanostructured amorphous silica particles have also
been used in many daily life products such as-diary coffee creamer to
automobile tires and catalyst suppofy. In the 1960s and 1970s, magnetic
recording tapes were develop&al be produced by using metallic nanopowders.
Grangvist and Buhrmapublished a new technigwehich is popular now, callethe

inertgas evaporation tboique to produce nanocrystals 1976 [4]. Lately, the
mystery of beautiful tone of Maya blue paint atsdresistance to acidic environment

has been explained by its hybrid nanostructure consisting of amorphous silicate
substrate with inclusions of metak(, Mg) nanoparticle$5].

By nonstop progress being achieved in nanotechnology, the number of
nancstructured functional materials which permit altering of mechanical, electrical,
magnetic, optical and electronic functions. Nanophased or classembled bulk
materials are good examples of this kind of progress. Initially, discrete nano
clusters/parties are manufactured at the first step and then these small
particles/clusters are embedded into liquid or solid matrix matelsAs an
example, nanophased silicon that is completely different from conventional silicon in
physical and electrical progeges can be employed in macroscopic semiconductor
processes. In another example, conventional glass turns into a high performance
optical medium presenting potential optical computational capability after being
doped with quantized semiconductor colldifs



1.1.2Classification of nanomaterials

As mentioned, nanomaterials are structurally organized at nanoscale such that at least
one dimension is less than 100 nm. Nanomaterials can be classified accottimg to
number of nano dimensions that form the nancsire. In this regard,
nanostructures such as nanofilms and nanowires are classified-dimeedsional
nanomaterials. Nano strands, tubes or fibres, on the other hand, are examples of
nanostructures in two dimensions. In the same manner, nanoparti@dagjmqudots

and fullerenes are nasstructured in all three dimensiof$0]. Figure 13 presents
somevisual examplesor the classificatiorbased orthe dimensionsConsidering all,
nanomaterials can be in different shapes such as spherical, tubulagolairshapes

ak?

Graphene Nanowire, Nanotube Nanoparticle

in the form of singular, fused or agglomerated.

1D film, 2D

Figure 1.3 : Classification of nanomaterigl&l].

Classifications on the nanomaterials can be also done on the basis of phase
composition of nanomaterials. Single phase materials consist of only ondieémgre

such as crystalline or amorphous partidléls However, multiphase nanomaterials

are formed by more than one unit such as nanocomposites or coated particles.
Merging of nanostructural units into existing bulk products results in enhancements
of cetain properties or opportunity of emerging new functionalities,, éigher

strength or conductivity, improved heat or chemical resistance, etc.
1.1.3Manufacturing of nanomaterials

Approaches on the manufacturing of nanomaterials are divided into two major

branches which are botteap and topdown methods.

In the bottoraup approach that has been already known by chemists, nanostructured
materials are constructed starting from the molecular level manipulations. Atoms and

molecules are collected, combined baged by chemical and catalytic reactions to



form desired nanostructural unitgl?]. By employing AFM (Atomic Force
Microscope) and using liquid phase techniques based on inverse micelles-lypttom
approach is being utilized by several nano scale manufiagttechniques suctsa
chemical vapor deposition (C\JDlaser pyrolysis and molecular saksemblyj10].

In this approach, atomic scale structural units,, atoms, molecules or clusters,

arrange themselves into more complex structural units sinaléinetgrowth of a

crystal.

TOP-DOWN BOTTOM-UP

MNPs

T e e

Bulk metal Powder

Figure 1.4 : Scheme of Tofbown and Bottorrup approaches to the ghesis of
metal nanoparticles (MP) [11].

Top down approach, on the other hand, constructs the-starsiured topology
starting from the macrtevel materials instead of rexular level. Therefore, in this

kind of approach, traditional fabrication operations for manufacturing include
cutting, carving and moldin¢13]. By this approach, exceptional machinery and
electronic devices have been able to be fabricated. Howeveg dogtations on the

size of cutting, carving and molding capabilities, the size of these devices cannot be
downsized beyond a certain limit. Nalithography, laser ablation, physical vapor
deposition, electrochemical method (electroplating), millingd a@mydrothermal

technigue are the examples of techniques that are baseddovtopapproacil4].

Nanomaterials that are sized in the order of thatdimpn production methods
cannot deal with can be processed by bottgpmmethodsTop down manufacturing

of metal nanogprticles (MNPs) is an example fthis situation. Because tafpwn
methods can not yield uniform particles of very small sizes, betiomethods can
provide uniform particles (Figure 4). Furthermore, some othe top-down
techniques such dghography cause formation of significant defects. For instance,
on the surface of nanowires produced by lithography many impurities and structural
defects are introduced. Because of the fact that the suddaeelume ratios of

nanomaterials are very Hng surface defects on the nanomaterials can cause



consideral® change in the surface propertigsl]. Despite this disadvantage, top
down engineering methods constitute an important place together with the Hopttom

chemistry in the development of nanoscie and nanotechnology.

In the perspective of nanoscience, every element in the periodic table, depending on
the desired target material, can be utilized in the manufacturing of nanomaterials.
Increasing control on the manufacturing of singl@nostructural units that are
designed for specific purposes after their assembly into larger structures,
nanotechnology will enable us to synthesize revolutionary materials. In this way,
metals, ceramics or polymers can be manufactured in nano preocisiciy avithout

machining.

1.2 Introduction to Nanoporous Materials

Like the CNTs and CNT based materials, nanoporous (np) materials are also

attractive research fields in nanoscience and nanotechnology. Nanoporous materials
are generally characterized as nanale solid materials that include porous topology

in the length scales less than 1um [12]. Materials categorized as np materials consist
of nano scaled cellular structure through which open channels or empty spaces exist,

which directly affect the behavi@f np materials.

Large amount of nanoporous materials already exist in nature, especially in
biological systems and in minerals. For example, walls of biological living cells are a
kind of nanoporous membranes which include significant complexitiesodtreeir
responsibilities in living organisms. Besides that, some of the nanoporous materials
have found industrial applications for many years. Zeolites are the most known
nanoporous material, which have been employed in petroleum industry as a catalyst
for decades. Although the zeolites used in industry were natural, now most of them
are synthetic. As the progress achieved in nanotechonology to manipulate and
visualize objects at nanoscale, ability to control pore size of these materials at
nanoscale haselen increased. By this way, creation of nano membranes having
controllable molecular structures with atomistic perfection can be realized. As the
size and composition of the nanoporous structure can be modified, its physical and

chemical properties can albe altered in a desired way.



Nanoporous materials show different functionalities according to the properties of
nanopores such as their shapes, sizes and amounts. Conventionally, pores are defined
as the voids or holes with different shapes (e.g., ogtsdballs, slits, hexagons,
spheres, etc. ) in a solid material. Pores may exist as isolated cells or interconnected

with each other through holes on the cell walls.

(b)

Figure 1.5 : Specific surface area enhancements: (a) Three blocks having the same
volume initially but different surface areas due to different features, (b)
Surface area increments by splitting a volume.

The most significant property of nanoporous materials is ultra high specific surface
area which is defined as the ratio of surface area to mass. ddigace area
characteristics of nanoporous materials arises from nano scale topology which has
nano scaled channels and pores [2]. The concept of increased surface area due to
nano scaled topologic features is shown in Figure 1.5(a). Another way ofsingrea

the specific surface area of a material is to divide it into tiny particles without

decreasing the total volume.

Morphologies of the most of the nanoporous materials carmagproximately
simplified to doable geometries such as sylindrical holerder to perform several
analysis.According to the size of holes throughout the porous network, cellular
materials can be classified as microporous if the hole diameter is less than 2nm;
mesoporous if the diamater of the hole is between 2nm and 50 nm; araporaus

if the diameter is greater than 50nm [14]. This classification is made by the



international scientific community (The International Union of Pure and Applied
Chemistry, IUPAC) to reach an aggreement on the classification of pores. Figure 1.6
illustrates some examples regarding this classification. Furthermore, examples of

microporous, mesoporous and and macroporous materials are given in Table 1.1.

Figure 1.6 : Three different types of nanoporous silica materials. (a) A microporous
material: zeolite, (b) Anesoporous material, (c) A macroporous material
[13].

The existence of pores within a material brings extra useful properties that do not

exist in the corresponding bulk material that do not have porous network. Porosity is

defined as the ratio of the emppace to the total volume of the material and usually

this value is between 0.2 and 0.95 for porous materials [15].

Table 1.1 :Examples of microporous, mesoporous and macroporous materials [16]

Zeolitellike materials, activated carbofiibers (ACF)

Microporous . .
b templated carbon from zeolites, metal organic framev

materials (MOFs)
Mesoporous Mesoporous xides (silica, alumina, zirconia), MCMI,
materials CMK-1, polymeric materials
Macroporous .
. Porous glass, nanoporous silicon
materials
Hybrid porous Activated carbon (AC, silica gel, pillared clay, nanopo
materials oxide-bridged carbon nanosheet compogites

Pores within a porous material can be open or closed state. Open pores are an
interconnected network of the pores, but in case dbsed pore system, pores are

not interconnected with each other and at the isolated condition. Therefore, in
applications such as catalysis, filtration and adsorption, porous materials with open
pore architecture are much more favorable instead of paystems with closed
pores. On the other hand, closed pore systems are preferable in sonic and thermal
insulation or lightweighted structural applications.

10



1.2.1Properties of nanoporous materials

Due to their novel structural properties and large interconnéctechal surface at
atomistic scale, the usage of nanoporous materials as catalysts and absorption media
is increasing day by day. Beside this, owing to their capacity to absorb and interact
with atoms and molecules, porous materials have significant termar in
nanoscience and nanotechnology [17].

Basic properties of nanoporous materials can be depicted as long as their microscale
characteristics are understood. In this regard, atomistic simulations such as molecular

dynamics simulations play amportant role in supporting experimental studies.

As the porosity, pore size, pore size distribution and composition of nanoporous
materials vary, their pore and surface properties also change that also cause changes
in their potential applications. Foifférent applications, a candidate material should
satisfy different set of requirements. For instance, to be a good absorbent, a material
should have several performance parameters such as high adsorption capacity, high
selectivity, good mechanical progies and acceptable stability and durability. High
adsorption capacity is mainly drived by the properties of specific surface area,
chemistry of surface and pore size which dictate the amount of materials collected by
unit mass of adsorbents. SimilarlyJesgivity property which is especially required

in case of a target of separating a desired material from acoulfponent mixture,
depends highly on the pore size, shape and pore size distribution in addition to the
type of absorbates. The other requiggdperty is excellent mechanical properties
which help absorbers to resist attrition, erosion and crushing in adsorption columns.
In addition to these, due to abrasive chemical and thermal enviroments, stability and
durability of absorbent materials arery critical to sustain their functionality in long
terms. Several factors affect the degree of satisfying these requirements for

nanomaterials such as manufacturing methods and processing conditions.
1.2.2Major opportunities in applications of nanoporous mateials

The main advantage of nanoporous materials is their cellular structure at the nano
scale. Due to their porous nanostructure, they have alalga surface area in
addition to controllable cell size and morphology. As mentioned previously, because
of their ultrafine porous morphology, their material properties are superior in

comparison with their bulk counterparts. For that reason, extraordinary properties of
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nanoporous materials enable them potenatial candidates in wide range applications
including photonic crystals, biomplants, sensors and separators. Application areas
of nanoporous materials can be divided into two categories in which nanoporous
materials are employed as a bulk material form and membrane form. Generally
separation related apgditions make use of membrane type nanoporous materials
whereas biemplants, sensors and photonic crytals are corresponding to the bulk

nature of nanoporous materials.

The most exciting point of membraitge nanoporous materials is due to their
capacity 6 allowing certain sizes of objects to pass through the membrane while
other objects cannot pass. As the size of the cells within the nanoporous membranes
are controlled, control on the size of the objects that are targeted to eliminate can also
be contrdled. Zeolites which are crystalline porous materials are known to be one of
the most popular nanoporous materials that have been used for separation purposes
for a long time. As observed in zeolites, three dimensional cellular network structure
of nanoporaos materials offers very advantegous medium for selecting and

separating different molecular types.

One of the most important feature of nanoporous materials is their ultra large surface
areas as mentioned repeatitively in the text. Such a huge surfaceesuéis in high
sensitivity to alterations in the environmental conditions such as temperature, light
and humidty. Due to this advantage, nanoporous materials are widely used as sensors

and actuators.

1.3 Introduction to Carbon Nanotubes

Carbon is the esseal element of life, because of the fact that its organic compounds
take parts in every living tissue. One of the readongs diversity in compounds is

the reality that carbon atoms have the ability to combine with other carbon atoms as
well aswith other elements. Figure7lshows the different structural forms of carbon

in nature.Carbon nanotubes (CNTsJhich are shown as the allotropes of carbon
elementare one of the fascinating examplescafbon basedanomaterial&nd can

be considered of athe sheet of graphite (graphene) rolled up into a seamless

molecular cylinder.
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Figure 1.7 : Different structural forms of carbon element (a) diamdb)l graphite
(c) Lonsdaleite (hexagonal diamoon¢)) Buckminstetullerene (C60)
(e) C540 (f) C70, (g) amorphos carbon(h) Nanotubg8§].

TheCNTs can have a lengtb-diamater ratio greater than 106 making theemultra

high aspect ratio material. Their diameter varies between 1 to 100 nm with a length
of up to several micrometers or even milimetdise CNTs canbe classified into

two major groups as singlealled carbon nanotubes (SWNT) and muldlled
carbon nanotubes (MWNTJ.he SWNTs consist of only one layer of graphene sheet

while the MWNTSs can be considered as the rolled stack of several graphene sheets.

Although discovery othe SWNTs are undisputedly clear, discoverytiod MWNTSs

is controversial. Regardinthe SWNT, two papers [B,16] which were published
independently in the same year (1993) introdutedlSWNTs into the scientific
research aredn case ofthe MWNTSs, the first report givinghe TEM images of

nanodiameter carbon fibres was published by Radushkevich and Lukyanovich in
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1952 in the durnal of Physics and Chemistry of Russia in Russian. Because of cold
war, this report was ndknown by may scientists in the world. Thereformany
peopl e consi dEg&/fpublishgdin 1891’ as thedistpneraduction of the

MWNTSs into the research community.

Bulk sythesis ofthe SWNTSsis relatively more difficult tharthe MWNTs due to
proper conwl requirement on the growth and atmospheric condition. Beside that
catalyst is required for the synthesistibé SWNTswhile not needed foOMWNTSs.
Moreover, purity othe MWNTsare higher thasWNTs.

TheCNTs are regarded as the one ofphemising mateals for the 2 century due
to their exceptional physical properti€3wing to these novel propertiethe CNTs

have many potential applications in nhanotechnology.
1.3.1Geometry of CNTs

It is previously mentioned thdlhe CNTs can be considered as the graghsimeets
rolled upin the form of cylinderMorphologies otthe CNTs depend on the direction
of the axis around which the graphene layer is rolledsap Figure B(a)). Two
integers (n,myalled as chiraindices andare defined to indicate rollingjrection or

in other wordsthe chiral vector Cy). The dirality vector is extended from one
carbon atom to another carbon atom whistcrystallographically equivalent on

graphene latticeThe dirality vector is defined as the linear combination ofidbas

vectorsa; anday , i.e., C, =na, +ma,.

All physical properties of a given CNT is highly dependent on chiral indices.
Depending on chiral indices, the CNTs are categorized into 3 classses which are
shown in Figure 1.8(a). Two of them are highly symmetric zigzag and armchair

CNTs in cases m is agl to zero and m is equal to n, respectively.

The circumference of a given CNT is determined by the length of its chiral vector.

Therefore, the diameter of a CNT is given as

d=|Ch|/p /. mm (1.1)

where b is the lattice constant of thephene honeycomb lattice which is equal to
2.49 A. The transl ation vector shown i

lattice along the CNT cylinder axis.
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Figure 1.8 : (a) Different rolling directions on a graphene sheet causing different
In a perfect CNT structurall covalent bonds excluding the tip bonds are on the
hexagonal lattice system. However, durthg synthesis procesdefects are formed
Several techniques have been used for the synthesis of carbon nanotubes including
arc discharge, laser ablation, higressure carbon monoxide disproportionation
(Hipco) and chmical vapor deposition (CVD). Procesess for the generatidheof
CNTsin many of these methods are realized in a vacuum or with process gases. On
pressure. As the techniquesed in catalytic or continous growth processes are
The quality ofthe CNTsgenerated by catalytic techniques is not as good as the ones
However, despite this disadvantage catalytically manufactured CNTs have received
most important reason behind this popularity is the capacity of tatatgthods to
produce scaledp CNTs, in other words susceptibility of massive production.
Therefore bulk synthesis othe CNTsby employing catalytic methods is possible,

and pentagonal, heptagonbbnds and other iperfections occur, which lowers the
the other handhe CVD synthesis othe CNTscan be in vacuum or at atmospheric

quality ofthe CNTSs.
on the target substrates can be managed by catalytic methods,

advancing, commercialization of CNT products becefaasible.

which in turn creates popularity on them. Secondly

synthesized bythe arcevaporation method

1.3.2Manufacturing of CNTs
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applicable especially in display technolodyy.this regardthe CVD is the dominant
technique for the higlrolume CNT production.

1.3.3Applications of carbon nanotubes

Ranges of diaaters forthe SWNTsand MWNTSs are usually 0.8 to 2nm and 5 to
20nm, respectively. However, sometimes diametershef MWNTSs can exceed
100nm. On the other hanthe maximum length scale dhe CNTsstarts from the
values less thah00 nm and reach up tov&al centimeters which the macroscale

range[19].

The tensile strength value measured for an individ&INT is 100 GPa which is 10
times higher than any industrial fib&epending on the chiralitghe SWNTscan be
metallic or semiconducting whilthe MWNTSs are usually metallic and can carry
currents up to 10(A/cm?). Beside thisthermal conductivity of SWNT based on
the wall areas around 3500 (WK ™) which is higher than the thermal conductivity
of diamond[15].

Even though scientificesearch othe CNTsexploided in 1990s following the first
industrial synthesis of CNTspbstantial growth in the commercial area has observed
in the last decadd-ollowing the year 2006, the capacity GNT production has
increasedlO times and growthfaesearch study numbers on CNT related subjects

continue[16].

Today, most of the CNTsvhich arebulk produced is employed in cowgite
materials and thin filmsand topologyof theseCNTsis randomly organized rather

than being in a specific order. Hoveey ordered CNT structures such as vertically
aligned forests, yarns and sheets have very high potential to be used in shape
recovery, dry adhesion, high damping, terahertz polarization, large stroke actuation

and thermoacoustic sound emissjian-22].

It should be noted that CNT macrostructures such as yarns and sheets possess
considerably lowermechanical, thermal and electrical properties than those of
individual CNTs.Usage ofthe MWNTsare more favorable than the usagethod
SWNTswhere diameter andandgap ofthe CNTsare not so important, because of
higher prices ofSWNT production. The reason behind this higher cost is that
synthesis oEWNT by the CVD needs to be controlled by tighter process parameters
and high cost ofesearch and developmerftprocess. Thushe SWNTsthat have
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controlledthe chirality can be favorably employed in teenerging applications if the

prices can be cut down.

First usage othe MWNTswas in plastics as electrically conductivdiller due to
their ability of forminga light percolated network with a 0.01 weight percentBge.
using disorderedMWNTs in polymers to form CN-polymer composites,
conductivity of overall composites can be increased to 10000 {Satra weight
percentage of 10These electrically conductvlight plastic composites are used in
automotive industry to sustain electrostatissisted painting of mirror housings and
also in the fuel lines and filters to ensure dissipation of electrostatic cHdrgse
CNT polymer composites are also utilizad electromagnetic interference (EMI)

shieldingpackages and wafer carriers in microelectronics ind(i2fily

Material design Example application
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Figure 1.9 : CNT composites and macrostructures (a)migcaph showing the cross
section of a carbon fiber laminate witie CNTsdispersed in the epoxy
resin and its application. (b) CNT sheets and yarns used as lightweight
data cables and electromagnetic (EM) shielding mat@&l [

The CNT reinforced polymer composites are also used as a solution to lighweighted
structural applications. For this purpose, the CNT powders are added into polymeric
resins to elevate stiffness, strength and toughness properties effectively. For example,

adding only approximately 1 weight percentage of the MWNTSs into epoxy resin
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improve the stiffness and fracture toughness by 6 and 23%, respec2ielin[the
meantime, this amplification does not yield any degradation on the other mechanical
properties. The CNT reinforced composites can also present good damping
characteristics due to stictip mechanisms between the CNTs themselves and the
contact between CNT and polymer. Due to its enhanced damping capacity, the CNT
composites are used to improve spaytgoods such as tennis racquets, baseball bats

and bicycle frames.

The CNT based resins are also utilized to upgrade fiber composites. This
enhancement has recently been used for lightweight wind turbine blades and hulls of
maritime boats. In this regarérigure 19(a) shows a cross section of a composite
fiber laminate that consists of dispersed CNTgha epoxy resin and aample
application is given as maritime security boats of which boat hull is made by

lightweighted CNT fiber reinforced composi{@%].

For high technology applications where lightweight solutions together with
multifunctional capabilities such as combined mechanical and electrical functionality
are reuired, a serious competitiols expected tde observed betweethe CNT
yarnsandlaminated sheets produced e direct CVDand carbon fiber (see Figure
1.9(b)).

1.4 Purpose of Thesis

The main purpose of this dissertation is mainly to develop efficient algorithms to
generate representative atomistic models of randomly organized nanostructures
which wereselected as CNT network and nanoporous materials and to employ those
atomistic models in moteilar dynamics simulations fanvestigating theanechanical
behavior of selected nanomaterials. Both CNT networks and nanoporous materials
have complex geometries formed by random networks of carbon nanotubes and
ligaments, respectively. Thus, generatihgit computational atomistic models is a
very challenging issue that should be solved to realize numerical experiments. In this
regard, as the first step of the dissertation, stochastic models have been developed for
random natured CNT network materialsdananoporous materialsThe other
purpose of this dissertation is to open a way that other researchers can employ the

algorithms that are developed within this study, in other studies for the investigation
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of randomly organized nanostructures. In this pecsive, it is aimed to develop
tools or methods thatn be used in future studies.

Due to lack of efficient algorithms that can be used in the modeling of randomly
organized nanostructures, i.e., CNT networks and nanoporous materials, there are a
few sudies in literature regarding mechanics of these materials. Thergferether

main purpose of this study is to examine mechanical behavior of CNT networks and
nanoporous materialsy using the atomistic models generated by the techniques
which are develped in thefirst stage of the dissertation. In this perspective, the
ultimate goal of this dissertation is to get deep understanding of the deformation
mechanisms in CNT network and nanoporous materitls important to have
essentialinformation aboutthe dependence of mechanical performance on the
topological features, in order to manufacture outstanding novel matditedsefore,

in the scope of thiglissertationnumerical experimentare conductetby molecular
dynamics simulation® providethe rlationship between topological parameters and

mechanical properties.
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2. OVERVIEW OF MOLECULAR DYNAMICS SIMULATIONS

As mentioned before ithe previous chapters, molecular dynamics (MD) simalai
have been utilized to invigate mechanical behavior of nanostructured materials in
this dissertation. In this regard, this section presents an overview of molecular

dynamics (MD) method and related subjects.

2.1 Introduction

Numerical experiments, namely computer simulations, are impodalst today, in
scientific research and development efforts. In history, real experiments and
theoretical work were the main frames escalating the progress in science. In an
experimental study, the system under investigation is subjected to specific tyounda
conditions and measurement of parameters that are in question are obtained and
numerically stored. In a theoretical work, a physical system is represented by
governing mathematical equations consisted of driving parameters of the system. In
order to valdate the mathematical model formed in theoretical study, the stability or
predictive capacity of the model should be shown by several simple cases that would
allow solvable mathematical equations. However, for the sake of getting solvable
mathematical ecations, many times complexities of the system disappears which

take us away from the real world problems.

Formerly, theoretical models were able to be examined only in limited special cases.
For example, in condensed matter physics, intermolecularsfaritein a selected
material could be justified in a diatomic molecule or in a perfect and infinite lattice
crystal system. Even under the simplified conditjdasther approximations were
usually demanded to perform calculations. However, many of physmats that

fall into the both academic and practical interest, such as physics and chemistry of
defects, surfaces, organic molecules and so on, cannot be simplified to be

investigated by theoretical models.
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High speed computers that appeared in the S0sdunced a new player, numerical
experiments, in the scientific research areadditionto experiments and theoretical

studies.
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Figure 2.1 :Examples of nanostructures that can be simulated by (@D
Nanowires (b) Carbon nanotube¢c) Bio-moleculed 26].

In numeical experiments or in other words computer simulations, a theoretical
model that governs the simulation still exists but the calculations are performed
numerically by high speed computers under the framework of algorithms developed
in an appropriate conuper language. By numerical experiments, much more
complicated phenomena can be injected into the numerical system, which guide
towards investigations of more realistic systévusnerical simulations conceptually
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stand at a position between experiment dmebty. The models employed in the
computer simulations are just numerical models, not the real physical system, which
translates the computer simulations concept towards theory. On the other hand,
validation of a numerical model is much more like a regismal experiment in the

way of evaluation of simulation results, which conveys the computer simulation

concept towards experiments.

In the past, interactions between atoms were calculated blgddy potentials which
have uncomplicated analytical formsg., Morse or Lennardlonespotentials At
present, however, many body potentials, which are obtained numerically by using
forces anticipated by firgirinciple methods, aréhe examples of much more precise

potentials.

Moleculare dynamics (MDinethodis a computer simulation method to obtain the
time trajectories of an ensemble of atoms, which interact with each other, by
performing numerical integrations of equations of motidhss a very effective
technique to investigate atomic scale and maatesproperties of nanomaterials

such as naowires, carbon nanotubes ointidecules as shown in Figure 2.1.

In MD simulations atoms are considered apoint mass that are linked by springs.
In this idealization, springs represent the bonds between akwree fields, or in
other words, potentials are utilized to obtain the time trajectory of atomic positions

and velocities.

Molecular dynamicsmethod utilizes the law of classical Newtonian mechanics,
named as "Law forahe desivatbn of equations of motion:

F=ma (2.1)
Equation 2.1) is defined for each atonthat exists in matomic system consisted of
N atoms. In this equationy is the atomic massa =d’r, /dt® is the acceleration

and F. is the force acting on thid" atom resulting from the interaction with other

atoms around itThus, unlike Monte Carlo method, which basically depends on
random sampling of solutions et numerical results, molecular dynamics is a
deterministic method in which the atomic phase space variables at the current time

step are calculated by using previous time step.
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Trajectory of atoms is calculated in a-@lNnensional phase space consisti@N
positions and 3N momenta. Because molecular dynamics is a statistical mechanics
method, similar to Monte Carlmethod the MD is employed to attain some of the
phase configuration that is distributed based on a statistical distribution function, or
statistical ensemble. For example, microcanonical ensemble corresponds to a
probability density function that fixes the total energy, E. In macrocanonical

ensemble, from the infinite number of states, only states that have a certain energy

(E) are selectedt is shown as by dirac functiod(H (G) -E). In this representation

H and G represents the Hamiltonian and phase space variables (positions and
momenta), respectively. So, phase variables are selected so thantiitoran is
equal to the specific energy. Another example of statistical ensemble is the canonical

ensemble in which the temperature parameter is constant and Boltzman function,

exp(- H( $/k;T), is used athe probability density function.

In datistical physics, based on a selected statistical ensemigle danonical or
microcanonical) for a specific quantitythere exiss an infinite number of
configurations distributed according to the corresponded ensemble. The physical
quantities are iddified as the averages over the configurations. Atomistic
trajectories established by molecular dynamics simulations are considered as the set
of configurations satisfying the ensemble conditions. In this regard, physical
guantities can be measured by Minslations easily by arithmetic averages of

values taken at several instants.

Statistical physics maintains the connection between the microscopic properties and
thermodynamic properties of a physical system. In theory, it is expected that for
infinite simulation times, the phase space obtainedhHgyMD simulation will be
completely cover all configurations and the averaging operations will vyield
thermodynamic properties at that limit time. However, in practice, simulation times
are always limited to a fite length, therefore it should be carefully examined
whether sufficient sampling has been done or not. By this way, measurement of
thermodynamic properties and evaluation of phase diagram of a certain material can

be achieved bthe MD simulations.

In addition to molecular dynamics simulationisere are other traditional atomistic

simulation technigues such as quantm@&chanical methods in which Schniger
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equationis numerically solved. Quantum mechanical methodscamputationally

very expensivetherefore they are combined with other methods to get accelerated
solutions. Beside to quantum mechanical simulations which are computationally very
intensive, faster simulation techniques such as Monte Carlo and coarse grained

models are also used to irségate atomistic structures.

2.2 History and Future of MD Simulations

Alder and Wainwright wrote the first academic paper in 1957 acknowledging
molecular dynamics simulatiof27]. By employing a hard sphere system through
which interactions between the pale® are defined as instantaneous collisions, they
investigated the solid and liquid regions of the phase diagram of the system. The
paper by Gibson et al. published in 1960 is one of the first studies that carry out
molecular dynamics simulations of a 58bms system utilizingontinuous force
potentials with a finite difference time integration scheme to investigate the defect
generation by the impact of radiation dam$2@. In another wetknown study by
Rahman in 1964, by using Lennafdnes potentiaseveral properties of liquid Ar

wereexplored with a system consisting of 864 atd23.

By using MD simulations, defect formation and their effects on the mechanical
behavior in crystalline materials has been a popular subject for a longl#inén|

recent years, investigations on the defects have focused on linear and planar defects
instead of point defects. As the potentials are getting improved to describe the

interactions between atoms, more realistic systems are being simulated.

Dynamic behavior ohiomolecules such as proteins, nucleic acids (DNA, RNA) and
membranes, which are large macromolecutas) alsobe examined by molecular
dynamics simulations30)]. Because functional properties of biomolecules are highly
dependent on dynamical changds MD simulations are quite helpful to extract
dynamical response of biomoleculeshe MD simulations are also actively

employed in pharmaceutical industry to effectively design of drugs.

In the last decade, by the development of-Barinello method, which enables to
calculate interatomic forces by solving the electronic structure instead of using an
interatomic potential, electronic properties of materials can also be studidg by

MD simulations.
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The most prominent advantage tktize MD simulations provide to researchers is the
extraction of all properties about a thermodynamic system which is physically
possible to existHowever,the power othe MD is limited to computational power

and timescale range that can be covered.

As the computationapower increases day by day, more complex and so more
computational intensive problems can be solved numerically. Because the computers
are much cheaper thatihe laboratories, whichprovide the quivalent testing
opportunities, molecular dynamics simulations can save significant amount of money

in the development stages of new and novel materials and pharmaceuticals.

@

Figure 2.2 :Molecular device design examples (a) Gear charhand(b) Planatary
Gear[27].

Theoretically, molecular structure of a material, which may be organic or inorganic,
can be designed in a numerical environment and its material properties can be
determined via computer simulation methods suctn@®D simulations.By using
numerical specimens with different molecular structures, an optimum molecular
structure that satisfies required material properties cavbtaned. Following these
numerical design iterationproposed material can be synthesized in the laboratory

and further refiements can be done in the laboratory environment.

The approach and procedure summarized above have alreadwyp@ed in the
design of new pharmaceuticals and are very clogeittg routinelyemployedin the
processing of polymematerials.Day by day this approach is increasingly being
realized in all materiatelated industries suchs lubrication, catalysis, electronics
and chemical engineeringrom this point of view, molecular dynamics simulation

method holds very important step to teken towards novel matersabr nano
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electromechanical device desifgee Figure 2.2)Nhile its usage currently is limited

to academic field excluding a few areas such as pharmaceutical and polymer design,
in the next 20 yearthe MD simulation techniqués estimated to take the place of
today’ s ¢ ompegd., @DiordcBEMihindustryo | s,

2.3 Limitations on MD

Although molecular dynamics method is a very useful and effective tool that helps
researchers to dive intheatomistic world, there are sortimitations that need to be

addressed.

The first constraint otheMDt ec hni que comes from the usa
Laws instead of much more reliable Schr
guantum effects. It should be noted that the systems at the atomistic level are
governed by quantum laws rather than clmdsimacroscale laws. Classical

approximation to the atomistic world can be verified by de Broglie thermal

wavelength(L ) [28] that was defined as

2
L=2ph (2.2)
Mk, T
where M, T, # and kyar e atomic mass, temperature
Boltzmann’s constant, respectheaMbednype The

confirmed if L/a is much less than,lwhere a is the mean nearest neighbor
separation. For the liquids of light elemengsg(,Li and Ar) which are at the triple

point that three phases (gas, liquid, solid) coexist at the same time, the ratia of

is at the order of 0.1. This ratio decreases down for heavier elements. Therefore,
classical approximation is not confident for very light elements such as He and Ne.
Besides this, as the temperature of any system is adequately low, quantum effects
play much more important role which caat be neglected. In these domains,

molecular dynamics simulations should be uséH caution.

Another issue witithe MD simulations is the calculation of forces. It will not be
wrong to state that the heart of 8D simulation is the calculation of forces.
Because the interaction between atoms results in the forces acting upon

corresponthg atoms, which drive the motion of the atoms in the system, calculation
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of forces on the atoms @€curateas is very important to captithe real physical
response. Forces are generally calculated by the gradient of a potential function
which is dependent on the coordinates of the atoms in the system. Therefore, the
degree of realism of the MD simulation highly relies on the capacitysopotentials

to capturethe same response of the material under the boundary conditions that are
employed in the simulation.

Set the initial conditionst, (¢, ), v, (¢, ),...
v
Update neighbor list
v
Get forcesF, (¢)
v
Solve equations of motion oveéi()
v
Perfform p, T control (ensembles)
v
I —>1t+0t
v
Calculate the desired physical quantities
v
———————— t=t_ ? — —»  End Simulation

~ “max -

4

Figure 2.3 : MD simulations workflow.

Molecular dynamicsimulations are combined with statistical mechanics to extract
macro scale equilibrium (i.e., temperature, pressure and energy) and transport
properties (i.e., diffusion coefficient, shear viscosity and thermal conductivity) of a
classical mamypody systen. Figure 2.3 presents the major calculations that are
performed in the MD calculations. According to thigee basic steps form the main
framework of molecular dynamics. In the first step, initial positions and velocities for
each atom in the system aassigned. Then, the particles in the simulation box
commenced to interact with each other via a potential function and forces acting
upon each atom are calculated based on the potential used. For this reason, the
potential employed for the simulation isetkey player to determine the degree of
realism of the simulatiorDue to computational efficiency, potential calculations are
not performed between all atoms. Instead of that, by defining a radius of
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neighborhood, for each atom, only a number of atontsirwthe neighborhood are

used to determine interatomic forces.

In the second stepheN e wt oM laws F 2ma , is utilized to obtain velocities

and positions of atoms for the further time steps. Time evolution of atoms results in
the motion of atoms in the simulation box yielding a trajectory in space. In the third
step, position and momenta of atoms are used to determine physical quantities of the
system by profiting from statistical mechanics concepts. As stated above, according
to statistical mechani¢ganacro scale properties of a system is the average of the
corresponthg quantity over all possible quantum states, which is cattesl
ensemble average. An ensemble can be considered as the fictive set of distinct
quantum statesall of which have the same macroscopic properties such as
temperature and pressure. In other words, for a defined system there exist different
guantum states (i.e, phase space of atomic system) satisfying the same macroscopic
properties. An ensemble is thelleotion of all quantum states that have same
macroscopic property. According tbe Ergodic hypothesis which declares that the
ensemble averages of system properties are equal to time averages. Therefore, by
taking the time average of measurements obdaibg the MD simulations,
macroscopic physical quantities can be achieved.

2.4 Time Evolution in MD Simulation

After assigning initial positions and velocities to particles, trajectory of the particles
are determined by integrating the equations of motion noalgr The classical

equations of motion can be written as
a=G(pr), p=F(pr) (2.3)

where H is the HamiltonianG(p,q)= / gand F(p,g)= - HY g. In classical
dynamicsthe Hamiltonian has thgeneral form

2

H :a;—r;] W (r,) (2.4)

wherer, and p, arethe coordinates ofhei™ atom and its momentum, respectively.

The first term of the Hamiltonian functigs’,/2m represents the kinetic energy
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while the second terni) (r,) is the potential energy resulting from the interatomic
interactions

Because of the reason thile N e wt o ' law do@s not depend on timthe
Hamiltonian function is alsdime independent. Furthermore, in the case of an

isolated system, the total energy that is the sum of potential and kinetic energies of

each atom is conserved.
The total time derivative ahe Hamiltonian function given in Eqn2@) is given as

Eqn. @.5) considering that Hamiltonian is not explicitly defined by tirpel,/ 11 G-.

dH i
= Lt + & (2.5)
a8 ~ &g’

The total time derivative of Eqn2.@) for an isolated system is given in Eq6§.

dH 1 .
2.6
at P a 0 (2.6)

Whenthe Eqns.Z.5) and 2.6) are compared, following relations can be realized:

-2 g
H 2.7)
w_ Y
W R
Substitution ofEqns. 2.7) into Eqgn. 2.5) results irthefollowing relation:
0.. =
aa@+ﬂ: o o 28)

Thus, Hamiltonian equations aofotion which are first order differential equation

with 6 degree of freedom can be writterf@ows:

pH -

__rl
HD
pH

e

(2.9)

There existmany different algorithms for the time evolution of particle dynamics
[29]. Here is given one of the basic algorithms to calculate the time history of
coordinates and momenta. In this regard, firgil force is calculated in tirgalf a
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time step forward at the current positions. THeemomenta in time half a time step
forward is obtained. Followinghis, by using the momenta in tishalf a time step
forward coordinates in time by a full time step is calculated. After that, forces are
recalculated by usinthe new positions and the momenta are advanced to full time

step. Tle summarized algorithm can be showricdi®ws:
p(t+ 12) B() Fgp(t H2Pr(Y) g
rt+ D) ) %{Ggp(t t2pr(t) gc pl t/2w0 1)} 210)
by
p(t+ D) p(t +2 > ur(t t) + D

By using Eqgns. 410) again and again, trajectory of atoms including atomic
coordinates and momenta can be extracted from the initial conditions and potential
function defned for the simulated atoms.

2.5 Interatomic Potentials

Interatomic potentials which are used to describe the atomic interactions analytically
can be regarded as the heart of molecular dynamics simuldB86hsThe most
general form of an interatomic potenisgivenas follows:

Ut y)=awit,) +awtr.;) + aw(r.r.) - (11

i i iy ik j>

In Egn 2.11, W, defines a ondody potential which represents the exterioate
fields such as gravitational field or external boundary conditions such as a wall
function defined for particles ithe simulation box.

The other term in Egn. 2.11, Mdescribes a twbody potential which formulates the
dependence of interatomic potential on the distanggbétween pairs of atoms (r

and y) in the atomistic system as shown in Figure 2.4(a).

On theright hand side of Egn. (2.11), thrbedy potential (W) as shown in Figure
2.4(b) and higher order potentials add energy into the total potential energy of the

system related to the geometry of atomic arrangement in the system.

Interatomic potential foctions can be totally in an emprical form or based on

numerical quantum mébanical approximations. Meanwhijle semiemprical
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interatomic potential functions are also derived by parametrization of experimental
data and ab initio data. Force field calculaticare the most time consuming part
within the MD simulations taking up to approximately 95% of the total simulation

time.

3]
3]

Figure 2.4 : (a) Two-body potential parameter®) 3-body potential parameters

As mentionedefore setting up interactions between atoms or molecules correctly is
very important in terms of adding realism into the MD simulations. At the bottom
level, interactions are the product of quantum effects in which the electrons and
nuclei of atoms come into . The relationship of electrons and nuclei is not same
by nature for different materials, which yields wide variety of behaviors. For
instance, in some materials atomic bonding type is covalent while for some other
materials it is ionic. Howeverin some other materials, the interaction type is
metallic where the electrons are free to walk around the nuclei without being belong
to a certain nucleus or shared by leucAs another extreme examplienoble gases
electrons are tightly stitched to atoms esanting a closshell structurg31,32].

Apart from these extreme examples, these different quantum behaviors can be
observed at different temperature and pressure conditions. For example, at room

temperature silicon material is structured as diamahéch is a covalent semi

conductor, while at temperatures higher than melting temperafui®7(’K )
silicon material turns into metall{83]. Similarly, at constant temperature increasing
pressure upon diamond material will cause a @h@nsition and results in a metallic

material.

In generaltwo different approaches can be classified for the adoption of interactions
between atoms and molecules. In the first appraapiotential function that depends

on the interatomic positions€., relative distances and angles) and some parameters
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which are fitted to map the actual properties of the system onto the potential function
[34]. In this approachdynamics of electrons andehavior of electrons are not
directly included in the potentidlinctions. Howeverin the second approach which

is theoretically more intellectual but computationally more expensive, electronic
structure is taken into consideration and forces on the atoms are calculated based on
quantum mechanical behavior. This sstcapproach is the baseline of ab initio

molecular dynamics simulations.

Classical molecular dynamiés based on the first approadhus the forces on the
atoms are derived from the gradients of the potential function with respect to
displacements:

= _p'U (ri) :;H’_u{_u“ (212)
M C H YU 721}

As mernioned before, in MD simulation techniquiss very important to employ
appropriate interatomic potential that will provide proper interaction forces between
the atoms in the systertn this regard, drce models aréhe most computationally
intensive parts of a molecular dynamics simulation code, taking up to 95% of the

total simulation timg¢36].
2.5.1Pairwise interactions

As the simplest casehe interatomic potential can be represented as the sum of

pairwise interactios:

wherer; =r; ¥;,5 1% | and the summation conditiof>1avoids the summation
of double interactions.
2.5.2Lennard-Jones potential

LennardJones potentialvhoseformulation is given below isne of the most well
known potential utilized foan der Waals system and initialbffered to be used

for Argon (®e Figure2.5).
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2
Uu(ﬁ-)=4e, g - rf% (2.14)

LennardJones potential ithe function of two parameters such asis the scaling
parameter that adjtssthe magnitude of the enerf(go can be called as energgale
parametérand s is a lengthscale parameter which affesthe change of potential
as the atomic distances charj@€]. Theseparameters are selected to fit the certain

physical properties of the system.

2

1.5

1 1.5 2 2.5
r/c
Figure 2.5 :LennardJones potentigB3].

LennardJones potential is especially suitable for cleskdll materials such @&eon
andArgon liquids where the electrons are confined to eaaimic nucleustherefore
for openshell systems where strongly localized bonds are obseitvesdnot fully

satisfactory[38].
2.5.3Embedded atom method

Embedded atom method (EAM) is a sesmprical model for the description of
interatomic interactions andeals with each atom in the simulation box as being
embedded in a host lattice environment which is comprised of all other &8ns |

In this method, the total energy of a pure metal system consisting of N atoms is given

by the following relation:

E =4 E (2.15)
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where E , energy term for the ith atom in the system is calculated by the following

relation which consists of two terms.
1. _
E=3a7(y) #(7) (2.16)

where the first term? (rij ) represents the atomic pairwise interaction between atoms

is a function of atomic displacemerated he second ternf (Fi)that is also named

as embedding energy function represents the effect of electron density of the
environment in wWich the atom is embedded. The embedding energy function

depends on local electron density which is calculated ashe summation of

pairwise interaction terms (v, ):
]

Because of the reason that the actual form¢ (cui[), r (rij) and F are not known

exactly, their parameterized forms are usg@¥]. The coefficients of the
parameterized functions are obtained by fitting to already known properties such as

thelattice parameter, cohesive energy and elastic constants.
2.5.4Adaptive intermolecular reactive emprical bond-order potential

Adaptive Intermolecar Reactive Emprical Bor@rder (AIREBO) Potential
developed by Stuart et al4Q] potential is an empirical potential that is used to
model interactions betwee@arbon and Mdrogen. This potential isn extended
version oftheBr enner ' s Re BandOrdere(REBQ@) potant@ldl] and
nonbonding atomic interactions are included. The basic formuldhi®rAIREBO

potential is given by
E — EREBO +EL.] EtOI’S (218)

As it can be inferred from Eqn2.18), the AIREBO is compound of Reactive

Empricd Bond Order (EREBO), LennardJones PotentiaI(E“) and torsional

potential E°*).

The Reactive Emprical Bond OrddE""®° part of the AIREBO is a short range
potential and represerttse covalent bond interactions.
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ERElaoZVin(E ) "QYA(ijr) (2.19)

In Eqn. @.19), V¥ andV," representherepulsive and attractive pairwise potentials
and by is the bonebrder term. Several chemical concerns sucthaexistence of

neighboring atoms and type of hybridization which affect the condition of covalent
bonding interaction are elucidated in this term.

LennardJones potentiaterm (i.e., E~) employed inthe AIREBO potential is
expanded in Eqn.2(20). It consists of conventional Lennaldnes potential term

V,” as well asige (S) and cosine (C) switch functions.

s 4a(B) e (0 & $4) V() @2

%5, % 4
weer(c)ea e 3
ij - ij(}

Torsional potential ternE™* given by Eqn. 2.21) depends on dihedral angle that is

produced byour neighboring atoms and includes cosine switches varying from 0 to
1.

E*=14 &4 & 8 (v e (5w (6) ¥ ()

25 kit (2.21)

In this study,the EAM and AIREBO potentials have been used for the MD

simulations of nanoporous metalsd carbon nanotube networks, respectively.

2.6 Overview of LAMMPS

The LAMMPS (Largescale Atomic/Molecular Massivle Parallel Simulator)
developed by a cooperative research consortium consistimgp®S Department of
Energy (DOE) labs andhree companies, is an open source classical molecular
dynamics code specially tuned for mmdore computer cluster2g]. By usingthe
LAMMPS, several nanoscale systems such as atomic, polymeric, biological,
metallic, granular and coarggained systems can be modeled vatarge library of

force field potentials.
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Systems with only a small ndrar of particles to millions or even billions of
particles can be modeled bye LAMMPS andthe models can be run on any parallel

machine on which C++ compiler works.

While the earlier versions adhe LAMMPS was written in F77 and F90, latest
versions ofthe LAMMPS have been written in C++. Because its programming
design has been adapted to be updated by others, researchers can easily modify the
code and extend its abilities by adding new force fields, atom types or boundary

conditions.

The LAMMPS has a lage interatomic potential library including potentials for soft
materials ie., biomolecules, polymers), solstate materialse(g., metals, semi
conductors) and coarse grained or mesoscopic systems. Other than atomistic systems,
in a general manner asparticle simulatarthe LAMMPS can also be employed to
simulate any systems that consist of discrete partieled interactions between

particles are described by potentials.

In a common point of viewthe LAMMPS realize the numerical integration of

Newtan’ s equations of motion for a set of
which are in interaction with each othey short or long range forces under several
boundary conditions. In order to maintain a computatlgnafficient solution
schemethe LAMMPS employs neighbor lists to perform force field calculations and
these neighbor lists are optimized for systems consisting of particles which are
repulsive at short distances. In that way, elevation of local density of particles is
avoided. In paralleruns, spatialecomposition method is utilized to divide the
simulation domain into smaller domains that are individually assigned to individual

processa.
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3. ATOMISTIC MODELLING AND MECHANICS OF NANOPOROUS
MATERIALS

3.1Introduction

Nanoporous materials are one of the classes of nanostructured materials, which
alreadyexist in nature both in bulk and membrane forms. Biological cell walls are
good examples of nanoporous membranes, which have the ability to permeable
selectively owing prtially to their nanoporous morphology. As a bulk nanoporous
material, zeolites have beenedsas catalysts in industry for many years. In the
recent years, artificial nanoporous (np) matergaisalso manufactured with precise
control on the morphologit parameters including pore size, distribution, porosity
and chemicalproperties 42]. Due to their extraordinary physicaind chemical
properties such as ultra high surfdaoevolume ratio, exceptional electrocatalytic
ability, strain reversibility andigh yield strength, nanoporous materials are highly
attractive candidates for medical application devides, bioartificial organs,
implantable drug delivery systemalso for lighweighted structural applications,

energy absoption devices and h&iaks[43].

In generalfor nanostructured materials the target is to scale down the bulk materials
into nanometer scale. However, for nanoporous materials the major interest is the
scalng down the pog volume,i.e., empty space within the bulk material instead of
bulk material thatencapsulates the pore volumdost of the importanpractical
features of nanoporous materials arise from their structural network of pores, which
enable them prominent candidates in agplons such as adsorbing,
accommodating, sieving and separating molecufes. this reason, nanoporous
materials are different than other nanostructured materials due to that the functional
properties of nanoporous materials are significantly affectetidogharacteristics of
nanopores or nano cells such as pore size, shape and inianadgition to the

surface and bulk properties of constituent material
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In most of their application fieldsnechanical stability and integrity of nanoporous
materials phy an important role to sustain their functionalitfherefore
understanding of mechanical deformation mechanisms of nanoporous materials is
essential to accommodate them safely within the planned service Igeactcal
applicationsDue to high expersof labarotory experiments for a igsiof tests to be
conducted to get simple mechanical properties, computational studies are more
favorablein terms of their flexibility to change parameters of numerical experiments
and their simpler test setups comipgrto laboratory experimentslowever, in order

to employ computational methods for the numerical experiments of nanostructural
materialsthere is a need inumerical specimens or in other words atomistic models
those represetihe morphological charactestics or nanostructural material.
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Figure 3.1 : Samplenanoporous material morphologies: (a) Nanoporous G4
(b) Nanoporous Platirdp].

Themost important concern for the numerical simulations of nanoporous materials is
their complex morphology that consistisrandomly intersecting ligaments with ron
uniform cross section&igure 3.1 shows a few examples of complicated nanoporous
structuresTheir structure can be considered as a network of ligaments with varying
cross sections intersected with each otheniieg junctions throughout the network.
Due to this issues, in literature there are limited number of computational studies

taking into account the complex stochastic chracteristics of nanoporous materials.

The presentchapter demonstrategshe computatiodamethod developed for the
generation of atomistic model of nanoporous structures and their utilization in
molecular dynamics simulations to investigate the mechanical behavior of

nanoporous materials. Following a detailed literature review of nanoporous
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materials, thehilosophy behind the atomistic modeling of nanoporous structures is
presented by explaining éhbasic steps of the algorithi. has been successfully
shown thatthe morphology of nanoporous structures consisting of intersecting
ligaments ca be formed under spherical cell shape assumption by controlling the
porosity The main idea of the presented algorithm is the generation of ensembles
consisting of randomly intersected spheres under certain constraints including
maximum numbeintersectims per one sphere andhaunt of intersection of two
spheres.lt is also illustrated thathe generated foam models resemble conventional
cellular structural units such ake ligaments witha nonuniform cross section
distribution, junctions at which a number of ligaments are joined and pores on the
cell walls with diameters controlled by certain parameters within the algoutfier.
providing detailedexplanatios regardinghe atomistic modang processyesultsof
molecular dynamicsimulations performed on the atomisti@noporousnodelswith
different porosity valuesare presented. According those moleculadynamics
simulations it is foundthat softeningof an open cell nanoporous stture subjected

to tensile loading can be significantly reduced when the size of ligaments and the
joints that connect them in the structure is designed to be sufficiently small. It is
found by using molecular dynamics simulations that the softening bezaiightly
slower with increasinghe porosity for the structures with porosity less than or equal
to 72%, and stress localization is observed during softening. In contrast, for
structures with more than 75% porositiie softening is much slower, and sse
delocalization occurs during softening. It is argued that at relatively high porosity,
the softening is governetby both the ligament size arjdint size because their
compliance becomes high enough to allow the overloading stress due to ligament

rupture to be redistributed more effectively throughout the structure

3.2 Literature Review

Nanoporous materials have been vigorously studied overatstedecade. They have
caught researchers’ attention pralysisari |y
adsorption, filtratiorand sensing42-48], but recently investigations have begun on

their mechanical properties. The very low relative densftylp materials makes

them intriguing candidates for lighter materials in many different applications.

However, the decrease in density is accompanied by a decrease in several important

41



material properties, including stiffness, streng#B][and ductility [44]. The
decreases in stiffness and strength are expected because of scalingp)aamsl[in

fact, the decreases are less than predicted dine surfaceeffects[45-47] and size
effects fA8]; so at present the need is greatest to understaningnadse the loss of
ductility in np materials. Several theories exist to explain macroscopic brittleness,
including the possibility of a narrow ligament size distributi@d] [resulting in
failure of a large percentage of ligaments at once. In the same vsiatisical
average of ligament size overestimates the ability of the entire ligament network to
carrythestress $0] since the weakest linf theminimum ligament size initiatebe
failure throughout the structure #we stress concentrations intensify this study,

we present encouraging results of simulations to show that softenirapoparous
materials decreases at large porosities by the diffusion of stress among the entire

structure, rather than concentration of stress at failure nucleagsn sit

Since the popularity of np materials has increased in recent years, many experimental
and theoretical studies have been devoted to investigate the properties of nanoporous
materials. Many of these studies focused omrAopmaterial due to its unique

properties and ease of manufacturing.

As an experimental study, Hodge al. @5 performednancindentation tests to

investigate the correlation betwetre yield strength, relative density and ligament

sizes of opertell nanoporous foams. Utilizing fipu samples with different relative

densities and ligament sizes, they constructed aR&thtype relation between the

yield strength and ligament sizebydho f yi ng t he Gi bson and Ashby

equation derived for opetell macrocellular foampgi2].

Recently publishedwo papers 46, 47] focusedon the mechanical properties of
nanoporous gold (Au) materials bigingatomistic MD simulations. In botstudies,
openrcell microstructure of nanoporous gold material is obtained by employing the
phase field method which mimics spinodal decomposition of a binary fluid mixture
of two constituents. Farkas et. 7] investigatedboth tensile and compressive
response of nanoporous numerical test samples and reported a significant
tension/compression asymmetry time yield strength, which was explained by the
initial compressive state of the system emerging from surface stresses that favors the
compression. Impeantly, they also observe densification of the foam with the
amount of ~15% under tensile deformation of 30%. This densification is interpreted
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as the result of decrease in pore diameter that realizes by plastic deformation of

ligaments.

Sun etal. [48], on the other hand, performed only uniaxial tensile simulations
preferring to concentrate on the atomistic physical mechanisms behind tensile
deformation of nanoporous gold. They reported the formation of stacking fault
accumulations along the tension dtren in the ligaments and at the ligament
junctions together with the Lom&ottrell locks at the junctions. Modifying Gibson

and Ashby’ s tte¥albngygs!| mowdol uthebdid rki vyYeodu ntgd s
modulusand oam Young’' s mo d uttduaelationrShiproetveeenthel . pr

effective Young’s modulus and relative m;
3.2.1Theoretical and semiemprical models for macroporous foams

Cellular solids, or commonly foams, can be defined as the assembly of three
dimensionalrandomly distributed cells which are constructed by interconnected
struts and/or plates. Struts enclosing the cells are Hfikarstructural members and
intersect with the other struts to form the main frame of a cell. Intersections of struts
form the vetices or junctions in the cellular solids. Cellular solids are classified as
open cell and closed cell foams according to the material distribution along the edges
of the cells.In the open cell foams, cells are interconnected with each other and
platelike faces closing the faces of the cell do not exist. In contrary to open cell
foams, cells throughout the closed cell foams are not interconnected with each other
due to plate/shell like walls between the cells. The material properties of cellular
solids baically depend on the base material that establishes the foam structure, the
relative density, mean cell diameter and the type of the foarmnc{peed cell or open

cell) [42]. In this dissertationmainfocusis on the open cell cellular materials due to
that most of nanoporous metdigve interconnected open cell architecwird@he
book “Cell ul ar Sol i42g9rovidesya solid bhckgooond anrthe A s h |

experimental and theoretical studies on macroporous (mp) solids.

In literature, there are merous theoretical studies for the modeling of macroporous
foams. Using repetitive idealized unit cell models to get homogenized behavior of
foams is one of the techniques that have been employed in literature so far. These
idealized unit cells used to sep cellular network are selected to be idifferent
shapes such as cubic [46], tetrakaidecahedral [49], tetrahedradr[BDpbles $1].
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In most of these micromechanical modéatstial elasticconstantsi(e.,theYoun g’ s
modulus E, shear modulus Gand Poi s s o)nhaw beera aimed to \be
captured by the unit cell models considering the ligaments of the cells as structural
beams and employintpe descriptions of elastic constants in the classical strength of
materials. One of these unit cell mtxé& account for the mechanical properties is

the widely employed cubic unit cell model developed by Gibson and AdRhyir

this cubic unit cell model, the scaling equations that maintain a relationship between
theYoung’ s modul us,elatwé densitiof thetfaara arg drolvided asd

follows:

m
Qo
~

(3.1)
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(3.2)

where r” and rrepresent the density of the foam and density of the bulk solid
materialof which the foam is made, respectively. In the same manBeland s;,

are the Young’s modul us andelyywhieEdandstr engt h

s, aretheYoung’'s modul us and yi e]rabpeditelyengt h of t

As it can be noticed from Eqns3.1) and 8.2), the key parameter that governs the

mechanical properties of macro porous foams is the relative density of the foam

(r*/ g). In this regard, as the relative density decreases the general trend is the

cutback of the mechanical proges such athe stiffness, strength and ductilit$Z-

53]. The coefficientsC, and C, in Egns. 8.1) and 8.2) are established to be equal

to 1 and 0.346], respectively, by adjusting the equations tod¢kperimental data. It
should be noted here that Eqriz1f and 8.2) are valid for foams with low relative
density values. The basic deformation mechanism at low relative density or
equivalently at high porosities is the bending of cell wall®, p2]. As the relative
density increaseshe modified material distribution around the cell walls results in
different mechanical propertiedq]. The yeld strength equation, Eqr3.2), that is
applicable for high porosities was modified by Gibson and Ashbyntiude
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corrections for the description of mechanical behavior of foams at higher relative
density values a®llows:

* o * yé *0 E

S ar’ 8 A 2
—*=Ce— @% 2 (33)
Se s B¢

In general, macroporous metallic foams demonstrate three distinguishable
deformation stages under comgsive loading. The first regime is controlled by the
bending deformation mode of cell walls and forms a linear elastic region in parallel
to conventional stresstrain curvesBYy its classical definitiontheYoung’' s modul
of the foamE’ can be calculated at this regime as the slope of the linear curve. The
next stage following the linear elastic region is the long plateau region in which the
cell wall bending deformation mechanisms ceased and collapsing of cells occurs.
After this plateau regime, the final stage presents a sudden stress increase and
densification of the foam. Densification is resulted from the collapsing of the cell
faces upon each other and so is a sign of destruction of the cells to transform a solid
material wihout any void. Therefore, the slope of the stsisgin curve at this
regi me is equal t o thet sblid matedal of the feanmmaihéru | u s
words, during compression loading of a cellular sdhé, characteristic is dominated

by the demolition of the cells foam structure transforms into the bulk solid material.
3.2.2Experimental studies on nanoporous foams

Practical usage of cellular materials in some cases resulésraguirement of
mechanical stability of the material as in thases of actuators and sensors.
Therefore, investigations on the mechanical behavior of open cell nanoporous
materials are vital to improve their role in the practical appplications. In literature,
thereis an abundant number of experimental studies fogusin the yield strength

and elastic modulus of nanoporous materials. The values reported in these studies for
the yield strength and elastic modulus were shown to vary from 11MPa to 240MPa
and 3GPa to 40Gpa, respectiveB9[ 53-56]. Within the comparisan between
nanoporous gold (Au) and bulk Au,igshown that nanoporous Au may be stronger
than its bulk counterpart of whidhe yield strength depersdn theload history and
ranges between 10MPa to 200 MP&-@)]. This superiority of nanoporous Au over
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its bulk counterpart may enable a new class of material to show up itself in the high
strength materials area.

Nanoporous(np) materials demonstrate a completely distinct behavior than their

bulk counterpart materials. As an example to this important gghena is that

although bulk Au material show a ductile fracture failure under tensile loading,

nanoporous form of Au presents a brittle behavior under tensile stresses. In addition

to that, nanoporous materials exhibit typical properties of porous matender

both compressive and tensile loading. However, the scaling Egd3.and 8.2)

developed for the prediction theYoung’' s modul us and yield st
porous materials are not applicable to nanoporous materials, which directed

researchert investigate new scaling equations to describe nanoporous materials.

As mentioned previously, Eqns3.1) and 8.2) that were developed by Gibson and
Ashbywer e derived by directly comparison of e
modulus or yield strengthalues at different relative density valugbese equations

can be usefbr all types of open cell macro porous foams disregarding the material

types.

Indendation tests are one of the popular experimental methods to realize
measurements for cellular sddi. Generally, for bulk materials the hardness values
(H) obtained from indentation test are related to the yield strength valug¢s-&s

relations[62]. On the other hand, this relationstbptween the hardness value and

yield strengh for cellular solids with the low relative densi(y*/ §>0.3) IS

assumed to béd ~s relations[63]. Under a compressive loading, a cellular solid

does not expand in the directions transverse to the loading direthierefore
effective Poisson’s ratio is assumed to be
also applied at nano scale by taking the name of nanoindentation and similar to
macroscopic case the relationship between hardness value and yield strength is

defined asH ~ s relations

One of the first experimental studies on nanoporous materials performed by Rong Li
and K. Sieradzkig3] was focused on the ductile to brittle transition in nanoporous
Au. They showedthat as the ligamentseg thinner they do not behave in brittle
manner. In another study, Khang et al. had reported that ratio of the specimen size to
the element strength distribution at random porous structures plays a significant role
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on the ductilego-brittle transition 4]. In their study, Li and Sieradzki employed
nanoporous Au that was specified as “hig
study would be a sample system for the determination of physical properties in the

future works.

Following those studementionedabove, by using different methods, mechanical
properties of nanoporous materials have been studied. The majority of the studies
performed on the nanoporous Au employdéd nanoindentation technigseto

determine the mechanical properties,,theyieldst r engt h and Young’ s
this regardjn the next sutsectionsthefirst review isgiven on the elastic modulus

of nanoporous materials under compressive loading. After that, experimental studies
which had utilized nanoindentation tests to sty yield strength properties
discussed.In the meantime, the results obtained through other techniques than
nanondentation is presentedFinally, the literature review was performed
consideringthe studieghat werefocused on the tensile properties ranoporous

materials.
3.2.3Studiesontheungés modul us of nanoporous ma

Based on the results obtained from the studies on the elastic modulus of nanoporous
materials, as the sample or microstructural geometry size decreases, an
accompanying decreasen t he Young’' s modul us 52ls not
In this regard, Volkert et al6p] carried outa series of uniaxial compression tests on
nanoporous Au columns by using test specimens with different diameters to
investigate the effect of sangpkize on the elastic modulus. They determined the
Young’'s modulus as 7 GPa by wusi mmgant he ur
curve of the samples under small plastic stré).[Beside this, elastic modulus of
nanoporous Au was determined by Bieme al. 7] to be in the same order of
magnitude by employing nanoindentation tests with depth senfhmgY oung’ s
modulus of nanoporous Au obtained by several experimental techniques can be
compared with the analytical predictions that could be pravimeEqgns. .1) and

(3.2). For this purposeheYoung’' s modul us of single cr
range of 5785 GPa $6] and porosity value of 36 % or relative density of Ongte

used as input values into Egn3.1) and 8.2). As a result, scalingquations yielded

elastic modulus values ofI7/1 GPa which match well with the experimental results
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obtained from 7] and [68]. Moreover, in the outcome of experimental studies, no
dependency of measured Young’s modulus on th

However, in contrast to the results obtained from the stui@sahd [H6] that were
mentioned above, in the study performed by Hodge et4&], fhey found out

Il nconsi stency between their experimental You
measureddr foams with relative density in the ranges of 0.25 to 0.41, and analytical
results calculated bghe scaling equation in which the relative density exponent is
equal to 2j.e.,n=2. On this issue, they provided an explanation saying that primary
reasorbehind this inconsistency was that scaling equations developed by Gibson and
Ashby were valid for foams with low relative density where the size of ligaments are
less than the size of pores. On the other hands, the foams employed in their
experiments withrelative density ranges of 02641, ligament and pore sizes are
comparable to each other, which results in considerable contribution of ligaments
into the overall deformation mechanis68].

Another conflicting result waebtained by Mathur and Erlebaah[60] on the issue

of size effects on the elasticity modulus. In their study, their results indicatetiehat

Young's modulus of the nanoporous structure
length scale changes. They reported that when they decteasiéghment size from

12nm to 3nm, four times less thdhe initial values, they observed four times

increasein t he Young’'s modul us of nanoporous Au.
method for the mechanical testing of stress free nanoporous Au films thadiigin

ligament sizes range from 3nm to 40nm. According to their results, size dependency

of elastic modulus is much more apparent when the ligament sizes are smaller than

10nm. For the ligament sizes larger than 10nm, the effect of size dependency is not

as considerable as the ligament sizes less than 10nm. Comparisons made between the
Young's modulus values obtaine6d7lfandom nanoi n
values calculated by Gibson and Ashby scaling equation, Bdn.résulted in good

agreementdr the ligament sizes larger than 12mmnanoporous Au. Four times

increase in elasticity modulus of nanoporous Au films in case of ligaments smaller

than 10 nm was explained by several factors such as surface stress effect. Another
explanation was reladewith the morphology of the nanoporous structure stating that

porous networks consisting of smaller size ligaments contain large number of

ligaments comparing with porous networks having larger ligaments, so less
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ligaments. As a result of increasing numbé ligaments total bending stiffness of

the porous network became larger than the network consisted of larger ligaments.
However, these results are not incompatible with the other experimental findings
which reported that the elasticity modulus of nasrops materials is not affected
considerably by size effect§d]. For instance, in the experimental study given in
Ref. [73] it has been shown that elastic modulus of both Au nanowires, which
represent the ligaments of nanoporous &ung bulk Au materiato not depend on

the diameters of specimens.

So far all the studies given here are related with the dependency of elastic modulus of
nanoporous materials on the size effects. In addition to these studiesarthaliso

studies investigating the effectsrekidual contents within the nanoporous structure.

For example, in one of these studigd]| effects of residual Ag content on the
Young's modul us of nanoporous Au materi e
during the dealloying process of AWAg alloy, in order to geerate ligaments smaller

than 3Gim, diameter surface diffusion should be suppressed which causes an
increase in the concentrations of residual Ag content. As a result of increasing
amount of residual content, density of the yielded matafsa increases, which in

turn causesheY o u n g duus tmimcrease. This change inh®@ung’' s modul
duetothedensi ty increase can also be deduced
equation, Eqn.31), which indicates thain increase of relativelensity will also

provoke the raise aheYoung’ s modul us of any kind of
the results obtained in this study, stiffening effect of ligaments smaller than 12nm

t hat was observed i n M@ ctahalsobeatpided ByrtHee b a c h

existence of residual content in small sized ligaments.
3.2.4Studies on theyield strength of nanoporous naterials

Previously it was mentioned about that indentation had been proven to be an
acceptable method to measure the yield strength of npaerous foams. However
several concerns including the densification and indentation size effects should be
handled to verify this measurement technique. For the densification issue, both
nanoporous and macroporous foams face with a similar case in weicdreh of
porous media contacting with indenter is compressed and densified locally while the
other regions outside the indenter diameter range are not affected from the
densification ¥5]. In the study presented by Andrews ef s¢veral indentation test
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were conducted on macro porous aluminum (Al) foams to show the indentation size
effects [/6] and effect of sample size with respect to the cell size on the mechanical
behavior was investigated. According to the results obtained by this study, a decrease
in hardness values was observed in the form of an exponential function which has
variables of cell size and indenter size. Similar results were reported by Hodge et al.
[68] for nanoporous Au in the case of nanoporous materials. Andrews &éjadlqdo
reported thatthe yield strength values extracted from both compression and
indentation tests for low density macro porous foams are compasgiblecach

other. In the same manner, for the verification of nanoindentation tests, Chen et al.
[77] provided valdation of nanoindentation method by comparisons between
nanoindentation test results with the results from bulge test measurements. They also
presented another comparison between nanoindentation results and finite element
solutionsof mechanical responsé thin nanoporous polymer films and showed that

the values were in good agreemeéfi] [

Experiments conducted via nanoindentation tests on nanoporous materials with low
relative density pointed out the high strength capability of nanoporous foams. In one
of those stutks namely Biener et al. T1], nanoporous Au specimens with 0.42
relative density and ligament length of 100nm were utlized in hardness
measurements and hardness values obtained as a result of experiments were 10 times
higher than the hardnesvalues estimatelly the scaling equatiodeveloped by
Gibson and Ashby. They also demonstrated thg SEM (Scanning Electron
Micrograph) images which are shown in Fig84 that the type of governing
deformation mechanism in a nanoindentation test ze@dlion nanoporous Au is
ductile or in other words plastic densification. Likewise, Volkert et @8] Lsed
ligaments of nanoporous ligaments with 15 nm length and established that the yield
strength of those ligaments are close to the strength valuetkajddd material. For

that purpose, they first determined the hardness value of 100 MPa through an
experimental stage and then this hardness value is substituted into the scaling
equation, Eqn.32) with the relative density of 0.36. As a restlieyield strength of
individual ligaments of nanoporous Au material predicted as 1.5 GPa which is in
good agreement with the anticipated theoretical shear strength of Au which presents
a state in which the neighbor atomic layers slide on another plane witleoeifelat

of dislocations Tg].
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Figure 3.2 : SEM micrographs of 8OGﬁ1N |ndentat|ons ona fractured surface of np
gold: (a) conospheeal tip with a tip radius of . mm, and (b)
Berkovich tip with a curvature of 200 nm. Ductile densification is
observed for both probes. Note that the plastic deformation is confined
to the area under the indenter, and adjacent areasvidtally
undisturbed5].

High yield strength esults obtained from the nanoindentation tests, which were
mentioned above, was a surprising outcome of the experimental studies comparing
with the results related with size effects which were expected to play much more
important role in the mechanical [@for of nanoporous foams. In this regard,
studies reported in the last years provided a thorough illustration of sample and grain
size effects on the plastic deformation response of nanostructured materials.
Dominant role of size effect on the mechaniclaaracteristics of materials at nano
length scale were demonstrated via both experimental studies and numerical
simulations €.g.,molecular dynamigs For instance, Hodge et abg] investigated

the dependency dheyield strength of nanoporous Au foams the microstructural
length scale by performing nanoindentation tests on the samples with relative density
values ranging from 0.2 to 0.4Eigure 3.2 shows their comparison made between
their experimental results with the values calculated via scalijugtion given by
Gibson and Ashby.tlcan be inferred from the figure, thats the ligament size
decreasesthe yield strength of nfAu having the same relative density also
decreases. This result is in contradiction with the results provided by ottierssbn

macro porous foams in which the ligament size is greater than 1.0um and the
predictions determined by the scaling equation of Gibson and Ashby which do not
include the size effect dependency of mechanical properties for a fixed relative
density. Asthe size of ligaments gets closer to 1.0um, the results obtained from
nanoindentation experiments converge to the values calculatethebgcaling

equation.
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Figure 3.3 : Experimental values for foam yield stress for samples of np Au with
relative density ranging fro 20% to 42%, normalized by the yield
stressof fully dense Au. The solid line presents the Gibson ashli#
prediction for a gold foarfir9].

Effect of ligament sizes on the yield strength of nanoporous materials was also
studied byHakamadaet al. B8] by carrying out nanoindentation tests of nanoporous

Au speciemens that were manufactured by dealloying method. By using the
experimental results, they formed a relationship between the yield stress and

ligament sizes a®llows:
S, =Kd" (3.4)

where d, K and m represent the ligament size, a constant and the power of size
dependency, respectively. The valuenafin Eqn. 3.4) is determined a€.20 from

the plot obtained by experimental results. This value obtainednforshows
similarities with the values in analogous equations developed for the face centered
cubic (fcc) metallic nanowire§79] in literature, which can be deduced that the
deformation mechanisms in both cases are also compavéhleach other. Upon

this deduction, in their studyHakamadaet al. B8 mentioned that several
microstructural alterations due to size effects observéttimetallic nanowires such

as a decrease irthe number of defects in grains, the repression of emission and
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reabsorption of dislocations may also be resulting mutational mechanismsttae to
length scale effects.

On the other hand, still there is notcartain agreement about the length scale
dependent governing mechanisms that drive the deformation modes of nanoporous
Au together with nanowires and columns of Bespite the lack of such a consensus

on this issue, most of the studies in literature fedld the path of comparing the
results belong téhe mechanical behavior of ligaments in-Ap with the results of
columns and nanowires of Au. In the studi@8][and [B1l], experimental results
provided by indentation tests on nanoporous Au and nanomeahamasurements
conducted on submicron Au columns and nanowires were evaluated. Dependency of
the yield strength tothe length scale as discovered in nanoporous Au was also
observed for the micropillars or nanowires of Au. As a matter of fhetyield
strength values ofmicrocolumns and nanowires which have very small crystal
structures yielded very high values. Moreover, in another study reported by Geer and
Nix [82] thelength scale dependency tbie yield strength established in #u was

proved to eist also for submicron Au columns and concluded that theoretical yield
strength could be maintained as the diameters of Au columns were reduced below a

few hundred nanometers.

In the study performed by Volkert and Lilleoddesv][ micropillars of Au which
were made from large grained Au sheets using a focusete@aa were subjected to

nanoindentation tests to measuhe yield strength. Based on the experimental

results, an exponential lawg " describing the relation between the yisldength

and the diameter of columnsl,employed in the experiments similar to EqB.4{

was derived. The exponential term of this relationywas found to be 0.61. Because
these results are in good agresmwith the relationship between the yield strength
and ligament diameter which was also observed by By) {for npAu, it can be
concluded that the deformation mechanisms of nanoporous Au and micropillars of

Au may have similarities.

Explanation of the length scale effect on the mechanical properties of nanostructured
materialis attributed to the existence of free surfaces which confines the number of
dislocation nucleations. Biener et alZ] in their study noted that because the
ligaments of anoporousAu are related to the Au microcolumns, as the sizénef t

ligaments decreases within nanopordus the stress values at which the
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dislocations are activated to move increase as well until the theoretical shear strength
is reached. Irthis regard, their results indicating the dependency of nanoporous Au
to the length scale effects are in the same scope with the results obtained from
compression testperformed on micro columns of Au. Several factors such as
modified internal stress figs, changes on the active dislocation size and number of
dislocation sources are shown as the reasons of increasing of dislocation activation
stress $3]. Many of the studies whicldemonstrated that the yield strength of
ligaments in npAu approaches ththeoretical shear strength are also satisfied with
this explanation provided for micro columns of ;Atherefore, Biener et al.6f]
referred nanoporous Au as the thrdemensional network of defect free ultra high

strength Au nanowires.

All the studies gien so farmentioned about similarities between deformation
mechanisms of nanoporous Au and Au nanowires or microcolumns. However, in the
study presented by Dand Derby[70] showed that the deformation mechanisms of
these two nanostructure groups mayetifrom each other. In this regard, in order to
focus on micremechanisms of deformation in nanoporous Au ligaments, they
investigatedthe deformed structure following an indentation by usihg TEM
According to their results, they reported that theses wo considerable distinction
between the results obtained by the use efAnpgigaments and 3D macroscopic
samples due to that the deformation mechanisms of lefurigaments and bulk
np-Au consisted of comparable ligament sizes are similar. Accotdirtige studies
performed by Gibson and Ashby, it had been suggestediuleato localized plastic
deformation at the intersection of ligaments, namely junctions, plastic collapsing of
macro porous foamgccuredby bending of ligament. With this conclusiogported

by Gibson and Ashby, localized plastic deformation through ligament bending also
observed by surface steps noticedne TEM images presented in the study of Dou

et al. B4]. Moreover, around the junctions where the ligaments are Sietckley
partial dislocations and micro twins were observed to exist. However, in the
deformed structure of RAuU ligaments, no perfect dislocations were found, which is
compatible with strengthening models based on strain gradient hardé4ingtfain
gradient hedening modelsare basically continuum scale deformation mechanisms
based models claiming that geometrically essential strains block further deformation
yielding a strengthening effect on the mechanical behavior of the matéralEM
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images provided byDou et al.[84] demonstrated the generation of complex
microtwins by propagation and interaction of Shockley partial dislocations. They
also claim that the basic difference between the compressive deformation
mechanisms of nanowires and-Ap ligaments isthe primary bending mode

observed in nanoporous structire

&

by
ol

—
(@]
A
I P T

e

%
.

b
et .

MY
[ ]

2y

100

Displacement (nm)

Figure 3.4 : The loaddisplacement curve recorded during -situ TEM
nanoindentation of a 150 nm 4w film. It appears that the load drops
(marked by arrows) correspdngd to collective collpse of a layer of

pores[67].

One of the experimental techniques tisa¢xhibited in the last years and named as
in-situ nanoindentation method was utilized by Sun et 48] fo study on the
deformation mechanisms of nanoporous Au thin filmstheir study, they used np

Au thin films 150 nm in thickness consisting of ligaments with diameters in the
range of 10 to 20 nm4f]. As noted, they investigated the microstructural
characteristics of deformation by employitige TEM during the operation of
nanondentation. By this way, they had visualized the deformation process, and so by
using the TEM images they stated that in the initial phase of nanoindentation,
deformation of npAu was noticed to occur readily by compressing of the ligaments

just under theindenter while the rest of the structure below this region stayed
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uncompressed. In the further time of the nanoindentation process, as the indenter
moves forwargd head of the compressed region moved in front of the indenter

resulting in collapsing of neigoring ligaments.

Two local maximum points which are separated approximately by a distance of size
of a pore on the displacement versus load curve as showgureB.3 indicatethe
compression and then collapsing of a layer of cells in which the ligamreaentosing

the cells bucklgat the same time yielding a sudden decrease in the load value
applied by the indenter. In addition to that, by the helinefTEM images tracing of
dislocations showed that dislocations spanned the ligament width. It wasats

that the transportation of dislocations throughout the ligaments and at junction
regions where the ligaments are intersectbslocations are entangled with other

dislocations coming from other ligaments.

Although there are huge amounts of stadiecusing on the size effects and high
yield strength characteristics of nanoporous materials, there are limited numbers of
studies which presented the strain hardening properties of hanoporous materials. The
main reason for this is the difficulty of euvalting the complicated strain history
generated by nanoindentation techniqueth@most of the experimental research,
nanoindentation methoés employed due to its simplicity comparedth other
mechanical testing methods. However, as a result of nasmeibn test, complex
strain history avoids interpretation of strain hardening characteristics of the material.
Figure 3.4 shows the true stres¢rain curve of np Au ligaments obtained through
uniaxial compression tests, which were demonstrated by \{@ket. B7]. As it can

be inferred from Figure8.4, there is a substantial strain hardening behavior of
nanoporous Au columns, which approaches approximately two times of the yield
strength progressing up to 30% strain. It is also noticed that eaah Isaraening

region is followed by a plastic flow region.

By using thin nanowires of rRAu through nanoindentation tests, strain hardening
characteristics of nu were also studied in Re®3]. In this study, strain hardening
property observed even at dirstrain values was attributed to the contacts between

theligaments of high relative density foams.

Nano pillar micrecompression testing technique is another experimental method that

is less complicated than nanoindentation test for the measurememogfanousAu.
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In their study Biener et al.6]] performed uniaxial compression tests of-Aup
columns by using the procedure provided by Uchic ei8&]. Micro columns of Au
specimens employed in that study were manufactureddmgéal ion beam techie

with approximate lengtto-diameter ratio otwo. Strain hardening behavior of the
micro columns was not captured from the true sts@ssn curve in which a constant

flow stress was observed following approximately 2.5% sftfs@e Figure 3.5)On

the dher hand, as also obtained in nanoindentation measurements, in the
compression tests carried out in this study yielded high yield strength values, which
in turn indicates that the type of the testing method is not the reason behind the

results of high yilel strength values of rpu.
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Figure 3.5 : True stressstrain curves from 1, 4 and|8n dameter mnoporousAu
columns[66].

Even though there are many studies having reported the remarkably high yield
strength of nanoporous Au that were presented in the preparagraphs, there are
also some other studies which demonstrated considerably different values of yield
strengths. For example in Re87], the obtained value of yield strength for-Ap is
approximately one order less than the values reported in theéesstuchere
nanoindentation experiments were performed on the samples. In that studly, np
samples were generated by a different method that was introduced by Jir8éft al. |
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In general, dealloying manufacturing method yieldsAnpsamples which show
unexpected mechanical failures due to their volumetric shrinkage tendency such as
stress corrosion cracking and brittle fractur@9]] Crack formation during
manufacturing of nanoporous Au was able to be avoided and thus crack free samples
were able to be maradtured by Jin et al8B]. Because the volumetric shrinkage
percent during the manufacturing process is less than 2%, their samples were crack
free. Their compression test results showed that their samples exhibit outstanding
ductile behavior in the wayat without any fracture almost all of the structure was
able to be compressed. Plastic deformation distribution across the sample section was
shown to be homogenous by electron backscatter diffraction (EBSD) maps, which
conflicts with conventional obserran of deformation bands propagating through

the sample. The other discrepancy of this study is the low yield strength values that
are not consistent with other studies which had employed nanoindentation tests for
the yield strength measurements and exflidhe yield strength value to hardness

value (H ~s) for only low density foamsgg)].

The other reason undentyg the noticeable distinct results may be due to the
manufacturing method which causes different morphology formation. Thiemo
structure formed by a loaginge coherent crystal lattice system where each grain
consists of billions of nano ligaments that hétvesame set of crystallographic slip
planes 90]. From their EBSD maps, it was observed that during the deformation
process the grain structure of the ligaments did not change which was evaluated as
that a collective shear of ligaments occurred along shared slip planes and in the same
directions contrary to the known low density foar@$][ The other studies worth

being mentioned in this section considered that macroscopic strength of nanoporous
materials could be driven by the joint relation of relative densitysize dependency

of ligamentshowever in this study another aspect of deformation mechanism which

is the interrelated deformation of individual ligaments, was presented to be

accounted for the understanding of deformation mechanism of np materials.
3.2.5Studies on the Tensile Behavior of Nanoporous Materials

Number of studies on the tensile fracture behavior of nanoporous materials is not too
many in comparisowith the number of studies on the compressive deformation

behavior. Brittle tensile characteristics of -Ag alloys under corrosive conditions
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had beerdemonstrated in the earlier studi€2][focusing on the stress corrosion
crack formation on AtAg alloys. The results presented in these studies were
consistent with the filmnduced cleavage model according to which crack generation
is encouraged by thiermation of thin layer of #Au during the dealloying process

and propagation of the crack is through the new formed dealloyed layer towards not
corroded bulk material 9B]. As mentioned before, although bulk Au material
exhibits ductile fracture charagtstics in tensile loading, it has been demonstrated
that macroscopic tensile failure mode ofAp materials is remarkably brittl®4].

Due to thisbrittleness of npAu materials handling of npAu test specimens were
reported to be so difficult. In adbn to those, Li and Sieradzk6J] presented that
considerably larger test specimens compatiitp their ligament/pore size yield
more brittle fracture behavior. Because of these properties of nanoporous materials,

their tensile mechanical testings asgy challenging to perform.

Dealloying process of nanoporous metals causes high ratios of volume shrinkage as
well as tensile built stresses embedded into the stru@bkeAs the content of Ag in

the AgAu alloy that is employed in the dealloying pess increases, the degree of
brittleness of the structure also increases. For instance, samples generated from
AgsoAuy alloys by dealloying are quickly fail to keep their structure without
destruction due to inherent tensile stresses from dealloying gsoeehile the
samples generated from Afuszo alloys survive their integrity. The studydd]
performed on the nanoporous Au nanowires that were made freaAuhg (i.e.,

with high content of Ag) established a significant result which stated that nanowires
as well as nano thin films are more resistant to tensile built stresses that emerge due
to dealloying process than their macroscale counterparts, because of the reason that

their volumetric shrinkage is not very effective.

Biener et al. T1] in their detaied study conducted thrgmint bending tests to
investigate the fracture characteristics ofAp It was observed that test specimens
were catastrophically failed in the tensile stress region rather than compressive zone
following a crack propagation pba, showing that the structure is more susceptible

to compressive loadings. Because there was no traceable plastic flow before the
failure, it was concluded that the failure of the material occurred after a crack
propagation phase which is in brittle n&uOn the other handluctile failure of
individual ligaments through nanoporous Au was presentethd$EM images of
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the microstructure showing the necking behavior due to plastic deformation. 8eside
these, MD studies on Au nanowir&d] demonstratediiat elongation of ligaments is

100%, which was an expected result due to that gold is the most malleable metal.

As also reported by an earlier study by Khang et @&] for a random network
model, macroscopic brittleness is considered tdhieeresult of narrow ligament
strength distribution through the network. Based on their explanation to the brittle
behavior, failure of the weakest ligament initiates the crack propagation in the
network of ligaments by causing extra straining and overloading of clagasents.

The route of the crack propagation is the direction in which the resistivity of the
structure is the lowest. Therefore, Khang et @] fdefined the total strength of the
network as the largest critical defect resulting in the highest stoesemtration. As
stated in Ref.72], amount of Ag component increase in the grain boundaries -of Ag
Au alloy that would be used in the dealloying process activates the generation of
higher porosity material while creating 2D like voids. These voids armtteause

of the crack formation and then propagation due to elevated stress concentrations. In
this content, they noted that the mechanical behavior-@funpould be enhanced by

introducing wider ligament strength distribution.

In another study97], test specimens were tested within a customized testing setting
and comparable fracture behavior m-Au could be obtained through serial
experimental work. In this studgtigital image correlation (DIC) method was utilized

to perform strain measurements, which makes it possible strain measurements
without any contact with the capacity of ffikld advantage. In addition to those,

this methodof which the details are praled in P8] also enables the calculation of

t he Poi sson’ s rati o. Due t o macroscopic b
deformation, test specimens did not show any plastic flow in tensile loading.

Following the initial elastic phase in the tensile defororgtia crack initiation and

then propagation phase is ceased by a quick failure which occurs on the plane
perpendicular to the tensile loading axis indicating the brittle fracture behavior. As it

can be noticed frorthe SEM images they provided, they aldated the plasticity of

the individual ligaments causinthe ductile failure of the samples. The plastic

deformation of lhe ligaments was reported to bensiderably localized due to that

neighbor ligaments stayed intact while 1 or 2 ligaments that @heiarack surface

region are subjected to plastic deformation. This phenomenon was explained in their
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study by he situation that ligaments qaot store the dislocations which move to the
surface and then escape.

3.3 Atomistic Modeling of NanoporousMaterials

In this section, complexity of nanoporous structures are introduced and then the
algorithm developedo generate nanoporous atomistic models is presented along
with several examples of atomistic models generated by the proposed method.

3.3.1Random network nature of nanoporous materials

As mentioned previously, the most challenging part of investigating nanoporous
materials via numerical simulations is the generation of atomistic models which
representthe basic morphological properties in consistent with readngerical
features of nanoporous structures. For thémsonthe number of studies regarding
computational evaluation of behavior of nanoporous materials is limited to small

numbers.

Major complexity of nanoporous systems, or more generally porous systems
emerges from their random naturmbology thatcan be considered as a network
consisting of intersected ligaments. Lengths of ligamémsughout the network
distribute inhomogaously while their crossectional shapes and areas change
unpredictablyalong their lengthLigaments and their junctions encapsulates void
volumes which are called cells within the netwaddowever, current preprocessor
capabilities of atomistic simulation codes only allow to model atoms in basic

geometrical design shapes.

As shown inFigure 3.1 especially nanoporous metals that are manufactured by
dealloying process depicts remarkable topolalggomplexities such as randomness,
bicontinuous features with very high degree of negative, positive and saddlepoint

curvatures 99].

Because of complex morphologies of nanoporous materials, it is difficult to obtain
their representative numerical models, which in turn avoid®mentn the number
of computational studies. The complexity of structucé nanoporous materials
comesfrom their inherent cellular structures that consist of irregularly interconnected
ligaments along whiclthe massis distributed noruniformly. For the purpose of

modeling nanoporous materials as clasé the real morphology, random nature of
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porous natork should be reflected in the numerical model by adding randomness
into the several geometric variables such as cell locations and cross sectional area of

ligaments.
3.3.2Algorithm for generation of nanoporous models

Atomistic modeling of the anoporousstructures in this study is based on an earlier
work used to model microcellular carbon foar6g][as shownn Figure 3.6where
the cell sizeswithin the foam structure ara ithe micron scale. Howevyen case of
nanoporous materials, the range of cell size decreases below 1D@arrinciple
assumption made for the developed method is the spherical cell absypaption,

whichresults in spherical void volumesthin the porous network.

(a) (b)

Figure 3.6 : Foam models empyed for the mechanical response of carbon foams
(&) Computer Aided Drawing (CAD) moddb) FEA results of foam
models[62].

The basic idea of the generation method is to create an ensemble of spheres, which

consists of spheres intersected with a nundbether spheredBefore going further

into the explanation of the technique utilized to obtain nanoporous atomic structure,

main definitions that are used in the algorithm scheme will be g@ea.of these is

the *“target spher ethesphewniwhidhaspesifichiumberofdent i ty o
other spheresare placedintersecting with it These spheres that are placed onto the

target spheres armmed as ne i g h b o See &igured.7 @)sfor the illustration

of the target and neighbor sphere cotsep

The algorithm explained in this section is coded usyng Matlab programming

language. The Matlab code generates several outputs that are utilized to create
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atomistic nanoporous models. One of these outputs is the central coordinates and
radii of spheres that form an ensemble consisting of interconnected spherical
network. The other important output from the code is the identities of the neighbor
spheres for each target sphere, which provides the statistical characterization of the
spherical netwde in terms of number of neighbors per target. The code also
generates the LAMMPS script file which utilizes the central coordinates and radii of

spheres in the generation of atomistic porous structure.

M Target sphere

(®)

(a)

Figure 3.7 : (a) Representation of a target sphere and its neigploeresand (b)
Parameters used for overlapping and-n@arlapping ratio calculations

The other two concepts defined within the algorithm is the overlapping and non
overlapping ratios, which are used to manage amount of intersection and minimum
distane between neighbor spheres of the same target sphere, respectively.
‘Overlapping rati6  d e n ocd isedéfindal yghe ratio of the distance between the
center of the two intersected spheres and the sum of their ‘tddn-overlapping

ratio d e n i, is definedyashe ratio of the distance between the center of the
two nortintersectedneighbor spheres and the sum of their radihile the
overlapping ratio parameter amployedfor intersected spheres, romerlapping

ratio is used for norinterseceéd neighbor spheres located around the same target
sphere Figure 3.7(b) presents the parameters that are used to calculate overlapping

and noroverlappingratios by Eqn 35.

! (35)




In Egn. 35, 1 and r; are the radii of spheres which are considered for the
overlapping and neoverlapping ratio calculations, and} is the distance between

certral coordinates of correspondisgheres.

The algorithm used toegerate ensemble of randomly intersected spheres starts with
thecreation of a sphere randomly located in the design space and issbhethaget

sphere to generate neighbor spheres intexdeotthe target spherafter completing
themaximum number of neighbor spheres on the target sphere, a new target sphere is
selectedamongst the neighbor spheresmd creation of the neighbor spheres
progresses to be located on the new target. Asdlvespheresintersected with
existing spheresre created, ensemble of spheres grawdarger sizesWhen the
required size of the ensemble, which depends on the size of the specimen that will be

tested numerically, is reached, creation of spheres is ended.

The central coordinates of neighbor sphe(asy, z) are calculated by using the

central coordinates of the target sphe(e§, yo,zo) in the spherical coordinate

system as shown in EqB.6.
X=X, HSsingcosi

y=Yy, tsingsin / (3.6)
z=1z +cosg

In Eqn.3.6, £ and g are angular components of the spherical coordinates and are
selected randomly from specific ranges. In this regards randomly chosen from 0

to m/gi santrdandomly chosen f r omrep@esentothert.
distance between ¢htarget sphere and correspondingighbor sphere. It is
determined by the overlapping ratio defined as a preliminary for the numerical
model. If the neighbor spherewhich is selected randomly by these stochastic
spherical coordinatesdoes not satisfy the constraints which are defined by
overlapping and neoverlapping ratios, a new random neighbor sphere is generated

until all the constraintare satisfied.

As mentioned above, central coordinates of neighbor spheres are generated in a
stochastic manner. However, for the purposearitroling certain properties of the
nanoporousstructure such as porosity and ligament sizgribution severaldesign

parameters are maintained be adjustable in the random sphere generation
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algorithm:One of these desigparameters is the rangedémeter values aphers
that are generated. So, by this way the radii of spheres can be selected randomly from
a pre-defined array in the process of sphere generation. By controlling the size of

spheres, cell sizes in the porous structure can be kept under control.

Solid Volume Ensemble of Spheres Foam Model

Figure 3.8 : Generation of £ AD foam model by spherical ensemble approach.

The other parameter thatdsntrolled within the generation process is the maximum
number of neighbor spheres intersected with a target sphere. This parameter affects
the porosity as well as the degree of interconnectivity of the porous structure. Beside
these parameter®verlappig and noroverlapping parameters which have been
defined previously are varied to generate porous structures with different porosities.
In the mean time, some of these are interrelated with each other. For example, as the
overlapping ratio is increasethe number of neighbor spheres per target sphere
should be decreased accordingly due to the reason that the surface area reserved on
the target sphere for one intersection increases. Similarly, as thevadapping

ratio is decreased the number of neighfpineres per one target can be increased.
Because, nowverlapping ratio is a measure of minimum distance between the
neighbor spheres located on the same tatige$ decreasing this distance enables to
place more spheres on the target. For these reasdnle setting these initial
parameters the interrelationships between these parameters should also be
considered.

Non-overlapping ratio values are kept above 1 to avoid any possible intersections
between neighbor spheres around the same target sphergolume between nen
intersected spheres defines the ligaments and junctions (see Figure 3.9). Therefore,
varying the overlapping ratio enables to alter ligament and junction sizes.
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As shown in Figure 3.8he foam structure with spherical cell shapeokstained by

removing the unified volume of spherical ensemble from the bulk volume of material
with desired shape. In Figure 3.8, the final foam model is obtained in the same
volumetric shape of the solid volume from which the ensemble of spheres are

substacted.

Junction

Ligament

Cell Wall
Figure 3.9 : A close viewof the CAD model of a sample porous structure

In summary, porous structure with spherical cell shapes can be generated in two
main steps. In the first step, an ensemble of spheresnistructed by initially
creating randomly genated spheres that overlap with each other. After generating
sufficient number ofpheres to cover the desired model spspkeregeneration is
ended andhe final porous structure is obtained through a volumetric substraction
process as shown in Figure83by correspondg CAD models. Finally, basic
structural items of a cellular solid obtained throdfghm generation process are
illustrated in Figure 3.9. According to that, pores, cell walls, ligaments and junctions

are clearly distinguished from thefigure.

Pores on the cell walls are formed due to intersections between the spheres. As the

overlapping ratio increasgsore sizes also increase. Ligaments, on the other, land
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formed by the volume retained between the -imbarsecting neighbor spheres
Therefore, noroverlapping ratio value thagontrol the minimum distance between
neighbor spheres of a target sphere controls the ligament size in the porous network.

Formation of junctions is due to joining of ligaments at common locations.

In Figure 38, transformation of a spherical ensemble into a CAD foam model is
presented. Transformation of a spherical ensemble data into an atomistic porous
structure is not so different in the manner that spherical ensemble volume, this time,
is substracted from aatomic crystal system instead of a solid volume. In other
words the atomistic models of nanoporous materials are generatedninving

atoms which are encapsulated by the volume of spherical ensemhiglaesulting
structure is a spongike cellular sysem through which the ligaments are randomly

oriented and locatedrigure 3.10 demonstrates several examples of nanoporous

systems with different porosityalues

Figure 3.10 :An example of nanoporous modelith different porosities (a) 66%
porosity (b) 70% porosit and(c) with 72% porosity

In summary, he main idea in the generation of porous atomic strucaiter the

central coordinates and radii of spheres in the spherical ensemble are olaimed,

deletion of group of atoms from a pristine solid blockatdms which are created

within a specific lattice system. The group of atoms that would be removed is

determined by thepherical volumes intersected with each other and located in the

main pristine block LAMMPS code, which has been used for MD simulasio

enables users to create the pristine solid block of atoms and then to remove the group

of atoms staying inside spherical volumes defined by central coordinates and radii.

3.4 Numerical Experiments
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By employing nanoporous generation method described inptéeious section,
several test specimens with different porositiere generated to investigate the
mechanical behavior of nanoporous structurés. this regard, ig different
nanoporous models with porosities 0.6670) 0.72, 0.75, 0.77 and 0.78 were
generated by varying overlapping ratio parameter which control the amount of
intersection between spheres as explained in the previous section. Parameters that
were employed in the generation processhe nanoporous specimens are given in
Table 3.1 togdter with the characterization results of the specimens. According to
that radii of the spheres used in therous network varies between 2@amd 3Gm.

The other important parameter not shown in Table 3.1;ovenlapping ratipwas

kept constant with thealue of 1.1 for all specimen®eside this,the minimum
number of neighbosphers placed on each target spheres was set to 5 for all

samples.

Section A Section B

Figure 3.11 :Sectioning characterization of nanoporous samgilelfferent sections

Generated nanoporous samples weangbjected to characterization by serial
sectioning and measuring the ligament thicknesses on each sections. Resulting from
this characterization study, it was concluded that as the porosity value increases, as
interpreted from Table 3.1, the minimum andximaum ligament sizes through the

network decreases as well.

The most direct way of varying ligament size, defined here as the smallest width of a
ligament, is to vary the range of the overlapping ratio in the algorithm while fixing
other parameters. Notkdt a porosity of 78% represerthe upper limit below which

a hanoporousstructure can be generated without any-gxisting broken ligaments

in the structure.
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The main objective of this study is to investigate the mechanical response of different
nanopoous morphologies varied by modifiying porosities instead of investigating a
specific nanoporous material under tensile loading. Therefore, as a dummy material
type Aluminium (Al) was selected to be used to construct the atomistic models.
Availability of interatomic potentials developed for Aluminium was also a plus
factor to select that material as the bulk material. Tensile experiments were
conducted numerically on the specimens that was generated with different porosities
so with different nanoporous mphologies. For this purposk|D simulations were
employed to simulate the tensile loading on thaaporoussingle crystal Al block

by using the LAMMPS codeZf)]. The interactions between Al atoms were modeled

by the embedded atom methoadnteratomic potentiald9).

Table 3.1 :Parameteremployedin the randomspheregeneratioralgorithm

Poreradius  Overlapping Porosity Minimum Maximum

A) ratio (%) ligamentwidth (A) ligamentwidth (A)
0.82-0.95 66 105.89 158.84
0.80-0.93 70 93.33 139.99

20-30 0.780.91 72 80.97 121.46
0.74-0.87 75 55.60 83.40
0.76-0.83 77 33.22 49.83
0.65-0.78 78 4.47 6.71

The MD simulations ofensile experiments consist wfainly threesteps. In the first

step, atomic coordinates are read and energy minimization is performed. In the
second major step, ¢hsystem is equilibrated at a finite temperature to impose
thermal vibrations into the system. Lastly, tensile displacements are applied to one
end of the atomistructure while the other end is fixad shown in igure 3.2(a).

Within the MD simulation of tensile loading appli¢d the each atomistic specimen
before the application of tensile loading, an energy minimization process is activated
to minimize total energy of the system to find equilibrium configurations of atoms.
After performing energy minimization on each initighnoporousspecimen the
system was equilibrated 80C°K using the Langevin thermostat for a total of 10 ps

at a time stp size of 0.5 fs.
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Uniaxial tensile loding was subsequently applied ttee [1 0 (jdirection asthe

displacement boundary condition on one side of the structure over 5 cubic lattice
units (CLUs) with a strain increment of 0.1% that wa&d heonstant for 1 ps at
300K. The other side of the structure was held fixed while periodic boundary
conditions were employed dhe other sides of the structure. To smooth the noise
due to thermal fluctuations, stresses were computed based on ftmegaveraged

over 200 time steps spaced uniformly within each strain incren@altulated
averaged atomic forces are summed to find the total force at the cross section of the
specimen. By this way, total force (P) as shown in Figurg(8)lis calculéed for

each loading step. Classical continuum equations for stress and s&aifigure
3.12b)) are employed to calculate stress and strain values at each load step to

generate stressrain curves for the test specimen.

P
oL o_AL
= 4 L,
L
0 17

E- /4

37

LE

777777
Fixed
(a) (b)

Figure 3.12 :(a) Boundary conditions aped on the specimenand (b) Classical
continuum stresstrain relationships where P,ALy are total cross
sectional force, crossectional area and length of the specimen,
respectively.s, ared Ear e stress, strain and You
respectively.

Since size effects have large infiee on mechanical behaviatimensions of the
model were selected to be at least ten times the length scale of the largest
microstructural featurelPO], which was the sphere diameter in this case. Based on
this criterion and considering the sphere sizes and the overlapping ratios employed
(see Table3.1), a block size of 80 x 80 x 80 CLUs was chosen. Convergence was

ensured as the stresgain curves match well for three differeninoporous
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structures generated randgmwith the same parameter values for the largest

overlapping ratios in the algorithm described above.

3.5Results

As described in the previous section, stress and strain values were calculated by
employing classical continuum equations (see Figurg(l3))Lat each load steffhe
stressstrain curves obtained for theanoporousspecimenswith various porosities

under tensile loading are shown in g 3.13(a). One of the first observatioria

these plosis that the slope of the initial linear portiohstressstrain curve, which is

called asheYoung’ s modul us, increases as the p
is also observed for the yield and ultimate tensile strength values of test specimens,
which is also onsistent with the general mechanibahavior of macroscopic porous
structure [101-103. Another result that can be interpreted from the sts&sén

curves of nanoporous specimenshiatthe lessstiff behavioremergedollowing the

maximum stress point. This softening behaviabservedin all the present
simulations after reachingthe peak stressis also consistent with previous
experimental resulteeportedon nanoporousAu [104,109. In their study Biener et

al. [61], interpretedthe softening behaviom s “ macr os c amcroscopib r i t t |
ductile behavior,” where the weakest | i g
rupture overloads the adjacent ligaments, ultimately leading to catastrophic failure of

the ranoporousAu structure.ln order to investigate the softening regiof stress

strain curves, softening rates for each specimen were taken into account
quantitatively. In this regard, softening rates or in other wdrdspbstpeak tangent
moduluswere determinedfrom the peak stress point of each st&sain curve in

Figure 3.13(a) and all postpeak tangent modulus values waotted againstthe

porosityin Figure3.13(b).

The most surprising observation from &g 3.13(b) is that the material softens more
slowly with increasing porosity from 66% to 72%, but softens momre slowly
when porosity reache® 75% and beyond. This behavior gives a general idea that
structures with porosity less than or equal to 72% fail according to the same
mechanism, while structures with porosity higher than or equal to 75% fail aggordin
to anothermechanismIn other words, nanoporous structures with porosities less

than 75% demonstrate a different deformation mechanism than the nanoporous
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structures with porosities higher and equal to 75% after the peak stress point on their
stressstrain curves. In the following paragraphs, thaincauses of this difference in

softening behavior will be questioned.
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Figure 3.13 :(a) Stressstrain curves for nanoporous aluminum with various
porosities; (b) postpeak tangent modulus as measured from the
ultimatestress point of the correspding stressstrain curve in (a)

At first sight, as a morphological comparison ligament thickesan be compared

to understand the discrepancies in posak deformation mechanisms between
different porosity regimesTable 31 presents the variation of maximum and
minimum ligament widths with respect to sample porosities. According to that, as the
porosity increases the the ligament widths logarithmically decreasebgntb%
porosity the maximum ligament width decreased tmelow 10nm whichis
approximately half of the sample with 66% porosity.this regard,a decrease of
ligament widths may be a factor ihe softening rate decrease. However, effects of
thinner or slender ligaments on the mechanical deformation protessnparison

with wider ligaments should be comprehended.

In order b identify the underlyingdeformationmechanisms responsible for the
observed behavior, the von Mises stress on each atom was computed based on the
virial theorem for the various structuréBhe virial theorem introducethe atomic

stress concept which is generally employed in the calculation of stiasgissrete

particle systemsThe d@omic virial stress consists dfvo parts. The first paiis the

kinetic part, whichdepends on the maasd velocity of atomic particle3he second

part, on the other hand, is the potential energy part that is dependent on the
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interatanic forces and atomic positionalthough there is not a consensus about that
the atomic virial stress is equivalent to continuum Cauchy stress, virial stress values
have beeemployed to present stress states of nanoporoudesaatpdifferent strain
values onlyfor the purposes of compariso@alculations of virial stress values were
performed within LAMMPS.

Von Mises Stress Field (GPa)

2.3096

1.8564

1.4033

(b)

0.9502

0.4970

(© (d)
Figure 3.14 :Local von Mises stress field during tensile loadinghahoporousAl
structure with 72% pasity at (a) 1% strain level, (b) 5% strain level,
structure with 78% porosity at (c) 1% strdevel and (d) 5% strain
level.

The local stresses for the structures with 72% and 78% porosities are shown in
Figure3.14at strain levels of 1.0% and 5.0%, respectively. In the structure with 72%
porosity at 1.0% strain leveséeFigure 3.14a)), stresses localize in a small region
near the upgr right corner as indicated by the red dots. The stresses become greater
and more localized in that region the strain increases to 5.0%egeFigure 314(b)).

During this time, the smaller ligamentgere observed to neck and rupture in the
localized region, which causes the larger ligaments to shear, neck, and rupture,
finally leading to a crack opening ujn other words, first local failure appears to

occur at relatively thinner ligaments by localizatiof stress around those thinner
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ligaments. The reason why the number of stress localized regions is less is that the
compliance between the junctions and ligaments are low. Due to low geometrical
compliance between ligaments and junctiaihg, stress flowthrough junctions to

other ligaments is limited, which in turn results in highly localized stress regions in a
few areas close to the load application region. Theretbeestress flow camot

diffuse into the inner regions away fraheload applicatiorregion.

However, in the structure with 78% porosity, the local stresses distribute in a very
different manner. As shown in kige 3.14c) the number of spots with high local
stressred spots in the figure increases near the upper right corner. As thedappl
strain increases further, the number of spots with high local stress continues to
increase away from the upper right corner, while the stresstdsese spots also
increase (Figure3.14d)). At the strain level of 5.0% where the material has
undergonesome softening, some ligaments have already undergone necking and
ruptured at various isolated locationBhis behavior can be explained with the
geometric compliance between the ligaments and the junctions in contrast to the case
in lower porosityof 72%. As the porosity increases, the degree of compliance
between ligaments and junctions increases as well. For this réhsatress flow
through the porous network is more homogenous comparitigetower porosity
structure. Because junctions and ligarsemt 75% porosity structure are more
compatible,the stress flow is not confined to a limited region and diffuses into the
inner regions away from the load application area as shown in Figur@)3ulith

more evenly distributed red spot areAs.5% stran, the spots with high stresses
scatter throughout the structuigee Figure 3.1d)), while the rupture of ligaments

finally leads to the crack opening imetupper right corner for increased strains

Because tendency of stress localization is higherldeser porosity nanoporous
structures due to less compliant ligamgmiction pairs, the stress values should be
higher than the values in the nanoporous structure with higher porbsityonfirm

this deductionquantitatively, local stress distributions 20% strain, at which the
overall stress is approximately equal for the 72% and @&86poroustructures, are
plotted in Figire 3.15for comparison. The key evidence is that the tail of the stress
distribution of the 72%nanoporousstructure is heaviethan that of the 78%
structure, and the extreme stress values are almost 2 GPa higher in the 72%

nanoporoustructure.
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Figure 3.15 :Local stress distributions of the structures with 72% and 78%
porosities at 5% strain level

From the local von Mises stress analysis above, it is clear that stress delocalization is
the main cause for slowing down softening once porosity reaciT&8%. The ability

to delocalize stress increases with the compliance of the ligaments and thejrsin

that stresses can be distributed more effectively throughout the structure. In turn, the
compliance of the ligaments and joints increases as their size decreases with
increasing porosity. Aside from this main cause, a secondary reason for thegslowin
of the softening concerns the amount of energy released tingorupture of a
ligament. The smaller the ligament is, the smaller amount of energy is released upon
its rupture for the adjacent ligaments to bear, thus reducing the postpeak tangent
modulus.The effect of this secondary cause on the softening behavior can be most
clearly seen in Figre 313(b) by observing that the slope of the postpeak tangent
moduli remains relatively constant until the porosity of the structure increases to
72%. In both othese cases, stress localization was observed in their local iges M
plots This effect is overshadowed by stress delocalization when the structure
becomes sufficiently compliant whehe porosity increases beyond 72%, and the

postpeak tangent modid lkecomes greatly reducesegFigure3.13(b)).

The findings above were obtained based orAhptructures generated by varying

the overlapping ratios while fixing the other parameters in the sphere generation
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algorithm (seeAppendi®. To verify these finding more comprehensively, structures
with different sphere sizeanges (2030, 3040, and 4050A) but almost identical
porosities (within 0.01% porosity difference) were testey using the MD

simulations. In addition, all these tests were repeated withlgdoading in the

[1 1 ]] direction to check the influence of crystallographic orientation. The

findings in all these tests were found to be consistent with one another.

3.6 Summary and Conclusion

Nanoporous materials are subset of concentional cellular materials having typically
pore diameters in the range efLl@Q0nm withthe porosity generally higher than 40%.
The most significant property of nanoporous materials is their-higfa surface
areato-volume ratios and combined with their lightweighthey areextraordinary
candidates for applications such as catalyzing, sensing, filtration and adsorbing.

Due to their complex morphology, numerical modeling of their atomistic structure is
the most chidenging point for the numerical investigation of their properties.
Because of thisssue a number of numerical studies focusing on the behavior of
nanoporous materialsvas published in literature.ln this regard, one of the
contibutions of this chaptéas the introduction ofin algorithmfor the generation of

atomistic models of nanoporous structures.

Nanoporous structures can be considered as the random network of ligaments which
are joined with each other at theurjctions.In the algorithm developed rfathe
generation of random network of ligaments, cell shapes are assumed to be spherical.
The main principle of the proposed algorithm is the creation of an ensemble of
spheres in which the spheres are intersected with each other in a controlled manner.
Radii and central coordinates of spheres within the ensemble are utilized to remove
atoms from a bulk crystalline structuaad eventually a porous structure that consists

of randomly intersected ligament&s a product of overall generation process,
randomly oriented ligaments with ndvomogenouamass distribution along their
length are formed and the porosity control on the random network is achieved.
Different nanoporous specimens with different porosity values were generated to

investigate the meelmical behavior of nanoporous materials.
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By employing randoty structured numerical atomistic models with figiferent
porosity values, tensile loading experiments were conducted via MD simultadions
examinethe deformation mechanism of nanoporous niater Asa result of tensile
simulations performed on the specimens with 5 different porasityes it was
found thatheYoung’' s modul us, vy i iecredse asithd portosity i mat
of the speciemens increases. As a further observation frostréssstrain curves of

the corresponihg tensile simulations, after reaching the peak stress ,palinthe
specimens demonstrate softenibpghavior witha decreasing rate as the porosity
increases. According to this, it was noticed that after a cqutawsity value, which

is 75%, the softening rate decreases significantly compavitig lower porosity
specimenswhich in turn indicates a different deformation mechanism at higher
porosities In order toseek the reason behind this difference, von Mistesss
distributions at different strain states for two specimens with different porosities were
plotted. By thecomparison of sress plots, it was shown that the stress distribution
was more even at higher porosity specimen compavitiglower porosity spcimen.

It was concludedhat at higher porosity valugdgament and junction sizes become
more conpliant resulting in more homogenous stress distribution and therefore
maximum stress values are less than lower porosity samples. In other words, due to
more compliant ligaments and junctions within higher porosity specinteamad is

able to be distributed to higher number of ligaments and junction instead of
localizing to a restricted region, which results in lower stress values and lower

softeningrates.

In summary,by using MD simulations, the softening omoporous Alstructure
under tensile loadingzasobserved to slow down significantly when the width of the
ligaments and size of the joints become small enough. In this regime, the relatively
compliant ligaments and joints act to spread stress out and prevent it from localizing,
so that softening becomeslower. Therefore, ligaments and junctions should be
compatiblewith each other in a way that the stress flow should be free from
concentrating or localizing at constrained regio®®onsidering this finding
mechanical behavior of nanoporous structuras lse improved in terms of lower
softening rates. In this regardhet results obtained from this study can be employed

to better design open cell nanoporous structures to prevent catastrophic failure.
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4. STOCHASTIC MODELING AND MECHANICS OF CARBON
NANOTUBE NETWORK S

4.1 Purpose

Carbon nanotubes (CNTs) are one of the presents of nanotechnology being
investigated due to their extraordinary mechanical, thermal and electrical properties.
Carbon nanotube networks feed the idea thatCNTscan be used as the bundi
blocks of new advanced materials utilizing the superior characteristics of CNTs. In
this way, nanoscale features tife CNTscan be scaled up to evecontinuum
proportions. In the first stage of thssudy, 2D and 3D CNT network generation
methodswere introduced by which the geometrical parameters, such as CNT length,
chirality, intersection angle and junctional density, can be controlled and a random
CNT network is obtainedlhen, MDsimulationswereused to create covalent bonds
betweenthe intersecting CNTs, which allow the investigation of the mechanical,
thermal and electrical properties of random CNT netwdrkthe second stage of the
study, tensileand shear loadingxperiments performed on the atomistic models of
CNT networks were auucted bythe MD simulations to investigate mechanical

behavior of 3D CNT networks that consist of covalently bonded CNTSs.

4.2 Literature Review

Carbon nanotubes (CNTs) are one of the extraordinary nanomaterials that are
promising candidates for thermal, eigécal and structural applications due to their
unique propertiesljo6]. Since their discovery by lijima (1991), thousands of studies,

so far, have been adopted to their exceptional high strength and unusual electrical
and thermal properties, displayinget desirable nature of their multifunctional
capability. Due to combination of remarkable mechanical, thermal and electrical
properties of CNTs, they have potential applications in different fields such as
material reinforcement, field emission panel digpichemical sensing, drug delivery

and nanoelectronic©n the other hand, there are already development studies by

NASA for the usage ofhe CNTsat space applications where lightweight materials
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with high strength/stiffnesto-weight ratio are very imptant to design cost
effective structuresin this regard, composite materials reinforced thg CNTs
represent higher strengtb-weight ratios than any other presently known materials
[107]. Beside that, several companies, Samsung and NEC among oltiatrare
known as electronic device manufacturers have already emptloge@NTsin field
emission displays4] resulting in remarkable quality increase in their products and
are determined to continue to the investments in this fid&hnwhile, due to thi

high compatibility to biological medium and their high strengfie, CNTsare also
exceptional candidates for biomedical applicatioRer example, conventional
composite materials such as filEsed composites have shown to be inadequate in
the replaement of bone and teeth due to insufficient mechanical properties and most
importantly due to interfacial instability in biologic conditions causing degradation
of the materials. However, it isell known that carbon based materials slsdvigh
resistivityagainst degradation in chemical environments that exist in the body. In this
regard, CNT based artificial musclé] [recently developed is one of the steps
towards biomedical applications dahe CNTs that offers superiorities over
conventional technologiesMoreover,the CNTscan also be employed as drug
delivery devices because they could be integrated into the biological tissue locations

where the drug delivery would be carried out without any tissue damaged.

Table 4.1 :Experimental studies on the determinationtteYoung’' s modul us of

CNTs
Author (S) M((?rd;;lis De(>¥|Pa;1|)0 : Test Method Type
Treacy et al.108] 1.8 1.4 Thermal vibrations MWNT
Wong et al. 109 1.28 0.6 Cantilever bending MWNT
Krishnan et al.11Q 13 0.5 Thermal vibrations MWNT
Salvetatet al. [L11] 0.81 0.41 3 point bending Bundles
Salvetat et al.]11] 1.28 0.59 3 point bending MWNT
Tombler et al. 112 1.2 - 3 point bending SWNT
Cooper& Young 113 0.782.34 - Raman spectroscopy SWNT
Yu et al. L14] 0.270.95 - Tension MWNT
Lourie & Wagner [L15] 2.83.6 - Raman spectroscopy SWNT
Lourie & Wagner L15 1.7-2.4 - Raman spectroscopy MWNT
Yuetal 114 0.321.47 - Tension Ropes

In the applications where mechanical characteristiahe@iCNTsplay decisive role
in the functionality of nanodevices or nanostructures, it is vital to understand the

mechanical properties of CNTs. In this regard, there are numerous studies in
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literature being both theoretical and experimental focusing on the dedgionirof
mechanical properties suchtteYoung’' s modul us and Poi sson

Table 4.1 and 4.2 summarize the literature resultsr the Young’' s modul u s
different types othe CNTsobtained through experiments and atomistic simulations,
respectively.Excluding the studies presented by Yakobson etldb]] Halicioglu

[117] and Zhou et al.118], all the studies listed in Tabk2 considered the wall
thickness of a CNT as 3.4A that 1is the
walls of a MWNT. Different results forthe Young’' s modul us obt
experiments as shown in Tablel can bepartly attributed to the low resolution at

the length scale in which the measurements were n@dethe other hand, the
Young' s caaldted thraigh atomistiégnsulationsis approximately 1TPa

and the scatter around this value in different studiest is not considéfakigson et

al. [116] proposed that because modeling of CNT wall buckling phenomena is well
described by the assumpldormda lodngmahl [t hahti c

that value would be more appropriate for the CNT wall thickness.

Table 4.2 :Numerical studies on the determioat oftheYoung' s mhbedul us

CNTs

Author (s) M("Td;;‘)’S Th'?kge)ss POl SS  PpotentialiMethod
Robertson et al1[19 1.06 3.4 Brenner & LDF
Yakobson et al.J16] 5.5 0.66 Brenner
Yakobson et al.]16] 1.07 3.4 0.19 Brenner
Cornwell and Wille 120 1 3.4 Brenner
Halicioglu [117] 0.5 6.8 Brenner
Lu (MWNT) [121] 1.11 3.4 Universal force field
Lu (SWNT) [121 0.97 3.4 Universal force field
Hernandez et al1p2 1.24 3.4 Density functtheory
Yao and Lordi 123 1 34 Universal force field
Ozaki et al. 124 0.98 3.4 Tight binding O (N)
Van Lier et al. 125 1.09 3.4 0.11 HartreeFock
Zhou et al. 11§ 5.1 0.71 ElectronicBandTheo.
Belytschko et al.126 0.94 3.4 0.29 Modified Morse

Remarkable mechanicaroperties ofthe CNTssuch as high axial stiffness and
strength as well as significant radial flexibility have been demonstiatechany
theoretical and experimental studies. Due to these execptional propbi€3NTs

are expected to be utilized in nyamanotechnological applications including
composite material reinforcement and nanoelectromechanical device (NEMS)

manufacturing.
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Another interesting property @&NTs, which is commonly confirmeds that as the
CNTs are subjected to mechanical deformrmatitheir physical and chemical
characteristics change significanttyonsequently, in order to understand their exact
physics and utilize them in nanotechnologic applications, their deformation

mechanisms should be clearly identified and perceived.

In the following subsectionsteview of several studieshich have beeneported in

the recent years focing) on the mechanical behavior thie CNTsis presented.

4.2 .1Elastic modulus of CNTs

As mentioned beforethe CNTsare the most strongest and stiffest material type

amongst other known materials on eait udi es per formed so far o
modulus ofthe CNTsdemonstrated values on the order of TPa and showeththat

CNTs can sustain high strains without any daé while having highest tensile

strength.

Figure 4.1 : (a) TEM image of a multiwalled carbon nanotused (b) Schematic of
a multiwalled carbon nanotulp£08].

Treacy et al. 108] in their study conducted first experiments on the elastic modulus

of MWNTs which are shown in Figure4.1. In their experimentselevendifferent

nanotubes were testeand as an average value of the measuremgr@siPa was

obtainedas theY o u n g ' s . TheiddividualssaluesdheYoung’' s modul us f o
different nanotubes ranged froth4 to 4.5 TPa. Because of the troubleshots in
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determining precise values of several parameters such as inner and outer radii of the
tubes and their lengthstc, a large scatter of the experimental data was observed.
Despite the large scatter on the elastic modulus values of CNTSs, this study is the first
demonstration of that CNT nanomateridlave extraordinary high stiffness. The

other experimental and theoeta | studies concentrated on
the CNTsso far presented another interesting finding which notifies that as the

diameter othe CNTsincreasest he Young’ s modul us values

Following the study reported by Treacy et[4l08], by using the same experimental
technique Krishnan et al. 110 performed tensile tests on isolated singigled
nanotubes to deter mine t heanansenbbeddgsts mod
specimens, which is larger than the one emplogetie study by Treacy et §1L08],

was used and the average value of the measurements was reported d$4,.25

whichis very close to the-plane stiffness ofraphee layers.
4.2.2Tensilestrength of CNTs

There exist several difficulties in the strengthtedmination experiments. One of
these is the issue of preciseasurement of the stress memoscale structures. The
other problem is to obtain higijradedefectfree carbon nanotubes with sufficient
length to be testedue to ths kind of difficulties, experiments to measure tensile

strengths of nanotubes are very intriguent.

First experimental study focusing on the determination of ultimate tensile strength
and strain values of MWNTs, which were manufactured by-decharged
techniques, waperformedby Yu et al. L14]. In their work, they conducted tensile
loading experiments othe CNTsby appending two opposing tips of the CNT
specimen to the atomic force microscope (AFM) tipstaead pulling the CNTs from

the tips until the fracture of the spe@mwas noticedn most of the pulling attempts
during the experiments, approximately 50% of attempts, tensile testing was ended
due to separation of the CNT and AFM tips from each other before the failtive of
CNT specimen, which had indicated the seyef the technical difficultiesDespite

these problems, Yu et al. were able to complete tensile tests of 19 different MWNTSs.
As a result of the tensile experiments of MWNTS, it was observed that the failure of
the nanotubes occurred at the outermosrl@y the nanotubes, which were directly

attached to the AFM tips while the inner wallstloé CNTswere not affected by the
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tensile loading and came out of the outer \aétir the failure of the outer walk if a

sword was pulled from its sheatfiherebre, this kind of failure was named as
swordin-sheath mechanism. The ultimate tensile strength and strain values were
reported to be varied in the range from 11 to 63 GPa and between 3 and 12%,
respectively. The large scatter in the experimental data wa#tsibuted to the
differences in the content and the number of structural defects in the outermost layers
of MWNT specimens.

Tensile experiments on carbon nanotubes have shown that their tensile failure occurs
at strain value of approximately 15% at rooemperature. However, in practice
where structural defects exist on the CNT structure, failure strain values decrease to
6%. In contrast to these values at room temperature, at higher temperatures above
2000K, ultimate tensile strain values tie SWNTsgo up to the strain values of
280%, which can be called as superplastic deformation or -slggegation. This

ductile characteristic can also be noticed at double and -wled carbon
nanotubes by the strain values of 190%. Hence, even though carbdnbesnare

brittle at room temperature, at high temperatures they represent super ductile

characteristics.

Figure 4.2 :Visualization of tensile loading of a singhelled carbon nanotube by
TEM (ad) Tensile deformation of a SWNT at high temperatiiaks
are showedy arrowheads. {g) Tensile loading of a SWNT with initial
length of 75nm (e) at room temperature, (f) length after elongation, (Q)
length at the failure which is 84nfh27].

In their study Huang et a[127], presented a confirmation of such a remarkabl

ductile behavior as shown in Figu4e? (a-d). As a result of their tensile experiment,
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the ultimate tensile strain was determined as 280% with an initial length of 91nm.
Beside this, the diameter of the nanotube was decreased from 12 to 0.8nm, showing a
decrease of %old. In order to increasthe temperature of the nanotudbgring the

tensle loading the SWNT was heated by a contact bias voltage, so as a result the
temperature was increased to 23Q0Vithout any addition of heat, in other words at

room temperature, the tensile deformation failure was given as shown in Eigure
(e-9).

Onre of the ways of explanation of superplastic deformation of nanotubes at high
temperatures is the formation and longitudinal propagation of kinks which are the
geometries resulted from the sudden changes in diameter of the tube. During the
tensile deformabn of nanotubesome kinks are noticed (Figu#e2 (b-d) and then

they propagate along the tube and vanish at the tube ends. During the propagation of
the kinks, the places where the kinks passed narrow just after the transition of kinks.
The formation ofthe kinks was attributed to the existence of structural defects such
as 57 paired defects, which is also consistent with the theory provided by Yakobson
et al. [L16)].

4.2.3Buckling and bending of carbon nanotubes

Strength ofthe CNTsunder compressive loading not as high as their tensile
strength due to their high aspect ratio and cavity shape. In this regard, there are many
studies focusing on the buckling properties of CNTs. Among these studies,
Yakobson et al.J16] presented a numerical study for theckling behavior ofthe

CNTs shown in Figure4.3, which yielded critical buckling strain as 0.05 under
uniaxial compressive loading. They presented ,thatder large compressive
deformationsmorphology ofthe CNTschanged into reversible patterns which ever
explained by a continuum shell model. The changes in the morphology were
attributed to the sudden energy releases which were noticed in thesstagssurve

as singularity points.

Bending loading othe CNTsalso yields interesting deformation modeapes.For
example, gure bending load appligd a CNT results in change in the shapehaf
CNT cross section from circular shape to an ellipsoidal shape. As the bending
deformation advances$wo typical deformation mode characteristemergewhich

are ki nking’ and ‘“rippling’ as shown in Fi
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Figure 4.3 : Uniaxial compressive loading of a SWNT with 6nm length, 1nm
diameter ad armchair chirality of (7,7) [14].

In the study reported by lijima et all4g], flexural behavior of botlsinglewalled

and multiwalled CNTs under mechanical loads was investigated through HREM
visualizations and atomistic simulations. They demonstrated the single and multiple
kink formations at high bending angles. The formation of kinks were explained in a
guantitative manner by employing atomistic simulations performed with realistic
manybody potentials. Moreover, in their study bending deformation was showed to
be fully elastic up to very large bending strain even though kinks were formed with
high straired regions. And this property was attributed to the hiigh flexibility of

the hexagonal network of carbon atoms in which the resistance to the bond breaking

and bond switching up are significantly high to very high strain values.

Figure 4.4 : (a) HREM image of kiking formation of a MWNT with 8nm diameter
and (b) Atomic configuration of a SWNT with a single kink formation
simulatedunder bending load4.16§].
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Arias and Arroyo 129], in their study described the nonlinear elastic behavior of
multi-walled CNTs in lending deformation as well as torsional deformation and
built-up a powetlaw relationship to describe distinct deformation regimes including

the complicated rippling mechanics.

Figure 4.5 :Bending of multwalled CNTs exhibiting rippling modes of
deformation129].

4.2 .4Studies on CNT Network Materials

In the recentyears, the usefulness tife CNTshas been enormously extended by
their use as CNT networks through whitte CNTsare selfintersected in two or
threedimensionalspace 130]. Because of their strong electrlcconductivity with

high light transmittance, CNT networks are attractive alternatives to silicon based
macroelectronic deviced31]]. Initial studies on 2D CNT networks deposited onto
flexible and polymeric substrates have focused on their electrmic sensor
properties 132-133]. Several CNT network based thin films have been proposed to
obtain lightweight, unbreakable displays and other flexible electronic devigds [
Bottomrup controlled production of such networks can also enable them teténus
applications such as sensors, filters, composites and electromechanical actuators
[135]. However, CNT networks also display the charming mechanical abilities of
individual CNTs to macranechanical applications such as nanocomposites, similar
to CNTs that are used as reinforcing units in nanocomposites, CNT networks can
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also be employed in nanocomposites for both reinforcement and damage detection
purposes 13¢. In this study, a seltontrolled algorithm for generating a @ 3-D

CNT network consistig of randomly oriented and intersected CN3 stroduced,

and a heat welding method is applieal sample networks to obtain covalently

bondednetworks by MDsimulations.

Figure 4.6 :Images of CNT aerogels: (a) Macroscopic pieces of 7.5 mg @GNT
aerogels (b) Threepolyvinyl alcohol PVA) reinforced aerogel pillars
supporting 100g(c) SEM image of open porous structure of aerogel
and(d) TEM image of CNT aerogel87].

Furthermore, a recently developed CNT aero@l] (see Figuret.6) material that

is nanostructured by seilfitersecting CNTs forming a random network at the
continuum scale is one of the important examples displaying arhidgnastiffness
to-weight ratio material with conductive properties. Instead of having a
reinforcement role in nawomposites, this material enables the CNT network to

constitute a bulk material on its own.

Aerogel materials are generally manufactured by applying cripicat-drying
(CPD) or freezadrying methods on the wgel precursors to get rid of liquid content
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without destroying the interconnected network structure. Aerogel materials have a
cellular struatire with very high porosity andiltralow density. Due to their
microstructural characteristics such as being composed ftimsy network of
ensemble nanopEles, they have very high strengtitweight and surfacareato-
volume ratios.So far most of the aerogels are manufactured from sili8d] [or
pyrolized organic polymersl87]. Silica aerogels are especially attractive due to

their potential applicatins as ultralight structures, radiation detectors and thermal

insulators. Polymer aerogels have potential usage areas such as battery electrodes

and supercapacitord3g]. In their study,Bryning et al. presented a new class of
aerogels, named as CNdero@ls thatconsist of percolating networks of CNTs
[137]. They demonstrated thah ensemble of CNTs with small diameters including
single and a few walled CNTs can be used @secursor to obtain CNT aerogels
which are electrically conductive. IndividuallgNTs are highly stiff 123 and
effectively electrically conducting nanostructures. Therefareensemble of CNTs
forms an attractive precursor for the generation of aerogedsshown in Figure
4.6(b), 3 pieces opolyvinyl alcohol (PVA) reinforcedNT aerogel pillars with total
mass of 13mg can support 100g weight which is 8000 times their weight.

Unquestionably, the electrical, thermal or mechanical properties of CNT networks
depend on the density of junctions betwé#esm CNTsas well as junction propies

and impurities throughout the network. It has been shown that electrical conductance
and mechanical strength of the junctions may be enhanced by manipulaing
junction area,i.e., by increasing the crossing area3f]. In this manner, the
algorithm proposed in this study will provide complete control on the junction
properties and all the other geometrical featueeg.(CNT length, diameteand

CNT intersection angle), which will enable the exploration of CNT networks

theoretically or nurarically by using much more realistic models.

Generally, CNT networks can be formed randomly by depositiagCNTslocally

on the catalyzed substrates GYD or depositing from CNT embedded polymeric
suspensions remotely by using spin coating, sprayi coaj , or vacuum
techniques125-127. With deposition on the catalyzed substrates, alignment of long
CNTs can be more evenly created with directional control, but growth temperatures
are high and unwanted byproducts may also be accumulagl [Therefore,
deposition from solutions with suspended CNTs is much more popular due to the
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ability to produce them at ambient conditions, despite the-¢onsuming steps such
as purification and dispersion of CNTs.

Most studies investigating the properties CNT networks are carried out
experimentally following a corresponding production phase. For instance, the
thermal stability of CNT networks produced by the dielectrophoresis method on
microelectrodesis studied experimentally to predict their uses irectical
applications 140]. Similarly, Wang et al 13(Q investigated the electrical and
mechanical properties of CNT networks with measurements taken in situ inside the
TEM. In another experimental study, CNT networks are used as reinforcing materials
in composites and compared with composites reinforced by dispersed TMTs [
Thostenson and Chou studied the damage srainsensingcapabilities of CNT
networks utilized in glass fibegpoxy composites and have shown through tensile
testing that conduate percolating CNT networks can detect the initiation and
progression of damagd42]. Several other studied43-149 exist in literature on

the electrical, thermal or mechanical properties of CNT networks carrying out
experimentalinvestigations, whichas the other aforementioned studies, inherently
require equipment of manufacturing and testing. On the other hand, the majority of
computational studies focused on the investigation of individual CNTs and their
nanocompositesifie-149. Due to the lack o& proper method for the generation of
random CNT networks and computational limitations, there is a limited number of
studies that use numerical models and computational methods for the investigations
of CNT networks. Moreover, existing studiestf] that employ numerical network
models mostly use ordered networks which do not include the geometrical
irregularities and other possible imperfections, such as bowdraegements, at
junctions.Furthermorein these mode]only one type of junctions are moddl A
recently published studyi$Q] investigates the mechanical behavior of short single
walled CNT (SWNT) aggregates composed of randomly dispersedimensected

CNTs by molecular mechanics.

In the first stage of thissection a quasrandom seHintersected CNT network
generation algorithm that enables the control of behavior decisive parameters, such
as the CNT length scale, density of junctions and relative angular position, is
presented and several example networks with different parameters radrdioove

are generated. Following the generation of a CNT network in which the CNT units
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are so close together that heating to certain temperatures can yield a covalently
bonded networkkhe MD simulations are carried out to obtain bonded networks. As a
result, parametecontrolled covalently bonded CNT network models can be further
used withinthe MD simulations to investigate mechanical, thermal and electrical

properties of CNT networks and their-operating systems.€., nanocomposites).

In the secondstage, numerical atomistic models, which were generated by the
method introduced in the first stage, have been employdteiMD simulations to

look into the mechanical characteristics of CNT networks under tensile loading. In
order to examine the effeaif crosslink density per CNT on the mechanical
response, different CNT network modeisth different crosdink densitieshave

been preparednd used in the tensile loading simulations.

4.3 Atomistic Modelling of Heat Welded CNT Networks

Carbon nanotubenetwork materials such as CNT aerogels consist of carbon
nanotubes randomly oriented and physically interrelated with other CNTs existing in
the network. Orientations and interrelations of CNTs in these materials are randomly
organized. Therefore, a stoshia algorithm is required to generate representative
numerical modls. In this chapter, general principles amain steps of such a
stochastic algorithndeveloped within the scope of this study is given. In order to
show the applicability of the proposedethod, several examples of numerical
atomistic models have been demonstrated. Moreouenerical atomistic models
have also been characterized statistically to validate that controlled design
parameters are reflected into the models correctly.

4.3.1General Cancepts

The process of generating random networks can be introduced as a process of
configuring the network items (in this case, randomly intersected CNTs) randomly in
the design space. The placing of network items is carried out under constraints in a
rancbm nature. The algorithm explained here is also employed for the generation of
random porous networks with spherical cells which is used to model microcellular

carbon foamsg2).
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Before explaining the process of the algorithm, some important conceptsilthat
often be used in the explanation should be defined. First of thos#egsty:n spaces

the volume wherg¢he CNT items are placed randomly. IRl2network applications,

it is defined as a plane with a thickness that encapsulates the CNT units taotimeal
plane. The other definitioriprary, is just a conceptual library comprised of all the
different types of items (CNTSs) thateplaced into the design space. Regarding this
definition, the CNT units used in the random network can differ in lengtd a
chirality (diameter). As a result, distinct CNT items can be reserved in the library and
chosen randomly before the placement. Another contaget which is important
when putting the selected item into the design space is the item (CNT) on which
other items are closely placed to create an interconnected network. Each target
element has a number afosslinked CNE which arewelded on the target element.
Finally, the CNT items selected from the library can be placed into the design space
only if they satisfy certaindesign constraintamposed on the welded network
generation. Without satisfying the constraints, the CNT item remainsasdidate

for the network and it is called a candidate CNT.
4.3.2General Algorithm

Network generation is a typical cyclic procedure. At each step of the loop, a new
CNT item that satisfies the constraints is placed into the design space. At each step, a
number of candidate CNTs are created consecutively and tested against the design
congraints until a suitable candidate is found. Theretareloops in this procedure.

The first loop is for continuation of the generation of the CNT items while the second
loop is the subboop for generation and validation of candidate CNTs. When one of
the CNT candidates satisfies all the design constraints in théospbthe generation
process continues with the selectiorm@NT from the library in the main loop. The

main procedure can be summarized in 5 steps.

1) Taking from the library: A candida@NT item is chosen randomly from the CNT
library where multiple CNTs having different lengths and chiralities are stored. For

each chirality, the diameters of corresponding CNTs are calculated.

2) Rotation and Translation: After randomly selecting CNBsnfithe library, they

are randomly rotated and translated in the design space.
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3) Checking Constraints: After rotation and translation, the design constraints are
checked on the candidate CNT.

4) Making a decision: If the constrains are satisfied, thdidate CNT is placed into

the design space. Otherwise, the procedure is restarted from the beginning.

5) Writing the LAMMPS input data file: Atomic coordinates of each CNT item are
written into different files instead of storing them in the memory. Udnegd files

(atomic coordinates), the LAMMPS input data file is written to another file.

4.3.2.1Line segment representatiorof CNTs

To save computational time, CNTs are represented-DyliBe segments passing
through the central points of the CNTylindrical ggometry as shown in Figu#er.

(b)

Figure 4.7 :(a) Line segment representation of CNT, (b) Minimum distance between
CNTsby using line segment representation

Each line segment is represented by the coordinates of end points, which are the
central points of the circleat the CNT5 end. During the generation process, end
point coordinates are also stored and written to a file. Rotation and translation
operations are also applied to end points, while all distance and angle calculations are

done via the line segments iaatl of atomic coordinates.
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The random points on the line segments are generated via parametric line equations
as shownn Eqn(4.1) where {X, Yo, Zo} and {x1, y1, z1} are the tip coordinates and
is the parameter varying in range [0,1] that describes the line segment between the tip

coordinates.
X=X+t (X-%)
Y=Yo+t(y1-Yo) (4.1)

z=0+t(z-20)

e | arget CNT

Cross-linked CNTs

Figure 4.8 : Segmentations of line segments by dividing the segment domain by the
number of crosginks which is fourin this example

The line segment parameteris also used for the further segmentation of line
segments to position the candidate CNTs on the target CNT more evenly as
represented ifrigure 4.8. Forinstance, a constraimf n crosslinks on each target
CNT is maintained by dividing the interval ofby n. Thus, the R crosslink is

positioned on the target in the interval of-i(Kn, k/n].

4.3.2.2Target based approach

After putting the first CNT into the design space, itgsigned as the target on which

a certain number of other CNTs should be placed so as to create an interconnected
network. As a result, the CNT item that is assigned as the target will host cross
linked CNTs. All subsequent CNTs created after the targegrament should be
crosslinked with the target until the number of crdsiks reaches the maximum

value, which is predefined as a parameter. After the placement of alllioless

94



CNTs for a specific target is completed, a new target is assigned arctosshnks
are created for this new target.

) y
(a) l > X Library

(b) Design Space

Design Space

Figure 4.9 : Process of placing CNT candidates into the design space : (a) Rotation
of the candidate CNT in librayyb) Target CNT in the design space
waiting for intersecting CNT coming from libragnd(c) Design space
after translation

The target based approach explained above is the philosophy behind the translation
operation. Instead of throwing the CNTs into the design space randomly, the
translated CNTs are placed in the region close to the target using a sgstemat
method. After rotating the candidate CNT in the library, a guide point (A) is
determined randomly on its representative line using parametric functions of that line
segment (Eqgn4.1) as shown in Figurd.9. Similarly, another guide point (B) is
determned on the target line randomly. After determining points A and B,
translation is done in the direction of tBeA vector. In Figured.9, only the 2D
representatioms shown. For a D network, since the CNTs are rotated in the same
plane,i.e., xy-plane,translation in the direction of-B. vector results in overlapping

of atoms in the intersection region. In order to avoid overlapping, an additional
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translation (in zirection) is required to keep the CNTs away from each other in a
controlled way. For a-B network, it is not necessary to do the additional translation

in a specific direction.

Using this approach, the probability of a candidate CNT being accepted is much
higher. Thus, the number of candidates generated for the newlinkoss the sub
loopis decreased and so the time consumed is highly decreased.

4.3.2.3Checking constraints

There are certain constraints for generated candidate CNTs. If the candidate CNT
satisfies these constraints, it is accepted as the-lin@ssl CNT of the target and its
atomic coordinates are written to a separate file named with its identification number.

The constraints for candidate CNTs are listed below:

1) The candidate CNT should be within a specified range of distance to the
target so as to be a cradgsked CNT. Itshould not be closer than a specified distance

to the target, and to the other CNTs created before, in order to maintain a stable
welded spot between the target and the elinked CNTs. Controllability of the
alignment of CNTs during the manufacturingaph by changing the electrical field
applied to CNTs I5]] highlights the importance of managing the alignments of
CNTs in the numerical network model. For this reason, the angle between the
candidate CNT and the target CNT, which determines the jungfentetween two
intersecting CNTs, is randomly selected in a predefined range. Line segment
representation of the CNTs, as previously explained, are employed to realize the
distance and angle constraints for a more controlled network topologies. Mechanical
and electrical behavior of different junction types is different as reportetl5ix |

156. Thus, controlling the type of junctions throughout the network is vital to
capture the main characteristaf the network.

2) A specific distance range between th#ersection points can also be
predefined and set as a constraint. This distance between thdirdkesm the same

CNT item is an important parameter to determine the flexibility of the CNT segments
between crosknks similar to crosdinked polymer netorks [157-161]. For this
constraint, line segment parametds used to control the position of crdssked

CNTs on the target CNT so that crdsgked CNTs can be evenly distributed on the
target as shown in Figure9.
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Along with these constraintshather constraint can be defined such that the number
of the crosdinks interconnected with the target CNT should not be less than the
specified value. This constraint can be relaxed during the generation process. Due to
geometrical difficulties and/or bér constraints, sometimes it may be impossible to
place a crosinked candidate CNT around the target. For this circumstance, this
constraint is relaxed only for the corresponding target to expedite the generation
process. After placing the required nuenlof candidate CNTs on the current target, a
new target CNT is selected among the existing CNTs already generated until the
number of CNTs in the design space exceeds the predetermined value.

All the constraints which will affect the topology of the netkvoan be arranged in

the future according to the detailed characterization results of CNT network
materials. Therefore, the proposed method allows experimental characterization data
to be employed in computer simulations of the materials behavior. Aitezlyathe
constraints can be set independently to investigate the effects of several topological
parameters such as CNT lengths between two intersection points, the frequency of

intersections through the network or the angularity of the intersecting.CNTs

4.3.2.4Making decision

If one of the constraints explained in the previous section is not satisfied, another
candidate CNT is selected from the library, rotated, and translated within the design
space before being checked against the constraints. Thieauis kept active until

a suitable candidate satisfying the constraints is found, while the main loop is active
until the specified number of CNTs in the design spacesated.

4.3.3Sample Networks and Welding Procedure

In this section, some examples 6D2and 3-D CNT network models generated by
stochastic target based algorithm explained elaborately in the previous sections are
presented. In the network models ultra thin CNTs with (5,0) chirality are employed
to ensure the junction formation following the aalreg process. In Figuré.10, the
network generation process is shown by increasing the number of CNT units in the

design space.
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80

Figure 4.10 :2-D network samples with increasing number of CNT units

The network properties can also be changed by modifying the parameters such as the

minimum number of junctions per target CNT, minimum distance between cross

linked CNTs and length of the CNT units. Consequently, this controllability of

tuning enables toemerate CNT networks in different natures. As can be seen in the

Figures4.11-14, several types of junctions (X, Y or T) that play important role on the

behavior of CNT networkslp2-165] can be observed within the networks randomly.

Intersected CNT unitare separated before the welding with a sw@Mvall distance

(about 4A) to avoid

temperatures can be prevent&dq, 106.
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Figure 4.11 :2-D network sample showing different junction types and spot areas

The MD simulations in this study are carried out with the LAMMPS coad. [
Interaction between the carbon atoms is modeled by using the Adaptive
Intermolecular Reactive Empirical Bond Order {REBO) interatomic potential

[41] due to the fact that it @ivs breaking and formation of covalent bonds. The
thermal equilibrium of the system is maintained by NdEsever thermostat and
canonical ensemble (NVT) is assigned to the system as thermodynamic
characteristic. In order to encourage junction formatiolower temperatures than

the referenced temperature values (253800K) for heat welding procedurd ¢4,

small ratio of atoms in the spherical volume centered at the intersecting points is
removed to create dangling bonds and the system is relaxed)%t &80 600K.
Initially, thermostating is applied to only these spherical welding spots, and then the
network is relaxed at room temperature. By this way, stability of bonds formed at
junction regions is examined. In literaturd6f], it is reported that whout
introducing any imperfections such as vacancies or interstitials, covalent bonds can

still be generated but in longer computational time.

99



(b)

Figure 4.12 :(a) Top view of a welded-B network (b)-(c) Junctions formed after
annealing
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Initially straight and non intebonded CNTs (Figurd.11) become curved with the
effect of thermal vibrations and stable covalent bonds are formed (Bid@e

Figure 4.13 :(a)Perspective view of a-B CNT network (b-c) Snapshots of
junctions

Figures 4.13 andt.14 present some examples of cHass regions in 3D CNT
network samples after application of welding on the eliogs. As can be noticed
from the figures, different types of junctions have been formed following the heating
process applied by MD simations. After heat weldinghe atomistic models can be

usedfor the numerical experiments by MD simulations for any purpose.
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Figure 4.14 :Example of junctions throughoutl3 CNT network
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Theproposednethod can also be applicable to continuum scale analysis. Engployi
the line segment representationtbé CNTsin the method, the generated network
model can be easily converted to a CAD surface or line models, which will enable
researchers to carry out finite element (FE) simulations. In this regard, equivalent
shellor beam modelslp8-170] for representing the CNT items can be employed to
perform continuum scale analyses. In this way, the time and length scale limitations

of classical molecular dynamics simulations can be overcome.

As shown in Figurel.15(b), CAD cylindrical surface data can be obtained from the
line segments ahe CNTsand this surface data can be employed to create FE model
of the CNT network. The welding at the intersection region can be modeled by beam

elements having suitable stiffness valudsolv can be found in literatur@q1].

(b)
Figure 4.15 :(a) Atomistic view of 2D network (b) Surface CAD drawing view of
atomistic modeand(c) Equivalent FE model of the atomistic madel

4 .3.4Statistical Characterization of Random Networks

In order toverify the effectiveness of the proposed stochastic generation method, we
generate 100-D CNT networks and check the morphological parameters controlled
in the method against the relevant statistics collected frongeheratechetworks.
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These parameteiaclude the cross link density, angular orientation of chos®d
CNTs, and distance between two adjacent elioks. In the verification process,
100 2D network samples consisted of 100 CNTs of 20 nm in length are realized and
statistically charactezed.

Crosslink density, as explained in Sectidi3, is controlled by the parameter that
specifies the expected number of CNTs cllodsed with a target CNT. For the
generated network samples this parameter is chosen faubéor the 20 nm long
CNTs.
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Figure 4.16 :(a) Distribution ofthe number of target CNTs which are completely
crosslinked by 4 CNTs for 100 sample¢b) Distribution of acute
angles (in degree) between crtisked CNTs in a single sample of
network

In Figure4.16 (a), for the 100 networks generated, the distribution of the number of
target CNTs that are croetisked byfour other CNTs in each network is presented.

As mentioned before, when geometrical impossibility emerges during the CNT
generation process, thentmlled parameter ofour crosslinks per target CNT is
relaxed in order to continue to the subsequent steps in the network generation.
Therefore, the maximum number of CNTs that hiae crosslinks will be less than

total number of CNTsif., 100 in his case). In the current characterization, the
minimum and maximum number of fully covered CNTs are determined to be 86 and
95, respectively, for the 100 CNTs as shown in Figud® (a). Based on these
results, with the proposed stochastic methots shown that the crodsk density
defined as a design parameter can be maintained fairly well in the generated
networks.

For thegeneratedCNT networks, another parameter that is being controlled is the
angular orientation of crodmked CNTs relative toeach other. The angular
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constraint for these samples is applied in two stages. In the first stage, attempts are
made to keep the angles between 65 and 75 degrees. In the event of impasse during
the CNT generation process, the first stage constraint izecklgradually to the
second stage constraint predefined as the range of 45 to 90 degrees4 ER)(lvg
illustrates distribution of the acute angles within a network generated is shown to be
within the range of 50 and 88 degrees quite evenly betwees-lotksd CNTSs,
which shows that the angular constraints can be utilized correctly and efficiently.
Consequently successful application of the angular constraints will yield typical
CNT junctions é.g.,X, Y or T).
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Figure 4.17 :Distribution of distances between crdsks on the same CNT for one
of the sample network

Additionally, the distance between the adjacent eliogs on the same CNT is
maintained to be within a predefined range of 20 to 60 nm. The distribution of the
distance values of adjacent crdisdks on the same CNT within a network sample is
given in Figure4.17 and shows a pseudmiform distribution between 20 to 60n

In accordance with this result, all the crdis& distances can be kept within a
specified range.

Figure4.18 (a) and (b) shows distribution of mean values of ctiogsangles and
mean values of crodmk distances, respectively, for 1062 network samples.

While the respective mean values are defined to be 70 degrees and 40 nm, those
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obtained from the geneeat networks are 68.9 degrees and 39.8 nm, respectively. As
can be observed from the figures, the scatter around the mean values is very small.
Therefore, it can be concluded that the objective mean values can be captured with
high precision.
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Figure 4.18 :(a) Distribdion of mean values of croéimk angularity through 100
samplesand (b) Distribution of mean values of crebsk distances
through 100 samples.

The above characterization results have demonstrated the effectiveness of the
proposed random network geneoati method. Hence, networks with tailored
morphology can be accurately generated by setting the parameters controlled in the

method to the appropriate values.

4.4 Investigations on the Mechanical Behavior of CNT Networks

In this section, thetudies performetb elaborate the mechanical response of CNT
network materials under tensile loading ageven. In this regard, numerical
specimens which are generated by the stochastic method followed by heat welding
process are introduced and numerical settings appledcérresponded MD
simulations are provided. Then, the results obtained ghrdiD simulations are

presented.
4.4.1Numerical Experiments

In the previous section, a stochastic algorithm developed for the generation of
randomly organized CNT network materidlas been explained. By utilizing that
algorithm, several numerical specimens have been generated to investigate the

mechanical behavior of CNT networks under tensile loading conditidhs.
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numerical specimens were generated by changing thelerhstensityparameter in
order to present the effects of crdisk-density on the mechanical behavior of CNT
network materialsFor this purposefour different types of CNT network models
were generated having crelgsk densities per CNT as 5, 6, 7 and 8. Figur&94
showsthe examples of CNT network samples with 5 and 7 clodsdensities in

average.

In all CNT network specimens, CNT units were kéigtsame havinghe chirality of
(5,0) (armchair)and length of 20nmTherefore, the only parameter that is vdrie
the generation of the specimens is the cliogsdensity. The crosdink density, as
mentioned in the previous section, was maintained by segmentation of line segments

which represented the CNTSs in the design space.

(b)
Figure 4.19 :CNT network samples with diffen¢ crosslink densities (a) 5 cross
links and(b) 7 crosdinks per CNT

For the tensile loading experimerds in the case of investigating nanoporous
materials focused in the previous chaptetD simulations were employed to
simulate the tensile loading on tB&T network specimengy usingthe LAMMPS
code R6]. The interactions betwedBarbonatoms were modeled by thd-REBO

potential A1].

As also appliedo the tensile loading of nanoporosgecimens in Chapter e MD
simulations of the tensile experimertie realized in 3 basic stefa the first step
atomic coordinatesre read and energy minimization is performbd.this step,

atomic coordinates being read are obtained througktticeasticprocess explained
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in the previous sectiomnd welding process performed at the junctionsthe
minimization process, equilibrium positions of atoms in the systemseeee/ed by
finding the minimum of total potential energy of the system ircessive iterations.

In the second major stdyefore the application of tensile loadjrigr the purpose of
incorporating thermal vibrations into the system, or in other words in order to take
into account temperature effects, the system is ibgatiéd atroom temperaturen

the last partin order to apply tensile loadintgnsile displacements are applied to
one end of the atomic structure while the other end is faedhown in igure
3.12(a)in Chapter 3 Therefore,the same tensile loading scheme lwihe case of

nanoporous simulations followedfor the CNT networksimulations.

According to 3 basic stages mentioned aboviéhimwan MD simulation of tensile
loading appliedto eachCNT networkspecimen, before the application of tensile
loading, an energy minimization process is activated to minimize total energy of the
system to find equilibrium configurations of atonisis process can be thought as
removing artificial residual stresses frahe system to reach relaxed and more stable
equilibrium state.After performing energy minimization on each initi@NT
network specimen the system was equilibrated at 3QOusing the Langevin
thermostat for a total of 10 ps at a time step size of 0Badigndary conditions and
stressstrain calculations were performed in the same way as done for nangporo
simulations explained in thprevious chapter. According to thatiaxial tensile
loadingwas subsequently applied in one of the princghedctiors as displacement
boundary condition on one side of the structure ¢iverl/10 of the total lengtith

a strain increment of 0.1% that was held constant for 1 38 . The other side of

the structure was held fixed while periodic boundary conditioaevemployed on

all the other sides of the structuigue to the fact thathe strain rate applieto the
specimens affesthe mechanical response apparefily2, the same strain ratthat

is 10 (1/s)was appliedo all specimensEor the purpose alecreamg the noiseon

the atomic forcedue to thermal fluctuations, stresses were computed based on
atomic forces averaged over 200 time steps spaced uniformly within each strain
increment.At each strain increment, atomic system was equilibrated ferahyol
atomic forces were averagefwr each atom in the last 0.2psriod of that
equilibration time Calculated averaged atomic forageresummed to find the total
force at the cross section of the specimen. By this way, total force (P) as shown in
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Figure 3.11(a)was calculated for each loadirggraining step. Classical continuum
equations for stress and strain (Figure 3.1\{lgleemployed to calculate stress and

strain values at each load step to generate sttesn curves for the test specimen.
4.4.2Reallts

In tensile loading simulations of CNT network specimens, by dumping out the
atomic coordinatessnapshots of the systesould be obtained anthusthe progress

of the simulationcould be traced. In this regard, several snapshots for the tensile
experiment of CNT network specimen with crelgsk density of 7 is given in Figure
4.20. According to this, as the number of loading steps increases, elongation of the

specimen until the rupture can be visualized and any special deformation

mechanisms (if exisfsan be observed.

Figure 4.20 :Several instances of CNT network specimen with eliogsdensity of
7 at different time points itensile loading simulation

The most significant observation fro the snapshots taken frohe tensile
simulations is that deformatiorf the specimens initiatedby rotationor bendingof
CNT segmentsn the networkaround cros$inks trying to be aligned in the loading
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directions Therefore, m thisinitial mode of deformatiorthe dominant mechanism is
the aligning of individual CNT segmentdong the loading direction blgending
around cros$ink locations. This deformation phase can be considered as the
preparation of the network to fully stretching agaitesisile loading. However, i
should fe also noted that some CNTs or CNT segments may already be aligned
along the loadig direction @ bending rigidity of CNT segmentaround
correspondingcrosslink may be sufficiently high, which result in initiation of
straining of indivdual CNTs withou any initial aligning process. Therefore, the
exact deformation mechanism consists of two different modes of deformation
occurring simultaneously. In the firgligning mode CNTs or CNT segments mainly
bend around a stiffer region that &s crosdink region consisting of covahtly
bonded intersecting zones until aligning along the loading direckiothe other
deformation modepamely stetching mode, due to inability of bending, CNT

segments get strained in the loading direction.

Because of the random nature of CNT network specimens, CNT segnvlitk are

the part of CNTs between two crdgsk points, in the network are oriented
randomly,in the total picture both aligning and stretching modes take place at the
same time. Howeverjn the initial phase of the deformationhe dominant
mechanismis the aligning mechanism due to that most of the randomly oriented
CNTs are not aligned in a specific direction. In Figure 4s2apshotsipto 275ps
(including 275psdemonstrate the deformation of alignidgminant mode. A the
tensile deformation progresse®minancy of aligning mechanism decreases and the
structure transforms into a fully stretched mode in which all CNTs strained in the
loading direction without anlocal bending deformations of CNT segments.
Figure 4.20, snapshots taken at 325ps and 425ps present examplessifdathed

deformation mode.

It is considered that local bending deformation mode of CNT segments is drived by
the bending stiffnessfahe CNTsin addition to the stiffness of cresisk focal
points. As the stiffness of the creagsk focals increases relative to the bending
stiffness of CNT segments, tendency of CNT segment bending around thérdcoss
focal also increases. For thisason, local bending deformation modes of CNT
segmentsis determined by the struggling between bending stiffnesses of CNT

segments andigidity of crosslink regions which are covalently bonded links

110



between intersected CNTs generated by the heat wefnoess in the atomistic

modeling phase.

Following the aligning mode, CNT segments come to a point of locking in which
theycannotcontinue to their local bending deformation mode. This situation of CNT
segments in which they are fully lockesl the initigion of their fully stretched
deformation mode. Ithe deformation mode of stretchjrigcal bending deformation
mechanisms are not observed anymore. Instead of local bending deformation, all
CNT segments strain individually in the loading direction anel GNT network
specimen finallyfails after successive failures of individual CNT segmentthe
vicinity of load application region.
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Figure 4.21 :Stressstrain curves of CNT network specimeunsder tensile loading
with different crosdink densities

As described irthe previous chapter, calculations for the values of stress and strain

were performed by using classical contim equations (see Figure ) At each
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load step.The stressstrain curves obtained for tHeNT network specimens with
differentcrosslink densitiesunder tensile loading are shown in tig 4.21.

According to the stresstrain cures presented in Figure 4.21, apparently it is noticed
that as the number of crebsks increases the stiffness of the CNT networks also
increases. Thetiffest speemen, or in other words, the specimen with the highest
Young' s iseaglyudeterminetb be the specimen wittrosslink density of

8, while the least stiff specimen has theskumber of crosinks per CNT.

As observed from Figure 4.2theYoung’ s modul us i s not t he
property improved by increasinthe crosdink density. The yeld and ultimate

strength values of the specimens also increase with increasing number dingross
densitiesBecause there were no obvious transgifmom linearity so the values of

yield points have been approximated conventionally by finding the intersection of the
stressstrain curve with a line parallel to the initial slope of the curve and which
intercepts the abscissa at 0.2Roreover, ultimatestrain, which is the measure of

maximum elongation, increases as the climésdensity increases. The quantitative

evaluation of the numerical experiments on the CNT network specimens with

different crosdink densities is given in Table 4.3.

Table 4.3 :Summary ofjuantitative results frortensile loading simulations

CrossLink Density Modulus Yield Strength Ultimate

Density (glcn?) (GPa) (MPa) Strain (%)
5 0.45 14.55 2006 32
6 0.53 18.96 2935 36
7 0.61 24.35 4248 38
8 0.83 37.00 5200 47

As the crosdink density increasesCNT segment lengths decrease while the
percolation through the network increases due to increased connectivity bé#teeen
CNTs. Because crosknks represent the interconnectivity betwaba CNTsin the
network, the load distribution is more homogenous at higher -Grdsslensities
through the network comparing wilbwer crosdink densities.Due to increased
loadsharing capabilityjnterconnection in the network increase as well, which, in
turn, increases the number of CNT segments bearing the appliedBeadtually,

mechanical properties are improved

Naturally, as the crodk density increases, density of tlpecimensis also

elevated. However, stiffness increase rate by dinksdensty increase is higher
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then density increase rate. Therefore, stiffriesseight ratio values continue to

increase despite the density increase.

Another interesting observation that can be inferred from the stess curves of

the specimens with diffent crosdink densities is the bilinearity form of the stress
strain curve in the elastic regime. Figure 4.22 illustrates this observation by focusing
on the strain values up to 0.12. As can be noticed from the initial portion of stress
strain curve encaulated by a rectangular region in Figure 4.22, for a very limited
strain range, all specimens demonstrate a stiffer initial response to tensile loading.
This initially stiffer deformation regime has increased up to approximately 2% strain
level for the spcimen with croséink density of 8 whereas for lower crelssk

densities the stiffer response range decreases.
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Figure 4.22 :Stressstrain curves of CNT network specimeunsder tensile loading
with different crosdink densities

Due to the reason that stiffer zoméze changes with variations of crdss

densities, the initial stiffer response should be related with the-lingsswherethe
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CNTsare interconnected with each other by covalent bonds. Therefore, this mitially
stiffer behavior can be attributed tbet stiffer response of cressk regions that
cease after a limited straining of the specimens. This observation can also be
explained by a possible requirement of extra strain energy imparted to the covalently

bonded cros$inks to activate and motivatee deformation.

In order to investigate the mechanical behavior of CNT networks furnether
principle loading typethatis shear loadingwvas applied on the same CNT network
specimens wittcrosslink densities of6, 7 and 8.Same MD settings with teile

simulations have been used for tiwse shear loading simulations while the only

change is the loading direction.

Figure 4.23 :Several instances of CNT network specimen with elioksdensity of
6 at different time points in shear loading simulation.

Figure 4.23 illustrates several snapshots of shear loading simulation performed for
the CNT network specimen with crelsk density of 6. Examining the shear
deformation of CNT networks through MD simulation snapshots showed that
displacement of atoms in the shieg direction initiated at the top where the shear
loading was applied, while the atoms located sufficiently away fh@mop were not
affected by shearing. As the shear loading is kept actively applied on the specimen,
bending deformation of individuaCNTs resulted in aligning of CNTs along the
shearing directionWhen the CNTs that are closest to the loading plane deformed by

bending, shear effect transmitted to the lower network regions away from the loading
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planes through covalently bonded CNT crbsks. In this way, shear load is
transmitted to the all network resulting in collective shear deformation. When the
shear loading effedlisffuses into overall structure of the CNT network specimen,
shear deformation continues with collective shearingheftotal systemThe final

failure of the specimen due to shear loading occurs following the collective shear
deformation of the specimen at the region closest to shear flaisedeformation
behavior can also be observed from the snapshots providegigiure 4.23.
According to this, at the time point of 125ps, itlearly noticedthat shear loading

effect is partially diffused into the network systesn only a portion of the specimen

is deformedocally in the shear loading directioAs the loadings kept active, at the

time point of 275ps, a larger portion of the specimen comparing to the time point of
125ps is deformed in the shearing direction. At the time point of 425ps, it is seen that
shear loading effect has been distributed to the all steieind a collective or global
shear deformation is observed. As a consequence of global shear deformation
processat the time point of 725p#he network structure fails by fracture formations

at the upper portion of the specimen close to the loadimgpla
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Figure 4.24 : Stressstrain curves of CNT network specimens under shear loading
the specimenwith the crosslink densitesof 5 and6.
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Figure 4.24presents a typical stress strain curve for the shear loading of the network
specimes with crosslink densityvaluesof 5 and6 up to the point of ultimate strain.
According to that, a linear elastic region is followed by a softening region as also
observed in tensile simulations. Apart from this, ultimate strain valdetesmined

to be approximately 0.8 for theepmen with croséink density of 6, which is much
higher than the ultimate strain value of 0.36 determined in the tensile simulations
with the same specimemMoreover, it is noticed that cro$isk density increase
improves the shear rigidity of the CNEBtwork materialsas shown in Figure 4.25.
Shear yield strength and ultimate strain values of the CNT network materials are also
observed to increase with increasing c#uds densities.
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Figure 4.25 :Linear elastic regime of stresgrain curves of CNT network
specimens under shear loading with different ctidsdensities.

Another finding from shear loading simulations is ftsamilar to tensile simulations,
linear elastic region consists of two linear pahtsthis regard, Figure 4.25 presents
the detailedllustration of bilinear forms in the stressrain curves for the crodisik
densities of 6, 7 and @ to the strain value of Q.Blthough the initial linear elastic
region is much more stiffer than the second section, duration of the stiffer bekavior
much less than thetherphase.
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Shear modulus values calculated for twogstavalues are given in Table 4.4.
Quantative description of shear modulus values for two different stegeshown
that shear modulus in the initial elastic phase is approgignéttimes of the second

phase.

Table 4.4 :Summary of quantitative results from shear loading simulations.

Cross-Link Density Shear Modulus (1st  Shear Modulus (2nd
Density (g/cm®) Stage)(GPa) Stage)(GPa)
6 0.53 24.96 4.45
7 0.61 36.91 5.86
8 0.83 42.60 7.20

The bilinaerity of stressstrain relationship in the elastic region, which was also
observed in the tensile response of the CNT networks, has been inferred to the
required work to activate the individual CNTs to initiate the deformation for their
aligningalong the shear or tensile loading diiect Because this initial activation of

the deformation is related to the stretching of the individual CNTSs, it represents a
higher stiffness comparing with bending deformation of CNT segments which are

observed aftehe initial activation of the deformation.

4.5 Summary and Conclusion

In this chapter,a stochastic algorithm has been developed to modzladd 3D

CNT networks with random geometrical parameters such as CNT orientation and
intersection angles. While some parameterabogedto be random in nature, some
parameters such as CNT chirality and length seatesslink or junctional density,
angular Imits for the intersectionof two CNTscan be managed independentty.

this way, several CNT network specimens with controlled structural parameters were
able to be generated€NT intersectingregionsthrough CNT networks withthe
proposed methowere welded following canonical MD simulations by heating and
steble covalent bond formations could tletained The sample CNT network models
generated by the proposed technique have been provided illustrating that generated
samples represent the basic charasties of CNT networks such as X, Y and T type

of junctions formed between crelisked CNTs.Finally, 2D or 3D CNT networks

are generated with controllable parameters and can be employed for further
mechanical, electrical or thermal stegliDue to the ontrollability andefficiency on

the topological features of CNT networks and simplicity of the generation algorithm,
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this CNT network generation method may significantly increase the numerical and
theoretical investigations on the CNT networks.

The geneation method proposetbr the atomistic models of CNT networks also
applicable to continuum scale analyses in order to overcome the time and length
scale limitations of classical MD simulations. Due to line segment representation of
CNTs in the methodhe generated network model can be easily converted to a CAD
surface or line models, which will enable researchers to carry out FE simulations.
Furthermore, following this study, mechanical, thermal or electrical properties of
CNT networks can be optimizedy changing the topological parameters, and
manufacturing techniques can be developed or improved to produce optimized

networks.

CNT network specimens generated by the developed technique have been employed
to investigate mechanical behavior of CNT natwvonaterials. For this purpose,
several CNT network specimens with different crisls densities were utilized in

MD simulations by applying tensile loading. Results of MD simulations showed that
mechani cal properties of C N Ulus, nyield and r k s
ultimate tensile strength could be improved by increasing the-tnésslensity.

Total elongation values of the specimens were also demonstrated to increase with
crosslink density. Moreover, by tracking of tensile experiments in MD sitrana,

two different deformation modes, which are the modes of aligning and fully
stretching, have been identified. Moreover, it has been observed that the total
deformation of the network is composed of two modes, while aligning mode is
dominant at the itial phase up to straining of all CNT segments in the loading
direction.In addition to tensile loading simulations, shear loading simulations have
also been performed by using the same MD simulation parameidrstensile
simulations. Similar to the rais obtained through tensile loading experimeitts,

has been shown that crdgsk density increase yields better mechanical perémce

in terms of shear modulushear yield strength and ultimate shear striinthe

regard of deformation mechanisinitshas been illustrated that shear deformation of
the specimens starts from the loading plane and diffuses into the all structure in a
progressive manner. Furthermore, bilinearity form of the ss&as curves under

shear loading, which has also beesated in tensile loading simulations, has been
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quantitatively and graphically presented. According to that the bilinear form of stress
strain curves has been explained by the initial activation of deformation
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5. CONCLUSIONS AND RECOMMENDATIONS

Day after day nanoscience and nanotechnology bring out new and novel materials
that are capable of performing incredibly much better than conventional materials
due to their exceptional physical and chemical properties. CNT network and
nang@orous materials are amazing examples of those novel materials havirg nano
organized structures. Both CNT network and nanoporous materials are built up
randomly organized structural units that are CNTs in the case of CNT network
materials while ligamentsnd junctions in the case of open cell nanoporous
materials. Because of their complex morphologies arising from their random natured
atomistic organization, it is highly challenging to numerically madetse materials,
which avoids increased number of cartgtional experiments exploring their
material properties. It would be very beneficial to develop such techniques that
enable to generate atomistic models of those materials to investigate the effects of
morphological parameters on their material properti®/ith this motivation, in the
content of this dissertation, as the first stage of the study, stochastic racelels
developed for random natured nanomaterials such as CNT netawatkhanoporous
materials which have extraordinary properties includingatiigh stiffnessto-
weight ratios that make them candidates in a broad range of applications.

In the regard of CNT network modeling, a stochastic algorithndeveloped to
model 2D and 3D CNT networks with random geometrical parameters such as
CNT orienaition and intersection angles. While some parameters are let to be random
in nature, sora behavior decisive parametsrgch as CNT chirality and length scale,
crosslink density, angular limits for intersections can be kept under control, which
enable to gnerate different models organized with different parameters. It should be
noted here that the approach of considethrgy CNTsas line segments during the
generation process save a lot of computational time for the generation of total
network structure. éllowing the generation of a CNT network in which the CNT
units are so close to each other that heating to certain temperatures can yield
covalently bonded crodsks, classical molecular dynamics simulatiare carried
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out to obtain covalently bondedtm®rks. Finally, 2D or 3D CNT networks were
generated with controllable parameters and could be employed for further
mechanical, electrical or thermal studies. Due to the controllahitithefficiency on

the topological features of CNT networks and diaiy of the generation algorithm,

this CNT network generation method may significantly increase the numerical and
theoretical investigations on the CNT networks.

The method proposed for the modeling of CNT networks is also applicable to
continuum scaleralyses in order to overcome the time and length scale limitations
of classical molecular dynamics simulations. By the help of line segment
representation dhe CNTsin the method, the generated network model can be easily
convertedo a CAD surface orie segment modelvhich will enable researchers to
carry out FE simulations. By this way, availability of the proposed method to be used
in classical continuum scale computational studies enlarges the applicability zone of
the method. Beside that, the pogpd method for the generation of CNT networks,
can be utilizedor at least can be used as a base ideghe generation ofimilar
network materials which consist of one dimensional structural units that can be
idealized as line segments. For examplehencomputational modeling of polymeric
materials that consist of linear polymer chains, the proposed algorithm may be an
ideal inspiration source-urthermore, following this study, mechanical, thermal or
electrical properties of CNT networks can be mited by changing the topological
parameters, and manufacturing techniques can be developed or improved to produce

optimized networks.

For the modeling of nanoporous materials, with the spherical cell shape assumption,
randomly intersected speherical enbén are employed to generate nanoporous
materials. Within the scope of tlieevelopedalgorithm, by controlling the several
parameters such as maximum and minimum number of spheres intersected to each
sphere and maximum overlapping ratio between two ietéed sphereshe porosity

of the nanoporous systems can be arranged to generate desired nanoporous
specimens with desired porosity values. In the meantime, some parameters that can
be kept under control help to obtain different ranges of ligament siziehvis
another direct control on the morphology of nanoporous structures. Central
coordinates and radii of spheres existing in the ensemble that is formed by randomly

intersection of spheres are employed in atomistic modeling software to remove atoms
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encgsulated by the spherical volumes frararystalline solid block. As a result, by
utilizing this technique atomistic models of nanoporous materials can be generated
by controlling the key parameters affecting the morphology so the behavior of the

structurewith the spherical shape assumption of pores.

Applicability of both stochastic algorithms developed for CNT networks and
nanoporous materials shown by demonstratinthe specimen samples having the
proposed morphological characteristics such as porogitg crosdinks for
nanoporous and CNT network materials, respectively. For example, for CNT
network specimens iis shown that through the network consisting of randomly
intersected CNTs, several junction types thia@already characterized in literaéur
such as X, Y or T junctions could be generated by the proposed method following
the heat welding process realized within molecular dynamics simulations. In the
same manner, regarding nanoporous material modelirggdémonstrated that basic
features ofa cellular structure such as ligaments, cell walls, pores on the cell walls

and junctions could be obtained as a result of realizing the proposed method.

More importantly than showing the validity of proposed algorithms developed for the
random atomisticstructures, generated numerical specimens for both materials by
using thedevelopedtechniquesare used in molecular dynamics simulations to
perform tensile loadingxperiments. As a result of MD simulations, strsfsain

plots have been obtained and bsaleating stresstrain behavior from those plots,
different aspects in deformation mechanisms of corresponded materials have been
explained. For instance, regarding nanoporous numerical specimens it has been
verified that as the porosity of the specimdnsreases the major mechanical
properties including Young’ s modul us, yi
nanoporous materials decreases. Beside this, a notable decrease in softening rate after
a specific porosity value has been discovered and thrsfisant softening rate
decrease at higher porosity values has been devoted to more homogenous stress
distribution due to increased compliance between ligaments and junctions. In order
to verify this, von Mises stress distribution of the networks for uhiberent
porosities having distinctive softening rates have been compared. While in the
specimen with lower porosity the high stress spot areas are cumulated around the
upper edge location, for the sample with higher porosity peak stress focals are
distnbuted more evenly. The reason for such a behavior has been explained by the
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microstructural compliance issue between ligaments and junction. Thus, it has been
concluded that as the porosity decreases stress flow through incompatible junctions
and ligamerg becomes more difficult to spread out, which in turn results in higher
peak stress locations close to load application region. Similarly,-strass plots for

CNT network specimens have been obtained through MD simulations and shown
thatasthecrods nk density increases, Young' s
strength of CNT networks have been improved. Moreover, deformation mechanisms
of CNT networks under tensile loading have been identified by illustrating
deformation snapshots taken from M® simulations while the tensile loading was

in progress. In this regard, two main deformation styles have been defined to explain
the characteristics of deformation mechanisms. One of these, aligning type of
deformation has been referred for the localdieg deformations of CNT segments
around relatively more rigid regions which are mostly ctivds. The other type of
deformation has been named as stretching mode of deformation, in which the CNT
segments are subjected to straining in the loading @ireetithout any bending
deformation. In conclusion, it has been underlined that the tensile deformation of
CNT networks from the global windows proceeds with the combination and
interaction of these two deformation styles.

The most important findings frothe numerical experiments of the atomistic models
which were generated by the presented techniques are the tips that might enable
researchers to produce advanced materials with improved properties. For example,
regarding nanoporous materials, in this disgen it has been stated that as the
compatibility between junctions and ligaments are increased, load bearing capacity
of the porous network can be increased with more uniform levet stress
distribution comparing to incompatible ligaments and jiomst Therefore, the
importance of compliance between structural units within the porous netvasrk
been pointed out by this way. In the same way, a similar finding for CNT network
materials has been demonstrated by explaining the two different locamagfmn

styles. In this regard, as the period of local bending deformation mdde GNTsis
increased before that the stretching mode turns into dominant mechanism the total
elongation of the structure can be increased, which results in improved nocathani

performance.
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The studies performed in this dissertation can be utilized in the future works for the
further investigations on the structureterial relationship of especially randomly
organized nanostructured materials. In this respect, first dhalproposed atomistic
model generation techniques for both CNT networks and nanoporous materials can
be employed to investigate the effects of other controlled paramaters on the
mechanical performance. For instance, in this dissertation effects of tpasos
crosslink density have been studied for nanoporous and CNT network materials,
respectively. In the future studies, other parameters including effect of cell diameters
for nanoporous materials and CNT chirality or CNT length scale for CNT network
maerials can be varied to explore their effects on the mechanical performance.
Furthermore, other physical properties such as thermal properties of the materials can
also be investigated in terms of the effects of controlled parameterspprosity,
cross-link density) on the desired property. Therefore, the output of this study
performed in this dissertation is not only useful or applicable to the investigation of
mechanical properties, because of the reason that stochastic atomistic models can be

employed in MD simulations for all purposes.

In this dissertation, only-B CNT network models have been employed in MD
simulations for the investigation of mechanical properties. However, the proposed
technique for the generation of random natured CNT netwranksalso be applicable

to generate -D network models representing CNT films. As a result, computational
experiments on CNT films can be conducted to explore their structure dependent

properties and to find tips for manufacturing optimum structures.

Anothea research opportunity arising from this dissertation is the investigation on the

effects of coating of nanoporous materials on the mechanical or thermal behavior of
nanoporous materials. The stochastic method developed for the generation of
atomistic strature of nanoporous structures can be easily improved to generate

coated version of nanoporous structures and theattmistic models can be used

for any purpose of numerical experiments in MD simulations. Similarly, nanoporous

models can be filled witlanother material to explore its effects on the mechanical

properties as well as thermal properties.
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APPENDIX A: Workflows for the generation ofrandomlyintersectedsphereand

CNT network
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